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General introduction

Vitamin B6

Vitamin B6 refers to six structurally related compounds that have a 2-methyl-

3-hydroxypyridine structure in common but have different C4 and C5 chemical 

moieties: pyridoxal (PL; aldehyde group at C4; -CHO), pyridoxine (PN; alcohol group 

at C4; -CH2OH), pyridoxamine (PM; amine group at C4; -CH2NH2), and their respective 

5’-phosphate esters pyridoxal 5’-phosphate (PLP), pyridoxine 5’-phosphate (PNP) 

and pyridoxamine 5’-phosphate (PMP) (Snell, 1953). 4-Pyridoxic acid (PA) is the main 

catabolism product of vitamin B6 (Hufft and Perlzweig, 1944) (Figure 1). 

Figure 1. Chemical structures of vitamin B6 vitamers. Pyridoxal: aldehyde group at C4; pyridoxine: 
alcohol group at C4; pyridoxamine: amine group at C4 and the respective 5’-phosphate esters: 
pyridoxal 5’-phosphate; pyridoxine 5’-phosphate and pyridoxamine 5’-phosphate. Pyridoxic acid 
(vitamin B6 catabolism product): carboxylic group at C4.

 

All organisms depend on vitamin B6 for survival, but only microorganisms and plants 

can synthesize it de novo (Di Salvo, et al.,  2011). Humans rely on vitamin B6 uptake 

from the diet to fulfil their needs. A minor part of the vitamin B6 pool is derived from 

the intestinal bacterial flora (Surtees, et al., 2006). Vitamin B6 is widely distributed in 

animal- and plant-derived foods. In animal-derived foods (such as beef, pork, poultry, 

fish, milk and eggs) it is mainly present as PLP and PMP and in smaller amounts as 

PL, PM and PN (McCormick, 1989). In plant-derived foods (such as cereals, vegetables 

and some fruits) vitamin B6 is mainly present as PN, PNP and pyridoxine-5’-β-D-

glucoside (PN-glucoside) (McCormick, 1989; Clayton, 2006; Surtees et al., 2006). 

Pyridoxine (hydrochloride) is the most commonly used vitamer to fortify foods 

(Bender, 2005). Although humans cannot synthesize vitamin B6 de novo, all vitamers 

can be interconverted through the vitamin B6 salvage pathway.

Figure 1
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General introduction

Vitamin B6 metabolism

Vitamin B6 absorption in the intestine is rapid and occurs after hydrolysis of the 

phosphorylated forms in the intestinal lumen by the membrane-bound intestinal 

alkaline phosphatases (ALPL; EC 3.1.3.1) (Waymire et al., 1995) (Figure 2). PN-glucoside 

is hydrolyzed to PN by the cytosolic pyridoxine-β-D-glucoside hydrolase in the 

intestinal mucosa (Mcmahon et al., 1997). Uptake of the unphosphorylated vitamers 

was first believed to occur via simple diffusion (Hamm et al., 1979; Mehansho et al., 

1979; Middleton III, 1977; Ink and Henderson, 1984), until studies performed on human-

derived intestinal epithelial Caco-2 cells and intestinal colonocytes of mice and men 

showed the existence of specific carrier-mediated mechanisms for PN uptake (Said et 

al., 2003; Said et al., 2008). In Caco-2 and young adult mouse colonic epithelial (YAMC) 

cells, the carrier-mediated mechanism is specific, Na+ independent, and temperature 

and pH dependent, suggesting a pyridoxine:H+ symport mechanism. In addition, PN 

uptake seems to be regulated by an intracellular protein kinase A (PKA)-mediated 

pathway in Caco-2 cells (Said et al., 2003), and by a Ca2+/CaM-mediated pathway in 

YAMC cells (Said et al., 2008). PN uptake in human colonic apical membrane vesicles 

(AMV) is, as described for the other two models, saturable (Said et al., 2008). Although 

the liver is the main organ responsible for vitamin B6 metabolism, intestinal Caco-2 cells  

possess all enzymes involved in B6 metabolism and convert small amounts of PN and 

PM into PL, secreting all three unphosphorylated B6 vitamers (Albersen et al., 2013). 

The portal circulation delivers PL, PN and PM to the liver and, once inside liver cells, 

the B6 vitamers are converted to PLP through the salvage pathway (Figure 2). The 

vitamin B6 salvage pathway recycles the different B6 vitamers through the action of 

the pyridoxal phosphatase (PDXP; EC 3.1.3.74), the ATP-dependent pyridoxal kinase 

(PDXK; EC 2.7.1.35) and the flavin mononucleotide (FMN)-dependent pyridox(am)ine 

5′-phosphate oxidase (PNPO; EC 1.4.3.5). PL, PN and PM are phosphorylated to their 

respective 5’-phosphate esters by PDXK, entrapping the phosphorylated B6 vitamers 

intracellularly (Hanna et al., 1997). PNPO oxidizes PNP and PMP to PLP (Mills et al., 

2005). Dephosphorylation of PLP (but also PNP and PMP) is catalysed by pyridoxal 

phosphatase (PDXP; EC 3.1.3.74) (Jang et al., 2003). These three enzymes provide a 

mean of converting dietary B6 to circulating PL(P). The main circulating B6 vitamer in 

blood is PLP bound to albumin (accounting for 60% of the total circulating vitamin B6).   

PL, PN and PM are present in lower concentrations (Lumeng et al., 1974; Lumeng et 

al., 1980; Ink and Henderson, 1984; Spinneker et al., 2007).

 
Figure 2. Vitamin B6 absorption and metabolism. The different vitamin B6 vitamers are present 
in animal- and plant-derived food sources. Vitamin B6 absorption is rapid and occurs after hydrolysis 
of the phosphorylated forms (PLP, pyridoxal 5’-phosphate; PNP, pyridoxine 5’-phosphate and PMP, 
pyridoxamine 5’-phosphate) in the intestinal lumen by the membrane-bound intestinal alkaline 
phosphatases (ALPL). Inside the cells, PL kinase (PDXK) phosphorylates the hydroxymethyl group of 
PL, PN and PM to their respective 5’-phosphate forms. Dephosphorylation of PLP, PNP and PMP is 
catalysed by PL phosphatase (PDXP). Aminotransferases use PLP during the interchange of the amino 
group between one amino acid and an α-keto acid, producing PMP as an intermediary in the first 
part of the reaction. PL can be oxidized to pyridoxic acid (PA) by PL oxidase and excreted in the urine.
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Vitamin B6 function

PLP, the metabolically active form of vitamin B6, is an essential cofactor in more than 

160 enzyme-catalysed reactions (Percudani and Peracchi, 2009), representing 4% 

of all known cellular catalytic activities (Percudani and Peracchi, 2003). Most of the 

PLP-dependent reactions are involved in synthesis, degradation and interconversion 

of amino acids (Ebadi, 1981; Surtees et al., 2006; Clayton, 2006; Ueland et al., 2015). 

In addition, PLP is essential for biosynthesis of neurotransmitters (γ-aminobutyric 

acid, dopamine and serotonin), sphingolipids, heme, histamine, carbohydrates and 

nucleotides. The special electrophilic characteristics of the aldehyde group of PLP 

at C4 derives from the existence of a protonated pyridinium hydrogen (N1) and a 

phenoxide anion at C3. These stabilize the protonated state of the imine nitrogen 

during the formation of the Shiff base between PLP and substrates, while the 

phosphate group at C5 provides the anchoring point to the coenzyme (Di Salvo et 

al., 2011). The unique environment created by the apoenzyme protein determines 

the catalytic potential of PLP, the substrate specificifty of the holoenzyme and 

the type of reaction (Percudani and Peracchi, 2009). Structurally, PLP-dependent 

enzymes belong to one of five fold types, with presumably independent evolutionary 

lineages (Percudani and Peracchi, 2009). The mechanistic similarities between the 

different PLP-dependent enzymes and their limited structural diversity, leads to 

particularly challenging difficulties when attempting to infer the function of these 

proteins based exclusively on their sequences (Percudani and Peracchi, 2009). 

Importantly, the fold type of the enzyme does not determine the type of reactions 

catalyzed. The reaction types are classified into three groups depending on the site 

of elimination or replacement of the substituents: 1) reactions at the α-carbon atom 

include transaminases, racemases of α-amino acid, amino acid α-decarboxylases, 

enzymes catalysing glycine condensation and α-β cleavage of β-hydroxy amino acids 

(δ-aminolevulinic acid synthetase, serine hydroxymethyltransferase and sphyngosine 

synthetase); 2) reactions at the β-carbon atom include serine and threonine 

dehydratases, cystathionine synthetase, tryptophanase and kynureninase; and finally 

3) reactions at the γ-carbon include homoserine dehydratase and cystathionine 

gamma-lyase (Dakshinamurti and Dakshinamurti, 2007). Additionally, PLP and to 

a lesser extent PL, can also react non-enzymatically with primary amino groups of 

amines and amino acids although at lower rates (Di Salvo et al., 2011).

The role of vitamin B6 in neurotransmitter metabolism

γ-Aminobutyric acid (GABA), the key inhibitory neurotransmitter in the central 

nervous system, is synthesized from glutamate (the main excitatory neurotransmitter) 

via the PLP-dependent enzyme glutamic acid decarboxylase (GAD,  EC 4.1.1.15). 

For a long time, deficient GABA levels were appointed as the main reason for the 

clinical phenotype observed in vitamin B6 dependent epilepsy (Gospe et al., 1994). 

In line with these observations, studies performed in zebrafish embryos showed that 

exposure to ginkgotoxin (4’-O-methylpyridoxine, a PLP antimetabolite) leads to a 

seizure-like behavior. In addition, the ginkgotoxin-induced seizures were reversed 

by GABA and/or PLP, supporting the hypothesis that the seizures were caused by 

reduced PLP, leading to imbalance between GABA and glutamate (Lee et al., 2012). 

However, data on glutamate and GABA levels in the CSF of patients suggests that 

GABA deficiency is not the sole cause of symptoms in pyridoxine-dependent epilepsy 

(Goto et al., 2001; Baumeister et al., 1994). Indeed, vitamin B6-deficient patients 

may also display biochemical features of aromatic L-amino acid decarboxylase 

(AADC, EC 4.1.1.28) deficiency. AADC is a PLP-dependent enzyme that catalyzes the 

decarboxylation of levodopa and 5-hydroxytrypophan to dopamine and serotonin, 

respectively (Manegold et al., 2009). Biochemically, vitamin B6-deficient patients 

may present with low CSF homovanillic acid (HVA) and 5-hydroxyindoleacetic acid 

(5-HIAA) (Clayton, 2006; De Roo et al., 2014; Darin et al., 2016); raised CSF tyrosine, 

3-ortho-methyldopa, L-Dopa and 5-hydroxytryptophan (Darin et al., 2016) as well as 

raised urinary vanillyllactate (Clayton, 2006) (Figure 3).



1514

1

General introduction

Figure 3. Metabolism of GABA, serotonin and the catecholamines. In bold the PLP-dependent 
enzymes: GAD, glutamate decarboxylase; GT, GABA aminotransferase and AADC, aromatic 
L-amino acid decarboxylase. GLS, glutaminase; SSADH, succinate-semialdehyde dehydrogenase; 
TH, tyrosine hydroxylase; DβH, dopamine β-hydroxylase; COMT, catechol-O-methyltransferase; 
PNMT, phenylethanolamine N-methyltransferase; MAO, monoamine oxidase; TPH, tryptophan 
hydroxylase. GABA, γ-aminobutyrate; SSA, succinate-semialdehyde; L-Dopa, levodopa; 3OMD, 
3-O-mehtyldopa; VLA, vanillactate; 3MT, 3-methoxytyramine; HVA, homovanilate; MHPG, 3-methoxy-
4-hydroxyphenylglycol; 5-VMA, 5-vanillymandelate; 5-HIAA, 5-hydroxyindolacetate.

The role of vitamin B6 in one-carbon metabolism 
and homocysteine remethylation and 
transsulfuration pathways

One-carbon (1C) metabolism is a universal biochemical pathway that provides methyl 

groups for biological methylation reactions of proteins, phospholipids and nucleic 

acids (Friso et al., 2017). Folate and vitamin B6 play essential roles in 1C methyl transfer 

reactions. The biologically active form of folic acid, 5,6,7,8-tetrahydrofolate (THF), 

works as a transporter of methyl (-CH3) groups. The PLP-dependent enzyme serine 

hydroxymethyltransferase (SHMT, EC 2.1.2.1), catalyzes the transfer of the methyl 

group of serine to THF, allowing the formation of 5,10-methylenetetrahydrofolate 

(5,10-methyleneTHF) and glycine (de Koning et al., 2003). 5,10-methyleneTHF can 

also be generated via the mitochondrial glycine cleavage system. This system is a 

four-enzyme complex containing the PLP-dependent glycine decarboxylase (da 

Silva et al., 2012). 5,10-methyleneTHF is converted to 5-methyltetrahydrofolate (5-

mTHF), the main circulating form of folates in plasma, by the NADPH-dependent 

Figure 3
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enzyme methylenetetrahydrofolate reductase (MTHFR, EC 1.5.1.20). 5-mTHF is used 

for remethylation of homocysteine to methionine via the vitamin B12-dependent 

enzyme methionine synthase (MS, EC 2.1.1.13) (Figure 4). The principal physiological 

importance of homocysteine remethylation to methionine is the generation of 

S-adenosylmethionine (SAM; the most important methyl group donor in the human 

body), by methionine adenosyltransferase (MAT, EC 2.5.1.6) (Ducker and Rabinowitz, 

2017; Lu, 2000).

Figure 4. One carbon metabolism. In bold the PLP-dependent enzymes: SHMT, serine 
hydroxymethyltransferase; CBS, cystathionine β-synthase and CSE, cystathionine γ-lyase. MTHFR, 
methylenetetrahydrofolate reductase; MS, methionine synthase; BHMT, betaine-homocysteine 
methyltransferase; MATI/II, methionine adenosyltransferase I/II and SAHH, S-adenosylhomocysteine 
hydrolase. PLP, pyridoxal 5’-phosphate; SAM, S-adenosylmethionine and SAH, S-adenosylhomocysteine; 
THF, 5,6,7,8-tetrahydrofolate; 5,10-methyleneTHF, 5,10-methylenetetrahydrofolate; 5-methylTHF, 
5-methyltetrahydrofolate.
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The transsulfuration pathway of homocysteine is formed by two PLP-dependent 

enzymes: cystathionine β-synthase (CBS, EC 4.2.1.22) and cystathionine γ-lyase (CSE, 

EC 4.4.1.1) (See Figure 4). CBS catalyzes the first step of the transsulfuration pathway, 

in which serine condenses with homocysteine forming cystathionine. CSE catalyzes 

the cleavage of cystathionine to cysteine, ammonia and α-ketobutyrate. Although 

PLP serves as coenzyme for both CBS and CSE, CSE exhibits greater loss of activity 

than CBS when PLP is deficient. 

Studies in rats show a moderate correlation between vitamin B6 insufficiency and 

increasing plasma homocysteine levels (Stabler et al., 1997; Martinez et al., 2000), 

with a 40% decrease in total SHMT activity and 80% reduction in flux of one-carbon 

units from serine to methionine (Martinez et al., 2000). Furthermore, the hepatic 

CBS activity is (largely) independent of both dietary PN availability and hepatic 

PLP concentrations, while PLP-insufficiency mainly exerts its influence on CSE 

activity (~70% decrease) (Lima et al., 2006). Although the methyl groups, used in 

the remethylation of homocysteine to methionine, can derive from several sources 

(serine, glycine, histidine, formate, sarcosine, dimethylglycine and betaine), tracer 

studies show that serine is the primary source of one-carbon units in homocysteine 

remethylation in humans (Davis et al., 2004). 

Although folate and vitamin B6 deficiencies are thought to increase circulating 

homocysteine concentrations by decreasing the availability of 5-mTHF in humans, a 

causal relationship has not yet been confirmed in vivo (Davis et al., 2005; Davis et al., 2006).

Vitamin B6 deficiencies

Nutritional vitamin B6 deficiency is very rare nowadays since most dietary sources 

contain vitamin B6. In addition, isolated vitamin B6 deficiency is uncommon, 

usually occurring in combination with other B-vitamin deficiencies (Spinneker 

et al., 2007). However, five inborn errors of metabolism affecting vitamin B6 are 

known: i) pyridoxine-dependent epilepsy (PDE, α-aminoadipic semialdehyde 

dehydrogenase (antiquitin) deficiency; OMIM #266100); ii) hyperprolinemia type II 

(L-Δ1-pyrroline-5-carboxylate (P5C) dehydrogenase deficiency; OMIM #239510); iii) 

pyridox(am)ine 5’-phosphate oxidase deficiency (PNPO deficiency; OMIM #610090); 

iv) hypophosphatasia (tissue non-specific alkaline phosphatase (TNSALP) deficiency; 

OMIM #241500); and v) pyridoxal phosphate binding protein deficiency (PLPBP 

deficiency; OMIM #617290). 

Classically, vitamin B6 deficiency is characterized by severe neonatal seizures that 

do not respond to common anticonvulsant therapy and are only controlled by PLP 

and/or PN (Baxter, 1999; Stockler et al., 2011). In addition to the neonatal seizures, 

most vitamin B6-deficient patients suffer from variable degrees of developmental 

delay and intellectual disability, despite the seizure control achieved with vitamin B6 

treatment (Van Karnebeek et al., 2016).

Pyridoxine-dependent epilepsy (PDE)

Pyridoxine-dependent epilepsy (PDE; MIM #266100) is a rare autosomal recessive 

disorder. PDE was first described in 1954 in a patient with therapy-resistant seizures 

who achieved seizure control when treated with a multivitamin cocktail that contained 

vitamin B6 (Hunt et al., 1954). Classically, PDE patients present with neonatal or early 

infantile seizures refractory to common anticonvulsants, but responsive to PN (Stockler 

et al., 2011). The estimated incidence is of approximately 1:64,000 live births (Coughlin 

II et al., 2018). The diagnosis of PDE was previously based on the clinical observation of 

cessation of seizures after pyridoxine administration and recurrence of seizures upon 

pyridoxine withdrawal (Clayton, 2006). In 2006, Mills and colleagues showed that PDE 

resulted from loss-of-function mutations in the ALDH7A1 gene, encoding the enzyme 

α-aminoadipic semialdehyde (α-AASA) dehydrogenase, also known as antiquitin (Mills 

et al., 2006). Since antiquitin deficiency was identified as the cause for PDE, more than 

200 patients have been genetically confirmed (Van Karnebeek et al., 2016). Antiquitin 

plays an important role in the pipecolic acid pathway of lysine catabolism, catalyzing 

the oxidation of α-AASA to α-aminoadipic acid (Mills et al., 2006). Antiquitin deficiency 

leads to accumulation of α-AASA, a compound that is in spontaneous equilibrium with 

L-Δ1-piperideine-6-carboxylate (P6C). The activated C5 methylene of the piperideine 

ring of P6C reacts with the aldehyde moiety of PLP by Knoevenagel condensation, 

leading to chemical inactivation of PLP (Mills et al., 2006; Clayton, 2006). Accumulation 

of α-AASA, P6C and pipecolic acid serve as diagnostic markers in urine, plasma and 

CSF of patients. Diagnosis is confirmed by mutational analysis of the ALDH7A1 gene. 

Treatment consists on PN supplementation to compensate for PLP deficiency and lysine-

restriction to lower the burden of lysine-derived intermediates that can be potentially 

neurotoxic (van Karnebeek et al., 2014). Although most PDE patients achieve adequate 

seizure control with PN treatment, 75% of them still present with intellectual disability 

and development delay (Coughlin II et al., 2018).
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Figure 5. Antiquitin deficiency. P2C, L-Δ1-piperideine-2-carboxylate; P6C, L-Δ1-piperideine-
6-carboxylate; AASS, alpha-aminoadipic semialdehyde synthase; ALDH7A1, α-aminoadipic 
semialdehyde dehydrogenase (antiquitin); AADAT, α-aminoadipate aminotransferase; P2CR, 
1-piperideine-2-carboxylate/1-pyrroline-2-carboxylate reductase; PIPOX, L-pipecolate oxidase. 
Arrows in bold indicate situation in antiquitin deficiency.

 
Hyperprolinaemia type II

Hyperprolinaemia type II (HYRPRO2; MIM #239510) is a rare autosomal recessive 

disorder. In 1989, Flynn and colleagues described for the first time a strong association 

between childhood febrile seizures and HYRPRO2 while studying 312 Irish travellers 

from 71 families related to a proband with the disease (Flynn et al., 1989). Classically, 

HYRPRO2 patients present with convulsions in the childhood, usually triggered 

by infections (Walker et al., 2000). HYRPRO2 is caused by deficient L-Δ1-pyrroline-

5-carboxylate (P5C) dehydrogenase (P5CDH; EC 1.5.1.12), leading to increased PLP 

utilisation. The exact prevalence of this disorder is not yet known (Van De Ven et 

al., 2014). The association between HYRPRO2 and vitamin B6 deficiency was first 

reported in a girl with severe seizures and reduced conscious in association with 

pneumonia (Walker et al., 2000). The patient had increased proline, hydroxyproline 

and ornithine, marginally low PLP and greatly reduced PA in plasma. In addition, 

increased urinary excretion of xanthurenic acid (XA) was found, suggesting a vitamin 

B6 deficient status, since the major pathway of tryptophan catabolism occurs via the 

Figure 5
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PLP-dependent kynureninase reaction (Walker et al., 2000). Interestingly, and even 

though the XA pathway also involves other PLP-dependent enzymes, the kynurenine 

aminotransferase has been shown to be less sensitive to PLP deficiency, leading 

to accumulation of XA and its increased excretion in urine (Spinneker et al., 2007). 

P5CDH catalyses the second step of proline degradation, converting P5C to glutamate 

(Figure 6). In analogy to the pathomechanism in PDE, the activated C4 carbon of the 

pyrroline ring in L-Δ1-pyrroline-5-carboxylate (P5C) reacts with the aldehyde group 

of PLP through a Knoevenagel reaction, subsequently inactivating PLP (Walker 

et al., 2000; Farrant et al., 2001). Biochemically, HYRPRO2 patients have increased 

concentrations of proline and P5C in plasma, and increased urinary excretion of 

proline, hydroxyproline, and glycine (Flynn et al., 1989). Diagnosis is confirmed by 

mutational analysis of the P5CDH gene Seizures respond to oral supplementation 

with PN, although no recommendations exist regarding its dosage (Plecko, 2013).

Figure 6. Hyperprolinaemia type II. P5C, L-Δ1-pyrroline-5-carboxylate, GLU, glutamate; PC5R, L-Δ1-
pyrroline-5-carboxylate reductase; P5CDH, L-Δ1-pyrroline-5-carboxylate dehydrogenase. Arrows in 
bold indicate situation in P5CDH deficiency.

Pyridox(am)ine 5’-phosphate oxidase deficiency 

Pyridox(am)ine 5’-phosphate oxidase deficiency (PNPO deficiency; MIM #610090) is 

a rare autosomal recessive disorder caused by loss-of-function mutations in the PNPO 

gene (Mills et al., 2005). Classically, PNPO-deficient patients present with severe epileptic 

encephalopathy from the first days of life, not responding to conventional anticonvulsant 

drugs (Clayton et al, 2003; Mills et al., 2005; Mills et al., 2014). Diagnosis of PNPO deficiency 

is achieved by measurements of low PLP in plasma and CSF (Footitt et al., 2013). Diagnosis 

is confirmed by mutational analysis of the PNPO gene. PNPO is a flavin mononucleotide 

(FMN)-dependent oxidase responsible for the oxidation of PNP and PMP to PLP (Mills 

et al., 2014) (see Figure 7). Biochemically, PNPO-deficient patients may present a variety 

of secondary biochemical findings, like decreased concentrations of homovanillic acid 

(HVA) and 5-hydroxyindoleacetic acid (5-HIAA), and increased 3-methoxytyrosine (3-MT) 

and glycine in CSF. Additionally, increased urinary excretion of vanillactic acid (VLA) has 

Figure 6
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been reported (Clayton et al., 2003; Clayton, 2006). The reported metabolite alterations 

can be explained by reduced activities of the PLP-dependent enzymes: aromatic L-amino 

acid decarboxylase (VLA, HVA, 5-HIAA, and 3-MT) and glycine cleavage enzyme (glycine) 

(Clayton, 2006; Surtees et al., 2006). PNPO-deficient patients are mainly treated with PLP. 

Nevertheless, the paradigm of exclusive PLP responsiveness shifted when 6 out of 9 

PNPO-deficient patients were successfully treated with PN monotherapy. In addition, two 

of those patients developed status epilepticus when PN was replaced by identical doses 

of PLP (Plecko et al., 2014). Even though the observed results are not fully understood, 

sufficient residual activity of the enzyme, a putative chaperone effect of PN in preserving 

the PNPO mutants from premature decay, age and riboflavin status at the time of the 

therapeutic trial may play a role in explaining the PN responsiveness (Mills et al., 2014).

Figure 7. The human vitamin B6 metabolism pathway.
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Hypophosphatasia

Hypophosphatasia (HPP; MIM #241500) is an autosomal recessive disorder 

characterized by deficiency of the tissue non-specific alkaline phosphatase (TNSALP; 

EC 3.1.3.1) (Michael P Whyte et al., 1988). HPP was first described in a 9-week-old male 

with very low alkaline phosphatase activity in serum and tissues whom died with 

rickets and epilepsy (Rathbun, 1948). HPP is caused by loss-of-function mutations 

in the ALPL gene (Weiss et al., 1988). TNSALP is an ubiquitous plasma membrane-

bound enzyme essential for bone mineralization (Fedde and Whyte, 1990) (see 

Figure 7). Defective skeletal mineralization that manifests as rickets (in children) and 

osteomalacia (in adults) are the classical clinical presentation of HPP patients. In 1985, 

Whyte and colleagues showed that TNSALP deficiency leads to strongly increased 

plasma PLP concentrations (Whyte et al., 1985). 

In 1995, Waymire and colleagues showed that TNSALP -/- mice developed spontaneous 

seizures usually dying within one day after the seizure onset (Waymire et al., 1995). 

The development of seizures was addressed to the approximately 20-fold increase 

in plasma PLP and PEA concentrations and significantly reduced intracellular PLP 

concentrations in liver, brain, heart, kidney and muscle. Furthermore, GABA was 

approximately 50% reduced in the brain of TNSALP -/- mice when compared to control 

littermates (Waymire et al., 1995). Biochemically, HPP patients present elevated serum 

phosphate levels, decreased serum ALP activity and increased urinary excretion of 

phosphoethanolamine (PEA) (Chodirker et al., 1990). Several case reports have shown 

that human infant HPP patients may develop convulsions in their first days of life 

which may be controlled with PN or PLP treatment (Baumgartner-Sigl et al., 2007; 

Balasubramaniam et al., 2010; De Roo et al., 2014).

 
Pyridoxal 5'-phosphate-binding protein deficiency

Pyridoxal 5'-phosphate-binding protein (PLPBP) deficiency, previously known 

as proline synthetase co-transcribed (bacterial homolog) (PROSC; MIM #604436) 

deficiency is a rare autosomal recessive disorder caused by loss-of-function mutations 

in the PLPBP gene. PLPBP is a ubiquitously expressed cytoplasmic and mitochondrial 

protein, which is highly conserved throughout evolution (from bacteria to mammals), 

suggesting an important cellular function (Ikegawa et al., 1999). In 2016, Darin 

and colleagues identified homozygous and compound heterozygous mutations 

in the PLPBP gene of 7 patients from 5 unrelated families with early-onset vitamin 

B6-dependent epilepsy (EPVB6D; MIM #617290). Biochemically, the plasma PLP 
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concentration of PLPBP-deficient patients receiving pharmacological doses of PN/

PLP was increased (Darin et al., 2016; Plecko et al., 2017). Additionally, no information 

on untreated patients is available. The exact mechanism by which PLPBP works still 

remains uncertain, but the current hypothesis is that it is a PLP-carrier that prevents 

PLP from reacting with other reactive molecules, supplying it to the PLP-dependent 

apo-enzymes, and protecting it from intracellular phosphatases (Darin et al., 2016). 

PLPBP-deficient patients respond to PN/PLP treatment with an immediate reduction 

in seizure frequency and severity (Darin et al., 2016).

 
Outline of the thesis

The studies presented in this thesis aimed on gaining new insight into the 

pathophysiology of genetic vitamin B6 deficiencies and on characterizing new vitamin 

B6-reponsive disorders. Although the discovery of vitamin B6 dates back to 1934 (Gyorgy, 

1934) and pyridoxine-dependent epilepsy is known since the early 1950’s, the interest in 

vitamin B6 and its role in health and disease has reappeared in the last two decades due 

to the discoveries of loss-of-function mutations in the ALDH7A1 and PNPO genes as the 

genetic causes for PDE and PNPO deficiency. Very recently, a new inborn error of vitamin 

B6 metabolism was identified, and although not fully understood, loss-of-function 

mutations in the PLPBP gene have been shown to cause vitamin B6 deficiency. 

With this work, we unveil the intracellular metabolic consequences of vitamin B6 

deficiency in a neuronal cell model (chapter 2). Strikingly lower concentrations of 

the amino acids serine and glycine, known key players in one-carbon metabolism, 

were found in the vitamin B6-deficient cells. To understand the closely intertwined 

relation between serine metabolism and vitamin B6 we developed a sensitive and 

accurate stable isotopic ultra-performance liquid chromatography tandem mass 

spectrometry (UPLC-MS/MS) method to study de novo serine biosynthesis and 

validated this method as diagnostic test for the detection of primary and secondary 

serine synthesis defects (chapter 5). In chapter 3, we characterize a new B6-responsive 

inborn error of metabolism: GOT2 deficiency. This novel disorder clinically responds to 

serine and vitamin B6 treatment. In vitro studies of GOT2-deficient patients’ fibroblasts 

and GOT2-knockout HEK293 cells, allow us to characterize GOT2-deficiency and 

explain its connection to serine and PLP treatment. Further studies on the metabolic 

consequences of GOT2 deficiency, using untargeted and targeted metabolomics, 

are presented in chapter 4. Finally, chapter 6 provides evidence for the existence of 

additional, yet undescribed, enzyme(s) with PL reductase activity in humans. This new 

enzyme is believed to play a role in the salvage pathway of vitamin B6 in mammals. 
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ABSTRACT

Pyridoxal 5’-phosphate (PLP), the metabolically active form of vitamin B6, plays 

an essential role in brain metabolism as a cofactor in numerous enzyme reactions. 

PLP deficiency in brain, either genetic or acquired, results in severe drug-resistant 

seizures that respond to vitamin B6 supplementation. The pathogenesis of vitamin 

B6 deficiency is largely unknown. To shed more light on the metabolic consequences 

of vitamin B6 deficiency in brain, we performed untargeted metabolomics in vitamin 

B6-deprived Neuro-2a cells. Significant alterations were observed in a range of 

metabolites. The most surprising observation was a decrease of serine and glycine, 

two amino acids that are known to be elevated in the plasma of vitamin B6 deficient 

patients.

To investigate the cause of the low concentrations of serine and glycine, a metabolic 

flux analysis on serine biosynthesis was performed. The metabolic flux results showed 

that the de novo synthesis of serine was significantly reduced in vitamin B6-deprived 

cells. In addition, formation of glycine and 5-methyltetrahydrofolate was decreased. 

Thus, vitamin B6 is essential for serine de novo biosynthesis in neuronal cells, and serine 

de novo synthesis is critical to maintain intracellular serine and glycine. These findings 

suggest that serine and glycine concentrations in brain may be deficient in patients 

with vitamin B6 responsive epilepsy. The low intracellular 5-mTHF concentrations 

observed in vitro may explain the favorable but so far unexplained response of some 

patients with pyridoxine-dependent epilepsy to folinic acid supplementation.

Keywords: 5-methyltetrahydrofolate; pyridoxal 5’-phosphate; serine de novo 

biosynthesis; vitamin B6 deficiency.

INTRODUCTION

Pyridoxal 5’-phosphate (PLP), the metabolically active form of vitamin B6, plays 

a pivotal role in brain metabolism and development (Surtees et al 2006). PLP is an 

essential cofactor in more than 100 metabolic reactions in humans (Clayton, 2006). 

Most of the PLP-dependent reactions, such as transamination, decarboxylation, 

deamination, racemization and desulfhydration, are involved in amino acid 

metabolism (Ebadi 1981; Ueland et al 2015). PLP deficiency, either due to genetic or 

dietary causes, disrupts the metabolism of neurotransmitters (γ-aminobutyric acid 

(GABA), dopamine and serotonin), haeme, histamine, amino acids, carbohydrates and 

nucleotides (da Silva et al 2013; Ueland et al 2015). 

Five inborn errors of metabolism are known to affect vitamin B6 concentrations: 

pyridoxine-dependent epilepsy (α-aminoadipic semialdehyde dehydrogenase 

(antiquitin) deficiency; OMIM #266100), hyperprolinemia type II (1-pyrroline-5-

carboxylate dehydrogenase deficiency; OMIM #239510), pyridox(am)ine 5’-phosphate 

oxidase deficiency (PNPO deficiency; OMIM #610090), hypophosphatasia (tissue 

non-specific alkaline phosphatase (TNSALP) deficiency; OMIM #241500) and proline 

synthetase co-transcribed bacterial homolog deficiency (PROSC deficiency; OMIM 

#604436). These diseases, except for most cases of TNSALP, are characterized by 

seizures, often beginning in the first days of life, not responsive to anticonvulsants 

and only controlled by vitamin B6 supplementation (Baxter 1999; Stockler et al 

2011). Besides neonatal seizures, many patients suffer from developmental delay 

or intellectual disability, despite the seizure control (Baxter, 2001; van Karnebeek 

et al 2016; Darin et al 2016; Walker et al 2000; Mills et al 2005; Mills et al 2014). 

Little is known about the specific biochemical changes that underlie the clinical 

symptoms of patients with vitamin B6 deficiency. Low GABA levels were thought to 

be the main reason for the epilepsy (Gospe et al 1994). GABA is the key inhibitory 

neurotransmitter in the central nervous system and is synthesized from glutamate 

(the main excitatory neurotransmitter) through the PLP-dependent enzyme glutamic 

acid decarboxylyase (GAD, EC 4.1.1.15). Animal studies performed in zebrafish larvae 

showed that upon exposure to ginkgotoxin (4’-O-methylpyridoxine, a pyridoxal 

5’-phosphate antimetabolite) a seizure-like behavior develops. The ginkgotoxin-

induced seizures were reversed by the addition of GABA and/or PLP to the fish water, 

supporting the hypothesis that the seizures are caused by reduced PLP availability, 

which leads to an imbalance between GABA and glutamate (Lee et al 2012). However, 

conflicting data on glutamate and GABA levels in the CSF of patients suffering from 

vitamin B6 deficiency suggest that GABA deficiency may not be the sole cause of 

symptoms in pyridoxine-dependent epilepsy (Goto et al 2001; Baumeister et al 
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1994). Several studies have shown that vitamin B6-deficient patients may display 

biochemical features of aromatic L-amino acid decarboxylase (AADC) deficiency, with 

low CSF homovanillic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) (Clayton, 

2006; De Roo et al 2014; Darin et al 2016), raised tyrosine, 3-ortho-methyldopa, 

L-Dopa and 5-hydroxytryptophan (Darin et al 2016). Other studies report increased 

CSF and plasma concentrations of threonine (Mills et al 2005; Clayton, 2006), and/or 

glycine (Darin et al 2016; Mills et al 2005) and/or branched chain amino acids (Darin 

et al 2016). Nevertheless, these results are not consistent in all studies (Levtova et al 

2015), underlining the complexity of vitamin B6 deficiency. Many additional vitamin 

B6-dependent reactions may contribute to the clinical phenotype. 

To elucidate the pathogenesis of brain vitamin B6 deficiency, we performed untargeted 

metabolomics on a neuronal cell model deprived of vitamin B6. Our observations 

indicate that additional factors next to GABA play a role in the pathogenesis of 

vitamin B6 deficiency. 

 
RESULTS

To study the consequences of vitamin B6 deficiency in neuronal cells, we developed a 

model system of vitamin B6-deficient Neuro-2a cells. Neuro-2a cells were cultured in 

the presence (100 nM) and absence of pyridoxal (PL). Cells were harvested at different 

time points.

Vitamin B6 restriction results in intracellular PLP deficiency
To establish whether the absence of PL in the medium resulted in intracellular vitamin 

B6 deficiency, we quantified the intracellular concentrations of PL, pyridoxamine 

(PM), pyridoxine (PN), the 5’-phosphorylated forms (PLP, PMP and PNP, respectively) 

and the breakdown product pyridoxic acid (PA) (Figure S1). PLP concentrations 

were significantly decreased in cells that were cultured in the absence of vitamin 

B6 (P<0.01 for all time points, with a 41-75% reduction), compared to 100 nM PL. PL 

concentrations were relatively conserved, being significantly decreased at t=14 days 

only (P<0.05). Intracellular PMP concentrations were also decreased (P<0.01 at t=7 

and 18 days, with a 48% and 53% reduction, respectively; P<0.05 at t=4 and 14 days, 

with a 27% and 49% reduction, respectively). PN, PNP, PM and PA were below the limit 

of quantification (LOQ), for both vitamin B6-deficient and –proficient conditions, at 

all time points. Thus, absence of PL in the medium leads to decreased concentrations 

of the active cofactor of vitamin B6, making this model suitable for the study of the 

consequences of vitamin B6 deficiency on the intracellular metabolome.

Vitamin B6 deficiency alters the metabolome of Neuro-2a cells
We compared the metabolomes of Neuro-2a cells cultured in 0 and 100 nM PL at 

all time points. By direct-infusion high-resolution mass spectrometry (DI-HRMS) of 

the extracts we detected 15,765 features (a feature is defined as a mass over charge, 

m/z) of which 62 features in negative scan mode and 83 in positive scan mode were 

significantly different (P<0.05 after Bonferroni correction) and identified using the 

Human Metabolome Database (HMDB, www.hmdb.ca). The most significantly altered 

intracellular metabolites, in positive and negative scan modes, are shown in Tables 

1 and 2, respectively. Among others, we observed decreased signals of the masses 

corresponding to the amino acids serine, glycine and cystathionine, GABA, the Krebs 

cycle intermediates malate, citrate/isocitrate, fumarate, and pyruvate. Phosphoserine, 

the direct precursor of serine, was also decreased in B6-deficient cells. The masses of 

the features that were increased corresponded to those of glutamine and glutamine 

adducts (Tables 1 and 2). This increase was confirmed by targeted LC-MS/MS 

(Supplemental Figure S2a).

Table 1. The fifteen most significantly altered intracellular compounds (positive scan mode).
Direct infusion high resolution mass spectrometry (DI-HRMS) in positive scan mode was used to detect 
the overall intracellular metabolic consequence of vitamin B6 deprivation. A t-test was performed on 
the area under the curve (AUC, in a plot of intensities against time) for every compound. Compounds 
are sorted on the P value between PL absence and presence (100 nM).

# m/z Identification P value Change Fold Change a

1 144.006 serine [M + K]+ 5.82E-15 Decrease 2.7

2 106.050 serine [M]+ 3.95E-13 Decrease 2.2

3 223.075 L-cystathionine [M]+; cysteinyl-threonine [M]+; threoninyl-cysteine [M]+ 4.57E-13 Decrease 4.0

4 128.032 serine [M+Na]+ 2.87E-12 Decrease 1.8

5 104.070 (α/β/γ)-aminobutyric acid [M]+; dimethylglycine [M]+ 5.14E-12 Decrease 1.5

6 165.988 serine [M+NaK-H]+ 8.90E-11 Decrease 3.0

7 150.014 serine [M+2Na-H]+ 4.85E-10 Decrease 1.9

8 207.014 glutamine [M+NaK-H]+ 8.50E-09 Increase 1.2

9 157.011 malic acid [M+Na]+ 2.82E-08 Decrease 1.3

10 178.993 malic acid [M+2Na-H]+ 3.75E-08 Decrease 1.3

11 215.016 citric acid [M+Na]+, isocitric acid [M+Na]+ 4.21E-08 Decrease 1.2

12 76.039 glycine [M]+ 5.51E-08 Decrease 1.4

13 135.977 glycine [M+NaK-H]+ 9.44E-08 Decrease 1.7

14 191.040 glutamine [M+2Na-H]+ 3.42E-07 Increase 1.4

15 113.995 glycine [M+K]+ 6.88E-07 Decrease 1.4

a Fold change was calculated from the arithmetic mean values of the AUC of each group. 
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Table 2. The fifteen most significantly altered intracellular compounds (negative scan mode).
Direct infusion high resolution mass spectrometry (DI-HRMS) in negative scan mode was used to 
detect the overall intracellular metabolic consequence of vitamin B6 deprivation. A t-test was 
performed on the area under the curve (AUC, in a plot of intensities against time) for every compound. 
Compounds are sorted on the P value between PL absence and presence (100 nM).

# m/z Identification P value Change Fold Change a

1 181.051 homovanilic acid [M]-; 4-hydroxyphenyllactic acid [M]- 2.39E-13 Decrease 1.6

2 104.035 serine [M]- 6.67E-12 Decrease 2.6

3 221.060 L-cystathionine [M]-; cysteinyl-threonine [M]-; threoninyl-cysteine [M]- 4.48E-11 Decrease 3.8

4 129.056 3-methyl-2-ketovaleric acid [M]-;4-methyl-2-ketovaleric acid [M]- 5.91E-11 Decrease 2.1

5 215.033 hexose [M+Cl]- 6.98E-11 Decrease 1.4

6 87.009 pyruvic acid [M]- 2.31E-10 Decrease 1.5

7 181.039 glutamine [M+Cl]- 6.09E-10 Increase 1.3

8 140.012 O-phosphoethanolamine, serine [M+Cl]-,
α/β/γ-aminobutyric acid [M+K-H]-, dimethylglycine [M+K-H]-

2.24E-09 Decrease 2.9

9 184.002 phosphoserine [M]- 1.08E-08 Decrease 3.5

10 145.062 glutamine [M]-, ureidoisobutyric acid [M]-; alanyl-glycine [M]- 2.53E-08 Increase 1.3

11 195.051 gluconic acid [M]-, galactonic acid [M]- 3.20E-08 Decrease 1.2

12 218.033 3-methyladipic acid [M]-, pimelic acid [M+NaCl]- 1.06E-07 Decrease 1.4

13 190.973 glyceraldehyde-3-P [M+Na-H]- 1.13E-07 Decrease 1.3

14 243.038 glutamine [M+H2PO4]- 2.37E-07 Increase 1.3

15 150.980 maleic acid [M]-, fumaric acid [M]- 7.49E-07 Decrease 1.4

a Fold change was calculated from the arithmetic mean values of the AUC of each group.

The most striking observations were the decreased signals of serine and glycine, two 

amino acids that are increased in plasma of vitamin B6-deficient patients and animal 

models. Thus, we confirmed the amino acid findings by quantitative LC-MS/MS 

(Figure 1 and S2). The intracellular amino acid fluctuations observed along the course 

of the study were due to the media refreshment schedule. Media was refreshed every 

24 hours before sampling. As a consequence, cells were exposed to the same medium 

for 2 or 3 days, depending on the collection time point. Nevertheless, intracellular 

serine concentrations were significantly lower (P<0.01) at all time points, while 

intracellular glycine concentrations were lower at t=4, 11, 14 and 18 days (P<0.01, 

P<0.01, P<0.01 and P<0.05, respectively). Reasoning that the decrease of serine could 

be either due to reduced biosynthesis or reduced import from the culture medium, 
we analysed serine and glycine concentrations in the medium that was sampled from 

the cells during the experiment (Figure 1). In the presence of 100 nM PL, cells were 

found to have net export of serine into the medium at later time points. In contrast, in 

vitamin B6-deficient cells import of serine from the medium exceeds export. Glycine 

is exported, both in PL presence and absence but vitamin B6-deficient cells exported 

17-21% less glycine than cells cultured in 100 nM PL. This suggests that biosynthesis 

of serine is hampered when cells are deficient in vitamin B6, making them more 

dependent on extracellular serine. This proposition is strengthened by the decrease 

of phosphoserine, the immediate precursor of serine, observed in the untargeted 

metabolomics analysis (Table 2). 

Cystathionine was strongly decreased in B6-deficient conditions. Cystathionine 

is an intermediary metabolite in the homocysteine transsulfuration pathway. 

Cystathionine β-synthase (CBS, EC 4.2.1.22), the first enzyme in the homocysteine 

transsulfuration pathway, catalyses cystathionine synthesis from homocysteine 

and serine, using pyridoxal 5’-phosphate as cofactor. Our results suggest that the 

additive effects of vitamin B6 and serine deficiencies led to a strong decrease of 

cystathionine production.

Figure 1. Serine and glycine levels are decreased in vitamin B6-deficient cells.
Neuro-2a cells were grown in medium in the presence (100 nM) and absence of PL for 18 days. 
Extracellular serine and glycine concentrations are presented as the difference to the media basal 
amino acid levels. Intracellular concentrations are normalized to total protein content. All results are 
represented as the mean of triplicates ± SD; * P<0.05, ** P<0.01. 
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Serine biosynthesis is decreased when vitamin B6 is deficient
To investigate serine de novo biosynthesis we performed a metabolic flux analysis. 

Vitamin B6-deficient and -proficient cells were incubated with 13C6-glucose. In the 

vitamin B6 deficiency condition, serine synthesis was significantly decreased (P<0.05) 

with a 50% reduction at t=12 hours. Intracellular 13C2-glycine concentrations were 

significantly decreased at t=0.5 (P<0.01) and 12 hours (P<0.05), being 38% less in the 

B6-deficient cells at t=12 hours (Figure 2).

We analysed the intracellular concentrations of 5-mTHF, the other product of SHMT 

activity, in addition to glycine, and established they were significantly decreased at t=1 

and 3 days (**P<0.01, and *P<0.05, respectively) in vitamin B6-deficient cells (Figure 2).

Figure 2. Vitamin B6 deficiency hampers serine de novo biosynthesis and decreases 
5-methyltetrahydrofolate levels.
Neuro-2a cells were grown in the presence (100 nM) and absence of PL for 3 days. On day 3 cells 
were incubated with 13C6-glucose, and the formation of the labelled 13C3-serine and 13C2-glycine was 
analyzed at t=0.5, 4 and 12 hours after exposure. Results are represented as the mean of triplicates ± 
SD. The insert reflects the steady state levels of 5-methyltetrahydrofolate. For 5-methyltetrahydrofolate 
study, Neuro-2a cells were grown in medium in the presence (100 nM) and absence of PL for 3 days. 
The results are normalized to total protein content and represented as the mean of n=6 (t=1 day) and 
n=12 (t=3 days) ± SD; * P<0.05, ** P<0.01.

DISCUSSION

Vitamin B6 has an important role in development and functioning of the brain by 

catalysing essential reactions in neurotransmitter and amino acid metabolism (Surtees 

et al 2006). To investigate the metabolic consequences of vitamin B6 deficiency in the 

brain, we employed a model system of Neuro-2a cells that were cultured in vitamin 

B6-deficient medium. Neuro-2a cells have a neuronal origin and are easily cultured in 

high amounts. In previous (yet unpublished) work we have investigated the presence 

of the enzymes involved in vitamin B6 metabolism and found that all are present in 

these cells, confirming that they provide a suitable model. This model mimics vitamin 

B6 deficiency as it results in strongly decreased intracellular concentrations of PLP 

(63% reduction at the latest time point) and PMP (50% reduction at the latest time 

point). The low PLP is a direct consequence of PL absence in the medium, whereas the 

decrease of PMP may reflect less transaminating activity secondary to the low PLP. It 

is unknown how the brain intracellular concentrations of vitamin B6 relate between 

B6-deficient and B6-proficient humans. However, some in vivo animal studies have 

documented vitamin B6 levels in the brain of B6-deficient animals. In Dakshinamurti 

et al., adult rats were fed PN-supplemented and PN-deficient diets and the PLP 

concentrations in the brains were documented. In whole brain of B6-deficient rats, 

PLP concentrations were 28% reduced, while in their hypothalamus the reduction 

was 57% compared to PN-supplemented (control) rats (Dakshinamurti et al, 1985). 

These results are in close accordance with the ones presented in this study. Thus, we 

successfully created a vitamin B6 deficiency model system.

Investigation of metabolism by untargeted metabolomics yielded a range of altered 

metabolites: amino acids, Krebs cycle intermediates, GABA and homovanillic acid. 

Among the most significantly changed metabolites were serine and glycine, which 

were both decreased as validated by targeted LC-MS/MS analysis. Flux studies clearly 

illustrated reduced serine biosynthesis in vitamin B6-deficient Neuro-2a cells and thus 

made evident that serine biosynthesis depends on vitamin B6. The PLP-dependent 

enzyme phosphoserine aminotransferase (PSAT, EC 2.6.1.52) cannot fully function 

in vitamin B6 deficient conditions, which is expected to result in less synthesis of 

phosphoserine and serine, as observed.

The low medium and intracellular serine concentrations are in contrast with reports 

on the effect of vitamin B6 deprivation on human plasma, in which the concentrations 

of glycine showed an increase of 28% after two weeks of vitamin B6 depletion and 

serine showed an increase of 47% after one week of depletion (Park et al 1971). This 

behaviour was also observed in a 28-day vitamin B6 restriction diet study, where the 
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plasma levels of healthy men and women for glycine and serine showed an increase 

of 15% and 12%, respectively (da Silva et al 2013). Furthermore, cerebrospinal fluid 

(CSF) studies of PNPO-deficient patients have reported elevated levels of glycine 

prior to B6 supplementation (Mills et al 2005). For the one individual in this study in 

whom CSF analysis was repeated after supplementation this normalised. Elevation 

of CSF glycine has been reported to occur secondary to a deficiency of the activity 

of the glycine cleavage system, which is PLP-dependent. It should be noted however 

that this does not occur in all PNPO-deficient patients, with some only showing a 

transient increase of glycine in CSF (Hoffmann et al 2007). Glycine levels have also 

been reported to be slightly raised in the CSF of patients with mutations in PROSC 

prior to B6-supplementation (Darin et al 2016). In patients with mutations in 

ALDH7A1, however, CSF glycine levels have been reported to be normal (Hoffmann 

et al 2007) or just slightly elevated (Mills et al 2010). Interestingly few studies report 

on serine levels leading us to assume that serine is kept within normal values in 

the CSF of vitamin B6 deficient patients. Additionally, in a B6-deprivation study in 

HepG2 cells, vitamin B6 deficiency yielded large increases in glycine concentrations 

and no effect on serine (da Silva et al 2014). However, our findings in the Neuro-2a 

model are in accordance with in vivo studies performed by Tews, in which mice fed 

on a PN-deficient diet for 4 weeks presented a progressive decrease in brain serine 

concentrations. Brain glycine concentrations significantly decreased during the first 

2 weeks of PN-deprivation and increased after 4 weeks when compared to normal-

PN fed mice. Upon reinstating a complete-PN diet, serine and glycine concentrations 

returned to control levels (Tews 1969). This suggests that a decrease in serine and 

concomitant decrease in glycine concentrations is tissue or cell type dependent. 

Serine in brain originates from two sources: uptake and biosynthesis (Koning et al 2003). 

Serine de novo biosynthesis is a side-pathway of glycolysis. The first and rate-limiting 

step is the oxidation of 3-phosphoglycerate (3-PG) to 3-phosphohydroxypyruvate, 

by 3-phosphoglycerate dehydrogenase (PHGDH, EC 1.1.1.95). The conversion of 

3-phosphohydroxypyruvate to 3-phosphoserine is catalysed by phosphoserine 

aminotransferase, a PLP-dependent enzyme. Serine biosynthesis seems to be particularly 

important in the brain, as illustrated by the severe clinical symptoms in patients affected 

with a defect in serine synthesis, including congenital microcephaly, severe epilepsy and 

very little development (Jaeken et al 1996; Furuya, 2008). In CSF of these patients, serine 

(both L- and D-serine) and glycine are decreased (van der Crabben et al 2013). 

Glycine production depends on serine availability and on the PLP-dependent 

enzyme SHMT. SHMT catalyses the transfer of the methyl group of serine to 

tetrahydrofolate (THF), allowing the formation of 5,10-methylenetetrahydrofolate 

(5,10-methyleneTHF) and glycine (Koning et al 2003). 5,10-methyleneTHF is 

converted by the enzyme methylenetetrahydrofolate reductase (MTHFR, EC 1.5.1.20) 

to 5-mTHF, the main circulating form of folate which can serve as a methyl donor 

in the generation of S-adenosylmethionine (SAM). Indeed, the combination of less 

serine and PLP may lead to a lower activity of SHMT, explaining the decrease in the 

intracellular concentration of 5-mTHF in vitamin B6-deficient cells. 

Our findings are important in considering pathogenesis and treatment of patients with 

vitamin B6-dependent epilepsy. Generally, it was thought that a reduction of GABA 

concentrations in the brain of these patients was the main cause of the epilepsy, due 

to suboptimal activity of the PLP-dependent enzyme glutamic acid decarboxylase. 

We demonstrate that low serine, glycine and 5-methyltetrahydrofolate may also 

contribute to pathogenesis. Probably, these amino acids are low in brain cells in vivo, 

as suggested by the B6-deficient mouse studies (Tews 1969). Although theoretically 

uptake of serine and glycine from blood to brain may compensate a lower serine 

biosynthetic capacity, two observations suggest clinical relevance of our findings. 

Patients with a defect in serine synthesis need high doses of serine to normalize 

serine in CSF (Koning et al 2003; van der Crabben et al 2013). Furthermore, some 

patients with vitamin B6-dependent epilepsy clinically respond to supplementation 

of folinic acid, a 5-mTHF precursor (Nicolai et al 2006; Gallagher et al 2009; Stockler et 

al 2011; Dill et al 2011; van Karnebeek et al 2016). Our work provides an explanation 

for this hitherto puzzling observation. 

 
MATERIAL AND METHODS

Cell culture
Neuro-2a cells were purchased from ATCC Cell Biology Collection. Dulbecco’s 

modified eagle medium (DMEM) GlutaMAX™ (31966), B6 vitamer-free DMEM 

GlutaMAX™ (custom made 31966-like) medium, fetal bovine serum (FBS; 10270), 

penicillin-streptomycin (P/S; 15140) and trypsin-ethylenediaminetetraacetic acid 

(trypsin-EDTA, 0.5%) were purchased from Gibco (Invitrogen Life Technologies). 

Pyridoxal hydrochloride (PL-HCl) was purchased from Sigma-Aldrich (Steinheim, 

Germany). Cells were grown in 75 cm2 flasks and maintained in DMEM GlutaMAX™ 

supplemented with 10% heat-inactivated FBS and 1% P/S, in a humidified atmosphere 

of 5% CO2 at 37ºC. When cells reached optimal confluence (>70%) they were washed 

twice with PBS and passed into 6-well plates (1.5 x 105 cells per well) by trypsinization 

with 0.05% trypsin-EDTA. Confluent cells (>70%) were exposed to the experimental 

medium conditions: 1:1, PBS:B6 vitamer-free DMEM GlutaMAX™ (with 10% FBS and 
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1% P/S), with 100 nM of PL-HCl (content of vitamin B6: PL 97.4 ± 5.6 nM; PN 2.6 ± 

2.6 nM; PM 1.4 ± 1.3 nM; PLP 1.9 ± 1.5; PNP and PMP are below the LOQ) or without 

vitamin B6 (residual content of vitamin B6: PL 4.7 ± 3.8 nM; PN 2.3 ± 0.4 nM; PM 1.1 ± 

1.1 nM; PLP, PNP and PMP are below the LOQ).

Direct-Infusion High-Resolution Mass Spectrometry (DI-HRMS)
Direct-infusion was performed using chip-based infusion (400 nozzles, nominal 

internal Ø 5 µm) on the TriVersa NanoMate (Advion, Ithaca, NY, USA). High-resolution 

mass spectrometry (140,000) was performed using a Q-ExactivePlus (Thermo 

Scientific GmbH, Bremen, Germany) using a scan range of m/z 70 to 600 in positive 

and negative modes. Besides mass calibration of the instrument, internal lock masses 

were used for high mass accuracy. Cells were harvested in biological triplicates. 

Untargeted metabolomics pipeline (DI-HRMS)
RAW data files were converted to mzXML format using MSConvert (M.C. Chambers 

et al, 2012). The data were processed using an in-house developed untargeted 

metabolomics pipeline written in the R programming language (http://www.r-

project.org). First, the mzXML files were converted to readable format by the XCMS 

package (Smith et al 2006). For every sample, peak finding was done and peaks 

with the same m/z (within 0.5*fwhm) were grouped over different samples. Peak 

groups that were not present in three out of three technical replicates in at least 

one biological sample were discarded. The intensities of the technical replicates were 

averaged. Peak groups were identified using all entries in the HMDB, including their 

most likely adducts (Na+, K+, NH4
+ in positive mode and Cl- and formate in negative 

mode) and isotopes, using an accuracy of 3 ppm or better. The statistical analysis was 

a t-test on the Area Under the Curve (AUC) in a plot of intensities against time for 

every metabolite. Raw metabolomics data can be supplied upon request.

Ultra Performance Liquid Chromatography Tandem Mass 
Spectrometry (UPLC-MS/MS)
Amino acids
Amino acid concentrations were determined using the UPLC-MS/MS method described 

by Prinsen (Prinsen et al 2016). Apart from adapting the range of the calibrators and 

quality control (QC) samples to resemble the concentrations in the samples, no further 

adaptations were needed for sample preparation or analysis of the amino acids. 

Vitamin B6 vitamers
Vitamin B6 vitamers were quantified according to the method of van der Ham (van 

der Ham et al 2012).

5-methyltetrahydrofolate (5-mTHF)
5-mTHF was purchased from Sigma-Aldrich (Steinheim, Germany).The internal standard 
13C5-5-mTHF was purchased from Merck KGaA (Darmstadt, Germany). 5-mTHF analyses 

were performed on a Waters Micromass Quattro Ultima triple quadrupole mass 

spectrometer (Manchester, U.K.), using an Acquity UPLC® BEH C18 (130 Å, 17 µm 2.1 x 50 

mm column) (Waters, Manchester, UK), which was kept at 30°C, while the autosampler 

temperature was kept at 15°C. The dwell time was set at 0.3 s. The capillary voltage 

was 3.00 kV and the cone voltage was 35 V. The source and desolvation temperatures 

were 120 and 450°C respectively. The cone gas flow rate was 158 L/hr. Quantitative 

analysis was achieved using a negative ion multiple reaction monitoring (MRM) mode 

with the m/z transitions of 460.2 > 313.2 and 465.2 > 313.2 with a collision energy of 17 

and 18 V, for 5-mTHF and 13C5-5-mTHF respectively. The specific MRM transitions were 

determined by direct infusion of both standards and internal standards. 

Metabolic flux analysis: serine de novo biosynthesis
Neuro-2a cells were grown in 6-well plates and maintained in DMEM GlutaMAX™. When cells 

reached a confluence of >70%, they were washed twice with room temperature PBS and 

incubated with B6 vitamer-free DMEM GlutaMAX-I (supplemented with 10% FBS, 1% P/S, 

and with either 100 nM PL-HCl or without PL-HCl) : PBS, 1:1. Cells were grown for 72 h in these 

media before collection. At 72 h the medium was refreshed with the exposition medium: 

B6 vitamer-free DMEM GlutaMAX-I (supplemented with 10 % FBS, 1 % P/S, and without 

or with 100 nM PL-HCl) : PBS (13C6-glucose, 25 mM), 1:1. Cells were harvested at T = 0.5, 4  

and 12 hours. Uniformly labelled 13C6-glucose (99%) was purchased from Cambridge 

Isotope Laboratories, Inc. (MA, USA). To quantify the intracellular 13C3-serine and 13C2-

glycine, we adapted the LC-MS/MS method described by Prinsen (Prinsen et al 2016). 

 

Protein analysis
Protein concentrations were quantified using the 96-well microplate protocol of the 

colorimetric bicinchoninic acid (BCA) PierceTM BCA Protein Assay Kit (Thermo Fisher Scientific 

Incorporated), in accordance with the manufacturer’s protocol, with BSA as standard. 

 

Statistical analysis
Statistical significance was determined with unpaired two-tailed t-test, using 

GraphPad Prism 6 (version 6.0.2, GraphPad Software Inc.) software.
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Supplementary experimental procedures

Sample collection and preparation for Direct-Infusion High-
Resolution Mass Spectrometry (DI-HRMS)
Neuro-2a cells were washed twice with cold PBS (4ºC) and harvested by scraping 

of cells with 1.5 ml ice-cold methanol (-20ºC), into a 1.5 ml eppendorf tube. The 

samples were centrifuged (16200 g for 10 min at 4ºC), and the supernatant was 

transferred to a new 1.5 ml eppendorf tube and stored at -80ºC until analysis was 

performed. Before mass spectrometry analysis, samples were evaporated to dryness 

at 40ºC, under a gentle stream of nitrogen. Samples were reconstituted with 800 µl 

of methanol at room temperature. Cell extracts (in methanol) were diluted (1:1 v/v) 

using 70 µl stable isotopes solution in methanol (NSK-A-amino acids and NSK-B-free 

carnitine and acylcarnitine reference standards (Cambridge Isotope Laboratories, 

Massachsetts, USA)). After dilution with 60 µl 0.3% formic acid, samples were filtered 

using a preconditioned (with methanol) 96-well filter plate (Acro prep, 0.2 µm GHP, 

NTRL, 1 ml well; Pall Corporation, Ann arbor, USA). The sample filtrate was collected 

in a 96-well plate (Advion, Ithaca, NY, USA). A volume of 13 µl was infused into the 

DI-HRMS system in triplicate (technical replicates).

Sample collection and preparation for amino acid import, 
metabolism and export quantification by UPLC-MS/MS
Neuro-2a samples (medium and intracellular content) were collected in biological 

triplicates. The culture medium (1:1, PBS:B6 vitamer-free DMEM GlutaMAX™ (with 

10% FBS, 1% P/S), supplemented with 100 nM of PL-HCl or without a vitamin B6 

source addition) was refreshed every 24 h before samples collection. Medium was 

collected prior to cells harvesting, for amino acid import and export study. After 

media collection, the Neuro-2a cells were washed twice with cold PBS and scraped 

with 1.5 ml ice-cold methanol (-20ºC). Samples were transferred into eppendorf tubes, 

centrifuged (16200 g for 10 min at 4ºC), and the supernatants were transferred to new 

eppendorf tubes. Pellets were discarded and the supernatants were evaporated to 

dryness at 40ºC, under a gentle stream of nitrogen, and reconstituted with 800 µl of 

methanol. The reconstituted samples were stored at -80ºC until amino acid analysis 

was performed. 
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Sample collection and preparation for quantification of vitamin B6 
vitamers by UPLC-MS/MS
Neuro-2a cells, in biological triplicates, were washed twice with cold (4ºC) PBS and 

scraped with 600 µl of cold TCA. The samples were collected in eppendorf tubes and 

centrifuged (16200 g, 10 min at 4ºC). The supernatants were stored at -80ºC until 

analysis was performed.

Sample preparation for quantification of 5-methyltetrahydrofolate 
by UPLC-MS/MS
Neuro-2a cells, in biological triplicates, were harvested using cold ascorbic acid 

(150 µM, 4ºC). Before harvesting, cells were washed twice with 1 ml of cold PBS 

and scraped with 800 µl of cold ascorbate. The samples were collected into 1.5 ml 

eppendorf tubes, sonicated for 10 min, and centrifuged (16200 g, 10 min at 4ºC). 

The supernatants were transferred to new 1.5 ml eppendorf tubes and the pellets 

discarded. Samples were stored at -80ºC until analysis was performed.

Sample preparation for metabolic flux analysis
Neuro-2a cells were grown in 6-well plates and maintained in DMEM GlutaMAX™. When 

cells reached a confluence of >70%, they were washed twice with room temperature 

PBS and incubated with B6 vitamer-free DMEM GlutaMAX-I (supplemented with 

10% FBS, 1% P/S, and with either 100 nM PL-HCl or without vitamin B6 source) : PBS, 

1:1. Cells were grown for 72 h in these media before collection. At 72 h the medium 

was refreshed with the exposition medium: B6 vitamer-free DMEM GlutaMAX-I 

(supplemented with 10 % FBS, 1 % P/S, and without or with 100 nM PL-HCl) : PBS 

(13C6-glucose, 25 mM), 1:1. Cells were harvested at T = 0.5, 4 and 12 hours. Before 

collection, cells were washed twice with cold PBS (4ºC), and harvested by scraping 

with 1.5 ml ice-cold methanol. The samples were transferred into 1.5 ml eppendorf 

tubes, centrifuged (16200 g for 10 min at 4ºC), and the supernatants were transferred 

to new 1.5 ml eppendorf tubes. The samples were evaporated at 40ºC under a gentle 

stream of nitrogen until complete dryness, and reconstituted with 800 µl of methanol 

at room temperature. The reconstituted samples were stored at -80ºC until amino 

acid analysis was performed.

Figure S1. Pyridoxal restriction results in intracellular vitamin B6 vitamers decrease.
Neuro-2a cells were grown for 18 days. The media were replaced every 24 hours before cells were 
harvested, and the intracellular vitamin B6 vitamers concentrations were determined by UPLC-MS/
MS. Data are normalized to total protein content and are represented as the mean of triplicates ± SD; 
* P<0.05, ** P<0.01.
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3

ABSTRACT

Early-infantile encephalopathies with epilepsy are devastating conditions mandating 

an accurate diagnosis to guide proper management. Whole exome sequencing was 

used to investigate the disease etiology in four children from independent families 

with intellectual disability and epilepsy, revealing biallelic GOT2 mutations. In depth 

metabolic studies in individual 1 showed low plasma serine, hyper citrullinemia, 

hyperlactatemia and hyperammonemia. The epilepsy was serine- and pyridoxine-

responsive. Functional consequences of observed mutations were tested by 

measuring enzyme activity and by cell- and animal models. Zebrafish- and mouse 

models were used to validate brain developmental and functional defects and to 

test therapeutic strategies. GOT2 encodes the mitochondrial glutamate oxaloacetate 

transaminase. GOT2 enzyme activity was deficient in fibroblasts with biallelic 

mutations. GOT2, a member of the malate-aspartate shuttle, plays an essential role 

in the intracellular NAD(H) redox balance. De novo serine biosynthesis was impaired 

in fibroblasts with GOT2 mutations and GOT2-knockout HEK293 cells. Correcting the 

highly-oxidized cytosolic NAD-redox state by pyruvate supplementation restored 

serine biosynthesis in GOT2-deficient cells. Knockdown of got2a in zebrafish resulted 

in a brain developmental defect associated with seizure-like electroencephalography 

spikes, which could be rescued by supplying pyridoxine in embryo water. Both 

pyridoxine and serine synergistically rescued embryonic developmental defects in 

zebrafish got2a morphants. The two treated individuals reacted favorably to their 

treatment. Our data provide a mechanistic basis for the biochemical abnormalities in 

GOT2 deficiency that may also hold for other MAS-defects.

GOT2 deficiency causes a metabolic encephalopathy with early-onset epilepsy, 

progressive microcephaly and several biochemical abnormalities that seems 

amenable to treatment.

INTRODUCTION

Infantile-onset encephalopathies with epilepsy often are devastating disorders 

with major consequences for the life of affected individuals and their families. 

Identification of an underlying diagnosis is paramount for personalized management. 

Although inborn errors of metabolism do not represent the most common cause 

of these encepha lo pathies, their early identification is of utmost importance, since 

many require targeted therapeutic measures beyond that of common antiepileptic 

drugs, either to control seizures, or to decrease the chance of neurodegeneration. 

Here we describe four affected individuals with a metabolic encephalopathy with 

epilepsy due to a defect in the mitochondrial isoform of glutamate oxaloacetate 

transaminase or aspartate aminotransferase (GOT; EC 2.6.1.1). This is a pyridoxal 

5’-phosphate (PLP)-dependent enzyme that exists as cytosolic (GOT1) and intra-

mitochondrial (GOT2) isoforms. Both isoforms catalyze the reversible intercon version 

of oxaloacetate and glutamate into aspartate and α-keto glutarate. These enzymes are 

part of the malate-aspar ta te shuttle (MAS), a key player in intra cellular NAD(H) redox 

homeostasis (Figure 1).1,2 NADH produced in cytosolic NAD-linked dehydrogenase 

reactions, mainly during glycolysis, is re-oxidized to NAD+ inside the mitochondria.3 

Since the inner mitochondrial membrane is relatively impermeable to NAD+ and 

NADH,4 NAD(H)-redox shuttles exist.3 The MAS provides a mechanism for net transfer 

of NADH reducing equivalents across the inner mitochondrial membrane.4 Defects 

in the MAS have been described due to mutations in genes encoding mitochondrial 

malate dehydrogenase (MDH2, [MIM: 154100]) and both aspartate-glutamate carriers 

(SLC25A12, [MIM: 603667], SLC25A13, [MIM: 603859]).5,6,7,8,9  

We report GOT2 deficiency, a MAS disorder, and present the clinical and biochemical 

phenotype of 3 unrelated families, computational analyses and experimental data to 

validate the deleterious impact of the identified GOT2 [MIM: 138150] variants, as well 

as biomarkers and therapeutic strategies for this inborn error of metabolism.  
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Figure 1. Schematic diagram showing the essential role of the malate-aspartate NAD(H) redox 
shuttle in the re-oxidation of cytosolic NADH. (A) The cytosol contains a variety of different NADH-
generating dehydrogenases involved in glycolysis, serine biosynthesis and other path ways. Since the 
mitochondrion is the ultimate site of NADH-reoxidation, the NADH generated in the cytosol needs 
to be shuttled across the mitochondrial membrane. This is brought about by so-called NAD(H) redox 
shuttles with the malate aspartate shuttle as the most important one. The malate aspartate shuttle 
requires the concerted action of six different components: cytosolic and mitochondrial malate 
dehydrogenase (MDH1 and MDH2), cytosolic and mito chon drial glutamate aspartate transaminase 
(GOT1 and GOT2), and the two mitochondrial solute carriers aspartate-glutamate (AGC1 and AGC2) 
and 2-oxoglutarate (OGC). (B) Schematic diagram showing the consequences of an impairment 
in the malate-aspartate NAD(H) redox shuttle and the important role of lactate dehydrogenase 
in the re-oxidation of the NADH generated in the cytosol. GAP, glyceraldehyde 3-phosphate; 1,3-
DPG, 1,3-diphosphoglycerate; 3-PG, 3-phospho glycerate; PEP, phosphoenolpyruvate; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; 3-PGDH, 3-phosphoglycerate dehydrogenase; 
LDH, lactate dehydrogenase; NAD+, nicotinamide adenine dinucleotide (oxidized form); NADH, 
nicotinamide adenine dinucleotide (reduced form); MIM, mitochondrial intermembrane space; ADP, 
Adenosine diphosphate; ATP, Adenosi ne triphosphate; Pi, inorganic phosphate; OXPHOS, oxidative 
phosphorylation.

 
MATERIAL AND METHODS

The three families
Family I was enrolled into the TIDEX gene discovery project (UBC IRB approval H12-

00067) and provided written consent for the investigations and for publication of 

this manuscript. Written informed consent was also obtained for the families II and III.
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Whole exome sequencing (WES) analysis
Family I
Trio (proband-mother-father) whole exome sequencing (WES) was performed using 

the Agilent SureSelect kit and Illumina HiSeq 2000 (Perkin-Elmer, USA). The sequencing 

reads were aligned to the human reference genome version hg19 using Bowtie 210 

and mean coverage of 43X (proband), 32X (mother) and 48X (father) was achieved. 

The data was further analyzed using our semi-automated bioinformatics pipeline11: 

(i) the duplicates were marked and sorted using Picard, (ii) variants were called using 

SAMtools and BCFtools after indel realignment using GATK, (iii) transcripts were 

annotated using snpEff,12 (iv) functional variants were prioritized for rare variants by 

comparison against the public databases [dbSNP, NHLBI Exome Sequencing Project 

Exome Variant Server, and Exome Aggregation Consortium (ExAC)] and (v) subse-

quent ly screened under a series of Mendelian inheritance models: homozygous, 

hemizygous, compound heterozygous and de novo as described previously.11 The 

UCSC Genome Browser was used to examine conservation of the affected amino 

acids, while the protein domains in which the variants occurred was visualized using 

the Lollipops software.13

Families II and III
WES was performed on affected probands of family II and III. In family II, candidate 

missense variants were identified in three genes MUC19 [MIM: 612170], GOT2 and 

ZNF157 [MIM: 300024] consistent with recessive mode of inheritance after filtering 

and prioritization of the variants. Similarly, missense variants in four genes PRKAG3 

[MIM: 604976], GOT2, ABCA10 [MIM: 612508] and DSG3 [MIM: 169615] were identified 

in family III. The variant had to be homozygous in all probands with an allele frequency 

in gnomAD less than 0.01% and in the Greater Middle eastern population of less than 

1%. For consan guineous families, the variant was required to be present within the 

Linkage peak as defined by para metric linkage analysis with LOD > 1.4 or in a ‘run of 

homozygosity’ of at least 1 Mb. In family II, the GOT2 variant (hg19:16:g.58750636G>C, 

c.784C>G, p.Arg262Gly, NM_002080.2:5166106) was the only variant falling within 

the linkage peak with LOD > 1.4.   

Sequence alignment
Sequences of GOT2 orthologs were identified using BLAST with the human reference 

GOT2 protein sequence (NP_002071, corresponding to mRNA NM_002080); GOT2 

orthologs date back as far  as yeast. Sequences were selected to cover a large 

phylogenetic distance. Multiple sequence alignments were calculated using MAFFT 

global alignment (mafft-ginsi)14 and visualized using Jalview.15
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Protein modeling
The effects of the GOT2 variants on the protein structure and function were analyzed 

using three-dimensional protein structures. We modeled the variants based on a template 

structure of the mature human GOT2 protein, solved as a homodimer complex at 3.0 

Å resolution (PDB ID: 5AX8, chains A and C).16 As the human structure lacked substrate 

and cofactor molecules, we also analyzed the mature mouse GOT2 protein (PDB ID: 

3PDB, chains A and B, 2.4 Å)17 crystallized with oxaloacetate and pyridoxal 5’-phosphate 

(present in an intermediate state of catalysis as covalently-bound to Lys279). The human 

and mouse sequences and structures are highly similar at 95% sequence identity 

and an average distance between atoms < 1 Å (root-mean-square deviation, RMSD; 

superimposition of the protein structures). Therefore, ligand coordinates from the mouse 

structure were transferred to the human structure. The resulting 5AX8 template structure 

with ligands was submitted to SWISS-MODEL to model the GOT2 variants.18 Models were 

of overall high quality (Global Model Quality Estimation, GMQE = 0.98). Structures were 

visualized with YASARA (http://www.yasara.org).

GOT2 protein expression 
Western blot analysis on mutant and control fibroblasts of GOT2 and succinate 

dehydrogenase complex flavoprotein subunit A (SDHA, a mitochondrial marker 

protein) was performed following standard molecular biological procedures. 

Antibodies used are a GOT2 polyclonal antibody (Bethyl A304-356A-T; diluted 

1:1000) with the secondary antibody Alexa Fluor-680-labeled goat-anti-rabbit 

antibody (Invitrogen Cat. No. A21109) and a monoclonal complex II SDHA antibody 

(Abcam cat. ab14715; diluted 1:2000) with the secondary goat-anti-mouse IRDye800 

antibody (Rockland Cat. NO. 610-132-121). Western blot analysis on the HEK293 

CRISPR/Cas9 cells was performed following standard biological procedures, using the 

β-actin polyclonal antibody from Sigma (Cat. No. ABT1487; diluted 1:10,000) and the 

secondary antibody donkey anti-mouse IRD 680.

GOT2 activity in skin fibroblasts
GOT activity was measured in mitochondria-enriched fractions prepared from cultured 

skin fibroblasts from an affected individual and three controls. For this purpose, 1x106 

cells were cultured in M199 medium supplemented with 10% FBS and antibiotics. Cells 

were harvested by trypsinization and resuspended in ice-cold 10 mM Tris-Cl pH 7.6. All 

subsequent steps were performed at 4°C. The cell suspension was homogenized by 

using a Potter-Elvehjem homogenizer after which 0.2 vol of 1.5 M sucrose was added. 

The suspension was centrifuged for 10 min at 600 g. The supernatant was further 

centrifuged for 20 min at 20,000 g. The mitochondria-enriched pellet was washed 

twice with 10 mM Tris-Cl pH 7.6, was resuspended in the same buffer, and was stored 

at -80°C until measurements were performed. Prior to further measurements, 0.01% 

Triton X-100 was added and the samples were freeze-thawed for three cycles. Protein 

concentrations of the extracts were determined on a KoneLab 20XTi system using a 

U/CSF protein kit (ThermoFisher, Breda, The Netherlands). GOT activity was measured 

using a commercial kit (Cat. No. 05531446) from Roche Diagnostics (Roche Diagnostics, 

Almere, The Netherlands), for the quantitative determination of glutamate oxalo acetate 

transferase with pyridoxal 5’-phosphate activation on a Cobas C8000 analyzer (Roche 

Diagnostics, Almere, The Netherlands). The assay is based on the following reaction, 

which is catalyzed by GOT in the mitochondrial protein extracts: 2-oxoglutarate + 

L-aspartate → L-glutamate + oxaloacetate. This reaction is coupled to the following 

reaction: oxaloacetate + NADH + H+ → malate + NAD+, catalyzed by malate dehydro-

genase included in the assay kit. The GOT activity in the sample is directly proportional 

to the rate of NADH conversion, which is measured spectrophotometrically at 340 nm. 

The experiment was performed in duplicate.

Generation of GOT2-knockout HEK293 clones by CRISPR/Cas9
The CRISPR/Cas9 genome editing technology as described by Ran was used to 

introduce a disruption of the GOT2 gene in HEK293 cells.19 To this end, oligonucleotides 

coding for a guide RNA upstream of a proto-spacer adjacent motif (PAM) site 

in exon 2 (5′-CCT, c.197_199) of the  GOT2  gene were designed using the online 

CRISPR design tool (http://crispr.mit.edu/; sequences available upon request). The 

two oligos were annealed and subsequently cloned into the pX458 (-pSpCasq(BB)-

2A-GFP) plasmid,19  followed by Sanger sequencing of the insert to confirm the 

correct sequence. HEK293 cells were transfected with 2 µg plasmid, and single 

green fluorescent protein (GFP)-positive cells were sorted into wells of a 96-well 

plate using fluorescence-activated cell sorting (FACS) flow cytometry (S800H Cell 

Sorter, Sony) as described.19 After 3–4 weeks, DNA was isolated from the expanded 

single colonies, and exon 2 of the  GOT2  gene was PCR-amplified using Phire Hot 

Start II DNA Polymerase (ThermoFisher Scientific, Waltham, Massachusetts, USA) 

according to the manufacturer's instructions and subsequently Sanger-sequenced. 

Three clonal CRISPR/Cas9 GOT2-knockout HEK293 cell lines were generated: 

clone A3 was compound hetero zygous for 205dup/202_203insA; clone A6 for 

205del/190_206del/203_206dup; and clone A7 homo zy gous for 205dup. There were 

no significant putative off-target regions predicted by the online CRISPR design tool.

GOT2 activity in the HEK293 CRISPR/Cas9 cells
The GOT activity, in the HEK293 cells, was measured spectrophotometrically using a 

coupled assay method based on the NADH-dependent conversion of oxaloacetate as 
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generated from L-aspartate by GOT, to malate mediated by malate dehydrogenase 

added to the assay mixture. The absorbance at 340 nm was followed for 30 minutes 

at 37°C using a centrifugal analyzer (Hoffman COBAS-FARA, Hoffman, LaRoche). The 

composition of the assay mixture was as follows: 100 mM potassium phosphate 

buffer pH 7.4; 100 mM L-aspartate; 0.2 mM NADH; 0.1% (w/v) Trition-X-100; 7.3 U/ml 

malate dehydrogenase and 25 µl of cellular homogenate, in a final volume of 250 µl. 

The reactions were started by adding 10 mM α-ketoglutarate to the assay mixture.

Lentiviral transduction of mutant fibroblasts with wild type GOT2
A synthetic GOT2 cDNA (NM_002080) with stop codon and attB sites was obtained 

from Thermo Fisher (ThermoFisher Scientific, Waltham, Massachusetts, USA). The 

DNA fragment was cloned into pDONR201 and subsequently into pLenti6.2/V5-DEST 

by Gateway technology cloning (Invitrogen). The resulting expression construct 

was checked by Sanger sequencing. The construct was used for lentiviral particle 

production by transfection into HEK293-FT cells, as described before.20 The viral 

particle-containing supernatant was used to transduce sub confluent  fibroblasts 

with GOT2 mutations. After selection with blasticidin (Invivogen), the resulting cell 

culture was used for Western blot and GOT enzyme activity assays. As a control, the 

mutant cells were transduced with lentiviral particles from HEK293 cells transfected 

with a pLENTI construct with a green fluorescent protein cDNA, as described before.20

Cell Culture
Dulbecco’s modified eagle medium (DMEM), high glucose, GlutaMAX™, pyruvate 

(Cat. No. 31966); DMEM-no glucose (Cat. No. 11966); fetal bovine serum (FBS; Cat. 

No. 10270); penicillin-streptomycin (P/S (10,000 U/mL); Cat. No. 15140) and trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA (0.5%), no phenol red; Cat. No. 15400) 

were purchased from GibcoTM (ThermoFisher Scientific). Uniformly labelled 13C6-

glucose (99%) was purchased from Cambridge Isotope Laboratories, Inc. (MA, USA). 

Glucose was purchased from Sigma-Aldrich (Steinheim, Germany).

Fibroblasts and HEK293 cells (GOT2-WT; and GOT2-A3, -A6, and -A7 knockout clones) 

were grown in 75 cm2 flasks and maintained in DMEM, high glucose, GlutaMAXTM, 

pyruvate (with 10% heat-inactivated FBS and 1% P/S), in a humidified atmosphere 

of 5% CO2 at 37ºC. Cells were passaged upon reaching confluence and media was 

refreshed every 48 hours. 

Stable isotope analysis – de novo serine biosynthesis
Cells were plated on 6-well plates (500.000 cells per well) and allowed to grow for 

4 days. Media was refreshed 24 and 72 hours after plating. On the fourth day, cells 

were either incubated with DMEM medium without glucose (DMEM, Cat. No.11966; 

supplemented with 10% FBS and 1% P/S), to which 25 mmol/L glucose or 25 mmol/L 

uniformly labelled 13C6-glucose was added. Cells were harvested at t=0, 0.5, 4 and 

10 hours. To this end, cells were washed twice with cold PBS (4ºC) and harvested by 

scraping with 1.5 ml ice-cold methanol. The samples were transferred into a 1.5 ml 

eppendorf tubes, centrifuged (16,200 g for 10 min at 4ºC) and the supernatants were 

transferred to new 1.5 ml eppendorf tubes. The samples were evaporated at 40ºC 

under a gentle stream of nitrogen until complete dryness, and reconstituted with 

500 µl of UPLC-grade methanol (room temperature). The reconstituted samples were 

stored at -80ºC until amino acid analysis was performed.

Recovery studies on de novo serine biosynthesis 
The recovery studies on serine de novo biosynthesis were performed by incubating 

cells with DMEM-no glucose medium, to which we added 25 mmol/L 13C6-glucose, 

and 0, 2.5 or 5 mmol/L of glycerol or pyruvate. Samples were collected as described 

before, at t = 0, 0.5 and 4 hours.

Amino acid analysis
To quantify intracellular 13C3-serine and 13C2-glycine, we adapted the UPLC-MS/MS 

method described by Prinsen.21 Apart from not using internal standards to avoid 

interference with the signal of 13C3-serine and 13C2-glycine, adapting the range of the 

calibrators to our samples’ concentrations, and using quality control (QC) samples 

that resembled the concentrations of our samples, no further adaptations were 

needed for sample preparation or analysis of the amino acids.

Generation of GOT-/- mice by CRISPR/Cas9
The following mutations NM_002080.2:c.617_619delTCT: p.Leu209del and 

c.1009C>G: p.Arg337Gly were introduced into the mouse genome using the CRISPR/

Cas9 method (Table S3). The gRNAs were selected using the Crispr guide selection 

software from Feng Zhang’s laboratory (http://crispr.mit.edu/; Table S4). The gRNAs 

were subcloned into the pX330-U6-Chimeric_BB-CBh-hSpCas9, a gift from Feng 

Zhang (Addgene plasmid #42230). Repair templates (ssODN) were designed to 

insert the desired mutations and ultramer DNA were synthesized by Integrated 

DNA Technologies (IDT). The Got2emhD335fs14* was generated while making 

Got2emhR337G mice as a results of unrepair indels. Both mice were generated by 

the Institut de Recherches Cliniques de Montréal (IRCM). Briefly, about 2 picoliter 

of ssODN (100 µl/ng) and pX330-U6-Got2-hSpCas9 plasmid (10 ng/µl) in 5 mM Tris, 

0.02 mM EDTA was microinjected into a pro nucleus of C57BL/6J or B6C3F1 mouse 

zygotes that were transferred into the oviduct of CD-1 pseudopregnant surrogate 
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mothers according to the standard approved animal user protocols IRCM 2014-17. 

The Got2emhL209del was generated by the McGill transgenic core facility. Briefly, the 

gRNA was transcribed in vitro using the MAXIscript T7 kit (ThermoFisher, AM1312). 

About 2 picoliter of gRNA (20ng/µl), ssODN (100 ng/µl) and Cas9 RNA (50 ng/µl) 

were microinjected into a pronucleus of C57BL/6N mouse zygotes and subsequently 

implanted in CD-1 pseudopregnant surrogate mothers according to the standard 

approved animal user protocols #4437.

After weaning, the mice were transferred to the Centre de Recherche du Centre 

Hospitalier Universitaire (CR-CHU) of Sainte-Justine Hospital. Mouse husbandry 

and experiments were done according to the approved animal user protocols #541 

by the Coordonnatrice du Comité Institutionnel des Bonnes Pratiques Animales 

en Recherche (CIBPAR). This committee is following the guidelines of the Conseil 

Canadien de la Protection des Animaux (CCPA).

Zebrafish husbandry
Zebrafish were maintained at 28.5°C in a 10/14-h dark/light cycle. Protocols for 

experimental procedures were approved by the Ethics Board at St. Michael’s Hospital, 

Toronto, Canada (Protocol ACC660).

Morpholino knockdown
To knock down gene expression, we designed and injected oligonucleotide 

morpholinos targeting the first ATG start codon as well as the splicing (sp) donor site 

of the exon 2 for got2a. A standard control MO (Cont MO) was used as control. The MO 

sequences are as follows: 

got2a atg-MO: 5’- CTTGCTGGATTTGAACAGGGCCATT -3’,

got2a sp-MO: 5’- AGCTATTTAATATCACACCTTTCGA -3’, 

and standard control MO: 5’- CCTCTTACCTCAGTTACAATTTATA -3’. 

MOs were designed by Gene Tools, LLC. Normally we injected individually 4 nl of got2a 

atg (8 ng/µl) and 4 nl of got2a sp (16 ng/µl) MOs. Each injection was repeated at least 

three times. For phenotype severity rescue experiments, ATG-blocking MO solutions 

were prepared at 0.4 mM final concentration. 2 nL of MO solution was injected in 

each embryo. For survival rescue experiments, 4 nL of 0.8 mM MO solution was used.

Molecular validation of got2a splicing morpholino knockdown
Knockdown of got2a with sp-MO was confirmed by RT-PCR. Embryos were injected 

at 1 cell stage with 4 nl of got2a sp-MO (16 ng/µl), the MO was diluted in water 

and phenol red. At 24 hpf, embryos were manually dechorionated. Total RNA was 

extracted from embryos at 24 and 48 hpf using TRIzol (Invitrogen, Carlsbad, CA, USA). 

The RNA concentration of each sample was quantified using a NanoDrop ND-1000 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). RNA integrity 

was verified in 1% agarose gel electrophoresis (Invitro gen). The RNA template was 

converted into cDNA using Superscript II reverse transcriptase (Invitrogen, Carlsbad, 

CA, USA). The primers used are as follows:

Forward primer: 5’- GCAATGGCCCTGTTCAAATC-3’; 

Reverse Primer: 3’- CTGCATGCCTGCATCTCTAA-5’.

Compound Rescue experiments
Pyridoxine (P5669), serine (S4375), sodium pyruvate (P2256), and L-proline (P0380) 

were purchased from Sigma-Aldrich.  Zebrafish embryos were distributed in 24 well 

plates (10 embryos per well per condition). At 6 hpf, the embryos were treated with 

one of the following compounds: 25 mM of pyridoxine, 2 mM of serine, 0.5 mM of 

sodium pyruvate, and 0.2 mM of L- proline. The plates were kept at 28°C.  Survival 

and pheno typic assays were performed at 1, 2 and 3 day post fertilization (dpf ). The 

compound solutions were replaced with the corresponding fresh solutions at 1 and 2 

dpf. For survival assay, heartbeat and embryo movement were considered at 2 dpf. For 

phenotypic assay, five phenotypes (P1, P2, P3, P4 and P5) were characterized at 3 dpf 

based on the severity (Figure 5A). For phenotype severity  calculation, the following 

"phenotype scores" were used: P0 (Normal) = 0, P1 = 1, P2 = 2, P3 = 3, P4 = 4, P5 (Dead) 

= 5. Average phenotype severity was calculated with the following formula: 

Average phenotype severity = ∑ n x (Phenotype score) / N

n: Number of embryos showing a specific phenotype in a well. N: Total initial number 

of embryos in a well. Treated samples were compared to non-treated conditions 

using one-way ANOVA test.

Electroencephalogram (EEG)
EEG recordings of zebrafish embryos were performed according to a previously 

reported method.22,23 Low melting 1.2% agarose (BioShop) was placed within 

recording media solution (1 mM NaCl, 2.9 mM KCl, 10 mM HEPES, 1.2 mM MgCl2, 10 

mM Dextrose, 2.1 mM CaCl2). Embryos were anesthetized with 0.02% tricaine (Sigma 

Aldrich). Embryos in the agarose block were immersed in recording media solution. 

A microelectrode (1μm diameter, 2–7 MΩ) was mounted on a micromanipulator 

and inserted into the front brain of zebrafish embryo at 2 dpf. Microelectrodes were 
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fabricated from 1.5 mm OD borosilicate glass, and pulled into two needles with a 

two-step Narishige micropipette puller. The microelectrode was back loaded with 

recording media solution using a 1 ml syringe with a Corning syringe filter (0.2 

μm), and a 28-gauge MicroFil filament (World Precision Instruments) was attached. 

Electrical activity was captured with an Axopatch 200B (Axon Instrument) patch 

clamp amplifier in current clamp mode. Data was collected in pClamp 8 software 

(Molecular Devices, USA) in gap-free acquisition mode, sampling at 10KHz, and gain 

at 100 mV/pA. A recording chamber and electrophysiology rig were used to stabilize 

embryos. EEG was analyzed as number of events, and duration of each event for a 

single embryo. The average of number of events and event duration were calculated 

for each embryo. 

Rescue of seizures in got2a sp-MO by pyridoxine
Two hours after got2a sp-MO injection, 25 mM of pyridoxine was added to the embryo 

water in a 12-well plate and incubated at 28°C. After 24 hours of incubation chorions 

were removed manually. The medium and pyridoxine were refreshed after 24 hpf. At 

48 hpf, the embryos were analyzed by electroencephalogram.

 
Results

Clinical history
Four individuals from three unrelated families (P1-4; Table 1; families I, II and III; Figure 

2A-C) suffered from similar clinical features, albeit of different severity: progressive 

microcephaly, failure to thrive and feeding difficulties, a metabolic encephalopathy with 

epilepsy from the first year of life and subsequent intellectual and motor disabilities. 

Cerebral imaging showed cerebral atrophy and white matter abnormalities in all four 

individuals. Biochemically, high plasma lactate and hyperammonemia were found. 

In individual 1, who was most severely affected, plasma serine was low and citrulline 

high; his seizure control and neurodevelopment improved considerably on pyridoxine 

and L-serine supplementation to the extent that antiepileptic drugs could be stopped 

(supplementary clinical information, Table 1). Also individual 4, in whom treat ment was 

started reacted favorably. His seizures diminished on pyridoxine only and were fully 

controlled by the combined treatment with pyridoxine and serine supplementation 

(case description in the supplemental data). 

Table 1. Clinical, biochemical and genetic characteristics of the GOT2-deficient 

individuals.

Individual 1 – 
Family 1

Individual 2 –
Family II

Individual 3 –
Family II

Individual 4 –
 Family III

Clinical History
Gender M F F M
Age (Years) 8 10 8 4
Ethnicity Romanian Egyptian Egyptian Egyptian
Parental Consanguinity - + + +
Unaffected siblings 0 1 1 0
Siblings First child was stillborn First child 

spontaneous abortion
First child spontaneous 
abortion

Sister died at age of 5 
months

Delivery Caesarean section NVD NVD NVD
Gestational age (weeks) 38 32 38 39
Birth length percentile 85th <1st 5th 50th

Birth weight percentile 3rd <1st 5th 5th

Birth HC percentile 5th <1st 15th 15th

Apgar scores 9 5 8 6
Neonatal period - Artificial ventilation 

(first 20 days)
- -

Hypotonia (neonatal) + + + +
Neonatal feeding 
difficulties

+ + + (mild) +

Frequent infections + + + +
Seizure onset 9 months 7 months 6 months 4 months
Seizure frequency 10-100 per day daily daily 20 per day
Seizure semiology upward gaze, clonic seizures 

at upper limbs (left +/- 
right), head tilting to left and 
facial clonic movements

myoclonic, GTC, tonic myoclonic, GTC myoclonic, tonic with 
upward gaze

Pyridoxine 
supplementation

+ - - +

Serine supplementation + - - +
Progressive microcephaly + + + +
MRI findings multicystic 

encephalomalacia, 
 cerebral atrophy 

mild cerebral atrophy 
with a hypoplastic 
vermis and a thin 
corpus callosum 

mild cerebral atrophy 
with a hypoplastic 
vermis and a thin 
corpus callosum 

 (mainly 
frontoparietal) 
asymmetric dilated 
lateral ventricles; 
hypoplastic vermis; 
corpus callosum 
hypoplasia 

EEG findings - tempoparietal 
spikes 

tempoparietal spikes bilateral frontoparietal 
frequent spikes 
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Metabolic Screening 
(age)

(14 months) (10 years) (8 years) (4 years)

Amino acids (blood) abnormal normal normal normal
Serine (ref. value) (µmol/L) 47 (70-294) 114 (88-172) 171 (88-178) 130 (88-178)
Glycine (ref. value) 
(µmol/L)

280 (80-340) 184 (167-338) 295 (156-328) 273 (156-328)

Citrulline (ref. value) 
(µmol/L)

89 (7-55) 37 (20-46) 36 (21-43) 27 (21-43)

Organic acids  (urine) normal profile normal profile normal profile normal profile
Acylcarnitine (blood) normal profile normal profile normal profile normal profile

Clinical Chemistry (age) 8 Months 9 Years 7 Years 3 Years
Blood lactate (ref. value) 
(mmol/L)

5.7 (0.7-2.1) 4.2; 3 (0.5-2.2) 3.9 (0.5-2.2) 4.5 (0.5-2.2)

Blood ammonia (ref. value) 
(µmol/L)

143 (16-60) 110 (<80); 70 
(11-32)

120 (<80) 120 (<80)

Last visit (age) (7 years) (10 years) (8 years) (4 years)
Length percentile <1st <1st <1st 25th

Weight percentile <1st <1st 1st 25th

HC percentile <3rd <1st <1st <1st

Intellectual disability profound severe severe profound
Speech no words < 10 single words no words no words
Motor disability Severe spastic quadriplegia, 

wheelchair bound
Spastic paraparesis, 
walks short distances 
with support

Spastic paraparesis, 
wheelchair bound

Severe spastic 
quadriplegia, 
wheelchair bound

GOT2 variants
Compound heterozygous Homozygous Homozygous Homozygous

amino acid change p.Leu209del p.Arg337Gly p.Arg262Gly p.Arg262Gly p.Gly366Val

In silico prediction
CADD 23.0 23.8 32.0 32.0 33.0
PROVEAN; cutoff: -2.5 na -4.25 

(“damaging”)
-6.7
(“damaging”)

-6.7
(“damaging”)

-8.54 
(“damaging”)

PolyPhen2 na 0.922 
(“possibly 
damaging”)

1.0 
(“probably 
damaging”)

1.0 
(“probably damaging”)

0.993 
(“possibly damaging”)

SIFT; cutoff: 0.05 na 0.243
(“tolerated”)

0 
(“damaging”)

0 
(“damaging”)

0 
(“damaging”)

M, male; F, female; C-SECTION, Caesarean section; NVD, Normal Vaginal Delivery; NICU, Neonatal 
Intensive Care Unit; GTC, Generalised tonic-clonic seizures; EEG, electroencephalogram; MRI, 
Magnetic Resonance Imaging; HC, head circumference; na, not available. 

Figure 2. The pedigrees, and the GOT2 variants. (A-C) Pedigrees of the families I-III. (D) Alignment 
of GOT2 ortholog sequences. p.Leu209del represents the deletion of a leucine in a tri-leucine stretch. 
Figure S1 shows the full alignment. (E) Molecular modeling of the variants. Shown are rotated 
overview structures of the GOT2 homodimer complex, with variants found in affected individuals 
shown in orange. Insets: p.Gly366Val (top-left), p.Arg337Gly and p.Arg262Gly (bottom-left; glycine 
substitutions not visible), p.Leu209del (bottom-right; reference structure (blue) and variant model 
(orange) superimposed). While visualized in a single structure, variants are not simultaneously 
present in the same copy of the gene. Models are based on template structure PDB ‘5AX8’, with ligand 
coordinates taken from PDB ‘3PDB’. PMP, pyridoxamine 5′-phos phate; OAA, oxaloacetate. Hydrogen 
bonds in yellow; other charge interactions as dashed lines. p.Leu209del shortens a beta strand in the 
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protein core close to the active site, leading to a repositioning of loops involved in the geometry of 
the catalytic pocket, likely affecting binding of both the enzyme cofactor (pyridoxal 5’-phosphate) 
and substrates. p.Gly366Val has a predicted marginal effect on the protein structure, but is still well-
conserved across evolution. For p.Arg337Gly and p.Arg262Gly, substitution of the positively-charged 
arginine residues with the neutral glycine residue results in a disruption of electrostatic interactions 
that in the wild type protein stabilize the alpha-helical organization of the protein.

Exome sequencing and protein structural modeling to identify 
GOT2 damaging mutations
Nine candidate genes with rare, non-synonymous genetic variants were identified by 

Trio WES on family I. GOT2 was con sidered the best candidate to explain the bioche-

mical phenotype of the proband. The gene contained (1) a paternally inherited in-

frame deletion hg19:16:g.58752177delGAA (p.Leu209del, c.617_619delTTC, NM_ 

002080), (2) a maternally inherited missense mutation hg19:16:g.58749928G>C 

(p.Arg337Gly, c.1009C>G). Both variants are not present in dbSNP (version 142), 

NHLBI ESP, ExAC, gnomAD or in our in-house genome data base comprising more 

than 11,450 exome and genome sequences. Exome sequencing was also used for the 

probands of the other families. Three homozygous candidate missense variants were 

prioritized in the probands in family II and four in family III. Homozygous GOT2 mis-

sen se variants for the families II and III were hg19:chr16: g.58750636G>C (c.784C>G, 

p.Arg262Gly, NM_002080) and g.58743394C>A (c.1097G>T, p.Gly366Val) respecti-

ve ly. The allele frequen cies in gnomAD were < 0.01% and, within gnomAD, in the 

Greater Middle Eastern population <1%. The presence and family segregation of all 

GOT2 variants was confirmed with Sanger sequencing. 

All variants affect evolutionary highly conserved amino acids (Figures 2D, S1 and S2, and 

supplementary information). They are predicted to be damaging by in silico methods 

(Table 1).24,25,26,27 Modeling of the variants in the GOT2 three-dimensional protein structure 

(Figure 2E) suggests that they reduce the catalytic activity of the enzyme and may impact 

the overall protein conformation, both of which may result in reduced levels of functional 

protein (Figure 2E; detailed analysis in supplementary information).

GOT2 deficiency in fibroblasts and GOT2-knockout HEK293 cells
Western blot analysis revealed that GOT2 was strongly deficient in fibroblasts of 

individual 1 and to a lesser extent in individuals 2-4 (Figure 3A). Three clonal CRISPR/Cas9 

GOT2-knockout HEK293 cell lines were successfully generated: clone A3 was compound 

heterozygous for 205dup/202_203insA; clone A6 for 205del/190_206del/203_206dup; 

and clone A7 was homozygous for 205dup. Western blot analysis performed on the three 

clonal cell lines showed that GOT2 was not detectable in any of the clones (Figure 3B).

Figure 3.  GOT expression and activity. (A) Western blot showing GOT2 and the mitochondrial 
fraction marker SDHA (succinate dehydrogenase complex flavoprotein subunit A) in the GOT2-
deficient individuals, GOT2-carriers, and two control fibroblast lines. (B) Western blot for GOT2 
protein in GOT2-wild type and the three GOT2-knockout HEK293 cell lines. (C) GOT2 activity in 
mitochondria-enriched fractions from fibroblasts from the GOT2-deficient individuals, GOT2-carriers, 
and three healthy controls. Graph bars represent mean ± SD. (D) Total GOT (GOT1 and GOT2 iso forms) 
activity in whole cell lysates; results are representati ve of two independent experiments. (E) GOT2 
activity in the mitochondria-enriched fractions of GOT2-WT and the three GOT2-knockout HEK293 
cell lines; results are representative of two independent experiments. (F) GOT2 rescue experiment 
in  fibroblasts from individual 1. GOT2 activity is restored to control levels when GOT2-deficient 
fibroblasts are transduced with the GOT2-wild type gene. Five control fibroblast-lines and the GOT2-
deficient fibroblasts transduced without GOT2-wild type (+ GFP lane) were used for comparison.
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Figure 4. De novo serine biosynthesis in mutant fibroblasts and GOT2-knockout HEK293 cells. 
(A) 13C3-serine fractions were determined in fibroblasts of GOT2-deficient cases, the two GOT2-carriers, 
six healthy controls and two individuals with a de novo serine biosynthesis defect (3-PGDH and PSAT 
deficien cies). Fibroblasts were incubated with 13C6-glucose, and the formation of the labelled 13C3-serine 
was analyzed at t=0, 0.5, 4 and 10 hours after exposure. The results are normalized to total protein content 
and represented as the mean of n=3 ± SD for individual 4 and carrier 2, PSAT-deficiency and 3-PGDH-
deficiency; n=6 ± SD for individuals 1, 2 and 3, and carrier 1; and n=33 ± SD for controls. (B) 13C3-serine 
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and 13C2-glycine fractions were determined in GOT2-WT (full line) and the GOT2-knockout HEK293 cell 
lines (dashed line). Cells were incubated with 13C6-glucose, and the formation of the labelled 13C3-serine 
and 13C2-glycine was analyzed at t=0, 0.5, 4 and 10 hours after exposure. The results are representative 
of two independent experiments, and are normalized to total protein content and represented as the 
mean of n=3 (biological triplicates) ± SD. (C) To study the impact of glycerol and pyruvate supplemen-
tation in de novo serine production of the GOT2-knockout cell lines, we supplemented the cells with 
these compounds (2.5 and 5 mmol/L) for 4 hours. The formation of labelled 13C3-serine was analyzed at 
t=0, 0.5 and 4 hours after exposure. The results are normalized to total protein content and represented 
as the mean of n=3 ± SD. (D) The same study was performed for glycine. The formation of labelled 13C2-
glycine was analyzed at t=0, 0.5 and 4 hours after exposure. The results are normalized to total protein 
content and represented as the mean of n=3 ± SD.

GOT2 enzymatic activity was determined in mitochondria-enriched fractions. 

In individuals 1-4 it amounted to 8%, 21%, 21% and 18% of the mean of controls, 

respective ly. The two GOT2-carriers (1 and 2) had a residual activity of 39% and 62%, 

respectively (Figure 3C). GOT enzy matic activity measurements in whole cell lysates 

prepared from the three different GOT2-knockout clonal cell lines, which includes 

the combined activity of both GOT1 and GOT2, was found to be markedly decreased 

(P<0.01) compared to GOT activity in wild type cells (Figure 3D). In addition, GOT2 

activity in the mitochon drial fraction was less than 2% of the activity measured in 

control mitochondrial fractions (Figure 3E).

To investigate whether the defect could be rescued by wild type GOT2 cDNA, 

fibroblasts of individual 1 were transduced using lentiviral particles with wild type 

GOT2. After selection of transduced cells, GOT enzyme activity was measured in mito-

chondrial prepara tions showing a strong increase of the mitochondrial GOT activity 

to levels that fall within the range measured in control cells. The control transduction 

experiment showed little or no effect on GOT2 activity of the cells (Figure 3F).

De novo serine biosynthesis in fibroblasts and GOT2-knockout 
HEK293 cells
Because the most important clinical finding in individual 1 were serine- and 

pyridoxine-responsive seizures, we evaluated the impact of GOT2 deficiency 

on de novo serine biosynthesis. Formation of stable isotope labeled serine from 

labeled glucose was analyzed in fibroblasts of all GOT2-deficient individuals, two 

GOT2-carriers, six controls and fibroblasts from individuals with a defect in serine 

biosynthesis (phosphoserine aminotransferase deficiency (PSATD; [MIM: 610992), 

and 3-phosphoglycerate dehydrogenase deficiency (3-PGDHD; [MIM: 601815])). 

The fibroblasts of the GOT2 deficient individuals 1 and 4 formed less 13C3-serine 

amounting to 34% and 33% of controls, respectively. Individuals 2 and 3 produced 

55% and 52% of controls, respectively. In addition, the GOT2-carrier 1 produced 66% 

of 13C3-serine, while the GOT2-carrier 2 produced almost as much as controls (81%). In 
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fibroblasts from 3-PGDH- and PSAT-deficient individuals, de novo serine biosynthesis 

amounted to 15% and 0%, respectively (Figure 4A). 

Analysis of de novo serine biosynthesis in GOT2-knockout cell lines revealed that the 

three GOT2-knockouts had a severe reduction in 13C3-serine production (90-93%). In 

addition, 13C2-glycine synthesis was reduced by 87-88% (Figure 4B).

We hypothesized that the GOT2 defect would result in decreased MAS activity resulting 

in an increased NADH/NAD+ ratio in the cytosol. To investigate whether restoring the 

cytosolic redox imbalance would correct the serine biosynthesis capacity of the cells we 

incubated the GOT2-knockout cell line A3 with glycerol and pyruvate. Supplementation of 

the culture medium with 2.5 and 5 mmol/L glycerol had no effect on serine biosynthesis. 

However, serine and glycine synthesis was fully restored when cells were incubated with 

2.5 or 5 mmol/L pyruvate, the substrate of lactate dehydro gena se (LDH, Figure 4C-D). This 

effect is explained by the re-oxidation of cytosolic NADH by LDH.

CRISPR/Cas9 Got2-knockout mice
We generated mice heterozygous for the p.R337G and p.L209del mutations, and for a 

loss-of-function mutation (p.D335fs14*). These mice were viable and healthy, similarly 

to the parents of the four affected individuals. Unfortunately, no homozygous mice 

for any of these mutations were viable beyond early pregnancy (Table S5). Mouse 

embryonic fibroblasts (MEFs) were collected at the age of 14 days post coitum (dpc) 

and genotyped. No homozygous embryos were found suggesting early lethality for 

all three mutations in mice (Table S6).

Knockdown of got2a in zebrafish affects embryonic development 
and provokes seizure-like EEG spikes, which is rescued by 
pyridoxine and serine
While CRISPR-based gene knockout is currently widely used to study gene function, 

however, gene knockdown technologies are still vital methods evaluating gene 

contribution to diseased phenotypes as the majority of human gene mutations retain 

residual gene activities at various degrees. Furthermore, there are essential genes that 

could not be fully knocked out in the organism and GOT2 could be one of these genes.  

Using the morpholino-based gene knockdown strategy, our previous studies had led to 

functional characterization of a number of genes in metabolic diseases.28,29 As the knockout 

of Got2 in mice is embryonic lethal, we knocked down the zebrafish mitochondrial got2a 

gene by ATG- and splicing-blocking morpholinos (MO) (see supplementary Figure S3 for 

details regarding specificity of knocking down got2a gene). 

Figure 5. Knockdown of got2a in zebrafish perturbs brain and embryonic development and 
function, which can be rescued by pyridoxine and serine. (A) Phenotype severity and rescue 
scoring system for got2a knockdown embryos. Bright field images of 3 day post fertilization (dpf ) WT 
embryos injected with control morpholino (Cont MO), and or got2a ATG blocking morpholino (got2a 
MO). The got2a morphants were scored in 5 different categories P1 to P5 based on the phenotype 
severities. (B) Pyridoxine, serine and pyruvate decrease got2a morphant’s phenotype severity. 
Number of larvae per condition were shown in parenthesis. 2 nL of morpholino (0.4 mM working 
solution) was injected. Compounds were added at 6 hours post-fertilization (hpf ) in 24 well plates. 
Every 24 hours dead embryos were removed and the compounds were replaced with fresh solution. 
Phenotype was characterized at 3 dpf. For phenotype severity calculation, the following “phenotype 
scores” were used: P0: Normal: 0, P1: Small brain, enlarged yolk and mild cardiac edema: 1, P2: Smaller 
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brain, enlarged yolk, mild cardiac edema and shortened body: 2, P3: Smaller brain, enlarged yolk, 
severe cardiac edema and curved body: 3, P4: Very small brain, enlarged yolk, very severe cardiac 
edema, deformed tail and round body shape: 4, P5: Dead: 5. Average phenotype severity  =  ∑  n x 
(Phenotype score) / N. n: Number of embryos showing a specific phenotype in a well. N: Total initial 
number of embryos in a well. Treated samples were compared to non-treated conditions using one-
way ANOVA test (* P< 0.05; ** P< 0.01; ns, not significant). (C)  Pyridoxine and serine increase the 
survival of got2a morphants at 2 dpf. Number of larvae per condition is shown in parenthesis. 4 nL 
of morpholino (0.8 mM working solution) was injected. Compounds were added at 6 hours post-
fertilization (hpf ) in 24 well plates. Every 24 hours dead embryos were removed and the compounds 
were replaced with fresh solution. The ratio of alive to total number of larvae was counted and 
survival percentage calculated at 2 dpf (a dead zebrafish embryo defined as having no heartbeat and 
no response to stimuli). Treated samples were compared to non-treated con ditions using one-way 
ANOVA test (* P< 0.05; ns, not significant). (D) got2a knockdown provoked seizure-like EEG spikes 
in the forebrain that are rescued by treatment with pyridoxine in 48 hpf embryos. Newly fertilized 
zebrafish embryos are injected with control morpholino (Cont MO) or got2a splicing morpholino (sp-
MO). Embryos injected with got2a sp-MO showed EEG spike discharges, not present in traces from 
embryos injected with Cont MO. (E) Analy sis of EEG traces. Number of events in 5 minute recordings 
and the duration of each event in seconds (sec) in embryos injected with Cont MO, got2a sp-MO, and 
got2a sp-MO and treated with pyridoxine. Each event corresponds to a single spike discharge. Bars 
represent the mean ± SEM. N= 3 embryos per treatment. * P<0.05 and *** P<0.001.

While 18% of the embryos injected with got2a MO showed a mild phenotype at 48 

hours post fertilization (hpf ), many other morphants showed a small head, slow 

circulation, bend body and pericardial edema. Bright field imaging confirmed brain 

develop mental defects (Figure 5A). To establish a quanti tative measure for rescue of 

the got2a-MO phenotypes, we developed a scoring system to define the phenotype 

severity in 5 categories from P1 to P5 (very mild to embryonic death, Figure 5A). In 

exploring therapeutic methods, we dosed various concen trations and combinations 

of pyridoxine (PN), serine, pyruvate and proline in embryo water of the got2a 

morphants. In non-toxic doses to embryos, 25 mM PN and 2 mM serine significantly 

rescued the phenotype severity (P<0.01).  PN and serine had a synergistic effect (3 

mM PN + 0.25 mM serine); noticeably 0.5 mM pyruvate also has some rescuing effect 

(P<0.05; Figure 5B). However, only PN and serine rescue the survival phenotype as 

scored by beating hearts (Figure 5C). 

As epilepsy and seizures are a predominant feature in the four affected individuals, we 

performed EEG measurements on zebrafish got2a morphants. This showed seizure-like 

spikes when the electrical probe was placed in the forebrain (Figure 5D) but not when 

placed in the midbrain (data not shown). Interestingly, the frequency of the seizure-like 

spike discharge events in got2a morphants was rescued by supplying PN in the water 

of the developing embryos as demonstrated by 5 minutes EEG recording (Figure 5E left 

panel); whereas duration of the events was rescued partially by PN (Figure 5E right panel), 

further supporting the therapeutic strategies in affected individuals.

Discussion

GOT2 deficiency is a mitochondriopathy and our studies demonstrate that it is amenable 

to therapeutic intervention. Further experience on more affected persons is needed 

to confirm this. Clinically it presents as an early-onset metabolic encephalopathy with 

epilepsy, progressive microcephaly and several biochemical abnormali ties. GOT2 

deficiency adds to the short list of mito chon driopathies responding to a specific 

pharmacological intervention.30 If confirmed on other persons GOT2 deficiency will 

expand the list of treatable metabolic epilepsies, recent ly reported 73 in number,31 as 

well as the growing group of pyridoxine and/or pyridoxal 5’-phosphate responsive 

epi lepsies (ALDH7A1, PNPO, PLPBP, ALPL; [MIM: 107323, 603287, 604436, 171760 

resp]).32 The importance of a thorough metabolic workup including a diagnostic 

and therapeutic trial with pyridoxine and the active cofactor pyridoxal 5’-phosphate 

cannot be over emphasized. In each of the three families a child died either during 

pregnancy, at birth or at very young age. All affected individuals in this study have 

some residual GOT2 enzymatic activity, which is probably essential for viability. 

Stillbirth and early childhood death may occur in families with more severe biallelic 

GOT2 mutations, as also suggested by the homozygous Got2-knockout mice which 

were not viable and by the em bryonic death which was observed in the zebrafish 

model. GOT2-deficient individuals share a phenotype of epilepsy, intellectual 

disability and several bioche mical features with persons suffering from other MAS 

defects (MDH2, SLC25A12, SLC25A13).9,33,34 GOT2 deficiency clini cally also resembles 

the three known inborn errors of serine metabolism (genes involved: PHGDH, 

PSAT1, PSPH; [MIM: 606879, 610936, 172480 resp]) with microcephaly, intellectual 

developmental disorder and epilepsy. GOT2 deficiency should be considered in the 

differential diagnosis of epileptic encephalopathy especially in the presence of high 

lactate, increased ammonia and citrulline and decreased serine. Theoretically other 

MAS defects may also lead to secondary decreased serine synthesis due to cytosolic 

redox imbalance but low serine levels have not yet been reported in such cases.

Western blot and enzyme activity data show that the GOT2 mutations in our affected 

individuals prevent GOT2 expression or render the GOT2-protein unstable. GOT2 

deficiency impacts the malate-aspartate shuttle and subsequently the overall cellular 

NADH/NAD+ ratio with consequences for NAD-dependent enzymes and pathways. 

Elevated blood lactate concentrations of the affected individuals can be explained 

as direct consequence of the impaired re-oxidation of cytosolic NADH due to the 

defective MAS. Interestingly, hyperlactatemia is also present in MDH2 deficiency, 

another disorder impairing the MAS (Figure 1).9 
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All four affected individuals had a mild but persistent hyper ammo nemia, with 

individual 1 also having mild hypercitrullinemia. Both can be explained by a secondary 

urea cycle defect in GOT2 deficiency. In humans, the amount of aspar ta te taken up 

from the blood is very low35 rendering cells highly dependent on their mitochondrial 

aspartate production. In GOT2 deficiency, the intra mitochondrial synthesis of aspartate 

from oxaloacetate is decreased, leading to lower concen trations of aspartate in the 

mitochondrion and the cytosol. In one of the cytoplasmic steps of the urea cycle in liver, 

the enzyme argini nosuccinate synthetase requires aspartate as a substrate. Aspartate 

shortage leads to reduced argininosuccinate synthesis, and to citrulline accumulation, 

with hyperammonemia as a final consequence of diminished urea cycle activity.6

A further striking observation in individual 1 was a consistently reduced plasma serine 

concen tration in the same range as observed in individuals with serine biosynthesis 

defects. No mutations were found in genes implicated in the biosynthesis of serine. 

Stable isotope labeling studies showed decreased serine synthesis from 13C6-glucose 

in fibroblasts of affected individuals and in GOT2-knockout HEK293 cells. Intracellular 

serine can originate from four sources: i) the diet, ii) de novo biosynthesis, iii) glycine, 

or iv) protein and phospholipid degradation.36 The first reaction in de novo serine 

biosynthesis is catalyzed by the NAD+-dependent enzyme 3-phosphoglycerate 

dehydro genase. The low serine and glycine produc tion observed in GOT2 deficiency is 

most likely due to an increased NADH/NAD+ ratio as a consequence of a dysfunctional 

MAS. Pyridoxine is essential for serine de novo biosynthesis,37 therefore we cannot 

exclude that the mechanism of pyridoxine responsiveness may be partly due to a 

direct effect on boosting serine synthesis by a mechanism other than restoring the 

NADH/NAD+ redox balance. 

To investigate whether correction of the cytosolic NADH/NAD+ ratio could restore 

serine and glycine de novo synthesis, we supplemented the culture medium of 

GOT2-deficient HEK293 cells with glycerol or pyruvate. The rationale behind glycerol 

addition was to stimulate the activity of the glycerol 3-phos phate shuttle, a second 

system for the regeneration of NAD+ from NADH. No effect of glycerol on serine 

and glycine synthesis was observed, suggesting that the MAS is the predominant 

NAD(H) redox shuttle, at least in HEK293 cells. After incubating with pyruvate, which 

is enzymatically reduced to lactate in the cytosol while re-oxidizing NADH to NAD+, 

complete normalization of serine and glycine syn thesis was observed, supporting 

our hypothesis that serine biosynthesis is hampered by the impaired cytosolic redox 

imbalance. GOT2 deficiency is a mitochondriopathy with metabolic consequences 

in mitochondria and in the cytoplasm due to redox imbalance. Our data explain the 

mitochondrial pathomechanism and clarify how GOT2 deficiency impacts serine 

biosynthesis and possibly other NAD(H) dependent reactions and how the affected 

individuals benefit from serine- and/or pyridoxine supplementation.  

Individual 1 was only free of seizures when a combination of serine and pyridoxine 

was administered. PLP is an obligatory co-activator for all transaminases, including 

GOT2. It may stimulate residual GOT2 activity possibly by improving the proper 

folding of GOT2.  

Interestingly, the only other individual with uncontrolled seizures (individual 4) was 

put on pyridoxine only therapy during eight months. His epilepsy was better controlled 

and his cognitive functions and alertness improved. Once serine supplementation 

was added to the treatment regimen his seizures were fully controlled with better 

cognition and improved physical activity. In a period that serine was unavailable the 

seizures returned and disappeared again when serine was reintroduced. Treatment 

could not be started in individuals 2 and 3.

Theoretically, pyruvate supplementation might be considered as treatment strategy. 

Re-oxidation of cytosolic NADH by pyruvate supplementation in vitro led to full 

correction of serine biosynthesis in GOT2-deficient cells. This effect is explained by the 

pyruvate-induced correction of the high NADH/NAD+ ratio in the cytosol. Interestingly, 

administration of sodium pyruvate with L-arginine proved effective in treating a person 

with a defect in SCL25A13.38 Increased lactate formation from pyruvate may form an 

unwanted side-effect of this approach. Defects in the MAS-system only affect the 

oxidation of cytosolic NADH and not of intramitochondrial NADH, which implies that 

the best therapy strategy would be to provide substrates which do not produce NADH 

in the cytosol, e.g. fatty acids especially medium chain triglycerides. For GOT2-deficient 

individuals, we suggest a diet low in carbohy drates, high in fat and supplemented with 

ketone bodies which circumvents the issue of acidification due to lactate production. 

Our zebrafish modeling of GOT2 deficiency demonstrated that serine and pyridoxine 

treatment would likely deliver a synergetic effect. These could be further explored as 

therapeutic strategies in disease management.

Future research on this MAS defect should focus on the identification of more 

affected individuals, characterization of the full phenotypic and genotypic spectrum, 

identification of biomarkers and other treatment targets, as well as implementation 

and evaluation of therapeutic interventions in more cases. 
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Supplemental Data

Supplemental Note: Case Reports
Individual 1, a boy who is now 8 years of age, is the second child of a healthy and non-

con san guineous Romanian couple (Figure 2A). He was born after an unremarkable 

pregnancy at the gestational age of 38 weeks by Cesarean section (birth weight 2.5 

kg (3rd percentile, according to World Health Organization Child Growth Standards), 

length 52 cm (85th percentile), head circumference 33 cm (5th percentile), and Apgar 

score 9 after 1 minute). There was no known maternal exposure to teratogens during 

pregnancy and prenatal ultrasounds were normal. The first pregnancy of the parents, 

a female fetus, was diagnosed intrauterine at 23 weeks of gestation as having cerebral 

ano malies (ventriculomegaly) and ended at term with a stillbirth. The index case was 

diag nosed in the first month of life with global developmental delay, generalized 

hypotonia, abdominal spasms and feeding difficulties (breast fed till the age of 6 

months). Transfontanelar cerebral ultrasound performed at the age of 1 month showed 

multi cystic periventricular leukomalacia. At the age of 6 months he was unable to keep 

his head up, sit or fixate objects. At the age of 7 months a magnetic resonance imaging 

(MRI) brain scan showed multicystic encephalomalacia and wide cerebral atrophy. 

Diagnostic evaluation at the age of 8 months, showed increased lactate (5.7; reference: 

0.7-2.1 mmol/L) and mild hyperammonemia (143; reference: 16-60 µmol/L; Table S2 also 

for clinical chemistry follow-up data). At the age of 9 months the first febrile seizures 

appeared, with upward gaze, clonic seizures at upper limbs (left +/- right), head tilting 

to the left and facial clonic move ments. These seizures became very frequent (10-100x/

day), without fever. Antiepileptic treatment started with Valproate, Phenobarbital, 

Levetiracetam, Timonil, Lamotrigine and Topamax in different combinations without 

sufficient effect. Furthermore, he was frequently hospitalized for infections. At the age of 

14 months, he was evaluated by metabolic specialists in Nijmegen. Thorough metabolic 

screening tests were performed on blood plasma (amino acid and acylcarnitine profile, 

guanidinoacetate, creatine, homocysteine and methylmalonic acid) and urine (organic 

acid profile). Decreased concentrations of serine (47 µmol/L; reference: 70-294 µmol/L) 

and increased citrulline (89; reference: 7-55 µmol/L) were found in the plasma (Table S1 

also for follow-up data). Other amino acids were within reference ranges. He was promptly 

started on oral serine supplementation at the age of one year and 5 months (200 mg/

kg/day, which also con tained pyridoxine in unknown concentrations). Upon treatment 

implementation his seizures became less frequent, and his abdominal spasms and sleep 

improved. After 3 months on supple ments the seizures reappeared (tonic with tongue 

myoclonus), and the serine dose was increased to 400 mg/kg/day. During the subsequent 

12 months a clear effect was observed; the seizures stopped completely at the age of 

1.7 years and antiepileptic treatment was weaned and stopped at the age of 1.9 years. 
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He became interested in the things around him, started to fixate and to follow ob jects. 

The upper respiratory tract infections decreased and were without complica tions, and 

he was able to swallow better. His concentration and attention span in creased and the 

head growth accelerated (1.5 cm increase in head circumference in less than one year to 

42.5 cm; below the 1st percentile). Due to treat ment unavailability, at the age of 2.2 years, 

the therapy changed to L-serine monothera py (400 mg/kg/day) without pyridoxine. 

Although plasma serine concentrations had normalized, increased concentrations of 

glycine and citrulline were reported. The carnitine profile showed increased levels of 

long-chain acylcarni ti nes, but these results were appointed to blood cell contamination 

(visually detectable hemolysis) of the plasma sample. Oral serine (400 mg/kg/day) 

together with advanced biomechanical rehabilitation therapy was maintained during 

two years (age 4-5 years). During this period, the parents reported a progress in his well-

being and development, although his abdominal spasms were still severe. The mother 

reported mild improvements in the child’s abdominal spasms and sleep pattern when 

combined supple ments of calcium, magnesium and pyridoxine were prescribed by the 

neurologist. At the age of 5 years, his weight was 12 kg (below the 1st percentile) and his 

head circum ference was 45 cm (below the 1st percentile). Neurological evaluation showed 

profound mental and motor retardation (corresponding to the age of 4 months), spastic 

tetraplegia, severe axial muscular hypotonia, hypertonia of the limbs (mainly lower limbs), 

lumbar scoliosis and nystagmus. In addition, he was able to fixate and follow objects for 

short periods of time and was able to respond to sounds. At the age of 5 years and 5 

months, after GOT2 variants were identified, the serine dose was increased to 500 mg/kg/

day. Pyridoxine was not available at the time. Between ages 5 to 7 years and 5 months he 

was hospitalized many times for recurrent bacterial pneumonias, hematemesis and hiatal 

hernia with gastro esophageal reflux. At the age of 7 years and 5 months plasma serine 

and glycine levels were normal while citrulline remained increased and cysteine was low. 

At this time pyridoxine supplementation (20 mg/kg/day) was initiated. At the age of 7 

years and 10 months (his last visit) his weight was 14 kg (below the 1st percen tile), his 

head circum ference was 46 cm (below the 2% percentile line) and his length was 108 cm 

(below the 1st percentile). He has axial hypotonia with limb hypertonia and thoracic right 

sided scoliosis. The boy is currently under a low protein diet (animal protein once per day, 

fruits and vegetables), and is kept on 7 g serine supplemen tation with 75 mg pyridoxine, 

Espumisan and Nexium.

Individuals 2 and 3 are sisters, born to a healthy consanguineous couple of Egyptian 

descent (pedigree in Figure 2B). A first pregnancy ended in a spontaneous first trimester 

abortion. Individual 2 is a 10-year-old girl and individual 3 a 7-year-old girl. The oldest sister 

was born at the gestational age of 32 weeks and was admitted to the neonatal intensive 

care unit (NICU) for 2 months, where she stayed on ventilation for the first 20 days. There 

is no report on maternal exposure to teratogens during her or her sister’s pregnancy. The 

girl presented with neonatal feeding difficulties and drooling. Since her early stages of 

life she presented with global development delay. At the age of 7 months the first tonic-

clonic seizures appeared with a daily recurrence. Her seizures were completely controlled 

with antiepileptic drugs (Valproate and Lamo tri gine). The MRI revealed mild cerebral 

atrophy and a thin corpus callosum. A metabolic work-up showed high blood lactate 

(4.2; reference: 0.5-2.2 mmol/L), mild hyperammo ne mia (110; referen ce: <80 µmol/L), and 

normal blood acylcarnitines and urinary organic acids. At the age of 10 years, her last 

visit to the clinic, she had severe intellectual dis ability and was myoclonic on entering to 

sleep and during sleep. She could sit and stand on her own and use her hands and was 

able of walking few steps when supported. She could follow objects, speak 3 or 4 words 

and smile. She had increased limb tones and brisk reflexes, acrocyanosis and chilblains in 

winter, and was unable of controlling her sphincters. Plasma amino acid analysis showed 

normal serine (114; reference: 88-178 µmol/L) and citrulline (37; reference: 21-43 µmol/L), 

hyperlac tatemia (3.0; reference: 0.5-2.2 mmol/L) and hyperammonemia (70; reference: 11-

32 µmol/L). The younger sister was born after an unremarkable pregnancy but presented 

with mild neonatal feeding difficulties. Similarly to her sister, she was diagnosed with 

drooling and developmental delay since her early stages of life. At the age of 6 months 

her first seizures appeared. The seizures were completely con trolled with antiepileptic 

drugs (Valproate, Lamotrigine and Leviteracetam). An MRI showed mild cerebral atrophy 

with a hypoplastic vermis and a thin corpus callosum. Lactate in blood was high (3.9; 

reference: 0.5-2.2 mmol/L) with mild hyperammonemia (120; reference: <80 µmol/L). 

Plasma acylcarnitine profiling and urinary organic acids were unremar kable. At the age 

of 8 years, her last visit to the clinic, she had severe intellec tual dis ability, being able to 

sit on her own, use her hands, follow objects, smile and produce some sounds but no 

words. She had increased limb tones and brisk reflexes, acrocyanosis and chilblains in 

winter, and was also unable to control her sphincters. Plasma amino acid analysis showed 

normal serine (171; reference: 88-178 µmol/L) and citrulline (36; referen ce: 21-43 µmol/L), 

hyperlactatemia (3.2; reference: 0.5-2.2 mmol/L) and hyper ammonemia (75; reference: 

11-32 µmol/L).

Individual 4 is a five-year-old boy, born to healthy consanguineous parents of Egyptian 

descent after an unremarkable pregnancy (pedigree in Figure 2C). He presented with 

neonatal feeding diffi culties and was diagnosed at the age of 4 months with severe 

developmental delay and myo clonic seizures (15-20 times/day), uncontrolled by anti-

epileptic drugs (Valproate, Levi teracetum, Vigabetrin and Clona zepam). The EEG revealed 

a bilateral fronto parietal (frequent spikes). The MRI showed cerebral atrophy (mainly 

frontoparietal), asymmetric dilated lateral ventricles (more dilatation on the right), 

T2/FLAIR white matter hyperintensities, a hypo plastic vermis and hypoplasia of the 
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corpus callosum. Plasma lactate was high (4.5; reference: 0.5-2.2 mmol/L) and ammonia 

increased (120; reference: <80 µmol/L). Plasma acylcarnitine profiling and urinary organic 

acids were unremarkable. At the age of 4 years, his last visit to the clinic, the physical 

examination confirmed that weight and length are below the 25th percentile for age, 

head circum ference is below the 1st percentile for age and there is profound intellectual 

disability and severe motor retardation. He was unable to follow objects, has frequent 

infections and abnormal eye movements. Plasma amino acid analysis showed normal 

concentrations of serine (130; reference: 88-178 µmol/L) and citrulline (27; reference: 21-

43 µmol/L), hyperlactatemia (3.6; reference: 0.5-2.2 mmol/L) and hyper ammonemia (79; 

reference: 11-32 µmol/L). Once the genetic basis of his disease was found he received 

pyri doxine (20 mg/kg/day in three divided doses per day) in addition to the antiepileptic 

drugs Valproate and Leviteracetum. Soon after starting pyridoxine supplementation, 

the mother reported that his epilepsy improved; the myoclonic fits were less frequent 

in number, duration and severity. His alertness and cognitive function improved. Eight 

months later serine supplementation could be added to the treatment regimen (300 mg/

kg/day of serine in three divided doses per day). The combined pyridoxine plus serine 

treatment led to full seizure control and cognitive functions notably increased. Seizures 

returned in a period that there was no serine supplement available and dis appeared 

again when serine treat ment was reinstalled. This on/off effect convin cingly illustrates 

the success of his treatment regimen. Currently he is weaned off antiepileptic drugs in a 

timely fashion. The couple had a second child, a girl, diagnosed at the age of 3 months 

with severe developmental delay and focal and myoclonic seizures (around 10 times/

day), uncontrolled by antiepileptic drugs. She had high blood lactate (4.2; reference: 0.5-

2.2 mmol/L), mild hyper ammonemia (130; reference: <80 µmol/L) with a normal blood 

acylcarnitine profile and normal urinary organic acids. She died at the age of 5 months. 

Consequences of the variants on the structure and function of the 
GOT2 enzyme: Sequence analysis
The four positions in which GOT2 variants were found in the four affected individuals are 

strongly evolu tionarily conserved as observed in both multiple alignment of orthologous 

protein se quences (p.Leu209del, p.Arg337Gly, p.Arg262Gly, p.Gly366Val; Figure 2D, 

Figure S1) and in genome alignment (Figure S2). Position 337 in a few distant orthologs 

is occupied by lysine or histidine residues instead of an arginine. All these amino acids 

are positively charged, indicating the importance of a positively-charged residue at this 

position in the sequence and structure. p.Leu209del represents a deletion of one leucine 

residue in a tri-leucine repeat (Leu207, Leu208, Leu209). Positions 207, 208 and 209 are 

all strongly conserved for leucine, or otherwise contain residues that are all hydrophobic 

and accommodate a beta strand secondary structure. Strikingly, the ~12 amino acid 

sequence following the tri-leucine repeat shows even stronger con ser vation. This part of 

the sequence corresponds to a loop in the protein structure that is part of the catalytic 

site (see: protein structure analysis, Figure 2E). The absence of naturally-occurring 

insertions or deletions in this part of the sequence indicate that a shift in the structure 

caused by p.Leu209del may be detrimental to protein functioning. Positions 262 and 366 

are strongly conserved, with all sequences examined presenting an arginine at position 

262 and all but one sequence presenting a glycine at position 366.

Consequences of the variants on the structure and function of the 
GOT2 enzyme: Protein structure analysis
GOT2 proteins form homodimer complexes (i.e. containing two identical subunits). 

Dimerization of two subunits results in the creation of two similar but separate catalytic 

pockets with binding sites for the enzyme substrates (aspartate + α-ketoglutarate, or 

kynurenine + α-ketoglutarate) as well as the enzymatic cofactor pyridoxal 5’-phos-

phate  (vitamin B6 active form; pyridoxamine 5′-phosphate in the crystal structure). 

The variants found in the affected individuals (p.Leu209del, p.Arg337Gly, p.Arg262Gly, 

p.Gly366Val) occur in the aspartate aminotransferase (Aminotransferase class I and II) 

domain, which covers the entire mature protein after the mitochondrial targeting 

signal is cleaved off. No post-translation modification has been reported for the 

mutated amino acids, nor are they part of any known short linear sequence motif. The 

variants do not affect the inter action interface between the homodimers (Figure 2E). 

The p.Leu209del deletion leads to the shortening of a beta strand in the core of the 

protein, with two likely effects (Figure 2E). First, the affected strand is part of a beta 

sheet structure, the connecting loops of which form the lower part of the catalytic 

pocket of the enzyme. Modeling of the leucine deletion predicts that, in order to 

accommodate the shorter beta strand, there will be a shift in the positioning of the 

loop that follows the beta strand and which is involved in coordinating the enzyme 

cofactor. Other changes include the repositioning of histidine 210, which in the wild 

type structure sits at only 5Å away from the cofactor. Given their strong evolutionary 

conservation (Figure S1 and S2), the beta sheet loop will be critical for the geometry 

of the catalytic cavity, and shortening a beta strand inside the sheet (as in the case 

of p.Leu209del) will likely disrupt the precise positioning of the chemical moieties 

responsible for executing the catalytic reaction. A second effect is that disturbances 

in the beta sheet likely pro pagate to the surrounding structure and may affect protein 

stability. Thus, p.Leu209del is predicted to impact GOT2 catalytic activity and stability.

The p.Arg337Gly and p.Arg262Gly variants likely destabilize the protein due to a loss 

of electrostatic interactions. Arg337 is located at the start of a long helix that forms 

the entire surface of the protein on the far side of the homodimer complex (Figure 2E). 
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The positively-charged side chain of Arg337 sits on the inside of a 90 degree hinge 

between the long surface helix and a shorter helix pointing into the core of the protein. 

Arg337 is part of an electrostatic network that includes interactions with the backbone 

of Leu331 (part of the shorter helix preceding the hinge), and interactions with the 

negati vely-charged side chains Glu111, Glu116 and Asp255 (though these are relatively 

long-distance at ~7-8Å). These interactions seem critical for the formation of the hinge 

and the overall helical organization of the protein. Arg262 is part of the same larger 

electro static interaction network involved in the positioning of several helices, forming 

charge interactions with Glu116, Asp253 and Asp255. Substitution of either Arg262 or 

Arg337 by a neutral glycine residue, which has no side chain atoms, will result in a 

loss of the electrostatic interactions. Taken together, p.Arg337Gly and p.Arg262Gly will 

likely de stabilize the protein and reduce functional protein folding.

The p.Gly366Val variant is part of a turn at the surface of the far end of the structu-

re relative to the catalytic core and interaction interface (Figure 2E). While re place-

ment of a glycine reduces flexibility, the Gly366 torsion angles are in the allowed 

region of the Ramachandran plot for valine, suggesting limited impact on the turn. 

Modeling of the variant in the structure shows negligible local structural changes. 

Thus, while Gly366 is well-conserved across evolution, the impact of the Gly366Val 

variant is unclear from a structural point of view. Various explanations are possible 

including reduced overall protein stability and folding capacity, altered potential for 

interaction with other proteins or increased proteolytic degradation.

Zebrafish got2a knockdown by splicing blocking morpholino (sp-MO)
To validate the got2a ATG-blocking morpholino phenotype, we designed a splicing 

blocking morpholino (sp-MO) to target the splicing donor site of the 2nd exon, which 

will result intron-2 retention and therefore frameshift of zebrafish got2a protein. 

After micro injection of sp-MO into newly fertilized embryos, we observed similar 

embryonic pheno types (Figure S3A) as compared to ATG-blocking phenotypes 

(Figure 5A), including various degrees of small head, slow circulation, bent body and 

pericardial edema. These phenotypes are classified as mild (52%), medium (44%) and 

severe (4%). We then used RT-PCR to validate the aberrant mRNA splicing in sp-MO 

morphants. In embryos injected with control MO, it detested a 522bp wild-type (WT) 

band; whereas in got2a sp-MO embryos, it detected a band of 985bp from aberrant 

splicing, which was sequenced to validate the aberrant splicing event (Figure S3B).

Supplemental Figures

Figure S1. Multiple sequence alignment of GOT2 orthologs.
Sequences were identified using BLAST with the human reference GOT2 protein sequence and 
selected to cover a large phylogenetic distance. Residues are shaded in blue according to the 
percentage of residues in each column that agree with the consensus sequence (shown below the 
alignment). Positions involved in the mutations of the affected individuals are indicated in orange. 
Note that p.Leu209del represents a deletion of one leucine residue in a tri-leucine repeat.
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(A)

(B)

(C)

(D)

Figure S2. Genome alignment of GOT2. 
(A) p.Leu209del variant. (B) p.Arg337Gly variant. (C) p.Arg262Gly variant. (D) p.Gly366Val variant. 
Evolutionary conservation was assessed using the Vertebrate Multiz Alignment & Con ser vation (100 
Species) track and visualized in the UCSC genome browser, https://www.ncbi.nlm.nih.gov/
pubmed/29106570.
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Figure S3. Zebrafish got2a gene knock-down by splicing blocking morpholino
 (A) got2a deficiency affects embryonic development. Bright field images of 48 hpf embryos injected 
with control morpholino (Cont MO) (a). Embryos injected with got2a splicing morpholino (got2a 
sp-MO) present three different phenotypes mild (b), medium (b’), severe (b’’). Scale bar: 25 µM. 
(B) Validation of got2a sp-MO by RT-PCR using RNAs from embryos at 24 hpf and 48 hpf that were 
injected with Cont MO or got2a sp-MO.

 
Supplemental Tables 
 

Age (years [y], months [m]) Reference range (months)
Amino acids (µmol/L) 1y, 2m 1y, 5m 2y, 2m 7y, 5m 12-24 > 24
Citrulline 89 71 83 78 7-55 21-43
Serine 47 53 81 105 70-294 88-178
Glycine 280 318 396 271 80-340 156-328

Table S1. Initial diagnostic plasma amino acid profile and follow-up data of GOT2-deficient individual 
1. Values in bold are below or above the age-dependent reference range. Serine (with pyridoxine) 
treatment was started immediately after the metabolic screening at the age of 1y, 5 m.

Age (months) Reference range (< 18 months)
8  11  12  15  

Lactate (mmol/L) 5.7 na na na 0.7-2.1
GPT (IU/L; = ALAT) 61 40 84 na < 37
GOT (IU/L; = ASAT) 75 43 85 39 < 31
Ammonia (µmol/L) 143 na na na 16-60

Table S2. Clinical chemistry findings in the plasma of the GOT2-deficient individual 1.Values in bold 
are above the reference range; na – not available

Mice Forward primers Reverse primers
Got2emhD335fs14* 5’-GTGAGCGTGTGGGAGCCTT-3’ 5’-ACTTGAATTCAAGGAAGGTAGG-3’
Got2emhR337G wt: 5’-CTGACTTCTCCAGACTTGCGG-3’

mut: 5’-CTGACGTCTCCGGATTTAGG-3’
5’-ACTTGAATTCAAGGAAGGTAGG-3’

Got2emhL209del wt: 5’-CTCCTGCATGCCTGCGCTC-3’
mut: 5’-GTCTTATTACACGCATGTGCAC-3’

5’-GAATCCACGTGTGGGTTGG-3’

Table S3. Mice genotyping.

Mice gRNA Repair template (ssODN)
Got2emhR337G 5’-TCCTGACTTCTCCAGACTTG-3’ 5’ CCGTCCCCTGTATTCCAACCCACCTCTCAATGGGGCCCGGATCGCAGCAACCATT 

CTGACGTCTCCGGATTTAGGTAAGCAATGGTAACGATTACTAGCTGTTCCGTGCTA 
CAGCTCCATGAATGGAAAAG-3’

Got2emhL209del 5’-GGTTGTGAGCGCAGGCATGC-3’ 5’ ACAGCCAAAAATCTCGATTGTTTCTCCTTAGAAAATCCCAGAGCAGAGTGTCTTATT 
ACACGCATGTGCACACAACCCCACCGGCGTGGACCCGCGTCCCGAGCAGTGGAAGGA 
GATAGCGTCCG-3’

Table S4. CRISPR/Cas9 mice.

Mice +/+ +/- -/- Female Male
Got2emhD335fs14* 35 48 0 53 30
Got2emhR337G 65 106 0 65 106
Got2emhL209del 68 87 0 79 76

Table S5. Genotype distribution of the Got2 CRISPR/Cas9 mice.

MEF 14.5 dpc +/+ +/- -/-
Got2emhD335fs14* 1 3 -
Got2emhR337G 2 5 -
Got2emhL209del 4 6 -

Table S6. Mouse embryonic fibroblasts (MEF) genotype distribution of the Got2 CRISPR/Cas9 
mice.
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ABSTRACT

Mitochondrial glutamate oxaloacetate transaminase (GOT2) deficiency is an autosomal 

recessive neurometabolic disorder that has been recently described in four patients 

with generalized hypotonia, epilepsy and developmental delay. GOT2 is an enzyme of 

the malate aspartate shuttle (MAS). To date, four genetic deficiencies in the MAS have 

been described, caused by mutations in the genes encoding the aspartate glutamate 

carriers (AGC1 and AGC2), the mitochondrial malate dehydrogenase (MDH2) and 

GOT2. An increased NADH/NAD+ ratio in the cytosol is considered to play a role in 

the pathogenesis of these defects. To further understand the pathophysiology of 

GOT2 deficiency we analyzed the metabolome of GOT2-deficient HEK293 cells 

generated by CRISPR/Cas9. Untargeted metabolomics on whole cell lysates showed 

alterations of several amino acids and intermediates of energy metabolism. Targeted 

metabolomics confirmed decreases in alanine, aspartate, pyruvate, fumarate and 

malate. Glutamine, glutamate, methionine, ornithine, arginine, histidine and lysine 

and the lactate/pyruvate ratio were strongly increased in the GOT2-deficient cells. 

Next, we tested the hypothesis that supplementation of pyruvate could be beneficial 

by normalizing the NADH/NAD+ ratio. Pyruvate supplementation resulted in the 

amelioration of several of the metabolic abnormalities, suggesting a potential role in 

treatment of GOT2 deficiency.

INTRODUCTION

Glutamate oxaloacetate transaminase 2 (GOT2, EC 2.6.1.1), also known as aspartate 

aminotransferase 2, is a pyridoxal 5’-phosphate-dependent enzyme that localizes 

to the mitochondrial matrix. GOT2, together with the cytosolic isoform (GOT1; 

glutamate oxaloacetate transaminase 1), the cytosolic and mitochondrial malate 

dehydrogenases (MDH1 and MDH2, respectively), and the solute carriers aspartate-

glutamate (AGC1 and AGC2) and 2-oxoglutarate (OGC; also known as malate-α-

ketoglutarate carrier) constitute the malate aspartate shuttle (MAS). 

The MAS is responsible for maintenance of the cytosolic NAD(H) homeostasis and 

the transport of reducing equivalents from the cytosol to the mitochondria (Amoedo 

et al. 2016). So far, four genetic MAS-deficiencies caused by mutations in the two 

aspartate-glutamate carriers (AGC1 and AGC2), MDH2 and GOT2 have been described 

in humans. 

SLC25A12 encodes the aspartate-glutamate carrier isoform 1 (AGC1 or aralar), while 

SLC25A13 encodes the aspartate-glutamate carrier isoform 2 (AGC2 or citrin). The 

two carriers are co-expressed but have different tissue expression patterns. AGC2 is 

predominantly expressed in the liver (Palmieri 2013), while AGC1 is predominant in 

the adult central nervous system (Ramos et al. 2003). Both AGCs are responsible for 

the export of aspartate from the mitochondrial matrix to the cytosol, while glutamate 

and a proton are imported (Palmieri 2004). AGC1 deficiency leads to global cerebral 

hypomyelination, arrested psychomotor development, hypotonia and seizures 

(Wibom et al., 2009; Falk et al., 2014; Dahlin et al. 2015), whereas AGC2 deficiency 

causes neonatal intrahepatic cholestasis (NICCD, OMIM # 605814) and adult-onset 

type II citrullinemia (CTLN2, OMIM # 603471). CTLN2 patients suffer from disturbances 

of consciousness, convulsions and coma, and death may arise due to cerebral edema 

within a few years of onset (Kobayashi et al. 1999).

Three unrelated MDH2 deficient patients were recently reported, presenting 

with generalized hypotonia, psychomotor delay and refractory epilepsy (Ait-El-

Mkadem et al. 2017). MDH2 catalyzes the reversible oxidation of malate and NAD+ 

to oxaloacetate and NADH, and is also important for the tricarboxylic acid (TCA) 

cycle (Ait-El-Mkadem et al. 2017). The most recently discovered MAS defect is GOT2 

deficiency (van Karnebeek et al, 2019). GOT2 catalyzes the reversible interconversion 

of glutamate and oxaloacetate to aspartate and α-ketoglutarate in the mitochondrion 

(Fig. 1). The four described GOT2-deficient patients presented with early onset 

metabolic encephalopathy with epilepsy, progressive microcephaly and several 
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biochemical abnormalities (van Karnebeek et al, 2019). All patients had a mild but 

persistent hyperammonemia, with patient 1 also having mild hypercitrullinemia. 

Both can be explained by a secondary urea cycle defect in GOT2 deficiency due to 

low concentrations of aspartate, the product of the GOT2-catalyzed enzyme reaction.

Fig. 1. The role of the malate-aspartate shuttle in the re-oxidation of cytosolic NADH and 
its interplay with the urea and tricarboxylic acid (TCA) cycles. Neither NAD+ nor NADH can be 
transported across intracellular mem branes. The malate-aspartate shuttle (MAS) is essential to 
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A remarkable observation in patient 1 was a consistently reduced concentration of 

serine in plasma. Stable isotope labelling studies in fibroblasts from the patients and 

GOT2-knockout HEK293 cells showed decreased serine synthesis from 13C6-glucose 

(van Karnebeek et al, 2019). The first reaction in de novo serine biosynthesis is 

catalysed by the NAD+-dependent enzyme 3-phosphoglycerate dehydrogenase. The 

low serine in GOT2 deficiency can be attributed to an increased NADH/NAD+ ratio as 

a consequence of a dysfunctional MAS. 

Complete normalization of serine and glycine synthesis was observed when the 

redox balance was improved by supplementing pyruvate to the medium of the cells, 

supporting our hypothesis that serine biosynthesis is hampered by the altered NADH/

NAD+ ratio. Two of the patients were treated with the cofactor of GOT2, pyridoxal 

5’-phosphate (both patients) and serine (patient 1), with positive impact on their 

seizures (van Karnebeek et al, 2019).

Pyruvate supplementation might be considered as additional treatment strategy 

for patients with GOT2 deficiency. Because GOT2 deficiency was only recently 

discovered, very little is known about its impact on cellular metabolism. Here, we 

unravel, in a detailed in vitro study, the metabolic consequences of GOT2 deficiency 

using a combination of untargeted and targeted metabolomics, with the main goal 

of identifying new biomarkers and treatment strategies. We further investigate the 

effect of pyruvate addition aiming at correcting the metabolic abnormalities, based 

on our previous work in which we demonstrated complete correction of de novo 

serine synthesis, in GOT2-deficient HEK293 cells, by pyruvate supplementation (van 

Karnebeek et al, 2019). 
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RESULTS

To study the overall metabolic consequences of GOT2 deficiency, we performed 

direct-infusion high-resolution mass spectrometry (DI-HRMS) on whole cell lysates of 

GOT2-deficient HEK293 cells. The analysis resulted in the detection of 11,760 HMDB 

(Human Metabolome Database; www.hmdb.ca)-identified features (defined as a 

signal with a specific mass-to-charge ratio, m/z) in negative scan mode and 15,147 

in positive scan mode. 

Fig. 2. GOT2 deficiency leads to altered amino acid concentrations. The intracellular amino acid 
profile of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) HEK293 clones was analyzed. Cells 
were cultured in the presence of pyruvate (1 mmol/L). Decreases of aspartate and alanine were 
found. On the other hand glutamate, glutamine, methionine, ornithine, arginine, histidine and lysine 
were increased. The results are normalized to total protein content and represented as the mean of 
triplicates ± SD; * P<0.05, ** P<0.01, *** P<0.001.
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We compared the intracellular metabolome of GOT2-wild type (WT) and GOT2-

deficient HEK293 cells. The 100 most significantly altered compounds are presented 

in Table S1. The most significantly decreased features were glycolytic intermediates, 

TCA cycle intermediates and amino acids (Table S1). 

Fig. 3. GOT2 deficiency leads to altered TCA cycle intermediates and increased redox status. The 
intracellular TCA cycle intermediates profile of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) 
HEK293 clones was analyzed. Cells were cultured in the presence of pyruvate (1 mmol/L). Decreases 
of fumarate and pyruvate were found, while succinate and the lactate/pyruvate ratio (redox status 
marker) were increased. The results are normalized to total protein content and represented as the 
mean of triplicates ± SD; * P<0.05, ** P<0.01, *** P<0.001.
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Fumarate and pyruvate were decreased (P<0.001), while the lactate/pyruvate ratio 

(P<0.001) and succinate were strongly increased (P<0.05) (Fig. 3).

Fig. 4. Pyruvate partially rescues the GOT2 deficient amino acid profile. The intracellular amino 
acid profile of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) HEK293 clones under different 
pyruvate concentrations was analyzed and compared. Cells were cultured with four different 
pyruvate concentrations (0, 1, 2.5 and 5 mmol/L). The results are normalized to total protein content 
and represented as the mean of triplicates ± SD; * P<0.05, ** P<0.01, *** P<0.001.
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showed a tendency to normalize, even though most amino acids remained abnormal 

(Fig. 4 and S2). The increased concentrations of glutamate and glutamine levels were 

corrected by pyruvate, whereas aspartate and alanine remained strongly decreased 

(P<0.05 and P<0.01, respectively). The lactate/pyruvate ratio normalized (Fig. 5). The 

other intermediates of the TCA cycle showed a tendency towards normalisation.

Fig. 5. Pyruvate completely normalizes the lactate/pyruvate ratio and rescues most of the 
GOT2 deficient TCA cycle intermediates profile. The intracellular TCA cycle intermediates profile 
of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) HEK293 clones under different pyruvate 
concentrations was analyzed and compared. Cells were cultured with four different pyruvate 
concentrations (0, 1, 2.5 and 5 mmol/L). The results are normalized to total protein content and 
represented as the mean of triplicates ± SD; * P<0.05, ** P<0.01, *** P<0.001.
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DISCUSSION

NADH, formed in the cytosol during glycolysis and serine biosynthesis, needs to be re-

oxidized to NAD+ to maintain the cytosolic redox balance. As there is no direct transfer 

of NAD+ and NADH over the mitochondrial membrane, cytosolic NAD+ regeneration 

relies on two shuttle mechanisms: the MAS and the glycerol-3 phosphate shuttle. 

Recently, we reported four patients affected with a novel defect of the MAS: GOT2 

deficiency (van Karnebeek et al, 2019). 

In this study, we investigated the intracellular metabolic consequences of GOT2 

deficiency to understand the pathophysiology of the disease and find targets for 

treatment. Untargeted metabolomics of GOT2-deficient HEK293 cells revealed a 

range of abnormalities in amino acid and intermediates of energy metabolism. The 

most striking abnormality observed in the GOT2-deficient cells was the extremely 

low intracellular concentration of pyruvate. This finding can be attributed to the 

dysfunctional MAS, resulting in an elevated NADH/NAD+ ratio in the cytosol. This will 

subsequently result in decreased glycolysis, producing less pyruvate, and increased 

conversion of pyruvate into lactate, an enzymatic reaction that depends on the 

NADH/NAD+ ratio. (Fig. 1). Intracellular lactate was not significantly increased in the 

GOT2-deficient cells probably due to lactate excretion into the medium, however, 

the lactate/pyruvate ratio in GOT2 deficient cells was strongly increased. As alanine 

is the direct product of pyruvate conversion in a reaction catalysed by alanine 

aminotransferase (ALT, EC 2.6.1.2), the low concentrations of alanine can be explained 

by pyruvate deficiency. 

Human cells have a very limited uptake of aspartate, and thus are highly dependent 

on mitochondrial aspartate production. A deficiency of GOT2 disables the 

intramitochondrial synthesis of aspartate from oxaloacetate, resulting in lower 

concentrations of aspartate both in the mitochondrion and the cytosol. Indeed, 

in our model system, aspartate was consistently and strongly decreased in GOT2-

deficient cells. This is in line with the hyperammonemia and abnormal citrulline levels 

measured in our patients.

Aspartate is, via N-acetylaspartate, the precursor of the neurotransmitter peptide 

N-acetylaspartylglutamate (NAAG). Insufficient levels of cytosolic aspartate have also 

been reported to lead to deficient N-acetylaspartate production (Dahlin et al. 2015). 

In addition, brain and primary neuronal cultures of mice affected with AGC1 (the 

mitochondrial aspartate transporter) deficiency presented with decreased levels of 

aspartate and N-acetylaspartate (Jalil et al. 2005). Similar results were observed in AGC1 

knockdown Neuro2a cells (Profile et al, 2017). We here demonstrate that, like AGC1 

deficiency, GOT2 deficiency may result in decreases of N-acetylaspartate (table S1). 

Glutamine and glutamate accumulate in GOT2 deficient cells. Glutamine is present 

in the medium, and glutamate is formed from glutamine by the enzyme glutaminase 

(GLS, EC 3.5.1.2). The accumulation of glutamine and glutamate may be attributed to 

hampered glutamate metabolism directly due to GOT2 deficiency, since glutamate is 

the substrate of GOT2.

Fumarate and malate were decreased in GOT2-deficient cells, while succinate 

was increased. Increase in succinate and decrease in fumarate concentration 

(substrate and product, respectively) suggest inhibition of succinate dehydrogenase 

(SDH;  EC  1.3.5.1). The increases of ornithine and arginine may be ascribed by to 

hampered urea cycle due to lack of aspartate. The increased concentrations of 

methionine, lysine and histidine, all essential amino acids, suggest diminished 

utilization in GOT2-deficient cells. However, the precise underlying molecular causes 

remain to be explained.

We recently reported on decreased serine concentrations in blood of a GOT2-deficient 

patient and decreased de novo synthesis of serine in the patients’ fibroblasts (van 

Karnebeek et al, 2019). In that study, we presented complete normalization of in vitro 

serine biosynthesis by pyruvate supplementation. Here, we demonstrate that pyruvate 

is taken up by the cells when supplemented in medium, resulting in normalization 

of part of the metabolome. However, aspartate, alanine and pyruvate levels were not 

completely corrected and remained low, whereas glutamine, glutamate, arginine and 

the lactate/pyruvate ratio aberrations were (almost) completely corrected.

In conclusion, GOT2 deficiency has broad consequences for the intracellular 

metabolome. Our data shows that, at least in vitro, these consequences can be partly 

reversed by pyruvate supplementation. Care should be taken when treating patients 

with pyruvate, since it may lead to increased lactate formation. However, promising 

results with sodium-pyruvate treatment in a CTLN2-deficient patient showed no 

lactate increase (Mutoh et al. 2008). Avoiding glycolysis and switching to fatty acid 

oxidation by implementing a ketogenic diet, as has been tried in patients with AGC1 

deficiency, may also be beneficial for patients with GOT2 deficiency. Some effects 

described in this paper, however, will not be overcome by switching to fatty acid 

oxidation, and probably the lack of pyruvate and aspartate will still render metabolism 

inefficient. Metabolic changes may be tissue-dependent, among others depending 

on the relative importance of the malate aspartate and the glycerol 3-phosphate 
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shuttles for balancing NADH/NAD+. Upregulation of the glycerol 3-phosphate 

shuttle activity by provision of substrates and cofactors might be beneficial, as it 

would ameliorate the NADH/NAD+ ratio. Furthermore, provision of aspartate may be 

considered to overcome its severe deficiency.

Our study clearly shows that GOT2 is essential in amino acid metabolism (especially 

aspartate, glutamate and alanine metabolism) and energy metabolism. Furthermore, 

(partial) correction of the NADH/NAD+ ratio through pyruvate supplementation leads 

to improvement of the pyruvate-related metabolic alterations. In addition, sodium 

pyruvate and L-arginine treatment has already proved effective in patients with citrin 

deficiency, another MAS defect (Mutoh et al. 2008).

 
MATERIAL AND METHODS

Cell culture
HEK293 cells were purchased from ATCC Cell Biology Collection. Dulbecco’s modified 

eagle medium (DMEM) high glucose, GlutaMAX™, pyruvate (Cat. No. 31966), 

DMEM medium without glucose (Cat. No.11966), fetal bovine serum (FBS; Cat. No. 

10270), penicillin-streptomycin (P/S (10,000 U/mL); Cat. No. 15140) and trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA, 0.5%, no phenol red; Cat. No. 15400) 

were purchased from Gibco (ThermoFisher Scientific). Glucose and sodium pyruvate 

(purum, >99.0%) were purchased from Sigma-Aldrich (Steinheim, Germany).

Generation of GOT2-knockout HEK293 clones by CRISPR/Cas9
The CRISPR/Cas9 genome editing technology was used to introduce a disruption of 

the GOT2 gene in HEK293 cells as described by van Karnebeek (van Karnebeek, 2019).

Maintenance of HEK293 cells in culture
HEK293 cells (GOT2-WT; and GOT2-A3, -A6, and -A7 knockout clones) were grown 

in 75 cm2 flasks and maintained in DMEM high glucose GlutaMAX™, pyruvate 

(supplemented with 10% heat-inactivated FBS and 1% P/S), in a humidified 

atmosphere of 5% CO2 at 370C. Cells were passaged upon reaching confluency (>80%) 

and media was refreshed every 48 hours. 

Pyruvate supplementation 
Cells were washed twice with PBS and plated onto 6-well plates (5 x 105 cells per well) 

by trypsinization (0.05% trypsin-EDTA) after reaching optimal confluence (>80%). 

Medium was refreshed 24 and 72 hours after plating and cells were cultured for 4 

days. When cells reached optimal confluence (>80%) they were exposed to DMEM 

medium without glucose (supplemented with 10% FBS and 1% P/S), to which 

25 mmol/L glucose was added. Medium was supplemented with three different 

pyruvate concentrations (1, 2.5 and 5 mmol/L). Cells were harvested after 1 and 24 

hours of incubation by first washing the cells with cold PBS (4ºC), and then scraping 

with 1.5 ml ice-cold methanol. The samples were transferred into 1.5 ml eppendorf 

tubes, centrifuged (16,200 g for 10 min at 4ºC), and the supernatants were transferred 

to new 1.5 ml eppendorf tubes. The samples were evaporated at 40ºC under a stream 

of nitrogen until complete dryness, and reconstituted with 500 µl of UPLC-grade 

methanol (room temperature). The reconstituted samples were stored at -80ºC until 

further analysis.

Untargeted metabolomics 
Direct-Infusion High-Resolution Mass Spectrometry (DI-HRMS) was performed on 

whole cell lysates (GOT2-wild type and GOT2-knockout HEK293 clones) as described 

by Ramos (Ramos et al., 2017). The bioinformatics pipeline was adapted, as will be 

published elsewhere (Rumping et al. submitted)

Features (defined as a signal with a specific mass-to-charge ratio, m/z) were sorted on 

P-values, and identified using the Human Metabolome Database (HMDB, www.hmdb.ca).  

Features identified as pollutants, drugs, food or food additives were discarded from 

the list.  

Amino acid analysis
Intracellular amino acids were measured using the UPLC-MS/MS method described 

by Prinsen (Prinsen et al. 2016). Apart from adapting the range of the calibrators to 

our samples’ concentrations, and using quality control (QC) samples resembling the 

concentrations of our samples, no further adaptations were made to the analysis.

Analysis of energy metabolites
UPLC/MS-grade methanol (MeOH) and acetonitrile (ACN); the standards formate, 

citrate, isocitrate, fumarate, pyruvate, succinate, lactate, malate and α-ketoglutarate; 

and the internal standards 13C2-succinate and 13C3-lactate, were obtained from Sigma-

Aldrich (Zwijndrecht, the Netherlands). The internal standard 2H4-α-ketoglutarate was 

purchased from Cambridge Isotope Laboratories (Massachusetts, USA). Water was 

provided by a Millipore system. Samples were analysed on a Waters ACQUITY™ ultra-

performance liquid chromatography (UPLC) system (Waters Corp., Milford, MA, USA).

Detection of the analytes was carried in a Waters Xevo™ triple quadrupole tandem 
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mass spectrometer (Waters Corp., Manchester, UK) with a Z-spray electrospray 

ionization (ESI) source operating in both positive and negative ion modes. 

The chromatographic separation was performed on an Acquity HSS C18 column 

(2.1x100 mm, 1.7 μm particle size) equipped with an Acquity UPLC Van GuardTM Pre-

Column (Waters, Milford, USA). The column was maintained at 30°C and the sample 

volume injected was 10 μl. 

Optimal chromatographic separation was achieved at a constant flow-rate of 0.3 

mL/min using a gradient with solvent A (0.1% formic acid in milliQ-water; v/v) and 

solvent B (100% ACN) as follows. Initial conditions were 1% solvent B. From 0 to 4.0 

min solvent B was set at 1%. From 4.0 to 4.5 min solvent B was increased from 1% to 

100%. From 4.5 to 5.0 min solvent B was set at 100% and from 5.0 to 5.1min solvent B 

was decreased from 100% to 1%. The column was equilibrated for 0.9 min (5.1 to 6.0 

min) in the initial conditions. Total run time was 6 min including column equilibration. 

Chromatographic data were collected and analyzed with Waters MassLynx v4.1 

software. Quantification was achieved for each analyte using linear regression 

analysis of the peak area ratio analyte/IS (weighed 1/X) versus concentration.

Calibration samples were prepared in the concentration range of 0.05 to100 µM for 

citrate, succinate, fumarate and malate; 0.05 to 500 µM for lactate; and 0.5 to 100 µM 

for α-ketoglutarate and pyruvate. Internal standards were added to 500 µL of whole 

cell lysate extract (methanol) and evaporated under a gentle flow of nitrogen. The 

extracts were dissolved in 50 µL of solvent A and analyzed.

Statistical analysis
Statistical significance for untargeted metabolomics was determined by comparison 

of the intracellular metabolome of GOT2-wild type (WT) to GOT2-deficient HEK293 

cells using unpaired T-tests (with Bonferroni correction) on the area under the curve 

(AUC in a plot of intensities versus time). 

Statistical significance for targeted metabolomics was performed using unpaired 

two-tailed t-test, using GraphPad Prism 6 (version 6.0.2, GraphPad Software Inc.) 

software.
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Fig. S1. Effect of GOT2 deficiency in the intracellular amino acid concentrations. The intracellular 
amino acid profile of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) HEK293 clones was 
determined by UPLC-MS/MS. Cells were cultured in the presence of pyruvate (1 mmol/L). The results 
are normalized to total protein content and represented as the mean of triplicates ± SD; * P<0.05, ** 
P<0.01. 
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Table S1. The 100 most significantly altered intracellular compounds. Direct infusion high 
resolution mass spectrometry (DI-HRMS) in positive and negative scan mode was used to detect the 
overall intracellular metabolic consequence of GOT2 deficiency. A t-test was performed on the area 
under the curve (AUC, in a plot of intensities against time) for every compound. Compounds are 
sorted on the P value between GOT2-WT and GOT2-knockout HEK293 clones.

m/z Compound P value
Scan

mode
Change

Fold
Change

190.97282 L/D-glyceraldehyde 3-phosphate [M+Na-H]-; dihydroxyacetone 
phosphate [M+Na-H]-; L/D-malic acid [M+NaCl]-

3.91E-09 - Decrease 5.7

205.06818 galactitol [M+Na]+; sorbitol [M+Na]+; mannitol [M+Na]+; L-iditol 
[M+Na]+

7.45E-08 + Decrease 12.4

87.00870 pyruvic acid; malonic semialdehyde; ascorbic acid [M-2H]-; 
D-glucurono-6,3-lactone [M-2H]-

9.86E-08 - Decrease 323.3

144.96737 pyruvic acid [M+NaCl]-; malonic semialdehyde [M+NaCl]- 6.24E-07 - Decrease 5.3
133.01423 L/D-malic acid; pyruvic acid [M+For]-; malonic semialdehyde 

[M+For]-

9.16E-07 - Decrease 272.2

178.99255 L/D-malic acid [M+2Na-H]+ 1.92E-06 + Decrease 3.5
132.98707 pyruvic acid [M+2Na-H]+; malonic semialdehyde [M+2Na-H]+ 3.23E-06 + Decrease 4.6
125.00104 butyric acid [M+K-H]-; isobutyric acid [M+K-H]-; L/D-lactic acid 

[M+Cl]-; hydroxypropionic acid [M+Cl]-; glyceraldehyde [M+Cl]-; 
dihydroxyacetone [M+Cl]-; methoxyacetic acid [M+Cl]-

3.67E-06 - Decrease 1.9

141.06574 1,3-dimethyluracil; imidazolepropionic acid; methylimidazoleacetic 
acid; Pi-methylimidazoleacetic acid; nicotinic acid [M+NH4]+; 
picolinic acid [M+NH4]+; isonicotinic acid [M+NH4]+

4.11E-06 + Decrease 4.2

172.99858 alpha-ketoisovaleric acid [M+NaCl]-; (2)-methylacetoacetic acid 
[M+NaCl]-; levulinic acid [M+NaCl]-; 2-oxovaleric acid [M+NaCl]-; 
glutarate semialdehyde [M+NaCl]-

4.42E-06 - Decrease 2.4

242.09956 pantothenic acid [M+Na]+ 6.28E-06 + Decrease 2.4
115.00361 fumaric acid; maleic acid; acetyl citrate [M-2H]-; propynoic acid 

[M+For]-

7.43E-06 - Decrease 3.3

129.05574 2-methyl-3-ketovaleric acid; 3-methyl-2-oxovaleric acid; 
ketoleucine; 2-ketohexanoic acid; mevalonolactone; 3-oxohexanoic 
acid; adipate semialdehyde

9.85E-06 - Decrease 3.1

165.01332 (S)-3,4-dihydroxybutyric acid [M+2Na-H]+; 2,4-dihydroxybutanoic 
acid [M+2Na-H]+;4-deoxyerythronic acid [M+2Na-H]+; 
4-deoxythreonic acid [M+2Na-H]+; L/D-erythrose [M+2Na-H]+

9.89E-06 + Decrease 3.6

187.00093 L/D-lactic acid [M+H2PO4]-; hydroxypropionic acid [M+H2PO4]-; 
glyceraldehyde [M+H2PO4]-; dihydroxyacetone [M+H2PO4]-; 
methoxyacetic acid [M+H2PO4]-

1.46E-05 - Decrease 1.7

207.07799 trans-4,5-epoxy-2(E)-decenal [M+K]+ 1.86E-05 + Decrease 1.5
130.05900 homovanillic acid sulfate [M-2H]- 2.00E-05 - Decrease 3.0
231.99930 N-acetyl-L-aspartic acid [M+NaCl]-; N-formyl-L-glutamic acid 

[M+NaCl]-; 2-amino-3-oxoadipate [M+NaCl]-

2.12E-05 - Decrease 2.6

364.91582 N-acetylgalactosamine 4,6-disulfate [M+H-H2O]+ 2.22E-05 + Increase 2.9
115.04001 alpha-ketoisovaleric acid; methylacetoacetic acid; levulinic 

acid; 2-oxovaleric acid; 2-methylacetoacetic acid; glutarate 
semialdehyde

2.31E-05 - Decrease 2.9

202.97288 oxoglutaric acid [M+NaCl]-; 3-oxoglutaric acid [M+NaCl]- 2.32E-05 - Decrease 2.3
128.03166 L/D-serine [M+Na]+ 2.42E-05 + Increase 2.6
150.01366 L/D-serine [M+2Na-H]+ 2.76E-05 + Increase 4.8

Fig. S2. Effect of pyruvate supplementation on GOT2 deficient amino acid profile. The 
intracellular amino acid profile of GOT2-wild type (WT) and GOT2-knockout (A3 and A6) HEK293 
clones under different pyruvate concentrations was determined by UPLC-MS/MS and compared. 
Cells were cultured with four different pyruvate concentrations (0, 1, 2.5 and 5 mmol/L). The results 
are normalized to total protein content and represented as the mean of triplicates ± SD; * P<0.05, ** 
P<0.01, *** P<0.001.
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254.08011 propionylcarnitine [M+K-H]-; pantothenic acid [M+Cl]- 3.03E-05 - Decrease 2.7
381.23188 stearic acid [M+HSO4]- 3.45E-05 - Increase 1.6
89.01377 4-hydroxyphenylpyruvic acid [M-2H]-; 2-hydroxy-3-(4-

hydroxyphenyl)propenoic acid [M-2H]-; 3-hydroxyphenylpyruvic 
acid [M-2H]-

4.14E-05 - Decrease 4.4

189.98883 2-amino-3-phosphonopropionic acid [M+Na-H]-; L/D-aspartic acid 
[M+NaCl]-

4.20E-05 - Decrease 2.6

252.97183 citric acid [M+NaK-H]+; isocitric acid [M+NaK-H]+; D-threo-isocitric 
acid [M+NaK-H]+; diketogulonic acid [M+NaK-H]+; 2,3-diketo-
L-gulonate [M+NaK-H]+; (1R,2R)-isocitric acid [M+NaK-H]+; 
D-glucaro-1,4-lactone [M+NaK-H]+

4.58E-05 + Decrease 3.0

133.05068 2,3-dihydroxyvaleric acid; 1-deoxy-D-xylulose; deoxyribose; 
(R)-2,3-dihydroxy-isovalerate; (R)-glycerol 1-acetate; butyric acid 
[M+For]-; isobutyric acid [M+For]-

5.19E-05 - Decrease 3.7

191.04434 2-phenyl-2-butenal [M+2Na-H]+; heptanoic acid [M+NaK-H]+; 
2/5-methylhexanoic acid [M+NaK-H]+; 2-hydroxy-3-
methylpentanoic acid [M+NaCl]+; (5R)-5-hydroxyhexanoic acid 
[M+NaCl]+; 5-hydroxyhexanoic acid [M+NaCl]+; L/D-leucic 
acid [M+NaCl]+; (2)-hydroxyisocaproic acid [M+NaCl]+; (R)-
3-hydroxyhexanoic acid [M+NaCl]+; 6-hydroxyhexanoic acid 
[M+NaCl]+; 2-methyl-3-hydroxyvaleric acid [M+NaCl]+

6.20E-05 + Increase 1.3

173.00905 cis/trans-aconitic acid; dehydro-ascorbic acid 6,.41E-05 - Decrease 2.7
235.99292 L-aspartyl-4-phosphate [M+Na]+; N-acetyl-L-aspartic acid 

[M+NaK-H]+; N-formyl-L-glutamic acid [M+NaK-H]+; 2-amino-3-
oxoadipate [M+NaK-H]+

6.43E-05 + Decrease 4.5

366.04041 beta-citryl-L-glutamic acid [M+2Na-H]+ 7.05E-05 + Decrease 2.0
153.08846 adenine [M+NH4]+; heptanoic acid [M+Na]+; 2-methylhexanoic 

acid [M+Na]+; 5-methylhexanoic acid [M+Na]+

7.62E-05 + Increase 1.2

147.04152 4-methylcatechol [M+Na]+; 4-hydroxybenzyl alcohol [M+Na]+ 8.72E-05 + Increase 1.4
193.06245 4-oxo-2-nonenal [M+K]+ 8.75E-05 + Decrease 1.4
190.07207 isobutyrylglycine [M+For]-; N-butyrylglycine [M+For]-; allysine 

[M+For]-; 4-acetamidobutanoic acid [M+For]-; (S)-5-amino-
3-oxohexanoate [M+For]-; 2-keto-6-aminocaproate [M+For]-; 
(S)-2-amino-6-oxohexanoate [M+For]-

9.11E-05 - Decrease 3.1

161.01836 alpha-ketoisovaleric acid [M+2Na-H]+; methylacetoacetic acid 
[M+2Na-H]+; levulinic acid [M+2Na-H]+; 2-oxovaleric acid 
[M+2Na-H]+; 2-methylacetoacetic acid [M+2Na-H]+; glutarate 
semialdehyde [M+2Na-H]+

9.47E-05 + Decrease 1.9

347.07491 cis-beta-D-glucosyl-2-hydroxycinnamate [M+Na-H]-; galactose-
beta-1,4-xylose [M+Cl]-

9.49E-05 - Decrease 1.7

148.96103 pyruvic acid [M+NaK-H]+; malonic semialdehyde [M+NaK-H]+; 
oxalic acid [M+NaCl]+

9.61E-05 + Decrease 4.1

171.00639 glycerol 3-phosphate; beta-glycerophosphoric acid; propionic acid 
[M+H2PO4]-; L/D-lactaldehyde [M+H2PO4]-; 2,3-dihydroxyvaleric 
acid [M+K-H]-; 1-deoxy-D-xylulose [M+K-H]-; deoxyribose 
[M+K-H]-; (R)-2,3-dihydroxy-isovalerate [M+K-H]-; (R)-glycerol 
1-acetate [M+K-H]-; phenylglyoxylic acid [M+Na-H]-; threonic 
acid [M+Cl]-

9.94E-05 - Increase 1.8

104.10680 neurine; iso-valeraldehyde [M+NH4]+ 1.04E-04 + Increase 3.1
152.04708 3-methylene-indolenine [M+Na]+ 1.04E-04 + Decrease 1.4
183.04162 4-hydroxycyclohexylcarboxylic acid [M+K]+ 1.10E-04 + Decrease 1.1

130.05088 4-hydroxyproline; N-acetyl-L-alanine; propionylglycine; 
5-aminolevulinic acid; L-glutamic gamma-semialdehyde; 
3/4-hydroxy-L-proline; 5-amino-2-oxopentanoic acid; 4-hydroxy-2-
pyrrolidinecarboxylic acid; cis/trans-3-hydroxy-L-proline; nopalinic 
acid [M-2H]-; 2-pyrrolidinone [M+For]-

1.310E-04 - Decrease 2.3

292.98343 6-phosphonoglucono-D-lactone [M+Cl]-; 2-keto-3-deoxy-6-
phosphogluconic acid [M+Cl]-; 3-hydroxy-3-carboxymethyl-adipic 
acid [M+KCl]-

1.37E-04 - Increase 2.4

144.04186 benzamide [M+Na]+ 1.43E-04 + Increase 1.1
204.12288 L-acetylcarnitine 1.48E-04 + Decrease 2.7
264.08153 pantothenic acid [M+2Na-H]+ 1.49E-04 + Decrease 2.2
276.06182 pantothenic acid [M+NaCl]- 1.56E-04 - Decrease 3.5
157.01067 L/D-malic acid [M+Na]+ 1.58E-04 + Decrease 3.3
176.02939 4-hydroxyproline [M+2Na-H]+; N-acetyl-L-alanine [M+2Na-H]+; 

propionylglycine [M+2Na-H]+; 5-aminolevulinic acid [M+2Na-H]+; 
L-glutamic gamma-semialdehyde [M+2Na-H]+; 3/4-hydroxy-L-
proline [M+2Na-H]+; 5-amino-2-oxopentanoic acid [M+2Na-H]+; 
4-hydroxy-2-pyrrolidinecarboxylic acid [M+2Na-H]+; cis/trans-3-
hydroxy-L-proline [M+2Na-H]+

1.65E-04 + Decrease 1.7

167.04678 naphthalene epoxide [M+Na]+ 1.78E-04 + Decrease 1.4
150.97669 L/D-lactic acid [M+NaK-H]+; hydroxypropionic acid [M+NaK-H]+; 

glyceraldehyde [M+NaK-H]+; dihydroxyacetone [M+NaK-H]+; 
methoxyacetic acid [M+NaK-H]+

1.80E-04 + Decrease 2.7

218.10332 pantothenic acid; hexanoylglycine [M+For]-; isovalerylalanine 
[M+For]-; isovalerylsarcosine [M+For]-; N-acetylleucine [M+For]-

1.84E-04 - Decrease 3.0

149.99267 beta-alanine [M+NaK-H]+; L/D-alanine [M+NaK-H]+; sarcosine 
[M+NaK-H]+

1.91E-04 + Decrease 2.6

269.98415 dopamine 4-sulfate [M+K-H]-; dopamine 3-O-sulfate [M+K-H]- 1.97E-04 - Decrease 1.3
481.23583 1,25-dihydroxyvitamin D3-26,23-lactone [M+K-H]- 1.98E-04 - Decrease 1.8
342.04472 beta-citryl-L-glutamic acid [M+Na-H]- 2.01E-04 - Decrease 2.1
176.00835 L/D-proline [M+NaK-H]+; acetamidopropanal [M+NaK-H]+; 

acetylglycine [M+NaCl]+; L-2-amino-3-oxobutanoic acid 
[M+NaCl]+; L-aspartate-semialdehyde [M+NaCl]+

2.10E-04 + Decrease 3.0

132.03019 L/D-aspartic acid 2.11E-04 - Decrease 2.6
199.03655 3-methyladipic acid [M+K]+; pimelic acid [M+K]+; 

3,3-dimethylglutaric acid [M+K]+; 2-methyladipic acid [M+K]+; 
2-ethylglutaric acid [M+K]+; ethyl methyl-succinate [M+K]+

2.14E-04 + Decrease 1.6

89.02441 L/D-lactic acid; hydroxypropionic acid; glyceraldehyde; 
dihydroxyacetone; methoxyacetic acid; L/D-glucose [M-2H]-; 
L/D-galactose [M-2H]-; L/D-mannose [M-2H]-; myoinositol [M-2H]-; 
3-deoxyarabinohexonic acid [M-2H]-; beta-D-glucose [M-2H]-; L/D-
fructose [M-2H]-; allose [M-2H]-; L/D-sorbose [M-2H]-; alpha-D-
glucose [M-2H]-; L/D-tagatose [M-2H]-; beta-D-galactose [M-2H]-; 
scyllitol [M-2H]-; L/D-gulose [M-2H]-; dihydroxyacetone (dimer) 
[M-2H]-; L-galactose [M-2H]-; levoinositol [M-2H]-; acetaldehyde 
[M+For]-

2.19E-04 - Decrease 1.9

161.04546 2/3-hydroxyadipic acid; 3-hydroxymethylglutaric acid; 2-hydroxy-
2-ethylsuccinic acid; alpha-ketoisovaleric acid [M+For]-; 
methylacetoacetic acid [M+For]-; levulinic acid [M+For]-; 
2-oxovaleric acid [M+For]-; 2-methylacetoacetic acid [M+For]-; 
glutarate semialdehyde [M+For]-

2.19E-04 - Decrease 1.9
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191.04016 L/D-glutamine [M+2Na-H]+; ureidoisobutyric acid [M+2Na-H]+; 
alanylglycine [M+2Na-H]+

2.29E-04 + Increase 2.2

360.75256 PE(18:3(6Z,9Z,12Z)/P-18:1(11Z)) [M-2H]-; 
PE(18:3(6Z,9Z,12Z)/P-18:1(9Z)) [M-2H]-; PE(18:3(9Z,12Z,15Z)/
P-18:1(11Z)) [M-2H]-; PE(18:3(9Z,12Z,15Z)/P-
18:1(9Z)) [M-2H]-; PE(18:4(6Z,9Z,12Z,15Z)/P-18:0) 
[M-2H]-; PE(20:4(5Z,8Z,11Z,14Z)/P-16:0) 
[M-2H]-; PE(20:4(8Z,11Z,14Z,17Z)/P-16:0) 
[M-2H]-; PE(P-16:0/20:4(5Z,8Z,11Z,14Z)) 
[M-2H]-; PE(P-16:0/20:4(8Z,11Z,14Z,17Z)) 
[M-2H]-; PE(P-18:0/18:4(6Z,9Z,12Z,15Z)) [M-
2H]-; PE(P-18:1(11Z)/18:3(6Z,9Z,12Z)) [M-2H]-; 
PE(P-18:1(11Z)/18:3(9Z,12Z,15Z)) [M-2H]-; 
PE(P-18:1(9Z)/18:3(6Z,9Z,12Z)) [M-2H]-; PE(P-
18:1(9Z)/18:3(9Z,12Z,15Z)) [M-2H]-

2.37E-04 - Decrease 2.0

153.03112 delta-hexanolactone [M+K]+; trans-hex-2-enoic acid [M+K]+ 2.39E-04 + Decrease 1.4
175.03591 ureidosuccinic acid 2.47E-04 - Decrease 2.9
145.01421 2/3-oxoglutaric acid 2.49E-04 - Decrease 2.8
335.04367 4-hydroxy-5-(dihydroxyphenyl)-valeric acid-O-methyl-O-sulphate; 

4-Hydroxy-5-(3'-hydroxyphenyl)-valeric acid-3'-O-sulphate 
[M+For]-; 4-hydroxy-5-(4'-hydroxyphenyl)-valeric acid-4'-O-
sulphate [M+For]-; 3,4,5-trimethoxycinnamic acid [M+HSO4]-; cis/
trans-2,3,4-trimethoxycinnamate [M+HSO4]-

2.73E-04 - Increase 2.0

214.01113 L-aspartyl-4-phosphate; N-acetyl-L-aspartic acid [M+K]+; 
N-formyl-L-glutamic acid [M+K]+; 2-amino-3-oxoadipate [M+K]+

2.75E-04 + Decrease 4.8

197.05727 cis/trans-4-hydroxycyclohexylacetic acid [M+K]+; 3-oxooctanoic 
acid [M+K]+; alpha-ketooctanoic acid [M+K]+

2.77E-04 + Decrease 1.2

197.11467 7-aminomethyl-7-carbaguanine [M+NH4]+; 3-hydroxynonanoic 
acid [M+Na]+

2.78E-04 + Increase 1.2

145.02603 benzoic acid [M+Na]+; 4-hydroxybenzaldehyde [M+Na]+ 2.89E-04 + Decrease 1.5
226.10469 L-acetylcarnitine [M+Na]+ 2.93E-04 + Decrease 2.1
146.04880 histamine [M+Cl]- 2.94E-04 - Decrease 3.3
174.03145 2-phenylacetamide [M+K]+ 2.99E-04 + Decrease 1.4
195.07800 4-hydroxynonenal [M+K]+ 3.02E-04 + Decrease 1.3
195.13545 capric acid [M+Na]+ 3.08E-04 + Increase 1.2
212.05271 glutarylglycine [M+Na]+; N-acetylglutamic acid [M+Na]+ 3.10E-04 + Increase 1.5
320.06266 beta-citryl-L-glutamic acid 3.40E-04 - Decrease 2.2
209.09362 cis/trans-4-decenoic acid [M+K]+; 8-methylnonenoate [M+K]+; 

5-decenoic acid [M+K]+; 2-exo-hydroxy-1,8-cineole [M+K]+; 
2-hydroxycineol [M+K]+

3.46E-04 + Decrease 1.4

183.09907 7-methylguanine [M+NH4]+; 1/2/3-methylguanine [M+NH4]+; 
7-hydroxyoctanoic acid [M+Na]+; hydroxyoctanoic acid [M+Na]+; 
3-hydroxyoctanoic acid [M+Na]+; (R)-2/3-hydroxycaprylic acid 
[M+Na]+

3.58E-04 + Increase 1.2

190.06019 3-methylhistidine [M+Na-H]- 4.00E-04 - Decrease 1.7
190.99255 2/3-oxoglutaric acid [M+2Na-H]+ 4.25E-04 + Decrease 2.2
566.26449 LysoPE(0:0/22:5(4Z,7Z,10Z,13Z,16Z)) [M+K]+; 

LysoPE(0:0/22:5(7Z,10Z,13Z,16Z,19Z)) [M+K]+; 
LysoPE(22:5(4Z,7Z,10Z,13Z,16Z)/0:0) [M+K]+; 
LysoPE(22:5(7Z,10Z,13Z,16Z,19Z)/0:0) [M+K]+

4.28E-04 + Decrease 1.8

362.74970 PC(14:0/18:3(6Z,9Z,12Z)) [M-2H]-; PC(14:0/18:3(9Z,12Z,15Z)) [M-
2H]-; PC(14:1(9Z)/18:2(9Z,12Z)) [M-2H]-; PC(18:2(9Z,12Z)/14:1(9Z)) 
[M-2H]-; PC(18:3(6Z,9Z,12Z)/14:0) [M-2H]-; 
PC(18:3(9Z,12Z,15Z)/14:0) [M-2H]-; PE(15:0/20:3(5Z,8Z,11Z)) [M-
2H]-; PE(15:0/20:3(8Z,11Z,14Z)) [M-2H]-; PE(20:3(5Z,8Z,11Z)/15:0) 
[M-2H]-; PE(20:3(8Z,11Z,14Z)/15:0) [M-2H]-

4.35E-04 - Decrease 1.9

211.07283 4-hydroperoxy-2-nonenal [M+K]+ 4.37E-04 + Decrease 1.2
228.96487 glycerol 3-phosphate [M+NaCl]-; beta-glycerophosphoric acid 

[M+NaCl]-

4.66E-04 - Increase 1.7

161.99382 5-hydroxymethyl-2-furanoate [M+Na-H]- 4.79E-04 - Increase 6.9
253.96982 phosphocreatinine [M+NaK-H]+ 4.87E-04 + Decrease 1.7
267.15637 1,11-undecanedicarboxylic acid [M+Na]+ 4.91E-04 + Increase 1.2
303.08362 N-acetylaspartylglutamic acid; ribothymidine [M+For]-; 

imidazoleacetic acid riboside [M+For]-; 3-methyluridine [M+For]-

5.55E-04 - Decrease 2.0

454.74682 kinetensin 1-7 [M-2H]- 5.86E-04 - Decrease 1.7
240.09784 3-mercaptolactate-cysteine disulfide [M-H]- 6.85E-04 - Decrease 1.3
147.02986 citramalic acid; L/D-2/3-hydroxyglutaric acid; ribonolactone; 

D-xylono-1,5-lactone; 2-hydroxyglutarate; 2-ketobutyric acid 
[M+For]-; acetoacetic acid [M+For]-; 2-methyl-3-oxopropanoic acid 
[M+For]-; succinic acid semialdehyde [M+For]-; (S)-methylmalonic 
acid semialdehyde [M+For]-; 4-hydroxycrotonic acid [M+For]-

7.79E-04 - Decrease 1.7

226.94930 D-glyceraldehyde 3-phosphate [M+NaCl]-; dihydroxyacetone 
phosphate [M+NaCl]-

8.62E-04 - Decrease 1.5

187.07295 benzenebutanoic acid [M+Na]+; 3-phenylbutyric acid [M+Na]+ 4.92E-04 + Decrease 1.4
139.01547 senecioic acid [M+K]+; 2-ethylacrylic acid [M+K]+; 

3-methylbutyrolactone [M+K]+

4.96E-04 + Decrease 1.6

129.06562 dihydrothymine; pyrrole-2-carboxylic acid [M+NH4]+; 
2-acetyloxazole [M+NH4]+

5.32E-04 + Decrease 2.4
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ABSTRACT

De novo serine biosynthesis defects are genetic aminoacidopathies that lead to 

deficient levels of serine and glycine in blood, CSF and tissues. Classically, serine 

deficient patients present with congenital microcephaly, severe psychomotor 

retardation, intractable seizures and skin abnormalities. Diagnosing serine 

biosynthesis defects is challenging because subtle decreases of serine levels may be 

missed during diagnostic work-up and the enzymatic activity tests are insufficiently 

robust. The existence of secondary serine deficiencies contributes even further to the 

complexity of diagnosing serine biosynthesis defects. We developed a stable isotopic 

liquid chromatography mass spectrometry-based method to analyse the formation 

of 13C3-serine from uniformly labelled 13C6-glucose in cultured fibroblasts. The results 

obtained show complete concordance with the genetic diagnosis of all included 

patients and also allowed the diagnosis of secondary serine biosynthesis defects. This 

generic test assesses a complete metabolic pathway, potentially rendering separate 

enzymatic assays unnecessary.

Keywords: de novo serine biosynthesis; serine biosynthesis defects; serine; glycine; 

stable isotope liquid chromatography tandem mass spectrometry.

  

INTRODUCTION

Serine is a non-essential amino acid that, in the human body, originates from four 

sources: 1) dietary intake; 2) de novo biosynthesis starting with the glycolytic intermediate 

3-phosphoglycerate; 3) synthesis by serine hydroxymethyltransferase (SHMT; EC 2.1.2.1) 

from glycine; and 4) protein and phospholipid turnover (de Koning et al 2003). De novo 

serine biosynthesis is an essential source of intracellular serine, as genetic defects in this 

pathway are not compensated by the other three sources (Van Der Crabben et al 2013; 

El-Hattab et al 2016). The de novo serine biosynthesis pathway starts with the conversion 

of 3-phosphoglycerate into 3-phosphohydroxypyruvate catalyzed by the enzyme 

3-phosphoglycerate dehydrogenase (3-PGDH; EC 1.1.1.95). 3-Phosphohydroxypyruvate 

is further metabolized into 3-phosphoserine by 3-phosphoserine aminotransferase 

(PSAT; EC 2.6.1.52), after which 3-phosphoserine is dephosphorylated into serine by 

3-phosphoserine phosphatase (PSP; EC 3.1.3.3) (Figure 1). In humans, mutations have 

been described in the three genes (PHGDH, PSAT1 and PSPH) encoding the de novo serine 

biosynthesis enzymes. Clinical phenotypes of these defects overlap and are heterogeneous 

(Jaeken et al 1996; Klomp et al 2000; Vincent et al 2015; Veiga-da-Cunha et al 2004; Hart et 

al 2007; Tabatabaie et al 2009; Tabatabaie et al 2010; Shaheen et al 2014; Acuna-Hidalgo 

et al 2014; Mattos et al 2015; Méneret et al 2012; El-Hattab et al 2016; Brassier et al 2016), 

ranging from the severe Neu-Laxova syndrome of multiple congenital abnormalities, 

intractable seizures, microcephaly and intellectual disability to milder expression of 

some or all of these findings, progressive polyneuropathy in adults (Acuna-Hidalgo et 

al 2014; El-Hattab et al 2016). The variability of phenotypes, as well as the amenability to 

treatment with oral L-serine and glycine, are thought to depend on the degree of residual 

enzyme activity (Acuna-Hidalgo et al 2014; Shaheen et al 2014; El-Hattab et al 2016). 

 

The biochemical hallmark of serine deficiency is a decreased concentration of serine 

in cerebrospinal fluid (CSF) and a low to borderline concentration in plasma, with low 

to normal glycine concentrations (de Koning 2017). Biochemical abnormalities are 

more pronounced and consistent in CSF than in plasma as plasma serine and glycine 

concentrations are affected by meals and can be normal when patients are not fasting 

(Van Der Crabben et al 2013; de Koning 2017). Age-related reference values for serine 

in CSF and plasma are essential to detect serine deficiency (Van Der Crabben et al 

2013). The diagnosis is confirmed by enzyme activity measurements and mutation 

analysis. While enzymatic assays for all enzymes involved in serine biosynthesis exist, 

they are not always conclusive (Hart et al 2007) and are complicated by problems in 

acquiring the substrate (3-phosphohydroxypyruvate) required for the 3-PGDH activity 

assay (de Koning 2017). Mutation analysis of all three genes may be warranted, but 

needs functional confirmation (El-Hattab et al 2016).
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Figure 1. Schematic of the de novo serine biosynthesis pathway. De novo serine biosynthesis 
is a side pathway of glycolysis. Firstly, 3-phosphoglycerate (3-P-glycerate) is oxidized to 
3-phosphohydroxypyruvate (3-P-hydroxypyruvate), by 3-phosphoglycerate dehydrogenase (3-
PGDH). Next, phosphoserine aminotransferase (PSAT) transfers the amino group of glutamate to 
3-phosphohydroxypyruvate, generating 3-phosphoserine (3-P-serine) and α-ketoglutarate. Lastly, 
3-P-serine is dephosphorylated to serine by phosphoserine phosphatase (PSPH). Additionally, serine 
hydroxymethyltransferase (SHMT) catalyses the transfer of serine’s amino group to tetrahydrofolate 
(THF) generating glycine and 5,10-methylenetetrahydrofolate (5,10-mTHF).

 

The difficulty in diagnosing serine biosynthesis defects is augmented by the existence 

of secondary serine deficiencies. Low serine and glycine concentrations have been 

reported in CSF and plasma of patients with severe encephalopathy associated with 

viral infection, brain edema and multiple organ failure (Keularts et al 2010; Surtees 

et al 1997; Van Der Crabben et al 2013). Additionally, inborn errors of metabolism 

that relate to serine metabolism, including homocystinuria and disorders of folate 

metabolism, have been reported to alter serine concentrations in CSF and plasma 

(Surtees et al 1997). Low concentrations of serine in CSF and plasma have also been 

observed in patients with severe respiratory chain defects, most likely because of 

abnormal redox state, leading to decreased NAD+ levels, the cofactor of 3-PGDH (van 

Karnebeek et al 2019; Van Der Crabben et al 2013).

In contrast to catabolic defects that ultimately lead to strong increases of specific 

amino acids, anabolic aminoacidopathies can be missed due to their subtle 

biochemical alterations. Serine defects are part of the expanding group of rare 
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treatable intellectual disability and epilepsy disorders (van Karnebeek et al. 2014; 

van Karnebeek et al. 2018). Therefore, a prompt and correct diagnosis is essential to 

optimize patient outcomes. Here we describe a method to analyse the flux through 

the pathway from glucose to serine and glycine in cultured skin-derived fibroblasts. 

This method provides a tool to detect the disorders of serine synthesis by functional 

analysis of an entire metabolic pathway. 

 
RESULTS

In cells collected immediately after addition of 13C6-glucose-containing medium, 
13C3-serine and 13C2-glycine were undetectable as expected. At t=0.5, 4 hours and 10 

hours, 13C3-serine and 13C2-glycine were detected in increasing amounts (Figure 2A).  

As enrichment of serine at t=10 hours was most reliably detected (based on the 

lowest standard deviations (SD) of signal intensities between replicates) (Table 1), 

this time point was used to define the reference range of 0.028-0.042 (mean of 13C3-

serine/total serine +/- SD). 13C2-Glycine enrichment was detected at t=4 and t=10 

hours. However, enrichment was very low (low signal intensities for 13C2-glycine and 

inconsistency between the biological replicates) making it hard to detect potentially 

decreased values in the patients’ fibroblasts (Figure 2B).

Table 1. De novo 13C3-serine production at t=10 hours in control fibroblasts
13C3-serine/total serine (n=3)
Average Standard deviation 

(SD)
Coefficient of Variation 
(CV %)

Control 1 day 1 0,035 0,002 6,9
day 2 0,037 0,008 21,1

Control 2 day 1 0,036 0,009 25,5
Control 3 day 1 0,034 0,005 15,5
Control 4 day 1 0,035 0,004 12,0
Control 5 day 1 0,044 0,004 9,5

day 2 0,035 0,008 22,5
Control 6 day 1 0,026 0,004 16,1
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Figure 2. De novo 13C3-serine and 13C2-glycine formation in control fibroblasts. A. 13C3-serine formation 
over time shows reliable detection and low standard deviations (SD) at t=10 hours. B. 13C2-glycine 
formation over time is low, being only reliably detected at t=10 hours. Results are represented as the 
mean of n=3 replicates (Controls 2, 3, 4 and 6) and n=6 replicates (Controls 1 and 5) ± SD. 

 

Figure 3. De novo 13C3-serine biosynthesis in fibroblasts of controls and patients. 13C3-serine was 
undetectable on the fibroblasts of both patients (i and ii) with phosphoserine aminotransferase 
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In cells from the 3-PGDH-deficient patient only 16% of 13C3-serine was formed as 

compared to the controls. 13C3-serine was not detectable in the two PSAT deficient 

patients, in line with their severe clinical presentations (severe psychomotor retardation, 

intractable seizures and spasticity). Cells from the patient with a secondary defect in 

serine synthesis due to mitochondrial glutamate oxaloacetate transaminase (GOT2) 

deficiency showed a 13C3-serine formation of 43% of controls. In fibroblasts from the 

3-PGDH-carrier, 13C3-serine formation was in the control range (118%). 

Cells from the two patients with decreased concentrations of serine in blood and/or 

CSF, but without a genetically confirmed diagnosis, formed normal amounts of 13C3-

serine (111% and 158%, respectively) (Figure 3).

 
DISCUSSION

The complexity of de novo serine biosynthesis defects, both clinical and biochemical, 

and the unsatisfactory results obtained with the current diagnostic tools led us to 

develop a stable isotope-based LC-MS/MS method for serine synthesis in skin-derived 

fibroblasts. This approach is conceptually different from currently used assays since it 

examines the efficacy of a complete pathway, instead of individual enzymes.

Cells from the 3-PGDH-deficient patient with residual enzyme activity, as analysed by 

a specific 3-PGDH assay, had strongly decreased serine synthesis (16% of controls). It 

is known that most 3-PGDH-deficient patients have considerably low enzyme activity, 

ranging between 12 and 25% of the lower range of reference values (Van Der Crabben 

et al 2013; Tabatabaie et al 2009). In this study we also included cells from a patient 

with low 3-PGDH activity in fibroblasts but with inconclusive mutation analysis 

(only a single variant of uncertain significance, VUS). These cells had a normal serine 

synthesis (118%), ruling out a serine biosynthesis defect and further demonstrating 

that the flux method can be more informative than the 3-PGDH enzyme test. The two 

PSAT-deficient patients had no detectable synthesis of 13C3-serine from 13C6-glucose. 

The first patient has a homozygous mutation c.296_297delinsTG (p.Ala99Val). The 

p.Ala99Val variant has already been described in the literature (Acuna-Hidalgo 

et al 2014; El-Hattab et al 2016) although due to a missense mutation (c.296C>T). 

The second PSAT-deficient patient had compound heterozygous variants, with a 

c.296_297delinsTG mutation and a VUS (Table 2). Our method demonstrates that this 

latter variant should be classified as pathogenic. 
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Table 2. Clinical, enzymatic, molecular and biochemical information of the enrolled patients 

Diagnosis Age
(yrs)

Sex 3-PGDH 
activity*

Mutation analysis Serine
enrichment
(mean + SD)

Serine
formation
(%)

3-PGDH-def. uk F 10
Compound heterozygous variants in PHGDH:
c.138+2dup p.? and c.1129G>A (p.Gly377Ser).

0.000-0.012 16

3-PGDH-carrier 10 M 15
Heterozygous variant in PHGDH: c.355A>T (p.Arg119Trp) 
(VUS).

0.038-0.045 118

PSAT(i)-def. 15 M 51
Homozygous variants in PSAT1: c.296_297delinsTG 
(p.Ala99Val).

0 0

PSAT(ii)-def. 8 F 57

Compound heterozygous variants in PSAT1: 
c.296_297delinsTG (p.Ala99Val) and c.698A>C 
(p.Gln233Pro) (VUS).
No mutations in PHGDH and PSPH genes

0 0

GOT2-def. 9 M np
Compound heterozygous variants in GOT2: 
c.617_619delTCT (p.Leu207del) and c.1009C>G 
(p.Arg337Gly)

0.012-0.018 43

Unknown(i) 59 F 30 No mutations in PHGDH, PSAT1 and PSPH genes 0.020-0.059 111
Unknown(ii) 50 M np No mutations in PHGDH, PSAT1 and PSPH genes 0.052-0.060 158

 
VUS, variants of uncertain clinical significance; M, male; F, female; uk, unknown; np, not performed. 
*3-PGDH activity reference range: 20-75 nmol/min.mg protein.

The two adult patients with unexplained low serine concentrations in CSF had a 

proficient de novo serine biosynthesis. The low serine levels reported in these two 

patients were likely due to other causes than genetic metabolic disturbances in the 

de novo serine pathway. 

Our method allows not only the diagnosis of primary serine defects, but also 

secondary defects, as observed by the reduced serine production in the GOT2-

deficient patient. In this case, an increased cytosolic NADH/NAD+ ratio due to a defect 

in the malate-aspartate shuttle explains the observed serine deficiency. Because 

3-PGDH is a NAD+-dependent enzyme, accumulation of NADH hampers 3-PGDH 

activity and consequently reduces the production of serine. It is important to note 

that glyceraldehyde 3-phosphate dehydrogenase (GAPDH; EC 1.2.1.12), a glycolytic 

enzyme upstream of 3-phosphoglycerate formation, is also NAD+-dependent. The 

increased NADH/NAD+ ratio may also hamper this enzyme activity, contributing to 

less 3-phosphoglycerate formation and consequently less serine synthesis. These 

findings confirm the hypothesis that serine synthesis is influenced by the cytosolic 

NADH/NAD+ ratio, and explains the serine deficiency in a patient with severe 

respiratory chain defect (Van Der Crabben et al 2013)

Our method is more sensitive than enzymatic methods and serves as a screen for the de 

novo serine biosynthesis pathway. Although enzymatic assays for all the proteins involved 

in serine biosynthesis exist, their results may not be reliable (Hart et al 2007). Inconclusive 

enzyme activity results were reported in a PSAT-deficient patient with low PSAT activity 

(≈50% of controls), but not sufficiently low to allow definite diagnosis of a deficiency 

disorder (Hart et al 2007). An additional problem of the 3-PGDH assay is the difficulty in 

acquiring the substrate, 3-phosphohydroxypyruvate, required for the enzyme assay (de 

Koning 2017). A drawback of the flux method is its inability to pinpoint the exact enzyme 

defect in cases of low serine synthesis. When a serine biosynthesis defect is biochemically 

confirmed by a reduced flux, the genetic analysis of PHGDH, PSAT1 and PSPH genes 

should be considered. A second drawback is the inability of using glycine enrichment 

as a diagnostic biomarker since the signal intensity of newly formed 13C2-glycine is very 

low and inconsistently found in our experimental conditions. This makes it hard to detect 

potentially decreased glycine values in the fibroblasts of the patients.

Here we describe a robust and sensitive method for diagnosing de novo serine 

biosynthesis defects. This method can be used to examine serine synthesis pathway 

when amino acid test results are abnormal, or Exome test results suggestive. This 

approach is an example of a more generic test of a complete metabolic pathway to 

validate biochemical or next generation sequencing findings, circumventing the 

need to develop separate assays for the individual enzymes of the pathway. 

 
MATERIAL AND METHODS

Patients
Seven patients with low serine concentrations in CSF and/or plasma and six controls 

were included in this study (Table 2). The cohort included one 3-PGDH-deficient 

patient, one patient with a low serine in CSF and heterozygous mutation in 3-PGDH, 

two PSAT-deficient patients, one mitochondrial glutamate oxaloacetate transaminase 

(GOT2)-deficient patient, and two patients with yet unexplained low concentrations 

of serine in CSF. Patients’ details are presented in table 2. All diagnoses were confirmed 

by mutation analyses.

Cell Culture
Dulbecco’s modified eagle medium (DMEM), high glucose, GlutaMAX™, pyruvate 

(Cat. No. 31966); DMEM-no glucose (Cat. No. 11966); fetal bovine serum (FBS; Cat. 

No. 10270); penicillin-streptomycin (P/S (10,000 U/mL); Cat. No. 15140) and trypsin-

ethylenediaminetetraacetic acid (trypsin-EDTA (0.5%), no phenol red; Cat. No. 15400) 
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were purchased from GibcoTM (ThermoFisher Scientific). Uniformly labelled 13C6-

glucose (99%) was purchased from Cambridge Isotope Laboratories, Inc. (MA, USA). 

Glucose was purchased from Sigma-Aldrich (Steinheim, Germany).

Fibroblasts were grown in 75 cm2 flasks and maintained in DMEM, high glucose, 

GlutaMAXTM, pyruvate (with 10% heat-inactivated FBS and 1% P/S), in a humidified 

atmosphere of 5% CO2 at 37ºC. Cells were passaged upon reaching confluence and 

medium was refreshed every 48 hours. 

Stable isotope analysis: de novo serine biosynthesis
Cells were plated on 6-well plates (400.000 cells per well), and allowed to grow for 7 

days. Medium was refreshed at days 2, 4 and 6. On the 7th day, cells were incubated 

with DMEM medium without glucose (DMEM, Cat. No.11966; supplemented with 

10% FBS and 1% P/S), to which 25 mmol/L uniformly labelled 13C6-glucose was 

added. Cells were harvested at t=0, 0.5, 4 and 10 hours. Before collection, cells were 

washed twice with cold PBS (4ºC) and harvested by scraping with 1.5 ml ice-cold 

methanol. Samples, in biological triplicates, were collected in 1.5 ml eppendorf 

tubes, centrifuged (16,200 g for 10 min at 4ºC), and the supernatants were transferred 

to new 1.5 ml eppendorf tubes. Samples were concentrated by evaporation at 40ºC 

under a nitrogen stream until complete dryness and reconstituted with 500 µl of 

UPLC-grade methanol (room temperature). The reconstituted samples were stored at 

-80ºC until amino acid analysis was performed.

Amino acid analysis
Serine and glycine were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).  

1,2,3,-13C3-serine and 1,2-13C2-glycine were purchased from Cambridge Isotope 

Laboratories (Massachusetts, USA). UPLC-grade acetonitrile (ACN) and methanol 

were purchased from Biosolve (Valkenswaard, the Netherlands). To determine the 

intracellular synthesis of serine and glycine, we adapted the LC-MS/MS method 

described by Prinsen (Prinsen et al 2016) to whole cell lysates. Biological triplicates for 

each time point were analysed, and the ratios of 13C3-serine/total serine (total serine 

= 13C3-serine + 12C3-serine) and 13C2-glycine/total glycine (total glycine = 13C2-glycine + 
12C2-glycine) were calculated to determine de novo biosynthesis of serine and glycine. 

Internal standards were not used to avoid interference with the signal of 13C3-serine 

and 13C2-glycine. The mass spectrometry (MS/MS) parameters used are described in 

table 3. To validate each MS/MS analysis, a set of quality control (QC) samples was 

used. Besides adapting the range of the calibrators to our samples’ concentrations, 

and using QC samples that resembled the signal intensities of our samples, no further 

adaptations were needed for sample preparation or analysis of the amino acids.

Table 3. Mass spectrometry (MS/MS) parameters used for the analysis of the amino acid standards

Amino Acid RT
(min)

Concentration
(µM)

Cone Voltage 
(V)

Collision Energy 
(V)

MRM-transition
m/z

Serine 8.5 1000 15 10 106.0 → 60.0
1,2,3-13C3-serine 8.5 400 15 10 109.0 → 61.9
Glycine 7.8 2000 15 6    76.0 → 30.1
1,2-13C2-glycine 7.8 600 15 6    78.0 → 31.1

RT, retention time; MRM, multiple reaction monitoring

Statistical analysis
Statistical significance was determined with unpaired two-tailed t-test, using 

GraphPad Prism 6 (version 6.0.2, GraphPad Software Inc.) software.
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ABSTRACT

Background: Pyridoxal 5’-phosphate (PLP) is the active form of vitamin B6. Mammals 

cannot synthesize vitamin B6, so they rely on dietary uptake of the different B6 forms, 

and via the B6 salvage pathway they interconvert them into PLP. Humans possess 

three enzymes in this pathway: pyridoxal kinase, pyridox(am)ine phosphate oxidase 

and pyridoxal phosphatase. Besides these, a fourth enzyme has been described in 

plants and yeast but not in humans: pyridoxal reductase. 

Methods: We analysed B6 vitamers in remnant CSF samples of PLP-treated patients 

and four mammalian cell lines (HepG2, Caco2, HEK293 and Neuro-2a) supplemented 

with PL as the sole source of vitamin B6.

Results: Strong accumulation of pyridoxine (PN) in CSF of PLP-treated patients was 

observed, suggesting the existence of a PN-forming enzyme. Our in vitro studies 

show that all cell lines reduce PL to PN in a time- and dose-dependent manner. We 

compared the amino acid sequences of known PL reductases to human sequences 

and found high homology for members of the voltage-gated potassium channel 

beta subunits and the human aldose reductases. Pharmacological inhibition and 

knockout of these proteins show that none of the candidates is solely responsible for 

PL reduction to PN.

Conclusions: We show evidence for the presence of PL reductase activity in humans. 

Further studies are needed to identify the responsible protein.

General significance: This study expands the number of enzymes with a role in B6 

salvage pathway. We hypothesize a protective role of PL reductase(s) by limiting the 

intracellular amount of free PL and PLP.

Keywords: Vitamin B6 vitamers, pyridoxal reductase, vitamin B6 salvage pathway, 

KCNAB2, AKR1B1 and AKR1B10.

INTRODUCTION

Vitamin B6 is present in the human body as six interconvertible vitamers: pyridoxal (PL; 

aldehyde group at C4’), pyridoxine (PN; alcohol group at C4’), pyridoxamine (PM; amine 

group at C4’), and their 5’-phosphate esters pyridoxal 5’-phosphate (PLP), pyridoxine 

5’-phosphate (PNP) and pyridoxamine 5’-phosphate (PMP) (Snell 1953) (Figure 1). 

Vitamin B6 is catabolized to 4-pyridoxic acid (PA) which is excreted in urine (Hufft and 

Perlzeig, 1944). PLP, the metabolically active form of vitamin B6, is an essential cofactor 

in human metabolism. A total of 56 PLP-dependent enzymes are currently known to 

exist in humans according to the B6 database (Percudani and Peracchi, 2009). Most 

PLP-dependent reactions involve the metabolism of amino acids, neurotransmitters 

(such as γ-aminobutyric acid, dopamine, serotonin, epinephrine and norepinephrine), 

nucleic acids and carbohydrates (Ueland et al., 2015). 

Although all organisms depend on vitamin B6 to survive, only microorganisms 

and plants can synthesize it de novo (Fitzpatrick et al., 2007). Mammals acquire 

B6 vitamers from the diet and convert them to PLP, using the vitamin B6 salvage 

pathway (Di Salvo et al., 2011) (Figure 1). Vitamin B6 enters the cells after hydrolysis 

of the phosphorylated forms by the membrane-bound tissue non-specific alkaline 

phosphatase (TNSALP; EC 3.1.3.1) (Waymire et al., 1995). Once inside the cells, PL kinase 

(PDXK; EC 2.7.1.35) phosphorylates the hydroxymethyl group of PL, PN and PM to their 

respective 5’-phosphate forms (Hanna et al., 1997). Pyridox(am)ine phosphate oxidase 

(PNPO; EC 1.4.3.5) catalyses the oxidation of PNP and PMP to PLP (Mills et al., 2005). 

Dephosphorylation of PLP, PNP and PMP, as catalysed by PL phosphatase (PDXP; EC 

3.1.3.74), is one of the mechanisms that cells have to control the amount of intracellular 

PLP concentrations (Jang et al., 2003). An additional enzyme with a role in the B6 salvage 

pathway has been reported in yeast and plants, but never in humans. This enzyme, PL 

reductase (EC 1.1.1.65), is a member of the aldo-keto reductase (AKR) family (Nakano et al.,  

1999) and catalyses the reduction of PL to PN, simultaneously oxidizing NADPH to 

NADP+ (Guirard and Snell, 1988). PL reductase activity was first reported in the budding 

yeast Saccharomyces cerevisiae. Guirard and Snell purified the enzyme and showed 

that between a pH of 6.3 and 7.1 (the intracellular pH of S. cerevisiae) its equilibrium 

lies towards PN formation. In addition, the authors proposed that formation of PLP 

followed the route: PL → PN → PNP → PLP, since PN was the preferred substrate for PL 

kinase in this yeast (Guirard and Snell, 1988). 
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Figure 1. The human vitamin B6 metabolic pathway. Membrane-bound alkaline phosphatase (ALP) 
dephosphorylates circulating PLP, PMP and PNP to their corresponding unphosphorylated forms 
(PL, PM and PN), in order to cross the cellular membrane. Inside the cells, PL kinase phosphorylates 
the hydroxymethyl group of PL, PN and PM into their respective 5’-phosphate forms. Pyridox(am)ine 
phosphate oxidase (PNPO) catalyses the oxidation of PNP and PMP to PLP. Dephosphorylation of PLP, 
PNP and PMP is catalysed by PL phosphatase. Aminotransferases use PLP during the interchange of 
the amino group between one amino acid and an α-keto acid, producing PMP as an intermediary in 
the first part of the reaction. The dashed arrow represents the place that PL reductase may occupy in 
vitamin B6 metabolism.
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Extracellular In 1998, Yagi et al reported that the fission yeast Schizosaccharomyces pombe 

accumulated PN intracellularly not only when exposed to PN, but also during 

incubation with PL (Yagi et al., 1998). The same group subsequently purified the PL 

reductase of S. pombe and characterized its catalytic activity (Nakano et al., 1999). 

Several years later, plr1+ was identified as the PL reductase-encoding gene in S. 

pombe (Morita et al., 2004), but the existence of other enzyme(s) with PL reductase 

activity was also proposed since strains of S. pombe with deleted plr1+ still produced 

low amounts of PN when incubated with PL (Morita et al., 2004). 

The presence of proteins with PL reductase activity has also been reported in plants. 

AtPLR1 was shown to catalyse the reduction of PL to PN in Arabidopsis thaliana 

(Herrero et al., 2011). AtPLR1 knockdown lines were shown to increase the expression 

of two other salvage pathway genes (PDX3, encoding the PL (PN, PM) kinase and 

SOS4, encoding PNP(PMP) oxidase), while little to no changes were observed in the 

expression of the de novo pathway genes (PDX1.1, PDAX1.2, PDX1.3 and PDX2). In 

addition, AtPLR1 was significantly up-regulated when PDX3 and SOS4 were knocked 

down, leading to the conclusion that the AtPLR1-protein plays a role in the vitamin 

B6 salvage pathway (Herrero et al., 2011).

In this study, we provide evidence for the presence of protein(s) with PL reductase 

activity in humans. Analysis of B6 vitamers in cerebrospinal fluid (CSF) samples of PLP-

treated patients revealed surprisingly high concentrations of PN, thus suggesting the 

existence of a PN-forming enzyme. In addition, using in vitro studies, we discovered 

a cell-type-, time- and dose-dependent behaviour of PL reductase activity in various 

mammalian cell lines. Further studies are needed to identify the protein responsible 

for PL reductase activity in humans. Knockout models for several genes encoding 

the potential human PL reductase and pharmacological inhibition studies of these 

candidates unfortunately did not allow for the discovery of the responsible enzyme.

MATERIAL AND METHODS

Cell culture 
General steps
HepG2, Neuro-2a, Caco2 and HEK293 cells were purchased from the ATCC Cell Biology 

Collection. Dulbecco’s modified eagle medium (DMEM) GlutaMAX™ (31966), vitamin 

B6-free DMEM GlutaMAX™ (custom made 31966-like), fetal bovine serum (FBS; 

10270), penicillin-streptomycin (P/S; 15140) and trypsin-ethylenediaminetetraacetic 

acid (trypsin-EDTA, 0.5%) were purchased from Gibco (Invitrogen Life Technologies). 
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Pyridoxal hydrochloride (PL-HCl) was purchased from Sigma-Aldrich (Steinheim, 

Germany). Cells were grown in 75 cm2 flasks and maintained in DMEM GlutaMAX™ 

(supplemented with 10% heat-inactivated FBS (FBS-HI) and 1% P/S), in a humidified 

atmosphere of 5% CO2 at 37ºC. When cells reached optimal confluence (>80%) they 

were washed twice with room temperature (RT) PBS and plated in 96-well plates by 

trypsinization with 0.05% trypsin-EDTA. 

Evaluation of PL reduction to PN
Cells were grown in 96-well plates and kept in DMEM GlutaMAX™ (supplemented with 

10% FBS-HI and 1% P/S), in a humidified atmosphere of 5% CO2 at 37ºC. Media were 

refreshed with DMEM GlutaMAXTM (suppl. with 10% FBS-HI and 1% P/S) 24 h before 

exposure to different PL concentrations. On the day of exposure, confluent wells were 

pre-incubated for 1 hour with vitamin B6-free DMEM GlutaMAX™ (with 10% FBS-HI 

and 1% P/S). Vitamin B6-free DMEM GlutaMAX™ medium with FBS-HI was analysed 

and the contribution to the B6 vitamers concentrations proved to be minimal: PL 

10 nM; PN 5 nM; PM 2 nM; while no phosphorylated vitamers (PLP, PNP and PMP) 

were detectable. The pre-incubation step was introduced to remove intracellular PN 

from the cells. After pre-incubation, cells were exposed to different experimental 

conditions: cells were either exposed to vitamin B6-free DMEM GlutaMAX™ (with 10% 

FBS-HI and 1% P/S) without PL (or any other source of vitamin B6) or to medium 

supplemented with PL (0.1, 100 and 1000 µmol/L), in a humidified atmosphere of 5% 

CO2 at 37ºC. Triplicates of each condition were collected at t=4, 24 and 48 hours after 

exposure. Media of the four PL conditions (0, 0.1, 100 and 1000 µmol/L), kept at 37ºC 

in the absence of cells, were collected at the same time points. In the absence of cells, 

no spontaneous PN formation was observed under the experimental conditions. The 

residual content of PN (derived from the 10% FBS-HI supplement and PL-supplement 

impurity) was subtracted to PN secreted by cells. 

Generation of knockout clones by CRISPR-Cas9 in HepG2 cells
HepG2 cells were transiently transfected with pSpCas9(BB)-2A-GFP (PX458) 

(Ran et al., 2006) encoding sgRNAs targeting KCNAB2, AKR1B1 or AKR1B10. 

sgRNAs were designed with http://crispor.tefor.net/ (Haeussler et al., 2016) and 
target coding sequences just upstream of a series of conserved residues, which 

in KCNAB2 have been defined as catalytic residues by Weng et al (Weng et al., 

2006) (see also figure 3). For KCNAB2 the following sgRNAs were used: sgRNA2: 

ATCTTACCTCATCGGTGATC, sgRNA3: ATCGGTGATCTGGCCTCCGA or sgRNA4: 

AGACTTCTGCTGTATCGAAG; for AKR1B1 sgRNA2: GTGAAGGTGGCCATTGACGT and 

for AKR1B10 sgRNA1: GTGGCCATTGATGCAGGATAT. In all cases GFP-positive cells 

were sorted using a FACSAria II flow cytometer (BD) and plated in 10 cm dishes. 

Colonies were picked from these plates after 1 week and expanded. To confirm 

KCNAB2 absence, genomic DNA from candidate clones was isolated using the 

QIAamp DNA Micro kit (QIAGEN). The targeted genomic region was amplified by PCR 

using the forward primer 5′-CTGAGCACCGACGGGATAAT-3′ and the reverse primer 

5′-GCTGCATTCCCAATGACCAA-3’. PCR fragments were sequenced and analyzed by 

TIDE (https://tide.nki.nl/).  If TIDE predicted PCR products to only contain indels 

resulting in reading frame shifts, PCR fragments were cloned into pJET (Thermo 

Scientific). Multiple pJET clones were sequenced to identify the exact nucleotide 

sequence of targeted alleles. In most cases, sequencing results were consistent with 

TIDE predictions. HepG2 clones with out of frame alleles only were considered to 

be mutant. For AKR1B10 the same approach was used but the genomic locus was 

amplified with the forward primer: 5′-TCCCTTGGGGTTATTTAGAG-3′, and reverse 

primer: 5′-AGAGTTCTTGCTGCCAACC-3’. Absence of AKR1B1 was demonstrated by 

Western blot analysis following standard molecular biology procedures, using a 

rabbit anti-AKR1B1 polyclonal antibody (Abcam cat. Ab62795; diluted 1:5000); mouse 

monoclonal anti-GAPDH (EMD Millipore cat. MAB374; diluted 1:5000) and anti-RaIA 

(BD transduction cat. 610222; diluted 1:5000) antibodies were used as loading 

controls. Coding sequences of KCNAB2, AKR1B1 and AKR1B10 and protein sequences 

are provided in Supplementary figure 1.

Pharmacological inhibition of PL reductase activity 
3,4-Dihydroxyphenylacetic acid (DOPAC), rutin, resveratrol, zopolrestat, tolrestat 

and oleanolic acid were purchased from Sigma-Aldrich (Steinheim, Germany). Stock 

solutions (100 mmol/L) of each inhibitor were prepared in 1% DMSO. HepG2 cells 

were grown in 96-well plates. When optimal confluence was reached, each well was 

washed twice with RT PBS and pre-incubated for 1 hour with vitamin B6-free DMEM 

GlutaMAX™ (with 10% FBS-HI and 1% P/S). After pre-incubation, cells were incubated 

for 20 minutes with vitamin B6-free medium and 100 µmol/L of each inhibitor (DOPAC, 

rutin, resveratrol, zopolrestat, tolrestat and oleanolic acid). Subsequently, cells were 

incubated with medium containing equimolar concentrations (100 µmol/L) of each 

inhibitor and of PL. Medium, in triplicate, was collected at t=15 and 30 minutes 

after exposure to the experimental conditions. The amount of PN present in these 

media was subtracted from the residual content of PN (derived from the 10% FBS-HI 

supplement and PL-supplement impurity).
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Vitamin B6 vitamer analysis in CSF samples of PLP-treated patients 
and medium samples of the different mammalian cell lines
Vitamin B6 vitamers were quantified in remnant CSF samples of two PLP-treated 

patients according to the UPLC-MS/MS method described by van der Ham et al (van 

der Ham et al., 2012). The medium samples from our in vitro studies were analysed 

using the same method. Apart from adapting the range of the calibrators to the 

samples’ concentrations, and dilution of the medium samples (1:10 and 1:100) with 

TCA, no further adaptations were needed for sample preparation or vitamer analysis.

Statistical analysis 
Unpaired two-tailed t-tests were performed using GraphPad Prism 6 (version 6.0.2, 

GraphPad Software Inc.) software.

 
RESULTS

Pyridoxine accumulates in cerebrospinal fluid of children on PLP 
treatment
B6 vitamers were analysed in CSF samples of two children treated with PLP (Table 1).  

In addition to PL, PLP, PM and PA, metabolites commonly elevated in vitamin B6-

treated patients, PN was strongly elevated (368 and 168 nmol/L; ref. range: <0.03 

nmol/L (Albersen et al., 2012)) (Table 1). Contamination of the PLP supplement with 

PN, as a potential cause for the high PN level, was excluded: a single tablet of PLP 

(50 mg) was found to contain only 15 ng of PN (0.00003%, i.e. less than 0.1 nmol). 

In addition to the patients described above, table 1 displays the plasma B6 vitamer 

profile of reported PLP-treated patients (Footitt et al., 2013; Mathis et al., 2016). 

Mammalian cells reduce pyridoxal to pyridoxine
Four mammalian cell lines (mouse neuroblastoma (Neuro-2a) cells; human 

embryonic kidney (HEK293) cells, human hepatocellular carcinoma (HepG2) cells, 

and human colorectal adenocarcinoma (Caco2) cells) were incubated with increasing 

concentrations of PL to study in vitro reduction of PL to PN. Secretion of PN was 

observed in all the tested cell lines in a dose- and time-dependent fashion, when 

PL was added to the culture medium (Figure 2). In contrast, no PN secretion was 

observed in any of the tested cell lines when PL was absent from the culture medium 

(data not shown). The highest secretion of PN was observed in HepG2 cells, followed 

by Caco2, Neuro-2a and HEK293 cells (Figure 2). Therefore, subsequent studies on 

reduction of PL to PN were performed in HepG2 cells.

Figure 2. Pyridoxine accumulates in the medium of four mammalian (Hek293, Neuro2a, Caco2 and 
HepG2) cell lines. Pyridoxine secretion in the culture medium is dose- and cell type-dependent, and 
observed in all of the four studied cell lines, upon PL supplementation. 

Human homologs of PL reductase
To identify the human pyridoxal reductase enzyme, the Basic Local Alignment Search 

Tool (BLAST, NCBI) was used to identify possible homologues of PL reductase from yeast 

(plr1+ in S. pombe; accession number: CAB16409.1; GI number: 2414666) and plant 

(AtPLR1 in A. thaliana; accession number: NP_200170.2; GI number: 30696358). The 

highest homology scores for both plr1+ and AtPLR1 were for members of the auxiliary 

beta subunits of the voltage-gated potassium channel family (KCNAB; EC 1.1.1.-)  

and the human aldose reductase family (AR; EC 1.1.1.21). Based on sequence homology 

(Figure 3), we tested three candidate proteins as human pyridoxal reductases: the 

auxiliary β2 subunit of the voltage-gated potassium channel (KCNAB2), and the 

aldose reductase (AKR1B1) and aldose reductase-like (AKR1B10) proteins.

Figure 2
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Table 1. B6 vitamer concentrations in CSF and plasma samples of children treated with pyridoxal 
5’-phosphate

Vitamin B6 vitamers (nmol/L)

Ref.
Body
fluid

Diagnosis 
and Clinical 
information

Age
Therapy, 
Dosage

PLP PL PMP PM PNP PN PA

Ref. 
range a CSF

<2 weeks
>2 weeks

19-221
8-76

16-199
14-103

< 5.4d

< 5.4d

0.3-3.3
0.3-1.4

nd < 0.03d

< 0.03d

1.9-52
0.9-11

1 CSF No ATQ nor PNPO 
deficiencies

1 d PLP, 90 mg/day 54 3940 nd 63 nd 368 548

2 CSF ATQ deficiency 17 d PLP, 100 mg/day 129 2078 nd 19 nd 168 136

Ref. 
range b Plasma 4.3 y – 16 y 46-321 4.6-18.1 nd-9.3 nd nd nd-0.62

16.4-
139

Known IEM affecting vitamin B6 metabolism
3 b Plasma PNPO deficiency 2 y 2 m PLP, 30 mg/

kg/day
580 426.8 18 192.7 43 575 792.8

4 b Plasma PNPO deficiency 10 y 2 m PLP, 30 mg/
kg/day

632.6 5798 101 2731 77.2 598.8 7926.3

Seizures fully responsive to vitamin B6 (No ATQ nor PNPO deficiencies)
5 b Plasma PLP responsive 6 y 5 m Lamotrigine 

and PLP, 30 mg/
kg/day

709.4 7893 nd 28 nd 32 7331

Seizures partially responsive to vitamin B6 (No ATQ nor PNPO deficiencies)
6 b Plasma Asperger 

Syndrome, 
seizures, 
PLP responsive

13 y 3 m PLP, 30 mg/
kg/day

306.4 8452.5 4.1 5.1 nd 2.7 5031.9

7 b Plasma Partially PLP 
responsive

2 y 7 m PLP, 30 mg/
kg/day

478.4 102.4 6.8 nd nd 0.31 144.6

Ref. 
range c Plasma < 18 y 10-289 4-85 na < 1 na < 1 5-564

8 c Plasma PNPO deficiency 3 y PLP, 50 mg/day 1080 4180 na 1180 na 1210 3340
4 y PLP, 690 mg/day 919 6800 na 1180 na 1570 9610

9 c Plasma PNPO deficiency na PN + PLP, 100 + 
90 mg/day

412 7640 na 2050 na 11100 4940

a Albersen et al., 2012; b Footitt et al., 2013; c Mathis et al., 2016; d Determined limit of quantification 
(LOQ) of this B6 vitamer. nd, not detected; na, not available; PLP, pyridoxal 5’-phosphate; PL, pyridoxal; 
PMP, pyridoxamine 5’-phosphate; PM, pyridoxamine; PNP, pyridoxine 5’-phosphate; PN, pyridoxine; 
PA, 4-pyridoxic acid; PNPO, pyridox(am)ine 5’-phosphate oxidase; ATQ, antiquitine; CSF, cerebrospinal 
fluid; y, years; m, months; d, days. Reference ranges were established using samples from patients not 
affected by disorders of vitamin B6 metabolism and not treated with vitamin B6. Values outside the 
reference range are shown in bold.

A
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Figure 3. A. Amino acid sequence alignment of two known PL reductases from yeast (plr1+ in S. 
pombe) and plant (AtPLR1 in A. thaliana) with the human KCNAB1, KCNAB2, KCNAB3, AKR1B1 and 
AKR1B10 sequences. The alignment was done with ClustalX and manually improved on the basis 
of secondary structure prediction using Jpred (http://www.compbio.dundee.ac.uk/jpred). 
Predicted alpha-helices are marked yellow, beta-sheets are marked turquoise. Catalytic residues that 
function in aldo-keto reductase activity in KCNAB2 (Weng et al., 2006) and are conserved in AKR 
proteins are marked by red asterisks below the sequence alignment. Cas9 nuclease sites (-3 relative 
to the PAM sequence) are located in (KCNAB2, AKR1B1) or immediately downstream of (AKR1B10) 
codons that have been marked green. B. Pairwise alignment of the proteins shown in A using the 
NCBI Basic Local Alignment Tool (BLAST). For each combination the percentage of identity is shown 
in bold with the number of residues used to calculate this percentage below. In between brackets the 
percentage of similarity is shown. Note that the regions of yeast PLR1 aligned to AKR-members are 
short. However, PLR1 from Arabidopsis, which has also been functionally characterized, does show 
significant similarity over extended regions to both KCNAB and AKR members. This is also reflected in 
the E-values (shown in grey cells).

The β2 subunit of the voltage-gated potassium (Kv) channel 
To verify whether KCNAB2 represents the human PL reductase, KCNAB2-/- HepG2 cells 

were generated by CRISPR/Cas9 technology. Despite complete absence of KCNAB2 

protein (Figure 4A), the amount of PN secreted to the culture medium, after 4 hours 

of incubation with 100 µmol/L of PL, was not reduced when compared to control 

cells, thus disproving the hypothesis of KCNAB2 representing the sole human PL 

reductase (Figure 4B). Pharmacological inhibition studies with KCNAB2-specific 

inhibitors (3,4-dihydroxyphenylacetic acid (DOPAC), rutin and resveratrol) (Alka et al.,  

2014) showed that none of these inhibitors lead to significant decreases of PN 

secretion (Figure 4C), thus corroborating the results obtained with the KCNAB2-

knockout clones.

B

Figure 4. KCNAB2 protein as a potential human pyridoxal reductase. A. Confirmation of KCNAB2-
knockout in HepG2 cells, after CRISPR/Cas9, was achieved by sequencing. Representative clone: 
comparison of the sequence of KCNAB2 wild type cells and KCNAB2_2.5 clone, which contains a 
homozygous deletion of 17 nucleotides (marked with an asterisk in the wild type sequence). The 
proto-spacer adjacent motif (PAM) sequence is marked in grey. B. PN secretion in KCNAB2-deficient 
HepG2 clones. All results are represented as the mean of triplicates ± SD; * P<0.05. C. The effect of 
specific KCNAB2 inhibitors on PN secretion. All results are represented as the mean of triplicates ± SD; 
ns, not significant.
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Figure 5. AKR1B1 and AKR1B10 proteins as potential human pyridoxal reductases. A. Confirmation 
of AKR1B1-knockout in the HepG2 cells, after CRISPR/Cas9, was achieved by Western Blot analysis. 
Complete absence of AKR1B1 in clones 2.3 and 2.12 at the protein level is observed, while clones 
2.11 and 3.7 contain an intact AKR1B1 gene. GAPDH is shown as a loading control. B. Confirmation 
of AKR1B1/10-double knockouts, after CRISPR/Cas9: Western blot showing absence of AKR1B1 in 
AKR1B10-/- clone 1.4 (clones 2.02 and 2.06) at the protein level. Clones 2.03 and 2.07 contain an intact 
AKR1B1 gene. RalA is shown as a loading control. C. AKR1B10-knockout confirmation, after CRISPR/
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Cas9, was achieved by sequencing. Representative clone: comparison of the sequence of AKR1B10 
wild type cells and AKR1B10-/-_1.4 clone, which contains a homozygous deletion of 11 nucleotides 
(marked with an asterisk in the wild type sequence). The PAM sequence is marked in grey. D. PN 
secretion in AKR1B1-/- AKR1B10-/- and double knockout HepG2 clones. All results are represented 
as the mean of triplicates ± SD; ns, not significant. E. The effect of AKR1B1- and AKR1B10-specific 
inhibitors on PN secretion. All results are represented as the mean of triplicates ± SD; * P<0.05.

The human aldose reductase (AR) 
The human proteins with the second highest sequence homology to plr1+ and AtPLR1 

were the aldose reductase and aldose reductase-like proteins (AKR1B1 and AKR1B10, 

respectively). To study the role of these proteins in reduction of PL to PN, we generated 

AKR1B1-/-, AKR1B10-/- and AKR1B1/10-/- knockout HepG2 cells. Absence of AKR1B1-/- 

and AKR1B1/10-/- was confirmed by Western Blot analysis (Figures 5A and 5B), while 

absence of AKR1B10 was confirmed by sequencing (Figure 5C). No differences in PN 

secretion, after 4 hours of incubation with 100 µmol/L PL, were observed between 

HepG2 control cells and AKR1B1-/-, AKR1B10-/- and AKR1B1/10-/- knockout clones 

(Figures 5D). Pharmacological inhibition studies with AKR1B1-specific inhibitors 

(tolrestat and zopolrestat) and the AKR1B10-specific inhibitor (oleanolic acid) (Zhang 

et al., 2013) were also performed. Zopolrestat strongly inhibited PN secretion (47% 

(P<0.05) inhibition at t=15 minutes and 61% inhibition (P<0.05) at t=30 minutes) 

(Figure 5E), while the other two inhibitors did not significantly affect PN secretion. 

 
DISCUSSION

Three decades have passed since PL reductase activity was discovered in yeast 

(Guirard and Snell 1988), followed more recently by its description in plants (Herrero 

et al., 2011). No mammalian PL reductase has been described to date. However, 

the presence of a reductase acting on PL is suggested by reports on increased PN 

concentrations in plasma of PLP-treated patients (with PNPO deficiency or with other 

seizure disorders responsive to vitamin B6) (Footitt et al., 2013; Mathis et al., 2016). 

Presence of PN in CSF and plasma has mainly been observed in PN-treated patients, 

being absent in untreated subjects (Footitt et al., 2013; Mathis et al., 2016). Here, we 

confirm the in vivo reduction of PL to PN by demonstrating the presence of PN in CSF 

of two PLP-treated patients. Furthermore, experiments in cultured cells reveal that 

PN is rapidly formed from PL in a time- and dose-dependent and cell-type specific 

fashion. Liver (HepG2) cells secrete the highest amount of PN, followed by intestinal 

(Caco2), neuronal (Neuro-2a) and kidney (HEK293) cells. These data suggest that PL 

reductase activity shows tissue dependence. Likewise, there is tissue dependency 
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of other enzymes acting on PL. PL can be phosphorylated by pyridoxal kinase, 

converted into pyridoxic acid by aldehyde oxidase and/or aldehyde dehydrogenase 

and, as presented by our work, reduced to PN. The interplay between uptake of PL 

and these enzymes determines the amount of PN formed. 

Based on homology to the known PL reductase amino acid sequences of S. pombe and A. 

thaliana, we tested three candidate proteins as human pyridoxal reductases: the auxiliary 

β2 subunit of the voltage-gated potassium (Kv) channel (KCNAB2) and the aldose 

reductase and aldose reductase-like (AKR1B1 and AKR1B10, respectively) proteins. 

The voltage-gated potassium channels are the most complex class of the voltage-gated 

ion channels both from a functional and a structural point of view (Tipparaju et al. 

2008). Their diverse functions include regulation of neurotransmitter release, heart rate, 

insulin secretion, neuronal excitability, epithelial electrolyte transport, smooth muscle 

contraction, and cell volume (Tipparaju et al., 2008). The β-subunits of the potassium 

channels are cytoplasmic and associate in a 4:4 stoichiometry with the N-terminus of 

the membrane-spanning α-subunits (McCormack et al., 2002; Tipparaju et al., 2005; 

Torres et al., 2007). Furthermore, the β-subunits are members of the AKR superfamily, 

containing an active site composed of conserved catalytic residues, a coenzyme and a 

substrate binding site (Liu et al., 2001; Bähring et al., 2001). The Kvβ2-subunit is the most 

strongly expressed Kv1-associated β-subunit protein (McCormack et al., 2002). Although 

the catalytic and kinetic mechanisms of Kvβ2 are poorly understood and its substrate 

specificity is unknown, valuable information on its substrate preference is available in the 

literature. The β2-subunit has a strong affinity for the reduced pyridine coenzyme NADPH, 

suggesting that the protein functions mainly as a reductase rather than as an oxidase 

(Liu et al., 2001). Besides oxidation of NADPH to NADP+, the β2-subunit catalyses the 

reduction of both aldehydes and ketones. Interestingly, the β2-subunit reduces preferably 

aldehydes and aromatic substrates (Tipparaju et al., 2008), all chemical characteristics of 

PL, which has an aromatic pyridine ring and an aldehyde functional group at C4’ (Figure 1).  

Deletion of KCNAB2 and the use of KCNAB2-specific inhibitors however, failed to decrease 

PL to PN reduction, suggesting that KCNAB2 does not function as the sole human PL 

reductase. However, redundancy in enzyme activity between the three β-subunits (β1, 

β2 and β3) may occur, minimizing the deleterious effect of a β2-subunit deletion. 

The second family of proteins with the highest amino acid homology to the known 

PL reductases were the human aldose reductases.  Even though the primary structure 

of the yeast PL reductase shows low identity with the known human aldo-keto 

reductases (AKRs), the secondary structure was reported to be similar to that of the 

human aldose reductase (Nakano et al., 1999).

The use of zopolrestat, an AKR1B1-specific inhibitor, strongly inhibited PN-secretion 

in our HepG2-WT cell model. Nevertheless, we were unable to confirm PL reductase 

function of AKR1B1 in a genetic AKR1B1-knockout cell line, showing that zopolrestat 

may be inhibiting other proteins, rather than AKR1B1, with a role in reducing PL 

to PN. The use of oleanolic acid, the AKR1B10-specific inhibitor, failed to inhibit PL 

reduction. Redundancy between AKR1B1 and AKR1B10 but also with other cellular 

reductases likely occurs. To study the redundancy between both aldose reductases 

we generated AKR1B1/AKR1B10-/- knockouts. These double knockouts secreted the 

same amounts of PN as the control cell lines.  Interestingly, when PL reductase was 

identified in S. pombe (Morita et al., 2004), the authors had already proposed the 

presence of other enzymes with PL reductase activity in those yeast strains besides 

the one encoded by the plr1+ gene. 

Although our in vitro studies were unable to identify the enzyme responsible for 

reducing PL to PN, we present strong evidence for its existence. We clearly show that 

CSF samples of patients treated with PLP have increased PN levels, corroborating 

the existence of enzymes with PL reductase activity in humans. Similar results have 

been reported in plasma samples of PLP-treated patients, even though up to date 

no explanation was given for this puzzling finding. In our study, all mammalian cell 

lines reduced PL to PN and secreted PN to the culture medium in a time- and dose-

dependent way. Although these findings are not entirely understood, PL reductase(s) 

may play an important role in cellular detoxification and protection, since it is a well-

known fact that PLP, and to a lesser extent PL, react non-enzymatically with primary 

amino groups of amines and amino acids through their adehyde group at C4’ (Di 

Salvo et al., 2011). The electrophilic characteristics of the aldehyde group at C4’ derive 

from the existence of a protonated pyridinium hydrogen (N1’) and a phenoxide anion 

at C3’. These stabilize the protonated state of the imine nitrogen during the formation 

of the Shiff base between PL(P) and substrates (Di Salvo et al., 2011). PN, on the 

other hand, has a hydroxymethyl group (-CH2OH) at C4’, leading to a lower reactivity 

towards amino groups and therefore less cellular toxicity.

 
CONCLUSIONS

Here, we show that mammalian cells, like plants and yeast, secrete PN in a PL (time 

and dose) dependent fashion, suggesting the existence of PL reductase activity. 

Physiologically, PL reductase(s) may serve to limit intracellular accumulation of the 

reactive aldehydes, PL and PLP, protecting the cell from unwanted reactions that 

could lead to inactivation of important metabolites.
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Supplementary figure 1. Coding sequences of KCNAB2, AKR1B1 and AKR1B10 and protein sequence 
indicated in single letter code. Catalytic residues are marked red. Pam sequences of guide RNAs used 
in this study are marked blue. Cas9 endonuclease sites are located 3 bp downstream of the PAM 
sequences indicated in KCNAB2, 3 bp upstream in the case of AKR1B1 and AKR1B10.
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Vitamin B6 is essential for normal brain metabolism and development (Surtees et al. 

2006). Pyridoxal 5’-phosphate (PLP; the metabolically active form of vitamin B6) acts 

as a cofactor in more than 160 enzyme-catalysed reactions (Percudani and Peracchi, 

2009). PLP deficiency can be caused by either nutritional limitations, inborn errors 

of vitamin B6 metabolism or genetic defects in metabolic pathways that lead to 

decreased bioavailability or inactivation of intracellular PLP (Clayton 2006). 

This thesis describes the discovery of a new inborn error of metabolism: mitochondrial 

glutamate oxaloacetate transaminase (GOT2) deficiency (Chapters 3 and 4). The four 

known affected patients suffer from epilepsy and severe developmental delay. As 

GOT2 is a PLP-dependent enzyme, some of the patients were treated with pyridoxine 

(PN), with positive clinical results. Probably, PLP acts by promoting the residual 

GOT2-enzyme activity (enzyme activity in the four affected patients ranged from 8 to 

21%), stimulating the malate aspartate shuttle (MAS) in which GOT2 is an important 

player. A striking finding in the patient with the lowest GOT2-enzyme activity was a 

decreased concentration of serine in blood. Low concentrations of serine in blood 

and CSF have previously been described in patients with a serine biosynthesis defect, 

disorders with similar clinical phenotypes to GOT2 deficiency. In the GOT2-deficient 

patients, primary defects of serine synthesis were excluded and we demonstrated 

that the low serine was secondary to disturbances in the cytosolic redox balance. This 

is an important finding for two reasons: 1) supplementation of serine is a treatment 

option that has already shown beneficial effects on seizure reduction; and 2) our 

findings led to the hypothesis that any cause of cytosolic redox imbalance may lead 

to a secondary serine deficiency. Thus, also for patients with other disorders of the 

MAS and related pathways, serine supplementation may be beneficial. Interestingly, 

serine has not been reported to be altered in the other three known MAS defects 

(mitochondrial malate dehydrogenase, MDH2; aralar, SLC25A12; and citrin, SLC25A13 

deficiencies). Reasons for this may be the fact that subtle decreases of serine levels 

may be missed during diagnostic work-up because 1) lactate, pyruvate and other 

organic acids are more prominently altered; and 2) serine biochemical abnormalities 

are more pronounced and consistent in CSF than in plasma (the most abundant 

type of sample to arrive the laboratory) because plasma serine concentrations are 

affected by meals and can be normal when patients are not fasting (Van Der Crabben 

et al. 2013; de Koning 2017). Future studies in the Utrecht metabolic laboratory will 

investigate this hypothesis by studying the in vitro serine biosynthesis in genetically 

modified cell lines with the individual defects of the MAS. 
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GOT2 deficiency not only results in a decreased concentration of serine, but has a 

range of other biochemical consequences. All patients have increased concentrations 

of lactate and ammonia in blood. The increased lactate is the direct consequence 

of the impaired re-oxidation of cytosolic NADH due to defective MAS, whereas the 

increase in ammonia is caused by aspartate deficiency. In humans, the amount of 

aspartate taken up from the blood is very limited (Palmieri 2004), rendering cells 

highly dependent on their mitochondrial aspartate production. In GOT2 deficiency, 

the intramitochondrial synthesis of aspartate from oxaloacetate is blocked, leading 

to low aspartate both in the mitochondria and cytosol. Aspartate shortage leads to 

reduced argininosuccinate synthase (ASS, EC 6.3.4.5) activity, citrulline accumulation, 

diminished urea cycle activity, and ammonia accumulation. In the most severely 

affected patient, citrulline was also consistently increased.

Our study of the metabolome of GOT2-deficient HEK293 cells demonstrated 

abnormalities in amino acid and energy metabolism (Chapter 4). Extremely low 

intracellular concentrations of pyruvate were found and may be caused by two 

phenomena: decreased glycolysis and increased conversion of pyruvate into lactate. 

In line with this finding were the low concentrations of glyceraldehyde 3-phosphate/

dihydroxyacetone phosphate, suggesting inhibition of glycolysis already in the first 

irreversible step of glycolysis.

We demonstrated that pyruvate deficiency leads to alanine deficiency, as alanine 

is the direct product of pyruvate transamination. Accumulation of glutamine and 

glutamate, as observed in the GOT2 deficient cells, may be due to hampered glutamate 

metabolism as a direct consequence of deficient GOT2 activity, as glutamate is a 

substrate of this enzyme. 

Our demonstration that in vitro supplementation of pyruvate to GOT2-deficient cells 

results in normalization of part of the metabolic abnormalities may be of importance 

to affected patients. However, in vivo supplementation of pyruvate must be done 

with great care to avoid the occurrence of lactic acidemia. Encouraging results were 

found in patients affected with defects in SLC25A13, when administration of sodium 

pyruvate and L-arginine proved to be both effective and safe (Mutoh et al. 2008).

A second focus of this thesis were the vitamin B6 deficient epilepsies, a group of 

genetic disorders that have an overlapping phenotype with epilepsy as the most 

striking symptom. The common denominator of these disorders is a cellular deficiency 

of PLP which is thought to result in decreased concentrations of the inhibitory 

neurotransmitter GABA. However, as PLP is involved in a range of enzyme reactions 

as a cofactor, we hypothesized that other metabolic disturbances contribute to 

the phenotype. To investigate the metabolic consequences of low intracellular 

concentrations of PLP, in Chapter 2 we performed intracellular metabolomics 

experiments with neuronal cells. We observed that in these cells, PLP deficiency results 

in low concentrations of serine and glycine. This was surprising, as in B6-deficient 

patients increased concentrations of serine and glycine in plasma have been reported. 

To elucidate the cause of the low intracellular serine and glycine we performed a 

study of serine and glycine formation from the uniformly labelled isotopomer 

of glucose (13C6-glucose). In PLP-deficient cells, serine and glycine synthesis was 

decreased. Serine synthesis is PLP-dependent, as phosphoserine aminotransferase 

(PSAT, EC 2.6.1.52) is a PLP-dependent enzyme. Thus, in PLP-deficiency, the pathway 

does not fully function, resulting in low serine in this neuronal cell model. It is known 

that the serine synthesis pathway is particularly important in brain, and less in other 

tissues. In liver, both serine and glycine are metabolized by PLP-dependent enzymes. 

We assume that in this organ serine and glycine accumulate in case of PLP-deficiency, 

resulting in high plasma concentrations as observed.

Taken together, both a cytosolic redox imbalance and a deficiency of PLP may result 

in hampered serine biosynthesis. This is important, as serine is not only important in 

the brain as such, but conversion of serine into glycine is of utmost importance for 

one-carbon metabolism, as it results in the formation of 5-methyltetrahydrofolate 

(5-mTHF). We demonstrated that a decrease of serine synthesis results in lower 

concentrations of intracellular 5-mTHF, which may contribute to pathogenesis of 

patients with vitamin B6-dependent epilepsy. This finding may explain the very 

puzzling observation made in 2009 that PN dependent epilepsy and folinic acid 

responsive seizures, which we long considered to be separate entities, were both 

caused by the same mutations in ALDH7A1 (Gallagher et al. 2009). Probably, the 

supplementation of folinic acid in these patients results in correction of a 5-mTHF 

deficiency and clinical improvement. However, it remains unknown why the response 

was so positive in some patients as PLP was not supplemented and thus probably 

was still deficient. 

We mainly gained our knowledge from in vitro experiments. Confirmation of these 

results in human brain cells would be ideal but not possible. Primary neuronal 

cultures from rats and mice may overcome the problem of karyotype instability 

observed in neuroblastoma cell lines but are still not human (Shipley et al. 2016). An 

alternative may be the use of the human SH-SY5Y neuroblast-like cells, which have 

a stable karyotype (47 chromosomes) and can efficiently be differentiated to mature 

human neurons. Nevertheless, the use of induced pluripotent stem cell (iPSCs)-
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derived neurons from patients with genetic vitamin B6 deficiencies may be the best 

model to understand these human neurodevelopmental diseases (Dolmetsch and 

Geschwind 2011) and can be used in future experiments.

In Chapter 6 we made a puzzling observation when we analysed concentrations of 

B6 vitamers in CSF of two patients that were treated with PLP. In these samples, we 

observed high concentrations of PN. To date, no enzyme that catalyses the conversion 

of PL(-P) into PN has been described in eukaryotes and this reaction is considered not 

to occur. To study the in vitro reduction of PL into PN, we exposed mammalian cell 

lines to PL and found that PN is formed in a time-dependent and cell-type specific 

fashion.

We used the BLAST tool to identify possible human homologues of PL reductase 

from yeast and plants and the three proteins (KCNAB2, AKR1B1 and AKR1B10) with 

the highest homology scores were studied. Despite great efforts we were unable 

to identify the gene(s) that encoded the enzyme(s) responsible for this conversion. 

Thus, although we have proved the existence of protein(s) with PL reduction activity 

in human cells, we have yet to identify this enzyme. 

Future studies should focus on the other two members of the KCNAB family (β1 and 

β3) and other protein candidates that share homology with other PL reductases. We 

can also consider the use of siRNA libraries for known reductases and replicate our 

studies of PN formation from PL. It would be interesting to find out whether this 

enzyme activity is important for detoxification and protection. PLP and PL react non-

enzymatically with primary amino groups of amines and amino acids through their 

aldehyde group at C4 (Di Salvo et al. 2011). PN, on the other hand, has a hydroxymethyl 

group (-CH2OH) at C4, leading to a lower reactivity towards amino groups and less 

cellular toxicity. Physiologically, PL reductase(s) may serve to limit intracellular 

accumulation of the reactive aldehydes, protecting the cell from unwanted reactions 

that could lead to inactivation of important metabolites. However, PN formation 

may also occur by promiscuous enzymes and be of little importance for cellular 

metabolism. When the human PL reductase enzyme has been elucidated, generating 

knockout systems will further reveal its importance.

In our studies, we used direct infusion high resolution mass spectrometry (DI-

HRMS) to study the intracellular metabolome. This approach offers a “helicopter 

view” of metabolites under specific conditions. It has the tremendous advantage 

of revealing, with the use of only one test, the global metabolic alterations of 

vitamin B6-insufficiency in Chapter 2 and the pathophysiology of GOT2 deficiency 

in Chapter 4, instead of having to rely on several individual biochemical tests to 

achieve similar results. Furthermore, it allows the discovery of new biomarkers and 

pathomechanisms, without having to depend on the constraint of knowing, a priori, 

which metabolic pathways or metabolites to focus on. 

The DI-HRMS approach, a method without an up-front separation (chromatographic) 

step has a short analysis time (3-minutes), making it a high-throughput method that 

enables the analysis of hundreds of samples in one day. On the other hand, the lack 

of a separation step also has technical limitations, the main being the impossibility 

to discriminate between molecules that share the same elemental composition (i.e. 

structural isomers with the same accurate mass) (Giavalisco et al. 2009; Kirwan et al. 

2014; Lin et al. 2010). This limitation was overcome by validation of the results by 

targeted and quantitative LC-MS methods. 

Spin-off from the scientific work described in this thesis is multiple. The knowledge is 

of direct use for diagnosis: the description of a new disease will result in identifying 

additional patients, allowing timely treatment and genetic counselling. Our work also 

gives important new leads for treatment of defects of the MAS and defects in vitamin 

B6 metabolism. 

From a methodological point of view the spin-off is also multiple: this thesis presents 

the first successful findings of our in house developed DI-HRMS pipeline applied to 

assess the intracellular metabolome. We also developed a robust and miniaturized 

high-throughput cell culture-based method that allows the study of the effect of 

pharmacological inhibitors or treatments on vitamin B6 metabolism. Furthermore, 

we validated the method of serine synthesis from uniformly labelled 13C6-glucose for 

diagnostic use. It is an example of a test in which not a single enzyme is measured, 

but an entire pathway. Tests of this type will become more and more important in the 

future for the functional validation of gene variants of unknown significance that are 

increasingly found in clinical whole exome and whole genome sequencing.
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Nederlandse samenvatting

Vitamine B6 is een wateroplosbare vitamine die  in het lichaam aanwezig is in zes 

vitameren, die qua structuur op elkaar lijken. Dit zijn pyridoxal (PL), pyridoxine (PN), 

pyridoxamine (PM) en voor elk van deze vormen de 5’-fosfaatester: pyridoxal-5-

fosfaat (PLP), pyridoxine-5-fosfaat (PNP) en pyridoxamine-5-fosfaat (PMP). PLP is de 

actieve vorm van vitamine B6. Deze vitamine is essentieel voor de overleving van 

alle organismenAlleen bacteriën, gisten en planten kunnen vitamine B6 produceren. 

Omdat het menselijk lichaam zelf geen vitamine B6 kan aanmaken, zijn mensen 

volledig afhankelijk van de opname van vitamine B6 uit het dieet en het hergebruiken 

van de andere B6 vitameren om zo opnieuw PLP te kunnen vormen. 

Vitamine B6 komt de cel binnen na hydrolyse van de gefosforyleerde vitameren door 

membraangebonden alkalisch fosfatase (ALPL). Intracellulair fosforyleert PL-kinase 

(PDXK) de hydroxymethylgroep van PL, PN en PM. De opnieuw gefosforyleerde 

vitameren worden op deze manier ingesloten in de cel. De intracellulaire 

concentratie van PLP wordt gereguleerd door pyridox(am)ine fosfaatoxidase (PNPO), 

dat de oxidatie van PNP en PMP naar PLP katalyseert, en PL-fosfatase (PDXP), dat 

de defosforylatie van PLP, PNP en PMP katalyseert. Pyridoxal oxidase oxideert PL, 

waardoor 4-pyridoxinezuur ontstaat. Dit is het voornaamste afbraakproduct van 

vitamine B6 en dit wordt uitgescheiden in de urine. 

PLP is een essentiële co-factor in meer dan 160 metabole reacties. PLP is vooral 

belangrijk voor het metabolisme van het brein en voor de ontwikkeling, omdat veel van 

de PLP-afhankelijke enzymen onderdeel uitmaken van het aminozuurmetabolisme 

(glutamaat, aspartaat, L- en D-serine, glycine) en de biosynthese van neurotransmitters 

(gamma-aminoboterzuur, dopamine, serotonine). Daarnaast speelt PLP een rol in het 

metabolisme van sphingolipiden, heem, histamine, koolhydraten en nucleotiden. 

Er zijn vijf metabole ziekten bekend die invloed hebben op het vitamine B6-

metabolisme: pyridoxineafhankelijke epilepsie (alfa-amino-adipine semialdehyde 

dehydrogenase - antiquitine - deficiëntie; OMIM #266100), hyperprolinemie type II 

(1-pyrroline-5-carboxylaat dehydrogenase deficiëntie; OMIM #239510), pyridox(am)

ine fosfaatoxidasedeficiëntie (PNPO-deficiëntie; OMIM #610090), hypofosfatasemie 

(niet- weefselspecifiek alkalisch fosfatase - TNSALP - deficiëntie; OMIM #241500), 

en deficiëntie van het pyridoxal-5-fosfaatbindend eiwit (PLPBP deficiëntie; OMIM 

#617290). Naast deze ziekten zijn er nog andere, niet verder omschreven, vitamine 

B6-responsieve aandoeningen waar zowel wij (patiënt 1 in hoofdstuk 6) als anderen 

over hebben gerapporteerd. 

Vitamine B6-afhankelijke patiënten presenteren zich normaal gesproken met 

ernstige convulsies in de neonatale periode, die niet reageren op de reguliere anti-

convulsieve therapieën, maar alleen op therapeutische doses van PLP en/of PN. Naast 

deze neonatale convulsies hebben veel patiënten een achterstand in de ontwikkeling 

en een verstandelijke beperking, beide variërend in ernst, en onafhankelijk van of de 

convulsies onder controle te krijgen waren met behandeling met vitamine B6.

De studies die in dit proefschrift beschreven staan, hebben bijgedragen aan nieuwe 

inzichten in de pathofysiologie van genetische vitamine B6-deficiënties. Daarnaast 

beschrijven we een nieuwe vitamine B6-afhankelijke ziekte. 

In hoofdstuk 1 is de huidige kennis over vitamine B6 beschreven, met als focus de 

rol van vitamine B6 in gezondheid en ziekte, de enzymen die een rol spelen in het 

vitamine B6-metabolisme in het menselijk lichaam en de bekende metabole ziekten 

die invloed hebben op het vitamine B6 metabolisme. 

Ook al gaat de ontdekking van vitamine B6 terug tot de vroege jaren 30 van de 

vorige eeuw en is pyridoxineafhankelijke epilepsie bekend sinds de jaren 50 van de 

vorige eeuw, toch begrijpen we de pathofysiologie van een vitamine B6-deficiëntie 

onvoldoende. In hoofdstuk 2 hebben we het begrip van de pathofysiologie 

uitgebreid door de intracellulaire moleculaire consequenties van een vitamine B6-

deficiëntie te bestuderen in neuronale cellen. Voorheen werd gedacht dat lage 

concentraties gamma-aminoboterzuur (GABA) en hoge concentraties glutamaat 

door verlaagde activiteit van glutaminezuur decarboxylase (GAD) de belangrijkste 

metabole gevolgen waren van onvoldoende PLP-beschikbaarheid. We laten zien dat, 

naast tekorten van GABA, neuronale cellen ook tekorten hebben aan serine, glycine 

en 5-methyltetrahydrofolaat (5-mTHF). Onze studie laat zien dat een vitamine B6-

deficiëntie de biosynthese van serine verstoort. Dit leidt naast een tekort aan serine 

ook tot lage concentraties van glycine en 5-mTHF, waarschijnlijk door een verlaagde 

activiteit van serinehydroxymethyltransferase (SHMT). Vitamine B6 is dus essentieel 

voor de serinebiosynthese in neuronale cellen, en serinebiosynthese is noodzakelijk 

voor het handhaven van de intracellulaire concentraties van serine en glycine. Deze 

bevindingen verklaren waarom sommige patiënten met een vitaminepyridoxine 

afhankelijke epilepsie klinisch lijken te reageren op suppletie met folinezuur (een 

precursor van 5-mTHF). Dit is van groot belang bij het beredeneren van een goede 

behandeling voor patiënten met pyridoxine afhankelijke epilepsie. 
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In hoofdstuk 3 en 4 beschrijven we een nieuwe vitamine B6-afhankelijke genetische 

ziekte: mitochondriële glutamaat-oxaloacetaat transaminase (GOT2) deficiëntie. Het 

bestuderen van het gehele exoom bij patiënten met een verstandelijke beperking en 

epilepsie zorgde ervoor dat er in vier patiënten genetische mutaties geïdentificeerd 

zijn in het GOT2-gen, die leiden tot een volledig verlies van de activiteit van het 

GOT2- enzym. Functionele testen in fibroblasten van deze patiënten en hun ouders, 

in diermodellen (zebravissen en muizen) en in celmodellen (HEK293-cellen waarbij 

het GOT2- gen gemuteerd is) lieten zien dat de mutaties geïdentificeerd in patiënten 

inderdaad leiden tot een tekort aan GOT2enzymactiviteit. We hebben onderzocht 

waarmee deze patiënten te behandelen zouden zijn en lieten zien dat GOT2-

deficiëntie een ziekte is die reageert op PLP. Twee patiënten, die het meest ernstig 

zijn aangedaan, worden nu behandeld met PLP en daarmee zijn de convulsies geheel 

onder controle. Daarnaast suggereren onze bevindingen ook dat suppletie met 

pyruvaat een belangrijke therapeutische optie zou kunnen zijn om de biochemische 

veranderingen die ontstaan door GOT2- deficiëntie te kunnen normaliseren. Onze 

studies laten zien dat GOT2-deficiëntie de biosynthese van serine verstoort door 

middel van een verhoogde NADH/NAD+-ratio. We verwachten daarom dat het nuttig 

is om serinebiosynthese te bestuderen in andere defecten in de malaat-aspartaat 

shuttle en in de mitochondriële ademhalingsketen. Dit zijn allen ziektes met een 

verhoogde NADH/NAD+-ratio.

In hoofdstuk 5 beschrijven we een gevoelige en accurate UPLC MS/MS methode 

met stabiele isotopen, die als screeningsmethode kan dienen voor het bestuderen 

van de serinebiosynthese in gekweekte cellen. We hebben aangetoond dat deze 

methode sensitiever is dan de huidige methodes gebaseerd op enzymdiagnostiek. 

Deze methode geeft de mogelijkheid om de gehele serine-biosynthese in één keer 

te analyseren in plaats van het meten van geïsoleerde enzymen.

Tot slot laten we in hoofdstuk 6 zien dat er PL-reductase activiteit is in het menselijk 

lichaam. We startten onze studie toen we een sterke verhoging van PN hadden 

gedetecteerd in het hersenvocht van twee patiënten die behandeld werden met 

PLP. Deze hoge PN-concentraties in lichaamsvloeistoffen zijn normaal bij patiënten 

met een vitamine B6-tekort die behandeld worden met PN, maar worden normaal 

gesproken niet gerapporteerd of niet gezien bij patiënten die behandeld worden 

met PLP. Voor zover wij weten is PN=toename onder PLP- behandeling beschreven in 

twee studies, maar hierin wordt geen verklaring gegeven voor deze bevindingen. We 

verwachtten dat net als bacteriën, gisten en planten, ook mensen een PL–reductase-

enzym hebben. Om het bestaan van PL-reductaseactiviteit te onderzoeken, hebben 

we vier cellijnen van zoogdieren met PL behandeld. We vonden dat elke cellijn PL 

reduceert tot PN, in een tijd- en dosisafhankelijk patroon. Vervolgens hebben we 

de aminozuurvolgorde van bekende PL reductases vergeleken met menselijke 

aminozuurvolgorden en vonden een grote overeenkomst tussen de bètadelen 

van de spanningsafhankelijke kaliumkanalen en de humane aldosereductases. 

Medicinale remming en het genetisch inactief maken van deze eiwitten liet zien dat 

geen een van de kandidaten uitsluitend verantwoordelijk was voor de PL-reductie 

naar PN. Er zijn meer studies nodig om de eiwitten verantwoordelijk voor PL-reductie 

te identificeren, maar onze bevindingen tonen wel al aan dat er meer enzymen zijn 

met een rol in het humane vitamine B6 -metabolisme dan vooralsnog gedacht werd. 

We verwachten dat de PL-reductase(s) een beschermende rol hebben voor de cel, 

omdat ze de concentraties van vrij PL en PLP kunnen beperken. Deze metabolieten 

kunnen namelijk niet-enzymatisch, via de aldehydegroep op C4, met de primaire 

aminogroepen van amines en aminozuren reageren. 

Concluderend dragen we met deze laatste studie bij aan nieuwe inzichten 

in het vitamine B6-metabolisme van zoogdieren, door te laten zien dat er PL 

reductaseactiviteit is in het menselijk lichaam (hoofdstuk 6). We laten daarnaast 

zien dat een verstoorde serinebiosynthese het gevolg is van vitamine B6-deficiëntie 

(hoofdstuk 2). We hebben een nieuwe vitamine B6-afhankelijke metabole ziekte 

beschreven: GOT2- deficiëntie (hoofdstuk 3 en 4) en aangetoond dat een secundair 

defect in de serinebiosynthese bijdraagt aan de pathofysiologie van deze ziekte. Om 

studies naar primaire en secundaire serinedefecten te verbeteren, hebben we een 

methode ontwikkeld die de metabole flux kan meten (hoofdstuk 5). 
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Vitamin B6 is a water soluble vitamin that is present in the human body as six 

structurally related vitamers: pyridoxal (PL), pyridoxine (PN), pyridoxamine (PM), 

and their respective 5’-phosphate esters pyridoxal 5’-phosphate (PLP), pyridoxine 

5’-phosphate (PNP) and pyridoxamine 5’-phosphate (PMP). PLP is the metabolically 

active form of vitamin B6 and, although it is essential for survival of all organisms, only 

bacteria, yeast and plants synthesize it de novo. Because humans cannot synthesise 

vitamin B6, they rely solely on its uptake from the diet and on the vitamin B6 salvage 

pathway to recycle the different B6 vitamers to PLP. 

Vitamin B6 enters the cells after hydrolysis of the phosphorylated forms by the 

membrane-bound alkaline phosphatase (ALPL). Intracellularly, PL kinase (PDXK) 

phosphorylates the hydroxymethyl group of PL, PN and PM to their respective 

5’-phosphate forms, entrapping these vitamers inside the cell. Pyridox(am)ine 

phosphate oxidase (PNPO) catalyses the oxidation of PNP and PMP to PLP, while 

dephosphorylation of PLP, PNP and PMP is catalysed by PL phosphatase (PDXP), 

allowing the cells to control the intracellular PLP concentration. Pyridoxal oxidase 

oxidizes PL to 4-pyridoxic acid (PA), the main catabolic product of vitamin B6, which 

is excreted in the urine.

PLP is an essential cofactor in more than 160 metabolic reactions.  Since most PLP-

dependent reactions are involved in the metabolism of amino acids (glutamate, 

aspartate, L- and D-serine, glycine) and biosynthesis of neurotransmitters 

(γ-aminobutyric acid, dopamine and serotonin), PLP is especially relevant for normal 

brain metabolism and development. In addition, PLP is important in the metabolism 

of sphingolipids, heme, histamine, carbohydrates and nucleotides.

Five inborn errors of metabolism exist that affect vitamin B6 metabolism: pyridoxine-

dependent epilepsy (α-aminoadipic semialdehyde dehydrogenase (antiquitin) 

deficiency; OMIM #266100), hyperprolinemia type II (1-pyrroline-5-carboxylate 

dehydrogenase deficiency; OMIM #239510), pyridox(am)ine 5’-phosphate oxidase 

deficiency (PNPO deficiency; OMIM #610090), hypophosphatasia (tissue non-specific 

alkaline phosphatase (TNSALP) deficiency; OMIM #241500), and pyridoxal phosphate 

binding protein deficiency (PLPBP deficiency; OMIM #617290). In addition to these, 

there are other, yet uncharacterized, vitamin B6-responsive conditions, as we (patient 1  

in chapter 6 of this thesis) and others have reported. 

Classically, vitamin B6-deficient patients present with severe neonatal seizures 

that do not respond to common anticonvulsant therapy and are only controlled 

by pharmacological doses of PLP and/or PN. In addition to the neonatal seizures, 

most patients suffer from variable degrees of developmental delay and intellectual 

disability, despite the seizure control achieved with vitamin B6 treatment.

The studies presented in this thesis resulted in new insight into the pathophysiology 

of genetic vitamin B6 deficiencies. In addition, a new vitamin B6-reponsive disorder 

is described. 

In chapter 1 we discussed the current knowledge on vitamin B6. We especially 

focused on the known roles of vitamin B6 in health and disease; the enzymes known 

to play a role in the human vitamin B6 metabolism; and the known inborn errors of 

vitamin B6 metabolism. 

Although the discovery of vitamin B6 dates back to the early 1930’s and pyridoxine-

dependent epilepsy is known since the 1950’s, the pathophysiology of vitamin B6 

deficiency is still not completely understood. Therefore, in chapter 2, we expanded 

our understanding on the intracellular metabolic consequences of vitamin B6 

deficiency on a neuronal cell model. Previously, low γ-aminobutyrate (GABA) and high 

glutamate levels due to reduced glutamic acid decarboxylase activity were believed 

to be the most clinically relevant metabolic consequence of PLP insufficiency. We 

showed that, in addition to deficient levels of GABA, neuronal cells have decreased 

intracellular levels of serine, glycine and 5-methyltetrahydrofolate (5-mTHF). Our 

study showed that vitamin B6 insufficiency strongly impairs the de novo serine 

synthesis and consequently leads to low glycine and 5-mTHF levels, probably due to 

decreased serine hydroxymethyltransferase activity. Thus, vitamin B6 is essential for 

serine de novo biosynthesis in neuronal cells, and serine de novo synthesis is critical to 

maintain intracellular serine and glycine. These findings explain why some patients 

with vitamin B6-dependent epilepsy clinically respond to supplementation of folinic 

acid, a 5-mTHF precursor, and are especially relevant when considering pathogenesis 

and treatment of patients with vitamin B6-dependent epilepsy.

In chapters 3 and 4 we characterized a new genetic disease that results in a vitamin 

B6-responsive condition: mitochondrial glutamate oxaloacetate transaminase (GOT2) 

deficiency. Whole exome sequencing in four children with intellectual disability and 

epilepsy resulted in the identification of loss-of-function mutations in GOT2. Our 

functional studies in fibroblasts of the patients and their parents, in animal models 

(zebrafish and mice) and cell models (GOT2-knockout HEK293 cells) proved that 
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the mutations result in deficient GOT2 enzyme activity. We then explored putative 

treatment options and showed that GOT2 deficiency is a PLP-responsive disorder, as 

the two most severely affected patients are nowadays under vitamin B6 treatment 

and their seizures are completely under control. Furthermore, our findings suggest 

that serine and pyruvate supplementation may be important therapeutical options 

to correct the biochemical abnormalities produced by GOT2 deficiency. Our in vitro 

studies showed that GOT2 deficiency impairs the de novo serine synthesis due to an 

increased NADH/NAD+ ratio. Therefore, we hypothesize that it is relevant to assess the 

de novo serine synthesis in other malate aspartate shuttle defects and mitochondrial 

respiratory chain disorders (diseases with increased NADH/NAD+ ratio). 

In chapter 5, we described a sensitive and accurate stable isotope-based UPLC-

MS/MS (ultra-performance liquid chromatography tandem mass spectrometry) 

method that serves as a screening tool in the study of de novo serine biosynthesis in 

cultured cells. This method proved to be more sensitive than the current enzymatic 

methods, allowing the analysis of the complete metabolic pathway instead of testing 

individual enzymes. Finally, in chapter 6 we provided compelling evidence for the 

presence of PL reductase activity in humans. Our study was initiated when a strong 

accumulation of PN was detected in cerebrospinal fluid (CSF) samples of two PLP-

treated patients. This PN accumulation in human biofluids is a common feature of 

B6-deficient patients treated with PN, but normally unreported or overlooked when 

PLP is the pharmacological treatment. To our knowledge, only two studies have 

reported PN accumulation after PLP treatment, although no explanation for the 

observed results was given. We hypothesized that, like bacteria, yeast and plants, 

humans also possess a PL reductase enzyme. To further investigate the existence of 

PL reductase activity, we treated four mammalian cell lines with PL and found that all 

cell lines reduce PL to PN in a time- and dose-dependent manner. We then compared 

the amino acid sequences of known PL reductases to human sequences and found 

high homology for members of the voltage-gated potassium channel beta subunits 

and the human aldose reductases. Pharmacological inhibition and genetic knockout 

of these proteins show that none of the candidates is solely responsible for PL 

reduction to PN. Although further studies are needed to identify the responsible PL 

reductase protein(s), our findings clearly expand the number of enzymes with a role 

in vitamin B6 salvage pathway. We hypothesize a protective role of PL reductase(s) by 

limiting the intracellular amount of free PL and PLP, metabolites known to react non-

enzymatically with primary amino groups of amines and amino acids through their 

aldehyde group at C4.

In conclusion, with this study we add novel insight into mammalian metabolism 

of vitamin B6 by presenting compelling evidence for the existence of PL reductase 

activity in humans (chapter 6). In addition, we show that impaired serine synthesis 

is an important metabolic consequence of vitamin B6 deficiency (chapter 2). We 

described and characterized a new vitamin B6-responsive inborn error of metabolism, 

GOT2 deficiency (chapters 3 and 4), and revealed that a (secondary) de novo serine 

biosynthesis defect may partially underlie the pathophysiology of this disease. To 

improve studies on primary and secondary de novo serine biosynthesis defects we 

developed a metabolic flux method (chapter 5).
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