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Molecular characterisation of glutamate
dehydrogenase gene defects in Japanese patients with
congenital hyperinsulinism/hyperammonaemia
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Congenital hyperinsulinism and hyperammonaemia (CHH) is caused by dysregulation of glutamate
dehydrogenase (GDH). We characterised the GDH gene in two Japanese patients with CHH. Patient 1 showed
late-onset and mild hypoglycaemic episodes and mild hyperammonaemia, compared with patient 2. In GDH
activity of lymphoblasts, patient 1 showed twofold higher basal GDH activity than control subjects and mild
insensitivity for GTP inhibition. Patient 2 showed severe insensitivity for GTP inhibition, and similar allosteric
stimulation by ADP in the controls. Genetic studies identified heterozygous and de novo L413V and G446D
mutations in patients 1 and 2, respectively. COS cell expression study confirmed that both mutations were
disease-causing gene. The insensitivity for GTP inhibition in L413V and G446D was emphasised in COS cell
expression system as a result of the dosage effect of mutant GDH gene. L413V showed less impairment of
GDH than G446D based on biochemical and genetic results, which was consistent with the clinical phenotype.
Based on the structure of bovine GDH, G446D was located in GTP binding site of pivot helix and its
surroundings, while L413V was located in a-helix of antenna-like structure. These different locations of
mutations gave different effects on GDH enzyme. The antenna-like structure plays an important role in GDH
activity.
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Introduction
Hypoglycaemia in neonatal and early infantile period can be

due to a variety of causes. The majority of such cases have

transient hypoglycaemia caused by perinatal suffering such

as immaturity, asphyxia, diabetic mother, and infection.

Persistent hypoglycaemia is caused by innate abnormality as

hyperplasia of pancreatic b-cells and focal disease. Recent

reports have indicated that the underlying pathology in

some patients with hyperinsulinism-related persistent hypo-

glycaemia includes genetic disorders that result in inhibition

of the signal transduction pathways regulating the secretion

of insulin, including disorders of glucokinase,1 sulphonylurea

receptor2,3 and inward rectifier potassium channels (Kir6.2)

genes.4,5

Congenital hyperinsulinism and hyperammonaemia

(CHH, OMIM 138130) is a disorder characterised by

symptomatic hypoglycaemia and persistently high plasma

ammonium levels.6 ± 8 In CHH, diazoxide is most effective for

hypoglycaemia but protein restriction and/or treatment with

sodium benzoate are ineffective against hyperammonaemia.

The pathogenesis of concurrent hyperinsulinism and hyper-

ammonaemia in patients with CHH was smartly resolved by

Stanley et al;9 dysregulation of glutamate dehydrogenase
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(GDH, EC 1.4.1.3) by missense mutations in GTP binding site

of exons 11 and 1210,11 causes inappropriate secretion of

insulin by pancreatic b-cells and affect nitrogen metabolism

in liver.

GDH is a mitochondrial enzyme that catalyses reversible

oxidative deamination of L-glutamate to 2-oxoglutarate

using cofactors of NAD+ and/or NADP+. GDH is controlled

by allosteric effectors of inhibition by GTP and NADH and

activation by ADP, NAD+, and leucine. Patients with CHH

show less sensitivity to inhibition by GTP for the altered form

in the GTP binding site of GDH. It was proposed that this

altered form of GDH leads to higher oxidation rates and ATP

production. In pancreatic b-cells, any increase in the ATP/

ADP ratio results in closure of the K+ channels and

depolarisation of b-cells. This depolarisation causes calcium

influx and the release of stored insulin granules.12 In the liver

and other tissues, activated GDH could consume massive

amounts of glutamate and produce ammonia. In addition to

this, production of N-acetylglutamate, which is one of the

positive effectors of carbamoyl phosphate synthetase, might

decrease due to a reduction in the amount of glutamate in

hepatocytes.13

In the present study, we report two patients with CHH, in

whom we identified dysregulation of GDH activity and

missense mutation in a single allele. We also demonstrated

that the two mutations in different locations generated

dysregulation of GDH activity with different mechanism

and that the clinical phenotypes correlated with the

genotypes.

Materials and methods
Patients

Patient 1, a male, was born at 40 weeks of gestation, weighing

3096 g, by uneventful delivery. He was the first live-born

child of unrelated parents with no family history of

hypoglycaemia or hyperammonaemia. At 4 months of age,

he developed recurrent tonic seizure with hypoglycaemia

(0.72 mmol/l) and hyperammonaemia (132 mmol/l). At 7

months of age, he was admitted to a hospital and diagnosed

with leucine-sensitive hypoglycaemia. The patient was

treated with dietary control of low leucine and low protein,

sodium benzoate, and l-carnitine. However, hypoglycaemic

episodes and hyperammonaemia continued after such

treatment and the patient was referred to our hospital at 7

years of age. WISC-R intellectual test showed an IQ of 70 and

he was reported to suffer from somnolence and exhibited a

desultory attitude at school. The patient was treated with 5 to

7 mg/kg/day of diazoxide to improve blood glucose levels,

which resulted in a reduction of hypoglycaemic episodes.

The IQ improved to 100 by the WISC-R intellectual test and

he showed good attitude in school at 10 years of age.

However, the levels of ammonia remained at 82 to 138 mmol/

l (116+15.9 mmol/l, mean+SD of 20 samples) in the last 3

years.

Patient 2, a male, was born at 40 weeks of gestation,

weighing 3275 g, by uneventful delivery. He was the first

live-born child of unrelated parents with no family history

of hypoglycaemia or hyperammonaemia. At 5 days old, he

developed hypothermia and became inactive. He was

admitted to the hospital for severe hypoglycaemia

(0.44 mmol/l) and hyperinsulinism and was treated with

diazoxide. However, hypoglycaemia persisted, and leucine

tolerance test showed prolonged and excessive insulin

secretion. At 6 months of age, subtotal pancreatomy was

performed for uncontrolled hypoglycaemia. Subsequently,

the hepatomegaly and hyperammonaemia (147 mmol/l) was

discovered. Liver biopsy showed severe fatty changes but

biochemical analysis showed normal activities of urea cycle

enzymes. Subtotal pancreatomy failed to reduce hypogly-

caemic episodes and seizures. Furthermore, sodium benzo-

ate and l-carnitine were ineffective in controlling

hyperammonaemia. The patient was referred to our

hospital at 11 months of age following a change of

residential address. The score of Tsumori-Inage's developing

test (DQ) was 57 at 2 years of age (normal score: more than

80). Hypoglycaemic episodes persisted but gradually

decreased in frequency up to 8 years, though the patient

was continuously treated with diazoxide. At 9 years, blood

glucose level gradually increased over the normal range.

Percutaneous insulin replacement therapy commenced for

relative insulin insufficiency and not by the cause of

insulin resistance related to obesity. The levels of ammonia

remained at 116 to 176 mmol/l (142+17 mmol/l, mean+SD

of 31 samples) in the last 3 years. At the latest follow-up,

the patient showed moderate level of mental retardation

and abnormal behaviour such as hyperkinesia.

Informed consent for genetic analysis was obtained from

all subjects or their parents.

Measurement of GDH activity

An Epstein-Barr virus (EBV)-transformed lymphoblastoid

cell line was established from the patients and control

subjects, and was used for enzymatic and molecular

analyses. The lymphoblastoid cells of patients and controls

were homogenised in 10 mM Tris-acetate (pH 8.0) and

1 mM EDTA with a Potter-Elvehjem homogeniser on ice.

The cell lysate was centrifuged at 3506g for 10 min at 48C,

and the supernatant was used as the enzyme source. The

enzyme source was preincubated with 20 mM Tris-acetate

(pH 8.0), 50 mM NH4Cl, 0.2 mM NADH, 1 mM EDTA, and

0.1% Triton X-100 for 5 min at 258C. GDH activity was

measured after addition of 10 mM a-ketoglutarate and was

monitored by the oxidation of NADH, ie, reduction in UV-

absorption at 340 nm at 258C using a spectrophotometer

DU-60 (Beckman, Fullerton, CA, USA).14,15 Reaction mix-

ture was 100 mg cell lysate. GTP and ADP were added to the

reaction mixtures for the allosteric effect of GDH. Protein

concentration was measured by using the Dc Protein Assay

(Bio-Rad, Richmond, CA, USA).
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Identification of human GDH mutations

Genomic DNA was isolated from lymphoblasts transformed

with EBV. Each exon and its flanking intronic region were

amplified with a pair of human GDH-specific oligonucleo-

tide primers (one primer was biotinylated) using polymer-

ase chain reaction (PCR), as previously described.16 The

amplified products were purified to single-strand DNA

using magnetic beads coated with streptavidin M280

(Dynal, Oslo, Norway). The purified single-stranded DNA

was sequenced by the dye terminator method using an ABI

PRISM 310 Genetic Analyzer (Perkin Elmer, Norwalk, CT,

USA). Primers used for the PCR amplification in exon 10

and 12 of the human GDH gene (GenBank accession

numbers X66300-66312)17,18 were as follows: for exon 10,

biotin-sense primer of 5'-GTGTGAAATTCCTGATACTGGCT-

3' and antisense primer of 5'-GTGAGTTTGGCGAACAAGAT-

TAT-3'. Sequencing primer was sense primer of 5'-AGGTT-

CATTTTCAGCTTTTAC-3'. For exon 12, biotin-antisense

primer of 5'-ACAGTCTGGCGGCTGAGATAG-3' and sense

primer of 5'-ACAGGGACACAAAGCAGGTC-3'. Sequencing

primer was antisense primer of 5'-ATGGTTGAGTTGCACTT-

CAT-3'.

Expression analysis

Full-length human glutamate dehydrogenase cDNA from

human hepatocytes was kindly provided by Dr Amuro,

Nippon Medical School.17 Mutant human GDH cDNA was

synthesized by specific base substitutions using site-directed

mutagenesis into a eukaryotic expression vector (pCDNA3;

Invitrogen, Carlsbad, CA, USA) containing a full-length

human GDH cDNA. Mutant or normal GDH cDNAs were

introduced into COS cells by electroporation with a Gene

Pulser (Bio-Rad) at 200 V with 960 mF capacitance, as

described previously.16 The cells were harvested after 72 h

culture. GDH activity in the homogenates of COS cells

transfected with mutant and normal constructs was deter-

mined in duplicate as described above to ensure reproduci-

bility. The mitochondrial fraction of COS cells was used for

Western blot analysis. The extracts were electrophoresed in

SDS-polyacrylamide gel and subsequently transferred to

GeneScreen hybridisation transfer membrane (Du-Point-

NEN, Boston, MA, USA). Immunoreactive GDH was identi-

fied by using primary antibody of a rabbit anti-calf GDH

antibody (Amersham Pharmacia Biotech, Uppsala, Sweden),

secondary antibody of a goat anti-rabbit IgG-peroxidase

(Roche Diagnostics, Mannheim, Germany), and ECL system

(Amersham Pharmacia Biotech). The density of each band

was determined by scanning with a Bio-Rad Imaging

Densitometer (GS-700). GDH mRNA in cell extracts was

determined by dot-blot hybridisation for serially diluted

total-RNA samples with a GDH cDNA probe labelled with

a-32P-dCTP (Du-Point-NEN) using the Megaprime DNA

labelling system (Amersham Pharmacia Biotech). GDH

activity and immunoreactive protein level were normalised

with transfection efficiency by GDH mRNA levels.

Results
GDH activity

The activity and allosteric response of GDH in lymphoblasts

from the patients and control subjects are shown in Figure 1.

The basal GDH activity of patient 1 (33.4 nmol/mg of

protein/min) was twofold higher than those of the controls

(16.9). Patient 2 (20.2) was the same as the controls. The

inhibitory effects of GTP in patients 1 and 2 were less than

the control, and the half-maximal inhibitory concentrations

of GTP in the control subjects, patient 1, and patient 2 were

0.17, 0.24, and 0.87 mmol/l, respectively (Figure 1A). The

insensitivity for GTP inhibition was mild in patient 1 while

severe in patient 2. In the sensitivity for ADP stimulation,

GDH activity of patient 1 was twofold higher at basal level

and was within normal upper limit at maximal stimulation.

Patient 2 was similar to the control subjects (Figure 1B).

Identification of GDH mutation

To characterise GDH genes in the two patients, we performed

sequence analysis in the two families (Figure 2). The

mutation in patient 1 was heterozygous T-to-G transition at

nucleotide position 1396 in exon 10, resulting in the

replacement of leucine (TTG) by valine (GTG) at codon 413

(L413V). Patient 2 showed heterozygous G-to-C transition at

nucleotide position 1509 in exon 12, resulting in the

replacement of glycine (GGT) by asparagine (GAT) at codon

446 (G446D). In both parents, we could not find any

substitutions as seen in each patient. The above results

indicate that both mutations occurred de novo and were

observed only in a single allele. L413V in exon 10 was a novel

mutation, while G446D in exon 12 was identified in

Caucasians by Stanley et al.9

Confirmation of mutation by expression analysis

To determine whether the L413V and G446D substitutions

were associated with GDH activities in lymphoblasts and to

assess the potential GDH activities of both substitutions, we

Figure 1 Effects of GTP and ADP on GDH activity in
lymphoblasts of control subjects, patient 1 and 2. (A) Effects of
GTP. (B) Effects of ADP. Closed squares: activity of GDH in
patient 1, closed circles: activity of GDH in patient 2. The shaded
area represents the mean+SD, and centre line the mean of six
control subjects.
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reconstructed each mutant in the expression vector pCDNA3

by site-directed mutagenesis. The GDH activities and

immunoreactive amounts of the normal and mutant

constructs were established by correcting the transfection

efficiency into COS cells. The allosteric response of GDH

mutant and normal constructs are shown in Figure 3. The

normal GDH cDNA in COS cells with a transient expression

system led to 10-fold stimulation of GDH activity

(117.0 nmol/mg of protein/min) compared to the endogen-

ous background (11.5). The basal GDH activities in COS cells

transfected with the L413V constructs (217.2) were twofold

higher than those of normal and G446D constructs (117.0

and 98.1, respectively), which were similar to those in

lymphoblasts. The half-maximal inhibitory concentrations

of GTP in L413V and G446D constructs were 1.23 and

1.97 mmol/l, respectively, which were 2 ± 5-fold higher than

those in lymphoblasts of patients. On the other hand, the

GTP concentrations of mock and normal constructs were

0.21 and 0.18 mmol/l, which were similar to those in

lymphoblasts. The immunoreactive proteins of both L413V

and G446D constructs appeared as a single band and showed

the same position and amount as those of normal constructs.

Thus, these results define the L413V and G446D substitutions

as the causal genes for impairment of GDH activity in the two

patients, and indicated that the abnormal allosteric

responses of GDH did not correlate with the amount of

GDH protein.

Discussion
In the present study, we identified deterioration of GDH

regulation in lymphoblasts of two patients with hyperinsu-

linism and hyperammonaemia. We also identified missense

mutations of L413V in patient 1 and G446D in patient 2.

These findings are consistent with the aetiology of this

disease; the altered form of GDH leads to excessive insulin

release from pancreatic b-cells and insufficient processing of

ammonia in the liver.9 In our experiments, patient 2 with

G446D mutation showed severe insensitivity for GTP

inhibition. The basal GDH activity and allosteric effect of

ADP stimulation in patient 2 was the same as the control

subjects, as described previously.9,19,20 However, in patient

1, the dysregulation of GDH caused by L413V mutation was

different from G446D mutation inside the GTP-binding site

of exons 11 and 12. This dysregulation in patient 1 was due

to twofold higher basal activity and mild insensitivity for

GTP inhibition in GDH. Similar to our findings, Yorifuji et

al21 found a patient with severe CHH phenotype. The GDH

activity in lymphoblasts with heterozygous N410T mutation

appears to be approximately twofold higher than controls

and maintained its responses to GTP inhibition and ADP

stimulation. It is suspected that the dysregulation of L413V

and N410T mutations outside the GTP-binding site of exons

11 and 12 are associated with different mechanism and

different conformational effects from previous mutations

inside the GTP binding site. The mechanism of allosteric

control in mutations could be solved by the X-ray crystal

structure of bovine GDH. Peterson et al22 and Smith et al23

proposed that the catalytic cleft between NAD-binding

domain and glutamate-binding domain is narrowed by

GTP and is widened by ADP on a hinge of the pivot helix

(Figure 4). They also found the unique structure of `antenna'

connecting to the pivot helix in bovine GDH. The

mutations found from patients with CHH can be divided

into three sites according to the location on the structure of

GDH. Site 1 is in 15 amino acids between F440 and H454 in

human within exons 11 and 12. On the structure of GDH,

this site is on the pivot helix and H450 on bovine GDH

Figure 2 Identification of two missense mutations in two
patients with CHH. (A) Two bands (T and G) are present at the
same position with the sequence of sense direction in patient 1.
This T to G transition at nucleotide 1396 of the GDH cDNA in
exon 10 results in the replacement of leucine (TTG) by valine
(GTG). (B) Two bands (C and T) are present at the same position
with the sequence of antisense direction in patient 2. This C (G)
to T (A) transition at nucleotide 1509 in exon 12 results in the
replacement of glycine (GGT) by aspartic acid (GAT).

Figure 3 Analysis of immunoreactive protein and GDH activity
in COS cells transfected with normal or mutant cDNAs
constructs by expression analysis. (A) GDH activity from L413V
(closed squares) and G446D (closed circles), normal constructs
(open circles), and mock (open triangles) were shown.
(B) Immunoreactive GDH proteins from normal, L413V, and
G446D constructs were identified by Western blotting.
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making contact with the triphosphate of GTP and its

surroundings. All mutations from the patients with CHH

were found in this site 1 in the first and second reports by

Stanley et al,9,19 which predicted the region of the binding

peptides to GTP by the photoaffinity labelling method.11

Site 2 is in exons 6 and 7, which interacts with GTP

molecules. On the structure of GDH, the triphosphate of

GTP makes contact with H209, R217, R261, Y262, R265, and

H450 on bovine GDH and the purine ring of GTP interacts

with E292 and K289 on bovine GDH (bovine GDH is 4

amino acids shorter in N-terminal than human GDH).

E296A and R265L,24 R221C and R269H,20 and S217L,

R256T, Y266C, and R269C25 in exons 6 and 7 have been

identified outside the above GTP binding site 1. The

mechanism of hyperinsulinism and hyperammonaemia

caused by mutations in sites 1 and 2 is clearly explained

by the insensitivity for the GTP inhibition on GDH enzyme.

Site 3 is in exon 10, which is located in the a-helix of the

antenna-like structure on the other side from the hinge.

Only two mutations of L413V and N410T have been found

in this site 3. The similarity of GDH regulation in both

mutations is that both have about twofold higher basal GDH

activity than control subjects. The difference between L413V

and N410T is the insensitivity for GTP inhibition and the

Figure 4 The location of L413V, and G446D mutations in CHH. One subunit of the GDH homohexamer represented as a ribbon
diagram on the basis of the X-ray crystallographic structure of bovine GDH.22,23 The catalytic cleft is between NAD domain and
Glutamate domain. GTP molecule is represented by a ball-and-stick model. Mutated amino acid residues are shown as purple balls in the
pivot helix, red balls in GTP binding site of exons 11 and 12, green balls in GTP binding site of exons 6 and 7, and blue balls in front site of
antenna. Our mutations of L413V and G446D are shown in green box. The figure was kindly prepared by Thomas J Smith, using
MolView.26
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reaction for ADP stimulation. These findings suggest that

the antenna-like structure plays an important role in GDH

activity.

In COS cell expression analysis, L413V and G446D mutant

constructs showed insensitivity to the inhibitory effect of

GTP. Therefore, they were confirmed to be the causative

mutations for CHH. Furthermore, the expression analysis

allowed the demonstration of the dosage effect of mutant

GDH gene, indicating a gain-of-function. The half-maximal

inhibitory concentrations of GTP for both mutant constructs

in COS cells were 2 ± 5-fold higher than that in lymphoblasts

from the patients. Electroporation of COS cells with normal

GDH cDNA in the transient expression assay resulted in 10-

fold greater stimulation of GDH activity over the endogenous

background. Therefore, COS cells with the mutant constructs

were similar to the homozygous state for each mutation,

while lymphoblasts obtained from the patients were hetero-

zygous for mutant/normal. The level of insensitivity of

allosteric inhibition by GTP was proportionate to the increase

in the amounts of mutant genes. In addition, the amounts of

immunoreactive proteins for L413V and G446D mutations

were similar to those of normal construct, suggesting that

increased basal GDH activity and changes in inhibitory

effects in mutant GDH depend not on the amount of enzyme

but on the difference in specific activity.

The potency of the allosteric inhibition of GTP in

lymphoblasts of patient 1 (L413V) and in COS cells

transfected with L413V constructs was between that of

control subjects and patient 2 (G446D), even though basal

activities in patient 1 (L413V) were twofold higher than the

controls, ie, impairment of GDH regulation in those with

L413V was obviously less severe than in those with G446D.

The hypoglycaemic symptoms in patient 1 with L413V

appeared at 4 months of age, definitely later than that in

patient 2 with G446D and hypoglycaemia was relatively

easily controllable in patient 1. In addition, the serum

ammonium levels in patient 1 were significantly lower

(P50.0001) than those in patient 2 in the last 3 years. The

clinical phenotype was mild in patient 1. These findings

indicate a close correlation among the severity of clinical

symptoms (clinical phenotype), the level of impaired GDH

regulation in lymphoblasts (biochemical phenotype), and

the level of impaired regulation of GDH expression

(genotype). On the other hand, clinical phenotypes in some

reported cases with CHH were not consistent with the

biochemical phenotype determined by GDH enzymatic

analysis and genotype. For example, two patients with

G446D mutation were identified by familial analysis who

were otherwise asymptomatic.9 Similarly, other reported

cases with A447T developed hypoglycaemic seizures and

died in early infancy, whereas others with a similar

abnormality survived into adulthood without ever showing

signs of hypoglycaemia.19 Thus, it is possible that other

genetic or environmental factors are involved in the

development of hyperinsulinism and hyperammonaemia.

Further studies are necessary to investigate prospectively the

relationship between clinical symptoms and genotype and

other genetic and environmental factors involved in the

development of CHH.
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