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PONTANEOUS hyperinsulinemic hypoglyce-
mia in adults is most frequently caused by spo-
radic, solitary pancreatic beta-cell tumors, where-
as hyperinsulinemic hypoglycemia in childhood is
commonly caused by generalized beta-cell dysfunc-
tion.! Mutations in the beta-cell sulfonylurea-recep-
tor (SURI) gene or inward-rectifying potassium-
channel (K#76.2) gene were found in some patients.2”
A distinct syndrome of hyperinsulinism with hy-
perammonemia was recently described,®® apparently
caused by mutations in the glutamate dehydrogenase
gene.!® However, many sporadic and familial cases of
hyperinsulinism remain unexplained. Some may be
due to somatic mutations in other genes, as suggest-
ed by reports of autosomal dominant familial hyper-
insulinism that was not genetically linked to the
SUR1 or Kir6.2 locus.!12
Glucokinase, a hexokinase with a low affinity for
glucose, controls the rate-limiting step of beta-cell
glucose metabolism and is responsible for glucose-
mediated regulation of insulin secretion.!3 Loss-of-
function mutations in this gene are associated with
maturity-onset diabetes of the young,'*!s which is
characterized by decreased glucose phosphorylation
and decreased insulin secretion.!
In this report, we describe a unique mutation in the
glucokinase gene that caused autosomal dominant fa-
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milial hyperinsulinism. These findings confirm the im-
portance of glucokinase as the primary regulator of
glucose-controlled insulin secretion in beta cells.

CASE REPORT

Preliminary clinical and genetic data on the study family have
been reported previously.!? The proband (Subject II-3 in Fig. 1),
a 31-year-old white man, was seen after losing consciousness after
breakfast; his plasma glucose concentration was 38 mg per deci-
liter (2.1 mmol per liter). During the preceding year he had noted
tiredness, weakness, hunger, and shakiness in midmorning that
were relieved by eating foods containing carbohydrates. Hypogly-
cemia with hyperinsulinemia was documented while the patient
was fasting (Fig. 1). Counterregulatory hormone responses to hy-
poglycemia (plasma glucose, 31 mg per deciliter [1.7 mmol per
liter]) were normal.}” The results of clinical and laboratory evalu-
ations were otherwise normal, as were those of pancreatic com-
puted tomography and magnetic resonance imaging.

The patient had two children (Subjects III-3 and I1I-4), both
of whom had nonketotic hypoglycemic seizures with inappropri-
ate hyperinsulinemia (Fig. 1). Measurements of urinary amino ac-
ids and urinary and plasma carnitines were normal, as were the
results of pancreatic ultrasonography.

The proband’s sister (Subject II-2), who was 36 years old and
had multiple sclerosis, had been given a diagnosis of hypoglyce-
mia at the age of 15 years. During fasting she had hypoglycemia
and inappropriately elevated plasma insulin and C-peptide con-
centrations (Fig. 1). Her children (Subjects ITI-1 and III-2) were
asymptomatic and normoglycemic.

The proband’s father (Subject I-1) reported symptoms of hy-
poglycemia controlled by diet throughout adolescence and early
adulthood. At the age of 48 years insulin-requiring diabetes mel-
litus developed. None of the subjects had evidence of multiple
endocrine neoplasia.

All the affected family members were treated with diazoxide
(100 to 300 mg per day), with complete resolution of hypogly-
cemia and hypoglycemia-related symptoms.

METHODS
Metabolic Studies

Plasma glucose, insulin, C-peptide, and proinsulin responses to
75 g of oral glucose were measured in the proband and his sister.
For the C-peptide—suppression test, insulin was infused (0.1 U per
kilogram of body weight per hour) and plasma glucose was meas-
ured every five minutes until the concentration was below 40 mg
per deciliter (2.2 mmol per liter) and glycopenic symptoms ap-
peared. Blood was drawn for measurement of plasma C peptide,
and glucose was administered intravenously. The rates of diurnal
insulin secretion were determined as previously described.!

All studies were approved by the institutional review committee
at the University of Illinois at Chicago, and written informed con-
sent was given by the study subjects or their parents.

Clinical Biochemical Measurements

Plasma glucose was measured by a glucose analyzer (Yellow
Springs Instrument, Yellow Springs, Ohio), C peptide by radio-
immunoassay,!® insulin by a double-antibody radioimmunoas-
say,20 and proinsulin by sandwich enzyme-linked immunosorbent
assay.2! The lower limit of detection was 3.3 wU per milliliter (20
pmol per liter) for insulin and 0.02 ng per milliliter (0.007 nmol
per liter) for C peptide.

Identification of Mutations

Linkage to the glucokinase locus was established with two
known microsatellite markers flanking the glucokinase gene.2
Single-strand conformational polymorphism (SSCP) analysis of
all 10 exons and the adjacent intron—exon boundaries was per-
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Figure 1. Studies in a Family with Hyperinsulinism.

Panel A shows the pedigree of the family and clinical data at the time of the study. The proband is indicated by the arrow. Squares
denote male family members, circles female family members, and solid symbols subjects with symptomatic hypoglycemia. The
body-mass index is calculated as the weight in kilograms divided by the square of the height in meters. To convert values for glu-
cose to millimoles per liter, multiply by 0.056, and to convert values for insulin to picomoles per liter, multiply by 6. In Panel B,
haplotype analysis of the glucokinase locus with the use of flanking microsatellite polymorphisms demonstrates the cosegregation
of a single glucokinase allele (shaded) with the clinical syndrome. In Panel C, allele-specific hybridization of oligonucleotide probes
specific for the mutant and wild-type enzymes documents the cosegregation of the mutation with the clinical syndrome. In Panel
D, sequence analysis of the antisense strand of exon 10 of the glucokinase gene in one affected subject shows a heterozygous
mutation causing the substitution of T for C at codon 455 (Val455Met).

formed with published oligonucleotide primers.2? Samples with
mobility shifts were cycle-sequenced (SequiTherm Excel, Epicen-
tre Technologies, Madison, Wis.) after gel purification.

Allele-Specific Oligonucleotide Hybridization

Genomic DNA was amplified by the polymerase chain reaction
(PCR), denatured in 0.4 M sodium hydroxide and 0.025 M
EDTA, and transferred to a Zeta-Probe GT blotting membrane
(Bio-Rad, Hercules, Calif.). Then, 32P-labeled oligonucleotides,
ACAGGCCACCGCCGAGA (wild-type) and TCTCGGCGATG-
GCCTGT (mutated), were individually hybridized to the mem-
brane-bound DNA at 43°C, washed at 54°C, and exposed to
x-ray film overnight at —80°C.

Site-Directed Mutagenesis of Glucokinase
Complementary DNA

Two methods were used to introduce the mutation into the
wild-type islet glucokinase. The first used splicing by overlap ex-
tension.2* An internal primer was annealed at position 1814, in-
troducing an A in place of G at base 1822. The PCR product con-
taining the mutation was ligated to the 5’ coding fragment of
wild-type islet glucokinase. In the second procedure, performed
by Dr. M. Magnuson (Vanderbilt University, Nashville), the
Val455Met mutation was introduced into human glucokinase
complementary DNA with the method of Kunkel et al.2s The mu-
tated 21-bp oligonucleotide had one altered base at position 11.
After mutagenesis and sequence confirmation, the wild-type and

mutant fragments were expressed as fusion products with a 26-kD
Streptomyces japonicum glutathione S-transferase C-terminal pro-
tein fragment and purified to near-homogeneity by single-step af-
finity chromatography with glutathione—agarose (Sigma, St. Lou-
is). This approach proved reliable in a study of glucokinase
mutations in patients with maturity-onset diabetes of the young.16

Kinetic Analysis of Recombinant Wild-Type
and Mutant Glucokinase

Kinetic constants were determined spectrophotometrically as
described previously.162¢ We applied nonlinear kinetics using the
Hill equation.?¢ The effect of glucokinase regulatory protein was
studied with methods described by Vandercammen and Van
Schaftingen.?” Because there were no apparent differences in the
kinetic constants of samples of recombinant glucokinase prepared
by the two procedures described above, the data were combined.

RESULTS
Clinical Studies

Oral glucose-tolerance tests in the proband and his
sister (Table 1) showed hypoglycemia during fasting,
normal glucose tolerance, and reactive hypoglycemia
three hours after the ingestion of glucose. Three per-
cent of the total plasma insulin immunoreactivity was
due to proinsulin (normal, <30 percent). During
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TABLE 1. RESULTS OF CLINICAL STUDIES IN THE PROBAND (SUBJECT II-3)
AND His SISTER (SUBJECT II-2).*

Test SusJecT II-2
SERUM PLASMA
GLUCOSE ~ INSULIN
mg/dl pU/mi
Oral glucose-tolerance test
0 min 38 0.4t
60 min 68 0.7
120 min 68 4.2
180 min 31 6.7t
Prolonged fast
1st symptomst 43 (22 hr) 2.0t
End of fast§ 40 (25 hr) 4.9t

SusJect 1I-3
PLASMA SERUM PLASMA PLASMA
C PEPTIDE GLUCOSE INSULIN  C PEPTIDE
ng/ml mg/dl pwU/ml ng/ml
0.121 43 26.81 0.36t
0.11 72 268 1.05
0.56 49 173 1.06
0.76t 32 106t 0.83t
0.07t 45 (18 hr) 19.5% 0.37¢
0.07t 40 (45 hr) — —

*To convert values for glucose to millimoles per liter, multiply by 0.056; to convert values for in-
sulin to picomoles per liter, multiply by 6; and to convert values for C peptide to nanomoles per liter,

multiply by 0.331.

tDuring hypoglycemia (plasma glucose, <45 mg per deciliter [2.5 mmol per liter]), plasma insulin
and C-peptide concentrations in normal subjects are less than 1.5 wU per milliliter (9 pmol per liter)
and less than 0.03 ng per milliliter (0.01 nmol per liter), respectively.2s

tValues in parentheses are the times at which the first symptoms appeared.

§Values in parentheses are the durations of the fast.

fasting (Table 1), both the proband and his sister
had mildly symptomatic hypoglycemia after 18 to 22
hours; their plasma glucose concentrations did not
decrease further despite continuation of the fast for
27 and 3 hours, respectively. During hypoglycemia,
their plasma insulin and C-peptide concentrations
were inappropriately elevated, and no sulfonylurea
drugs were detected in the proband’s urine.

In the proband, exogenous insulin administration
resulted in a decrease in plasma glucose concentra-
tions (from 43 to 35 mg per deciliter [2.4 to 1.9
mmol per liter]) and plasma C-peptide concentra-
tions (from 0.21 to 0.08 ng per milliliter [0.07 to
0.03 nmol per liter]) at 35 minutes. The results in
his sister were similar.

In the proband’s sister, the dynamics of 24-hour
insulin secretion were similar to those reported for
normal subjects with similar body-mass indexes,!8
the only abnormality being the low plasma glucose
concentrations during fasting (49 mg per deciliter
[2.7 mmol per liter]) and after meals (52 to 59 mg
per deciliter [2.9 to 3.3 mmol per liter]).

Identification and Confirmation of Glucokinase Mutation

Allele segregation of polymorphic markers flank-
ing the glucokinase gene was consistent with a dom-
inant pattern of inheritance (Fig. 1B). An SSCP mo-
bility shift was detected that was caused by a change
in a single base, which resulted in the substitution of
methionine for valine at codon 455 (Val455Met)
(Fig. 1). The allele-specific oligonucleotide hybridi-
zation assay confirmed the mutation and demon-
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strated cosegregation with hypoglycemia (Fig. 1C).
This mutation was not found in 37 unrelated white
families with hyperinsulinism, including 6 with an
apparently autosomal dominant form.

Kinetic Analysis of Recombinant Glucokinase

Mutant-enzyme activity, when expressed in terms
of half-maximal glucose concentration (the apparent
K,,), was 65 percent lower than that of the wild-type
enzyme (2.9 mM vs. 8.4 mM). In contrast, the mean
(*=SE) activity of the mutant enzyme, expressed in
terms of moles of substrate phosphorylated per mole
of enzyme per second (K_,), was indistinguishable
from that of the wild-type enzyme (54.4+3.5 and
50.2+4.9 mol per mole per second, respectively).
Likewise, the mutant enzyme had no effect on the
Hill coefficient (a measure of the effect of the inter-
action between glucokinase and its substrate on en-
zyme activity), the K  for ATD, the glucose depend-
ency of the K for ATP, and the inhibition of enzyme
activity by stearyl-coenzyme A and glucokinase reg-
ulatory protein. The relative K_,, values and affini-
ties with glucose, mannose, and fructose as sub-
strates were the same for both enzymes. Thus, the
Val455Met mutant resulted in only one singular
abnormality: lowering of the K, for glucose by 65
percent.

Model Studies

The pathophysiologic effect of the change in the
affinity of islet glucokinase for glucose from 8.4 to
2.9 mM is best illustrated by a simple model. If we
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assume that the expression of the wild-type and mu-
tated enzymes is the same, heterozygosity for the
Val455Met mutation results in a marked shift to the
left (increased sensitivity) of the glucose dependency
of islet glucokinase (Fig. 2). The Val203Ala muta-
tion associated with maturity-onset diabetes of the
young has the opposite effect.2¢ In estimating the
glucose threshold for insulin release in the heterozy-
gous proband and his sister, we assumed that the glu-
cokinase mutation was the only change in the beta
cells. We based the estimate on the Hill equation,?¢
using the specific rates at the threshold for the two
alleles at 20 to 30 percent of the K_,, since previous
studies established that insulin release is triggered
when the glycolytic rate reaches 20 to 30 percent of
capacity.?? The threshold of a subject who is heter-
ozygous for the Val455Met mutation is predicted to
be 2 to 2.5 mM glucose, as compared with the
threshold in a normal subject (wild type /wild type)
of 4 to 5 mM and the threshold of approximately
8 mM in a subject who is heterozygous for the
Val203Ala mutation associated with maturity-onset
diabetes of the young.

DISCUSSION

We characterized the clinical abnormalities and
the biochemical and genetic causes of a subtype
of autosomal dominant familial hyperinsulinism ex-
pressed in three generations of one family. Analysis
of the glucokinase gene revealed a conservative mis-
sense mutation (Val455Met) that cosegregated with
the disease; Val455 is not thought to be part of the
glucose-binding site,3 and none of the missense
mutations associated with maturity-onset diabetes of
the young are located in this region.!®> Therefore,
comprehensive kinetic characterization of the mu-
tant enzyme was essential to confirm that this mu-
tation caused the clinical syndrome.

When expressed in vitro, the Val455Met mutation
increased the affinity of glucokinase for glucose. The
hypoglycemia in this family can be entirely explained
by this change. The increased affinity for glucose re-
sults in higher rates of glycolysis at low glucose con-
centrations and therefore a higher rate of insulin se-
cretion at any plasma glucose concentration.

The control of insulin secretion was otherwise ap-
propriate in relation to changes in plasma glucose
concentrations, as expected from the proposed de-
fect. During prolonged fasting, the subjects’ plasma
glucose concentrations stabilized at about 40 mg
per deciliter (2.2 mmol per liter), significantly lower
than normal, and did not decrease further as hap-
pens in patients with insulinomas or those with fa-
milial hyperinsulinism caused by SURI or Kir6.2
mutations,? in whom insulin secretion is uncoupled
from glucose metabolism. Our model calculations
predict a pathologically low glucose threshold of
2 to 2.5 mM (36 to 45 mg per deciliter) for the
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Figure 2. Model of the Glucose Dependency of Glucose Phos-
phorylation and of the Predicted Glucose Thresholds for Insulin
Secretion in Normal Subjects (Wild Type/Wild Type), Heterozy-
gotes with Familial Hyperinsulinism (Wild Type/Val455Met), and
Heterozygotes with Maturity-Onset Diabetes of the Young (Wild
Type/Val203Ala).

Kinetic constants for Val203Ala were obtained from Kesavan et
al.26 The glucose thresholds for insulin release for each geno-
type, represented by the vertical bands, correspond to 20 to 30
percent of the composite glucokinase K_,, (horizontal band).

cat

stimulation of insulin release, which is reasonably
close to the clinically observed values. The proband,
who was the heavier of the two subjects tested, had
higher plasma insulin concentrations than his sister,
despite having similar plasma glucose concentra-
tions. This finding suggests the occurrence of nor-
mal beta-cell compensation for the insulin resistance
associated with obesity.

The age at onset and severity of symptoms varied
markedly in this family, and we have no explanation
for this variation. The long-term effects of the
Val455Met mutation on beta-cell function are also
unclear, but it is noteworthy that diabetes mellitus
developed later in life in the oldest affected family
member. Thus, eventual beta-cell failure is a possible
sequela of this mutation. It is also possible that an
increased affinity for glucose in liver glucokinase,
which is encoded by the same gene as islet glucoki-
nase, may increase glycogen synthesis and decrease
the efficiency of gluconeogenesis.

In summary, we describe a clinically distinct syn-
drome of autosomal dominant familial hyperin-
sulinism due to a mutation of glucokinase that re-
sults in increased affinity of the enzyme for glucose.
The hypoglycemia resulting from this mutation un-
derscores the essential role of glucokinase in reg-
ulating insulin secretion as the glucose sensor of
beta cells.
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