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Summary. Mutations were screened for in the glucokinase
gene of 25 Japanese patients with Type 2 (non-insulin-de-
pendent) diabetes mellitus. Each exon was scanned by elec-
trophoresis of enzymatically amplified DN A segments under
non-denaturing conditions and variants were sequenced. A
variant pattern was detected in exon 5 of one patient. Direct
sequencing of this exon revealed a single nucleotide substitu-
tion in codon 188 (GCT—ACT) of one of two alleles result-
ing in the mutation of Ala®™®—Thr, an invariant residue in the
sequence of all mammalian glucokinases and hexokinases.
This mutation was not found in 40 normal control subjects.
The proband had been diagnosed with Type 2 diabetes at the
age of 62 years. Four other members of her family have the
same mutation and all have Type 2 diabetes or impaired
glucose tolerance. The youngest age at diagnosis of Type 2
diabetes in these other members was 13 years, suggesting

that her pedigree was maturity-onset diabetes of the young
(MODY). All subjects with the Thr'® mutation show a de-
creased insulin secretory response during oral glucose toler-
ance testing. Mutations in the glucokinase gene associated
with Type 2 diabetes have been previously identified in Cau-
casian (French and British) subjects. This study indicates that
mutations in this gene are also implicated in the development
of Type 2 diabetes in Asians. Further studies are required to
determine the frequency of mutations in glucokinase among
Japanese patients with Type 2 diabetes.

Key words: Glucokinase gene, mutation, Type 2 (non-insu-
lin-dependent) diabetes mellitus, polymerase chain reaction,
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Type 2 (non-insulin-dependent) diabetes mellitus is a
heterogeneous disorder of glucose homeostasis charac-
terized by defects in insulin secretion and insulin action [1,
2]. The familial aggregation and high concordance rate in
identical twins indicate the important contribution of
heredity toits development [3]. A number of genes whose
mutation can increase the risk of developing Type 2
diabetes have been identified including the glucokinase
gene on chromosome 7 [4-8], the insulin gene on chromo-
some 11 [9, 10], the insulin receptor gene on chromo-
some 19 [11], and a gene of unknown structure and func-
tion on chromosome 20 [12]. In addition, mutations in the
mitochondrial genome have been implicated in a mater-
nally inherited disorder characterized by Type 2 diabetes
and deafness [13, 14]. :

Recent studies of French and British families with
early-onset Type 2 diabetes or maturity-onset diabetes of
the young (MODY ) have resulted in the identification of
one nonsense (polypeptide chain terminating) and three

different missense (amino acid replacement) mutations in
the glucokinase gene that cosegregate with Type 2
diabetes in four French and two British families [5, 7, §].
Interestingly, the same mutation was found in the two un-
related British families, one of which had MODY whereas
the other was considered to have late-onset Type 2
diabetes [8]. The studies of patients with Type 2 diabetes
due to the presence of a mutation in glucokinase gene in-
dicate that they have a relatively mild form of Type 2
diabetes with onset often during childhood and an auto-
somal dominant mode of inheritance.

Here, we report the identification of a mutation in
exon 5 of glucokinase gene that cosegregates with Type 2
diabetes or impaired glucose tolerance in a Japanese fam-
ily. This mutation, Ala'®—Thr, is an amino acid that does
not vary among the sequences of mammalian gluco-
kinases and hexokinases [15-17] and is located in a region
of glucokinase that undergoes a major conformational
change on glucose binding [18].
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Fig.1. Single stranded conformation polymorphism analysis of
exon 5 of two normal control subjects (lanes 1 and 2) and the pro-
band (lane 3). Exon 5 was amplified in vitro and the product diluted
and then electrophoresed in non-denaturing polyacrylamide (0%
glycerol) gel at 4°C. The variant band in the proband is indicated by
the arrow

Subjects and methods

The study population consisted of 25 Type 2 diabetic patients. Thir-
teen of the patients had been diagnosed with Type 2 diabetes prior to
25years of age (age at study: 20+2.0 years, age at diagnosis:
16 £ 1.4 years, BMI: 22.2 £0.6 kg/m?) and of these six had a family
history of Type 2 diabetes. The remaining 12 patients were diag-
nosed with Type 2 diabetes after 25 years of age (age at study:
57 £2.9 years, age at diagnosis: 42 + 3.0 years, BMI:20.2 + 0.7 kg/m?)
and seven of these had a family history of diabetes. Type 2 diabetes
was diagnosed according to WHO criteria [19]. We also screened 40
normal control subjects for mutations in exon 5 of the glucokinase
gene. All patients were informed of the aim of the study and gave
their informed consent. This work was approved by the ethical com-
mittee of the Chiba University Hospital,

Orual glucose tolerance test

A standard 75-g oral glucose tolerance test was carried out on the
proband, four affected and one unaffected member of her family,
and eight normal control subjects. The age and BMI of the non-
diabetic control subjects (age: 42 +5.0 years, BMI: 21.5 £ 1.5 kg/m?)
were matched to those of the patients (age: 50%7.6 years, BMI:
20.0 + 1.8 kg/m?).

Identification of mutations

DNA was prepared from peripheral blood lymphocytes. Each exon
of glucokinase gene was amplified using polymerase chain reaction
(PCR) as described [7]. The PCR products were diluted 15-fold with
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formamide buffer (95 % formamide, 0.05% blomophenol blue and
0.05% xylene cyanol), heated at 95°C for 3 min and 1.5 pl of each
sample was loaded onto 5% non-denaturing polyacrylamide gel
(30 cm x40 cm x0.03 cm;  acrylamide:N,N’-methylene-bis-acryla-
mide = 49:1) [20]. Each sample was run on four gels containing 0 or
10% glycerol at room temperture or 4°C. The gels were then trans-
ferred to paper, dried and exposed to film (XAR-5, Kodak Roches-
ter, N. Y., USA) with intensifying screen for 12 h at —70°C. The se-
quence of the amplified DNA was determined directly as previously
reported [21, 22]. In addition, the PCR products were also cloned
into M13 and sequenced using a Sequenase DNA Sequencing Kit
(United States Biochemical Corporation, Cleveland, Ohio, USA).
All mutations are described relative to the amino acid sequence of
the beta-cell isoform of glucokinase [8].

Statistical analysis

Statistical significance was evaluated using an unpaired Student’s
t-test. Data are given as mean £ SEM.

Results

All 12 exons of the glucokinase gene of 25 Type 2 diabetic
patients were amplified using PCR and analysed by single
stranded conformation polymorphism (SSCP). A variant
pattern was noted in only one of the 25 patients (Fig.1)
and was consistent with the presence of alleles of exon 5 of
both normal and abnormal sequence. The patient in which
the abnormal SSCP pattern was seen was a 68-year-old
Japanese women who was diagnosed with Type 2 diabetes
at the age of 62years by physical examination and
referred to our hospital. At the time of diagnosis, she had
a fasting plasma glucose level of 7.0 mmol/l, and
11.2 mmol/l, 2 h after an oral glucose load. Her BMI at
that time was 22.5 kg/m® She has subsequently been
treated with diet and now has impaired glucose tolerance
(IGT) based upon the results of her most recent oral glu-
cose tolerance test. She also has a family history of Type 2
diabetes. Abnormal conformers of exon 5 were not seen in
any of the other 24 Type 2 diabetic patients or in a panel of
40 normal subjects.

Sequence of exon 5 showed that the variant pattern
resulted from a mutation in codon 188 resulting in the
replacement of Ala (GCT) by Thr (ACT) (Fig.2). This
mutation occurs within the context of a CpG dinucleotide
(GACGCT—GACACT) suggesting that this site may be
a “hot spot” for mutation [23]. As shown in Figure 2, the
patient is heterozygous at this site and thus expresses both
normal and mutant forms of glucokinase. In addition to
direct sequencing of the PCR product, the sequence of the
mutation was confirmed by reamplification of exon 5-and
sequencing the PCR products after subcloning into M13
(data not shown).

SSCP analysis of exon 5 in other members of the pa-
tient’s family revealed the presence of the variant pattern
in four additional individuals (Fig.3). We also confirmed
that these four subjects have the Thr'® mutation by direct
sequence. The clinical features and results of oral glucose
tolerance testing of the proband and other subjects with
the Thr'® mutation are shown in Table 1 and Table 2.
Based upon the results of the oral glucose tolerance test,
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Fig.2. Sequence of exon 5 of a normal control subject (left) and the
proband (right). Exon 5 was amplified and directly sequenced. Note
the presence of two sequences in the proband at the site of the muta-
tion; one sequence is derived from the normal allele and the other
from the mutant allele. The G—A transition in codon 188 resulting
in the Ala—Thr mutation is shown
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Fig.3. Pedigree of the proband. Roman numbers on the left denote
the generation number of arabic number above the symbol denotes
each individual within this generation. The symbols are: squares,
males; circles, females; symbols with a slash through them, deceased;
closed symbols, individuals with Type 2 diabetes; diagonal shading,
individuals with impaired glucose tolerance; open symbol, individ-
uals with normoglycaemia; nd denotes individuals who were not
available for testing. The proband is noted by an arrow. The exon 5
genotypes are noted under each symbol: N, normal and M, mutant

three of the subjects (II-6, I11-1 and ITI-3) have overt
Type 2 diabetes, two (II-2, 11-4) have IGT and one individ-
ual (III-2) without the mutation showed normal glucose
tolerance. One individual (I1I-3) was diagnosed with
Type 2 diabetes at age 13 years whereas four others (II-2,
I1-4, I1-6, III-1) were middle-aged when diagnosed with
IGT or Type 2 diabetes. In all individuals with Thr'®®
mutation, the insulin response to glucose upon oral glu-
cose tolerance testing of these subjects was decreas-
ed (Table 2). The insulinogenic index (AIRT/APG = IRI
30 min—IRI O min/PG 30 min-PG 0 min, where IRI is
immunoreactive insulin and PG is plasma glucose) and
insulin level at 30 min after oral glucose load of the pa-
tients were significantly decreased compared with normal
control subjects.
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Discussion

We have identified a new missense mutation in the gluco-
kinase gene in a Japanese patients with Type 2 diabetes.
This mutation was not seen in 40 unrelated non-diabetic
subjects or 24 other selected patients with Type 2 diabetes
(13 early-onset and 11 late-onset). In the patient’s family,
affected members with the mutation have Type 2 diabetes
or IGT.

The effect of the Ala'®—Thr mutation on glucokinase
activity has not been determined. However, Ala'™ is con-
sistent among the sequences of all mammalian hexo-
kinases (hexokinase [-IIT) and glucokinases [7, 15-17] im-
plying that it serves an important role with respect to the
function of these enzymes. Modelling of human pancre-
atic beta-cell glucokinase on the crystal structure of the
open or unliganded form of yeast hexokinase B indicates
that Ala'™ (equivalent to Glu'* of yeast hexokinase B) is
located in an alpha-helical surface loop that is quite dis-
tant from the active site. However, this region shows
changes in conformation between the open and closed
forms of yeast hexokinase B [18]. Thus, the mutation of
Ala™-Thr in this region may affect this conformational
change and thereby alter the enzymatic properties of glu-
cokinase.

Glucokinase is expressed only in pancreatic beta cells
and hepatocytes and plays a key role in their regulation
of glucose metabolism [24, 25]. In the hepatocyte, the
phosphorylation of glucose by glucokinase facilitates the
uptake and metabolism of glucose by maintaining a gra-
dient for glucose transport. In beta cells, glucokinase con-
trols the flux of glucose through glycolysis and is believed
to be, at least in part, the beta-cell glucose sensor control-
ling the secretion of insulin in response to changes in the
blood glucose level. In this respect, Meglasson and
Matschinsky [26] have suggested that the levels of gluco-
kinase activity in the beta cell determined the threshold
at which it secretes insulin in response to changes in glu-
cose concentration. Previous reports indicated that muta-
tions in glucokinase cause forms of Type 2 diabetes in-
herited dominantly by a gene dosage mechanism that
decreases the levels of glucokinase activity in the beta
cell such that the threshold for glucose-stimulated insulin
secretion is increased [5-7]. Clinical studies of French pa-
tients with glucokinase gene mutations are consistent
with this hypothesis [27]. The Japanese patients with the

Table 1. Characteristics of the pedigree and control subjects

Patient Ageat Ageat Bodymass Current
) diagnosis study index therapy
(vears)  (years) (kg/m’)
11-2 62 68 22.5 diet
11-4 44 62 16.9 diet
11-6 55 57 25.8 diet
II-1 33 33 183 diet
II1-3 13 31 165 sulphonylurea
Patients -~ 50+7.6° 200+1.8° -
Control subjects — 42+50 215+15 -

* Not statistically different compared with control subjects. Data are
represented as mean + SEM
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Table 2. Plasma glucose and insulin level at 75-g oral glucose tolerance test

Patient Plasma glucose (mmol/1) Insulin (pmol/T) AIRT/APG*
0 min 30 60 120 0 min 30 60 120

12 6.6 10.3 104 7.9 41 128 190 113 24

-4 6.1 77 10.0 10.1 30 48 88 120 11

-6 83 13.8 14.7 11.5 49 222 372 378 32

111-1 6.5 11.8 14.4 12.8 21 114 180 228 18

I11-3 6.3 10.4 11.5 12.2 14 67 71 70 13

Patients 6.8+04 108+1.00 122%1.0° 109109 31z64 116+£30°  180%54 182+ 56 20+3°

Control subjects  5.1£0.2 7.5£0.3 62+0.5 48+03 58+13 412+£70 332+68 217+78 180 +43

2p <0.01, ®p<0.05 vs control subjects; ¢ AIRI/APG =IRI 30 min-IRI 0 min (pmol/1)/PG 30 min-PG 0 min (mmol/l) IRI, Immunoreactive

insulin; PG, plasma glucose. Data are represented as mean £ SEM

Thr'® mutation also appear to have a defect in insulin
secretion.

Glucokinase gene mutation causes a relatively mild
form of diabetes with a spectrum of clinical phenotypes
including mild fasting hyperglycaemia, IGT and overt
Type 2 diabetes [4-8]. This is also true of the Thr'® muta-
tion described in this family as two individuals with the
mutation have IGT and three have overt Type 2 diabetes.
Although four of the individuals with the Thr'® were di-
agnosed at over 25 years of age, the age of diagnosis of
one subject was 13 years. These results suggest that
this pedigree may be regarded as the MODY pedigree
and had they been tested at younger age, the age at diag-
nosis would have been much lower. However, we could
not exclude the possibility that other genetic or environ-
mental factors such as diet contributed to the varied age
of onset.

In summary, we have identified a mutation in the gluco-
kinase gene in a Japanese family that resulted in Type 2
diabetes and IGT. Glucokinase gene mutations associated
with Type 2 diabetes have now been identified in French
and British Caucasian patients and in Japanese. Thus,
they do not appear to be restricted to one ethnic or racial
group. Thus, more patients need to be studied to deter-
mine the frequency of mutations in the glucokinase gene
in the Japanese population and the overall contribution to
the incidence of Type 2 diabetes.
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