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ABSTRACT  Both alleles of the insulin gene of a patient with
mild diabetes [maturity-onset-diabetes-of-the-young (MODY)-type
syndrome] associated with hyperinsulinemia have been cloned,
and the sequences have been determined. One allele contained
a mutation (single nucleotide transition) in the coding sequence for
the B chain at position 24 (TTC — TCC), resulting in the loss of
a restriction enzyme (Mbo II) cleavage site in the gene. This mu-
tation results in the substitution of serine for phenylalanine in a
critically important region of the insulin molecule that is inti-
mately involved in receptor binding. Both insulin alleles were of
the a type and, aside from a single nucleotide deletion in the 5’
region of the normal allele, their sequences were identical to those
previously determined.

Diabetes is a heterogeneous group of metabolic disorders char-
acterized by hyperglycemia and a relative or absolute defi-
ciency of insulin. A strong genetic component is particularly
evident in the more common noninsulin-dependent or matu-
rity-onset form of the disease (type II diabetes), but the nature
of the underlying genetic factor or factors responsible for the
disorder remains obscure. Analysis of the inheritance pattern
in affected families is complicated by the relatively late onset
of the disease in many individuals and the probable existence
of secondary contributing factors, which may be either ac-
quired or genetic (1, 2). Despite these complexities, it is im-
portant to establish whether defects residing in or near the in-
sulin gene may contribute to the relative insulin deficiency in
this group of patients.

We have identified three individuals with mild diabetes as-
sociated with increased plasma insulin levels and have shown
that these patients all have abnormal circulating insulin mol-
ecules that can be distinguished from each other and from nor-
mal human insulin (3). These abnormal insulins exhibited both
impaired biological activity and reduced rates of clearance from
the circulation (4-6). In one of these cases, insulin isolated from
the patient’s pancreas consisted of roughly equal proportions of
normal insulin and an insulin of low biological potency, having
a leucine-for-phenylalanine substitution at position 25 in the B
chain (3, 7). This substitution resulted in the loss of a normal
restriction enzyme cleavage site in one allele of the patient’s
insulin gene in the coding region for the B chain at the phe-
nylalanine-phenylalanine sequence at positions B24 and B25
(8). The codons for these two amino acids contain a pentanu-
cleotide recognition sequence for the enzyme Mbo II. Cloning
and nucleotide sequence analysis of the insulin gene of this pa-
tient resulted in the identification of a single nucleotide trans-
version in the codon for phenylalanine-B25, changing it to a
codon specifying leucine (9).

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertise-
ment” in accordance with 18 U.S.C. §1734 solely to indicate this fact.

6366

We have now studied in greater detail another affected in-
dividual (J.F.) and her family. This patient had fasting hyper-
insulinemia without any resistance to exogenously adminis-
tered insulin (5). Similar fasting hyperinsulinemia was dem-
onstrated in five additional family members of both sexes over
three successive generations, indicating an autosomal dominant
pattern of inheritance. Insulin isolated from the patient’s serum
by immunoaffinity chromatography had markedly reduced bi-
ological activity as compared to its immunoreactivity (5). HPLC
analysis of the serum insulin revealed a major component that
was less hydrophobic than native human insulin and only small
amounts of the normal hormone (3). Furthermore, restriction
endonuclease cleavage analysis of genomic DNA isolated from
the patient’s leukocytes revealed the apparent loss in one allele
of the insulin gene of the same Mbo II recognition site that had
been found to be defective in the first patient (3, 5). However,
this abnormal insulin could be distinguished clearly by HPLC
from the [Leu®®]insulin found in the first case (3). In order to
define the nature of this mutation, we cloned and determined
the nucleotide sequences of both alleles of the insulin gene of
this patient. The results demonstrate that a point mutation has
occurred in the codon for position B24 resulting in the substi-
tution of serine for phenylalanine at this site.

MATERIALS AND METHODS

Preparation of Genomic DNA. Genomic DNA was pre-
pared from the leukocytes from 20-50 ml of blood as described
(8). In brief, the leukocytes were digested with proteinase K
(100 ug/ml) in the presence of 100 mM EDTA, pH 8.0/0.5%
NaDodSOy, at 55°C overnight and were extracted three times
with phenol/chloroform/isoamyl alcohol, 25:24:1 (vol/vol), and
twice with chloroform; the DNA was dialyzed extensively against
10 mM Tris'HCI, pH 7.5/1 mM EDTA. DNA was then di-
gested with ribonuclease A (100 pg/ml) at 37°C for 2 hr and
with proteinase K at 55°C for 2 hr, extracted twice with the phe-
nol solution and once with chloroform, and then dialyzed against
1 mM Tris'HCI, pH 7.5/0.1 mM EDTA. DNA concentration
was calculated from the absorbancy at 260 nm, and the yields
were =10 ug per ml of blood.

Restriction Endonuclease Cleavage Analysis. Genomic DNA
(30 ug) was digested with 60 units (unless otherwise specified)
of restriction endonuclease at 37°C overnight (=16 hr) under
the conditions suggested by the manufacturers. Digested DNA
was separated on an 0.8 or 2% agarose gel and transferred to
nitrocellulose filters by the method of Southern (10). The filter
was incubated with 14 ml of prehybridizing solution containing
3x NaCl/Cit (1x NaCl/Cit is 0.15 M NaCl/0.015 M sodium
citrate, pH 7), 10X Denhardt solution (1X is 0.02% polyvi-
nylpyrrolidone/0.02% Ficoll/0.2% bovine serum albumin), 50

Abbreviations: bp, base pair(s); kb, kilobase(s).
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mM sodium phosphate, alkali-denatured salmon testis DNA at
200 pug/ml, poly(A) at 10 pg/ml, poly(C) at 10 ug/ml, and 0.1%
NaDodSO; at 65°C overnight and then hybridized with 2 x 10°
~ cpm of human insulin cDNA labeled with **P by nick-trans-
lation (11) in 5 ml of the above solution at 65°C for 3 days. After
hybridization, the filter was washed with 0.1X NaCl/Cit at 65°C,
dried, and exposed to x-ray film at —70°C for 7 days with an
intensifying screen (DuPont Cronex Lightning Plus).

Molecular Cloning of the Insulin Genes. Genomic DNA (270
pg) was digested with EcoRI at 37°C overnight and was sep-
arated on an 0.8% agarose gel. Three 5-mm slices covering the
size ranges 16.5-23.5 (fragment A), 12.3-16.5 (fragment B), and
9.8-12.3 kilobases (kb) (fragment C) were cut from gel and iso-
lated by electroelution (12); 1-ug aliquots of each fragment were
applied to an 0.8% agarose gel again, along with a marker lane
of 30 ug of EcoRI-digested genomic DNA. The autoradiogram
of the Southern blot showed that fragment B contained the in-
sulin gene, and this fragment was used for cloning.

A gtWES AB phage was grown, and DNA was isolated as de-
scribed (13). The phage DNA was digested with EcoRI, and the
phage arms were prepared by sucrose gradient centrifugation,
dialyzed, and precipitated with ethanol (13). The purified EcoRI
fragment containing the insulin gene was ligated to the phage
arms in equimolar ratios; 1 ug of arms and 0.65 ug of DNA
fragment B were hybridized at 42°C for 2 hr in 8 pul of 1.25X
ligase buffer (12). After cooling slowly, 1 ul of 10 mM ATP, 1
ul of 10 mM dithiothreitol, and 0.5 ul of T4 ligase (2 units) were
added, and the mixture was incubated at 9°C overnight. The
ligated DNA was then packaged in vitro (14), yielding =5 X 10°
recombinant phages per ug of arms. The packaged phage was
infected into Escherichia coli LE392, and phage plaques were
screened by an in situ plaque hybridization method (15) with
32p_Jabeled and cloned human insulin cDNA as a probe. Pos-
itive plaques were picked and purified by screening at low den-
sity through two more cycles. DNA from selected clones were
isolated from 400-ml lysates and analyzed by restriction en-
donuclease mapping. An Xho I fragment containing the insulin
gene was then subcloned into the Sal I site of pBR322, and the
nucleotide sequence was determined by the method of Maxam
and Gilbert (16).

RESULTS

In the characterization of the gene encoding mutant [Leu
insulin, the substitution of leucine for phenylalanine at residue
25 of the B chain resulted in the loss of a Mbo II site in the
coding region, which was easily detected by the appearance of
a band of =900 base pairs (bp) on Southern blot hybridization
(8). Similarly, when leukocyte DNA from patient J.F. was ana-
lyzed with Mbo II, a 920-bp band was detected in addition to
the expected 1,600-, 580-, and 340-bp fragments. The data shown
in Fig. 1 indicate that even prolonged digestion with excess Mbo
11 did not fully cleave normal DNA at this site, possibly due to
modifications in the DNA. Nonetheless, under these condi-
tions we were able to clearly distinguish the patient’s cleavage
pattern from that of the normal. This result suggested that the
patient is heterozygous, with both a normal and abnormal allele
in the insulin locus, and indicated that the mutation resides, at
least in part, in the codons for residues B24 or B25.

In order to determine the sequence of the mutant allele, we
cloned both alleles of the insulin gene in bacteriophage
AgtWESAB. For this purpose genomic DNA was digested with
EcoRI, and a 14-kb size fraction containing the insulin genes
was partially purified by agarose gel electrophoresis, ligated to
EcoRI arms of AgtWESAB, and packaged in vitro. After 5 X
10° plaques were screened, two recombinants containing the
abnormal insulin allele and two containing the normal insulin
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DNA (ug) 30 30 30 30 30
Mbo I (U) 30 60 120 180 180
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- 1600

-920
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FiG. 1. Demonstration of the loss of a restriction endonuclease
Mbo 1I cleavage site in genomic DNA from patient J.F.; 30 ug of ge-
nomic DNA from a normal subject and from the patient were digested
with various units (U) of Mbo II at 37°C as indicated. Digestion was
carried out for 16 hr with half of the stated amount of enzyme and was
continued for an additional 8 hr after addition of the remaining amount.
Digested DNA was analyzed as described; $X174 DNA digested with
Hae ITI was used as a molecular weight standard.

allele as identified by the Mbo II hybridization pattern were
obtained (Fig. 2). Subsequently, phage DNA from one recom-
binant of each allele was isolated, and =5.0-kb Xho I fragments
containing the insulin gene were subcloned into pBR322 for
sequence analysis (see the restriction map in Fig. 3).

Within the coding regions, the DNA sequences of both the
normal and abnormal alleles were in agreement with published
results (18, 19) except in the codon for amino acid B24 of the
abnormal allele. Here a single nucleotide transition was found
(TTC — TCC) that would result in the production of an ab-
normal insulin having a serine-for-phenylalanine substitution at
this position (Fig. 4). Outside the coding region, sequence data
established that both genes contained three out of the four nu-
cleotide changes associated with the a-type allele as described
by Ullrich et al. (18) (the fourth nucleotide change of the a-type

P o L
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s - -890
- - 560
- - - 360

FiG. 2. Mbo Il cleavage analysis of the cloned insulin gene alleles.
Phage DNA (1 ug) from each clone was digested with 10 units of Mbo
11 at 37°C for 4 hr. Digested DNA was electrophoresed, blotted, and hy-
bridized to human insulin cDNA as described.
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Polymorphic Insert
Normal 530 bp
Mutant 400 bp
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F1c. 3. Restriction map and sequence analysis strategy for the normal and mutant human insulin genes. DNA from phage recombinants with
the 14-kb EcoRI fragment containing the normal or mutant insulin gene (Fig. 2) were digested with Xho I, and the 4.8- to 4.9-kb fragment was
subcloned into the Sa! I site of pBR322 for restriction mapping and sequence analysis. The length of the polymorphic insert was estimated based
on the size of restriction fragments generated with Pst I, Nco I, Bgl I, and Bgl II and by comparison with a representative sequence published by
Bell et al. (17). Horizontal arrows indicate segments with sequences determined (5'-to-3' direction) by the Maxam-Gilbert procedure (16). Two allelic
forms of the insulin gene, which differ at four positions, have been identified (18), and sequence analysis of both the normal and mutant alleles
showed identity with the « type in three sites (circled). The sequence of the fourth site within the second intervening sequence was not determined.
Remaining segments sequenced in both the normal and mutant gene were identical and in agreement with published results (18, 19) with two ex-
ceptions: (i) in the mutant gene, there is a nucleotide transition (T — C) that changes the codon of residue B24 from phenylalanine to serine and
(ii) there is a nucleotide substitution/deletion 45 nucleotides upstream from the “TATA” box in the 5’ flanking region.

gene occurs in the second intron, the sequence of which was
not determined in this work) (Fig. 3). Restriction mapping
showed that both alleles contain small inserted sequences in the
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5’ polymorphic region (20) of =530 bp for the normal and 400
bp for the abnormal alleles (see Fig. 3). Of the remaining re-
gions, the only other variation in sequence from the published
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Fi16. 4. Demonstration of nucleotide sequence change in the abnormal insulin gene. The autoradiographs of portions of the sequence analysis
gels for both the normal and abnormal genes are shown. The sense strand DNA was end-labeled with [*?PJATP at the Nco I site (see Fig. 3), and
the sequence was determined by the method of Maxam and Gilbert (16).
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gene sequence was a single nucleotide deletion/addition that
was observed 45 nucleotides upstream from the Goldberg—
Hogness (“TATAA”) box. These findings are summarized in
Fig. 3

DISCUSSION

In this report, we describe the identification of a point mu-
tation in the insulin gene of a patient with hyperinsulinemic
diabetes. The presence of a mutation in the B-chain coding re-
gion was first suggested by restriction endonuclease Mbo 11
cleavage analysis of genomic DNA isolated from leukocytes of
the patient. The enzyme Mbo II recognizes the nucleotide se-
quence T-C-T-T-C, which is present in the codons for the B-24
and -25 phenylalanine residues. Examination of the insulin gene
regions coding for residues that are known to be invariant and
essential for insulin’s structural integrity or biological activity,
or both, revealed a number of potential restriction enzyme
cleavage sites that might be useful for screening. However, the
majority of enzymes cleaving these sites would result in the
production of large numbers of small fragments that would.be
difficult to analyze with presently available methods. Only three
sites, as shown in Fig. 5, emerged as potentially useful in prac-
tice for this purpose; two of these are present in the A-chain and
one is in the B-chain coding regions. Of these three, only the
Mboll site in the B chain is in a conserved region that is known
to strongly influence receptor binding affinity (22). It is of in-
terest that two of three patients so far identified as having mu-
tant insulins have had a loss of this site. Thus, cleavage analysis
by Mbo 11 of genomic DNA may be a useful first screening ma-
neuver for detection of mutant insulin genes. A similar screen-
ing approach has already been applied to the detection of the
sickle cell mutation in the B-globin gene by using the enzyme
Dde 11 (23). The Mbo II cleavage defect also made it easier to
identify the abnormal allele of the cloned insulin gene in this
patient. Indeed, an equal number of clones of the normal and
abnormal alleles were obtained as shown in Fig. 2

Nucleotide sequence analysis revealed a point mutation within
the codon for phenylalanine-B24 (TTC — TCC) in the mutant
gene. No other mutation was detected within the coding region
of either allele of the insulin gene when these were compared
with the previously reported nucleotide sequences for the nor-
mal gene (18, 19). This single nucleotide transition results in the
substitution of serine for phenylalanine at position B24, which
accounts for the less hydrophobic character of the mutant in-

A
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sulin observed on reverse-phase HPLC analysis of the patient’s
serum insulin (3).

Because the region B23-26 has been proposed to lie near or
within the receptor binding site of the insulin molecule (22), it
is likely that amino acid substitutions in this region will result
in a loss of biological activity. Studies using semisynthetic in-
sulin analogues have confirmed this possibility (24-26). Thus,
even the conservative substitution of leucine for phenylalanine
at either B24 or B25 markedly reduces the biological activity of
the resultant insulin. It is evident that the substitution of leu-
cine for phenylalanine at B25 in the first patient and of serine
for phenylalanine at B24 in this patient could be an important
predisposing factor in producing diabetes. Both patients are
mildly diabetic and exhibit fasting hyperinsulinemia, which may
be a reflection of the impaired receptor-binding potency of the
mutant insulin. Thus, although both normal and abnormal in-
sulins were found in almost equal proportions in the pancreas
of the first patient (3, 7), indicating the codominant expression
of both alleles of the insulin gene, more than 90% of the cir-
culating insulin was found to be the mutant form (3). These
findings suggest that the metabolism of the mutant insulin is
slowed and would account for the hyperinsulinemia in both pa-
tients. However, at the same time, both patients may suffer a
relative insulin deficiency in terms of biologically active ma-
terial and, thus, can be categorized as having mildly insulin-de-
ficient diabetes. The markedly reduced biological activity of
the insulin isolated from both patients’ sera is consistent with
this conclusion and indicates that the (receptor-mediated) deg-
radation (27, 28) of the mutant insulin is selectively impaired
in vivo.

Polymorphism of the human insulin gene and its possible
relationship to diabetes have been reported (20, 29-31). The
length polymorphism is found in the 5’ flanking region of the
insulin gene (Fig. 3) and is composed of  a tandemly repeated
14-nucleotide G+C-rich family of sequences (17). Two main
modal size distributions have been observed in the human pop-
ulation that are inherited in a Mendelian fashion (32). These
consist of shorter inserts of 0-600 bp or longer inserts, pre- -
dominantly of 1.6 kb (31). Several recent reports indicate that
longer inserts are found more frequently in the genes of non-
insulin-dependent diabetic patients than in normal subjects,
but this subject remains controversial (20-31). In this patient,
both alleles have shorter inserts, as indicated in Fig. 3. It is not
known whether this polymorphism affects the expression of the
insulin gene. The only change found in the 5’ region in this study
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FiG. 5. Potentially useful restriction enzyme cleavage sites within highly conserved regions of the human insulin molecule. Residues in solid

circles are those that are invarient in the known vertebrate insulins (21).
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was a single nucleotide deletion in the normal gene just 45 bp
upstream from the TATA box (see Fig. 3).

Both genetic and environmental factors can influence the de-
velopment of diabetes and the genetic factor(s) contributing to
the disease are considered to be heterogeneous (1, 2). From the
clinical course and the family history (5), this patient could be

classified as having maturity-onset diabetes of the young:

(MODY), in which an autosomal dominant pattern of inheri-
tance has been propesed (33, 34). The hyperinsulinemia of this
patient clearly sets it apart from the majority of nonobese ma-
turity-onset diabetics, who -exhibit moderate reduction in cir-
culating immunoreactive insulin. However, the present study
along with those on two other individuals with mild diabetes
associated with other mutations in one allele of the insulin gene,
giving rise to a biologically defective insulin (3, 9), strongly sug-

gest that altered: insulin gene dosage i man (only one fune- -

tional allele rather than two) can.significantly impair.normal

insulin production and lead to diabetes in susceptible individ- -
uals. Thus, other kinds of mutations within the preproinsulin.

coding sequence that prevent gene expression, block precursor
synthesis, or impair its transport and maturation (35, 36) may
produce a similar phenotypic picture. The incidence .of such
abnormalities in the human (diabetic or normal) population is
unknown. .
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