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Abstract

Familial hyperproinsulinemia is characterized by the accumu-
lation of proinsulin-like material (PLM) in the plasma of
affected patients. This disorder is inherited in an autosomal
dominant fashion. The accumulation of PLM is thought to be
due to the impaired conversion of proinsulin to insulin. Although
PLMhas been suggested to have an amino acid substitution,
it has been impossible to locate and identify a substituted
amino acid, due to the difficulty in isolating sufficient amounts
of PLMfrom plasma samples.

Therefore, we analyzed leukocyte DNAfrom one member
of a proinsulinemic family, and we found a point mutation that
changed guanine to adenine in the insulin gene. This transition
implies that a substitution of histidine for arginine has occurred
at amino acid position 65. Furthermore, it indicates that
arginine at 65 is essential for the conversion of proinsulin to
insulin. Our results suggest a novel mechanism by which
disease can be incurred: a heritable disorder can result from a
posttranslational processing abnormality caused by a point
mutation.

Introduction

Insulin (composed of A chains and B chains) is derived from
its precursor, proinsulin, by the removal of a connecting
peptide (C-peptide).' The cleavage is made at two pairs of
dibasic residues in the proinsulin molecule; one pair is Arg-
Arg at the junction of the C-peptide and the B-chain (C-B
junction), and the other pair is Lys-Arg at the junction of the
C-peptide and the A-chain (C-A junction).

Familial hyperproinsulinemia is a genetic defect in which
affected members of a family have inherited increased proin-
sulin-like material (PLM) in an autosomal dominant fashion
(1, 2). In these patients, immunoreactive insulin (IRI) in serum
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1. Abbreviations used in this paper: C-A junction, junction of the C-
peptide and the A-chain; C-B junction, junction of the C-peptide and
the B-chain; C-peptide, connecting peptide; HPLC, high performance
liquid chromatography; IRI, immunoreactive insulin; kb, kilobase;
PLM, proinsulin-like material.

is 100 AsU/ml (normal, -10I tU/ml), and >80% of IRI is
in the form of PLM. The accumulation of PLMis thought to
be due to the impaired conversion of proinsulin to insulin.
Three unrelated families of this disease have been reported
thus far (1, 3, 4). While one of the families (family 1) is
normoglycemic (1), the family we described previously (family
2) is mildly diabetic (3). In the case of family 2, we have
shown that the PLMhas an amino acid substitution at the C-
A junction of proinsulin, which results in the lack of an
arginine residue (5). Although the proinsulin of family 1 was
initially thought to have a substitution at the C-B junction,
precise analysis using high pressure liquid chromatography
(HPLC) has revealed recently that the defect is located at the
same site as, or nearby site as that in the proinsulin of family
2 (6). The defect in the third case (family 3) has not yet been
determined (4). In addition to these examples of abnormal
proinsulins, three abnormal insulin variants have already been
reported (7, 8). Two of these variants were analyzed at the
DNAlevel and were found to have single point mutations in
the region coding for the B-chain (9, 10).

To elucidate the molecular abnormality of the DNAin the
case of familial hyperproinsulinemia, we examined the insulin
gene of our patients.

Methods

Genomic DNAwas prepared from the peripheral blood leukocytes of
one member (Y.U.) of family 2 (11). Southern blot hybridization was
carried out according to the published procedure (12). Cloning proce-
dures are as follows. An EcoRI fragment of 15 kilobases (kb), which

contained the insulin gene, was isolated by agarose gel electrophoresis
and electroelution, and then ligated to lambda Charon 4A arms. In
vitro packaging was performed by using established procedures (13).
Plaques were screened by an in situ hybridization (14) with a 32p_
labeled human insulin gene probe (Hinc II-Bgl I, 1.6-kb fragment
[15]). A 5-kb Xho I fragment containing the insulin gene was isolated
from positive phage and was subcloned into the Sal I site of pBR322.
Two kinds of plasmids (a and fl) were detected by digestion with
Pst I. Nucleotide sequence analysis was performed by the dideoxy
chain termination method (16, 17) and by the chemical cleavage
method (18).

Results

High molecular weight DNAwas prepared as described pre-

viously ( 11) from the peripheral blood leukocytes of a member
of family 2 with hyperproinsulinemia. Southern blot hybrid-
ization (12) with the human insulin gene probe (Hinc II-Bgl I,

1.6-kb fragment) (15) revealed that there was no apparent
rearrangement of the insulin gene of the patient. There was

neither creation nor destruction of endonuclease restriction
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sites at the C-A junction with respect to the enzymes EcoRI,
Sac I, Hind III, Mbo II, and Bgl I (data not shown). Therefore,
it was necessary to determine the structural alteration in the
abnormal insulin gene by nucleotide sequence analysis.

A 15-kb EcoRI DNAfragment containing the insulin gene
from the patient's DNAwas ligated into EcoRI-cleaved-lambda
Charon 4A arms and packaged in vitro (13). Of 600,000
recombinant phages screened (14), 13 phages were found to
hybridize to the cloned human insulin gene probe (15). A 5.0-
kb Xho I DNAfragment containing the entire human insulin
gene in the recombinant phage DNAwas isolated and subcloned
into the Sal I site of the plasmid pBR322. A detailed restriction
map of the recombinant plasmid (pYU2) is shown in Fig. 1
B. An abnormal clone cannot be discriminated from a normal
clone by length polymorphism residing upstream of a 5'
flanking region (1 1). Moreover, there are two types of allelic
variants of the insulin gene in normal people, which result
from four silent mutation sites (19). These two kinds of alleles
are designated a and fl. A new recognition site of the endo-
nuclease Pst I in the 3' flanking region is present in the ,3 type
insulin gene. To discriminate between a and # clones, we
cleaved these clones by Pst I. We selected two clones from
each type for sequence analysis. Fragments that include the
region encoding the C-B junction were isolated by 1.5%
agarose gel electrophoresis and electroelution. The sequence
strategy is shown in Fig. 1 B. DNAfragments from each clone
were sequenced by the chain termination method (16, 17) and
by the chemical cleavage method (18). The a type clone has
the same sequence as that reported for the normal insulin
gene (15). In contrast, both # type clones were found to have
a guanine to adenine transition in the C-A junction site
corresponding to the arginine 65, in agreement with our
previous localization of the mutation (5), while a normal lysin
64 was present (Fig. 2). The point mutation created a new
CGTcodon encoding the amino acid histidine (Fig. 3).

Thus, the hyperproinsulinemic disorder in this case (family
2) results from a point mutation at the C-A junction. In
contrast to the case of abnormal insulin, this mutation site
does not occur in the insulin molecule itself. The disappearance
of the dibasic pair (Lys-Arg) blocks the maturation of insulin
(Fig. 3). As a consequence, the secreted PLM is a type II
intermediate (in which the C-peptide is attached to the insulin
A chain), which has been shown to have low biological activity
relative to insulin (20). The defect in insulin maturation is
compensated by high serum levels of PLM.
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Figure 1. Restriction map and the nucleotide sequencing strategy.
(A) Restriction endonuclease map of the mutant allele of the pa-
tient's insulin gene. (B) Strategy of nucleotide sequence analysis of
pYU2. Restriction endonuclease sites are shown. The boxes represent
exons and the black shaded portions indicate the polypeptide coding
regions. The horizontal arrows indicate segments sequenced.
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Figure 2. Autoradiograph of the sequencing gel showing the nucleo-
tide change. The coding strands of both normal and abnormal allele
DNAwere sequenced by the dideoxy chain termination method
(16, 17).

Discussion

Because the HPLCelution pattern of the PLMof family 1 is
indistinguishable from that of family 2, it is likely that the
point mutation in the defective insulin gene of family 1 is also
in the same arginine codon (6). As proinsulin levels are almost
the same in both families, it is not clear why family 2 is mildly
diabetic while family 1 is normoglycemic. The difference may
arise, since the synthesis and the degradation rates of insulin
as well as its structure, are important to determine the serum
glucose level. However, it is possible that the substituted amino
acid is different from histidine in family 1.

Wedetermined that our patient has one normal and one
abnormal insulin allele. It is reasonable to assume that these
two alleles are expressed codominantly. The high ratio of PLM
to insulin (9:1) probably depends not on differential gene
expression but on a longer circulating half-life of the abnormal
product, possibly due to a slower rate of PLM degradation
(20). As this disorder is heritable, the insulin genes of other
members of the family are of great interest. As described
above, there is no restriction enzyme that recognizes this
mutation site, and it is arduous to sequence the insulin gene
of each member. However, now that the point mutation has
been identified, it will be possible to make a family tree of this
mutation site by hybridization with synthetic oligonucleotide
probe (21).

Most secretory proteins, including peptide hormones, un-
dergo posttranslational processing such as glycosylation and

C-chain Junction A-chain

Leu Gin Lys Arg Gly lie
Normal CTG CAG AAG CGT.GGC ATT

62 65 67

Abnormal CTG CAG AAG CAT*GGC ATT
Leu Gin Lys His Gly lie

Figure 3. Comparison of nucleotide and amino acid sequence around
the C peptide-A chain junction site. The numbers indicate the posi-
tion of the amino acid from the amino terminus of the B chain. A
single G to A transition at the codon for arginine at position 65
resulted in a histidine substitution and loss of the lysine-arginine pair.
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peptide cleavage (22). There are two possible defects in this
process: (a) a processing enzyme abnormality; and (b) a
precursor substrate defect. Recently, it has been reported that
a thiol-protease converts proinsulin to insulin (23), but there
is no known example of the former defect. As for the latter
possibility, this is the first report identifying a substrate defect
caused by a point mutation. In many cases, the precursor
polypeptide is cleaved at the site of a basic amino acid such
as lysine and arginine (22-24). If products with abnormal
amino acids at junction sites are formed as in our case, it is
very likely that normal processing cannot occur. Two human
proalbumin variants have been described: one with arginine-
glutamine residues and the other with histidine-arginine residues
at the propeptide junction site instead of the normal arginine-
arginine residues (25, 26). Since these cases may be due to a
mechanism similar to the one described here, the analysis of
the albumin gene of these variants will be of interest. A point
mutation corresponding to a site of posttranslational cleavage
or other posttranslational processing events constitutes a new
mechanism of causing inherited diseases; the frequency of this
mechanism remains to be determined.
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