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Abstract. Familial hyperproinsulinemia, a he-
reditary syndrome in which individuals secrete high
amounts of 9,000-mol wt proinsulin-like material, has
been identified in two unrelated cohorts. Separate analysis
of the material from each of the two cohorts had suggested
that the proinsulin-like peptide was a conversion inter-
mediate in which the C-peptide remained attached to the
insulin B-chain in one case, whereas it was a conversion
intermediate in which the C-peptide remained attached
to the insulin A-chain in the other. To reinvestigate this
apparent discrepancy, we have now used chemical, bio-
chemical, immunochemical, and physical techniques to
compare in parallel the structures of the immunoaffinity
chromatography-purified, proinsulin-like peptides isolated
from the serum of members of both families. Our results
show that affected individuals in both cohorts secrete
two-chained intermediates of proinsulin conversion in
which the COOH-terminus of the C-peptide is extended
by the insulin A-chain and from which the insulin B-
chain is released by oxidative sulfitolysis. Analysis of the
conversion intermediates by reverse-phase high-perfor-
mance liquid chromatography using two different buffer
systems showed that the proinsulin-related peptides from
both families elute at a single position very near that of
the normal intermediate des-Arg3%,Arg32-proinsulin. Fur-
ther, treatment of these peptides with acetic anhydride
prevented trypsin-catalyzed cleavage of the C-peptide from
the insulin A-chain, a result demonstrating the presence
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of Lys64 and the absence of Arg65 in both abnormal forms.
We conclude that individuals from both cohorts with
familial hyperproinsulinemia secrete very similar or iden-
tical intermediates of proinsulin conversion in which the
C-peptide remains attached to the insulin A chain and
in which Arg65 has been replaced by another amino acid
residue.

Introduction
Several insulin gene mutations resulting in the biosynthesis and
secretion of abnormal gene-related products are now recognized
to be associated with human diabetes. Three unrelated patients
with insulin gene mutations are known to secrete unique, ab-
normal insulins with decreased biological activity (1-5); in two
of these individuals, the sites of genetic mutation and the iden-
tities of the corresponding amino acid replacements have been
determined by techniques involving both peptide chemistry and
recombinant DNAanalysis (4-7). Two additional patients are
known to secrete abnormal proinsulin-like peptides rather than
insulin-like peptides (8-10). Patients in the latter group have
been classified as having a syndrome called familial hyper-
proinsulinemia, and inherit the gene defect in an autosomal
dominant pattern (8). Although such individuals exhibit serum
levels of total immunoreactive insulin as high as 100 WU/ml,
85-90% of their serum immunoreactive insulin has a molecular
weight indistinguishable from that of proinsulin; in the absence
of complicating factors, most subjects with familial hyperproin-
sulinemia show normal glucose tolerance.

Structural analysis of the immunoreactive material present
in serum from both cohorts with familial hyperproinsulinemia
has suggested that all affected patients secrete intermediates of
proinsulin conversion rather than intact proinsulin, and that
the intermediates arise from incomplete processing of an ab-
normal proinsulin in which an amino acid replacement has
occurred at one of the usual paired dibasic amino acid conversion
sites (9, 10). Using chemical and immunochemical methods,
we identified the proinsulin-related material from the one cohort
with familial hyperproinsulinemia (called cohort 2) as a two-
chained intermediate of proinsulin conversion in which the C-
peptide remained attached to the insulin A-chain (a type II
intermediate) (10); preliminary studies had suggested that the
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proinsulin-related material from the other cohort (called cohort
1) was a conversion intermediate in which the C-peptide re-
mained attached to the insulin B-chain (a type I intermediate)
(9). Types I and II proinsulin conversion intermediates are
formed during the normal processing of proinsulin within the
pancreatic B cell and represent, in the case of man, human des-
Lys64,Arg65-proinsulin and human des-Arg3',Arg32-proinsulin,
respectively. As the physiological consequences of secreting a
type I proinsulin conversion intermediate are different from
those of secreting a type II intermediate (I 1, 12), and as the
structural identification of these intermediates bears on an un-
derstanding of mechanisms for the processing of the hormone
precursor, we undertook a reexamination of the 9,000-mol wt
material isolated from the serum of individuals of cohort 1. In
correction of the original proposal (9), we have now identified
the proinsulin-related material from these individuals as a two-
chained intermediate of proinsulin conversion in which the C-
peptide remains attached to the insulin A-chain and in which
Arg65 is replaced by another amino acid. Further, the inter-
mediates from both cohorts elute from reverse-phase columns
at the same position during high-performance liquid chroma-
tography (HPLC)' analysis. Weconclude that members of both
cohorts with familial hyperproinsulinemia secrete type II in-
termediates of proinsulin conversion that arise from similar or
identical insulin gene mutations.

Methods
Isolation and measurement of serum proinsulin-like material. In most
cases, insulin antibodies were purified from 5 ml of guinea pig anti-
insulin serum which was diluted with two parts of 0.1 Mboric acid
brought to pH 8 with NaOH, by passing the solution through a column
(1 X 10 cm) of insulin-Sepharose (prepared from cyanogen bromide-
activated Sepharose 4B and porcine insulin, 2 mg/ml, according to the
manufacturer's instructions) at 220C using a flow rate of 20 ml/h. The
column was washed first with 50 ml of the buffer, then with 20 ml of
water. The antibodies were eluted by 20% acetic acid, concentrated by
1yophilization, and coupled to Sepharose 4B as before to obtain the
immunoaffinity chromatography medium used for purifying serum in-
sulin. Patient serum (10-40 ml) was diluted with two volumes of the
borate buffer described above; the diluted serum was filtered through
Whatman No. I paper (Whatman Laboratory Products Inc., Clifton,
NJ) to remove insoluble material, and the filtrate was applied to a
column (1 X 15 cm) of anti-insulin IgG-Sepharose 4B at 40C using a
flow rate of 4 ml/h. The column was washed sequentially with 50 ml
of the borate buffer containing 0.5% (wt/vol) bovine serum albumin,
30 ml of the buffer alone, and 20 ml of water. The serum insulin-related
material was eluted with 20% acetic acid containing 10 zg/ml of albumin;
1-ml fractions were collected and assayed for immunoreactive insulin
by radioimmunoassay. Fractions containing insulin plus proinsulin were
concentrated and gel filtered on a column (1.5 X 60 cm) of Bio-Gel P-
30 (Bio-Rad Laboratories, Richmond, CA) equilibrated with 20% acetic
acid containing 10 Mg/ml of albumin. Aliquots of the fractions (I ml)
were again assayed for immunoreactive insulin and fractions containing
the 9,000- and 6,000-mol wt insulin-immunoreactive components were

1. Abbreviation used in this paper: HPLC, high-performance liquid
chromatography.

separately pooled for storage at -20'C and further study. Methods for
the radioimmunoassay of insulin using antiserum GP-l (13), for the
radioimmunoassay of C-peptide using antiserum M1230 (14), and for
the radioimmunoassay for S-sulfo-insulin B-chain (15) have been de-
scribed. All serum samples were obtained from fasted individuals; levels
of total immunoreactive insulin varied from 70 to 100 MU/ml among
the different samples.

Enzymatic and chemical modification of proinsulin and proinsulin-
like material. Conditions have been described for the digestion of im-
munoaffinity-purified serum proinsulin-like material by tosylphenylala-
nine chloromethylketone-treated trypsin (Worthington Biochemical
Corp., Freehold, NJ) and carboxypeptidase B (Boehringer Mannheim
Biochemicals, Indianapolis, IN) in 0.1 MN-ethylmorpholine brought
to pH 8 with acetic acid (containing 10 mMCaCI2); for modification
of cystine residues by oxidative sulfitolysis using sodium tetrathionate
and sodium bisulfite in 8 M urea; and for modification of a- and e-
amino groups by treatment of peptides with acetic anhydride in the
presence of sodium acetate (10). Enzymatic processing of chemical
amounts of proinsulin to conversion intermediates and products pro-
ceeded by incubating 0.5 mg of human proinsulin (Eli Lilly & Co.,
Indianapolis, IN) with 8.6 ,g of carboxypeptidase B and 0.6 Ag of trypsin
for 3 min at 22°C in 0.5 ml of 0.05 MTris (containing 1 mMCaCl2)
brought to pH 7.5 with HCI; the reaction was stopped by the addition
of acetic acid. The products of this digestion were unmodified proinsulin,
the type I proinsulin intermediate des-Lys4,Arg65-proinsulin, the type
II proinsulin intermediate des-Arg3",Arg32-proinsulin, and insulin. The
intermediates were identified after HPLCseparation by amino acid anal-
ysis, by polyacrylamide gel electrophoresis, and by comparison during
HPLCwith authentic standards (prepared by carboxypeptidase B treat-
ment of split proinsulins) provided by Dr. Bruce Frank, Eli Lilly & Co.
Because authentic standards were available in only very low amounts,
the enzyme-digested peptide mixture was used as the routine HPLC
standard.

Peptide separations. Gel filtration of purified serum proinsulin-like
material both before and after oxidative sulfitolysis proceeded on columns
(0.9 X 90 cm) of Bio-Gel P-10 equilibrated with a buffer containing 0.1
M Tris, 0.05 MNaCl, 0.2 mg/ml sodium azide, and 5 Mg/ml of bovine
serum albumin, all brought to pH 7.6 with HC1; 1.2-ml fractions were
collected and the flow rate was 6 ml/h. Aliquots of each fraction were
assayed for immunoreactive insulin, immunoreactive S-sulfo-insulin B-
chain, and immunoreactive human C-peptide (both in the native state
and after digestion with trypsin and carboxypeptidase B) as appropriate.
Samples for polyacrylamide gel electrophoresis at pH 8.7 (16) were
dissolved in 0.1 ml of tank buffer containing 8 Murea and were applied
to 15% (wt/vol) acrylamide tube gels for electrophoresis as described
(10). Gels were sectioned and each section was eluted into buffer for
radioimmunoassay of C-peptide immunoreactivity (10). HPLC sepa-
rations of immunopurified proinsulin-like material proceeded on an
Altex C-1 8 ultrasphere ion-pair column (0.46 X 25 cm) using a Perkin-
Elmer Series 4 liquid chromatograph (Perkin-Elmer Corp., Norwalk,
CT) equipped with an ISS-100 automatic sampler. The flow rate was 1
ml/min and 0.4-ml fractions of column effluent were collected in all
cases; fractions were dried under vacuum and the residues were dissolved
in buffer for assay of both insulin and C-peptide immunoreactivity. Two
aqueous HPLC buffer systems were used. The first contained 0.10 M
phosphoric acid, 0.02 Mtriethylamine, and 0.05 MNaCIO4, all adjusted
to pH 3 with NaOH; the second contained 0.05 M phosphoric acid,
0.01 M hexane sulfonic acid, and 0.10 MNaCIO4, all adjusted to pH
3 with NaOH. The organic solvent was acetonitrile in both cases; see
figure legends for details.
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Results

Our examination of the serum proinsulin-like material from
subjects of cohort I began with an assessment of the immu-
noreactive C-peptide and B-chain moieties of the 9,000-mol wt
peptide. The gel filtration profiles of Fig. I a show that the
purified peptide reacted on a molar basis only about one-fourth
as well with C-peptide antibodies as it did with insulin antibodies.
Treatment of the column fractions with trypsin and carboxy-
peptidase B (a procedure that releases C-peptide from proinsulin
and proinsulin intermediates by cleavage at paired dibasic amino
acid conversion sites and by removal of COOH-terminal basic
residues) resulted in a major increase in C-peptide immuno-
reactivity. As treatment of the material with trypsin or car-
boxypeptidase B alone did not significantly enhance C-peptide
immunoreactivity (not shown, see reference 10), and as our C-
peptide antiserum reacts best with C-peptide having a free
COOH-terminus (17), the result shows that the C-peptide bears
a COOH-terminal extension in the 9,000-mol wt peptide. Treat-
ment of the intact proinsulin-like material by oxidative sulfi-
tolysis (a procedure that breaks disulfide bonds and releases
disulfide bond-linked peptide chains) before gel filtration resulted
in a large peak of immunoreactive B-chain and a small peak
of high molecular weight C-peptide-immunoreactive material
(Fig. I b); as before, treatment of the C-peptide-containing ma-
terial with trypsin and carboxypeptidase B greatly enhanced its
immunoreactivity. The combined results of Fig. 1, a and b,
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Figure 1. Gel filtration profiles of proinsulin-like material isolated
from the serum of subjects from cohort 1. Panel a shows profiles ob-
tained for the native peptide, and panel b for the peptide subjected to
oxidative sulfitolysis before gel filtration. Aliquots of the fractions
were analyzed for immunoreactive C-peptide both in the native state
(in) and after sequential digestion by trypsin and carboxypeptidase B
(o), for immunoreactive insulin (.), and for immunoreactive S-sulfo-
insulin B-chain (A); the arrow in panel b shows the elution position
of authentic S-sulfo-insulin B-chain. Material used for these experi-
ments had already been gel filtered to remove the small amount of
6,000-mol wt insulin present in patient serum.

show that the proinsulin-like material in the serum of members
of cohort 1, like that present in the serum of members of cohort
2 (10), consists of a two-chained intermediate of proinsulin
conversion in which the C-peptide is extended from its COOH-
terminus by the insulin A-chain and in which the extended A-
chain is disulfide bonded to native insulin B-chain (a type II
proinsulin intermediate).

To compare the proinsulin conversion intermediates from
members of cohorts I and 2 in greater detail, we developed
reverse-phase HPLCsystems to separate types I and II proinsulin
intermediates both from each other and from insulin and proin-
sulin. HPLCprofiles resulting from the use of triethylammonium
phosphate buffers are illustrated in Fig. 2. Panel a shows the
resolution of human insulin, the two human conversion inter-
mediates, and human proinsulin on the C- 18 column. Notably,
the ratios of immunoreactive C-peptide to immunoreactive in-
sulin measured for the type II conversion intermediate and for
proinsulin (two compounds in which the COOH-terminus of
the C-peptide is blocked) were about 0.25:1, whereas that ratio
for the type I conversion intermediate (a compound containing
a free C-peptide COOH-terminus) was about 1:1. Panels b and
c of Fig. 2 show HPLC elution profiles of total insulin-im-
munoreactive material isolated from the serum of members of
cohorts 1 and 2, respectively. Both profiles show low amounts
of insulin and much higher amounts of a peptide that reacted
with both insulin and C-peptide antibodies and that eluted at
the position of the type II proinsulin conversion intermediate.
Further, the low ratio of C-peptide to insulin immunoreactivity
in this material (-0.25) was typical of that shown by a type II
intermediate containing a blocked C-peptide COOH-terminus.
Results from a second HPLCsystem, for which the anion pair
reagent triethylamine was replaced by hexane sulfonic acid (a
cation pair reagent), are shown in Fig. 3. Resolution of insulin,
types I and II conversion intermediates, and proinsulin was
complete (Fig. 3 a); again, the major fractions of serum proin-
sulin-like material from subjects of cohorts I and 2 eluted at
the position (and with the selective immunoreactivity) of a type
II intermediate of proinsulin conversion (Fig. 3, c and d).

Analysis of the proinsulin intermediates of cohorts 1 and 2
by polyacrylamide gel electrophoresis provided further infor-
mation on their structural similarities. Fig. 4 shows that (a) the
proinsulin intermediates from members of both cohorts migrate
further than native proinsulin during polyacrylamide gel elec-
trophoresis at pH 8.7 (a finding consistent with the loss of dibasic
amino acids during the formation of the intermediates), and
(b) in both cases, the immunoreactive C-peptide cleaved from
the intermediates by digestion with trypsin and carboxypeptidase
B has the character of normal human C-peptide. Wereasoned,
as we had in our studies on the intermediate from cohort 2
(10), that the most likely sites for structural change in the in-
termediate from cohort 1 were those associated with the normal,
paired dibasic amino acid conversion site Lys64-Arg65. Studies
based on the susceptibilities of the intermediates to acetylation
(a procedure that derivatizes amino groups and removes their
positive charges) permitted an identification of the locus of amino
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As shown in Fig. 4 a, treatment of normal human proinsulin
with acetic anhydride followed by digestion by trypsin and car-
boxypeptidase B resulted in a peptide with the electrophoretic
mobility of native C-peptide, but with the low C-peptide im-
munoreactivity characteristic of a C-peptide with a blocked
COOH-terminus; these properties are consistent with those ex-
pected for the product e-N-acetyl-C-peptidyllysine. On the other
hand, treatment of the type II proinsulin intermediates from
cohorts I and 2 with acetic anhydride before enzymatic digestion
resulted in peptides that migrated more slowly than native C-
peptide and again showed the low immunoreactivity expected
for COOH-terminally extended C-peptide forms (Fig. 4, b and
c). The susceptibilities of proinsulin intermediates from cohorts
1 and 2 to acetylation demonstrated that Lys64 was present in
both cases; the failure of trypsin and carboxypeptidase B to
cleave the acetylated intermediates to e-N-acetyl-C-peptidyllysine
demonstrated that Arg65 was absent from both abnormal type
II intermediate forms. Further, the proinsulin intermediates from
cohorts I and 2 appeared to be retained slightly longer than
normal des-Arg3',Arg32-proinsulin during reverse-phase HPLC

150

Figure 2. Reverse-phase HPLCelution profiles of immunopurified
material isolated from the serum of subjects from cohorts 1 and 2 us-

ing triethylamine-containing buffer. Panel a shows the standard pro-
file obtained from chromatography of a sample of human proinsulin
digested briefly with a mixture of trypsin and carboxypeptidase B.
The elution positions of insulin, the type II intermediate of conver-

sion (Int II, in which the C-peptide is attached to the insulin A-
chain), the type I intermediate of conversion (Int I, in which the C-
peptide is attached to the insulin B-chain), and proinsulin (Proins)
were confirmed by use of standard preparations provided by Dr.
Bruce Frank of Eli Lilly & Co. Left and right arrowheads at the top
of the figure show the elution positions of the type II and type I
proinsulin standards, respectively. Panels b and c show profiles ob-

tained after HPLCchromatography of samples of immunopurified
material from the serum of subjects of cohorts 1 and 2, respectively;
these samples were not gel filtered before HPLCanalysis. Aliquots of
collected fractions were analyzed for immunoreactive insulin (e) and
C-peptide (0). In all cases, the reverse-phase column was sequentially
eluted with an isocratic solution of 30.5% acetonitrile in triethyl-
amine-containing buffer (20 min), a linear gradient from 30.5 to
32.9% acetonitrile in the buffer (10 min), an isocratic solution of
32.9% acetonitrile in the buffer, and a linear gradient from 32.9 to

55% acetonitrile in the buffer (to remove albumin absorbed to the
column, not shown in the figure); the column was equilibrated with
the starting isocratic buffer solution for 60 min before the sample was

applied.

acid replacement in each case: when both dibasic amino acids
are present at the conversion site, or when only Arg65 is present,

trypsin-catalyzed cleavage of the acetylated intermediate would
result in the release of C-peptide extended by a single residue
(cleavage will occur at Arg65); on the other hand, when only

Lys64 is present, acetylation of the intermediate would prevent
both subsequent tryptic cleavage and C-peptide release (the en-

zyme does not recognize E-N-acetyl-lysine).
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Figure 3. Reverse-phase HPLCelution profiles of immunopurified
material isolated from the serum of subjects from cohorts I and 2 us-

ing hexane sulfonic acid-containing buffer. The identification of sym-

bols and panels is the same as that described in the legend to Fig. 2.
In all cases, the reverse-phase column was sequentially eluted with an

isocratic solution of 34.8% acetonitrile in hexane sulfonic acid-con-
taining buffer (40 min), a linear gradient from 34.8 to 38.0% acetoni-
trile in the buffer (10 min), an isocratic solution of 38.0% acetonitrile
in the buffer (20 min), and a linear gradient from 38.0 to 60% aceto-
nitrile in the buffer (to remove albumin, not shown in the figure); the
column was equilibrated with the starting isocratic buffer solution for
60 min before the sample was applied.
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Figure 4. Polyacrylamide gel
electrophoresis of serum proin-
sulin-like material from sub-
jects of cohorts 1 and 2. Panels
a, b, and c illustrate results ob-
tained for normal human
proinsulin, the material from
subjects of cohort 1, and the
material from subjects of co-

hort 2, respectively. In all
cases, the tube gels were sec-

tioned after electrophoresis and
the material eluted from each
slice was assayed for C-peptide
immunoreactivity. Symbols are

identified as follows: *, electro-
phoresis of the native pep-

tide; o, electrophoresis of the peptide subjected to acetylation (to
block amino groups) and then sequentially digested by trypsin and
carboxypeptidase B; electrophoresis of the peptide digested by tryp-

sin and carboxypeptidase B without prior acetylation. The arrow in
panel a shows the position taken by native human C-peptide.

in hexane sulfonate-containing buffer (Fig. 3). This result is
consistent with both intermediates containing a single locus of
amino acid substitution; however, replacement of a single amino
acid in a peptide containing 84 residues would not necessarily
result in a modified form with greatly altered hydrophobicity
or reverse-phase HPLCmobility.

Discussion

Although previous studies had suggested that the 9,000-mol wt
peptides identified in familial hyperproinsulinemia cohorts 1

and 2 were type I and type II intermediates of proinsulin con-

version, respectively (9, 10), our results now show that both
peptides are type II intermediates; that is, both peptides arise
from cleavage of proinsulin at the paired dibasic amino acid
residues joining the insulin B-chain to the C-peptide, and both
peptides are related to the normal conversion intermediate des-
Arg31,Arg32-proinsulin (1 1, 18). (See Fig. 5, upper left and upper
right, for a comparison of the structures of type I and type II

proinsulin conversion intermediates.) In fact, immunochemical,
chemical, electrophoretic, and chromatographic methods show
that the type II proinsulin conversion intermediates from cohorts
1 and 2 are indistinguishable, and that both intermediates contain
amino acid substitutions replacing Arg65. As illustrated in Fig.
5, lower, replacement of Arg65 by another amino acid would
alter the paired dibasic amino acid sequence normally serving
as the site for conversion of the type II intermediate to insulin
plus C-peptide. Although our methods and results do not exclude
the possibility that Arg65 has been replaced by lysine (a replace-
ment resulting in the less commonly observed Lys-Lys pro-
hormone conversion site, reference 19), it is probable that Arg65
has been replaced by a nonbasic amino acid residue: a single
nucleotide change in the human insulin gene sequence coding
for Arg65 (CGT, reference 20) could result in replacements in-

volving only leucine, serine, glycine, histidine, proline, or cys-

teine. As proline and cysteine substitutions would result, re-
spectively, in intermediates not susceptible to cleavage by trypsin
and in intermediates not disposed to correct disulfide bond
formation, it is probable that the abnormal conversion inter-
mediates from both cohorts arise from leucine, serine glycine,
or histidine for arginine replacements at position 65 of human
proinsulin.

The occurrence of 6,000-mol wt insulin as well as of the
type II conversion intermediate in the serum of individuals with
familial hyperproinsulinemia (in the approximate molar ratio
1:6) most likely arises from the codominant expression of both
normal and abnormal insulin gene alleles. Loss of Arg65 in the
expressed product of the abnormal allele apparently yields a
proinsulin molecule that is not subject to normal enzymatic
processing at the modified conversion site. The secretion of type
II conversion intermediates (rather than abnormal proinsulins)
in members of cohorts 1 and 2 demonstrates that the endogenous
converting endopeptidase is present in both cases. Our results
thus emphasize the validity of earlier proposals that suggested
the importance of paired dibasic amino acid residues in directing
the processing of both proinsulin (10) and proalbumin (21, 22).
It has not yet been determined with assurance whether the genetic
defect in an additional and recently described cohort with familial
hyperproinsulinemia (cohort 3) (23) arises from a mutation in
the insulin gene or from an alteration in the converting en-

doprotease.

TYPE INTERMEDIATE TYPE 11 INTERMEDIATE

C-PEPTIDE C-PEPTIDE

OLSGELALPQLSGAGPGGGLEVQGVOLDEAE OLSGELALPOLSGA6PGGGLEV0GVQLDEAE

GIVEOCCTSICSLYQLENYCN A-CHAIN KRGIVEOCCTSICSLYQLENYCN A-CHAIN

/ _ /
FVNOHLCGSHLVEALYLVCGERGFFYTPKTRR FVNOHLtGSHLVEALYLVCGERGFFYTPKT

B-CHAIN B-CHAIN

NORMALTYPE 11 CONVERSIONSITE
C-PEPTIDE... .SER-LEu-GLN-LYs-ARG-GLY-ILE-VAL A CHAIN

C-PEPTIDE ...SER-LEu-GLN-LYS-Xxx-GLY-ILE-VAL ...A CHAIN

ABNORMALTYPE 11 CONVERSIONSITE

Figure S. Structures of normal and abnormal proinsulin conversion
intermediates. The amino acid sequences and diagramatic structures
of normal type I and type II human proinsulin conversion intermedi-
ates are shown at the top; the standard one-letter code is used for
amino acid identification. Lines illustrate disulfide bonds between the
insulin chains and peptide bonds connecting the C-peptide to the in-
sulin B-chain or the insulin A-chain. Paired dibasic amino acid resi-
dues representing sites for further proteolytic processing and for com-
pletion of prohormone conversion (Arg-Arg in the case of a type I
intermediate and Lys-Arg in the case of a type II intermediate) are
underlined. The lower portion of the figure illustrates in greater detail
amino acid sequences surrounding the potential conversion site in a
type II intermediate. The COOH-terminal three residues of the C-
peptide, the dibasic amino acid pair at the conversion site, and the
NH2-terminal three residues of the insulin A-chain are illustrated us-
ing the three letter amino acid code. The amino acid that replaces
ArgAS in the abnormal type II intermediates from cohorts and 2 has
not yet been identified and is indicated as Xxx.
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As subjects with familial hyperproinsulinemia are either eu-
glycemic (8, 9) or mildly diabetic (10), it is not surprising that
such individuals are found to secrete type II rather than type I
proinsulin conversion intermediates. The type I intermediate
(Fig. 5, upper left) has a biological activity nearly as high as
that of insulin itself (I 1, 12); if the 9,000-mol wt material present
in the serum of these familial hyperproinsulinemia patients were
to have been a type I intermediate, the patients would probably
have presented with symptoms of hypoglycemia. Indeed, the
type II proinsulin intermediate (Fig. 5, upper right) has low
biological activity (11, 12), a finding consistent with its slow
metabolic clearance, with its accumulation in plasma, and with
clinical findings associated with familial hyperproinsulinemia
subjects. Notwithstanding the low insulin/proinsulin ratio ob-
served in these patients (-0. 15:1 compared with the normal
ratio of -5:1), the concentration of serum insulin in affected
individuals (10-20 gU/ml) is actually sufficient to place them
within the normal range for fasting insulin levels. It is thus clear
that processes as diverse as expression of normal and abnormal
genetic alleles, processing of normal and abnormal hormone
precursors, and clearance of high and low activity gene products
all have important roles in determining the physiological and
biochemical findings associated with insulin gene mutations
in man.
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