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Abstract

Since a complete map of insulin-related peptides in humans re-
quires consideration of proinsulin, Arg32/Glu33-split proinsulin,
Arg'5/Gly"-split proinsulin, des-Arg31,Arg32-proinsulin, des-
Lys64,Arg65-proinsulin, and insulin, we applied high performance
liquid chromatography coupled with radioimmunoassay to in-
vestigate the formation of proinsulin conversion intermediates
in vitro and in vivo. Kinetic analysis of proinsulin processing by
a mixture of trypsin and carboxypeptidase B (to simulate in vivo
processes) revealed (a) a rapid decline in proinsulin concommitant
with formation of conversion intermediates, (b) formation of des-
Arg31,Arg32-proinsulin and des-Lys",Arge5-proinsulin in the ratio
3.3:1 at steady state, and (c) complete conversion of the precursor
to insulin during extended incubation. Studies on normal human
pancreas identified a similar ratio of des-Arg3',Arg32-proinsulin
to des-Lys".,ArgA5-proinsulin (-3:1), whereas two insulinomas
contained sizable amounts of des-Arg31,Arg32-proinsulin, but
barely detectable amounts of des-Lys64,Arg'5-proinsulin. None
of the tissues contained measurable quantities of Arg32/Glu33-
or Arg'5/Gly"-split proinsulin. Analysis of plasma from three
diabetic subjects managed by the intravenous infusion of human
proinsulin revealed <1% processing of the circulating precursor
to conversion intermediates and no processing of the precursor
to human insulin. Nevertheless, analysis of plasma from the same
subjects managed by the subcutaneous infusion of proinsulin re-
vealed 4-11% processing of the precursor to intermediates that
had the properties of des-Arg31,Arg32-proinsulin and Arge5/Gly"-
split proinsulin. Weconclude that (a) processing of proinsulin
to insulin in vivo as in vitro likely occurs by preferential cleavage
at the Arg32-Glu33 peptide bond in proinsulin, (b) proinsulin is
inefficiently processed in the vascular compartment, and (c) sub-
cutaneous administration of the precursor can result in the for-
mation of conversion intermediates with the potential for con-
tributing to biological activity.

Introduction

Although the biosynthesis of insulin via limited proteolytic
cleavage of proinsulin (the single-chain hormone precursor) has
been recognized for almost 20 yr (1-3), many details of the con-
version process and of the physiological significance of the cir-
culating precursor remain to be clarified. As illustrated by the
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tentative scheme of Fig. 1, conversion of proinsulin to insulin
is thought to occur by a branched pathway involving (a) the
action of enzymes with specificities similar to those of trypsin
and carboxypeptidase B and (b) the formation of conversion
intermediates that include in humans Arg65/Gly66-split proin-
sulin, Arg32/Glu33-split proinsulin, des-Lys,64Arg65-proinsulin,
and des-Arg31,Arg32-proinsulin (4-5). The analogous des-dipep-
tide proinsulin intermediates have been identified by analysis of
prpinsulin-containing fractions produced during the commercial
manufacture of bovine and porcine insulin (4, 6), by biosynthetic
experiments involving the use of isolated pancreatic islets (7),
and by in vitro studies involving the use of commercially avail-
able enzymes (8). Related forms, along with proinsulin, have
been detected in large scale preparations of human insulin (9),
in human insulinomas incubated with radiolabeled amino acids
(1), and in human serum (10-14). Abnormal intermediates of
conversion have also been identified in two families with insulin
gene mutations and with familial hyperproinsulinemia (15-17).
Still, the complexity of the scheme for the biosynthetic conver-
sion of proinsulin to insulin (a complexity particularly acute in
the rat, where expression of two nonallelic insulin genes results
in a doubling of the number of intermediate forms [18]), the
number of different endopeptidases suggested to play potential
roles in the conversion process (including glandular kallikrein,
cathepsin B, trypsin, kininogenase, plasminogen activator, and
their related forms [ 19-23]), and the lack of both sensitive and
discriminating methods to analyze the low amounts of proinsulin
and conversion intermediates available for study, have hindered
investigation in the area.

The recent availability of biosynthetic human proinsulin for
biological and biochemical study has led to renewed interest in
the clinical importance of the hormone precursor (24-26). A
number of investigators have now developed specific radioim-
munoassays for human proinsulin (27-30), studied the in vitro
and in vivo biological activities of the hormone precursor (24-
26, 31, 32), and considered the efficacy of proinsulin in managing
diabetic patients (26). Such uses of proinsulin, however, require
consideration of proinsulin metabolism and the potential for-
mation and measurement of conversion intermediates. Wehave
therefore developed a combined approach to the identification
of intermediates of proinsulin conversion that involves both iso-
cratic, reverse-phase high performance liquid chromatography
(HPLC),' and specific radioimmunoassays for insulin, C-peptide,
and proinsulin. Application of our methods to the study of en-
zyme-catalyzed proinsulin conversion, to the determination of
intermediates in normal pancreatic and insulinoma tissue, and
to the analysis of circulating forms resulting from proinsulin
infusion in humans reveals that conversion of proinsulin to in-
sulin, in vivo as in vitro, likely occurs by preferential cleavage
at the Arg32-Glu33 peptide bond in the precursor and that sub-
cutaneous, but not intravenous, infusion of proinsulin results

1. Abbreviations used in this paper: HPLC, high performance liquid
chromatography.
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Figure 1. Scheme for the processing of proinsulin to major conversion
intermediates and to insulin. The A-chains and B-chains of insulin are
illustrated by heavy lines, whereas the C-peptide is illustrated by a
light line. (The length of the C-peptide is exaggerated in the projection
used.) Paired dibasic amino acids at precursor conversion sites are
shown explicitly and are identified by the one-letter amino acid code
(K, lysine; R, arginine). The numbering of amino acid residues as-
sumes that the peptides are derived from humans; that is, that the C-
peptide is 31 residues in length. The letters T and C identify reactions
thought to be catalyzed by trypsin-like and carboxypeptidase B-like
enzymes, respectively. While processing of proinsulin to the des-dipep-
tide proinsulin intermediates of conversion is shown in detail, process-
ing of these intermediates to insulin is shown in an abbreviated way:
cleavage of either intermediate by a trypsin-like endoprotease at the
remaining paired dibasic amino acid conversion site, followed by the
action of a carboxypeptidase B-like exoprotease to remove COOH-ter-
minal basic residues, would yield insulin plus C-peptide.

in the appearance of variable, but significant, amounts of proin-
sulin conversion intermediates in the circulation.

Methods

Enzymatic conversion of biosynthetic human proinsulin. Biosynthetic
human proinsulin (0.75 mg; provided by Lilly Research Laboratories,
Indianapolis, IN) was dissolved in 0.75 ml of Tris buffer (0.05 MTris,
0.005 MCaC12 brought to pH 7.5 with HG). Tosylphenylalanine chlo-
romethylketone-treated trypsin (0.9 Mg; Worthington Biochemical Corp.,
Freehold, NJ) and carboxypeptidase B (18 Mg; Boehringer Mannheim
Biochemicals, Indianapolis, IN) were added, and digestion was allowed
to proceed at 220C; 15-Ml aliquots of the reaction mixture were removed
at 0.25, 1, 3, 5, 10, and 30 min and were added to 15-Ml portions of
glacial acetic acid to stop the reaction. The mixtures were then analyzed
by HPLC (see below). The proinsulin conversion intermediates des-
Arg31,Arg32-proinsulin and des-Lys",Arg65-proinsulin were identified by
amino acid analysis and bycomparison with authentic standards. In-
termediates containing dibasic amino acid residues at conversion sites
(Arg32/Glu33-split proinsulin and Arg65/Gly"-split proinsulin) were gen-
erated by incubating 0.1 mgof biosynthetic human proinsulin with 0.12
Mg of trypsin for 2 min at 22°C in 0.1 ml of the Tris buffer described
above. The reaction was stopped by the addition of glacial acetic acid
and the products were separated by HPLC. The intermediates were iden-
tified by subsequent conversion to the des-dipeptide intermediates

(through digestion with carboxypeptidase B and HPLCanalysis) and by
comparison with authentic standards.

Tissue extractions. Two human insulinomas and a specimen of nor-
mal pancreas were obtained at laparotomy, with warm ischemia times
being < 15 min; the tissues were frozen with liquid nitrogen and stored
at -70'C. An additional specimen of pancreas from a transplant donor
was obtained frozen on dry ice from The National Diabetes Research
Interchange, Philadelphia, PA. Tissues were homogenized in acidified
ethanol and soluble peptides were precipitated by the addition of ethanol
and diethyl ether, as described (33). In each case, the precipitated material
was dissolved in 5 ml of 3 Macetic acid and the sample was gel-filtered
on a column (2.5 X 90 cm) of Bio-Gel P-30 (Bio-Rad Laboratories,
Richmond, CA) using the same solvent. Fractions containing 4 ml were
collected; peaks of material corresponding to proinsulin and insulin were
identified by subjecting aliquots of fractions to radioimmunoassay for
insulin. The higher molecular weight peak of material (containing proin-
sulin and intermediates of proinsulin conversion) was pooled in each
case, and aliquots of these pooled fractions were analyzed by HPLC as
described later.

Proinsulin infusion and purification of plasma components. Plasma
from three diabetic subjects who received infusions of biosynthetic human
proinsulin was obtained from studies similar to those reported previously
(26). Briefly, subjects receiving pork insulin as part of their therapy were
admitted to the Clinical Research Center and were treated with subcu-
taneous regular pork insulin to maintain euglycemia. Insulin therapy
was terminated and intravenous human proinsulin was then administered
to maintain the blood glucose level. Subjects were placed on a basal
intravenous infusion of proinsulin for 24 h with bolus injections to cover
meals, after which a 50-ml specimen of blood was collected in iced tubes
containing ethylenediamine tetraacetic acid (1.25 mg/ml) and aprotinin
(417 U/ml; Sigma Chemical Co., St. Louis, MO). Resulting proinsulin
levels in subjects I and 2 were 5.5 and 4.7 pmol/ml, respectively; subject
3 received a bolus injection 30 min before sampling, resulting in a proin-
sulin level of 22.5 pmol/ml. Subjects were then placed on subcutaneous
proinsulin infusion by use of a subcutaneous insulin infusion pump
(model 9100; Cardiac Pacemakers, Inc., St. Paul, MN) for an additional
24-h period and a second 50-ml specimen of blood was obtained; sub-
cutaneous bolus injections were used to cover meals. Proinsulin levels
resulting from subcutaneous infusion were 9.9, 8.0, and 9.9 pmol/ml
for subjects 1, 2, and 3, respectively. Doses of proinsulin administered
over the 24-h infusion periods were 9.7 and 10.2 mg for subject 1, 8.6
and 9.4 mg for subject 2, and 9.4 and 12.5 mg for subject 3, for the
intravenous and subcutaneous routes, respectively. Mean blood glucose
levels (determined at 2-h intervals during the last 8 h of proinsulin in-
fusion) were 207 and 249 mg/dl for subject 1, 130 and 108 mg/dl for
subject 2, and 222 and 141 mg/dl for subject 3, again for the intravenous
and subcutaneous routes of proinsulin administration, respectively. These
studies received the approval of the Clinical Investigation Committee of
The University of Chicago.

Plasma was separated from blood specimens immediately after col-
lection and insulin immunoreactive material was purified by passage of
the diluted plasma over columns of guinea pig anti-insulin antibodies
bound to Sepharose as previously described (16, 34). Yields of insulin
immunoreactive material exceeded 90%. Control studies involving the
use of insulin and proinsulin, and previous studies involving the use of
abnormal intermediates of proinsulin conversion (16), showed that our
antibody columns extract insulin, proinsulin, and proinsulin interme-
diates equivalently. Additional studies showed that proinsulin added to
freshly collected blood from normal subjects and then processed as de-
scribed above was not subject to proteolytic degradation nor to conversion
to intermediates or insulin.

HPLC analysis and radioimmunoassays. Separation of insulin,
proinsulin, and proinsulin intermediates was performed by reverse-phase
HPLCusing a Series 4 liquid chromatograph, ISS-100 automatic injector,
LC 85B spectrophotometric detector with autocontrol, and LCI 100 re-
corder/integrator (all from Perkin-Elmer Corp., Norwalk, CT). Separa-
tions occurred at 21 'C on an Ultraphere C-18 Ion-pair column (4.6
X 250 mm, 5 um particle size, Altex Scientific, Inc., Berkeley, CA).
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Elution buffers contained an aqueous phase of 0.012 M triethylamine,
0.1 M phosphoric acid, and 0.05 MNaCIO4 (HPLC-grade, Fisher Sci-
entific, Fair Lawn, NJ) adjusted to pH 3.0 with NaOH, and an organic
phase of acetonitrile (HPLC-grade, Fisher Scientific Co., Pittsburgh, PA)
(35). The flow rate was I ml/min.

Elution of samples (injected in 3 Macetic acid containing 0.05-0.1
mg of bovine serum albumin when amounts of peptide were <1 jg)
proceeded by a series of three-stepped isocratic mixtures of the aqueous
and organic phases described above. For most studies, insulin was eluted
during 30 min at 31.0% acetonitrile; proinsulin conversion intermediates
were eluted during 40 min at 31.2% acetonitrile; proinsulin was eluted
during 30 min at 32.5% acetonitrile. The column was then eluted by a
30-min, linear gradient to 55% acetonitrile to remove albumin and other
substances, and was equilibrated with the starting solution containing
31% acetonitrile for an additional 30 min. All isocratic solutions were
premixed to ensure reproducibility. For in vitro conversion studies and
for calibration, optical absorbance was recorded at 214 nm and peak
areas were integrated electronically. For analysis of plasma samples and
of lesser amounts of material, 0.4-ml fractions of column effluent were
collected in tubes containing a drop of borate buffer (0.5 MH3BO3and
10 mg/ml of bovine serum albumin adjusted to pH 9.3 with NaOH).
The organic solvent was removed under vacuum and the contents of
the tubes were then Iyophilized. The residues were dissolved in l-ml
aliquots of radioimmunoassay buffer (0.04 Msodium dihydrogen phos-
phate, 0.1 MNaCI, 0.6 mMethylmercurithiosalicylic acid, and 6%bovine
serum albumin, all brought to pH 7.4 by the addition of NaOH). Ra-
dioimmunoassays for insulin (using antibody GP-l), for human C-peptide
(using antibody M1230), and for human proinsulin (using antibody 18D)
have been described (30, 36, 37). Yields of immunoreactive insulin re-
covered from the HPLCcolumn ranged from 70 to 90% of the material
applied. Previous studies have shown that the insulin assay is relatively
nondiscriminating for insulin-containing peptides (16), that the C-peptide
assay requires the free COOH-terminus of the peptide for full reactivity
(36), and that the proinsulin assay depends on the Arg3t-Arg32 linkage
between the COOH-terminus of the insulin B chain and the NH2-ter-
minus of the C-peptide for ligand recognition (30).

Results

Our study of proinsulin processing began with an examination
of precursor conversion by a mixture of trypsin and carboxy-
peptidase B. Digestion conditions (limiting trypsin and excess
carboxypeptidase B, see ref. 8) were chosen to result in des-
Arg3',Arg32-proinsulin and des-Lys4,Arg65-proinsulin as inter-
mediates in the conversion and to yield insulin as the product;
analysis of the reaction mixture by reverse-phase HPLC was
designed to provide both separation of substrate, intermediates,
and product, and quantitation of each of these components.
HPLCprofiles of the reaction mixture described under Methods,
after selected periods of digestion, are shown in Fig. 2. Note that
(a) the preparation of biosynthetic human proinsulin contained
neither insulin nor proinsulin conversion intermediates, (b)
measurable amounts of des-Arg31,Arg32-proinsulin and des-
Lys4,Arg65-proinsulin were detected after only 15 s of digestion,
(c) the amounts of these conversion intermediates first increased
and then decreased as proinsulin was converted to insulin, and
(d) conversion was essentially complete by 30 min, even under
these conditions where the molar ratio of substrate to endopro-
tease exceeded 2,000:1 and the concentration of trypsin was 0.5
nM. Notwithstanding the small amount of desamido human
insulin detected at 36 min of elution, no evidence for degradation
of the product to desoctapeptide insulin (insulin lacking residues
B23 through B30) or to other material was noted. Quantitative
analysis of the kinetics of proinsulin conversion (employing
greater numbers of digestion periods) is provided in Fig. 3. As
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Figure 2. HPLCelution profiles of insulin, conversion intermediates,
and proinsulin resulting from the incubation of human proinsulin
with trypsin plus carboxypeptidase B. Recorder tracings measuring op-
tical absorbance at 214 nm are shown for samples of proinsulin incu-
bated with enzymes for the periods identified, as described in Meth-
ods. The abcissa records the period required for elution of the peptides
from the reverse-phase column and is truncated in two areas; no ab-
sorbing material appeared between 40 and 50 min or between 65 and
85 min of elution. In each case, the height of the frame corresponds to
0.01 absorbance unit. The peak of insulin shown at 0.25 min of diges-
tion corresponds to 2% of total absorbance. Peptides eluting in the left
and right peaks in the area of the profile called "intermediates" were
identified as des-Arg3',Arg32-proinsulin and des-Lyse,Arge5-proinsulin,
respectively, by use of standards.

illustrated by the figure, the concentration of proinsulin is initially
seen to drop rapidly (in synchrony with the formation of con-
version intermediates) with only minimal formation of insulin.
At all periods of digestion, the concentration of des-Arg31,Arg32-
proinsulin exceeded that of des-Lys",Arg65-proinsulin, with the
ratio of these two intermediate forms being -3:1 both after
short periods (when formation of insulin was minimal) and at
steady state (3-5 min of digestion).

As we wished to investigate the occurrence of Arg32/Glu33-
split proinsulin and Arg6e/Gly"-split proinsulin (in addition to
the occurrence of the related des-dipeptide proinsulin inter-
mediates) in both tissues and the circulation, we next examined
the use of reverse-phase HPLCand radioimmunoassay to dif-
ferentiate among the four major intermediates of proinsulin
conversion. Fig. 4 A illustrates the central portion of an HPLC
profile resulting from (a) the injection of nanogram-quantities
of des-Arg3m,Arg32-proinsulin and des-LyseArg65-proinsulin, (b)
the collection of effluent fractions, and (c) the analysis of eluted
material by insulin, C-peptide and proinsulin radioimmunoas-
say. As expected from the results of Fig. 2 (where larger amounts
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Figure 3. Quantitative analysis of proinsulin conversion to insulin by
a mixture of trypsin plus carboxypeptidase B. Samples of human
proinsulin incubated with trypsin plus carboxypeptidase B as de-
scribed in Methods were analyzed by reverse-phase HPLC(see Fig. 2).
Electronic integration of peak areas derived from measurement of op-
tical absorbance at 214 nmpermitted quantitative analysis of the con-
version process over the 30-min period shown. Data are plotted sepa-
rately for proinsulin, des-Arg31,Arg32-proinsulin, des-Lys',Arg65-proin-
sulin and insulin, and represent insulin-containing forms only; C-
peptide released during precursor processing was not considered in
this analysis.

of material were quantitated by optical absorbance) and from
the lack of selectivity of our radioimmunoassay for insulin, the
conversion intermediates des-Arg31,Arg32-proinsulin and des-
Lys",Arg65-proinsulin were well separated and readily detected
as immunoreactive insulin. Also as expected, des-Lys",Arg65-
proinsulin (a peptide that contains the free C-peptide COOH-
terminus and the Arg3m-Arg32 linkage between the COOH-ter-
minal region of the insulin B-chain and the NH2-terminal region
of the C-peptide) reacted well in our radioimmunoassays for
both C-peptide and proinsulin. On the other hand, des-
Arg3',Arg32-proinsulin (a peptide containing a blocked C-peptide
COOH-terminus and lacking the Arg31-Arg32 linkage) showed
very poor reactivity in both assays. The separation and analysis
of Arg32/Gly33-split proinsulin and Arg6s/Glyss-split proinsulin
by use of identical methods are illustrated in Fig. 4 B. The two
peptides were well resolved and easily detected by insulin ra-
dioimmunoassay, and, again, only that peptide containing the
complete Arg3t-Arg32 linkage at the precursor conversion site
(that is, Arg6`/Glys6-split proinsulin) reacted in the proinsulin
assay. In contrast to des-Lys64,Arg65-proinsulin, however, Arg65/
Glyss-split proinsulin showed only minimal reactivity in the assay
for C-peptide; this result is consistent with the known specificity
of our antibody and arises from the masking of the COOH-
terminus of the C-peptide by the dipeptide sequence Lys4-Arg6'.
It is important that the intermediates of proinsulin examined
in Fig. 4 A and B maintain unique character in their elution
from the HPLC column and that, as illustrated in Fig. 4 C,
resolution is maintained during chromatography of a mixture
of all four peptides. The identification of the two least-well sep-
arated intermediates, des-Arg31,Arg32-proinsulin and Arg65/Glyll-
split proinsulin, is greatly enhanced by the selective reactivity
of only the latter in our proinsulin radioimmunoassay.

Applications of methods for the analysis of proinsulin in-
termediates in human tissues proceeded with the study of both
B cell tumors and normal pancreas. Use of classical methods
for tissue extraction, for gel filtration of resulting insulin- and
proinsulin-containing fractions, and for insulin radioimmu-
noassay allowed us to determine that material having the mo-
lecular weight of proinsulin and proinsulin intermediates ac-
counted for 1.7 and 2.0% of the immunoreactive insulin in two
specimens of normal pancreas and 5.3 and 5.9% of the immu-
noreactive insulin in two B cell tumors (data not shown); the
increased relative amount of higher molecular weight material
in insulinoma tissue has been reported before (12, 13, 38). As
illustrated in Fig. 5, reverse-phase HPLCanalysis of 9,000 mol
wt material from the two specimens of normal pancreas and the
two B cell tumors revealed that the major fraction could be
identified as proinsulin in each case and that the pattern of
proinsulin conversion intermediates was surprisingly simple. In
the two samples of normal tissue, des-Arg3',Arg32-proinsulin and
des-Lys4,Arg65-proinsulin were identified in the ratio 2.7:1 and
3.2:1, whereas in the two B cell tumors, des-Arg3l-Arg32-proin-
sulin was easily identified, but des-Lys64,Arg65-proinsulin was
barely detectable. In no case were we able to detect Arg32/Glu33-
split proinsulin or Arg65/Gly'-split proinsulin in the samples of
normal or neoplastic tissue. Subsequent studies not illustrated
in Fig. 5 showed, as expected, that material identified as des-
Arg31,Arg32-proinsulin was not detected by immunoassays di-
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Figure 4. HPLCelution profiles of human proinsulin conversion in-
termediates detected by use of radioimmunoassays for insulin (-),
proinsulin (o), and C-peptide (x). Data are shown for the central por-
tions of the HPLCprofiles (the regions in which intermediates of
proinsulin conversion are eluted) only. (A) A mixture of des-
Arg31,Arg32-proinsulin (left) and des-Lys",Arg65-proinsulin (right). (B)
A mixture of Arg32/Glu33-split proinsulin (left) and Arg65/Gly"-split
proinsulin (right). (C) A mixture of all four intermediates of conver-
sion. The order of elution of the four intermediates in C is given by
Arg32/Glu33-split proinsulin, des-Arg31,Arg32-proinsulin, Arg65/Gly"-
split proinsulin, des-Lys6&,Arg6e-proinsulin (the first through fourth
peaks in C, from left to right, respectively). Peptides were identified by
comparison with standards, as described in Methods.
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Figure 5. HPLCelution profiles of 9,000 mol wt, insulin-immuno-
reactive material extracted from two human B cell tumors (A and B)
and from two specimens of normal human pancreas (C and D). Pep-
tides were detected by use of the radioimmunoassay for insulin. Only
those regions of the profile corresponding to proinsulin conversion in-
termediates and to proinsulin itself are shown; no immunoreactive
material was detected in other regions. The elution positions of stan-
dards are shown by vertical arrows at the top of the figure: 1, Arg32/
Glu33-split proinsulin; 2, des-Arg3t,Arg32-proinsulin; 3, Arg65/Gly66-
split proinsulin; 4, des-Lys",Arg65-proinsulin; 5, proinsulin. Note the
difference in scale used in plotting data corresponding to intermediates
and those corresponding to proinsulin.

rected toward C-peptide or proinsulin, whereas material iden-
tified as des-Lys64,Arg65-proinsulin reacted well in both assays.

Because of intensified interest in the biological activities of
human proinsulin (24-26) and because of the potential value
of proinsulin therapy as an adjunct to insulin administration in
the management of diabetes (26), we questioned whether ex-
ogenously administered proinsulin was converted either to in-
termediates of conversion or to insulin in the course of its use
in diabetic subjects. As the route of proinsulin administration
in humans and its inherent proteolytic susceptibility are matters
of equal concern, conversion of the precursor as the result of
both the intravenous route of administration (a route of interest
mainly during controlled clinical investigation) and the subcu-
taneous route of administration (a route of potential importance
during the management of diabetic patients) were examined.
Fig. 6 shows radioimmunoassay-derived HPLC profiles of
plasma components arising from the intravenous administration
of biosynthetic human proinsulin to three insulin-treated diabetic
subjects; the variable amounts of porcine insulin identified in
the HPLCprofiles arise from circulating insulin-antibody com-
plexes. Although each of the profiles reveals a small amount of
des-Arg31,Arg32-proinsulin, conversion intermediates represented
<1%of circulating proinsulin-related material in each case and
human insulin was not detected. Fig. 7 illustrates HPLCprofiles
of plasma components arising from the subcutaneous admin-
istration of human proinsulin to the same three subjects. In
contrast to findings shown in Fig. 6, subcutaneous administration
of the precursor resulted in the detection of sizable amounts of
proinsulin conversion intermediates in the circulation. Inter-

mediates resembling both des-Arg3lArg32-proinsulin and Arg65/
3 Gly66-split proinsulin were identified in all three individuals.

The sum of these intermediates plus des-Lys6',Arg65-proinsulin
and Arg32/Glu33-split proinsulin represented about 4, 6, and 11%

2 of the total proinsulin-like material in subjects 1, 2, and 3, re-
spectively. Material resembling human insulin was detected in

X only a single subject (subject 3), where it represented -1% of
total insulin immunoreactivity. Notwithstanding the variable

3 detection of immunoreactive material in the region of the profiles
O of Fig. 7 spanning fractions 45 to 65, it is clear that subcutaneous

3 ¢- proinsulin infusion in humans results in the metabolism of the
precursor to multiple physically and immunologically distinct

2 forms.

Discussion

Our use of isocratic reverse-phase HPLC, coupled with radioim-
munoassay for peptide detection, has permitted the separation
and analysis of proinsulin-derived peptides of humans under a

variety of circumstances. Human proinsulin, des-Arg31,Arg32-
proinsulin, des-LysM,Arg65-proinsulin, Arg32/Glu33-split proin-
sulin, Arg65/Gly66-split proinsulin, and insulin (as well as beef
and pork insulin) are readily identified by their elution positions
and their selective immunoreactivities in insulin, C-peptide, and
proinsulin assays. Although our use of ion-pairing agents (trieth-
ylammonium and phosphate salts) in HPLCbuffers precludes
an easy assessment of relative peptide hydrophobicity, note that
Arg32/Glu33 and Arg65/Gly'-split proinsulins are well separated
by adsorption to the C- 18 column matrix. The separation of
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Figure 6. HPLCelution profiles of insulin-related peptides purified
from the plasma of three diabetic subjects whose blood glucose levels
were maintained by the intravenous infusion of human proinsulin.
Procedures for immunoaffinity purification of plasma components
and for HPLCanalysis are described in Methods. Data are provided
for material detected by radioimmunoassay for insulin (-), proinsu-
lin (- - -), and C-peptide (. ). To enhance clarity of presentation,
individual data points are not shown. The same ordinate scale is used
in each case. The elution position of standards are indicated by verti-
cal arrows at the top of the figure: A, bovine insulin; B, human
insulin; C, porcine insulin; 1, Arg32/Glu33-split proinsulin; 2, des-
Arg3',Arg32-proinsulin, 3,Arg65/Gly"-split proinsulin; 4, des-
Lys",Arg65-proinsulin; 5, proinsulin. Background noise was the equiv-
alent of 0.01 pmol/ml of insulin, 0.01 pmol/ml of proinsulin, and
0.02 pmol/ml of C-peptide. -0.06 pmol was required for the detec-
tion of a peak of immunoreactive peptide. Note that the porcine insu-
lin identified in each of the profiles is derived from insulin-antibody
complexes present in the circulation of these insulin-treated diabetic
subjects.
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Figure 7. HPLCelution profiles of insulin-related peptides purified
from the plasma of three diabetic subjects whose blood glucose levels
were maintained by the subcutaneous infusion of human proinsulin.
Details are provided in the legend to Fig. 6 and in Methods. Note that
the ordinate scale used in Fig. 7 is contracted somewhat relative to the
scale used in Fig. 6, the same ordinate scale is used in all three panels
of Fig. 7, and subjects numbered I to 3 in the study of Fig. 7 are iden-
tical to those numbered I to 3 in the study of Fig. 6, respectively.

these positional isomers (like the HPLCseparation of positional
isomers of insulin bearing amino acid substitutions at positions
B24 and B25 [35, 39]) identifies them as containing important
structural differences that can alter their potential interactions
with physical surfaces.

Model studies involving the conversion of human proinsulin
to insulin by use of trypsin and carboxypeptidase B have dem-
onstrated (a) the exquisite sensitivity of the Arg32-Glu33 and
Arg65-Gly' peptide bonds of proinsulin to cleavage by trypsin
(with conversion reaching completion by 30 min at 220C using
a 2,000:1 molar ratio of substrate to enzyme) and (b) the re-

markable stability of the hormone product to enzymatic deg-
radation (see also ref. 8). More important, experiments reported
here identify the ratio of the conversion intermediates des-
Arg3'1,Arg32-proinsulin and des-Lysg,Arg65-proinsulin as -3:1
both during early periods of digestion (when the concentration
of intermediates exceeds that of the product) and at the steady
state (when the concentration of intermediates changes little with
time). The value of this ratio during early periods indicates that
the rate of cleavage of the Arg32-Glu33 bond in proinsulin (as
assessed by the formation of des-Arg3tArg32-proinsulin) exceeds
that of the Arg65-Gly66 bond (as assessed by the formation of
des-Lys",Arg65-proinsulin) by about threefold. That this ratio is
maintained at steady state (and does not decrease to unity) further

indicates that the kinetic preference of the endoprotease for
cleavage at the Arg32-Glu33 conversion site is decreased once the
precursor has been processed to the two intermediate forms.
Together, these results suggest that conversion of proinsulin to
insulin proceeds preferentially through the righthand branch of
the scheme shown in Fig. 1.

Our findings on proinsulin conversion by purified enzymes
are consistent with the ratio of des-Arg3',Arg32-proinsulin to des-
Lys64,Arg65-proinsulin identified for intermediates extracted from
normal human pancreas (2.7:1 and 3.2:1 in two samples) and
with the absence of Arg32/Glu33- and Arg65/Gly'-split proinsulins
in the tissue specimens examined. It thus appears that in vivo,
as in our model system, preference for cleavage of the Arg32-
Glu33 peptide bond persists and that the activity of the dibasic
amino acid-specific carboxypeptidase is in relative kinetic excess.
Nevertheless, it should be noted that (a) extensive conversion
of proinsulin by the enzyme mixture in vitro yields concentra-
tions of intermediates exceeding those of the precursor, whereas
proinsulin concentrations exceed those of intermediates in both
normal pancreas and B cell tumors, and (b) the absence of sig-
nificant amounts of des-LysM,Arg65-proinsulin in insulinoma
tissue cannot be simply ascribed to the decreased transit time
for precursor synthesis and product secretion identified for that
tissue (40).

Differences noted above emphasize the complexity of pro-
cesses that serve for the conversion of proinsulin to insulin in
vivo. First, while our use of trypsin as the converting endopro-
tease was meant to simulate (rather than to duplicate) the phys-
iological process, the identity of the endogenous converting en-
zyme remains unknown (19-23). Second, while trypsin under
our conditions shows the appropriate selectivity for peptide bond
cleavage, the hydrogen and metal ion requirements and the
physical state of the endogenous converting enzyme may well
play important roles in determining its function. In fact, (a) the
ionic composition of the B cell secretion granule (a composition
requiring consideration of at least Zn", Ca", Na , and K+)
differs considerably from that of the buffer used for our enzymatic
studies, and (b) the pH optimum for the endogenous converting
enzyme is likely to be acidic rather than slightly basic, as it is
for trypsin (23). Third, our enzymatic studies examined the con-
version of proinsulin in dilute solution rather than at the high
concentrations that occur in immature B cell secretion granules
and lead eventually to crystallization of the hormone product.
Indeed, studies on crystal growth have shown that proinsulin
does not crystallize with zinc under conditions where the rhom-
bohedral zinc-insulin crystal is readily formed, but that proinsulin
and insulin form mixed crystals when the mole fraction of the
precursor is less than about 0.4 (41). It is thus probable that the
cocrystallization of proinsulin, intermediates of proinsulin con-
version, and insulin within the maturing B cell secretion granule,
a process requiring decreased pH and the presence of Zn+, (a)
causes the slowing and eventual termination of conversion, (b)
results in the trapping of small amounts of precursor and inter-
mediates, and (c) directs the proportions of precursor and in-
termediates stored in the insulin producing cell.

Since circulating proinsulin retains the potential for pro-
cessing to conversion intermediates or to insulin, considerations
of proinsulin metabolism have special importance when the
precursor is studied for its therapeutic efficacy in diabetes. Very
little processing of the precursor to proinsulin conversion inter-
mediates and no processing of the precursor to insulin was de-
tected during our analysis of plasma from diabetic subjects
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managed by the intravenous administration of proinsulin. This
result demonstrates that (a) neither the vascular compartment
nor any organ to which circulating proinsulin has access (most
notably the liver and kidney [42, 43]) has the potential for me-
tabolizing the precursor and releasing to the circulation more
active products at a significant rate, and (b) the biological activity
of the intravenously administered precursor in vivo (24-26) arises
solely from its specific interaction with hormone-sensitive tissues.
On the other hand, our results also show that the subcutaneous
administration of proinsulin (the route most often taken in clin-
ical practice and most applicable when considering proinsulin
therapy) gives rise to the appearance of variable, but significant
quantities of conversion intermediates in the blood. Rates of
both formation and clearance of these intermediates are impor-
tant in determining their appearance under steady-state condi-
tions. Nevertheless, the high receptor binding and biological ac-
tivities of proinsulin intermediates relative to proinsulin in vitro
(6, 44-46) and the well known direct relationship between insulin
receptor occupancy and insulin degradation (47, 48) suggest that
the rate of clearance of proinsulin intermediates would exceed
that of the intact hormone precursor. Thus, it is probable that
(a) proinsulin conversion intermediates identified in the plasma
of proinsulin-treated subjects arise from active processes (rather
than from the accumulation of compounds that might be present
in the infusion solution in trace amounts), and (b) these con-
version intermediates have the potential for contributing to the
biological activity of subcutaneously infused proinsulin.

Variable proteolysis in the subcutaneous compartment may
in fact result in either degradation of the infused agent to less
active material or transformation of the agent to more active
products. While only the first of these processes applies to the
subcutaneous administration of insulin (in the extreme case
causing the syndrome of massive degradation of subcutaneous
insulin [49]), both processes apply to the subcutaneous admin-
istration of proinsulin (a peptide with the potential for metab-
olism to both less active and more active forms). Although (a)
the separate contributions of proinsulin and proinsulin conver-
sion intermediates to maintaining glycemic control in diabetic
subjects is not yet subject to accurate quantitation (and may
well vary from one individual to another), and (b) studies re-
ported here have emphasized steady-state infusions and precursor
processing (rather than the strict regulation of blood glucose
levels), our findings form a base for considering the mechanisms
by which subcutaneously infused proinsulin exerts its biological
effects in vivo. Extensions of these studies will contribute to an
understanding of precursor processing in peptide hormone bio-
genesis and to an appreciation of proteolysis in the metabolism
of peptides used as therapeutic agents.
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