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Characterization of Proinsulin-Insulin

Intermediates in Human Plasma
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Division of Metabolism, Endocrinology, and Gerontology, Department of
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A B S T RAC T This work addressed the problem of
heterogeneity of immunoreactive insulin (IRI) in hu-
man plasma. Subjects with normal glucose tolerance
were given 75 g of an oral glucose solution, followed
in 30 min by an intravenous infusion of 30 g of arginine
over 30 min. At the end of the infusion blood was with-
drawn for analysis. IRI was extracted from plasma of
individual subjects by immunosorbent columns and
was fractionated by gel filtration, disc gel electrophore-
sis and isoelectric focusing. Human IRI components
were identified by molecular size, immunoreactivity
with a human proinsulin antibody, sensitivity to trypsin,
and by comparison of electrophoretic mobility and
isoelectric point with porcine pancreatic products,
after suitable correction for electric charge and molecu-
lar weight differences.

The pattern of IRI heterogeneity was the same among
six healthy subjects. Heterogeneity of proinsulin-size
IRI in circulation was more marked than that of insulin-
size material. Proinsulin and desdipeptide proinsulin
were present in approximately equal amounts accom-
panied by minor amounts of split proinsulin and mono-
desamido-desdipeptide proinsulin. Insulin-size IRI
contained over 80% insulin. Minor amounts of mono-
desamidoinsulin and diarginylinsulin were observed
in some cases.

The types of IRI components observed in plasma
are evidence in support of a physiologic role of trypsin-
and carboxypeptidase B-like enzymes in the conversion
of proinsulin to insulin. Moreover, this study provides
a base line for investigation of abnormalities in proin-
sulin-to-insulin conversion that may be associated with
certain pathologic states.

This work was presented in part at the Annual Meetings of
the American Society of Biological Chemists in San Francisco,
Calif., June 1976 (Abstr. 1371) and the Annual Meeting of the
American Diabetes Association in St. Louis, Mo., June 1977
(Abstr. 93).

Received for publicationi 12 January 1978 atnd in revised
form 12 May 1978.

INTRODUCTION

Insulin biosynthesis involves as last step(s) the pro-
teolytic conversion of a single chain precursor pro-
insulin to the double chain product of insulin (1-3).
In the process a certain number of amino acid residues,
e.g. 33 in the case of porcine (4), and 35 in the case of
human proinsulin (5, 6), are excised from the middle
of the chain of proinsulin (Fig. 1). The conversion of
proinsulin takes place inside the secretory granule of
the pancreatic 8-cell in the course of its maturation
(7-9). Proinsulin, insulin, and a variety of deriva-
tives obtained by proteolytic modification thereof
have been isolated from pancreas homogenates and
their chemical, biological, and immunological prop-
erties have been characterized (10-16). Also, the
structure of the peptide excised from proinsulin
during the conversion to insulin in the pancreas has
been elucidated from a variety of species (4, 5, 9, 17).

The same derivatives of proinsulin and insulin that
were isolated from homogenized pancreas could also
be obtained by in vitro enzymatic digestion of proinsulin
or insulin with exocrine pancreatic trypsin, chymo-
trypsin, and carboxypeptidase B, alone or in combina-
tion (18). From these observations it was inferred that
physiologic conversion of proinsulin to insulin involved
the stepwise action of enzymes with similar specifici-
ties. This was strongly supported by studies of the
conversion of selectively prelabeled proinsulin to
insulin in a crude secretion granule fraction isolated
from rat islets of Langerhans (9).

Roth et al. (19) and Rubenstein et al. (20) first de-
scribed a blood plasma component with a molecular
weight higher than insulin that showed insulin immuno-
reactivity. This component became commonly thought
of as proinsulin. Later, Lazarus et al. (21, 22) and
Gutman et al. (23) pioneered the characterization
of circulating insulin immunoreactive material by disc
gel electrophoresis, and found, that the so-called
proinsulin fraction was heterogeneous.

After improving and extending a number of tech-
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FIGURE 1 Amino acid sequences of human and porcine proinsulin, and the assignment of
electric charges to ionizable residues under the conditions of disc gel electrophoresis at pH 9.5.
(*) Although there are probably fractional charges on Tyr and Lys at this pH, their inclusion in
fitting Eq. 1 did neither improve the fit nor affect the conclusions. The one-letter notation
for amino acid sequences is that adopted by the IUPAC-IUB1 (1968. J. Biol. Chem. 243:
3557-3559). Points indicate residues identical to those found in human proinsulin. Dashes
indicate a deletion of residues in porcine proinsulin. Arrows indicate peptide cleavage sites
observed during proinsulin-to-insulin conversion. T designates sites of tryptic cleavage, CPB
sites of subsequent removal of basic residues by enzymes with carboxypeptidase B-like
specificity, Cl indicates a site susceptible to chymotrypsin in rat proinsulin (46), and C2 the
cleavage site observed in porcine proinsulin (13, 14).

niques for identification, we investigated the presence

and identity of proinsulin-insulin intermediates, as

well as partial degradation products of insulin in plasma
of individual human subjects. The results provide evi-
dence that the stepwise proinsulin-to-insulin conver-

sion by enzymes with tryptic and carboxypeptidase
B-like specificities is physiologic. The relative quanti-
ties of such intermediates gives some rough estimate
of the extent to which the (3-cell is capable of completing
conversion in a stimulated state. Moreover, this work
provides a base line for investigations of abnormal
products or abnormal amounts of normal products in
certain forms of diabetes mellitus and other pathologic
states where incomplete conversion of proinsulin to
insulin is suspected.

METHODS
Materials. Porcine insulin (Sigma Chemical Co., St. Louis,

Mo.) was purified to electrophoretic homogeneity according
to Chance (14). Porcine desoctapeptide insulin ([desocta-
peptide (23-30)]-insulin) was prepared according to Young
and Carpenter (24). Biotinylinsulins were prepared by May
et al. (25).

The following porcine products were gifts of Dr. Ronald
E. Chance, Eli Lilly & Co. Research Laboratories, Indianapo-
lis, Ind.: proinsulin, lot 615-1112 B-278; [seco-56/57]-pro-
insulin-(1-56/57-86)-tetrapentaconta/triacontapeptide,I (split

proinsulin) lot 615-1070B-30-2; [desdipeptide-(64-65), seco

63/66]proinsulin-(1-63/66-86)-henihexaconta/henicosa pep-
tide, (desdipeptide proinsulin) lots 615-1070B-138-1 and
615-1112B-32; [desnonapeptide-(57-65), seco-56/66]pro-
insulin-(1-56/66-86)-tetrapentaconta/henicosa peptide, (des-
nonapeptide proinsulin) lots 615-1039B-256-3 and 615-
1112B-31; insulin-30-yl-arginylarginine, (diarginylinsulin)
lot 615-D63-49; insulin-30-yl-arginine, (monoarginylinsulin)
lot 615-D63-192-2; and monodesamidoinsulin, lot 615-1082B-
248, a product likely to be deamidated primarily at asparagine
86 (26). Wealso obtained two preparations of crude pancreatic
human proinsulin (lots 615-1054 B-195-A and 615-1054
B-261-5), prepared by classical acid ethanol extraction, gel
filtration and crystallization, from which proinsulin was

further purified by preparative disc gel electrophoresis at
pH 9.5.

Antisera against electrophoretically pure porcine insulin
were induced in guinea pigs according to Yalow and Berson
(27, 28). A guinea pig antiserum against a mixture of human
proinsulin derivatives was kindly provided by Dr. Arthur H.
Rubenstein, University of Chicago (Antiserum Ab-G [29]). Cel-
lulose powder MN300 for thin-layer chromatography (Brink-
mann Instruments, Inc., Westbury, N. Y.) was used in the
radioimmunoassay of insulin.

Other supplies were obtained as follows: activated CH-
Sepharose 4B (lot 5085), Pharmacia Fine Chemicals, Inc.,
Uppsala, Sweden; Affi-Gel 10 (lot 13882-3) Bio-Rad Labora-
tories, Richmond, Calif.; heparin as a sodium heparin injection
preparation U. S. Pharmacopeia (Panheprin), Abbott Diag-
nostics, North Chicago, Ill.; crude soybean trypsin inhibitor
type II-S, Sigma Chemical Co.; bovine serum albumin Cohn

'The nomenclature follows the rules set forth by the
International Union of Biochemistry and the Union of
Pure and Applied Chemistry (IUPAC-IUB) Commission on

Biochemical Nomenclature (1967)J. Biol. Chem. 242: 555-
557. The use of "seco" followed by the position numbers

to indicate the cleavage of internal peptide bonds is analogous
to its use in organic chemical nomenclature, and was sug-
gested by Dr. Robert Schwyzer. Amino acid position numbers
for both human and porcine peptides are those of human
proinsulin in Fig. 1. Traditional abbreviated nomenclature
given in parenthesis, is used throughout the paper.
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fraction V (BSA),2 Miles Laboratories, Inc., Kankakee, Ill.
(checked for absence of immunoreactive insulin (IRI) and
interference with the immunoassay); bovine trypsin treated
with L-(l-tosylamido-2-phenyl)ethyl chloromethylketone,
Worthington Biochemical Corp., Freehold, N. J.; African lung-
fish trypsin Al, prepared by the method of de Haen et al. (30);
merthiolate R (1:1000) stainless, Eli Lilly & Co.; Na'25I pro-
tein iodination grade, New England Nuclear, Boston, Mass.;
Ampholine pH 5-7, LKB-Produktor, Bromma, Sweden; Bio-
Lyte pH 4-6 and pH 6-8, Bio-Rad Laboratories; oral glucose
(Glucola, 75 g in 207 ml), Ames Co., Div. of Miles Lab., Inc.,
Elkhart, Ind., sterile arginine for intravenous infusion (100
g/liter arginine HCI in water), prepared by the University of
Washington Pharmacy; ultrapure urea, Schwarz/Mann Div.,
Becton, Dickinson & Co., Orangeburg, N. Y. Before use,
cyanate was removed from all urea solutions by passage
through a column of mixed bed ion exchange resin AGMI-
615 (J. T. Baker Chemical Co., Phillipsburg, N. J.).

Humansubjects. Subjects were selected on the basis of the
following criteria: age, 30-55-yr-old; body weight, 100-120%
of expected lean body weight for height and age (Metropolitan
Life Insurance Tables); normal oral glucose tolerance test;
normal basal insulin levels and good general health; no known
family history of diabetes or of myocardial infarctions before
the age of 50.

Collection of blood specimens. Human subjects having
followed a diet providing at least 300 g/day of carbohydrate
for a minimum of 2 days arrived at the Clinical Research
Center, University of Washington, after an overnight fast. A
19-gauge scalp vein needle was inserted into an antecubital
vein and maintained with a slow saline infusion. After a
10-15-min rest, a 5-ml fasting blood sample was withdrawn
from the intravenous line for serum glucose determination
and analysis of total serum IRI. Each subject then consumed
75 g of glucose in solution. After 30 min another 5 ml blood
sample was taken for serum glucose and IRI determinations.
This was followed by a 30-min infusion of an arginine
solution (30 g in 300 ml of water) through the intravenous
line using an infusion pump. Then 240 ml of blood was
withdrawn over a period of 10 min, with 50 ml syringes con-
taining 4 ml of an anticoagulant mixture (see below). Portions
of the blood (40 ml) were immediately dispensed into 50 ml
plastic centrifuge tubes. A final specimen (5 ml) was then
taken for serum glucose and total IRI determination. No
significant side effects were encountered.

Anticoagulant mixture. The activation of the presently
recognized blood clotting enzymes was inhibited by a
modified anticoagulant mixture originally described by
Fujikawa et al. (31). Table I gives the composition of
this mixture and the ratio to be used with blood. EDTA
and o-phenanthroline were added to inhibit metalloen-
zymes such as plasma carboxypeptidase B (32), plasma
aminopeptidases (33) and metallo-endopeptidases poten-
tially present in plasma or on cell surfaces. N-ethylmalei-
mide was added to inhibit sulfbydryl proteases potentially
present and to mask free sulfhydryl groups, such as that
of cysteine 34 in albumin (34), to prevent disulfide inter-
change (35).

Preparation of cell-free plasma. It was necessary to re-
move platelets as completely as possible to prevent aggrega-
tion and clogging of the immunosorbent column. Breakage
of cells, on the other hand, had to be minimized, otherwise
intracellular proteases could have become active and modified

2Abbreviations used in this paper: BSA, bovine serum al-
bumin Cohn fraction V; IRI, immunoreactive insulin; pl,
isoelectric points.

TABLE I

Composition of Anticoagulant Mixture*

Final con-

centration
in coagu-

Content per liter lation
of anticoagulant inhibited

Inhibitor mixturet blood

Benzamidine hydrochloride 100 g5 64 mM
Sodium citrate dihydrate 13.4 g 4.5 mM
Heparin, 1,000 U/ml 17 ml(-l100 mg) 1,700 U/liter
Soybean trypsin inhibitor 100 mg 10 mg/liter
o-Phenanthroline 19.8 mg 10 ,LM
EDTANa4 x 1.5 H20 40.8 mg 10 ,uM
N-ethylmaleimide 1.25 g 1 mM

* Calcium sequestering agents like citrate or EDTA inhibit
coagulation first at the level of Factor IX to IXa conversion,
and heparin inhibits first at the level of Factor XI to XIa
conversion. Thus, in the presence of only these anticoagu-
lants, coagulation enzymes preceding this step would be
active.
t 1 vol to be mixed with 9 vol of blood.
§ The 10-fold lower concentration recommended by Fujikawa
et al. (31) would probably suffice.

the IRI. The anticoagulated blood was centrifuged at room
temperature for 10 min at 700 g at one-half the height
of the tubes. The supematant plasma was centrifuged again
under the same conditions for 15 min, and was thus freed
of erythrocytes and leukocytes. A last centrifugation for 20
min at 2,000 g removed the platelets. After cooling to 4°C for 2 h,
the plasma was centrifuged for 2 h at 10,000 g. NaN3 was
added to cell-free plasma to a final concentration of 3 mM
and applied to immunosorbent columns.

Preparation of immunosorbent columns. The y-globulin
fraction of guinea pig antiporcine insulin serum was partially
purified by ammonium sulfate fractionation (36) and DEAE-
cellulose ion exchange chromatography (37). Activated CH-
Sepharose 4B (25 g) was coupled, according to the producer's
instructions, to 325 mg of partially purified anti-insulin y-
globulin fraction. Excess coupling sites were reacted with 1 M
ethanolamine, pH 9, for 3 h.

The immunosorbent columns were washed extensively
with 1 M acetic acid to remove any insulin remaining from
original guinea pig serum, equilibrated with and stored in
0.01 MTris-HCl, pH 8.3 at 4°C, containing 3 mMNaN3.

Characterization of immunosorbent columns. The ca-
pacities of 1 ml immunosorbent columns were estimated by
applying slowly an excess amount of insulin in 5 ml of 0.01 M
Tris-HCI, pH 8.3 at 4°C, 1% BSA and measuring the
difference between applied and eluted IRI in the sample
volume and consecutive washings, consisting of 10 ml of
application buffer, 5 ml of 1 M NaCl, and again 10 ml of
application buffer. The capacity was found to be 60 mU/ml
of Sepharose. After elution with a total of 15 ml of 1 M ace-
tic acid, evaporation to dryness and dissolution in radioim-
munoassay buffer, the recovery for insulin was 89%. The
recovery of measured amounts of proinsulin processed simi-
larly was estimated at 84%.

Isolation of human insulin immunoreactive material. The
immunosorbent column was equilibrated with 0.01 M
Tris-HCl, pH 8.3 at 4°C, 3 mMNaN3 and 10 mMN-
ethylmaleimide, containing 1%BSA. Approximately 100 ml of
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cell-free human plasma was applied to a 1-ml immunosorbent
column in a Pasteur pipette equipped above with a funnel (25
cm extension) and below with a narrow Teflon tube (30 cm)
(Du Pont Co. Wilmington, Del.) to generate an operating
pressure of -60 cm of water. The passage of the plasma
usually required -10 h. The column was washed with 30 ml
of equilibration buffer, 10 ml of 1M NaCl and 50 ml of
equilibration buffer free of BSA.

IRI material was eluted with 15 ml of 1 M acetic acid
into a conical evaporating tube containing 100 Al of equil-
ibration buffer with 1% BSA. The sample was evaporated
down to 1 ml on a rotary evaporator (Evapo-mix, Buchler
Instruments Div., Searle Diagnostic Inc., Fort Lee, N. J.).
The column was regenerated by washing with two additional
15-ml portions of 1 M acetic acid, 2 days apart. This was
followed by 100 ml of equilibration buffer free of BSA.

Gelfiltration. To the IRI sample from the immunosorbent
column in acetic acid 1 ml of 1% BSA was added and the
sample 'was chromatographed on a column of Sephadex
G-50 superfine (1.5 x 88 cm) using 1 M acetic acid for
elution and collecting fractions of 2.5 ml. A 50-,l aliquot
of each fraction was directly assayed for IRI, and 50 Al of
1 N NaOHwas added to the assay to maintain a pH of 7.4.
Peak IRI fractions were pooled and evaporated to dryness on
a rotary evaporator.

Polyacrylamide disc gel electrophoresis. Dry samples of
IRI from gel filtration, directly from the immunosorbent
column or other samples, were solubilized overnight at 4°C
in 200 ,ul of disc gel application buffer: N-ethylmaleimide,
1 mM; EDTA, 1 mM; NaN3, 1.5 mM; urea, 7 M; BSA, 0.25%;
pH 7.6. This 200 ,ul sample was incorporated into a 5%sample
gel of a pH 9.5 Ornstein-Davis disc gel (38). The 10% running
gel was 20 cm and the 4% stacking gel 1.2 cm long. During
electrophoresis the temperature of the lower buffer reservoir
was 18°C. Electrophoresis was terminated when the brom-
phenol blue band was 1 cm short of the end of the gel tube.
Gels were extracted from the glass tubes, frozen, and then
cut into about 90 slices of 2 mmwith an automatic advance
razor blade gel slicer (Joyce, Loebl and Co., Ltd. Gateshead-
on-Tyne, England). Slices were extracted with 1 ml of
radioimmunoassay buffer at 4°C for 4 days. A fraction of
the extract was used for insulin and for proinsulin radio-
immunoassays. Recovery of IRI was 84+9%. Control gels
were devoid of IRI. Electrophoretic mobilities were ex-
pressed as mean R1 values relative to bromphenol blue from
at least three experiments, and had a 0.005 SD.

Isoelectricfocusing. The sample of IRI material contained
in 0.2-0.8 ml of 0.1 M Tris-HCl, pH 7.4, and 1% BSA was
incorporated into a 13-cm gel of 10% acrylamide, 0.6%
N,N'-methylenebisacrylamide, 4%(wt/vol) ampholytes and 20
mg/l riboflavin and was polymerized by fluorescent light.
The ampholytes for pH 4-7 gradients consisted of 0.5%
Ampholine pH 5-7 and 1.5% Bio-Lyte pH 4-6. For pH 5-8
gradients the Bio-Lyte component was substituted by one
with a pH 6-8 range. Electrofocusing was carried out for 6 h
in a disc gel electrophoresis apparatus (Hoefer Scientific
Instruments, San Francisco, Calif.) using 0.01 M H3PO4 as
anolyte and 0.02 M NaOH as catholyte. Electrofocusing
gels were sliced and extracted identically to electrophoresis
gels. The pH gradient was determined in gels run in parallel.
The isoelectric points (pI) measured in pH units had a 0.06
SD. No component in control gels interfered with the insulin
immunoassay.

Radioimmunoassays. Insulin immunoreactivity was quan-
titated by the radioimmunoassay of Yalow and Berson
(27,28). Electrophoretically pure porcine insulin was used as a
standard. Standards were based on a molar extinction coef-
ficient in 0.01 M HCI of eM277nm = 60&¢') (39). Except where

mentioned, insulin immunoreactivities reported were not cor-
rected for the differential immunoreactivity of various insulin
derivatives.

Proinsulin radioimmunoassays were performed according
to Kuzuya et al. (29). Electrophoretically pure human
proinsulin isolated from human pancreas extracts and as-
sayed by the insulin radioimmunoassay was used as standard.

Trypsinization. Proinsulin-size IRI material (2-20 ng)
was trypsinized with 24 Aig of African lungfish trypsin in
0.5 ml of 0.1 M Tris-HCl pH 8.0, 0.05% NaN3, and 0.2%
gelatin at 37°C for 48 h. The reaction was terminated by
addition of 3 ml of 3 Macetic acid and the reaction mixture
was characterized by gel filtration on Sephadex G-50 as
described above. Crude soybean trypsin inhibitor (30 ,ug) was
added to each fraction to be radioimmunoassayed.

Characterization of reference proinsulin and insulin
derivatives. The disc gel electrophoretic mobility at pH 9.5
for a number of pure proinsulin and insulin derivatives
was determined. A typical experiment is shown in Fig. 2.
Rf values relative to bromphenol blue for all available
porcine and human derivatives of known constitution were
fitted by the method of least squares to the empirical
relationship

Rf = AzB/Mc, (1)
wherein A, B, and C are unknown empirical numbers, M is
the molecular weight and z is the net negative charge of
the insulin derivative at pH 9.5, estimated from the amino
acid sequence and typical pKa values of ionizable groups
involved (Fig. 3), as explained in Fig. 1. Human insulin
differs from porcine insulin only by having threonine in posi-
tion 30 instead of alanine. Thus, no electrophoretic dif-
ference was observed between the two insulins. In contrast,
the two proinsulins differ by 10 residues. In particular,
human proinsulin is one charge more negative and two
residues longer than the porcine homologue. Thus, Rf
values of human proinsulin derivatives were, in general, not
identical to their porcine counterparts. Fig. 3 allowed
prediction of the Rf value of human proinsulin and insulin

RF
0.2 0.4 0.6 0.8 1.0

0 10 20 30 40 50 60 70 80 90
Slice Number

FIGURE 2 Disc gel electrophoresis of a mixture of porcine
pancreatic derivatives of known chemical constitution. From
left to right: diarginylinsulin, monoarginylinsulin, insulin,
monodesamidoinsulin, desoctapeptide insulin. The arrow
indicates the position of the tracking dye. Origin of standards
and details of procedure are given in the text.
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FIGURE 3 Semiempirical relationship between disc gel
electrophoretic mobility relative to bromphenol blue (Rf),
net electric charge (z) and molecular weight (M), accord-
ing to Rf = AzB/MC (Eq. 1). The molecular weight M was
obtained from the amino acid sequence and the net charge
z was estimated by counting individual charged residues
as exemplified for proinsulin in Fig. 1, and relying on
the pKI value for the amino groups given by Tanford
and Epstein (41) (Table II). The coefficients A, B, and C
were obtained by a least square fit of this equation to data
on these porcine pancreatic standards. The best fit was ob-
tained with A = 242.6, B = 0.6405, and C = 0.7786. The data
points indicate from left to right: porcine proinsulin, por-
cine diarginylinsulin, human proinsulin, porcine split pro-
insulin, porcine monoarginylinsulin, porcine desnonapeptide
proinsulin, porcine desdipeptide proinsulin, porcine or
human insulin, porcine monodesamidoinsulin, porcine
desoctapeptide insulin. The conditions of electrophoresis are
given in the text.

derivatives of known constitution, and was therefore used for
the identification of unknown peaks on disc gels.

The isoelectric points of reference compounds were de-
termined by isoelectric focusing in polyacrylamide gels.
Isoelectric points of reference compounds were plotted as a
function of the difference between cationic and anionic
groups on the molecule (Fig. 4). Most of the insulin deriva-
tives fell on a straight line (Fig. 4A). Desamidoinsulin
as an exception is discussed below.

To rationalize observed pl values of standards, and for
identification of unknown plasma components, pl values
were interpreted in terms of the dissociation constants
(Ka) of ionizable groups on the molecules. The isoelectric
point of a multivalent ampholyte is determined primarily by
the two closest pKa. values of ionizable groups on the
ampholyte, K,, and I(,+,, that bracket the pL. The pl is given by

pl = (pKI, + pK,,+,)/2. (2)

The subscript n is equal to the maximum positive charge
the ampholyte may assume, and the pKI values are counted
in increasing order starting with the most acidic one (40). The
equal spacing of pl values for insulin derivatives in Fig. 4A
suggested that the pKI values that determine the pl were

similarly spaced. Taking the pKI values to be the mean of
two neighboring pI values appeared in this case to yield a
good estimate. Attempts to refine these values by a more
complete equation for the isoelectric point (40) did not yield
significant changes.

Table II compares pKa values from titration studies (41-
43) and chemical modification studies (43) with our pKl
values estimated from isoelectric points of a series of insulin
derivatives. Since the total number of cationic groups on
monoarginylinsulin is seven, its pl is between the pK5's of
the seventh and the eighth ionizable groups from the acid
end point, i.e., between pK4's of the two histidinyl residues.
Our pI value for this compound (pI = 6.4) was in good agree-
ment with the mean pKI of 6.4 found by titration (41). More-
over, extrapolation of the straight line in Fig. 4A predicted a
value of 7.5 for the mean pK,'s of the two a-amino groups,
a value identical with that obtained by titration (41) and only
slightly deviating from that obtained by chemical modification
studies, i.e., 7.4 (43).

Interpretation of the pl value of desamidoinsulin required
special consideration. Slobin and Carpenter (26) have shown
that asparagine 86 (= asparagine A21) undergoes deamida-
tion much faster than the remaining asparaginyl and glu-
taminyl residues. This is presumably because of neighborhood
catalysis by the a-carboxylate. The same a-carboxylate could
cause the pKa of the 8-carboxyl group of the newly formed
aspartyl residue to be high, and therefore justified its place-
ment at the upper end of the list of acidic residues in insulin
(Table II). With Eq. 2 and the pKa of the glutamyl residue
with highest pKI, a pK. of 5.4 was estimated for the 8-car-
boxylate of aspartate 86 in desamidoinsulin. Table II thus
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6.0-

5.o0

4.5

4.0

_

B

I I l I

A

-5 -4 -3 -2 -I 0 -6 -5 -4
A( Cationic -Anionic Groups)

-3 -2

FIGURE 4 Isoelectric points of insulin and proinsulin deriva-
tives as a function of the difference between the number
of cationic and anionic ionizable groups on the molecule.
(A) Porcine pancreatic insulin and derivatives of known chem-
ical constitution. From left to right and low to high they
are tribiotinyl-, dibiotinyl-, monobiotinyl-, desoctapeptide-,
monodesamido-insulin, insulin, mono-, and diarginyl insulin.
(B) Porcine pancreatic proinsulin and derivatives of known
chemical constitution (E) and human counterparts (-).
The porcine standards from left to right and low to high are:
monodesamido desdipeptide proinsulin, desdipeptide pro-
insulin, desnonapeptide proinsulin, split proinsulin, and pro-
insulin. The human compounds were identified by analogy
as described in the text. The solid line links two-chain
proinsulin derivatives, the interrupted line the intact
proinsulins.
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TABLE II
PKa Values of Ionizable Groups of Insulin*

Tanford and Gruen et al. Kaplan and
pK. Ionizable group Epstein (41) (42) Chan (43) This work

pK5 a-GOGH
PK2 a-COOH Asn, Ala (Thr)t 3.6§
pK3 y-COOH Glu 3.9
PKI4 y-COOH Glu 4.3
pK5 y-COOH Glu 4.73 4.8
pK0 y-COOH Glu J 5.4
pK7 Imidazolyl His 6.40 6.50 6.0

PICa Imidazolyl His f6.6
pKg a-NH2 Phe 7.45 6.88 7.2
pK,o a-NH2 Gly f 7.89 7.7
pK1j 4-OH Tyr
pKl2 4-OH Tyr
pK13 +-OH Tyr 9.60
pK14 4)-OH Tyr
pK15 E-NH2 Lys 11.12 7.01
pK16 -NH-C(=NH)NH2 Arg 11.9

* Porcine, bovine and human insulin are the same.
t In human insulin threonine takes the position of alanine in porcine insulin position 30.
§ Mean values for the groups enclosed in the brackets.

explains rationally why the creation of an additional nega-
tive charge in desamidoinsulin is not equivalent in terms of
pI to the loss of a positive charge (e.g., monobiotinylinsulin).

In contrast to the situation with insulin derivatives, pl
values of proinsulin derivatives plotted as a function of the
difference between cationic and anionic groups on the mole-
cule did not yield a single straight line (Fig. 4B). Two-
chain proinsulin derivatives of porcine origin and, anticipating
later identification, their human counterparts fell on a smooth
curve. The two intact proinsulins lay slightly above that curve.
This situation did not allow the pI values to be easily in-
terpreted in terms of pK4 values, as it was done for insulin
derivatives above. Moreover, human compounds are more
acidic than porcine products, due to the additional aspartic
acid residue (position 36) in the C-peptide and would
thus be expected to be offset by one toward the left in
Fig. 4B. Human derivatives that fulfilled that expectation
were indeed observed (Fig. 4B and Results).

RESULTS

Insulin levels. To allow extensive characterization of
even minor components of human circulating IRI from
individual donors, blood samples of 240 ml were
taken. Insulin levels were stimulated by oral glucose
(75 g) followed by intravenous arginine (30 g) as
described in Methods. In addition to yielding more
IRI, the stimulated state was also more likely to show
any insufficiencies or defects of proinsulin-to-insulin
conversion. The plasma IRI levels ranged from 52
,uU/ml to 460 ,uU/ml, yielding between 6,300 and
57,000 ,uU of IRI for characterization.

Immunoextraction of human plasma. Plasma rather
than serum was chosen for extraction of IRI to circum-
vent potential alterations of IRI components by the

proteolytic enzymes of the coagulation system. For the
same reason, coagulation was inhibited by a complex
mixture of protease inhibitors (see Methods and
Table I).

Human plasma IRI was extracted by an immuno-
sorbent column (36) so as to separate it from large
amounts of proteins, including proteases and their
precursors. Elimination of excess protein was also
required for disc gel electrophoresis and isoelectric
focusing. Insulin antibodies were covalently coupled
to agarose by cyanogen bromide (44), and to Affi-Gel
10 and CH-Sepharose 4B, two commercial affinity
chromatography gels. All three affinity columns adsorbed
porcine insulin and proinsulin quantitatively and gave
good recoveries for insulin. Unexplainably only the
last of the three gave good recoveries for proinsulin,
and was thus used in this study. Human plasma
IRI could be extracted quantitatively with this column,
and apparent recoveries ranged from 80 to 100%.

Identification of human IRI compounds. Human
plasma IRI compounds eluted from the insulin im-
munosorbent column were first fractionated on Sepha-
dex G-50 (Fig. 5). Proinsulin and insulin could be com-
pletely resolved as two peaks. Because porcine
desoctapeptide insulin was not resolved from insulin
on our column and no difference between porcine
proinsulin and desnonapeptide proinsulin could be
detected, we classified unknown human compounds
into proinsulin- and insulin-like molecular size only.
Fractions of insulin size material (elution volume/void
volume = 1.94) were pooled, evaporated and sub-
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FIGURE 5 Gel filtration of insulin immunoextract of human
plasma on Sephadex G-50 superfine (1.5 cm x 88 cm) in 1 M
acetic acid. The flowrate was 15 mllh and the fraction size
2.5 ml. The dotted line is bovine serum albumin.

jected to disc gel electrophoresis (Fig. 6A). 80%or more
of the material migrated as a sharp peak with the
mobility (Rf = 0.69) of authentic human or porcine
insulin. A faster moving component formed a broad
band covering the Rf range expected for mono-
desamido- and desoctapeptide-insulin. Each of the
two peaks was subjected individually to isoelectric
focusing on polyacrylamide gels (Fig. 7A and B).
Results from the large peak (Fig. 7A) showed that
the major component was indeed insulin (pl = 5.7).
It was however accompanied by variable amounts of
material with pl values of 5.1, 5.6, 4.5, and 5.4 listed in
order of decreasing relative size. Only the minor peak
with pI = 5.4 was consistent with a previously
identified natural product, i.e., monodesamidoinsulin.
On the basis of Fig. 4, the two larger peaks (pI = 5.1
and 4.5) appeared to carry one and two positive
charges less than insulin, a difficult proposition. When
the small electrophoretic peak material from Fig. 6A
was subjected to isoelectric focusing (Fig. 7B), a simi-
lar pattern was observed as when large electropho-
retic peak material from Fig. 6A was focused (Fig. 7A).
The proportions of peaks differed, and the peak of
insulin was much smaller. On refocusing of material
from both the insulin peak (pl = 5.7) and the pl = 5.1
peak similar patterns were obtained. This demon-
strated that these peaks are in part interconvertible
and thus artefactual, although we have been unsuccess-
ful in identifying the nature of the artefact. Minor
quantities of such products as deamidated insulin may
have been present, but we concluded that the maJor
part of the insulin-size material of Fig. 5 was insulin.
Finally direct disc gel electropherograms of plasma
immunoextract IRI of certain subjects showed peaks
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FIGURE 6 Disc gel electrophoresis of gel filtration fractions
of human plasma IRI and immunoreactive proinsulin (IRPI).
(A) Insulin-size material (fractions 33-38 of Fig. 5). (B) Proin-
sulin-size material (fractions 27-29 of Fig. 5). The arrow indi-
cates the position of the tracking dye.
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FIGURE 7 Isoelectric focusing gels of the two disc gel peaks
of insulin-size material. (A) Material from insulin peak (major
peak) of disc gel shown in Fig. 6A. (B) Material from minor
peak of disc gel shown in Fig. 6A.

Proinsuli-Insulin Intermediates in Plasma 733

150

I
100 r

0.6

50K

0.8 1.0

80 100

0.8 1.0
I Il I a

0~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~0 B

o 14
0

40

30 9

0-4
ir

20 -

6

0

D 80 100

0.o

D.0

5 0

4.0

I -1 - -.-T--

I
II

I



in the position where diarginylinsulin runs, as well
as other miscellaneous peaks (data not shown). None
of these contained enough material to allow further
characterization.

The proinsulin-size material from gel filtration (Fig.
5) (elution volume/void volume = 1.56) was subjected
to disc gel electrophoresis (Fig. 6B). The insulin
immunoassay showed three major (Rf = 0.47, 0.64, and
0.71) and a few minor peaks (Rf = 0.50, 0.61, and
0.79). One of them (Rf = 0.71) had the mobility of
insulin (Rf = 0.70). On gel filtration of this material
most of the IRI was the size of insulin. We thus con-
cluded that this electrophoretic peak was pre-
dominantly insulin contaminating our proinsulin-size
matqrial. Two major peaks (Rf = 0.47 and 0.64)
and one minor peak (Rf = 0.50), observed in both
the insulin and proinsulin radioimmunoassays, were
further characterized. The peak with Rf = 0.47 ran
on electrophoresis where human proinsulin was
predicted based on amino acid sequence and Fig. 3.
The electrophoretic mobility and isoelectric points
were identical with those of purified human pancreatic
proinsulin. Upon trypsinization the material converted
to insulin-size material. We therefore identified it as
authentic human proinsulin.

The second major peak (Rf = 0.64) from disc gel
electrophoresis (Fig. 6B) had the mobility predicted
for desdipeptide proinsulin according to amino acid
sequence and Fig. 3 (predicted Rf = 0.64), and was
distinct from that predicted for desnonapeptide
proinsulin (predicted Rf = 0.62). Isoelectric focusing of
the same material showed a major peak with pl = 4.7,
accompanied by a very small peak with pI = 4.5. Both
peaks registered on the proinsulin assay. Trypsiniza-
tion of the pI = 4.7 material yielded insulin-size
material. The other peak contained too little material
for this test. Assuming that the isoelectric points of
human proinsulin derivatives would show a de-
pendence on the difference between number of cati-
onic and anionic groups parallel to their porcine
counterparts (Fig. 4B), the pl = 4.7 material had to be
interpreted as human desdipeptide proinsulin ac-
companied by a small amount of the deamidated
form with pI = 4.5.

On disc gel electrophoresis of proinsulin-size ma-
terial from gel filtration, there was always present a
minor peak with Rf = 0.50 (Fig. 6B). Its mobility,
reactivity with the proinsulin antibody and pl of 5.3
(Fig. 4B) identified it as split proinsulin. Finally there
was a small peak with Rf = 0.61. This material could
be desnonapeptide proinsulin, although lack of suf-
ficient amounts precluded further characterization.

Abbreviated characterization of human plasma IRI.
In an attempt to provide a shorter method for char-
acterizing human plasma IRI, which could also be per-

formed with as little as 50 ml of blood, immuno-
extracted plasma IRI was directly applied to disc gel
electrophoresis. The plasma of six subjects was
analyzed. A typical disc gel electrophoresis pattern of
plasma IRI is shown in Fig. 8. Most of the immuno-
reactivity migrated as does authentic insulin (Rf
= 0.70). However, a number of minor components
were present, that could constitute up to 15% of the
total IRI. Invariably, there was a peak of material that
had a slightly lower electrophoretic mobility than insu-
lin and moved so close to insulin that it could be
resolved only by disc gels of 20 cm length (Rf = 0.65).
This component was identified as desdipeptide proin-
sulin as described above. Proinsulin (Rf = 0.48) was
always present, but was often smaller than the desdi-
peptide peak. Sometimes there were additional minor
peaks with lower mobilities than insulin, in particular
split proinsulin (Rf = 0.55). The occasional appearance
of a series of unresolved peaks with higher mobility
than insulin, which we believe to be artefactual (see
above) were also noted. Whereas, expectedly the total
amount of insulin immunoreactivity varied con-
siderably between individuals, the electrophoretic
patterns of all subjects tested were essentially the same.

DISCUSSION

With an expanded set of techniques we have demon-
strated that stimulated IRI in human plasma is hetero-
geneous not only in size (Fig. 5), but also in electro-
phoretic mobility (Fig. 6 and 8) and isoelectric point
(Fig. 7). Wedemonstrated that the proinsulin-size frac-
tion consisted of at least four constituents which we
could partially identify. Ultimate identification would
require isolation of sufficient material of each con-
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FIGURE 8 Disc gel electrophoresis of human plasma IRI.
The arrow indicates the position of the tracking dye.
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stituent for amino acid analysis, which was presently
not possible. The analytical resolution by disc gel
electrophoresis fdr identification of plasma IRI was
greatly improved over earlier work. Chemically char-
acterized pancreatic insulin derivatives of porcine ori-
gin allowed the construction of a quantitative empiri-
cal relationship between amino acid composition
(molecular weight and electric charge) and electro-
phoretic mobility (Fig. 3). This relationship served
to predict the electrophoretic mobility of human ana-
logues that had not previously been isolated.

It is important to realize that porcine proinsulin
as well as desdipeptide- and desnonapeptide deriva-
tives differ from their human counterparts by one
negative charge (asparagine 36) at the pH of disc
gel electrophoresis. For this reason porcine standards
have electrophoretic mobilities different from their
human analogues. Lazarus et al. (22) and Gutman et al.
(23) reported data to show that the proinsulins from the
two species move the same on disc gel electrophoresis,
whereas Oyer et al. (5) showed that human proinsulin
moves faster than bovine (and thus, also porcine)
proinsulin. Wealso found such a difference. Moreover,
the former authors report no separation of proinsulin
from split proinsulin, again products differing by one
charge, whereas we as well as Chance (14) found that
the two components separated nicely. Finally, desdi-
and desnonapeptide proinsulin resolved poorly, be-
cause size difference compensated for charge dif-
ference (Fig. 3), whereas Lazarus et al. (21) reported
dramatic separation. Although Lazarus et al. (21) and
Gutman et al. (23) first demonstrated insulin immuno-
reactive material other than insulin and proinsulin in
human circulation, and demonstrated that these com-
pounds had biological activity, their identification
remained tenuous.

In the present work IRI compounds identified by
gel filtration, proinsulin radioimmunoassay, trypsin
sensitivity, and disc gel electrophoresis were further
characterized by isoelectric focusing. Porcine pancrea-
tic standards as well as mono-, di-, and triacylated
insulins (25) served to correlate isoelectric points to
their chemical constitution, ultimately allowing partial
identification of unknown components of human
origin.

By this set of refined techniques we identified the
following four compounds in the proinsulin-size frac-
tion of human plasma IRI: proinsulin, split proinsulin,
desdipeptide proinsulin, and a monodeamidated form
of the latter. Intact proinsulin and desdipeptide pro-
insulin were predominant and in grossly comparable
amounts. Split proinsulin and the deamidated desdi-
peptide proinsulin were present in lesser amounts.
These statements about relative quantities have to be
regarded with some reservation, because they are

contingent on the validity of the assumption that human
proinsulin compounds register on the insulin assay,
using true insulin as a standard, in the same way as
their porcine counterparts.

Our identification techniques did not distinguish
[desdipeptide-(31-32), seco-30/33]-proinsulin from
[desdipeptide-(64-65), seco-63/66]proinsulin. Al-
though both species have been found in bovine
pancreatic extracts (11, 45), the latter usually pre-
dominated, and in pig pancreas extracts thus far
only [desdipeptide-64-65, seco-63/66]proinsulin has
been found (14, 16). Plasma did not yield enough
material for the amino acid analysis, required to dis-
tinguish between the twQ possibilities.

What we identified as split proinsulin again could
be any one or a mixture of the following products:
[seco-32133]-, [seco-65/66]-, [seco-54/55]- or [seco-
56/57]proinsulin. The first two would be the products
of initial trypsin-like cleavage of proinsulin during con-
version to insulin. Curiously these products have not
been isolated from the pancreas yet, probably meaning
that the subsequent removal of basic residues by car-
boxypeptidase B-like enzymes is very efficient. To a
minor extent cleavage at Cl in Fig. 1 yielding [seco-
54/55]proinsulin appears to occur in the rat (46),
whereas in the bovine cleavage at C2 (Fig. 1) yield-
ing [seco-56/57]proinsulin seems to be preferred (13,
14). Humanpancreas seems to contain (46) and secrete
(29) a small amount of C-peptide fragment originating
from a chymotryptic cleavage at C2 (Fig. 1). Although
possibly present, the quantities of desnonapeptide-
proinsulin, the presumed precursor of the fragment,
were insufficient for identification by isoelectric focus-
ing. We suspect that chymotryptic cleavage is not an
essential requirement for proinsulin activation, but is
an inconsequential parallel occurrence.

In the insulin-size fraction of plasma IRI we
found that true insulin constituted the predominant
species. Some truly minor electrophoretic peaks in the
position of diarginylinsulin and monodesamidoinsulin
were occasionally observed.

It is currently thought that insulin is synthesized
on the ribosome as preproinsulin, a molecule larger
than proinsulin (48-51). Gorden et al. (52) have
described material larger than proinsulin in a patient
with islet cell carcinoma. Humbel et al. (53) and
Nolan et al. (11) described proinsulin-size immuno-
reactive material that could not be converted to insu-
lin-gHze material by trypsinization ("nonconvertible
dimer"). In our subjects no such material was detected.

Melani et al. (54) succeeded in converting small
amounts of proinsulin to insulin using bovine trypsin,
while we could not consistently achieve this con-
version. Prolonged digestion did not improve the re-
sults. Because we suspected autolysis, alteration of
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substrate specificity, and ultimate inactivation of bovine
trypsin (55) to be the cause, we chose to use African
lungfish trypsin, which is completely stable (30) to
self-degradation.

The presence of significant amounts of desdipeptide
and split proinsulin poses an interesting problem
concerning the pathway of proinsulin-to-insulin con-
version. There is little doubt that tryptic cleavage of
proinsulin followed by carboxypeptidase B-like re-
moval of carboxyterminal arginyl and lysyl residues is
the predominant pathway. Thus, [desdipeptide-(64,
65), seco-63/66]proinsulin could well be an inter-
mediate of the predominant pathway of proinsulin
activation, as suggested by Kemmler et al. (9, 18). Al-
ternatively, proinsulin could be predominantly ac-
tivated by first splitting between residues 32 and 33
and only later splitting between residues 65 and 66. In
vitro experiments with pancreatic trypsin do not allow
us to speak to this point. In the latter scenario, [desdipep-
tide-(64,65), seco-63/66]proinsulin would represent the
minor pathway intermediate that accumulates only be-
cause its further conversion is rate limiting. This may
also set the stage for chymotryptic modification to
desnonapeptide proinsulin, an intermediate observed
in animal pancreas (11, 14, 45) and inferred to be pro-
duced in humans as well (29, 46). A decision in
favor of one of the two possible pathways will have
to await further studies.

In summary, we have shown that human plasma IRI
is more heterogeneous than previously recognized, and
we have identified multiple components that are
analogous to those isolated from animal pancreas.
Finally, we have developed an approach that is suited
to address the question of whether in certain forms of
diabetes mellitus with normal IRI levels there are
abnormal insulin species, or excessive amounts of pro-
insulin-insulin intermediates in circulation. Work in
that direction is in progress.
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