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ABSTRACT

Proinsulin is synthesized in the fl-cells of the endocrine pancreas, one of the four cell types found in the islets of Langerhans, Specific
enzymatic cleavage of proinsulin results in the formation of equimolar amounts of insulin and C-peptide, via several intermediate
split-proinsulin forms. Most mammals produce a single insulin, but in rodents two non-allelic insulin genes are expressed . There is an
inverse ratio between the two insulins in rats and mice, the reason for this being unknown . It has been suggested that differences in
transcription, translation (biosynthesis) and/or posttranslational processes (enzymatic conversion, intracellular degradation) could be
possible explanations. Elevated amounts of proinsulin-irnmunoreactive material (PIM) have been described to occur in various condi-
tions/diseases, suggesting alterations in /f-cell function, but the composition of the secreted PIM (intact proinsulin or its intermediates)
has been incompletely determined . Studies of the biosynthesis of proinsulins and their conversion with the purpose of revealing some of
these points depend on accessible reversed-phase high-performance liquid chromatographic (RP-HPLC) analyses capable of separating
all the relevant, closely related polypeptides involved . This review will deal with the optimization of the RP-HPLC separations as well as
sample preparation and recovery . Applications of the selected methods in the study of proinsulin biosynthesis and its conversion will
also be presented .
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LIST OF ABBREVIATIONS

fl-TC

	

fl-Tumor cell
C1, C2

	

C-Peptide I and 11
cDNA

	

Copy deoxynucleic acid
ELUSA

	

Enzyme-linked immunosorbent as-
say

HESS

	

Hanks' buffered salt solution
hGH

	

Human growth hormone
HI

	

Human insulin
HPI

	

Human proinsulin
HSA

	

Human serum albumin
11 , 1 2

	

Insulin I and II
IDDM

	

Insulin-dependent diabetes mellitus
lcD

	

Kilodalton
mRNA

	

Messenger ribonucleic acid
NEDH

	

New England Deaconess Hospital
(inbred rat strain)

NIDDM Non-insulin-dependent
mellitus

NMRI

	

Naval Medical Research Institute
(outbred mouse strain)

P 1, P 2

	

Proinsulin I and II
PAGE

	

Polyacrylamide gel electrophoresis
PIM

	

Proinsulin infmunoreactive material
RER

	

Rough endoplasmatic reticulum
RIA

	

Radioimmunoassay
RIN

	

Rat insulinoma NEDH
RP-HPLC Reversed-phase high-performance

liquid chromatography
RPMI

	

Roswell Park Memorial Institute
culture medium

R,

	

Resolution
TEAP

	

Triethylammonium phosphate
TFA

	

Trifluoroacetic acid

diabetes

I . INTRODUCTION

The islets of Langerhans in the pancreas are
composed of four different endocrine cell types,
each producing predominantly a single type of
polypeptide hormone. The most abundant cell
type is the #-cells, which synthesize insulin . The
a-cells, the 6-cells and the PP cells synthesize the
hormones glucagon, somatostatin and pancreatic
polypeptide, respectively [1] . All the polypeptide
hormones from the pancreatic islets are synthe-
sized as larger precursor molecules that are post-
translationally processed by specific enzymes to
the mature hormones .

The initial product of translation of insulin
mRNA is preproinsulin [2,3], the first 24 amino
acids of which constitute the signal or prepeptide .
The very hydrophobic prepeptide is thought to
be removed while the preproinsulin traverses the
membrane of the rough endoplasmatic reticulum
(RER), presumably coincidentally with the trans-
lation [4] . The newly formed proinsulin chain
then folds up and the disulphide bonds are estab-
lished .

The conversion of proinsulin to insulin in-
volves specific converting enzymes and occurs
within clathrin-coated secretory vesicles coordi-
nately with acidification [5] . Two classes of en-
zymes are involved: endopeptidases I and II
cleave at the C-terminal side of the two pairs of
basic amino acid residues between the C-peptide
and the insulin B- and A-chains, respectively, re-
sulting in the formation of two split-proinsulin
intermediates [6] . Next carboxypeptidase H [61
removes the basic residues one at a time, resulting
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in the formation of two des-proinsulin intermedi-
ates prior to the formation of the final conversion
products, insulin and C-peptide (see Fig . 1) .

Recently cDNAs encoding candidate prohor-
mone-processing endopeptidases have been
cloned and found to be related to the bacterial
subtilisin family of serine proteases, as reviewed
by Barr [7] .

Rats and mice are unique among mammals in
that they produce two different insulin (insulins
I and II) [8], encoded by two non-allelic genes
[9,10] . The conservation of both genes suggests
that each provides some selective advantage, e.g .
the capacity to produce twice as much insulin
during foetal growth or prolongation of repro-
ductive life [11], or that insulins I and II might
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Fig . 1 . Processing of proinsulin via the major conversion inter-
mediates to insulin and C-peptide . The A- and B-chains and the
C-peptide are designated A, B and C, respectively. The open and
closed circles represent the basic amino acids arginine and lysine,
respectively. Proinsulin is cleaved by endopeptidases I and II at
the BC and AC junctions, respectively, followed by removal of
the basic amino acids by carboxypeptidase H (C-H).
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play different roles as growth and regulatory fac-
tors during foetal development [12] . The two in-
sulin are usually found in unequal amounts in
whole pancreas as well as in isolated pancreatic
islets of rats [8,13-16] and mice [14,16-18] . In
rats, insulin I is always more abundant than in-
sulin 11, whereas the opposite is found in mice
[16,17] .

The reasons for the reported difference in the
insulin 1/II ratios in rat and mouse islets could be
differences in transcription of the two genes,
translation of the mRNAs, proinsulin conversion
rates or intracellular degradation (crinophagy,
i.e . fusion of granules with lysosomes) between
the two species . Up to now the expression of the
two genes in rats has been proposed to be inde-
pendently regulated [13,14] or coordinately regu-
lated in both rats [19,20] and mice [12] .

Simultaneously with the isolation of proinsulin
from the first crystals of insulin, intermediate de-
rivatives of the proteolysis were observed by
Steiner et al . [21] . Normally more than 99% of
proinsulin in rats is processed via the regulatory
pathway [22] to the final products, insulin and
C-peptide, which are released from the #-cell on
appropriate stimuli .

In healthy individuals the circulating levels of
proinsulin-immunoreactive material (PIM) are
mostly rather low, but in various forms of dia-
betes an elevated level of PIM has been found
[23,24], suggesting that proinsulin or its interme-
diates could be predictive markers for the mani-
festation of diabetes . A heterogeneous composi-
tion of PIM in human plasma was demonstrated
in 1978 using a combination of immunoaffinity,
gel filtration and radioimmunoassay [25], but the
physiological and clinical significance of proinsu-
lin and its conversion intermediates in the circu-
lation is not known . The lack of specific immu-
nological analyses for the individual metabolites
[26] demands further development or alternative
methods based on an initial separation of the
conversion intermediates prior to the immuno-
logical analysis .

During the past ten years reversed-phase high-
performance liquid chromatography (RP-
HPLC) has been the preferred technique for the
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separation of closely related polypeptides, in-
cluding insulin and insulin-related polypeptides
[27-30]. The extremely high resolving power of
RP-HPLC is exemplified by the successful sep-
aration of the four isomeric monoiodoinsulins
having identical composition [31] .

This review will deal with the use of carefully
selected RP-HPLC methods in the evaluation of
the proinsulin biosynthesis in rats, mice and
transgenic mice as well as the composition of
proinsulin-immunoreactive material in human
serum .

2. RP-HPLC OF PROINSULINS, INSULINS AND C-PEP-
TIDES FROM RATS AND MICE

The two proinsulins in the rat differ in four of
the 86 amino acids, two in the B-chain and two in
the C-peptide [32] . The two mouse insulins (I and
II) have amino acid sequences identical to those
of rat insulins I and II [17]. Mouse C-peptide I
differs in two of the 31 amino acids from rat C-
peptide I and also has a two amino acid deletion,
whereas mouse C-peptide II differs from rat C-
peptide II in one of the 31 amino acids [16,33]
(see Table 1) .

The separation of the proinsulin biosynthesis
products from rats and mice was previously per-
formed by ion-exchange chromatography

TABLE I

AMINO ACID DIFFERENCES IN RAT AND MOUSE
PROINSULINS

° B and C refer to the B-chain and C-peptide part of proinsulin,
respectively .

° Deletion .
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[8,17,34], polyacrylamide gel electrophoresis
(PAGE) [8,13,14,17,34] or isoelectric focusing
[35] . These methods all depend on differences in
net charge, but none is selective enough to give
the desired separation of all the components rele-
vant to proinsulin biosynthesis .

The successful use of RP-HPLC in polypeptide
analyses is most of all the result of its superior
selectivity, which can be optimized by variations
in stationary and mobile phase composition . The
quantitative aspects of the separation of the
closely related polypeptides involved in proinsu-
lin biosynthesis are also influenced by the sample
preparation steps .

2.1 . Sample preparation

Extraction of insulin and insulin-like compo-
nents from pancreatic tissue and isolated islets
has been performed by the classical industrial ex-
traction in acid alcohol modified for laboratory
scale [13,35], in acid sodium chloride solution [36]
or in 3 M acetic acid [16] . When dealing with
concentrations less than 10 pg/ml, 0 .1% serum
albumin is added to minimize adsorption to vari-
ous surfaces [37,38] .

Tissue disruption has been accomplished by
sonication [22,34,39], by freezing-thawing cycles
[40] or by a combination of both methods [41] . It
is presumably important to avoid generation of
heat [42], but a sonication step seems to be unnec-
essary in 3 M acetic acid, as the insulins left after
passive extraction of isolated rat and mouse islets
for 1 h at room temperature account for less than
5% [42] .

A specific sample purification is the immuno-
precipitation of insulins/proinsulins by the use of
a large excess of anti-insulin serum incubated
with sonicated islets [43] . Quantitative precipita-
tion and recovery can be achieved with this tech-
nique [44], but the isolation of microgram
amounts of insulins requires very large amounts
of anti-insulin serum . Even if the immunoprecip-
itation is not quantitative, it has been found that
the ratios of insulins to proinsulins in biosynthet-
ically labelled rat islets do not change significant-
ly when compared with an acetic acid-extracted

Amino acid Rat I Rat II Mouse I Mouse Il
residue number'

B9 Pro Ser Pro Ser
B29 Lys Met Lys Met
C8 Pro Ala Glu Ala
C15 Gly Gly Set Gly
C17 Glu Gly ^ Cly
C18 Ala Ala ° Ala
C30 Arg Arg Arg Gin
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sample of an identical pool of islets [421. On the
other hand, the detergent used in this technique
(Nonidet P-40) changed the surface characteris-
tics of the HPLC stationary phase, leading to a
deterioration in separations [42]. The C-peptides
will not be precipitated using anti-insulin serum,
and the evaluation of their significance in the bio-
synthetic sequence is therefore rendered impos-
sible .
Reduction of the sample volume has often

been performed on a disposable C18 cartridge
[45,461, but this procedure may lead to oxidation
of methionine residues (Met B29 in insulin 11 and
proinsulin 11) to methionine sulphoxide deriva-
tives [47] . Since the oxidized polypeptides have
reduced retention times in RP-HPLC [48], this
oxidation should be minimized in order to pre-
vent misleading chromatograms and problematic
quantitation, e.g . the Met-O derivative of mouse
proinsulin II partly co-elutes with proinsulin I
[18] . The oxidation of methionine residues can be
minimized by the addition of reducing agents
[47,49] .

100-
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A 3M LOON 3M AeOH 3M Scoff 3M AeOH 3M APOH
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HI
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Adsorption to tube walls can be a problem if
the samples are lyophilized to dryness, as illus-
trated in Fig . 2. Extracts of biosynthetically la-
belled rat islets were analysed by RP-HPLC di-
rectly or after lyophilization and redissolving in
various solvents, and the recoveries after lyophil-
ization/redissolving were in most cases differen-
tially decreased [42] . It seems that 3 M acetic acid
containing 0 .1 % human serum albumin (HSA) is
the best solvent to obtain an equal dissolution of
all groups of the polypeptides .

Finally, the removal of particulate matter is
important to secure the performance and lifetime
of the RP-HPLC column . Centrifugation (2 min
at 10 000 g) is preferred over filtration because of
the risk of differential adsorption of individual
sample compounds to the filter .

2.2. Effects of the stationary phase

Evaluation of the performance of RP-HPLC
systems for the separation of all the components
involved in insulin biosynthesis is based on the

Q O-PePtieee

® Ineuline

_ Proineullne
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Fig . 2. Identical samples of 50 biosynthetically labelled rat islets (60 min with [ 3H]leucine and [3'S]methionine [ 16]) were analysed by
RP-HPLC directly or after lyophilization and redissolving in 0.1% TFA (trifluoroacetic acid) or 3 M AcOH (acetic acid) containing 8
M urea, HI (human insulin, 0 .1 mg/ml), HI plus HPI (human proinsulin, 0 .1 mg/ml) or HSA (human serum albumin, I mg/ml) . The
RP-HPLC conditions and the measurements of the radioactivity are described in the legend to the upper panel of Fig . 3 . The content of
C-peptides, insulins and proinsulins (radioactivity) in the samples is calculated relative to that of the reference sample directly analysed
(-100%) as a measurement of binding to the tube walls .
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resolution (R,) of closely related pairs of biosyn-
thetically labelled C-peptides (I and II), insulin
(I and II) and proinsulins (I and II) calculated as
2 x (t 2 - tt)I(wl + w 2 ), where tt and t2 are the
retention times of the two adjacent peaks and w l
and w2 their base widths . R, values between 0 .5
(12.5% overlap) and 1 .0 (baseline separation) are
considered satisfactory [50] .

TABLE 2

RP-HPLC SEPARATION OF RAT PANCREATIC ISLET POLYPEPTIDES

a Organic modifier: acetonitrile .
Recent batches bind insulins and proinsulins irreversibly .

` Eluted in reverse order .
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Table 2 shows a simplified evaluation of the
RP-HPLC separations performed with these
goals in mind . Details of the individual separa-
tions can be found in the cited references, but in
general shallow linear acetonitrile gradients were
used. From the table it can be seen that the sep-
aration of the two rat C-peptides and insulins is
easy to achieve, whereas only a few systems are

Bonded
phase

Stationary
phase

Mobile phase
buffer'

C-peptides Insulins Proinsulins Ref.

C, s Ultrasphere ODS TEAP-perohlorate pH 3 .0 Not detected Separated Co-eluted 39
C, s Ultrasphere ODS TEAP-perohlorate pH 3 .0 Separated Separated Co-eluted 15
C, s LiChrosorb RP-18s TFA Separated Separated Separated 16

(R, = 0 .8) (R, = 1 .7) (R, = 0 .7)
C, s LiChrosorb RP-18 TEAP pH 4 .0 Separated Separated Co-eluted 16

(R, = 0 .8) (R, = 1 .0)
C, s Ultrasphere ODS TEAP pH 4.0 Separated Separated Separated 16

(R, = 1 .3) (R, = 1 .6) (R, = 0 .5)
LiChrosorb RP-18 Ammonium sulphate pH 4 .0 Separated Separated Co-eluted 51

(R, = 0 .6) (R, = 1 .1)
C„ LiChrosorb RP-18 Ammonium sulphate pH 3 .0 Separated Separated Separated 51

(R, = 1.3) (R, = 3 .0) (R, = 0 .8)
Nucleosil 120-5C, s TEAP pH 4 .0 Separated Separated Separated 50

(R, = 1.6) (R, = 1 .2) (R, = 0 .4)
C, s Ultrasphere ODS TEAP-perohlorate pH 3 .0 Not detected Separated Separated 52

C s PEP-RPI TFA morpholine Not detected Separated Co-eluted 53
C s LiChrosorb RP-8 TEAP pH 4 .0 Separated Separated Co-eluted 50

(R, = 1 .3) (R, = 1 .3)

Ca Nucleosil300-5C, TEAP pH 4.0 Separated Separated Separated` 50
(R, = 1 .2) (R, = 0 .5) (R, = 0 .4)

C, Nucleosil300-5C a TFA Separated Separated Separated 50, 51
(R, = 1 .2) (R, = 1 .1) (R, = 0 .4) or

C, Bakerbond WP Butyl TEAP pH 4.0 Separated Separated
co-eluted
Co-eluted 50

(R, = 1 .1) (R, = 1 .1)
C, Bakerbond WP Butyl TFA Separated Separated Co-eluted 50

(R, = 1 .2) (R, = 1 .1)

Ca Zorbax Protein Plus TEAP pH 4 .0 Separated Separated Co-eluted 50
(R, = 1 .3) (R, = 1 .0)

C, Zorbax Protein Plus TEA Separated Separated Co-eluted 50
(R, = 1 .3) (R, = 1 .0)
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able to separate the two rat proinsulins [16,51] .
Problems with irreversible binding of insulins
and proinsulins to certain batches of LiChrosorb
columns, specifically when using the preferred
mobile phase trifluoroacetic acid (TFA)-aceto-
nitrile, were attributed to the poor ion pairing of
diluted TFA in combination with the hydropho-
bic C18 (and Cs) ligands [51] . This was never seen
when, for example, triethylammonium phos-
phate (TEAP) was used as buffer .

Low yields and poor reproducibility were re-
ported when a LiChrosorb RP-18 column was
used for the separation of large and hydrophobic
proteins [54], in accordance with the assumption
that this column is probably one of the most
hydrophobic of all commercially available C18
columns [55] . Irreversible protein adsorption has
also been attributed to the denaturing mobile
phase in combination with too long alkyl-bonded
phases [56] .

Insulins and proinsulins are eluted with ideal
peak shapes from the less hydrophobic C4 and
C3 stationary phases, however, the selectivity of
these stationary phases eluted with TFA-aceto-
nitrile gradients is too low to separate the two rat
proinsulins [51] .

The separation of C-peptides, insulins and
proinsulins from mouse is in fact easier to achieve
(see Table 3). The two mouse proinsulins can

TABLE 3

RP-HPLC SEPARATION OF MOUSE PANCREATIC ISLET POLYPEPTIDES

° Organic modifier: acetonitrilc .
Reversed elution order.

even be resolved in one of the RP-HPLC systems
unable to separate the two rat proinsulins, i.e .
LiChrosorb RP-18/TEAP pH 4.0-acetonitrile,
presumably reflecting the two amino acid dele-
tion in the C-peptide part of mouse proinsulin I
(see Fig. 1) . An example of a successful RP-
HPLC separation on a LiChrosorb RP-18 col-
umn eluted with TFA-acetonitrile is shown in
Fig. 3, upper panel .

By using carefully selected silica-based RP col-
umns it is possible to achieve the separation of all
rat and mouse polypeptides related to the bio-
synthesis of insulin . However, since several of
these stationary phases suffer from far from ideal
behaviour (pronounced non-specific binding and
lack of column-to-column reproducibility), as-
cribed to the presence of unmasked silanol
groups on the silica surface [51], the use of poly-
mer-based RP columns for this critical separa-
tion has been evaluated [50] . Polymer-based RP
columns offer superior chemical stability (pH 1-
13) compared with silica-based RP columns [59],
and no potential interfering silanol groups exist
[55]. The excellent properties of the polyvinyl al-
cohol-based Asahipak columns have been dem-
onstrated for standard proteins, as well as for
complicated mixtures of pancreatic proteins and
polypeptides, including insulin [60] .

Non-ideal peak shapes and irreversible binding

191

Bonded
phase

Stationary
phase

Mobile phase
buffer'

C-peptides Insulin Proinsulins Ref.

Vydac TFA or TEAP pH 2.25 Not detected Separated Separated I8

C18 LiChrosorb RP-18 TEAT pH 4 .0 Separated' Separated Separated 57
(R, = 1 .1) (R, = 1 .2) (R, = 0 .8)

LiChrosorb RP-18 TFA Separated Separated Separated 58
(R, = 1 .1) (R, = 2.3) (R, = L1)

C< Nucleosil300-5C, TFA Not detected Separated Separated 42
(R, = 1 .1) (R, = 0 .8)
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of insulins and proinsulin have not been observed
when these columns are eluted with shallow ace-
tonitrile gradients in TFA, as is the case for sever-
al C18 and C3 silica-based columns, however, on-
ly the Asahipak C4 column is able to separate all
insulin biosynthesis polypeptides, including the
rat proinsulins, satisfactorily in TFA-acetoni-
trile, whereas both the C4 and Cs column resolve
all components in TEAP-acetonitrile [51], sug-
gesting an advantageous use of polymeric RP
columns over silica RP columns .

2.3. Effects of the mobile phase

The selection of mobile phase organic modifier
is based on solubility and viscosity, and in spite
of its toxicity acetonitrile is most widely used be-
cause of its excellent performance as well as lower
backpressure and lower UV cut-off compared
with other modifiers (i.e . ethanol, 2-propanol) .

The majority of reversed-phase separations of
insulin and insulin-related compounds have been
performed using mobile phases based upon two
groups of buffer substances: acid or neutral salts ;
or other ion-pairing substances, such as TEAP or
TFA [301, which increase polypeptide hydropho-
bicity, consequently increasing the retention .

The use of acids, e.g . phosphoric acid [611, and
salts, e.g . ammonium sulphate [30,62], results in
high resolution and excellent peak shapes (nar-
row, symmetrical) . TFA [63] is the most popular
acid because of its excellent solubilizing proper-
ties, low UV cut-off and volatility . However, the
peak shapes of polypeptides are often inferior to
those resulting from the use of TEAP (also allow-
ing low UV detection) as mobile phase buffer
[64] . The successful use of TEAP as mobile phase
buffer at pH values between 2 .25 and 4.0,
[16,18,50,57], occasionally with the addition of
perchlorate [15,39,52], can be seen in Tables 2
and 3 .

The use of these buffer components minimizes
the general problem encountered with silica-
based stationary phases, the free silanol groups .
The primary function of the buffer is ion pairing
to the charged groups in the sample molecules
and to the free silanol groups [49,65], thereby

S. Linde et at . / J. Chromatogr . 614 (1993) 185-204

hopefully eliminating non-specific binding of
peptide/proteins to the stationary phase in gener-
al and to the free silanol groups in particular.
Despite secondary derivatization (end-capping)
procedures (performed with the purpose of ob-
taining maximal carbon coverage of the silica
support), it is unavoidable that silanol groups to
a greater or lesser extent remain unmasked [66],
and additional silanols are constantly created
during reversed-phase chromatography owing to
chemical degradation of the silica-based station-
ary phases in the commonly used acidic mobile
phases [49,59,65,67] . Since unreacted silanol
groups have been blamed for most of the undesir-
able effects on reversed-phase silicas (such as re-
duced recovery and non-ideal peak shapes
[49,67-73]), shielding of these groups is extremely
important in analytical RP-HPLC .

Ideal peak shapes have been obtained using the
alkylammonium salts, i.e . TEAP and TEAP-per-
chlorate, as well as neutral salts such as ammoni-
um acetate [74], sodium phosphate [36] and am-
monium sulphate [511 as mobile phase additives
(see also references in Tables 2 and 3), but the
separation of the two rat proinsulins proved diffi-
cult to achieve (Table 2) . The pH value is an im-
portant parameter, e.g . a mobile phase contain-
ing ammonium sulphate pH 4.0 cannot separate
the two rat proinsulins, but this is possible at pH
3 .0 [51] .

Another parameter of importance for the reso-
lution of polypeptides is the separation temper-
ature. This has a marked influence on the resolu-
tion and retention times of several of the poly-
peptides involved in the insulin biosynthesis, re-
sulting in the desired separation of the two rat
and mouse proinsulins at elevated temperature .
Typical increases in R, for the two rat proinsulins
are from 0.4 to 0.8 [50] and for the two mouse
proinsulins from 0 .8 to 1 .7 [42] . An example of
the separation at 45°C on the Nucleosil 300-5C 4
column is shown in Fig . 3, lower panel .

Interestingly, the retention times of individual
islet polypeptides are differently affected on sil-
ica- and polymer-based columns [50], reflecting
the complexity of the influence of the temper-
ature. It has been reported that the use of elevat-
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Fig . 3 . RP-HPLC separation of a 3 M acetic acid extract of 50 mouse islets (upper panel), biosynthetically labelled for 20 min (pulse)
with ['H]leucine and ["S]methionine (25 1Ci of each), followed by 60 min incubation without radioactive amino acids (chase) . The
column was a LiChrosorb RP-18, 5 pm particle size, 250 mm x 4 .0 mm I.D., eluted at L0 ml/min with a linear acetonitrile gradient
(30-36%) in 0 .1% TFA during 60 min . The lower panel shows an RP-HPLC separation of a 3 M acetic acid extract of 50 rat islets,
labelled for 60 min with [3 H]leucine and ["Slmethionine using a Nucleosil 300-5C a column, 5 pm particle size, 250 mm x 4.0 mm I.D .,
eluted at 1 .0 ml/min with a linear acetonitrile gradient (26-32%) in 0 .1 % TFA during 60 min at 45 °C. The radioactivity was measured
in the collected 0.5-min fractions after addition of 4 ml of Optiphase "HiSafe" (LKB) . The solid lines represent [ 3H]leucine and the
dotted lines [35 S]methionine counts per minute, respectively . Peaks : C, = C-peptide I ; Ci = C-peptide II ; I, = insulin I; 1, = insulin
II ; P, = proinsulin I ; Pz = proinsulin II .

ed temperatures is not feasible with silica-based
stationary phases [67], but the performance of the
Nucleosil C4 column at 45°C in TFA-acetonitrile
does not seem to deteriorate during six months of
use [42] .

The elution order of polypeptides is related to

the overall hydrophobicity, and their retention
times may be predicted from the amino acid se-
quence [75,76] . Peptides larger than fifteen to
twenty residues tend to elute more rapidly than
predicted from hydrophobic considerations
alone unless a peptide chain-length correction is
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used [77] . Comparing the two pairs of C-pep-
tides, insulins and proinsulins, their actual elu-
tion order is in accordance with the predicted elu-
tion order [42], but in some cases a reverse elution
order has been observed for the C-peptides from
mice [57], the insulins from rats and mice [41,74]
and the proinsulins from rats [50] (see Tables 2
and 3). This behaviour, taken together with al-
tered retention times and elution orders at elevat-
ed separation temperature [50], suggests that the
adsorption/desorption kinetics depends upon ex-
perimental parameters other than hydrophobic-
ity and chain length .

Transgenic mice with the human insulin gene
inserted express, besides the two mouse insulins,
human insulin. The RP-HPLC system used for
evaluation of the biosynthesis and conversion
should be able to separate human insulin and
proinsulin from mouse insulins and proinsulins .
An overview of the possible systems (using only
TFA-acetonitrile as mobile phase) for the sep-
aration of the polypeptides involved in insulin
biosynthesis in transgenic mice is given in Table
4. Only systems previously shown to separate the
two mouse proinsulins [42] are evaluated .

TABLE 4

RP-IIPLC SEPARATION OF PANCREATIC POLYPEPTIDES FROM TRANSGENIC MOUSE ISLETS

2.4. Recovery

The recovery of the polypeptides during ex-
traction, sample preparation and RP-HPLC
analysis is of major importance when a quantita-
tive calculation of the biosynthesis and conver-
sion of the two proinsulins to the corresponding
C-peptides and insulins is the goal . The tendency
of insulins and proinsulins to bind to plastic and
glass surfaces [78] may result in changed ratios of
individual polypeptides, as mentioned in Section
2.1 (see Fig . 2), unless albumin is added to the
solution .

The overall recovery of rat insulins/proinsulins
after RP-HPLC has been determined immuno-
logically to be 90-110% [39] or 78-93% [41], and
that of mouse insulins/proinsulins to be 90-100%
[79], but since the proinsulins only amount to a
few per cent of the insulins, the total recovery of
proinsulins may very well be lower, as reported
previously [80] . By injecting identical samples on-
to the column as well as after bypassing the col-
umn with a capillary, the absolute recoveries of
individual biosynthetically labelled rat C-pep-
tides, insulins and proinsulins in the mass range

° Organic modifier : acetonitrile .
" HI = human insulin; I, = insulin 1 ; HPI = human proinsulin ; P, = proinsulin I.
` HPI co-eluted with insulin II .

Eluted in reverse order .
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Bonded
phase

Stationary
phase

Mobile phase
buffer'

Temperature
(°C)

H1 .1l,' HPI/P,b Ref.

LiChrosorb RP-18 TFA 25 Separated Separated 58
(R,=1 .1) (R,=0 .8)

C, Nucleosil300-5C 4 TFA 25 Separated Separated 50
(R, = 1 .3) (R, = 1 .4)

C4 Nucleosil 300-SC, TEA 45 Poorly separated Separated 50
(R, = 0 .4) (R, = 0 .9)

Crs Asahipak ODP-50 TFA 45 Co-eluted Separated` 42
(R, = 0 .8)

C, Asahipak C4P-50 TFA 25 Separated ° Separated 50
(R, = 1 .5) (R, = 0 .7)
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from micrograms to picograms have been mea-
sured to be in the range 89-110% using both sil-
ica- and polymer-based C4 columns eluted with a
shallow acetonitrile gradient in 0 .1 % TFA [50] .

Several reports support these quantitative re-
coveries for peptides [64,81,82], whereas reduced
recoveries have also been reported [72,83,84] .
The molecular mass/hydrophobicity of the poly-
peptide is presumably also of importance for the
recovery [30,85], as discussed previously in con-
nection with free silanol groups on the stationary
phase surface . The influence of temperature on
recovery seems to be controversial [27,51,67] .

It is evident that any chromatographic system
that results in less than quantitative recovery of
all the components of a mixture cannot be used
as a quantitative analytical tool .

3. RP-HPLC OF HUMAN PROINSULIN AND ITS CON-
VERSION INTERMEDIATES

It is well known that the limited digestion of
proinsulin by trypsin leads to the generation of
conversion intermediates cleaved either between
the B-chain and the C-peptide (BC junction) or
between the C-peptide and the A-chain (CA junc-
tion), resulting in two split-proinsulin intermedi-
ates still carrying basic amino acids at their C-
termini [86] . Within the fl-cell such basic residues
are rapidly removed by carboxypeptidase H [87],
resulting in two des-proinsulin intermediates (see
Fig. 1). Intermediates lacking the basic residues
are much more abundant in pancreatic extracts,
presumably because carboxypeptidase-like pro-
teases are present in relative excess over trypsin-
like endoproteolytic enzymes in the maturing se-
cretory vesicles [86] .

Early attempts to separate bovine proinsulin
intermediates by ion exchange and electrophore-
sis were inadequate [88], leaving RP-HPLC as the
only alternative for successful separation .

3.1 . Sample preparation

Owing to the very low content of human proin-
sulin (HPI) and intermediates in serum (often less
than 1 pmol/1), specific sample preparations are
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required. At least 10 ml of serum were applied to
an anti-insulin IgG-Sepharose 4B column [89,90]
or to an empty siliconized Econo column fol-
lowed by addition of an anti-insulin immuno-
bead slurry using polyclonal antibodies with in-
termediate affinity and high capacity [91] . In both
cases it is important that the immunobinding ca-
pacity exceeds the content of proinsulin, interme-
diates as well as insulin in the sample . After a
washing step the serum insulin/proinsulin-related
material was eluted and lyophilized .

The recoveries exceeded 90% [90] or 76-105%
[92], but the procedure had to be performed twice
with the immunobead slurry to exceed 90% [93] .
These results were mainly based on experiments
with 1251-labelled proinsulin and insulin . The re-
covery of unlabelled HPI and insulin (radioim-
munoassay, RIA) was 88 t 6% [92] and 90-95%
[28], respectively . It cannot be excluded that the
recoveries of the intermediates could deviate
from the insulin recovery . However, preliminary
results show similar recoveries of proinsulin and
the four intermediates [93] .

3.2. Optimization of the stationary and mobile
phases

The separation of insulin, proinsulin and inter-
mediates has been evaluated using a range of sil-
ica-based RP-HPLC stationary phases, covering
bondings with different hydrophobicity and elu-
tion with some of the mobile phase combinations
used for the separation of rat and mouse proinsu-
lins, insulin and C-peptides (section 2) ; the re-
sults are gathered in Table 5 .

Insulin is easily separated from proinsulin and
intermediates because of its lower hydrophobic-
ity, but only a very few of the RP-HPLC systems
can satisfactorily separate proinsulin and all four
intermediates . Since the split forms have exactly
the same amino acid compositions as proinsulin,
it is likely that cleavage of the BC or CA junc-
tions results in conformational changes that per-
mit a separation .
Given et al. [90] were the first to obtain a rea-

sonable separation using an Ultrasphere ODS
column eluted with TEAP-perchlorate-acetoni-
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TABLE 5

RP-HPLC SEPARATION OF HUMAN PROINSULIN AND PROINSULIN INTERMEDIATES

Abbreviations : human proinsulin (HPI), split(32-33)IIPI (S-BC), des(31,32)HPI (D-BC), split(65-66)HPI (S-CA) and des(64,65)HPI
(D-CA) .

trite pH 3.0. The beneficial addition of hexane- or
heptanesulphonic acid was demonstrated by sev-
eral groups [89,94], leading to baseline separation
of proinsulin and all four intermediates [94] . Al-
so, the use of ammonium sulphate acetonitrile
pH 4.0 could resolve the components using the
same LiChrosorb RP-18 column [91] . The often-
preferred mobile phase, TFA-acetonitrile was
successful only when using a Nucleosil 300-5C 4
column [91], as shown in Fig. 4.

The separations in Table 5 were performed at
ambient temperature (20-25°C), except the sep-
aration by Yano et al. [95] (45°C). The success of
the separation using Nucleosil C4/TFA-acetoni-
trile (Fig . 4) deteriorated if the separation tem-
perature was increased to 45°C, as the R s values
for des(31,32)HPI and 1-IPI were reduced from
1 .9 to 0 .8 [42] .
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Interestingly, the elution order of proinsulin
and intermediates is highly variable (Table 5) . In
most cases proinsulin elutes last, suggesting that
it is more hydrophobic, although the use of ion-
pairing agents in HPLC buffers precludes an easy
assessment of relative peptide hydrophobicity
[90] . The chromatogram shown in Fig . 4 reveals
an unusual elution order, i .e . proinsulin elutes be-
tween the two pairs of split/des intermediates .

The use of polymer-based stationary phases
for this separation has not been described but
could be an interesting alternative because of
their excellent properties when used for the sep-
aration of rat and mouse proinsulins (see Section
2 .2) . Also, the extended pH range of use with
these columns could be an additional advantage
with the possibility of cleaning the columns with
a strong base, a very efficient treatment for re-
moval of precipitated polypeptides/proteins .

Bonded
phase

Stationary
phase

Mobile
phase

Results Ref.

C 18 Altex Ultrasphere TEAP-perchlorate Separation of proinsulin and 89

C, s A1texUltrasphere

pH 3.0-acetonitrile

Phosphoric acid, perchlorate

des intermediates (R, = 0 .7)
Elution order : D-BC, D-CA, HPI
Baseline separation of proinsulin and 89

C, s Ultrasphere ODS

hexane sulphonic acid
pH 3.0-acetonitrile
TEAP-perchlorate

des intermediates (R, = 1 .3)
Elution order : D-BC, D-CA, HPl
Separation of proinsulin and all four 90

LiChrosorb RP-I8

pH 3.0-acetonitrile

Phosphoric acid, perchlorate

intermediates ((R, = 0 .4, 0 .7 and 1 .5)
Elution order : S-BC, D-BC, S-CA, D-CA, HPI
Baseline separation of proinsulin and 94

C, s LiChrosorb RP-I8

heptane sulphonic acid
pH 3 .0-acetonitrile
TEAP pH 4,0-acetonitrile

all four intermediates (R, z 1A)
Elution order : 0-BC, D-CA. S-BC, S-CA, HPI
One intermediate eluted with proinsulin 91

C, s Lichrosorb RP-18 Ammonium sulphate Baseline separation of proinsulin and 91

C, s Nucleusil 100-SC, s

pH 4.0-acetonitrile

TEAP pH 4.0-acetonitrile

all four intermediates (R, = 0 .9-1 .4)
Elution order: S-CA, S-BC, D-CA, D-BC, HPI
Two intermediates eluted with proinsulin 91

C1e Ultrasphere Ion-pair TEAP-perchlorate Separation of proinsulin and all four 95

C4 Nucleosil300-5C 4

pH 3.0-aectonitrile

TFA-acetonitrile

intermediates (R, = 1 .1, 0 .4 and 1 .7)
Elution order: S-BC, D-BC, S-CA, D-CA, HPI
Baseline separation of proinsulin and all 91

C3 Zorbax Protein Plus TFA-acetonitrile

four intermediates (R, - 1 .0-2.3)
Elution order: S-BC, D-BC, HPI, S-CA, D-CA
One des-proinsulin eluted with proinsulin 91
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Fig . 4 . RP-HPLC separation of human insulin (ca . I Mg), proinsulin (ca. 3 pg) and the four proinsulin intermediates (ca. I pg of each)
using a Nucleosil 300-5C 4 column (5 pan particle size, 250 mm x 4 .0 mm I.D .) eluted at 1 .0 ml/min with a linear acetonitrile gradient
(29 .4-30 .6°/) in 0.1 % TFA during 60 min (reprinted from ref. 91 with permission) .

The quantitative recovery of insulin and proin-
sulin after RP-HPLC of picogram to nanogram
amounts has been evaluated using radioactively
labelled insulin and proinsulin as described in
Section 2 .4. The yields of immunoreactive insulin
recovered range from 70 to 90% of the material
applied [90] . In order to minimize the adsorption
of material to the fraction tubes, bovine serum
albumin was added and the pH adjusted to neu-
tral [90,91]. No direct measurement of the recov-
eries of the four proinsulin intermediates has
been described . As their hydrophobicities and
molecular masses are very similar to those of
proinsulin their recoveries would be expected to
be similar .

4. APPLICATIONS OF THE RP-HPLC ANALYSES

4 .1. Regulation of insulin biosynthesis in rodents

As mentioned in the Introduction, rats and
mice are unique among mammals in expressing
two non-allelic insulin genes . Ever since the exis-
tence of the two genes was discovered it has been
a puzzle why the ratio of the two insulins deviates
from unity . As there is a discrepancy in the ratio
as reported by various authors, it has been spec-
ulated that there may be differential regulation of

60
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the expression of the two genes or a difference in
translation, processing of the precursor or stabil-
ity/degradation of the products .

The ratio of the two insulins has been evaluat-
ed on insulin extracted from the whole pancreas
as well as from isolated pancreatic islets and
transformed #-cells . In most cases the ratio of
insulins I and 11 in the rat pancreas has been re-
ported to be between 1 .0 and 1 .6, with the excep-
tion of pregnant (4.7) and growth hormone tu-
mor-bearing rats (5.5-7.7), reported by Kakita
and co-workers [13,14], who used electrophoretic
separation of the two insulins followed by trans-
fer to nitrocellulose and immunological staining .
Studies on isolated rat islets using more accurate
RP-HPLC methods combined with RIAs and
UV area measurements confirm the ratio to be
between 1 .0 and 1 .6, as shown in Table 6. How-
ever, an increased ratio in islets cultured in high
glucose and in the presence of human growth
hormone (hGH) has also been found, which may
support the findings of Kakita and co-workers
[13,14] . An increased ratio in foetal pancreas
(2.7) [36] may be due to the culture conditions, as
is the case for islets (Table 6) .

There is also controversy in the literature re-
garding insulins in mouse pancreas/islets . Ratios
between 0.4 and 3 .3 have been reported in the



pancreas [12,14,35,42,79,102] and, although
strain differences may exist, nutritional state may
play a role. A ratio lower than I has been report-
ed in crystalline mouse insulin [17], but was as-
cribed to selection by the separation procedure .
However, studies on isolated mouse islets, uncul-

" The insulin I/Il ratio was determined by RlA or UV area after RP-HPLC separation of extracted islets and the results are expressed as
mean ± S.E.M ., n >_ 4 when possible .
The ratio was determined by PAGE of the immunoprecipitated preproinsulins .

` The insulin I/II ratio was determined by RIA or UV area after RP-HPLC separation of granules/cells .
d The ratio was calculated from the ratio of cells stained for C-peptide I and Il .

tured or cultured under various conditions, agree
that the ratio is between 0.3 and 0 .6 (Table 6),
suggesting that methodological differences in the
extraction or separation of insulins from the
whole pancreas may influence the results .

Underestimation of the amount of insulin II,
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TABLE 6
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INSULIN I/If RATIOS IN RAT AND MOUSE ISLETS AND IN TRANSFORMED /f-CELLS

Source Strain Age Culture Condition Ratio insulin I/II Ref.

Rat islets Sprague-Dawley Approx . 1 .5 8
Rat islets Long Evans Adult No Freshly isolated 1 .40 41
Rat islets Sprague Dawley No Freshly isolated 1 .26 15
Rat islets Sprague-Dawley 2 days 11 mM Glucose 1 .44 15
Rat islets Sprague-Dawley 3 days 11 mM Glucose 1 .58 15
Rat islets" Wistar 1 day No Freshly isolated 1.07 + 0 .03 42
Rat islets' Wistar 3 5 days 21 days 11 mM Glucose 2.06 ± 0 .06 96
Rat islets' Wistar 3-5 days 21 days 11 mM Glucose 2.53 + 0 .04 96

Rat islets' Wistar 3-5 days 1-14 days
+ I µg/ml hGH
I I mM Glucose 2.07 ± 0 .17 42

Rat insulinoma" NEDH No Freshly isolated 10 97
Rat insulinoma` NEDH - No Freshly isolated 4 .6 42
Rat insulinoma cell NEDH (Passage 17) Yes 11 mM Glucose 9 .4 98
line NHI 6V
Rat insulinoma cell NEDH (Passage 21) Yes 11 mM' Glucose 15 .3 98
line NHI 6Fd
Rat insulinoma cell NEDH (Passage 25) Yes 11 mM Glucose 20.0 98
line NHI 6Fd
Rat insulinoma cell NEDH (Passage 50) Yes 11 mM Glucose 98Only 1,
line NHI 6F"
Mouse islets" B6D2 Fl/J Neonatal Yes I 1 mM Glucose 570.62
Mouse islets' B6D2 FI/J 4-5 weeks No Freshly isolated 0.52 99
Mouse islets' B6D2 FI/J 4-5 weeks Yes 11 mM Glucose 0.44 99
Mouse islets' 136132 FI/J 13 weeks Yes 11 mM Glucose 0.46 99
Mouse islets" NMRI 3 weeks No Freshly isolated 0.51 + 0.01 42
Mouse islets' NMRI 3 weeks 1-3 days I l in M Glucose 0.55 + 0 .01 100
Mouse islets' DBAi2 Adult 2 days 2.8 mM Glucose 0.32 79,101
Mouse inlets" DBA/2 Adult 2 days 16 .7 mM Glucose 0.43 79,101
Mouse insulinoma B6D2 FLJ (Passage 39-44) Yes Il mm Glucose 0 .5 57
cell line f-TCI`
Mouse insulinoma B6D2Fl/J I I mM Glucose 0 .3 42(Passage 45) Yes
cell line Q-TC3`
Mouse insulinoma B6D2 Fl/J (Passage 50) Yes 11 mm Glucose 0 .1 42
cell line fi-TC3`
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and consequently an artificially high insulin I/in-
sulin II ratio, may result if unwanted oxidation of
the methionine residue in insulin II occurs during
extraction [53] or sample preparation [47,49] .

Another explanation of the disproportionate
amounts of the two insulins in rats and mice
could be differences in stability caused by intra-
cellular degradation [15,103,104] . Insulins and C-
peptides are normally secreted from the pan-
creatic /1-cell in equimolar amounts both in hu-
mans in vivo [105] and in rat islets in culture [8] .
However, the amount of biosynthetically labelled
C-peptide remaining within the islets has been
observed to decrease slowly relative to that of
labelled insulin, which indicates some selective
degradation [8,15] . This increased insulin/C-pep-
tide ratio has been attributed to slower degrada-
tion of insulin owing to its storage as crystals
[104], in agreement with an increased degrada-
tion reported for some insulin species unable to
crystallize, i .e . Asp BI0 insulin [18,40] .

RP-HPLC analyses of the stability of the C-
peptides in rat and mouse islets [100] have showh
an increased degradation of mouse C-peptides
compared with rat C-peptides, which is also
influenced by the culture conditions . Degrada-
tion products of the rat C-peptides have been de-
tected in rat islets and identified by sequence
analyses as C-peptide 1-24 from both C-peptides
I and 11 [42], in accordance with the described
cleavage at the chymotryptic Leu-24-Ala-25 site
in the C-peptides [106] . Although no selective in-
sulin degradation was observed during culture, it
might suggest that the degradation of insulin in
the mouse pancreas is more aggressive than in the
rat .

When insulin biosynthesis was studied in iso-
lated islets biosynthetically labelled with radio-
active amino acids and analysed by RP-HPLC, it
was found that the conversion of proinsulin II to
insulin II is slower in both rat and mouse islets
[16,100] (Fig . 5), in transgenic mouse islets also
expressing human insulin [18] as well as in fl-tu-
mor cell (/i-TC) lines from insulinomas derived
from transgenic mice carrying a hybrid insulin-
promoted simian virus tumor antigen gene [57] .
Indirectly, the relatively faster appearance of la-

100-

Rat proinsulin I

Rat proinsulin 11

Mouse proinsulin I 0

Mouse proinsulin iia

199

r

	

0

	

r
20

	

40

	

60

	

80

	

100

Chase period (min)

Fig . 5 . Conversion of proinsulin to insulin in rat (filled symbols)
and mouse (open symbols) islets determined from pulse-chase
experiments using ['H]leucine and ["Slmethionine . The pulse
period was 20 min, the chase period increasing from 0 to 100
min. The conversion (%) was calculated from [ 3 H]Icucine counts
in insulin I and II and proinsulin I and II, as determined after
RP-HPLC separation using the same conditions as described for
the upper panel in Fig . 3 .

belled insulin I than insulin 11 in both rats [41]
and mice [100] (Fig. 3, upper panel) suggests the
same .

As previously suggested for the rat proinsulins
[8], the presence of the bulky methionine residue
in B29 in proinsulin II probably decreases the en-
zymatic cleavage rate at the neighbouring peptide
bond between the B-chain and the C-peptide . Al-
ternatively, it was recently suggested that certain
endoproteases preferentially cleave at a site with
a basic residue in position 4 from the dibasic site,
as in proinsulin I (Lys B29) [107] .
The ratios between the newly synthesized

proinsulins (before conversion begins, i .e . after a
20-min pulse [16,100]; see Fig. 6) are identical to
that ofthe stored insulins, i .e . around 1 .7 and 0 .5
in rat and mouse islets, respectively, suggesting
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Fig, 6. RP-HPLC separation of a 3 A4 acetic acid extract of 50 rat
and mouse islets labelled for 20 min with [ 3 H]leucine and
["S]methionine (solid and dashed lines, respectively) . RP-
HPLC-conditions, measurement of radioactivity and identity of
peaks as in Fig . 3 (upper panel) . The ratio P,/P i for rats and
mice was 1 .7 and 0 .5, respectively .

that the differences occur either at the level of
preproinsulin synthesis or processing in the RER
or at the transcriptional level . The former possi-
bility has not yet been pursued because of the
extreme short half-life of the preproinsulins [108],
but it has been proposed that the amino acid
composition of mouse prepeptide I might favour
a less efficient transport of mouse preproinsulin I
into the RER, resulting in less efficient produc-
tion of insulin I in mouse islets [101], but the
proof for this explanation has, however, not been
reported . It is worthwhile noting that in trans-
formed cell lines the difference in the expression
of the two insulin genes is exaggerated (see Table
6) . Thus the X-ray-induced rat insulinoma cell
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lines almost exclusively produce insulin I, where-
as the mouse fl-TC lines produce much more in-
sulin II than insulin I, especially in the later pas-
sages . Although the ratio between the two insu-
lins is fairly constant in normal islets, recent stud-
ies on islet tumor cells indicate that the two genes
are regulated differentially . Thus, in rat insulino-
ma cell lines only a small fraction of the cells ex-
press both insulin I and II, whereas a majority
only express insulin I [98] in correlation with the
mRNA levels of the two genes, suggesting that
the regulation occurs at the transcriptional level .
This was confirmed both in normal rat and
mouse islets and in the cell lines RIN 5AH and
f3-TC [109], in contrast to some reports showing
higher levels of insulin I mRNA in the mouse
[79,101] and equal amounts of mRNA for insu-
lins l and II in rat insulinoma cells [110], suggest-
ing a defective maturation or translation of the
mouse insulin I and rat insulin II mRNA5, re-
spectively . It was recently reported that the two
insulins are differentially expressed during em-
bryonic development [111] .

In conclusion, these studies suggest that in rats
and mice the two non-allelic genes are differen-
tially expressed, but in the stable mature f3-cell
the ratio of insulin I to 1f is 1 .5-2 .0 in the rat and
0.3-0.5 in the mouse. The use of RP-HPLC has
greatly facilitated the elucidation of the biosyn-
thesis and conversion of the two gene products,
which supports the idea that the ratios are deter-
mined at the level of gene transcription, although
the mechanisms involved are not yet known .

4 .2. Proinsulin conversion intermediates as mark-
ers Jor fl-cell .function in man

It has been reported that under prolonged glu-
cose infusion the amount of circulating proinsu-
lin is increased [23], suggesting that the conver-
sion of proinsulin to insulin cannot be completed
when the secretory rate is high . Elevated levels of
proinsulin and its conversion intermediates have
been reported in insulin-dependent diabetes mel-
litus (IDDM), non-insulin-dependent diabetes
mellitus (NIDDM), in patients with cystic fibro-
sis and also in healthy siblings and monozygotic
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twins of IDDM patients, as reviewed in ref. 112.
This may be caused by the increased demand for
insulin when the /i-cell mass is reduced or a pas-
sive loss of proinsuhn and intermediates from the
damaged f-cells, or it may be the result of a ge-
netic trait .

In vitro studies on isolated rat islets do not sug-
gest that the conversion process is rate-limiting
for the release of insulin, since prolonged expo-
sure to high glucose concentrations in culture
does not result in release of significant amounts
of proinsulin. However, when islets are damaged
by exposure to interleukin 1, the conversion of
proinsulin is reduced [113] . Although these stud-
ies were performed on rat islets, the results sug-
gest that certain agents may influence the con-
version process, resulting in the release of incom-
pletely processed proinsulin intermediates in
man .

As mentioned above, at least two endopepti-
dases and a carboxypeptidase are involved in the
proinsulin conversion, indicating that the com-
position of the circulating intermediates may give
a clue to the etiology of the phenomenon .

The preferential appearance of intermediates
cleaved at the BC junction besides intact proinsu-
lin has been demonstrated directly in sera from
NIDDM patients using two-site immunoradio-
metric assays [114,115], but the concentrations
quoted for "32-33 split proinsulin" are in fact the
sum of split(32-33)- and des(31,32)proinsulin,
since these assays do not distinguish between the
split and des forms from the same cleavage site .

As the existing immunological methods do not
permit sufficiently specific and sensitive assays
for the intermediates as well as intact proinsulin
(for a review, see ref . 26), RP-HPLC is at present
the method of choice, although the capacity is
limited .

The composition of serum PIM was analysed
in eight fasting healthy controls and twelve
NIDDM patients using RP-HPLC in combina-
tion with an enzyme-linked immunosorbent as-
say (ELISA) for PIM [116,117] . In the control
sera intact proinsulin as well as des(31,32)proin-
sulin was demonstrated, and intact proinsulin
constituted approximately two thirds of total
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PIM. In one subject des(31,32)proinsulin was the
predominant compound, and in four of the con-
trols minor amounts of des(64,65)proinsulin were
found . Also, split(32-33)proinsulin was demon-
strated in one subject. The RP-HPLC pattern of
PIM in the sera from the NIDDM patients com-
prised in some cases 100% intact proinsulin . Two
normal-weight and four obese patients had intact
and des(31,32)proinsulin in their serum; in others
three to five peaks were demonstrated, intact
proinsulin being the major peak . These results
demonstrate substantial heterogeneity of serum
PIM in normal and diabetic subjects .

It can thus be concluded that recent studies
have revealed that a major part of circulating
PIM consists of metabolites . It has been suggest-
ed that the heterogeneity could be genetically de-
termined [116], e.g . as a result of variation in the
amount or activity of the individual enzymes in-
volved in the conversion . As the genes for the
enzymes have now been cloned, it has become
possible to test this hypothesis .

5. CONCLUSIONS

Several RP-HPLC systems have been evaluat-
ed in order to study the biosynthesis and con-
version of the two non-allelic proinsulins ex-
pressed in rats and mice, as well as the composi-
tion of serum proinsulin and conversion interme-
diates in humans . No universal set of chromato-
graphic conditions has been found to result in
satisfactory resolution of all the polypeptides in-
volved, but in each case several systems have
been found to be satisfactory, with temperature
being an important parameter .

A key to good resolution and recovery is cor-
rect sample preparation . To avoid selective ad-
sorption as well as oxidation of methionine
groups (proinsulin II and insulin II from rats and
mice only) it is recommended that the samples
are not lyophilized to dryness prior to RP-
HPLC. Addition of serum albumin as a carrier
when handling very low amounts of proinsulin/
insulin is of great importance for the recovery .
The optimized RP-HPLC methods have been

used to examine the regulation of insulin biosyn-
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thesis in rodents and the significance of proinsu-
lin conversion intermediates as markers for (i-cell
function in humans and should be useful in the
future development of appropriate methods for
the study of biosynthesis and conversion of other
polypeptides of interest .
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