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Abstract. Proinsulin C-peptide influences a number of
physiological parameters in addition to its well-established
role in the parent proinsulin molecule. It is of interest as
a candidate for future co-replacement therapy with insulin
for patients with diabetes mellitus type 1, but specific
receptors have not been identified and additional cor-
relation with functional effects is desirable. Based on
comparisons of 22 mammalian proinsulin variants, we
have constructed analogues for activity studies, choosing
phosphorylation of mitogen-activated protein kinases

(MAPKSs) in Swiss 3T3 fibroblasts for functional mea-
surements. In this manner, we find that effective phos-
phorylation of MAPKs is promoted by the presence of
conserved glutamic acid residues at positions 3, 11 and
27 of C-peptide and by the presence of helix-promoting
residues in the N-terminal segment. Previous findings
have ascribed functional roles to the C-terminal pentapep-
tide segment, and all results combined therefore now
show the importance of different segments, suggesting
that C-peptide interactions are complex or multiple.

Key words. C-peptide; diabetes mellitus; mitogen-activated protein kinase (MAPK); peptide secondary structure;

tripartite functional segment.

Preproinsulin forms proinsulin by removal of the signal
peptide and is then cleaved into insulin and C-peptide,
which are stored in secretory granules and co-released
into the circulation [1]. While the importance of insulin in
metabolism was recognized very early on, C-peptide has
long been considered to provide mainly structures for
correct proinsulin folding, disulphide bond formation and
cleavage [1]. This view has gained support from a low
degree of conservation of C-peptide primary structures
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[2]. However, attention has also been drawn to a bioactive
role of C-peptide, and a body of data now shows that
C-peptide exerts favourable effects on diabetes-induced,
functional and structural changes of the kidneys and
peripheral nerves [3-9]. Patients with type 1 diabetes
mellitus are hypothesised to need not only insulin but also
C-peptide replacement therapy, and lack of C-peptide
may be a factor behind the development of long-term
complications in type 1 diabetes [9].

The mechanisms underlying the beneficial effects of
C-peptide are enigmatic. A number of effects have been
reported, including stimulation of phosphorylation of
mitogen-activated protein kinases (MAPKs) in mouse
embryonic fibroblast Swiss 3T3 cells [10], in mouse lung
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Table 1. Peptides studied for induction of ERK-1/2 phosphorylation.

Research Article

Peptide Sequence

C-peptide EAEDLQVGQV ELGGGPGAGS LQPLALEGSL Q
E3A EAADLQVGQV ELGGGPGAGS LQPLALEGSL Q
E11A EAEDLQVGQV ALGGGPGAGS LQPLALEGSL Q
E27A EAEDLQVGQV ELGGGPGAGS LQPLALAGSL Q
E3A/E11A/E27A EAADLQVGQV ALGGGPGAGS LQPLALAGSL Q
D4A/VTA/G8A/V10A EAEALQAAQA ELGGGPGAGS LQPLALEGSL Q
D4P/V7P/G8P/V10P EAEPLQPPQP ELGGGPGAGS LQPLALEGSL Q

Replacements versus C-peptide are in bold

capillary endothelial cells [11] and in human renal tubular
cells [12, 13]. Requirements for protein kinase C, phos-
phoinositide 3-kinase, pertussis toxin-sensitive G-protein
[10, 12, 13], and other factors [14] have also been shown,
as well as insulinomimetic effects [15]. Several studies
suggest that C-peptide exerts its effects through a G-
protein-coupled receptor [16—18], but other receptors
have also been implied [8], as well as mediation via non-
chiral mechanisms [14]. The structure of C-peptide is
unordered under physiological conditions, while the
N-terminal part (residues 1-11) can adopt an a-helical
conformation in high concentrations of trifluoroethanol
(TFE) [19]. Other evidence suggests that the C-terminal
pentapeptide part of C-peptide has an activity similar to
that of full-length C-peptide in displacing C-peptide
bound to a cell surface [16], in molecular assays [17, 20]
and in stimulating glucose utilisation in diabetic rats [21].
Glu27 seems to be important for binding to cell surfaces
[22]. The N-terminal Glu residue of C-peptide has also
been ascribed some role in receptor interactions [23].
Despite all these data ascribing biological effects to C-
peptide, a hormonal role of C-peptide is not universally
accepted. In part this is because C-peptide exhibits exten-
sive species variability, a property atypical of structures
in functional interactions. No single residue is strictly
conserved among all known forms of C-peptide, although
several are conserved among mammalian species. Not
even apparently important residues, like Glu27, are strictly
conserved. The lack of extensive conservation is in sharp
contrast to the situation with insulin, in which 18 residues
are conserved among investigated animals (33% residue
identity). These properties make it relevant to scrutinise
C-peptide variability further and to evaluate its structure-
activity relationships. In this study we have constructed,
based on the proinsulin species variability, novel C-peptide
analogues with different structural features for mea-
surements of stimulation of phosphorylation of ERK1/2
in Swiss 3T3 fibroblasts. The results suggest that the N-
terminal segment of C-peptide is also functionally active.
Combined, all data suggest that C-peptide has a tripartite
functional structure in separate interactions.

Materials and methods

Peptides

Recombinantly produced human C-peptide (Schwarz
Pharma, Monheim, Germany) was used. Synthetically
produced C-peptide analogues, shown in table 1, were
obtained from K. J. Ross-Petersen (Horsholm, Denmark).
All peptides were purified to apparent homogeneity using
reverse-phase HPLC. Species variants of proinsulin were
assembled from databanks. The variants were aligned us-
ing the software CLUSTAL W [24].

Peptide circular dichroism spectra were recorded between
180 and 260 nm with intervals of 1 nm using a circular
dichroism spectrometer AVIV Model 62 DS, for 50 pM
of each peptide in 10 mM sodium phosphate (NaPi)
buffer, pH 7, and 0, 20, 40, 60, 80 and 95% (v/v) TFE.
Background spectra recorded under identical conditions
were subtracted from peptide spectra, and molar ellip-
ticities, [0], were calculated.

Cells and assay

The mouse embryonic fibroblast cell line Swiss 3T3 was
obtained from Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen (DSMZ, Braunschweig, Ger-
many). Cell cultures were held at 37°C, 5% CO,, in
Dulbecco’s modified Eagle medium (DMEM; Gibco, In-
vitrogen, Carlsbad, CA) without sodium pyruvate, with
pyridoxine HCL, with 4500 mg/I glucose, supplemented
with 50 pg/ml gentamicin (Gibco) and 10% (v/v) fetal
calf serum (FCS), and were split every 3—6 days using
trypsin/EDTA.

Cells of passage 6—10 were seeded in six-well plates at a
density of approximately 2 x 10* cells/cm?. Following
72-96 h of growth, the confluent or nearly confluent cells
were washed with 37 °C-tempered starvation medium,
i.e. the same medium as for cultivation but without FCS.
The cells were kept in the starvation medium for 2—4 h at
37°C, 5% CO,. The buffer in each well was then changed
to 37 °C-tempered Hanks’ salt buffer (Gibco) and kept at
37°C. The cells in each well were stimulated with 1 nM
peptide in Hanks’ salt buffer (at least three wells per pep-
tide and experiment) or just Hanks’ salt buffer as control
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Figure 1. (B) Conservation of the 20 mammalian C-peptides from
A is emphasized below the human C-peptide sequence (top line) by
lower-case letters (residues present in one other species), capitals
(residues present in more than one other species) and boxes
(residues conserved in all or all but one mammalian species), while
dashes (bottom) correspond to gap positions in at least one of the
aligned mammalian C-peptides.

(at least three wells per experiment) for 3 min at 37 °C.
The mode of pre-treatment followed previous schemes in
measurements of MAPK stimulations [10—13], and the
time involved was far shorter than t,, for C-peptide
degradation in tissue extracts [25]. Following peptide
stimulation, the cells were rapidly washed with ice-cold
Hanks’ buffer, and lysed with lysis buffer, 50 mM HEPES
(pH 7.5), 150 mM NacCl, 5 mM EDTA, 10 mM sodium
pyrophosphate, 2 mM NaVO; (all from Sigma, St. Louis,
MO), 1 x COMPLETE protease inhibitor (Boehringer
Mannheim, Germany) and 1% (v/v) Nonidet P40 (USB,
Cleveland, OH). The dishes with the cell lysates were
kept on ice for 60 min, after which the lysates were re-
moved with a rubber policeman, transferred to Eppendorf
test tubes and homogenised by vigorous vortexing. The
test tubes were kept on ice for 30 min, and were then vor-
texed again. After centrifugation (16,000 x g) at 4 °C, su-
pernatants were transferred to new Eppendorf test tubes,
kept on ice, and stored at —20 °C.

The protein content in each sample was determined using
a BCA Protein Assay Reagent Kit (Pierce, Rockford, IL)
and standardised by dilution of the sample with an appro-
priate amount of lysis buffer. The resulting samples were
subjected to SDS/PAGE on 10% Tris/glycine gels or Nu-
PAGE 10% Bis-Tris gels (both from Invitrogen), followed
by blotting to 0.2 pm PVDF membranes (Invitrogen). The
membranes were blocked in fat-free milk, washed, and
incubated with primary antibody, rabbit anti-phospho-
p44/42 MAP kinase (Thr202/Tyr204) antibody (Cell Sig-
nalling Technology, Beverly, MA). Duplicate membranes
were incubated with a rabbit anti-[p44/42 MAPK] mono-
clonal antibody (Cell Signalling Technology) as a control
of total MAPK levels. Following washing, the membranes
were incubated with a secondary antibody, goat anti-rab-
bit IgG (H + L)-HRP conjugate (Bio-Rad, Hercules, CA),
and washed again. Secondary antibodies were detected
using an ECL Plus Western blotting detection system
(Amersham Biosciences) and photographic film. The den-
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sities of the appropriate bands (reflecting phosphorylated
p44/42 MAPK) on the resulting films were analysed using
a Bio-Rad GS-710 calibrated imaging densitometer and
accompanying Quantity One software.

Results of C-peptide stimulation of MAPK phosphory-
lation were analysed using a two-sided Student t test and
the non-parametric Mann-Whitney U test. Differences
with a p value below 0.05 in both tests were considered
significant. p values in the Results section are from the
Student t test. Data in the text and figures, presented as
percentage stimulation of phosphorylation, are given as
mean + standard error.

Results

Conserved residues in proinsulin

The conservation pattern of 37 species variants of proin-
sulin, ranging from Atlantic hagfish to human, is shown
in figure 1A. As already known, the insulin B and A
chains are highly conserved, while C-peptide has only
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Figure 2. MAPK (ERK 1/2) phosphorylation patterns in 3T3 cells
following treatment with C-peptide or Glu-substituted analogues.
The cells were treated with 1 nM peptide or with salt medium.
Individual Western blot gel patterns (4) and average (+SE) per-
centage stimulation (B) as obtained with anti-phospho-MAPK
antibodies (n = 21 for the salt medium and n = 12 for each of all the
peptides).
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two residues (both Glu) highly conserved and exhibits
internal deletions rendering also its length variable.
However, considering mammalian C-peptides only, seven
residues are strictly conserved or nearly so and can be
subdivided into five one/two-residue parts, all with one
Glu or GlIn (fig. 1B). These parts cover the N-terminal
segment (including Glu3, GIn6 and Glull) and the
C-terminal part (including Glu27 and GIn31). Residues
of the intervening region are either variable, often Gly,
Pro or further residues not favourable for secondary
structure, or absent in some C-peptide species. In fact,
any residue of the mid-part of C-peptide can be missing
(fig. 1, positions 16-22 in B, corresponding in A4 to dashes
in addition to those at the all-dash central segment).

The conservation pattern, with three well-conserved
charges (Glu3, Glull and Glu27) and with some helix
propensity in the N-terminal part [19], prompted us to
test the importance of these features in C-peptide by mea-
surement of stimulation of MAPK phosphorylation using
C-peptide analogues with Glu to Ala replacements, with
helix promoter (Ala) replacements, and with helix
breaker (Pro) replacements.

Glu residues within C-peptide influence its capacity
to phosphorylate MAPK

Human C-peptide produced a MAPK phosphorylation of
1.2-3.7 times the background phosphorylation (fig. 2),
while synthetic analogues of C-peptide (table 1) in which
Glu residues 3, 11 or 27 are replaced by Ala do not induce
significant phosphorylation. The analogues substituted at
position 3 (E3A) gave significantly less phosphorylation
(p <0.01) than C-peptide, as did the ones substituted at po-
sition 11 (E11A, p <0.01), position 27 (E27A, p <0.001)
and positions 3, 11 and 27 (E3A/E11A/E27A, p <0.001).

a-Helical propensity of the N-terminal part of
C-peptide is correlated with its capacity to
phosphorylate MAPK

Two synthetic C-peptide analogues, a tetra-Ala-substituted
form (D4A/VTA/G8A/VI0A C-peptide) and a corre-
sponding tetra-Pro-substituted form (D4P/V7P/G8P/V10P
C-peptide) (table 1), were designed to test varying propen-
sities for a-helical secondary structure in the N-terminal
part of C-peptide. As expected, CD spectra for the peptides
in 0-95% TFE (fig. 3) showed that the three peptides dif-
fer regarding a-helical tendency in TFE. The tetra-Pro-
substituted analogue showed virtually no sign of a-helical
structure (no double minima at 208 and 222 nm), even in
the presence of high concentrations of TFE, while both
C-peptide and the tetra-Ala-substituted analogue showed
spectra typical of helical peptides in the presence of TFE
and also exhibited an isodichroic point at 203 nm, indica-
tive of a two-state coil/helix behaviour. The spectra of the
tetra-Pro-substituted analogue lacked such a point.

Separate functional features of proinsulin C-peptide
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Figure 3. CD spectra for C-peptide and C-peptide analogues
(50 pM) in sodium phosphate buffer, pH 7, with 0-95% TFE.

The propensity of each peptide for a-helical formation,
as estimated by CD spectroscopy in TFE (fig. 3), was
correlated with the capacity to induce phosphorylation of
MAPK in 3T3 cells (fig. 4). The tetra-Ala-substituted
analogue gave phosphorylation like the native peptide,
significantly higher than for salt medium (p <0.01). In
contrast, the corresponding tetra-Pro-substituted peptide
did not stimulate phosphorylation (p < 0.01).
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treated with 1 nM peptide or with salt medium. Individual Western
blot gel patterns (4) and average (+SE) percentage stimulation (B)
as obtained with anti-phospho-MAPK antibodies (n =12 for the
salt medium, n=9 for C-peptide, and n = 12 for the analogues).

Discussion

While C-peptide is clearly less conserved than insulin, it
does show some conserved patterns among mammalian
species in agreement with previous observations [2] and
is not unique in variability among peptide hormones. The
presence of several Gly, Pro and gap positions in the
mid-C-peptide segment (fig. 1) suggests that the mid-C-
peptide segment lacks secondary structure, or can be
missing in part. Surrounding the mid-C-peptide segment,
the two terminal segments contain six Glu/Gln residues
and have been ascribed experimentally verified interac-
tions. The N-terminal segment assumes an a-helix in TFE
(fig. 3) and has the potential for a regular structure, not
observed under physiological conditions [19], while the
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Figure 5. a-Helical wheel presentation of the N-terminal part of
C-peptide. As shown, Glu3 and Glull (correlating with MAPK
phosphorylation, fig. 2), and GIn6 and Val7 (conserved, or largely
so, fig. 1B) would be adjacent (highlighted by increased letter size)
in an induced helix.

C-terminal segment exhibits binding interactions and
biological activity [16, 17, 20].

Glu3, Glul1 and Glu27 are well conserved in mammalian
species, as are GIn6, GIn31, Leul2, Leu26 and to some
extent Glul and Val7 (fig. 1). Of these residues, the ter-
minal positions (Glul and GIn31) line the proteolytic
processing sites of proinsulin, while the codons for Gln6
and Val7 line an exon/intron junction in the gene [26],
both facts which could explain these conservations. The
remaining conserved positions are likely unaltered because
of functional roles in C-peptide, and as now shown, the
capacity to induce phosphorylation of MAPKs requires
the presence of the conserved Glu residues (fig. 2). Glu27
is not only involved in C-peptide cellular membrane
interactions and Ca?" responses [19, 21] but is also
required for induction of phosphorylation of ERK1/2.
Similarly, lack of Glu at positions 3 and 11 results in loss
of C-peptide stimulation of ERK1/2 phosphorylation.
Regarding the N-terminal a-helix propensity, one ana-
logue (Pro-substituted) exhibits a low propensity and the
other (Ala-substituted) a high propensity for a-helical
formation, as verified by CD spectroscopy in aqueous
TFE (fig. 3). The latter stimulates MAPK phosphorylation
in the same range as native C-peptide, while the helix-
destabilising, Pro-rich analogue does not stimulate MAPK
phosphorylation. Thus, the propensity of C-peptide to
form an N-terminal « helix (fig. 3) correlates with the
capacity to induce stimulation of MAPK phosphorylation
in 3T3 cells. Of course, other helix-destabilising analogues
might have been synthesised, like Gly-substituted ana-
logues. However, the C-peptide structure is unordered in
aqueous solution [19], and the type of destabilisation
therefore seems to be of little importance. Furthermore,
the central C-peptide region is Gly rich and additional
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multi-Gly substitutions might have promoted special poly-
Gly folding structures. Hence, we chose Pro for the helix
destabilisation. The nature of the residues at positions 4, 7,
8 and 10 is concluded not to be critical for C-peptide
stimulation of MAPK phosphorylation, as long as they
are compatible with helix formation.

Assuming that an N-terminal a-helical conformation is
involved in C-peptide interactions, we note that both
Glu3 and Glul1 are located at the same helix side as the
conserved GIn6 and Val7 (fig. 5). Accompanied by the
conservation pattern (fig. 1), this suggests a tripartite
nature of C-peptide, in which the terminal sections, in-
cluding the conserved Glu residues and specific secondary
structures, may be involved in functional interactions,
while the variable mid-section appears to form a joining
segment. These results extend knowledge about critical
residues in C-peptide and suggest that for total effects in
cellular systems, the entire C-peptide is important, which
is compatible with complex or multiple effects of C-
peptide.
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