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Introduction

This review summarizes results on peptide inter-
actions of proinsulin C-peptide. As we see it,
knowledge on functional interactions of C-peptide
has passed through several stages of research,
now with at least three modes of postulated
molecular explanations for the beneficial effects
of C-peptide in diabetes. Here, we first summa-
rize the stages and then concentrate on the sub-
ject of C-peptide interaction studies. The latter
should not be interpreted to contradict other
modes of action, but rather to reflect our present
emphasis and interest.

C-peptide functions in insulin synthesis and
secretion. The first era of C-peptide research
established the existence of C-peptide, its struc-
ture, proforms, cosecretion with insulin into
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blood, and its basic function in insulin synthesis
and secretion, all largely started and led by Steiner
and coworkers [1, 2]. It now constitutes textbook
material in biochemistry, endocrinology, and
molecular medicine and is a lifetime achievement
of great importance to our understanding of
diabetes.

C-peptide in receptor-like cellular binding. The
second era, derived from the discovery of the
C-peptide cosecretion with insulin into blood,
initiated studies to find a hormonal role for
C-peptide. Johansson, Wahren, and collaborators
showed clinically observable effects of C-peptide
[3, 4]. They also initiated molecular studies,
including those in our laboratory [5]. This phase
led to the discovery of a specific cellular binding
of C-peptide, sensitive to pertussis toxin, proba-
bly related to a G-protein-coupled receptor [6].
The C-terminal pentapeptide of C-peptide was
able to compete with this binding, suggesting that
this part of C-peptide constitutes an “active site.”
The binding constant determined suggested
receptor saturation at normal, nanomolar
C-peptide concentrations in vivo and a functional
loss of this activity in type 1 diabetes. Gradually,

A.AF. Sima (ed.), Diabetes & C-Peptide: Scientific and Clinical Aspects, Contemporary Diabetes, 7
DOI 10.1007/978-1-61779-391-2_2, © Springer Science+Business Media, LLC 2012



8 C. Nerelius et al.
Insulin B chain C-peptide Insulin A chain
[ I
S AN PN Y - SR TE - K TRAEAEDLQVEQVELGEGR G- - « - - « - AGSLQP LALESS L oD T = 1 (S v

N5 _PANTR (Chimpanzee) PN TR - ¢ TE - K TRAEAED LOVGQVELGEGP G- -« -« - - AGsLGP LALMEG s L o NG T s 1 (SN IR
NS _AOTTR (Night monkey) P FINEE s - ¢ Al - K TREEA@CLOVOQVELOGT - - - -« - - - - 81 rosl.!'ullanromvﬂnﬂuIn\‘mqm
1S _MACFA (Crab eating msesces) PV N S DN - ¢ T - X T REEABC POV QVELGAGRa - - - - .ms Lar Lunnu 75 R

NS CERAE (Green menkey )

F VR T - A TH - K TRAEABD FQVGQVELGGAPG - - - -
» -
P I I ) - O T - & A RTVE AN P QA G A VELGG - -

-XasLop LANEGs ¢ QEENENNCITES T s | [N Y (TN
-106L0A LALEo o ENENSERE 1 5 | B CINEENE

SO as
Ns_BOVD PN R - = TE - KA REEVECPOVGALELAGG - - « -« -« oo« v - PoAcoLEor » o NENEUEEE. 5 v S0 Y FIEEE
NS _HORSE v N TSN ATt . (RN T - kA x X EAMlD FGVGEVELGGEAPG. -« « - - - LOGLGP LAL A G P o x BN T o 1 SN Y

NS SIERP PN TS RSt - R T - K A RE EVEIG VG ALELAGG - - -« v - v e+ . PGAGOLEGF PO ¥ [ I
45 CANFA e} # v TS St - ¢ O T - X AREEVED LQVRD VELAGA TG - - - - - - - FGO LGP LALES AL oSSR T 5 1 T v S
IS _RARIT rvnmm'nnmﬁ-nmﬂl-x;kmnvmLuvsqul.oodvn- .mol.opul.lh.-\l.a nlﬂl\m
INS1_RAT PV N P (S - ¢ TE - K 3 REEVED POV QLELGOGPE - - -« - AGDLQI uu.ﬁ»anm:uhuumvhm
sz RAT FV K S O N - R Tl - M3 RO EVED POVAQLEL GGG G- « - - « - - AGDLGT LALEY A & o (HNENNY o FIEE T 5 1 (S v s
INS_RODSP (Rodentia ) IVNM|Lv;'azmﬂ]-ﬁstﬂzmnru;sq\'stanura ------- AGSEQT uu.ﬂ\unnanl! mqhuulm\'ﬁlecn
D1 MousE ¥ v K I - IR T - K 3 RBEVEDFQVEQLELGOSP - - - - - - - -ODLQT LALEY A R oSNENRN 0 B0 1 G

52 MOUSE EVE -nmﬂl-u?lmuﬂlopqv;aul.aooyo ------- AODLQI I.ALIIV.uaamu 'Hlm\‘

INS_CAVED (Guines pigh lvsnM;MTmSma-Dumru-xDlﬂhLﬂDPQ\fZOTBLGMDLO ------- MmLQP Lnl.[bulamuhiul'ﬂmhqsm
ENS_CRILE (Long aded harmtery PV i - ST - K 5 R0 VED POV AQLELGOGP0 - - - - -.wnlol' Lal.ll\-'.-\oqmnh'rslml\'m

NS _PRACE (Fal sand rat)

rvm-amﬂl-xrnuuvnnrquml.unenn. .

AR 1 o | T v s

-Aap LRAL ALEY ARG
-agofor sALEM T L GO oWEE ¥ 16T F NE ol 1

INS_OCTDE (Degui) v s« IS N T - % 3 - GEEIRE - HOREELEPLQVEQAELGLE -

QAL {Western wild meuse) WOFPG- - - - AGD I.QI La LEvAQ DEEET s |'ﬂ]\'

QU2 Weter i e T GDLQTLALEY A % QNN oIS 1 5 1 [ Y CHNEENE
INS_ANAPL (Domestse ) AAW-WS“-KFINDVBOPLV:IGPLHG .......... EVGELPEQHEmYoxx MENFMYM
D45 MR (Chickm) A A TN O Rt - & NS s [ - K A KT VEIQP LV S PLRG- - - - - oo oo - EAGVLPFoQEllY £k ¥ NENRMIIEE:] » v [  FINEE
145 SELRF (Hommingbind) AN TS ATt - (RN s [ - A REID AN B LS GFLHG. -« - o oo e e z\-nnnmumrzumummvm

IHS1_XENLA (Afic clawed o) 1 VN TS AR - o R I3 - K ¥ KO MAQ ALV S 0 PQDN- - - - - -- - - - B LDGMQ L P oY o M NREMRGERTSISi s 7 (NN ¥ (AT 5 SR
ENS2_XENLA (African s lawed frog) L A NS TN YRR - o v - K | KD I EQAQYNG QDN - - oo v e e e s ELDOMQF ¢ P ol v ok MNENNNETIEE | 5 S r IR
AAFETES (Narthem loopard frog) rn)@\'muﬂ:-DM:I-I‘(&R@DLBOPLVNGEQOS ---------- aLnBnovqsoamua!rm:lnﬂlwm

NS _BRARE (Febrafii
ENS_CALM {Ebephantfish)

v 7 AR o N + ) - NN < [§ - KO 1 @OV PLIAFRDLEPPL - - -

- -KADVEPLLOFLPPKS - - - - - - mFTsunraFKmlul 1 R ETRNERER P 1 ¥ o BN

\DTEMEDRFPYRQOL A GS K NERISRIREs » T (S0 v ~ N o e

INS_CYPCA (Comman carph EAPmnm-rmeﬂ Nl!DvDPnGFL PPES - couns AQETEVADFAFKDHAEVIRI 1 K Fankﬂqm
ENS_LOFPI (A limossh goosedlsh) AraMum-um.ﬂl - -RKADVDQLLGE L;rnsuuaaaac:.-\n\ls\msl AFKDQMEMMY] Il:.NIFDnQ

NS _ONCKE (Chuss sibson Au\MDm-ZKMTI ..Kﬂnvuvl TOFLEPKE -« -ox - A}.P\JFP\‘PF Knolrnutmx r.\anﬂqh
INE_CORENT il tilapia) oorm::m-omwll . -nlﬁnvop].l.or L;l‘KaoGa vqaomavn KDQNBMMVmEm"K PET T Fbllqm
F1163 (Chiem salmond 0 - & x EEE I --Kl!nvwl 1oFL SPRS..---- SQENEVAEYFFKDOMDMI VI K PN 1 ¥ DRSS

+ 1 FTIATEES (X o EY - (NS T -

NS VERMO (Barfin flcander)
NS _MYNGL (Atheic hagfish)

Fig. 2.1 Conservation pattern for the residues of proin-
sulin in 37 species variants, from the human (top) to
Atlantic Hagfish (bottom). Color code: Blue, 90% conser-
vation; red, 70%; yellow, 50%. As is obvious from the
figure, insulin is extremely well-conserved, which is typi-

this led to the concept of type 1 diabetes being a
double-hormone deficiency disorder and its late
complications as possibly derived from chronic
lack of C-peptide [7]. Additional findings from
many groups (reviewed in [7]) supported the con-
cept of a receptor-mediated C-peptide signaling
pathway, and clinical studies with C-peptide
treatment confirmed beneficial influences on
deteriorating functions in type 1 diabetes [8, 9].
However, a receptor-mediated role of C-peptide
is still unresolved and does not appear to have
caught the attention of the insulin-producing
pharmaceutical industry. The enigmas include:
(1) a receptor has not been found or character-
ized; (2) the homology pattern of C-peptide is
markedly different from that of insulin (Fig. 2.1)
and other traditional signaling peptides; (3) the
long time to life-threatening late complications in
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cal for a peptide hormone in defined receptor interactions
and functions, while C-peptide has a completely different
pattern, not promoting the concept of tight, conserved
C-peptide receptor interactions like for insulin. Original
figure from ref. [40] now (reproduced with permission)

diabetes type 1 is at least not typical of the type of
immediate withdrawal effects noticed upon lack
of insulin and many other signaling peptides; and
(4) a definite disease link between the late com-
plications and C-peptide hormonal effects is yet
indirect, at most.

C-peptide cellular internalization. The third era
showed C-peptide to be rapidly internalized into
several cell types [10], and into the nucleoli,
where it binds to histones and promotes histone
acetylation and rRNA transcription as an intrac-
rine factor via epigenetic mechanisms [11].
This finding opened a new approach and may blur
interpretations previously ascribed to receptor-
activated signaling, since intracrine effects could
also lead to protein inductions. In fact, recent
follow-up studies by mRNA microarrays of early
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C-peptide influences on renal tubular cells suggest
multiple effects on expression levels [12]. This
research is complex and requires further work,
although our results on C-peptide internalization
have been confirmed by others [13] and noticed
in the field of intracrine peptides [14].

In other attempts, we found intra- and extracel-
lular proteins binding to Biacore chip-attached
C-peptide, as briefly reported [15], and have used
a specific interactive labeling to establish an asso-
ciation of C-peptide with yet another protein, pro-
tein tyrosine phosphatase [16], earlier implied in
insulin-like signaling effects of C-peptide via scaf-
folding on insulin signaling ([17], reviewed in
[18]). In conclusion, C-peptide can interact with
several extra- and intracellular proteins. This is not
surprising, considering the extreme negative charge
of C-peptide, facilitating interactions with other
charged proteins in the complexity of tissues.

C-peptide inoligomeric peptide interactions. The
early, chip-based screenings for binding interac-
tions also led to a further mode of possible
C-peptide peripheral action, via oligomeric pep-
tide binding and its effects on hetero- and homo-
peptide interactions of C-peptide [19]. This field
is reviewed below. We therefore now appear to
have three separate modes and localizations of
C-peptide interactions, in addition to its role in
insulin synthesis and secretion: surface-mediated
receptor binding, intracrine effects, and oligo-
meric peptide interactions. This multiplicity of
measurable effects was unexpected of a peptide
that was long regarded as having no bioactivity
beyond that in insulin synthesis and secretion.

Peptide Interactions

C-peptide desaggregation of insulin oligomers in a
chaperone-like manner. In our early attempts with
affinity assays in Biacore experiments, we tested
for C-peptide interactions with insulin, but never
noticed a strong binding between a chip with one
of the peptides and an eluent with the other.
However, under some conditions binding appeared
to be observable in assays with insulin on the chip
and insulin plus C-peptide in the eluent. This was
interpreted to mean that insulin oligomers first

formed on the chip and then bound C-peptide in an
apparently specific manner, since replacement of
C-peptide with scrambled C-peptide (i.e., C-peptide
with the same composition but random sequence)
did not elicit the same binding [19]. It appeared as
if the best fit of the binding curves was that of a
model where an insulin dimer bound a C-peptide
monomer [19]. However, these binding estimates
are sensitive to many variables, and their exact
stoichiometry should not necessarily be interpreted
to be as initially estimated. Nevertheless, the bind-
ing analyses indicated that C-peptide/insulin inter-
actions may involve peptide oligomers, at least of
insulin, and that specific interactions between
C-peptide and insulin may play a role.

This was unexpected and led to further mass
spectrometric analyses of solutions with
C-peptide, insulin, and insulin/C-peptide mix-
tures which revealed two findings (Fig. 2.2).

One, mass spectrometry analysis of peptide
solutions clearly shows oligomers of both pep-
tides, but with different patterns. The insulin oli-
gomers are easily detectable and are already
well-known in the literature [20, 21]. They
appeared to reach the hexameric stage, while the
C-peptide oligomers were somewhat less abun-
dant and appeared to approach lower stages, like
trimers. Initially, we did not fully believe in the
C-peptide oligomers and did not emphasize their
presence, since C-peptide is highly charged
(including six negatively charged residues) and
was considered to be self-repulsive.

Two, the oligomers were largely nondetect-
able in the peptide mixtures, and especially the
strong insulin oligomers appeared to vanish upon
addition of C-peptide [19, 22]. This suggested
that C-peptide disintegrated insulin oligomers,
forcing insulin into the monomeric state, thus
acting on it in a chaperone-like manner.

These findings initiated further in vivo studies
of diabetic patients receiving C-peptide in addi-
tion to their regular insulin injections [19].
Simultaneous injection of insulin and C-peptide
was then found to lead to a more rapid increase in
plasma insulin, suggesting that C-peptide also
in vivo has an insulin-desaggregating effect
(Fig. 2.3 [19]). Thus, our concept of a chaperon-
ing effect of C-peptide on insulin oligomers
appeared to be valid also in vivo. In fact, this
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Fig. 2.2 Mass spectra centring on the part showing the
maximal oligomers, with only C-peptide (top) and only
insulin (bottom), but desaggregated oligomers in the

direct link between insulin plasma increase and
C-peptide injection still appears to be a direct link
between a clinically observable effect of C-peptide
and the observed molecular interaction.

Oligomer formations of C-peptide itself. The
findings regarding insulin-C-peptide interactions
led us to further analyses of the possible oligo-
meric nature of C-peptide itself by additional mass
spectrometric and gel electrophoretic studies.
Regarding the mass spectrometric analyses,
we confirmed the previously not emphasized
observation that C-peptide itself is in equilibrium
with a family of homooligomers and is observ-
able by electrospray analysis [22]. It showed that
much like C-peptide desaggregates insulin oli-
gomers, insulin has a similar effect on C-peptide

C-peptide/insulin mixture (middle). Original figure from
ref. [22] now (reproduced with permission)

oligomers (Fig. 2.2), either through desoligomer-
ization or because C-peptide interaction with
insulin is stronger than C-peptide homooligomer-
ization. In any event, both insulin and C-peptide
alone exhibit an oligomerization tendency.
Similarly, gel electrophoretic analyses also estab-
lished the ability of C-peptide to form oligomers
in many solutions [22, 23]. This was initially
observed when we set up Western blots of
C-peptide in order to detect the peptide in cellular
internalization studies [10]. The combined results
from mass spectrometry and gel electrophoresis
made us draw several conclusions regarding the
interactions of C-peptide and insulin oligomers.

Homooligomers. The two peptides can individu-
ally form homooligomers in solution, discernable
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Fig. 2.3 Plasma insulin after injection of insulin (unfilled
circles) or the same amount insulin with C-peptide also

added (filled circles). As shown, the latter increases blood
glucose to higher levels and thus a more rapid early phase,

with several methods. Monomers are by far the
major components, at least in fresh solutions, and
the oligomeric patterns differ, involving several
types of multiplicity, but with hexamers being
strong oligomers of insulin and trimers of
C-peptide. Simple monitoring showed concentra-
tion to be important, and less intense mass spec-
trometric oligomer peaks were observed upon
dilution. However, the relative patterns between
different oligomeric components appeared unaf-
fected by dilution, with similar peak ratios for
300 and 30 uM C-peptide at weakly acidic condi-
tions [22]. Upon maximal amplification, oligom-
ers could be mass spectrometrically detectable in
the sub-uM range. Although pH had an effect
(oligomers were not detectable in nanospray
analysis of weakly basic solutions), the patterns
visible with sufficient amplification in the elec-
trospray analyses appeared to have surprisingly
similar peak ratios upon spraying from pH 5 (with
weak HCI) and pH 8 (with 10 mM ammonium
bicarbonate [22]). Temperature, time, and metal
ions all increased the C-peptide oligomerization
tendency. We concluded that C-peptide in solu-
tion is by far largely monomeric, but can form an
equilibrium with oligomers present in low yield.

Heterointeractions. The two peptides can inter-
act. Heterooligomers are mass spectrometrically
noticeable in the peptide mixtures, but to a low
extent, below that of the homooligomers. The
major homooligomers of either peptide literally
vanish with the presence of also the other peptide
(Fig. 2.2) [19, 22]. Hence, monomerization

80 240 300

360 min

compatible with C-peptide desaggregation of insulin oli-
gomers in vivo in diabetic patients. Original figure from
ref. [19] now (reproduced with permission)

especially of insulin is promoted in the mixture,
which is consistent with the interpretation of the
rapid plasma rise upon coinjection in diabetic
patients (Fig. 2.3) [19].

Reaction-like transitions. Combined, these two
observations suggest a complex pattern for the
heterointeractions between the two peptides.
Obviously, they must first bind each other in
order to interact, causing the surface plasmon
resonance binding signals. However, binding is
apparently transient, causing an effect (desoli-
gomerization). The apparent reaction resembles
chaperone-like actions, where desaggregation
results and where interactions involve polymers.
Hence, C-peptide appears to have a chaperone-
like activity for oligomerized/aggregated insulin.

Aggregation and possible  fibrillation of
C-peptide. Continuing the interactive studies, an
obvious next step was to evaluate to what extent
C-peptide might oligomerize further, polymer-
ize, aggregate, and even perhaps fibrillate, having
amyloid-like properties.

Already gel electrophoretic analyses revealed
the presence of higher aggregates (Fig. 2.4 [22]),
and with time, positive staining with thioflavin T
[22], which is often considered indicative of
fibrillat -sheet structures. Together with Lind
et al. [23], the behavior of C-peptide in the
presence of sodium dodecyl sulfate (SDS) as a
catalyst for structural transitions was therefore
monitored. It then became obvious that C-peptide
can form large oligomers and aggregates in
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Fig. 2.4 C-peptide oligomer formations as observed in
nondenaturing gel electrophoresis and Western blotting
(a), denaturing gel electrophoresis, blotting, and double

complex transitions that can be monitored by
NMR spectroscopy and dynamic light scattering.
Monomers were initially the major component,
but with time and increasing concentrations,
C-peptide became stainable with thioflavin T
[23] in a manner resembling that observed for
amyloidogenic proteins [24].

We therefore concluded that C-peptide is capa-
ble of oligomerization in multiple steps under
suitable conditions, and that this can be modeled
in the presence of SDS. The end result can appar-
ently lead to aggregation and amyloid-like, pre-
sumably p-sheet aggregates. Therefore, solutions
of C-peptide, like those of insulin, appear to be in
equilibrium with a small population of oligomers
that potentially can aggregate further. In the early
stages of this equilibrium pathway, C-peptide can
in addition interact with oligomeric insulin and
desaggregate such oligomers. The two peptides
therefore have a complicated biophysical behav-
ior, which suggests that both their absolute
amounts and ratios may be of importance.
Undoubtedly, this whole series of observations
opens one further mode of possible pathways in
which C-peptide could constitute a bioactive

100pM  50pM  20pM  10uM 2 pM

antibody detection (b) or direct photography of rhod-
amine-labeled C-peptide (c). Original figure from ref.
[22] now (reproduced with permission)

peptide. If the amyloid-like properties turn out to
be of importance, links to depository diseases and
other conditions may also apply. As initially noted
here, we therefore now know of three modes of
postsecretion, C-peptide activity, and possible role
in diabetes: through receptor-mediated cell sur-
face pathways, intracrine pathways, and peptide
interaction pathways. Before trying to evaluate
which of these activities may explain the observed
beneficial effects of C-peptide replacement in type
1 diabetes, it appears motivated to reflect on the
possible relevance of peptide interactions in vivo.

Precaution. We are aware that objections can be
raised against attempts at in vivo conclusions
regarding consequences of the C-peptide oli-
gomerizations. First, most of the biophysical
studies were performed at nonphysiological pep-
tide concentrations and nonphysiological envi-
ronmental conditions. In vivo, SDS does not
occur, circulating C-peptide is present at nM con-
centrations, and insulin is present at a consider-
ably lower concentration. Before dismissing the
peptide results on such objections, however, one
should consider also the following facts.
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First, SDS is not necessary for the observed
effects. The gel patterns (Fig. 2.4) and the mass
spectrometry (Fig. 2.2) show oligomerizations
also in nonextreme, aqueous solutions and sur-
face plasmon resonance studies suggest binding
of peptide oligomers in ordinary solvents. SDS in
the biophysical study [23] was used as a catalyst
to promote transitions, much like trifluoroethanol
is frequently used in NMR spectroscopy studies
to promote detection of helix tendencies.

Second, the very nature of the structural tran-
sitions to P-sheet fibril conformation, as in the
already known amyloidogenic diseases, is pro-
found and involves large rearrangements of the
proteins involved. Hence, rough tools for study of
these phenomena need not be irrelevant.

Third, regarding peptide concentrations, max-
imal amplification in the mass spectrometric
studies detected oligomers down to sub-uM
C-peptide levels [22]. In the prediabetic type 2
diabetes stage, there is hyperpeptidism, as well as
locally at injection sites in type 1 diabetics where
deposits have been found [25], making the span
between the in vivo and experimental conditions
about two orders of magnitude for C-peptide, a
range that is often considered sufficient for chem-
ical cross-interpretations. Initial transitions are in
apparent equilibrium, which makes rapid shifts
towards further transitions possible, should the
conditions change.

In conclusion, the objections suggested above
constitute only relative concerns, making further
proof for a link between in vitro observed oli-
gomerizations and in vivo diabetic disease desir-
able. Hence, these objections are not excluding a
relevance of peptide interactions in vivo, espe-
cially not under special conditions such as hyper-
peptidism or peptide ratio imbalances.

A second precaution concerns the fact that bio-
physical phenomena are complex and difficult to
study; mass spectrometry involves transitions to
gas-phase measurements and surface plasmon
resonance surface attachments and model curve
fittings. Additional studies are therefore desirable.
However, the present agreements between inter-
pretations from mass spectra, surface plasmon
resonance, and gel electrophoresis appear relevant
and are known to be so in many other systems.

13

A third precaution concerns the link between
C-peptide molecular effects and observed benefi-
cial clinical effects. Before dismissal of peptide
interactions on that issue, one should consider
also the following two facts.

There is, as mentioned above, a direct experi-
mental result that indicates a link between pep-
tide interactions and clinical effects. Thus, in vivo
coinjection of insulin and C-peptide appears to
enhance the plasma insulin level obtained [19]. It
is hard to visualize any other mechanism to
explain that observable curve (Fig. 2.3) than
direct peptide interaction. We initially probably
underestimated the strength of this fact and
should have emphasized it further.

The only concern with the depository model
that is difficult to answer at present is which
deposit and where that may be critical for diabe-
tes. Reports exist of deposits of several peptides
(including of insulin [26] and C-peptide [27]),
but they still appear few and difficult to consis-
tently interpret regarding size and organ. Perhaps,
though, microdeposits or deposits in special
organs, like the pancreas, anyway loaded with
insulin, C-peptide, and other peptides, may have
escaped detection or proper attention.

In conclusion, considering the clinical benefi-
cial effects of C-peptide, which to us seems rea-
sonable, based on the amelioration of kidney and
nerve dysfunctions, organs commonly affected in
diabetes, all three hypotheses on how the molec-
ular mechanisms may work appear feasible. None
can be excluded, but the peptide interactions as
explanation appear equally valid or even more so
than the other alternatives at the present stage.

Perspectives and Future Work

With the precautions and reservations thus con-
sidered, which are the most attractive conse-
quences of homo- and heteropeptide interactions
as a molecular explanation for the clinical effects
of C-peptide?

» First, of the several attractive consequences, two
enigmas of C-peptide actions (the lack of strict
sequence conservation and the slow onset of
type 1 complications), which constitute problems



with the receptor-mediated explanation, are no
problems with the peptide interactive model.
A slow onset of the chronic complications
could be consistent with the depository model,
thus suggesting that amyloid-like properties of
insulin would be a factor in the late complica-
tions of type 1 diabetes. Notably, the only drug
all type 1 diabetics have got for decades is
insulin, so if the insulin desaggregation power
of C-peptide is of relevance, the implication is
that insulin is its target in the beneficial effect
on the late complications. Similarly, the lack
of C-peptide sequence conservation would be
less important in the peptide interactive model,
since charge (which is conserved in C-peptide)
rather than sequence is important in oligo-
merization [23]. Indeed, relationships have
been demonstrated also between diabetes and
Alzheimer’s disease [28-30].

Second, the peptide interaction model would
also be consistent with the onset of type 2 dia-
betes, in which increased levels of insulin and/
or C-peptide rather than hyperglycemia have
been claimed as disease-promoting factors
[31, 32]. Hence, not only would type 1 late
complications, but also those of type 2 diabe-
tes onset be consistent with the peptide inter-
active model. The implication is then that in
type 2 diabetes, it is the absolute amount of
peptides rather than their ratio (as in type 1
diabetes) that is wrong and that the depository
tendency would derive from either of insulin,
C-peptide, or other peptides, alone or in
mixtures.

Third, also metabolically, a depository ten-
dency of C-peptide and insulin could fit known
facts. Thus, peptide deposits in general may
derive not only from increased synthesis, but
also from decreased breakdown. In this regard,
it is of interest that insulin and C-peptide
appear to depend on similar enzyme activities
for degradation [33]. This enzyme activity, in
the case of insulin-degrading enzyme, is sen-
sitive to inhibition by alkylation of a critical
Cys residue through lipid peroxidation prod-
ucts [34], hence compatible with the fact that
increased abdominal fat is a risk factor for
type 2 diabetes [35].

C. Nerelius et al.

e Finally, there is a tantalizing theoretical
parallel in the model of C-peptide as a chaper-
one for reversal of insulin depository tenden-
cies, in the fact that several depository diseases
recently have been ascribed to peptide depos-
its derived from proforms biosynthetically
equipped with an autospecific chaperone (a
BRICHOS domain protein [36]). Lung surfac-
tant peptide C is such a depository peptide
derived from a proform (prosurfactant protein
C) equipped with a C-terminal autospecific
chaperone [37, 38]. Hence, nature has appar-
ently not evolutionarily eliminated these struc-
tures although potentially dangerous, but may
equip their proforms with a “rucksack” of a
specific chaperone reducing the depository
tendency. Perhaps, proinsulin is another such
type of proform, with an inbuilt C-peptide
“rucksack” for the active hormone function of
insulin. Hence, both types of diabetes may
reflectimbalances, where the insulin/C-peptide
pair illustrates general principles for regula-
tory peptides in nature.

The question then arises, how do we proceed
to expand our knowledge as to how C-peptide
ameliorates diabetic renal and neural disorders?
Of course, one mode of approach is to continue
investigations of all three molecular explanations,
including a search for specific deposits in the
endocrine pancreas, nerves, and kidneys, which
are the organs ultimately affected. However, such
broad approaches may be difficult, and our latest
results appear to offer a further opening.

Thus, using C-peptide fragments we recently
found additional evidence for particular fragments
of C-peptide having separate activities in relation
to the three molecular explanation modes. The
N-terminal fragment (residues 1-11) appears to
be ascribable to an insulin interaction of C-peptide
and is not identical to the site for the homo-C-
peptide oligomerization [39]. Previously, we have
found the C-terminal pentapeptide of C-peptide
to be associated with the receptor-mediated
actions [5, 6], and the whole C-peptide to be tri-
partite (Fig. 2.5 [40]). Hence, further work with
definitions of the C-peptide fragment activities
may define shorter segments with just one activity
rather than the intact C-peptide with all three
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Glu 11 Glu 27

Fig.2.5 Schematic representation of C-peptide into a tri-
partite correlation with different properties. (a) the
N-terminal segment with Glull (black vertical line)
apparently important in insulin binding [39]; (c¢) the
C-terminal part with Glu27 (black vertical line) ascribed
importance in the receptor-mediated capacity [5, 6], and
(b) the intervening part with many Gly and Pro (gray ver-
tical lines) and resulting separate structural properties,
possibly a part of the homo-oligomerizations [39]

activities. If so, C-peptide fragments or analogs
with just one of the three alternative effects may
allow for treatment with only the beneficial part,
eliminating even the possibility of a risk of depos-
itory tendencies derived from other segments.

In summary, recent results have given further
complexity and unexpected multiplicity in func-
tional interpretations of C-peptide molecular inter-
actions, but also offer an approach to continue
with fragment research that may finally give a both
efficient (chaperone-like) and in all circumstances
safe (nondepository) C-peptide derivative.
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