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Abstract. Degradation of proinsulin C-peptide in mouse
kidney and human placenta extracts was studied using
reverse-phase high-performance liquid chromatography
and nano-electrospray mass spectrometry. In total, 15
proteolytic cleavage sites were identified in human and
mouse C-peptides. Early sites included the peptide bonds
N-terminal of Val/LeulO, Leul2, Leu2l, Leu24 and
Leu26 in different combinations for the two tissues and
two peptides. Notably, these cleavages were N-terminal
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C-peptide constitutes the proinsulin segment positioned
between the A and B chains of insulin. After cleavage
of the parent molecule, C-peptide is secreted from the
pancreatic  cells into the blood circulation in amounts
equimolar with those of insulin [1]. C-peptide has an im-
portant functionin linking the A and B chainsin a manner
that allows correct folding and formation of the inter-
chain disulfide bonds in insulin, cf. [2]. C-peptide has
for many years been considered biologically inactive but
is now known to bind to target cells, to activate a Ca?'-
signaling response [3, 4] and to have effects on Na',K* -
ATPase [5-7], endothelial NO synthase (eNOS) [8, 9],
and MAP kinases [7, 10; M. Henriksson et al., unpub-
lished data]. It also appears to have some insulin-like
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of a hydrophobic residue, and all but one N-terminal of
Leu. A late degradation product of the human peptide
detected in the kidney extract was the C-terminal hexa-
peptide, containing just one residue more than the bio-
logically active C-terminal pentapeptide of C-peptide. We
conclude that the degradation of C-peptide in kidney and
placenta follows similar patterns, dominated by endopep-
tidase cleavages N-terminal of Leu.

mass spectrometry.

properties [11; M. Henriksson et al., unpublished data]
and is beneficial for clinically observable parameters
[2]. The latter include improvements in renal and nerve
function and increased blood flow in type I diabetic pa-
tients. The interest in C-peptide is now focused on its
therapeutic potential in preventing type I diabetic com-
plications [2].

Most degradation and removal of C-peptide takes place
in the kidneys [12, 13] but little is known about the proteo-
lytic enzyme(s) involved there and the mode of degrada-
tion. Tests with a neutral metallo-endopeptidase purified
from rat kidney revealed that this enzyme has the capa-
city to cleave proinsulin at peptide bonds in or near the C-
peptide moiety and that incubations with isolated bovine
C-peptide followed a similar time course [14]. In another
study, N-terminally '?’I-tyrosylated human C-peptide,
introduced into the maternal circulation of a pregnant
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Rhesus monkey, was shown to be degraded in the uterus
during transfer to the fetus [15], with major products of
approximately 12 and 25 residues and with an increased
C-peptide degradation rate during pregnancy [15]. De-
gradations have also been traced in the pancreas [16]
and in a neuroendocrine tumor of the pancreas (insuli-
noma) [17], identifying C-peptide fragments resulting
from cleavages in the C-terminal region, and in the latter
case ascribing the cleavages to cathepsin B.

We have previously investigated C-peptide degradation in
serum and found evidence for an endoprotease degra-
dation mode, while similar studies with the C-terminal
pentapeptide fragment showed sensitivity of that segment
to aminopeptidase degradation [18]. We have continued
these studies by analysis of C-peptide degradation at phy-
siologically important locations and studied the degrada-
tion in mouse kidney and human placenta, identifying
cleavage products with high-performance liquid chroma-
tography (HPLC) and mass spectrometry. The proteolytic
pattern detected resembles that of insulin [19]. Identifi-
cation of the C-peptide degradation products may allow
design of structural modifications to increase the peptide
half-life which may be important for therapeutic applica-
tions in type I diabetes.

Materials and methods

Mouse kidneys were dissected and recovered from anes-
thetized animals (approved by the local ethics committee)
and stored at —80°C. Kidneys were disintegrated in
100 mM HEPES buffer, pH 7.1, using a Potter Elvehjem
homogenizer. For one kidney (0.180 g), 300 pl buffer was
used, followed by the addition of 400 pl buffer. Aliquots
of 50 pl homogenate were stored at —80°C. Human pla-
centa (immediately frozen upon parturition) was obtained
from Karolinska University Hospital (approved by the
local ethics committee). After thawing, 14 g was disinte-
grated in 100 mM HEPES buffer, pH 7.1, using an Ultra-
turrax T25 mixer, resulting in 5 ml homogenate that was
stored in 500-pl aliquots at —80°C. For degradation
studies, human and mouse C-peptides (PolyPeptides),
26 nmol dissolved in 78 pl water, were incubated with
40 pl tissue homogenate and 282 pl HEPES buffer at
37°C which means a ten-fold dilution of the crude homo-
genates. As a blank incubation, 40 pl kidney or placenta
homogenate and 360 pl HEPES buffer was used. Aliquots
of 66.7 pl corresponding to 4.3 nmol C-peptide were
withdrawn at specific time points (0, 15, 20, 40, 60 min
and 3 h for the kidney incubations; 0, 20, 40, 60 min, 3
and 6 h for the placenta incubations). The aliquots were
acidified (pH 2) by addition of 200 pl 0.13% trifluoro-
acetic acid (TFA) and then 10 pl 10% TFA, followed by
centrifugation at 10,000 rpm for 10 min. After filtration
through a 0.2-pm membrane filter (NanoSep; Pall Gelman
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Laboratory), the sample was analyzed by reverse-phase
HPLC (Akta system; Amersham Pharmacia) using a
Vydac C, column (4.6 x 250 mm) with a linear gradient
of 0-60% acetonitrile in 0.1% TFA for 41.5 min at
1 ml/min. Fractions were collected in Eppendorf tubes,
dried under a stream of nitrogen and dissolved in 60%
acetonitrile containing 1% acetic acid for nano-electro-
spray mass spectrometry.

Mass spectra were recorded using a quadrupole time-
of-flight tandem mass spectrometer (Q-TOF; Micromass)
equipped with an orthogonal sampling electrospray ion-
ization (ESI)-interface (Z-spray; Micromass), and metal-
coated nano-ESI needles (Proxeon) which gave a spray-
ing orifice of about 5 pm and a flow of approximately
20-50 nl/min at a capillary voltage of 0.8—1.2 kV. For ac-
quisition of collision-induced dissociation (CID) spectra,
the collision energy was optimized in the range 30-80 eV
with argon as the collision gas. Some fractions were also
analyzed by Edman degradation using a Procise HT
instrument (Applied Biosystems).

Results and discussion

Procedure

The degradation of human C-peptide and the cleavage
products generated were studied after incubations in
mouse kidney and human placenta extracts. To decrease
the background of proteins and peptides, we diluted the
extracts 1:10 before mixing with C-peptide. This dilution
still led to efficient degradation of C-peptide within
reasonable time frames. Aliquots were taken at specific
time points and were immediately acidified with TFA
(to pH 2) to stop proteolytic activities. Samples were cen-
trifuged to separate protein precipitates, and the super-
natants were filtered, followed by reverse-phase HPLC.
The human C-peptide eluted after 38 min, while the
degradation products eluted earlier and in order of in-
creasing hydrophobicity (fig. 1). The fractions containing
C-peptide cleavage products (as judged from comparison
with a blank run in which an incubation without C-pep-
tide was injected) were collected and analyzed by nano-
electrospray mass spectrometry to identify the C-peptide
segments. The degradation of mouse C-peptide was simi-
larly studied in the mouse kidney extract.

Degradation products of C-peptide

The degradation of C-peptide in the two systems, mouse
kidney and human placenta extracts, was established.
An early and major degradation product in the kidney
incubation with the human peptide revealed a mass of
1868.92 Da, corresponding to the 20-residue segment
Glul—-Ser20 resulting from a cleavage at Ser20-Leu2l
(figs. 1A, 2). This fragment was also confirmed by com-
plete Edman degradation. In the placenta extract, an early
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Figure 1. Reverse-phase HPLC of human C-peptide (residues 1-31)
and its degradation products generated during incubation in kidney
extracts (4) for 0 min (blue), 20 min (purple), 40 min (brown), 1 h
(green) and 3 h (black) and in placenta extracts (B) for 0 min (blue),
20 min (purple), 1 h (green), 3 h (black) and 6 h (red). Identifica-
tion was by nano-electrospray mass spectrometry, and by tandem
mass spectrometry or Edman degradation when necessary to ascer-
tain identification.
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Figure 2. Fragments identified after digestion of human C-peptide
in kidney and placenta extracts. Arrows indicate peptide bonds
found to be susceptible to proteolytic cleavage. Lines indicate the
resulting cleavage products detected.

and major degradation product of the human peptide was
a 23-residue fragment with a mass of 2207.16 Da, corres-
ponding to the segment Glul-Pro23 (figs. 1B, 2). This
fragment was also found early in the kidney extract, and
the corresponding fragment (Glul-Thr23) was found
with the mouse peptide in the kidney extract. In these three
fragments, the cleavage site is N-terminal of a Leu residue.
Other early fragments detected in both extracts consisted
of the first 25 residues of human C-peptide (fig. 1), and
in the kidney homogenates, peptides ending at position 9
for both the human (fig. 1A) and mouse C-peptide de-
gradations, and at position 11 for the human peptide
(fig. 1A), all but one also with the cleavage site N-termi-
nal of a Leu residue (fig. 2). Additional early but minor
fragments in the placental degradation had the masses
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Figure 3. CID spectrum of fragment 645.48 Da generated during incubation of human C-peptide in the kidney extract (residues 26-31,

fig. 1A) corresponding to the hexapeptide LEGSLQ that appeared as a singly charged peptide in the mass spectrum.
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2320.20 Da (the 24-residue Glul-Leu24) and 2777.46 Da
(the 29-residue peptide Glul—Ser29) (figs. 1B, 2), also
with cleavages N-terminal of hydrophobic residues, Ala
and Leu, respectively. The pattern with cleavages N-ter-
minal of Leu residues partly overlaps with that from clea-
vages with insulin protease [19] and cathepsin B [17].
Short fragments consisting of 8- and 7-residue peptides
derived from both the C-peptides in the kidney extract,
and the 8-, 7- and 6-residue peptides in the placenta ex-
tract were also detected (figs. 1, 2). The pattern in these
products is different since they result from secondary
cleavages. Two of these peptides in each set, the 8- and 7-
residue peptides, are also N-terminally truncated and
identical between extracts (fig. 2). The 8-residue peptide
is truncated by one residue and starts at Ala2, while the
7-residue peptide is truncated by two residues and
starts at Glu3 (fig. 2). Thus, the late-occurring fragments
result from aminopeptidase-like cleavages at one end
plus secondary endopeptidase cleavages at the other,
GIn9—Vall0 (kidney) and GIn6—Val7 (placenta).

A fragment detected after incubation with the kidney ex-
tract consisted of 6 residues, with a mass of 645.48 Da
and corresponding to the C-terminal segment LEGSLQ
(figs. 1A, 2) identified by CID tandem mass spectrometry
(fig. 3). This hexapeptide contains just one residue more
than the biologically active C-terminal pentapeptide
EGSLQ [5] known to have in vivo beneficial functional
activity [20]. The degradation rate of the intact human C-
peptide, as monitored by the disappearance of the HPLC
peak, was 13 nmol/min per gram in the kidney extract and
0.6 nmol/min per gram in the placenta extract.

In conclusion, we found that the degradation patterns
detected when C-peptide is incubated in kidney and pla-
centa extracts are largely overlapping, and that a majority
of the fragments are generated via cleavages at sites
N-terminal of a Leu residue, as in insulin and other
degradations [13, 17, 19], indicating that amino acid-
specific proteolytic processing of C-peptide occurs in the
kidney, the major site of C-peptide degradation.
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