
Since the discovery of insulin biosynthesis in 1967 [1,
2] it has generally been held that C-peptide, the con-
necting segment of proinsulin, does not possess bio-
logical activity. Possible metabolic effects of C-pep-
tide have been looked for in animals and humans
but with negative results [3±5]. The C-peptide struc-
ture of different species varies considerably in both
chain length and amino acid sequence [6], a fact that
together with the negative experimental results has
been taken to support the view that C-peptide does
not exert biological effects. However, several studies
during the last 5 years have raised doubts concerning
this view. Replacement on a short-term basis (1±3 h)
of physiological C-peptide levels in insulin-depen-
dent diabetic patients, who are deficient in C-peptide,
has been shown to be accompanied by decreased
glomerular hyperfiltration [7], augmented whole

body [7] and skeletal muscle [8] glucose utilization,
increased blood flow to skeletal muscle during physi-
cal exercise [9] and improved autonomic nerve func-
tion in insulin-dependent patients with signs of auto-
nomic neuropathy [10]. Prolonged C-peptide admin-
istration (1±3 months) results in improvements in re-
nal function, as evidenced by diminished albumin ex-
cretion [11, 12] and amelioration of autonomic nerve
dysfunction in patients with autonomic neuropathy
[12]. In vitro studies have confirmed that C-peptide
stimulates glucose transport in skeletal muscle and
that this effect occurs via pathways not including the
insulin receptor [13]. Moreover, in vitro and in vivo
studies suggest that C-peptide may be involved in
the feedback inhibition of insulin secretion [14, 15].

The different C-peptide effects may in part be ex-
plained by the peptide's ability to stimulate Na +,
K +-ATPase [16]. Thus, C-peptide has been shown to
stimulate Na +, K +-ATPase of renal tubule segments,
probably by activating a receptor coupled to a pertus-
sis toxin-sensitive G-protein with subsequent activa-
tion of Ca2 + -dependent intracellular signalling path-
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Summary Proinsulin C-peptide has been shown to
stimulate the activity of Na + K + ATPase of rat renal
tubule segments. Thirty-six peptides and amino acids,
corresponding to parts of the intact rat C-peptide and
suitable controls were screened for capacity to stimu-
late Na +, K +-ATPase in an attempt to determine po-
tential active sites in the C-peptide molecule. The car-
boxy-terminal tetra and penta peptides were found
to elicit 92±103% of the intact molecule's activity, and
the remaining segment, des-(27±31) C-peptide,
did not possess stimulatory activity. Peptides
from the middle C-peptide segment, however, cen-
tering around a GGPEAG sequence, stimulated

Na +, K +-ATPase activity (36±80% of the intact mol-
ecule's effect) but this effect was not balanced by cor-
responding inactivity of other parts. Furthermore, it
was paralleled by activity of a non-native dipeptide
d-form. It is concluded that the latter effect and that
of the middle segment may represent complex inter-
actions other than the apparently specific effects of
the C-terminal segment. [Diabetologia (1998) 41:
287±291]
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ways. The stimulatory effect of C-peptide was mark-
edly enhanced in the presence of neuropeptide Y
[16]. The above findings are in agreement with previ-
ous observations indicating the presence of C-peptide
receptors in cultured beta cells [17].

Rat C-peptide constitutes a 31-residue segment of
proinsulin. It is not known which part(s) of the mole-
cule possess biological activity. Consequently, the
present study was undertaken to examine potential
active sites of the C-peptide molecule by studying
the stimulatory effect of different C-peptide frag-
ments on the Na +, K +-ATPase activity of rat proxi-
mal tubule segments.

Materials and methods

Animals. Male Sprague-Dawley rats (ALAB, Sollentuna, Swe-
den), aged 40±45 days and weighing 150±200 g, were used.

Preparation of proximal convoluted tubule segments. Tubular
segments were obtained from collagenase-perfused rat kidneys
[18]. Tubules were stored on ice until dissection was complet-
ed, maximally for 30 min.

Incubation of tubules with peptides and/or drugs. The tubule
segments were incubated for 30 min at room temperature in
1 ml microdissection solution alone (control tubules) or in 1 ml
microdissection solution containing one of the C-peptide frag-
ments. The ratio of cell volume to buffer volume was approxi-
mately 1:1000.

Determination of Na + ,K + -ATPase activity. The preincubation
period was stopped by reduction of the temperature of the tu-
bular segments to 4 °C. The segments were then made perme-
able by hypotonic shock, freezing and thawing, to allow la-
belled ATP to enter the cells and to change the cellular sodium
concentration [18]. The 32P-phosphate liberated by hydrolysis
of ATP was separated by filtration through a Millipore filter
(Millipore Corp, Bedford, MA, USA) after absorption of the
unhydrolysed nucleotide on activated charcoal and radioactiv-
ity was determined in a liquid scintillation counter.

In each study, total ATPase activity and ouabain-insensi-
tive ATPase activity were measured on 6 to 10 different tubule
segments. This procedure was repeated on tubules from at
least three animals. Na + ,K + -ATPase activity (pmol 32Pi hy-
drolysed per mm tubule per h) was then calculated as the dif-
ference between the mean value for total ATPase and the oua-
bain-insensitive ATPase activity, and expressed either as abso-
lute values or as percentage above the corresponding control
measurement.

Peptides. Synthetic rat C-peptide (1 and 2), randomly scram-
bled C-peptide 1, C-peptide fragments containing 2±26 amino
acid residues, and control peptides were obtained from Ferring
AB (MalmoÈ, Sweden), Sigma Chemical Company (St Louis,
MI, USA) or synthesized as described [19]. The scrambled C-
peptide had the same composition as the native peptide but
with the residues in random order. The purity of all peptides,
established by HPLC or capillary electrophoresis [20], was
greater than 99 %.

Preparation of purified Na + ,K + -ATPase. Purified Na + ,K + -
ATPase from proximal convoluted tubular cells was prepared

for control studies after selective removal of membrane com-
ponents by sodium dodecyl-sulphate [21]. The enzyme prepa-
ration was incubated with C-peptide or different fragments,
and the Na + ,K + -ATPase activity was subsequently deter-
mined. The enzyme (2 mg) was added to 80 ml of the microdis-
section solution [18] and the peptides were added to a concen-
tration of 5 × 10±7 mol/l. Na + ,K + -ATPase activity was assayed
immediately as described above.

Statistical analysis. Values are given as mean ± SEM. Standard
statistical methods were employed using Student's t-test.

Results

Rat C-peptide 1 stimulated Na + ,K + -ATPase in renal
tubular segments as described previously [16]. The ef-
fect of C-peptide 2 tended to be slightly greater than
that of C-peptide 1 but the difference did not attain
statistical significance. The combined results with the
C-peptide fragments indicate the presence of a distinct
active site in the C-terminal region of the molecule
(Fig.1). In addition, fragments from the middle seg-
ment exerted a significant stimulatory effect but the
nature of this effect was less distinctive than that of
the C-terminal fragments, as discussed below.

The C-terminal tetra- and penta-peptides possess
92 and 103%, respectively, of the intact molecule's
activity. Consistent with this finding, the remaining
des(27±31) C-peptide showed no stimulatory effect
(Fig.1). The human C-terminal pentapeptide (EG-
SLQ), in which two of five residues are identical to
those of the rat peptide fragment (EVARQ), also
elicited stimulation of Na + ,K + -ATPase, correspond-
ing to 75% of the intact molecule's activity (rat C-
peptide 1, Table 1).

In addition, non-terminal segments centering on
the mid-third portion exhibited 35±80% of the stimu-
latory activity of the entire molecule, while longer or
slightly shorter fragments showed a similar stimulato-
ry capacity (Fig.1). However, the glycine di- and trip-
eptide sequences of the mid-portion fragment stimu-
lated Na + ,K + -ATPase activity only slightly, and the
non-native di-, tri-, tetra- or pentapeptides with ala-
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Fig.1. Stimulation of Na + ,K + -ATPase activity by C-peptide
fragments. The amino acid sequence of rat C-peptide 1 is indi-
cated. Numbers denote the percentage of the entire molecule's
stimulating activity that is retained by the fragments. All pep-
tides were tested at 5 × 10±7 mol/l



nine had no measurable effect (Table 1). In addition,
the dipeptide l-LG had little or no stimulatory capac-
ity. In spite of this, d-LG stimulated Na + ,K + -ATPase
to 72% of the effect of the intact molecule (Table 1).
d,l-LG showed 63% activity, as did the mixture of l-
LG and d-LG (Table 1). AcLG showed no detectable
effect. Likewise, individual amino acids (G, L) or the
acetylated derivatives, AcG, AcE and AcQ were al-
most without effect. Overall this activity from frag-
ments of the mid-third segment shows three distinc-
tions from that of the C-terminal fragment: 1) the
mid-third fragment activities are not balanced by
lack of activity of the des-mid fragments; 2) the mid-
third fragments appear to be also active with non-na-
tive configurations, like d-peptides; and 3) they are
less active than the C-terminal segments, even though
the differences are not great.

The possibility that the C-peptide or its fragments
might exert a direct stimulation of Na + ,K + -ATPase
as distinct from a membrane-mediated intracellular
activation was examined. A purified preparation of
Na + ,K + -ATPase was incubated with C-peptide 1,
EVARQ, ELGGGPEAG, d-LG and l-LG. No mea-
surable activation was found with any of these pep-
tides, demonstrating that the effect is not likely to be
exerted on the ATPase directly, but indirectly and
presumably via a receptor.

Discussion

We measured the extent of stimulation of Na + ,K + -
ATPase in renal tubular segments, a well-established
model for the study of Na + ,K + -ATPase activity
[18]. Measurements were made after preincubation
with different C-peptide derivatives, including the in-
tact rat C-peptides 1 and 2, and a scrambled C-pep-
tide 1. In addition, free and acetylated amino acids
were studied. Half-maximal activation of Na +, K +-
ATPase by 5 × 10±7 mol/l C-peptide has been observed
previously [16]. Consequently, this concentration was
used for all peptides and amino acids in the present
study even though it represents a pharmacological
rather than physiological concentration. The results,
given in Table 1 and summarized in Figure 1, present
a consistent picture by showing full activity of the rat
C-peptides 1 and 2, and complete absence of effect
of the scrambled C-peptide 1. These results with the
full-size peptides confirm and extend those obtained
previously with the intact C-peptide [16] and estab-
lish the reproducibility of the enzyme measurements.
Thus established, two novel effects become apparent.
One is that two segments of the C-peptide appear to
be of special functional importance, the C-terminal
segment and a mid-third segment. The other is that
these segments differ in activity with only the C-ter-
minal segment being capable of consistently replac-
ing the entire molecule.

Thus, regarding the C-terminal segment, almost
the entire C-peptide effect was reproduced by 4±5-
residue C-terminal segments, which elicited 92±
103% of the effect of the intact C-peptide (Table 1).
Consistent with this finding is the observation that
the remainder of the molecule, the des-(27±31) C-
peptide, was almost inactive (Table 1). This finding is
of particular interest since des-(27±31) C-peptide is
secreted from rat pancreatic beta-cells and may ac-
count for as much as 10% of the rat beta cell secreto-
ry granules [22]. As indicated in Table 1, the human
C-terminal pentapeptide (EVARQ) also exhibits an
effect. Although different, the human peptide has
two residues, positioned at both terminals, that are
identical with the rat form. Considering these sets of
peptides, it appears as if the major part of functional
importance in the C-peptide stimulation of Na + ,K + -
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Table 1. Summary of the effects of intact C-peptide, C-peptide
fragments, constituent amino acids and controls on Na+, K+-
ATPase activity of renal tubule cells

Peptides and amino acids,
5 × 10±7mol/l

Na+, K+-ATPase activity

% above basal % of
C-peptide 1

Rat C-peptide 1 44.9 ± 1.8 100
Rat C-peptide 2 51.4 ± 2.5 114
Randomly scrambled C-peptide 1 0.9 ± 1.3 2
G 0.1 ± 2.8 0
L 0.6 ± 0.8 1
ELG 1.2 ± 2.0 3
ELGG 16.3 ± 1.6 36
ELGGG 16.1 ± 0.6 36
ELGGGP 20.5 ± 0.8 46
ELGGGPEAG 36.1 ± 0.9 80
ELGGGPEAGDLQ 33.9 ± 3.9 76
ELGGGPEAGDLQTLALE 34.8 ± 7.7 78
EVED 1.7 ± 2.3 4
LAL 15.8 ± 2.2 35
GPE 0.6 ± 2.7 1
EVARQ 46.3 ± 1.1 103
VARQ 41.3 ± 3.6 92
EGSLQ 33.6 ± 2.9 75
Des-(27±31) C-peptide 1 1.0 ± 2.8 2
GG 7.0 ± 2.8 16
GGG 5.9 ± 3.8 13
AA ±1.8 ± 1.6 0
AAA 0.3 ± 3.2 1
AAAA 0.1 ± 1.5 0
AAAAA 0.7 ± 2.6 1
l-GL 4.1 ± 1.9 9
d-GL ±1.2 ± 1.1 0
l-LG 0.5 ± 1.2 1
d-LG 32.3 ± 4.0 72
d, l-LG 28.3 ± 0.9 63
l-LG + d-LG (1 : 1) 28.4 ± 0.4 63
AcG 2.6 ± 2.1 6
AcLG 0.6 ± 3.3 1
AcQ 1.2 ± 1.4 3
AcE 2.7 ± 3.2 6
SF 2.9 ± 3.5 6

Means ± SEM are given. Each data point represents the aver-
age value of 18±30 measurements on 6±10 tubule segments
from three different rats



ATPase [16] is the C-terminal segment. The present
finding of a considerable activity in the C-terminal
segment of the molecule, although novel regarding
the C-peptide, resembles that noticed with many oth-
er biologically active peptides. Thus, peptides fre-
quently have defined functional sites, corresponding
to small segments which interact with receptors or
other proteins. Specifically, both gastrin and CCK
show active sites involving C-terminal pentapeptides
[23, 24].

A more complex finding is that a mid-segment of
the C-peptide also elicits considerable effects (Ta-
ble 1, Fig.1). In this case, however, the interpretation
is not as straightforward; the activity is present in sev-
eral segments from the middle part of the C-peptide
and it is not balanced by corresponding inactive seg-
ments. In addition, non-natural, d-amino acid con-
taining peptides are also active. The prerequisite for
this activity appears to be at least one (if d-peptide)
or two (if l-peptide) of the central tri-glycine resi-
dues. However, the activity has three further abnor-
malities. One is that this activity, although quite ex-
tensive, is never as pronounced as that from the C-
terminal segment (Fig.1). Another is that the activity
is absent with the whole des-(27±31) C-peptide (Ta-
ble 1). Thus, it appears as if parts of the central seg-
ment only in special combinations give effects in our
enzyme assay, apparently with an optimum for a less
than 10-residue segment containing the central Gly-
sequence, but decreasing in effect when longer por-
tions from either the N- or C-terminal regions are in-
cluded (Fig.1). This is not typical of single-receptor
interactions and is therefore concluded to reflect a
complex pattern of several or indirect effects. Finally,
in tests of this middle segment with dipeptides and
free amino acids, corresponding to the constituents
of this region, we found that the free amino acids
have essentially no effect on the enzyme system, the
tripeptide Gly-Gly-Gly possesses only a limited ef-
fect, and that the d-form of the dipeptide Leu-Gly
(d-LG) has a considerable effect, while the l-form
(l-LG) is inactive (Table 1). This differential dipep-
tide effect is reproducible and observed with the pep-
tides prepared in different ways. Thus, the d,l-mix-
ture, both when prepared from the separately synthe-
sized d and l dipeptides, and from the racemic mix-
ture synthesized as such, gave identical and lower val-
ues than the d-form (Table 1). In conclusion, it ap-
pears as if a central portion of the C-peptide has a
considerable but not complete effect and that the ef-
fect is noticeable both in native forms and in non-na-
tive d-isomers of C-peptide segments. The d-form ac-
tivity is reminiscent of that recently reported in an-
other study [25].

Taken together, it is clear that at least two effects
are observed in the Na + ,K + -ATPase activation by
C-peptide segments. One is a demonstration that the
major effect can be obtained by a C-terminal penta/

tetra-segment (Fig.1). This activity is close to fully re-
placing that of the whole C-peptide and is consistent
with the absence of activity in the 26-residue N-termi-
nal remainder of the molecule (Fig.1). It is concluded
that the C-peptide effect, previously observed on
Na + ,K + -ATPase activation may be reproduced by
just the C-terminal penta/tetra-peptide, in a manner
similar to that of functional segments of bioactive
peptides in general [23, 24], most likely reflecting a
receptor binding. This finding suggests a possibility
of further tests of C-peptide effects by replacements
with this short segment only. The other effect(s), in-
volving the central Gly-region, are less well-defined
and have inconsistent properties. Thus, longer seg-
ments do not give similar effects (including absence
of effect of the whole segment 1±26) and a d-dipep-
tide mimicks much of the activity. The enzyme assay
of the Na + ,K + -ATPase activation is complex, in-
volving whole cell preparations and a membrane-
bound enzyme. In addition, the effect of the Gly-pep-
tides and of the d-form may suggest interactions with
parts of the segment lacking secondary structure ele-
ments. Therefore, this second type of activity is con-
cluded to represent complex interactions not ascribed
to specific C-peptide effects. Instead, it resembles the
effects recently described for human C-peptide on
vascular and neural dysfunction in diabetic rats [25].
The latter finding and the present results agree and
suggest that fragments from the midportion, as well
as those containing d-amino acids (enantio) C-pep-
tide segments, elicit effects.

In conclusion, using a complex enzyme assay with
Na + ,K + -ATPase activation in cell preparations, we
find that much of the bioactivity previously ascribed
to the intact proinsulin C-peptide can be ascribed to
the C-terminal tetra/penta-peptide fragment, with
the remainder of the molecule showing as a negative
control, and that a central part exhibits a different
bioactivity, possibly representing another type of in-
teraction.
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