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The C-peptide of Locusta insulin-related peptide, which is a 50 residue peptide originally isolated from the corpora cardiaca of the insect Locusta
migratoria and to which we refer as 5-kDa peptide. has been synthesised chemically by the solid-phase method. using a BOC strategy. Since this
peptide contains in its sequence a potential monobasic cleavage site, we also synthesised its 1-38 residue-related fragment, named 4-kDa peptide,
although we have no hints of its natural occurrence in the corpora cardiaca. Electrophysiological studies have shown that both the 5-kDa and 4-kDa
peptides depolarise the membrane and increase the membrane conductance of neurones freshly isolated from the thoracic ganglia of Locusra. Under
voltage-clamp conditions, the current underlying these effects was inwardly directed and could be resolved into 2 components. One component,
I(5-kDa},, activated at potentials more hyperpolarised than —50 mV, peaked at about —75 mV and was blocked by the potassium channel blockers
cesium and rubidium. The second component, I(5-kDa), was activated at potentials more depolarised than -50 mV, increased with depolarisation
and was not blocked by cesium and rubidium. The effects of the 5-kDa and 4-kDa peptides on the membrane potential and membrane conductance
of Locusta neurones suggest that thesc peptides may have a physiological role in the central nervous system of insects.

Neuropeptide: lonic current: Insulin peptide: C-Peptide

1. INTRODUCTION

Recently, we reported the isolation and structure elu-
cidation of a 5-kDa peptide from the neurohaemal lobes
of the corpora cardiaca of the insect Locusta migratoria
[1]. Comparison of its sequence with protein data banks
revealed no significant similarity with other known pep-
tides. This 50-residue neuropeptide is remarkable by its
high content in alanine residues (25%) and the presence
of a stretch of 5 consecutive alanines. Isolation and
nucleotide sequencing of cDNAs obtained using 5-kDa
peptide-oligonucleotide probes led to the discovery of
a novel member of the superfamily of insulin, namely
the Locusta insulin-related peptide [2]. In the cDNAs.
the sequence encoding for the 5-kDa peptide is flanked
by regions homologous to the A and B chains of the
insulins of vertebrates [2]. Therefore, the 5-kDa peptide
may correspond to the C-peptide or connecting peptide
of the Locusta insulin-related peptide, although it does
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not share any significant amino acid sequence homol-
ogy with the C-peptides of the insulins; this is not
surprising, considering that the sequences of the C-pep-
tides have not been well conserved throughout evolu-
tion.

In an attempt to find out the possible physiological
actions of the 5-kDa peptide we have investigated its
effects on neurones isolated from the thoracic ganglia
of adult Lacusta. Since this type of study requires large
quantitities of peptide, we have synthesised the 5-kDa
peptide chemically using the solid-phase method. We
have also synthesised a 4-kDa fragment of the 5-kDa
peptide. In the present paper, we show that the synthetic
5-kDa and its 4-kDa related fragment affect the mem-
brane potential and membrane conductance of Locusta
neurons in vitro, thus suggesting that they may have a
physiological function in the central nervous system of
this insect. This constitutes, to our knowledge, the first
report about a biological effect for a C-peptide of insu-
lin, since, in spite of many attempts, no role beyond
correct disulfide bond formation in pro-insulin has been
ascribed to the C-peptides of insulins.

2. MATERIALS AND METHODS
2,

1. Symihesis
5-kDa and 4-kDa peptides were synthesised using the solid-phase
method of Moerrifield [3]. The syntheses were performed manually in
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a glass reaction vessel. as described by Plaue and Briand [4]). Amino
acids were coupled as Boc derivatives (Neosystem Laboratories). Side
chain protecting groups were used as follows: benzyl, (Ser.Thr), p-
toluenesulfonyl (Arg). 2.6-dichloroiienzyl (Tyr). cyclohexyl (Glu,
Asp), formyl (Trp) and xanthenyl (Asn). BocVal-PAM resin (0.2 mM)
and Boc-Ala-PAM resin (0.2 mM) (Applied Biosystems) were used as
starting material for the 5-kDa and 4-kDa peptidcs, respectively. Re-
sins were allowed to swell in DCM for 5 min and then washed three
times with DCM. The assembly of the peptide chain was then carried
out using the procedure summarised in Table I. Briefly. BOP (Neosy-
stem Laboratories) was used as the coupling agent [5}, and Boc amino
acids were added dissolved in 25% DMF/DCM (v/v). After 15 min
coupling, NMP was added to the reaction vessel. Levels of residual
free amino groups on the resin were assessed using a qualitative ninhy-
drin test [6]. When necessary a double or triple coupling was per-
formed and. if the coupling were still incomplete. the unreacted chains
were blocked irreversibly by acetylation. To remove the formyl protec-
ting group of the Trp residue. peptide resins were treated with piperi-
dine in DMF. The standard HF procedurc was then carried out to
remove the other side chain protecting groups and to cleave the pep-
tides from the resins.

2.2, Purification of synthetic peptides

The crude synthetic peptides were dissolved in 90% 10% formic
acid/water and prepurified on a Fractogel TSK HW-40 (F) (Merck)
gel permeation column that had been equilibrated in 10% acetic acid.
Fractions containing the required peptides were pooled. lyophilized
overnight. redissolved in 0.1% TFA and purified by reverse-phase
HPLC on a Waters liquid chromatograph. Absorbance was monito-
red at 225 nm. A Cy Aquapore column (0.7 x 25 cm). packed with 7
{m wide pore (30 nm) particles, was used. Elution was performed at
a flow rate of 2 ml/min, using a stepwise gradient over 44 min from
15% CH,CN/0.1% TFA-60% CH,CN/0.1% TFA. Semi-preparative
runs, 2 mg per run, yielded pure 5-kDa and 4-kDa peptides. Finally,
fractions containing pure peptides were pooled. checked for purity
(purity ca. 98% ) on a C18 Vydac column (0.46 x 25 cm) and lyophi-
lised.

2.3. Amino acid analysis

5-kDa and 4-kDa peptides (approx. 20 nM) were hydrolysed in
constant-boiling 6 M HCI, under argon atmosphere, at 120°C for 24
h. After hydrolysis, amino acids were converted to their phenylthio-
carbamoyl derivatives using phenylthioisocyanate as described by the
Waters Picotag manual. The derivatives were then identified by re-
versed-phase HPLC on a Merck Supersher column (0.4 x 11.9 cm) at
45°C, using a gradicnt in the range 6-50% acetonitrile.

2.4. FAB muss spectrometry

FAB mass spectrometry was cartied out in the positive mode. using
a VG Analytical ZAB-SEQ instrument, at the Service Central d’Ana-
lyse, CNRS. Vernaison (France).

2.5. Electrophysiology

Experiments were performed on freshly dissociated neuronal so-
mata prepared from the thoracic ganglia of adult Locusta migratoria
[7]. The isolated cell bodies were maintained for periods of 2-8 h in
physiological saline of the following composition: NaCl 180 mM, KC!
10 mM, CaCl,. 10 mM. MgCl, 15 mM, HEPES 10 mM, pH 6.8.

Conventional single-clectrode techniques were employcd to obtain
current- or voltage-clamp recordings. Thin-walled glass intracellular
microelectrodes, of 10-15 M2 resistance, were back-filled with 1| M
KCi solution. 5-kDa and 4-kDa (107" M to 10* M) werc applied to
the cells by pressure ejection from a micropipette positioned 5-10 4m
from the impaled somata. To evaluate the effect of the pressure-
applied peptides on membrane potential and membrane resistance,
hyperpolarising rectangular pulses of current were injected into the
impaled neuron during current-clamp recordings. To obtain current-
voltage (I-V) curves. the ticuronal somata were voltage-clamped at
different voltages via a series of 10 mV steps, held at cach potential
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until the membrane current reached a steady level and then challenged
with a pressure pulse of 5-kDa or 4-kDa peptides. The action of
potassium channel blockers ont he 5-kDa peptide evoked responses
was investigated by determining the effect of bath-perfusing the im-
paled cells with physiological saline containing either 10 mM cesium
or S mM rubidium. In these experiments. the potassium channel
blockers were added to the bathing saline from aqueous | M stock
solutions. Experiments were performed at room temperature (22—
24°C).

3. RESULTS AND DISCUSSION

The 5-kDa peptide was synthesised manually by a
solid-phase method, using a BOC strategy and with
BOP as the coupling agent. This strategy, together with
a gel permeation/reversed-phase HPLC peptide purifi-
cation procedure, allowed us to obtain an overall yield
of approximately 7%. The purity of the final material
was shown to be approximately 98%. The identity of the
pure synthetic material. assessed by amino acid analy-
sis. showed excellent agreement with the expected one.
FAB mass spectrometry on the synthetic 5-kDa peptide
provided identical results to those obtained on the natu-
ral 5-kDa peptide [1].

The effects of the synthetic 5-kDa peptide were stud-
ied in about 60 neurones. Pressure application of 5-kDa
(1073 M: 500 ms) onto neurones voltage-clamped at
resting potentials (approximately —50 mV) evoked an
inward current. The threshold for the response was de-
termined by applying 5-kDa to the cells by bath-perfu-
sion. Bath applications of 5-kDa resulted in dose-de-
pendent increases in inward current with a threshold of
about 10* M (Fig. 1A).

To characterise the voltage-dependence of the current
elicited by the 5-kDa peptide, the neurones were vol-
tage-clamped at a series of holding potentials and the
amplitude of the 5-kDa-evoked current measured. As
illustrated in Fig. 1B; the voltage-dependence of the
current evoked by the 5-kDa peptide exhibited a com-
plex voltage-dependence, first decreasing in amplitude
between —40 to —50 mV and then increasing in am-
plitude with hyperpolarisation, reaching a peak at
around —70 mV. This complex current-voltage be-
haviour resulted from the activation of 2 distinct inward
currents, I(5- kDa), and 1(5-kDa),. These 2 currents
could be distinguished on the basis of their voltage-
dependence, sensitivity to potassium channel blockers
and kinetics (Fig. 1B; and 1Bj). Furthermore, many
neurones tested expressed only one type of 5-kDa-
evoked inward current (Figs. 2 and 3).

The first type of current, I(5-kDa),, activated at po-
tentials more hyperpolarised than ~50 mV and peaked
at —75 mV, giving a U-shaped I-V curve (Fig. 2B,C).
I(5-kDa), was inhibited by the potassium channel
blockers, Cs and Rb. As illustrated in Fig. 1B; and 1By;
exposure of the preparation to physiological saline con-
taining either 5 mM Rb or 10 mM Cs completely block-
ed I(5-kDa),. These results suggest that a potassium
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Fig. 1. 5-kDa-evoked responscs in neurones freshly isolated from the thoracic ganglia of Locusta migratoria: (A) Effect of increasing concentrations
of the 5-kDa peptide on the membrane current of Locusta neurones voltage-clamped at resting membrane potential (=50 mV). The peptide was
bath-perfused for about 2 min (beginning of bath-perfusion is indicated with arrows). Downward deflections represent inward current: (B)
Voltage-dependence and ionic mechanism of the 5-kDa-induced current in Locusta neurones; (i) The currents induced by 5-kDa peptide were
recorded at a series of holding potentials under voltage-clamp conditions. Note the complex voltage-dependence of the current; (ii) S mM rubidium
(Rb) abolished the currents evoked at potentials more hyperpolarised than —50 mV (I(5-kDa),) but only decrcased slightly the currents evoked
at potentials positive to -50 mV (I(5-kDa),). (iii) 10 mM cesium (Cs) blocked only the current activated at potentials more hyperpolarised than
—50 mV (I(5-kDa);). The current activated at potentials positive to =50 mV (1(5-kDa),) was only partially inhibited by Rb. .

current may be an important component of I(5-kDa),.
Current-clamp analysis of I(5-kDa)l, showed that I(5-
kDa), was accompanied by a depolarisation and a de-
crease in membrane resistance as indicated by a de-
crease in the amplitude of the electronic potentials resul-
ting from hyperpolarising current pulses (Fig. 2A).
These results indicate that the 5-kDa peptide opens ion
channels. In view of the sensitivity of I{5-kDa), to
potassium channel blockers it is likely that at least some
of the channels activated by the 5-kDa peptide are per-
meable to potassium ions. Typically, I(5-kDa), had a
slow time-course, the S5-kDa-evoked inward current
reaching its peak in about 20-30 s and the membrane
current returning to baseline values in 1-2 min (Fig. 2).

1(5-kDa), activated at potentials more depolarised
than —50 mV (Fig. 3B) and its time-course was faster
than that of I(5-kDa),. I(5-kDa), was also accompanied
by a depolarisation and decrease in membrane resist-
ance (Fig. 3A). As shown in Fig. 1B; and 1By. I(5-
kDa), was only slightly decreased in the presence of the
potassium channel blockers Rb and Cs, thus strongly
suggesting that potassium ions are not the predominant
charge carrier of I(5-kDa),. Although the ionic mecha-
nism of I(5-kDa), has not been fully determined, it is
worth noting that I(5-kDa), resembles an inward cur-
rent evoked by the invertebrate neuropeptide. FMRFa-
mide, in Aplysic neuron R14. This FMR Famide-evoked

current is slow, voltage-dependent, being largest be-
tween —40 to ~20 mV, and is sodium-dependent [8].

Since the 5-kDa peptide contains in its sequence a
potential monobasic cleavage site at the level of residues
39-40 (Arg-Pro), we decided to synthesise its 1-38 relat-
ed fragment. Indeed, pro-peptice mrocessing occurs
most often at pairs of basic amino acids such as Lys-
Arg, Arg-Lys and Lys-Lys [9,10]. Although monobasic
processing signals are uncommon, several examples
have been reported in which precursor cleavage occurs
at a single Arg residue [11-13). In approximately one
third of the cases in which a single basic residue is the
signal for proteolytic cleavage, a proline residue is
found either just before or just after the basic residue
[14]. Therefore, although we have no hints of its natural
occurrence in the corpora cardiaca, we synthesised the
1-38 fragment of the 5-kDa peptide to test its potential
activity. This compound is referred to as the 4-kDa
peptide.

The synthesis and purification procedures used to
obtain the 4-kDa peptide produced an overall yield of
about 5%. The observed molecular mass of the 4-kDa
fragment corresponded strictly to the calculated one
(observed M,=3899.37; calculated M,=3899.03). Pres-
sure application of the 4-kDa peptide onto the impaled
cells clicited responses that were identical to those
evoked by the 5-kDa peptide, thus indicating that this
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Fig. 2. I(5-kDa),-evoked response of locust thoracic neurones in vitro:
(A) In current-clamped ncurones. I(5-k[¥a), resulted. as illustrated, in
a depolarisation and decrease in membrane resistance as indicated in
this neurone by a decrease in the potential change in response to the
repetitive intracellular application of constant, hyperpolarising cur-
rent pulses: (B) In voltage-clamp experiments. I(5-kDa), was. as
shown, inwardly directed and activated at potentials negative to —50
mV, reaching a peak at =75 mV: (C) The current-voltage relationship
of the 5-kDa-evoked currents shown in (B).

peptide is an agonist of the S-kDa receptor (data not
shown). The threshold for this peptide was also between
1-3 x 107 M.

Our results show 2 independent actions of the peptide
5-kDa and its 1-38 synthetic fragment, the 4-kDa pep-
tide. Each action is associated with a different voltage-
dependence and ionic mechanism, thus indicating that
they are mediated by different receptors. This multipli-
city of receptors and actions are typical of the action of
neuropeptides in the CNS of invertebrates (see e.g. [8]).
The slow kinetics of the currents elicited by the 5-kDa
peptide suggests the involvement of second messengers.
Typically. second messenger systems link neuropeptide
receptors to voltage-dependent channels regulating the
excitability of neurones (see e.g. [15]). The mode of
action of the C-peptide of Locuste insulin-related pep-
tide is, therefore, similar to those caused by established
neuropeptides.

Although the response evoked by the 5-kDa peptide
and its agonist, the 4-kDa peptide. is complex. resulting
from the activation of 2 distinct inward currents, the
overall effect of these peptides consists of ion channel
opening. The activation of these channels depolarises
the membrane potential of the locust neurones. There-
fore. it is possible that the 5-kDa peptide. the C-peptide
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Fig. 3. I(5-kDa), response of locust neurones in vitro: (A) In neurons
current-clamped at —30 to =40 mV. I(5-kDa), resulted in a depolarisa-
tion and decrcase in membrane resistance as indicated by a reduction
in the potential change in responsc to the intracellular application of
hyperpolarising current pulses; (B) Voltage-dependence of 1(5-kDa),.
I(5-kDa). activated. as illustrated, only at potentials more depolarised
than -50 mV: (C) Current-voltage relationship of the I(5-kDa). re-
sponse shown in (B).

of the Locusra insulin-related peptide. may contribute
to the regulation of the excitability of locust central
neurones. This is remarkable since the C-peptide of the
insulins has been thought, up to now. to be involved
mainly in the proper folding of insulin during its proces-
sing from pro-insulin to mature insulin, and was con-
sidered to be devoid of any biological role. although it
has been shown to be released into the circulation [16]
and be present in human brain neurones [17]. It will be

Table 1

General procedure for peptide chain assembly

Deprotection of @ amine groups

1. TFA/DCM (70/30) + Ethancedithiol 0.25% I min
2. TFA/DCM (70/30) + Ethanedithiol 0.25% 15 min
Newrralization steps

3. Isopropanol 1 min
4. DCM 2 x | min
5. DMF | min

Coupling reaction

6. Boc amine acid in 25% DMF/DCM 2 eq. 30 min.
after 15 min
DIEA 6 cq.. add NMP
BOP 2 cq.
3Ix 1 min

7. DCM
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of interest to test the activity of these peptides in other
species in order to assess its generality.
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