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Abstract. Myotropic neuropeptides were isolated from the retrocerebral complex of the stick insect, Carausius morosus, by using
three HPLC steps. Bioactivity during purification was measured by heterologous bioassays monitoring the contractions of the hyper-
neural muscle and hindgut of the American cockroach. Additionally, fractions not active in these bioassays were tested in a homolo-
gous bioassay evoking contractions of the hindgut of C. morosus. Peptide sequence analysis and mass spectrometry yielded the
following structures: Pro-Phe-Cys-Asn-Ala-Phe-Thr-Gly-Cys-NH, (CCAP), pGlu-Thr-Phe-Gln-Tyr-Ser-His-Gly-Trp-Thr-Asn-NH;
(His’-corazonin) and Asp-Glu-Gly-Gly-Thr-GIn-Tyr-Thr-Pro-Arg-Leu-NH, (Cam-PK-1). These neuropeptides are the first myotrop-
ins isolated from C. morosus. The most bioactive compound in the homologous bioassay, the C. morosus-hindgut assay, was CCAP.

INTRODUCTION

Myotropic neuropeptides of insects are substances
which influence the activity of visceral muscles in an in
vitro assay. Although most of these peptides also have
other functions, the visceral muscle assay was initially
used to detect such bioactive substances during
purification from crude extracts. The myotropins of two
groups of hemimetabolous insects have been thoroughly
investigated: locusts (see Schoofs et al, 1993) and
cockroaches (see Veenstra, 1989a,b; Holman et al,
1991a; Predel et al., 1995, 1997a,b, 1998a,b). To date, the
following neuropeptide families are known from these
insects to have stimulatory effects on visceral muscles:
proctolin, insect kinins, sulfakinins, pyrokinins,
tachykinin-like peptides and CCAP (not found in
cockroaches yet) (for structures see Gade, 1997). All of
these peptides are active on the cockroach hindgut, the
system which was used for the detection of the majority
of insect myotropins (Holman et al, 1991b). The
introduction of other visceral muscle assays, such as the
heart and hyperneural muscle, led to the isolation of
further myoactive substances which are not active on the
hindgut. These include corazonin (Veenstra, 1989a) and
the periviscerokinins (Predel et al., 1995, 1998a).

In the present paper we report the isolation of the first
myotropic neuropeptides from the stick insect, Carausius
morosus. For this purpose we used an extract of 900 cor-
pora cardiaca/corpora allata (CC/CA) complexes that
were initially prepared for the isolation of the glycosy-
lated and non-glycosylated hypertrehalosaemic decapep-

tides residing in the CC of C. morosus (see Géde et al.,
1992). For comparative aspects, we used the same bioas-
says we had developed previously for the isolation of my-
otropins from the CC/CA of the American cockroach,
Periplaneta americana (L.): the hyperneural muscle and
hindgut of P. americana. Additionally, all fractions which
were inactive in both assay systems, were tested on the
hindgut of the stick insect.

MATERIAL AND METHODS

Insects

Stick insects, Carausius morosus (Brunner), were collected
and reared in Cape Town/RSA as described previously (Gide et
al., 1997). Cockroaches, Periplaneta americana (L.), were
reared under a 12 L : 12 D photoperiod at a constant tempera-
ture of about 28°C.

Visceral muscle bioassays

The assays using the isolated hyperneural muscle and hindgut
of the American cockroach as well as the hindgut of the stick in-
sect were performed as previously described by Predel et al.
(1994). Briefly, the isolated visceral muscles were fixed in a
vertical chamber, containing only 100 ul saline in this study,
and continuously rinsed from below. Contractions were re-
corded photoelectrically by an isotonic transducer.

Extraction and purification of the peptides

The CC/CA of about 900 stick insects were dissected into
80% methanol and stored at =50°C in Eppendorf tubes. Glands
were extracted as described previously (Gade et al., 1992); run
in 8 batches on RP-HPLC, the two AKH/RPCH-family de-
capeptides were collected and the rest was dried and used for
this study. Four batches containing each about 225 CC/CA were
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sonicated in 200 pl of methanol/water/trifluoroacetic acid
(90/9/1, v/viv) solution. After centrifugation, the pellets were
subjected to two further extraction cycles. The collected super-
natants were pooled and evaporated to dryness. Peptide purifica-
tion was performed on a HPLC-system consisting of two Model
302 piston pumps, a manometric module 802, a model 811 mix-
ing chamber (all Gilson, Inc.) and a LKB 2151 variable wave-
length detector set at 214 nm. All separations were carried out
on RP-Cys columns (250 mm x 4.6 mm, 100 A, 5 um). The op-
erating conditions for the HPLC-columns were as follows: Step
1: Alphasil 5Cis (HPLC-Technology Ltd, Cheshire, UK). Sol-
vent A: 0.11% trifluoroacetic acid (TFA) in water. Solvent B:
60% acetonitrile, containing 0.1% TFA. Conditions: 10—40% B
over 15 min, then 40-50% B over 15 min, finally 50-90% B
over 20 min. Flow rate: 0.7 ml/min. Step 2: Alphasil 5C;s Sol-
vent A: 0.11 % heptafluorobutyric acid (HFBA) in water. Sol-
vent B: 60% acetonitrile, containing 0.1% HFBA. Conditions:
25-70% B over 60 min. Flow rate: 1 ml/min. Step 3: Nucleosil
100 Cy;3 (Bischoff Analysentechnik GmbH, Leonberg,
Germany). Solvent A: 0.055% TFA in water. Solvent B: 60%
acetonitrile, containing 0.05% TFA. Conditions: 20-60% B over
40 min. Flow rate: 1 ml/min. After the first HPLC run the corre-
sponding biologically active fractions were pooled and the com-
bined material used for the next purification step.
Enzymatic deblocking

About 20 pmol of native substance was dissolved in 25 pl
buffer, containing 100 mM Na,HPO,, 10 mM ethylenediamine-
tetraacetic acid (EDTA), 5 mM dithiothreitol (DTT), glycerol
(5% v/v) and 0.5 units pyroglutamate aminopeptidase (Sigma).
Following incubation for 20 min (37°C), 25 ul 0.05% TFA in
acetonitrile/water (20/80, v/v) was added to stop the reaction.

Subsequently the sample was fractionated under conditions de-
scribed for HPLC-step 3 (see above).

Amino acid sequence analysis

The active peaks from the final HPLC-separations were
loaded onto a polybrene coated glass fibre filter and sequenced
by automated Edman degradation using a model 477A sequena-
tor connected to model 120A on-line PTH-analyzer (Applied
Biosystems, Weiterstadt, Germany). Sequencing and PTH
analysis were carried out with standard programmes.

Mass spectrometry

Mass analyses were performed with a Kratos Kompact
MALDI II Pulsed Extraction instrument (Shimadzu, Duisburg,
Germany). The matrix was a methanolic solution of alpha-

cyano-4-hydroxycinnamic acid. All observed spectra repre-
sented the average masses in the positive mode.

RESULTS

An extract of 900 CC/CA was originally chromatogra-
phed to purify the two hypertrehalosaemic peptides from
C. morosus (see Gide et al., 1992). All fractions, not con-
taining hypertrehalosaemic peptides, were pooled and
dried. This extract was re-chromatographed in 4 batches
on the Alphasil 5C;s column with TFA as organic modi-
fier (Fig. 1). The resulting fractions between 17 and 40
min were collected by UV peaks, aliquots representing 10
CC/CA equivalents were subsequently tested in the cock-
roach hyperneural muscle and hindgut assays. Addition-
ally, fractions without bioactivity on both systems were
tested in the Carausius-hindgut assay. Four fractions, la-
belled 2, 5, 6 and 12 in Fig. 1, showed strong myoactivity
and were selected for further purification. The chosen
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Fig. 1. Initial purification of an extract of 900 CC/CA of C.
morosus (4 batches with 225 organs, respectively) on a RP-Cig
Alphasil column with 0.1% TFA as organic modifier. Peaks
were collected manually and aliquots were tested in the different
muscle bioassays. Active fractions are numbered. AUFS, ab-
sorption units full scale, at 214 nm.

fractions were separated on the Alphasil 5Cis column
with HFBA as ion-pairing reagent. A number of fractions
which stimulated visceral muscle activity were detected
(not shown). Only those fractions which were strongly
bioactive in one of the bioassays and contained sufficient
material for structural analysis were purified to homoge-
neity on a Nucleosil column. This final purification step
was developed with a lower concentration of ion-pairing
reagent (TFA) in the mobile phase than in step 1 and re-
sulted in four biological active fractions.

The most abundant myotropin, resulting from purifica-
tion of fraction 5 (HPLC-step 1, see Fig. 1), was only ac-
tive on the hyperneural muscle. An aliquot of this
substance (about 20 pmol) was incubated with pyrogluta-
mate aminopeptidase. Rechromatography thereafter re-
sulted in a significantly different retention time (more
hydrophilic), indicating the loss of pyroglutamate. Subse-
quently, most of the remaining sample (about 1 nmol after
three HPLC-steps) was deblocked and subjected to se-
quence analysis which gave the primary structural data of
(pGlu)-Thr-Phe-Gln-Tyr-Ser-His-Gly-Trp-Thr-Asn. This
was interpreted as being the structure of His’-corazonin
(Veenstra, 1991). Mass spectrometric analysis of the re-
maining material confirmed the sequencing data obtained
for this peptide (Fig. 2).
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Fig. 2. MALDI-TOF mass spectrum of the natural purified
His’-corazonin (averaged mass).
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Fig. 3. Response of a hindgut preparation of C. morosus to
synthetic CCAP (10=° M). The application lasted about six min-
utes. Native CCAP was the only highly effective compound (in
this homologous bioassay) which has been found in an extract
from the retrocerebral complex of the stick insect.

The other bioactive substances were purified in
amounts much less than His’-corazonin (between 40-100
pmol after three HPLC-steps). Mass spectral analysis
yielded the following [M+H]" ions: 901.4, 956.8 and
1236.0. Substances with masses [M] of about 900.4 Da
and 1235.0 Da were active in all biossays used. Whereas
the substance with a mass of 955.8 Da did not stimulate
the hyperneural muscle, it was the only one with a high
potency on the Carausius hindgut (see Fig. 3).

Incubation of the 900.4 Da and 955.8 Da substances
with pyroglutamate aminopeptidase and subsequent chro-
matography revealed that the latter substance was not N-
terminally blocked by pGlu and that the former substance
was completely destroyed in the procedure, an indication
of the occurrence of an unspecific cleavage site of the en-
zyme. Thereafter, the remainder of the peptides were sub-
jected to sequence analysis. The peptide with a molecular
weight of about 900.4 Da probably contained pGlu since
it gave no signals in the sequencing cycles. The peptide
with a molecular weight of 955.8 Da was sequenced as
Pro-Phe-Xxx-Asn-Ala-Phe-Thr-Gly-Xxx, a structure
identical to the crustacean cardioactive peptide (CCAP)
(Stangier et al., 1987) when replacing the Xxx-positions
with Cys which is not detectable during Edman degrada-
tion. Sequencing of the 1235.0 Da peptide yielded the fol-
lowing structure:  Asp-Glu-Gly-Gly-Thr-Gin-Tyr-Thr-
Pro-Arg-Leu. It is a new member of the pyrokinin-family,
code-named Cam-PK-1; all members of this peptide-
family contain a N-terminal amidation which is in agree-
ment with the mass data we obtained for this peptide (see
above).

DISCUSSION

We have successfully isolated and identified the first
myotropic neuropeptides from the stick insect, Carausius
morosus. The occurrence of these peptides in the retro-
cerebral complex suggests a role as hormones. The most
abundant myotropin identified was His’-corazonin, earlier
described from Schistocerca gregaria (Veenstra, 1991).
The yields obtained from 900 CC/CA were comparable
with those from 800 CC/CA of the American cockroach,

Periplaneta americana, as revealed during the purifica-
tion of pyrokinins from this cockroach species (Predel et
al., 1997a). Corazonin-peptides appear to be widely dis-
tributed in insects, always occurring in a single isoform
(Veenstra, 1989a, 1991, 1994). Their conservative struc-
ture with merely one known amino acid replacement (Arg
or His at position 7) suggests that not only the C-terminus
is essential for biological activity, as is the case for most
of the other insect myotropic peptides (for review see
Giide, 1997). It has to be noted, however, that no biologi-
cal function is yet known for corazonins, with the excep-
tion of their putative role in regulation of visceral muscles
of P. americana. Even other species of cockroaches
showed no sensitivity to corazonin when their hyperneu-
ral muscle was used as bioassay (Predel et al., 1994). So,
the common function of this peptide remains unclear*.

Other myotropic substances were present in amounts
ten-fold less than those of His’-corazonin. Among these
peptides, CCAP was the most active compound in a ho-
mologous assay, the hindgut assay of C. morosus. This
peptide, originally found in crustaceans (Stangier et al.,
1987), has been isolated from different insects and the
myoactivity is well documented (Stangier et al., 1989;
Cheung et al., 1992; Furuya et al., 1993; Lehman et al.,
1993). Moreover, CCAP seems to be involved in the ec-
dysis behavior, at least in moths (Gammie & Truman,
1997). In locusts, it was recently found that CCAP could
also have functions within the retrocerebral complex
itself. Here, a function as adipokinetic hormone release-
inducing factor is discussed (Veelaert et al., 1997; Flani-
gan & Gide, 1999).

The third peptide which was identified belongs to the
pyrokinin-family (Holman et al., 1986). Cam-PK-1 is the
second pyrokinin-isoform in insects with a replacement of
Phe by Tyr in the active core. It was shown earlier that
such a replacement is not critical for myoactivity (Nach-
man et al., 1986; Predel et al., 1999). A fourth, highly
myoactive, substance with a molecular weight of about
900.4 Da was not successfully sequenced during this
study. It is likely that this substance also belongs to the
pyrokinins because of its bioactivity in all visceral muscle
bioassays used. This can be deduced from previous ex-
periments which clearly showed that the hyperneural
muscle of P. americana is not sensitive to peptides of the
kinin- and sulfakinin-families (Predel et al., 1997a,b).
These are additional myotropic peptides known to be
stored in the retrocerebral complex of insects (see Géde,
1997).

It is interesting and revealing to compare the present re-
sults on the presence of myotropic neuropeptides in the
retrocerebral complex of the stick insect with previous re-
sults generated for the American cockroach using similar
bioassays (see Predel et al., 1997a,b, 1999, in prep.). Only
a few myotropic neuropeptides were found in the corpus
cardiacum of the stick insect, but at least 15 in the Ameri-
can cockroach. No member of the kinin and sulfakinin
family has been detected in the stick insect CC, whereas

* In a recent paper (Tawlik et al., 1999) His’-corazonin was described as dark-color-inducing neuropeptide in locusts.
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these are the most abundant myotropic neuropeptides (to-
gether with corazonin) in the American cockroach CC.
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