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Continuing our studies on proctolin (Arg-Tyr-Leu-Pro-Thr) we performed the syn-
thesis and biological evaluation of 52 analogues substituted in position 2, 3, 4, and 5
of the peptide chain. The peptides were bioassayed for cardiotropic activity in vitro
on Tenebrio molitor and myotropic activity on foregut of Schistocerca gregaria.
Twenty analogues retained 20–80% of proctolin activity.

Continuing our studies on structure/func-
tion relationship of proctolin ( Konopiñska &
Rosiñski, 1999) (Arg-Tyr-Leu-Pro-Thr) we per-
formed the synthesis of four groups of ana-
logues modified in position 2, 3, 4, or 5 by nat-

ural or non-natural amino-acid residues, such
as: 1/ H-Arg-X2-Leu-Pro-Thr-OH, where X2 =
Hpa (1), Hpa(4-NO2) (2), Hpa(4-NH2) (3),
Hpa(4-N,N-Me2) (4), Phg (5), D-Phg (6),
Phg(4-NO2) (7), D-Phg(4-NO2) (8), Phg(4-NH2)
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Abbreviations: The symbols of amino acids, peptides, and their derivatives are in accordance with the
IUPAC-IUB Joint Commission on Biochemical Nomenclature Recommendation, 1983 (Eur J Biochem.;
138: 9, (1984); and J Pept Sci. 5: 465 (1999); J Pept Sci. 9: 1 (2003)).
�-Abu, �-aminobutyric acid; Boc-, t-butoxycarbonyl; BOP, benzotriazolyl-N-oxytrisdime-
thylaminophosphonium hexafluorophosphate; HOBt, hydroxybenztriazole; HPLC, high pressure liquid
chromatography; DCC, N,N'-dicyclohexylcarbodiimide; Hpa, L-homo-phenylalanine; Hpa(p-NO2), 4-ni-
tro-L-homo-phenylalanine; Hpa(p-NH2), 4-amino-L-homo-phenylalanine; Hpa(NMe2), 4-
p-N,N-dimethyl-L-phenylglycine; Me, methyl; Nva, L-norvaline; Phg, L-phenylglycine; Sar, sarcosine;
Phg(p-OH), 4-hydroxy-L-phenylglycine; D-Phg(p-OH), 4-hydroxy-D-phenylglycine; Phg(p-NO2), 4-ni-
tro-L-phenylglycine; D-Phg(p-NO2), 4-nitro-D-phenylglycine; Phg(p-NH2), 4-amino-L-phenylglycine;
D-Phg(p-NH2), 4-amino-D-phenylglycine; Phg(p-NMe2), 4-p -N,N-dimethyl-L-phenylglycine;
D-Phg(p-NMe2), 4-N,N-dimethyl-D-phenylglycine.



(9), D-Phg(4-NH2) (10), Phg(4-OH) (11),
D-Phg(4-OH) (12), Phg (4-N,N-Me2) (13),
D-Phg (4-N,N-Me2) (14); 2/H-Arg-Tyr-X3-Pro-
Thr-OH, where X3 = Ile (15), Phe (16), Lys
(17), Glu (18), Gln (19), Asn (20), Asp (21),
Nva (22), Nle (23), �-Abu (24), Arg (25), Sar
(26); 3/ H-Arg-Tyr-Leu-X4-Thr-OH, where X4 =
Phg (27), Phe (28), Ala(N-Me) (29); 4/
H-Arg-Tyr-Leu-Pro-X5-OH, where X5 = Val
(30), D-Val (31), Ile (32), D-Ile (33), Ala (34),
D-Ala (35), Ser (36), Asn (37), Gln (38), Asp
(39), Glu (40), Arg (41), D-Arg (42), Lys (43),
Gly (44); 5/ Arg-Tyr-Leu-Pro-NH(R�), where
R� = isobutyl (45), S-1-methyl-1-phenylmethyl
(46), R-1-methyl-1-phenylmethyl (47), R-2-hy-
droxy-1-methylethyl (48), S-2-hydroxy-
1-methylethyl (49), R-2-hydroxypropyl (50),
S-2-hydroxypropyl (51), 1-hydroxy-n-propyl
(52) (Table 1). In the first group of analogues
the Tyr residue in position 2 was replaced by
L-Hpa and its derivatives or by L- and D-Phg
derivatives. In contrast to native Tyr-2, Phg is
an amino acid which is deprived of the methy-
lene group between the C-� atom and the ben-
zene ring, whereas Hpa have two methylene
groups between the C-� atom and the benzene
ring. The aim of these modifications was to
explain the influence of lack of the methylene
system or presence of an additional methy-
lene group in the side chain of amino acids in
position 2 on the myotropic activity in in-
sects. Because the role of Leu in position 3
and Pro in position 4 has not been sufficiently
established in the previous investigations
(Konopiñska & Rosiñski, 1999) of the struc-
ture-biological function relationship, we per-
formed the synthesis of further proctolin ana-
logues where Leu-3 and Pro-4 were replaced
for protein or non-protein amino-acid resi-
dues. We also synthesized of proctolin ana-
logues modified in position 5 (30–52) to check
the role of the C-terminal Thr on the biologi-
cal activity in insects. In this group, Thr in po-
sition 5 was substituted with other amino ac-
ids. Especially interesting in these studies
were analogues modified in position 5 by a
residue with an isosteric structure of the side

chain relative to Thr, such as [Val5]- and
[Ile5]-proctolin as well as analogues deprived
of the carboxyl group at the C-terminal end of
proctolin. In these analogues, Thr5 was re-
placed by a series of S- and R- hydroxyamines
or phenyl amines. We also obtained ana-
logues 50 and 51, with amines isosteric to the
structure of the side chain of Thr in position
5. The purpose of these studies was to explain
the role of the C-terminal carboxyl group for
proctolin myotropic properties in insects.

MATERIALS AND METHODS

Syntheses of the peptides were carried out
by the solid-phase standard method (Kuczer
et al., 1996). All peptides were synthesized by
the classical solid-phase Boc (tert-butoxycar-
bonyl) procedure.
Chloromethylated classical Merrifield resin

containing 0.7–0.8 mmol Cl/g resin was ob-
tained by the standard caesium salt proce-
dure. The protected amino acid was coupled
to the resin with diisopropylcarbodiimide or
dicyclohexylcarbodiimide (DCC) in the pres-
ence of HOBt or BOP as coupling reagents.
The Boc-protecting group was removed by
30% CF3COOH in CH2Cl2. Peptides were re-
leased from the resin using CF3SO3H, the ni-
tro group was reduced by hydrogenation over
Pd/C as a catalyst. All free peptides were de-
salted with Amberlite CG-4B and then puri-
fied on a Sephadex G-15 column, with 5% ace-
tic acid as eluent, according to (Kuczer et al.,
1996). Final purification was carried out by
preparative HPLC on a C-18 column
(Beckman). Purity and homogeneity of the
free peptides were determined by analytical
HPLC, amino acid analysis, and optical activ-
ity. The purity of all peptides was about 100%.

All peptides were bioassayed in vitro on
semi-isolated hearts of yellow mealworm
(Tenebrio molitor) using a cardioexcitatory
test elaborated by Gäde and Rosiñski (1988).
Peptides 5–14 and 30–52 were bioassayed on
the locust (Schistocerca gregaria) foregut
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(Gray et al., 1994). Results of biological inves-
tigation are presented in Table 1.

RESULTS AND DISCUSSION

Among the proctolin analogues modified in
position 2 of the peptide chain studied for
cardiotropic activity in T. molitor only pep-
tides 1–4 retained weak 20% proctolin activ-
ity at the physiological range of concentra-
tions (10–9–10–7 M). Analogues 5–12 modi-
fied by D- or L-Phg and their derivatives were
inactive. In the myotropic test performed on

the foregut of S. gregaria, analogues modified
in position 2 of the peptide chain (5–12) were
inactive. The lack of myotropic activity of
proctolin analogues containing L- or D-phenyl-
glycine (5–12) is probably a result of the lack
of the –CH2– group in the side chain of the
Phg residue. It is probably an important ele-
ment of structure for creation of myotropic
activity in insects. In the analogues of

proctolin modified in position 2 of the peptide
chain by L-homophenylalanine or its deriva-
tives, there is a longer distance between the
side chain aromatic ring at position 2 and the
peptide chain. Thus, the presence of only one
methylene group next to the benzene ring of
the amino-acid residue at position 2 is essen-
tial for myotropic activity in insects. The
myotropic effects observed in insects depend
probably on the structural properties of the
amino-acid residue at position 2 of the
proctolin molecule. The biological activity of
proctolin analogues modified at position 3 of
the peptide chain tested (Table 1) on the

T. molitor heart showed that the presence of
hydrophobic residues in position 3 is not so
important for myotropic properties in insects
as we postulated in our earlier paper (Kono-
pińska & Rosiński, 1999). Only [Val3]-pro-
ctolin, described earlier (Konopińska &
Rosiński, 1999), and [Ile3]-proctolin (15) pre-
sented here both with a branched side chain,
retain a high cardiostimulatory activity.
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Table 1. Selected proctolin analogues with myotropic activity in insect

*nd, no data



Proctolin analogues containing hydrophobic
amino acids without a branched side chain,
such as: Phe (16), Sar (26), Nva (22), Nle (23),
and �-Abu (24) were practically inactive. On
the other hand, proctolin analogues modified
at position 3 by basic amino-acids, such as
(17) and (25), retained more than 60% of
proctolin activity. Analogues containing
acidic amino-acid residues at position 3, like
Asp (21) or Glu (18), had 70% and 30% of the
native peptide activity, respectively. The ex-
change of Thr for amines also pointed out
that the presence of the C-terminal carboxyl
group is important for the myotropic activity.
Peptides 30, 32, 34, 41, 43, 51, and 52 re-
tained about 20–60% of the proctolin activity
in T. molitor. We found that analogues 33, 30
and 32 retained about 30–60% of the
proctolin-like activity in the myotropic test on
the foregut of S. gregaria whereas peptides 34
and 36 had weak stimulatory properties in
the test evaluating contraction of the locust
foregut at the peptide concentration ranging
from 10–7 to 10–6 M. Other peptides had nei-
ther agonistic nor antagonistic activity. This
is interesting that analogues 30 and 32, con-
taining Val or Ile with the side chain isosteric
in relation to Thr, stimulated the heart-beat
frequency in T. molitor and contraction of the
S. gregaria foregut. It testifies that the pres-
ence of methyl or ethyl groups isosteric with
the threonine side chain is sufficient for pres-
ervation of the myotropic effect in insects. In
addition, it should be pointed out that procto-
lin analogue 51, containing R-1-amino-2-pro-
panol in position 5, and analogue 52, contain-
ing 1-amino-n-propanol with the side chain
isosteric with the side chain of Thr, retained
about 50% of proctolin myotropic activity in
T. molitor. Moreover, species specificity was
observed in the case of [D-Ile5]-(33) and
[Gln5]-proctolin (38). These different myo-
tropic effects, observed in two insect species,
depend probably on the structural require-
ment for a specific amino-acid residue in posi-
tion 5 of the proctolin molecule in the species
tested. For instance, a peptide with Ala in po-

sition 5 of the proctolin chain (analogue 34)
weakly stimulated the heart of the yellow
mealworm. The same analogue showed no
stimulatory effect in the test performed on
the foregut of S. gregaria. Similar species
specificity was observed in the case of ana-
logues 33 and 38, which contained D-Ile and
Gln, respectively, instead of Thr-5. These ana-
logues preserved 30% and 80% of the
proctolin activity in the locust, respectively,
while lacked this activity in the yellow
mealworm. The different activities of the in-
vestigated peptides in the two insect species
is probably a consequence of structurally dif-
ferent requirement of receptors in the
T. molitor heart and S. gregaria foregut.

CONCLUSION

From analysis of the myotropic effects of
proctolin analogues 1–52 in insects the fol-
lowing conclusions can be drawn:
1. The biological results pointed out that the

presence of a methylene group between the
C-� atom and the aromatic ring of the side
chain of the amino-acid residue at position 2
of the peptide chain is important for myo-
tropic activity in insects.
2. Probably, elongation of the side chain at

position 2 and bringing the aromatic ring fur-
ther away from the peptide chain changes the
peptide conformation and leads to inactive
analogues.
3. The presence of a hydrophobic amino-acid

residue with a branched side chain at position
3 is important for cardiotropic activity in the
yellow mealworm.
4. The basic or acidic character of residues

at position 3 of proctolin does not destroy the
myotropic activity on the insect heart.
5. The lack of activity of most analogues con-

taining amines instead of Thr in position 5,
except for analogues 51 and 52 which re-
tained 60–50% proctolin activity, testifies
that the presence of the carboxyl group at the
C-terminus as well as of the -OH group in the
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side chain plays an essential role for the
myotropic properties in insects.
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