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Insect kinin analogues of the sequence Phe-Phe-�[CN4]-Ala-Trp-Gly-NH2 containing
(L-Phe2,L-Ala3) and (L-Phe2,D-Ala3) stereochemical variants of the tetrazole moiety, a
mimic of the type VI �-turn, demonstrate significant agonist and partial antagonist
activity, respectively, in a cricket diuretic bioassay. A comparison of the solution
conformations of these two stereochemical variants indicates a structural basis for
their divergent bioactivities. The (D-Phe2,D-Ala3) stereochemical variant was synthe-
sized and found to demonstrate significant agonist activity. The results further de-
fine stereochemical requirements for the diuretic activity of insect kinins in crickets
and provide valuable information for the design of biostable analogues capable of
disrupting digestive and diuretic processes in pest insects.
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Insect kinins share a highly conserved C-ter-
minal pentapeptide sequence Phe-Xaa-Xbb-
Trp-Gly-NH2, where Xaa can be Tyr, His, Ser
or Asn, and Xbb can be Ala but is usually Ser
or Pro (Holman et al., 1999). They have been
isolated from a number of insects, including
species of Dictyoptera, Lepidoptera, and
Orthoptera. The first members of this insect
neuropeptide family were isolated on the ba-
sis of their ability to stimulate contractions of
the isolated cockroach hindgut (Holman et
al., 1999), but they are also potent diuretic
peptides that stimulate the secretion of pri-
mary urine by Malpighian tubules, organs in-
volved in the regulation of salt and water bal-
ance. More recently, insect kinins, and/or
analogues, have been reported to inhibit
weight gain by larvae of the tobacco budworm
(Heliothis virescens) and corn earworm
(Helicoverpa zea) (Nachman et al., 2002a),
both serious agricultural pests.
Structurally, insect kinins require an intact

C-terminal pentapeptide sequence for full
cockroach myotropic and cricket diuretic ac-
tivity, which therefore represents the active
core (Nachman & Holman, 1991). An Ala-re-
placement analog series of the insect kinin ac-
tive core region confirms the importance of
the Phe and Trp sidechains, because these are
the only two replacements which lead to com-
plete loss of myotropic and diuretic activity
(Nachman et al., 1998). Analysis of the con-
formations adopted by the head-to-tail, cyclic
insect kinin analog cyclo(Ala-Phe-Phe-Pro-
Trp-Gly), in which distance and angle con-
straints obtained from aqueous NMR spectra
were incorporated into molecular dynamics
calculations, indicated the presence of two
turn types over two distinct sets of residues
within the active core pentapeptide. The more
rigid of the two conformations featured a
cisPro in the third position of a type-VI �-turn
over core residues 1–4, or Phe-Phe-Pro-Trp.
The other less rigid turn system involved a
transPro and encompassed residues 2–5, or
Phe-Pro-Trp-Gly. From unrestrained molecu-
lar dynamics calculations, the most favorable

cisPro structure had an intramolecular en-
ergy about 7 kcal/mole lower than the most
favorable transPro structure, consistent with
NMR data that indicated that the cisPro struc-
ture was the predominant conformation in so-
lution by a 60:40 ratio (Nachman et al., 1990;
Roberts et al., 1997).
Although the available evidence (including

structure-activity studies) was most support-
ive of the 1–4 �-turn as the active receptor
bound conformation (Nachman et al., 1990;
Roberts et al., 1997), the 2–5 �-turn could not
be dismissed as a candidate. In order to ob-
tain more evidence for one of the two avail-
able conformations as the active one, an ana-
logue containing a tetrazole moiety (Phe-Phe-
�[CN4]-Ala-Trp-Gly-NH2) (Fig. 1), that could

preferentially form the 1–4 type VI �-turn
(Zabrocki et al., 1988), was synthesized and
found to be active in a cricket diuretic assay
in the physiological range. A combination of
NMR spectroscopic and computer modeling
studies indicated that the tetrazole analogue
induced a 1–4, type VI turn in aqueous solu-
tion, and that formation of the alternative
2–5 turn was energetically unfavorable
(Nachman et al., 2002b). Conversely, a
stereochemical variant of the tetrazole ana-
logue Phe-Phe-�[CN4]-Ala-Trp-Gly-NH2 with
(L-Phe2,D-Ala3 = ‘LD’) stereochemistry proved
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Figure 1. Structure of the tetrazole moiety (left),
a mimic of a cis-peptide bond (right) and a type VI
�-turn.

Asterisks delineate chiral centers, which can be either
‘LL’, ‘LD’, or ‘DD’ in the insect kinin analogues in-
cluded in this study (Table 1).



to elicit partial antagonism of the diuretic re-
sponse of the natural insect kinins in the
cricket Malpighian tubule assay (Nachman et
al., 2002b). This partial antagonist activity
indicated that the ‘LD’ tetrazole analogue
could also bind with, but could not fully acti-
vate, the insect kinin receptor. These two an-
alogues provided strong evidence for the 1–4,
type VI �-turn as the active conformation for
the insect kinins.

Here we report on the aqueous solution con-
formation of the ‘LD’ stereochemical variant
of the tetrazole analogue Phe-Phe-�[CN4]-
Ala-Trp-Gly-NH2, and a comparison with that
of the ‘LL’ version, in order to identify possi-
ble structural explanations for the change in
biological activity from an agonist to a partial
antagonist. In an effort to further define
stereochemical requirements for both bind-
ing and activation of the insect kinin recep-
tor, we also report on the synthesis and bio-
logical evaluation of a third stereochemical
variant, Phe-D-Phe-�[CN4]-D-Ala-Trp-Gly-
NH2.

MATERIALS AND METHODS

Chemistry. Synthesis of the desired pep-
tide Phe-D-Phe-�[CN4]-D-Ala-Trp-Gly-NH2
was achieved by fragment condensation on
the polymeric support (MBHA type resin) us-
ing TBTU {O-(benzotriazol-1-yl)-N,N,N�,N�-te-
tramethyluronium tetrafluoroborate} as a
coupling reagent. The tetrazole tripeptide was
synthesized separately in solution.
Following the previously reported strategy

(Zabrocki et al., 1988; 1992; Nachman et al.,
2002b), the fully protected dipeptide
Z-D-Phe-D-Ala-OBzl was converted into the
tetrazole analogue, Z-D-Phe-�[CN4]-D-Ala-
OBzl using PCl5 and hydrazoic acid in the
presence of quinoline with full retention of
configuration at both chiral centers. Careful
treatment of the dipeptide tetrazole analogue
with 30% HBr in acetic acid for 20 min gave
the hydrobromide salt of H-D-Phe-�[CN4]-D-

Ala-OBzl. The hydrobromide was extended,
from its N-terminus, by coupling with Boc-
Phe-OH to yield the protected tripeptide
Boc-Phe-D-Phe-�[CN4]-D-Ala-OBzl. A mixed
anhydride (MA) procedure with isobutyl
chloroformate was used as the method of
choice to avoid diketopiperazine formation.
Removal of the benzyl ester group from the
tripeptide by hydrogenolysis in methanol
over 10% Pd on charcoal led to free acid Boc-
Phe-D-Phe-�[CN4]-D-Ala-OH. This peptide
was used in the solid phase peptide synthesis
procedure. The known proclivity of the C-ter-
minal �-carbon of the tetrazole dipeptide to
epimerize (Yu & Johnson, 1987; Zabrocki et
al., 1992) under prolonged exposure to base
led us to omit the neutralization step in the
solid phase synthesis of the peptide contain-
ing the tetrazole unit.
Following cleavage from the resin by means

of trifluoromethanesulfonic acid, the peptido-
mimetic analogue was purified on a Delta-pak
C18 (tR = 19.5 min) and Watpro I125 column
(tR = 5.8 min) under previously described con-
ditions (Nachman et al., 2002b). MALDI-
TOF-MS: 651.3 (MH+). Amino acid analysis:
F[1.0], G[0.8] (the tetrazole unit was not hy-
drolyzed under the analysis conditions).
NMR spectroscopy/molecular dynamics

calculations. NMR spectra were acquired on
a Bruker ARX500 500 MHz instrument, as
previously described (Nachman et al., 2002b).
In brief, samples were about 1 mmole in 10%
D2O, water suppression was by presatura-
tion, and a 5 mm HCN probe was used. Cou-
pling constants were measured from 1-D spec-
tra. Most peak assignments were made using
TOCSY spectra, but ambiguous peaks from
amino acids containing aromatic moieties re-
quired intra-residue ROESY peaks for final
determination.
Molecular modeling was performed using

Sybyl Tripos software with modifications de-
veloped in our laboratories, running on SGI
Indigo and O2 computers, as previously de-
scribed (Nachman et al., 2002b; Moyna et al.,
1999). In brief, distance constraints were de-
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termined from intensities of ROESY peaks
measured by number of contours, with strong
set to 1.8–2.7 �, medium 1.8–3.3 � and weak
1.8–5 �. Simulated annealing consisted of a
suitable number of heating cycles to 1000
deg. for 1000 fs, then exponential cooling to
200 deg over 1000 fs. After energy mini-
mization, 5 or 10 lowest energy forms were
superimposed and rms differences were cal-
culated. Distance geometry allowed produc-
tion of greatly differing starting conformers
for the above calculations, preventing detec-
tion of only local minima. Tripos or Wiener et
al. force field was used for energy calcula-
tions.
Biology. The diuretic assay has been de-

scribed in detail elsewhere (Coast, 1998). In
brief, Malpighian tubules were removed from
adult female crickets 6–12 days old and were
transferred to 5 �L drops of bathing solution
having the following composition (in
mmoles/L): NaCl, 82; KCl, 27; CaCl2, 2; Mg
Cl2, 8.5; NaH2PO4, 4; NaOH, 11; glucose, 24;
proline, 10; Hepes, 25. The pH was adjusted

to 7.2 with 1 M NaOH. The dissected tubules
and associated saline droplets are held under
liquid paraffin. Urine escapes from a cut
made close to the proximal end of the tubule
and collects as a discrete droplet in the paraf-
fin. Urine samples are collected at intervals
and their volume is determined from mea-
surements of droplet diameter under a micro-
scope. After a 40 min equilibration period,
the rate of secretion was measured over two

40 min periods before and after the addition
of the peptide analogue. Diuretic activity is
calculated as the increase in fluid secretion
(� nl/mm per min) and is expressed as a per-
centage of the response to a supramaximal
dose (10 nM) of achetakinin-I assayed on Mal-
pighian tubules taken from the same insect.

RESULTS AND DISCUSSION

Previous evaluation of the insect kinin ana-
logue Phe-Phe-�[CN4]-Ala-Trp-Gly-NH2, in-
corporating a tetrazole moiety (�[CN4];
Fig. 1), in a cricket diuretic assay demon-
strated significant activity retention in the
physiological range, with an EC50 of 3.4 �
10–7 M and a 100% maximal response (Ta-
ble 1). The (L-Phe2,D-Ala3 )(‘LD’) stereoche-
mical variant demonstrated partial antago-
nism of natural insect kinins, limiting the di-
uretic response to 50% of maximal (Nachman
et al., 2002b). The EC50 of the partial antago-
nist activity of the ‘LD’ stereochemical vari-

ant was 4.3 � 10–7 M (Table 1). This partial
antagonist activity indicated that the ‘LD’
tetrazole analogue could also bind with, but
could not fully activate, the insect kinin recep-
tor. As the tetrazole is a mimic of a cis-peptide
bond type VI �-turn, it provided definitive evi-
dence for the active conformation of the in-
sect kinins in the cricket diuretic assay.
Distance and angle constraints obtained

from two-dimensional NMR spectroscopy on
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Tetrazole analog
Stimulation of Malpighian tubule
fluid secretion – EC50 (10–7M)
(% Maximal response)

Phe-L-Phe-�[CN4]-L-Ala-Trp-Gly-NH2 (‘LL’) 3.4 (100) (Nachman et al., 2002b)

Phe-L-Phe-�[CN4]-D-Ala-Trp-Gly-NH2 (‘LD’) (4.3)* (Nachman et al., 2002b)

Phe-D-Phe-�[CN4]-D-Ala-Trp-Gly-NH2 (‘DD’) 5.8  (100)

Table 1. Diuretic activity of peptidomimetic tetrazole insect kinin analogues in the cricket Acheta
domesticus

*Partial antagonist. Natural insect kinin diuretic response is limited to 50% of maximal.



Phe-Phe-�[CN4]-D-Ala-Trp-Gly-NH2 in aque-
ous solution were incorporated into molecu-
lar dynamics calculations to yield low energy
conformations. Full details on the NMR spec-
troscopic data and molecular dynamics calcu-
lations of this analogue will appear in a subse-
quent publication. In Fig. 2, the ‘LD’-tetrazole
insect kinin analogue in an open 1–4 turn
conformation is superimposed upon the pre-
viously determined low-energy conformation

for the ‘LL’-tetrazole analogue (Nachman et
al., 2002b). As can be seen in this figure, both
analogs form a similar overall shape, an open
turn over core residues 1–4; perhaps an indi-
cation as to why both are able to bind to the
insect kinin diuretic receptor in the cricket.
However, the change in stereochemistry of
the �-carbon at the N-terminal end of the
tetrazole moiety appears to interfere with the

electrostatic interaction that occurs between
the side chains of the Phe1 and Trp4 side
chains in the ‘LL’ tetrazole analogue; which
allows these two critical side chains to pres-
ent an aromatic surface to the receptor
(Nachman et al., 2002b). This aromatic sur-
face has been previously proposed to be an
important element in the insect kinin recep-
tor interaction model (Nachman et al., 1990;
Roberts et al., 1997; Moyna et al., 1999). The

arrows in Fig. 2 designate the two sets of aro-
matic side chain moieties for each stereo-
chemical variant. In the computer illustra-
tion (Fig. 2), the side chains of Phe1 and Trp4

in the ‘LD’ analogue do not readily interact,
whereas an electrostatic interaction between
the Trp4 and Phe2 side chains is apparently
preferred. This impaired ability to readily
adopt an electrostatic interaction between
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Figure 2. Superposition of the lowest energy conformations of ‘LL’ (green tube) and ‘LD’ (purple tube)
stereochemical variants of the insect kinin tetrazole analogue Phe-Phe-�[CN4]-Ala-Trp-Gly-NH2.

Both form an open turn over residues 1–4. The arrows (green/light gray = ‘LL’; and purple/dark gray = ‘LD’) de-
lineate the aromatic side chains of the critical residues Phe1 and Trp4 for each of the two stereochemical variants.
The Phe1-Trp4 side chains of the ‘LL’ tetrazole analogue form an electrostatic interaction, leading to a common aro-
matic surface that is postulated to be an important component of the insect kinin–receptor interaction (Nachman
et al., 1990). The Phe1-Trp4 side chains of the ‘LD’ tetrazole analogue do not form an electrostatic interaction as
readily, and the analogue shows rather a preference for an electrostatic interaction between Trp4 and Phe2; the lat-
ter a non-critical residue.



Phe1 and Trp4 may explain why the ‘LD’
tetrazole analogue cannot fully activate the
cricket diuretic receptor.

Following synthesis of the (D-Phe2,D- Ala3)
(‘DD’) version of the analogue Phe-
Phe-�[CN4]-Ala-Trp-Gly-NH2, it was evalu-
ated in the cricket diuretic assay and found to
be an insect kinin agonist. It demonstrated
stimulation of Malpighian tubule fluid secre-
tion with an EC50 of 5.8 � 10–7M (Table 1), a
value which is slightly less than that of the
‘LL’ analogue, although the difference is not
statistically significant. It is evident that ‘DD’
stereochemistry, unlike ‘LD’, is compatible
with both binding and complete activation of
the insect kinin receptor in the cricket bio-
assay. The aqueous solution structure of the
‘DD’ tetrazole analogue will be the subject of
future investigation.

The results further delineate the structural
and stereochemical requirements for both
binding and activation of the insect kinin re-
ceptor on cricket Malpighian tubules, invalu-
able information for the development of
biostable agonist and antagonist analogues of
this important class of insect neuropeptides.
Biostable peptidomimetic analogues can po-
tentially disrupt the digestive and diuretic
processes regulated by the insect kinins, and
provide new candidates for future pest insect
control agents.
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Figure 3. Dose-response curve for the insect
kinin tetrazole analogue Phe-D-Phe-�[CN4]-
D-Ala-Trp- Gly-NH2 (‘DD’) in a cricket Malpighian
tubule fluid secretion assay.

The activity is expressed as a percentage of the diuretic
activity (� nl/min) of 10 nM achetakinin-I. The sigmo-
idal dose-response curve with variable slope was fitted
by non-linear regression using GraphPad Prism. Data
points are the means of 6–8 determinations.



Roberts VA, Nachman RJ, Coast GM,
Hariharan M, Chung JS, Hoklman GM,
Tainer J.  (1997) Chem Biol.; 4: 105–17.

Yu KL, Johnson RL. (1987) J Org Chem.; 52:
2051–9.

Zabrocki J, Smith GD, Dunbar JB, Iijima H,
Marshall GR. (1988) J Am Chem Soc.; 110:
5875–80.

Zabrocki J, Dunbar JB, Marshall KW, Toth MV,
Marshall GR. (1992) J Org Chem.; 57:
202–9.

Vol. 51 Stereochemistry of insect kinin tetrazole analogues and bioactivity 127


