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ABSTKACT: Kinins comprise a family of peptides that were first found in the
central nervous system of insects and recently also im mollusks and crusta-
ceans. After the isolation of the first members of the kinin family, the leukoki-
nins from Leucophaea madera, leukokinin-related peptides were found in the
cricket Acheta domesticus and the locust Locusta migratoria, all through their
ability to induce Leucophueu muderue hindgut contraction. Subsequently, ki-
nins were found in the mosquitoes Culex salinarius and Aedes aegypti and in the
earworm Helicoverpa zea. The first noninsect member of this family was isolat-
ed from a mollusk, the pond snail Lymnaea stagnalis. Mos recently our group
has isolated the first kinins from crustaceans. Six kinins were isolated from the
white shrimp Penaeus vunnumei. To date, 35 members of this family have been
isolated. The first relatively small family of insect kinins has grown into gn ex-
panding and rather large family with members in insects, crustaceans, and
mollusks. In this paper we discuss the kinin family in terms of method of isola-
tion, structure, in vitro and ir vivo activity, distribution, receptors, and signal
transduction. We will compare the crustacean and insect members of the kinin
family, using the data available on crustacea.

ISOLATION AND IDENTIFICATION OF KININS

The first kinins were isolated from the cockroach Leucophaea maderae through
their ability to induce cockroach hindgut contraction.!™ Subsequently, leukoki-
nin-related peptides were found in the cricket Acheta domesticus® and the locust Lo-
custa migratoria,’ all through the use of the myotropic bioassay in combination with

3 high performance liquid chromatography (HPLC). In 1993, the isolation of leukoki-
: nin-like peptides from the mosquito Culex salinarius was reported.”# These pep-
tides were isolated on the basis of the myotropic Leucophaea hindgut assay and a
. D-201 B9transepithelial voltage assay that used isolated mosquito Malpighian tubules from
Aedes aegypti. For the isolation of the aedeskinins, Veenstra used a competitive
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ELISA based on an antiserum mogt senstive to leukokinins 1V and VI as a bioassay
in the HPLC purification.” The use of an antiserum sensitive to leukokinins IV and
VI was motivated by the fact that these particular leukokinins were most active on
the Mdpighian tubules of Aedes aegypti. The three kinins from the abdomind ven-
tra nerve cord of Helicoverpa zea were isolated through their stimulatory effect of
the secretion by the Malpighian tubules of Manduca sexta.!0 This diuretic effect is,
in addition to the myotropic effect, a second effect that members of the kinin family
induce in vitro. HPLC fractions were screened for diuretic activity usng a modifica-
tion of the “Ramsay assay.“” Eight kinins (perikinins 1 to V and three kinins iden-
tical to leukokinins VII and VIII of Leucophaea maderae and locustekinin of
Locusta migratorig) isolated from the American cockroach Periplaneta americana
were purified by means of HPLC and a bioassay very Smilar to the one used for the
isolation of the leuco-, acheta- and locustakinins, The use of the hindgut of Periplan-
eta instead of Leucophaea wasthe mgjor difference.!2 The only nonarthropod mem-
ber of the kinin family known to date was isolated from the pond snail Lymnaea
stagnalis (Mollusca). 13 Cox and colleagues cloned a G-protein-coupled neuropep-
tide receptor. After transfection and functional expression of this receptor in Chinese
hamster ovary (CHO) cells, the receptor-expressing cell line was used to assay for
ligands by monitoring HPLC fractions originating from Lymnaea centrd nervous
system (CNS). The endogenous ligand was identified by looking for changes in the
level of intracellular Ca2*, The peptide isolated belonged to the kinin family and was
therefore designated as lymnokinin.

Mogt recently, six members of the kinin family were isolated from the white
shrimp Penaeus vannamei, the first crustacean members of this family to date 1413
Centra nervous systems of 3,500 adult female white shrimps (Penaeus vannamei)
were dissected and extracted in @ methanolic solution and prepurified on Megabond
Elute cartridges. Further purification was performed by a combinaion of reversed-
and norma-phase HPLC, and the various fractions containing myotropic com-
pounds were identified by the cockroach hindgut contraction assay. The effect of the
fractions on the spontaneous contractile activity of the isolated hindgut was moni-
tored. A myotropic substance can have an effect on the tonus, frequency, and ampli-
tude of the spontaneous contractions. The digestive tract of Leucophaea maderae
was carefully removed from the cockroach, a1 adhering tissues such as fat body, tra-
chea, and Mdpighian tubules Were trimmed off, the hindgut was tied at the junction
to the midgut, and the latter plus the foregut was cut off. The posterior end of the
rectum was tied with thread as well, and then the whole preparation was suspended
in amusdle chamber (3-mL plastic disposable syringe barrel) filled with a saline so-
Iution. The preparation was attached to a transducer, which displayed the signal to a
recorder. After one hour of equilibration, the pattern of spontaneous contractions
wes relaively constant and the preparation could be used the whole day. Fractions
could be monitored by drying and adding them to the bioassay chamber after dis-
solving them into the sdine and observing the response on the recorder. !¢ After each
chromatographic separation, the fractions were monitored by the Leucophaea hind-
gut muscle preparation as described above. Therefore, the same cockroach hindgut
contraction assay as prepared for the isolation of leuco-, acheta- and locustakinin
was used, indicating that this assay is very useful as a detection system for crusta-
cean heuropeptides.
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TABLE 1. Amino acid sequences of kinins isolated from different invertebrate species

Amino acid
Phylum/Classis Species Peptide name sequence

Arthropoda/Crustacea Penaeus vannameil > Pev-Kinin | ASFSPWGa
Pev-kinin 2 DFSAWAa
Pev-kinin 3 PAFSPWGa
Pev-kinin 4 VAFSPWGa
Pev-kinin 5 pEAFSPWAa
Pev-kinin 6 AFSPWAa
Arthropoda/Insecta Leucophaea maderae’™ Leucokinin 1 DPAFNSWGa
Leucokinin 11 DPGFSSWGa
Leucokinin 111 DQGFNS WGa
Leucokinin IV DASFHSWGa
Leucokinin V GSGFSSWGa
Leucokinin VI pESSFHSWGa
S Leucokinin VII DPAFSSWGB.
j— Leucokinin VIII GADFYSWGa
e Periplaneta americana” Perikinin 1 RPSFASWGa
—, Perikinin 11 DASFSSWGa
_—% Perikinin |11 DPSFNSWGa
— Perikinin 1V GAQFSSWGa
:8 Perikinin-V SPAFNSWGa
= Dl Locusta migratoria Locustakinin AFSSWGa
==+ Acheta domesticus Achetakinin | SGADFYPWGa
— Achetakinin |1 AYFSPWGa
- e— Achetakinin 111 ALPFSPWGa
———— Achetakinin 1V NFKFNPWGa
Achetakinin V AFHSWGa
Culex salinarius’8 CDP 1 NPFHSWGa
Ay 5390y g CDP I NNANVFYPWGa
o Q%sm CDPIII TKYVSKQFFSWGa
W \eH5 Aedes aegypti® Aedeskinin 1 NSKYVSKQKFYSWGa
P Aedeskinin I NPFHAYFSAWGa
Aedeskinin -+ 111 NNPNVEFYPWGa
Helicoverpa zeq'V Helicokinin 1 YFSPWGa
Helicokinin 11 VRFSPWGa
Helicokinin 111 KVKFSAWGa
Mollusca/Gastropoda  Lymnaea stagnalis'3 Lymnokinin PSFHSWSa

Note: Amina acids that ae conserved throughout the family are in boldface.

STRUCTURAL FEATURES OF THE KININ FAMILY ON THE PROTEIN
AND cDNA LEVEL

The insect kinins all share the C- term| nal pentapeptide sequence FX!X2WG-
amide where X!is F,H, N, Sor Y and X?is A, Por S (TasLe 1). Thecore pentapep-
tide FYSWG-amide is as active as the parent molecule (leukokinin VIII) in cock-
roach hindgut myotropic!” and cricket Malpighian tubule secretion' assays, so the
core pentapeptide is all that is needed for activity. The negatively charged free acid
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is inactive in the myotropic assay 1% and is 50,000-fold less potent in the cricket Mal-
pighian tubule secretion assay compared with most amidated natural insect kinins.20
The negatively charged C-termind  acid group prevents the ligand from interacting
with the receptor dtes, so the amidated carboxyl terminus seems to be required for
activity.?! Leukokinin VI is the only insect kinin that is blocked at the N-terminal by
a pyroglutamyl residue. The blocked leukokinin exhibits smilar in vitro activities in
the myotropic Leucophaea hindgut assay®? and the transepithelial voltage assay 2
as do other leukokinins, which indicates that the N-termina pyroglutamyl has no ob-
vious influence on activity. Structure-activity studies on leukokinin VIII reveded
that when F! or W* of the core pentapeptide is replaced by A, the analogues are in-
active in the Leucophaea hindgut assay. Anaogues where W in position 4 is replaced
by F of position, and vice versa, are as potent as the parent molecule; thus, aromatic
groups are needed at these positions. |7 When interacting with receptors, the core se-
quence forms a -turn conformation bringing together F and W.* A-analogues a
other positions are reasonably active in the myotropic assay.

The observations in Lymnaea stagnalis indicate that the C-termind residue is not
that critical for binding to the Lymnaea kinin receptor.!3 The endogenous ligand for
this receptor, lymnokinin, has a C-termind amidated serine residue. A synthetic ki-
nin andogue with the consensus C-termind amidated glycine resdue exhibits a sm-
ilar potency as lymnokinin on the intracellular cacium concentration in CHO cells
expressing the Lymnaea kinin receptor.

The Pev-kinins 1, 3, axd 4 confirm the C-termina consensus sequence.!*15
Achetakinins Il and 111 and helicokinin T display the strongest sequence Smilaities
towards these Pev-kinins. In Pev-kinins 2, 5, and 6, however, the C-termind amino
acid is an danine resdue ingtead of the typica glycine. The threshold concentration
for myotropic activity on the hindgut of the synthetic peptides is in the same range
for the kinins ending in A-amide &s for the kinins ending in the typical G-amide.
Both Pev-kinins 1 and 2 are active on fluid secretion in the Mapighian tubule of
crickets,'* providing evidence that the C-termina amino acid can be replaced by an
danine without substantia 1oss of activity. Subgtitution of aanine in this position is
possible with a single base mutation. Because a1 the other arthropod kinins have the
typical WG-amide carboxytermina sequence, Pev-kinins 2, 5, and 6 make up a sub-
family of the kinin superfamily. Pev-kinins 5 and 6 are identica except for the pyro-
glutamyl residue in Pev-kinin 5, which is blocking the N-terminus. Together with
leukokinin VI, Pev-kinin 5 is the only N-terminaly blocked member of the kinin
family. Pev-kinins 5 and 6 display Smilar threshold concentrations on the Ley-
cophaea hindgut assay; hence the N-terminal pyroglutamyl has no influence on my-
otropic activity. The pyroglutamyl resdue would render these peptides more
resistant to proteolytic degradation.

On the ¢cDNA level, only the sequence encoding the Aedes kininsis known.?> A
¢DNA encoding Aedes preprokinin was cloned from a cDNA library of the mosquito
Aedes aegypti. This preprokininencodes aputative signal peptide of 18 amino acid
residues and a 210-amino acid residue prokinin. The latter encodes one copy each of
the Aedes kinins 1, |1, and I11. No other possible products of this preprokinin have
significant sequence similarity with any described protein or peptide. No other
cDNA sequences for kinins are known in any other invertebrate species.
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ACTIVITY OF THE ARTHROPOD KININ FAMILY
IN VITRO AND IN VIVO

The insect members of this peptide family are associated with myotropic and di-
uretic activity. Leukokinins simulate the viscerd muscles of the hindgut of Leu-
cophaea most potently.’>?® Their effects on the foregut and oviduct are
sgnificantly lower, and the heart does not respond to any of the leukokinins. These
leukokinins also depolarize the transepithelid voltage and stimulate fluid secretion
in isolated Malpighian tubules of the mosquito Aedes aegypti.>? Evidence exidts that
leukokinins increase the C1~ permesbility of the tubule wall, which results in an in-
crease of the availability of CI~ for secretion with Nat+, K*, and water. Locugtakinin
increases fluid secretion in Mapighian tubules and stimulates water reabsorption by
the rectum of Locusta migratoria.?” Locudakinin does not have a myotropic effect
on the hindgut and oviduct of Locusta migratoria;® however, it simulates hindgut
muscle contractions in Leucophaea maderae displaying a threshold concentration
of 9 x 1072 M. In L. migratoria, locustakinin has a simulatory in vitro effect on
the spontaneous contractile activity of visceral muscle fibers associated with Mal-
pighian tubules.?® Locustakinin exerts its effect at concentrations that incresse urine
production; however, this muscle activity is not essentid for diuresis. When the ef-
fects of achetekinins on the Mapighian tubules of Acheta domesticus aeinvestigat-
ed, two effects occur: (1) an increase in the frequency of tubule writhing movements
and (2) a stimulation of fluid secretion.?® These two actions are thought to be inde-
pendent. Other diuretic non-kinin peptides stimulate adenylate cyclase activity,
wheress achetakinins appear to act independent of cyclic AMP (cAMP) &s an intra-
cellular second messenger. The effect of ¢cAMP and achetakinins on tubule fluid se-
cretion is synergidic, so they seem to simulate different components of the
secretion mechanism. The concentration necessary for threshold diuretic responses
ranges from 4 x 10712 to 7.2 x 107! M.!18 The culekinin depolarizing peptides
(CDP) both stimulate depolarization of the transepitheliad potentid in Mapighian
tubules of the mosquito with a threshold concentration of 8 x 107! M and incresse
the contraction rate of the Leucophaea hindgut.® Kininsfrom Aedes aegypti a1 de-
polarize the transepithdlia voltage of the Mapighian tubules.” They also increase
the rate of fluid secretion by the Mapighian tubules except for Aedes kinin I1.2° For
the Aedes kinins strong depolarizing activity is not correlated with strong effects on
fluid secretion. Aedes kinin] is a potent depolarizer but has little effect on fluid se-
cretion of Mapighian tubules, whereas Aedes kinin I11 is a limited depolarizer and
a potent inducer of fluid secretion. Aedes kinins have a stimulatory effect on con-
tractions of Aedes aegypti hindgut. They mainly have an effect on the frequency of
the contractions, and this effect proved to be reversible with a threshold concentra-
tion of 10~8 M. The hdlicokinins are potent stimulators of secretion by the Mal-
pighian tubules o Manduca sexta.!® Al1 hdlicokinins stimulate fluid secretion from
Manduca tubules a concentrations a or below 6.7 x 1071* M. This makes them
more potent stimulators of Manduca sexta Mapighian tubule secretion than the en-
dogenous diuretic peptides Mas-DH and Mas-DP 1. The perikinins of Periplaneta
americana display threshold activity on the Periplaneta hindgut at concentrations
between 5x 10719 M and 8 x 10710 M.12
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'FIGURE 1. Response of the hindgut of Penaeus vannamei to Pev-kinin 1 at aconcen-
tration of 10 M. Arrow indicates the application of the sample. Arrowhead indicates rins-
ing the gut by changing the sdine in the test chamber. Horizonta axis 1 cm =[min.

The Pev-kinins are simulators of Leucophaea hindgut musde contraction. 1413
They dter frequency, amplitude, and tonus of the contraction. They display thresh-
old concentrations of 5 x 1077 t0 5 x 107'% M. To see whether these Pev-kinins had
a myotropic effect in Penaeus itsdlf, synthetic peptides were tested on the hindgut of
shrimp in a preparation very Smilar to the Leucophaea hindgut preparation (FIG. 1).
The hindgut was suspended in a 3-ml. chamber filled with seawater. The Pev-kinins
were able to stimulate Penaeus hindgut contraction a micromolar concentration.
However, when these synthetic peptides were tested for potential myotropic effects
on the hindgut of the crustacean Astacus leptodactylus, only Pev-kinin 2 was active
a a concentration of 0.5 uM.!* The Pev-kinins were also tested on Mapighian tu-
bules of Acheta domesticus. They stimulated fluid secretion at a concentration of 1
pM. This stimulating diuretic activity was in the order of magnitude 1,000 times less
potent than leukokinin 1, which was used as a contral.

Achetakinins have effects on the concentration of lipid in the hemolymph and
levels of protein synthesisin the fat body in vivo in crickets.?® Thekininsfrom Heli-
coverpa zea were not found to have any consistent in vivo diuretic activity usng
postinjection assays. 10 This indicates that other factors might be responsible for the
diuretic activity, or that the hdicokinins act together with other factors to produce
the in vivo diuretic response as seen when aventrad nerve cord (VNC) extract is in-
jected. In Heliothis virescens larvae, it has been demondgtrated thet ora application
of hdicokinins did not ater weight gain or further development of the larvae.3® No
other in vivo experiments were reported with members of the kinin family.

IMMUNOCYTOCHEMICAL LOCALIZATION

Antisera againgt leukokinin 1 have been gpplied to the nervous tissue of a range
of insect species, incuding flies, cockroaches, locusts, and moths. One mollusk spe-
ciesand a cestode have also been found to contain leukokinin 1-like immunoreactive
neurons. About 160 immunoreective cell bodies have been counted in the brain of
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the cockroach Leucophaea maderae.3! These were a1 distributed in the protocere-
brum and the optic lobes. Eight leukokinin 1 immunoreactive cell bodies were found
in the subesophageal ganglion, 16 cell bodies in each of the three thoracic ganglia,
and in each of the abdomina ganglia two pairs of strongly immunoreactive cells
were found. In the brain of Locusta migratoria, a population of about 140 neurons
was labeled with an antiserum directed against leukokinin 1.>2 These cell bodies
were distributed in the proto- and tritocerebrum. In the nervous system of some high-
er dipteran insects (Drosophila melanogaster, Calliphora vomitoria, and Phormia
terraenovae), 14 abdomina leukokinin I immunoreactive neurons were found.3? In
addition, the moths Agrotis segerum,* Spodoptera litura, > the housefly Musca do-
mestica,>® and the fly Sarcophaga builata’’ contained immunoreactive neurons.
Leukokinin IV immunoreactive neurons were found in Manduca sexta,® the cock-
roach Nauphoeta cinerea, the cricket Acheta domesticus, the mosquito Aedes aegyp-
ti, the locust Schistocerca americana, and the honey bee Apis mellifera.3®
Leukokinin VIII immunoreactive neurons were found in the brain, frontal and sube-
sophageal ganglion, al three thoracic ganglia, and the termina ganglion of Leu-
cophaea maderae®® In the brain, cell bodies were found in proto-, deuto-, and
tritocerebrum, in the optic lobes and in the frontal ganglion.

Achetakinin-like immunoreactive material was found in the brain, subesophageal
ganglia, the thoracic and abdomina ganglia, and the retrocerebral complex of Ache-
ta domesticus by radioimmunoassay.*! The achetakinin 1 antiserum was used for the
localization of CDP 11 in Culex salinarius.” Immunoreactive neurons were detected
in the mosquito head ganglia and the thoracic ganglia In the abdominal ganglia of
both M. sexta and L. migratoria, leukokinin immunoreactivity was colocaized with
diuretic hormone immunoreactivity.*®42 Locusta-diuretic peptide and locustakinin
acted synergistically on Malpighian tubule fluid secretion.*?

Neither the Malpighian tubules nor the hindgut is innervated by axons displaying
leukokinin-like immunoreactivity in Leucophaea.3! This suggests that the kinins
have to be released into the circulation in order to reach their target organs. This is
confirmed by the leukokinin immunoreactivity associated with neurohema areas in
Leucophaea maderae,3! Acheta domesticus,™! and Periplaneta americana. !2 Further
evidence is provided by the fact that kinins have been detected in the hemolymph of
Leucophaea maderae® and Acheta domesticus.*!

A leukokinin 1V antiserum labeled various fibers, but no cells were found to be
immunoreactive in the brain of Penaeus vannamei."* A polyclonal antiserum raised
against Pev-kinin 2 was used to immunostain sections of brain and thoracic and ven-
tral ganglia. Neurosecretory cells were labeled in the thoracic ganglion (FIG. 2a and
b). No staining was observed when the anti-Pev-kinin 2 serum was replaced by se-
rum previously inactivated with synthetic Pev-kinin 2 or with control serum. One
neurosecretory cell was labeled in the brain (Fic. 3a), and the control serum of the
preimmunized rabbit showed no staining on an aternating section (FiG. 3b). Thus,
in comparison with insects, fewer cells are stained in the central nervous system of
Penaeus.

Leukokinin-like immunoreativity was also found in the nervous tissue of the
nematode Ascaris suum,** the snail Helix pomaria,* and the spider Cupiennius sa-
lei,*® suggesting that (leuko)kinin-related peptides may have a wider phylogenetic
distribution than has been thought.
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FIGURE 2. Neuma:&ﬂm cells in the thoracic ganglion of Pemoeuy vannamei con-
Laining Pev-kinin 2 immunorcactivity.
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FIGURE 3. (a) A neurosecretory cell in the brain of Penaeus vannamei showing Pev-
kinin 2 immunoreactivity. (b) An alternate section used as a control showing no immunore-
activity with the control serum of the preimmunized rabbit.
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RECEPTORS AND SIGNAL TRANSDUCTION

A G-protein-coupled kinin receptor has recently been isolated from a CNS ¢cDNA
library of the pond snail Lymnaea stagnalis.!> This receptor exhibits a sequence ho-
mology of 32% with the rat neuropeptide Y receptor; its endogenous ligand is tym-
nokinin, the first nonarthropod member of the kinin family to date. Intracellular Ca%*
levels in CHO cells expressing the Lymnaea kinin receptor are increased upon bind-
ing of lymnokinin. Kinins appear to act on Malpighian tubules via a Ca**-dependent
mechanism and have no effect on cAMP or ¢cGMP production.*’ Kinin activity can
be mimicked by agents that mobilize cell Ca2*, and intracellular Ca?* chelators re-
duce the diuretic response. Specific kinin binding sites are reported on plasma mem-
branes from Malpighian tubules of Acheta domesticus.*® The size and properties of
these binding sites suggest that it could be a G-protein-coupled receptor. Further-
more, in mosquitoes kinin-specific binding sites of 60 to 62 kDa were reported on
plasma membranes from Malpighian tubules.#?

Kinin receptors and signal transduction pathways in Crustacea have not been in-
vestigated as yet because of a lack of structural information on kinins in this group
of arthropods. The present identification study on crustacean kinins will stimulate
this type of research in the near future.
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