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Beetles, like other insects, depend on diuretic and antidiuretic
hormones to control water balance. We have isolated, using head
extracts from the beetle Tenebrio molitor, a peptide that strongly
inhibits fluid secretion by the Malpighian tubules of this insect. This
antidiuretic factor (ADF) appears to elicit its effect via cGMP as a
second messenger but does not stimulate NO production. It has
primary structure: Val-Val-Asn-Thr-Pro-Gly-His-Ala-Val-Ser-Tyr-His-
Val-Tyr-OH. The ADF inhibits tubule secretion with high potency:
the ECso is around 10 fM. It bears no significant resemblance to
other biologically active neuropeptides. To our knowledge this is
the only endogenous insect ADF acting on Malpighian tubules to
be sequenced, and the first coleopteran (beetle) antidiuretic factor
fully characterized to date.

c¢GMP | water balance | Tenebrio molitor | Rhodnius prolixus | Drosophila
melanogaster

U nlike vertebrates, insects have low-pressure circulatory sys-
tems (1). Fluid homeostasis requires diuretic and antidi-
uretic hormones from the neuroendocrine organs to control
active ion transport, which leads to fluid movement (2, 3). In
most insects studied antidiuresis is primarily effected by fluid
reabsorption in the hindgut and a few insect antidiuretic factors
have been characterized that function in this manner (4-11).
However, there have been reports of antidiuretic factors that act
by a very different mechanism—i.e., inhibition of diuresis by the
Malpighian tubules (12, 13). Two recent studies report at-
tempted isolations of such factors from the ant Formica polyctena
(14) and from the beetle Leptinotarsa decemlineata (15). Car-
dioactive peptide 2b (CAP»p), originally isolated as a myotropin
from Manduca sexta (16), is the only insect peptide characterized
to date that elicits cGMP production to affect Malpighian tubule
fluid secretion. It is reported to elevate NO and thence cGMP
to stimulate diuresis in Drosophila melanogaster (17). However,
CAPy, has been characterized as antidiuretic in the bloodsuck-
ing insect Rhodnius prolixus; CAP,, seems to function through
c¢GMP as a second messenger, independent of NO in this species,
with an apparent ECsy between 3.5 and 10 nM (18).

We report the isolation to homogeneity and sequencing of the
first endogenous insect antidiuretic factor (ADF) acting directly
on Malpighian tubules. This factor, from Tenebrio molitor, is
extremely potent, with an ECsy ~ 107-fold lower than that of
CAPy, on T. molitor tubules [85 nM (19)]. This ADF appears to
use cGMP as a second messenger, like CAPxyp,.

Materials and Methods

Insects. A colony of Tenebrio molitor was maintained at high
population density at ~27°C, with a 14 h light /10 h dark cycle.
Pupae, adults, and larvae were separated from one another every
second day; all insects were fed a diet of wheat bran and raw
potatoes. Heads used for extraction of peptides were removed
from pupae and frozen immediately in liquid N,. Combined
heads were stored at —80°C before extraction. For bioassays of
cGMP secretion, newly emerged (0-2 h) adult 7. molitor were
removed from the colony and Malpighian tubules dissected. For
fluid secretion assays, last instar larvae were used.
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Isolation (Second Messenger) Bioassay. Throughout our purifica-
tion, we followed ADF activity by measuring cGMP excreted
from T. molitor tubules; secretion of nucleotide second messen-
gers from insect Malpighian tubule cells is well established (20).
cGMP-stimulating activity of aliquots from chromatographic
fractions was measured with a competitive enzyme immunoassay
(Cayman Chemicals, Ann Arbor, MI). Aliquots of extracts or
chromatographic fractions to be assayed were dried down in the
presence of 0.1 mg BSA in a Savant Speed Vac and resuspended
in Nicolson’s T. molitor saline (21) containing 100 uM Zaprinast,
a selective inhibitor of cGMP phosphodiesterases. Malpighian
tubules (six per animal) were dissected from newly emerged
adult 7. molitor and incubated singly in microtiter plate wells
containing 150 ul of saline with 100 uM Zaprinast incubated for
1 h in a 30°C water bath. Each tubule was then carefully
transferred to a well containing 150 ul of resolubilized sample
(usually 2-5 head equivalents) and incubated for another hour.
The first incubation gave the basal level of cGMP production,
and the second showed any effects of the chromatographic
fraction on cGMP levels. After each incubation, all saline was
transferred to a 1.5-ml polypropylene tube and centrifuged for 10
min at 16,000 X g. Aliquots (50 ul) of the resulting supernatants
were then removed from each tube for cGMP enzyme immu-
noassay (EIA).

c¢GMP Dose-Response (Second Messenger) Assay. This variation of
the assay method above was used with synthetic peptide and was
intended to determine the effect of peptide on both intracellular
and secreted cGMP levels. Malpighian tubules were dissected
from newly emerged adult 7. molitor. Two tubules were placed
in a 5-ml polypropylene test tube containing 300 ul of either
Nicolson’s T. molitor saline or a defined concentration of peptide
dissolved in saline; all tubes contained 100 uM Zaprinast. After
a 1-h incubation at 30°C, all tubes were floated 5 min in boiling
water, then allowed to cool another 2 min. Tubules in each test
tube were homogenized with a Polytron, the homogenates
transferred to 1.5-ml polypropylene tubes, and these centrifuged
10 min at 16,000 X g in a microcentrifuge. Fifty microliters of
supernatant was then removed from each tube and assayed for
cGMP by using EIA as described above. Three to six replicates
were performed for each concentration.

cAMP Assay. A competitive cCAMP EIA was used to measure the
effect of T. molitor ADF on cAMP produced by Malpighian
tubules. One-hour incubations were done with 300 ul of T.
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molitor saline alone, 300 ul of T. molitor saline plus 10 nM T.
molitor DH37, or the same plus either 1 pM or 1 nM T. molitor
ADF in 5-ml tubes containing two Malpighian tubules per tube
(always from different animals). After incubation was complete,
3-isobutyl-1-methylxanthine was added to a concentration of 1
mM, to prevent further hydrolysis by phosphodiesterases. Tu-
bules were then boiled for 5 min, homogenized, and the homog-
enate transferred to polypropylene tubes, which were centri-
fuged 10 min at 16,000 X g. Twenty-five microliters were
removed from each tube and used for cAMP immunoassay.
cAMP was quantified by using an EIA procedure adapted from
ref. 22. Briefly, 27.5 wl of goat anti-rabbit IgG (American
Qualex, La Mirada, CA) was diluted in 10 ml of PBS (0.02 M
sodium phosphate/0.15 M NaCl, pH 7.4), and 90 ul of this
solution was added to the wells of an immunoabsorbent plate
(Nunc, #442404) and incubated for 4-5 h. The plate contents
were discarded and wells blocked by adding 315 pul of blocking
buffer [40 ml of EIA buffer (22) and 3 ml of normal goat serum
(Colorado Serum, Denver)]. The plate was incubated for 1 h, its
contents then discarded, and the wells washed twice with 150 ul
of wash buffer (PBS with 0.05% Tween 20). Rabbit anti-cAMP
(American Qualex) was diluted with EIA buffer, 75 ul was added
to each well, and 25 ul of standards /samples were added (cAMP
standards ranged from 1,000 pmol/25 ul to 0.01 pmol /25 wul).
The cAMP-HRP conjugate (prepared as in ref. 23, but modified
as in ref. 22), diluted with EIA buffer, was added to each well in
25-ul aliquots. The plate was covered, placed on a shaker for 5
min, and left overnight at 4°C. Following four rinses with wash
buffer, 100 ul of 3,3',5,5'-tetramethylbenzidine microwell per-
oxidase substrate (Kirkegaard & Perry Laboratories) was added
to each well. The plate was covered and kept for 10-15 min. The
enzymatic reaction was then quenched by adding 100 ul of 1 M
H3PO,4 and absorbance read at 450 nm by using a Molecular
Devices Vimax Microplate Reader and SOFTPROMAX 3.0 software.
All reactions were performed at 22° = 1°C unless otherwise
noted. The resulting data were analyzed by using PRISM 2.0b Mac
software.

Fluid Secretion Assay. A modified Ramsay assay (21) was used for
measurement of fluid secretion by larval T. molitor Malpighian
tubules at various concentrations of the synthetic peptide. Se-
cretion from tubules was measured in control solution (Ring-
er’s), which was then replaced with either Ringer’s solution or
ADF plus Ringer’s solution. Antidiuretic activity was calculated
as the difference in fluid secretion rates (nl/min) measured
before (maximal basal fluid secretion, control) and after the
addition of antidiuretic factor, expressed as percent inhibition of
secretion. Each tubule served as its own control, with 5-8
replicates done for each experiment. BSA was maintained at a
constant concentration of 0.5 mg/ml throughout all assays to
prevent loss of peptide.

Effect of NO Donors and NO Synthase Inhibitors On Malpighian
Tubules. We conducted experiments to study the involvement of
NO by using a crude extract of peptides as a stimulant, because
T. molitor ADF had not yet been identified. Two thousand T.
molitor heads were collected and stored as described above.
Heads were homogenized as described below for the isolation,
except that the material soluble in 90% methanol/10% acetic
acid was used for testing. The entire solution was aliquoted into
1.5-ml polypropylene tubes at ten 7. molitor head equivalents per
tube; 0.1 mg BSA was then added to each tube, and the solutions
were dried down on a vacuum centrifuge. Before utilization in
bioassays, the peptide extract was redissolved in 7. molitor saline,
75 ul of saline per head equivalent. Two head equivalents were
used in each assay, including positive controls. The cGMP assay
described as “isolation assay’”” was used for these studies; we had
not yet developed the more reproducible assay used for cGMP

Eigenheer et al.

dose-response measurements. We had also not discovered that
neutral extraction of the pellet after acidic methanol extraction
gave a larger amount of ADF than acidic extraction.

We tested the effects of two NO donors, the nonspecific donor
sodium nitroprusside at 10 uM and 1 mM and the selective
donor S-nitroso-L-cysteine at 1 uM and 0.25 mM, for their effect
on the amount of cGMP secreted by T. molitor Malpighian
tubules. S-nitroso-L-cysteine was synthesized, a few hours before
each experiment because of its instability, by reaction of sodium
nitrite with L-cysteine as described (24). We also attempted to
block the cGMP stimulation caused by two head equivalents of
semipurified 7. molitor ADF with the NO synthase inhibitors
NG-monomethyl-L-Arg (L-NMMA) at 1 uM, 10 uM, and 10 mM.
Similar experiments were performed with another NO synthase
inhibitor, S-methylisothiourea, at 10 uM and 5 mM. The amount
of cGMP produced was compared with that produced by a two
head equivalent positive control lacking inhibitor.

Extraction from Heads. 7. molitor heads were collected from pupae
and stored at —80°C before usage. Heads were delipidated by
homogenizing, using a Polytron with PTA 20TS saw teeth
(Brinkmann), first in cold (0-4°C) isooctane (400 ml), then 3
times in cold (0-4°C) CH,Cl, (400 ml each). The solid pellet was
extracted using 90% methanol/10% acetic acid (400 ml) with
0.1% (vol/vol) 2-(methylthio)-ethanol to minimize oxidation.
After re-extraction with the same solution, the remaining pellet
was extracted with 20 mM pH 4 Tris-acetate buffer (400 ml)
containing protease inhibitors: 10 uM leupeptin, 1 uM pepsta-
tin, and 0.2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride. This
solution also contained 0.1% (vol/vol) 2-(methylthio)-ethanol
and 1 mg BSA. After each extraction, the homogenate was
centrifuged at 15,000 X g. The major cGMP-stimulating activity
extracted into the pH 4 buffer; in all previous steps it had
remained in the pellet. The centrifuged supernatant was vacuum
filtered using a 20-um polyethylene frit in a 75-ml polypropylene
syringe reservoir to remove particulates before the first chro-
matographic step.

Peptide Isolation. One thousand five hundred head equivalents of
filtered extract in buffer were loaded on CM650 M Toyopearl
cation exchange support (1.5 ml), contained in a 5-ml polypro-
pylene syringe reservoir with polyethylene frit, then washed with
pH 4 Tris-acetate buffer. Peptides were subsequently eluted with
20 mM Tris, pH 7 (20 ml), after which trifluoroacetic acid (TFA)
was added to 0.1% (vol/vol) before the first reversed-phase
liquid chromatography (RPLC) step. All RPLC steps were done
on a Hewlett—Packard model 1050 pumping system and detector,
with Rheodyne 7125 loop injector. Five hundred head equiva-
lents (a one-third aliquot from the prior step) were loaded at 0.2
ml/min onto a Cg Zorbax (2.1 X 150 mm; 30 nm) reversed-phase
column, which was equilibrated with 0.1% aqueous TFA before
and after loading of samples. The bound fractions were eluted
with a 60-min 0-57% CH3CN in 0.1% TFA gradient at 0.2
ml/min, at ambient temperature. The detector was set to 220 nm
at 0.05 absorbance units full scale (AUFS). Fractions were
collected manually as individual peaks when possible based on
the peak shapes on the strip chart recorder tracing. The most
active ADF fraction eluted at ~17% CH3CN. This chromatog-
raphy step was repeated twice, each time with 500 head equiv-
alent aliquots from the previous (cation exchange) step; active
fractions from the three runs were pooled and diluted 5-fold with
0.1% aqueous TFA before the next step. These pooled fractions
were then loaded onto a C; Vydac (1.0 X 150 mm; 30 nm)
reversed-phase column at 60 pl/min, at ambient temperature,
and equilibrated as before with 0.1% TFA. The detector was
again set to 220 nm at 0.05 AUFS. The bound fractions were
eluted with the same gradient, with the most active ADF fraction
eluting from the column at 13.5% CH3;CN. This fraction was
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again diluted 5-fold with 0.1% aqueous TFA, then loaded onto
a Zorbax SB cyano (Michrom 1.0 X 150 mm, 30 nm) reversed-
phase column at 60 ul/min and equilibrated as before with 0.1%
aqueous TFA. The bound fractions were eluted as in the
preceding two steps (same gradient; same temperature, detector
conditions), with the most active fraction eluting at 19% CH3;CN.
All RPLC fractions were collected in 1.5-ml lubricated (Corning
Costar) tubes to prevent sticking; no BSA was added to RPLC
fractions.

Peptide Microanalysis and Synthesis. Mass spectral analysis of the
purified peptide was performed on a Bruker Proflex Plus
matrix-assisted laser desorption ionization—time-of-flight
(MALDI-TOF) instrument. Sequence analysis of the purified
ADF was performed using automated Edman degradation on an
Applied Biosystems Procise 492 sequencer. ADF peptides were
synthesized with N*-9-fluorenylmethoxycarbonyl (Fmoc) chem-
istry by using an Applied Biosystems 431A synthesizer using
1-hydroxybenzotriazole in 1-methyl-2-pyrrolidinone in the pres-
ence of dicyclohexylcarbodiimide for Fmoc-amino acid activa-
tion. Extended 2-h single coupling cycles with 10-fold molar
excess of acylating species were used. Both acid and amide
C-terminal forms of the peptide were synthesized simultaneously
by using a combination of 50 umol each of p-hydroxymethyl-
phenoxy (Wang resin) and Rink MBHA amide resins. An
excellent separation of the two forms was achieved by purifica-
tion on a 20 X 250 mm Cg YMC column on a Thermo
Separations (San Jose, CA) P4000 preparative liquid chromato-
graph. The gradient used was 0-57% ethanol in 60 min with
0.1% TFA maintained throughout. After separation, the syn-
thetic amidated and free-acid forms of the peptide were analyzed
by MALDI-TOF to confirm their identity.

Nerve Cord Extraction and Partial Purification. Brains and nerve
cords were separately dissected from pupae; the nerve cords
consisted of the first thoracic to last abdominal ganglion. All
tissues were rinsed in 7. molitor saline before extraction. Nerve
cords from ten 7. molitor pupae were extracted using a scaled-
down version of the isolation protocol; brains were extracted
separately. A total volume of 1 ml of solvent in 1.5-ml polypro-
pylene tubes was used for each extraction; homogenization was
done with a teflon pestle fitted to the 1.5-ml tubes. The defatted
nerve-cord extract was loaded onto a CM650 M Toyopearl
cation exchange support (0.5 ml) contained in a 1.5-ml polypro-
pylene syringe reservoir with polyethylene frit, then washed with
pH 4 20 mM Tris-acetate buffer. Peptides were eluted with 4 ml
of 20 mM Tris, pH 7, after which TFA was added to 0.1%
(vol/vol) before RPLC separation. The solution was loaded on
a 1-mm C4 Vydac reversed-phase column, and eluted as de-
scribed in the isolation protocol. The strongest cGMP-
stimulating zone was then diluted five times with 0.1% aqueous
TFA and separated on a 1-mm Zorbax cyano RPLC column,
again using the same conditions as described above. Brains were
separated using only the Vydac C4 column.

Results

Isolation and Identification of ADF. From an initial extraction of
10,000 frozen T. molitor heads, 1,500 head equivalents were
purified by ion exchange and reversed-phase chromatography,
yielding ~50 pmol of pure ADF peptide. This single 15% aliquot
of the entire sample sufficed for mass spectral and microse-
quence analysis. There was a single additional active fraction in
the first HPLC separation (Cg column, Fig. 1), which had a
somewhat greater retention time on the reversed-phase column
than the more active fraction. This second factor appears very
significantly less active and is still under investigation.

Edman sequence analysis of the purified ADF indicated a
primary structure of VVNTPGHAVSYHVY, with a theoretical
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Fig. 1. Reversed-phase separation of 500 head equivalents of T. molitor

extract on a Cg Zorbax (2.1 X 150 mm) column, using the conditions described
in Materials and Methods. The taller blackened box shows a fraction contain-
ing the T. molitor ADF, whereas the shorter darkened box is a fraction
corresponding to a second, less active entity. Fractions were collected based
on peak morphology.

monoisotopic M; of 1,541.7; MALDI-TOF analysis of the natural
peptide indicated a mass of 1,541.58, which agrees well with the
theoretical M;. Peptides having this sequence were synthesized in
both amidated and free-acid carboxyl terminus forms and pu-
rified by RPLC. The native ADF was coinjected separately with
amide and acid synthetic ADF on a 1-mm C,4 Vydac (Hesperia,
CA) reversed-phase column; the native peptide coelutes with the
free-acid form of synthetic ADF, confirming the sequence
analysis and demonstrating a complete structure of VVNT-
PGHAVSYHVY-OH. The free-acid structure was also con-
firmed by analysis of mixed native and synthetic peptide by
MALDI-TOF mass spectral analysis, yielding a single ion at the
correct M,.

T. molitor ADF has significant resemblance to only one known
neuroendocrine peptide; it is similar to a portion of rabbit big
endothelin I (Fig. 2): 57% identity and an additional 14%
similarity. However, the similarity is to the inactive portion of big
endothelin I, which is removed in the conversion to active
endothelin I; the similarity begins exactly at the site of cleavage
of big endothelin (Fig. 2). Interestingly, 7. molitor ADF also has
near identity to the C terminus of a known T. molitor cuticle
protein, differing only by a threonine (peptide) for alanine
(protein) substitution 11 residues from the carboxyl terminus of
the protein (25).

rEndothelin - - — - — — CSClss{LMD ECIVIY FCHL
hEndotheln - — — — - — CSC|SS(LMD ECIVIY FCHL
CAAQ3880C-term. A G Y HA P L V H|S S|Y A S A P|VIF A A
T.molitor ADF - — = = — = = — = = — = — — = — — — — - — — -
rEndothelin DI IWVNTPGH|[I!|ViP]Y|[GLGSPS S
hEndothelin DI|WVNTPHVVPYG GSP —
CAA03880 C-term. LSTVVNEPGHAVSYHVY —————
T. molitor ADF — — = VIVNTP GHA|VISIYIHV Y — - — — -

Fig. 2. Sequence alignment of T. molitor ADF, T. molitor cuticle protein
CAA03880 (40 C-terminal residues only of 293 residue protein), and rabbit (r)
and human (h) big endothelin I, aligned using CLUSTAL w. V. 1.8 on sequences
from the Swiss-Prot database. Identical residues are boxed. Endothelin I is
cleaved by endothelin converting enzyme at the W-V bond; the homology to
T. molitor ADF occurs in the inactive part of big endothelin |, on the C-terminal
side of the cleavage site.
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Fig.3. (A) Dose-response curve for T. molitor ADF with Malpighian tubules
of larval T. molitor. Fluid secretion was measured at various concentrations of
hormone and the percent inhibition determined. The data are given as %
inhibition of secretion =+ standard error, and were fitted by nonlinear regres-
sion analysis using prism 3.0, fitting only data from 1077 to 10~'2 M because of
apparent desensitization at higher concentrations. The ECsq is 10 fM (95%
CL = 2.8-38 fM). Basal secretion was determined on Malpighian tubules
initially in control solution (Ringer’s saline); subsequently this was replaced
with more Ringer’ssolution or Ringer’s solution containing antidiuretic factor.
All fractions contained 0.5 mg/ml BSA. Some loss of basal secretion is always
observed after fluid replacement; this accounts for the response never reach-
ing zero inhibition. (B) Dose-response curve for T. molitor ADF, but measuring
elevation of cGMP in adult Malpighian tubules rather than fluid secretion. The
ECs0is 0.7 pM (95% CL = 0.36-1.4 pM), 70 times higher than the ECs, for fluid
secretion.

Biological and cGMP Second Messenger Assays. Because we used a
c¢GMP assay to confirm the identity of our antidiuretic factor, we
sought also to demonstrate dose-dependent biological activity in
a fluid secretion assay. Using a modified Ramsay assay, we
demonstrated that the ADF caused a reversible and dose-
dependent decrease in fluid secretion by T. molitor tubules (Fig.
34) with an exceptionally low ECsp (10 fM; 95% CL = 2.8-38
fM). Significant desensitization of maximal response occurs at
higher concentrations of ADF, indicating possible receptor
desensitization or internalization. Thus, the data in Fig. 34 were
fitted to nonlinear regression analysis (PRISM 3.0a) only from
10717 to 10712 M, because of the inability of the algorithm to
account for decreases at higher concentrations. Although data
up to 1078 M are shown, these were not included in the nonlinear
regression. T. molitor ADF causes a dose-dependent increase of
c¢GMP production in the Malpighian tubules of the insect; the
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Fig. 4. (A) T. molitor nerve cord extract separated by RPLC; 1 X 150 mm C4
Vydac column, eluted at 50 ul/min by using a gradient of 0-57% acetonitrile
in 60 min with 0.1% TFA maintained throughout. Detector was set to 220 nm
and 0.05 absorbance units full scale (AUFS). Shaded area indicates the fraction
containing cGMP stimulating activity, which has retention time similar to the
T. molitor ADF standard (not shown). (B) Upper chromatogram: Fractionation
of cGMP-stimulating zone from above figure on 1 X 150 mm Zorbax cyano
column, eluted with the same gradient and conditions except full scale shown
is 0.02 AUFS. A fraction with cGMP stimulating activity is shown by a shaded
fraction on the chromatogram. Lower chromatogram: 20 pmol T. molitor ADF
run on the same column with same conditions, but after the biological sample
to avoid contamination.

ECs for the second messenger is 0.7 pM (Fig. 3B). [CAP, also
elevates cGMP in T. molitor tubules, but with far lower potency
(R.A.E., unpublished data)]. In a related publication (19), we
have demonstrated that exogenous cGMP inhibits fluid secre-
tion by T. molitor tubules, and that both exogenous cGMP and
T. molitor ADF cause reversal of previous stimulation by cAMP
or the T. molitor diuretic hormone DH3; (26), respectively.

Biochemical Evaluation of Peptide Source. Because of the near
identity of T. molitor ADF to a cuticle protein, we extracted and
partially purified peptides from 7. molitor tissues containing no
cuticle: the nerve cord and brain. We used a protocol that was
scaled down, but otherwise identical to that used for extraction
and initial purification of the ADF peptide. The region showing
cGMP-stimulating activity after purification on a 1-mm Vydac
C4 column (Fig. 44) eluted at approximately the same retention
time as did ADF in previous steps. To verify this similarity of
elution, the active region was rechromatographed on a 1-mm
Zorbax (Michrom, Auburn, CA) cyano column and synthetic
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Fig. 5. The effects of various treatments on cAMP levels determined by EIA

in 300 wl incubations containing two Malpighian tubules and lacking any
phosphodiesterase inhibitor. Results are shown as pmol per tubule of cAMP +
SEM; columns indicated as zero had an amount of cAMP lower than the limit
of detection (0.6 pmol per incubation) of the EIA. A, control; B, 1 nM ADF; C,
1 pM ADF; D, 10 nM T. molitor DH37; E, 10 nM T. molitor DH3; + 1 nM ADF; F,
10 nM T. molitor DH3; + 1 pM ADF.

(free acid) peptide was subsequently run using identical condi-
tions. Fig. 4B shows the agreement in retention times for the two
peptides. We also demonstrated that biological activity from
partially purified brain extract has retention time similar to that
of the synthetic ADF on the Vydac C,4 column (data not shown).
This result indicates the likelihood that this peptide is not a
randomly proteolyzed fragment of cuticle protein, but a genuine
neuroendocrine molecule.

Other Chemical Messengers. In some biological systems, NO acts as
a second messenger for peptide hormones (27) by stimulation of
a soluble guanylyl cyclase, whose heme group binds NO. The
myotropic peptide CAP,,, originally isolated from Manduca
sexta (16), causes diuresis in D. melanogaster by elevation of NO
and thence cGMP (17), yet in R. prolixus CAPy, causes antidi-
uresis without the involvement of NO (18). Therefore, early in
this project we tested the ability of the nonspecific NO donor
sodium nitroprusside at 10 uM and 1 mM concentrations to
stimulate cGMP elevation. We used as a negative control T.
molitor saline and tubule without NO donor. Sodium nitroprus-
side failed to cause a significant elevation of cGMP at both
concentrations. The specific NO donor S-nitroso-L-cysteine also
failed to significantly stimulate cGMP elevation at both 1 uM
and 0.25 mM. We also tested the ability of two NO synthase
inhibitors, N-monomethyl-L-Arg (L-NMMA) and S-methyliso-
thiourea, to block the cGMP elevation induced by crude soluble
extract. For S-methylisothiourea, a two head equivalent positive
control showed no significant difference in cGMP production in
the presence or absence of either 10 uM or 5 mM S-
methylisothiourea. L-NMMA showed no effect at 1 uM and 10
uM. There was a significant decrease in cGMP production when
the ADF sample was assayed with 10 mM L-NMMA, but at such
high concentrations of Arg derivatives, nonspecific effects have
been reported (28). These results together suggest that NO does
not act in signal transduction in 7. molitor Malpighian tubules.
It is likely that this peptide works through a membrane-bound
guanylyl cyclase /receptor, as does atrial natriuretic factor (29).

Using cAMP EIA, we also confirmed that synthetic ADF
causes a striking reduction in cAMP production, when added to
Malpighian tubules stimulated by 10 nM T. molitor DH3;. T.
molitor ADF at 1 pM was much more effective than 1 nM ADF
for lowering cAMP (Fig. 5), again indicative of receptor desen-
sitization at high concentrations of ADF (the term “hormesis”
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(30) has been coined for the general phenomenon of a decrease
in response resulting from an overstimulation of receptor by
ligand; this phenomenon appears to constitute an organismal
response to restore homeostasis).

T. molitor DH37 is a potent diuretic hormone (DH) acting
through cAMP (26) with an ECsj of 2.6 nM; its ECs in a fluid
secretion assay in this species is 0.12 nM (19), or about 20-fold
lower. Interestingly, the ECsp for the ADF is also much lower in
the fluid secretion assay (70-fold) than in the ¢cGMP second
messenger assay, consistent with the notion that considerably
less than a half-maximal production of second messenger is
required to give a maximal increase in biological effect. How-
ever, some of this difference is likely attributable to use of larval
tubules for the fluid secretion assays (Pretoria) and adult tubules
for the cGMP assays (Reno); the two colonies are of different
origin and rearing conditions differ. Opposing effects for the two
cyclic nucleotides are documented in R. prolixus (31) and now
also in T. molitor (19).

Discussion

In this paper, we describe the isolation and characterization of
an extremely potent antidiuretic peptide from 7. molitor. This
peptide exerts its effects in the unusual manner of stimulating
c¢GMP and thereby inhibits fluid production by the Malpighian
tubules through decreasing cAMP concentration. It is interesting
that we were able to identify this highly potent peptide by using
only a 15% aliquot of the 10,000 heads extracted. This yield
suggests it is more abundant than Tenmo-DHi; or -DHyy;
isolation of the former was successful from 8,400 7. molitor pupal
heads (26), but isolation of the latter required more than 28,000
heads for successful sequencing (32). The combination of an
apparent higher abundance of ADF compared with the DH,
versus its very high potency, is surprising.

The structure of 7. molitor ADF is unique among neuropep-
tides, with its only known resemblance to the portion of rabbit
big endothelin I, which is removed in the conversion to active
endothelin 1. T. molitor ADF also has near identity to the C
terminus of a known 7. molitor cuticle protein, differing only by
a threonine (peptide) for alanine (protein) substitution 11
residues from the carboxyl terminus of the protein (25). It is
possible that these sequences are identical. The sequence of the
cuticle protein was deduced from cDNA sequence data; a single
base error in sequencing would account for the observed dif-
ference in protein sequence. Virtually all neuropeptide precur-
sors have paired dibasic residues immediately preceding and
immediately following the peptide sequence; the dibasic residues
are a consensus site for cleavage by Kex-2, furin, or their
homologues (33). The cuticle protein has a Ser-Thr sequence just
“upstream” of the ADF-like sequence, rather than a dibasic
cleavage site, suggesting the protein is not likely to be a con-
ventional neuropeptide precursor. It is interesting to recall that
both the cuticle and the brain plus nervous tissue are of common
ectodermal origin in the embryo. T. molitor ADF could have
evolved by an interesting gene duplication event. Gene dupli-
cation events appear to explain (34) the existence of two
CRF-like DH in each of three insect species (32, 34, 35), the
smaller of the three CRF-like DH form a paralogous family as
a result of gene duplication: a situation analogous to that
observed in the CRF-sauvagine-urotensin I family of pep-
tides (36).

Recently Lavigne et al. (15) and Laenen et al. (14) have
reported attempted isolation of antidiuretic factors from the
beetle Leptinotarsa decemlineata and the ant Formica polyctena,
respectively. Both studies used fluid secretion assays, with no
characterization of the second messenger involved. The prop-
erties of the factor from L. decemlineata are similar to those of
T. molitor ADF; the factor from L. decemlineata elutes from a Cig
solid phase extraction cartridge with less than 25% CH;3CN, and
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it partially permeates a 3,000-Da cut-off membrane. From these
data the authors inferred it was a peptide of 25-50 residues (ref.
15; such size estimates from membrane permeability are ex-
tremely approximate). In contrast, the factor from F. polyctena
is not eluted by 40% CH3CN; it requires 60% CH3CN to elute
from a Cig solid phase extraction cartridge. It is thus far more
hydrophobic than the ADF from either beetle. Nevertheless, the
ant ADF is reported to be active on Malpighian tubules of T.
molitor (14).

Because of the exceptional potency of the antidiuretic factor,
we feel confident that it plays a role as an endogenous antidi-
uretic neurohormone (ADH) and represents a potential target
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for insect control. Antagonists of this peptide could impair the
ability of T. molitor to survive in dry environments, such as grain
silos, where it can do significant damage. If this ADH is
evolutionarily conserved among the Insecta, it could be used to
develop weapons against a number of pests that depend on
antidiuretic factors for their ability to survive dry conditions.
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