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Leucosulfakinin, a Sulfated Insect Neuropeptide with 
Homology to Gastrin and Cholecystokinin 

A sulfated, myotropic neuropeptide termed leucosulfakinin (Glu-Gln-Phe-Glu-Asp- 
Tyr(S03H)-Gly-His-Met-Arg-Phe-NH2) was isolated from head extracts of the cock- 
roach Leucopbaea maderae. The peptide exhibits sequence homology with the hormo- 
nally active portion of the vertebrate hormones human gastrin I1 and cholecystokinin, 
suggesting that these peptides are evolutionarily related. Six of the 11 amino acid 
residues (55 percent) are identical to those in gastrin 11. In addition, the intestinal 
myotropic action of leucosulfakinin is analogous to that of gastrin. 

I NSECTS UTILIZE VERTEBRATE-LIKE 
neuropeptides for a variety of regula- 
tory functions. Partial sequence analyses 

of the amino termini of several neuropep- 
tides that have prothoracicotropic hormone 
( M T H )  activity reveal homology with the 
human insulin A chain. Prothoracicotropic 
hormones, which have been isolated from 
silkworm (Bombyx muri) head extracts, medi- 
ate molting hormone synthesis and meta- 
morphosis. Melanization and reddish color- 
ation hormone from the same silkworm 
species has been partially sequenced at the 
amino terminus to reveal homology with the 
carboxyl terminal region of insulin-like 
growth factor I1 (1). Homology has also 
been reported between the amino terminus 
of the vertebrate peptide glucagon and the 
cardioacceleratory-hypertrehalosemic pep- 
tide CC-2, the latter isolated from the cor- 
pora cardiaca of the cockroach Periplaneta 
americana (2). In addition, material that 
reacts with antisera to at least nine verte- 
brate neuropeptides, including gastrin and 
cholecystokinin (CCK), has been noted in 
insect tissues (3 ) .  The presence of gastrin or 
CCK-like immunoreactivity in tissues of the 
tobacco hornworm moth Manduca, silk- 
worm Bonzbyx, drone fly Erzstalis, cockroach 
Periplaneta, and in neurons of the central 
nervous system (CNS) and the neuroendo- 
crine system of the blowfly Call@hora has 
been demonstrated by fluorescence immu- 
nocytochemistry. Antisera specific for the 

carboxyl terminus and amino terminus of 
both gastrin and CCK peptides have been 
used in these studies. The antisera directed 
against the carboxyl terminus of gastrin or 
CCK stained a number of neurons in the 
brain, thoracic ganglion, and corpora cardia- 
ca, whereas the antisera directed against the 
amino terminus did not cross-react with any 
cells of young blowflies (4). 

We report here the isolation, characteriza- 
tion, and synthesis of a sulfated myotropic 
neuropeptide from head extracts of the Ma- 
deira cockroach Leucrnhaea nzaderae that ex- 
hibits sequence homology with the carboxyl 
terminus of the human brain-gut hormones 
gastrin I1 and CCK. The sequence homolo- 
gy and intestinal myotropic activity analo- 
gous to that of gastrin suggest that molecu- 
lar evolution of the gastrin-CCK peptides 
did not begin in vertebrates, but rather be- 
gan earlier in time. Unlike other known neu- 
ropeptides from invertebrates, this neuro- 
peptide, designated leucosulfakinin (LSK), 
is sulfated. LSK has also been identified in 
extracts of L. nzaderae corpora cardiaca, 
which are the major neuroh-oral organs 
of insects and are analogous to the verte- 
brate hypothalamus-hypophyseal system. 

We isolated LSK from methanol-water- 
acetic acid (90:9: 1) extracts of 3000 L. 
nzaderae heads by a four-step high-perform- 
ance liquid chromatography (HPLC) purifi- 
cation procedure with Waters pBondapak 
phenyl, Rainin Microsorb C1, Techsphere 3 

Cl8,  and Waters 1-125 Protein-Pac columns 
(5). Activity was detected by observing the 
myotropic effect of various fractions, that is, 
changes in the frequency or amplitude of 
spontaneous contractions of the cockroach 
proctodeum (hindgut) (6). Initial separa- 
tion of the extracts on a pBondapak phenyl 
column yielded five fractions of active mate- 
rial. Four of these fractions were also found 
in brain-corpora cardiaca extracts of L. ma- 
derae (6). One of those four, eluting at 62 to 
64 minutes, was purified on a Microsorb C1 
column and an active fraction eluting at 43 
to 45 minutes was collected (7) .  The active 
fraction was further purified on a Tech- 
sphere 3 C18 column and a single active 
peak at 51 minutes was isolated. Final puri- 
fication was effected on a Waters 1-125 
Protein-Pac column and 1.3 pg of pure 
peptide (eluting at 55.3 minutes) was ob- 
tained (Fig. 1) .  Amino acid analysis of the 
pure peptide revealed the molar ratio com- 
position as Arg(l), Asx(l), GIx(3), Gly(l), 
His(l), Met(l), Phe(2), and Tyr(1). Micro- 
sequence analysis (8) of the peptide yielded 
the primary structure Glu-Gln-Phe-Glu- 
Asp-Tyr-Gly-His-Met-Arg-Phe, which ac- 
counts for all the amino acids. However, 
two synthetic replicas of the established 
sequence--one with a carboxyl terminal am- 
ide and the other with a carboxyl terminal 
carboxylic acid (9)-behaved differently 
from the active substance on HPLC analysis 
and were also inactive in the hindgut bioas- 
say up to a concentration of 2 x 10-6M. 

Our realization that LSK exhibited se- 
quence homology with human gastrin and 
CCK (Fig. 2) provided an important clue to 
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ring, active CCK-8 (11) (Fig. 2) reveals a 
homology between ~ s p ' - ~ ~ r ~  of the LSK 

Time (minutes) 

Fig. 1. Separation of myotropic activity by 
HPLC. (A) Fractionation on Techsphere 3 C18 
of area eluting 43 to 45 minutes from Microsorb 
C1. Peak eluting at 51 minutes contained myotro- 
pic activity (5). 0.5 absorbance units at full scale. 
(B) Fractionation on Waters 1-125 Protein col- 
umn of active peak collected in (A). Mvotropic 
activity eluted in a peak at 55.3 minutes (5). 0.2 
absorbance units full scale. 

its structure. Residues Glul, Glu4, Tvr6, 
Glv7, ~ e t ~ ,  and Phe" of the LSK sequence 
match positions 7, 10, 12, 13, 15, and 1 7  of 
human gastrin I (the nonsulfated form of 
gastrin). Thus, 6 of the 11 (55 percent) 
amino acid residues of LSK are identical 
with those of human gastrin, the highest 
percentage reported be6veen insect and ver- 
tebrate neuropeptides. These residues are 
retained in minigastrin- 14, minigastrin- 13, 
and minigastrin-6, naturally occurring trun- 
cated forms of gastrin ( lo) ,  and are located 
in the active portion of the hormone. Fur- 
thermore, LSK shares 4 of 6 (66 percent) 
residues with minigastrin-6. sequence ho- 
mology is potentially greater, as the se- 
quence differences Gln2, Asp5 of LSK and 
Glu8, Ala" of gastrin I could arise from 
single-base subsztution in the respective co- 
dons (Fig. 2). 

Comparison of LSK with naturally occur- 

sequence and the corresponding amino acid 
pair at positiotls 1 and 2 of CCK-8. The 
residues Glu4 and Asp5 in LSK and Asp1 
and Tyr2 S 0 3 H  in CCK-8 are related by 
their acidic character and by the fact that 
their codons could differ by only a single 
nucleotide (Fig. 2). In addition, the tyrosine 
residues of CCK and another form of gas- 
trin, gastrin 11, are present as sulfate esters, 
which suggested the presence of a sulfated 
tyrosine in native LSK. The sulfate group in 
LSK could have been readily removed under 
the acidic conditions of amino acid analvsis 
and sequencing. The presence of a sulfate 
ester on tyrosine in LSK, a modification that 
is present in only a small number of peptides 
112). further em~hasizes the resemblance to 
\ , '  

gastrin 11. The sequence homology and anal- 
ogous biological activity exhibited by LSK 
and gastrin I1 suggests that the probability 
that their structural convergence is coinci- 
dental is remote. 

The sulfate group was incorporated on 
the synthetic peptihe-arnide bv treatment 
with concentrated sulfuric acid at -5°C for 
30 minutes (13). Purification by reverse- 
phase HPLC on a Vydac C18 column 
(product eluted at 83 to 86 minutes) and bv 
a ~Bondapak phenvl column (5) yielded a 
peak at 62.9 minutes, corresponding to the 
retention time of LSK. The svnthetic pep- 
tide caused an increase in the spontaneous 
contractions of the cockroach hindgut at a 
threshold concentration of 2.2 x lo-'' 
-t 1.1 x 1 0 - 1 0 ~  (SD, n = 5), a\~aluevirm- 
ally identical to that recorded for the natural 
product (1.9 x 10-lo r 0.6 x 1 0 - l ~ ~  (SD, 
n = 5) (Fig. 3). The sulfated peptide had a 
retention time of 50.8 minutes on a Tech- 
sphere 3 C18 column, again similar to the 
value obtained for the natural product (5 1.0 
minutes). Amino acid analysis confirmed 
that the amino acid residues and molar 
ratios were identical to those of LSK. Fast 
atom bombardment mass spectra of synthet- 
ic LSK showed molecular ions at 1537.6 
(MH+) and 1457.6 (MH+- S03H),  a re- 

GASTRIN II 
pGlu-Gly-Pro 

LSK 

CCK-8 

Fig. 2. Sequence homology between leucosulfalunin (LSK) and human gastrin I1 and cholecystolunin-8 
(CCK-8); * denotes the amino termini of minigastrin-14 and minigastrin-13, active naturally 
occurring, truncated forms of gastrin. Solid lines indicate direct homology and dashed lines correspond 
to residues in which the nucleotide codons could differ by a single nucleotide. 

Fig. 3. Response of the hindgut preparation of 
Leucophaea maderae (6) to leucosulfalunin (LSK) . 
Concentration, 6 x 10-'OM (three times thresh- 
old dose); time base, 1 minute; vertical calibra- 
tion, 2-mm tissue movement. The point of LSK 
application is indicated by the arrow. 

sult consistent with a single sulfate group in 
the structure (14). The identification of 
tyrosine sulfate in the Ba(OH)2 hydrol- 
ysates of both svnthetic and natural LSK 
pinpointed the location of the sulfate (13). 
The complete structure of LSK was there- 
fore established as Glu-Gln-Phe-Glu-Asp- 
Tyr(S03H) -Gly-His-Met-Arg-Phe-NH2. 
The content of LSK was approximately 
0.5 ng per head (0.00034 nmol per head) 
in the insect. The presence of the neuropep- 
tide in the neurosecretory corpora cardiaca 
of the brain, its myotropic activity at the 
distant hindgut, and homology with verte- 
brate hormones suggests that LSK may 
have a hormonal function in L, nzadeira. 

The sulfated terminal carboxylic-acid ana- 
log of LSK, prepared by the above proce- 
dure for LSK, proved inactive even up to a 
concentration of 1OP6M. Synthetic CCK-8 
(Peninsula Laboratories), gastrin I, and gas- 
trin I1 were also found to be inactive up to 
IO-~M.  This was expected because of the 
disparity between the basic   is' and Arglo 
residues of the carboxyl terminus of LSK 
and the analogous nonpolar Trp and acidic 
Asp residues present in the same relative 
positions of gastrin and CCK (Fig. 2). This 
disparity is consistent with the e\~olutionary 
distance between their respective hosts and 
suggests that LSK and gastrin have dissimi- 
lar conformations. Furthermore, gastrin- 
CCK immunoreactive substances from the 
crab Cancer magister and sea hare Aplysia 
calfomica are inactive in mammalian bioas- 
says, consistent with the presence of se- 
quence differences in the carboqd terminal 
region of invertebrate CCK-gastrins that 
affect biological activity more than irnrnuno- 
reactivity (15). 

The structure of LSK, with an Asp and 
two Glu residues preceding the Tyr sulfate 
moiety, substantiates a hypothesis devel- 
oped from studies of other sulfated pep- 
tides-a sequence composed of acidic resi- 
dues preceding tyrosine is a recognition site 
for tyrosvlprotein sulfotransferase (12). Like 
LSK, an Asp along with other acidic resi- 
dues precedes the Tyr sulfate residue in 
CCK, the related frog peptide caerulein, and 
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the sulfated fibrinopeptides. The Tyr sulfate 
residue in gastrin I1 and in hirudin is also 
preceded b i  several acidic amino acids. 

The biological actions of CCK in mam- 
malian systems include the stimulation of 
pancreatic enzyme secretion, gall bladder 
contraction, and possible CNS ~nvolvement 
in the mechanism of satiety (13, 16). Non- 
sulfated CCK's are 250 to 350 times less 
effective in stimulating amylase secretion 
and gall bladder contraction than the sulfat- 
ed peptide (13, 1 3 ,  demonstrating the im- 
portance of the sulfate moiety. Although the 
primary gastrointestinal function of gastrin 
in mammals is to induce gastric secretion, it 
also stimulates smooth muscle contraction. 
increases blood circulation and water secre- 
tion in the stomach and intestine, and stimu- 
lates ~ancreatic secretion. The sulfate ester is 
not required in gastrin to elicit gastric acid 
secretion (1 8, 19). Contraction of visceral 
muscle promoted by LSK in the cockroach 
hindgui and its attendant stimulation of 
hemolymph (blood) circulation (20) are 
analogous to gastrin-induced motility and 
increased blood circulation in mammalian 
intestines. It is unknown whether LSK is 
also involved in the secretion of digestive 
enzymes and regulation of water balance or 
satiety in the cockroach, other insects, or 
even other invertebrates. 
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Neurons Containing NADPH-Diaphorase Are 
Selectively Resistant to Quinolinate Toxicity 

Exposure of cultures of cortical cells from mouse to either of the endogenous 
excitatory neurotoxins quinolinate or glutamate resulted in widespread heuronal 
destruction; but only in the cultures exposed to quinolinate, an N-methyl-D-aspartate 
agonist, was there a striking preservation of the subpopulation of neurons containing 
the enzyme nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d). 
Further investigation revealed that neurons containing NADPH-d were also resistant 
to the toxicity of N-methyl-D-asparfate itself but were selectively vulnerqple to the 
toxicity of either kainate or quisqualate. Thus, neurons containing NADPH-d may 
have an unusual distribution of receptors for excitatory amino acids, with a relative 
lack of N-methyl-u-aspartate receptors and a relative preponderance of kainate or 
quisqualate receptors. Since selective sparing of neurons containing NADPH-d is a 
hallmark of Huntington's disease, the results support the hypothesis that h e  disease 
may be caused by excess exposure to quinolinate or ssme other endogenous N-methyl- 
D-aspartate agonist. 

SMALL SUBPOPULATION OF NEU- 

rons in the mammalian central ner- 
.vous system (CNS) contains high 

activities of the enzyme nicotinamide ade- 
nine dinucleotide phosphate diaphorase 
(NADPH-d), the presence of which can be 
detected histochemicallv bv the enzvme- 
mediated reduction of '  a tetrazolium' dye 
to a visible reaction product (1). These 
NADPH-d-containing [NADPH-d(+)] 
neurons are scattered in "solitary" fashion 
throughout the neocortex, striatum, and 
otherbrain regions (1, 2), as well as in the 
retina (3). Neither the functional signifi- 
cance of the NADPH-d enzyme, nor the 
physiologic role of the NADPH-d(+) neu- 
rons is known, although in both the cortex 
and striatum the enzyme is colocalized with 

either somatostatin or avian pancreatic poly- 
peptide-neuropeptide Y (or both) immuno- 
reactivity (4). 

Recently, this distinct class of neurons has 
been found to be selectively spared in the 
striatum of patients with Huntington's dis- 
ease (HD) (5), in contrast to the general loss 
of intrinsic striatal neurons in Ha. Bio- 
chemical markers for striatal y-aminabutyric 
acid (GABA)-containing, cholinergic, and 
some peptidergic neurons (6) are all de- 
creased in HD,  but soinatostatin levels are 
actually increased ( 3 ,  probably reflecting 
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