Structure of a Molluscan Cardioexcitatory Neuropeptide

Abstract. A cardioexcitatory substance from ganglia of the clam Macrocallista
nimbosa, formerly designated peak C, is the tetrapeptide amide Phe-Met-Arg-Phe-
NH,. Its structure was determined by the combined use of Edman dansyl degrada-
tion and tryptic digestion. The structure was confirmed by synthesis. This neuropep-
tide is active at about 10~*M when assayed on molluscan muscle.

The neurohumors characteristic of the
Mollusca are acetylcholine, S-hydroxy-
tryptamine, and dopamine. But aque-
ous extracts of molluscan ganglia also
have cardioexcitatory activity attribut-
able to a number of other unidenti-
fied, chromatographically separable sub-
stances (I, 2). One of these, designated
peak C, is of particular interest because,
in addition to augmenting the contractile
force of molluscan cardiac muscle and
inducing prolonged contractions of other
muscles, it can regularize arrhythmic
hearts or, indeed, induce beating in
quiescent ones. Moreover, peak C has
been found in all the major classes of the
phylum Mollusca and is particularly con-
centrated in nervous tissue (2, 3). There-
fore, it has been suggested that this sub-
stance may be a neurohormone (2, 3).
Among the noncardiac muscles that con-
tract when treated with peak C is the rad-
ula protractor of the whelk Busycon
contrarium (4). Using this muscle togeth-
er with the heart of the venerid clam
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Fig. 1. Parallel bioassay of natural FMRFam-
ide (purified peak C) and the synthetic peptide
on (a) an isolated ventricle of Mercenaria
mercenaria and (b) a radula protractor of
Busycon contrarium. The muscles were iso-
lated and suspended in seawater (27 parts per
thousand) in a S-ml aerated, temperature-con-
trolled (22°C) organ bath. Contractions were
recorded with force transducers (Grass FT
03C) connected to an inkwriting oscillograph
(Grass model 7 polygraph). The doses were
injected into the baths as indicated (arrows).
The doses of synthetic FMRFamide were ac-
curately known, and are expressed in pico-
moles added to the bath; a 50-pmole dose
gives an actual bath concentration of 1078M.
The doses of the natural peptide are given in
volurnes of stock solution added to the bath.
The stock solution used in this assay con-
tained approximately 8 pmole/ul.
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Mercenaria mercenaria as a parallel
bioassay system, we have isolated peak
C from ganglion extracts of Macrocal-
lista nimbosa, also a venerid bivalve,
and have purified it by the combined use
of solvent extractions, gel filtration, and
ion-exchange chromatography «). We
now report experiments leading to the
identification of peak C with a tetrapep-
tide amide having the sequence: Phe-
Met-Arg-Phe-NH, (5).

Purified peak C has a phenylalanine-
like absorption spectrum and an isoelec-
tric point greater than pH 10. It is inac-
tivated by trypsin, chymotrypsin, and
Pronase (/, 4), and gives a positive reac-
tion with both ninhydrin and the Saka-
guchi reagent for arginine. Its amino acid
composition is Phe, Met, g Arg, ;» &,
5). On the basis of the amino acid analy-
sis, and assuming that the active agent is
a tetrapeptide, we estimate that 1 g of
dried ganglia dissected from 500 clams
yields about 5 ug of material containing
approximately 5 nmole of peak C (6).

Amino-terminal analysis and Edman
dansyl degradation (7, 8) of purified peak
C showed that the sequence begins Phe-
Met-; but we were unable to determine a
third residue with this method. Since the
composition of peak C is Phe,Met,Arg;,
only two amino acid sequences are pos-
sible: Phe-Met-Phe-Arg or Phe-Met-Arg-
Phe. However, the carboxyl terminal of
peak C, like those of many biological-
ly active peptides, might be an amide.
Thus, there are really four possible
structures, but each of them should yield
different amino acids upon tryptic diges-
tion (9), that is, Phe-Met-Phe-Arg-OH
would yield no free amino acid and no
ammonia; Phe-Met- Phe-Arg-NH, would
give no amino acid but would yield
ammonia; Phe-Met-Arg-Phe-OH would
yield free phenylalanine; and Phe-Met-
Arg-Phe-NH, would give phenylalanine
amide. Therefore, we incubated a few
nanomoles of peak C with trypsin, dan-
sylated the incubation mixture, and
chromatographed the product using the
standard two-dimensional polyamide
chromatographic system for separation
of dansylated amino acids (/0). In addi-
tion to a faint background of various dan-
syl amino acids, one intense spot ap-
peared near the position of dansylproline
which cochromatographed with an au-
thentic sample of dansylated phenylala-

nine amide. Furthermore, this spot dis-
appeared after acid hydrolysis of the
dansylated tryptic digest, dansylated
phenylalanine then becoming the most
intense spot. Thus, of the four possi-
bilities, the correct sequence for Macro-
callista peak C appears to be Phe-Met-
Arg-Phe-NH, (FMRFamide) (/7).

We synthesized FMRFamide starting
with the tripeptide Met-Arg-Phe (/2). The
tripeptide was converted to the methyl
ester; tert-butoxycarbonyl phenylala-
nine was coupled to the tripeptide
ester; the protected tetrapeptide ester
was converted to the amide; and the
product was deprotected. The resulting
crude FMRFamide was purified by the
same techniques used in the purification
of the natural peptide (¢).

Thin-layer chromatography of both
the natural and synthetic materials re-
vealed a major spot with an R, value of
0.75 and a minor spot at 0.64 (/3). The
lower spot is probably an oxidation prod-
uct of the upper one since its intensity is
greater in older preparations and can be
rapidly increased by exposing either the
natural or synthetic material to oxidizing
conditions, for example, dilute hydrogen
peroxide.

The biological effects of natural and
synthetic FMRFamide are qualitatively
identical whether tested on the clam
heart or the radula protractor (Fig. 1).
Threshold on the clam heart is about
1078M, and on the radula protractor
about 107°M. Log dose-response curves
from the bioassay of the two peptides on
the radula protractor were plotted, the
concentration of the natural substance
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Fig. 2. The coincidence of log concentration-
response curves for the action of synthetic
and natural FMRFamide on the radula pro-
tractor muscle of Busycon contrarium. The
responses of two muscles from the same ani-
mal are plotted separately. Doses of natural
FMRFamide (peak C) were made up from a
stock solution containing 8 X 10~°M peptide,
a concentration estimated from relative stain-
ing intensity on thin-layer chromatograms and
from amino acid analysis. Open symbols:
FMRFamide (purified peak C). Closed sym-
bols: synthetic FMRFamide.
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being estimated from its staining in-
tensity on thin-layer chromatograms.
These curves are coincident (Fig. 2), and
the effects of the natural and synthetic
peptides are therefore quantitatively in-
distinguishable.

We have bioassayed an additional set
of tetra-, tri-, and dipeptides containing
various permutations of the same three
amino acids found in Macrocallista
FMRFamide (/4). Of these, only Phe-
Met-Arg-Phe-OH and Met-Arg-Phe-NH,
had any activity; the relative potencies
were no better than, respectively, 1/100
and 1/1000 that of FMRFamide. The de-
pendence of activity like that of peak C
on the specific structure and sequence
proposed by analysis of the natural prod-
uct suggests, again, the identity of Mac-
rocallista peak C and FMRFamide.

FMRFamide resembles a synthetic
gastrin-(14-17)-tetrapeptide amide ana-
log, Phe-Met-Asp-Phe-NH, (/5). But,
since FMRFamide contains an arginyl
residue in place of the essential aspartyl
residue of the gastrin analog, it should
not have any gastrin-like activity. Immu-
noreactive gastrin has been found in the
blood, and gastrointestinal tissue of two
species of gastropod molluscs, but this
substance differs from peak C both in its
size and tissue distribution (/6).

Peak C activity has been observed in
all the major molluscan classes (3), but
there is no evidence as yet that all peak
C’s are FMRFamide. Moreover, al-
though FMRFamide is a highly active
agent, and is highly localized in Macro-
callista ganglia (3), its normal physi-
ological role has still to be defined.
About 20 years ago, Welsh (/7) noted
that, for many neurotransmitters, there
is a polypeptide neurohormone that
mimics its action. He suggested that
these polypeptides might be serving as
stable, long-range, and long-term substi-
tutes for the fast-acting neurohumors.
Given the similarity between the actions
of S-hydroxytryptamine and FMRFam-
ide on molluscan heart, and assuming
that FMRFamide is, in fact, a neuro-
secretory product, its physiological role
in molluscs might be as a long-term regu-
lator of muscular rhythmicity and tone.
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DNA Strand Scission by Benzo[a |pyrene Diol Epoxides

Abstract. Syn-and anti-benzolalpyrene diol epoxides elicit a concentration-depen-
dent nicking of superhelical Col EI DNA in an in vitro reaction monitored by aga-
rose gel electrophoresis and electron microscopy. This strand scission represents
less than I percent of the DNA modification by diol epoxide. Kinetic analysis impli-
cates the formation of unstable phosphotriesters, hydrolysis of which nick the DNA.

Benzola]pyrene is a widespread envi-
ronmental pollutant possessing potent
mutagenic and carcinogenic activity.
This activity is dependent on metabolic
activation of the hydrocarbon by micro-
somal monooxygenase. Recent evidence
suggests that a 9,10-oxide of trans-7,
8-dihydro-7,8-dihydroxybenzo[a]pyrene
may be the ultimate carcinogenic metab-
olite (/). It appears that microsomal acti-
vation proceeds stereospecifically to
give the anti-diol epoxide (2, 3). Both
diastereomers, however, react with nu-
cleic acids and are highly mutagenic (3,
4). Weinstein et al. (5), working with the
anti isomer, and Koreeda et al. 6),
working with the syn isomer, character-
ized the primary RNA adduct as a link-
age between the C-2 amino group of
guanine and the C-10 position of the hy-
drocarbon. Reaction of diol epoxide with
DNA has not been characterized. We re-
port here that both diastereomeric diol
epoxides degrade DNA and RNA and
present a mechanism for how this pro-
cess might occur.

Covalently closed superhelical DNA,
such as the Escherichia coli plasmid
Col El, is a sensitive probe for detecting
strand scission. Form I Col E1 DNA,
with a molecular weight of 4.2 x 108,
contains more than 12,000 phosphodies-
ter linkages (7); cleavage of any one per-
mits the DNA strands to unwind, result-

ing in relaxed form IT DNA. Introduction
of another nick adjacent to the first but
on the opposite strand gives linear form
III DNA. All three forms are convenient-
ly resolved by agarose gel electro-
phoresis. The Col E1 DNA used in this
study contains 0.3 percent RNA as a dis-
crete segment (7). Similar nicking, how-
ever, is seen with RN A-free SV40 DNA.
When Col E1 DNA is reacted with ei-
ther diastereomeric diol epoxide in tris-
HCI buffer, pH 8.0, gel electrophoresis
shows substantial nicking (Fig. 1). A
minimum ratio of diol epoxide to DNA
mononucleotide of 0.01 is required for
detectable nicking. Above this value
nicking increases, until at a ratio of 0.5 to
1.0 no form I DNA remains. The effects
of strand scission are also observed by
electron microscopy (Fig. 2). When form
I DNA is reacted with the anti isomer,
relaxed circles result from a ratio of 0.5,
while linear segments of random length
result from a ratio of 5. At even higher
ratios of diol epoxide to mononucleotide
(that is, 15) a significant fraction of the
DNA (~ 20 percent) becomes acid sol-
uble, presumably due to the release of
small oligonucleotides. This increased
fragmentation suggests that nicks are oc-
curring at many sites around the mole-
cule and are not restricted to the RNA
segment mentioned above. When the re-
action is carried out in 20 mM phosphate
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