Biochemistryl1997,36, 989—-994 989
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ABSTRACT. We demonstrate that post-translational bromination of a tryptophan residue occurs in the
biologically active octapeptide bromocontryphan, purified and characterized@mms radiatusrenom.

Clones encoding bromocontryphan were identified from a cDNA library made @oradiatusvenom

ducts. The mRNA sequence obtained predicts a prepropeptide which has the mature peptide sequence at
the C-terminal end, with the-6-bromotryptophan residue encoded by UGG, the Trp codon. These data
provide the first direct evidence for post-translational bromination of a polypeptide which is translated
through the normal cellular machinery. In addition to bromination, the peptide, which induces a “stiff
tail” syndrome in mice, has several other modifications as shown by the sequence

(*Sly—C)I/s—I—Jyp—D—]'rp—GIu—PrOt—6—Br;Trp—Clys*NH2, in which Hyp= hydroxyproline. Asterisks indicate
post-translational modifications (left to right): proteolytic cleavage at the N-terminus; hydroxylation of
Pro®, epimerization of Trfy bromination of Trp, and C-terminal amidation. Bromocontryphan appears

to have the highest density of post-translational modifications known among gene-encoded polypeptides.
The overall result is a molecule which closely resembles marine natural products produced through
specialized biosynthetic pathways comprising many enzyme-catalyzed steps.

A firm boundary exists between gene-encoded polypep- much larger prepropeptide precursor which is subsequently
tides and natural products. The gene-encoded polypeptidegost-translationally modified and proteolytically processed
use the normal cellular translation machinery and are madeto release the mature peptide from the C-terminal end of the
up of the standard twenty amino acids specified by the precursor (Woodward et al., 1990; Colledge et al., 1992).

genetic code. In contrast, natural products are synthesized Bromocontryphan was purified and characterized from the
through_biosynthetic pathways, usually involving m.ultiple venom of the deep-water Indo-Pacific speci€snus ra-

metabolic steps, each catalyzed by an enzyme. In this reportyiatyg a species believed to be piscivorous (fish-hunting).
we describe the characterization of bromocontryphan, anyye show that for the small octapeptide characterized here,

octapeptide from donusvenom that blurs the distinction e gistinct post-translational modifications take place during
between these two normally disparate categories; in manyhe maturation of the biologically-active pepide, including

ways, bromocontryphan has the salient features typical of apomination of only one of the two-tryptophan residue to

marin_e natural prqduct and yet, we show that it |s in fact L-6-bromotryptophan (Br-Trp). Although Br-Trp has been
the direct translation product of a gene. In addition, the yeqeribed previously in a number of peptidic structures
characterization of bromocontryphan has provided the first (Zabriskie et al., 1986: Swersey et al., 1994), these are most

unequn{ocal ewdg_ncg that bromination occurs as a post'likely not directly translated from genes. We have also found
translational modification of a normally-translated polypep- Br-Trp in two other peptides fror@onusvenoms which wil

tide chain. S _ _ be described in detail elsewhere (Craig et al., 1997).
Although the small, biologically active peptides present

in the venoms of the predatory cone snails are directly MATERIALS AND METHODS

translated from genes, many of these peptides are modified

post-translationally (Olivera et al., 1990; Myers et al., 1993). Reagents.Boc-Cys(Mob)-OH:, Boc-Glu(Chx)-OH, Boc-

The modifications include C-terminal amidation, hydroxy- Trp-OH, Boco-Trp-OH, Bzl-Hypro-OH, and Boc-Gly-OH

lation of proline, y-carboxylation of glutamate and the (Bachem, Torrance, CAj,L-6-bromotryptophan (Biosynth

conversion ofL-tryptophan too-tryptophan (Jimenez et al., AG, Staad, Switzerland).

1996). The peptide is initially translated from mRNA as a
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Purification of the Peptide Crude venom was extracted

Accelerated Publications

assays. (O is hydroxyproline, W representtryptophan,

from venom ducts (Cruz et al., 1976), and the components X* is 6-bromo-,L-tryptophan, X is 6-broma-tryptophan,

were purified as previously described (Jimenez et al., 1996).

The crude extract from venom ducts was applied intoga C
semi-preparative column (10 250 mm) and eluted with a
linear gradient of acetonitrile in 0.085% TFA at 5 mL/min.
Further purification of bioactive peaks was done onsa C
analytical column (4.6< 250 mm) eluted with a gradient of
acetonitrile in 0.085% TFA at 1 mL/min. The effluents were

and X is 6-bromas-tryptophan.)

The synthesis of peptide mixtures | and Il was performed
on MBHA resin (1.0 g, substitution 0.5 mequiv/g) using Boc-
Cys(Mob), 6,L)-Fmoc-6-Br-Trp-OH, Boc-Hypro-OH, and
Boc-Glu(Chx)-OH for the first four residues. The resin was
split, and the fifth residue was added using Boc-Trp-OH or
Boc-p-Trp-OH. Bzl-Hypro-OH, Boc-Cys(Mob)-OH, and

monitored at 220 nm. Peaks were collected, and aliquotsBoc-Gly-OH were used to add the last three residues. The

were assayed for activity.

Bioassay Biological activity was assayed by intracranial
injection in mice (9 to 21 days old). Aliquots of peptide

coupling steps were carried out in DCM with DIC as
condensing agent. The Fmoc group of the bromotryptophan
residue was removed with 20% MNP in piperidine fox2

samples were lyophilized and dissolved in normal saline 10 min. The efficiency of each coupling reaction was
solution and then injected into mice using a 0.3 mL syringe checked by the Kaiser ninhydrin test. After removal of the
with a 29-gauge needle. Each control mouse was injectedfinal Boc protecting group, the peptide resin was washed

with an equal volume of normal saline solution containing
dissolved residue of lyophilized column buffer blanks. After
injection, the mice were placed in cages for observation.

Peptide SequencingThe purified peptide was reduced
and alkylated as described by Shon et al. (1994) prior to
sequencing by automated Edman degradation on an Applie
Biosystems 477A Protein Sequencer with a 120A Analyzer
(DNA/Peptide Facility, University of Utah).

Mass SpectrometryMatrix assisted laser desorption mass
spectra were measured using a Bruker REFLEX (Bruker
Instruments Inc., Bremen, Germany) time-of-flight mass
spectrometer fitted with a gridless reflection and Ibiser
and a 100 MHz digitizer. The sample (in 0.1% agTFA) was
applied with a-cyano-4-hydroxycinnamic acid and rinsed
with water. Analysis was done with an accelerating voltage
of +31 kV and a maximum reflector voltage &f30 kV.

Under these conditions, the mass accuracy obtained wa

typically better than 200 ppm in the reflectron mode.

S

with appropriate solvents and dried. The peptide resins (750
mg for theL-Trp-containing analog) were treated with 10
mL of HF in the presence of 1.0 mL of anisole at© for

1.5 h. After the evaporation of HF, a first extraction was
carried out with ether (Xx 25 mL) and a second extraction

dwith 0.1% aqueous TFA and 60% acetonitrilex325 mL).

Both aqueous peptide solutions gave a strong Ellman’s
positive test for free thiol groups. The acetonitrile-containing
aqueous extracts of the crude peptide were diluted to 1400
mL with 0.125 M ammonium acetate (pH 6.9) and 200 mL
of acetonitrile was added as the solution turned clear. The
reaction mixture was stirred slowlyia 2 L beaker for 36

hr until the Ellman test turned to negative. The pH of the
solution was adjusted to 2.2 by adding TFA, and acetonitrile
was removed by rotary evaporation.

The crude oxidized peptide solution (1000 mL) was
filtered and loaded onto a Waters PrepLC/System 500A
equipped with gradient controller, Waters model 450 variable
wavelength detector, and Waters 1000 PrepPack cartridge

Liquid secondary ionization and matrix assisted laser -namber (65.5¢ 320 mm) column, packed with Vydac,C
desorption mass spectra were measured using a Jeol HX11q5_20#m particles; wavelength éZO nm: AUFS. 2.0: flow

(Tokyo, Japan) doqble-focusing mass spectrometer operateqoo mL/min; gradient, 850% in 100 min; buffer A, 0.1%
at 10 kV accelerating voltage and a nominal resolution of aqueous TFA; buffer B, 60% acetonitrile in 0.1% agTFA.
3000. The intact bromotryptophan sample was analyzed withThe fractions (5675 mL) were collected manually and

MALD-MS and an electric field scan. The spectra were

analyzed by HPLC. Fractions with acceptable purity as

calibrated using peptide calibrants over a narrow mass range yetermined by CZE analysis were pooled and lyophilized.

The HPLC-purified product of carboxypeptidase hydrolysis
was concentrated from 100 to 1Q, mixed in a glycerol:
3-nitrobenzyl alcohol matrix (1:1), and analyzed with LSI-
MS using a magnetic field scan. The LSI-MS spectra were
calibrated using [Cs(Csi)t cluster ions; the mass accuracy
was typically better than 50 ppm.

Carboxypeptidase Y Hydrolysig he reduced (TCEP) and

The major component was collected and lyophilized (p*
hydrophilic component, 3.0 mg; purity based on CZE 99.9%;
hydrophobic component, 14.6 mg; purity based on CZE 92%;
L-Trp% major component, 12.6 mg).

Comparison of Natural and Synthetic Peptide$he
various bromocontryphan analogs were applied separately
to a Gg analytical column and eluted at a flow rate of 1

alkylated (iodoacetamide) synthetic bromocontryphan (and mL/min with a gradient of ACN in 0.085% TFA. Aliquots

analogs) were incubated with carboxypeptidase Y (1:5
enzyme:substrate) in 2@Q of 50 mM sodium acetate buffer
(pH 5.5) at 22°C for up to 7 days. The reaction was
monitored with HPLC and MALD-MS after 1, 2, 4, and 7
day time intervals.

Peptide Synthesis and PurificationBromocontryphan
analogs () GCOWEPX*C-NKand (II) GCOWEPX*C-NH
were synthesized using Boc-6-bromgp-tryptophan gener-
ated from 6-broma,L-tryptophan using standard procedures.

of natural and synthetic bromocontryphan were co-injected
and eluted under the same HPLC conditions.

Identification and Sequencing of a cDNA Clone Encoding
Bromocontryphan Bromocontryphan-encoding clones were
selected from a size-fractionated cDNA library constructed
using mMRNA obtained fronC. radiatus venom duct as
previously described (Colledge, et al., 1992). The library
was screened using a bromocontryphan-specific probe cor-
responding to the last six amino acids of the peptid€GR

The two diastereomers of peptide (I) were separated, (la) CAC CAN GGY TCC CA 3, where R=AorG,N=Aor

GCOWEPXC-NH and (Ib) GCOWEPXC-NK by HPLC,
whereas the two diastereomers of peptide (II) were not

CorGorT,and Y= C or T). The oligonucleotide was
end-labeled with}}-3?P]ATP using T, polynucleotide kinase

separated and used as an approximate 50:50% mixture forand hybridized to sets of duplicate nylon filters (Hybond-N,
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Amersham) to which colonies of th€. radiatus cDNA
library were bound. Hybridization was done for 48 h at 48
°C in 3 M TMAC, 0.1 M sodium phosphate, pH 6.8, 1.0
mM EDTA, 5x Denhardt’s solution, 0.6% SDS, and 100
mg/mL salmon sperm DNA. After being washed at %D

in 3 M TMAC, 50 mM Tris pH 8.0, 0.2% SDS followed by
a room temperature wash inx2SSC, 0.1% SDS, positive
colonies were identified by autoradiography.

A secondary screening by polymerase chain reaction was
performed on 20 of 42 clones that hybridized to this probe.
Putative bromotryptophan clones were amplified by PCR
using the above probe as the first primer and a second primer
corresponding to a portion of the plasmid vector upstream
of the site into which the cDNA library was cloned (GTT
GTG TGG AAT TGT GAG CGG A 3. The PCR reaction
was carried out in a 10L sealed capillary using an Idaho
Technology air thermocycler. Each reaction contained one 1|0 3'0 450 3‘5 410 4'5
colony, 0.5umol of each primer, and 0.5 unit of Taq Retention time (min)
ponmerase_(Boehringer Mannheim) in a buffer consisting Ficure 1: Purification of bromocontryphan. (A) Crude venom
of 50 mM Tris, pH 8.3, 25(ig/mL BSA, and 2 mM MGl extract was applied on a;g£semi-preparative column and eluted

Reaction _conditions were as follows: 3 min of pre- 4 5 mL/min with a gradient of 0.45% GEBN/min. (B) The
denaturation at 94C followed by 45 cycles, through bioactive fraction denoted “BC” was applied onto g @nalytical

denaturation (94C, 5 s), annealing (56C, pulse), and column and eluted at 1 mL/min using a gradient of 0.09%3-CH
elongation (72C, 15 s) steps. CN/min. (C) The peak indicated by arrow in B was repurified at

. e . 1 mL/min with a gradient of 0.9% C#CN/min to obtain bromo-
Clones identified in the secondary screen were preparedcontryphan.

for DNA sequencing as previously described (Monje et al.,
1993). The nucleic acid sequence was determined accordin
to the standard protocol for Sequenase version 2.0 DNA
sequencing kit using the non-biotinylated vector primer and
[3°S]dATP.

Percent CH3CN

elatively intense species were observedn#@z 1090.2,
092.2, 1106.2, and 1108.2. The results with the higher
resolution of the magnetic sector instrument were interpreted
as the major isotopomers of the [M NaJ* and [M + K] *
species, which would indicate an intact molecular mass of
RESULTS 1067.2 Da. These results indicate that the missing residue
has a mass of 264 Da for the C-terminally amidated peptide
Purification and Characterization of Bromocontryphan or 265 Da for the free acid. The results are consistent with
The purification and characterization of tvbeamino acid- the missing residue in position 7 being bromotryptophan and
containing compounds, contryphan and desff@bntryphan, the peptide being C-terminal amidated (the observed monoiso-
was previously described (Jimenez et al.,, 1996). We topic mass ofm/z 1090.2 is consistent with the calculated
discovered a third fraction frorg. radiatus venom which monoisotopic [M+ Na]* of 1090.25 Da). We note that both
elicited the same general biological activity as the two contryphan and des[Gljcontryphan are also C-terminally
previous peptides but which eluted later on an HPLC column. amidated. These data indicate that the sequence of the
The purification of this peptide is shown in Figure 1. The octapeptide is
basic biological assay used to follow the peptide during
various purification steps was intracranial injection and Gly-Cys-Hypo-Trp-Glu-Pro-Br-Trp-Cys-Nb
scoring for the “stiff tail syndrome” previously described \yhere Hyp is 4transhydroxyproline.

by Jimenez et al. (1996). However, these data do not reveal the location on

The amino acid sequence of the purified peptide was tryptophan where the putative bromination takes place. Both
determined by standard methods; the results of the aminothe 5- and 6-bromotryptophan derivatives have previously
acid sequencing run revealed an octapeptide with thebeen described in the literature. A number of preliminary
sequence GCOWEP C. This is the same sequence astudies indicated thaConus peptides do not contain the
contryphan (GCOWEPWC-NHwvhere W isp-tryptophan)  5-bromotryptophan derivative (Craig et al., 1997). Thus, a
as previously reported (Jimenez et al., 1996), except that incontryphan homolog was synthesized with “Tip the
position 7, no assignment could be made. Thus, the peptidep-configuration (as in contryphan), and in positiono7,-
was closely related to contryphan, and had similar activity 6-bromotryptophan was incorporated. The synthetic peptides
when injected into mice. Since contryphan has aip at containing either- or b-bromotryptophan could be resolved
the homologous position, we considered the possibility that on HPLC and are referred to as the hydrophilic and
a modified Trp was present in position 7 of the new peptide. hydrophobic components, respectively.

MALD time-of-flight MS analysis of the purified fraction The more hydrophilic component of the synthetic material
of bromocontryphan indicated partially resolved species at co-eluted with the native peptide (see Figure 2). Indeed,
m/z 1068.8, 1070.5, and a separate species/at1092.9. even when the peptides were reduced, there was co-elution
We interpreted them/z 1070.5 and 1092.9 species as of both native and synthetic peptide, further establishing the
corresponding with intact [M+ H]™ and [M + Na]* identity of the natural and synthetic material. Thus, we
molecular ions. MALD-MS analysis with a magnetic sector conclude that residue 7, which could not be assigned in
instrument of the purified peptide was also carried out, and amino acid sequencing, is in fact 6-bromotryptophan.
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C hydrophilic peptide which was susceptible to the enzyme
co-eluted with the natural peptide, we concluded that the
bromotryptophan residue in bromocontryphan was in the
L-configuration.

Biological Actity of Bromocontryphan We designate
the brominated peptide as bromocontryphan, since it clearly
differs from contryphan by a single bromine moiety. We

B have examined the biological activity of bromocontryphan
and compared it to contryphan, as well as to thBr-Trp’
derivative of bromocontryphan. These results are shown in
Table 1. The biological activity in mammalian systems is
very similar to the spectrum of activity previously observed

—_— A ~ for both contryphan and des[Glgontryphan (Jimenez et
al., 1996). However, for the analog withBr-Trp present

A in place ofL-Br-Trp at position 7, no biological activity was
observed at twice the active dose of bromocontryphan.

Identification and Sequencing of a cDNA Clone Encoding
Bromocontryphan The primary translation product for
bromocontryphan was elucidated through a cDNA cloning
strategy using methods previously described [see for example

L, L Woodward et al. (1990), Colledge et al. (1.992)2 gnd Monje
32 36 20 24 28 eCt al.d(1t993)]. TheEJI reltev[a)l&tA cllpbnes v;/:r;a identified frczjm a
; ; ; . radiatusvenom duct c ibrary that was prepared as
Retention time (min) described under Materials and Me)t/hods. Onge ?he clones
Ficure 2: HPLC chromatogram showing co-elution of natural and \yere isolated, both strands were sequenced.

synthetic bromocontryphan. (A) Natural and synthetic bromo- .
contryphan, which has-Trp* and 6-Br-Trg; (B) synthetic p-Br- The precursor sequence for bromocontryphan determined

Azo0

Trplbromocontryphan; (C) synthetic{Trp?, b,L-Br-Trp?] bromo- by this strategy from th€. radiatusvenom duct library is

contryphan. Elutions were done on gs@nalytical column and ~ shown in Table 2. The mature peptide is encoded at the

eluted at 1 mL/min using a gradient of 0.9% EEN/min. extreme C-terminal end of the predicted prepropeptide
BT precursor. As expected, the bromocontryphan residue is

encoded in the mRNA by the codon for tryptophan.

Thus, we presume that the polypeptide precursor for
bromocontryphan has a normatryptophan after the primary
translation event. A modification system then specifically

DISCUSSION

I The data in the Results section establish that bromocontry-

phan is the translation product of a gene. The peptide is
first translated from mRNA as a 63-amino acid prepropeptide

(z) brominates Trp of bromocontryphan (most probably this
J 30 jc? modification takes place before the mature peptide is
e ®) proteolytically cleaved from the precursor) to a 6-bromo-
Dy - -7 1 2 E’ tryptophan residue.
&

20 25 30 precursor, and proteolytic cleavage between residues 54 and
55 of the precursor yields a small C-terminal peptide. The
Retention Time (min) biochemical characterization of contryphan from the venom

Ficure 3: HPLC chromatogram of the synthetic hydrophilic peptide of the r_adlal con_e_re\(ealed that at least four other post-
incubated with carboxypeptidase Y; the component BT (indicated) translational modifications take place to yield the mature
was identified as bromotryptophan with LSI-MS. octapeptide. Two of these post-translational modifications
are widespread ilfConuspeptides: the conversion of the
In order to confirm that the brominated residue was in C-terminal glycine of the precursor to an amide group, and
the L- and not thep-configuration, a carboxypeptidase Y the hydroxylation of a proline residue to hydroxyproline
digest was carried out. This enzyme is not able to cleave (Olivera et al., 1990; Myers et al., 1993). However, two of
p-amino acid residues at the carboxy terminus of a peptide.the post-translational modifications are novel: “ris
HPLC analysis of the enzyme incubations indicated no epimerized from.-tryptophan top-tryptophan (Jimenez et
change in the retention time of the hydrophobic peptide, al., 1996), while Trpis brominated to yield-6-bromotryp-
while the hydrophilic peptide was consumed and a number tophan.
of new species were observed (see Figure 3). The fraction The discovery of the bromination of Trp is specially
identified as BT in Figure 3, when isolated and measured significant. The biochemical results in combination with the
with LSI-MS, revealed relatively intense speciesét 283.0 cloning studies directly establish that a bromotryptophan
and 285.0 (data not shown), consistent with the release ofresidue in a polypeptide is encoded by a UGG codon in
6-bromotryptophan (the calculated mass for the-ivH]* MRNA, the standard codon for tryptophan. Although several
of bromotryptophan amino acid is 283.1 Da). Since the previous reports have indicated that brominated amino acids
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Table 1: Biological Effects of Bromocontryphan and Analogs

peptide dos(nmol/g body wt) observed effects
bromocontryphan 47 tail-raising, grooming, scratching, dragging of hind legs, circular motion,
biting of hind paw
10 grooming, scratching, circular motion, dragging of hind legs, barrel rolling
[D-Br-Trp’Jbromocontryphan 15 none

a Aliquots of the peptides dissolved in normal saline solution were injected intracranially into mice as described under Materials and Methods.

Table 2: cDNA Sequence of Clone Encoding Contryphan/Bromocontryphan

(A) Contryphan/Bromocontryphan-Encoding Cléne
10

met gly lys leu thr ile leu val leu val ala ala val leu leu ser ala gln
ATG GGG AAA CIG ACA ATA CIG GIT CIT GII GCT GCT GIC CIG TIG TCG GCC CAG
20 30
val met val gln gly asp gly asp gln pro ala asp arg asn ala val pro arg
GTC ATG GIT CAA GGT GAC GGA GAT CAA CCT GCA GAT CGT AAT GCA GIG CCA AGA
40 50
asp asp asn pro gly gly ala ser gly lys phe met |asn val leu arg arg
GAC GAT AAC CCA GGT GGA GCG AGT GGA AAG TIC ATG | AAT GIT CTA CGT CGG

60
ser gly cys pro trp glu pro trp cys gly OPA
TCI GGA TGT OOG TG GAA OCT T&G TG GC TEA

(B) Post-Translational Modifications of Bromocontryphan
bromaocontryphan precursor

C-terminal sequence GCPWEPWCG
U
mature peptide GCOWEPXC-NH,

a cDNA clones from &C. radiatusvenom duct cDNA library encoding bromocontryphan were identified and sequenced as discussed in Materials
and Methods. The predicted amino acid sequence encoded in the longest open reading frame is given; the bold amino acids are those consistent
with the sequence of the peptide directly purified and characterized from venom. The boxed sequence (amine8)ds dPutative bromination
signaling sequence referred to in the Discusstdrhe presumed post-translational modification of precursor C-terminal sequences to the final
mature peptides is shown. W p-Trp, X = L-6-Br-Trp, O = hydroxyproline.

might be present in proteins (Welinder, 1972), this is the Scheme 1
first unequivocal demonstration that bromination ibana Translated Prepropeptide 44— mRNA @ Gene
. H 3 H Hydroxylation of Pro
fide post-translational modification. Epimeriration of Trp
Mass spectrometry was critical for elucidating the presence C-terminal amidation
of bromotryptophan in this peptide. The data strongly contryphan Precursor _Bromination g, Bromocontryphan Precursor
suggested that the tryptophan residue was brominated; the Proteolytic Proteolytic
isotope distribution of the peptide was consistent with the cleavage cleavage
mass distributions of the two major isotopes of bromine, a Contryphan N-oroteolvsis gy [dec Gly iContryphan Bromocontryphan

relatively subtle feature in the initial mass spectrometric data

which was nevertheless difficult to rationalize other than by homology is seen between the mature peptides, but in the
bromination. Since the non-brominated peptide had alreadyprepropeptide precursor, there is a 5-amino acid sequence,

been purified and characterized (Jlmeljez et al., 1996), theNvlLRR, which shows substantial sequence identity (this
sequence homology and mass analysis were strongly sug-

gestive that the unusual residue in the peptide was bromot.Scauence is boxed in Table 2). It remains to be established
ryptophan. We conclude that the bromotryptophan residuewhether or not this sequence actually plays a role in signaling

is in the L-configuration from chemical synthesis and bromina_tion to the post-translational modificat.ion enzyme.
enzymatic criteria The dlscoyery of bromocontryphan, and the identification
' of an encoding cDNA for a precursor suggests that three

to the bromination reaction. Bromocontryphan is remarkable through the pathway in Scheme 1. We presume in this
in that although it is only an octapeptide, it contains two scheme that bromination precedes the final proteolytic
tryptophan residues with different post-translational modi- cleavage.
fications. Trgd is post-translationally modified to-tryp- Although cleavage of the precursor after the arginine pair
tophan, while Trpis modified toL-6-bromotryptophan. should give rise to bromocontryphan or contryphan with an

The selectivity seen in bromination suggests that there mayextra serine residue at the amino terminus, the serine-
be a modification-signaling sequence to direct the tryptophan- containing analogs have not been detecte.imadiatus
brominating enzyme to a specific tryptophan residue. The venom, indicating the subsequent action of an exopeptidase.
sequence of a cDNA encoding another Br-Trp-containing The presence of two non-brominated forms, contryphan and
peptide fromC. radiatushas been determined (M. Watkins [des-Gl\*]contryphan, in native venom may be due to
and D. Hillyard, unpublished results). No amino acid incomplete post-translational processing with the [desiGly
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analog arising from a non-physiologicpbst-mortenpro- system. Probably, the bulk of brominated marine natural
teolysis. However, it is also possible that the presence of products (and marine natural products in general) are meant
all three forms has true physiological significance; if this to be defensive chemicals. This would therefore require that
were so, it would indicate a complex biological role for these the compounds are able to elicit their biological effects even
peptidesin vivo. when ingested, a requirement that would be untenable for
Bromination reactions are much more commonly observed almost all peptides. However, in a situation where injection
in biologically active compounds from marine organisms than of venom into another animal routinely takes place, there
in natural products of terrestrial origin; this is almost certainly would be no constraints in evolving peptides and peptide
because of the much greater accessibility of bromine in the derivatives that resemble natural products but which are
marine environment (sea water is 1 mMBrButler & encoded by DNA and mRNA.
Walker, 1993). A large number of br_ommated ne}tural REFERENCES
products are known, many of them containing a brominated
indole group, likely derived from tryptophan (Davidson, Butler, A., & Walker, J. V. (1993)Chem Rev. 93, 1937-1944.
1993). At least some of these brominated natural productsCoFlzle?%geégfg;iyol:wngge{%ﬂ'_i'lié Imperial, J. S., & Hillyard, D.
have some peptidic bonds (Zabriskie et al., 1986; Gulavita crajg,'A. G., Jimenez, E. Z., Dykert, J., Nielsen, D. B., Gulyas, J.,
et al., 1992; Swersey et al., 1994), but there is no evidence Abogadie, F. C., Porter, J., Rivier, J. E., Cruz, L. J., Olivera, B.
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