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Abstract. The venoms of predatory cone snails (ge-
nus Conus) have yielded a complex library of about 
50–100,000 bioactive peptides, each believed to have 
a specifi c physiological target (although peptides from 
different species may overlap in their target specifi city). 
Conus has evolved the equivalent of a drug development 
strategy that combines the accelerated evolution of toxin 
sequences with an unprecedented degree of posttransla-
tional modifi cation. Some Conus venom peptide families 
are the most highly posttranslationally modifi ed classes 

of gene products known. We review the variety and com-
plexity of posttranslational modifi cations documented in 
Conus peptides so far, and explore the potential of Conus 
venom peptides as a model system for a more general 
understanding of which secreted gene products may have 
modifi ed amino acids. Although the database of modi-
fi ed conotoxins is growing rapidly, there are far more 
questions raised than answers provided about possible 
mechanisms and functions of posttranslational modifi ca-
tions in Conus.
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Introduction

The cone snails (Conus) are a large group (500–700 spe-
cies) of predators that use venom as their major weapon 
for prey capture [1–3]. At least some cone snail species 
also use their venoms for defensive and competitive 
purposes [4]. The pharmacologically active components 
of these venoms are primarily small, conformationally 
constrained peptides (‘conotoxins’ or ‘conopeptides’) 
translated by ribosomes from the toxin-encoding genes 
expressed in the venom duct of that the snail [5, 6]. A 
majority of conotoxins characterized from venoms so far 
are 12–30 amino acids (AA) in length; however, these 
are initially translated as prepropeptide precursors, ap-

proximately 80–100 AA. The precursor organization 
is constant: a highly conserved signal sequence at the 
N-terminal end, an intervening propeptide region, with 
the mature toxin region, always in single copy, at the C-
terminal end. The biologically active toxin is produced 
by proteolytic cleavage from the precursor, an essential 
posttranslational step in conopeptide maturation.
Conus venom peptides are ligands that affect the func-
tion of signaling molecules on the plasma membranes of 
cells; the majority of known targets are ion channels, pri-
marily in neurons [5, 7]. Conus peptides are widely used 
tools in neuroscience, and have promising therapeutic 
applications. A number of reviews on various aspects of 
conotoxins have been published in the past year [7–10].
An ongoing theme in Conus peptide research has been 
the continuing discovery of new posttranslational modifi -
cations in these peptides [11]. As a group, Conus venom 
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peptides are proving to be the most highly posttransla-
tionally modifi ed gene products known. Although the 
density of posttranslational modifi cations in Conus ven-
om peptides is much higher than in typical gene products, 
most of these diverse conotoxin modifi cations are likely 
to have a widespread distribution in biological systems. 
Thus, Conus peptides are a potential model system for 
more general understanding of the posttranslational mod-
ifi cation of secreted polypeptides. The posttranslational 
modifi cations defi ned in conotoxins are almost certainly 
going to be of broad biological signifi cance, and it is far 
more facile to identify and defi ne the more esoteric of 
these modifi cations in Conus peptides than it would be in 
most other families of modifi ed gene products.
The high frequency of posttranslational modifi cation of 
Conus peptides probably stems from the selective pres-
sure on this group of predatory snails to evolve highly 
effective, fast-acting pharmacological agents [12, 13]; 
it is likely that sudden ecological changes are a major 
factor driving the selection for new conotoxins. The evo-
lutionary history that gave rise to the high degree of post-
translational modifi cation observed in conotoxins will be 
developed in the section that follows. The consequence is 
that both the frequency and diversity of these modifi ca-
tions is unprecedented.
Some posttranslational modifi cations in Conus peptides 
are found in a broad variety of secreted peptides (such as 
proteolytic processing, C-terminal amidation, disulfi de 
bond formation). Others are unusual or rare in peptides, 
though well known in specialized secreted proteins – ex-
amples are hydroxylation of proline and O-glycosylation 
[11]. A number of unusual posttranslational modifi ca-
tions have been characterized in a more diverse set of 
Conus peptide gene products than in any other system. 
In one case (i. e., carboxylation of glutamate), a post-
translational modifi cation was thought to be a highly 
specialized biochemical adaptation in the mammalian 
blood-clotting cascade (for a review see [14]). However, 
its discovery and characterization in Conus [15] led to the 
demonstration that it had arisen very early in the evolu-
tion of multicellular organisms (and therefore is expected 
to be much more widely distributed than has been shown 
so far). Another posttranslational modifi cation, the bro-
mination of tryptophan, was fi rst discovered in Conus 
peptides [16–18] but was subsequently shown to occur in 
the mammalian central nervous system (CNS) [19].
As genomic and proteomic technologies advance, the 
need increases to predict when polypeptide products 
of genes are posttranslationally modifi ed [20]. In many 
cases, unless the presence of a particular posttransla-
tional modifi cation is specifi cally assayed, it would 
easily be missed in a gene product that might require 
this modifi cation for full biological activity. Although 
modern molecular biology has not reached a state where 
this has become a widespread concern (except for some 

commercial products of the biotechnology industry), it 
will be increasingly important to be able to predict when 
and where specifi c posttranslational modifi cations are 
likely to occur.
Some posttranslational modifi cations in Conus are ex-
ceedingly diffi cult to detect even by the most advanced 
analytical methodologies [21]. A dramatic case in point 
is the posttranslational epimerization of an L- to a D-
amino acid; if a biologically active gene product required 
the D-amino acid for full function, present-day pro-
teomic technology could not detect this, and it might be 
concluded that the gene product, for unknown reasons, 
cannot be expressed in an active form. The great diver-
sity of posttranslationally modifi ed Conus venom pep-
tides provides the prospect for elucidating some general 
‘rules’ for a number of posttranslational modifi cations, 
leading to more accurate prediction about when esoteric 
posttranslational modifi cations such as the bromination 
of tryptophan or the epimerization of an L- to D-amino 
acid may occur.

Conceptual biological framework: cone snails 
as specialists in neuropharmacology

The cone snails (Conus) are a large and successful group 
of marine predators that capture prey, defend against 
predators and interact with competitors primarily through 
their unusually complex and potent venoms. Three spe-
cies (out of 500–700 species total) are shown in fi gure 
1. In the venom ducts of cone snails, a large number of 
small peptide toxins can be expressed; the total repertoire 
of one species is probably ~100–200 different toxins. Be-
cause of the rapid divergence in toxin genes between spe-
cies, virtually no molecular overlap between the toxins 
from the venoms of different species is observed.
Cone snails have little in the way of other offensive or 
defensive weaponry apart from their shells, venoms and a 
sophisticated venom-delivery system. The latter includes 
a harpoon-like hollow tooth used both as harpoon and 
hypodermic needle to inject venom [22, 23]. A frame-
work for rationalizing the complexity of Conus venoms 
has been proposed [4]. The pharmacological strategy that 
cone snails evolved uses toxin combinations to achieve 
the speed and potency required for interactions with prey, 
predators and competitors [24]. In effect, cone snails use 
the equivalent of a combination drug therapy strategy.
The origin of these toxin combinations is best understood 
by analogy with the present-day pharmaceutical industry: 
cone snails use the equivalent of a powerful drug-discov-
ery strategy that operates over evolutionary time scales. 
Pharmaceutical companies develop ‘lead’ candidates 
for further drug development by using a combinatorial 
library strategy [12, 13, 25]. Once the lead compound has 
been identifi ed, it is further refi ned in its pharmacological 
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properties through sophisticated medicinal chemistry. In 
effect, cone snails carry out the equivalent of a combi-
natorial library strategy over evolutionary time by gene 
hypermutation focused on the mature toxin region of the 
conotoxin precursor (in contrast, the signal sequence and 
propeptide regions are relatively conserved). An appar-
ent high rate of mutation occurs as species diverge from 
each other. By the time a new Conus species emerges, a 
very large number of different peptide sequences have 
presumably been tried out [26–31]. Thus, the accelerated 
evolution of mature conotoxins is equivalent to develop-
ing a lead compound through a combinatorial library 
strategy in a commercial drug company.
The equivalent of medicinal chemistry, the other aspect 
of drug development, has been achieved in the course of 
cone snail evolution by posttranslational modifi cation. 
For the pharmacological ends of the cone snails, the 
chemistry that can be accessed is not restricted to the 
functional groups of the 20 standard amino acids: the 
increasingly sophisticated neuropharmacology required 
provided a biological impetus for recruiting more and 
more posttranslational modifi cation systems to act on 
the toxins in Conus venoms [11]. Indeed, recent work 
to improve the permeability of neuroactive peptides has 
curious parallels with the Conus peptide system; similar 
types of posttranslational modifi cations (halogenation, 

glycosylation) have been shown to be effective [32, 33]. 
Thus, the diverse posttranslational modifi cations found in 
conotoxins are a consequence of selection for ever-more-
potent and effective toxins, i. e., the same pharmaceutical 
imperative that leads a modern drug company to recruit a 
top-notch medicinal chemistry division.

Diversity of posttranslational modifi cations found 
in conotoxins

The posttranslational modifi cations that have been found 
in Conus peptides are shown in table 1, and the struc-
tures of modifi ed amino acids are illustrated in fi gure 2. 
The distribution of the posttranslational modifi cations 
found in different groups of Conus peptides is highly 
nonuniform. While some groups of Conus peptides tend 
to have no posttranslational modifi cations at all (except 
for proteolytic processing and disulfi de bond formation), 
others are heavily modifi ed; examples of the latter are 
shown in table 2. Some of the smallest Conus peptides 
are the most highly modifi ed. For example, Bromocon-
tryphan-R (8 AA) has two modifi ed tryptophan residues, 
one epimerized to a D-Trp, and the other brominated 
to 6-bromo-Trp; additionally, one out of two proline 
residues is hydroxylated [17]. In the tx5a peptide (13 
AA), g-carboxylation, bromination of tryptophan, O-
glycosylation and hydroxylation of proline all occur [34, 
35]. These peptides are posttranslationally modifi ed to an 
unprecedented extent compared with other translation 
products of ribosomes. In many of the major well-known 
conotoxin families such as the a-, t-, d- and µ-conotox-
ins, the frequency of posttranslationally modifi ed amino 
acids is far lower.
Although many intensively posttranslationally modi-
fi ed conotoxins are small, some larger conotoxins >20 
amino acids in length also have multiple posttranslational 
modifi cations. The 34-amino acid ‘light sleeper peptide’ 
has multiple 6-bromotryptophan residues, as well as all 
four glutamate residues converted to g-carboxyglutamate 
[36]. Another larger conotoxin, the 30-amino acid kA-
conotoxin SIVA, undergoes fi ve different modifi cations, 
including cyclization of N-terminal glutamine, O-glyco-
sylation and hydroxylation of proline residues [37] (see 
table 2). 
The unusually high density of posttranslational modifi ca-
tion in Conus peptides has resulted in modifi cations that 
occur sequentially at a single locus. In one class of small 
peptides, D-hydroxyvaline was identifi ed (for example, 
see table 1). The venom contained the isoforms of the 
same peptides with an unhydroxylated D-Val residue 
[38], suggesting that fi rst an epimerase converted L- to 
D-Val, which was then the substrate for a hydroxylase 
with D-amino acid specifi city. Even more widespread is 
the presence of an N-terminal pyroglutamate residue; this 

Figure 1. The shells of three species of cone snails are shown. 
These have been particularly signifi cant in the discovery and char-
acterization of posttranslational modifi cations of conotoxins. From 
left to right: the cloth-of-gold cone, Conus textile; the radial cone, 
Conus radiatus; and the geography cone, Conus geographus. The 
only modifi cation that has been well characterized was an enzyme 
system from Conus textile; one of the most highly modifi ed Conus 
peptides, tx5a, was also characterized from this species. Toxins 
from the radial cone were important in the discovery of bromi-
nated tryptophan residues, as well as D-amino acids. The geogra-
phy cone, Conus geographus, was one of the fi rst Conus species 
intensively studied, and modifi cations such as hydroxyproline and 
O-glycosylation were characterized from the fi rst conotoxins puri-
fi ed from Conus geographus venom.
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Table 1. Posttranslational modifi cations of the Conus peptides.

Modifi cation  Enzyme Peptide example Sequence Ref.

Proteolytic  cleavage of  Tex31 d-TxVIA DDSKNGLENHFWKARDEMKNREASKLDKKEA [66]
processing of N-terminal     CYAPGTFCGIKPGLCCSEFCLPGVCFGG
propeptide to  prosequence 
mature peptide

 cleavage of  carboxypeptidase BtX CRAEGTYCENDSQCCLNECCWGGCGHPCRHPG [73]
 C-terminal ‘tail’   KRSKLQEFFRQR

Disulfi de bridge   Conus protein pro-GI  FPSERASDGRDDTAKDEGSDMEKLVEKKECCN [74] 
formation/  disulfi de   PACGRHYSC*
oxidation of   isomerase[48]
cysteines to 
cystine

Hydroxylation of: proline to  proline  µ-GIIIA RDCCTOOKKCKDRQCKOQRCCA* [75]
 4-trans- hydroxylase
 hydroxyproline

 D-valine to  hydroxylase with  gld-V* AOANS(D-Hyv)WS [38]
 D-g-hydroxyvaline D-amino acid   
  specifi citya

 lysine to lysyl hydroxylase de13a DCOTSCOTTCANGWECC(Hyk)GYOCVN(Hyk)* b 
 5-hydroxylysine   ACSGCTH

Amidation of   protein amidating  a-MI GRCCHPACGKNYSC* [76]
C-terminus/  monooxygenase
sequences: 
–XG, –XGR, 
–XGK, –XGRR 
etc. processed to 
–X-NH2

Carboxylation of   g-glutamyl  Conatokin-G GEggLQVNQgLIRgKSN* [15]
glutamic acid to   carboxylase Conantokin-L GEggVAKMAAgLARgDAVN* [77]
g-carboxyglutamate

Bromination of   bromo peroxidase Bromocontryphan-R GCD(D-W)EPWC* [17]
tryptophan to    r7a/Light sleeper WFGHggCTYWLGPCgVDDTCCSASCgSKFCGLW [36]
6-bromotryptophan

Epimerization of: tryptophan to  epimerase Contryphan-R GCO(D-W)EPWC* [78]
 D-tryptophan

 leucine to  Leu-Contryphan-P GCV(D-L)LPWC [79] 
 D-leucine

   r11c GOSFCKADEKOCKYHADCCNCCLGGICKOSTS c
    WIGCSTNVFG(D-L)TT

 phenylalanine   r11a GOSFCKADEKOCEYHADCCNCCLSGICAOSTN
 to D-phenylalanine   WILPGCSTSSF(D-F)KI [21]

 valine to D-valine  mus-V SOANS(D-V)WS [38]

Cyclization of   glutaminyl cyclase Bromoheptapeptide ZCGQAWC* [16]
N-terminal glutamine 
to pyroglutamate 

Sulfation of tyrosine   tyrosyl sulfotransferase a-EpI GCCSDPRCNMNNP(Y-SO3H)C* [80]
to sulfotyrosine   

a-AnIB GGCCSHPACAANNQD(Y-SO3H)C* [81]

O-glycosylation  Polypeptide HexNAc  kA-SIVA ZKSLVPS+VITTCCGYD(Hyp)GTMCOOCRCTNSC* [37]
  transferase

aSuggested by Pisarewicz et al. [38].
bAguilar et al., in press.
cBuczek et al., in press.
The highlighted portions of the sequences are proteolytically cleaved during maturation of the toxin.
*, C-terminal amidation; O, 4-trans-hydroxyproline; D-Hyv, D-g-hydroxyvaline; W, 6-bromotryptophan; Hyk, 5-hydroxylysine; g, g-carboxyglutamate; D-
X, D-amino acid; Z, pyroglutamate; Y-SO3H, sulfotyrosine; +, O-glycosylation.
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requires a proteolytic cleavage to generate an N-terminal 
Gln, which is the substrate for the glutaminyl cyclase.

Conus peptide posttranslational modifi cations: 
mechanisms and origins

A general mechanism of posttranslational modifi cation 
of Conus peptides, as well as the potential evolutionary 
origins of modifi cation enzyme systems has been sug-
gested by the characterization of one specifi c Conus 
posttranslational modifi cation enzyme, g-glutamyl car-
boxylase. This enzyme catalyzes the carboxylation of 
specifi c glutamate residues to g-carboxyglutamate (g or 
Gla), which requires carbon dioxide, molecular oxygen 
and reduced vitamin K (see fi g. 3A) [39–44]. This post-
translational modifi cation was originally discovered and 
characterized in the mammalian blood clotting cascade. 
Certain blood clotting factors, such as prothrombin and 
Factor IX, must have g-carboxylated glutamate residues 

for proper regulation of blood clotting [45, 46]. This 
posttranslational modifi cation has enormous biomedical 
signifi cance, since the predominant strategy for inhibit-
ing blood coagulation is based on decreasing the pro-
portion of g-carboxylated glutamate residues in blood 
clotting factors.
The discovery of g-carboxyglutamate in Conus peptides 
was completely unexpected – at the time, it was thought 
to be a specialized adaptation restricted to the mamma-
lian blood clotting system [15]. This raised the question 
whether the two modifi cation systems were related; 
perhaps these had evolved independently. However, the 
characterization of the g-glutamyl carboxylase from 
Conus, and the analysis of the gene that encodes the 
enzyme provided an unusually defi nitive answer: the en-
zymes are not only homologs, but the Conus g-glutamyl 
carboxylase gene has all introns found in the human gene 
at exactly the same loci [43].
Corresponding Conus and mammalian introns have 
diverged completely and exhibit no apparent homol-

Figure 2. Review of the structures of posttranslationally modifi ed amino acids documented in Conus peptides. For O-glycosylation, the 
sugars are shown in the context of the Conus peptide, Contulakin-G.
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ogy, yet their locations are rigidly conserved: an intron 
that is between codons in the mammalian gene is found 
between the homologous codons in Conus, while an 
intron found between the fi rst and second nucleotides 
of a codon in the mammalian gene has a corresponding 
location in the homologous codon of the Conus gene. 
The remarkable conservation of intron locations leaves 
no doubt that these enzymes must have had a common 
origin. The Drosophila enzyme has also been cloned; 
although the Drosophila g-glutamyl carboxylase gene 
has lost most introns, the few that remain, albeit smaller, 
are found at precisely the same loci as in the human and 
Conus genes [42]. Thus, this posttranslational modifi ca-
tion, which is found in a wide variety of gene products 
within the Conus peptide system, is ancient, and must 
have its origins more than 550 million years ago, before 
the Cambrian Explosion when molluscs, arthropods and 
chordates diverged.
A second notable feature is that a recognition signal 
sequence is present in the propeptide region of those 
conotoxin precursors which are substrates for g-carboxy-
lation [40]. Recently, however, another location for the 
recognition signal for carboxylation was found in novel 
conotoxins from C. textile – namely, within C-terminal 
‘postpeptide’ [47]. The general overview of Conus peptide 
modifi cation that emerges from the specifi c work on the 
g-carboxylation of glutamate is illustrated in fi gure 3B.

A potentially similar situation may exist for disulfi de 
bridge formation, promoted by protein disulfi de isomer-
ase (PDI) [48]. It was shown that PDI-assisted disulfi de 
bridge formation in a conotoxin was more effi cient during 
early folding in the presence of a propeptide sequence, 
compared with the mature toxin alone [49]. Thus, post-
translational modifi cation enzymes may be recruited to 
specifi c Conus peptide precursors through recognition 
signals. Once bound to a recognition signal sequence, the 
enzyme then modifi es a specifi c amino acid in the mature 
toxin region.
Although most other Conus posttranslational modifi ca-
tion enzymes have not been characterized at all, the elu-
cidation of the mechanism of g-carboxylation provides 
a paradigm for posttranslational modifi cation events that 
occur on conotoxin precursors. Preexisting enzymes, 
some or all of which may be distributed over a wide va-
riety of biological systems, have been recruited in Conus 
venom ducts to modify conopeptides through recognition 
signals. Thus, conopeptide precursors may gain or lose 
a posttranslational modifi cation either because of muta-
tions in the putative recognition signal region (likely 
in the propeptide region), or mutations in the putative 
amino acids to be modifi ed (in the mature toxin region).
A variety of data suggest that high specifi city may evolve 
for targeting an amino acid for posttranslational modi-
fi cation. In one Conus peptide family, the Conantokins, 

Table 2. Variety of multiple posttranslational modifi cations within individual conotoxin.

Peptide Sequence Posttranslational modifi cation Ref.

tx5a gCCgDGWCCT+AAO carboxylation of glutamic acid [34]
  bromination of tryptophan [35]
  O-glycosylation
  hydroxylation of proline
  disulfi de bridge formation

Bromocontryphan-R GCO(D-W)EPWC* hydroxylation of proline [17]
  epimerization of tryptophan
  bromination of tryptophan
  amidation of C-terminus
  disulfi de bridge formation

r7a/Light sleeper WFGHAggCTYWLGPCgVDDTCCSASCgSKFCGLW bromination of tryptophan [36]
  carboxylation of glutamic acid
  disulfi de bridge formation

kA-SIVA ZKSLVPS+VITTCCGYDOGTMCOOCRCTNSC* cyclization of N-terminal glutamine [37]
  O-glycosylation
  hydroxylation of proline
  amidation of C-terminus
  disulfi de bridge formation

r11e ECKTNKMSCSLHggCCRFRCCFHGKCQTSVFGCWVDP* carboxylation of glutamic acid [82]
  bromination of tryptophan
  amidation of C-terminus
  disulfi de bridge formation

g, g-carboxyglutamate; W, 6-bromotryptophan; +, O-glycosylation; O, 4-trans-hydroxyproline; D-X, D-amino acid; *, C-terminal amida-
tion; Z, pyroglutamate.
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Figure 3. (A) Biosynthetic pathway for vitamin K-dependent synthesis of g-carboxyglutamic acid. Vitamin K alkoxide subtracts the hydro-
gen from the g-carbon of glutamic acid. Subsequently, carboxylase catalyses the formation of g-carboxyglutamic acid by the addition of 
CO2 to the g-carbon of Glu. The activated vitamin K collapses into vitamin K epoxide, and is recycled to reduced vitamin K (KH2). (B) A 
general overview of g-carboxylation of glutamate in Conus peptides. The messenger RNA (mRNA) scheme shows the typical structure of a 
conotoxin precursor. The N-terminal signal sequence and propeptide are conserved parts of the molecule, while the mature toxin region is 
hypervariable. The Conus g-carboxylase recognizes a sequence within the propeptide region of conotoxin precursors, in which the glutamic 
acid(s) is (are) modifi ed to g-carboxyglutamate(s).

there are typically four conserved amino acids at the 
N-terminus, which have the sequence GEEE--- before 
modifi cation [40]. The fi rst glutamate residue appears 
never to be modifi ed, while the two more C-terminal Glu 
residues are always modifi ed (to GEgg--). As described 
above, in Bromocontryphan-R, one tryptophan residue 
is epimerized to a D-Trp, while the second tryptophan 
residue in the peptide is instead a substrate for post-
translational bromination [17]. Recognition signals for 
two different modifi cation enzymes may specify which 

Trp residue to modify; more complicated models are 
possible, and the intracellular location of the posttransla-
tional modifi cation enzymes may play a role. Thus, if one 
modifi cation enzyme is localized such that it would act 
fi rst, then in principle, the second enzyme acting on Trp 
could be less selective if it did not recognize the modifi ed 
Trp residue produced by the prior-acting enzyme.
The selectivity of posttranslational modifi cation has been 
shown to extend beyond Conus in one example. The 
enzymatic glycosylation of 16-amino-acid Contulakin-
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G using mammalian ppGalNAc-transferase yielded a 
product with O-glycosylated Thr10, but not Ser2 or Ser7 
[50]. Interestingly, the presence of a propeptide sequence 
in pro-Contulakin-G slightly improved specifi city for the 
Thr10 residue. Thus, the mammalian enzyme exhibits the 
selectivity expected for the endogenous Conus enzyme.

Functional aspects of posttranslational modifi cation

Although the occurrence of diverse posttranslational mod-
ifi cations in Conus peptides is now well established, the 
functions of most of these remain undefi ned; insuffi cient 
structure/function work is available to provide mechanistic 
insight. However, a clear demonstration for the functional 
importance of one posttranslationally modifi ed amino 
acid has been obtained [21]. The excitatory peptide, r11a, 
which belongs to the I-conotoxin superfamily, has a single 
D-amino acid, a Phe residue in position 44, three amino 
acids from the C-terminus. The functional assay used was 
the induction of repetitive action potentials in amphibian 
axons. The natural peptide (with D-Phe44) is highly potent 
in eliciting the repetitive activity; in contrast, the L-Phe 
analog was not biologically active using this assay, even 
at 10-fold higher concentrations. Interestingly, a homolo-
gous peptide with a leucine residue at the position of D-
Phe in r11a was recently characterized [O. Buczek et al., 
in press]. This peptide, r11c, also elicited repetitive action 
potentials when D-Leu42 was present. Surprisingly, when 
the r11c[L-Leu42] analog was synthesized, it proved to be 
almost as active as the D-amino-acid-containing natural 
form. Thus, it appears that the D-amino-acid-containing 
natural peptides are highly potent, and for at least some 
amino acids, substituting the corresponding L-isomer 
results in a loss of biological activity. This system holds 
promise for understanding in molecular detail how the 
epimerization of an L- to a D-amino acid affects biologi-
cal activity.
It has generally been assumed that posttranslational 
modifi cations improve the functional effi cacy and/or 
specifi city of the conopeptides in which they are found. 
An alternative role to be considered is that posttrans-
lational modifi cation may facilitate the correct folding 
of a Conus peptide, particularly if modifi cation occurs 
early in the secretory process. Results suggesting this 
possibility were obtained in a study of venom peptides 
from two mollusc-hunting cone snails, Conus textile and 
Conus gloriamaris. It was found that the tx9a (C. textile) 
and gm9a (C. gloriamaris) peptides with three disulfi de 
bonds were identical in sequence except at three loci: in 
the C. textile peptide, two of these loci had Gla residues, 
but in the C. gloriamaris peptide, these were substituted 
by standard amino acids [51]. This provided an oppor-
tunity to evaluate functional differences that might arise 
because of Gla residues.

Surprisingly, no differences in function could be dis-
cerned [48]. Somewhat unexpectedly, however, clear dif-
ferences were observed in the kinetics of peptide folding 
into the correct conformation. Under standard conditions 
(in the absence of calcium), the peptide without Gla was 
more effi ciently folded. With increasing concentrations 
of Ca++, the C. textile peptide, tx9a, which contained two 
Gla residues, was progressively folded more effi ciently 
relative to the C. gloriamaris peptide. In this case, the 
presence of Gla residues in a Conus peptide did not af-
fect the pharmacological activity of the peptide directly 
once it was folded correctly. Rather, Gla residues appear 
to function to facilitate proper folding within the endo-
plasmic reticulum (which has an elevated [Ca++]). It was 
further hypothesized that g-glutamyl carboxylase might 
be a relict from the precellular world when polypeptide 
chains were relatively short, serving as a mechanism to 
orient polypeptide chains for proper formation of di-
sulfi de bonds; Gla residues could chelate Ca++, forming a 
transient crosslink. If this speculation was valid, it would 
suggest that in the Conus peptide system, the primordial 
function of g-glutamyl carboxylase could have been re-
capitulated as these snails evolved ever smaller disulfi de-
rich peptides as pharmacological agents in their venoms.
Glycosylation of proteins and peptides increases their 
biological stability by protecting polypeptides from 
proteolytic degradation, as well as by stabilizing their 
tertiary structures [52]. Although glycosylation has been 
documented for a number of conotoxins, its biological 
function was only extensively studied in the case of 
Contulakin-G [53]. This 16-amino-acid peptide contains 
the Gal-GalNAc moiety attached to Thr10 (fi g. 2, table 
3). Nuclear magnetic resonance (NMR) studies indicated 
that the disaccharide moiety of Contulakin-G did not sta-
bilize its three-dimensional conformation [54, 55]. How-
ever, the presence of glycosylation was shown not only 
to dramatically improve the peptide’s stability against 
proteolytic degradation, but was also to be directly im-
portant for its pharmacological properties ([56]; A. G. 
Craig, unpublished results).
All known functions of posttranslational modifi cations in 
Conus peptides are summarized in table 4.

Predicting posttranslational modifi cation: 
bioinformatics aspects

The ability to anticipate purely from gene sequences 
when a posttranslational modifi cation may occur is one 
facet of bioinformatics addressed in this section. Many 
posttranslational modifi cations discussed in this review 
are too insuffi ciently characterized for their occurrence 
to be accurately predicted. However, we discuss the 
progress made so far, and problems that need to be ad-
dressed.
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One fundamental issue is whether the posttranslational 
modifi cation of interest is carried out by a single enzyme 
system. Recognition elements that dictate whether or not 
a posttranslational modifi cation will occur may diverge 
between enzyme systems, if several are involved. Among 
the posttranslational modifi cations for which multiple 
enzymes may be involved are proteolytic processing (dis-
cussed below), hydroxylation of amino acids, conversion 
of L- to D-amino acids and O-glycosylation; the complex-
ity of sequence contexts in Conus peptides for the last two 
modifi cations is illustrated by the examples in table 3.
Some posttranslational modifi cation enzymes may be 
invariant in their recognition mechanisms across phyla; 
however, other modifi cation enzymes may evolve new 
specifi city rapidly, with recognition signals potentially 
changing even between related species of Conus. An 
additional issue is the penetrance of recognition signals: 
for a particular locus where a posttranslational modifi ca-
tion occurs, will the amino acid always be modifi ed, or 
is modifi cation conditional, depending on physiological 
factors? These issues are considered below.
Among the more predictable posttranslational modifi ca-
tions are disulfi de bond formation and the processing 
events that generate the N- and C-termini of mature 
conotoxins. Disulfi de bonding is the most predictable 
of posttranslational processing events; cysteine residues 
in conopeptides are even in number, and no case has yet 
been discovered in which Cys residues did not form 
disulfi de crosslinks in any natural conotoxin. Which 
specifi c disulfi de bonds are actually formed is part of the 

more general issue of how conotoxins are folded, a topic 
beyond the scope of this review [57, 58]. The formation 
of disulfi de bonds is presumably catalyzed by protein di-
sulfi de isomerases; these are the major large polypeptidic 
constituents found in venom-producing cells [48, 59].
In general, the arrangement of cysteine residues in 
the primary sequence can be predicted by the gene 
superfamily the conotoxin belongs to, which is in turn 
predictive of the actual disulfi de bonding framework. 
Recently, however, it has been established that the same 
arrangement of cysteine residues in the primary sequence 
of peptides in the same conotoxin gene family can lead 
to different disulfi de frameworks [30, 60–63]. The shift 
from one disulfi de framework to another is correlated 
with the number of amino acids between Cys residues. 
Thus, the A- and M-superfamilies have two alternative 
arrangements of cystine crosslinks [30].
The processing that generates the N- and C-terminal ends 
of the mature toxin region, including proteolytic process-
ing to generate the N-terminus of the mature toxin and 
C-terminal amidation, also has high predictability. The 
primary sequence is a reliable guide to whether C-ter-
minal amidation will occur; thus, a C-terminal sequence 
which ends with ---XG(X1)n, where X1 is either a Lys or 
Arg residue and n is a number between 0–4, is reliably 
processed to ---X-NH2 in both Conus and other biologi-
cal systems. To date, only two Conus peptides have been 
purifi ed and characterized that violate this rule: a small 
excitatory peptide belonging to the M-superfamily [64] 
and the K-channel inhibitor from Conus virgo, ViTx [65], 

Table 3. Structural diversity and complexity of posttranslational modifi cations in Conus peptides.

A. Epimerization:  diversity of the chemical nature of modifi ed residue and its position in primary sequences

Peptide Sequence Conus species Ref.

gld-V / no disulfi des AOANS(D-V)WS C. gladiator [38]

mus-V* / no disulfi des SOANS(D-Hyv)WS C. mus [38]

Contryphan-R / one disulfi de GCO(D-W)EPWC* C. radiatus [78]

Leu-Contryphan-P / one disulfi de GCV(D-L)LPWC C. purpurascens [79]

Contryphan-Vn / one disulfi de GNCP(D-W)KPWC* C. ventricosus [86]

r11a / four disulfi des GOSFCKADEKOCEYHADCCNCCLSGICAOSTNWILPGCSTSSF(D-F)KI C. radiatus [21]

r11c / four disulfi des GOSFCKADEKOCKYHADCCNCCLGGICKOSTSWIGCSTNVF(D-L)T C. radiatus a

B. O-glycosylation:  diversity of conotoxin sequences containing glycosylated residue(s)

Peptide Sequence Conus species Ref.

Contulakin-G / no disulfi des ZSEEGGSNAT+KKPYIL C. geographus [53]

tx5a / two disulfides gCCgDGWCCT+AAO C. textile [34,
    35]

kA-SIVA / three disulfi des ZKSLVPS+VITTCCGYDOGTMCOOCRCTNSC* C. striatus [37]

kA-MIVA / three disulfi des AOgLVVT+AT+TNCCGYNOMTICOOCMCTYSCOOKRKO* C. magus [30]

a Buczek et al., in press.
*, C-terminal amidation; O, 4-trans-hydroxyproline; D-Hyv, D-g-hydroxyvaline; W, 6-bromotryptophane; g, g-carboxyglutamate; D-X, 
D-amino acid; Z, pyroglutamate; +, O-glycosylation.
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were predicted to be processed to an amidated C-terminal 
end; the native peptides purifi ed from venoms had the 
unprocessed C-terminal sequences instead.
Proteolytic processing of the precursor to the mature 
toxin is also largely successfully predicted. The analysis 
of the frequency of amino acids at positions from P6 to 
P1, based on 35 known conotoxin precursor sequences 
of different families, shows the following preferences: (i) 
arginine is the most frequent residue at P1, corresponding 
to 77%; (ii) the other basic amino acid, lysine, is found at 
P2 in 40% of sequences; the alternative to lysine being a 
hydrophobic amino acid, such as Val, Leu or Ile; (iii) at 
P4, leucine is preferred with a frequency of 40%. Thus, 
for Conus peptides, the signals ---LXKRX, ---LXXRX, 
---XXKRX or ---XXXRX are predictive of proteolytic 
cleavage after the arginine residue. If any of these se-
quences are found before the fi rst cysteine residue fol-
lowing the signal sequence, this is strongly predictive 
of a proteolytic cleavage site to generate an N-terminal 
residue in the mature toxin. Since mature sequences of 
Conus peptides are hypervariable, there is no amino acid 
specifi city observed on the P’ site of the substrate-cono-
toxin precursor. However, these consensus sequences, 

when found after the fi rst cysteine residue do not direct a 
proteolytic cleavage. As disulfi de bond formation occurs 
fi rst, one possible explanation for this is that the compact 
folding of amino acids between the disulfi de crosslinks 
protects the polypeptide chain from proteolysis.
Only one enzyme so far has been postulated to process 
conotoxin precursors, a protease Tex31, belonging to 
the CRISP family [66]. This protease was found in the 
extracellular venom fl uid. Much of the protein content of 
venom collected from a dissected venom duct is in gran-
ules believed to contain unprocessed toxin precursors; 
however, the venom duct also contains fully processed 
peptides [67]. A number of synthetic peptide substrates 
were used to determine the specifi city of Tex31 [66]. 
Apart from dibasic specifi city at P1 and P2 positions, the 
protease preferred Leu at P4. As mentioned earlier, Leu 
was a frequent amino acid (40%) at this position in cono-
toxin precursor sequences. It is believed that Tex31 is not 
the only protease, and that more enzymes with different 
specifi city are involved in the posttranslational process-
ing of conotoxin precursors.
Signals for proteolytic cleavage are generally conserved 
across biological systems. Most enzymes responsible 

Table 4. Functions of posttranslational modifi cations in Conus peptides.

Modifi cation Function Example Ref

Proteolytic processing  maturation of  proteolytic cleavage of the precursor is obligatory in the  [7]
of precursor bioactive toxin maturation of all Conus peptides.

Disulfi de bridge  structure formation of  cysteines occur as disulfi des in all conopeptides; proper  [7]
formation bioactive toxin disulfi de connectivity is essential for bioactivity

  the exception: non-native disulfi de bond connectivity in  [83]
  a-AuIB increases bioactivity

Carboxylation of  structure stabilization induction of a-helix formation in conantokins [84]
glutamic acid  Conantokin-G self-associates by multiple interchain calcium  [85]
  coordination

  GEggLQVNQgLIRgKSN*

 improving oxidative  calcium increases folding effi ciency of tx9a, but has no effect  [48]
 folding in the presence  on gm9a folding
 of calcium tx9a     GCNNSCQg HSDCg SHCICTFRGCGAVN*

  gm9a   SCNNSCQSHSDCASHCICTFRGCGAVN*

Epimerization of  biological activity  r11a (D-F44) induces repetitive action potentials in motor nerve,  [21]
phenylalanine  whereas r11a (L-F44) has no such activity

  GOSFCKADEKOCEYHADCCNCCLSGICAOSTNWILPGCSTSSF(D-F)KI

  r11b (D-F44) induces repetitive action potentials in motor nerve, whereas r11b a 
  (L-F44) has no such activity.

  GOSFCKANGKOCSYHADCCNCCLSGICKOSTNVILPGCSTSSF(D-F)RI

Glycosylation of  biological stability  Contulakin-G; glycosylation protects the peptide from proteolytic degradation  
threonine and activity and improves its pharmacological properties

  ZSEEGGSNAT+KKPYILb

aBuczek et al., in press.
b([56]; A. G Craig, unpublished result).
g, g-carboxyglutamate; *, C-terminal amidation; O, 4-trans-hydroxyproline; D-X, D-amino acid; +, O-glycosylation.
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for proteolytic processing of the precursors of secreted 
polypeptides belong to a family of dibasic- and monoba-
sic-specifi c serine proteases called subtilisin/kexin-like 
proprotein convertases (PCs) [68]. The PCs have a pref-
erence for basic amino acids (lysine or arginine) at posi-
tions P1 and P4; these are also most favorable residues 
at P2 position [69]. Thus, a combination of CRISP-type 
and more conventional subtilisin/kexin-type proteases 
may be involved in conotoxin maturation.
Further posttranslational processing may occur at a nas-
cent N-terminus if an N-terminal glutamine residue is 
generated; this is invariably cyclized to pyroglutamate. 
The substrate specifi city of a human glutaminyl cyclase 
(hQC) was investigated by Schilling and co-workers 
[70]; QC is physiologically active in the pyroglutamate 
formation of most, if not all, N-terminal-Gln-containing 
hormones. However, the KM value was extremely high for 
a peptide containing Pro at the position next to Gln. Of 
the conotoxins (13 sequences) with the proven presence 
of N-terminal pyroglutamate, there was no sequence that 
contained an adjacent proline reside. Thus, the Conus 
and human enzymes may have similar specifi city.
Another posttranslational modifi cation for which a sub-
stantial database is available both in Conus and other bio-
logical systems is the g-carboxylation of glutamate resi-
dues. Identifying a recognition signal is straightforward 
experimentally: the presence of such a signal increases 
the affi nity of a potential substrate for the g-glutamyl 
carboxylase [40]. Although recognition signals have 
been identifi ed experimentally, it has still not been pos-
sible to predict from amino acid sequence alone whether 
or not a conotoxin precursor has a physiologically rel-
evant recognition signal for the g-carboxylase. Some 
structure/function work has been done on Conus recog-
nition signals, as well as a very much more extensive set 
of experiments on blood clotting factors [40, 43, 47, 71, 
72]. In the case of the latter, a consensus sequence that 
predicts which blood clotting factors will be modifi ed has 
been postulated; however, these consensus sequences do 
not appear to work well for mammalian proteins outside 
the blood clotting cascade known to have Gla. For both 
blood clotting factors and conotoxin precursors, large 
hydrophobic residues appear to be a feature important 
for recognition. The general picture that emerges is that 
the recognition signals are not rigidly sequence-speci-
fi ed; the situation may be somewhat analogous to the 
loose consensus of signal sequences for transport across 
the endoplasmic reticulum and recognition by the signal 
peptidase.

Summary overview

A striking and novel feature of conotoxins is their high 
density of posttranslational modifi cations. Ten classes of 

such modifi cations have been discovered so far, almost 
certainly involving more than 15 different modifi cation 
enzyme systems. As the 500–700 Conus species evolved, 
preexisting modifi cation enzymes were likely recruited to 
be highly expressed in their venom ducts. Particular toxin 
genes gained recognition signals for particular modifi ca-
tion enzymes, rendering the encoded toxin precursor a 
substrate for modifi cation. Thus, in addition to the accel-
erated evolution of peptide sequences, chemical diversity 
was introduced through posttranslational modifi cation of 
the 20 standard amino acids. This combination of rapidly 
diverging amino acid sequences and a high density of 
posttranslational modifi cation is equivalent to a drug dis-
covery strategy involving a combinatorial library strategy 
coupled with sophisticated medicinal chemistry.
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