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ABSTRACT

Conopeptides from >700 species of predatory marine Conus snails provide an impressive molecular diver-
sity of cysteine-rich peptides. Most of the estimated 50,000-100,000 distinct conopeptides range in size from
10 to 50 amino acid residues, often with multiple posttranslational modifications. The great majority contain
from two to four disulfide bridges. As the biosynthetic and chemical production of this impressive repertoire
of disulfide-rich peptides has been investigated, particularly the formation of native disulfide bridges, differ-
ences between in vivo and in vitro oxidative folding have become increasingly evident. In this article, we pro-
vide an overview of the molecular diversity of conotoxins with an emphasis on the cysteine patterns and disul-
fide frameworks. The conotoxin folding studies reviewed include regioselective and direct oxidation strategies,
recombinant expression, optimization of folding methods, mechanisms of ir vitro folding, and preliminary
data on the biosynthesis of conotoxins in venom ducts. Despite these studies, how the cone snails efficiently
produce properly folded conotoxins remains unanswered. As chemists continue to master oxidative folding
techniques, insights gleaned from how conotoxins are folded ir vivo will likely lead to the development of the
new folding methods, as well as shed some light on fundamental mechanisms relevant to the protein folding
problem. Antioxid. Redox Signal. 10, 141-155.

INTRODUCTION

resolved issue in biology. This applies also to the folding of
polypeptides coupled to the formation of specific disulfide

FORMATION of native disulfide bridges in polypeptides is
coupled to protein folding; since the classic work on ri-
bonuclease (2, 3), numerous studies defining key factors that
govern disulfide-coupled folding of proteins have been carried
out. The role of the primary amino acid sequence, the position
of Cys residues, and their reactivity have been investigated (4,
37, 104, 145). The relations between conformational folding
and formation of the native disulfide bridges have been stud-
ied in several polypeptides, including bovine pancreatic trypsin
inhibitor and ribonuclease A, reviewed recently in (9). Despite
significant progress in understanding protein folding, how the
amino acid sequence of a protein determines its three-dimen-
sional conformation remains perhaps the most fundamental un-

crosslinks.

What minimal amino acid sequence information determines
the native fold in a short peptide sequence? The problem of
properly folding small, disulfide-rich peptides, such as neuro-
toxins, plant cyclotides, or peptide proteinase inhibitors, would
appear to be even more conceptually challenging than folding
polypeptides longer than 100 AA (10, 19, 26-28, 36, 40, 44,
52, 58, 64, 128, 130). These peptides have a well-defined three-
dimensional conformation stabilized by highly crosslinked
disulfide bridges; one could regard these peptides as “mini-" or
“microproteins” (140, 141). The mechanism by which these
small peptides form the native disulfide bridges remains un-
clear; how much sequence information is “used’ during the
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disulfide-coupled folding, both in vitro and in vivo, must be ad-
dressed. For the oxidative folding of small, disulfide-rich pep-
tides, a definition of the relation between the primary amino
acid sequence, the spacing of Cys residues, reactivity of Cys
thiolates, and the oxidative folding mechanism remains far from
understood. For peptides containing four Cys, three different
potential disulfide connectivities exist, and for a six-Cys—con-
taining peptide, 15 are known. The critical factors that favor
formation of the native disulfide bridges of the final folded pep-
tide and how much the arrangement and spacing between Cys
residues contribute to the relative stability of the folded con-
formation are questions that must be addressed. The peptide-
folding problem is illustrated by apamin and endothelin-1; de-
spite having identical patterns and spacing of four Cys residues,
these peptides fold into two distinct conformations, stabilized
by a different pattern of disulfide bridges (142). Even more re-
markable are the families of small, disulfide-rich peptides in
which hundreds, or even thousands of distinct amino acid pep-
tide sequences adopt essentially the same general three-dimen-
sional fold. Such is the case for the venom-derived peptide toxin
families from spiders and cone snails (50, 111, 134).

Conotoxins are neurotoxins produced by >500 species of
predatory marine Conus snails (113, 115); >50,000 different
conotoxins range in size from 10 to 50 amino acid residues,
often with many posttranslational modifications and generally
containing two or more disulfide bridges. Despite this im-
pressive molecular diversity, conotoxins apparently adopt
only a limited number of conformations, stabilized by the na-
tive disulfide bridges. Understanding the principles that un-
derlie the formation of the native disulfides in conotoxins has
been a focus of research for more than two decades. This re-
view describes the efforts of peptide chemists to reproduce
the oxidative folding of conotoxins. Little is known about the
native mechanisms that lead to the efficient oxidative folding
of conotoxins in situ, in the cone snail venom duct. As
peptide chemists continue to investigate conotoxin folding,
more-sophisticated oxidative folding methods are likely to be
developed.

BIOLOGIC CONTEXT

All cone snails are carnivorous predatory animals that use a
venom-based prey-capture strategy. They have evolved to prey
on a plethora of different marine animals that fall into at least
four different phyla. However, as they have evolved the deadly
combinations of disulfide-rich toxins used to immobilize their
prey, these snails have either coopted previously existing ox-
idative folding machinery, or they rapidly evolved specialized
proteins to facilitate the biosynthesis of conotoxins. While pep-
tide chemists continue to struggle to fold efficiently many cono-
toxins, the cone snails have somehow managed to synthesize
and specifically fold at least 50,000 different disulfide-rich pep-
tides in their venom ducts.

An estimated 500-700 different cone snail species prey on
fish, worms, or other snails (111, 112). As shown in Fig. 1,
cone snails exhibit a morphologic diversity in their shell pat-
terns, which mirrors the molecular diversity of the conotoxins
they produce in their venom ducts. Each snail’s venom contains
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a mixture of ~50-200 conotoxins. Essentially no molecular re-
dundancy exists in the complement of conotoxins between two
different Conus species. Therefore, a conservative estimate of
the conotoxin molecular diversity is that ~50,000 different pep-
tides exist. To date, only a small fraction of these have been
identified, and <200 have been functionally characterized (7,
77, 87, 111, 116). Therefore, despite more than two decades of
intensive conotoxin research, this field can be regarded as still
at an early stage.

The impetus for the cone snails to generate such a diversity
of conotoxins is based on each conotoxin targeting a specific
macromolecule (most of the time an ion channel or receptor)
in a target animal (prey, predator, or competitor) with exquis-
ite potency and selectivity. In one well-studied interaction,
conotoxins affect the nervous system of the prey to cause a mas-
sive depolarization, resulting in instant immobilization, fol-
lowed by an irreversible neuromuscular block (137). Table 1
provides examples of conotoxins and their the molecular tar-
gets.

Three key factors contribute to the molecular diversity of
conotoxins. First, the snails have evolved a limited number of
structural frameworks (equivalent to the “privileged structures”
of medicinal chemists) that are stabilized by disulfide bridges
(77). Some of these disulfide scaffolds [such as the ICK motif
(110, 118) or Kunitz domains (13, 47)] have been found in other
systems, but most disulfide scaffolds have not yet been found
outside Conus. Next, the snails have in effect used these scaf-
folds for generating combinatorial libraries, in which hyper-
mutation of the primary amino acid sequence generates molec-
ular diversity as new Conus species evolve. Like medicinal
chemists, the snails have modified their lead compounds by us-
ing numerous posttranslational modifications that improve the
stability, potency, and selectivity of the conotoxins (17, 35).
Thus, each disulfide scaffold provides the structural basis for
generating a “Conus combinatorial library.”

CONOTOXIN DISULFIDE SCAFFOLDS

The great majority of conotoxins belong to one of a small
number of gene superfamilies, each comprising several phar-
macologic families [recent review (136)]. All peptides in a gene
superfamily are a highly conserved in their signal sequences,
as well as in the arrangement of the cysteine residues in the ma-
ture toxin that form disulfide bridges [for the latest work on
characterizing two gene superfamilies, see (34, 131)]. Thus,
each conotoxin family has one (or a few) characteristic disul-
fide scaffolds, summarized in Fig. 2. The largest diversity of
scaffolds is apparent for conotoxins containing six Cys residues:
three distinct Cys arrangements yield seven different disulfide
scaffolds. Remarkably, three identical patterns of six-Cys—con-
taining conotoxins from the M-superfamily produced three dis-
tinct disulfide scaffolds (34, 45, 65, 95). For the four-Cys—con-
taining peptides, three Cys arrangements produce five different
scaffolds. Interestingly, conotoxins containing Cys framework
14 can adopt two distinct conformations, stabilized by differ-
ently connected disulfide bridges (71, 100). The disulfide con-
nectivity in the 10-Cys—containing conotoxin, o-GVIIIA, re-
mains unknown (49). In isolated instances, cone snails have
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FIG. 1. Diversity of cone-snail shell patterns mirrors the molecular diversity of Conus peptides produced by these

venomous animals.

It is estimated that each of >700 distinct Conus species produces a repertoire of 50-200 distinct cono-

toxins. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article

at www.liebertonline.com/ars).

deleted an apparently nonessential disulfide bridge without
compromising bioactivity; an example is conkunitzin-S, an oth-
erwise standard Kunitz domain conopeptide that has two in-
stead of three disulfide crosslinks (47). No known examples of
conotoxins contain a vicinal disulfide bridge, although many
Cys residues in conotoxins are adjacent [and a precedent exists
for a vicinal disulfide bridge in spider toxins (144)].

The native conformation of most conotoxin scaffolds has
been determined by using NMR spectroscopy methods (59, 91,
98, 109). As illustrated in Fig. 3, conotoxins have well-defined
compact structures, stabilized by disulfide bridges. For two-
disulfide-bridged conotoxins, different disulfide connectivity
determined either a ribbon or globular shape (46). For three-
disulfide—containing conotoxins, scaffolds vary from a globu-
lar shape for the ICK motif to compact, cagelike structures.
Relatively little is known about the backbone dynamics of cono-

toxins; although they are ideal for NMR relaxation experiments,
few studies have addressed this important issue.

w-Conotoxin MVIIA was shown to exhibit slow conforma-
tional exchange in the second loop that was associated with
changing conformation of the Cys8-Cys20 disulfide bridge (11).
With NMR relaxation experiments on uniformly labeled N
MVIIA-Gly analogue, Goldenberg (56) showed that the second
loop (residues 9-15) underwent a slow conformational ex-
change on a microsecond time scale. An interesting aspect of
these findings is that the second loop, comprising Tyr13, is crit-
ical for binding to the voltage-gated calcium channel, suggest-
ing a role for conformational flexibility in interactions of cono-
toxins with their target ion channels or receptors. Two
interconverting conformations of a-conotoxins GI or MI were
observed (61, 92). Slow-exchanging conformations of con-
tryphans could be monitored by HPLC separation (72, 73). In-
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TaBLE 1. DiveErsiTy CONOTOXINS AND THEIR MOLECULAR TARGETS
Conotoxins Molecular targets

A-superfamily

a-GI ECCNPACGRHYSC# nAChRs

a-Iml GCCSDPRCAWRC# nAChRs

a-SI ICCNPACGPKYSC# nAChRs
T-superfamily

xX-MrlA NGVCCGYKLCHOC NET
M-superfamily

u-GIIIA RDCCTOOKKCKDRQCKOQRCCA# VGSCs

u-PHIA ZRLCCGFOKSCRSRQCKOHRCC# VGSCs

p-SmlIlIA ZRCCNGRRGCSSRWCRDHSRCC# VGSCs

w-SIITA ZNCCNGGCSSKWCRDHARCC# VGSCs

uM-RIIIK LOSCCSLNLRLCOVOACKRNOCCT VGKCs
O-superfamily

w-MVIIA CKGKCAKCSRLMYDCCTGSCRSGKC# VGCCs

w-MVIIC CKGKGAPCRKTMYDCCSGSCGRRGKC# VGCCs

w-GVIA CKSOGSSCSOTSYNCCRSCNOOYTKRCY# VGCCs

n-O-MrVIB ACSKKWEYCIVPILGFVYCCPGLICGPFVCV VGSCs

6-SVIE EACSSGGTFCGIHPGLCCSEFCFLWCITFID VGSCs

o0-PVIA EACYAPGTFCGIKPGLCCSEFCLPGVCFG# VGSCs

o6-TxVIA CKQSGEMCNLLDQNCCDGYCIVLVCT VGSCs

NAChRs, nicotinic acetylcholine receptors; VGSCs, voltage-gated sodium channels;
VGCCs, voltage-gated calcium channels; VGKCs, voltage-gated potassium channels; NET,
norepinephrine transporter; O is hydroxyproline; Z is puroglutamatae; # is amidated C-
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FIG. 2. Examples of cysteine patterns and disulfide scaf-
folds in conotoxins. Please note that identical cysteine pat-
terns may lead to three different disulfide scaffolds, making the
predictions of disulfide connectivity very difficult for some
cases. In addition to those shown in the figure, several more
cysteine patterns are known, for which the disulfide connec-
tivity is not yet determined.

terestingly, the native conformation of a-conotoxin BulA has
multiple conformations, whereas the misfolded form exhibits a
single, well-defined conformation (76). Thus, despite a rela-
tively compact structure stabilized by disulfide bridges, cono-
toxin scaffolds exhibit a degree of conformational flexibility,
the functional consequences of which remain undefined.

CHEMICAL SYNTHESIS OF CONOTOXINS

The first chemical syntheses of conotoxins were carried out
in the early to mid 1980s: a-conotoxins GI and MI (60, 61,
108), as well as w-conotoxin GVIA (107, 126). Since then, at
least a hundred conotoxins have been synthesized by using ei-
ther Fmoc or Boc chemistry. For two-Cys—containing cono-
toxins such as contryphans, the oxidation of a single pair of Cys
residues has been a relatively easy task; the S-trityl (S-Trt) pro-
tection has been the most widely used during synthesis (66, 74,
75, 129). However, for peptides containing multiple disulfide
bridges, a technical challenge exists: forming native disulfide
bridges, identical to those found in venom-derived toxins. De-
pending on the number of Cys residues to be oxidized, distinct
synthetic strategies are used.

For four-Cys—containing conotoxins, such as a-, y-, or 7-
conotoxins, the orthogonal protection of Cys pairs with S-trityl
and S-acedamidomethyl (S-Acm) protection groups is routinely
used, although, as described later, other protection strategies are
also very efficient. The orthogonal protection of Cys pairs al-
lows regioselective formation of subsequent disulfide bridges,
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FIG. 3. Model structures of represen-
tative conotoxins. Three-dimensional
models of disulfide scaffolds and a
space-filling models of conotoxins il-
lustrate compact and well-defined na-
tive conformations of conotoxins. These
peptides may be considered “micropro-
teins.”

Spasmodic-Gm

w-GllIA

as shown in Fig. 4. Excellent reviews on the oxidative folding
strategies are available (1, 6, 15, 101, 102). Despite the fact that
for two-disulfide—containing conotoxins, a relatively “simple”
scheme to form native disulfide bridges can be used, produc-
ing some of these conotoxins continues to be a great challenge
for chemists (79).

Barany’s group (103) tested several Cys-protecting groups
and oxidation strategies with the aim of establishing efficient
chemical synthesis for two-disulfide-bridged «a-conotoxins.
First, they evaluated distinct protection and oxidation strategies
and compared yields of folding in solution and on-resin of a-
conotoxin SI. The main conclusions were that (a) one-step ox-
idation of the peptide with deprotected Cys thiols (after removal
of S-Tmob groups; 2,4,6-trimethoxybenzyl) was efficient, with
yields of 39% (1% DMSO, 25°C for 7 hr); (b) two-step oxida-
tion of the peptide containing S-Tmob protection on one Cys
pair and S-Acm protection on the other Cys pair resulted in
38% overall yield, but the yield was sensitive to the oxidation
strategies; (c) two-step oxidation was more efficient when the
small loop was closed first, followed by closing the larger loop;
and (d) on-resin oxidation of S-Tmob/S-Acm—protected pep-
tide produced correctly folded conotoxin with 14% overall
yields. This group was also the first to develop and introduce
immobilized Ellman’s reagent to oxidize two-disulfide—con-
taining conotoxins (described later).

An alternative, one-pot strategy was introduced for conotox-
ins by Cuthbertson and Indrevoll (38) by using a-SI. The se-
lective deprotection of Cys pairs was accomplished by chang-
ing temperature: the 7-Butyl (tBu)—protected pair of Cys was
deprotected and oxidized at ambient temperature, whereas 4-
methylbenzol (MeBz)-protected Cys pairs were removed by el-
evating the temperature to 70°C. The same strategy was applied
to produce a-conotoxin GI (106). Cuthbertson and Indrevoll
(39) also used a double one-pot oxidation strategy to produce
a dimer of a-conotoxin SI containing four disulfide bridges.

Four different S-protecting groups were used (Trt, Acm, tBu
and MeBz) to achieve regioselective formation of all four disul-
fide bridges with very appreciable yields. This work was the
first example of using four distinct protection groups to pro-
duce conotoxin analogues.

For synthesis of conotoxins containing three or more disul-
fide bridges, all Cys residues are usually protected by an acid-
labile trityl group. The simultaneous formation of the disulfide
brides is promoted by either air oxidation, a mixture of oxi-
dized/reduced glutathione, cysteine, or other thiol/disulfide-ex-

One-step Regioselective
[ oo
(C=——C—cC CC——C=—C

l deprotectio
Heprotection 7 s ;
c—t—¢
? S| IS SI l oxidation
((=—=(C=—C ,_f_\ |Z
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oxidation /

27 deprotection/

oxidation

CC=——=C=—=C

FIG. 4. Oxidative folding strategies for conotoxins. The re-
gioselective strategy is a method of choice for conotoxins con-
taining two disulfide bridges, whereas the direct-oxidation strat-
egy is preferred for conotoxins containing three or more
disulfide bridges.
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changing reagents. The inherent problem with this strategy is
that the formation of disulfide bridges is a random process, and
the final yield greatly depends on the thermodynamic stability
of the native conformation of a given conotoxin. As described
later, the thermodynamic stability of many conotoxins (in par-
ticular hydrophobic ones) is marginal, making the production
of larger quantities of correctly folded peptides a challenge (23,
42). To obtain higher yields during the direct oxidative folding,
the empiric optimization approach is still the method of choice
(21). The variables most often manipulated to improve folding
yields are: temperature, folding additives (enhancers), oxidiz-
ing strategy (including varying the redox potential), peptide
concentration, and duration of the folding reaction.

IMPROVING OXIDATIVE
FOLDING OF CONOTOXINS

Several strategies have been developed to improve the ox-
idative folding of conotoxins.

Immobilized Ellman’s reagent was introduced by Barany’s
group (5) to oxidize one- and two-disulfide—bridged peptides,
including oxytocin, somatostatin, a-conotoxin SI, and apamin.
The immobilized Ellman’s reagent was applied to fold c«-cono-
toxin SI in one step with overall yields of 90% (t;/>, 3 min at
pH 6.6) and 79% (t;/2, 54 min at pH 2.7). The immobilized EllI-
man’s reagent also proved superior in a two-step oxidation
strategies in which Cys pairs were protected with xanthyl (Xan)
and Acm groups (68). Recently, the Ellman’s reagent immobi-
lized on CLEAR resin was developed (41). The use of Clear-
Ox to produce two-disulfide—containing a-conotoxin GI and
three-disulfide—containing u-conotoxin PIIIA has been evalu-
ated (62). In a one-step oxidation, the Clear-Ox—mediated ox-
idative folding was significantly improved at higher peptide
concentrations, consistent with pseudo-dilution effects. Even at
5 mM concentration of «-GlI, the folding yield in the presence
of Clear-Ox was >80%, as compared with less than 10% for
the glutathione-promoted folding in solution.

An assisted-folding strategy has been used to improve yield
by stabilizing the native conformation of the peptide during
folding. The first successful attempt to improve folding of w-
conotoxin MVIIC by using this strategy was described in 1996
(85). Folding of MVIIC was significantly improved when the
oxidation was carried out at low temperature and in the pres-
ence of high salt concentration. High concentrations of salt were
also efficient in improving folding of u-SmlIIA (52). Addition
of nonionic detergents or organic cosolvents to the folding mix-
ture improved folding yields of the hydrophobic §-conotoxins
(23, 42) or a- and pO-conotoxins (25, 106), respectively.

Selenocysteines replacing cysteine residues was recently
used by the Alewood group (8) to improve folding of cono-
toxins. In this work, the authors produced three analogues of
a-Iml with a single bridge or two disulfide bridges replaced by
diselenide bridges. Diselenide-containing analogues proved
very stable in a redox buffer and maintained full bioactivity
when compared with the wild-type, Cys-containing peptide.
This approach was previously successful for other Cys-rich pep-
tides (119). Selenocysteine-containing conotoxins are likely to
become very useful analogues with simplified folding patterns.
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The N-to-C backbone cyclization was recently shown to im-
prove formation of the native disulfide bridges in two cono-
toxins: a-MII and y-MrlIA (31, 88). Other synthetic strategies
to produce conotoxins with a simplified cross-linking included
replacements of the disulfide bonds with lactam, thioether, or
dicarba bridges (14, 69, 127). The application of the safety-
catch amide linker that allowed DMSO-mediated oxidation of
conotoxins in a 96-well format (16) provides a promising strat-
egy for a high-throughput synthesis of conotoxin-based com-
binatorial libraries (48, 132).

MECHANISM OF IN VITRO
OXIDATIVE FOLDING

Given the extreme hypervariability of the primary amino acid
sequence between the highly conserved Cys residues, the fun-
damental question related to folding mechanism is what factors
are critical for the formation of the native disulfide bridges. In
vitro folding yields of conotoxins vary from <1% to 50-60%
(52). How much does the Cys pattern and spacing between Cys
residues (loop size) contribute to the folding and stability of the
native toxins? As pointed out earlier, an identical arrangement
of Cys residues in conotoxins from the M-superfamily resulted
in three distinct connectivities of the native disulfide bridges.
What is the role of noncovalent interactions? The differences
between disulfide structures of the two-disulfide-bridged
apamin and endothelin are mediated only by one to two dis-
tinct amino acid residues (142). Thus, the hypervariability of
amino acid sequence in conotoxins belonging to a single gene
family imposes a major challenge for the formation of native
disulfide bridges. We define this as the “conotoxin folding puz-
zle” (19).

In the pioneering work of Zhang and Snyder (150, 151), the
authors attempted to define the rules for forming disulfide
bridges in conotoxins. Equilibria were measured for forming
disulfide bridges in «-GI, as well as in several analogues that
differed in either primary AA sequence or the Cys positions
(151). Formation of the disulfide bridges was primarily deter-
mined by the position of Cys residues. Because the folding yield
for a-GI was lower under denaturing conditions, a role of ter-
tiary interactions was postulated. Kaerner and Rabenstein (78)
measured equilibria for forming disulfide bonds in a-GI ana-
logues missing the second pairs of Cys residues and calculated
equilibria for forming the second disulfide bridge. Formation
of the second disulfide bridge was characterized by an increased
cooperativity (relative to forming the first disulfide bridge); this
conclusion was confirmed in NMR experiments suggesting
some amount of secondary structures in single-disulfide fold-
ing intermediates (78). Conformational heterogeneity was ob-
served for misfolded a-GI conotoxin analogues, consistent with
a key role of the native disulfide bridges in the folding and sta-
bility of this peptide (54).

The mechanism of the oxidative folding of w-MVIIA was in-
vestigated by the Goldenberg group (121-124). MVIIA was
shown to fold with relatively high yields (50%) in the redox
buffer containing GSSG and GSH (122). The folding was sen-
sitive to a ratio of GSSG to GSH. Two observations suggested
that the overall folding yield is not determined by spacing of
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Cys residues, but rather by noncovalent interaction of amino
acid residues: (a) folding was sensitive to urea, and (b) w-cono-
toxin MVIID folded with 28% yield despite having identical
spacing to that of MVIIA, whereas other w-conotoxins with dif-
ferent loop sizes folded with 50% yield. The C-terminal glycine,
but not the N-terminal propeptide sequence was shown to in-
crease the folding yield, presumably by providing additional
stabilizing interactions within the native conformation (56,
123). Folding studies with the MVIIA analogues containing
only four Cys residues indicated that no preference existed in
forming any of the native disulfide bonds (124). The analogues
containing two native disulfide bonds were greatly destabilized,
as judged by CD spectra and a lack of bioactivity (124). Sim-
ilar destabilization effects caused by deletion of individual pairs
of Cys residues were also reported for w-conotoxin GVIA (51).
In another study (121), the equilibria for forming individual
disulfide bridges in w-MVIIA were measured, confirming no
preference in forming native versus non-native disulfide
bridges. The effective concentrations of the Cys pairs forming
SS bridges were largely independent of the presence or absence
of denaturant, but were correlated with the loop size, confirm-
ing the studies by Zhang and Snyder (151). Interestingly, once
the two native disulfide bonds were formed, a high degree of
cooperativity was found in forming the third native disulfide
bond: the effective concentration for forming any of the third
native disulfide bond (in preexisting species containing two na-
tive disulfide bridges) was denaturant sensitive and increased
several orders of magnitude, compared with those for forming
the first or the second disulfide bridge.

Taken together, the in vitro folding studies with conotoxins
a-GI and w-MVIIA suggest that the formation of the initial
disulfide bridge is a random process: no preference exists be-
tween native and non-native disulfides, but equilibria are gov-
erned by the spacing of the Cys residues. However, formation
of the last native disulfide bond in the native-like intermediates

FIG. 5. The in vitro oxidative folding
of conotoxins is characterized by a
tendency not to form native disulfide
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greatly depends on noncovalent interactions and is character-
ized by a high degree of the cooperativity, as schematically il-
lustrated in Fig. 5. Thus, the early folding events are determined
by the Cys patterns, but the formation of the final folding prod-
uct is determined by noncovalent interactions among noncys-
teine residues.

A role for the primary AA sequence in the folding of cono-
toxins was investigated for peptides from the M-superfamily
(52) and in MrIA (also named CMrVIA) (80). Four M-su-
perfamily conotoxins having identical spacing between Cys,
but otherwise differing in primary AA sequence, exhibited
two distinct folding mechanisms: rapid, but low-yield fold-
ing, or slow-rearrangement folding with relatively higher
yields (52). The steady-state accumulation of the rapidly
folded w-SmlIIIA was sensitive to ionic strength, but not to
denaturing conditions, suggesting that electrostatic interac-
tions mediated by multiple positively charged residues play
a predominant role in determining low folding yields. Con-
versely, folding of slowly rearranging w-GIIIA was sensitive
to urea, but not ionic strength, emphasizing a role of nonco-
valent interactions in forming the native disulfide bonds in
this peptide. In another w-conotoxin, SIIIA, the replacement
of two adjacent glycine residues located between two Cys
residues with flexible backbone spacers did not significantly
affect the oxidative folding of these chimeric peptides, sug-
gesting a minor role of amino acid residues in the first loop
(63). Recent work of Kang and co-workers (80) showed that
an interchange of a single amino acid residue (Lys <> Pro),
along with C-terminal amidation in y/A-MrlA, resulted in
switching the disulfide connectivity between a- and y/A-scaf-
folds. Future studies on structure—folding relations in various
conotoxins will likely identify critical amino acid residues
that determine their folding patterns. To this end, a more ex-
tensive cladistic analysis of conotoxin sequences may prove
useful for identifying such residues.

COOPERATIVITY OF FOLDING

bridges at the early folding steps.
The position of Cys residues in the se-
quence, rather than non-covalent inter-
actions, is the major determinant for
forming the first disulfide bridge. How-
ever, the role of non-covalent interac-
tions and the cooperativity of folding in-
creases at the final stages of forming the
native disulfide bridges.

Reduced form

Native form

Folding intermediates
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ROLE OF POSTTRANSLATIONAL
MODIFICATIONS IN FOLDING

The role of posttranslational modifications (PMs) in the ox-
idative folding of conotoxins is largely unexplored territory.
The order in which folding and the various posttranslational
modifications occur is unknown. Thus, whether a posttransla-
tional modification occurs before, concurrent with, or after the
formation of the disulfide bonds has not yet been definitively
determined. It is conceivable, however, that PMs may affect the
stability of the native disulfide bonds. The presence of +y-car-
boxyglutamate (Gla) in the tx9a conotoxin was shown to facil-
itate the oxidative folding when calcium ions were present in
the reaction mixture (22). Furthermore, the interactions between
calcium ions and y-conopressin-vil, a conopeptide containing
Gla and a single disulfide bridge, were recently shown by us-
ing NMR experiments (99). Because Ca ions are present in the
ER at concentrations comparable to those used in these exper-
iments (millimolar range), these findings suggest that y-car-
boxylation of glutamate may stabilize the native conformation
of the folded toxin via chelation of calcium ion by the modi-
fied residues.

A role for the C-terminal amidation in folding was investi-
gated in two conotoxins, w-MVIIA and a-Iml (81, 123). As
mentioned previously, the C-terminal glycine significantly im-
proved folding of the mature toxin (56, 123). In contrast, the
C-terminal Gly residue had a negative effect on folding yields
(81). Because NMR studies did not reveal any major confor-
mational differences between Iml and the free carboxyl-con-
taining analogue (81), one possible explanation is the effect of
electrostatic interaction (provided by the C-terminal negative
charge) on the formation of the disulfide bridge between the
pair of Cys residues that involved a C-terminal Cys. Such elec-
trostatic interactions were previously shown to play a signifi-
cant role in the thiol/disulfide exchange reactions in peptides
containing charged residues (24). However, the presence or ab-
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sence of C-terminal amidation did not affect folding of u-cono-
toxin SmlIIIA (52).

Recent experimental results (Lopez-Vera et al., unpublished
data) suggest that 4-hydroxylation of prolines may affect the
folding of conotoxins. Interestingly, protein disulfide isomerase
(PDI) is a subunit of prolyl-4-hydroxylase (P4H); thus, the two
enzymes may work in a concerted way to produce 4-hydrox-
yproline (Hyp) and disulfide bonds concurrently. Thus, al-
though the role of posttranslational modifications in the fold-
ing and stability of conotoxins is clearly unexplored territory,
it is likely from these fragmentary observations that PMs may
facilitate proper folding of conotoxins.

ROLE OF THE PROPEPTIDE, PROTEIN
DISULFIDE ISOMERASE, AND
MACROMOLECULAR CROWDING

In vivo, conotoxins are first translated as precursors contain-
ing signal and propeptide sequences. Woodward et al. (147)
suggested that the propeptide might facilitate conotoxin fold-
ing. However, the propeptide was subsequently shown not to
play a direct role as an intramolecular chaperone in the oxida-
tive folding of w-MVIIA, a-GI, and 6-PVIA (19, 20, 123). Fold-
ing yields for pro-GI and GI were comparable under different
folding conditions (including variation in redox buffers and
temperature) (19). The ultimate test whether the propeptide re-
gion could serve as an intramolecular chaperone was performed
by using a highly hydrophobic conotoxin PVIA, previously
shown to fold with extremely low yields (23). The 58-AA pre-
cursor of PVIA, pro-PVIA was synthesized by using the native
chemical ligation (20). The folding yields were very low (>4%
without Tween-40; >6% in the presence of Tween-40) and
were comparable for pro-PVIA and PVIA. The results of all
three studies (on MVIIA, GI, and PVIA), led to the suggestion

FIG. 6. The N-terminal propeptide facilitates
protein-disulfide-isomerase (PDI)-catalyzed
folding of conotoxin precursors. The propep-
tide does not act as an intramolecular chaperone
during the folding of conotoxins, but it improves
substrate properties of conotoxin precursors for
PDI, the main protein component of Conus
venom ducts.
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that conotoxin propeptides may belong to the so-called class I1
propeptides that may play a role in interactions with folding en-
zymes and receptors in the ER (20). Interestingly, when a cono-
toxin precursor of GI (pro-GI) was folded in the presence of
bovine PDI, the enzyme-catalyzed folding of the propeptide-
containing conotoxin was significantly faster than PDI-cat-
alyzed folding of mature toxin (19). As illustrated in Fig. 6, the
presence of propeptide altered conotoxin as a substrate for PDI-
catalyzed folding.

PDI appears to be a major protein component of the venom
duct of Conus textile (22). When venom duct extract was ana-
lyzed with SDS-PAGE, a single major band was detected; mass
spectroscopy and microsequencing were consistent with a se-
quence of PDI. Analysis of a Conus PDI cDNA clone revealed
that the Conus enzyme had strong sequence similarity to other
PDIs (22). With a proteomics approach, the Balaram group (57)
recently identified PDI as a major component of the C. amadis
venom duct. Based on these and other findings [for example,
PDI from C. marmoreus, accession number ABF 48564 (89)],
it is likely that more folding catalysts from various cone snails
will be identified. Folding studies with Conus PDI and cono-
toxin precursors have not yet been reported in the literature.

Macromolecular crowding is an integral component of the
folding environment in the cell: concentrations of “neutral”
molecules easily exceed 100 mg/ml. Theoretical studies pre-
dicted that the excluded volume effect, produced by high con-
centrations of crowding molecules, might affect folding of w-
conotoxin MVIIA (55). Recent work (18) showed that the
macromolecular crowding did not influence folding rates or
equilibria for forming the native disulfide bridges in three cono-
toxins: GI (13 AA), PVIIA (25 AA), and rlla (46 AA). Sur-
prisingly, if albumin was used as the crowding agent, a dra-
matic increase was observed in the folding rates, even at
concentrations that did not produce excluded volume effects,
suggesting that this protein could act as an oxidant for disul-
fide bond formation (18).

RECOMBINANT EXPRESSION
OF CONOTOXINS

Because of their small size and a high degree of posttrans-
lational modification, conotoxins have not been ideal candidates
for recombinant expression. Interestingly, successful overex-
pression of PN/13C-labeled conopeptide was recently reported
(86). The first recombinant conotoxin precursor, pro-w-MVIIA-
Gly, was expressed as a fusion protein with TrpLe protein in
Escherichia coli strain BL21 (123). The insoluble material was
dissolved, and the TrpLE fragment was cleaved by chemical
methods. After HPLC purification, the conotoxin precursor was
used for folding studies. By using the same recombinant strat-
egy, Goldenberg (56) produced '’N-labeled w-MVIIA-Gly for
NMR relaxation studies (56). A recombinant w-MVIIA was re-
cently produced in E. coli by using a fusion with thioredoxin
and a His-tag (149) or with glutathione-S-transferase (148). The
purified products exhibited the analgesic activity when tested
in mice (148). A similar strategy was recently used to produce
another O-superfamily conotoxin, 1t7a, as a fusion protein with
thioredoxin (120). Recombinant conkunitzin-S1 was overex-
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pressed in an insoluble form as a fusion construct with intein
(12). Subsequent solubilization, cleavage, and refolding pro-
duced sufficient material for NMR experiments (13). Recom-
binant expression methods will continue to be an attractive al-
ternative strategy for producing conotoxins, especially those
that are very difficult to obtain in high yield by using chemi-
cal synthesis (25).

BIOSYNTHESIS OF CONOTOXINS

Relatively little is known about biosynthetic and secretory
pathways for conotoxins in vivo. Conotoxins are produced in a
long, convoluted venom duct. The morphology of vesicles
stored in the lumen of the duct was noted in early studies (84,
114). A more recent anatomic study of the venom duct of Conus
californicus suggested that two types of endothelial cells may
be present (90). Most biochemical and cellular events that oc-
cur in venom ducts have not been characterized (Figs. 7 and 8).
Although conotoxins are synthesized in the form of a precur-
sor, the extraction and characterization of venom-duct com-
ponents did not detect the presence of propeptide-containing
conotoxins (53, 90, 105). However, interactions between pro-
peptide-containing conotoxin proTxVIA and secretory recep-
tors from the sortilin Vps10p family have been described (32).
The same group showed that the propeptide was important for
efficient secretion of the toxin to media when conotoxin was
expressed in COS7 cells (32). It remains unclear when and
where the propeptide is proteolytically separated from the ma-
ture toxin. One proteinase, Tex31, that processed the precursor
of TxVIA was isolated and cloned from venom of C. textile
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FIG. 7. Biosynthesis pathways for conotoxins is largely un-
explored territory. The conotoxin precursors start their se-
cretory pathway in the Conus ER, where they form disulfide
bridges and are likely to undergo the first set of posttransla-
tional modifications (open star). The only characterized Conus
ER-resident proteins are y-glutamyl carboxylase and protein
disulfide isomerase. More posttranslational modifications (solid
star) occur in the Golgi apparatus. The subcellular and molec-
ular aspects of proteolytic processing of the precursor sequences
remain largely unknown. How conotoxins are packed into in-
soluble secretory vesicles has not been characterized.
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FIG. 8. Mechanism of the oxidative
folding of conotoxins in the Conus
ER remains largely unknown.
What key factors contribute to the for-
mation of the native disulfide bridges
in conotoxins? Neither molecular
chaperones nor, other than PDI, fold-
ing catalysts have been purified or
cloned from the Conus ER. Although
the diversity of cysteine patterns,
disulfide scaffolds, and propeptide se-
quences is well known, no studies ad-
dressed the substrate specificity for
Conus PDI isoforms. Potential rela-
tions between formation of the disul-
fide bridges during the oxidative
folding of conotoxins and ATP con-
sumption and the total energetic costs
also remain unspecified. The ER qual-
ity-control system that can discrimi-
nate between the correctly folded and
misfolded conformations is unknown.
Star with a question mark, a group of
other enzymes that posttranslationally
modify conotoxins. Question marks,

ER receptors
(Vps10p, others?)

Key steps in the conotoxin folding that remain to be characterized. PPI, peptidyl prolyl isomerase; P4H, prolyl-4-hydroxylase;

ERAD, ER-associated degradation.

(97). This enzyme was characterized by high substrate speci-
ficity. The sequence analysis of Tex31 suggested that it be-
longed to the cysteine-rich secretory proteins (CRISP) family
(97). Recently, a new member of CRISP protein family was
cloned from C. marmoreus; however, this vy-carboxygluta-
mate—containing protein did not exhibit any proteolytic activ-
ity (67). Whether CRISP proteins in cone snails’ venom ducts
play a role as proteolytic enzymes or toxins, as has been found
in snake venoms (133, 143), will require more studies.

As mentioned previously, the presence of PDI as a major pro-
tein component of the C. textile venom duct was reported (22).
Two closely related PDI isoforms were cloned from C. textile
venom duct: both Conus proteins shared 75% sequence ho-
mology to human PDI. Conus PDI consisted of four thioredoxin
domains with two [bond]CGHC[bond] active sites and the ER
retention signal. Because it has been shown that PDI catalyzes
folding of the propeptide-containing conotoxins more effi-
ciently (19), it seems likely that the high concentration of Conus
PDI is critical for the efficient production of conotoxins in
venom ducts. Recently, biochemical and gene-expression
analysis of conotoxins in C. fextile venom ducts revealed that
members of different superfamilies are secreted in distinct re-
gions of the venom duct (53). Conotoxins that are very diffi-
cult to synthesize chemically and efficiently fold in vitro [such
as 6-TxVIA, 6-SVIE, or uO-MrVIB (25, 42)] can often be
abundant components of snail venom ducts, further emphasiz-
ing the gap between in vitro and in vivo folding of conotoxins.
Based on these findings, it is tempting to hypothesize that dis-
crete parts of venom duct comprise superfamily-specific secre-
tory cells, with specialized folding catalysts and molecular
chaperones that facilitate the oxidative folding of various cono-
toxin precursors in a geographically specific fashion.

Several additional important questions about the in vivo ox-
idative folding of conotoxins remain unanswered. As summa-

rized in Fig. 8, questions relevant to understanding the most ba-
sic principles of protein folding are as follows.

1. What is the role of molecular chaperones and ATP in the
conotoxin folding? Does Conus Hsp70 (BIP) cooperate with
PDI in the ATP-dependent, iterative cycle of binding and re-
lease of conotoxins during formation of the disulfide bridges
in the ER, as described for other proteins or peptides (93,
94)?

2. Does Conus ER contain multiple folding catalysts belong-
ing to the PDI family? Numerous members of the PDI fam-
ily varying in a number of thioredoxin-like domains have
been discovered in other organisms: their role and substrate
specificity remain undefined.

3. What is a role of peptidyl prolyl isomerase (PPIs) or prolyl-
4-hydroxylase (P4H) in assisting formation of the native
disulfide bridges? Because PDI and P4H form functional
heterotetramers (PDI is a B-subunit of P4H), is oxidative
folding coupled to proline hydroxylation in Hyp-containing
conotoxins? Do Conus folding catalysts and chaperones
form multiprotein complexes, as observed in the ER of other
eukaryotic cells (96)?

4. Do molecular chaperones and folding catalysts provide a dif-
ferent pathway for forming native disulfide bridges, from
the in vitro folding pathway (30)? To what degree do inter-
molecular interactions between conotoxin precursors and the
ER residents influence the formation of the native disulfide
bridges? In other words, how do energy landscapes for fold-
ing of conotoxins differ when folding occurs in Conus cells
or a test tube?

5. Is co-translational folding important for the correct forma-
tion of the native disulfide bridges in conotoxin precursors?
Does the extremely high degree of position-specific codon
use for Cys residues (33) contribute to regulating rates for
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forming disulfide bridges by silent polymorphism mecha-
nisms (83)?

6. Do ER-resident proteins recognize correctly folded cono-
toxins, facilitating further translocation through the secre-
tory pathway? What types of molecular interactions during
ER quality control underlie discrimination between the na-
tive and nonnative conformations of conotoxins? Do Conus
venom duct cells use the ER-associated degradation (ERAD)
system for removing misfolded conotoxins?

To answer these and related questions, new experimental
strategies combining peptide chemistry and molecular biology
must be developed. Fortunately, because of their small size and
their accessibility to recombinant methods and chemical syn-
thesis, conotoxins provide tractable experimental system for
further folding research.

CONCLUSIONS AND
FUTURE DIRECTIONS

Conotoxin folding research is at an intersection between
chemistry and biology; it provides a challenge for peptide
chemists to develop more efficient oxidative folding methods,
while biologists and biochemists continue to elucidate how
more-general protein folding mechanisms are adapted to the in
vivo folding of conotoxins. A relatively large number of stud-
ies involve in vitro conotoxin folding; the current evidence sug-
gests that early folding steps are determined primarily by the
positions of Cys residues, rather than by specific non-covalent
interactions of non-Cys amino acid residues. This stage is char-
acterized by a lack of cooperativity. However, the role for non-
covalent interactions in forming native disulfide bonds appears
to be greater in the later stages of folding. The N-terminal
propeptide does not act as an intramolecular chaperone, but it
may facilitate the PDI-assisted oxidative folding of conotoxin
precursors.

Much less is known about the oxidative folding of conotox-
ins that occurs in the Conus ER. Although Conus PDI is a ma-
jor component of the venom duct and multiple isoforms are
likely to be present, no additional published studies character-
ize the efficiency and substrate specificity of the Conus enzyme.
No reported studies address a potential role of Conus molecu-
lar chaperones and their interactions with folding catalysts and
conotoxin precursors; this aspect of the conotoxin folding re-
search is completely unexplored. To bridge in vitro and in vivo
folding studies on conotoxins, novel strategies that allow study-
ing the formation of the native disulfide bridges in complex bi-
ologic milieus may have to be developed (70, 125). For exam-
ple, recently synthesized derivatives of a-conotoxin MI (139)
provide strong support for using fluorescence-based assays to
study the disulfide-bond formation in cells, cell extracts, or mi-
crosomes (29, 82, 117, 135, 146). In summary, a combination
of biochemical, genetic, and chemical methods is likely to dis-
sect the molecular mechanisms for forming the native disulfide
bridges in conotoxins, as it occurs in the Conus ER.

Conotoxin folding will continue to be a challenge for peptide
chemists to develop efficient strategies to yield larger quanti-
ties of these peptides. Replacing cysteines with selenocysteines,
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or optimizing one-pot regioselective or assisted oxidation strate-
gies may provide the means for improving rates and equilibria
for forming the native disulfide-bridging pattern in conotoxins.
Less traditional strategies for improving oxidative folding are
likely to emerge from the conotoxin folding research. For ex-
ample, peptide chemists might learn from cone snails how to
apply artificial chaperones and small-molecule folding catalysts
to improve folding by means of kinetic partitioning (43, 138).
What becomes obvious is that the formation of the native disul-
fide bridges in conotoxins will continue to be a challenge for
biochemists and peptide chemists in the years to come.

ACKNOWLEDGEMENTS

We acknowledge the NIH Program Project Grant GM 48677
(B.M.O.) and R21 NS055845 (G.B.) for support of conotoxin
research studies. This review would not be possible without the
dedication of many peptide chemists who shared their experi-
ence with folding conotoxins. We thank pioneers in the chem-
ical synthesis of conotoxins, Professors William R Gray and
Jean Rivier, for many helpful discussions and encouragement
to continue the conotoxin folding research. G.B. thanks his
whole family for their support, understanding, and having made
it possible for him to continue his research. We apologize to
many investigators whose important contributions to the chem-
ical synthesis of conotoxins have not been acknowledged be-
cause of space constraints of this publication. Last, we are in
debt to Drs. Robert Schackmann and Scott Endicott from the
University of Utah DNA/Peptide Core Facility for synthesizing
hundreds of conotoxins to support our research.

ABBREVIATIONS

AA, amino acid; CD, circular dichroism; CRISP, cysteine-
rich secretory proteins; DMSO, dimethyl sulfoxide; ER, en-
doplasmic reticulum; Hyp, 4-hydroxyproline; ICK, inhibitory
cystine knot; MeBz, 4-methylbenzol; PDI, protein disulfide
isomerase; P4H, prolyl-4-hydroxylase; PMs, posttranslational
modifications; PPI, peptidyl prolyl isomerase; S-Acm, S-
acedamidomethyl; SDS-PAGE, denaturing polyacrylamide gel
electrophoresis; S-Tmob, 2,4,6-trimethoxybenzyl; tBu, #-butyl;
Trt, trityl.

REFERENCES

1. Andreu D, Albericio F, Sole NA, Munson MC, Ferrer M, and
Barany G. Formation of disulfide bonds in synthetic peptides and
proteins. Methods Mol Biol 35: 91-169, 1994.

2. Anfinsen CB and Haber E. Studies on the reduction and re-for-
mation of protein disulfide bonds. J Biol Chem 236: 1361-1363,
1961.

3. Anfinsen CB, Haber E, Sela M, and White FH Jr. The kinetics of
formation of native ribonuclease during oxidation of the reduced
polypeptide chain. RrgesNatedeadaSainllted 47: 1309-1314,
1961.

4. Anfinsen CB and Scheraga HA. Experimental and theoretical as-

pects of protein folding. Ady Protein Cheng 29: 205-300, 1975.



152

20.

21.

22.

23.

24.

25.

26.

. Annis I, Chen L, and Barany G. Novel solid-phase reagents for

facile formation of intramolecular disulfide bridges under mild

conditions. JAm Chem Soc 120: 7226-7238, 1998.

. Annis I, Hargittai B, and Barany G. Disulfide bond formation in

peptides. Methods Enzvmol 289: 198-221, 1997.

. Armishaw CJ and Alewood PF. Conotoxins as research tools and

drug leads. gz Pratein Pept Sci 6: 221-240, 2005.

. Armishaw CJ, Daly NL, Nevin ST, Adams DJ, Craik DJ, and Ale-

wood PF. Alpha-selenoconotoxins: a new class of potent alpha7
neuronal nicotinic receptor antagonists. J Biol Chem 281: 14136—
14143, 2006.

. Arolas JL, Aviles FX, Chang JY, and Ventura S. Folding of small

disulfide-rich proteins: clarifying the puzzle. Lxguds Biochen Sci
31:292-301, 2006.

. Arolas JL, Bronsoms S, Lorenzo J, Aviles FX, Chang JY, and

Ventura S. Role of kinetic intermediates in the folding of leech
carboxypeptidase inhibitor. J Biol Chem 279: 37261-37270, 2004.

. Atkinson RA, Kieffer B, Dejaegere A, Sirockin F, and Lefevre

JF. Structural and dynamic characterization of omega-conotoxin
MVIIA: the binding loop exhibits slow conformational exchange.
Biochemistry 39: 3908-3919, 2000.

. Bayrhuber M, Graf R, Ferber M, Zweckstetter M, Imperial J, Gar-

rett JE, Olivera BM, Terlau H, and Becker S. Production of re-
combinant Conkunitzin-S1 in Escherichia coli. Protein Express
Purif 47: 640-644, 2006.

. Bayrhuber M, Vijayan V, Ferber M, Graf R, Korukottu J, Impe-

rial J, Garrett JE, Olivera BM, Terlau H, Zweckstetter M, and
Becker S. Conkunitzin-S1 is the first member of a new Kunitz-
type neurotoxin family: structural and functional characterization.
J Biol Chem 280: 2376623770, 2005.

. Bondebjerg J, Grunnet M, Jespersen T, and Meldal M. Solid-phase

synthesis and biological activity of a thioether analogue of cono-

toxin G1. Chembiochemisuy 4: 186—194, 2003.

. Boulegue C, Musiol HJ, Prasad V, and Moroder L. Synthesis of

cysteine-rich peptides. Chim Oggi 24: 24-37, 2006.

. Brust A and Tickle AE. High-throughput synthesis of conopep-

tides: a safety-catch linker approach enabling disulfide formation
in 96-well format. J Pept Sci 13: 133-141, 2007.

. Buczek O, Bulaj G, and Olivera BM. Conotoxins and the post-

translational modification of secreted gene products. Cell Mol Life
Sci 62: 3067-3079, 2005.

. Buczek O, Green BR, and Bulaj G. Albumin is a redox-active

crowding agent that promotes oxidative folding of cysteine-rich
peptides. Biopolymers 88: 8-19, 2007.

. Buczek O, Olivera BM, and Bulaj G. Propeptide does not act as

an intramolecular chaperone but facilitates protein disulfide iso-
merase-assisted folding of a conotoxin precursor. Biochemistry
43:1093-1101, 2004.

Buczek P, Buczek O, and Bulaj G. Total chemical synthesis and
oxidative folding of delta-conotoxin PVIA containing an N-ter-
minal propeptide. Biopolymers 80: 50-57, 2005.

Bulaj G. Formation of disulfide bonds in proteins and peptides.
Biotechnol Ady 23: 87-92, 2005.

Bulaj G, Buczek O, Goodsell I, Jimenez EC, Kranski J, Nielsen
JS, Garrett JE, and Olivera BM. Efficient oxidative folding of
conotoxins and the radiation of venomous cone snails. Proc Natl
Acad Sci U S A 100(suppl 2): 14562-14568, 2003.

Bulaj G, DeLaCruz R, Azimi-Zonooz A, West P, Watkins M,
Yoshikami D, and Olivera BM. Delta-conotoxin structure/func-
tion through a cladistic analysis. Biochemistry 40: 13201-13208,
2001.

Bulaj G, Kortemme T, and Goldenberg DP. lonization-reactivity
relationships for cysteine thiols in polypeptides. Biochemistry 37:
8965-8972, 1998.

Bulaj G, Zhang MM, Green BR, Fiedler B, Layer RT, Wei S,
Nielsen JS, Low SJ, Klein BD, Wagstaff JD, Chicoine L, Harty
TP, Terlau H, Yoshikami D, and Olivera BM. Synthetic muO-
conotoxin MrVIB blocks TTX-resistant sodium channel NaV1.8
and has a long-lasting analgesic activity. Biochemistry 45: 7404—
7414, 2006.

Calabro V, Sabatier JM, Blanc E, Lecomte C, Van Rietschoten
V, and Darbon H. Differential involvement of disulfide bridges
on the folding of a scorpion toxin. J Pept Res 50: 3947, 1997.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

BULAJ AND OLIVERA

Chang JY, Canals F, Schindler P, Querol E, and Aviles FX. The
disulfide folding pathway of potato carboxypeptidase inhibitor. J
Biol Chem 269: 22087-22094, 1994.

Chiche L, Heitz A, Gelly JC, Gracy J, Chau PT, Ha PT, Hernan-
dez JF, and Le-Nguyen D. Squash inhibitors: from structural mo-
tifs to macrocyclic knottins. urr Protein Pept Sci 5: 341-349,
2004.

Christiansen C, St Hilaire PM, and Winther JR. Fluorometric
polyethyleneglycol-peptide hybrid substrates for quantitative as-
say of protein disulfide isomerase. Anal Biochem 333: 148-155,
2004.

Clark PL. Protein folding in the cell: reshaping the folding fun-
nel. Zrends Biochen Sci 29: 527-534, 2004.

Clark RJ, Fischer H, Dempster L, Daly NL, Rosengren KJ, Nevin
ST, Meunier FA, Adams DJ, and Craik DJ. Engineering stable
peptide toxins by means of backbone cyclization: stabilization of
the alpha-conotoxin MII. Rrge NarlAcgd Sci LS4 102: 13767—
13772, 2005.

Conticello SG, Kowalsman ND, Jacobsen C, Yudkovsky G, Sato
K, Elazar Z, Petersen CM, Aronheim A, and Fainzilber M. The
prodomain of a secreted hydrophobic mini-protein facilitates its
export from the endoplasmic reticulum by hitchhiking on sorting
receptors. J Biol Chem 278: 26311-26314, 2003.

Conticello SG, Pilpel Y, Glusman G, and Fainzilber M. Position-
specific codon conservation in hypervariable gene families.
Trends Genet 16: 57-59, 2000.

Corpuz GP, Jacobsen RB, Jimenez EC, Watkins M, Walker C,
Colledge C, Garrett JE, McDougal O, Li W, Gray WR, Hillyard
DR, Rivier J, McIntosh JM, Cruz LJ, and Olivera BM. Definition
of the M-conotoxin superfamily: characterization of novel pep-
tides from molluscivorous Conus venoms. Biochemistry 44:
8176-8186, 2005.

Craig AG, Bandyopadhyay P, and Olivera BM. Post-translation-
ally modified neuropeptides from Conus venoms. Eur J Biochem/
FEBS 264: 271-275, 1999.

Craik DJ and Daly NL. Oxidative folding of the cystine knot mo-

tif in cyclotide proteins. Rroteimand Pept Lozt 12: 147-152, 2005.
Creighton T. Disulphide-coupled protein folding pathways. Phil

Lrans R.Soc Loudoy 348: 5-10, 1995.

Cuthbertson A and Indrevoll B. A method for the one-pot re-
gioselective formation of the two disulfide bonds of alpha-cono-
toxin SI. Tefrghedron Leit 41: 3661-3663, 2000.

Cuthbertson A and Indrevoll B. Regioselective formation, using
orthogonal cysteine protection, of an alpha-conotoxin dimer pep-
tide containing four disulfide bonds. Organ Lett 5: 2955-2957,
2003.

Daly NL, Clark RJ, and Craik DJ. Disulfide folding pathways of
cystine knot proteins: tying the knot within the circular backbone
of the cyclotides. J Biol Chem 278: 6314-6322, 2003.

Darlak K, Wiegandt Long D, Czerwinski A, Darlak M, Valen-
zuela F, Spatola AF, and Barany G. Facile preparation of di-
sulfide-bridged peptides using the polymer-supported oxidant
CLEAR-OX. J Pept Res 63: 303-312, 2004.

DeLa Cruz R, Whitby FG, Buczek O, and Bulaj G. Detergent-as-
sisted oxidative folding of delta-conotoxins. J Pept Res 61:
202-212, 2003.

Diamond DL and Randall LL. Kinetic partitioning: poising SecB
to favor association with a rapidly folding ligand. J Biol Chem
272: 28994-28998, 1997.

Drakopoulou E, Vizzavona J, Neyton J, Aniort V, Bouet F, Vire-
lizier H, Menez A, and Vita C. Consequence of the removal of
evolutionary conserved disulfide bridges on the structure and
function of charybdotoxin and evidence that particular cysteine
spacings govern specific disulfide bond formation. Biochemistry
37: 1292-1301, 1998.

Du WH, Han YH, Huang FJ, Li J, Chi CW, and Fang WH. So-
lution structure of an M-1 conotoxin with a novel disulfide link-
age. FEBS J 274: 2596-2602, 2007.

Dutton JL, Bansal PS, Hogg RC, Adams DJ, Alewood PF, and
Craik DJ. A new level of conotoxin diversity: a non-native disul-
fide bond connectivity in alpha-conotoxin AulB reduces struc-
tural definition but increases biological activity. J Biol Chem 277:
48849-48857, 2002.




OXIDATIVE FOLDING OF CONOTOXINS

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Dy CY, Buczek P, Imperial JS, Bulaj G, and Horvath MP.
Structure of conkunitzin-S1, a neurotoxin and Kunitz-fold
disulfide variant from cone snail. Acta Crystallogr 62: 980-990,
2006.

Ellison M, Nielsen J, Green BR, Buczek P, McIntosh JM, Oliv-
era BM, and Bulaj G. Synthesis, folding and deconvolution of
combinatorial peptide libraries based on alpha-conotoxins: gen-
eration of a novel ligand for alpha-7 nicotinic acetylcholine re-
ceptors. In: /8th American Peptide Symposium, edited by Chorev
M and Sawyer TK. Boston: American Peptide Society, 2003, pp.
841-842.

England LJ, Imperial J, Jacobsen R, Craig AG, Gulyas J, Akhtar
M, Rivier J, Julius D, and Olivera BM. Inactivation of a sero-
tonin-gated ion channel by a polypeptide toxin from marine snails.
Science 281: 575-578, 1998.

Escoubas P, Sollod B, and King GF. Venom landscapes: mining
the complexity of spider venoms via a combined cDNA and mass
spectrometric approach. Toxicon 47: 650-663, 2006.

Flinn JP, Pallaghy PK, Lew MJ, Murphy R, Angus JA, and Nor-
ton RS. Role of disulfide bridges in the folding, structure and bi-
ological activity of omega-conotoxin GVIA. Biochim Biophvs
Acta 1434: 177-190, 1999.

Fuller E, Green BR, Catlin P, Buczek O, Nielsen JS, Olivera BM,
and Bulaj G. Oxidative folding of conotoxins sharing an identi-
cal disulfide bridging framework. FEBS J 272: 1727-1738, 2005.
Garrett JE, Buczek O, Watkins M, Olivera BM, and Bulaj G. Bio-
chemical and gene expression analyses of conotoxins in Conus
textile venom ducts. Rigehciiignlteitauuuuy 378: 362
367, 2005.

Gehrmann J, Alewood PF, and Craik DJ. Structure determination
of the three disulfide bond isomers of alpha-conotoxin GI: a model
for the role of disulfide bonds in structural stability. J Mol Biol
278: 401-415, 1998.

Goldenberg DP. Computational simulation of the statistical prop-
erties of unfolded proteins. J Mol Biol 326: 1615-1633, 2003.
Goldenberg DP, Koehn RE, Gilbert DE, and Wagner G. Solution
structure and backbone dynamics of an omega-conotoxin precur-
sor. Protein Sci 10: 538-550, 2001.

Gowd KH, Krishnan KS, and Balaram P. Identification of Conus
amadis disulfide isomerase: minimum sequence length of peptide
fragments necessary for protein annotation. Mol Biosyst 3: 554—
566, 2007.

Grant GA, Luetje CW, Summers R, and Xu XL. Differential roles
for disulfide bonds in the structural integrity and biological ac-
tivity of kappa-Bungarotoxin, a neuronal nicotinic acetylcholine
receptor antagonist. Biochemistry 37: 12166-12171, 1998.
Grant MA, Morelli XJ, and Rigby AC. Conotoxins and structural
biology: a prospective paradigm for drug discovery. Curr Protein
Pept Sci 5: 235-248, 2004.

Gray WR, Luque FA, Galyean R, Atherton E, Sheppard RC, Stone
BL, Reyes A, Alford J, McIntosh M, Olivera BM, Cruz LJ, and
Rivier J. Conotoxin GI: disulfide bridges, synthesis, and prepara-
tion of iodinated derivatives. Biochemistry 23: 27962802, 1984.
Gray WR, Rivier JE, Galyean R, Cruz LJ, and Olivera BM. Cono-
toxin MI: disulfide bonding and conformational states. J Biol
Chem 258: 12247-12251, 1983.

Green BR and Bulaj G. Oxidative folding of conotoxins in im-
mobilized systems. 13: 6770, 2006.

Green BR, Catlin P, Zhang MM, Fiedler B, Bayudan W, Morri-
son A, Norton RS, Smith BJ, Yoshikami D, Olivera BM, and Bu-
laj G. Conotoxins containing nonnatural backbone spacers: cladis-
tic-based design, chemical synthesis, and improved analgesic
activity. Chem Biol 14: 399-407, 2007.

Gunasekera S, Daly NL, Anderson MA, and Craik DJ. Chemical
synthesis and biosynthesis of the cyclotide family of circular pro-
teins. [UBMB Life 58: 515-524, 2006.

Han YH, Wang Q, Jiang H, Liu L, Xiao C, Yuan DD, Shao XX,
Dai QY, Cheng JS, and Chi CW. Characterization of novel M-
superfamily conotoxins with new disulfide linkage. FEBS J 273:
4972-4982, 2006.

Hansson K, Ma X, Eliasson L, Czerwiec E, Furie B, Furie BC,
Rorsman P, and Stenflo J. The first gamma-carboxyglutamic acid-
containing contryphan: a selective L-type calcium ion channel

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

153

blocker isolated from the venom of Conus marmoreus. J Biol
Chem 279: 32453-32463, 2004.

Hansson K, Thamlitz AM, Furie B, Furie BC, and Stenflo J. A
single gamma-carboxyglutamic acid residue in a novel cysteine-
rich secretory protein without propeptide. Biochemistry 45:
12828-12839, 2006.

Hargittai B, Annis I, and Barany G. Application of solid-phase
Ellman’s reagent for preparation of disulfide-paired isomers of al-
pha-conotoxin SI. Lett Pept Sci 7: 47-52, 2000.

Hargittai B, Sole NA, Groebe DR, Abramson SN, and Barany G.
Chemical syntheses and biological activities of lactam analogues
of alpha-conotoxin SI. J Med Chem 43: 47874792, 2000.
Ignatova Z, Krishnan B, Bombardier JP, Marcelino AM, Hong J,
and Gierasch LM. From the test tube to the cell: exploring the
folding and aggregation of a beta-clam protein. Biopolymers 88:
157-163, 2007.

Imperial JS, Bansal PS, Alewood PF, Daly NL, Craik DJ, Sporn-
ing A, Terlau H, Lopez-Vera E, Bandyopadhyay PK, and Oliv-
era BM. A novel conotoxin inhibitor of Kv1.6 channel and nAChR
subtypes defines a new superfamily of conotoxins. Biochemistry
45: 8331-8340, 2006.

Jacobsen R, Jimenez EC, Grilley M, Watkins M, Hillyard D, Cruz
LJ, and Olivera BM. The contryphans, a D-tryptophan-contain-
ing family of Conus peptides: interconversion between conform-
ers. J Pept Res 51: 173-179, 1998.

Jacobsen RB, Jimenez EC, De la Cruz RG, Gray WR, Cruz LJ,
and Olivera BM. A novel D-leucine-containing Conus peptide:
diverse conformational dynamics in the contryphan family. J Pept
Res 54: 93-99, 1999.

Jimenez EC, Craig AG, Watkins M, Hillyard DR, Gray WR,
Gulyas J, Rivier JE, Cruz LJ, and Olivera BM. Bromocontryphan:
post-translational bromination of tryptophan. Biochemistry 36:
989-994, 1997.

Jimenez EC, Olivera BM, Gray WR, and Cruz LJ. Contryphan is
a D-tryptophan-containing Conus peptide. J Biol Chem 271:
28002-28005, 1996.

Jin AH, Brandstaetter H, Nevin ST, Tan CC, Clark RJ, Adams
DJ, Alewood PF, Craik DJ, and Daly NL. Structure of alpha-cono-
toxin BulA: influences of disulfide connectivity on structural dy-

namics. BMC Struct Biol 7: 28, 2007.

Jones RM and Bulaj G. Conotoxins: new vistas for peptide ther-
apeutics. Qurr Pharm Design 6: 1249-1285, 2000.

Kaerner A and Rabenstein DL. Stability and structure-forming
properties of the two disulfide bonds of alpha-conotoxin GI. Bio-
chemistry 38: 5459-5470, 1999.

Kang J, Low W, Norberg T, Meisenhelder J, Hansson K, Stenflo
J, Zhou GP, Imperial J, Olivera BM, Rigby AC, and Craig AG.
Total chemical synthesis and NMR characterization of the gly-
copeptide tx5a, a heavily post- translationally modified conotoxin,
reveals that the glycan structure is alpha-D-Gal-(1 — 3)-alpha-D-
GalNAc. L LBigchem EERS 271: 4939-4949, 2004.

Kang TS, Radic Z, Talley TT, Jois SD, Taylor P, and Kini RM.
Protein folding determinants: structural features determining al-
ternative disulfide pairing in alpha- and chi/lambda-conotoxins.
Biochemistry 46: 3338-3355, 2007.

Kang TS, Vivekanandan S, Jois SD, and Kini RM. Effect of C-
terminal amidation on folding and disulfide-pairing of alpha-cono-
toxin Iml. Aggewandie Chemic 44: 6333-6337, 2005.

Kersteen EA, Barrows SR, and Raines RT. Catalysis of protein
disulfide bond isomerization in a homogeneous substrate. Bio-
chemistry 44: 12168-12178, 2005.

Kimchi-Sarfaty C, Oh JM, Kim IW, Sauna ZE, Calcagno AM,
Ambudkar SV, and Gottesman MM. A “silent” polymorphism in
the MDRI1 gene changes substrate specificity. Science 315: 525—
528, 2007.

Kohn AJ, Saunders PR, and Wiener S. Preliminary studies on the
venom of the marine snail Conus. Agn N Y Acad Sci 90: 706-725,
1960.

Kubo S, Chino N, Kimura T, and Sakakibara S. Oxidative fold-
ing of omega-conotoxin MVIIC: effects of temperature and salt.
Biopolymers 38: 733-744, 1996.

Kumar GS, Ramasamy P, Sikdar SK, and Sarma SP. Overex-
pression, purification, and pharmacological activity of a biosyn-



154

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

thetically derived conopeptide. Bigeiciit oDttt
335: 965-972, 2005.

Livett BG, Sandall DW, Keays D, Down J, Gayler KR, Satku-
nanathan N, and Khalil Z. Therapeutic applications of conotox-
ins that target the neuronal nicotinic acetylcholine receptor. Tox-
icon 48: 810-829, 2006.

Lovelace ES, Armishaw CJ, Colgrave ML, Wahlstrom ME, Ale-
wood PF, Daly NL, and Craik DJ. Cyclic MrlA: a stable and po-
tent cyclic conotoxin with a novel topological fold that targets the
norepinephrine transporter. J Med Chem 49: 6561-6568, 2006.
Mari F, Moller C, Franco A, Cano H, Ortiz JAR, and Mitala KA.
Conopeptidomics and conoproteomics: assessing the complexity
of the venom of cone snails. In: VIith US-Japan Seminar: Fron-
tiers in Marine Natural Products Research. Park City, Utah: 2007,
p. 11.

Marshall J, Kelley WP, Rubakhin SS, Bingham JP, Sweedler JV,
and Gilly WF. Anatomical correlates of venom production in
Conus californicus. Biol B 203: 27-41, 2002.

Marx UC, Daly NL, and Craik DJ. NMR of conotoxins: struc-
tural features and an analysis of chemical shifts of post-transla-
tionally modified amino acids. Mggn Reson Chem 44: S41-S50,
2006.

Maslennikov IV, Sobol AG, Gladky KV, Lugovskoy AA, Ostro-
vsky AG, Tsetlin VI, Ivanov VT, and Arseniev AS. Two distinct
structures of alpha-conotoxin GI in aqueous solution. Eur J
Biochem FEBS 254: 238-247, 1998.

Mayer M, Kies U, Kammermeier R, and Buchner J. BiP and PDI
cooperate in the oxidative folding of antibodies in vitro. J Biol
Chem 275: 29421-29425, 2000.

Mayer M, Reinstein J, and Buchner J. Modulation of the ATPase
cycle of BiP by peptides and proteins. J Mol Biol 330: 137-144,
2003.

McDougal OM and Poulter CD. Three-dimensional structure of
the mini-M conotoxin mr3a. Biochemistry 43: 425-429, 2004.
Meunier L, Usherwood YK, Chung KT, and Hendershot LM. A
subset of chaperones and folding enzymes form multiprotein com-
plexes in endoplasmic reticulum to bind nascent proteins. Mol
Biol Cell 13: 4456-4469, 2002.

Milne TJ, Abbenante G, Tyndall JD, Halliday J, and Lewis RJ.
Isolation and characterization of a cone snail protease with ho-
mology to CRISP proteins of the pathogenesis-related protein su-
perfamily. J Biol Chem 278: 31105-31110, 2003.

Mitchell SS, Shon KJ, Olivera BM, and Ireland CM. NMR struc-
tures of conotoxins. J Nat Toxins 5: 191-208, 1996.

Moller C and Mari F. A vasopressin/oxytocin-related conopep-
tide with gamma-carboxyglutamate at position 8. Biochem J 404:
413-419, 2007.

Moller C, Rahmankhah S, Lauer-Fields J, Bubis J, Fields GB, and
Mari F. A novel conotoxin framework with a helix-loop-helix (Cs
alpha/alpha) fold. Biochemistry 44: 15986-15996, 2005.
Moroder L, Besse D, Musiol HJ, Rudolph-Bohner S, and Siedler
F. Oxidative folding of cystine-rich peptides vs regioselective cys-
teine pairing strategies. Biopolymers 40: 207-234, 1996.
Moroder L, Musiol HJ, Gotz M, and Renner C. Synthesis of sin-
gle- and multiple-stranded cystine-rich peptides. Biopolymers 80:
85-97, 2005.

Munson MC and Barany G. Synthesis of alpha-conotoxin SI, a
bicyclic tetradecapeptide amide with two disulfide bridges: illus-
tration of novel protection schemes and oxidation strategies. J Am
Chem Soc 115: 10203-10210, 1993.

Narayan M, Welker E, Wedemeyer WJ, and Scheraga HA. Ox-
idative folding of proteins. Agcoupss Chem Res 33: 805-812,
2000.

Newcomb R, Gaur S, Bell JR, and Cruz L. Structural and biosyn-
thetic properties of peptides in cone snail venoms. Peptides 16:
1007-1017, 1995.

Nielsen JS, Buczek P, and Bulaj G. Cosolvent-assisted oxidative
folding of a bicyclic alpha-conotoxin Iml. J Pept Sci 10: 249-256,
2004.

Nishiuchi Y, Kumagaye K, Noda Y, Watanabe TX, and Sakak-
ibara S. Synthesis and secondary-structure determination of
omega-conotoxin GVIA: a 27-peptide with three intramolecular
disulfide bonds. Biopolymers 25(suppl): S61-S68, 1986.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

BULAJ AND OLIVERA

Nishiuchi Y and Sakakibara S. Primary and secondary structure
of conotoxin GI, a neurotoxic tridecapeptide from a marine snail.
FEBS Lett 148: 260-262, 1982.

Norton RS and Olivera BM. Conotoxins down under. Toxicon 48:
780-798, 2006.

Norton RS and Pallaghy PK. The cystine knot structure of ion
channel toxins and related polypeptides. Toxicon 36: 1573-1583,
1998.

Olivera BM. Conus peptides: biodiversity-based discovery and
exogenomics. J Biol Chem 281: 31173-31177, 2006.

Olivera BM, Cruz LJ, and Yoshikami D. Effects of Conus pep-
tides on the behavior of mice. Cuzr Qnin Newrohigl 9: 772777,
1999.

Olivera BM, Gray WR, Zeikus R, McIntosh JM, Varga J, Rivier
J, de Santos V, and Cruz LJ. Peptide neurotoxins from fish-hunt-
ing cone snails. Science 230: 1338-1343, 1985.

Olivera BM, Hillyard DR, Rivier J, Woodward S, Gray WR,
Corpuz GO, and Cruz LJ. Conotoxins: targeted peptide ligands
from snail venoms. In: Marine toxins: origin structure and mo-
lecular pharmacology, edited by Hall S and Strichartz G.
Washington, DC: American Chemical Society, 1990, pp.
256-278.

Olivera BM, Rivier J, Clark C, Ramilo CA, Corpuz GP, Abogadie
FC, Mena EE, Woodward SR, Hillyard DR, and Cruz LJ. Diver-
sity of Conus neuropeptides. Science 249: 257-263, 1990.
Oliveraa BM and Cruzab LJ. Conotoxins, in retrospect. Toxicon
39: 7-14, 2001.

Ostergaard H, Tachibana C, and Winther JR. Monitoring disul-
fide bond formation in the eukaryotic cytosol. J Cell Biol 166:
337-345, 2004.

Pallaghy PK, Nielsen KJ, Craik DJ, and Norton RS. A common
structural motif incorporating a cystine knot and a triple-stranded
beta-sheet in toxic and inhibitory polypeptides. Protein Sci 3:
1833-1839, 1994.

Pegoraro S, Fiori S, Rudolph-Bohner S, Watanabe TX, and Mo-
roder L. Isomorphous replacement of cystine with selenocystine
in endothelin: oxidative refolding, biological and conformational
properties of [Sec3,Secl1,Nle7]-endothelin-1. J Mol Biol 284:
779-792, 1998.

Pi C, Liu J, Wang L, Jiang X, Liu Y, Peng C, Chen S, and Xu
A. Soluble expression, purification and functional identification
of a disulfide-rich conotoxin derived from Conus litteratus. J
Biotechnol 128: 184-193, 2007.

Price-Carter M, Bulaj G, and Goldenberg DP. Initial disulfide for-
mation steps in the folding of an omega-conotoxin. Biochemistry
41: 3507-3519, 2002.

Price-Carter M, Gray WR, and Goldenberg DP. Folding of omega-
conotoxins, 1: efficient disulfide-coupled folding of mature se-
quences in vitro. Biochemistry 35: 15537-15546, 1996.
Price-Carter M, Gray WR, and Goldenberg DP. Folding of omega-
conotoxins, 2: Influence of precursor sequences and protein disul-
fide isomerase. Biochemistry 35: 15547-15557, 1996.
Price-Carter M, Hull MS, and Goldenberg DP. Roles of individ-
ual disulfide bonds in the stability and folding of an omega-cono-
toxin. Biochemistry 37: 9851-9861, 1998.

Rajagopalan S, Chow C, Raghunathan V, Fry CG, and Cavagnero
S. NMR spectroscopic filtration of polypeptides and proteins in
complex mixtures. J Biomol NMR 29: 505-516, 2004.

Rivier J, Galyean R, Gray WR, Azimi-Zonooz A, McIntosh JM,
Cruz LJ, and Olivera BM. Neuronal calcium channel inhibitors:
synthesis of omega-conotoxin GVIA and effects on 43Ca uptake
by synaptosomes. J Biol Chem 262: 11941198, 1987.
Robinson AJ, Elaridi J, Van Lierop BJ, Mujcinovic S, and Jack-
son WR. Microwave-assisted RCM for the synthesis of carbo-
cyclic peptides. J Pept Sci 13: 280-285, 2007.

Ruoppolo M, Talamo F, Pucci P, Moutiez M, Quemeneur E,
Menez A, and Marino G. Slow folding of three-fingered toxins is
associated with the accumulation of native disulfide-bonded in-
termediates. Biochemistry 40: 15257-15266, 2001.

Sabareesh V, Gowd KH, Ramasamy P, Sudarslal S, Krishnan KS,
Sikdar SK, and Balaram P. Characterization of contryphans from
Conus loroisii and Conus amadis that target calcium channels.
Peptides 27: 2647-2654, 2006.




OXIDATIVE FOLDING OF CONOTOXINS

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Salamanca S, Li L, Vendrell J, Aviles FX, and Chang JY. Major
kinetic traps for the oxidative folding of leech carboxypeptidase
inhibitor. Biochemistry 42: 6754-6761, 2003.

Santos AD, McIntosh JM, Hillyard DR, Cruz LJ, and Olivera BM.
The A-superfamily of conotoxins: structural and functional di-
vergence. J Biol Chem 279: 17596-17606, 2004.

Sasaki T, Kobayashi K, Kohno T, and Sato K. Combinatorial syn-
thesis of omega-conotoxin MVIIC analogues and their binding with
N- and P/Q-type calcium channels. FEBS Lett 466: 125-129, 2000.
Shikamoto Y, Suto K, Yamazaki Y, Morita T, and Mizuno H.
Crystal structure of a CRISP family Ca?*-channel blocker derived
from snake venom. J Mol Biol 350: 735-743, 2005.

Sollod BL, Wilson D, Zhaxybayeva O, Gogarten JP, Drinkwater
R, and King GF. Were arachnids the first to use combinatorial
peptide libraries? Peptides 26: 131-139, 2005.

Spetzler JC, Westphal V, Winther JR, and Meldal M. Preparation
of fluorescence quenched libraries containing interchain disul-
phide bonds for studies of protein disulphide isomerases. J Pept
Sci 4: 128-137, 1998.

Terlau H and Olivera BM. Conus venoms: a rich source of novel
ion channel-targeted peptides. Physiol Rey 84: 41-68, 2004.
Terlau H, Shon KJ, Grilley M, Stocker M, Stuhmer W, and Oliv-
era BM. Strategy for rapid immobilization of prey by a fish-hunt-
ing marine snail. Nature 381: 148-151, 1996.

Thirumalai D and Lorimer GH. Chaperonin-mediated protein
folding. deigiit ik iaialttael 30: 245-269, 2001.
Vishwanath VA and McIntosh JM. Synthesis of fluorescent
analogs of alpha-conotoxin MII. Bigconiugate Chems 17: 1612—
1617, 2006.

Vita C, Roumestand C, Toma F, and Menez A. Scorpion toxins
as natural scaffolds for protein engineering. Rroc Narl Acad Sci
U S A 92: 6404-6408, 1995.

Vita C, Vizzavona J, Drakopoulou E, Zinn-Justin S, Gilquin B, and
Menez A. Novel miniproteins engineered by the transfer of active
sites to small natural scaffolds. Biopolymers 47: 93—100, 1998.
Volkman BF and Wemmer DE. Deletion of a single amino acid
changes the folding of an apamin hybrid sequence peptide to that
of endothelin. Biopolymers 41: 451-460, 1997.

Wang J, Shen B, Guo M, Lou X, Duan Y, Cheng XP, Teng M,
Niu L, Liu Q, Huang Q, and Hao Q. Blocking effect and crystal
structure of natrin toxin, a cysteine-rich secretory protein from
Naja atra venom that targets the BKCa channel. Biochemistry 44:
10145-10152, 2005.

144.

145.

146.

147.

148.

149.

150.

151.

155

Wang X, Connor M, Smith R, Maciejewski MW, Howden ME,
Nicholson GM, Christie MJ, and King GF. Discovery and char-
acterization of a family of insecticidal neurotoxins with a rare vic-
inal disulfide bridge. Nat Struct Biol 7: 505-513, 2000.
Wedemeyer WJ, Welker E, Narayan M, and Scheraga HA. Disul-
fide bonds and protein folding. Biochemistry 39: 42074216,
2000.

Westphal V, Spetzler JC, Meldal M, Christensen U, and Winther
JR. Kinetic analysis of the mechanism and specificity of protein-
disulfide isomerase using fluorescence-quenched peptides. J Biol
Chem 273: 24992-24999, 1998.

Woodward SR, Cruz LJ, Olivera BM, and Hillyard DR. Constant
and hypervariable regions in conotoxin propeptides. EMBO J 9:
1015-1020, 1990.

XiaZ, Chen Y, Zhu Y, Wang F, Xu X, and Zhan J. Recombinant
omega-conotoxin MVIIA possesses strong analgesic activity. Bio-
Drugs 20: 275-281, 2006.

Zhan J, Chen X, Wang C, Qiu J, Ma F, Wang K, and Zheng S.
A fusion protein of conotoxin MVIIA and thioredoxin expressed
in Escherichia coli has significant analgesic activity. Biochem
Biophyus Res Comymuy 311: 495-500, 2003.

Zhang RM and Snyder GH. Dependence of formation of small
disulfide loops in two-cysteine peptides on the number and
types of intervening amino acids. J Biol Chem 264: 18472—
18479, 1989.

Zhang RM and Snyder GH. Factors governing selective forma-
tion of specific disulfides in synthetic variants of alpha-conotoxin.
Biochemistry 30: 11343-11348, 1991.

Address reprint requests to:
Grzegorz Bulaj

Department of Medicinal Chemistry
College of Pharmacy

421 Wakara Way, Suite 360

Salt Lake City, UT 84108

E-mail: bulaj@pharm.utah.edu

Date of first submission to ARS Central, July 27, 2007; date of
final revised submission, July 29, 2007; date of acceptance, July
31, 2007.






Thisarticle has been cited by:

1. Xiao Luo, Qian Jiang, Ge Song, Ya-Li Liu, Zeng-Guang Xu, Zhan-Yun Guo. 2012. Efficient oxidative folding and site-
specific labeling of human hepcidin to study its interaction with receptor ferroportin. FEBS Journal 279:17, 3166-3175.
[CrossRef]

2. Rowan Dobson, Mike Collodoro, Nicolas Gilles, Andrei Turtoi, Edwin De Pauw, Loic Quinton. 2012. Secretion and
maturation of conotoxinsin the venom ducts of Conus textile. Toxicon . [ CrossRef]

3. David JAdams, Brid Callaghan, Géza Berecki. 2012. Analgesic conotoxins: block and G protein-coupled receptor modulation
of N-type (CaV2.2) calcium channels. British Journal of Pharmacology 166:2, 486-500. [ CrossRef]

4. Keith K. Khoo, Raymond S. NortonRole of Disulfide Bondsin Peptide and Protein Conformation 395-417. [ CrossRef]
5. Muharrem Akcan, David J. CraikConotoxin-Based Leads in Drug Design 119-137. [ CrossRef]

6. Andrew M. Steiner, Grzegorz Bulgj. 2011. Optimization of oxidative folding methods for cysteine-rich peptides: a study of
conotoxins containing three disulfide bridges. Journal of Peptide Science 17:1, 1-7. [CrossRef]

7. MonicaMgjia, Mari D. Heghinian, AlexandraBusch, ChrisJ. Armishaw, Frank Mari, TanjaA. Godenschwege. 2010. A novel
approach for in vivo screening of toxins using the Drosophila Giant Fiber circuit. Toxicon 56:8, 1398-1407. [ CrossRef]

8.Robert B. Raffa. 2010. Diselenium, instead of disulfide, bonded analogs of conotoxins: novel synthesis and
pharmacotherapeutic potential. Life Sciences 87:15-16, 451-456. [ CrossRef]

9. Christopher J. Bohlen, Avi Priel, Sharleen Zhou, David King, Jan Siemens, David Julius. 2010. A Bivalent Tarantula Toxin
Activates the Capsaicin Receptor, TRPV 1, by Targeting the Outer Pore Domain. Cell 141:5, 834-845. [ CrossRef]

10. Markus Muttenthaler, Simon T. Nevin, Anton A. Grishin, Shyuan. T. Ngo, Peng T. Choy, Norelle L. Daly, Shu-Hong Hu,
Christopher J. Armishaw, Ching-1. A. Wang, Richard J. Lewis, Jennifer L. Martin, Peter G. Noakes, David J. Craik, David J.
Adams, Paul F. Alewood. 2010. Solving the #-Conotoxin Folding Problem: Efficient Selenium-Directed On-Resin Generation
of More Potent and Stable Nicotinic Acetylcholine Receptor Antagonists. Journal of the American Chemical Society 132:10,
3514-3522. [CrossRef]

11. Roberto Zamora-Bustillos, Manuel B. Aguilar, Andrés Falcon. 2010. Identification, by molecular cloning, of anovel type of
| 2-superfamily conotoxin precursor and two novel 12-conotoxins from the worm-hunter snail Conus spurius from the Gulf
of México. Peptides 31:3, 384-393. [ CrossRef]

12. Jon-Paul Bingham, Erin Mitsunaga, Zachary L. Bergeron. 2010. Drugs from slugs—Past, present and future perspectives of
#-conotoxin research#. Chemico-Biological Interactions 183:1, 1-18. [CrossRef]

13. John W. Blunt, Brent R. Copp, Murray H. G. Munro, Peter T. Northcote, Michéle R. Prinsep. 2010. Marine natural products.
Natural Product Reports 27:2, 165. [ CrossRef]

14. Christopher J. Armishaw, Julie L. Dutton, David J. Craik, Paul F. Alewood. 2010. Establishing regiocontrol of disulfide bond
isomers of #-conotoxin Iml viathe synthesis of N-to-C cyclic analogs. Biopolymers 94:3, 307-313. [ CrossRef]

15. A. Townsend, B. G. Livett, J-P. Bingham, H.-T. Truong, J. A. Karas, P. O'Donnell, N. A. Williamson, A. W. Purcell, D.
Scanlon. 2009. Mass Spectral Identification of Vc1.1 and Differential Distribution of Conopeptides in the Venom Duct of
Conusvictoriae. Effect of Post-Translational Modifications and Disulfide | somerisation on Bioactivity. International Journal
of Peptide Research and Therapeutics 15:3, 195-203. [ CrossRef]

16. Roberto Zamora-Bustillos, Manuel B. Aguilar, Andrés Falcon, Edgar P. Heimer de la Cotera. 2009. Identification, by RT-
PCR, of four novel T-1-superfamily conotoxinsfrom the vermivorous snail Conus spurius from the Gulf of Mexico. Peptides
30:8, 1396-1404. [ CrossRef]

17. Tse Siang Kang, R. Manjunatha Kini. 2009. Structural determinants of protein folding. Cellular and Molecular Life Sciences
66:14, 2341-2361. [CrossRef]

18. Aleksandra Walewska, Min-Min Zhang, Jack J. Skalicky, Doju Y oshikami, Baldomero M. Olivera, Grzegorz Bulaj. 2009.
Integrated Oxidative Folding of Cysteine/Selenocysteine Containing Peptides: Improving Chemical Synthesis of Conotoxins.
Angewandte Chemie International Edition 48:12, 2221-2224. [ CrossRef]

19. Aleksandra Walewska, Min-Min Zhang, Jack J. Skalicky, Doju Y oshikami, Baldomero M. Olivera, Grzegorz Bulgj. 2009.
Integrated Oxidative Folding of Cysteine/Selenocysteine Containing Peptides: Improving Chemical Synthesis of Conotoxins.
Angewandte Chemie 121:12, 2255-2258. [ CrossRef]

20. Norelle L. Daly, David J. Craik. 2009. Structural studies of conotoxins. IUBMB Life 61:2, 144-150. [ CrossRef]

21. Pedro Da Silva, Anna Strzepa, Laurence Jouvensal, Isabelle Rahioui, Frédéric Gressent, Agnes F. Delmas. 2009. A folded
and functional synthetic PA1b: An interlocked entomotoxic miniprotein. Biopolymers 92:5, 436-444. [ CrossRef]


http://dx.doi.org/10.1111/j.1742-4658.2012.08695.x
http://dx.doi.org/10.1016/j.toxicon.2012.09.013
http://dx.doi.org/10.1111/j.1476-5381.2011.01781.x
http://dx.doi.org/10.1002/9783527631841.ch11
http://dx.doi.org/10.1002/9783527636730.ch5
http://dx.doi.org/10.1002/psc.1283
http://dx.doi.org/10.1016/j.toxicon.2010.08.005
http://dx.doi.org/10.1016/j.lfs.2010.07.011
http://dx.doi.org/10.1016/j.cell.2010.03.052
http://dx.doi.org/10.1021/ja910602h
http://dx.doi.org/10.1016/j.peptides.2009.10.005
http://dx.doi.org/10.1016/j.cbi.2009.09.021
http://dx.doi.org/10.1039/b906091j
http://dx.doi.org/10.1002/bip.21360
http://dx.doi.org/10.1007/s10989-009-9173-4
http://dx.doi.org/10.1016/j.peptides.2009.05.003
http://dx.doi.org/10.1007/s00018-009-0023-5
http://dx.doi.org/10.1002/anie.200806085
http://dx.doi.org/10.1002/ange.200806085
http://dx.doi.org/10.1002/iub.158
http://dx.doi.org/10.1002/bip.21217

22. John A. MclIntosh, Mohamed S. Donia, Eric W. Schmidt. 2009. Ribosomal peptide natural products: bridging the ribosomal
and nonribosomal worlds. Natural Product Reports 26:4, 537. [ CrossRef]

23. Lei Wang, Canhui Pi, Junliang Liu, Shangwu Chen, Can Peng, Dandan Sun, Maojun Zhou, Hui Xiang, Zhenghua Ren, Anlong
Xu. 2008. Identification and characterization of a novel O-superfamily conotoxin from Conus litteratus. Journal of Peptide
Science 14:10, 1077-1083. [ CrossRef]

24. Grzegorz Bulaj. 2008. Integrating the discovery pipeline for novel compounds targeting ion channels. Current Opinion in
Chemical Biology 12:4, 441-447. [CrossRef]

25. Konkallu Hanumae Gowd, Vernon Twede, Maren Watkins, K.S. Krishnan, Russell W. Teichert, Grzegorz Bulgj, Baldomero
M. Olivera. 2008. Conantokin-P, an unusual conantokin with along disulfide loop. Toxicon 52:2, 203-213. [ CrossRef]

26. Salvador Ventura. 2008. Oxidative Protein Folding: From the Test Tubeto In Vivo Insights. Antioxidants & Redox Sgnaling
10:1, 51-54. [Citation] [Full Text PDF] [Full Text PDF with Links]


http://dx.doi.org/10.1039/b714132g
http://dx.doi.org/10.1002/psc.1044
http://dx.doi.org/10.1016/j.cbpa.2008.07.012
http://dx.doi.org/10.1016/j.toxicon.2008.04.178
http://dx.doi.org/10.1089/ars.2007.1872
http://online.liebertpub.com/doi/pdf/10.1089/ars.2007.1872
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2007.1872

