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a-Conotoxins as selective probes for nicotinic acetylcholine

receptor subclasses
Robert W Janes

a-Conotoxins are selective antagonists of neuromuscular or
neuronal nicotinic acetylcholine receptors. Individual family
members are often highly selective towards distinct receptor
subclasses, most notably within neuronal nicotinic
acetylcholine receptors. As such they are being used as tools to
probe for the type and diversity of receptor subclasses in
distinct parts of the central and peripheral nervous systems.
Many new «-conotoxins are being identified every year,
broadening the available armoury because small variations in
their sequences and structures often confer altered selectivity
towards receptor subunits and subclasses. Many neurological
diseases are being associated wholly or in part with functional
changes within specific subclasses of nicotinic acetylcholine
receptors. Significantly, with more structures of a-conotoxins
also becoming available this enables ready comparison of their
similarities and, more notably, of their subtle differences, which
dictate subclass selectivity. As such, a-conotoxins offer the
potential to become templates for the creation, through rational
drug design strategies, of pharmaceuticals highly selective for
specific subclasses of nicotinic acetylcholine receptors.
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Introduction

The venom of the Conus genus of marine snails contains a
wealth of polypeptide toxins to enable them to capture and
subdue their prey. One family of toxins found in cone snail
venom is the a-conotoxins, which range in size between 12
and 19 amino acids and use key disulphide bonds to
maintain their structure (Figures 1 and 2). These poly-
peptides are highly selective at blocking nicotinic acet-
ylcholine receptors (nAChRs), ligand-gated channels that
allow the passage of potassium, sodium or calcium ions
across the synaptic membrane. Two classes of nAChRs
exist — neuronal and neuromuscular — and each comprises
five subunits, which can form heteropentameric or homo-

pentameric membrane-bound channel structures. T'wo
molecules of the neurotransmitter acetylcholine (ACh)
are required to open the channel, stabilizing the receptor
in the active open state for ion conductance. Many of the a-
conotoxins are competitive antagonists at nAChRs, bind-
ing with high affinity at one or both of these ACh binding
sites. Neuromuscular nAChRs (nm-nAChRs) are hetero-
pentameric in character, and consist of two o subunits,
and one each of By, y and & subunits (with y being found in
the embryonic form, and replaced by ¢ during develop-
ment). The structure and function of nAChRs are
reviewed in [1°%,2°]. Neuronal nAChRs (n-nAChRs) are
more diverse in construction; they are formed of a variety
of different @ and 3 subunits, and none is identical to their
neuromuscular cousins [3°]. The basic framework of these
receptors takes the form (a),(B);, but different a and 3
subunits can be involved in creating one receptor subclass
[4°°]. This variance in subunit construction creates a multi-
tude of diverse subclasses of n-nAChR, which notably
have temporal differences in their opening and closing
characteristics. Moreover, they populate different areas of
the central and peripheral nervous systems and perform
discrete tasks, many of which are only now being identi-
fied. Significant diseases are being associated with changes
in functional characteristics of nAChRs [5], and nicotine
addiction is also clearly linked to neuronal receptors [6].
Alzheimer’s disease [7°], Parkinson’s disease [8°], genetic
forms of schizophrenia [9°] and of frontal lobe epilepsy
[10°], as well as myasthenia gravis [11°], all have strong
connections with a specific class or subclass of nAChRs. As
such, the nAChRs offer potential targets for drug inter-
vention in these diseases [12].

The a-conotoxins are not only selective towards specific
subclasses of receptor, but also towards ACh binding
pockets between specific subunit pairs, which makes them
ideal tools with which to probe the central and peripheral
nervous systems for receptor distribution. Additionally,
with a growing number of a-conotoxin structures becoming
available, they have the potential to be used as templates
from which to derive pharmaceutical agents. Several recent
reviews report on conotoxins, and specifically on -
conotoxins [4°°,13°°-16°°,17°,18,19], reflecting the current
and developing interest in these potent polypeptides. This
review considers the selectivity of different a-conotoxins,
in conjunction with structural information where deter-
mined, with a focus on interactions with mammalian
nAChRs. It covers the most recent developments concern-
ing the more established neuromuscular family of «-
conotoxins, then turns to the neuronal a-conotoxins.
Emphasis is placed on new family members that have
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Figure 1

Current Opinion in Pharmacology

Representative structures of neuromuscular a-conotoxins. The atoms of these conotoxins are illustrated in ‘ball and stick’ mode, and the
disulphide bonds are shown joining the yellow sulphur side-chain atoms of the cysteine residues. The underlying secondary structure features
are also indicated (helical regions in red/yellow banding, for example). Structures (a) to (c) are «3/5 neuromuscular. (a) Crystal structure of SI,
(Protein Data Bank [pdb] code 1hje), (b) crystal structure of Gl (pdb code 1not), (c) NMR solution structure of CnlA, (pdb code 1b45). (d) NMR
solution structure of the «4/7 conotoxin El, (pdb code 1k64). Not all known structures are shown. This figure was drawn using MOLMOL [81].

been recently identified. Restrictions in the length of this
review mean that the few members of the larger a-A-
conotoxins cannot be covered (see [4°°,20] for reviews).

a-Conotoxin sequences and subunit interface
preferences

Tables 1 and 2 summarise the sequences of known family
members of the neuromuscular and neuronal a-conotoxins,
respectively. Subunit interface preferences, where known,
are summarised in Tables 3 and 4. For a full explanation of

the naming of the conotoxins see [21]. Briefly, the initial
letters associated with the conotoxins arise from the species
of cone snail in which they were first identified. Structural
features of the neuromuscular and neuronal a-conotoxins
are show in Figures 1 and 2, respectively.

«a-Conotoxin antagonists of neuromuscular
nAChRs

With disulphides being a notable feature in their struc-
tural integrity, a-conotoxins have been compartmenta-
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Figure 2

Current Opinion in Pharmacology

Representative structures of the neuronal a-conotoxins. The atoms of these conotoxins are illustrated in ‘ball and stick’ mode, and the disulphide
bonds are shown joining the yellow sulphur side-chain atoms of the cysteine residues. The underlying secondary structure features are also
indicated (helical regions in red/yellow banding, for example). Structures (a) to (f) are a4/7 conotoxins. (a) NMR solution structure of MIl (pdb
code 1mii), (b) crystal structure of PnIB (pdb code 1akg), (c) crystal structure of [Tyr15]Epl (pdb code 1a0m), (d) NMR solution structure of GIC
(pdb code 1ul2), (e) crystal structure of PnlA (pdb code 1pen), and (f) solution structure of GID (pdb code 1mtq). (g) NMR solution structure of the
«4/6 conotoxin AulB (pdb code 1dg2), (h) NMR solution structure of the «4/3 conotoxin Iml (pdb code 1im1). Not all known structures are shown.

This figure was drawn using MOLMOL [81].

lised into families based on the numbers of residues found
in the ‘loop’ regions between cysteine (C) amino acids.
Thus, as an example, for a-conotoxin GI [22] with the
sequence  ECCNPACGRHYSC(NH,), the first loop
region would be three (NPA) and the second would be
five (GRHYS), and this conotoxin therefore belongs to
the a3/5 family.

«3/5 a-Conotoxins

Gl, Ml, SI, SIA

a-Conotoxins Gl from Conus geographus [22], MI from
Conus magus, [23), and SI from Conus striatus [24] are
considered the ‘classical’ a-conotoxins and have been
studied for many years (reviewed in [20,21]). These
neuromuscular a-conotoxins have highly species-
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Table 1

Sequences of the neuromuscular a-conotoxins

Name Sequence? Reference
a3/5 a-Conotoxins

Gl Glu Cys Cys Asn Pro Ala Cys Gly Arg His Tyr Ser Cys -NH, [22]
Mi Gly Arg Cys Cys His Pro Ala Cys Gly Lys Asn Tyr Ser Cys -NH, [23]
Sl lle Cys Cys Asn Pro Ala Cys Gly Pro Lys Tyr Ser Cys -NH, [24]
SIA Tyr Cys Cys His Pro Ala Cys Gly Lys Asn Phe Asp Cys -NH, [36]
SI® Gly Cys Cys Cys Asn Pro Ala Cys Gly Pro Asn Tyr Gly Cys Gly Thr Ser Cys Ser [37]
GIA Glu Cys Cys Asn Pro Ala Cys Gly Arg His Tyr Ser Cys Gly Lys -NH» [22]
Gll Glu Cys Cys His Pro Ala Cys Gly Lys His Phe Ser Cys -NH, [22]
CnlA Gly Arg Cys Cys His Pro Ala Cys Gly Lys Tyr Tyr Ser Cys -NH» [38]
a4/7 a-Conotoxins

El Arg Asp Hyp® Cys Cys Tyr His Pro Thr Cys Asn Met Ser Asn Pro Gin lle Cys -NH, [39]

2 Disulphide bonds are linked as ‘normal text’ pairs and ‘italicised text’
® This is an «3/5/3 loop a-conotoxin.
¢ Hydroxyproline.

dependent toxicity and binding properties, but usually
have no or very little effect on n-nAChRs. Much work
has involved the electric ray Torpedo californica because its
electric organ is rich in nm-nAChRs, but these results
differ fundamentally from those on mammalian receptors.
Considering interactions with mammalian receptors, GI
and MI preferentially block the a/8 interface of mouse
receptors with high selectivity over the a/y interface
[25,26]. Incorporating an iodine on the Tyr12 of MI

Table 2

pairs. In SlI the third disulphide is linked as the underlined pair.

increases this selectivity such that the analogue retains
the preference for the «/8 site but is now unable to bind at
the a/y interface [27]. SI by contrast, while retaining the
preference for the /9 site, shows greatly reduced toxicity
towards mammalian nm-nAChRs, although its sequence
is closer to GI than the sequence of MI is to GI [28].
Structural studies on GI [29,30], MI [31], and SI [32; Janes
et al., unpublished] have shown they all adopt a singular
distinct fold: labelled the «-conotoxin fold. This is

Sequences of the neuronal a-conotoxins.

Name Sequence? Reference
a4/7 a-Conotoxins

Mil Gly Cys Cys Ser Asn Pro Val Cys His Leu Glu His Ser Asn Leu Cys -NH, [41]
AulA Gly Cys Cys Ser Tyr Pro Pro Cys Phe Ala Thr Asn Ser Asp Tyr Cys -NH, [51]
AulC Gly Cys Cys Ser Tyr Pro Pro Cys Phe Ala Thr Asn Ser Gly Tyr Cys -NH, [51]
PnlA Gly Cys Cys Ser Leu Pro Pro Cys Ala Ala Asn Asn Pro Asp Ty Cys -NH, [52]
PniB Gly Cys Cys Ser Leu Pro Pro Cys Ala Leu Ser Asn Pro Asp Tyr® Cys -NH, [52]
Epl Gly Cys Cys Ser Asp Pro Arg Cys Asn Met Asn Asn Pro Asp Ty® Cys -NH, [60]
AnlA Cys Cys Ser His Pro Ala Cys Ala Ala Asn Asn GIn Asp Tyr° Cys -NH, [63]
AniB Gly Gly Cys Cys Ser His Pro Ala Cys Ala Ala Asn Asn GIn Asp Tyr° Cys -NH, [63]
AniIC Gly Gly Cys Cys Ser His Pro Ala Cys Phe Ala Ser Asn Pro Asp Tyr® Cys -NH, [63]
GIC Gly Cys Cys Ser His Pro Ala Cys Ala Gly Asn Asn Gin His lle Cys -NH, [64]
GID lle Arg Asp Gla® Cys Cys Ser Asn Pro Ala Cys Arg Val Asn Asn Hyp His Val Cys [66]
Vei.1d Gly Cys Cys Ser Asp Pro Arg Cys Asn Tyr Asp His Pro Glu lle Cys -NH, [68]
PIA Arg Asp Pro Cys Cys Ser Asn Pro Val Cys Thr Val His Asn Pro Glu lle Cys -NH, [46]
a4/6 a-Conotoxins

AulB Gly Cys Cys Ser Tyr Pro Pro Cys Phe Ala Thr Asn Pro Asp Cys -NH, [51]
a4/3 a-Conotoxins

Iml Gly Cys Cys Ser Asp Pro Arg Cys Ala Trp Arg Cys -NH, [73]
Imll Ala Cys Cys Ser Asp Arg Arg Cys Arg Trp Arg Cys -NH, [79]
ImlIA Tyr Cys Cys His Arg Gly Pro Cys Met Val Trp Cys -NH,

a4/4 a-Conotoxins

BulA® Gly Cys Cys Ser Thr Pro Pro Cys Ala Val Leu Tyr Cys -NH, [807]
2 Disulphide bonds are linked as ‘normal text’ pairs and ‘italicised text’ pairs.

® Sulphotyrosine. Note that data for the toxicity of PnlA and PnIB are for the non-sulphated form of the conotoxin.

¢ Carboxyglutamate.

9 Vc1.1 is not the wild-type venom component, known as Vc1a, which contains post-translationally modified residues. See text for more details.

¢ No knowledge is currently available regarding PTMs present in the wil

d-type BulA conotoxin, as discussed in the text.
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Table 3

Subunit specificities of the neuromuscular a-conotoxins.

Name Mammalian subunit interface Reference
selectivity
a3/5 a-Conotoxins
High affinity Low affinity
Gl a/d aly [25]
Mi o/d aly [26]
Sl o/d aly [27]
SIA o/d aly [25]
Sl n.d.2 n.d. [37]
GIA o/d aly [25]
Gll o/d aly [25]
CnlA n.d. n.d. [38]
a4/7 a-Conotoxins
El o/d a/yP [39]

2 n.d. No data available on the preferred site regarding the subunit
interfaces.

b There is less difference in selectivity between the two sites and El
has high affinity for both interfaces.

surprising in the case of SI, where the Pro9 in the

sequence does not distort the backbone despite con-
straints imposed by the cyclic nature of the side chain

Table 4

Subunit specificities of the neuronal «-conotoxins.

Name Primary mammalian subunit selectivity® References
a4/7 a-Conotoxins

Mil abB2 ~ a3B2 [42,43]
AulA a3p4 [51]
AulC a3p4 [51]
PnlA a3p2 [56]
PnIB af [56]
Epl a3B2, a3p4, a7® [60,61]
AnlA a3p2 [63]
AnIB a3p2 [63]
AnIC a3p2 [63]
GIC «3B2 ~ abB2P3 [64,46]
GID a3B2 ~ a7 [66]
Veci.1 a3p4 [68]
PIA ab/a3B32p3° [46]
«4/6 a-Conotoxins

AulB a3p4 [51]
«4/3 a-Conotoxins

Iml af [74]
Imll o7 [79]
ImlIA n.d?

«4/4 a-Conotoxins

BulA ab6/a3B2 ~ ab/a3p4° [807]

2 Only the subunit combination for which each neuronal a-conotoxin
has the highest blocking potency is shown. The blocking potencies
are comparable for the highest combinations where more than one is
shown.

b Data from tissue receptor studies differ from Xenopus oocyte
expression studies, as described in the text.

¢ «6/a3 refers to the chimera form of the a6 channel, as described in
the text for PIA.

d Arises from mRNA sequenced data alone; no data on the toxin are
known.

[32]. Differences in toxicity and binding profiles for the
wild-type ‘classical’ a-conotoxins therefore stem from the
topology and electrostatics of the side chains themselves,
the backbone conformation acting as a scaffold from
which to ‘arrange’ the side chains for their interactions.
Several studies (for example [28,33]) have demonstrated
that a key component associated with toxicity is having a
potentially positively charged residue at position 9 (10 in
MI). Thus, MI has a lysine and GI has an arginine, both
being highly toxic, while SI has a neutral proline and is
less toxic. This lack of toxicity could be exploited in that
the basic framework of SI could act as a template for the
controlled construction of a more potent agent while
retaining selectivity towards nm-nAChRs. Identifying
the differences between these neuromuscular conotoxins
and the neuronal conotoxins, and maintaining those dif-
ferences, would be essential for construction of such a
focused pharmaceutical agent [34°].

Replacing individual disulphides in SI by lactam bridges
(putting glutamate and lysine in and joining their side
chains to create a peptide bond) produced significant
toxicity changes [35]. Although the Cys2-Cys7 lactam
analogues were non-toxic, both Cys3—Cys13 lactam ana-
logues showed toxicity: the Lys3-Glul3 was ~60-fold
less toxic than wild-type SI, but the Glu3-Lys13 was
~70-fold more toxic than wild-type SI. This clearly shows
that while the disulphides are important in these con-
otoxins, structural changes can be made that can enhance
and/or alter the toxicity characteristics. SIA [36] from C.
striatus preferentially blocks the «/8 subunit interface in
mammalian smooth muscle cells over the a/y interface
[25]. It is more potent as a toxin than is SI, having a lysine
at position 9. With a sequence not dissimilar to the other
‘classical’ family members, it might be expected SIA
would retain the a-conotoxin fold. To avoid confusion
with the growing number of structures from neuronal «-
conotoxins, this should now strictly be termed ‘the a3/5-
conotoxin fold’ to reflect the distinct arrangement of the
loop residues in the sequence. The basic shape of these
conotoxins can be described as a ‘triangular wedge’ with
the N terminus and C terminus forming one corner and
residues 5 and 9 (counting as for SI and GI) forming the
other two. Specifically, this conformation enables presen-
tation of the residue in the 9 position for interaction with
the nm-nAChR.

S, GIA, Gl

SII from C. striatus [37] is thus far unique among neuro-
muscular a-conotoxins, having three disulphide bonds to
support its structure, although its toxicity profile is similar
to that of SI. Given this lack of toxicity in comparison to
other neuromuscular a-conotoxins, and its complexity to
synthesise (having three disulphide bonds), little further
research has been conducted on this toxin to date. a-
Conotoxins GIA and GII are two neuromuscular cono-
toxins from C. geographus, and were isolated at the same
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time as GI [22]. However, like SII, almost no research
work has been undertaken on them since their sequences
were determined.

CnlA

CnlA, a neuromuscular a-conotoxin from the fish-hunting
Conus consors, was isolated, characterised and had its
structure solved in 1999 [38]. The sequence is very
similar to MI, differing only at position 11 (10 in SI
and GI), where it has a tyrosine instead of an asparagine,
and this is also reflected in its toxicity profile towards nm-
nAChRs. Likewise, its structure is similar to the other
classical a-conotoxins (Figure 1); however, there is a
residual toxicity towards neuronal receptors found in this
conotoxin, when compared with the rest of the a3/5

family [38].

a4/7 a-Conotoxins

El

First identified in 1995, EI is from the Atlantic fish-
hunting marine snail Conus ermineus [39]. E1 is a somewhat
anomalous member of the neuromuscular conotoxins, in
that it has an o4/7 loop motif more associated with
neuronal conotoxins. Likewise, this conotoxin has high
potency for both the o/d and the a/vy subunit interfaces in
mammalian nm-nAChRs, with only a slight preference for
a/d [39]. Comparing EI with a4/7 neuronal conotoxins,
only two residues are found in its sequence that are
unique and not found in any of the neuronal conotoxins
(allowing for proline and hydroxyproline to be considered
the same). These are a T'yr6, where neuronal conotoxins
almost invariantly have a serine, and a GInl16, but even
here some neuronal conotoxins have a glutamate in the
comparable position. No data, however, have been
reported regarding the binding of EI to neuronal nAChRs.
Likewise, the determined structural conformation of EI is
almost identical in backbone to the a4/7 neuronal a-
conotoxins [40], which suggests that the major differences
regarding the binding to their respective receptor sub-
classes lie in the surface charge, side-chain conformations
and subtle differences in the overall topologies of these a-
conotoxin peptides.

«a-Conotoxin antagonists of neuronal nAChRs
Many of the neuronal a-conotoxins have been shown to
be highly selective for specific subunit interfaces within
subclasses of the n-nAChRs. Much of the work has been
undertaken in Xenopus oocyte expression systems, and
occasionally this has influenced the apparent selectivity of
these conotoxins in a manner that is currently unclear, but
due potentially to differences in the properties of the
expressed receptors and those found in native source
tissue. However, these differences might also result from
the fact that the receptor subclass presumed to be abun-
dant in the particular source tissue is not that actually
present. Differences, where seen, are identified for each
of the neuronal a-conotoxins discussed in this section.

a4/7 a-Conotoxins

Mil

The neuronal a-conotoxin MII from C. magus was first
purified and sequenced in 1996 [41] in a study specifically
aimed at identifying blockers of receptors containing
a3B2 subunits. lodine-labelling of MII was made possible
by the addition of a tyrosine residue to the N-terminal,
with little change in toxicity. This addition, coupled with
the slow dissociation rate from its receptor, allowed MII to
be used to identify o382 n-nAChRs in many regions of
the brain [42]. However, it is now well established that
MII has a similar high affinity for receptors containing a6,
a subunit that is highly homologous with a3 [43]. Indeed,
an analogue of MII with alanine replacing His9 and
Leul5 has been shown to be highly selective for a6-
containing n-nAChRs over a3-containing receptors [44°].
Some recharacterisation of receptor subclass populations
in the brain may be necessary. In addition, it is now
suggested that MII may also favour receptors containing
B2 and B4 combinations over a3 subunits [45,46]. Affinity
for a3B2 is assured, however, and recent structure/func-
tion data suggest that residues Asn5, Pro6 and Hisl2
contribute the most to the maintenance of this selectivity.
"T'his contribution is mediated either through direct inter-
actions with residues in the receptor subunits, or through
ensuring that the correct fold of the toxin is maintained, or
elements of both [47°].

The structure of MII has been determined [48,49]. It
follows the classical features associated with all a4/7
structures, resembling an omega (‘®’) shape in its back-
bone conformation. As this has become a recognised
structural framework for these conotoxins it should
strictly be termed ‘the a4/7-conotoxin fold’ to reflect this
fact. Indeed, it is probably appropriate when considering
structures for conotoxins to add in the loop family des-
ignation to the fold description, as this would both
emphasise the reproducibility of the given fold and
enable differences, were they to be found, to be high-
lighted more effectively.

To demonstrate the ability to create a modified a-con-
otoxin more suited to crossing the blood-brain barrier,
Blanchfield e /. [50] added a lipid molecule to the
N-terminus of MII. This analogue with the 2-amino-
D,L-dodecanoic acid attached proved far more able to
permeate a test membrane system than did wild-type
MII, thereby demonstrating one possible way of making
a-conotoxins more bioavailable as drug agents in their
own right [50].

AulA, AulC

AulA and AulC are two «a4/7 conotoxins from Conus
aulicus. 'They have some activity at blocking a384 mam-
malian n-nAChRs expressed in oocytes, but did not have
high affinity for any of the other receptor subunit pairings
tested in the experiment [51]. However, this experiment

www.sciencedirect.com
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was conducted before expression systems were available
for a6-containing receptors, and no data are yet available
on the affinity of conotoxins AulA and AulC for channels
containing this subunit. AulB, described later, is related
to these two a-conotoxins.

PnilA, PniB

First identified in 1994 from the venom of Conus penna-
ceus [52], PnIA and PnlIB were assigned at that time as
having a ‘free tyrosine’ in the 7-loop (residue Tyrl5).
However, a discrepancy was noted between the calcu-
lated and measured molecular weights for both their
sequences; that is, a difference between the synthetically
produced toxin and the purified fraction isolated from the
venom itself. This discrepancy was resolved when it was
determined that the tyrosine was actually sulphated in
the wild-type conotoxins [53]. Despite this, seemingly all
work involving these conotoxins has been undertaken on
the non-sulphotyrosine form. The structures for PnIA
[54] and PnIB [55], swiftly solved after their discovery,
are not sulphated. These peptides share a high degree of
structural similarity, not surprising, as they differ in
sequence by only two residues (at positions 10 and
11). In addition, their structures are also comparable to
most other a4/7 conformations, retaining the a4/7-con-
otoxin fold.

All studies of the subunit-selectivity of these conotoxins
have been on the non-sulphated tyrosine form. These
have established that PnlA is selective for a332-contain-
ing receptors and PnlIB is selective for a7-containing
receptors (rat subunits expressed in Xenzopus oocytes
[56]). With almost identical backbone conformations
these selectivity differences result from the two different
residues at positions 10 and 11, alanine and asparagine in
PnIA, and leucine and serine in PnlIB. Several studies
switching just one of these residues [56-58] showed that
the analogue [Alal0Leu]PnlIA became highly selective
for a7-containing receptors, more so than PnlIB itself, and
that [Asn11Ser]PnlA had reduced affinity for both sub-
unit subclasses. A recent study with a mutated receptor
suggests that PnlA and [Alal0Leu]PnlIA block different
functional states of the a7 receptor [59°], a feature that
would be most useful were a pharmaceutical agent to be
needed that could distinguish between the open and the
closed state of the nAChR, for example.

Epl

First reported in 1998 [60], a-conotoxin Epl from Conus
episcopatus was at the time considered to be unique in
having a sulphated tyrosine residue, Tyr(SOs;H)15. Its
subunit selectivity was determined initially in tissue
thought to comprise specific n-nAChR subclasses. Thus
EplI was highly potent at blocking n-nAChRs in bovine
chromaffin cells, presumed rich in «3B4-containing
receptors, and in rat intracardiac ganglia, where receptors
containing a3B2 and a3p4 receptors were considered to

predominate. No blocking of a7-containing receptors was
reported [60]. However, when these same receptor sub-
unit combinations, notably from rat, were expressed in
Xenopus oocytes, Epl had at best limited blockade of a332
and a3B4 receptors and exhibited a significant selective
block of a7-containing receptors, results diametrically
opposite to those of the tissue studies [61]. Any of several
factors could cause this significant difference: it is possi-
ble that as-yet unidentified or modified receptor sub-
classes may exist in intracardiac ganglia and possibly
bovine chromaffin cells, there may be subtle differences
in highly homologous subunits from different species, or
differences in functional properties between receptor
subclasses in expression systems and native tissue
[4°°,61]. There is evidence that receptor subclasses in
intracardiac ganglia may be more complex than we cur-
rently understand, and it could well be that a-conotoxins
will play a part in clarifying this further.

The structure of the non-sulphated form of Epl, [Tyr15]-
Epl (which was reported to have similar toxicity levels to
the sulphated wild-type [60]), has been solved [62]. Like
other neuronal a-conotoxins of this family, it adopts the
characteristic a4/7-conotoxin fold, although the solved
structure illustrates that there are small elements of
flexibility within this conformation that were not apparent
from other crystal structures reported.

AnlA, AnIB, AnIC

Conus anemone is a worm-hunting cone snail from the
southern Australian waters. Recent studies [63] have
identified three a-conotoxins from its venom, AnlA, AnIB
and AnlC, which share a high degree of sequence homol-
ogy. AnlA and AnIB are essentially identical bar two extra
glycine residues on the N terminus of the latter. AnlC
retains these extra glycines, but differs from the others by
two residues in the C-terminal region, Phe9 and Serl1 in
place of the corresponding Ala9 and Asnll. All three
conotoxins, like PnlIA, PnIB and Epl, also from worm-
hunting cone snails, contain a sulphotyrosine (Table 2).
Selectivity studies against several different neuronal sub-
unit pairings concluded that AnIB was the most active of
these three, displaying a preference for 382 n-nAChRs.
It also blocked «7-containing receptors, but with a
potency two orders of magnitude below those of a3B2.
Of interest, the non-sulphated tyrosine form of AnIB had
lower affinity than wild-type AnIB at both these receptor
subclasses, but showed even more distinction (selectivity)
between them. Comparable differences in toxicity might
well be seen if the sulphotyrosine forms of PnlA and PnIB
were tested, as their sequences are highly homologous to
AnIB, particularly in the C-terminal region.

GIC

C. geographus, a fish-hunting member of this marine snail
genus, has not only potent nm-nAChR-selective compo-
nents in its venom, but also n-nAChR-selective ones.
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GIC, a toxin predicted from sequencing the genomic
DNA of the snail, is one such neuronal toxin, being
highly selective for neuronal nAChRs over neuromuscu-
lar receptors [64]. The toxin was characterised as most
selective for a3B2-containing receptors by some two
orders of magnitude over a3p4 and a4B2 receptors. Later
studies have apparently established that this conotoxin is
equally as potent towards a6B2B3 receptors (‘unpub-
lished observations’ reported in [46]).

The structure of GIC has been reported recently [65].
The backbone fold is highly comparable to other mem-
bers of the a4/7 family, so it is the side-chain composition
and their charge and topology that results in the toxicity
profile of GIC. Smaller hydrophobic residues at positions
7 and 10 in the sequence than those found in MII, for
example (see Table 2), and the longer hydrophilic side
chain of GIn13, may contribute to this profile [65].

GID

a-Conotoxin GID has also recently been isolated from
crude C. geographus venom [66]. This polypeptide is
currently unique among the a4/7 family, and indeed
the rest of the conotoxins, in having four residues in its
sequence prior to the first of the cysteine residues. Other
unusual features are that one of these four residues has
undergone post-translational modification (P’ TM) to a +y-
carboxyglutamate; there is a hydroxyproline in the 7-loop;
and the C terminus, amidated in the majority of conotox-
ins to date, is a free carboxylate in GID. Resultant from
these many unusual features, GID has an interesting
toxicity profile towards nAChRs. From data on mamma-
lian subunits expressed in Xenzopus oocytes, GID had no
notable effect on blocking neuromuscular receptors, and
only very limited effects on 334 and a4p4-containing
neuronal receptors. By contrast, GID potently blocked
a3B2 and a7 receptors, and had a significant block on the
a4B2 subclass of receptors. Receptors containing a4p2
are implicated in dopamine release, a function believed
associated with nicotine dependence [67], and have links
with schizophrenia [9°]. Removing the N-terminal resi-
dues had little effect on the blocking potency of GID for
the a3B2 and a7 receptors, although the duration of the
block was significantly reduced in length. Removal of
these four residues, however, greatly reduced the potency
of GID for the a4B2 receptor subclass. This result sug-
gests that addition of residues to the N termini of other n-
nAChR-selective a-conotoxins might in turn alter their
selectivity and toxicity profiles towards neuronal sub-
classes, which could be a notable avenue of exploration
for rational drug design. Replacement of Argl2 with an
alanine in GID (equivalent to position 9 in most other a4/
7 conotoxins, see Table 2), resulted in a dramatic reduc-
tion in blocking potency for the a4p2 subclass. There was
also significant and limited reduction in potency for
receptors containing o7 and a3B2 subunits, respectively
[66].

The overall backbone conformation of GID is again very
similar to other a4/7 a-conotoxins, when considering the
residues 4 to 19, the region corresponding to that of the
more conventional a4/7 family members [66]. The four
N-terminal residues appear disordered in the solution
structure solved by nuclear magnetic resonance
(NMR). This suggests that these residues only achieve
some sort of structured conformation when GID binds
into the receptor where specific interactions, such as
hydrogen bonding or salt bridges, would take place to
constrain these residues.

Vel.1

Using the technique of polymerase chain reaction ampli-
fication to increase the small quantities of individual
venom components, Sandall and co-workers isolated sev-
eral conotoxins from Conus victoriae [68]. Eleven cono-
toxins were found and one, termed Vcl.1, a 16 residue
polypeptide, was identified as a neuronally active nAChR
antagonist, having no activity towards nm-nAChRs. The
polypeptide synthesised using the sequence data avail-
able, with an amidated C terminus and disulphides iden-
tical in pairing to other a4/7 conotoxins, was tested on
bovine chromaffin cells. The results suggested that it
blocks a3p4-containing n-nAChRs. Of interest was that
this polypeptide was also found to exhibit powerful
analgesic properties 7z vivo which has led, thus far, to a
patent and preclinical trials [13°°]. However, Vcl.1 does
not represent the wild-type toxin, labelled Vcla, as apart
from the C-terminal amidation and disulphide formation,
two other P'I'Ms to residues have been identified. These
are a y-carboxyglutamate at residue 14, and hydroxypro-
line at residue 6 [69]. This latter is indeed unusual when
considering the strong similarity of the N-terminal region
of Vcl.1 to other a-conotoxins ('T'able 2). Indeed, ImlI is
identical in the first eight, and Epl in the first nine,
residues of their N termini, and yet neither exhibits a
PTM of their equivalent proline. It might be, however,
that hydroxyproline forms of these other conotoxins are
present as venom components but in far smaller quan-
tities than the unmodified forms. This demonstrates the
diversity that can exist within the Conus species, and the
conotoxins that they generate can be enriched by creation
of post-translationally modified components. When the
wild-type conotoxin Vcla, with all PTMs in place, was
subsequently synthesised and tested for toxicity, it
exhibited none of the properties that its unmodified
cousin had shown. It is unclear at this time why this is
the case [69].

PIA

The a-conotoxin PIA from Conus purpurasceus is the first
toxin reported as being able to distinguish between the
highly homologous a3 and a6 subunits in n-nAChRs
expressed in Xenopus oocytes [46]. a-Conotoxins with
this distinguishing ability are important, as receptors that
contain the a6 subunit are being considered as targets for
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the treatment of Parkinson’s disease [8°]. PIA exhibits a
more potent blocking of channels containing either the
full a6 subunit or a chimera comprised of the extracellular
ACh-binding a6 region joined to the 3 membranous and
intracellular region, than of channels containing the a3
subunit alone. The most potent block was of receptors
containing o6/a3B2B3 (a6/a3 indicates the chimera sub-
unit). Some tests were performed against channels com-
prising the mammalian «6B4 subunits, which PIA
successfully blocked. However, this subclass of receptor
has only been identified in chick at present [70]. Channels
formed when 34 were included were blocked for longer
periods than those where B2 were used [46].

a4/6 a-Conotoxins

AulB

AulB, from C. aulicus, is currently unique among the
known neuronal a-conotoxins in that while having four
residues in the first loop, there are only six in the second
loop (see Figure 2 and Tables 2 and 4). Identified along
with AulA, and AulC, this conotoxin was the most potent
and selective of the three at blocking a3B4-containing
receptors [51]. It was less potent, by two orders of mag-
nitude, at blocking a7 receptors, and showed negligible
effects on numerous other subunit pairings. Structurally,
while retaining much of the characteristics of a4/7 con-
formations, the ‘lack’ of a tyrosine in the C-terminal loop
renders this region of the polypeptide noticeably differ-
ent from its larger cousins [71]. It is clear the differences
in AulB help promote its subclass selectivity. Many
studies have investigated the disulphide bond arrange-
ment of conotoxins, and almost invariably any alterations
by changing the pairings leads to drastic to total loss of
toxic characteristics. It was surprising, therefore, that a
different arrangement of disulphides in AulB, a so-called
‘ribbon’ structure, (wild-type being Cys2-Cys8, Cys3—
Cysl15, and the variant being Cys2-Cys15, Cys3—Cys8)
resulted in 10-times higher potency towards a3p4 recep-
tors than the wild-type bonding pattern [72]. However,
data from oocyte-expressed o34 receptors showed that
the ribbon structure conotoxin had substantially lower
potency than the wild-type conotoxin at these receptors
[61]. The NMR solution structure of this ribbon AulB
suggests there is a greater degree of flexibility between
the N-terminal and C-terminal regions than is found in
the native conformation, which might be one reason for
these discrepancies in the results [61,72].

«4/3 a-Conotoxins

Iml, Imll, ImIIA

a-Conotoxin Iml, the first neuronally active toxin, was
identified in 1994 and was shown to cause seizures in mice
and rats [73]. It proved to be an exception in terms of its
sequence, in that it is an a4/3 looped structure. ImI was
reported to potently block nm-nAChRs from frogs but not
mammalian or 7. californica nm-nAChRs. Later work on
its neuronal receptor selectivity showed that the block

was against homopentameric a7 receptors, and that it had
potency, although two orders less, towards a9 receptors
[74]. Against all other subunit pairs ImI showed very little
to no activity at all, making this a highly useful probe for
studies on identifying tissue containing specifically a7
receptors. Analogues of ImI have shown residues in two
key areas of the conotoxin to be important for activity:
Asp5-Pro6-Arg7 in the 4-loop, and Trp10 in the 3-loop
[75]. Structural studies were undertaken on ImI [76-78],
and in comparisons with available a4/7 structures it can be
seen that the conformations of the N-terminal 4-loop
regions are very similar. Clearly the C-terminal loop
regions are quite different, as would be expected given
their different numbers of residues.

Recently a-conotoxin ImII has been reported, having the
same a4/3 arrangement as Iml and also being similar in
sequence, but with notable differences between the two
[79]. In the 4-loop a proline conserved within other
neuronal a-conotoxins is replaced by an arginine in ImII,
and another arginine replaces an alanine found in Iml in
the 3-loop. Not only does this introduce potentially
charged side chains to these positions in the conotoxin,
but also the loss of the structural constraints imposed by
proline could result in conformational differences
between ImII and Iml. It is interesting, therefore, that
while both ImI and ImlII block the a7 subclass of recep-
tors with comparable potency, they seem to do so at
different sites on these receptors [79]. Indeed, studies
using analogues of ImI support the critical nature of Pro6
in giving rise to this difference between Iml and ImII. A
structure determination of ImIl might well resolve
whether the conformation has changed resultant from
the loss of constraint from Pro6 in the 4-loop.

ImIIA is only known from its mRNA sequence, which
was isolated from the species itself, and no other data are
available. It was submitted directly to the nucleotide
database (Swiss-Prot database accession code: Q9U619).
It is interesting that the proline residue, conserved in
position in the 4-loop of all neuronal a-conotoxins to date,
is in a different position in this toxin. What toxicity profile
and what structure this produces will be of interest.

a4/4 a-Conotoxins

a-Conotoxin BulA from Conus bullatus, a fish-hunting
cone snail from the Indo-Pacific, is a highly novel poly-
peptide recently discovered [80°]. It was identified
because the DNA genetic data located just before an
a-conotoxin polypeptide is highly conserved across spe-
cies, and this was used as an aid to hunt for new toxins.
BulA is the first a-conotoxin found to have four residues
in both the first and second loops (Table 2). The BulA «-
conotoxin has not yet been isolated from the native
venom of this species. For synthesis and characterisation,
therefore, the disulphides were paired as commonly
found in other conotoxins, and an amidated C terminus
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was created, also a common feature. This was then tested
against several neuronal receptors created using many
different pairings of rat subunits expressed in Xenopus
oocytes, and was found to be active against many of them,
but to dramatically varying degrees and with interesting
kinetic differences. BulA was most potent at blocking a6-
containing receptors (using the chimera receptor as
described for PIA above), and next for those containing
the highly homologous a3 subunit. In addition, blocking
was observed against a234 and a7 receptors, but BulA
showed limited activity against a4B2 receptors. Signifi-
cantly, this a-conotoxin dissociated at different rates from
receptors with 32 or 34 as components where a common o
subunit was used [80°]. Receptors containing the B2
subunit were relatively quick at releasing the conotoxin,
whereas those containing the B4 subunit were substan-
tially slower. Some receptors are believed to contain both
B2 and B4 subunits, but no data are as yet available for
BulA at such receptors, although this would clearly be of
interest [80°].

Conclusions

Nature has created a wealth of polypeptide agents within
the venom of the Conus genus of marine snails to enable
them to capture and subdue their prey. a-Conotoxins
represent an important family group in that through
subtle variations within their sequences, resulting in
charge, side-chain conformation and topological differ-
ences, they possess the ability to be highly selective
competitive antagonists at specific nicotinic acetylcholine
receptor subclasses. Some of these individual subclasses
may be involved in prominent diseases, and an approach
to treatment might be through drug action on these
receptors. For example, one a-conotoxin is already in
preclinical trials as an analgesic agent. Many studies have
identified structural features that focus the blocking
abilities of the a-conotoxins towards their specific sub-
classes. A positive charge on one residue in the C-terminal
region of the neuromuscular-selective a-conotoxins gives
rise to greater potency than a neutral residue in that
position. Subtle sequence variations within the C-term-
inal loop regions of the larger neuronal-selective a-con-
otoxins often correlate with selectivity for the specific B
subunit found in the neuronal receptors studied. Like-
wise, differences in the N-terminal regions of these o-
conotoxins seemingly have a bearing on the selective
blocking of specific a-subunit-containing receptors.
These results alone imply the interface preference in
orientation of the larger neuronal a-conotoxins in their
receptors, although many studies involving sequence
changes in both receptor and conotoxin have gone a long
way in identifying interactions, and hence binding orien-
tation, between them.

Not only have wild-type a-conotoxins been employed
but also analogues have been used as tools to further the
knowledge about the topological requirements for speci-

ficity. Additionally, non-natural analogues (lactam deri-
vatives, for example), have shown that changes can be
made that result in an increase in potency over their wild-
type conotoxin cousins. This then becomes the province
of the synthetic chemist in creating analogues that cannot
be found in nature, to assist the development of drug
agents. There is every reason to suggest that with judi-
cious substitutions of non-native side chains onto the
backbone framework of the a-conotoxins, drugs could
be developed that would single out, with very high
selectivity, one receptor subclass over all others. The
structures of the a-conotoxins determined thus far have
offered considerable insight into the conformational
requirements that could lead to the creation of such
peptomimetic agents, and there is clear potential to
use this structural knowledge in future rational drug
design strategies.
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