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I-conotoxin superfamily revisited
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Abstract: The I-conotoxin superfamily (I-Ctx) is known to have four disulfide bonds with the cysteine arrangement C-C-CC-
CC-C-C, and the members inhibit or modify ion channels of nerve cells. Recently, Olivera and co-workers (FEBS J. 2005; 272:
4178–4188) have suggested that the previously described I-Ctx should now be divided into two different gene superfamilies,
namely, I1 and I2, in view of their having two different types of signal peptides and exhibiting distinct functions. We have revisited
the 28 entries presently grouped as I-Ctx in UniProt Swiss-Prot knowledgebase, and on the basis of in silico analysis have divided
them into I1 and I2 superfamilies. The sequence analysis has provided a framework for in silico annotation enabling us to carry
out computer-based functional characterization of the UniProtKB/TrEMBL entry Q59AA4 from Conus miles and to predict it as a
member of the I2 superfamily. Furthermore, we have predicted the mature toxin of this entry and have proposed that it may be
an inhibitor of voltage-gated potassium channels. Copyright  2006 European Peptide Society and John Wiley & Sons, Ltd.
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INTRODUCTION

Marine cone snails are carnivores that show a high
degree of specificity for certain prey types – worms
(vermivorous), other molluscs (molluscivorous) or fish
(piscivorous). They use venom synthesized from the
modified salivary gland and convoluted duct for feed-
ing and defence [1]. Conotoxins are a complex mixture
of pharmacologically active and conformationally con-
strained peptides that target specific ion channels or G
protein coupled receptors [2]. They have been classified
into several superfamilies on the basis of a number of
characteristics such as a highly conserved N-terminal
precursor sequence, disulphide connectivity and simi-
lar mode of action. Each superfamily has been further
categorized into different families on the basis of their
specific pharmacological targets [1,3,4].

The I-conotoxin superfamily (I-Ctx) is known to have
four disulphide bonds with the cysteine arrangement
C-C-CC-CC-C-C, and the members inhibit or modify
ion channels of nerve cells. I-Ctx were detected both
in vermivorous and piscivorous species of Conus,
suggesting the widespread presence of such toxins
beyond evolutionary and ecological groups [5]. The
superfamily has been less explored when compared
to others in the Conus species. Recently, we reported a
systematic sequence and structural analysis for I-Ctx
based on a theoretical 3D model [6]. We have deposited
the sequence pattern for I-Ctx in the PROSITE database
[7] with accession number PS60019 under PDOC60004
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documentation [6]. This information can be accessed
from the InterPro database [8] with accession number
IPR013141, which includes 37 entries (28 entries
from UniProtKB/Swiss-Prot [9] and nine entries from
UniProtKB/TrEMBL [10]). Similar information about
the superfamily is present in Pfam [11] with accession
number PF08088, and the corresponding InterPro
accession number is IPR012624.

The previously characterized I-Ctx have been rede-
fined by Olivera and co-workers [12], who have demon-
strated the presence of two different gene superfami-
lies I1 and I2 with different signal peptide sequences,
though having similar cysteine arrangements. Earlier,
identical cysteine arrangement, although with differ-
ent cysteine connectivity, has been observed in α-
and λ-conotoxin families respectively from A- and T-
superfamilies [13,14]. It has been suggested that the I1
gene superfamily has unique post-translational modi-
fications at the C-terminus, while I2 lacks a propep-
tide region (Figure 1), differing in this aspect from
all other superfamilies. Olivera and co-workers have
demonstrated that the peptide r11a, belonging to I-
Ctx having 46 amino acids, has a D-Phe residue at
position 44 responsible for inducing repetitive activity
in the nerve [15]. The I-Ctx peptides r11b and r11c
show sequence similarity to r11a to varying extents
and were examined with L-Phe44 and L-Phe42, respec-
tively. The experimental results indicate that r11a and
r11b induced repetitive activity in the nerve only with
D-Phe44, whereas with L-Phe44 both the sequences
were inactive. The sequence r11c was equipotent in
inducing repetitive action potentials in both motor
nerve and skeletal muscle with L-Phe42 as well as
D-Phe42. These peptides were identified to undergo
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Figure 1 Schematic representation of I1 and I2 conotoxin
superfamilies, top and bottom, respectively.

post-translational isomerization at the third amino acid
from the C-terminus and they were put together as
group A. Another group of sequences, though shar-
ing high sequence identity with group A but those
not having a D–amino acid at the third position from
the C-terminus, were termed as group B. Group A
and group B have the same signal sequence, MKL-
CVTFLLVLMILPSVTG/EKSSERTLSGALLRGVKRR, and
the two groups together have been termed as the I1
superfamily. Another superfamily, group C, which does
not undergo post-translational isomerization and which
has a different signal sequence MMFRVTSVGCFLL-
VIVFLNLVVLTDA has been named as the I2 superfamily
[12].

In view of the recent proposal that I-Ctx should
be divided into I1 and I2 superfamilies [12], it is
desirable to revisit the database entries that are
currently grouped as I-Ctx. We have used a systematic
approach to analyse the 28 UniProtKB/Swiss-Prot
I-Ctx and have split them into two distinct gene
superfamilies using bioinformatics approaches. In this
report, we discuss the two groups that apparently
share the same cysteine arrangement C-C-CC-CC-C-
C, while differing in sequence composition, pattern and
therefore their functions. However, experimental 3D
structures are not available for these superfamilies,
which limits the analysis at the sequence level
itself. We have been able to predict the position of

signal peptide, prepro-region and mature toxin for
the unannotated UniProtKB/TrEMBL entry, namely,
Q59AA4 from Conus miles, and this approach provides
a framework for future annotations.

MATERIALS AND METHODS

Datasets

The amino acid sequences of 28 entries were obtained from the
UniProt Swiss-Prot knowledgebase (Release 49.0). The dataset
was used for categorization of I1 and I2 superfamilies. A
non-redundant set was created using the program CD-HIT
[16] with sequence matches of <70% sequence identity. This
set comprising 13 entries (Table 1) was used for computing
the amino acid composition. The data set entries have been
referred in this paper with their UniProtKB accession numbers.

Superfamily Grouping

A few sequences, which have been identified by Olivera and
co-workers as belonging to either I1 or I2 superfamilies have
been termed by us as reference sequences and have formed
the basis of the present analysis. A sequence level comparison
was done between the UniProtKB/Swiss-Prot entries and the
reference sequences whose superfamily was known as being
either I1 or I2. For a given superfamily, the signal peptide is
well conserved and hence this information, if available, can
be exploited for grouping the database sequences. In cases
where this information was not present, we compared the
mature toxin region alone with the corresponding region of the
reference sequences. The percentage identity and similarity
were calculated for such cases using the method of global
alignment by GCG [17] program ‘GAP’.

Multiple Sequence Alignment

A multiple sequence alignment (MSA) separately for I1 and
I2 superfamilies was done using EBI ClustalW [18] with

Table 1 I1 and I2 conotoxins superfamily members: Group B members are in bold and the non-redundant entries are highlighted

Superfamily Species UniProtKB/Swiss-Prot entriesa

I1 C. radiatus Q7Z0A5 (1–44), Q7Z0A3 (1–44), Q7Z0A1 (1–42), Q7Z098 (1–45),

Q7Z091 (1–41), Q7Z0A0 (1–43), Q7Z092 (1–46), Q7Z093 (1–46),
Q7Z0A6 (1–42), Q7Z099 (1–45), Q7Z094 (1–46), Q7Z095 (1–46),

Q7Z096 (1–43), Q7Z0A4 (1–44), Q7Z0A2 (1–42), Q7Z097 (1–45),

Q7Z090 (1–40), Q7M4K5 (1–37)
I2 C. miles P69498 (27–60)

C. striatus P69499 (27–61)

C. vexillum P69500 (27–60), P69501 (27–60)

C. betulinum Q9U3Z3 (27–57)

C. imperialis P69495 (27–60), P69496 (27–60), P69497 (27–60)

C. capitaneus P69494 (27–61)
C. virgo Q7YZS9 (27–60)

a Start and end positions of mature toxin are mentioned in parentheses for the corresponding entries.
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Figure 2 MSA of non-redundant sequences belonging to I2 conotoxin superfamily: mature toxin regions are highlighted,
prepro-regions are underlined, conserved cysteines residues are in boxes and inter-cysteine loops are numbered from L1 to L5.
The last column indicates the length of the proteins. Note that the prepro-region for K+ channel inhibitors is KRATFQ/KRATFQE
in contrast with that of the modulator, Q9U3Z3, which is SKLQEFFRQR.

default parameters. Using the MSAs, the type of residues
in the inter-cysteine loops as well as conserved positions in
the alignment were observed and the sequence pattern for
both the superfamilies were defined. The ScanProsite [19]
from the ExPASy server (http://www.expasy.org) was used
to evaluate the newly created sequence patterns. The MSAs
for I1 and I2 superfamilies were also used for generating
profile Hidden Markov model (HMM) using Dr Sean Eddy’s
HMMER package [20] available in the GCG Package [17]. We
used HmmerBuild to create a position-specific scoring table
that represents the primary structure consensus of a given
sequence family called profile HMM. In order to increase the
sensitivity of the database search performed using that profile
as a query, we used HmmerCalibrate, which ‘calibrates’ a
profile HMM by generating random sequences and computing
a raw score for the comparison between each sequence and the
profile. The program then fits the distribution of these scores
to an extreme value distribution. The calibrated profile was
used for searching the UniProt database using HmmerSearch
module. The profiles for I1 and I2 can be obtained from the
supplementary material. The values for sensitivity, selectivity,
specificity and MCC were estimated as defined in [Ref.6] so
as to assess the reliability of patterns and profile HMM, when
scanned against the UniProtKB/Swiss-Prot.

Amino Acid Composition

The composition of an amino acid i for the mature toxin
sequences in a superfamily m (I1 and I2) were calculated using
[Eqn (1)].

pi
m = ni

m

Nm
, m = I1, I2 (1)

where ni
m is the total number of ith amino acid in all sequences

of m superfamily and Nm is the total number of all amino acids
in all sequences of m superfamily.

RESULTS AND DISCUSSION

Recognition of I1 and I2 Members

In order to implement the proposed grouping, 28
UniProtKB/Swiss-Prot sequences (at present referred
to as I-Ctx) were compared with the reference sequences
[12]. A quick observation on the sequences in the
UniProtKB/Swiss-Prot indicated the presence of the

signal sequence only for ten entries. A consensus was
observed in the signal sequence similar to those of
the reference sequences of the I2 superfamily members
(Figure 2). Therefore, the ten entries (Table 1) were
categorized as belonging to I2 superfamily.

No information was available about the signal
sequences for the remaining 18 UniProtKB/Swiss-Prot
entries. These entries were scanned against the mature
toxin region of the reference sequences for assessing
the similarity and identity. The UniProtKB/Swiss-Prot
entry having maximum identity with any one of the
reference sequences was taken into account and the
grouping was based on the highest value of the identity
obtained. The 16 entries showed sequence identities
ranging from 73 to 100% with the group A reference
sequences. The entry Q7M4K5 was same as the peptide
r11e, belonging to the group B of the I1 superfamily.
The peptide r11e was shown to be closely related
to the clone R11.3 in Ref. 21. R11.3 is actually the
UniProtKB/Swiss-Prot entry Q7Z090, and therefore it
is concluded that this entry too belongs to the group B
of the I1 superfamily. Hence, all the 18 entries showed
more similarity to the mature toxin of the I1 superfamily,
where 16 entries are from group A and two are from
group B. We have grouped the 18 entries as belonging to
the I1 superfamily and the remaining ten entries to the
I2 superfamily (Table 1). For the reference sequences,
the consensus sequence pattern (termed as reference
sequence pattern) as previously reported by Olivera and
co-workers [12] for the three groups A, B and C was
defined to be C-X(6)-C-X(5)-C-C-X-C-C-X(4)-C-X(8,10)-
C, C-X(6)-C-X(5)-C-C-X(3)-C-C-X(4)-C-X(6)-C and C-
X(6)-C-X(5)-C-C-X(3)-C-C-X(2,3)-C-X(3)-C, respectively,
and these were used for verifying the grouping done by
us. The reference sequence patterns for all the three
groups were able to pick the same UniProtKB/Swiss-
Prot entries (Table 1) that were categorized by us
confirming correct grouping.

The I1 Superfamily

The MSA for the non-redundant set of mature toxins
showed eight conserved cysteine positions. Apart from
this, conserved residues like His in loop 2, and Gly
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Figure 3 MSA of non-redundant sequences belonging to the I1 conotoxin superfamily. The first four entries belong to group A
and the last two entries to group B. The presence of the D-amino acid (most probable post-translational modification site) at the
third position from the C-terminus is underlined; arginine cleaved by a carboxypeptidase in Q7Z096, Q7Z0A5, Q7Z097 is not
shown. Conserved residues are highlighted and inter-cysteine loops are numbered from L1 to L5. The last column indicates the
length of the proteins.

in loop 4 and loop 5, respectively, (Figure 3) were
observed in the inter-cysteine loops. The functional
and/or structural importance of such conserved
positions needs to be ascertained through experimental
investigations.

Since only two UniProtKB/Swiss-Prot members form
group B, we attempted to create a pattern for
all the I1 superfamily members i.e. for group A
and group B together. Using the MSA, we defined
the sequence pattern for the I1 superfamily as
C-{C}-{G}-{C}(4)-C-{C}(5)-C-C-{C}(1, 3)-C-C-{C}(4)-C-
{C}(6, 10)-C, where the regular expressions are accord-
ing to the PROSITE format. The pattern was scanned
against UniProtKB/Swiss-Prot, release 49.7, using
ScanProsite and the results indicated a good-quality
cluster since the pattern picked up the 18 true positive
hits. The profile HMM created for the I1 superfam-
ily was also used for searching the same database,
which resulted in top 18 hits with an E-value between
10−27 and 10−12. The E-value for the remaining hits was
greater than 0.6. Thus both the methods performed well
yielding only true positives. The sensitivity, selectivity,
specificity and correlation coefficient were thus unity.
It should be noted that the training set (18 entries used
for creating the pattern and profile) is a subset of the
independent set (UniProtKB/Swiss-Prot).

The functional characteristics of the entries of this
superfamily have been previously described providing
glimpses of their molecular complexity [5,6,15,21].
A majority of the members show general excitatory
symptoms. But at the same time, it has been shown
that two members, Q7Z096 and Q7M4K5, exhibit
hyperactivity, circular motion and convulsion. Another
member, Q7Z091, has been reported to cause paralysis
and death in mice. It has been suggested that this
class of conotoxins might be a promising source
of pharmacological tools to explore the molecular
components that help in axon excitability [21].

The I2 Superfamily

The reference sequence pattern for group C (I2 super-
family) was able to pick all the UniProtKB/Swiss-Prot,

release 49.7, entries correctly, but when scanned
against other databases like UniProtKB/TrEMBL
(release 32.7), it picked 9 correct proteins and 15
unrelated proteins (two from Homo sapiens, eight hypo-
thetical proteins from C. elegans and five hypothetical
proteins from Caenarhabditis briggsae). This is because
the reference sequence patterns with X-positions may
pick any residue including cysteine residues, which
are not allowed for the I2 superfamily sequences.
Hence, such X-positions were replaced by {C}, which
included all residues other than cysteine. We rede-
fined the sequence pattern for the I2 superfamily as
C-{C}(6)-C-{C}(5)-C-C-{C}(3)-C-C-{C}(2, 3)-C-{C}(3)-C.
Our pattern was scanned against the UniProtKB/Swiss-
Prot database, which picked up ten true positive hits.
The profile HMM created for I2 superfamily was also
used for searching the same database, which resulted
in top ten hits with an E-value between 10−15 and 10−12.
The E-value for the remaining hits was greater than
0.8. Thus both the methods performed well yielding
only true positives. The sensitivity, selectivity, speci-
ficity and correlation coefficient were thus unity. The
pattern and profile defined by us was scanned against
UniProtKB/TrEMBL, which also gave only the correct
hits.

The percentage of positively charged residues, espe-
cially Arg, was found to be more for the I2 superfamily
members (Table 2). The mature toxin sequences from
C. imperialis, (P69495, P69496 and P69497) have pos-
itively charged residues Lys and Arg, while in the
remaining sequences, the Lys residue was absent.
Generally, such mature toxin peptides [22] have been
shown to inhibit potassium channels and the posi-
tively charged residues play an important role in such
interactions. Out of the ten entries of I2 superfamily
conotoxins (Table 1), nine entries inhibit the vertebrate
potassium channels Kv1.1 and Kv1.3 but not Kv1.2,
[23] and the remaining one entry Q9U3Z3 acts as a
modulator of potassium channel [24]. At least two dif-
ferent mechanisms have been proposed for blocking
the voltage-gated potassium channels by the inhibitors.
One mechanism involves the positively charged lysine
and the hydrophobic residue (Tyr or Phe) that acts as
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a dyad, which occludes the potassium channel pore
[25,26]. The second mechanism involves clustering of
positively charged residues on one surface and it acts
as an anchor blocking the pore as a lid [27].

The in silico docking studies carried out by our group
and reported earlier [6] on a theoretical 3D model of
ViTx, Q7YZS9, from Conus virgo, reveals the crucial
role of the residues Arg 26 and Arg 32 present in the
C-terminal region as being important for interacting
with vertebrate Kv1.1 channels. The entries P69498
and P69501 are isotoxins from Conus vexillum and
Conus miles, which belong to the same clade and differ
in only a single amino acid residue from ViTx. Thus
their mode of action may be similar to that of ViTx
[5]. The entry P69500 having 97% sequence identity
with ViTx may also exhibit a similar mode of action.
The in silico docking studies suggest that ViTx [6] may
block by means of the second type of mechanism as

Table 2 Amino acid composition for the 20 amino acid
residues in the non-redundant set of I1 and I2 superfamilies

Category Residue Composition (%)

I1 superfamily I2 superfamily

Aliphatic Ala 3.1 0.4
Gly 10.6 9.7
Ile 2.7 1.7
Leu 3.5 4.2
Pro 7.1 6.8
Val 3.9 2.1

Aromatic Phe 4.3 2.1
Tyr 1.6 5.1
Trp 2.4 3.0

Negative charged Asp 3.5 3.4
Glu 1.6 3.0

Positive charged Arg 3.9 12.7
His 3.5 3.8
Lys 6.7 2.5

Polar Asn 3.9 3.4
Gln 1.6 1.3
Ser 9.4 7.6
Thr 7.1 3.4

Sulphur containing Cys 18.8 23.6
Met 0.8 0.4

observed in κ-M conotoxins RIIIK which complexes
with TSha1 K+ channel [27]. Conus peptides from
other superfamilies have also been reported to inhibit
the potassium channel, as shown in Table 3. The I2
superfamily members also exhibit functional similarity
with Parabutoxins, (Q6WGI9, P60164, P60165) which
belong to a subfamily of acidic α-K+ toxins from
Parabuthus scorpion species [28].

A Framework for in Silico Annotation of I1 and I2
Superfamilies

The reference sequence pattern for group A was
scanned against UniProtKB/TrEMBL release 32.7,
which picked eight entries from C. elegans, four from
C. briggsae and one entry from Babesia bovis and H.
sapiens. The reference pattern for group B picked one
entry from H. sapiens. But the sequence pattern and
profile HMM defined by us for I1 superfamily did not
pick any false entry.

The defined sequence pattern and profile HMM (E-
value between 10−14 and 10−5) for I2 was able to pick
nine UniProtKB/TrEMBL entries – Q59AA2, Q59AA3,
Q59AA4, Q59AA5, Q59AA6, Q59AA7, Q59AA8, Q59AA9
and Q514E5. This observation is supported by the
entries present in IPR013141. Out of the nine entries,
seven entries, Q59AA2, Q59AA3, Q59AA5, Q59AA6,
Q59AA7, Q59AA8 and Q59AA9, are same as in
UniProtKB/Swiss-Prot, which are P69498, P69501,
P69499, P69494, P69495, P69496 and P69497, respec-
tively.

Of the remaining two entries, for one entry, Q514E5,
the information about the signal peptide region (1–25),
mature toxin region (26–56) is available. The C-terminal
region of this entry is similar to the UniProtKB/Swiss-
Prot entry Q9U3Z3, a modulator of potassium channel,
as shown in Figure 4(a). We have predicted the prepro-
region (60–69) of this entry to be AKLLEFFRQR.
Since the prepro-regions are similar, one may expect
that the post-translational modifications in the mature
toxins may be similar to that of a potassium channel
modulator like Q9U3Z3 [24]. But from Figure 4(a), it
is seen that only the cysteine residues are aligned in
the mature toxin sequence. Consequently, the mature
toxin of Q514E5 alone is checked for similarity using
GAP and the best alignment is obtained with P69496

Table 3 Different superfamilies of conotoxins acting on voltage-gated potassium channels

Superfamily
(family)

Cys
arrangement

Example Function Reference

A (αA) CC-C-C-C-C SIVA Binds and inhibits voltage-sensitive K+ channels 29
M (κM) CC-C-C-CC RIIIK Binds and inhibits reversibly Shaker K+ channels 30
O (κ) C-C-CC-C-C PVIIA Binds and inhibits voltage-sensitive K+ channels 31
I2 C-C-CC-CC-C-C ViTx Inhibits the vertebrate K+ channels Kv1.1 and Kv1.3, but not Kv1.2 23
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Figure 4 (a) Full-length sequence alignment between Q5I4E5 and Q9U3Z3, a modulator of potassium channel. The signal
peptide and prepro-regions are shown in boxes, which are apparently well conserved compared to the highlighted mature toxin
region. (b) Alignment between Q5I4E5 and P69496 mature toxin: Mature toxin of Q5I4E5 shows more similarity to P69496, which
is an inhibitor of potassium channel.

Figure 5 Full-length sequence alignment reflecting the identity between Q59AA4 and P69494. Signal peptide and prepro-region
are shown in boxes and the mature toxin region is highlighted. The signal peptide region of Q59AA4 predicted by the SignalP
server aligns with that of P69494.

(sequence identity 54.8%) (Figure 4(b)), which is a
vertebrate potassium channel inhibitor. In order to
clarify the functional mechanism, i.e. whether the
mature toxin would act as a modulator or inhibitor,
further experimental investigations are required.

Our work provides a framework for annotation
of uncharacterized sequences as illustrated below:
Firstly, we detected the three important regions in
the sequence, namely signal peptide, prepro-region
and mature toxin. The signal peptide was used
for categorization and the mature toxin region for
predicting the probable functional characterization
based on similarity. For the purpose of functional
annotation of Q59AA4, the SignalP server [32] was
used for predicting the signal peptide region. The server
gave the same cleavage site by Neural Networks as
well as HMM methods, and thus the signal peptide was
predicted from 1–26 confirming that the entry belonged
to the I2 superfamily. A pairwise sequence comparison
using GAP was done for the entire sequence with I2
superfamily members. On the basis of the highest
identity obtained with the P69494, (86.6% sequence
identity) a member of I2, we were able to predict the
mature toxin (27–61) and prepro-regions (62–68) for
this entry (Figure 5). In addition to this, on the basis
of functional similarity, it is suggested that the entry
might inhibit vertebrate potassium channels. It is also
noted that the entry does not have a single Lys residue,
in contrast with a number of Arg residues distributed
along the length of the sequence.

From the results of our analysis, we have been able
to show the utility of such an in silico functional

annotation, which proved to be valuable in predict-
ing the characteristics of one UniProtKB/TrEMBL entry
(Q59AA4). The approach can be applied for the func-
tional annotation of new entries and the predictions
can be concomitantly evaluated through experimental
works.

CONCLUSIONS

Our results reiterate the existence of two distinct gene
superfamilies I1 and I2, which are presently described
as I-conotoxin superfamily in the UniProtKB/Swiss-
Prot database. We have defined selective and sensitive
sequence patterns and profile HMM for the two gene
superfamilies, which would be useful in protein classi-
fication and functional annotation. The I1 superfamily
conotoxins could provide valuable information about
various molecular factors that are involved in excitable
properties of axons. The majority of the I2 superfamily
members are actively involved in inhibiting the ther-
apeutically important vertebrate potassium channels.
They also show functional similarity with not only the
superfamilies of the Conus species but also with some
others like scorpion species. There is a need to under-
stand the degree of relatedness within and between
species that have same targets. Moreover, investiga-
tions are required to explain the cysteine connectivity
and elucidate the appropriate 3D structure in order
to appreciate the role of specific amino acids that are
involved in interacting with their respective targets. The
unique features, sequence patterns and functions of the
two superfamilies provide scope for further examination
in order to explore their pharmacological properties.
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