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ABSTRACT: Sea anemone neurotoxins are peptides that interact with Na* and K* channels, resulting in specific alterations on their functions. Some of
these neurotoxins (IROO, 1BGK, 2K9E, 1BEI) are important for the treatment of about 80 autoimmune disorders because of their specificity for Kv1.3

channel. The aim of this study was to identify the common residues among these neurotoxins by computational methods, and establish whether there is a

pattern useful for the future generation of a treatment for autoimmune diseases. Our results showed eight new key common residues between the studied

neurotoxins interacting with a histidine ring and the selectivity filter of the receptor, thus showing a possible pattern of interaction. This knowledge may

serve as an input for the design of more promising drugs for autoimmune treatments.
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Highlights
'The structural similarity between the neurotoxins is a property
that enables effective blockade of the channel.

The residues Met21-Lys22-Tyr23—-Gln24-Lys25-
Ser26-Tyr26—Phe27 are the most common ones among the
neurotoxins.

The pattern of the interaction between the neurotoxins
and the Kv1.3 channel could be represented by the regular
expression  X(5)-[FT]-[KI]-X(3)-R-X(4)-Q=X(4)-M-K-
Y-Q-K-[SY]-F.

Our results validate the significance of the histidine ring
of the channel as significant for the generation of a stable
bonding in the interactions of the channel with neurotoxins

1ROO, BGK, 2K9E, and 1BEIL

Introduction
More than 125 million people worldwide are aftected by about
80 different autoimmune diseases, such as multiple sclerosis,!?

autoimmune encephalomyelitis,>> and myasthenia gravis.*

Recent studies showed that most treatments cause multiple
secondary effects like exacerbation of autoimmune response,
generation of new autoimmune disorders, and others.*® Auto-
immune diseases are caused by an alteration of the immune
response, where T or B cells are activated in the absence of an
infection or any other cernible cause.’

Like many other marine organisms, sea anemones have
a therapeutic potential because of the bioactive compounds
found on their venom.®? Although these sessile invertebrates
primarily use a potent neurotoxin to defend themselves from
predators, previous reports have shown that these compounds
are useful for autoimmune response treatment because of
their specificity for kv channels, which regulate the func-
tion of T and B memory cells.®1%!! Sea anemone neurotoxins
are polypeptides with molecular weights ranging from 3,000
to 6,500 Da, and previous reports support their capacity to
block K* and Na* channels.®!>7?7 The neurotoxins ShK and
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2,

BgK, derived from Stichodactyla helianthus and Bunodosoma
granulifera, respectively, act on more than six binding sites
of the Kv1.3 channel.!® It is important to note that the study
of the conformational properties could provide an opportu-
nity to deduce the structural determinants of each mode of
action.!?13

Potassium channels regulate numerous cellular pro-
cesses, and alteration of this channel interrupts the flow-
dependent signaling through the ionic membrane.>*°
Among the great variety of K* channels, those mediated
by electric induction are so-called potassium voltage-gated
(Kv) channels, which control electrical excitability and
plasmatic membrane potential.!1>1%20 In general, these kv
channels are subdivided into six subfamilies (Kvl-Kvé6),
while Kv1 channel is subdivided into 10 subunits (Kv1.1-
Kv1.10).12:13:2122 Ky1.3 channels are widely found at mac-
rophages, platelets, osteoclasts, brain, and B lymphocytes,
but they only control membrane potential at T lymphocytes,
mostly at the T effector memory (TEM) cells.?* Modifica-
tions of ion flux in the Kv1.3 channel alter the proliferation
of T-cell, thus affecting the autoimmune response.!$2425
Even though the importance of the Kv1.3 channel for the
development of better treatments for autoimmune diseases
is widely known, its structure has not been resolved by
experimental techniques. In this context, it is possible to
assess its structure by computational methods like homol-
ogy modeling to have more functional data for the rational
drug design.?¢:?” The computational methods used here led
us to have an approximation of a rational drug design for
the treatment of autoimmune diseases because of its exact

28-30

and fast analysis, when compared to the complexity and

high cost of the experimental procedures, and low informa-
tion availability.?831

Although the high affinity of ShK and BgK for Kv1.3
channel by experimental and some computational methods
was previously reported,”1%3233 these results are barely agree-
ing in respect to some binding sites that could be useful for
the treatment of autoimmune diseases. Previous studies have
demonstrated the existence of some important residues, such
as Lys25, Tyr26, Ser23, Argll, Lys22, that probably have
a key role on the conformation of the complex between the
sea anemone neurotoxins and the Kv1.3 channel.?32434-37
Despite the information available of the key residues, there is
no information available about the common residues between
the neurotoxins from B. granulifera and §. helianthus, which
interact with the Kv1.3 channel; this information would be
useful to observe whether there is a pattern valuable for the
future generation of a treatment for the autoimmune diseases,
because current treatments generate multiple side effects. For
this reason, the aim of this study is to identify by compu-
tational methods the common residues among these neuro-
toxins, and establish if there is a useful pattern for a future
treatment for autoimmune diseases with less multiple side
effects.

Computational Procedures
This study assessed four sea anemone neurotoxins from
B. granulifera and S. helianthus. The neurotoxin crystalline
structures were obtained from the Protein Data Bank (PDB)
under the accession codes: 1BGK derived from B. granulifera;®
1ROO the pure ShK toxin, which belongs to 8. helianthus;'®
1BEI that corresponds to the mutated ShK-Dap;!® and 2K9E,
the potent selective ShK-192 modified from ShK—170.32 These
neurotoxins were chosen because of lack of structural informa-
tion reported about their interaction with the Kv1.3 channel.
The Kv1.3 channel was modeled by Smith and collaborators,?*
who assessed a model of the pore and vestibule of the Kv1.3
channel based on the crystallographic structure of the K*
channel from Streptomyces lividans (Kcsa)*® and subsequently,
modeled with MODELLER software.3® This Kv1.3 channel
has been useful to determine important interactions that were
subsequently verified in animal models with positive result,
which indicates it is a trustable computational model.®3

Molecular docking. The complexes of each neurotoxin
with the Kv1.3 channel were generated by docking methods
using the fully automatic ClusPro protein—protein docking
server version 2.0 that uses PIPER, a fast Fourier transform
(FFT)-based protein docking program.*® The results were
generated based on the correlation technique used by ClusPro
2.0, establishing the receptor (Kv1.3) on a fixed grid taking
into account its transmembrane protein (divided into squares
of 3 A) and the ligand (1BGK, 1ROO, 1BEI, and 2K9E) on
a movable grid.#~* The score of the potential solutions gener-
ated by the server group included all conformations, whose
solutions were at the range of 10 A with respect to the RSMD
of the original structure.*> Macromolecular complexes were
obtained from the docking performed with LIGPLOT
v.5.0.4. software.** The final complexes were visualized using
PyMOL v0.98* and MOE 2009.10.%

Neurotoxin structural alignment. A structural alignment
was performed with the main chain from the four neurotoxins,
through the MOE v.2010.10 software,* and the RSMD was

calculated to find the relation between form and function.

Results and Discussion

In terms of primary structure, the neurotoxins have eight
cysteine residues linked to form four disulfide bridges. The
sequences show that the neurotoxins are homologous; this
conservation and similar molecular organization indicate that
there are certain conformational characteristics that could be
involved with the mode action. The secondary structure shows
predominantly beta-sheets. Most of the invariant residues are
localized in the vicinity of the disulfide bridges. The folding
pattern of the polypeptide chain has been elucidated by X-ray
crystallography.

'The information retrieved from the structural alignment
and molecular docking revealed that the residues Met21-
Lys22-Tyr23—-Gln24-Lys25-Ser26/Tyr26—Phe27 conformed
a key motive. The pattern or key motive, which is considered
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essential for the interaction with the Kv1.3 channel, can be
represented by the pattern: X(5)-[FT]-[KI]-X(3)-R—X(4)-
Q-X(4)-M-K-Y-Q-K~[SY]-F.*%*” To assess the structural
feature of neurotoxins, we performed alignment before and
after docking analyses, which revealed the importance of a
similar structure among the neurotoxins, to generate the inter-
action with the Kv1.3 channel.

Molecular docking. Based on previous experimental
and computational methods, we found a high affinity of the
following residues with the channel: the neurotoxin 1BEI
interacted with Argll and Dnp22, which was replaced from
a Lys22 to generate a higher affinity; meanwhile the neuro-
toxins 2K9E and 1ROO interacted with Lys22, indicating its
importance to the blockade of Kv1.3 channel pore. 1IROO also

Table 1. Results from the interactions between 1BEI, 2K9E, 1ROO, and 1BGK neurotoxins and the Kv1.3 channel. Interacting residues are
shown (receptor and ligands): the atoms involved at each interaction, the type of interaction (H: H-bond, NB: non-bonding), and the distance
between the interactions.

CHANNEL KV1.3 1BEI 2K9E 1RO0 1BGK
RESIDUE ATOM TYPE OF RESIDUE ATOM DISTANCE RESIDUE ATOM DISTANCE RESIDUE ATOM DISTANCE RESIDUE ATOM
INTERACTION
E/NE
ASP153 CB  NB Ser20 CB 374 NLE21 CD  3.79 Phe6  CD2
c NB DNP22 CB  3.68
CA NB Ser20 CB 316 NLE21 CD  3.56 Ser26  CB 355 Phe6  CZ
o} H DNP22 NG 257 Tyr26  OH
ASP345 CA NB Pro8 CG  3.60 Met21 CG 258 GIn24  CG
o} H Serl0  0OG 3.14 GIn16  NE2 2.90
OoD1 H GIn16  NE2 263
ASP57 CA NB Tyr27  CE2 375 LyS22 CG  3.31 Tyr23  CE1 3.9
CB NB Phe27 CE2 3.30 LyS22 CD 358 TyR23 CE1 3.51
c NB PHE27 CzZ  3.82 Tyr23  CE1  3.88
GLY344 CA NB Arg1  CD  2.87 Lys22 CE  3.69 Lys25  CG
c NB Arg1  CD 2.96 Met21 CB  2.98 GIn24  CG
GLY56 CA NB Lys22 CG 2.88
c NB Tyr23  CE2 3.61 Lys22 CG  3.27 Lys22 CG 3.5
o} H Gin24 N
HIS155 CE1 NB Phe27 CZ  2.89 Lys22 CD  3.01 Phe27 CZ  2.39 Tyr26  Cz
CE1 NB DNP22 CB  3.33
HIS251 CE1 NB His19 CB  3.47 NLE21 CD  3.79 Arg9 cz 378 Phe6  CD2
NE2 H Lys7 N
SER34 CB NB Thré c 3.72 Phe27 CE2 2.96
CB NB lle7 CD1 3.26
CA NB lle7 CcD1  3.20 Phel5 CE2 3.37
TYR151 O H Gin6  NE2 3.18
H Arg1l  NH2 245
c NB Lys22 CE  3.86 LS25  CD
CB NB Phe6  CE2
c H Phe6  CE2
o} H Lys25  NZ
TYR343 C NB Arg11  CD  3.70 Lys22 CE  3.68 Lys25 C
o} H Arg11  NH1 235 Lys22 Nz  3.07

Note: The Dnp22 residue corresponds to 3-amino-alanine (C;Hy N,O,) whose side chain consists of a group CH,-NH,* and corresponds to a modification at
position 22 of the native ShK neurotoxin where it replaced an Lys by a Dpn; the Nle21 residue corresponds to norleucine (C,H,, NO,) with an aliphatic side chain,
which consists of a group (CH,)3-CH,, and corresponds to a modification of the native ShK neurotoxin at position 21, where an Met was replaced by an NLE.
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interacted with Tyr23 and Phe27; and 1BGK, which belonged
to the sea anemone B. granulifera, interacted through Pheo6,
Lys7, GIln24, Lys25, and Tyr26. Several different studies have
reported the biological role of these residues in the interac-

6,9-12,21,32,34,35,

tion. 48 Furthermore, our results pointed new

residues that might be involved at the interaction site: 1BEI
(Thr6, Pro8, Ser10, Gln16, His19, Ser20, Tyr23, and Phe27),
2K9E (Ile7, Gln16, and Phe27), and 1IROO (Phel5, Met21,
Ser26, Arg29; Table 1).

The bonding, attraction, or repulsion; Van der Waal’s
energies; and the atomic contact energy for the macromo-
lecular complexes labeled between the neurotoxins (1BEI,
1BGK, 1ROO0, and 2K9E) and the Kv1.3 channel are shown
in Table 2. The analysis of the interaction between the neu-
rotoxins and the kv.13 channel shows the insertion of resi-
dues at the pore blocking the K* ion flux through the channel
(Fig. 1). This result agreed with a previous study reporting the
selectivity filter of the Kv.13 conforms, probably by interacting
with TVGYGD at the positions 444-449.4

In accordance with previous studies, our results indicated
that Asp376, Asp386, and Lys411 are key residues of the
channel that conform this interaction (11; 14). For the channel

Table 2. Energies generated in the docked complex.

ENERGY 1BEI 2K9E 1ROO 1BGK
Glob -49.16 -60.33 -35.61 —-46.88
avdw -29.11 -32.70 -29.28 -36.12
rvVdw 7.64 13.45 17.23 20.65
ACE —2.76 -6.26 -0.82 —-0.58

Abbreviations: Glob, global binding energy; avVdW, attraction Van der Walls
energy; rVdW, repulsive Van der Walls energy; ACE, atomic contact energy.

Kv1.3, the interacting residues are Tyr343, Gly344, Tyrl51,
Gly56, Asp345, Asp153, and Asp57 (Fig. 1). In addition, we
found that Kv1.3 channel had a unique histidine ring (3 let
code HIS) located at the exterior entrance of the ion flux con-
duction, as previously reported.’®?3 This ring is composed of
His59, His155, His251, and His347 (Fig. 2), and may play an
essential role promoting the interaction between 1BEI, 1ROO,
2K93, and 1BGK with the Kv1.3 channel. It is thought that
the histidine ring has a major responsibility at the interaction
with the neurotoxins, as it increases the affinity for the Kv1.3
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Figure 1. Representation of the Kv1.3 channel with the key residues identified as balls and sticks visualized with MOE2009.10. Tyr343, Gly344, Tyr151,
Gly56, Asp345, Asp153, and Asp57 with the histidine ring conform the key residues of the receptor that interact with neurotoxins.
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Figure 2. Representation of the histidine ring at the entrance of the Kv1.3 channel visualized with MOE2009.10. The histidine ring is composed of His59,
His155, His251, and His347, and is unique to Kv1.3 channel. The affinity that the neurotoxins presented to this ring suggests that the selectivity to the

channel might be caused by this ring.

channel, 0

possibly because of its ability to form hydrogen
bonds, ionic potential, flexibility, and polarity.

Some residues revealed a possible blockade of both ion
flux through the channel and the selectivity filter. The results
shown in Table 1 demonstrated that Lys played a fundamen-
tal role in the interaction with the Kv1.3 channel.’® This is
probably because of its (i) flexible side chain that enters into
the channel pore, thus probably blocking ion flux (Fig. 3),
and (i) hydrogen bonding potential with Tyr343 and
His251 that enabled a stable bonding. Previous studies have
shown that Lys is highly conserved among the neurotoxins
2K9E, 1ROO and 1BGK (Table 1), particularly at positions
7,22 and 25.61023:32736 Other important residues in the inter-
action are GInl6, GIn24, and Met21. These residues are
highly flexible and potential H-bond donors*; this charac-
teristic, along with the presence of a long aliphatic chain that
goes into the channel pore (Fig. 3), enabled the interaction
with the channel, as does the Lys (Table 1).

'The residues Phe (6, 15, and 27), Tyr26, and Tyr23 inter-
acted with the receptor through His155, Aspl53, Ser34, and
Asp57 residues (Table 1). Interestingly, these residues presented
moderate flexibility on Phe and Tyr residues from neurotoxins;
in contrast, Lys did not present this property, though it enabled
the interaction with the Kv1.3 channel. Also a Van der Waals-
type interaction between Phe6/Aspl53, Tyr23/Asp57, Tyr23/
Gly56, Phe27/His155, Phe6/His252, Phe27/Ser34, and Thr6/
Ser34 was observed. On the other hand, Tyr26 established
hydrogen bonds with the O of Asp153, thus creating some

stability in the complex, and likewise SerlQ established an
interaction with the O of Asp345 forming a hydrogen bond
(Table 1). Recently, Tyr at the positions 20—23 was reported as
relevant for the generation of the complex NT/Kv1.3.6:23:33:35.3¢
In addition, it was observed that TYR at the position 26 gener-
ated a non-bonding interaction with Asp153.

Structural alignment. According to our results, there were
conserved positions of the residues among 21 till 27 at the inter-
action area of the neurotoxin. It is possible to find a functional
patter located in this region, but there is no information about
the importance of preserving the physical—chemical properties
of the neurotoxins to maintain the interaction. Previous studies
performed on mutations at Lys22 and Met21 residues, replaced
by Dpn22 and Nle21, respectively,!® did not reveal whether it
is necessary to maintain the physical—chemical properties to
maintain its biological effect at the system. Based on this obser-
vation, a structural alignment was further performed in the
present study. In this context, the RMSD value was selected
as a quantitative indicator of structure variability for alternative
conformation within the same molecule. The visual analysis of
multiple structural alignments allowed us to identify that 1BEI,
1BGK, 1ROO, and 2K9E residues had structural similarities
(RMSD = 2.380 A; Figure 4).

As the neurotoxins 1BEI, 1BGK, 1ROO, and 2K9E
were structurally similar, they were grouped into two clusters
based on pairwise main-chain RMSD (Fig. 4). Structures in
the first cluster represented two-thirds of the sample with an

RMSD of 1.88 A. The second group had an RMSD of 2.93 A
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Figure 3. 3D-surface representation, visualized by PYMOL v0.98, of the results of the molecular docking between neurotoxins studied and the Kv1.3
channel, which shows the channel pore blocked by four neurotoxins. (A) 1BEI (green) presets Arg11, GIn16, and Tyr2 blocking the channel pore.

(B) 1BGK (yellow) shows a GIn24 at the entrance of the pore and the long aliphatic chain of Lys25 blocking ion flux as well. (C) 1ROO (blue) shows Met21
and Lys22. (D) 2K9E (violet) reveals a Lys22 and a GIn16 blocking as well as that the pore inhibits the correct function and proliferation of the T-cell.

from the first cluster center. A structural comparison between
structures of the clusters is shown in Figure 4. Although it
is difficult to distinguish clusters because of experimental
restraints, we observed that the lowest energy structures, as
evaluated by the MOE scoring function, all of them belonged
to cluster 1. 1BEI and 1ROO were neurotoxins within the
cluster 1, in which a major similarity was observed between
them. This is somehow possible because 1BEI is derived from
1ROO, where 1BEI had a replacement of Lys22 for DAP22,3
and RMSD analysis showed that the replacement did not alter
both the form and function of the neurotoxins.

The structural alignment of the docked neurotoxins with
the Kv1.3 channel assessed here is the first study to assess the
interaction of neurotoxins with channel pore. The unexpected
result showed a similar geometry, as shown in Figure 5, as
this parameter is thought to be involved in the recognition of
neurotoxins by the channel.”! Our results suggested that neu-
rotoxins occupy the channel pore with their aliphatic chains,
thus blocking K ion flux through the channel (Fig. 5). The
physical—chemical properties and the motive among the
positions 21-27 are both important for the establishment
of the complex (N'T/Kv1.3) and, as a consequence, the gen-
eration of a biological response. The neurotoxins as other
biological molecules contain patterns that have been pre-
served through evolution because they are important to the
structure or function of the molecule. In the protein primary

sequence where they consist of single conserved amino acid
residues separated by long, variable regions, these conserved
residues may come together to form a functional group when
the protein is folded into its three-dimensional (3D) struc-
ture.> On the other hand, patterns of conserved sequences
can often highlight elements that are responsible for struc-
tural similarity between proteins and can be used to predict
the 3D structure of a protein.

Based on our findings, we considered that the pattern or
key motive, which is essential for the interaction with the Kv1.3
channel, represented by the regular expression: X(5)-[FT]-
[KI]-X(3)-R-X(4)-Q-X(4)-M-K-Y-Q-K~[SY]-F,*4
where X signifies any amino acid, and X(4) is equivalent to
X-X-X=X. The square brackets indicate an alternative; thus,
[SY] give an indication of the probability of S or Y occur-
ring in this position. It is important to note that a sequence of
elements of the pattern notation matches a sequence of amino
acids only if the latter sequence can be partitioned into subse-
quences in such a way that each pattern element matches the
corresponding subsequence in turn.

Pattern discovery has become an important area of Bioin-
formatics. The techniques for pattern discovery use exhaustive
search and can be used to detect possible sites of interest and
assign putative structure or function to proteins. Thus, they can
be used to guide biological experiments, decreasing the time
and money spent in discovering new biological knowledge.>*
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Figure 4. Structural alignment of the neurotoxins performed with MOE2009.10. (a) Representation of the backbones in 3D (1) 1BEI, (2) 1BGK, (3) 1ROO,
and (4) 2K9E showed a structural similarity. The relation between the align structures showed a satisfactory RMSD of 2.380 A.

Figure 5. Representation of the structural alignment of the neurotoxins docked with the Kv1.3 channel performed with MOE 2009.10. (A) Representation
of the aligned neurotoxins at the interaction with the Kv1.3 channel. The long aliphatic chain from the residues of the neurotoxins inserts into the ion
selectivity filter of the channel with the residues Arg11, Lys22, Tyr23, and Lys25. (B) Structural alignment performed with MOE 2009.10 beginning from
the current 3D position of 1BEI (green), 2K9E (violet), 1ROO (blue), and 1BGK (yellow). The similar geometry of the neurotoxins suggests a fundamental
characteristic to block the ion flux through the channel.

Conclusions relationships among sequences. Research on protein
Discovering sequence motifs or repeated patterns is of greater sequences revealed that specific sequence motifs in biological
biological importance because its identification can lead to sequences exhibit important characteristics acting as catalytic
determination of function and to elucidation of evolutionary sites or regions involved in binding a molecule. Identification
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of sequence motifs using experimental methods is not pos-
sible, because many times sequences do not share a global
sequence similarity. In addition, there is an exponential rise
in the volume of sequences in databases. In this paper, we
focus on motifs in neurotoxins of B. granulifera and S. helian-
thus, which are topologically similar but have diverse primary
sequences. We presented the common patterns in sequences
that may block ion flux through the Kv1.3 channel. The struc-
tural similarity between the neurotoxins is a property that
enables effective blockade of the channel, so our findings
validated the significance of the histidine ring as a residue
implicated in the interactions of the channel with neurotoxins
1ROO, BGK, 2 K9E, and 1BEI. 'The novelty presented here
relies on the pattern of interaction expressed as X(5)-[FT]-
[KI]-X(3)-R-X(4)-Q=X(4)-M-K-Y-Q-K-[SY]-F that may
serve as an input to generate a stable bonding between the
Kv1.3 channel and neurotoxins. The findings presented in
this paper could serve as evidence of structural and functional
conservation.
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