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Abstract

The potassium channel Kv1.3 is an important pharmacological target and the
Kaliotoxin-type toxins (a-KTX-3 family) are its specific blockers. Here, we study the
binding process of two kinds of Kaliotoxin-type toxins:BmKTX and its mutant
(BmKTX-D33H) toward to Kv1.3 channel using MD simulation and umbrella
sampling simulation, respectively. The calculated binding free energies are -27
kcal/mol and -34 kcal/mol for BmKTX and BmKTX-D33H, respectively, which are
consistent with experimental results. The further analysis indicate that the
characteristic of electrostatic potential of the a-KTX-3 have important effect on their
binding modes with Kv1.3 channel; the residue 33 in BmKTX and BmKTX-D33H
plays a key role in determine their binding orientations toward to Kv1.3 channel;
when residue 33( or 34) has negative electrostatic potential, the anti-parallel B-sheet
domain of a-KTX-3 toxin peptide will keep away from the filter region of Kv1.3
channel, as BmKTX; when residue 33(or 34) has positive electrostatic potential, the
anti-parallel B-sheet domain of a-KTX-3 toxin peptide will interact with the filter
region of Kv1.3 channel, as BmKTX-D33H. Above all, electrostatic potential
differences on toxin surfaces and correlations motions within the toxins will
determine the toxin-potassium channel interaction model. In addition, the hydrogen

bond interaction is the pivotal factor for the Kvl.3- Kaliotoxin association.



Understanding the binding mechanism of toxin—potassium channel will facilitate the
rational development of new toxin analogue.
Keyword: MD simulation, umbrella sampling simulation, Kv1.3 channel, a-KTX-3

toxin, BmKTX, BmKTX-D33H, electrostatic potential, hydrogen bond.



1.Introduction

Effector memory T-cell (Tem) is assumed to play a crucial role in the
pathogenesis autoimmune disease, such as multiple sclerosis, type 1 diabetes,
rheumatoid arthritis, psoriasis and chronic graft-versus host disease! . It has been
proved that activated Tem will increase Kv1.3 expression and the protein will be the
dominant channel in Tem?. The Kv1.3 channel as a member of voltage-dependent K+
channel family plays a critical role in effector memory T-cell, so it always is an
important drug target® Kv1.3 blockers potently inhibit calcium signaling,
proliferation and cytokine secretion in autoreactive Tewm cells* .

There are evidences for scorpion toxin efficiently treat on different animal
models of autoimmune diseases, such as ShK-Dap22°, PAP-1°, BmKTX-D33H’,
MgTX?®. Scorpion toxins have been classified with several structurally distinct
families of peptidyl modulators of ion channels’. The 0-KTX family classified from
scorpion toxins that comprises short-chain (37-39 amino acids) with three disulfide
bridges and can block potassium channel. Kaliotoxin-type subfamily 3 (a-KTX-3)
which belong to o-KTX family, comprises one a-helix domain and two anti-parallel
B-sheets and have been identified as potent blockers of Kv1.3!%12 Especially, the
0-KTX-3 toxins have potent and selectively inhibition toward to the Kv1.3 channels’.
The basic residues are rich in the a-KTX-3 toxins so that they can form favorable
electrostatic interactions with the outer vestibule of Kv1.3 which contains several

rings of acidic residues. In previous research, the predicted model of a-KTX-3 toxin -



Kv1.3 channel indicates that the toxin usually used its anti-parallel B-sheet domain to
interact with the outer vestibule of Kv1.3 and one conserved Lys26(27) act as a
channel pore-blocking residue inserting into the selectivity filter of Kv1.3'3!7 | Note
that, aligning the sequences of a-KTX-3 subfamily, it often appears that one residue
located at same position have two different serial numbers: like Lys26 of
BmKTX-D33H and Lys27 of KTX (shown in the Figure 1) and the model has been
widely  accepted. For example, ChTX(a-KTx-1.1), OSKI1(a-KTx-3.7),
AgTX(a-KTx-3.2), KTX(a-KTx-3.1), all adopt the mentioned above interaction mode
with the potassium channels. But a new binding mode of native toxin
BmKTX(a-KTX-3.6) toward to Kv1.3 channel has been reported that BmKTX use its
turn motif locating between the a-helice domain and the B-sheet domain to block the
selectivity filter of Kv1.3'® . The researchers found Asp33 influence the channel
blocking ability of conserved Lys26 in BmKTX using mutation experiments. When
BmKTX-D33H mutants to BmKTX-D33H/K26N, the ICso value increased over
698-fold; when BmKTX mutants to BmKTX-K26N, the ICso value only increased
over 60-fold. In this paper, we confirmed that there is stronger positive correlation
motion between residue33 and the conserved Lys26 in BmKTX and BmKTX-D33H,
and electrostatic potential differences on residue 33 of toxin will determine the
interactions of the conserved Lys26 with Kv1.3 channel. And also, the researchers
probed the novel interacting surface of BmKTX toward Kvl.3 channel using

alanine-scanning mutagenesis method and build a binding model using the ZDOCK



program'®. However, the atomic detail and mechanism how the acidic residues affect
the toxin—potassium channel binding model are not clear enough.
In recent years, molecular simulations of toxin peptides with ion channels have

20-25 " Here, we built two

attract people to understand their mechanism of action
accurate binding models which are BmKTX and BmKTX-D33H binding with Kv1.3
channel and the umbrella sampling method was used to study the toxin—potassium
channel binding process. Our results indicated that the acidic residue Asp33 of
BmKTX not only produce a strong negative electrostatic potential in toxin’s surface
but also have a strong positive correlation motion with Lys26. For other members of
a-KTX-3 toxin subfamily, we also found that there is a strong positive correlation
motion between the residue 33(34) and the conserved Lys26(27) that means that
residue 33(34) of the a-KTX-3 toxin subfamily is the key residue which can influence
the toxin—potassium channel binding. Different toxin—potassium channel binding
modes often means a variety of drug effects. Our study provides an exact explanation

for the important functional role of toxin acidic residues in forming diverse toxin—

potassium channel binding modes.



2.Method

2.1 Homology model and molecular docking.

Amino acid sequence of Kv1.3 channel was downloaded from the SWISS-PROT
database (P22001) and the Swiss-Model?® was used to homology modeling. The
Kv1.2(PDB ID: 2A79) which have 93% sequence identity was used as the template to
build the homology model of Kv1.3?’. The BmKTX was obtained from RCSB (PDB
ID:1BKT) and the BmKTX as template to build the BmKTX-D33H model. The
HADDOCK server®® was used to generate toxin—potassium channel binding modes.

2.2 Molecular dynamics.

All MD simulations are performed using GROMACS-4.6.7% . The GROMOS96
53a6 force field*® and TIP3P water model®'are used to describe the interatomic
interactions. The Kv1.3 channel was embedded in a POPC bilayer®? . The number of
POPC molecular is 512. A rectangular simulation box, which is under periodic
boundary conditions, was filled in a toxin-kv1.3 with POPC bilayer, TIP3P water and
0.15M NaCl. The size of the box is 13nmx13nmx14nm.The temperature is kept at
average 300 K by using the Nose-Hoover method*. The pressure is kept at average 1
atm by using the Parrinello-Rahman method**.

2.3 Umbrella sampling.

In this study, the steered molecular dynamics method and the WHAM tool is
used to calculate the PMF*. When the two binding models are embedded in the

POPC bilayer and the TIP3P water and 0.15M NaCl were added, the systems prepared



finally. Before umbrella sampling simulation, a 20ns MD simulation was carried out
for equilibrium the system. The pull style was chosen as “umbrella”, which means
that center of mass pulling using an umbrella potential between the reference group
and the pull group. The pulling geometry of pull code was chosen as “simple”, which
is used to pull along the vector connecting the two groups. The Kv1.3 channel was
chosen as reference group and toxin is chosen as pull group. The Z dimension, which
provides a binding pathway between the Kv1.3 channel and the toxins, was chosen as
the reaction coordinate and note that the COM of the channel backbone is at z =0 A.

A harmonic force constant of 2000 KJ-mol ! nm™

was applied at the center of mass
along the Z dimension. At the process of pulling, the pulling rate was set to 0.005
nm-ps”'. When simulate each umbrella sample window, the pulling rate was set to
zero which means the harmonic force only maintain the relative position of toxin and
Kv1.3 channel. Along the reaction coordinate, windows are separated at 0.5 A. Each
umbrella window was simulated for 10 ns to ensure good convergence.
3.Results and discussion

3.1 Toxin structures and docking structures.

We listed five amino acid sequences of a-KTX-3 toxins and their 3-D structures
in Figure 1. BmKTX(PDB ID: 1BKT),0SK1(PDB ID:2CK4),AgTX2(PDB ID:
IAGT),KTX(PDB ID: 2UVS).For a-KTX-3 family , they all most have similar

secondary structure, especially , one a-helix formed by L(I)-K-P-C-K-D-A and a pair

conserved anti-parallel B-sheets which formed by G-K-C and C-H(D)-C. The



conserved residue Lys26 and the residue His33(or Asp33) locates at the couple of
anti-parallel B-sheets, respectively, and their main chain maintains the stability of the
couple of anti-parallel B-sheets by forming two stable hydrogen bonds. Aligning with
the amino acid sequence, BmKTX and BmKTX-D33H only has one different No.33
residue: the Asp33 in BmKTX and His33 in BmKTX-D33H, respectively, but the two
peptides have two different binding abilities toward to Kv1.3 channel. So, we studied
the binding mechanisms of BmKTX-Kv1.3 and [BmKTX-D33H]-Kv1.3 using MD
simulation.

To assess the structural stability of the two bind models, we analyzed the time
evolution of the root-mean square deviation (RMSD) of CA atoms with respect to the
initial structure of BmKTX-Kv1.3 and [BmKTX-D33H]-Kv1.3 in the simulations. In
the Figure 2, the plots of RMSD became smooth in 20ns simulations and the values
of RMSD around a value of 2-2.5 A after an initial ramping equilibrates, indicating
the initial structures had changed a lot after 20ns simulations. Aimed to observe the
conformational transformation, we extracted the trajectory information per 50ps and
compared the final simulated structures to the initial structures in the Figure 3. The
tower loop domains of Kv1.3 are very flexible and the transmembrane helix region of
Kv1.3 are very stable in the simulations. The toxins’ final simulated position change
greatly comparing with the initial position and the toxins get closer to Kv1.3 channel
with the simulated time increasing, and the secondary structures of BmKTX and

BmKTX-D33H both are stable during the process. Overall, the Kv1.3 channel shows



strong attraction for BmKTX and BmKTX-D33H and formed two different binding
modes with the two peptides.

The two final simulated binding models refined by 20ns MD are shown in
Figure 4. BmKTX and BmKTX-D33H shown respectively two different binding
models toward to Kv1.3 channel and their interaction surfaces vary greatly. From the
top view, the orientations of BmKTX and BmKTX-D33H vary greatly too. Especially,
the anti-parallel B-sheet domain of BmKTX was close to the tower loop region of
Kv1.3 channel and the anti-parallel B-sheet domain of BmKTX-D33H was close to
the filter region of Kv1.3 channel. The residue Asp33 in BmKTX and His33 in
BmKTX-D33H were also marked in Figure 3, which located at one of anti-parallel
B-sheets and form the hydrogen bond with the conserved Lys26. The two bind models
have a same characteristic that conserved basic residues formed hydrogen bonds with
Kv1.3 channel which anchor the toxin peptides to the Kv1.3 channel. For BmKTX,
the sidechain of conserved Arg23 inserts into the filter region of Kv1.3 channel and
forms hydrogen bonds with the oxygen atom of the
G446:A,G466:D,Y447:A ,Y447:C ; the sidechain of Lys26 contacts with the outer
vestibule region of Kv1.3 channel and forms hydrogen bonds with the main-chain
oxygen atom of E420:B,H451:B. For BmKTX-D33H, the sidechain of Arg23
interacts with the outer vestibule region of Kv1.3 channel and forms hydrogen bonds
with main-chain oxygen atom of S423:B, P424:B ; the sidechain of Lys26 inserts into

the filter region of Kv1.3 channel and forms hydrogen bonds with mainchain oxygen



atom of Y477:A,Y477:B,Y477:C. Detailed interactions were listed in Table 1 and
Table 2, and we measured the interaction distance between related atoms. The most of
interactions are hydrogen bond interactions between toxin peptides and Kv1.3 channel,
except for Pro24 of BmKTX (or BmKTX-D33H) contacts with Kv1.3 channel using
hydrophobic interaction.

3.2 Umbrella sampling simulations

Umbrella sampling simulation is a common method of calculating binding free
energy (Gp)for toxin-channel complexes®* 363 In order to determine the reliability of
the docking model, the PMF profiles of the two binding models are calculated. The
binding free energy can be calculated by integrating the PMF, W(z), along the z-axis:

K,

z2
eq = nsz el=W@/kBT] 4,
z1

Gp = —kpTIn(K.qCo)

Where nR? is the average cross-sectional area of the binding pocket, zI and z2
are the initial and final points in the PMF, respectively. Co is the standard
concentration of 1 M. The R values has been calculated, which are 0.5 A of
BmKTX-Kv1.3 binding model and 0.62 A of BmKTX-D33H-Kv1.3 binding model
respectively.

According to the data from the profiles of PMF, we calculated the Gy of the
BmKTX-Kv1.3 model and the BmKTX-D33H-Kv1.3 model. The Gy and Gp2 are

used to represent standard binding free energy of BmKXT-Kv1.3 and



[BmKTX-D33H]-Kv1.3. The values of Goi and Gy, are -27 kcal'mol! and
-34kcal-mol!, respectively, which are consistent with experimental results's. It
means that BmKTX-D33H has stronger binding than that of BmKTX. Umbrella
sampling simulations also provide a wealth of data of the binding process, which can
be used to gain further insight into the binding mechanism?°.

Based on above simulation results, hydrogen bond interactions are the main
forces to maintain the association of toxin peptides and channels. In this case, we
regard hydrogen bonds as anchor points for binding process when toxin peptides
binding to Kv.1.3 channel. To describe the binding mechanism, we calculated the
average N—O distance between the donors and the acceptors using the data from
umbrella sample windows. When the N-O distance exceeds 5 A, hydrogen bond is
hardly existed. In the Figure 5-a and 5-b, at the 32 A of reaction coordinate, the PMF
profile of BmKTX-Kv1l.3 became smooth and the anchor(R23-Y447:A) was
destroyed. In the Figure 5-c and 5-d, at the 36 A of reaction coordinate, the PMF
profile of [BmKTX-D33H]-Kv1.3 became smooth and the anchor(R23-P424:B) was
destroyed. Above all, along reaction coordinate, toxin peptides and Kv.13 channel
were in three states: the bound state, partially bound state and unbound state. For
BmKTX, at 25 A of reaction coordinate, BmKTX-Kv1.3 was in the bound state; from
25 A to 32 A of reaction coordinate, BmKTX-Kv1.3 was in the partially bound state;

beyond 32 A of reaction coordinate, BmKTX-Kv1.3 was in the unbound state. For

BmKTX-D33H, at 26 A of reaction coordinate, [BmKTX-D33H]-Kv1.3 was in the



bound state; from 26 A to 36 A of reaction coordinate, [BmKTX-D33H]-Kv1.3 was
in the partially bound state; beyond 36 A of reaction coordinate,
[BmKTX-D33H]-Kv1.3 was in the unbound state. From the unbound state to the fully
bound state, toxin peptide would constantly adjust its orientation until make a stable
bound state with Kv1.3 channel. On the binding process, the different No.33 residue
of a-KTX-3 toxins do not interact with the Kv1.3 channel, but it determined the final
binding model of toxin-Kv1.3 channel. For BmKTX, the conserved Lys26 keep away
from the filter region of Kv1.3 channel and the sidechain of Arg23 finally block the
filter region of Kv1.3 channel and; for BmKTX-D33H, Arg23 interact with the tower
region of Kv1.3 channel and the sidechain of Lys26 in BmKTX-D33H finally block
the filter region of Kv1.3 channel Arg23 close to the filter region of Kv1.3 channel. In
addition, the [BmKTX-D33H]-Kv1.3 docking model have stronger binding affinity
than that of BmKTX-Kv1.3 docking model according to the PMF profiles. From the
above data, we verified that the two different binding models are trusted and obtained
the atomic details of the two different binding process using umbrella sample
simulation.

3.3 Electrostatic potential and cross-correlation

The APBS 1.5%° was used to map the electrostatic potential of the toxins and the
Kv1.3 channel . The negative charge is rich in the filter region of Kv1.3 channel,
because it is formed by amino acid residues T-V-G-Y-G-D and their oxygen atoms

were exposed to the outside (shown in Figure 6). Therefore, the filter region of Kv1.3



will attract the object with positive charge and repulse the object with negative charge.
And that, BmKTX and BmKTX-D33H have a different charged residue in No.33 of
amino acid sequence and produce an obvious difference of electrostatic potential
around the molecular surface (shown in Figure 7). For BmKTX, the region around
the Asp33 will be repulsed by the filter region of Kv1.3 channel. For BmKTX-D33H,
His33 improved the positive electrostatic potential; therefore, the region around the
His33 will easily reach the filter region of Kv1.3 channel. It is noteworthy that the
Asp33 of BmKTX (or His33 of BmKYX-D33H) and conserved Lys26 formed two
stable hydrogen bonds on the backbone, that means conserved Lys26 must be
influenced by No.33 residue in the two toxins.
In the a-KTX-3 family, the residue 26(27) and residue 33(34) severally locates at
a pair of anti-parallel B-sheets and formed two stable hydrogen bonds on the
backbone. Here, we ran 100ns simulations for a-KTX-3 toxins sampled as BmKTX,
BmKTX-D33, KTX and AgTX2 to examine the motion correlation of residues. We
analyzed these trajectories by Bio3D*' R package. The residue cross correlations are
showed in the Figure 8 and the visualized data are showed in the Figure 9. Note that,
residue cross correlation coefficients of conserved anti-parallel [-sheet
domain(formed by G-K-C and C-H(D)-C) was listed in Table 3 .We found that
residue33(34) and the conserved Lys26(27) have positive motion correlation in the
four a-KTX-3 toxins. It means that the anti-parallel B-sheet domain is stable and will

motion consistently. Especially, for BmKTX, the anti-parallel -sheet domains will



keep away from the filter region of Kv1.3 channel, because the region around the
Asp33 will be repulsed by the filter region of Kv1.3 channel. However, for
BmKTX-D33H(or KTX,AgTX2), the anti-parallel B-sheet domains will be attracted
to the filter region of Kv1.3 channel and the sidechain of conserved Lys27 will block
the filter region of Kv1.3 channel. Therefore, BmKTX has a different binding model
toward to Kvl1.3 channel comparing with the other o-KTX-3 toxins. These
observations provide insights into the mechanisms of acidic residue adjusting the

toxin- potassium channel binding model.



4.Conclusion

We studied the BmKTX-Kv1.3 and [BmKTX-D33H]-Kv1.3 binding mechanism
using MD simulation and umbrella sampling simulation. Two reliable binding models
of BmKTX-Kv1l.3 and [BmKTX-D33H]-Kv1.3, and hydrogen bonds paly key
important role in the a-KTX-3 toxin-Kv1.3 channel binding process and the
characteristic of electrostatic potential of the a-KTX-3 toxins will adjust the binding
orientations toward to Kv1.3 channel. And that, the residue 33(34) is an decisive
factor for adjusting the anti-parallel B-sheet domain of o-KTX-3 toxins position
relative to Kv1.3 channel, due to the stronger positive motion correlation with
conserved Lys26(27) of a-KTX-3 toxins. As a consequence, BmKTX and
BmKTX-D33H make have different binding models toward to Kvl1.3 channel.
Diverse toxin—potassium channel binding modes often means a variety of drug effects,
BmKTX-D33H have stronger binding affinity toward to Kv1.3 channel than wild
BmKTX. The binding mechanism in the paper will facilitate the discovery of the
accurate toxin-potassium binding model and the therapeutic potential of

toxin-peptides.
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Table

Table 1. Interactions between BmKTX and Kv1.3 channel.

Residue of Residue of
Hydrogen bond(A)  Hydrophobic(A)

BmKTX Kv1.3

KI18-Nz [G449:B]-O 3.1 -
K18-N; [G449:D]-0 33 i
R23-Ni [G447:4]-0 2.9 i
R23-Niy [Y447:C]-O 3.1
R23-Niy [G447:D]-0 3.0 i
R23-Nip» [G446:C]-O 2.9 i
R23-Nip» [G446:4]-0 3.1 i
F24-Ci> [H501:B]-Cp: - 3.4
F24-C, [Y477:4]-Cp; - 3.6
K26-Ny [E420:B]-Or 33 i
K26-N; [H451:B]-O 2.9 i

128-N [G426:B]-0 3.0 i
K37-Ny [D449:4]-0 3.1 i

K37-Nz [5426:4]-0O 2.9 -




Table 2. Interactions between BmKTX-D33H and Kv1.3 channel.

Residue of Residue of
Hydrogen bond(A)  Hydrophobic(A)
BmKTX-D33H Kvl.3

H9-Ni» [D432:CJ-Op; 2.7 i
R23-Ng [S8423:B]-O 3.3 -
R23-Ni [P424:B]-O 2.8 i
R23-Nip [P424:B]-O 2.8

F24-Cp [H501:B]-Cs - 3.4
F24-C; [M500:B]-Cg - 4.2
K26-N; [Y477:4]-0 3.1 i
K26-Ny [Y477:B]-0 2.9 i
K26-N; [Y477-CJ-0 3.0 i




Table 3. The residue cross correlation coefficients for conserved anti-parallel -sheet

domain.
C32 D33 C34 C32 H33 C34
G25 | 0.21 0.40 0.39 G25 | 0.22 044 0.43
BmKTX BmKTX
K26 | 0.30 0.57 0.43 K26 | 0.21 0.52 0.37
-D33H
C27 | 0.32 0.38 0.23 C27 | 0.05 0.12 0.00
C33 H34 (35 C32 H34 (35
G26 | 0.05 021 0.05 G26 | -0.01 0.21 0.12
KTX AgTX2
K27 | 0.15 047 0.11 K27 | 0.13 0.54 0.13
C28 | 0.00 0.12 0.04 C28 | -0.01 0.17  0.04




Figure legends

Figure 1. (a) Primary structures of a-KTx-3 toxin family. Note that, on the same
No.33 residue position of a-KTx-3 toxins, Asp in BmKTX and His in BmKTX-D33H,
His34 of AgTX2(or OSK1, KTX). (b) The 3-D structures of five typical a-KTx-3
toxins are shown. The a-helix is colored by red and the B-sheet is colored by green.
The conserved anti-parallel B-sheets which formed by G-K-C and C-H(D)-C and the
backbone of residue 26(27) and residue 33(34) formed two stable hydrogen bonds.
The conserved Arg23 locate at the turn motif domain between the a-helix domain and

anti-parallel B-sheet domain.

Figure 2. Time-evolution of RMSD values respecting to the initial structure of

toxin peptide-Kv1.3 complexes.

Figure 3. The conformational changes respecting to the initial structure of toxin
peptide-Kv1.3 complexes. The initial structure of Kv1.3 channel was colored by sliver
and initial structure of toxin-peptide was colored by pink. The final simulated
structure of Kv1.3 channel was blue and the final simulated structure of toxin-peptide
was green. (a) The initial structure of BmKTX-Kv1.3 and the final simulated structure
of BmKTX-Kv1.3. (b) The conformational changes of BmKTX-Kv1.3 in 20ns MD

simulation. (¢) The initial structure of [BmKTX-D33H]-Kv1.3 and the final simulated



structure of [BmKTX-D33H]-Kv1.3. (d) the conformational changes of

[BmKTX-D33H]-Kv1.3 in 20ns MD simulation.

Figure 4. The binding models of BmKTX-Kv1.3 and [BmKTX-D33H]-Kv1.3
were refined by two 20ns simulations. The interaction surface of Kv1.3 channel was
colored by red and the residues of toxin peptides involved in interactions were colored

by blue.

Figure 5. PMF profiles and the anchor changes of toxin peptide-Kv1.3 channel.
The distance of center of mass between toxin peptides and Kv1.3 channel was made

as reaction coordinate.

Figure 6. The electrostatic potential map of the transmembrane region of Kv1.3

channel. Negative electrostatic region was red, positive electrostatic region was blue.

Figure 7. The electrostatic potential maps of toxin-peptides. Negative
electrostatic region is colored by red, positive electrostatic region is colored by blue.

(2) BmKTX. (b) BnKTX-D33H.

Figure 8. The residue cross correlation of four typical members of a-KTX-3

subfamily. The residue cross correlation coefficients are got from the 100ns



simulation’s trajectory files, using Bio3D R package. (a) BmKTX. (b)
BmKTX-D33H. (¢) KTX. (d) AgTX2. Note that, the intersection of residue 26(27)
and residue 33(34) was colored by red, it means they have a stronger positive motion

correlation.

Figure 9. The visualization of residue cross correlation of four a-KTX-3 toxins.
(a) BmKTX, (b) BmKTX-D33H, (c) KTX, (d) AgTX2. Note that, red lines signify
positive correlation between the two residues and blue lines signify negative

correlation between the two residues.
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