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ABSTRACT: Peptide-based therapy against cancer is a field of great interest for biomedical developments. Since it was shown that
SK3 channels promote cancer cell migration and metastatic development, we started using these channels as targets for the
development of antimetastatic drugs. Particularly, tamapin (a peptide found in the venom of the scorpion Mesobuthus tamulus) is the
most specific toxin against the SK2 channel currently known. Considering this fact, we designed diverse tamapin mutants based on
three different hypotheses to discover a new potent molecule to block SK3 channels. We performed in vitro studies to evaluate this
new toxin derivative inhibitor of cancer cell migration. Our results can be used to generate a new tamapin-based therapy against
cancer cells that express SK3 channels.
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A new research wave on toxin venoms from an array of
creatures could seed future pharma development.1

Scorpion venoms consist of a large number of peptides that
are found to act principally on the pore of ion channels, such as
sodium, potassium, calcium, or chloride ion channels.2 Those
active peptides are potent neurotoxins well suited for
structure−activity studies.3 Ion channels constitute a varied
class of membrane proteins with crucial roles in cellular
physiology involved in neuronal signaling, hormone secretion,
and muscle contractility and recently implicated in the
development of cancers. Potassium channels are the most
numerous and diverse ion channels in living organisms,4 and
they are one important target for scorpion toxins. Among all
families of K+ channels, there are the small conductance Ca2+-
activated K+ channels which belong to the SKCa family (also
named KCa2) that comprises three members: SK1 (KCa2.1),
SK2 (KCa2.2), and SK3 (KCa2.3). In particular, it has been
demonstrated that the SK3 channel promotes migration of
various cancer cells including breast and melanoma.5−7

Functional SK3 and not SK2 channels are overexpressed on
MDA-MB-435s, a highly metastatic cancer and invasive cancer

cell line. The modulation of SKCa ion channel can be achieved
mainly by three types of compounds including venom, small
heterocyclic compounds,8 and, a discovery of the last ten years,
amphiphilic compounds.9 Bee toxin apamin is a very specific
ion channel blocker peptide for the SKCa family.10

In 2002, Pedarzani demonstrated that tamapin, a toxin from
the Indian red scorpion Mesobuthus tamulus venom, is one of
the most specific scorpion toxins ever found against SK2
channels; the native tamapin (αKTx5.4) is a very selective
blocker for the SK2 channels with an EC50 of 24 pM and 100
times less active for the SK3 channels with an EC50 of 1.7
nM;11 see Table 1. Native tamapin is amidated in the carboxyl-
terminal. Recombinant tamapin, the not amidated r-tam,
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presents a typical cysteine stabilized α/β scaffold (CS-α/β)
that comprises an α-helix and a double strand β-sheet
connected by three disulfide bridges.12 The scyllatoxin, another
αKTx5 toxin, is a slightly better blocker than tamapin for SK3,
but not for SK2 channels; see Figure 1. In 2009,6 it was found
that inhibition of SK3 channels decreases cell migration in the
early stage of metastasis. Considering that tamapin is an
excellent blocker of SK2 channels and its great similarity
between SK2 and SK3 channels suggested us to employ the r-
tam as the leading compound to create potent blocker for SK3
channels. Since the onco SK3 channels are composed of either
heterotetrameric SK3/SK2 channels or homotetrameric SK3
channels, we propose to identify compounds acting on both
SK3 and SK2 channels.
To design this higher potency r-tam derivative blocker of

onco SK3 channels, we designed several mutants with
modifications on those positively charged and aromatic
amino acids based on three different concepts. We report
here the electrophysiological results of the best mutant with
both SK3 and SK2 channels expressed in HEK cells, and we
present the inhibition of migration produced by the most
potent blocker r-tam mutant obtained. This new peptide could
be used as a possible therapeutic compound to control
specifically cancer cell migration.

■ RESULTS AND DISCUSSION
The experimental procedure is available in the Supporting
Information.
Design, Construction, and Expression of R-tam and

Mutants. We adopted the following strategies to construct r-
tam analogs. Five residues on a β-sheet were individually
mutated to alanine and amino acids of opposite charge.
Mutations are shown in Table 2. We considered three possible
cases that could affect the current blockage: (1) C-terminal
amidation of tamapin. (2) Comparison with high similar
protein, scyllatoxin; see Figure 1. (3) Considering the

functional dyad theory on scorpion’s toxins. We performed
our study with the following mutations:
Case 1: We propose the insertion of an asparagine on the C-

terminal; this modification could emulate the amide group and
its interaction with the SK2 channel. The rationalization is if
the increment of one amino acid could affect the activity and
the Y31 could have more relevance than the P30, we decided
to delete residue P30 and insert an asparagine, forming the
mutant ΔP30InN32. In addition, we obtained the mutant
InN32, ΔP30, and the Y31H to test if these amino acids could
have some relevance.16

Case 2. Inside the family αKTx5, the scyllatoxin has slightly
greater affinity for SK3 channels than tamapin. Mutations on
tamapin in residues E25 and K27 could increase the blockage
of channel SK3. Also, Andreotti stated that residue K20 could
be important for the channel interaction.17 We obtained the
mutants K20E, E25K, and K27E and the double mutant
E25K/K27E.
Case 3. The functional dyad theory18 establishes that there

should be a positively charged residue and an aromatic amino
acid close in space at around 6.7 Å. We selected to mutate
residues 20, 25, 27, and 31 (K20A, E25A, K27A, and Y31A) to
test if one of these residues is relevant for the interaction.
According to the three cases considered above, we designed

12 r-tam mutants. The biosynthesizing procedure allows us to
obtain recombinant peptides from E. coli with functional
folding including the same cysteine connectivity for all the
mutants. All mutants with their experimental and theoretical
masses obtained by MALDI-TOF are shown in Table 2; also,
PDB and BRMB ID’s and fast electrophysiology screening are
listed.

NMR Mutant Assignments and Structure Calculation.
We characterized and observed the impact of these mutations
by NMR structure determination. There were slight differences
in the NMR spectra as a result of changing amino acids.
Despite all NMR difference data, most NOE signals were
present in all peptides. The three-dimensional structures for all
mutants were calculated in CYANA and refined using
AMBER16.19 Examples of NMR experiments and Ramachan-
dran statistics are summarized in the Supporting Information.
These structures have low target functions value calculated
with CYANA and obtained with no distance violations greater
than 0.3 Å; those structures were refined by Molecular
Dynamics using Amber. The structures of all mutants show a
typical CS-α/β motif, stabilized by the same three disulfide
bridges and with two flexible loops connecting the main
secondary elements. The NMR structures of 12 r-tam mutants
were deposited in both PDB and BRMD; see Table 2. This
NMR evidence confirms that the tertiary structures for all

Table 1. Electrophysiological Activity of αKTx5 Toxin
Family Reported against the SK2 and SK3 Channelsa

EC50 nM

Toxin SK2 SK3 % Identity Reference

Tamapin 0.024 1.7 100 11
Scyllatoxin 0.29 1.1 77 13
BmP05 3.8 74 14
Apamin 0.027 1.1 NA 15

aApamin is included as blocker reference of these channels. Identity
column is with respect to r-tam.

Figure 1. Alignment of αKTx5 scorpion toxin family and apamin. Sequence chain view of r-tam, r-tam-E25K/K27E, scyllatoxin, BmPO5, and
apamin. The mutated amino acids are highlighted in gray.
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mutants adopt the same overall structural topology. We show
the 3D NMR structure superposition of r-tam and K27A

mutant as an example that all mutants preserve the same
structural motif; see Figure 2.

In Silico Interaction of SK2/SK3 Ion Channels with R-
tam Mutants Using Molecular Dynamics Simulations.
As a simple model, we performed molecular dynamics
simulations to establish the interaction with a partial model
of the channel (S5−S6 tetramer subunits) considering the
KV1.1 as a homology model. We used molecular dynamics
calculations as a better approach than docking calculations. For
the r-tam and the analog peptides, no unfolding event was
detected in any of the systems, even for values as high as ∼9 Å
of structural deviations observed within the 1.5 μs of sampled
time mainly in the terminal regions of the peptides. The PDB
files obtained with r-tam and SK2 and SK3 channels can be
found in the Supporting Information.
Molecular dynamic interactions of r-tam with SK2 and SK3

channels are shown in Figure 3. The computational results
suggested that an interaction between the peptide mutants and
SK2 and SK3 channels is possible. Also, the complex structures
differ slightly from those reported by Andreotti.17

First Electrophysiology Screening. All mutants were
screened to estimate the electrophysiological activity on
homotetrameric SK2 and homotetrameric SK3 channels
expressed in HEK cells. Since onco SK3 channels are

Table 2. Characterization by MALDI-TOF, PDB Codes, BMRD ID, and Electrophysiology Effect of Current Inhibition of R-
tam and Mutantsa

r-tam mutant
Oxidized form, Theoretical

Mass
Experimental

Mass
PDB ID
Code

BMRB
ID Case

Effect of SK2 current
inhibition

Effect of SK3 current
inhibition

r-tam 3459.1 3459.0 2LU9 18513 ⧫⧫⧫ ⧫⧫
ΔP30 3362.0 3361.8 6D3T 30454 1 ⧫⧫ ⧫
ΔP30/In32N 3476.1 3476.1 6D8Q 30460 1 ⧫⧫ ⧫
Y31H 3433.1 3433.4 6D8Y 30465 1 ⧫⧫ ⧫
In32N 3573.2 3573.1 6D8H 30459 1 ⧫⧫ ⧫
K20E 3460.1 3460.2 6D8U 30464 2 ⧫⧫⧫ ⧫
E25K 3458.2 3457.9 6D8R 30461 2 ⧫ ⧫⧫
K27E 3460.1 3460.0 6D8S 30462 2 ⧫ ⧫⧫
E25K/K27E 3459.1 3458.9 6D8T 30463 2 ⧫⧫ ⧫⧫⧫
K20A 3402.0 3402.1 6VNZ 30719 3 ⧫⧫⧫ −
E25A 3401.1 3401.0 6D9O 30467 3 ⧫ ⧫⧫
K27A 3402.0 3402.3 6D9P 30468 3 ⧫ ⧫⧫
Y31A 3367.0 3367.0 6D93 30466 3 ⧫⧫ ⧫
aWe also include the case described to include the mutant in our study. We evaluated all mutants base on high (⧫⧫⧫, > 85%), medium (⧫⧫, 84−
40), low (⧫, < 39%), or absence activity (−) under electrophysiology activity on SK2 and SK3 channels.

Figure 2. 3D NMR structure of r-tam and K27A mutant. Alignment
of mutant (cyan, PDB entry 6D9P) and r-tam (purple, PDB entry
2LU9) from amino acids C3-V29; the K27 amino acid is shown in
sticks. K27A is the mutant with the greatest differences in HN protons
compared to r-tam. Despite the difference in chemical shifts, both
structures conserve the topology.

Figure 3. Interactions of r-tam with (A) SK2 (dark blue) and (B) SK3 (cyan) channels explored by molecular dynamics. Toxin is colored in green.
Residues which differ from channels SK2 to SK3 are colored in red. Residues mutated in this study are shown in pink. The PDB data to draw this
figure is in the Supporting Information.
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composed of homotetrameric SK3 channels or heterotetra-
meric SK3/SK2 channels, we aim to develop blockers acting
on both SK3 and SK2 channels. We sought two criteria to
choose the best mutations: (1) Increase the activity of the
compound on SK3 channels, and (2) decrease the activity of
the compound on SK2 channels leading ideally to a SK2 and
SK3 channel blocker with the same efficiency on both
channels. With this in mind, the first electrophysiological
tests were carried out at 10 nM of all the mutants on the SK2
and SK3 channels, taking r-tam at variable concentrations as a
reference and apamin as a control blocker of SK2 and SK3
channels and 100 nM concentration that totally block SK2 and
SK3 channels. The results are shown in Table 2. They indicate
the effect found on both channels. Results are reported as high,

medium, low, or no block. Modified mutants at the carboxyl
terminus, Case 1, decrease their ability to block both channels,
as does the Y31A mutant. Mutants generated from similarity to
scyllatoxin, Case 2, show mixed results. The K20E and K20A
mutant do not modify their blocking capacity on SK2 channels
significantly, but the blocking on SK3 channels decreases
greatly; this result is significant for later works which want to
understand the blocking on the SK3 channel. The E25K,
K27E, and E25K/K27E mutants decrease their activity on SK2
channels, but only the double mutant improves its activity on
SK3 channels. For the last case studied, the E25A and K27A
mutants decrease their activity on SK2 channels and maintain
their activity on SK3 channels. The only mutant in this
screening that complied with improving the blockade on the

Figure 4. Effects of r-tam E25K/K27E mutant on SK2 and SK3 currents. (A, C) SK2 and SK3 current recordings in control condition (black
trace), after application of 1 nM r-tam (green trace) or 1 nM E25K/K27E (blue trace) and 100 nM apamin (red trace) to inhibit residual SKCa
currents. Whole-cell SK2 currents in HEK293 cells expressing recombinant rat SK2 and whole-cell SK3 currents in HEK293T cells expressing
recombinant human SK3 were generated by ramp protocol from −100 to 100 mV for 500 ms from a constant holding potential of 0 mV at pCa 6.
(B, D). Currents were analyzed at 0 mV, a membrane potential where the current is only carried by SKCa channels. Lines indicate the median; each
point represents the percentage of SKCa currents sensitive to peptides (**p < 0.01, Mann−Whitney test). (E) Concentration−response curves of
SK2/SK3 currents to r-tam and E25K/K27E mutant (means ± SEM, n = 3−8, GraphPad Prism). Currents were analyzed at 0 mV.
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SK3 channels was the E25K/K27E; additionally, this mutant
decreased its activity on SK2 channels. Given these results, we
performed dose−response experiments of E25K/K27E mutant
on both SK2 and SK3 channels in order to determine its
blocking efficiency.
Efficiency of the E25K/K27E Mutant on SK2 and SK3

Channels by Patch-Clamp Experiments. We know the
possible inhibitory capacity of the E25K/K27E mutant
blocking SK2 and SK3 channels separately, which are stably
expressed in HEK293 and HEK293T cells. Based on this, we
suggest that E25K/K27E peptide would block homotetramer
as well as heterotetramer SK2/SK3 channels which are
reported in nonengineered and cancer cells. Engineered cells
only produce homotetramer channels. Besides, the hetero-
tetramer channel conformations are possible, as described in
cardiac atrial myocytes.20 Nevertheless, the molecular
composition of SK3 channels (homotetramer SK3 channel
and/or heterotetramer SK2/SK3 channel) in cancer cells is still
unknown.

Figure 4A and C shows typical whole cell currents recorded
at membrane potentials varying from −100 to +100 mV for
500 ms before and after r-tam or E25K/K27E mutant
applications. Apamin at 100 nM was applied as the toxin
reference at the end of each experiment to fully block the
residual SKCa currents. Consistent with the selectivity of r-tam
toward SK2 and SK3 channels, the amplitude of SK2 currents
was significantly more reduced than SK3 currents after an
application of 1 nM r-tam. Figure 4B shows that r-tam reduced
86% of SK2 currents and only 25% for SK3 current.
Interestingly, E25K/K27E mutant presents the same inhibition
efficacy toward SK2 (80%) as for SK3 (73%) currents at the
same concentration, suggesting that the mutations introduced
into r-tam derivative enhance its binding affinity for SK3
channels; see Figure 4D. Next, we performed a concentration−
response curve to compare the half-maximal inhibitory
concentrations (EC50) of r-tam and E25K/K27E mutant for
SK2 and SK3 currents. As shown in Figure 4E, the EC50 of r-
tam for SK2 and SK3 were estimated at 16 pM and 2.6 nM,
respectively, values closed to native tamapin.11 The concen-
tration−response curves of SK2 and SK3 for E25K/K27E
mutant are overlapped with an EC50 estimated at 0.28 nM and
0.38 nM, respectively. To conclude E25K and K27E mutations
of r-tam have led to decrease the blocking efficiency toward
SK2 channel (∼ −17-fold) and an increment of its blocking
efficiency toward SK3 channels (∼7-fold). Thus, the simplified
molecular dynamics model used gave a good electrophysio-
logical data explanation with both channel interactions and the
double mutant E25K/K27E.

Antimigration Effect on Cancer Cells That Express
Onco SK3 Channels. Onco SK3 channels (composed of
homotetrameric SK3 channels or heterotetrameric SK2/SK3
channels) were found in cancer cells to promote cell migration
and the development of metastases. In previous work, it has
been shown that silencing SK3 protein in MDA-MB-435s cells
totally abolishes SK3 channels-dependent cancer cell migration
and reduces to 60% their global migration capacity leading to a
large decrease of their ability to form bone metastases in vivo.21

We compared the potency of each peptide, at 100 nM, to
reduce the migration of MDA-MB-435s that expressed (SK3+)
or not SK3 channel (SK3−). Figure 5 shows that while r-tam
has no significant effect on SK3+ cell migration, E25K/K27E
mutant and apamin reduced to 45.9% and 48.6%, respectively,
the capacity of SK3+ to migrate. R-tam still has no significant
effect on SK3− cell migration; in these cells that did not
express the SK3 channel, the effect of apamin and E25K/K27E
was suppressed. Thus, the E25K/K27E mutant as apamin
almost totally abolished the SK3-dependent cell migration
(Table 3). Considering the high chemical stability of tamapin
mutations, the E25K/K27E mutant could be a potential drug
to decrease the metastasis process.
Our study shows that the relationship between SKCa

channels and r-tam is unique for each isoform of SKCa
channels. Establishing the residues of greater relevance for the
interaction between SKCa potassium channels and their r-tam
inhibitor mutant will help to lay the molecular bases that will
be very useful to continue developing new derivatives aimed to
specifically block SK3 and SK2 channels and thus of onco SK3
channels. For instance, mutant K20A deserves another deeper
study to demonstrate its probable specific behavior. These
results contribute to continuing designing high value metastasis
inhibitors for the generation of highly selective compounds, as
Lei-Dab7,22 and therapies.

Figure 5. Effect of E25K/K27E mutant, r-tam, and apamin on SK3-
dependent cell migration. Histograms showing the effect of 100 nM
E25K/K27E mutant, r-tam, and apamin on MDA-MB-435s migration
expressing (SK3 +) or not SK3 channel (SK3 −). The normalized cell
number corresponds to the ratio of the number of migrating cells in
the presence of peptides over the number of migrating cells in control
conditions (means ± SEM, N = 4, n = 12, *** p < 0.01, Kruskal−
Wallis and post hoc tests).

Table 3. Efficiency of R-tam and E25K/K27E Compared to
Apamin on SK3 Current and SK3-Dependent Cancer Cell
Migrationa

Peptide

% inhibition
of SK3
current

EC50
pM

total% inhibition of
cell migration
decreased on
MDA-MB-435s

% inhibition of
SK3 dependent
cell migration

r-tam 25 2600 No effect No effect
E25K/
K27E

73 380 45.9 76.5

Apamin Control* 360 48.6 81
aR-tam and E25K/K27E were used at 1 nM concentration, while
apamin was used at 100 nM as a control*. The % of SK3 inhibition
corresponds to the ratio of the amplitude of outward currents blocked
by 1 nM compounds to the amplitude of the current in the absence of
compounds. The % of SK3-dependent cell migration was determined
on MDA-MB435s cells and corresponds to the ratio of the total
number of migrating cells in the presence of compounds to the total
number of migrating cells in control experiments of SK3+ cells and
normalized to the full SK3-dependent capacity of cells to migrate
(60%).
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■ CONCLUSIONS
Tamapin toxin is a highly specific peptide for SK2 channels.
Mutations performed over r-tam preserve the CSα/β motif.
Specific punctual mutations on r-tam toxin in residues E25 and
K27, based on the activity of scyllatoxin increases by a factor of
7 the activity on the SK3 channels. At the same time, the
E25K/K27E mutant activity over the SK2 channels was
decreased by 17 times. This increased blockage of the SK3
channels and the block decrease on the SK2 channels, in
comparison with the r-tam, allow us to modulate SK3 channels
in an efficient manner by E25K/K27E. As we demonstrate that
E25K/K27E mutant almost totally blocks SK3-dependent
cancer cells, it is possible to assume that the E25K/K27E
mutant of r-tam could be used as an inhibitor of the onset of
metastasis and it is a starting point to study its pharmacology
properties to be considered as a potential drug.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00300.

Experimental section, NMR structure statistics, 1H
NMR spectra of Y31A and K20A r-tam mutants,
NOESY spectra of K25E r-tam mutant, cystein disulfide
bond connectivities of r-tamapin and E25K/K27E
mutant (PDF)
PDB data file of r-tam with SK2 channel (PDB)
PDB data file of r-tam with SK3 channel (PDB)

■ AUTHOR INFORMATION
Corresponding Author
Federico del Río-Portilla − Departamento de Quiḿica de
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