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Introduction

Small-conductance calcium-activated potassium (SK) channels are potassium channels that open in response to an intracellular calcium increase and
are voltage-insensitive. Three subtypes are expressed in humans, namely SK1, SK2, and SK3. These channels contribute to medium-duration membrane ” TR
afterhyperpolarization of the neuronal membrane and the repolarization of the action potential in atrial cardiomyocytes®. Blocking these channels
could be beneficial in treating various pathologies, such as depression and atrial fibrillation?3. A classical blocker of these channels is apamin, a
peptidic toxin from bee venom, which is known to interact in the pore region* with limited selectivity for SK2 versus SK3 subtypes. Selective SK3
blockers are missing and this point remains a big challenge in medicinal chemistry.

From Girault, A. et al, Curr Med Chem 2012, 719 (5),
697-713

Background Aim of the work

In this study, we want to determine the affinity for SK2 and SK3 channel subtypes of mutated apamins in two
regions potentially important for the interaction with the channels. Regarding the lysine residue in position 4, we
speculated that such residue with a protonated side chain may interact in the S3-S4 loop (see Figure C) where a
triad of residues was shown to be important’. Five mutations were designed by introducing in replacement of the
lysine an arginine, a citrulline, a diaminopropanoic acid, a diaminobutanoic acid and an aminoheptanoic acid. The
corresponding side chains possess different physicochemical characters (Figure D). Regarding both arginines in 13
and 14 (RXCQ box) the residues were replaced either by two lysines or two ornithines, reducing the basicity and

Different peptides from scorpion and bee venoms interact with SK channels in the outer pore region. The
sequences of these peptides contain some similar elements (Figure A). In this figure, the presence of a short
sequence called RXCQ box (in yellow) is a common element. Both arginines (RR) are the main element of the
current pharmacophore>®.

Otherwise, by superimposition of the 3D structures (Figure B), it appears that a lysine (in green) in the four
peptides is in a similar spatial region.

Figure A : Peptide sequences the length of the side chain.
Leiurotoxin 1 AFCNLRMCQLSCRSLGLLGKCIGDKCECVKH 31
POS TVCNLRRCQLSCRSLGLLGKCIGVKCECVKH 31 . . . . . . . . . 4. .
Tamapin AFCNLRRCHLSCRSLGLLGKC IGEECKCVPY 31 Figure C: Representation of a triad of residues in the S3-S4  Figure D: Physicochemical characteristics of the side
spamin CHCRAEE TALCINERSROH, 28 zone of SK channels where the Lys4 residue of apamin chain of residues used to replace Lys4
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Figure E: Membrane preparation from transiently transfected HEK293 cells

Table 1: Affinity of mutated apamins in position 4 for SK2 and SK3 channels transiently expressed in HEK293
cells (K;in nM ; mean £ SD of 3 experiments)

Compounds o-aminoacid in 4
: : - 'tl)'arget purification
S Propernions! [N cenigatns Apamin Lysine 0.01 £0.001 0.012 £ 0.004
4 :t{,
¥ = || APA4R Arginine 0.002 £ 0.001 0.005 £ 0.001
\Y APAACit Citrulline 0.007 £ 0.004 0.022 + 0.005
APA4Dab 2,4-Diaminobutanoic acid 0.013 £ 0.009 0.009 £ 0.007
Figure F: In vitro binding competition assay
APA4Dap 2,3-Diaminopropanoic acid 0.023 + 0.010 0.013 + 0.004
S . APA4Pent 2-Aminoheptanoic acid 0.043 + 0.024 0.039 + 0.011
Jp— v;: 4
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*ﬁ J22Y - _ & ) Table 2: Affinity of mutated apamins in the RXCQ box for SK2 and SK3 channels transiently expressed in
- &= e oo lcompetton 00 HEK293 cells (K. in nM ; mean * SD of 3 experiments)
Compounds o-aminoacid in 13-14 hSK2

SK channel subtypes are transiently overexpressed in HEK293 cells. Membrane extracts are prepared

from these cells (Figure E). Affinities for SK2 or SK3 channels were assessed via an in vitro 125l-apamin Apamin Arginine 0.01 £ 0.001 0.012 £ 0.004
binding competition assay (Figure F). Screening at 10 and 10™® M permits to identify active
compounds. Then after, complete competition curves (8 concentrations, n = 3) give affinity. Non- APA1314KK Lysine 0.266 + 0.036 3690 + 0.250

specific binding was determined with apamin. Radioactivity was measured by liquid scintillation
(Ecolite Plus,TriCarb 2910).

APA13140rnOrn Ornithine 12.025+0.77 244.45 + 19.8
Discussion and perspectives
The replacement of the Lys4 residue by an arginine (Lys4Arg) gives a peptide with a slightly higher affinity for SK2 and SK3 Figure Ga-b: Interaction of apamin (in cyan) in the pore region of SK2
channel subtypes. The presence of the citrulline (Lys4Cit) and the 2,4-diaminobutanoic acid residue (Lys4Dab) does not change channel (on the left, lateral view; on the right, top view).

affinities much. The other mutations (Lys4Dap, Lys4Hept) reduce the affinities mainly for SK2 subtype. Globally, the impact of

the modification in this position is limited and coherent with the recently published structures of the SK2 channel in complex

with apamin. 810

This structure revealed that Argl3 and Argl4 are involved in m-cation interactions with the conserved Phe at the tip pf the S3- Subunit B
S4 loop of SK channels (Figure Ga-b). The reduced affinities of APA1314KK can therefore be explained by the reduced strength

expected for m-cation interations that involves lysines instead of arginines. For APA13140rnOrn, it appears that the reduced
SubunitAﬁ

side chain length induces geometrical constrains which further reduce the strength of these two m-cation interactions.

In addition, this study confirms previous data and shows that selectivity for a subtype is not in favour of the SK3 subtype.

These developments should help to go further in the knowledge of the interactions between ligands and channels and
hopefully to solve the question of the SK2/SK3 selectivity. The development of a SK3 selective ligand (and blocker) remains a
challenge in our research program.

Subunit C
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