Investigating the structure and pharmacology of SK channels
using a dual biological and structural strategy
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* Small conductance calcium-activated potassium (SK) channels are selective for K+ ions and are gated by  *40 1) 3D modeling of SK channels by using the
Ca2+ via calmodulin molecules®. Three isoforms exist and are expressed differentially within the central -
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*  SK channels underlie the medium duration component of the afterhyperpolarization (AHP, shown on Figure 55 [Threshold é i”tiatic‘”s\ Resting state 2) Insertion of mutations in the genes Coding for SK proteins
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1) and play an important role in modulating the firing rate/pattern of different types of neurons*>. They slow stimulus ! Refractory by sited directed mutagenesis
down the return to the resting potential of the membrane and lower the frequency of the excitation peaks. AHP l
* SK channels have been shown to be involved in the development of some mental illnesses such as ° ' iime (mj ) ’
schizophrenia® and mood disorders. Figure 1. Excitation cycle of a neuron. 3) Expression of the proteins in HEK293 cells
A SK channel topology B °*  One monomer consists of 6 transmembrane domains, S1 to S6, with the N and C- l l

s terminal ends in the cytoplasm and the pore domain between the S5 and S6

AN i o helixes (Figure 2A)’.

* The pore of the channel contains a region called the selectivity filter (circled in

4) Testing the affinity for apamin for| |5) Testing the activity of

each mutant channels by using binding | | channels with in vitro patch

assay with radiolabeled *%°l-apamin clamp experiments

red on Figure 2B), essential for the regulation of the flux of K+ ions. Functional

SK channels are tetramers. e e e e e e e e oo
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*  SK channels can be blocked by a whole series of inhibitors, including apamin, a

neurotoxin found in bee venom® By studying the structure and the Analysis of the interactions between SK channels and

Figure 2. (A) General topology of SK proteins’, (B) 3D representation of the pharmacology of SK channels, we aim to develop new non-peptidic blockers blockers with molecular docking
55-56 domains with the selectivity filter in KcsA channel.

capable of acting specifically on the different subtypes of SK channels.

AlphﬂFOld Models A 5354 Loop B

Molecular Docking

- The models obtained with AlphaFold highlight a * In order to complement the patch clamp experiments shown below, molecular
particular conformation of the extracellular $354 docking experiments were carried out with UCL1684, a chemical compound known
loop (shown in red on Figure 3A) that is conserved in to block SK channels currents. Simulation results show a similar position of
the three subtypes SK1-3 but different from the loop UCL1684 when docking with the three SK channel subtypes and confirm the
in SK4 (Figure 3C). This loop contains a phenylalanine Cytoplasm importance of the phenylalanine residue for the interaction with the compound.
residue located just at the exit of the pore of the B
channel as shown in Figure 3B-C. C SK2
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apamin and potentially by some other blockers. o t" LM g‘mym
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Figure 3. (A) Cartoon representation of the model obtained for human SK3 channel with AlphaFold. (B) Top view of SK Figure 4. (A) Surface representation of hSK2 channel with UCL1684 in the binding pocket. (B) Zoom
channels highlighting the S354 loop. (C) Zoom in on the 5354 loop in SK1 (blue), SK2 (orange), SK3 (pink) and SK4 (green). in on the binding pocket highlighting interactions between UCL1684 and hSK2 proteins.

Affinity and activity tests Mutants of hSK2 and hSK3 were generated by replacing the phenylalanine (F) of interest by either an alanine (A) or a tyrosine (Y). The affinity of mutant channels for apamin was screened

through binding assays and their activity was tested with in vitro patch clamp experiments (whole-cell configuration, symmetrical K+ and 10 uM free Ca2+ in the pipette).
Binding assay in vitro Patch clamp
A Mutants |---——nodioactive activity (dpm) ____| Tetraethylammonium (TEA) | Apamin | UCL1684
Total binding! Non specific ISpecific Binding [ [
hsk2 WT 4456 | 1815 | 42745 A hSK2 WT & F243A/Y - TEA : C hSK2 WT - Apamin 30 nM D  hSK2F243A - Apamin 1pM : (G  hsk3WT-UCL1684 300 nM H hSK3 F392A - UCL1684 1uM
4154 : 217 : 3937 1.0 [ |
| |
hSK3 WT 47205 1 2985 4433 —— hSK2 WT (n=5) : 1 (nA) | (nA) : () o)
45945 | 386 | 42085 e hSK2 F243A (n5) . 2 W
I l 1 l 2
hSK2 F243A 275,5 : 305 5 —— hSK2 F243Y (n=5) I R _/ I E
321 | 230 S o5 l = | = l
5673 | 2345 = ! > 0 80 ] | s 80 I §’ ' ! —— ' T ' l
hSK2 F243Y . ’ I ] I 40 80 ] 40 80
60355 | 270 | | :
I I — Control - I _
hSK3 F392A ;jiz i 2588;5 ! A Control ! Control — Control
’ 1 0.0—mmmm i pamin n _ . .
o e T T T T T : Apamin 1 pM : UCL1684 300 nM  UCL1684 1M
hSK3 F392Y ros i p145 log [TEA] (M) : 4 :
B 300 hSK2 F243Y hSK2 WT :5,91£1,72 mM : - Apamin 30nM blocks > 75% of = No current inhibition by apamin 1uM : - UCL1684 300nM blocks > 80% - No current inhibition by
2 IC50 -4 hSK2 F243A:5,86 + 0,48 mM I current intensity at -80mV > Same observation for hSK3 F392A | of current intensity at -80mV UCL1684 1uM
% hSK2 F243Y : 6,94 + 1,46 mM : — Similar observation for hSK3 WT :
o _ 200- IL. ! |
g___g - T B hSK3 WT & F392A/Y - TEA : E hSK2 WT & F243Y - Apamin F hSK3 WT & F392Y - Apamin : | hSK2 F243Y - UCL1684 (n=2) j hSK3 WT/F392Y - UCL1684
2 .,,g 100_ t a 160622 1.0 I 1.0 1.0+ I 1.0- 1.0
= - e _ | |
5 - 23.06.22 A | hSK3 WT (n=5) : o hSKZWT(n=5) | —— hSK3 WT (n=5)
@ -¥- 23.06.22B i —— hSK3 F392A (n=5) —— hSK2 WT (n=5) —— hSK3 F392Y (n=5) I —— hSK3 F392Y (n=4)
< 0 —— hSK3 F392Y (n=5) | —=— hSK2 F243Y (n=4) |
1 1 1 I 1 I c>é | é ?é I é é
0 50 100 150 200 250 £ 051 | E 057 £ 0°7  E 057 £ 027
[251-apamin] (pM) B L B | B
| |
Figure 5. Binding assay with radiolabeled apamin. (A) Screening l l
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Screening of the mutants showed that only hSK2 PolTEAAD , ,
o . hSK3 WT: 6,94 £2,09 mM | hSK2 WT : 220,5 + 41,3 pM hSK3 WT : 377,6 + 94,7 pM | hSK3 WT : 413,6 + 97,2 pM
F243Y bound to apamin (Figure 5A). Saturation ICs0 4 hSK3 F392A : 8,42 + 1,67 mM | ICs0 ICs0 | IC50: hSK2 F243Y : 605 + 49 pM IC50
hsk3 F392Y - +237 mM I hSK2 F243Y : 247,3 + 35,8 pM hSK3 F392Y : 2033 + 245 pM [ hSK3 F392Y :495,1 £ 72,7 pM
assays with this tyrosine mutant (Figure 5B) SK3 F392Y:9,89£2,37m ! 203 +0.25 nM !
showed that it has a Kb value similar to that of Figure 6. (A-B) Concentration-inhibition curves with TEA on wild type, alanine and tyrosine mutants in hSK2 and hSK3 channels respectively. (C-D) Current signal before (black) and after (red) adding high concentration of apamin on hSK2 WT and
native SK channels ( from 3.7 to 4.7 bM for the hSK2 F243A channels. Curves are obtained by averaging 5 experiments. (E-F) Concentration-inhibition curves with apamin on wild type and tyrosine mutants in hSK2 and hSK3 channels respectively. (G-H) Current signal before (black) and after
) /P (red) adding high concentration of UCL1684 on hSK3 WT and hSK3 F392A channels. Curves are obtained by averaging 5 experiments. (I-J) Concentration-inhibition curves with UCL1684 on wild type (hSK3) and tyrosine mutants (hSK2 & hSK3).
mutant, ~5pM for native channels). All error bars correspond to SEM.
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