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(Background: The SK channel mechanism that controls scorpion toxin recognition remains unknown.
Results: Two conserved arginine residues in the SK3 channel outer vestibule were found to control toxin recognition.
Conclusion: SK3 channel selectively controls toxin recognition through differential electrostatic repulsion forces between the

Significance: These findings expand our understanding of the diverse channel structures and functions and unlock the phar-
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Potassium channel functions are often deciphered by using
selective and potent scorpion toxins. Among these toxins, only a
limited subset is capable of selectively blocking small conduct-
ance Ca”*-activated K* (SK) channels. The structural bases of
this selective SK channel recognition remain unclear. In this
work, we demonstrate the key role of the electric charges of two
conserved arginine residues (Arg-485 and Arg-489) from the
SK3 channel outer vestibule in the selective recognition by the
SK3-blocking BmPO05 toxin. Indeed, individually substituting
these residues with histidyl or lysyl (maintaining the positive
electric charge partially or fully), although decreasing BmP05
affinity, still preserved the toxin sensitivity profile of the SK3
channel (as evidenced by the lack of recognition by many other
types of potassium channel-sensitive charybdotoxin). In con-
trast, when Arg-485 or Arg-489 of the SK3 channel was mutated
to an acidic (Glu) or alcoholic (Ser) amino acid residue, the
channel lost its sensitivity to BmP05 and became susceptible to
the “new” blocking activity by charybdotoxin. In addition to
these SK3 channel basic residues important for sensitivity,
two acidic residues, Asp-492 and Asp-518, also located in the
SK3 channel outer vestibule, were identified as being critical
for toxin affinity. Furthermore, molecular modeling data
indicate the existence of a compact SK3 channel turret con-
formation (like a peptide screener), where the basic rings of
Arg-485 and Arg-489 are stabilized by strong ionic interac-
tions with Asp-492 and Asp-518. In conclusion, the unique
properties of Arg-485 and Arg-489 (spatial orientations and
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molecular interactions) in the SK3 channel account for its
toxin sensitivity profile.

With ~100 members, the potassium channel family serves a
variety of physiological functions and is involved in various
channelopathies (1). Based on their activation mode and num-
ber of transmembrane segments, these channels can be classi-
fied according to four main structural types: (i) inwardly recti-
fying two-transmembrane K™ channels (Kir), (ii) two-pore K™
channels with four transmembrane segments (K2P), (iii) Ca**-
activated K* channels with six or seven transmembrane seg-
ments (KCa), and (iv) voltage-gated K™ channels with six trans-
membrane segments (Kv). Scorpion toxins are widely used to
distinguish between these potassium channel types (2—4).
Crystal structures of various potassium channels have recently
been published, markedly increasing our knowledge of ion
channel pores, selectivity filters, and gates (5-7). In two crystal
structures of eukaryotic Kv1.2 and Kir2.2 channels, significant
structural differences can be observed in the extracellular pore
entryway, including turrets and filter regions, which are
responsible for channel inactivation, toxin recognition, and
interactions between channel subunits (Fig. 1). In contrast to
the Kv1.2 extracellular pore entryway structure, the large turret
and unusual TIGYGLR sequence in the filter region of Kir2.2
are responsible for its relative insensitivity to K™ channel toxins
(6, 7). In addition to these structural differences in the extracel-
lular pore entryways between eukaryotic Kv1.2 and Kir2.2
channels, other specific structural differences have been iden-
tified by using scorpion toxins as molecular probes. In the
human ERG (ether-a-go-go-related gene) channel (Fig. 1), also
referred to as Kvl11.1, unusually long turrets likely form a
decentralized “petunia” shape, which could be probed by scor-
pion toxin BeKm-1 (8). Alternative models without a petunia
shape are also proposed for the human ERG channel turret (9, 10).
The conformation of the large conductance calcium-activated
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FIGURE 1. Sequence alignment of representative K™ channels. The sequences represent the small conductance Ca®*-activated K* channels (SK3, SK2, and
SK1), the intermediate conductance Ca®*-activated K* channels (IK), the large conductance Ca®"-activated K™ channel (BK), the potassium channel from
Streptomyces lividans (KcsA), the voltage-gated potassium channel Kv1.2, the inwardly rectifying potassium channel Kir2.2, and the human ERG (hERG)
potassium channel. Residues are shaded according to their degree of conservation. Asterisks indicate residues of the SK3 channel that were changed in later

functional studies.

potassium (BK) channel turret varies from an open state con-
formation, for charybdotoxin (ChTX)? recognition, to a “hel-
met” conformation, for ChTX insensitivity, when the channel
turret associates with the auxiliary B4 subunit (Fig. 1) (11).
Overall, progress in characterizing extracellular pore entryways
has demonstrated their significant structural and functional diver-
sities. However, because of the present difficulty in solving crystal
structures of additional eukaryotic potassium channels, further
characterization of extracellular pore entryways of other potas-
sium channels with unique functions remains a challenge.

Small conductance calcium-activated K* (SK) channels are
present predominantly in the nervous system (12, 13). They are
involved in synaptic plasticity, fast glutamatergic synaptic
potentials, and hippocampal learning (14 -16). SK channels are
efficiently blocked by several scorpion toxins, including
BmPO5, scyllatoxin, and P05, but are insensitive to many others
(17, 18). Very few reports have investigated the structural fea-
tures that underlie the specific recognition of SK channels by a
restricted set of scorpion toxins. According to these studies, SK
channel blockade would occur according to an “intermediate”
mode of interaction (19) involving mainly the toxin a-helical
structure rather than its 8-sheet structure (20 —22). Two arginyl
residues found in an RRCQ motif present in both P05 and
apamin are critical for P05 interaction with its target, as
described for apamin (23). In contrast, the B-sheet structure
appears to be important for a “pore-blocking” mode as far as Kv
channel block is concerned (19, 24, 25). This distinctive mode
of operation between SK channel-blocking and Kv channel-
blocking toxins may be reconsidered taking into account the
current state of knowledge of toxin interaction and computer-
based simulation of toxin docking. Indeed, earlier studies were
conducted based on less efficient docking simulations, and evi-
dence is now increasing that the mode of toxin interaction with
potassium channels may be switchable. In addition, channel
turrets seem to play an important role in toxin docking. SK
channel turret acidic residues were found to be involved in
toxin binding in the intermediate mode (22, 26). Evidence has
been provided that SK channel block by a maurotoxin-Het-
erometrus spinifer toxin-1 chimera is dependent on ionic
strength (27, 28), suggesting that SK channel recognition by
scorpion toxins involves some electrostatic charges. Acidic
amino acid residues of toxins were found to affect the interac-

3 The abbreviation used is: ChTX, charybdotoxin.
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tion modes, further strengthening the importance of electro-
static interactions between toxins and channels (18). Herein,
we explored the importance of electrostatic repulsion for the
interaction of the a-helical structure of BmP05 with the SK3
channel. Introducing positively charged residues within the
a-helical structure of BmPO05 decreased toxin affinity. After
identification of key positively charged residues of the SK3
channel turret (two conserved arginine residues at turret posi-
tions 485 and 489) and relevant mutations, we were able to
render the SK3 channel sensitive to ChTX block by its 3-sheet
surface owing to its strong content of basic amino acid residues
despite the fact that ChTX is pharmacologically unrelated to
BmPO05. Our data demonstrate that the mode of toxin/channel
interaction can be altered by selective point mutations of the
channel with the aid of appropriate computer-aided molecular
simulations. We also show that the toxin sensitivity profile of
SK3 channels is controlled by two conserved turret arginine
residues that produce differential repulsive electrostatic forces
with basic residues of scorpion toxins. These results further
increase our understanding of the structural and functional
diversity of potassium channel extracellular pore entryways
and unlock the pharmacological potential of toxins.

EXPERIMENTAL PROCEDURES

Peptides and Potassium Channels—BmPO05, its mutants, and
ChTX were prepared according to a previously described pro-
cedure (29). The secondary structures of purified BmP05 and
its mutants were measured by CD spectroscopy. Measurements
were carried out in the UV range of 250-190 nm at 25 °C in
water on a Jasco-810 spectropolarimeter with a 0.2— 0.4 mg/ml
concentration. For each peptide, spectra were collected from
three separate recordings and averaged after subtracting the
blank spectrum of pure water. The pEGFP-N1 plasmid contain-
ing the cDNAs for full-length human SK3 was kindly provided
by Prof. Stephan Grissmer (University of Ulm, Ulm, Germany).
Point mutations in SK3 were generated using the QuikChange
mutagenesis kit (Stratagene) and subsequently confirmed by
DNA sequencing (Invitrogen).

Cell Culture—HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin in a humid-
ified 5% CO, incubator at 37 °C. Cells were transfected using
FuGENE transfection reagent (Roche Diagnostics) following
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FIGURE 2. Selective recognition of SK3 channels by toxins with different channel-interacting surfaces. A-C, inhibition of SK3 channel currents by 100 nm
ChTX, ADWX-1, or BmPO05 as indicated. BmP05 at 100 nm blocked ~80% of the SK3 currents (C), whereas ChTX and ADWX-1 were almost inactive (A and B). D,
dose dependence of BmP05 block of SK3 currents. The fit of the curve provided an ICs, of 3.76 = 1.24 nm. E-H, different channel-interacting surfaces: ChTX
(Protein Data Bank code 2CRD), ADWX-1 (code 2K4U), BmP05, and scyllatoxin (ScyTx; code 1SCY). All toxin basic residues in their channel-binding surfaces are
labeled.
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FIGURE 3. Decreased BmP05 potency for SK3 channels resulting from increased content of basic residues in the BmP05 channel-binding surface. A,
one or two arginine residues (shown in red) were introduced into the channel-interacting surface. B, CD spectra of recombinant BmP05, BmP05-S14R,
BmPO05-L15R, BmP05-N4R/S14R, and BmP05-N4R/L15R peptides. Measurements were carried out in the UV range of 250-190 nm at 25 °C in wateron a
Jasco-810 spectropolarimeter at a concentration of 0.2-0.4 mg/ml. C-F, representative current traces of the SK3 channel showing reduced inhibition by

100 nm BmP05 mutants. C, 20.5% block by BmP05-S14R. D, 30.5% block
BmPO5-N4R/L15R.

the manufacturer’s instructions and used for electrophysiology
24 —48 h after transfection.

Electrophysiology and Data Analyses—Electrophysiological
experiments were performed at 22-25°C using the patch
clamp whole cell recording mode. For the recording, the bath
contained 130 mm sodium aspartate, 30 mm potassium aspar-
tate, 2 mm CaCl,, 1 mm MgCl,, and 10 mm HEPES (pH adjusted
to 7.4 with NaOH). The pipette solution contained 145 mm
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by BmPO05-L15R. E, 8.5% block by BmP05-N4R/S14R. F, 10.7% block by

potassium aspartate, 8.7 mm CaCl,, 2 mm MgCl,, 10 mMm EGTA,
and 10 mm HEPES (pH adjusted to 7.2 with KOH) to achieve an
intracellular free Ca®>" concentration of 1 um. The membrane
potentials were clamped to —120 mV for 50 ms (which was
used for the current measurements) followed by a 400-ms volt-
age ramp from —120 to +60 mV and were kept for 5 s between
ramps at —40 mV using a HEKA EPC 10 amplifier with Patch-
master data acquisition software (HEKA Elektronik, Lam-
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FIGURE 4. Effects of substituting Arg-485 and Arg-489 with other basic residues on the SK3-blocking potency of BmP05. A-H, representative
current traces of SK3 channel mutants showing current blocks by BmP05 and ChTX. A and B, absence of inhibition of SK3-R485H and SK3-R489H currents
by 100 nm ChTX. C and D, significant inhibition of SK3-R485H and SK3-R489H currents by 100 nm BmPO05. E and F, lack of inhibition of SK3-R485K and
SK3-R489K channels by 100 nm ChTX. G and H, significant inhibition of SK3-R485K and SK3-R489K channels by 100 nm BmPO05. /, concentration
dependence of SK3, SK3-R485H, and SK3-R489H current blocks by BmPO05. The data were fitted and yielded IC5, values of 332.2 = 84.9 nm (SK3-R485H)
and 382.2 = 141.1 nm (SK3-R489H). J, concentration dependence of SK3, SK3-R485K, and SK3-R489K current blocks by 100 nm BmPO05. Fits of the data
yielded ICy, values of 145.0 = 55.1 nm (SK3-R485K) and 191.8 = 60.5 nm (SK3-R489K). Data represent the means = S.E. of at least three experiments.

brecht/Pfalz, Germany). All other chemicals were obtained
from Sigma.

Data analyses were performed with IGOR software
(WaveMetrics, Lake Oswego, OR). IC,, values were obtained
by fitting a modified Hill equation to the data as shown in
Equation 1,

ltoxin/’controI: 1 /(1 +([t0Xin peptide]/|cso) (EQ- 1)

where [ is the stable current at —120 mV for the normalized
data points obtained with at least four different toxin peptide
concentrations. Results are shown as the mean = S.E. of at least
three experiments.

Atomic Coordinates and Molecular Docking—The spatial
structure of the pore region except for the turret of the SK3
channel was modeled using the crystallographic structure of
the KcsA channel (Protein Data Bank code 1BL8) as a tem-
plate with the SWISS-MODEL server (30). The turret of SK3
was built using the segment assembly homology modeling
method as described previously (8, 11). An additional unre-
strained molecular dynamics simulation was performed on

ACEEVON
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the model to obtain an equilibrated SK3 structure. The
structure of BmP05 was modeled by using the atomic coor-
dinates of the highly homologous scorpion toxin scyllatoxin
(Protein Data Bank code 1SCY). BmP05 was docked onto the
equilibrated SK3 structure using the ZDOCK program (31).
Clustering analysis and experimental data-based screening
were used to screen possible hits from the resulting com-
plexes. These were then subjected to further molecular
dynamics simulation to evaluate their stability and
reasonability.

Molecular Dynamics Simulations—Molecular dynamics
simulations were performed using the AMBER 11 program on
the 128-CPU Dawning TC5000 cluster. The ff99 force field
(parm99) (32) was applied throughout all of the simulation
steps. Both the SK3 channel and BmP05-SK3 complex struc-
tures were subjected to unrestrained simulations in explicit sol-
vent systems. The SK3 channel and the BmP05-SK3 complex
were first embedded in a periodic box of 71.755 X 79.440 X
79.589 A and 74.141 X 80.972 X 81.867 A. A 5-ns pre-equili-
bration followed by a 10-ns unrestrained simulation was per-
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FIGURE 5. Effects of substituting Arg-485 and Arg-489 with acidic or polar residues on the SK3-blocking potency of BmP05. A-H, representative current
traces of SK3 mutants showing current blocks by BmP05 and ChTX. A and B, reduced inhibition of SK3-R485E and SK3-R489E channels by 100 nm BmP05. Cand
D, significant inhibition of SK3-R485E and SK3-R489E currents by 100 nm ChTX. E and F, reduced inhibition of SK3-R485S and SK3-R489S channels by 100 nm
BmPO05. G and H, significant inhibition of SK3-R485S and SK3-R489S currents by 100 nm ChTX. /, concentration dependence of SK3-R485E and SK3-R489E current
blocks by ChTX.Fits of the data yielded IC5, values of 381.7 = 84.1 nm (SK3-R485E) and 110.7 = 28.1 nm (SK3-R489E). J, concentration dependence of SK3-R485S
and SK3-R489S current blocks by 100 nm ChTX. Fits of the data yielded IC;, values of 84.8 == 21.6 nm (SK3-R485S) and 30.2 = 4.5 nm (SK3-R489S). Data represent

the mean = S.E. of at least three experiments.

formed on the channel and the complex using the SANDER
module in the AMBER 11 program to obtain sufficient stable
conformations. The pre-equilibration steps were taken by grad-
ually reducing the force constant from 5.0 kcal/mol/A? for
restraining all of the heavy atoms to 0.02 kcal/mol/A? for back-
bone heavy atoms only. The temperature was set at 300 K with
a cutoff distance of 10 A.

RESULTS

The SK3 Channel Is Selectively Inhibited by Specific Scorpion
Toxins Exhibiting No More than Three Basic Amino Acid Resi-
dues in Their Channel-binding Interfaces—As shown, the SK3
channels were almost insensitive to a 100 nm concentration of
many types of the potassium channel-active ChTX toxin (Fig.
2A) or the Kv channel-active ADWX-1 peptide (Fig. 2B) (29). In
contrast, 100 nm BmPO5 inhibited ~80% of the SK3 channel
current (Fig. 2C). The corresponding IC;, for of BmP05-in-
duced current block is 3.8 nm (Fig. 2D). Structurally, there are
four basic amino acid residues in the vicinity of the pore-
blocking basic residue Lys-27 of ChTX or Lys-26 of
ADWX-1 (Fig. 2, E and F). In contrast, the channel-binding

12548 JOURNAL OF BIOLOGICAL CHEMISTRY

interface of BmPO05 or scyllatoxin presents only three (Fig.
2@G) or two (Fig. 2H) basic residues (33, 34). These structural
differences in channel-binding interfaces suggest that the
SK3 channel may be selectively recognized by scorpion tox-
ins possessing three (or fewer) basic residues in these critical
positions.

To further characterize the BmP05 channel-binding inter-
face, we tested the effect of adding extra basic residue(s) on its
ability to recognize the SK3 channel (Fig. 34). Compared with
the BmPO5 peptide, the CD spectra of four mutants showed no
significant changes in the secondary structure (Fig. 3B), indi-
cating that BmP05 and its mutant peptides all adopted the same
overall structural topology. Functionally, increasing the num-
ber of basic residues by one (at BmP05 position 14 or 15) or two
(at BmPO5 positions 4 and 14 or positions 4 and 15) arginyl
residues strongly reduced its inhibitory potency at 100 nm on
SK3 currents (Fig. 3, C—F). This decreased potency was stron-
ger when two extra arginyl residues were incorporated into the
BmPO05 channel-binding interface (BmP05-N4R/S14R and
BmPO05-N4R/L15R) instead of a single residue (BmP05-S14R
and BmP05-L15R) (Fig. 3, E and F versus C and D). From these

VOLUME 288+NUMBER 18-MAY 3, 2013
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data, it appears that an efficient block of the SK3 channel by
BmPO05 occurs when three basic residues are located in the
channel-binding interface of the toxin.

Substitution of the SK3 Channel Arg-485 or Arg-489 Basic
Residue with Other Basic Residues Impairs BmPO05 Affinity but
Maintains the Differential BmP05/ChTX Sensitivity for the SK3
Channel—The sensitivity of BmP05 to the presence of extra
basic amino acid residues in its binding interface strongly sug-
gests the important role of electrostatic repulsion forces
between the BmPO05 channel-binding interface and the SK3
channel binding site. These electrostatic repulsion forces might
occur with Arg-485 and Arg-489, two highly conserved basic
residues that are located in the outer vestibules of all SK chan-
nel subtypes (Fig. 1). These electrostatic repulsion forces, if
actually existing, can be diminished by replacing the wild-type
Arg-485 or Arg-489 residue of the SK3 channel with less basic
lysyl (SK3-R485K and SK3-R489K) or histidyl (SK3-R485H and
SK3-R489H) residues. The resulting mutant channels were still
insensitive to 100 nm ChTX (Fig. 4, A, B, E, and F) but main-
tained their sensitivity to 100 nm BmPO5 (Fig. 4, C, D, G, and H),
albeit at reduced levels. The degree of reduction in the BmP05
effect was assessed by dose-response analyses, and the results
indicate affinity reductions of the mutant channels for BmP05
by 88-fold (SK3-R485H), 101-fold (SK3-R489H), 38-fold (SK3-
R485K), and 51-fold (SK3-R489K) (p < 0.05) (Fig. 4, ] and ).
The reduction in affinity was higher for the Arg-to-His muta-
tions, as expected from the less basic nature of the histidyl res-
idue. The basic nature of the amino acid residues at SK3 posi-
tions 485 and 489 (e.g. Arg, Lys, or His) is key to maintaining the
BmP05/ChTX selectivity for the SK3 channel, whereas the
presence of arginyl residues at these positions is mandatory for
maintaining high BmPO05 affinity.
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Replacement of Arg-485 and Arg-489 in the SK3 Channel with
Acidic or Polar Residues Alters Its Relative Sensitivity to
BmP05/ChTX—An additional step in weakening the electro-
static repulsion forces at the toxin/channel binding interface is
to substitute the SK3 channel dyad of arginyl with acidic or
polar amino acid residues. This was achieved by replacing Arg-
485 or Arg-489 with a glutamic acid (acidic) or serine (polar)
residue in the SK3 channel. In agreement with the importance
of Arg-485 and Arg-489 in the high affinity of BmPO05 for the
SK3 channel, 100 nm BmP05 produced much less inhibition of
the SK3-R485E (Fig. 5A), SK3-R489E (Fig. 5B), SK3-R485S (Fig.
5E), and SK3-R489S (Fig. 5F) mutant channels compared with
the inhibition observed for the wild-type SK3 channel (p <
0.05) (Fig. 2, C and D). The electrically neutral serine residue
was less prone to altering the electrostatic balance at the toxin/
channel binding interface than the glutamic acid residue. This
is consistent with the stronger current blocks of the SK3-R485S
and SK3-R489S mutant channels by BmP05 compared with the
current blocks of the SK3-R485E and SK3-R489E mutants.
These data indicate that substitutions at positions 485 and 489
in the SK3 channel are sufficient to make the channel almost
insensitive to BmPO5, further strengthening the idea that these
SK3 channel positions are key to toxin recognition. Interest-
ingly, the potassium currents carried by all tested mutant chan-
nels were significantly blocked by 100 nm ChTX compared with
wild-type SK3 channels (p < 0.05) (Figs. 24 and 5, C, D, G, and
H). Dose-response analyses provided IC,, values for ChTX-
induced current blocks of 381 nm (SK3-R485E), 110 nm (SK3-
R489E), 84 nm (SK3-R485S), and 30 nm (SK3-R4895S) (Fig. 5, I
and J). These data are remarkable in the sense that a toxin,
ChTX, known to block only Kv, BK, and intermediate conduct-
ance calcium-activated K* (IK) channels, can gain a novel
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C Chain

FIGURE 7. Mechanism of selective SK3 channel recognition by scorpion toxins as addressed by molecular modeling and docking simulation
approaches. A, top view of the narrow gateway in the SK3 channel turrets. The large and small rings of basic residues are designated by yellow and purple
dashed lines, respectively. B, molecular surface representation of the SK3 channel vestibule. Basic residues are shown in blue, and acidic residues are shown in
red, as viewed from the extracellular side. C, interaction details of the BmP05-SK3 complex viewed from the extracellular side. To better distinguish between
BmPO5 and the SK3 channel, the toxin is colored green, and the SK3 channel in colored gray. D, Lys-6 of BmPO05 plugged into the SK3 channel pore. The A and
Cchains are colored yellow and cyan, respectively. E and F, the functional residues within one SK3 channel turret that associate with Arg-7 and Arg-13 of BmP05
within a distance of 4 A. The B and C chains are colored green and cyan, respectively.

activity for the SK3 channel if the latter is appropriately
mutated at position 485 or 489. Furthermore, it is worth men-
tioning that, in this case, the appropriate mutations of the SK3
channel allow the channel to invert its pharmacological toxin
sensitivity recognition profile from a BmP05-sensitive and
ChTX-insensitive profile for the wild-type SK3 channel to a
BmPO5-insensitive and ChTX-sensitive profile for the appro-
priately mutated SK3 channel. Interestingly, these mutant SK3
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channels acquire a pharmacological toxin sensitivity profile
that resembles that of Kv channels, which are also BmP05-in-
sensitive (18) and ChTX-sensitive.

Influence of Other Amino Acid Residues from the Outer Ves-
tibule on the Relative SK3 Channel Sensitivity to BmP05/ChTX—
Besides the dyad of arginyl residues (Arg-485 and Arg-489), we
also investigated the effects of mutating other residues from the
outer vestibule of the SK3 channel on its toxin sensitivity pro-
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FIGURE 8. More compact conformation of the SK3 channel turret. A, superposition of the SK3 and rat Kv1.2 channels (Protein Data Bank code 2A79). B,
superposition of the SK3 and rat Kir2.2 channels (code 3JYC). The SK3 channel is shown in green, the Kv1.2 channel is shown in pink, and the Kir2.2 channel is

shown in red.

file. Many mutant SK3 channels were found to be inactive (SK3-
E488A, SK3-E488N, SK3-Y490A, SK3-H491A, SK3-D492A,
SK3-D495A, and SK3-D518A) and could not be investigated
regarding this issue. However, five additional mutations (SK3-
D492N, SK3-Q493A, SK3-D495N, SK3-D518N, and SK3-
H522A) provided functional channels that could be character-
ized for their BmP05 and ChTX current blocks (Fig. 6, A-E).
Two channels (SK3-D492N and SK3-D518N) were signifi-
cantly less sensitive to BmP05 compared with wild-type SK3
channels (p < 0.05) (Fig. 6, A, D, and K), whereas three others
(SK3-Q493A, SK3-D495N, and SK3-H522A) maintained an
efficient BmPO5 block compared with wild-type SK3 channels
(p < 0.05) (Fig. 6, B, C, E, and K). Experimental IC,, values for
the latter channel mutants were 16 nm (SK3-Q493A), 17 nm
(SK3-D495N), and 82 nm (SK3-H522A) (data not shown). All
SK3 channel mutants maintained the toxin sensitivity profile
because none of the currents carried by these channels could be
efficiently blocked by 100 nm ChTX (p < 0.05) (Fig. 6, F-J and
L). These data clearly highlight the particular contribution of
the arginyl dyad of the SK3 channel outer vestibule in defining
its selective recognition by toxins.

DISCUSSION

Extracellular pore entryways are structurally important ele-
ments of potassium channels. They are involved in several func-
tions, including channel inactivation, subunit interactions, and
channel pharmacology. Due to the difficulties in solving potas-
sium channel crystal structures (6, 7), potent scorpion toxins
can be used to unravel potassium channel structure and func-
tion. In addition, significant conformational rearrangements in
the toxin/channel recognition surfaces have been investigated
and/or evidenced by computational simulation techniques (8,
11, 35) and by solid-state NMR spectroscopy (25, 36, 37).
Herein, we investigated the SK3 channel structural determi-
nants that are involved in the selective recognition by scorpion
toxins by using BmP05 and ChTX as molecular probes. Our
results point to the importance of a basic dyad, comprising the
conserved Arg-485 and Arg-489 residues of the SK channel
turret, as a critical structural determinant in defining the effi-
cacy whereby the SK3 channel preferentially recognizes BmP05
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over ChTX. Two questions deserve further attention. First, how
does this dyad of SK3 residues impair the recognition of scor-
pion toxins such as ChTX? Second, how does the dyad influ-
ence the affinity/potency of SK3 channel-active toxins such as
BmPO5 for SK3 channels?

In an attempt to solve these questions, we modeled the struc-
tures of both the SK3 channel alone and the BmP05-SK3 com-
plex using molecular modeling techniques (8, 11). As shown in
Fig. 7 (A and B), the SK3 channel turret adopts a unique con-
formation in which both Arg-485 and Arg-489 form salt bridges
with aspartic acid residues from adjacent SK3 subunits (Arg-
485 with Asp-492; Arg-489 with both Asp-492 and Asp-518).
These internal electrostatic interactions between the four
channel turrets contribute to the formation of a narrow gate-
way together with the large ring (four Arg-485 residues) and
small ring (four Arg-489 residues) of basic residues, as indicated
by the structural superimposition of SK3 with the Kv1.2 and
Kir2.2 structures (Fig. 8). These two rings of basic amino acid
residues are conserved in the BmP05-SK3 complex structure
(Fig. 7C). The unique structural properties (positions and inter-
actions) of Arg-485 and Arg-489 (like a peptide screener) may
account for the efficacy in governing scorpion toxin selectivity
for the SK3 channel. As shown by the mutagenesis studies, the
SK3 channel dyad of Arg-485 and Arg-489 is responsible for the
toxin sensitivity of SK3 channels through differential electro-
static repulsion forces (Figs. 2 and 3). To minimize such forces,
Lys-6 of BmP05 blocks the channel pore (Fig. 7, C and D), sim-
ilar to Lys-27 of ChTX or Lys-26 of ADWX-1 (11, 29). Arg-7 of
BmPO5 is located between two Arg-489 residues that form the
small ring of basic residues, whereas Arg-13 of the toxin hangs
just above the two rings of Arg-485 and Arg-489 (Fig. 7C).
Obviously, toxins with a greater number of basic amino acid
residues in the channel-interacting surface are unable to recog-
nize the SK3 channel owing to stronger electrostatic repulsion
forces between the toxin and basic rings of the arginine residues
(as evidenced in Figs. 2 and 3). The toxin recognition profile of
SK3 channels (sensitive to BmPO05 and insensitive to ChTX) is
maintained by basic amino acid substitutions of the arginyl
dyad (Fig. 4) but inverted by acidic or polar amino acid residue
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replacements (Fig. 5). At the structural level, these results can
be interpreted by the maintenance or disappearance of basic
rings depending on the nature of residue substitutions, i.e.
preserved if the dyad is mutated to basic amino acid residues
and lost if acidic or polar residues are selected instead. In this
respect, it is interesting to note that the loss of one of the two
basic rings “drives” an SK3 channel toward a BK-type chan-
nel by rendering the modified SK3 channel insensitive to
BmPO05 (18) and sensitive to ChTX. The functional and mod-
eling data point to an exquisite role of the two conserved
Arg-485 and Arg-489 residues as being essential determinants of
the SK3 channel with regard to its recognition profile of
toxins.

It is worth emphasizing that the two conserved Arg-485 and
Arg-489 residues of the SK3 channel are also essential for the
potency of SK3-blocking toxins by maintaining the unique nar-
row gateway conformation of the channel turrets (Fig. 7, A and
B), which are critical domains for scorpion toxin interactions
(Fig. 7, E and F). The BmPO5 affinity for the SK3 channel
decreases significantly when these arginyl residues are replaced
with less basic ones (Fig. 4). This may result in a looser confor-
mation of the channel turrets as a consequence of weaker elec-
trostatic interactions between the four SK3 channel subunits
(Fig. 7, A and B). The looser turret structure presumably
impairs the interactions of BmP05 Arg-7 and Arg-13 with the
critical residues from the SK3 channel turrets (Fig. 7, E and F).
The D492N or D518N mutation, conferring BmPO05 insensitiv-
ity to modified SK3 channels (Fig. 6), also disrupts some key
electrostatic interactions between channel subunits, thereby
conferring looser turret structures (Fig. 7, A and B). These data
strongly suggest that the potency of SK3-blocking scorpion tox-
ins is dependent on the narrow gateway structure of the SK3
outer vestibule, itself constrained by the electrostatic interac-
tions of Arg-485 and Arg-489 with acidic residues.

In conclusion, this work describes the unique properties of
two conserved SK3 channel Arg-485 and Arg-489 residues in
controlling selective scorpion toxin recognition. Our findings
contribute to a better understanding of the molecular mecha-
nisms involved in the selective recognition of SK channels by
scorpion toxins. Undoubtedly, they provide structural and
mechanistic insights for the design of selective peptide inhibi-
tors specific to each subtype of SK channel. Indeed, subtype-
specific SK channel blockers would be useful to treat neurolog-
ical disorders more effectively (38).
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