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Abstract

Small conductance calcium-activated potassium channels (SK, K¢g) are a family of voltage-
independent K* channels with a distinct physiology and pharmacology. The bee venom toxin apamin
inhibits exclusively the three cloned SK channel subtypes (SK1, SK2 and SK3) with different affinity,
highest for SK2, lowest for SK1 and intermediate for SK3 channels. The high selectivity of apamin
made it a valuable tool to study the molecular makeup and function of native SK channels. Three
amino acids located in the outer vestibule of the pore are of particular importance for the different
apamin sensitivities of SK channels. Chimeric SK1 channels, enabling the homomeric expression of
the rat SK1 (rSK1) subunit and containing the core domain (S1-S6) of rSK1, are apamin insensitive.
By contrast, channels formed by the human orthologue hSK1 are sensitive to apamin. This finding
hinted to the involvement of regions beyond the pore as determinants of apamin sensitivity, since
hSK1 and rSK1 have an identical amino acid sequence in the pore region. Here we investigated which
parts of the channels outside the pore region are important for apamin sensitivity by constructing
chimeras between apamin insensitive and sensitive SK channel subunits and by introducing point
mutations. We demonstrate that a single amino acid situated in the extracellular loop between the
transmembrane segments S3 and S4 has a major impact on apamin sensitivity. Our findings enabled
us to convert the hSK1 channel into a channel that was as sensitive for apamin as SK2, the SK channel
with the highest sensitivity.

1duosnuelp Joyiny dnous) sispund JINAMN

Ca2*-activated K* channels (Kc,)! are activated by rises in intracellular Ca2*. The K¢
potassium channel family comprises of at least three subfamilies, Kca1-3 (1). Channels
containing the Kc,1.1 a-subunit (BK channels) have large single channel conductance and are
maximally activated by micromolar concentrations of intracellular free calcium and concurrent
depolarization (2). Their kinetic and pharmacological properties are modified upon assembly
with membrane standing B-subunits (3). The Kc,2 subfamily of small-conductance Ca2*-
activated K* channels, also known as SK channels, has three closely related members SK1
(Kca2.1), SK2 (Kcg2.2) and SK3 (Kca2.3), which are characterized by a small single channel
conductance. The IK channel (Kc;3.1) shows an intermediate single channel conductance.
Both SK and IK channels are voltage independent and activated by submicromolar
concentrations of intracellular free Ca2*. The gating of SK and IK channels is induced upon
Ca?* binding to calmodulin, which is constitutively bound to each channel subunit. Ca2*
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binding to calmodulin induces a conformational change, which leads to the opening of these
channels (4-6).

SK channels, predominantly of the SK2 type, have been identified in sensory systems, such as
the retina (7) and the cochlear inner and outer hair cells (8,9). SK channels have also been
described in heart (10,11), liver (12,13), skeletal muscle (14,15) and visceral smooth muscle
(16), including the urinary bladder (17). All three SK channels are expressed in the brain and
show a differential distribution (18). The SK channel mediated current (Ionp) has been studied
in detail in various regions of the central nervous system (19-21). The | app regulates membrane
excitability, increases the precision of neuronal firing (22-30), and modulates synaptic
plasticity by regulating excitatory synaptic transmission in the amygdala (31) and the
hippocampus (32). Inhibition of SK channels facilitates hippocampal-independent (33,34) as
well as dependent (35) learning and improves memory performance (33,34,36,37).

The unequivocal, molecular correlation between native K, currents with their corresponding
channel subunit(s) was possible because of the availability of highly specific blockers, in
particular peptide toxins, which selectively inhibit these channels (37,38). The 18-amino acid
bee venom toxin apamin has proven to be extremely valuable as a specific blocker for which
the only known receptors are the SK channels. Besides apamin, the scorpion toxins scyllatoxin
(39), P05 (39) and tamapin (40) have the ability to inhibit SK-mediated currents, whereas other
scorpion toxins (maurotoxin, Pi1, P01 and Tsk) compete with 1251-apamin binding (reviewed
in 37), but do not inhibit SK2 or SK3 channels (39).

The rat SK1 (rSK1) subunits, unlike the human SK1 (hSK1), do not form functional homomeric
SK channels (41,42), but form heteromeric channels together with the SK2 subunit in
heterologous expression systems (41). The construction of chimeric rSK1 channels,
comprising the amino- and/or carboxyl-terminal regions of rSK2 or hSK1, enabled the
expression of homomeric rSK1-like channels displaying more than a 25 fold reduction in
apamin sensitivity compared to hSK1 (42). This finding was rather surprising, as hSK1 and
rSK1 share an identical primary sequence within the pore region, where three amino acids have
been identified as determinants of the apamin sensitivity (43). In this study, to test the
hypothesis that amino acids outside the pore region contribute to apamin binding, chimera were
generated to identify new regions in the SK channels involved in determining sensitivity to
apamin. The introduction of point mutations and their analysis revealed the existence of an
amino acid beyond the pore region that crucially influences SK channel sensitivity for apamin.
This finding provides a new insight into the molecular determinants for the apamin receptor
and extends our understanding of how the difference in sensitivity of the different SK channel
subunits is generated. Furthermore, this is to our knowledge the first description of a toxin that
inhibits potassium channels by interacting simultaneously with amino acids inside and outside
the pore region. A detailed understanding of the structural basis of the differences in the
pharmacological profile of SK channel subtypes is essential for the rational development of
subunit specific inhibitors.

MATERIAL AND METHODS

DNA constructs

The coding regions of hSK1, rSK1 and rSK2 (GenBankTM accession numbers: NM_002248,
NM_019313, NM_019314) were cloned into pcDNA3 or pcDNA5/FRT (40,42). Point
mutations and chimera were generated by splicing of overlap extension (44). The range of
amino acids combined is given in plain numbers for residues corresponding to rSK1, bold
numbers for residues corresponding to hSK1 and underlined numbers for residues
corresponding to rSK2. The chimera rSK1nsk2-csk2 contains the transmembrane domains and
the pore of rSK1 and the NH, and COOH termini of rSK2. The generation of this chimera
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(1-121/89-372/406-580) has been described previously (42). L1-hSK1
(1-121/89-120/125-143/140-372/406-580) was generated by substituting the extracellular
region between transmembrane segments S1 and S2 in rSK1ysk2-csk2 for the corresponding
region in hSK1. In L3-hSK1 (1-121/89-200/205-227/224-372/406-580) the extracellular
region between transmembrane segments S3 and S4 of rSK1ysk2-csk2 Was exchanged for the
corresponding region of hSK1. Finally, chimera hSK1-SK2-hSK1 (1-122/152-256/228-543)
was created by exchanging the region from the end of transmembrane segment S1 until the
beginning of transmembrane segment S4 of hSK1 for the corresponding region in rSK2. In the
text, hSK1-QDN refers to point mutation hSK1-KEH310/312/339QDN, and hSK1-QDN+S
refers to hSK1-KEH310/312/339QDN+T216S.

All modified sequences were verified by sequencing with the BigDye Terminator Cycle
Sequencing Kit and an ABI3100 Avant Genetic-Analyzer (Applied Biosystems).

Maintenance and Transient Transfection of HEK293 and CHO Cells

Cell lines were cultured in a humidified atmosphere (5% CO,, 95% air) at 37°C. HEK293 cells
were grown in Dulbecco's modified Eagle's medium/F12 with 2 mM L-glutamine. CHO cell
lines were grown in F-12 Nutrient Mixture (Ham) with GlutaMAX™ I. Both media were
supplemented with 10% fetal calf serum and penicillin/streptomycin. For transient
transfections cells were transfected using Lipofectamine 2000 (Invitrogen). 2 ug of plasmid
DNA encoding one of the SK channel constructs were co-transfected with 0.5 ug of pEGFP-
C2. Recordings were performed 1 to 3 days after transfection.

Generation and Maintenance of Cell Lines Stably Expressing SK Channels

For SK channel constructs hSK1-T216S, hSK1 and hSK1(QDN+S) stable cell lines were
generated. Constructs were cloned into the pcDNAS/FRT vector. HEK Flp-In cells (Invitrogen)
were grown under the same conditions as HEK?293, but in the presence of Zeocin (100 pg/ml).
Cellswere transfected using Lipofectamine 2000 or by CaPQy precipitation. For Lipofectamine
2000 transfection cells were plated into 60 mm culture dishes and co-transfected with a mixture
of 0.7 pg expression construct and 7.3 pg pOG44 plasmid according to the manufacturer's
protocol. For the CaPQOy precipitation method cells were plated into 90 mm culture dishes and
co-transfected with a mixture of 2 pg expression construct and 23 pg pOG44 plasmid. For
polyclonal selection of cells, Zeocin was replaced by Hygromycin B (75 pg/ml). Hygromycin-
resistent cells were pooled and maintained in the presence of Hygromycin B.

Electrophysiology

Whole cell patch clamp recordings of HEK cells transiently transfected or stably expressing
SK channel constructs were performed. Transfected cells were grown on coverslips, placed in
arecording chamber and perfused at a flow rate of 1 ml/min. Currents were recorded using an
EPC-10 amplifier (HEKA, Lambrecht, Germany). All recordings were performed at room
temperature (22°C). Data were acquired with Pulse/Pulsefit software (HEKA, Lambrecht,
Germany). Pipettes were pulled from borosilicate glass with a horizontal patch electrode puller
(Zeitz-Instruments GmbH, Muenchen, Germany) and had a resistance of 1.8-3 MQ when filled
with intracellular solution (see below). After gigaseal formation, the fast capacitative transients
were automatically compensated.

SK channels were activated by whole-cell dialysis with an intracellular solution containing (in
mM): 130 KCI, 10 HEPES, 10 EGTA at pH 7.2. MgCl, and CaCl, were added to obtain free
magnesium and calcium concentrations of 1 mM and 1 uM, respectively using EqCal (Biosoft,
Cambridge, UK). Recordings were performed in a high potassium extracellular solution

containing (in mM): 144 KCl, 10 HEPES, 2 CaCl,, 1 MgCl,, 10 D-Glucose, pH 7.4 with KOH,
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or a low potassium extracellular solution containing (in mM): 4 KCI, 140 NaCl, 10 HEPES, 2
CaCl,, 1 MgCly, 10 D-Glucose, pH 7.4 with NaOH. The high potassium solution was used in
most experiments and inward currents were analyzed in order to avoid problems due to SK
channel rectification and activation of endogenous voltage-gated K* channels at positive
potentials. In tetraethlyammonium (TEA) containing solutions, TEA-CI replaced NaCl in the
low potassium extracellular solution. Membrane currents were recorded upon application of
400-ms voltage ramps from —140 to +40 mV, repeated every 10 s. Given the large size of some
currents, voltages were corrected off-line for the occurring voltage-clamp error. Cells that
showed >20% residual current after application of 100 nM apamin were excluded from the
analysis. Concentration-response curves were analyzed using a Langmuir-Hill equation of the
type I/l max = (1-ag)/[1+([Inhibitor]/ICs0)"+ag, where h corresponds to the Hill coefficient and
ICsq to the concentration of inhibitor that produces a 50% inhibition. The value for curve
minimum (ag) was not fixed. The data points for the concentration-response curves were
obtained from different cells and therefore treated as independent replicates. The fraction of
unblocked current (1/1,ax) Was calculated at —80 mV or —20 mV. Curve fitting was performed
by using a least square fitting routine. All data were analyzed with Igor Pro 5.0 (WaveMetrics,
Lake Oswego, OR) or Prism 4.0 (GraphPad Software Inc., San Diego, CA). Values are given
as mean = S.E. or 95% confidence interval (95% CI). Unpaired two-tailed Student's t test was
used for statistical comparisons between groups.

RESULTS

Amino acids outside the pore affect apamin sensitivity

The three members of the SK channel family, SK1, SK2 and SK3, can be distinguished by
their sensitivity to apamin. Homomeric SK2 channels from rat (rSK2), mouse (mSK2) and
human (hSK2) are the most apamin sensitive and homomeric hSK1 channels are the least
sensitive channels of the Kc,2 subfamily (21,37,45-47). In heterologous expression systems,
the rSK1 a-subunit does not form functional homomeric channels (41,42), but forms functional
heteromeric channel with SK2 (41). The chimeric rSK1 a-subunit (rSK1nsk2-csk2), Which
contains the S1-S6 region of rSK1 with amino- and carboxyl-termini of rSK2, assembles into
homomers (42). This chimera is ideally suited to obtain information on the pharmacological
properties of the rSK1 subunit.
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The hSK1 channel and the rSK1nsk2-csk2 chimera were transiently expressed in HEK293
cells. In solutions with nearly identical intra- and extracellular potassium concentrations, a
calcium activated potassium current was elicited by voltage ramps ranging from —140 to +40
mV in the presence of 1 uM intracellular free calcium. The observed current showed a reversal
potential close to 0 mV and was shifted to hyperpolarized values upon lowering the
extracellular potassium concentration to 4 mM (Fig. 1A). As expected the observed reversal
potentials corresponded to values predicted by the Nernst equation for a potassium
conductance.

The primary sequence of the hSK1 a-subunit and the rSK1nsk2-csk2 chimera is identical
between transmembrane segments S5 and S6. This region comprises the pore of potassium
channels and has been ascribed the structural basis for the different apamin sensitivity of
members of the K52 family (39,43). However the current generated by the rSK1nsk2-csk2
chimera was not inhibited by 5 nM apamin (Fig. 1A), whereas 3 nM apamin inhibited hSK1
by nearly 50% (Fig. 1B, 42 + 1%, n=6). The identical pore regions of hSK1 and
rSK1nsk2-csk2 and the observed intriguing difference in apamin sensitivity (Fig. 1, A and B)
strongly suggest the involvement of amino acids located outside the pore domain for apamin
binding.
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The most obvious regions potentially harbouring these amino acids are the hydrophilic
extracellular loop L1, located between transmembrane segments S1 and S2, and L3, located
between transmembrane segments S3 and S4. Two chimera, L1-hSK1 and L3-hSK1, were
created to analyse these regions. L1-hSK1 was generated by substituting the extracellular loop
between the transmembrane segments S1 and S2 in rSK1ysk2-csk2 With the corresponding
region of hSK1. In L3-hSK1 the extracellular loop between S3 and S4 (S3-S4 loop) of
rSK1nskao-csk2 Was exchanged for the corresponding region of hSK1. The chimera were
transiently expressed in HEK293 cells and currents were elicited as described above. Both
chimera assembled into functional homomeric channels (Fig. 1, C and D). L1-hSK1 showed,
like rSK1nsko2-csk2, only a marginal inhibition upon application of 5 nM apamin (1 £ 1%,
n=4, Fig. 1C). In contrast, 5 nM apamin suppressed around 50% of the current generated by
L3-hSK1 (44 = 5%, n=5, Fig. 1D), thereby demonstrating an apamin sensitivity similar to
hSK1. These results show that the extracellular S3-S4 loop (L3) influences apamin sensitivity
and is most likely sufficient to explain the observed difference in apamin sensitivity between
hSK1 and rSK1.

The hydrophilic extracellular loop L3 between transmembrane segments S3 and S4
influences apamin binding

Since amino acids located outside the pore influence the apamin sensitivity of the
rSK1nsk2-csk2 chimera (Fig. 1, A-D), we wondered whether it is a general feature of SK
channels that regions outside the pore influence their sensitivity towards apamin. To address
this question, we generated a chimera between hSK1 and SK2, which differ more than 100
fold in apamin sensitivity (46,47). In this chimera, hSK1-SK2-hSK1, the region from the end
of the transmembrane segment S1 until the beginning of the transmembrane segment S4 of
hSK1 was exchanged for the corresponding region of SK2 (Fig. 2A). If only amino acids in
the pore region (between S5 and S6) are responsible for the apamin sensitivity of SK channels,
the hSK1-SK2-hSK1 chimera should display an apamin sensitivity comparable to hSK1. If,
however, amino acids outside the pore region influence the apamin sensitivity, hNSK1-SK2-
hSK1 should show an increased sensitivity when compared to hSK1. To test these predictions,
hSK1-SK2-hSK1 was transiently expressed in HEK293 cells and calcium-activated potassium
currents were elicited as described earlier (see also Material and Methods). Apamin at a
concentration of 300 pM was applied and suppressed the current generated by the hSK1-SK2-
hSK1 chimera by more than 50% (Fig. 2, A and D, 58 £ 3%, n=5). The concentration of 300
pM apaminwas used because it does not affect hSK1 (Fig. 2, B and D) but inhibits SK2 channels
nearly completely (Fig. 2, C and D). The ICgq value obtained for the hSK1-SK2-hSK1 chimera
(Fig. 2E) is 124 pM (95% CI: 100 pM to 156 pM). The clear inhibition of the hSK1-SK2-hSK1
current by low concentrations of apamin shows that the exchanged region contributes to the
difference in apamin sensitivity between hSK1 and SK2, and thereby supports the hypothesis
that amino acids located beyond the pore region influence the apamin sensitivity in SK channels
in general. The observations made for the L1-hSK1 and L3-hSKZ1 constructs were therefore
not an oddity only observed within the rSK1nsk2-csk2 chimera.

Next we were interested in identifying the amino acids located outside the pore region that
influence the apamin sensitivity. Once more, we used chimeras of SK2 and hSK1, the most
and the least apamin sensitive SK channel subunits, respectively. Based on the observations
made with the chimeric SK channels (Fig. 1D and Fig. 2A), we decided to focus on differences
in the amino acid sequences of hSK1 and SK2 in the hydrophilic extracellular loop L3 (Fig.
3A). The alignment shows differences between the amino acid sequences of hSK1 and SK2 in
eight positions. By introducing single or double point mutations, the amino acids differing at
these eight positions in hSK1 were replaced by the corresponding amino acids found in SK2.
Consequently, if any of these amino acids influence the apamin sensitivity in SK2, the
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corresponding hSK1 mutant should show a higher sensitivity for apamin when compared to
hSK1. At three positions, a charged amino acid in hSK1 was replaced for an uncharged amino
acid present in SK2 (hSK1-H204N, hSK1-R206T, hSK1-E223T), or the two hydrophobic
residues in hSK1 were replaced together for the two hydrophilic residues found at the
corresponding positions in SK2 (hSK1-VA221/222TT). At the other three positions the
exchanges were more subtle, as hydrophobic or hydrophilic amino acids were exchanged for
similar ones (hSK1-T216S and hSK1-VL228/22911). Upon transfection into HEK293 cells, all
point mutants expressed and generated calcium-activated potassium currents of comparable
amplitude. Current densities at =80 mV for the lowest and highest expressing mutants ranged
from 0.66 + 0.17 nA/pF to 1.39 + 0.36 nA/pF. To test whether the introduced mutations
increased the apamin sensitivity of the mutant with respect to hSK1, 3 nM apamin was added
to the extracellular solution. This concentration of apamin was chosen because it produces a
half-maximal inhibition of the hSK1 current (Fig. 1B) and guarantees that even small changes
in sensitivity of the mutated hSK1 channels are clearly measurable. Changing any of the three
charged amino acids in hSK1 into the corresponding uncharged amino acid of SK2 did not
change the sensitivity of the mutated hSK1. For all three mutations, hSK1-H204N (Fig. 3B
and H), hSK1-R206T (Fig. 3, C and H) and hSK1-E223T (Fig. 3, D and H), 3 nM apamin still
produced a half-maximal inhibition. Also in the two double mutants, hNSK1-VA221/222TT
(Fig. 3, E and H) and hSK1-VL228/22911 (Fig. 3, F and H), the mutations did not render the
channels more apamin sensitive. Only the substitution of threonine for serine in hSK1-T216S
resulted in a channel that showed a large increase in apamin sensitivity. 80% of the current
was inhibited by 3 nM apamin (Fig 3, G and H). The observed apamin sensitivity, reported as
the relative amount of residual current (1/Imax) in the presence of 3 nM apamin, is shown in
Fig. 3H for the six mutations in comparison to hSK1 and SK2. The differences between hSK1-
T216S and hSK1, any of the six non affected point mutations or SK2 are all highly significant
with P<0.01. Fig. 3l shows the concentration-response curve for hNSK1-T216S in comparison
with those for hSK1 and SK2. The I1Csq value obtained for hNSK1-T216S is 167 pM (95% CI:
145 pM to 193 pM). This makes hSK1-T216S 20 times more sensitive for apamin than hSK1,
which shows an 1Csq value of 3.2 nM (95% CI: 2.7 nM to 3.8 nM), and 5 times less sensitive
for apamin than SK2, for which we measured an ICsq of 30 pM (95% CI: 27 pM to 33 pM).
The ICsq value obtained for hNSK1-T216S (Fig. 3l) is equivalent to that of the hSK1-SK2-hSK1
chimera (Fig. 2E). Furthermore, we replaced the serine at position 216 in the hSK1-SK2-hSK1
chimera by a threonine (hSK1-SK2-hSK1-S216T) to examine the importance of the threonine
to serine switch, found in hSK1-T216S, with respect to the potential influence of all other
amino acid residues in the S3-S4 loop. The apamin sensitivity of hSK1-SK2-hSK1-S216T is
reduced and is comparable to that of hSK1 (Fig. 3H). These results show that a single amino
acid located in the extracellular loop between S3 and S4 accounts for most of the difference in
apamin sensitivity between hSK1 and SK2.

The combination of mutations in the pore region with the amino acid identified in L3
reconstitutes the high affinity receptor of SK2 in hSK1

Electrophysiological recordings on chimeric SK channels and point mutations in Xenopus
oocytes have demonstrated the importance of three amino acids in the outer vestibule of the
pore for the differences in apamin sensitivity between hSK1 and SK2 (39,43). We transiently
expressed the same mutants in HEK293 cells and analyzed their apamin sensitivity under our
recording conditions. In agreement with the observation made by Ishii and colleagues in X.
oocytes (in ref. 43), both mutants, hSK1-H339N and hSK1-KE310/312QD, generated currents
and showed a substantial increase in apamin sensitivity when compared to hSK1. 3 nM apamin
inhibited 66 + 2% (n=4) of the hSK1-H339N and 73 + 3% (n=4) of the hSK1 KE310/312QD
generated current (Fig. 4B). The combination of these mutations into a single hSK1 a-subunit,
hSK1-QDN, showed a further increase in apamin sensitivity (Fig 4, B and C). The
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concentration-response curve for hNSK1-QDN (Fig. 4E) gives an 1Csq value of 366 pM (95%
Cl: 326 pM to 426 pM), which makes this mutant 9 times more sensitive to apamin than hSK1.
However hSK1-QDN is still less sensitive than SK2 by more than one order of magnitude.
Given our observation that the exchange of a single amino acid in the S3-S4 loop (L3) of hSK1
had a more prominent effect on its apamin sensitivity than the three mutations in the pore
region, we wondered whether combining the pore and L3 mutations into one a-subunit would
fully convert the apamin sensitivity of hSK1 into that of SK2. hSK1-QDN+S generated calcium
activated potassium currents that were half maximally blocked by 30 pM apamin, indicating
an apamin sensitivity comparable to SK2 (Fig. 4D). The concentration-response curve for
hSK1-QDN+S (Fig. 4E) resulted in an 1C5q of 26 pM (95% CI: 22 pM to 32 pM), very similar
to the ICgq of 30 pM for SK2 (95% CI: 27 pM to 33 pM). The similarity of these 1Csq values
is supported by the superimposition of the concentration-response curves for h\SK1-QDN+S
and SK2, which are clearly distinct from the hSK1 and hSK1-QDN curves (Fig. 4E). This
analysis demonstrates unequivocally that amino acids within the pore region as well as the
identified amino acid in the extracellular S3-S4 loop (L3) are necessary to generate a high
affinity receptor for apamin.

T216S does not influence the sensitivity of hSK1 to d-tubocurarine and TEA

Beside the peptide inhibitor apamin, the SK currents are also suppressed by small organic
compounds like TEA and d-tubocurarine (7,37,40,43,46-48). The amino acids identified in the
pore region that influence the sensitivity of the SK channels to apamin also affect the sensitivity
for d-tubocurarine (43). We therefore wondered whether the d-tubocurarine sensitivity would
be affected by the mutation hSK1-T216S. As illustrated in Fig. 5A and B, currents mediated
by hSK1 and hSK1-T216S were both inhibited after application of 30 uM d-tubocurarine. A
concentration-response curve gave a d-tubocurarine 1Csq value for hNSK1-T216S of 26.6 uM
(95% CI: 20.4 uM to 34.6 uM). This value is not different from the I1Csg of 30.8 uM for hSK1
(95% CI: 24.7 uM to 38.4 uM, Fig. 5E). Thus, in contrast to apamin, the sensitivity of SK
channels to d-tubocurarine is not affected by the mutation T216S. The unchanged I1Cs for d-
tubocurarine of hSK1-T216S, when compared with hSK1, supports the view that the T216S
mutation does not induce a major conformational rearrangement of the extracellular region of
the SK channel, which would unspecifically affect the sensitivity to any SK channel inhibitor.

Next, we analyzed whether the sensitivity to TEA, a classical pore blocker, was influenced by
the mutation in the extracellular S3-S4 loop (L3). Increasing concentrations of TEA were bath
applied to the HEK?293 cells and progressively inhibited either hSK1 or hSK1-T216S (Fig. 5,
C and D). The concentration-response curves obtained for the inhibition of the outward current
(Fig. 5F) gave similar 1Cgq values for hNSK1 (ICsp: 5.2 mM, 95% Cl: 4.5t0 5.9 mM) and hSK1-
T216S (ICg: 6.8 mM, 95% CI: 5.5 to 8.5). The inhibition by TEA displayed a slight voltage
dependence with stronger block at negative potentials for both hSK1 (0.21 + 0.04 mM/10 mV)
and hSK1-T216S (0.32 + 0.12 mM/10 mV). The similarity of the ICsq values for the inhibition
of hSK1 and hSK1-T216S by TEA demonstrates that the T216S mutation does not influence
the TEA binding, and indicates that the general architecture of the SK channel pore is not
changed. This underscores the observations made for d-tubocurarine, in that T216S influences
the sensitivity of apamin specifically by a localized effect on the apamin receptor site.

DISCUSSION

Peptide toxins that bind to ion channels have been very valuable tools for structure-function
studies and for elucidating the physiological roles of particular channel families or subtypes
(2,21,30,37,39,49-53). Apamin, one of the components of the bee venom, is one of the smallest
peptide neurotoxins (54). It crosses the blood-brain barrier and induces hyperexcitability
(55). Apamin has long been known as a highly selective inhibitor of Ca2*-activated K* channels
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(16). The cloning of the SK channels (45,56) allowed the molecular analysis of the apamin-
receptor interaction, and showed the importance of the pore region (43), a region to which
many scorpion and snake toxins bind on voltage-gated K* channels (57-59).

In this study we show that, beside the residues in the pore region (Fig. 4, B, C, and E, 43), a
threonine in the middle of the extracellular S3-S4 loop (L3; position 216 in hSK1) is of crucial
importance for apamin binding. This result was unexpected in the light of the insensitivity to
apamin of the SK2-SK1 chimera containing the S3-S4 loop shown by Ishii et al. (1997, Fig.
1A). The substitution of threonine 216 in hSK1 by serine, the amino acid found in SK2 at the
corresponding position, leads to a ~20 fold higher apamin sensitivity (Fig. 31). Furthermore,
the exchange of threonine together with the three amino acids in the pore region of hSK1 for
the corresponding residues of SK2 leads to the reconstitution of the high apamin sensitivity of
SK2 inthe two orders of magnitude less sensitive SK1 (Fig. 4, D and E). This result underscores
the importance of T216S for generating a high affinity apamin receptor, and is underpinned
by the evidence that the apamin concentration-inhibition curves of the SK2 and the hSK1-QDN
+S channels are superimposed, and the resulting half-maximal inhibitions are indistinguishable
(Fig. 4E).

Hanatoxin, a tarantula toxin, inhibits Kv channels by binding to the voltage-sensor (53), which
is in close proximity to the amino acid identified in this study that influence apamin binding
in the SK channel family. Hanatoxin inhibits Kv channels by a voltage dependent mechanism,
where binding to the outer ends of S3 and S4 stabilizes the resting conformation of the voltage
sensor (53). However, it is not likely that apamin inhibits SK channels by a similar mechanism,
because SK channels are not voltage dependent (45). Instead SK channel gating results from
a conformational rearrangement at the carboxyl-terminus, induced by binding of Ca2* to the
constitutively bound calmodulin (4-6). Furthermore, apamin is much less hydrophobic than
hanatoxin and therefore not likely to partition into the plasma membrane (60). Additionally,
amino acids in the pore have been identified to influence inhibition by apamin (43, this study),
whereas hanatoxin binding to Kv channels is not influenced by mutations in the pore region
(61).

This study and the available evidence make it more likely that apamin inhibits SK channels by
a mechanism elucidated in detail for scorpion toxins on Kv channels, by which the toxin
occludes the channel pore (58). Mutagenesis studies that rendered SK channels sensitive for
the Kv channel blockers charybdotoxin and kaliotoxin suggest that the pore region of these
two channel families have a comparable architecture and that the inhibition of mutated SK
channels by scorpion toxins may be described as a pore block (62). The affinity of the most
subtype-selective SK channel inhibitor, Lei-Dab7, generated by introducing an unnatural,
positively charged amino acid at position 7 in leiurotoxin, is also influenced by at least one
amino acid in the pore region (39), in accordance with a pore blocking mechanism.
Furthermore, a change in the structure of the turret is the most likely reason for the lack of
sensitivity to apamin and scyllatoxin of the SK3 splice variant hSK3_ex4, presenting the
insertion of an additional exon between S5 and the pore (63). The mechanism of pore block
for scorpion toxins is also supported by molecular modelling and docking simulations
(64-66). However, although there is a growing consensus that scorpion toxins occlude the ion
pathway in SK channels, decisive experimental evidence is presently not available for any of
the SK channel inhibitors (58).

How can the view that apamin occludes the conduction pathway be reconciled with the finding
that the mutation of a single threonine into a serine in the extracellular S3-S4 loop (L3) has a
bigger influence on apamin inhibition (Fig. 3, SK1-T216S ICsqg: 167 pM) than the three
mutations in the pore outer vestibule (Fig. 4, SK1-QDN ICsq: 366 pM)? The answer might lie
simply in the fact that the extracellular loop in question is particularly long when compared
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with other members of the Kv channel superfamily (67), and that the end of S4 and the amino
acids identified in the pore region that influence apamin sensitivity might lie in close proximity.
In the absence of any structural or functional data on the localisation or movement of the S4
segment during the opening of SK channels, we have to base our arguments on the available
data for the S4 of voltage-gated K* channels. Unfortunately, as a consequence of the low
electron density for the extracellular loops in the Kv1.2 channel crystals, no structural
information for the S3-S4 loop (L3) is available (68). However, the recently solved crystal
structure of the Kv1.2 channel shows the voltage sensing domain in close proximity to the pore
domain of the neighbouring subunit, which would bring the extracellular S3-S4 loop (L3) close
to the outer pore vestibule (68). Additionally, the proximity between the initial S4 segment
and the pore domain has been demonstrated by the formation of disulfide bonds (69), and by
analysing the reaction time of introduced cysteine residues in the pore loop with charged
cysteine modifiying agents depending on the position of S4 (70). The influence of a region
outside the pore on toxin binding has been observed for the Ca%*- and voltage-activated
potassium channel complex, which consists of a- and 3-subunits. Here, the extracellular regions
of the B-subunits influence the interaction of charybdotoxin and iberiotoxin with the channel
complex (71). In particular, the RB4-subunit renders the channel complex insensitive to
charybdotoxin and iberiotoxin (71).

There may be more amino acids involved in creating the apamin binding site on the SK
channels. Our analysis was guided by the difference in apamin sensitivity between hSK1 and
rSK1nsk2-cske- This led to the identification of the threonine at position 216 in hSK1 and the
corresponding serine in SK2 and SK3 described here. However, when we aligned the amino
acids for rSK1nsk2-csk2 and the hSK1-SK2-hSK1 chimera in the pore region and in the S3-
S4 loop, we were surprised about the result. The resulting channels show a more than 150 fold
difference in their sensitivity for apamin (Fig. 1, 2 and in Ref. 42), in spite of both having a
serine at the corresponding amino acid position 216 in hSK1 and identical pores. This strongly
suggests the involvement of further amino acids that render rSK1 apamin insensitive.

Our data show that the apamin sensitivity of SK channels is influenced by the primary sequence
in the pore region as well as by the extracellular S3-S4 loop (L3). The involvement of the pore
region and simultaneously the S3-S4 loop (L3) in the binding of a blocker has to our knowledge,
so far not been demonstrated for any other K* channel. Interestingly, serine, the amino acid in
SK2 and SK3, and theronine, the amino acid in SK1, differ only by one methyl group.
Therefore, we think it is very likely that the identified amino acid residue in the S3-S4 loop
(L3) is in close contact with apamin and might interact with residues on the toxin surface.
Alternatively, the mutation T216S might have an effect on the three-dimensional structure of
the apamin receptor, thereby influencing the apamin sensitivity of the SK channels. Small
organic molecules such as TEA and d-tubocurarine are not affected by the mutation (Fig. 5),
suggesting that changes in the S3-S4 loop do not induce major conformational changes in the
pore region.

However, at the present time we do not know which apamin residues may face the S3-S4 loop
(L3). The available molecular modelling and docking simulations for scorpion toxins
(64-66), cannot answer this question in the absence of structural data for the S3-S4 loop (68).
Our study might serve as a starting point to identify amino acids in close contact between toxin
and channel to complete our understanding of the architecture of the SK channel vestibule and
of how apamin sits in it. Furthermore, taken into consideration the larger size of the scorpion
toxins when compared with apamin, we would expect that the amino acids identified in the
extracellular S3-S4 loop (L3) also affect the binding of the scorpion toxins to SK channels.

A detailed understanding of the molecular determinants of SK channel inhibition by toxins is
essential for the design of novel, subunit specific blockers that may constitute useful tools for
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the elucidation of the SK channel normal function and the treatment of neurological or
psychiatric disorders by selectively targeting SK channel subtypes.
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Fig 1.

Amino acids outside the pore affect apamin sensitivity. Schematic drawings illustrate the
SK a-subunit constructs. Thin lines indicate regions of the rSK1ysk2-csk2 a-subunit and thick
lines correspond to regions of the hSK1 a-subunit. HEK293 cells expressing SK channels and
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chimeras were measured in the whole-cell configuration in the presence of 1 uM intracellular
Ca?*. Currents elicited by voltage ramps from —100 to 40 mV (duration: 400 ms) are shown.
A, Representative current traces of HEK293 cells expressing rSK1nsko-csk2 before and after
application of 5 nM apamin. The current was not inhibited by 5 nM apamin (residual current
99 + 2%, n=3). An extracellular solution containing 4 mM K* produced the expected left shift
of the current-voltage relationship (low K*). B, for comparison, currents generated by hSK1
were inhibited by 42 £+ 1% (n=6) by 3 nM apamin. C and D, L1-hSK1 and L3-hSK1 were
generated by substituting the extracellular regions between transmembrane segments S1 and
S2 (L1) or S3 and S4 (L3) in rSK1nsk2-csk2 for the corresponding regions in hSK1. C, L1-
hSK1 currents were unaffected by the application of 5 nM apamin (residual current 99 + 1%,
n=4), like rSK1nsk2-csk2 currents. D, Currents generated by the chimera L3-hSK1 were
inhibited by to 44 £ 5% (n=5) by 5 nM apamin.
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Fig 2.

The apamin sensitivity of hSK1 is increased after exchange of the extracellular loops L2
and L3. Schematic drawings illustrate the SK a-subunit constructs. Thin lines indicate regions
of the rSK2 a-subunit and thick lines indicate regions of the hSK1 a-subunit. Representative
current traces of the hSK1-SK2-hSK1 chimera (A), hSK1 (B), and SK2 (C) before and after
application of 300 pM apamin were obtained using symmetrical potassium concentrations.
D, bar diagram indicating the fraction of residual current (I/1,ax) in the presence of 300 pM
apamin for hSK1-SK2-hSK1 (I/l1ax = 0.42 + 0.03, n=5), SK2 (I/l;hax = 0.16 £ 0.01, n=4), and
hSK1 (1/lmax = 0.92 £ 0.01, n=4) with P<0.0001 for the differences between hSK1-SK2-hSK1
and SK2 or hSK1. E, concentration-response curve for the inhibition of hSK1-SK2-hSK1
() by apamin. Data points (n > 4) were fitted with a Hill-Langmuir equation and yielded an
ICgq value of 124 pM (95% CI: 100 pM to 156 pM).
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Fig 3.

A single amino acid exchange in the extracelluar loop L3 increases the apamin sensitivity
of hSK1 by one order of magnitude. A, sequence alignment of the extracellular loop L3
between the transmembrane segments S3 and S4 of hSK1 and SK2. Amino acids that differ in
the two sequences are highlighted by black boxes. B - G, The indicated point mutations were
introduced into hSK1, where amino acids were exchanged with those found at corresponding
positions in SK2. Representative current traces of HEK293 cells expressing mutated channels
before (control) and after application of 3 nM apamin for the various hSK1 mutants. H, The
fraction of residual current (1/1,ax) recorded for each mutant is summarized in a bar diagram.
hSK1-H204N (I/1yax = 0.54 + 0.02, n=5), hSK1-R206T (I/I;ax = 0.54 + 0.02, n=9), hSK1-
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T216S (/max = 0.20 + 0.01, n=3), hSK1-VA221/222TT (I/Imax = 0.51 £ 0.03, n=8), hSK1-
E223T (1/l;nax =0.52 £ 0.04, n=4), hSK1-VL228/22911 (1/I;hax = 0.64 + 0.03, n=4), hSK1-SK2-
hSK1-S216T (I/Imax = 0.45 + 0.04, n=7), as well as SK2 (I/ljax = 0.06 £ 0.01, n=3) and hSK1
(Mnax = 0.58 £ 0.01, n=6). The differences between hSK1-T216S and all tested channels
shown are highly significant (P<0.01). I, concentration-response curves for the inhibition of
SK1 (o), hSK1-T216S (), and SK2 (o) by apamin. Data points (n > 3) were fitted with a Hill-
Langmuir equation and yielded the following 1Cs5q values: hSK1 (ICsg = 3.2 nM, 95% CI: 2.7
nM to 3.8 nM), hSK1-T216S (IC5¢ = 167 pM, 95% CI: 145 pM to 193 pM) and SK2 (ICsq =
30 pM, 95% ClI: 27 pM to 33 pM).
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Fig 4.

The combination of the point mutation T216S and the triple pore mutations
KEH310/312/339QDN reconstitutes the apamin sensitivity of SK2 in hSK1. A, sequence
alignment of the pore region of hSK1 and SK2. Amino acids from the middle part of the pore
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region are identical between hSK1 and SK2 and are omitted. Amino acids that differ in the two
sequences are boxed in black. B, bar diagram summarizing the inhibitory effect of 3 nM

apamin. The fraction of residual current (1/1ax) was 0.34 + 0.02 for hSK1-H339N (n=4), 0.27
+0.03 for hSK1-KE310/312QD (n=4), and 0.18 + 0.01 for hSK1-QDN (n=5). The differences
between the triple pore mutant, hNSK1-QDN, and hSK1 or SK2 are highly significant (P<0.001).
C and D, representative current traces showing the degree of inhibition by 300 pM apamin of
hSK1-QDN (1/1max = 0.58 £ 0.02, n=11) and 30 pM apamin of hSK1-QDN+S (I/l;ax =0.48 +
0.04, n=7). E, concentration-response curves for the inhibition of hSK1-QDN+S () and SK1-
QDN (m) by apamin. The concentration-response curves for the effect of apamin on hSK1 (o,
Fig. 31) and SK2 (o, Fig. 31) have been included for comparison. Data points (n > 3) were fitted
with a Hill-Langmuir equation and gave the following ICsq values: hSK1-QDN+S (ICsq = 26
pM, 95% ClI: 22 pM to 32 pM), and SK1-QDN (ICsq = 366 pM, 95% CI: 326 pM to 426 pM).
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Comparison of TEA and d-tubocurarine effects on hSK1 and hSK1-T216S. A and B,
inhibition of hSK1 (A) and hSK1-T216S (B) by 30 uM d-tubocurarine (dTC). C and D,
inhibition of hSK1 (C) and hSK1-T216S (D) by various concentrations (1 mM, 3 mM, 10 mM,
30 mM and 100 mM) of TEA. These recordings were performed using asymmetric potassium
concentrations inside and outside the cell, to enable the replacement of NaCl for TEA-CI
without changing the driving force for potassium. E and F, concentration-response curves for
d-tubocurarine (E) and TEA (F) on hSK1 (o) and hSK1-T216S (e). Data points (n = 3—-6) were
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fitted with a Hill-Langmuir equation and gave the following 1Csq values for d-tubocurarine:
hSK1-T216S (ICsg = 26.6 uM, 95% CI: 20.4 uM to 34.6 uM) and hSK1 (IC5p = 30.8 uM, 95%
Cl: 24.7 uM to 38.4 uM); for TEA: hSK1-T216S (ICgq = 6.8 mM, 95% ClI: 5.5 to 8.5) and
hSK1 (IC5p = 5.2 mM, 95% CI: 4.5 t0 5.9 mM.
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