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ABSTRACT. The bacterial potassium channel, KcsA, can be modified to express a high-affinity receptor
site for the scorpion toxin kaliotoxin (KTX) by substituting subregion | in the P region of KcsA with the
one present in the human voltage-gated potassium channel Kv1.3 [Legros, C., Pollmann, V., Knaus, H.
G., Farrell, A. M., Darbon, H., Bougis, P. E., Martin-Eauclaire, M. F., and Pongs, O. (20(Bipl.

Chem. 27516918-16924]. This approach opened the way to investigate whether sequence differences
in subregion | of Kvl channels correlate with the distinct pharmacological profiles of peptide inhibitors.
A panel of six chimeras between KcsA and human Kvdwere constructed, expresseddscherichia

coli, purified to homogeneity, and assessed in filter binding assays using either monoiodo-tyrosine-KTX
([*?™]KTX) or monoiodo-tyrosine-hongotoxifA19Y/Y37F) ([**A]HgTX1(A19Y/Y37F)). The KcsA-

Kv1.X chimeras were found to have lower affinities for these ligands than the corresponding mammalian
Kv1.X channels, indicating that other parts of the channels may contribute to binding or that subtle structural
differences exist between these channels. The properties of the-HogAX chimeras were also
characterized in surface plasmon resonance experiments.-H0sA3 chimeras were immobilized on

the surface of a sensor chip for determining, in real time, binding of the peptides. KTX binding properties
to immobilized KcsA-Kv1.3 chimera were similar to those determined by filtration techniques. Taken
together, our results demonstrate that the pharmacological profile of peptide toxins can be incorporated
into KcsA—Kv1.X chimeras containing the subregion | of the corresponding mammalian Kv1.X channels.
This innovative approach may facilitate the high-throughput screening of ligand libraries aimed at the
discovery of novel potassium channel modulators.

Voltage-gated potassium channels (Keglong to a highly excitability and signaling, potassium channels represent a
diverse superfamily whose members participate in many target of interest for the development of novel and useful
important physiological functiond). A number of these ion  therapeutic agents with a wide range of clinical applications.
channels are associated with hereditary human diseases [e.gThus, it would be desirable to produce potassium channels
the long QT-syndrome?]]. Given the diversity of potassium in a form that would make them easily accessible to mine
channels and their importance for regulation of cellular for channel modulators.
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KTX, kaliotoxin; [*?9]HgTX1(A19Y/Y37F), monoiodotyrosine hon- oo . .
gotoxin 1 (A19Y/Y37F); [?9]KTX, monoiodotyrosine kaliotoxin; SPR, binding properties of eukaryotic Kv1l channels have been

surface plasmon resonance; gsGnolar concentration that produces  transferred to KcsA by mutating certain residues in the outer
50% of the maximum possible responsesd@olar concentration that  vestibule of that channel. These studies have helped to
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rate constantkoy, dissociation rate constark; coefficient of mass ~ involved in the interaction of peptide inhibitors with the
transfer. vestibule of eukaryotic Kv channel§,(7).
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surface and assayed with surface plasmon resonance
f d d with surf I SPR
S5/ S6/M2 for peptide binding. Taken together, our data indicate that
» 0 0 80 a0 subregion | of Kvl channels is a major contributor to the
KcsA VLAERGAPGAQLITYPRALWWSVETATTVGYGDLYPVTLHGRL pharmacological profile of native channels.
Kv1.1 ¥YFAEAEEAESHFSSIPDANWWAVVSMTTVGYGDMYPVTIGGKI
Kv1.2 YFAEADERESQFPSIPDANWWAVVSMTTVGYGDMVPTTIGGKL
Kv1.3 YFAEADDPTSGFSSIPDAFWWAVVTMTTVGYGDMHPVTIGGKI EXPERIMENTAL PROCEDURES
Kv1.4 YFAEADEPTTHFQSIPDAFWWAVVTMTTVGYGDMKPVTIGGKT . . . . .
Kv1.5 YFREADNQGTHFSSIPDAFWWAVVTMTTVGYGDMRPVTIGGKI Materials. Production of recombinant proteins Escheri-
Kv1.6 YFAEADDDDSLFESIPDAFNWWAVVTMTTVGYGDMYPMTVGEGKT Chia CO“ Sti‘ains was Carried Out in SB medium (25 g/l_
trom nchange of Subregion | bactotryptone, 15 g/L bactoyeast extract, 5 g/L NaCl, 0.1%
/ D-glucose, pH 7.0). Ampicillin and kanamycin (Sigma) were
added to final concentrations of 100 and 2&/mL,
KesA-Kvl.l respectively. IPTG was from Roth. DM was purchased from
a2 CalbiochemE. coli XL1-Blue (Stratagene) served as host
=P xcen-xvi.é for the propagation of pQE-32 (Qiagen) and construgts;
roea VS coli M15 [pREP4] (Qiagen) was used for the production of

recombinant proteins. Glass fiber filters were obtained from
Whatman. CM5 dextran chips and the amine-coupling kit
containing EDC and NHS were purchased from BlAcore
(Sweden). All other reagents were obtained from Stratagene,
Sigma, Fluka, or Merck.

Construction of KcsAKv1.X ChimerasChimeric con-
structs consisting of the core of KcsA and part of the pore-
10000 forming loop of either hKv1.1, hKv1.2, hKv1.4, hKv1l.5, or
B hKv1.6 were prepared using standard PCR techniques. The
= so00 KcsA—Kv1.3 chimera has been previously describéd A
. His tag was added to the N-terminus of each protein to allow
Ry g T AN NP AT AP AR purification by immobilized-metal-affinity chromatography.

H:‘* g i 4 T S All constructs were sequenced using an ABI 377 DNA
sequencer.

Ficure 1: Binding of [“*I]KTX and [**9]HgTX 1(A19Y/Y37F) to Induction and Purification of KcsA Wild-Type and KesA

KesA—Kv1.X chimeras. (A) Schematic diagram showing the ; ; ; ;
alignment of residues in the S5/MB6/M2 linker of KcsA Kv1.X Chimeras Recombinant chimeric channels were

(residues 4890) and hKv1.3-hKv1.6 subunits. Conserved amino e_xpressed and pur_lfled as descrl_b@)jv@th minor mOd'f'Ca_'
acid residues are represented in bold. A His tag was added at thetions The expression of recombinant proteins was achieved
N-terminus of each construct to facilitate purification. Subregion by addition of 0.4-0.5 mM IPTG for 2-3 h after ORgonm
I, which was transferred to KcsA to generate the different chimeras, reached +2 absorbance units. Protein concentrations were
is framed. Purified KcsAKv1.X channels were assayed in filtration ; ;
binding assays with eitheRHIKTX (B) or [ Z]HgTX (A19Y/ dlf.term'”eF? 2y.3peC”°ph°tc|’megyb ansdasthceeg'clrg BCA test
Y37F) (C). Vertical bars represent the SEM for each experimental ( 'e_rce_)' ro eins were analyzed Dy 0.
point. Binding Studieg[*>3]KTX and [*?3]HgTX 1(A19Y/Y37F)
. o were prepared as previously describ8d1(1). All binding

We have previously shown that substitution of two experiments were performed at room temperature. B8J-[
subregions in the KcsA P region (subregions | and Ill) by kTx pinding experiments, the binding buffer consisted of
the respective P region sequences of the human Kv1.35q0 mM Tris-HCI (pH 7.4), 50 mM NaCl, and 0.1% bovine
channel reconstitutes a high-affinity receptor on KcsA for gerym albumin (buffer A). For'fsJHgTX 1(A19Y/Y37F)
the scorpion peptide kaliotoxin (KTX)7|. Subregion | pinding experiments, 3 mM of KCI was added to buffer A.
contains the turret that could be involved in conferring |, experiments with purified proteins, 2 mM DM was also
specificity to the peptide/channell interaction._For instance, present in the incubation media. At the end of the incubation
two peptides of the charybdotoxin superfamily, KTX and periog, the reaction was stopped by addition of 4 mL of ice-
hongotoxin(A19Y/Y37F) (HgTX(A19Y/Y37F)), display  cold 20 mM Tris-HCI (pH 7.4), 150 mM NaCl, and samples
different specificities for members of the Kv1 channel family \yere filtered through GF/C glass fiber filters presoaked in
(8, 9. KTX blocks Kv1.1 and Kv1.3 but not Kv1.2, Kv1.4, g 504 polyethylenimine. Filters were washed twice with 4
KvL.5, and Kvl1.6 channels8), whereas HgTXA19Y/ mL of buffer. Nonspecific binding was defined in the
Y37F) blocks with very high potency Kv1.1, Kv1.2, Kv1.3, psresence of 100 nM unlabeled peptide. For each experiment,
and Kv1.6 channels, but it does not block Kv1.4 and KV1.5 ipjicate or duplicate assays were carried out, and the data
channels ). _ _ ~ were averaged.

To investigate whether sequence dlﬁgrences in subregion Analysis of DataData obtained from radioligand binding
I correlate with the pharmacological profile of Kv1 channels, - experiments were analyzed by nonlinear regression and linear
chimeric channels were constructed by replacing KcSA yegression analysis using PRISM software (GraphPad) as
subregion | by the corresponding subregions | of human pyreviously described7). When ligand depletion occurred,

Kv1.1-Kv1.6 channels (Figure 1A). Binding szﬁ_]KTX the following equation was used to determitgand Byax
and [2H]HgTX1(A19Y/Y37F) to the KcsA-Kv1.X chimeras values:

was characterized using filtration techniques. A novel
nonradioactive binding assay was also developed in which B —B
KcsA—Kv1.X chimeras are covalently linked to an inert tot

histag

B C

IBI-KTX Bound (cpm
1L HgTX,(A19Y/Y3TF) Bound

x Lf(Kqy+ L) + L x NS

max
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whereB represents the amount of bound ligahdjs the
concentration of free ligandmax is the maximum receptor
concentrationKy is the equilibrium dissociation constant,
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Kv1.4 and KcsA-Kv1.5 chimeras (Figure 1C). The results
of these binding assays indicated that the Kes&1.X
chimeras qualitatively mirror the pharmacological specifici-

and NS is the degree of nonspecific binding determined in ties reported for the respective mammalian Kvl channels

the presence of excess of unlabeled peptid. (

SPR ExperimentsAll determinations were carried out
using a BlAcore 3000 instrument (Biacore, Sweden) with
sensor chips maintained at 26 (13). The running buffer

(8, 9).

[*23]KTX Binding to the KcsA-Kv1.1 Chimera Under
equilibrium conditions, specific binding offP[KTX to
KcsA—Kvl.1 was saturable (Figure 2A), and the data could

consisted of 10 mM sodium phosphate, 150 mM NaCl, 3 be fitted to a single binding isotherm withka of 3.2 nM

mM KCI, and 2 mM DM, pH 7.0. Proteins were covalently
immobilized onto CM5 dextran sensor chips via primary
amino groups, using a standard coupling protodd).(In

and aBnax 0f 1.6 fmol/ng of purified protein. ThiBmax value
is ~8-fold lower than the expected theoreti@l.x of 12.3
fmol/ng protein, suggesting that ony13% of the KcsA-

brief, the sensor surface was activated by a 7-min pulse ofKv1.1 protein binds RA]KTX. The relatively low activity

0.2 M 1-ethyl-3(3-dimethylaminopropyl)carbodiimide hy-
drochloride and 50 mMN-hydroxysuccinimide. A protein
solution (0.3 mg/mL in 10 mM sodium acetate, pH 5.2) was
then injected for 510 min. Ethanolamine (1 M, pH 8.5)

of the KcsA-Kvl.1 chimera was consistently observed in
all our protein preparations. Changes in the detergent used
in the solubilization procedure did not improve the yield of
active KcsA-Kv1.1 protein (data not shown). Both mem-

was used to block the remaining activated carboxyl groups. brane and purified KcsAKvl.1 preparations displayed

Ligand densities of 100150 fmol/mn¥ were reached. Flow

identical affinities for KTX in competition binding experi-

cell 1 was used as a blank surface. Regeneration of the sensamnents K; values of 3.6 and 3.9 nM, respectively (Figure 2B),

chip was achieved with three pulses oM KCI. Corre-
sponding peptides were injected at AZ0/min. All sensor-

indicating that the solubilization and purification procedure
did not alter the affinity of KTX for the KcsAKvl.1

grams were corrected for background and bulk refractive chimera. Interestingly, ‘F9]KTX displays a 10-20-fold

index by subtracting the reference flow cell signal. The 1:1

Langmuir binding interaction model was used to fit the data.

higher affinity for the KcsA-Kv1.3 chimera 7).
The kinetics of [2]KTX association and dissociation was

Data were analyzed using the BIA evaluation 3.0 software also determined (Figure 2C,D). Binding oJ]KTX to

(Biacore).

RESULTS

KcsA—Kvl.1 reached equilibrium after2 h incubation.
Data could be fitted to a single bimolecular binding reaction,
for which an association rate constahy, of 3.1 x 10°P M1

Previous studies using chimeras of the pore region of KcsA s was determined (inset, Figure 2@)issociation of {29]-
and the Kv1.3 channel have indicated that an important KTX from KcsA—Kvl.1, initiated by addition of 50 nM

region of the channel for interaction with KTX corresponds
to subregion | of the P region (SIP region) in the Kv1.3
channel (Figure 1A) 7). Interestingly, the SIP region of

unlabeled KTX, followed monoexponential kinetics (Figure
2D), indicative of a first-order reaction, withkgy of 0.00083
s1, corresponding to a halflifet,) of the toxin/channel

members of the Kv1 channel family shows a high degree of complex of 826 sKq calculated from the rati&yi/kon is 2.7
sequence variation, whereas the rest of the P region sequenceM, a value close to that determined under equilibrium

is relatively invariant (Figure 1A). Since Kv1.X channels
have distinct sensitivities toward pore-blocking peptidyl
inhibitors, we hypothesized that differences in the SIP

conditions.
[*29]HgTX1(A19Y/Y37F) Binding to KcsAKv1.3 Chi-
mera In the presence of 3 mM potassium, binding Bf[-

sequences could account for the different pharmacologicalHgTX1(A19Y/Y37F) to the KcsA-Kv1.3 chimera is a
profiles of these Kv1 channels. We tested the hypothesis bysaturable proces&q = 29 pM andBmax = 9.0 fmol/ng of

investigating F2A]KTX and [**A]HgTX (A19Y/Y37F) bind-
ing to a panel of KcsAKv1.X chimeras.

SIP Sequences o Channels Define Binding Specificity
to Peptidyl Inhibitors Chimeric KcsA-Kv1.X proteins
(Figure 1A) were expressed and purified frdm coli (see

purified protein, (Figure 3A, Table 1). ThiBmnax value is
close to the theoretically expected value of 12.3 fmol/ng of
protein. TheKq value is in good agreement with tkgvalue
of 69 pM, determined in competition experiments (data not
shown). Crude membrane preparations that express KcsA

Experimental Procedures). Purified proteins behaved asKv1.3 protein displayed a simild¢y value, 48 pM (data not

tetramers in SDSPAGE (data not shown). In the case of
KcsA and KesA-Kvl.3, we obtained yields of-22.5 mg
of purified protein per liter ofE. coli culture. In contrast,
expression of the other chimeras yielded relatively low
amounts of purified protein (0.65.3 mg/L). The properties
of purified chimeric proteins were characterized in binding
assays using eithet?fl]KTX or [ 23]HgTX 1(A19Y/Y37F)
(Figure 1B,C). Purified wild-type KcsA channel preparations
served as specificity controls. In addition to KesKv1.3
(7), [*MKTX binding was also observed with KcsAKv1.1
(Figure 1B), whereas the other chimeras (Ked&vl.2,
KcsA—Kvl.4, KesA—Kv1l.5, and KecsA-Kvl.6) did not bind
[*?Y]KTX (Figure 1B).

[*29]HgTX 1(A19Y/Y37F) bound to KcsA-Kv1.1, KcsA—
Kv1.2, KcsA—Kvl.3, and KcsA-Kv1.6 but not to KcsA-

shown), suggesting that the affinity of KcsAv1.3 for [*29]-
HgTX1(A19Y/Y37F) did not critically change during the
solubilization and the purification procedures.

The kinetics of {?3]HgTX1(A19Y/Y37F) binding to
KcsA—Kv1.3 was also investigated (Figure 3C,DY?H]-
HgTX1(A19Y/Y37F) binds to KcsA-Kv1.3 according to a
bimolecular, fully reversible reaction, with lg, of 2.0 x
10 Mt sl and ake of 0.0045 s*. TheKg calculated from
the ratio of ke/kon is 22.5 pM, a value close to that
determined under equilibrium binding conditions (Table 1).

[Y2M]HgTX1(A19Y/Y37F) Binding to KcsAKv1.3 Chi-
mera: Modulation by PotassiunBinding of [23]HgTX;-
(A19Y/Y37F) to mammalian Kv1.X channels has been
shown to be specifically stimulated in the presence of low
concentrations of K (15-17). Likewise, K" increases
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Ficure 2: Characterization of'PA]KTX binding to KcsA—Kv1.1 chimera. (A) Saturation binding isotherm. Purified Kesv1.1 was
incubated with increasing concentrations BA[KTX for 4 h atroom temperature. Specific binding data were fitted to a single isotherm
with aKq of 3.2 nM and aBnax 0f 1.6 fmol/ng. Inset: Scatchard-plot representation of specific binding data. (B) Competition experiments.
CrudeE. colimembranes®) or purified KcsA-Kv1.1 (@) were incubated with either 0.2 or 0.5 nM]KTX in the absence or presence

of increasing concentration of synthetic unlabeled KTX. Crude membranges:=13.8 nM, ny = 1.57,K; = 3.6 nM; purified channel:

ICs0= 4.5 nM,ny = 1.26,K; = 3.9 nM. (C) Association kinetics. Purified KcsA&Kv1.1 was incubated with 50 pM{A|KTX for different

periods of time. Inset: a semilogarithmic representation of the second-order association reaction kgivifig.d x 1 M~1 s™1, calculated
according to refl7. (D) Dissociation kinetics. After incubation of KcsAKv1.1 with 100 pM [23]KTX for 3 h atroom temperature,
unlabeled KTX was added to a final concentration of 100 nM. Bound ligand was determined at different periods of time. Data have been
fitted to a single monoexponential decay corresponding to a first-order reaction Wjho& 0.00083 s1.

specific binding of {?HgTX1(A19Y/Y37F) to KcsA— fold lower affinity than @). As observed with PI]KTX,
Kv1.3 with apparent halfmaximal stimulation occurring at the Bnax value for the KcsA-Kv1.1 chimera is lower than
0.48 mM (Figure 3B).TJHgTX 1(A19Y/Y37F) binding to the theoretically expected value, suggesting a stability
KcsA—Kv1.3 was progressively reduced as &oncentration problem with the purified chimera preparation.
was raised above 2 mM, and no binding was observed in SPR Analysis of Scorpion Toxin Interactions with KesA
the presence of 100 mM Halfmaximal inhibition occurs Kv1.3 ChimeraKcsA—Kv1.3 chimera was immobilized onto
in the presence of12 mM potassium. a commercially available CM5 dextran chip for use in a
[Y2A]HgTX(A19Y/Y37F) Binding to KcsAKv1.1, KcsA- Biacore instrument to determine peptide binding by SPR (see
Kvl.2, and KcsAKyl.6 Chimeras Under equilibrium Experimental Procedures). SPR analysis of binding reactions
conditions, PPHgTX1(A19Y/Y37F) binds in a saturable offers the advantage to detect the interactions of unlabeled
fashion to KcsA-Kv1.1, KcsA—Kv1l.2, and KcsA-Kv1.6 molecules. Thus, the system represents an attractive alterna-
chimeras. Data were fitted to a single binding isotherm with tive to radioactive ligand binding assays and can be used to
aKyof 0.42 nM and &8¢ 0f 2.7 fmol/ng of purified KcsA- study the kinetics of interaction of any ligand with a protein.
Kv1.1 protein, aKq of 0.30 nM and &Bnax of 11.4 fmol/ng To minimize nonspecific binding interactions of the peptides
of purified KcsA—Kv1.2 protein, and &y of 0.43 nM and with the CM5 dextran chip surface, we used a media
a Bmax of 10.9 fmol/ng of purified KcsA-Kv1.6 protein containing 150 mM NaCl. Under these conditions, CM5
(Table 1). Thes&y values are in good agreement with the dextran surfaces loaded with wild-type KcsA do not bind
respectiveK; values (0.31 nM, 0.74 nM, and 0.66 nM for either KTX or HgTX (data not shown). However, either
KcsA—Kvl.1, KcsA—Kv1.2, and KcsA-Kv1.6, respec- peptide led to reproducible responses on a Kek&l.3
tively) determined in competition experiments (data not biosensor surface. The SPR signakaf20 resonance units
shown). KcsA-Kvl.1 and KcsA-Kvl1.2 chimeras appear (RU) was~30% of the maximum theoretical response of a
to have 5-10-fold lower affinity for [F2]HgTX(A19Y/ fully active chimera, indicating successful immobilization
Y37F) as compared to KcsAKv1.3 (Table 1). The KcsA of KcsA—Kv1.3.
Kv1l.1, KcsA—Kv1.2, and KcsA-Kv1.3 chimeras bound The kinetics of KTX, ChTX, HgTX, and HgTX(A19Y/
[YAMHgTX 1(A19Y/Y37F) with 1000-fold lower affinities as  Y37F) binding to the KcsA-Kv1.3 chimera was determined.
compared to the mammalian Kv1.1, Kv1.2, and Kv1.3 In the concentration range from 0:48 nM, we observed
channels, whereas the difference in binding affinity between typical dose-dependent sensorgrams (Figure 4). A 1:1
the KcsA-Kv1.6 chimera and the Kv1.6 channels~+80- Langmuir model with binding of the peptide to one receptor
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FicUrRE 3: Characterization off3]JHgTX 1(A19Y/Y37F) binding to KcsA-Kv1.3 chimera. (A) Saturation binding isotherm. Purified KesA
Kv1.3 was incubated with increasing concentrations'8f|HgTX 1(A19Y/Y37F) at room temperature for-2 h. In this case, depletion of
the receptor occurred during binding. Binding data were fitted wityaf 29 pM and aBnax of 9 fmol/ng. (B) Association kinetics.
Purified KcsA-Kv1.3 was incubated with 40 pMPI|HgTX 1(A19Y/Y37F) for the indicated periods of time. Nonspecific binding was
determined in the presence of 100 nM unlabeled peptide and has been subtracted from the experimental dd¢as rrdees were
determined from specific binding data at three different concentratioASPfIgTX 1(A19Y/Y37F).kon = 2.0 x 1 M~1s71, (C) Dissociation
kinetics. After incubating KcsAKv1.3 with 50 pM F23]HgTX 1(A19Y/Y37F) for 2 h, ligand dissociation was initiated by addition of 100
nM unlabeled peptide, and incubation was followed at room temperature for different periods dftir/e0.0045 s*. (D) Modulation

of [¥¥A]HgTX1(A19Y/Y37F) binding to KcsA-Kv1.3 channels by K ions. Purified KcsA-Kv1.3 channels were incubated with 50 pM
[YM]HgTX1(A19Y/Y37F) in the presence of increasing concentrations of KCI. Specific binding data were assessed relative to an untreated
control (0 mM KCI) and fitted as described previousl). K+ modulated JPAIHgTX1(A19Y/Y37F) binding to KcsA-Kv1.3 with an
ECso = 0.48 mM (1 = 1.39) and an Igp = 11.5 mM (2 = 1.15).

Table 1: Binding of PAJHGTX (A19Y/Y37F) to KcsA-KvL.X its analogue, HgTHAL9Y/Y37F), the association rate

Chimeraa constants were 2.6 1 (Figure 4C) and 6.3« 10° M~!
KeSA—KVL.X native Kvl st (Figgre 4.D), respectively. HgTXand HgTX(A19Y/
chimeras channels Y37F) dissociated from the channel wkfx values of 0.007
Ky B Tk and 0.008 s, respectively. Both peptides displayed similar
(PM) (fmol/ng) (PM) kinetic parameters in agreement with data obtained in filter
KCSA—KVLL 223 57 012 binding experiments9). The K4 values of KTX, ChTX,
KesA—Kvl.2 297 11.4 0.09 HgTX,, and HgTX(A19Y/Y37F) calculated from ratiok/
KcsA—Kv1.3 29 9.0 0.31 kon were 0.28, 3.3, 2.8, and 1.3 nM, respectively. For KTX
KcsA—Kv1.6 432 10.9 8.7 binding, theKq value was in good agreement with the value
aK; andKgq values for [2A]HgTX 1(A19Y/Y37F) binding to KcsA- determined in filter binding experiments using the purified

Kv1l.X chimeras were determined from competition and saturation KcsA—Kv1.3 chimera (see Table 1). In contrasty for
experimentsk; values for HgTX(A19Y/Y37F) binding to native Kv1 - poTx, pinding, calculated from the kinetic experiments, was
@?ﬁnﬂzliz)l ?r?s\ltZ:c? %? Sg#’)?(idlgo\;,%%n;g? risrData were obtained 1.0r(_jer of magnitude higher than tKg detgrmined in filter
binding experiments (Table 1). This shift resulted from a
site did not give a satisfying representation of experimental 100-fold slower on-rate and could be due to a difference in
data. Careful inspection of the sensorgrams revealed par-experimental conditions between the assays. It is well-
ticipation of mass transfer, which should be expected for established that the interaction of scorpion toxins with
the range of estimated on-rates. Adding a mass transferpotassium channels is sensitive to the ionic strength of the
contribution to the 1:1 Langmuir model reduced significantly media (5).
the deviation between data and fit. The kinetic constants for
each peptide were calculated. KTX and ChTX displayed DISCUSSION
comparable association rate constaiits Yalues of 1.5x The bacterial channel, KcsA, is the only potassium channel
10" and 8.9x 10° M~* s7%, respectively). However, KTX  for which a high-resolution crystal structure has been
dissociated 10-fold slowelkd; of 0.0038 s?, Figure 4A) obtained 8, 4). KcsA shares a remarkable structural homol-
than ChTX ko of 0.030 s*?, Figure 4B). For HgTX and ogy in the pore region with eukaryotic potassium channels
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Ficure 4: Binding of various peptides to a KcsAKv1.3 biosensor surface. Sensorgrams are shown illustrating the effect of injection of
different concentrations of the following peptides: KTX (A), ChTX (B), Hal¢C), and HgTX(A19C/Y37F) (D). Sensorgrams were
fitted to a 1:1 Langmuir binding model, incorporating a mass transfer contributiorkyfA) 1.5 x 10" M~1 s71, ko = 0.0038 s?, andk;

=11x 100 RUM1sL (B) kon=8.9x 1P M1 571, kot = 0.03 51,
= 0.007 s, andk; =5 x 10/ RUM1s7%; (D) kon =6.3 x 1P M~

(6). This characteristic allowed the design of a high-affinity
receptor site for the scorpion peptide KTX by substituting
amino acids in the P region of KcsA with those of the human
Kv1.3 channel 7). The results of this study demonstrated
that specific pharmacological properties of other Kv1.X could
be conferred to KcsA. Accordingly, we created a panel of
chimeric KcsA-Kv1.X channels that contain the P region

of hKv1.1, hKv1.2, hKv1.3, hKv1l.4, hKv1.5, or hKv1.6 by

substituting the residues of the turret region of KcsA with
the corresponding residues of hKvl.1, hKvl.2, hKv1.3,
hKv1.4, hKv1.5, and hKv1.6 (subregion | or SIP region in

andk; = 19 x 10 RUM 1573 (C) kon = 2.6 x 1P M1 571, Koyt
s ko = 0.008 s, andk = 15 x 10’ RU M~1s1,

between residues 56 and 64 (Figure 1A). Within this region,
only four residues (at positions 56, 57, 58, and 64) appear
to be in close contact with the peptide. Our results also show
that the structural differences in this region between Kvl
channels determine the distinct pharmacological profile of
these channels to the peptides.

While the SIP region appears to be essential to generate a
specific receptor site in KcsA, native channels display a
higher affinity for HgTX; than for KcsA-Kv1.X (9). Other
parts of the pore region or other regions of the channel may
also contribute to the toxin/channel interaction. This may

Figure 1A). The chimeras were expressed and purified asexplain why [23]HgTX1(A19Y/Y37F) binds to KcsA-

tetrameric proteins. The results of binding experiments with
[YHM]KTX and [*?8]HgTX1(A19Y/Y37F) indicate that the
KcsA—Kvl1.X chimeras can reproduce the pharmacological
profiles of mammalian Kvl channels. Thus, the affinity of
KTX for KcsA—Kv1.3 is higher than for KcsAKv1.1, in
agreement with functional dateB)( Furthermore, ¥3]-
HgTX1(A19Y/Y37F) displays higher affinity for KcsA
Kv1.3 and KcsA-Kv1.1 than for KTX, as observed with
native channels9). The data support the notion that the SIP

Kv1.1 and KcsA-Kv1.2 with a 10-fold lower affinity than

to KcsA—Kv1.3, while the affinities for the corresponding
Kv1.X channels differ only by a factor of 3 (Table 1). In
addition, we can also not exclude subtle local structural
differences between the KcsA pore region and that of Kv
channels, as it has been report&8)( This possibility is also
consistent with the differences in*Ksensitivity between
KcsA—Kv1.X and mammalian Kv1.X channels. Thus, bind-
ing of [*A)HgTX 1(A19Y/Y37F) to KcsA-Kv1.3 is activated

region in Kvl channels represents an essential interactionby low millimolar concentrations of potassium, as it has been

surface for the binding of pore-blocking peptides. The
interacting surface of the pore-blocking peptides in KcsA
has been reported to be228 A2 (6). Three amino acid
substitutions in this region are sufficient to render KcsA
sensitive to agitoxin26). Using our previous model for the
interaction of KTX with chimeric KcsA-Kv1.3 channels?),

observed to occur in other Kvl1.X channel&5{17).
However, [?9]HgTX 1(A19Y/Y37F) binding to KcsA-Kv1.3
can occur in the absence of potassium, but potassium is
required for scorpion toxin binding to mammalian Kv1.3
channels g, 15).

In this study, we have also shown data suggesting that

we examined the interacting molecular surface of the peptide SPR analysis can be applied to immobilized potassium
and channel. The receptor site may be confined to a regionchannels for studying binding of peptides, such as those
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derived from scorpion venoms. The tetrameric Ked#v1.3 5.
chimera remains active on the sensor surface, allowing the
determination of binding events of high affinity in real time.
About one-third of immobilized KcsAKv1.3 channels were
accessible for peptide binding. Although the procedure used 7.
to immobilize KcsA-Kv1.3 on the CM5-dextran surface

may have caused inactivation of some channels, binding data g
indicate that the inactive protein does not interfere with
peptide binding to active KcsAKv1.3 chimeras. Recent
improvements in the SPR technolo@®¢21) should allow .
the detection of small molecules~$00 Da) binding to
KcsA—Kvl1.X biosensors. Thus, these systems have the 10.
potential of being used for screening complex mixtures of 11.
compounds, such as animal venoms, combinatorial peptide
libraries, and small organic compound libraries. In conclu-
sion, KcsA-Kv1.X biosensors have the potential of becom- 13,
ing substrates for high throughput assays designed toward
the identification of novel potassium channel modulators of 1
therapeutic interest. :

15.
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