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Stephan GRISSMER‡, Michel DE WAARD** and Jean-Marc SABATIER*†1
*Laboratoire International Associé d’Ingénierie Biomoléculaire, Boulevard Pierre Dramard, 13916 Marseille Cedex 20, France, †Laboratoire de Biochimie, CNRS UMR 6560, Boulevard
Pierre Dramard, 13916 Marseille Cedex 20, France, ‡Universität Ulm, Albert Einstein Allee 11, 89081 Ulm, Germany, §Department of Physiology and Biophysics, University of California,
Irvine, CA 92697, U.S.A., ¶Laboratoire de RMN, Institut Pasteur, CNRS URA 1129, 28 Rue du Dr. Roux, 75724, Paris, France, AFMB, CNRS UPR 9039, 31 Chemin Joseph Aiguier,
13402 Marseille, France, and **Inserm EMI 9931, 17 Rue des Martyrs, 38054 Grenoble Cedex 09, France

Pi1 is a 35-residue scorpion toxin cross-linked by four disulphide
bridges that acts potently on both small-conductance Ca2+ activated (SK) and voltage-gated (Kv) K+ channel subtypes. Two
approaches were used to investigate the relative contribution
of the Pi1 functional dyad (Tyr-33 and Lys-24) to the toxin
action: (i) the chemical synthesis of a [A24 ,A33 ]-Pi1 analogue,
lacking the functional dyad, and (ii) the production of a Pi1
analogue that is phosphorylated on Tyr-33 (P-Pi1). According
to molecular modelling, this phosphorylation is expected to
selectively impact the two amino acid residues belonging to the
functional dyad without altering the nature and three-dimensional
positioning of other residues. P-Pi1 was directly produced by
peptide synthesis to rule out any possibility of trace contamination
by the unphosphorylated product. Both Pi1 analogues were
compared with synthetic Pi1 for bioactivity. In vivo, [A24 ,A33 ]-Pi1
and P-Pi1 are lethal by intracerebroventricular injection in mice
(LD50 values of 100 and 40 µg/mouse, respectively). In vitro,
[A24 ,A33 ]-Pi1 and P-Pi1 compete with 125 I-apamin for binding to

INTRODUCTION

Pi1 is a scorpion toxin that has been purified from the venom of
Pandinus imperator (Table 1A) [1–3]. It is a 35-mer peptide crosslinked by four disulphide bridges that are organized according to
the conventional pattern of the four-disulphide-bridged scorpion
toxins (i.e. C1–C5, C2–C6, C3–C7 and C4–C8) [3,4]. The 3D
(three-dimensional) structure of synthetic Pi1 in solution, as
determined by 1 H-NMR [5], shows that the toxin adopts the α/β
scaffold (i.e. an α-helix connected to an anti-parallel β-sheet by
two disulphide bridges) common to most characterized scorpion
toxins independent of their size and selectivity towards the various
ion channels [6]. Together with MTX (maurotoxin from the
scorpion Scorpio maurus palmatus) [7,8] and HsTx1 (toxin 1
from the scorpion Heterometrus spinnifer) [9], Pi1 belongs to a
structural class referred to as α-KTx6 [10]. Pi1 has been described
previously to act on both rat SK channels (small-conductance
Ca2+ -activated channels) and Kv1.2 channel subtype of the Kv
channels (voltage-gated mammalian K+ channels) [1–3]. A
number of previous structure–activity relationship studies on
different short-chain scorpion toxins strongly suggest that the

SK channels of rat brain synaptosomes (IC50 values of 30 and
10 nM, respectively) and block rat voltage-gated Kv1.2 channels
expressed in Xenopus laevis oocytes (IC50 values of 22 µM and
75 nM, respectively), whereas they are inactive on Kv1.1 or Kv1.3
channels at micromolar concentrations. Therefore, although both
analogues are less active than Pi1 both in vivo and in vitro, the
integrity of the Pi1 functional dyad does not appear to be a
prerequisite for the recognition and binding of the toxin to the
Kv1.2 channels, thereby highlighting the crucial role of other
toxin residues with regard to Pi1 action on these channels. The
computed simulations detailing the docking of Pi1 peptides on
to the Kv1.2 channels support an unexpected key role of specific
basic amino acid residues, which form a basic ring (Arg-5, Arg12, Arg-28 and Lys-31 residues), in toxin binding.
Key words: functional dyad, K+ channel, Kv1.2 channel, phosphorylated tyrosine, Pi1, scorpion toxin.

α-helical domain plays a key role in the recognition of SK
channels, whereas the β-sheet structure is more likely to be
involved in bioactivity on Kv channels [11–14]. For the latter
channels, the functional dyad composed of a basic Lys (entering
by its side chain into the ion-channel pore) and an aromatic Tyr
(or Phe) is thought to be a crucial structural element regarding
the binding properties and blocking activities of these toxins
[13,15–17]. Here we have investigated the relative contribution
of the Pi1 functional dyad (composed of Lys-24 and Tyr-33)
to the toxin action on the voltage-gated Kv1.2 channel, as
well as SK channels. Two approaches were used. The first one
relied on the synthesis of a [A24 ,A33 ]-Pi1 analogue, a structural
analogue of Pi1 lacking the functional dyad, with Ala residues
at positions 24 and 33, whereas the second one consisted of the
production of P-Pi1, an analogue of Pi1 that is phosphorylated
at Tyr-33. A molecular modelling approach has been used to
define the phosphorylation of Tyr-33 as an appropriate structural
modification of the dyad that should not affect the rest of
the molecule in terms of spatial positioning of other residues
involved in the putative interacting surface (i.e. the β-sheet).
The Tyr-33-phosphorylated Pi1 product (P-Pi1) was chemically

Abbreviations used: Pi1, toxin 1 from the scorpion Pandinus imperator ; P-Pi1, Pi1 that is phosphorylated at Tyr-33; [A24 ,A33 ]-Pi1, a structural analogue of
Pi1 lacking the functional dyad, with Ala residues at positions 24 and 33; Pi2, toxin 2 from P. imperator ; MTX, maurotoxin from the scorpion Scorpio maurus
palmatus ; Fmoc, N α -fluoren-9-ylmethyloxycarbonyl; TFA, trifluoroacetic acid; MALDI-TOF, matrix-assisted laser-desorption ionization–time of flight; 3D,
three-dimensional; Kv channel, voltage-gated mammalian K+ channel; SK channel, small-conductance Ca2+ -activated K+ channel; PDB, Protein Data
Bank.
1
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Table 1 Amino acid sequence alignments of scorpion toxins and K+ channel
P-domains
(a) Scorpion toxins (Cys-based alignments). The Cys residues are shown in bold. (b) P-domains.
Variable amino acid residues between Kv channel subtypes are in bold. The N- and C-termini
are numbered according to the NCBI Data Bank.
(a)
Toxin

Subfamily

Amino acid sequence

MTX
Pi1
Pi2

6.2
6.1
7.1

1

VSCTGSKDCYAPCRKQTGCPNAKCINKSCKCYGC34 -NH2
LVKCRGTSDCGRPCQQQTGCPNSKCINRMCKCYGC35 -NH2
1
TISCTNPKQCYPHCKKETGYPNAKCMNRKCKCFGR35 -OH
1

(b)
Ion channel

Amino acid sequence

KcsA
Rat Kv1.1
Rat Kv1.2
Rat Kv1.3

50

ERGAPGAQLITYPRALWWSVETATTVGYGDLYPVTL85
EAEEAESHFSSIPDAFWWAVVSMTTVGYGDMYPVTI383
350
EADERDSQFPSIPDAFWWAVVSMTTVGYGDMVPTTI385
370
EADDPSSGFNSIPDAFWWAVVTMTTVGYGDMHPVTI405
348

produced by solid-phase peptide synthesis using the Fmoc (N α fluoren-9-ylmethyloxycarbonyl)/t-butyl strategy [3,18]. Such a
direct chemical synthesis of P-Pi1 appears to be a convenient
approach to avoid the possibility of trace contamination by
the unphosphorylated Pi1 (native Pi1), which might lead to
misinterpretation of the biological data. The pharmacology of
[A24 ,A33 ]-Pi1 and P-Pi1 have been compared with that of native
Pi1.

precipitated and washed twice by adding cold diethyloxide. The
crude peptides were pelleted by centrifugation (2800 g, 10 min)
and the supernatants were discarded each time. The products were
dissolved in water and freeze dried. The reduced peptides
were then solubilized (≈ 1 mM) in 0.2 M Tris/HCl buffer, pH 8.3,
to allow oxidative folding (48 h, 22 ◦ C). The target peptides
(Pi1, P-Pi1 and [A24 ,A33 ]-Pi1) were purified to homogeneity by
reversed-phase HPLC (PerkinElmer; C18 Aquapore ODS 20 µm,
250 mm × 10 mm) by means of a 60 min linear gradient of 0.08 %
(v/v) TFA/0–40 % acetonitrile in 0.1 % (v/v) TFA/water at a flow
rate of 6 ml/min (λ = 230 nm). The purity and identity of the
three peptides were assessed by: (i) analytical C18 reversed-phase
HPLC (Merck; C18 Lichrospher 5 µm, 4 mm × 200 mm) using a
60 min linear gradient of 0.08 % (v/v) TFA/0–60 % acetonitrile
in 0.1 % (v/v) TFA/water at a flow rate of 1 ml/min; (ii) amino
acid content determination after peptide acidolysis [6 M HCl/2 %
(w/v) phenol, 20 h, 120 ◦ C, N2 atmosphere]; and (iii) molecularmass analysis by MALDI-TOF (matrix-assisted laser-desorption
ionization–time of flight) MS or electrospray MS.
Conformational analyses of Pi1, [A24 ,A33 ]-Pi1 and P-Pi1
by one-dimensional NMR

Each peptide, Pi1, [A24 ,A33 ]-Pi1 or P-Pi1, was dissolved (10−3 M)
in a mixture of water:2 H2 O (9:1, v/v). All 1 H-NMR measurements
were obtained on a Bruker DRX 500 spectrometer equipped with
an HCN probe and self-shielded triple axis gradients were used.
The experiments were performed at 300 K.
Molecular modelling

EXPERIMENTAL
Materials

Fmoc-L-amino acids, Fmoc-amide resin and reagents used for
peptide synthesis were obtained from PerkinElmer (Shelton,
CT, U.S.A.). Fmoc-L-Tyr(phosphate)-OH was purchased from
Bachem AG (Bubendorf, Switzerland). Solvents were analyticalgrade products from SDS (Peypin, France).
Chemical synthesis and characterization of the Pi1 peptides

Pi1, P-Pi1 and [A24 ,A33 ]-Pi1 were produced by independent solidphase syntheses using an automated peptide synthesizer (model
433A; Applied Biosystems). In the three cases, peptide chains
were assembled stepwise on 0.4 mmol of Fmoc-amide resin
(1 % cross-linked; 0.66 mmol of amino group/g) using 1 mmol
of Fmoc-L-amino acid derivatives [3]. The side-chain-protecting
groups used for trifunctional residues were: trityl for Cys, Asn and
Gln; t-butyl for Ser, Thr, Tyr (syntheses of Pi1 and [A24 ,A33 ]-Pi1)
and Asp; pentamethylchroman for Arg and t-butyloxycarbonyl
for Lys. For the synthesis of P-Pi1, Fmoc-L-Tyr(phosphate)-OH
was used. Nα -amino groups were deprotected by treatments with
18 and 20 % (v/v) piperidine/N-methylpyrrolidone for 3 and
8 min, respectively. After extensive washings with N-methylpyrrolidone, the Fmoc-amino acid derivatives were coupled (20 min)
as their hydroxybenzotriazole active esters in N-methylpyrrolidone (2.5-fold excess). After complete assembly of the peptides,
and removal of their N-terminal Fmoc groups, the peptide resins
(≈ 2.2 g) were treated under stirring for 2.5 h at room temperature with mixtures of TFA (trifluoroacetic acid)/water/thioanisole/ethanedithiol (88:5:5:2, by vol.) in the presence of crystalline
phenol (2.25 g) in final volumes of 30 ml/g of peptide resins.
The peptide mixtures were then filtered and the filtrates were
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The molecular modelling of Kv channel subtypes (Figure 1) has
been based on the crystal structure of KcsA solved at 2.0 Å (1 Å ≡
0.1 nm) resolution [PDB (Protein Data Bank) accession number
1K4C] [19]. The amino acid sequences of domains S5-P-S6 of
the rat voltage-gated K+ channel α-subunits [20] were aligned
with the homologous domain of KcsA and showed ≈ 31 %
sequence identities. The sequence identities between the Pdomains of Kv-type ion channels and KcsA are between 46
and 51 % (Table 1B). Based on the high degree of identity,
models of the S5-P-S6 regions of rat Kv1.1 (NCBI accession
number P10499), Kv1.2 (NCBI accession number P15386) and
Kv1.3 (NCBI accession number P15384) channels were generated
by using Turbo-Frodo software [21]. After Clustal alignments
(ClustalW service at the European Bioinformatics Institute,
http://www.ebi.ac.uk/clustalw), the mutations were introduced
in the amino acid sequence of KcsA, and the structures of the
corresponding Kv channels thus obtained were minimized with
CNS software [23]. The final molecular models of the S5-P-S6
regions of the rat Kv1.1, Kv1.2 and Kv1.3 channels adopt 3D
structures that are similar to that of the KcsA channel (Table 2).
To create molecular models of Pi1 [1,2], [A24 ,A33 ]-Pi1 and P-Pi1
(Figure 2A–2C), a multiple sequence alignment was performed
using the ClustalW [24] and FASTA [25] algorithms, and the
scoring was done using BLOSUM62 matrices [26]. The residue
mutations were performed within the amino acid sequence of
MTX (PDB accession number 1TXM) [7,8,27], a scorpion toxin
that shares the highest known sequence identity with Pi1 (68 %).
The sequence similarity between MTX and Pi1 is 88 %. The
model of Pi1 was verified to correlate with the low-resolution 3D
structure of Pi1 in solution as obtained by nanoprobe spectroscopy
[5]. Of note, the former 3D structure of Pi1, as solved by 1 H-NMR,
could not be used since no structural data are available from the
Protein Data Bank. The final minimized molecular models of Pi1,
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Molecular models of the rat voltage-gated K+ channels (pore regions)

(A) Top view (Turbo-Frodo software) of the molecular model of a voltage-gated Kv channel (pore regions). The Kv channel is composed of four α-subunits [20]. For each α-subunit, only the pore
region is shown for clarity. It is formed by the transmembrane segment S5, the P-domain (turret region, pore helix and selectivity filter), and the transmembrane segment S6. The four S5-P-S6
α-subunits are denoted A– D. The ion channel pore is labelled P. The Cα peptide backbone traces are pictured in green. One S5-P-S6 α-subunit is boxed (D), detailing the P-domain of the rat Kv1.1
S5-P-S6 α-subunit (see panel D). (B) Side view (Molmol software) of the molecular model of a Kv-type channel (pore regions). The transmembrane helices of segments S5 and S6 are shown in red
and yellow. TA–TD indicate turret regions of P-domains (the turret region is located between segment S5 and the α-helical structure of P-domain). HP represents the pore helix, i.e. the α-helical
structure of P-domain (HP is located between the turret region and the selectivity filter). (C) Top view of the model shown in (B). (D–F) Molecular models of the P-domains of rat voltage-gated Kv1.1,
Kv1.2 and Kv1.3 channel subtypes [20], respectively. P indicates the selectivity filter of the ion-channel pore. Most of the amino acid residues (one-letter code) that differ in the P-domains of the Kv
channel α-subunits are numbered according to their positions in the α-subunit amino acid sequences. The corresponding residue side chains are detailed.

[A24 ,A33 ]-Pi1 and P-Pi1 showed an α/β scaffold, with an α-helix
(from residues 7 to 16), and a two-stranded anti-parallel β-sheet
(residues 23–26 and 29–32).
The quality of all molecular models was assessed using the
WHAT IF program [28]. In each case, the stereochemical quality
was good and similar to those of the template molecules. The
analysis of the molecular models by using the PROCHECK
[29] program shows that all models have Ramachandran [30]
scores near those of the templates (Table 2). Other stereochemical
properties also agree with those of the templates.
Docking of Pi1, [A24 ,A33 ]-Pi1 or P-Pi1 on to rat Kv1.2 channels

The molecular interaction simulations were performed using the
BiGGER docking program [31]. The algorithm used by BiGGER
performs a complete and systematic search for surface complementarity (both geometry complementarity and amino acid residue pairwise affinities are considered) between two potentially
interacting molecules, and enables an implicit treatment of molecular flexibility. In each case, a population of 1000 candidate
protein–protein-docked geometries were selected by BiGGER.

In a subsequent step, the putative docked structures were ranked
using an interaction scoring function, which combines several
interaction terms that are thought to be relevant for the stabilization of protein complexes: geometric packing of the surfaces,
electrostatic interactions, desolvation energy and pairwise propensities of the residue side chains to contact across the molecular
interface. In the ab initio simulations, the entire molecular surface was searched using absolutely no additional information
regarding the binding sites. Among the 1000 candidate protein–
protein-docked geometries selected, the five best scoring Pi1–
Kv1.2, [A24 ,A33 ]-Pi1–Kv1.2 or P-Pi1–Kv1.2 complexes were
further treated with the Turbo-Frodo software, taking also into
account the proposed functional maps of voltage-gated K+
channel-acting scorpion toxins [16,32–37]. Finally, a rigid body
minimization was used to minimize the selected complexes. The
best energy solutions, corresponding to the most favourable Pi1–
Kv1.2, [A24 ,A33 ]-Pi1–Kv1.2 and P-Pi1–Kv1.2 channel complexes, are presented here (see Figures 6 and 7, below). The de visu
analysis was done using the Turbo-Frodo software, and the geometric qualities of the structures were verified by PROCHECK
3.3 [38].
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Statistics on all molecular models

Rmsd, root mean square deviation.
Rmsd

Ion channel . . .

Rmsd of all Cα versus KcsA (Å)
Rmsd of Cα of most conserved region versus KcsA (Å)
Rmsd of all Cα versus Kv1.1 (Å)
Rmsd of all Cα versus Kv1.2 (Å)
Rmsd

Peptide . . .

Rmsd of all Cα versus MTX (Å)
Rmsd of Cα of secondary structures versus MTX (Å)
Rmsd of all Cα versus P-Pi1 (Å)
Rmsd of all Cα versus Pi1 (Å)
Ramachandran

Ion channel/peptide . . .

Residues in most favoured region
Residues in additional allowed region
Residues in generously allowed region
Residues in disallowed region
Glycine
Proline

Kv1.3

Kv1.2

Kv1.1

1.56
0.67
0.28
0.35

1.54
0.68
0.30
–

1.49
0.68
–
0.30

Pi1

P-Pi1

[A24 ,A33 ]-Pi1

0.99
0.54
0.26
–

1.12
0.55
–
0.26

0.99
0.59
0.42
0.15

Kv1.1

Kv1.2

Kv1.3

KcsA

Pi1

P-Pi1

[A24 ,A33 ]-Pi1

MTX

258
75.0%
76
22.1%
10
2.9%
0
36
20

256
74.4%
76
22.1%
12
3.4%
0
36
20

258
75.0%
76
22.1%
10
2.9%
0
36
20

245
74.6%
79
24.1%
4
1.2%
0
40
20

17
58.6%
10
34.5%
2
6.9%
0
4
2

17
60.7%
10
34.5%
1
3.5%
0
4
2

20
68.9%
7
24.2%
2
6.9%
0
4
2

20
68.9%
9
31.1%
0
0%
0
3
2

Neurotoxicity of the peptides in mice

Pi1 and its analogues were tested in vivo for toxicity by determining the 50 % lethal dose (LD50 ) after intracerebroventricular
injection into 20 g C57/BL6 mice (approved by the French ethics
committee; animal testing agreement number 006573 delivered by
the National Department ‘Santé et Protection Animales, Ministère
de l’Agriculture et de la Pêche’). Groups of four to six mice per
dose were injected with 5 µl of peptide solution containing 0.1 %
(w/v) BSA and 0.9 % (w/v) NaCl.
Binding of the Pi1 peptides on SK channels from rat brain
synaptosomes

Rat brain synaptosomes (P2 fraction) were obtained as described
by Gray and Whittaker [39]. Protein content was assayed by a
modified Lowry technique. 125 I-Apamin (≈ 2000 Ci/mmol) was
produced as described [39a]. Aliquots of 50 µl of 0.1 nM 125 Iapamin were added to 400 µl of synaptosome suspension (0.4 mg
of protein/ml). Samples were incubated (1 h at 0 ◦ C) with 50 µl of
one of a series of concentrations of Pi1 or Pi1 analogues (10−4 –
10−14 M) in a 500 µl final volume. The incubation buffer was
25 mM Tris/HCl/10 mM KCl, pH 7.2. The samples were centrifuged and the resulting pellets were washed three times in 1 ml
of the same buffer. Bound radioactivity was analysed (Packard
Crystal II). The values expressed are the means of triplicate
experiments. Non-specific binding, less than 8 % of the total
binding, was assessed in the presence of an excess (10 nM) of
unlabelled apamin.
Electrophysiology
Oocyte preparation

Xenopus laevis oocytes (stages V and VI) were prepared for
cRNA injection and electrophysiological recordings, as described
[40]. Oocytes were prepared by removing the follicular cell layer
by enzymic treatment with 2 mg/ml collagenase IA (Sigma) in
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Barth’s medium [88 mM NaCl, 1 mM KCl, 0.82 mM MgSO4 ,
0.33 mM Ca(NO3 )2 , 0.41 mM CaCl2 , 2.4 mM NaHCO3 and
15 mM Hepes, pH 7.4, with NaOH]. Linearized plasmids were
transcribed by means of a T7 or SP6 mMessage mMachine kit
(Ambion). The cRNA were stored frozen in water at − 80 ◦ C
at 1 µg/µl. The cells were micro-injected 2 days later with 50 nl
of cRNA (0.2 µg/µl Kv1.1, Kv1.2 and Kv1.3 channels). To favour
Kv channel expression, cells were incubated at 16 ◦ C into a
defined nutrient oocyte medium [41] 2–6 days before current
recordings.
Electrophysiology recordings

Standard two-microelectrode techniques were used at room
temperature (19–22 ◦ C) to record oocyte currents. The current
and voltage electrodes were filled with 140 mM KCl and had
resistances between 0.5 and 1 M. Currents were recorded using
a voltage-clamp amplifier (GeneClamp 500; Axon Instruments,
Foster City, CA, U.S.A.) interfaced with a 16-bit AD/DA converter (Digidata 1200A; Axon Instruments) for monitoring and
voltage protocol application. Current records were sampled at
10 kHz and low-pass-filtered at 2 kHz using an eight-pole
Bessel filter and stored on computer for analysis. The extracellular
recording solution contained 88 mM NaCl, 10 mM KCl, 2 mM
MgCl2 , 0.5 mM CaCl2 , 0.5 mM niflumic acid and 5 mM Hepes,
pH 7.4 (with NaOH). Leak and capacitive currents were subtracted online by a P/4 protocol. Residual capacitive artefacts
were blanked for display purposes. The solutions of Pi1,
[A24 ,A33 ]-Pi1 or P-Pi1 were superfused in the recording chamber
at a flow rate of 2 ml/min using a ValveBank4 apparatus
(Automate Scientific). BSA (0.1 %, w/v) was added to the recording and perfusion solutions to prevent peptide loss to the
plastic chamber, tubules and non-specific binding on to the cells.
Data analyses were achieved using pCLAMP 6.0.3 software
(Axon Instruments). Kv1.3 currents were also recorded from
Jurkat T-cells using the whole-cell patch-clamp technique [42].
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Molecular models of Pi1, P-Pi1 and [A24 ,A33 ]-Pi1, and 3D structure of Pi2 scorpion toxin

(A–C) Molecular models of Pi1 [1–3], its Tyr-33-phosphorylated derivative, P-Pi1, and [A24 ,A33 ]-Pi1, respectively. (D) Three-dimensional structure of Pi2 (PDB accession number 2PTA; also
referred to as PiTx-Kα) [46] in solution, as solved by 1 H-NMR. The ribbon representation (GRASP software) is used to show Cα peptide backbones. The side chains of residues belonging to the
toxin functional dyads are numbered and detailed in each case. Of note, an aromatic Phe-33 replaces the usual Tyr residue in the case of the Pi2 functional dyad [2,45,46]. The molecular volumes
are shown in grey. P-Y33 indicates the phosphorylated Tyr-33 of P-Pi1.

RESULTS AND DISCUSSION
Rationale

The aim of this work was to address the role of a pair of
topologically well-defined basic Lys and aromatic Tyr (or Phe)
residues, referred to as the functional dyad, which is present in
the β-sheet structures of almost all known Kv channel-acting
scorpion toxins. Such a dyad is reportedly crucial to the interaction
and blockage of voltage-gated K+ channels by scorpion toxins
[13,15–17]. An evaluation of the importance of the functional
dyad in terms of binding and blockage of the various voltagegated K+ channels by scorpion toxins should help us to understand better the molecular criteria of channel recognition by the
toxin. Basically, the main concern is whether or not the functional
dyad is the main determinant for toxin recognition and binding to
the voltage-gated K+ channels. Interestingly, the importance of the
functional dyad has recently been challenged by the discovery of

Tc32, a toxin from the venom of the Amazonian scorpion Tityus
cambridgei, which blocks (in the low nanomolar concentration
range) the voltage-gated Kv1.3 channels but lacks the dyad [43].
In our study, we used Pi1 [1–3] since (i) it possesses a typical
β-sheet-associated dyad formed by Lys-24 and Tyr-33 (Figure 2A), (ii) it potently blocks Kv1.2 channels, with an IC50 value
in the nanomolar range, and (iii) its 3D structure in solution has
been studied by 1 H-NMR [5].
Structural modifications of Pi1 that selectively target its
functional dyad

To alter selectively the structure of the Pi1 dyad, two different
approaches were used. First, we chemically produced a Pi1
analogue in which the dyad was lacking ([A24 ,A33 ]-Pi1; see the
molecular model in Figure 2C). Second, we synthesized a Tyr33-phosphorylated analogue of Pi1 (P-Pi1). The main reasons
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for synthesizing the latter were (i) the structural modification of
the phenol side chain prevents the occurrence of any hydrogen
bonding with other amino acid residues, (ii) one out of the two
negatively charged oxygen atoms of the phosphate moiety of the
phosphorylated Tyr-33 is expected to form a salt bridge with
the positively charged ε-amino group of the Lys-24 side chain
that is located in close spatial vicinity, thereby also modifying
the properties of Lys-24 from the functional dyad, and (iii) the
possible stabilization of the putative interaction between the phosphorylated Tyr-33 and Lys-24 by additional hydrogen bonding
between another oxygen atom of the phosphate moiety and the
ε-amino group of the Lys-24. According to the molecular model,
a salt bridge cannot be formed with the proximal Lys-31 side
chain because of a naturally unfavourable orientation of the
Tyr-33 phenolic ring, together with distance constraints between
phosphorylated Tyr-33 and Lys-31. The theoretical occurrence of
a salt bridge between the two residues of the dyad relies on the
computer-generated structural model of P-Pi1 (Figure 2B) that
has been constructed by using molecular dynamics calculation
and energy minimization. It is noteworthy that, although the
connection between the phosphorylated Tyr-33 and the side chain
of Lys-24 remains speculative, albeit energetically favoured, at
least one residue belonging to the dyad of Pi1 has been formerly
altered, i.e. Tyr-33.

Pi1, which alters the strong ring current effect induced by the
presence of the Tyr-33 phenol and markedly modifies resonance
frequencies of the protons near the ring. Interestingly, we did not
notice any significant impact of the phosphorylated Tyr-33 on PPi1 oxidative folding, as compared with the Pi1 folding/oxidation
in vitro, as assessed by C18 reversed-phase HPLC at different times
of the oxidative folding process (results not shown). For each
peptide, the final half-cystine pairings (as assessed by enzymebased cleavages of the synthetic peptides) were found to be of the
conventional types, i.e. C1–C5, C2–C6, C3–C7 and C4–C8 [3].
Bioactivities of Pi1, [A24 ,A33 ]-Pi1 and P-Pi1
Neurotoxicity

The three peptides were compared for their lethal activities by
intracerebroventricular injection in mice. The LD50 values were
0.2 µg (Pi1), 100 µg ([A24 ,A33 ]-Pi1) and 40 µg (P-Pi1) per mouse,
indicating that [A24 ,A33 ]-Pi1 and P-Pi1 are about 500- and 200fold less potent than Pi1 in an in vivo toxicity assay, respectively.
In each case, the neurotoxic symptoms observed following these
peptide inoculations resemble those obtained when other K+ channel-acting toxins are injected in mice, suggesting that K+ channels
are indeed the molecular targets of Pi1 peptides.
SK channels

Chemical synthesis and characterization of the Pi1 peptides

Pi1, P-Pi1 and [A24 ,A33 ]-Pi1 were produced by three independent
stepwise solid-phase syntheses [18] using a standard Fmoc/tbutyl strategy, as described in [3]. Similar yields of peptide chain
assembly were obtained for the peptides, ranging from 75 to 85 %.
After final deprotection with TFA, the crude reduced peptides
were oxidatively folded in 0.2 M Tris/HCl buffer, pH 8.3 (48 h,
22 ◦ C), and purified to complete homogeneity by C18 reversedphase HPLC. The amino acid ratios calculated after acidolysis
of the folded products (Pi1, P-Pi1 and [A24 ,A33 ]-Pi1) were in
close agreement with the deduced values (results not shown).
The MS analyses of Pi1 and [A24 ,A33 ]-Pi1 by the MALDITOF technique gave, respectively, experimental molecular masses
(M + H)+ of 3834.4 and 3686.8, which are close to the deduced
molecular masses (M + H)+ of 3834.5 and 3686.4. For P-Pi1,
the experimental molecular mass (electrospray MS) was similar
to its deduced molecular mass of 3913.2. Isoelectrofocusing
experiments gave a pHi value of 8.5 for P-Pi1, as compared with
8.9 for Pi1, which also demonstrates the presence of the phosphate
moiety in P-Pi1. The final yields of Pi1, P-Pi1 and [A24 ,A33 ]-Pi1
chemical syntheses (which combined peptide chain assembly,
final deprotection, folding/oxidation and HPLC purification)
were ≈ 2–3 %, which represents average yields similar to those
previously obtained for other chemically synthesized scorpion
toxins and their structural analogues [3,7,11,12]. It is noteworthy
that P-Pi1 was directly produced by using an Fmoc-Tyr(phosphate)-OH derivative (instead of a possible in vitro kinasebased phosphorylation of Pi1) in order to prevent any potential
trace contamination by unmodified Pi1 during testing of the PPi1 sample. As expected, the conformational analyses of Pi1,
[A24 ,A33 ]-Pi1 and P-Pi1 by one-dimensional 1 H-NMR (Figure 3)
showed that they all adopt similar 3D structures (similar overall
distribution of the resonance frequencies indicating related
conformations) that are consistent with folding according to the
scorpion toxin α/β scaffold (evidence for α-helical and β-sheet
structures) [5,6]. Of note, the 1 H-NMR spectrum of [A24 ,A33 ]Pi1 is quite different from the spectra of Pi1 and P-Pi1. Most of
these differences can be reasonably attributed to the replacement
of the Tyr-33 residue of Pi1 or P-Pi1 by an alanyl in [A24 ,A33 ]
c 2004 Biochemical Society

We tested the ability of the peptides to compete with 125 I-labelled
apamin for binding to apamin-sensitive SK channels of rat brain
synaptosomes [3]. Pi1, [A24 ,A33 ]-Pi1 and P-Pi1 compete with
radiolabelled apamin for binding, with respective IC50 values of
50 +
− 15 pM (n = 3), 30 +
− 6 nM (n = 3) and 10 +
− 4 nM (n = 3).
Therefore, [A24 ,A33 ]-Pi1 and P-Pi1 are 600- and 200-fold less
potent than Pi1 in this competition assay, respectively. Although
SK channel recognition was previously reported to involve the
α-helical domain of scorpion toxins [11–14], one cannot rule out
that Tyr-33 and/or Lys-24 of Pi1 might also be involved in the
interaction of the toxin with SK channels.
Kv channels

The efficacy of Pi1, [A24 ,A33 ]-Pi1 or P-Pi1 to block K+
currents from voltage-gated Kv1.1, Kv1.2 or Kv1.3 channels was
examined by electrophysiology. We found that Pi1, [A24 ,A33 ]-Pi1
and P-Pi1 are able to block rat Kv1.2 currents with IC50 values of
1.3 +
− 0.1 nM (n = 5), 22 +
− 4 µM (n = 3) and 75 +
− 7 nM (n = 4),
respectively (approx. 17000- and 58-fold decreases in blocking
potency for [A24 ,A33 ]-Pi1 and P-Pi1, respectively; Figure 4). The
peptides were without any significant effects on mouse Kv1.1 and
Kv1.3 channel subtypes (identical to rat amino acid sequence
for the S5-P-S6 region) at micromolar concentrations (results
not shown). Although [A24 ,A33 ]-Pi1 and P-Pi1 are much less
active than Pi1 both in vivo and in vitro, the data show that the
full integrity of the Pi1 functional dyad is important but not a
prerequisite to a toxin action on voltage-gated Kv1.2 channels.
Next, we tested whether these Pi1 analogues interacted with
Kv1.2 and blocked K+ outflow through the same binding site.
In order to evaluate this point, we checked the Kv1.2 channelblocking efficacies of Pi1 after application of any one of the two
analogues (Figure 5). If no competition occurs, the efficacy of
Pi1 should be independent of the presence of [A24 ,A33 ]-Pi1 or
P-Pi1, whereas a competition for the same binding site should
reduce the efficacy of Pi1 block. In our competition experiments,
we used 2.5 nM Pi1, which reduces the steady-state peak current
by 57 % if no competition occurs (Figure 5A). In Figure 5(B),
20 µM [A24 ,A33 ]-Pi1 was applied extracellularly in the whole-cell
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Structural comparison between Pi1, P-Pi1 and [A24 ,A33 ]-Pi1 using one-dimensional 1 H-NMR

One-dimensional 1 H-NMR spectra of Pi1 (top), P-Pi1 (middle) and [A24 ,A33 ]-Pi1 (bottom). Only the representative amide proton regions are shown. Note that although the spectrum of [A24 ,A33 ]-Pi1
is quite different from the spectra of Pi1 and P-Pi1 (we mostly attributed this difference to the strong ring current effect induced by the Tyr-33 phenol ring in Pi1 or P-Pi1), analysis of the overall
distribution of resonance frequencies suggests that the 3D structures of all three peptides are similar.

Figure 4

Affinity of Pi1 and Pi1 analogues for rat Kv1.2 channels

Dose–response curves of Pi1 peptides to block current through rat Kv1.2 channels. K+ currents
were elicited by a train of 10 depolarizing voltage steps to + 60 mV once every second
from a holding potential of − 80 mV. Each data point corresponds to the mean +
− S.D. from
three to seven experiments. Data were fitted to a modified Hill equation, I toxin /I control = 1/[1 +
n
([toxin]/K d ) ], with a Hill coefficient n = 1.

configuration to the Kv1.2 channel and the K+ current was reduced
by 64 % (Figure 5B, middle trace). This reduction of K+ current is
specific, since the application of 20 µM apamin (a highly potent
SK channel-acting bee venom toxin), under identical experimental
conditions, was without effect on this current (results not shown).
The addition of 2.5 nM Pi1 to the 20 µM [A24 ,A33 ]-Pi1 containing
solution led to an additional steady-state current reduction of 20 %
of the current level after [A24 ,A33 ]-Pi1 application. This steadystate current reduction is much weaker than the 57 % reduction
observed in the absence of [A24 ,A33 ]-Pi1 and suggests that the
interaction of Pi1 with the Kv1.2 channel is not independent
of the simultaneously applied [A24 ,A33 ]-Pi1. Similar results were
obtained when 50 nM P-Pi1 was used instead of 20 µM [A24 ,A33 ]Pi1 (Figures 5C and 5D). These results strongly suggest that both
peptides are competing for the same binding site as Pi1 on Kv1.2
channel.
Therefore, it seems likely that amino acid residues other than
those belonging to the Pi1 dyad play a key role in the recognition
and interaction of the toxin with the Kv1.2 channel subtype. In
agreement with these data, individual mutations of either the Lys23 or Tyr-32 residue (functional dyad) of the Pi1 structurallyrelated MTX to Ala decreased the activity of the peptides towards
Kv1.2 channels, with IC50 values of 170 nM ([A23 ]-MTX) and
190 nM ([A32 ]-MTX) [44], but did not render them completely
inactive. This indicates that, similar to Pi1, the full integrity of the
MTX dyad is not a prerequisite to its action on Kv1.2 channel.
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Figure 5
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Effects of Pi1 after [A24 ,A33 ]-Pi1 or P-Pi1 block of Kv1.2 K+ currents

Currents were elicited by a train of 10 depolarizing voltage steps from a holding potential of − 80 to + 60 mV once every second. (A) Effect of 2.5 nM externally applied Pi1 alone. (B) Effect of
20 µM externally applied [A24 ,A33 ]-Pi1 alone (middle trace) and in combination with 2.5 nM Pi1 (bottom trace). All experiments were done in the whole-cell configuration, using a stable transfected
mammalian cell line expressing the rat voltage-gated Kv1.2 channels [42]. Of note, irrelevant peptides (e.g. bee venom toxin apamin, fragment 1–20 of Shaker B channel) had no effect on K+ currents
when tested up to 20 µM. (C) As in (A). (D) Effect of 50 nM P-Pi1 applied alone (middle trace) and in combination with 2.5 nM Pi1 (bottom trace). The competition experiments in (B) and (D) were
repeated three times.

The involvement of other residues may provide a reasonable
explanation for the fact that Tc32 blocks Kv1.3 channels despite
its lack of such a dyad within an α/β scaffold [43]. In conclusion,
our data strengthen the idea of a multipoint interaction between
scorpion toxins and their target ion channels [13,15], and indicate
that the ‘functional’ dyad is more likely involved in K+ current
blockage efficacy rather than in the recognition and binding of the
toxin to the voltage-gated Kv1.2 channels.

Pi1 is part of a highly hydrophobic cluster of aromatic residues
consisting of Phe-358, Trp-366, Trp-367 and Tyr-377 from one of
the four Kv1.2 α-subunits. The phenol ring of Tyr-33 additionally
forms a hydrogen bonding with the N ε of the Trp-366 indole ring.
Some hydrophobic interactions are also likely to occur between
aliphatic Ile-26 of Pi1 and Val-381 of the rat Kv1.2 α-subunit
(results not shown).
P-Pi1–Kv1.2 complex

Dockings of Pi1, P-Pi1 and [A24 ,A33 ]-Pi on to rat Kv1.2 channels

To examine the interaction between the toxin and the channel
at the molecular level, we generated models of Pi1, P-Pi1 and
[A24 ,A33 ]-Pi1 docked on to the Kv1.2 channel [31].
Pi1–Kv1.2 complex

According to the docking model (Figures 6A–6C), the toxin to
ion channel complex is stabilized by four salt bridges between the
side chains of Asp-355 of each Kv1.2 α-subunit (Kv1.2 channel
is composed of four α-subunits) and Arg-5, Arg-12, Arg-28 and
Lys-31 of Pi1. The Lys-24 side chain of Pi1 enters into the Kv1.2
channel pore and is surrounded by the four Asp-379 carbonyl
oxygen atoms of the P-domain selectivity filter. The Tyr-33 of
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The interaction between P-Pi1 and the Kv1.2 channel (Figure 6D) is found to be mostly similar to that of Pi1 (Figures 6A–
C and 6E), except for Tyr-33 which, when phosphorylated on its
phenolic ring, does not point to the aromatic cluster (due to steric
hindrance and decreased hydrophobicity upon phosphorylation)
and is constrained to reorientate markedly to interact, via the
phosphate moiety, with the Lys-24 side chain for its stabilization
(Figure 2B). Of note, an interaction between the side chains of
Lys-24 and Tyr-33 cannot occur in natural Pi1 due to distance
constraints. This new pattern of interaction forces should be
associated with the decreased blocking efficacy of P-Pi1 towards
Kv1.2 channels. According to the docking simulation of Pi1 or PPi1 on to the Kv1.2 channel (Figure 6), one can suggest that Arg-5,
Arg-12, Arg-28 and Lys-31 (not being part of the functional dyad),
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Docking simulations of Pi1 and P-Pi1 on to rat voltage-gated Kv1.2 channels (pore regions)

(A) Side view (Turbo-Frodo software) depicting the interaction of a molecular model of Pi1 [1–3] with that of the rat voltage-gated Kv1.2 channels (pore regions) [20]. For clarity, Cα peptide
backbones of only two out of the four S5-P-S6 α-subunits of the Kv1.2 channels are presented (yellow). The Cα peptide backbone of Pi1 is shown in pink. The side chains of amino acid residues
being involved in the Pi1-Kv1.2 channel interaction are detailed. Basic, acidic and aromatic residues are shown in blue, red and purple, respectively. The residues are numbered according to their
positions within the Pi1 and Kv1.2 α-subunit amino acid sequences [1,2,20]. (B) Magnified side view describing the interactions of Pi1 with the voltage-gated Kv1.2 channels. For Pi1, only the side
chains of residues involved in this interaction are depicted. Also, only interacting residues from the Kv1.2 α-subunits are pictured in their exact 3D positions, according to the ion-channel molecular
model (see Figure 1E for details). (C) Top view showing the docking [31] of Pi1 on to rat voltage-gated Kv1.2 channels (pore regions). The Cα peptide backbone of Pi1 is omitted for clarity. Only
interacting residues are presented with their corresponding side chains. The Cα peptide backbones of the four S5-P-S6 α-subunits of the Kv1.2 channels are shown in yellow. (D) Magnified side
view describing the interactions of P-Pi1 with the rat voltage-gated Kv1.2 channels. The Cα peptide backbone of P-Pi1 is shown in gold. (E) Top view corresponding to the superimposed dockings
of Pi1 and P-Pi1 Cα traces on to rat voltage-gated Kv1.2 channels (pore regions). The Cα peptide backbones of Pi1 and P-Pi1 are shown in pink and gold, respectively.

forming a basic ring, might also behave as premium residues with
regard to the interaction with this ion channel.

the marked decrease in affinity of this analogue towards Kv1.2
channel, as compared with the affinity of P-Pi1.

[A24 ,A33 ]-Pi–Kv1.2 complex

Potential role of a basic ring in toxin binding on to Kv1.2 channels

The interaction between [A24 ,A33 ]-Pi1 and the Kv1.2 channel is
found to be atypical as compared with Pi1 and P-Pi1 docking
solutions (Figure 7). Indeed, the lack of Lys-24 and Tyr-33 of
the Pi1 dyad results in Lys-31 side chain entering into the ion
channel pore, thereby mimicking the structural role of the Lys-24
side chain. The Pi1 Lys-31 side chain is also surrounded by the
four Asp-379 carbonyl oxygen atoms of the P-domain. However,
there is clearly no equivalent hydrophobic residue that would
functionally replace Tyr-33 contacts. Salt-bridge formation with
the basic residues from the basic ring of [A24 ,A33 ]-Pi1 (Arg-5, Arg12, Arg-28 and Lys-31) is unrelated to that of either Pi1 or P-Pi1.
The Arg-5 and Arg-12 residues no longer interact with Asp-355
residues from two adjacent Kv1.2 α-subunits. The Arg-28 residue
now interacts with Asp-363 (instead of Asp-355), whereas the
Lys-31 side chain enters the ionic pore. An additional salt bridge
is formed between Lys-3 of [A24 ,A33 ]-Pi1 and Asp-355 of Kv1.2.
According to the docking simulation, it appears that the whole
positioning of [A24 ,A33 ]-Pi1 over the Kv1.2 channel is clearly
distinct from what is observed for Pi1 and P-Pi1. The lack of a
‘functional’ basic ring in [A24 ,A33 ]-Pi1 may reasonably explain

Conceivably, the contribution of toxin residues other than those
belonging to the functional dyad would not be too unexpected,
since it is unlikely that only two residues (Lys and either Tyr
or Phe), additionally highly conserved among K+ channel-acting
toxins, could underlie such marked differences in K+ channel
selectivities. To illustrate the potential importance of a basic ring
in the recognition and interaction of a toxin with the Kv1.2
channels, we examined the case of scorpion toxin Pi2 (toxin 2
from P. imperator) [2,45], whose 3D structure in solution is
known [46] (Table 1A, Figure 2D) and which shows activity
at picomolar concentrations on to voltage-gated Kv1.2 channels.
This toxin possesses a well-defined β-sheet-associated functional
dyad, i.e. Lys-24 and Phe-33. Of note, the usual aromatic Tyr is
replaced by an aromatic Phe, which is also thought to interact, via
its phenyl ring, with the aromatic cluster (i.e. Phe-358, Trp-366,
Trp-367 and Tyr-377) of the Kv1.2 α-subunit as well. As shown
in Figure 8(A), Pi2 also exhibits a four-member basic ring similar to that of Pi1 or P-Pi1, strengthening the idea of a probable key role of such a ring in the toxin binding on to Kv1.2
channels.
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Figure 7
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Docking simulations of [A24 ,A33 ]-Pi1 on to rat voltage-gated Kv1.2 channels

(A) Side view (Turbo-Frodo software) depicting the interaction of a molecular model of [A24 ,A33 ]-Pi1 with that of the voltage-gated Kv1.2 channels. For clarity, Cα peptide backbones of only two out
of the four S5-P-S6 α-subunits of the Kv1.2 channels are presented (yellow). The Cα peptide backbone of [A24 ,A33 ]-Pi1 is shown in blue. The side chains of amino acid residues being involved in
the [A24 ,A33 ]-Pi1-Kv1.2 channel interaction are detailed. Basic and acidic residues are shown in blue and red, respectively. (B) Top view showing the docking of [A24 ,A33 ]-Pi1 on to rat voltage-gated
Kv1.2 channels. Only interacting residues are presented with their corresponding side chains. The Cα peptide backbones of the four S5-P-S6 α-subunits of the Kv1.2 channels are shown in yellow.

Figure 8

Functional maps of Pi2, Pi1 and P-Pi1 towards voltage-gated Kv1.2 channels

(A–C) Functional maps of Pi2 [2,45,46], Pi1 [1–3] and P-Pi1, respectively. The molecular models (Pi1, P-Pi1) and 3D structure of Pi2 [46] is shown according to a space-filling representation
(Turbo-Frodo software). The highlighted amino acid residues are those belonging to the toxin functional maps with regard to the Kv1.2 channels. These residues are numbered according to the
peptide amino acid sequences. The basic and hydrophobic residues of the toxin functional maps are pictured in blue and green, respectively. Residues from the functional dyad, as well as the phosphate moiety of Tyr-33 (P-Pi1) are shown in purple. Other residues are shown in pink.
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Role of the Pi1 functional dyad in toxin binding to Kv1.2 channels

To support experimentally the potential importance of the Pi1
basic ring in toxin interaction with Kv1.2, a first set of three
Pi1 analogues were synthesized, in which one or two basic
residues from the ring were replaced by Ala, i.e. [A31 ]-Pi1,
[A5 ,A12 ]-Pi1 and [A5 ,A31 ]-Pi1. These peptides were tested for
their effects on Kv1.2 K+ currents. The IC50 values obtained
were 383 +
− 6 nM ([A5 ,A12 ]-Pi1,
− 33 nM ([A31 ]-Pi1, n = 5), 67 +
n = 4) and 623 +
− 68 nM ([A5 ,A31 ]-Pi1, n = 4), which should be
compared with an IC50 value of 1.3 +
− 0.1 nM for Pi1. Therefore,
replacements of these basic residues from the basic ring produced
a 51–480-fold reduction in the peptide affinity for Kv1.2 channel.
These data strengthen the hypothesis that the basic ring contributes
to toxin interaction with Kv1.2. Because the replacement of one
or two basic residues from the basic ring did not abolish Pi1
activity, it is likely that the simultaneous presence of all four
basic residues is not mandatory for peptide binding on to Kv1.2
channels. A stabilization of the complex could presumably also
occur with a reduced number of salt bridges. From the docking
experiments, Asp-355 of each Kv1.2 α-subunit is pivotal (via
salt bridge formation) regarding the interaction of Pi1 or P-Pi1
with this channel. It is interesting to note that such an Asp-355
residue is not present in the α-subunits of rat Kv1.1 (Glu-353
instead; see Figure 1D and Table 1B) and rat Kv1.3 (replaced by
Ser-375; see Figure 1F and Table 1B) channel subtypes [20], for
which Pi-1 and P-Pi1 were found to have no affinity. Based on
the molecular model of the rat Kv1.1 channel (Figures 1A–1D),
Glu-353 residues of the Kv1.1 α-subunits are not expected to
form salt bridges with the side chains of Arg-5, Arg-12, Arg-28
and Lys-31 residues of Pi1 or P-Pi1, since they are found to be
already connected, by salt bridges, with adjacent His-355 residues
(Kv1.1 α-subunits; see Figure 1D). In the case of the rat Kv1.3
channel, the nature of Ser-375 (Kv1.3 α-subunit; see Figure 1F)
does not allow any salt-bridge formation that would stabilize a
potential binding of the toxin.
Functional maps of Pi1 and P-Pi1 towards rat Kv1.2 channels

Results from the docking experiments (Figure 6) [31] allow us to
propose deduced functional maps for Pi1 and P-Pi1 (Figures 8B
and 8C). These maps suggest an important contribution of Arg-5,
Arg-12, Lys-24 (dyad), Ile-26, Arg-28, Lys-31 and Tyr-33 (dyad)
residues of Pi1 and P-Pi1 to their recognition and blockage of rat
Kv1.2 channels. We therefore suggest a two-level toxin-binding
pictorial view in which the toxin basic ring composed of Arg-5,
Arg-12, Arg-28 and Lys-31 first acts (via electrostatic forces) in
the recognition, interaction and correct positioning of Pi1 and PPi1 on to the Kv1.2 channels, and then a tighter interaction takes
place through both hydrophobic forces and hydrogen bonding
between Tyr-33 (dyad) and the aromatic cluster consisting of
Phe-358, Trp-366, Trp-367 and Tyr-377, and between Ile-26 and
Val-381. The Lys-24 (dyad) side chain enters the ion-channel pore
and is stabilized by the four Asp-379 carbonyl oxygen atoms of the
Kv1.2 α-subunits; the Lys side chain presumably acts by blocking
K+ ion efflux, and might be thereby involved in the toxin-blocking efficacy.
Concluding remarks

A number of previous structure–activity relationship studies on
different scorpion toxins that act on voltage-gated K+ channels
suggested that the β-sheet structure plays a key role in toxin
action towards these channels [13,15]. Among the amino acid
residues belonging to the β-sheet, most work has focused on a
pair of well-defined basic and aromatic residues, referred to as the
functional dyad [13,15–17]. Here, we have examined the relative
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contribution of the Pi1 functional dyad (i.e. Lys-24 and Tyr-33) to
the toxin action on the voltage-gated Kv1.2 channel [1–3,20]. By
selective addition of a phosphate moiety on to the Tyr-33 phenol
ring, we altered the toxin dyad and the resulting peptide, P-Pi1,
remains capable of blocking Kv1.2 channel currents (albeit at a
reduced level when compared with Pi1). This indicates that the
complete integrity of the Pi1 dyad is not a full prerequisite to
the toxin action on Kv1.2 channels, suggesting that the dyad is
not the sole determinant in the interaction with this ion channel.
This was further confirmed, but to a lesser extent, by the
specific activity of [A24 ,A33 ]-Pi1 lacking the dyad on the Kv1.2
channels. The docking simulations [31] of Pi1 and P-Pi1 on to
the Kv1.2 channels clearly provide new insights into the structural basis of this recognition/interaction. On the side of the
toxin, an unexpected contribution of a basic ring composed of
four residues belonging to various domains of the molecule has
been highlighted, which further supports the idea of a multipoint
interaction between Pi1 and this ion channel. It is noteworthy
that such a basic ring is also observed in other potent Kv1.2
channel-acting scorpion toxins (e.g. Pi2 [2,45,46]). At the level
of the Kv1.2 channel, a key functional residue appears to be Asp355 of the α-subunit, suggesting that site-directed mutagenesis
experiments should be first targeted at this particular position.
The production by chemical peptide synthesis of some other
selected Pi1 structural analogues, notably those with an altered
basic ring, will further confirm experimentally the Pi1 functional
map that is deduced from the docking experiments. Because
the latter also gave some structural data that might potentially
explain the selectivity of the Pi1 action on voltage-gated Kv1.2
channels, we will use the docking simulation approach to design
novel Pi1 analogues that exhibit some changes in pharmacological
selectivity or affinity towards the voltage-gated K+ channels.
Additionally, the present study will be extended to other Kvchannel-acting scorpion toxins, such as Pi2, to tentatively unravel
the precise molecular basis of the toxin to Kv-channel recognition.
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