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Maurotoxin (MTX) is a 34-residue toxin that has been
isolated initially from the venom of the scorpion Scorpio
maurus palmatus. It presents a large number of phar-
macological targets, including small conductance Ca®*-
activated and voltage-gated K* channels. Contrary to
other toxins of the «-KTx6 family (Pil, Pi4, Pi7, and
HsTx1), MTX exhibits a unique disulfide bridge organi-
zation of the type C1-C5, C2-C6, C3-C4, and C7-C8 (in-
stead of the conventional C1-C5, C2-C6, C3-C7, and C4-
C8, herein referred to as Pil-like) that does not prevent
its folding along the classic o/ scaffold of scorpion tox-
ins. Here, we developed an innovative strategy of chem-
ical peptide synthesis to produce an MTX variant
(MTXp;;) with a conventional pattern of disulfide bridg-
ing without any alteration of the toxin chemical struc-
ture. This strategy was used solely to address the impact
of half-cystine pairings on MTX structural properties
and pharmacology. The data indicate that MTX,,;, dis-
plays some marked changes in affinities toward the tar-
get K* channels. Computed docking analyses using
molecular models of both MTX,,;;; and the various volt-
age-gated K™ channel subtypes (Shaker B, K 1.2, and
K,1.3) were found to correlate with MTXp;; pharmacol-
ogy. A functional map detailing the interaction between
MTXp;; and Shaker B channel was generated in line
with docking experiments.

Maurotoxin (MTX)! is a basic 34-residue toxin that has been
initially isolated from the venom of the Tunisian chactidae
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scorpion Scorpio maurus palmatus (1, 2). Together with Pil (3),
Pi4 (4), Pi7 (4), and HsTx1 (5, 6), MTX belongs to a family of
short-chain scorpion toxins (a-KTx6) cross-linked by four disul-
fide bridges (7). MTX has many pharmacological targets: it
binds onto apamin-sensitive small conductance Ca®"-activated
K" (SK) channels (1, 2, 8) and potently acts on intermediate-
conductance Ca®"-activated K™ (IK) channels (8) as well as
several subtypes of voltage-gated K, channels (Shaker B,
Kv1.2, and Kv1.3) (1, 2, 8—10). The three-dimensional struc-
ture of MTX in solution (11) consists of a bent a-helix (residues
6-17) connected by a loop to a two-stranded antiparallel
B-sheet (residues 2225 and 28-31). Such a structural motif is
termed the o/B scaffold (12), which occurs independently of
scorpion toxin chain length and ion channel selectivity, except
for Ca?* channel-acting toxins (13). The «/B scaffold is associ-
ated with the presence of a consensus sequence of the type
[...]IC[...]1CXXXC[...|(G/A/S)XC[ ...ICXC[...](12), orits
variants such as [... |C[... ]JCXXPC[... IC[... [(G/A/
S)XC[...] CXCI[...]in the cases of MTX, Pil, Pi4, Pi7, and
HsTx1 (2, 6, 11, 14, 15). It is worth noting that the integrity of
the /B scaffold is maintained by the connection of the a-helix
to the antiparallel B-sheet by two of the three or four disulfide
bridges, depending on the scorpion toxin considered. The phar-
macological profile of a particular toxin can be inferred to the
spatial positioning of key amino acid residues required for ion
channel recognition. The spatial positioning of those crucial
residues depends on the toxin primary structure and the asso-
ciated specific arrangement of half-cystine pairs (16-18). In the
case of MTX, the disulfide bridging is normally of the uncom-
mon C1-C5, C2-C6, C3-C4, and C7-C8 type (Fig. 1A). However,
MTX is able to adopt the standard C1-C5, C2-C6, C3-C7, and
C4-C8 arrangement (as observed in other «-KTx6 members)
consecutive to selective amino acid residue substitution(s) (16—
18). The latter concerned Lys'®, Gly®® (18), or Pro'? and Pro?°
(17) of MTX and were found to markedly affect peptide affini-
ties toward the various K* channel subtypes. Though the sub-
stituted residues were mainly selected on the basis of a pre-

liquid chromatography; Fmoc, N*-(9-fluorenyl)methyloxycarbonyl; SK
and IK channels, small- and intermediate-conductance Ca®"-activated
K" channels, respectively; K, channels, mammalian voltage-gated K"
channels; KvAP, a voltage-dependent K" channel from A. pernix;
Shaker B channel, insect voltage-gated K* channels; TFMSA, trifluo-
romethanesulfonic acid.
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sumptive non-implication regarding ion channel recognition,
one cannot rule out that they not only affect half-cystine pair-
ings but also the spatial distribution of key toxin amino acid
residues.

In the present work, we examined for the first time the sole
contribution of the disulfide bridge arrangement on toxin phar-
macology by maintaining unchanged the MTX primary struc-
ture. The aim was to produce and characterize an MTX variant
adopting conventional Pil-like disulfide bridges, referred to as
MTXp;; (Fig. 1A). For this purpose, we developed an innovative
strategy of solid-phase peptide synthesis based on a temporary
chemical modification of the side chain of a trifunctional MTX
amino acid residue (Tyr®?) expected to guide the type of toxin
half-cystine pairings (Fig. 1B). We focused on the Tyr3? residue
because formation of the short Cys®!-Cys®* (C7-C8) disulfide
bridge (referred to as a 14-member disulfide ring) is very sen-
sitive to local steric hindrance. Indeed, we have previously
shown that replacement of the side-chain hydrogen atom of
Gly33 by a larger methyl group of Ala prevents the C7-C8
connection and forces the corresponding synthetic MTX ana-
logue ([Ala33]-MTX) to adopt the conventional Pil-like disulfide
bridge arrangement of other a-KTx6 members (18). This novel
pattern of half-cystine pairings (C1-C5, C2-C6, C3-C7, and
C4-C8) comprises the reorganization of two of the four disulfide
bridges (C3-C7 and C4-C8, versus C3-C4 and C7-C8). The fol-
lowing approach was experimentally developed to produce
MTXy,;; (Fig. 1B). (i) A classic stepwise solid-phase assembly of
MTX peptide chain using a combination of Fmoc chemistry and
t-butyl-type side-chain protecting groups for trifunctional
amino acid residues (19). In the case of Tyr32, a more acid-
resistant 2,6 dichloro-benzyl group was used to protect its
phenol ring. (ii) A trifluoroacetic acid treatment to remove all
t-butyl-type protecting groups and to cleave the peptide from
the resin. (iii) An oxidative folding of the Tyr®2-protected MTX
(MTXTyr), and (v) a final trifluoromethanesulfonic acid
(TFMSA) treatment of the folded/oxidized MTXr,, to remove
the Tyr®? side-chain protecting group, thereby generating
MTXp;; (20). Using this procedure, we succeeded in the chem-
ical production of MTXp;; and demonstrate that its novel, but
conventional, disulfide bridging is accompanied by marked dif-
ferences in toxin properties.

EXPERIMENTAL PROCEDURES
Materials

N-a-Fmoc-L-amino acids, Fmoc-amide resin, and reagents used for
peptide synthesis were obtained from PerkinElmer, except N-a-Fmoc-
L-Tyr(2,6 dichloro-benzyl)-OH, which was from Fluka. Solvents were
analytical-grade products and purchased from SDS. Enzymes (trypsin
and chymotrypsin) were obtained from Roche Applied Science.

Chemical Synthesis and Characterization of MTXp,;;

The MTX,,;; variant was assembled by the solid-phase technique (19)
using a peptide synthesizer (Model 433A; Applied Biosystems Inc.).
Peptide chains were assembled stepwise on 0.35 milliequivalent of
Fmoc-amide resin (0.66 milliequivalent of amino group/g) using 1 mm
Fmoc amino acid derivatives. The side-chain protecting groups used for
trifunctional residues were: trityl for Cys, Asn, and Gln; ¢-butyl for Ser,
Tyr, Thr, and Asp; pentamethylchroman for Arg; ¢-butyloxycarbonyl for
Lys; and 2,6 dichloro-benzyl for Tyr in position 32. The Fmoc-amino acid
derivatives were coupled (20 min) as their hydroxybenzotriazole active
esters in N-methylpyrrolidone (2.8-fold excess). The fully protected
peptide resin (2.5 g) was treated for 2.5 h at 25 °C with a mixture of
trifluoroacetic acid/H,O/thioanisole/ethanedithiol (73:11:11:5, v/v) in
the presence of crystalline phenol (2.5 g). Under this condition, the
peptide is cleaved from the resin and all its side-chain protecting
groups are removed, except the 2,6 dichloro-benzyl protecting group of
Tyr®2. After filtration of the mixture, the crude Tyr®Z-protected peptide
(MTXy,,) was precipitated and washed by adding cold diethyloxide. The
crude MTX,, was pelleted by centrifugation (3,000 X g; 10 min), and
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Fic. 1. Half-cystine pairings of MTX, Pil, and MTX,,;, and
strategy for the chemical synthesis of MTXp,;,. A, primary struc-
tures and corresponding half-cystine pairings of MTX, Pil, and MTX;;.
B, strategy used for the chemical synthesis of MTXp,;;. The phenol ring
of Tyr®? from reduced MTX remains protected with the 2,6 dichloro-
benzyl group after trifluoroacetic acid treatment (reduced MTXr,,) of
the MTX peptide resin, whereas the side-chain protecting groups (¢-
butyl-type denoted X) of other trifunctional amino acid residues are
removed. The reduced MTX ., folds/oxidizes to yield the oxidized MTX-
ryr With Pil-like half-cystine pairings. Removal of the 2,6 dichloro-
benzyl group by TFMSA treatment of the folded/oxidized MTX,, gen-
erates MTXp;;.

the supernatant was discarded. The reduced MTXy,, was then dissolved
at 2 mM concentration in 0.2 M Tris-HC1 buffer, pH 8.3, and stirred
under air to allow oxidative folding (72 h, 25 °C). The folded/oxidized
MTXy,, peptide was purified by reversed-phase high-pressure liquid
chromatography (HPLC) (PerkinElmer, C,5 Aquapore ODS 20 puu,
250 X 10 mm) by means of a 60-min linear gradient of 0.08% (v/v)
trifluoroacetic acid/0% to 35% acetonitrile in 0.1% (v/v) trifluoroacetic
acid/H,0O at a flow rate of 5 ml/min (A = 230 nm). The purified oxidized
MTXy,, (10 mg) was treated for 10 min at 25 °C with a 10.25-ml mixture
of trifluoroacetic acid/H,O (97.5:2.5, v/v) in the presence of crystalline
phenol (1.5 g) and p-cresol (1 g). Next, the mixture was chilled on ice
before addition of 1 ml of neat trifluoromethanesulfonic acid (20). The
new mixture was then incubated for an additional 20 min to remove the
2,6 dichloro-benzyl protecting groups from oxidized MTXy,, thereby
yielding MTXp;;. The peptide was then filtrated, precipitated, and
washed as described for MTX;,, after the first trifluoroacetic acid
cleavage. The homogeneity and identity of MTX;; was assessed by: (i)
analytical C,g reversed-phase HPLC, (ii) amino acid analysis after
acidolysis, (iii) Edman sequencing, (iv) mass determination by matrix-
assisted laser desorption ionization-time of flight mass spectrometry,
and (v) enzyme-based cleavage for half-cystine pairing determination.
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Fic. 2. Chemical synthesis of MTXp,;,. A, analytical C,; reversed-phase HPLC elution profile of crude reduced MTXy, , after trifluoroacetic acid
treatment. B, crude folded/oxidized MTXr,, after oxidative folding. C, MTXp;, after TFMSA treatment of folded/oxidized MTXy,,. D, purified

MTXp;;.

Assignment of Half-cystine Pairings of MTXp;; by Enzyme-based
Cleavage and Edman Sequencing Analysis

MTXp,;; (800 ng) was incubated with a mixture of trypsin and chy-
motrypsin at 10% (w/w) in 0.2 M Tris-HCI, pH 7.4, for 12 h at 37 °C. The
resulting peptide fragments were then purified by reversed-phase
HPLC (Chromolith RP18, 5 uM, 4.6 X 100 mm) with a 60-min linear
gradient of 0.08% (v/v) trifluoroacetic acid /0—60% acetonitrile in 0.1%
(v/v) trifluoroacetic acid/H,O at a flow rate of 1 ml/min (A = 230 nm) and
freeze-dried prior to their analyses. These peptide fragments were
hydrolyzed by acidolysis (6 N HCl/phenol), b and their amino acid
contents were determined (System 6300 amino acid analyzer; Beck-
man). The fragments were further characterized by mass spectrometry
analysis (RP-DE Voyager; Perseptive Biosystems) and Edman sequenc-
ing using a gas-phase microsequencer (Applied Biosystems 470A). In
standard HPLC conditions for analyzing phenylthiohydantoin (PTH)
amino acid derivatives, diPTH-cystine elutes at a retention time of 9.8
min.

Circular Dichroism Analyses of MTXp;;,, MTX, and Pil

Circular dichroism (CD) spectra were obtained on a Jasco J-810
spectropolarimeter equipped with a PTC-423S thermostat. A ratio of
2:20 was found between the positive CD band at 290.5 nm and the
negative band at 192.5 nm. CD spectra were reported as the absorption
coefficient (Ae) per amide. The far UV CD spectra were acquired at
20 °C in H,O between 185 and 260 nm using a 0.1-cm path length cell.
Data were collected twice at 0.6-nm intervals with a scan rate of 50
nm/min. As assessed by amino acid analysis, the concentration of
MTXp,;;, MTX, or Pil was 40 nM.

Toxin Docking on Voltage-gated K™ Channels

Atomic Coordinates—Atomic coordinates of MTX was obtained from
the Swiss Protein Data base (Swiss-Prot www.expasy.ch) (number
1TXM).

Molecular Modeling—Molecular modeling of the S5-H5-S6 portions
of rat K 1.1, K 1.2, K,1.3, and Drosophila Shaker B channels was
achieved on the basis of the crystal structure of the KesA channel solved
at a resolution of 3.2 A (Swiss-Prot number 1BL8). The three-dimen-
sional structural models of these channels were generated by using
KcsA as a template and with the biopolymer homology modeling soft-
ware of Swiss-model/Deep view 3.7 (Swiss-Prot, Switzerland). Amino

acid sequence alignments between KcsA and K 1.1, K 1.2, K 1.3, or
Shaker B channels, which were generated by using CLUSTALW
(V.1.82, www.ebi.ac.uk/clustalw/), showed that homologies are 69.8,
70.1, 69.1, and 65.6%, respectively. To avoid steric overlaps and clashes,
modeled side chains and Ca backbones of K* channels were subjected to
energy refinement (until AeE < 0.05 kJ-mol -A~") using, successively,
steepest-descent, conjugate gradient, and Newton Raphson algorithms,
with the consistent valence force-field as implemented in the INSIGHT
II Discover3 module (1998 release, Molecular Simulations Inc., ACCEL-
RYS, San Diego, CA). Root mean square deviation values between the
KcsA template Ca backbone and the modeled K,1.1, K 1.2, K 1.3, and
Shaker B Ca backbones were 0.48, 1.93, 0.32, and 1.68 A, respectively.

A molecular model of Pil was obtained on the basis of the three-
dimensional structure of MTX in solution (Swiss-Prot number 1TXM)
by using the homology method of Swiss-Model/Deep view 3.7. Disulfide
bridges were assigned using the Biopolymer module of InsightII. Sim-
ilarly, this module was used to generate the molecular model of MTX,;;.
Molecular models were relaxed by 5,000 steps of 1 fs of dynamics
simulation at 15 K, then minimized by energy refinement (until AeE <
0.05 kJ'mol~A~?) using the algorithms and force field previously de-
scribed for K 1.1, K 1.2, K 1.3, and Shaker B channels. Amino acid
sequence alignment between Pil and MTX (CLUSTALW) points to
88.2% sequence homology. Root mean square deviation values between
template MTX Ca backbone and the modeled Pil and MTX,;; Ca
backbones were 1.33 and 1.05 A, respectively. Geometric quality of all
models was evaluated using PROCHECK V3.5.4 (21, 22).

Protein Docking—Molecular interaction simulations were performed
using the BiIGGER program (bimolecular complex generation with glo-
bal evaluation and ranking) (23). In the first step, a 1-A three-dimen-
sional matrix composed of small cubic cells, which represents the com-
plex shape of each molecule, was generated. The translational
interaction space was searched for each relative orientation of the two
molecules by systematically shifting the probe matrix (toxin) to the
target matrix (ion channel). 5,000 docking solutions were selected after
probe rotation of 15° relative to the target, and this surface matching
was repeated until a complete non-redundant search was achieved. The
algorithm used by BiGGER performs a complete and systematic search
for surface complementarities (both geometry complementarities and
amino acid residue pairwise affinities are considered) between two
potentially interacting molecules and enables an implicit treatment of
molecular flexibility. In the second step, the 5,000 putative solutions
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were ranked according to four different interaction terms: surface
matching, side-chain contacts, electrostatic, and solvation energies
combined into a global scoring function.

Docking Solution Screening—The 15 best solutions were selected
according to (i) the global score from BiGGER, (ii) toxin Lys residue
(Lys®® for MTX and MTXp,;;, or Lys®* for Pil) and B-sheet strand
orientations toward the ion channel pore, and (iii) the best orientation,
considering the electrostatic properties of both the toxin and the K"
channel. The GRASP software (24) was used to determine these elec-
trostatic properties (GRASP; Howard Hughes Medical Institute, Co-
lumbia University, New York).

Structural Refinement of the Final Complexes—The screened docking
solutions were minimized with a rigid-body method (Ca-locked) with
steepest-descent algorithms using Deep-view V3.7 (until AeE < 0.05
kJ'-mol A1) with a GROMOS96 force field (25) to relieve possible
steric clashes and overlaps. During structural refinement, a distance-
dependent dielectric constant of 4 was used.

Docking Energy Calculations—Final docking energy of each best
solution (€, in- channel ™~ €toxinT Echannel)) Was obtained by subtracting the
sum of toxin energy alone (e,;,) and ion channel energy alone (€., ,ne1)s
after rigid body minimization (Ca—Ca distances locked) until AeE <
0.05 kJ-mol " -A~* (GROMOS96 force field) (25), from the final complex
energy (€. in—channe) Minimized under identical conditions.

VSCGTGSKDCYAPCRKQTG CPNAKCINKSC KC|YGC-NH:
L I

Close Interaction Analyses—Details of interactions were analyzed
using the LIGPLOT program (26) on each best docking solution given by
the screening method.

Linear Regression—Linear regression was computed using the Prism
software (GraphPad Prism version 3.0cx for MacOS X; GraphPad Soft-
ware, San Diego, CA; www.graphpad.com).

Neurotoxicity of MTXp;; and MTXr,, in Mice

The peptides were tested in vivo for toxicity by determining the LDy,
after intracerebroventricular injections into 20 g of C57/BL6 mice (an-
imal testing agreement number 006573, delivered by the Ministere de
I’Agriculture et de la Péche). Groups of six mice per dose were injected
with 5 ul of MTX,;; solution containing 0.1% (w/v) bovine serum albu-
min and 0.9% (w/v) sodium chloride.

Competitive Inhibition of 12°I-Apamin Binding onto Rat Brain
Synaptosomes by MTXp,;, MTXy,,, and MTX

Rat brain synaptosomes were prepared as described by Gray and
Whittaker (27). Aliquots of 50 ul of 0.1 nm '2*I-apamin were added to
400 pl of synaptosome suspension (0.4 mg protein/ml). Samples were
incubated for 1 h at 4 °C with 50 ul of one of a series of concentrations
of MTXp;; or MTX,,, or MTX (1072 M to 10~ '* M) in 500 ul of final

Tyr
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FIG. 4. Structural analyses of MTXp,;;. A, superimposed CD spectra of MTXp,;;, MTX, and Pil. B, structural comparison of MTX and MTXp,;
Ca backbones. Top, MTX with C1-C5, C2-C6, C3-C4, and C7-C8 half-cystine pairings. Bottom, MTXy,; with C1-C5, C2-C6, C3-C7, and C4-C8
pairings. Both peptides are shown as ribbon structures (a-helices, B-sheets, Ca backbones, and disulfide bridges are highlighted in red, blue, yellow,
and purple, respectively). The three-dimensional structure of MTX in solution (11) is retrieved from the Swiss Protein Data Bank (Swiss-Prot
number 1TXM), whereas a molecular model of MTXy;; was used. The drawing was generated using the Swiss PDB viewer. C, superimposed Ca
backbones of MTX and MTXG,;. Side chains, from amino acid residues that are the most differently oriented between both peptides, are detailed
in green (MTXp;;) and blue (MTX). Disulfide bridges are omitted for clarity.

100 -

3

Fic. 5. Effect of MTXy,;, on the bind-
ing of '**I-apamin onto rat brain syn-
aptosomes: Comparison between
MTX and MTXy,,. B, is the binding of
0.1 nM '**T-apamin in the absence of li-
gand, and B is the binding in the presence
of the indicated concentrations of compet-
itors. Nonspecific binding, less than 8%,
was subtracted for the calculation of the
ratios. The data were fitted by the equa-
tion y = a/[1 + exp(-(x-IC;,)/b] with ICy,
values of 4.8 = 3.8 pMm (apamin, filled
squares), 4.4 = 3.1 nm (MTX, filled cir-
cles), 17.4 = 5.6 nM (MTXy,,, open circles),
and 2.6 * 0.3 uM (MTXy,,, gray circles).
Data are the mean of triplicates = S.D.

40

20 -

[*T]-Apamin bound B/B, x100

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 deter-
mined by vy counting (Packard Crystal II). The values expressed are the
means of triplicate experiments = S.D. Nonspecific binding, less than
8% of the total binding, was determined in the presence of an excess (10
nM) of unlabeled apamin.

Log [ligand] (M)

Preparation and Electrophysiological Recordings
of Xenopus Qocytes

Xenopus laevis oocytes at stages V and VI were prepared for cRNA
injection and electrophysiological recordings. The follicular cell layer
was removed by enzymatic treatment with 2 mg/ml collagenase IA
(Sigma) in classic Barth’s medium lacking external Ca®". The cDNA
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Fic. 6. MTX,;, exhibits pharmacological properties distinct from those of MTX. A, MTX,,, is a high affinity blocker of Shaker B channel.
Current traces illustrating the extent of current block by various concentrations of MTX,;;. Holding potential is —80 mV, and test potential is +60
mV. B, recovery of Shaker B K" current after application of 10 nm MTXy;,. C, dose-dependent inhibition curve of Shaker B currents by MTXp,,.
Each data point is the mean *= S.D. of n = 7 cells. The solid line through the data is from the Hill equation y = y, + (a.x’/IC;,> + x*) with an IC,,
value of 0.24 = 0.12 nM (» = 63). a is the maximum block by MTXy,;;, a = 97.7 = 9.4%. For comparison, the dotted line represents the
dose-dependent inhibition curve by MTX. D, dose-dependent inhibition curve of K 1.2 currents by MTXy,;. IC;, = 2.76 = 2.01 nM (n = 84), and a =
111.6 *= 8.2%. Dotted line, the effect of MTX. E, dose-dependent inhibition curve of K,1.3 currents by MTX,,,. IC;, = 102.4 + 37.3 nM (n = 63), and
a = 83.2 = 4.2%. Dotted line, the effect of MTX. F, dose-dependent inhibition curve of K 1.1 currents by MTXy;;. IC;, = 16.0 = 15.9 nM (n = 28),

and a = 6.4 * 1.0%. Dotted line, the effect of MTX.

plasmids were linearized with Smal (Shaker B), NotI (rat K,1.1), Xbal
(rat K,1.2), and EcoR1 (rat K,1.3) and transcribed with either T7 or SP6
RNA polymerase (mMessage mMachine kit; Ambion). The cells were
microinjected 1-2 days later with 50 nl of cRNA (0.1 pug/ul Shaker B, rat
K,1.1, rat K 1.2, or rat K 1.3 channels). To favor K* channel expres-
sion, cells were incubated at 16 °C into a defined nutrient oocyte me-
dium (28) 2—-6 days before current recordings. Oocyte currents were
then recorded at 20 °C by standard two-microelectrode techniques us-
ing a voltage-clamp amplifier (GeneClamp 500; Axon Instruments)
interfaced with a 16-bit AD/DA converter (Digidata 1200A; Axon In-
struments). Electrodes filled with 140 mm KC1 had an electric resist-
ance of 0.5-1 M(). Voltage pulses were delivered every 15 s from a
holding potential of —80 mV. 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 subsequent analysis. The extracellular recording
solution contained (in mm): 88 NaCl, 10 KCI, 2 MgCl,, 0.5 CaCl,, 0.5
niflumic acid, 5 HEPES, 0.1% bovine serum albumin, pH 7.4 (NaOH).
Leak and capacitive currents were subtracted on-line by a P/4 protocol.
Residual capacitive artifacts were blanked for display purposes. Toxin
solutions were superfused in the recording chamber at a flow rate of 2
ml/min using a ValveBank4 apparatus (Automate Scientific Inc.). The
results are presented as mean = S.D.

RESULTS AND DISCUSSION

Solid-phase Synthesis and Physicochemical Characterization
of MTXry,, and MTXp,—Stepwise assembly of MTXr,, was
achieved by means of Fmoc/t-butyl chemistry (19). For Tyr®?,
we used the more acid-resistant, but TFMSA-sensitive, 2,6
dichloro-benzyl side-chain protecting group that is not cleaved
by trifluoroacetic acid treatment. A double coupling strategy
was applied with Fmoc-amino acid hydroxybenzotriazole active
esters. The yield of assembly ranged between 80 and 90%. Fig.

2 illustrates the elution profiles by C,g reversed-phase HPLC of
MTXr,, and MTXp;; at different steps of the synthesis: crude
reduced MTXr,, after trifluoroacetic treatment (A), crude oxi-
dized MTX,,, after oxidative folding (B), MTXp;; resulting from
TFMSA treatment of MTXr,, (C), and purified MTXp;; (D).
These data suggest that the chemical strategy elaborated to
synthesize MTXp;; appears to be successful. However, a careful
physicochemical characterization was required, especially to
formally establish that MTXp;,; exhibits the expected Pil-like
disulfide bridging.

First the relative molecular mass of purified MTXp;; was
verified by matrix-assisted laser desorption ionization-time of
flight mass spectrometry analysis (Fig. 3A). An experimental
M, (M+H)" value of 3613.1 was obtained for MTXp,;, in close
agreement with its deduced M, (M+H)" of 3613.3. As expected,
this experimental value also agrees with the experimental M,
(M+H)" of 3613.3 obtained for MTX (29). According to amino
acid analysis after acidolysis of MTXp;,, the amino acid ratios
were similar to the deduced values (Fig. 3B). The primary
structure of MTXp,;; was further verified by Edman sequencing
(data not shown). To establish the half-cystine pairings of
MTXp;;, the folded/oxidized peptide was treated with a mixture
of trypsin and chymotrypsin. As shown in Fig. 3C, the data
demonstrate that, contrary to MTX, MTXp,;, exhibits half-cys-
tine pairings between Cys®-Cys24, Cys®-Cys?®, Cys'®-Cys®!, and
Cys!®-Cys®* (which corresponds to the standard C1-C5, C2-C6,
C3-C7, and C4-C8 Pil-like pairings). Thus, as expected,
MTXy,;, differs from MTX by the two last disulfide bridges
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Fic. 7. Chemical modification of Tyr®? alters MTX pharmacology. A, current traces illustrating two sets of Shaker B K currents
elicited by various membrane depolarizations (from —40 to +70 mV) before and after application of 10 um MTX,. Holding potential is —80 mV.
B, dose-dependent inhibition curve of Shaker B currents by MTXy,,. Fitting parameters provide an IC;, value of 1229 * 41 nm (» = 70), and
a = 100 = 7%. For comparison, the dotted line represents the dose-dependent inhibition curve by MTX,;. Test potentials are +60 mV. C,
dose-dependent inhibition curve of K,1.2 currents by MTX,,. IC5, = 6.5 = 3.6 nM (n = 56), and a = 33.9 = 2.7%. Dotted line, the effect of MTXy;;.
D, dose-dependent inhibition curve of K, 1.3 currents by MTXy,,. IC5, = 287 = 4 nM (n = 56), and a = 71.6 * 3.5%. Dotted line, the effect of MTXp,;.
E, no significant inhibition was observed on rat K,1.1 for MTXy,, concentrations up to 1 um (n = 28). Data points are the mean + S.D. When absent,

error bars are within symbol size.

(C3-C7 and C4-C8, instead of C3-C4 and C7-C8) and adopts a
conventional pattern of disulfide bridging that is identical to
those of other characterized «-KTx6 toxins (Fig. 3D).
Structural Properties of MTXp;;—The CD spectrum of
MTX,,;; was recorded to assess its secondary structures and
was compared with the CD spectra of MTX and Pil (Fig. 4A).
Measurements were performed at a wavelength ranging from
185-260 nm. The data obtained correspond essentially to m7-7*
and n-7* transitions of the amide chromophores of the peptide
backbones (30). The CD spectra show large negative contribu-
tions between 207 and 230 nm and large positive contributions
around 190 nm, indicating the presence of both a-helical and
B-sheet structures. These data are consistent with peptide
backbone folding according to «/B scaffolds (12) for MTX,
MTXp;;, and Pil. However, the CD spectra analyses do not
point to obvious structural changes between MTXp;; and MTX.
For the sake of comparison with the three-dimensional struc-
ture of MTX (11), we therefore generated a computed molecular
model of MTXp,;;. This model was obtained using MTX as a
template; it was relaxed, minimized, and validated as de-
scribed under “Experimental Procedures.” As shown in Fig. 4B,
the Ca backbone of MTXp;; does not differ markedly from that
of MTX despite the important differences in half-cystine pair-
ings. In contrast, a detailed examination of the side chains of a
number of trifunctional amino acid residues suggests some

marked differences in their orientations (Fig. 4C). These struc-
tural changes may nevertheless be sufficient to significantly
impact peptide pharmacology.

Pharmacology of MTXp;;—MTXp;; was tested in vivo for
neurotoxicity by intracerebroventricular injections in C57/BL6
mice. It is lethal in mice, with an LDy, value of 90 ng/mouse. In
comparison, the LD;, values of MTX (2) and Pil (31) are 80 and
200 ng per mouse, respectively. MTXp;; remains as fully active
as MTX in vivo, indicating that both disulfide bridge patterns
provide peptides of equipotent lethality. Interestingly, oxidized
MTXr,,, the intermediate reaction product that generates
MTXp;; upon TFMSA treatment, is ~9-fold less potent than
MTXp;; for lethal activity in mice, with an LDg, value of 800
ng/mouse. This result suggests that the integrity of Tyr®? is key
to expression of MTXp;; lethality.

To investigate the pharmacology of MTXp,;, we first tested
its ability to compete with '?°I-apamin for binding onto SK
channels of rat brain synaptosomes (Fig. 5). MTXp;; inhibits
125]_apamin binding with an ICj, value of 17.4 + 5.6 nm. It is
about 4-fold less potent than MTX, which exhibits an ICsg,
value of 4.4 = 3.1 nM, in agreement with previous data (2).
Therefore, the disulfide bridge pattern of the peptide (MTX-
type versus Pil-type) appears to mildly affect its binding onto
rat brain apamin-sensitive SK channels. Additionally, the pres-
ence of the 2,6 dichloro-benzyl protecting group on Tyr3? sig-
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Shaker B

FiG. 8. Map detailing major molecular contacts between MTX,,;, and Shaker B channel. A, space-filling representation of the molecular
model of MTX,;;. B, space-filling representation of the molecular model of Shaker B channel (S5-H5-S6 pore regions). The pore regions of each four
a-subunits composing the ion channel are labeled A, B, C, and D. Identical color codes were used to highlight pairs of interacting amino acid
residues in panels A and B. Numbers represent the positions of the specified amino acid residues within either MTX;; (A) or Shaker B channel
(B) primary structure. The docking of MTXy;; onto the Shaker B channel can be imagined by a 180 ° vertical rotation of MTXp;,; from left to right.

Note that the scale of magnification between panels A and B is different.

nificantly decreased the ability of the peptide to compete with
125]_apamin for binding to SK channel (ICy, value of 2.6 + 0.3
uM; 150-fold less potent).

Next, we tested the effects of MTXp;; and MTXry,, onto
Shaker B, rat K,1.1, K 1.2, and K,1.3 expressed in Xenopus
oocytes, because they are the regular targets of MTX (1, 2). As
shown in Fig. 6A, MTX},;; blocks Shaker B K* outward cur-
rents with high affinity. The peptide starts to be active at 10 pm
concentration and achieves the highest current block (97.7%) at
about 10 nM. The effect of 10 nm MTXy,; is readily reversible
upon washout of the peptide (Fig. 6B). The effect of MTXy;; is
concentration-dependent with an IC;, value of current inhibi-
tion of 0.24 * 0.12 nm (n = 63; Fig. 6C). This should be
compared with the effect of MTX, which acts on Shaker B
channels with an IC;, of 3.4 nm (9) in identical experimental
conditions. These data indicate that the MTX peptide is ~14-
fold more potent in binding onto Shaker B channels when
reticulated with Pil-like half-cystine pairings rather than with
its wild-type pairings. For rat K,1.2 channels, the extent of K*
current blockage by MTXp;; is maximal with an IC;, value of
2.8 = 2.1 nMm. Compared with MTX, these values correspond to
a 46-fold reduction in affinity but to an increase of about 30% in
the extent of blockage (16). Altogether, the data obtained for
Shaker B and K, 1.2 channels suggest that the change in disul-
fide bridging of the MTX peptide is accompanied, not only by
modifications in affinity, but also by changes in the combined
efficacy of ionic pore occlusion and K* efflux by the peptide.
This analysis is reinforced by examining the effect of MTXp;; on
rat K,;1.3 K" currents (Fig. 6E). MTXy,; interacts with K,1.3
channels with an IC;, value of 102 = 37 nM (n = 63), which
represents a 3-fold increase in affinity as compared with MTX
(16). Interestingly, MTXp;; also blocks the K* efflux to a
greater extent (83 * 4%) than MTX (~20%). A similar change
in blocking efficacy toward K,1.3 channel had already been
observed with a three-disulfide-bridged MTX analog (16), sug-
gesting that the peptide half-cystine pairing pattern may sig-
nificantly affect ion channel pore occlusion. Finally, we also

investigated the effect of MTXp;; on rat K,1.1 K™ currents (Fig.
6F) and found it to be mostly inactive, as reported for MTX (16).

To get some insight on the contribution of Tyr3? residue to
MTXp;; pharmacology, we also investigated the effects of fold-
ed/oxidized MTXr,, on the various voltage-gated K* channels
(Fig. 7). Interesting marked differences in the pharmacological
properties of this peptide were observed, as compared with
those of MTXp;;. Tyr®2 appears to be key with regard to MTXp;;
affinity for Shaker B channel but not for the extent of K*
current blockage (Fig. 7, A and B). Indeed, with an IC;, value
of 1,229 + 41 nM (n = 70), the folded/oxidized MTXr., is about
5,000-fold less potent than MTXp;; for K" channel interaction.
For rat K,1.2 channels, an inverted situation is observed (Fig.
7C). The IC;, value obtained for MTXr,, is grossly similar to
that of MTXp,;; (6.5 = 3.6 nm and 2.8 * 2.1 nM, respectively),
contrary to the extent of current blockage, which is markedly
decreased from 100% to 34 + 3% in the case of MTXr,,. These
findings further support a key role of MTX Tyr3? residue for
toxin effect on K,1.2 channel, as reported previously (8). In
contrast, the presence of a 2,6 dichloro-benzyl moiety on the
Tyr32 phenol ring has no significant impact on rat K 1.3 (Fig.
7D) or K,1.1 (Fig. 7E) K* channel pharmacology.

Docking of MTXp;; onto Voltage-gated K™ Channels—We
first performed a Blastp (V.2.2.5, us.expasy.org/tools/blast/)
search against the whole Protein Data Bank to select the cor-
rect template to generate models of the S5-H5-S6 portions of
rat K 1.1, K,1.2, K 1.3, and Shaker B channels. The KcsA
primary structure (Swiss-Prot number 1BL8) showed the best
E-value score for all the voltage-gated K* channels under con-
sideration. In addition, CLUSTALW (V.1.82) amino acid se-
quence alignments indicate that KcsA channel is a premium
template that presents sequence homologies of 69.8% (K,1.1),
70.1% (K,1.2), 69.1% (K,1.3), and 65.6% (Shaker B). The three-
dimensional structures of the molecular models generated were
very similar to that of KesA, with root mean square deviation
values of 0.48 A (K,1.1),1.93 A (K,1.2), 0.32 A (K,1.3), and 1.68
A (Shaker B). The geometric quality of the models was assessed
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by the PROCHECK software (V.3.5.4). No amino acid residue
was found to be in disallowed regions, thereby validating the
structural properties of the models (data not shown). The
three-dimensional structure of MTX (11) and the molecular
models of both MTXy,;; and Pil were used in docking experi-
ments with the different models of voltage-gated K* channels.
Docking energies were calculated according to the procedures
described under “Experimental Procedures.”

We first detailed the docking of MTXp;; on Shaker B channel
as it exerts its highest affinity toward this K™ channel subtype
(IC;, value of 0.24 nwm). Fig. 8 illustrates the amino acid resi-
dues of MTXp;; (Fig. 84) that may interact with Shaker B
channel residues (Fig. 8B), as identified according to docking
simulation. It is worth noting that the Lys?3 and Tyr®? residues
of MTXp;; belong to the functional dyad that is reported to be
crucial for toxin bioactivity (8, 9, 32).

Docking simulations suggest that MTXp,; and MTX possess
similar overall interaction topologies. For example, the Lys”
and Lys?® residues share the same interacting residues on
Shaker B channel (the pair Thr*®® and Val*®® for Lys’, and
Thr*7 for Lys?3; data not shown for MTX). Interestingly, ad-
ditional analyses show that MTXp,;; possess specific molecular
contacts (Asn?® with Gly*** and Asp?°®) that are not observed
in the MTX docking simulations. Moreover, MTX,; seems to be
more stabilized than MTX on Shaker B channel because of a
greater number of molecular contacts with the outer loop do-
main (Glu38°, Asn381, and Ser®®2). One should note that Lys2”
of MTXyp;; also interacts with Ser3”® of Shaker B channel,
whereas Lys2? of MTX does not interact with any ion channel
amino acid residue. This may reasonably explain the 14-fold
difference in IC;, values observed experimentally for MTXp;;
and MTX. Next, we correlated the docking energies of MTXp;;,
MTX, and Pil on Shaker B channel with their experimentally
observed IC;, values (Fig. 94). A high degree of correlation
(r* = 0.97) was observed between docking energies and ICj,
values, which validates our overall molecular modeling ap-
proach. It also indicates that more detailed investigations of
the interaction between MTXp;; and Shaker B channel will be
permitted.

On K,1.1 channel, MTXp;;, MTX, and Pil are not signifi-
cantly active. In agreement with these data, no satisfying dock-
ing solutions were obtained for these peptides. Thus, we next
investigated the docking properties of the peptides on K,1.2
channel (Fig. 9B). MTXp;; (IC5, = 2.8 nM) is, respectively,
46- and 6-fold less active than MTX (IC5, = 0.06 nm) and Pil
(IC5¢ = 0.44 nm) on K,1.2. Docking simulations indicate that
MTXp;;, MTX, and Pil share basically a common interaction
map with K,1.2, although some subtle differences could be
observed that may explain their distinct affinities. The Thr,
Lys”, and Asp® residues of both MTX and MTXp;, are in contact
with identical amino acid residues, Gly3"® and Asp®”®, of the
K,1.2 ion channel pore (data not shown). The major difference
concerns Lys??, which stabilizes MTX over the pore surface by
interacting with Ser®>®. A previous study has also shown that
Lys?” of MTX (as well as Lys?® and Lys®°) is crucial for K 1.2
recognition (33). In contrast, according to our docking experi-
ments, Lys?” of MTXp;; does not interact with any K,1.2 amino
acid residue. This difference in Lys?’” behavior for its interac-
tion with K,1.2 may thus explain the 46-fold decrease in K,1.2
affinity of MTXp;; over MTX. Similar docking experiments
were performed for Pil (data not shown). As for Shaker B
channel, the docking experiments on K,1.2 channel indicate a
very good correlation (2 = 0.99) between the docking energies
of MTXp;;, MTX, and Pil, and the experimental IC;, values
thereof (Fig. 9B).
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Fic. 9. Linear regressions showing the correlation between
docking energies and experimental IC;, values. A, docking of
MTXp;;, MTX, and Pil onto Shaker B channel. B, same as in panel A,
but rat K,1.2 channel. C, same as in panel A, but rat K,1.3 channel. For
this ion channel subtype, we considered an IC, value of 100 uM for Pil
(31).

Docking simulations performed with the three peptides on
rat K,1.3 channel correlate well with the actual peptide phar-
macologies. Relatively low-scoring interactions between
MTXp,;; and K,1.3 channel or MTX and K,1.3 channel were
found (data not shown), consistent with their experimental
1C;, values. In addition, computed data on Pil docking show
the existence of very few contacts between Pil and the K,1.3
channel. As for other docking simulations, a high degree of
linear correlation (r> = 0.99) was also obtained between the
experimental IC;, values and the docking energies of these
peptides (Fig. 9C).

020z ‘2 [Mdy uo wiN Y3H1O1T19I9S 13V LISHIAINN * /B10°0q[ mmmy//:dny wouy papeojumod


http://www.jbc.org/

31104

In this study, we generated molecular models of the various
voltage-gated K™ channels using the KesA structure as tem-
plate. The structure of a novel K* channel (KvAP) from Aero-
pyrum pernix has recently been described, after our own struc-
tural analyses were completed (34). Of note, this K™ channel is
voltage-dependent, contrary to the KcsA channel. However, a
careful comparison of the pore regions (S5-H;-Sg segments) of
KvAP and KcsA reveals an almost perfect superimposition of
the a-carbon traces of both channels. In addition, the selectivity
filter is essentially identical to that of KcsA. Despite these
marked structural similarities, we also generated molecular
models of the Shaker B, K 1.2, and K,1.3 channels using the
KvAP channel as template instead of KesA. In each case, mod-
els generated using either KcsA or KvAP as template were
identical (data not shown), thereby validating the use of KesA
as template in our study.

Concluding Remarks—In the present work, we show that, by
using a particular strategy of solid-phase peptide synthesis,
one can act on the final half-cystine pairing pattern of a retic-
ulated peptide without altering its chemical structure by either
mutations or chemical modifications of specific amino acid res-
idues, or both. Docking experiments ease the understanding of
the molecular basis of the toxin to ion channel recognition. In
the case of voltage-gated K* channels, it was generally well
admitted that this recognition was solely based on the partic-
ipation of amino acid residues from the toxin p-sheet structure.
This does not appear to be the case because docking data
suggest the contribution of amino acid residues belonging to
distinct toxin structural domains (e.g. Ser®, Lys”, and Tyr!° of
MTX). From this study, the disulfide bridge organization of
MTX contributes to its pharmacological action. Though the o/
scaffold is neither disrupted nor markedly altered, we high-
lighted some interesting differences in the relative orientation
of the side chains of certain “key” amino acid residues. There-
fore, it is likely that the most significant changes in pharma-
cological properties observed between MTXp;; and MTX may be
in part attributed to the side chains of Arg!*, Lys2?, and/or
Tyr32 residues. In line with such a view, a recent study (33)
based on Brownian dynamics simulations argues in favor of
central roles played by Lys?” and Tyr3? residues of MTX in its
recognition of the Kv1.2 channel.
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