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Abstract: Kaliotoxin (KTX) is a natural peptide blocker of voltage-dependent K* channels. The 3D structure of
a truncated analogue of KTX (Fernandez et al. (1994) Biochemistry 33, 14256-14263) was determined by
NMR spectroscopy and showed significant differences from structures established for other related scorpion
toxins. A recent publication with the structure of the complete toxin (Aiyar et al. (1995) Neuron 15, 1169-
1181) did not confirm these differences. In this communication we report NMR data for KTX at pH 3.0, 5.5
and 7.2 and the 3D structure obtained from data at pH=5.5. Complete KTX displays a folding similar to that
of other toxins with an o-helix and a ff-sheet linked by two disulphide bonds. The pK, of His 34 is anomalously
low (4.7-5.2 depending on the buffer) owing to its interaction with two Lys residues (including the essential
Lys 27), the charged N-terminus and the side chain of Met 29. Charged residues are placed symmetrically
with respect to an axis that approximately coincides with one of the principal components of the moment of
inertia of the toxin. His 34, which occupies a well-defined position between two conserved Cys, is located on
the centre of a layer of charged groups. Positively and negatively charged residues are found at the same
position in related toxins. It is suggested that electrostatic effects modulate the distances between positive
charges in flexible side chains, contributing to the fine tuning of the selectivity toward different channel
subclasses and that the approximate coincidence between the moment of inertia and the charge axis facilitate
the approach of the toxin to the channel. The very low pK, of His 34 implies that it will be completely
unprotonated at physiological pH. © 1997 European Peptide Society and John Wiley & Sons, Ltd.
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the venom of the scorpion Androctonus mauretani-
cus mauretanicus [1, 2]. KTX blocks voltage-depen-
dent K" channels [3, 4] and is being used by our
groups as a starting point for modifications aiming
at increasing the selectivity towards different sub-
classes of K" channels. We had previously reported
the structure at pH 3.0 of a truncated analogue of
KTX lacking the C-terminal residue [5]. The struc-
ture of the complete toxin was subsequently pub-
lished [4] and showed significant differences from
our previous structure. In this paper we report our
determination of the structure of complete KTX from



data obtained at pH 5.5 and the comparison of
chemical shifts and NOE information obtained at pH
3.0, 5.5 and 7.2.

The structure of KTX was determined from 205
NOE and 23 dihedral angle (for ®) constraints
measured at pH=5.5 and 298K using a combined
distance geometry and simulated annealing proto-
col. Interproton distance constraints consisted of 16
intra-residue, 97 sequential, 24 medium-range and
68 long-range NOEs. Stereospecific assignments
were obtained for six pairs of f-methylene protons
and one pair of y-methyl groups of Val. Eighteen
hydrogen-bonding distance restraints (two re-
straints for each of nine hydrogen bonds) were also
included in the structure calculations. The final 18
structures had a backbone RMSD of 0.8 and good
covalent geometry (Table 1). The first and last
residues lack experimental constraints and are
poorly defined. Superposition of backbone residues
2-37 gives an average RMSD of 0.59 A. The percen-
tage of ® ¥ backbone dihedral angles in the most
favourable regions of the Ramachandran plot is
superior to 69% for all structures. The average is
77.2%. Most of the remaining backbone torsion
angles fall in the additional allowed regions [6]. The
final structures had an average of 2.8 violations
between 0.1 and 0.2A per structure. The largest
violation in any structure was 0.18A. Side chains
are, in general, poorly defined, but some hydropho-
bic residues (14, V6, L15, F25 and H34) are better
defined owing to the larger number of NOEs
observed for these side chains. Figure 1 shows a
superposition of the final 18 structures of KTX.

KTX contains a well-defined three-strand f-sheet
comprising residues R24-M29, K32- T36 and V2-C8.
The N-terminal strand is interrupted by a bulge
comprising residues N5 and V6. A helix extends from
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Figure 1 Superposition of 18 structures of kaliotoxin.

residue S11 to A21. The relative positions of the
sheet and the helix are defined by conserved
disulphide bonds between C8-C28, C14-C33 and
C18-C35.

In addition to the data at pH 5.5 used for
structure calculations, spectra of KTX were recorded
and assigned at pH 3.0 and 7.2 in an unbuffered
sample and at pH 5.5 in 50 mM deuterated sodium
acetate. pH-induced chemical shift differences of NH
protons are presented in Figure 2. The largest
variations affect the N-terminal region (residues 2-
7) and residues 28, 29, 30 and 33. Smaller changes
are observed for residues 18-20 and in the loop
connecting the helix and the sheet. Smaller changes
affecting the same regions are observed for Cu

Table 1 Structural Statistics for 18 Kaliotoxin Structures after DG and SA Calculations

Average deviations from idealized covalent geometry, for all atoms excepting hydrogens
(values in parentheses are the maximum deviations observed)

Bond lengths (A]

Bond angles (deg)

Peptide bond omega (deg)
Peptide bond improper (deg)

0.006° (0.03°)
2.06 (13.7°)
0.30° (2.6°)
2.17° (8.4°)

RMS deviations of atomic coordinates after superimposing 18 kaliotoxin structures

(RMSD values are calculated vs. the average structure)

Superimposed atoms 1-38 residues

All atoms 1.39+0.14
Backbone (C*, C,N,0) 0.80+0.22
Backbone (C*, C,N) 0.74+0.24

2-37 residues 3-36 residues

1.28+0.09 1.26+0.09
0.59+0.09 0.55+0.08
0.52+0.08 0.48+0.07
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protons (data not shown); however, the hydrogen
bond between C35 NH and V2 CO is apparently
maintained over the entire pH range and therefore
the third strand is not lost at low pH. The ionization
state of specific side chains was determined from
chemical shifts changes in fS-protons of Asp, y-
protons of Glu and aromatic protons of His. The
chemical shift of the H proton of H34 changes from
8.78 p.p.m. at pH 3 to 7.73 at pH 7.2 and the value of
pH 5.5 is 7.87. The corresponding values for the *H
proton are 7.54, 7.10 and 7.20. The estimated pK, is
4.7. The chemical shifts at pH 5.5 in 50 mM sodium
acetate are 8.10 and 7.28 for the ?H and *H protons
respectively. The chemical shifts of other protons
were unaffected by ionic strength. Assuming that the
limiting chemical shifts were also not affected by the
buffer, the pK, of H34 in 50mM acetate would be
about 5.2. NOEs measured at the three pH values
were very similar in number and intensity except for
some NH protons that were exchanging fast at pH
7.2.

The 3D structure of KTX at pH 5.5 is closely
similar to that of other related toxins and signifi-
cantly different from our previously determined
structure for KTX(1-37) at pH 3.0. An analysis of
the 3D structure of KTX at pH 5.5 indicates that H34
is about 50% exposed to solvent and is surrounded
by charged residues: K27, K32 and G1. Additionally,
the side chain of H34 is in contact with that of M29.
These interactions, all of which are supported by the
observation of NOESY cross-peaks, can explain the
low pK, of H34 by a combination of repulsive
electrostatic interactions in the charged form and
favourable van der Waals contacts in the uncharged
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Figure 2 Chemical shift differences for NH protons of
kaliotoxin between pH 3.0 and 5.5 (squares) and between
pH 7.2 and 5.5 (triangles).
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form. The sensitivity to ionic strength points to a
dominant role for the electrostatic effects. A low pK,
of 5.28 has been reported for H21 of charybdotoxin
[7]. However, the two residues are not homologous
and the origin of the effect is probably different in the
two toxins. In both cases, however, histidine is
expected to be completely unprotonated at pH 7
thus affecting the global charge of the molecule.

The H34 side chain is participating also in a
bifurcated hydrogen bond with the carbonyl group of
M29, which is hydrogen bonded across the f-sheet
with K32 NH. Finally, H34 is facing E3 when the
third strand is well formed and an electrostatic
interaction across the f-sheet is expected when both
groups are charged. However, given the low pK, of
H34 this interaction will be effective at most in a
narrow pH range around pH 3-5. In the closely
related agitoxin 2 [8] position 3 is occupied by
proline but the third strand is equally well formed,
further suggesting that the electrostatic interaction
between His and Glu is not necessary for the
stability of the ff-sheet.

The distribution of charges in KTX shows a
remarkable symmetry and is located in three layers
around an axis that passes very close to the centre of
mass of the molecule and nearly parallel to one of
the principal components of the moment of inertia.
The first layer contains K27, K32 and the N-terminal
amino group, the second layer is composed of R31,
R24, K7 and K38 and approximately coincides with
the plane formed by the other two principal mo-
ments of inertia. The third layer, formed by K16 and
K19, is located on the opposite side of the above
plane. H34 is located very close to the centre of the
first layer and of the symmetry axis just mentioned
(Figure 3). Position 34 is part of the f-sheet and is
flanked by strictly conserved C33 and C35 and
therefore the orientation of its side chain is expected
to be also highly conserved. However position 34 (or
the equivalent homologous position) is not con-
served and is occupied by His in KTX and AgTX
[10], by Arg in ChTX [11] and IbTX [12], by Lys in
NTX [13] and MgTX [14], by Asp in KTX2 [15] and by
Glu in Leiurotoxin [16] and PO5-NH, [17]. All of
these toxins for which the 3D structure is available
from the Protein Data Bank, share an approximately
cylindrical distribution of charges around an axis
which coincides with the principal component of the
moment of inertia perpendicular to the plane of the
p-sheet, although some toxins (like PO5-NH,) have
only two layers of charged groups. Distances be-
tween the Co atoms of the positively charged
residues in the layer located around residue 34 or
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Figure 3 MolScript [9] plot of kaliotoxin showing the distribution of positively charged residues around His 34 in the face of
the f-sheet that interacts with the channel. Black spheres mark the position of f-carbons, except for the N-terminal residue

in which the a-carbon is highlighted.

its equivalent are similar in all toxins but the
distances between the actual charges are not well
determined in solution owing to the flexibility of the
corresponding side chains. The strong electrostatic
interaction, manifested in KTX by the strong pK,
shift, should however have a strong influence on the
actual diameter of the charge belt around residue
34. Negatively charged residues, such as those of
KTX2, Leiurotoxin and PO5-NHs will tend to con-
tract the charged belt. Positively charged residues,
like those of ChTX, IbTX, MgTX and NTX, will tend to
increase this diameter by the mutual repulsion
between charged residues but because of the
different length of the side chain Lys and Arg could
have a different effect. In fact the situation in ChTX
is possibly better described by considering K34 as
part of the charge ring instead of its centre. Finally,
His being uncharged at neutral pH will probably
have an intermediate effect. It is interesting that in
the toxins in which the N-terminal amino group
participates in this charge belt (like KTX and AgTX)
the N-terminal residues form a well-defined strand

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

of the fi-sheet while in toxins in which the N-terminal
does not bear a charge (like ChTX and IbTX) the
charged belt if formed by Lys and Arg residues and
the third strand is not well defined in the structures.

The coincidence between the axis around which
the charges are approximately distributed and one
of the principal components of the moment of inertia
of the molecule is probably not fortuitous. Free
toxins will be rotating in solution providing a
contribution to the kinetic energy of 1/21w2. Con-
sidering a mass of 4000 dalton, a radius of 134, a
correlation of 10 '°s and a single layer of water
molecules around the protein, this contribution is
around 0.1 kcal/mol. Rotational entropy loss due to
toxin binding is proportional to this quantity. This
value could be higher as a consequence of extended
hydration of charged residues. As the toxin ap-
proaches the channel it will interact electrostatically
with negatively charged residues placed symmetri-
cally around the channel axis, a consequence of its
tetrameric nature. If the positive charges in the toxin
are placed forming an approximately circular array
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binding will be facilitated. The presence of two
charged residues in the opposite side of the molecule
could also contribute to the approach of the toxin to
the channel. Rapid rotation around the long axis of
the molecule has the lowest associated energy but a
positively charged surface would always be directed
toward the channel facilitating the approximation.

While the conservation of a number of residues in
different toxins clearly points to their relevant role
for structural integrity (e.g. the six Cys residues that
globally stabilize the fold and G26 in the interface
between the helix and the sheet) or general binding
to the channel (e.g. R24, K27 and K32 in KTX or
AgTX), the quest for selectivity should be focused on
structurally well-defined residues with a large varia-
bility between toxins with different selectivity. Posi-
tion 34 in KTX has these characteristics. It is
suggestive that the residues at position 34 in KTX
and homologous positions in other toxins are well
conserved within each structural subfamily of toxins
but are different among these families. Systematic
mutational studies at this position could help to find
new analogue toxins with improved selectivity.

EXPERIMENTAL

KTX was synthesized by solid-phase methods,
purified and characterized as previously reported
[2]. Two NMR samples were prepared: the first one
was about 3mm in 90% H,0/10% DO or 100%
D,0O. With this sample spectra were recorded at
pH=3.0, 5.5 and 7.2. The pH was adjusted by the
addition of small amounts of NaOH or HCIl. The
second sample was about 3mM peptide in 50 mm
deuterated sodium acetate buffer (pH=5,5) in 90%
H>0/10% D5O. Dioxane was used as internal
reference. Assignment followed from comparison of
TOCSY (72 ms mixing time using MLEV) and NOESY
spectra (150 and 400 ms mixing time) using well-
established methodology [18]. Spectra were recorded
on a Bruker DMX-500 instrument and Watergate
[19] was used for water suppression. Semi-quanti-
tative information on 3Jyp, was obtained from
DQF-COSY spectra. Proton-deuterium exchange
experiments were carried out at pH 3.0 and followed
using short TOCSY spectra. NOESY spectra used for
structure calculations were recorded at 298 K with a
mixing time of 150 ms. Cross-peaks were classified
in three groups (strong, medium and weak) that
were translated to upper distance limit restraints of
3, 4 and 5A respectively. For the strongest d,n and
dnn sequential cross-peaks the limit was set to 2.8A.
Pseudoatoms were used when diastereotopic pro-

© 1997 European Peptide Society and John Wiley & Sons, Ltd.

tons could not be distinguished and the correspond-
ing corrections in the restraints were applied [18]. ¢
angle constrainst derived from 3 INHo1 Were incorpo-
rated according to the following rules: —120° £ 25° if
Snion >9Hz, —120°£35° if 9Hz > °Jyu,n>8Hz
and —70°+35° if SJnpa<6Hz. Information from
hydrogen bonds was introduced only in well-defined
secondary structure elements unequivocally identi-
fied from a typical NOE pattern and in which the
amide proton was protected from exchange by
deuterium.

Structures were calculated using a combination
of distance geometry (DGII program [20]) and
simulated annealing (Discover program [21]). The
consistent valence force field (CVFF) was used for SA
calculations. The programs are commercially avail-
able from Molecular Simulation Inc. (San Diego, CA).
During DG calculations disulphide bonds were
introduced only as distance constraints [22] between
S-S’ (1.9A<r<2.24), S-C/y (2.9A<r<3.54), C}-
Uy (2.9A<r<4.5A) and CL-C, (3.0A<r<6.84). A
quartic potential was used instead of Coulombic and
Lennard-Jones terms in the force field and all the
residues were considered in their uncharged state
during the calculations.

Fifty structures were initially generated using DG.
From these, the 35 having five or less distance
violations lower than 0.1 A were selected. In this set
true covalent disulphide bonds were introduced and
the resulting structures, after unrestrained energy
minimization, were used as a starting point for SA
calculations. These consisted of 10 ps of dynamics at
1000 K during which NOE and dihedral terms in the
potential were scaled to their maximal values
(50 kcal/mol/ A2 and 60kcal /mol/rad? respectively)
followed by cooling to 300K during 10 ps and 5 ps of
restrained dynamics at 300k. The resulting struc-
tures were energy-minimized. The best 18 struc-
tures were selected to have the lowest total energy
(159-174 kcal/mol) and distance violations. These
structures have been deposited with the Brookhaven
Protein Data Bank (ident code 2KTX).
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