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ABSTRACT: BmBKTx1 is a 31-amino acid peptide identified from the venom of the Chinese scorpion
Buthus martensiKarsch, blocking high-conductance calcium-activated potassium channels. Sequence
homology analysis indicates that BmBKTx1 is a new subfamily of short-chainR-KTx toxins of the
potassium channel, which we termR-KTx19. Synthetic BmBKTx1 was prepared by using solid-phase
peptide synthesis. Two-dimensional NMR spectroscopy techniques were used to determine the solution
structure of BmBKTx1. The results show that the BmBKTx1 forms a typical cysteine-stabilizedR/â scaffold
adopted by most short-chain scorpion toxins. The structure of BmBKTx1 consists of a two-stranded
antiparallelâ-sheet (residues 20-29) and anR-helix (residues 5-15). The three-dimensional structure of
BmBKTx1 was also compared with those of two function-related scorpion toxins, charybdotoxin (ChTx)
and BmTx1, and their structural and functional implications are discussed.

Potassium channels play a major role in a variety of
physiological processes such as cell excitability, release of
neurotransmitters, secretion of hormones, signal transduction,
cell volume regulation, and neuronal integration (1). Ac-
cording to their physiology function, potassium channels can
be divided into either voltage-gated or ligand-gated channels.
Despite the large amount of information about K+ channels
that has been accumulated in the past few years, the important
issue of how the different K+ channels have different
physiological function still remains unresolved. To address
this question, it is necessary to find selective probes with
high affinity that target specific channels. Scorpion venoms
contain various polypeptides that particularly affect the
permeability of different ion channels in cell membranes (2).
Up to now, different peptides related to the K+ channel toxin

family have been isolated from the venom ofButhus martensi
Karsch. Calcium-activated potassium channels are a diverse
class of K+ channels that share a common feature, being
gated by intracellular Ca2+. On the basis of differences in
single-channel conductance, pharmacological properties, and
voltage dependence of channel opening, they can be further
divided into three subclasses: small-conductance (10-20 pS,
SKCa),1 intermediate-conductance (25-100 pS), and high-
conductance (100-300 pS, BKCa) channels (3). In the past
few years, many short-chain scorpion neurotoxins exhibiting
different specificities and potencies for these three subclasses
of K+ channels were discovered. Among them, charybdot-
oxin, iberiotoxin, kaliotoxin, and noxiustoxin interfere with
BKCa channels (4-7), while Leiurotoxin I, P05, P01, and
BmP02 act on SKCa channels (8-11).

To investigate the structure-function relationship, the
structures of several short-chain scorpion toxins targeting K+

channels have been determined by NMR spectroscopy. They
include charybdotoxin (12), iberiotoxin (13), noxiustoxin
(14), kaliotoxin (15), margatoxin (16), P05 (17), BmP02 (18),
and tityustoxin K-R (19). The structural studies revealed a
common global fold for all these neurotoxins stabilized by
three disulfide bridges. Despite their sequence variations,
these short-chain scorpion toxins all possess an N-terminal
R-helix connected to a C-terminal two- or three-stranded
antiparallelâ-sheet via a turn or a loop.
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BmBKTx1 was recently isolated and purified, and its
sequence was determined (personal communication with C.-
w. Chi) from the venom of the Chinese scorpionB. martensi
Karsch, a species widely distributed in northwestern China,
Mongolia, and Korea. The sequence homology analysis
indicates that BmBKTx1 is a new subfamily of short-chain
R-KTx toxins blocking the potassium channel, which we term
R-KTx19. This toxin has been demonstrated to be a selective
blocker of BKCa channels in the locust dorsal unpaired media
(DUM) neuron and also could block the cloned BK channel
expressed in mammalian cells (personal communication with
C.-w. Chi). BmBKTx1 is the shortest BKCa blocker from
the scorpion venom, composed of only 31 residues. Other
scorpion BKCa blockers are all longer than 37 residues.
BmBKTx1 is a highly basic toxin with six positively charged
residues (five Lys residues and one Arg) and only one
negatively charged residue (Asp). The sequence alignment
of BmBKTx1 with six other BKCa channel blockers from
scorpion is shown in Figure 1.

As shown in Figure 1, six Cys residues (C3, C8, C12,
C22, C27, and C29) and one Ser (S6) are conserved, and
the C-terminal regions are also similar among these toxins.
Despite this similarity, the sequence of BmBKTx1 exhibits
some unique properties. For instance, no positively charged
residues precede Cys8 in BmBKTx1, whereas other toxins
all contain Lys or Arg in the corresponding region. Bm-
BKTx1 possesses Ile at position 23 instead of Met in all
other BKCa toxins, and a quite diverse sequence in the loop
between C12 and C22. These differences make the deter-
mination of three-dimensional solution structure of Bm-
BKTx1 meaningful. Here we report the solution structure
of BmBKTx1 determined by NMR spectroscopy. Structural
studies of scorpion toxins help to elucidate the mechanisms
of action of toxins, and are also important for drug design
and therapeutic intervention (22).

MATERIALS AND METHODS

Chemical Synthesis of BmBKTx1. BmBKTx1 was synthe-
sized on Boc-Lys(2ClZ)-OCH2-PAM resin using a custom-
modified, machine-assisted chemistry tailored from the
published in situ DIEA neutralization/HBTU activation
protocol for Boc solid-phase peptide synthesis (23). The
following side-chain protections were used: Cys(4MeBzl),
Asp(OcHxl), Lys(2ClZ), Asn(xanthyl), Arg(tosyl), Ser(Bzl),
and Tyr(BrZ). After chain assembly, the peptide was cleaved
and deprotected by HF for 1 h in the presence of a 5%

p-cresol/thiocresol mixture (1:1) at 0°C, followed by
precipitation with cold ether. The crude product was purified
by reversed-phase HPLC to homogeneity, and its molecular
weight was ascertained by electrospray ionization mass
spectrometry.

Oxidative folding of purified BmBKTx1 was performed
by dissolving the peptide at 3 mg/mL in 6 M Gu-HCl
containing 18 mM reduced glutathione and 1.8 mM oxidized
glutathione, followed by a rapid 6-fold dilution with 0.25
M NaHCO3. Folding and/or disulfide formation proceeded
quantitatively at room temperature overnight, and the final
product was purified by HPLC and lyophilized.

Sample Preparation. Synthetic BmBKTx1 was dissolved
to a final concentration of 3 mM in 450µL of a 90:10 (v/v)
H2O/D2O mixture. The pH was then adjusted to 5.0 (uncor-
rected for the isotope effect). After a set of NMR experi-
ments, this sample was lyophilized and redissolved in 99.96%
D2O for the rest of the experiments.

NMR Spectroscopy. All NMR measurements were per-
formed at 300 K on a Bruker DMX500 spectrometer, and
self-shieldedz-axis gradients were used. Two-dimensional
TOCSY, DQF-COSY, and NOESY spectra were acquired
in H2O and D2O using the States-TPPI method to achieve
F1 quadrature detection. Typically, 700 free induction decays
of 2048 data points were collected per experiment. The
spectral width was set to 5000 Hz. TOCSY spectra were
recorded with a spin lock time of 73 ms, while mixing times
of 100 and 200 ms were used for NOESY to identify spin
diffusion effects. To minimize the contribution from zero
quantum coherence, the NOESY mixing time was varied
randomly by 10% (24). Low-power presaturation and WA-
TERGATE (25) were used to suppress the water signal in
these experiments. The amide proton exchange experiments
were carried out immediately after dissolution of this peptide
into D2O on an ice bath. The disappearance of NH signals
was followed at 300 K. Ten one-dimensional spectra were
acquired continuously over the first 10 min. Then several
TOCSY spectra, taken at approximately 0.5, 1, 1.5, 2, 3, 4,
6, 8, 12, 20, and 28 h, were recorded sequentially.

Data Processing. Spectra were processed with Bruker’s
UXNMR software. The matrices were transformed to a final
size of 2048 points in both dimensions. The signal was
multiplied by a shifted sine bell window in both dimensions
before Fourier transformation. Baseline distortions were
corrected using the FLATT procedure.

Spectral Analysis. Spin system identification and sequential
assignment were done using the Wu¨thrich strategy (26), aided
by the XEASY software (27).

FIGURE 1: Sequence alignment of BmBKTx1 with six other BKCa channel blockers generated using Clustal-W (20) and ESPript (21).
Three-dimensional solution structures for the first five of them have been determined. Residues that are identical have a red background;
those that are highly conserved are depicted with red letters. The sequence numbers at the top are based on the sequence of ChTx, while
the sequence numbers at the bottom are based on the sequence of BmBKTx1. The conserved disulfide bridges are shown.
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Experimental Restraints. NOE intensities were obtained
mainly from a NOESY spectrum with a mixing time of 100
ms on the fully protonated sample. For those peaks between
two aliphatic protons, with which zero-quantum effects and/
or the overlap problem in this spectrum interfered severely,
integration was carried out on a NOESY spectrum recorded
in D2O with a mixing time of 200 ms. Buildup curves of
the NOE intensity were checked, and no severe spin diffusion
effect was found up to 200 ms (data not shown). The scaling
factors for different spectra were chosen carefully after
comparing the integration for a set of well-separated strong
peaks. All the NOEs were calibrated to distance upper limits
according to the well-knownr-6 relation and known dis-
tances; i.e.,dRN (in a â-strand)) 2.2 Å, anddNN ) 3.3 Å
between two strands of antiparallelâ-sheet. To allow for
possible fluctuations, the distance restraints derived from
side-chain cross-peaks and weak backbone cross-peaks were
lengthened to 4.0 or 5.0 Å. An additional 0.5 Å was added
to those distances corresponding to methyl protons. No lower
limit was imposed explicitly.

The3JHNR values were obtained by measuring the division
of cross-peaks on TOCSY parallel toF2 or by using the
INFIT routine (28) provided by XEASY. Then they were
converted toφ angle constraints as-65° ( 25° (<6.5 Hz),
-120° ( 25° (>9 Hz), and-120° ( 35° (>8 Hz).

Structure Calculations. Simulated annealing of the Bm-
BKTx1 structures based on geometric restraints (bond length,
bond angle, and improper dihedral angle), simple repulsion
nonbonded interactions, and all the restraints (NOE, dihedral
angle, and hydrogen bond) derived from NMR spectra were
used in CNS (29). The simulation started from an extended
conformation of BmBKTx1 with its disulfide bridges re-
moved. The simulation was carried out in torsion angle space
at first, which involved 1000 steps (the time step being 0.015
ps) at 50 000 K and 1000 more steps of cooling the system
slowly to 0 K (the time step being 0.015 ps and the
temperature step being 250 K). A second slow-cool annealing
was then carried out in Cartesian space with the system
temperature decreasing from 2000 to 0 K in 3000 steps (the
time step being 0.005 ps and the temperature step being 25
K). Finally, a 3000-step Powell minimization was performed
to obtain the last conformation. This conformation was
checked for violations of geometric and experimental
restraints and atom overlapping. If there were no severe
restraint violation and/or atom overlapping, it was accepted
by the program as a possible solution. Regardless of whether
this conformation was accepted, it would be used as the
starting conformation for the next cycle of simulation. The
initial velocities were randomly set according to the Maxwell
distribution at the starting temperature; therefore, the sam-
pling would not be trapped in a local minimum. The
simulation was repeated until enough conformations had been
accepted. During one particular cycle, the weighting factor
for the van der Waals energy was increased from 0.1 to 4.0,
which also aided in transferring the system to different
conformations at the beginning of the simulation.

Although this procedure is not an iterative one itself, we
repeated it for several trials. There were some NOE peaks
that could not be assigned unambiguously at the beginning
of our calculation due to chemical shift overlapping. Some
of them were imposed as summation-averaged distance

restraints (30), while the others were not used until they could
be assigned with the help of intermediate structures.

RESULTS AND DISCUSSION

Sequential Assignment. Spin systems were identified on
the basis of both the TOCSY and DQF-COSY spectra. At
300 K, all 30 spin systems were found without significant
overlapping, except for the first alanine. The unique Arg9,
Met15, and Ile23 residues were identified according to the
patterns of their cross-peaks on TOCSY and DQF-COSY
spectra. We also identified two glycine (Gly16 and Gly20),
five lysine, two alanine, and two valine residues based on
their special patterns of cross-peaks. The three aromatic
residues (Tyr4, Phe17, and Tyr30) were identified using the
intraresidual NOE cross-peaks between its two Hâ protons
and the Hδ protons on the benzene ring. There were 16 AMX
spin systems left, which could be identified only in the
sequential assignment via the NOESY spectra. Starting from
Arg9, we linked it down to Ala2, starting from Met15 to
Val10 and starting from Ile23 up to Asn24 and down to
Gly16. Besides the assigned Tyr4 and Phe17, there was only
one aromatic residue (Tyr30) left. From Tyr30, we linked
the sequence up to Lys31 and down to Ser25. All the above
linkage was based on the HR-HNi,i+1 connectivities, and
later confirmed by HN-HNi,i+1 connectivities or Hâ-HNi,i+1

connectivities (Figure 2). The assignment of one spin system,
which comprised only one cross-peak due to the HR-Hâ
overlap, to a Ser residue was verified by the final complete
assignment of all the protons. Finally, a complete assignment
of all the protons was obtained (see Table S1 of the
Supporting Information).

Coupling Constants. Twenty-seven3JHNR values were
obtained as listed in Table S2 of the Supporting Information.
Twenty-one of them were converted intoφ angle constraints.
Among the four residues for which we failed to obtain
coupling constants, there were Ala1, Gly16, Gly20, and Ser5,
for which no suitable peaks with a sufficient signal-to-noise
ratio could be used.

Secondary Structures. Analysis of the sequential and
medium-range NOE intensities together with the chemical
shifts and coupling constant values helped us to depict the
secondary structure of BmBKTx1 (Figure 2). In the N-
terminus, a stretch of HR-HNi,i+3 and three HR-HNi,i+4

connectivities in BmBKTx1 was found, and a stretch of
strong HN-HNi,i+1 NOEs in this region was also observed,
which indicated that there was anR-helix between residues
5 and 15. This was confirmed by the relatively small coupling
constants for the residues in this region. Two stretches of
strong sequential HR-HN NOEs indicated two extended
regions running from residue 19 to 23 and from residue 25
to 30. HN-HN connectivities were identified between
residues 19 and 30, 21 and 30, 22 and 28, and 23 and 26.
Thus, we suggested that an antiparallelâ-sheet centered at
residues 24 and 25 ran from residue 20 to 29. This was also
confirmed by the relatively large coupling constants for the
residues located in the two strands.

Hydrogen Bonds. The rates of exchange of amide protons
with solvents were measured. Amide protons present after
exchange for 16 h were considered slowly exchanging amide
protons, which may be engaged in hydrogen bonds. In our
experiments, the HN of residues 10-13, 15, 21, and 28 gave
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rise to cross-peaks on the TOCSY spectrum after exchange
for 16 h. Some preliminary calculations confirmed the
existence of theR-helix between residues 5 and 15, and
indicated that the HN groups of residues 10-13 and 15
formed hydrogen bonds with the CO group of residues 6-9
and 11, respectively. Thus, we included these five hydrogen
bonds in the structure calculation at an early stage. The
existence of aâ-sheet from residue 20 to 29 was also
confirmed during the calculation, and we found that hydrogen
bonds were formed between residues 21 and 28. These two
hydrogen bonds were also added as restraints. Other amide
protons, which showed relatively quick rates of H-D
exchange, were not included in the structure calculation.

Stereospecific Assignment. We have tried to make ste-
reospecific assignments forâ-methylene protons according
to intraresidue and sequential NOEs using the HABAS (31)
routine in DYANA (32). Only the stereospecific assignment
of HB protons of Cys8 was obtained. So, for all the other
prochiral pairs of protons and the other ambiguous NOEs,
their r-6 summation-averaged distances were constrained

during the simulation, with the upper limit converted from
the sum of the two NOE intensities.

Structure Calculations. The final set of constraints con-
tained 84 intraresidue, 90 sequential, 50 medium-range, and
63 long-range distance constraints (Figure 3), together with
21 angle constraints and 14 distance constraints derived from
seven hydrogen bonds and three disulfide bonds. From the
100 accepted conformations, the 20 structures with minimal
NOE violations and the lowest total energy were selected.
These 20 conformations, together with their minimized
average conformation, formed our solution for the structure
of BmBKTx1. These 20 conformations were in good
agreement with the experimental data with no distance
violations larger than 0.3 Å and no angle violations of more
than 5°. Only four of these conformations had one distance
violation larger than 0.20 Å. Figure 4 showed the backbone
and heavy atom rmsd values for the 20 selected structures
with respect to the mean structure. The covalent geometry
was elucidated as indicated by the low-energy values of the
bond lengths and valence angles. The negative van der Waals

FIGURE 2: Sequence of BmBKTx1 and NMR data used for secondary structure identification. The data were derived from NOESY and
DQF-COSY spectra recorded at pH 5.0 and 300 K. The H-D exchange experiments were also performed at 300 K.3JHNR e 6.5 Hz (0);
6.5 Hz e 3JHNR e 8 Hz (~), and3JHNR > 8 Hz (9).

FIGURE 3: Plot of the number of NOE constraints per residue used in the calculation of the BmBKTx1 structure vs the sequence of
BmBKTx1. Filled, striped, cross-hatched, and empty bars represent intraresidual, sequential, medium-range, and long-range NOEs, respectively.
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energy indicated the absence of nonbonded contacts. The
van der Waals energy could be lowered dramatically after
100 steps of Powell minimization considering the complete
van der Waals energy and electrostatic energy, while other
energies were increased slightly (data not shown). A Ram-
achandran plot was produced by PROCHECK-NMR (33),
which showed that 82.8% of the residues are in the most
favored regions and 11.1% and 6.1% in additional and
generously allowed regions, respectively (Figure S1 of the
Supporting Information).

Table 1 lists the structure statistics for BmBKTx1. The
rms deviations calculated over the backbone heavy atoms
and all heavy atoms of the whole molecule were 0.47(
0.21 and 1.19( 0.33 Å, respectively.

Structure Description. Figure 5b shows the ribbon repre-
sentation for the minimized average structure of BmBKTx1.
Like other short-chain scorpion toxins, BmBKTx1 possesses
an R-helix (residues 5-15) and an antiparallelâ-sheet
(residues 20-29) interlocked by two disulfide bridges.

The R-helix, running from residue 5 to 15, was well-
defined, as evidenced by the low rmsd for this region. We
observed the relatively slow H-D exchange rates of the HNs
from residues 10-15, suggesting that strong H-bonds form
between the HNi+4 group and the COi group in this region
to stabilize the helix structure.

Theâ-hairpin was also well-defined, as evidenced by the
low rmsd for this region. The sheet was right-hand-twisted.
The turn, as analyzed by the criteria described by Chouet
al. (34), is classified as a type IVâ-turn.

Classification. The family of K+ channel specific toxins
comprises three structurally distinct groups, designated as
R-KTx, â-KTx, andγ-KTx. Peptides belonging to theR-KTx

group are the best-studied toxins. On the basis of the primary
structure homology, Tytgatet al. (36) classified the short-
chain scorpion K+ toxins into 12 subfamilies namedR-KTx1-
R-KTx12 in 1999. In 2002, Goudetet al. (37) updated this
classification to 17 subfamilies. Batistaet al. (38) defined
the 18th subfamily in 2002. As seen in Figure 6, the amino
acid sequence of BmBKTx1 was only slightly homologous
with those of the 18 other known subfamilies. According to
their disulfide pattern and genomic organization, it can be
inferred that BmBKTx1 belongs to a new subfamily of
R-KTx toxins. Thus, we classified BmBKTx1 as the first
member of the 19th subfamily. This new scorpion toxin
subfamily will provide more information for further research
with these toxins.

Comparison with ChTx and BmTx1. ChTx and BmTx1
are two other well-known scorpion toxins that block BKCa

K+ channels. Both of them are members of the firstR-KTx
subfamily. Possani (39) recently indicated that amino acid
residues situated at theâ-hairpin ofR-KTx subfamilies 1-3
may be involved in the interaction with the K+ channel. Eight
residues of ChTx (S10, W14, R25, K27, M29, N30, R34,
and Y36) were found to be crucial for binding to the K+

channel. Four of them (S10, K27, N30, and Y36) are
conserved in BmBKTx1, while M29 and R34 are conser-
vatively replaced in BmBKTx1 with I23 and K28, respec-
tively. Five of them (K27, M29, N30, R34, and Y36) are
located in theâ-hairpin region, which indicates that they may
be important for the interaction of BmBKTx1 with the BKCa

channels, although we had no experimental evidence until
now. Figure 5d shows the backbone superposition of
BmBKTx1 with the corresponding C-termini of ChTx and
BmTx1. Figure 7 shows the comparison of the ribbon
structures and the electrostatic surfaces of BmBKTx1, ChTx,
and BmTx1. As shown in the figures, despite the small
â-strand in the N-terminus of ChTx and BmTx1, theR-helix
andâ-sheet of BmBKTx1 resemble the corresponding parts
of ChTx (with a backbone rmsd of 2.64 Å) and BmTx1 (with
a backbone rmsd of 2.91 Å), suggesting that the short
N-terminal segment of ChTx and BmTx1 might be related
to the functional difference, such as the channel selectivity,
between BmBKTx1 and the other two. As seen from the
electrostatic surface, there is a negatively charged residue

FIGURE 4: Backbone and heavy atom rmsd values for the 20 selected structures with respect to the mean structure.

Table 1: Structural Statistics for BmBKTx1

rmsd from experimental restraints
NOE distance restraints (Å) 0.032( 0.002
cdih restraints (Å) 0.31( 0.05

rmsd from idealized geometry
bonds (Å) 0.0036( 0.00017
angles (deg) 0.516( 0.017

rmsd from mean coordinates
backbone atoms (Å) 0.47( 0.21
heavy atoms (Å) 1.19( 0.33
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in the helical region in both ChTx and BmBKTx, but not in
BmTx1, which suggests that this negative charge might also

be functionally dispensable. On the other hand, the C-
terminal part of all these three toxins, especially in the

FIGURE 5: Stereoview of (a) the backbone superimposition of the 20 models for BmBKTx1, (b) the ribbon representation of the minimized
average structure of BmBKTx1, (c) the all atom superimposition of the 20 models for BmBKTx1, and (d) the backbone superposition of
BmBKTx1 (red) with the 31 corresponding C-terminal residues of ChTx (green) and BmTx1 (blue) (structure derived from PDB entries
2CRD and 1BIG, respectively). This figure was produced with MOLMOL (35).
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â-sheet, is highly positively charged, which is believed to
be related to the binding of the toxin with the voltage-gated
K+ channel.

In conclusion, the sequence homology analysis indicates
that BmBKTx1 constitutes a new subfamily of short-chain
R-KTx toxins, which we termR-KTx19. The determination
of the three-dimensional structure of BmBKTx1 and its
comparison with other related blockers of the BKCa channels
suggest that the short N-terminal segment might be related
to the functional difference between them.
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