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ABSTRACT: The solution structure of BmTX2 purified from the venom of the Chinese Buihithus
martensihas been determined by 2D NMR spectroscopy techniques which led to the description of its
3D conformation. The structure consists of a triple-stranflestheet connected to a helical structure.
This helix encompasses 10 residues, from 11 to 20, begins with a tur bél, and ends with an

helix. The three strands ¢@f sheet comprise residues-8, with a bulge covering residues 4 and 5,
26—29, and 32-35, with a type 1 5 turn centered on residues-381. We also characterized the solution
structure of BmTX1. The two toxins which are potent blockers of both large-conductance calcium-
activated potassium channels (Bkchannels) and voltage-gated potassium channels (Kv1.3) are highly
superimposable and possess the same structural characteristics. Analysis of these structures allows us to
hypothesize that, besides the main surface of interaction described by the functional map of charybdotoxin,
one can expect that the binding of scorpion toxins orcBéhannels may involve residues on the edge

of this surface.

Numerous toxins have now been purified from the venom fore, different models of pore-forming regions of the voltage-
of various scorpions. According to their determined activity, gated Shaker-related potassium channels were def®ed (
these toxins were divided into different classes, depending24). While the interaction of the scorpion toxins with the
upon their respective targets. This classification is also voltage-gated potassium channels is well-known, the interac-
correlated to the size of the toxins. The first major class is tion of other scorpion toxins with the large- and small-
made of the so-called long neurotoxins which constitute a conductance calcium-activated potassium channels{Bid
homogeneous class of proteins of-6M residues reticulated  SKc, respectively) is still unclear. As far as the §Ks
by four disulfide bridges and directed against sodium chan- concerned, this delay is the result of a delayed knowledge
nels (L, 2). The second major class is formed by the toxins of the channel primary structur@%).

specific for potassium channels. They all are proteins of  study of the interaction of the charybdotoxin (CTX) toxin
29-39 amino acids reticulated by three disulfide bridd®es ( family with the BKc, channels is also less advanced than
10) or four in maurotoxin (MTX} (11), Pil (12), and HSTX1  wjth Kv channels. We know the important residues of
(13). charybdotoxin for its binding to BK, (26, 27, but we do
Thanks to the analysis of the binding potency of natural not know the Bl counterparts of these residues. This is
toxins and generated mutants, the interacting surface ofpartly due to the presence of an additiofadubunit to the
scorpion toxins with potassium channels has been describedy sybunit which contains the pore-forming region. The
(14, 135. Later, the receptor counterparts for some of the transmembrane subunit has been recently found to directly
critical residues of the toxins were IdentlfleﬂMQ 16, 17 participate in the h|gh_aff|n|ty b|nd|ng site of the Charyb_
Beyond a simple explanation of the mechanism of the dotoxin £8—30). Further analysis of the scorpion toxin/
blocking phenomenon, the structures of scorpion toxins Bk, channel complex should take into account this new
directed against potassium channels were used as moleculagartner in the interaction. In that field, characterization of
calipers to precisely map their binding site8¢-21). There-  new toxins is of great interest in providing new high-affinity

natural analogues.
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BmTX1 an BmTX2, belonging to the CTX family, are also Spectral Analysis The sequential assignment following
potent blockers of the B¥ channels. BmTX1 and BmTX2 the amino acid spin system identification was done using
compete with PP3]CTX for the binding to BKz, channels the well-known Wihrich strategy $9—42).
with ICso of 650 and 300 pM, respectively, which has to be  Experimental RestraintsThe integration of the NOE data
compared with an 165 of 7.2 pM for unlabeled CTX. Thus, collected was done by the line shape integration routine of
these two toxins present the same specificity as their groupthe EASY software43), running on a SUN-IPC workstation.
header; i.e., they are directed againstdgghannels and Kv  Obtained volumes were then converted into distance re-
channels, but their binding potencies are different. straints by the CALIBA routine of the DYANA software

In this paper, we investigate the structures of BmTX1 and (44). The values of¢ torsion angles constraints were
BmTX2 to get new insight into their activity and/or specific- obtained as described previousWs). Briefly, the 3June
ity. Through this analysis, we demonstrate that the differ- coupling constants were obtained using the INFIT routine
ences observed between these three toxins are not related tof the XEASY software 46) and were then translated into
a modified structure but to point mutations. The functional —40°/—70° and—70°/—170C angle restraints corresponding
map of BmTX2 is similar to that of charybdotoxin when to small (<7 Hz) and large ¥8 Hz) coupling constants,
the one of BmTX1 is truncated by one residue which allowed respectively.
us to hypothesize that an interaction outside the CTX  Structure Calculations Distance geometry calculations
functional map could be involved in different binding were performed with the variable target function programs

characteristics of these toxins. DIANA (47) and DYANA (44). As described previously
(42, 45, a set of 1000 structures was initiated, taking into
MATERIALS AND METHODS account the intraresidual and sequential distance constraints.

The 500 best structures were refined using the medium-range
distance constraints. Of these, only 250 structures were kept
for a third round of calculation including the whole NOE
derived data set and additional constraints corresponding to
the three disulfide bridges. A REDAC strategd8| was
finally used with the 50 best structures, to include dihedral
constraints and additional distances coming out from the
hydrogen bonds.

The 25 structures with the lowest constraint violations and
hence the lowest target function were energy minimized over
10 000 iterations of the Powell algorithm of the X-PLOR
3.84 software 49), using a CHARMM force field.

The visual analysis of resulting structures was carried out
with the TURBO-FRODO graphic softwaré@) as well as
with MOLMOL software 61) running on Silicon Graphics
workstations. RMSD values were obtained by X-PLOR
software.

Sample Preparation The two toxins, BmTX1, and
BmTX2 were synthesized by solid-phase synthesis, as
described elsewher&@). The so-obtained synthetic peptides
were dissolved in 0.5 mL of $#/D,0O (90/10 v/v), pH 3,
uncorrected for isotope effects, leading to a concentration
of 2 mM. The amide proton exchange rate was determined
after lyophilization and dissolution in 100%,0.

NMR SpectroscopyAll *H 2D NMR measurements were
carried out using a Bruker DRX 500 spectrometer equipped
with a HCN probe, and self-shielded triple axis gradients
were used. The experiments were performed at two tem-
peratures, 283 and 300 K, to solve assignment ambiguities.
Two-dimensional spectra were acquired using the States
TPPI method §2) to achieveF; quadrature detectior88).

The spectral width in both dimensions was 6000 Hz, and
for all experiments except DQF-COSY, the data size was
2048 points fort, and 512 points fot; increments, with 64
transients per experiment. For the DQF-COSY, the data size

was 4096 points fort, and 512 points fort;. Water RESULTS AND DISCUSSION

suppression was achieved using presaturation during the Sequential Assignmenfhe spin systems of both BmTX1
relaxation delay (1.5 s), and during the mixing time in the and BmTX2 were identified on the basis of both COSY and
case of NOESY experiments, or using a watergate 3-9-19 TOCSY spectra. The ambiguities due to overlapping signals
pulse train 84, 35 using a gradient at the magic angle were solved by the comparative use of spectra recorded at
obtained by applying simultaneous, y-, and z-gradients two temperatures, 283 and 300 K.

prior to detection. NOESY spectra were acquired using  For BmTX1, the first starting position for defining the
mixing times of 80 and 120 ms. Clean TOCS36( 37) sequential assignment was the unique arginine R34. Using
was performed with a spin-locking field strength of 8 kHz mainly the Hx—HN; ;1 connectivities, it has been possible
and mixing time of 80 ms. The amide proton exchange to connect up to S37 and down to M29 (each assumption
experiments were recorded immediately after dissolution of was confirmed by either B+HN;;+1 or HN—HN;;; cor-

the peptides in BD. A series of NOESY spectra with a  relation peaks). Next, we used one of the two valines taken
mixing time of 80 ms were recorded at 300 K, the first one as V5. This allowed us to connect the polypeptide chain
for 1 h, followed by spectra of 10 h each. down to 1 and up to 10, by virtue of strongoHHN; 11

Data Processing Spectra were processed with NMRPipe connectivities. From residue 10, strong HNN;+; peaks
(38) and Bruker's UXNMR software, running on Silicon helped us to establish the connectivities up to F21; the proline
Graphics Indy R4400. The matrices were transformed to a P15 was connected to both W14 and V16, respectively, by
final size of 2048 points in the acquisition dimension and to HN—Hd;;+1 and HS—HN;;4, correlation peaks. The remain-
1024 points in the other, except for coupling constant ing proline, assigned as P23 was then used as the last starting
determination for which a 8192 1024 matrix was used. point to obtain the sequential assignment of segment 23
The signal was multiplied by a shifted sine bell window in 29 in BmTX1. One connection remained not observable
both dimensions prior to a Fourier transform, and then a fifth- (Figure 1), between F21 and G22, as they possess the same
order polynomial baseline correction was performed. HN chemical shift. These amino acids were assigned
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Table 1: Structural Statistics of the 30 Best Structures

| ’
l 10 I 20 l 30

RMSD? (A) MDGH DG*
ZFTDVKCTGSKQCWPVCKQMFGKPNGKCMNGKCRCYS
doniicl) - — - _ backbone (C, @, N) 0.388 0.552
(i) — — o E om e — all heavy atoms 1.037 1.488
i) energies (kcal/mol)
el - - - total 87.655568  95.11
(i) bonds 7.87 1.04 8.99
Fon(i4D) - —— angles 121.26& 2.66 126.16
dox(i,i+3) e improper 1.74+ 0.20 1.96
dopii+3) van der Waals —185.66+5.15 —179.60
don (it 4) [ dihedral 138.745.38 132.54
NOE 3.53+ 0.66 4.71
I dihedral restraints 0.254+0.06 0.34
] | W R'\gSDd A) 0.0083 0.008
1 20 30 onds ) ) 5
i ZFTNVSCSASSQCV\hIml:NVCKKLFGTYRGKCMNSKCRCYS angles (deg) 579 585
Anil) = - - ) ———— - impropers (deg) 0.24 0.26
don(i,it]) . - = I . . -
d::((i,iﬂ)) - o _m aThe RMSD values are pairwise RMSD (right) and are calculated
deiio? . with respect to the mean structure (left)DG[are the final 30 BmTX2
NN(T’% : - T - structures obtained by distance geometry and energy minimiZation.
Z“NE::;: - e DG is the mean structure obtained by averaging the coordinates of the
o individual DG structures best fitted to each othf€Fhe energy values
oglh73) - for NOE and dihedral restraints are calculated with the same weighting
dan (i) function as geometric energies.

Ficure 1: Amino acid sequence of BmTX1 (top) and BmTX2

(bottom) and a survey of NMR data used for locating the secondary dict th d | Th
structure elements: the sequential NOE's, extracted from NOESY 0 Predict the secondary structure elements. The presence

with mixing times of 80 ms (BmTX1) or 120 ms (BmTX2) and  Of strong sequential HNHN NOE'’s together with medium-
classified as weak or strong, are represented by the thickness ofrange Hx—HN;i+3, Ha—HN; 14, Ho—Hpi 13 connectivities

the bars. and smalPJun, coupling constants suggests the presence of
. o . an helical conformation. This helix could be atypical in its

unequivocally as they were the only remaining spin systems. first turn, as can be seen from the CSI of residues 12

At the end of this procedure, nearly all proton resonances (gigure 2), the value of th&l. coupling constant of C13

were assigned. (7.5 Hz), and the absence of NOEHHN; ;4. Strong Hx—

The sequential connectivities obtained from NOESY HN;;,4, together with weak or absent HNHN;;+1, connec-
spectra for the BmTX2 are illustrated in Figure 1. Due to tjvities and positive values of CSI indicate an extended
the high level of homology of BmTX2 spectra with those of  conformation for segment 2636, except for residues 30 and
the preceding toxin, the sequential assignment of this toxin 31, thus representing a two-strandgdsheet with a turn
was easily obtained, taking as the first starting point the composed of residues 331.
unique proline to connect the segment-1D, by virtue of Structure Calculations The distance geometry calcula-
strong HN-HN;;+1 peaks. The alanine A9 (for the N- tions were performed with a final set of 434 distance
terminal segment) and threonine T23 (for the C-terminal part) constraints that can be clustered into 160 intraresidue, 144
were then used to get the complete sequential assignmengequentiaL 55 medium-range, and 75 long-range NOE's.
of BmTX2 (Figure 1 and Table S1 in Supporting Informa-  additionally, 9 supplementary distance restraints came from
tion). the three disulfide bridges, 22 distance restraints derived from

Structure Determination (A) Hydrogen Bonds We the 11 hydrogen bonds, and 24 angle restraints derived from
measured the exchange rates of amide protons of BmTX2the coupling constant determination. The so-obtained 50
with the solvent. Amide protons siill present after 50 h of calculated structures are in good agreement with the experi-
exchange were considered as being engaged in hydrogemental data, as no distance violations of more than 0.36 A
bonds. Most of the slowly exchanged amide protons and no angle violation of more than 5.6an be seen.
occurred in regular secondary structures such as HN 17, 18, These 50 structures were then energy minimized through
19, 20, and 21 in the helix and HN 27, 29, 32, 33, and 34 in the Powell algorithm of X-PLOR 3.84 software to suppress
the -sheet. The partner of the amide proton of residue 7 the unwanted nonbonded contacts. This step led to a family
was identified as being the carbonyl oxygen of residue 5 of 25 final structures still consistent with experimental
during the structure refinement. restraints as there is no NOE violation larger than 0.10 A

(B) Coupling ConstantsWe measured 38y, coupling and no angle violation larger thaf.5The covalent geometry
constants on NOESY maps with the infit software. The is respected as indicated by the low RMSD values on the
missing values correspond to the N-terminal residue, the bond lengths and valence angles. The 25 structures form a
proline 15, the glycines 22 and 26, and residues 17, 25, andunique family with a RMSD of 0.37 A for the backbone
37 for which infit was unable to get unambiguous values. and 1.02 A for the all heavy atoms (Table 1).

Of these 30 coupling constants, 24 were converted into angle  Structure Description The 25 structures possess the same
restraints, the others being in the-8 Hz range. overall fold, with a low RMSD value all along the polypep-

Secondary Structures Analysis of the sequential and tide chain. This fold is composed of the classicaloBS
medium-range NOE correlations together with the chemical motif (53), i.e., ana helix connected to an antiparallgl
shift index (CSI) 62) and coupling constant values allowed sheet by two disulfide bridges. The structure, as described



Solution Structure of BmTX Biochemistry, Vol. 37, No. 36, 19982415

VKCTGSKQCWPVCKQMFGKPNGKCMNGKCRCYS
VSCSASSQCWPVCKKLFGTYRGKCMNSKCRCYS

. _h,rmﬁhg 1.

Z 0

AS

123 45 6 7 8 9 101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
35— - - - B —— - - - e - <
Ficure 2: Induced shifts of the & protons of BmTX1 (light gray) and BmTX2 (dark gray). The amino acid sequences refer to BmTX1
(top) and BmTX2 (bottom), respectively.

Ficure 3: Molscript ©6) stereoview of the 25 best molecular BmTX2 structures. Only thetr@ces are displayed.

by the MOLMOL software, is composed of a three-stranded helix is connected to thg hairpin through axs3 turn G5).

p sheet comprising residues-8 (with a bulge in 4-5) for Following the nomenclature of Scheerlinck et &5); the

the first strand (S1) and residues22 and 32-35 for the residue L1 is represented by the glycine G22 which possesses
second and third one (S2 and S3), respectively. The stranda positive¢ angle. Then the helix should end at residue
S1 is separated from the S2 by a helix encompassing 10F21, and thegf sheet should begin at the position R25. These
residues from 1120, and the S2 and S3 strands fornfa  two residues have/y couples close to that of two respective
hairpin (Figures 3 and 4). conformations.

The Sheet The two strands S2 and S3 are connected Some distortions can be seen in the secondary structure
through a tight turn centered around-3B1 classified as a  elements. The helix is bent by the presence of a proline
type I' B turn, or turn 2.4.1%4). The N-terminal segment  residue as was previously seen in other toxins such as
is in a fully extended conformation and lies along the strand agitoxin 2 (AgTX2) (L8), noxiustoxin (NTX) 66), or MTX
32-35, stabilized by the presence of hydrogen bonds (42). The coupling constants of two of the six cysteines are
between HN 33 ah O 5 on onehand and HN 7 and O 31  unexpected. The cysteine C13 in the helix h&%a., value
on the other. Despite the absence of NOE correlations higher than 6 Hz and the cysteine C33 in fheheet has a
characteristic fo3 sheet between this part and the strand value lower than 5 Hz (Table S1). Previous works on other
S3, the segment comprising residues@2is classified as  toxins already described such an inconsistency. The cysteine
the first strand of the3 sheet on the basis of its overall equivalents to C13 of BmTX2 in OSK5Y), CHABII (58),
geometry. This resultis also supported by the positive valuesCTX (59, 60, NTX (56), margatoxin (MgTX) 61), and
of the CSI for residues 3, 4, and 6 as well as by the values AgTX2 (18) have also unexpectedly high coupling constants,
of the coupling constants of residues 3, 4, 5, and 7. and low coupling constants for C33 have also been reported

The Helix The helix of BmTX2 is composed of two  for Pil (62), AgTX2 (18), MgTX (61), and TsKapa45).
distinct parts. It starts as aghelix (residues S11 to C13) These features seem to be a characteristic of the scorpion
and then continues as anhelix until residue L20. This  toxin family. It can be related neither to the presence of the
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homologies with its homologous residue in BmTX1, the H

of the lysine 11 resonating at 2.17 ppm. The shift observed
between the experimental and standard value comes from
the presence of the aromatic ring of tryptophan W14. The
helical conformation of this segment faces the Hf the
residue 11 to the indole ring of the tryptophan. The
calculated ring current shift, following the Heigiallion
model implemented in MOLMOL software5() is in
accordance with the experimental value. Such a shift was
also reported for the two other toxins possessing this
tryptophan, namely CTX [H Lys 11 2.78 ppm §9, 60]

and iberiotoxin (IbTX) [Hx Lys 11 2.62 ppm§3)]. BmTX1

and BmTX2 are closely related and are also close to CTX
and IbTX. The only visible differences between all these
toxins are the orientation of the side chains, which can be

disulfide bridge, as CHABII lacks this particular bridge, nor SSigned to the limit of the technique more than to a real
to the presence of the proline, as CTX and OSK1 lack it. difference.
This constant inconsistency is thus still mysterious. BmTX1 and BmTX2 possess also some homologies with
Using a set of distances derived from a NOESY spectrum scorpion toxins belonging to the other families. The proline
recorded with 80 ms of mixing time, we also calculated the often observed in the helix disturbs it, and its first turn is
structure of BmTX1. We thus obtained a unique family of closer to a & helix than to a canonicak helix as can be
structures, in agreement with the experimental data, com-s€en in MgTX 61), NTX (56), and AgTX2 (8).
posed of 199 intraresidue, 127 sequential, 30 medium-range, Structure-Activity Relationships We solved the struc-
and 68 long-range NOE distances, distance restraints comingures of both BmTX1 and BmTX2 to investigate the local
from 3 disulfide bridges and from 11 hydrogen bonds differences that could explain their activity and/or specificity.
involving amide protons of residues 7,480, 27, 29, 32, The Bm toxins are potent blockers of cloned voltage-gated
33, 34, and 22 angular constraints derived from coupling rat brain Kv1.3 channels. BmTX1 and BmTX2 are able to
constant measurements. The final set of 25 structuresinhibit the rat Kv1.3 current with 16 values of 1.5 and 1.6
displays an overall RMSD of 0.52 A for the backbone atoms nM, respectively, compared with andsdf 0.7 nM for CTX
and 1.16 A for all heavy atoms and is of comparable energy. (10, 19. Numerous works already analyzed the binding of
No NOE violations higher than 0.10 A and angle violation scorpion toxins to different Shaker-related voltage-gated
higher than 5 can be seen. The structure of BmTX1 is close potassium channels. These works led to a complete descrip-
to that of BmTX2 (Figure 4), showing the same secondary tion of the functional map of the CTX. The inhibition of
structure elements. the channel permeation is the result of a physical occlusion
As structurally related, BmTX1 and BmTX2 possess the of the pore-forming region of the channel. The lysine K27
same structural particularities; the coupling constants of C13 of the toxin is a central residue and is suspected to directly
(7.3 for BmTX1 and 7.6 for BmTX2) and of C33 (4.3 for plug into the pore, coming in the vicinity of the selectivity
BmTX1 and 3.1 for BmTX2) are equivalent. Moreover, their filter. Surrounding this lysine, four other residues (N30,
respective t chemical shifts are nearly identical all along M29, R34, and Y36) play a key role in the interaction by
the chain, with the exception of the local differences in their directly participating to the formation of the complex. These
primary structures (Figure 2). Even the peculiar chemical five residues compose the functional map of the CTX on
shift of the Hx of the residue S11 (1.43 ppm) shows Kv channels {4, 15. The two Bm toxins possess the key

BmTX 1 BmTX 2

Ficure 4: Molscript 66) ribbon drawing of the averaged minimized
structures of BmTX1 (left) and BmTX2 (right).

Ficure 5: Space-filling representation of BmTX1 (left), BmTX2 (center), and CTX (right). The residues involved in the binding of CTX
to the BKca channel are colored in red. The additional residues supposed to influence the binding of both BmTX1 and BmTX2 are colored
in green.
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residues described for CTX. Only minor variations can be SUPPORTING INFORMATION AVAILABLE
seen at the level of the side chains of some residues. Even . . .
the location of the residue 30, located in tBeturn, is Table Sol dW't.h chefmlcalt_shlft_s Of. BmTX2 protons (Zt
conserved, despite a different geometry of this turn. The pag?ﬁ). d raering information IS _given on any curren
conservation of the critical residues, when compared to the masthead page.
CTX, could explain the high affinity of these two toxins for REFERENCES
the Kv channels.
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