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ABSTRACT. Noxiustoxin (NxTX) and iberiotoxin (IbTX) exhibit extraordinary differences in their ability

to inhibit current through the large-conductance calcium-activated potassium (maxi-K) and voltage-gated
potassium (Kv1.3) channels. The three-dimensional structures of NxTX and IbTX display differences in
their o/ turn and in the length of the-carbon backbone. To understand the role of these differences in
defining specificity, we constructed two NXTX mutants, NxFHTX | and NXTX—IbTX I, and solved

their solution structures bfH NMR spectroscopy. For NxTXIbTX |, seven amino acids comprising the

o/p turn in NXTX are replaced with six amino acids from the correspondiffyturn in IbTX (NXTX-
YGSSAGA1-27FGVDRR1-26). In addition, NXTX-IbTX Il contained the S14W mutation and deletion

of the N- and C-terminal residues. Both NxFXTX | and NxTX—IbTX Il exhibit an o/ scaffold
structure typical of thet-K channel toxins. A helix is present from residues 10 to 19 in NxTXTX |

and from residues 13 to 19 in NxXFAbTX Il. The -sheet, defined by three antiparallel strands, is one
residue longer in NxTXIbTX | relative to NxTX—1bTX Il. The two toxins also differ in the structure

of the a/p3 turn with NxTX—IbTX | resembling that of IbTX and with NxTXIbTX Il resembling that

of NxTX. These differences in th&sheet andJf turn alter the dimensions of the toxiithannel interaction
surface and provide insight into how these NxTX mutations altecKannel specificity for the maxi-K

and Kv1.3 channels.

Thea-K channel toxin (-KTx)?* peptides, from scorpion  high affinity (8), displays an extraordinary ability to dis-
venoms, represent a family of small, highly basic peptides criminate against the maxi-K channed)( Because these
that inhibit the flow of potassium ions through potassium o-KTx peptides bind to the potassium channel pore, the
channels by binding to and occluding the extracellular pore determinants for binding specificity may provide insight into
of the channel1—3). The o-KTx peptides can be grouped differences in the architecture of the Kv and maxi-K channel
into three subfamilieso-KTx 1.x, a-KTx 2.x, ando-KTx vestibules.

3.x) on the basis of differences in their amino acid sequences The three-dimensional structures of teé<Tx peptides,

(4, 5). These subfamilies display remarkable differences in determined byH NMR spectroscopy, may disclose structural
their specificity for voltage-gated potassium (Kv) and large- elements that control binding specificity. The structures for
conductance, calcium-activated potassium (maxi-K) channels.o-KTx peptides from the three subfamilies;KTx 1.x (10,

In particular, iberiotoxin (IbTX oro-KTx 1.3) is highly 11), a-KTx 2.x (12, 13), anda-KTx 3.x (14, 15), have been
specific for the maxi-K channel and does not inhibit Kv solved. All display ao/# motif with a 5-sheet formed from
channels with high affinity & 7). In contrast, noxiustoxin  two or three antiparallel strands on one face of the molecule
(NXTX or a-KTx 2.1), which inhibits some Kv channels with and ana-helix on the other. The helix and sheet form a
compact structure held together by two of the three disulfide
bonds. Thus, the overall tertiary structure of theKTx
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dotoxin; o-KTx 1.3, iberiotoxin;a-KTx 2.1, noxiustoxin;o-KTx 3.2, .
agitoxin 2; AgTX2, agitoxin2; ChTX, charybdotoxin; DQF-COSY, of these mutants was altered in the length of éhearbon

double-quantum-filtered two-dimensional correlation spectra; IbTX, backbone and in the/s turn relative to NxTX (Table 1).
iberiotoxin; Kv channel, voltage-gated potassium channel; maxi-K For both mutants, seven amino acids comprisingptifieturn

channel, large-conductance calcium-activated potassium channel; NOE; ; ; .
nuclear Overhauser effect; NOESY, phase-sensitive two-dimensional1n NXTX (YGSSAGAe-27) were replaced with six structur

nuclear Overhauser effect spectra; NXTX, noxiustoxin; TOCSY, clean a”y_?qUivam_nt reSid_UeS from IbTX (FGVDF%@ZG)- _|n
total correlation spectra. addition to this mutation, NxTXIbTX Il includes deletion
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Table 1: Amino Acid Sequence Alignment of IbTX, NXTX, NXFAbTX I, and NxTX—IbTX Il

1 5 10 15 20 25 30 35 37
IbTX ZFTDVDCSVSKECWSVCKDLFGV-DRGKCMGKKCRCYQ
NxTX TIINVKCTSPKQCSKPCKELYGSSAGAKCMNGKCKCYNN

NxTX-IbTX I
NxTX-IbTX II

TIINVKCTSPKQCSKPCKELFGV-DRGKCMNGKCKCYNN
- IINVKCTSPKQCWKPCKELFGV-DRGKCMNGKCKCYN-

of T1 and N38 and the site-directed mutation, S14W. The For determination of amide proton exchange rates, the
latter S14W mutation incorporates a residue that is critical peptide was lyophilized twice and solubilized in 100%D

for a high-affinity interaction with the maxi-K channel@). Immediately after solubilization, a series of NOESY spectra
Functional studies reveal that the interactions of NxTX  with mixing times of 80 ms were recorded at 283 K, the
IbTX I and NXTX—IbTX Il display opposing changes in their  first one during a time periodfd h (1024 complex points
binding specificity for maxi-K and Kv1.3 channel8)( For with 256 experiments), followed by spectra of 10 h (1024
the maxi-K channel, NxTXIbTX | and NxTX—IbTX Il complex points with 512 experiments).

both display measurable binding interactions, in the nano- Data ProcessingAll of the data were processed using
molar to micromolar range, while NxTX does not. Con- the Bruker software XWINNMR running on a Silicon
versely, for the Kv1.3 channel, the two mutants display a Graphic INDY R4000 workstation. The matrices were
significantly weaker interaction relative to recombinant transformed with a zero filling to the next power of two in
NXTX (NXTX—IbTX I, 60-fold; NxTX—IbTX I, 1500-fold). the acquisition dimension and to 1024 points in the other.

To understand the structural basis for these changes inThe signal was multiplied by a shifted sine-bell window in
binding specificity, we examined the solution structures of both dimensions prior to Fourier transform, and a fifth-order
NXTX—IbTX | and NXTX—IbTX Il by *H NMR spectros-  polynomial baseline correction was applied. Spectra had
copy. The structures obtained differ in the length of the finally a 12 ppm width with a digital resolution of 2.93 Hz/
p-sheet face and in th&/3 turn. Together, these differences point in the w, dimension and 5.85 Hz/point in the;
in the backbone conformation alter the shape of the toxin dimension.
blndlng surface. These structural studies are consistent with Spectra| Ana]ysisThe Spectra] ana]yses were performed
functional studies and Suggest that the maxi-K channel is using the XEASY Softwaré(zl) running on a Silicon Graphic
exquisitely sensitive to the dimensions of the togisheet  R10000 workstation. The identification of amino acid spin
face compared to the Kv1.3 channg).(Thus, the backbone  systems and the sequential assignment were performed using
of the a-KTX peptides presents an extraordinarily sensitive the standard strategy described by titich (25). The
way for altering toxir-channel specificity. comparative analysis of COSY and TOCSY spectra recorded
in water gave the spin system signature of the protein. The
spin systems were sequentially connected using the NOESY
spectra.

Experimental RestraintsThe integration of NOE data
using manual integration in the XEASY software permitted
us to obtain volumes and to convert them into distance
restraints using the CALIBA routine of the DIANA package,
according to calculated curves, function ofré1for in-
traresidual and sequential NOE involving HNgtHand H,
as well as medium- and long-range NOE involving backbone
protons, and function of &4 for others. We thus obtained a

MATERIALS AND METHODS

Expression and Purification of Recombinant NxTIRTX
Peptides.NXxTX—IbTX | and NxTX—IbTX Il were ex-
pressed and purified as described previougjyThe identity
of the purified peptides used fdiH NMR spectra was
confirmed by MALDI-MS mass spectrometric analysis
(Protein Chemistry Laboratory, University of Pennsylvania).

Sample PreparatioNxTX—IbTX | (2.5 mg) and NXTX-
IbTX Il (7.5 mg) were dissolved in 0.5 mL of #/D,0 (90/

10 v/v), pH= 3, uncorrected for isotope effects, leading to
concentrations of 1.2 and 3.6 mM, respectively. set of restraints with upper limits defined for each volume.

NMR SpectroscopyProton 2D NMR spectra were first  The ¢ torsion angle constraints resulted from thkn,
routinely recorded at 283 and 300 K in order to solve coupling constant measurements obtained by INFIT routine
assignment ambiguities. All of the data were collected on a from XEASY software. For a given residue, separated

Bruker DRX 500. Double-quantum-filtered two-dimensional
correlation spectra (DQF-COSY]T) were acquired in the

NOESY cross-peaks with the backbone amide proton in the
w, dimension were used. Several cross sections through these

phase-sensitive mode by time-proportional phase incremen-cross-peaks were selected that exhibited a good signal to

tation of the first pulse (TPPI)18). Clean total correlation
spectra (TOCSY) X9, 20) were acquired with a spin lock

of 80 ms. Phase-sensitive two-dimensional nuclear Over-

hauser effect (NOE) spectra (NOESY)1( 22) with water-

noise ratio. They were added up, and only those data points
of the peak region that were above the noise level were
retained. The left and the right ends of the peak region were
then brought to zero intensity by a linear baseline correction.

gate @3) composite were acquired using the TPPI method After extending the baseline-corrected peak region with zeros
with mixing times from 80 to 150 ms. The solvent-OH on both sides, which is equivalent to oversampling in the
resonance was suppressed either by low-power irradiationtime domain, an inverse Fourier transformation was per-
during the relaxation delay or, for NOESY spectra, during formed. The value of thé{Jun, coupling constant was
the mixing time or by using a watergate 3-9-19 pulse train obtained from the first local minimum. The constants were
(23) using a gradient at the magic angle obtained by applying then divided into small €7 Hz) and large ¥7.5 Hz) and
simultaneously-, y-, andz-gradients prior to detection. translated into-40°/—70° and—70°/—170 angle restraints,
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respectively. The stereospecific assignment was made usin
the HABAS routine of the DIANA software2, 27) on the
basis of the upper limit restraints addhna, 3Janpe, and
3Jharps- Pseudoatom corrections were applied by DIANA
when stereospecific assignments could not be obtained.

Structure CalculationsDistance geometry calculations
were performed with the variable target function program
DIANA 2.8. A preliminary set of 1000 structures was
initiated including only intraresidual and sequential upper
limit distances. From these, the 500 best were kept for a
second round, including medium-range distances, and the
resulting 250 best for a third one, with the whole set of upper
limit restraints, and some additional restraints, used to define
the disulfide bridges (i.e., &Sy, 2.1 A; d@/Sy, 3.1 A).
Starting from the 100 best structures, according to their target
function, a REDAC 27) strategy was used in the last step
in order to include the dihedral constraints together with the
additional distance restraints coming out from hydrogen
bonds.

The 25 structures exhibiting the lowest target function were
then energy-minimized over 2500 iterations of the Powell
algorithm of the X-PLOR 3.1 28) package using the
CHARMM force field (parameter files parmallh6x.pro and
topallh3x.pro).

The visual analysis of the resulting structures was carried
out with TURBO @9) graphic software as well as with
MOLMOL (30) software. RSMD data were obtained by
MOLMOL software. The quality of the structures was
analyzed using PROCHECK-NMR3Y) software.

Electrostatic Calculations.The electrostatic potential
throughout the volume of the toxin and toxin dipole moments
together were calculated using GRASE2)( as described
(33). The electrostatic potential maps were calculated using
two different charge sets. One includes only ionizable groups s 90 85 80 75 ppm
at the N- and C-termini and on arginine, lysine, aspartate, EIIGURE 1. Contour plots of a NOESY spectrum recorded on

and glutamate. The second set assigns partial charges to alixTx—IbTX | peptide. Top: Fingerprint region. Bottom: Amide
ionizable groups and to atoms in thecarbon backbone. proton region. Some sequential connectivities are illustrated by lines.

RESULTS serine 8. The discrimination of the two isoleucines of the
molecule was done assuming the isoleucine L §tdup is
Sequential Assignmeri@oth NxTX—IbTX peptides were in fast exchange with water and therefore lacks the TOCSY
sequentially assigned following the standard method of tower on the HN frequency. Conversely, the one which
Waitthrich (25). Below is the description of the sequential produced a TOCSY tower on the HN frequency was assigned
assignment for NxTXIbTX Il. For NXTX—I1bTX I, the as isoleucine 2. These assigned spin systems were used to
same pattern has been obtained except for the N-terminusassign the rest of the spin systems by sequentially connecting
where the spin system lacking the amide proton frequencythem by virtue of sequential &dHN for the extended
was a threonine instead of an isoleucine. The spin systemsstructures or HN-HN for the helical structures. These
were identified on the basis of both COSY and TOCSY connections are confirmed byg-HN or Hy-HN connec-
spectra recorded in water at 300 and 283 K. The use of twotivities. These results are summarized in Figure 2.
temperatures for recording allowed us to resolve overlapping Additional RestraintsWe measured 2?Ju4n. coupling
signals in the fingerprint region, leading to complete assign- constants on NOESY spectra of NxPXoTX Il by using
ment of intraresidue HN-& cross-peaks. Starting from them, the INFIT software. The missing constants correspond to the
each spin system was characterized by its connectivities inthree glycines, the two prolines, the isoleucine 1, the
the COSY and checked in the TOCSY spectra. Few methyl phenylalanine 20, the lysine 31, and the asparagine 36, for
groups have only one chemical shift frequency, due to their which INFIT did not succeed in determinirfgyy coupling
strict degeneracy or uncertainty in overcrowded regions. The constants.
sequential connectivities were obtained from NOESY spectra, A total of 20 3J,s constants for NxTXIbTX Il were
recorded in water at both 300 and 283 K, with a mixing obtained from the COSY spectra (digital resolution 0.73 Hz/
time of 80 ms. The ld-HN, HN-HN pathways are illustrated  point), compared with simulated signalg. protons of
in Figure 1. The NXTX-IbTX Il peptide contained only one  asparagine 3, cysteine 12, and serine 8 were stereospecifically
leucine, one threonine, and one serine. Those spin systemassigned. We measured the exchange rate of amide protons
were unambiguously attributed: leucine 19, threonine 7, and with the solvent. The amide protons still giving rise to NOE
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FIGURE 2: Sequence-specific assignments of NXAIKTX | (top) and NXTX—IbTX Il (bottom) from NOE data. Collected sequential
NOE's are classified into strong and weak NOE’s and are indicated by thick and thin bars, respectively. The medium-range NOE’s are
indicated without mention of their intensity.

Table 2: Structural Data from the 25 Best Structures of These 25 structures, having some important nonbonded

NXTX—IbTX | and NxTX—IbTX Il bad contacts, have been energy minimized with the Powell
NXTX —IbTX | NXTX —IbTX 1l algorithm of the X-PLOR 3.1 software. In the resulting final

RMSD (&) structures, the negative van der Waals energy indicates the

backbone (C, @, N) 0.96 (£0.23) 0.85 £:0.23) absence of nonbonded contacts (Table 2). The covalent

all heavy atoms 1.900.23) 1.75 £:0.23) geometry is respected as indicated by the low RMSD values

energy (kcal/mol) on the bond lengths and the valence angles. No NOE
total —219.57 —134.04 violation larger than 0.15 A was detected. The RMSD of

bonds 0.57 11.82 h > & for th K

van der Waals —220.68 ~165.67 these 25 structures are 0.85 A for the backbone atoms and
dihedral 0.78 1.33 1.75 A for all of the heavy atoms (according to the
NOE 0.78 0.10 MOLMOL software, Figure 3a). The overall backbone

geometry is in agreement with predicted torsion angles.

cross-peaks after 50 h of exchange were considered as beinft@machandran analysis (not shown) revealed 61.2% of the
engaged in hydrogen bonds. Most of them occurred in the residues in the most favored regions, 38.5% in additional
regular structures, such as HN of C6, Q11, C12, W13, and and generously additional regions, and 0.3% in disallowed
C16 in thea-helix and of V22, K26, M28, G30, K31, C32, regions, according to the PROCHECK-NMR software no-
and K33 in thes-sheet. The partner of the C6 HN has been menclature.
identified as the V4 CO group. Structure Description of NXTXIbTX | and NXTX-IbTX
Structure Calculationgzor NXTX—IbTX Il (NXTX —IbTX II. The calculated structures of NXTAbTX Il and NXTX—
), the whole set of constraints included 433 (346) distance IbTX | share the same fold which is characteristic of the
restraints extracted from NOE’s 119 (117) intraresidues, 132 a-KTx family of peptides. The RMSD values of the 25
(110) sequential, 90 (27) medium-range, and 59 (37) long- structures allow us to describe the classig scaffold: a
range restraints, 33 restraints taken out from hydrogen- three-strandeq3-sheet and aru-helix (Figure 3b). The
exchange analysis and 24 angle restraints extracted fromprecise location of these secondary structures has been done
coupling constant measurements [i.e., an average of 12.70y PROCHECK-NMR, which indicates the presence of an
(11.2) restraints/residue; see Table 2]. The distance geometry-helix running from residues 10 to 19 (two turns and a half
calculations using this whole set of restraints led to a single of helix) for NxTX—IbTX Il and from residues 13 to 19 for
family of 25 structures for NxTXIbTX | and NxTX—IbTX NXTX—IbTX I. In addition, theS-sheet is made of stretches
II; see Figure 3a. These 25 structures are all consistent with2—3, 25-28, and 3134 for NxTX—IbTX Il and 2—3, 24—
the experimental restraints, and none of them present NOE29, and 32-36 for NxTX—IbTX I. The 2—3 stretch is
violations larger than 0.2 A. Furthermore, no residual nonclassical since it is only two residues long and situated
unassigned NOE cross-peaks were present at the end of that the N-terminus of the molecule. The second and the third
calculation process. strands are connected by an undefirfetlrn formed by
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FIGURE 3: (@) Stereoview of the 25 best structures for NxTIKTX | (top) and NxTX—IbTX Il (bottom). Only the @ traces are displayed.
(b) Molscript diagrams showing the secondary structures for NxIBXX |, NXTX —IbTX Il, IbTX, and NxTX.

residues N29 and G30 for NxTXbTX Il and N30 and G31
for NXTX—IbTX I. The high RMSD of this region shows
that this part of the peptide is flexible, as in the original
NXTX (12). Despite the presence dfi+2 correlations
between the amide protons of residues-38 and 29-31

Electrostatic Features of NXFXbTX | and NXTX-IbTX
Il. The o-KTx peptides are highly charged peptides, and
these charges have been shown to have profound effects on
their interactions with the extracellular vestibules of K
channels §3—35). Similar to NxTX, NxTX—IbTX | and

and the hydrogen bond between the carbonyl of the M28 NxTX—IbTX Il both have a large net positive charge of 6.
and the amide proton of K31, it has been impossible to However, the total number of ionizable charges in these

classify this turn. These secondary structures for NxTX
IbTX | and NXTX—IbTX Il are in full accordance with the
experimental data.

NXTX—IbTX (+9, —3) chimeras is greater than in NxTX
(+8, —2). The extra ionizable residues in the chimeras derive
from the presence of an Asp and Arg in 8 turn (Table
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NxtX-ibTX-II
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Ficure 4: Comparison of NxTXIbTX chimera structures to NxTX and IbTX. (A) Molscript diagrams of structures for NxTI X |,
NXTX—IbTX II, NXTX, and IbTX. Key residues are in CPK representation. Lys27, colored blue, interacts withkenKing site in the
maxi-K channel pore33, 35). Arg25 and Trpl4, colored yellow, are uniquely critical for a high-affinity interaction with the maxi-K
channel 16). Residues in thg-turn, colored yellow, form an important part of the toxik channel interaction surface,(16, 36). Gly26,
colored red, in IbTX ¢-KTx 1.3) is reported to define the orientation of the helix and sheet K& x 1.x subfamily @1). The structural
equivalent of this residue in NxTX is Ala27. Structurally equivalent residues in NXIBXX | and NxTX—IbTX Il are similarly color
coded. (B) CPK representation of the interaction surface of IbTX, NxTX, NxTTX |, and NxTX—IbTX Il. The residues involved in
the binding of the toxins are in blue for all but the critical lysine (in light blue) and the aromatic residue (in purple).

1). To understand how these extra charges influence their~39 000 2. Indeed, these surfaces extend farlQ A)
electrostatic structures, we calculated the dipole momentsbeyond the molecular surface (not shown). In contrast, at
and electrostatic potential around the NxFXTX mol- high ionic strength (150 mM), parts B and D of Figure 5,
ecules. The calculated dipole moments for NxTIKTX | the positive isopotential surfaces enclose a much smaller
(87 D) and NxTX-IbTX Il (66 D) are slightly larger than  volume,~4000 A. This large change in volume with ionic
that for NxTX (55 D). However, the relative orientations of strength is consistent with the finding that the association
the dipole moments for both chimeras (Figure 5) are similar rate constants for NXTXIbTX Il are exquisitely sensitive

to that of NXTX. Figure 5 also shows the positive (turquoise) to external ionic strengthdy.

and negative (magenta) isopotential surfaces at 2 KT overlay-

ing theo.-carbon backbones for NXTXIbTX | (parts A and DISCUSSION
B) and NxTX—IbTX Il (parts C and D). Consistent with Comparison of NXTXIbTX | and NXTX-IbTX Il to
the large net positive charge, the positive isopotential surfacesRelated ToxinsSNXTX—IbTX | and NxTX—IbTX Il adopt
enclose a much larger volume than the negative isopotentialthe classical scorpion toxiw/s scaffold (Csus motif), which
surfaces. At low ionic strength, parts A and C of Figure 5, has been described asuahelix covalently linked through
the positive isopotential surfaces enclose a large volume,two disulfide bridges to an antiparallgtsheet. This motif
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FiGUrRe 5: Isopotential energy surfaces for NxFXoTX | and NxTX—IbTX Il. Parts A and C show the isopotential energy surfacest
KT (turquoise) and-2 kT (magenta) calculated with 0 mM ionic strength for NxFXTX | and NxTX—IbTX Il, respectively. Parts B and
D show the isopotential energy surfacest& KT (turquoise) and-2 KT (magenta) calculated with 150 mM ionic strength for Nx¥X
IbTX I and NXTX—IbTX IlI, respectively. The orientation and relative magnitudes of the calculated dipole moments forNxXTX | (87

D) and NxTX—IbTX Il (66 D) are shown in blue. Electrostatic calculations for the structures shown were done using GE2\8RH a
charge set that includes only the ionizable residues, see Materials and Methods. For both chimeraaribe backbone residues from
NXTX are shown in magenta while those from IbTX are shown in green.

is characteristic of allt-KTx toxin subfamilies. The overall  IbTX (a-KTx 1.3), 39 vs 37, which increase the length of
structures of NXTX-IbTX | and NxTX—IbTX Il are very the first and third antiparallel strands of tBesheet face in
similar to those of NXTX ¢-KTx 2.1) and IbTX @-KTx NXTX (4, 12). The NXxTX—IbTX peptides are both reduced
1.3) (Figure 4). However, there are important differences in in length compared to NxTX because seven residues
the secondary and tertiary structures of these toxins that arecomprising thea/s turn in NxTX are replaced with six
likely to differently influence their binding interactions with  structurally equivalent residues in IbTX. Thus, NxFXTX
maxi-K and Kv channels. I, which contains only this mutation, is 38 residues in length.
A substantial body of data supports the fact thatth€Tx With additional amino acid deletions at both the N- and
pB-sheet face forms its binding surface with the potassium C-termini, NXTX—IbTX Il is 36 residues in length. From
channel external vestibule. For both NxFXTX peptides, the solution structures it is clear that the third antiparallel
the reverse turns between the second and third antiparallelstrand in NxTX-IbTX Il is decreased in length compared
pB-strands are similar to that of NxTX. As in NxTX, this turn  to NXTX—IbTX | (Figure 3). Interestingly, NxTX-IbTX |
is flexible compared to IbTX. This difference in flexibility = shows an~15-fold weaker interaction for the maxi-K
may derive from the fact that in NxTX and the NxFX channel compared to NXTXIbTX Il and NXTX—IbTX IlI
IbTX peptides this turn includes an asparagine followed by mutants, which both contain this C-terminal deleti®). (
a glycine. However, in IbTX and alk-KTx 1.x peptides, Thus, this increased length of the third antipargiedtrand
this turn consists of either a glycine or asparagine followed in NxTX—IbTX | could contribute to its relatively weak
by a lysine. The presence of this lysine is likely to restrict interaction with the maxi-K channel.
the flexibility of this turn. Additionally, in AgTX2 (-KTx Intriguingly, peptides from the-KTx 3.x subfamily @,
3.2) an arginine at this position was found to interact with a 15) also display an increased length of the third antiparallel
specific residue in the Shaker Kv chann&b), The residues  strand compared to the-KTx 1.x subfamily of peptides.
in this turn are also critical for a high-affinity interaction Peptides from this subfamily do not block the maxi-K
with the maxi-K channell(). Thus, the identities of residues channel with high affinity 87). Thus, the extra length of

in this reverse turn are important determinantsoelKTx the5-sheet face may be a defining feature in maxi-K channel
binding to the maxi-K and Kv channels. discrimination of then-KTx 2.x ando-KTx 3.x subfamilies.
The length of the antiparallgd-strands may also be an NxTX and IbTX also display differences in the packing

important determinant ai-KTx binding specificity. NXxTX of their helix and sheet, as can be seen from Figure 3b. For
(0-KTx 2.1) contains two extra amino acids compared to NxTx the plane of thg-sheet face and long axis of the helix
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are roughly parallel. In contrast, for IbTx, tifkesheet face  -sheet face may provide insight into the molecular archi-
plane and helix axis are tilted by roughly 4%\nalysis of tecture of the K channel vestibules. In this regard, the
the solvent-accessible residues in charybdotoxin (ChTX or exquisite sensitivity of the maxi-K channel to the length of
a-KTx 1.1) suggested that the packing of the helix and sheetthe 5-sheet face, compared to Kv channe®, (hints at
should be critically dependent upon a highly conserved fundamental differences in their external vestibules. Indeed,
glycine that is not solvent accessibR8J. In theo-KTx 1.x docking NxTX and IbTX into a three-dimensional model of
and o-KTx 3.x subfamilies, this “Gly26” is strictly con-  the maxi-K channel vestibule revealed that the extra length
served. However, in NXxTX this position is occupied by an of thes-sheet face in NxTX creates a sterically unfavorable
alanine. Both NXTX-IbTX peptides contain the critical interaction with residues in diametrically opposed subunits
Gly26. Thus, we expected both of these peptides to resemblgDr. Ying Duo-Gao, Merck Research Laboratories, personal
IbTX in their packing of the helix and sheet. Surprisingly, communication). Thus, by exploring-KTx peptides of
these peptides differ in the packing of their helices and sheetsextraordinarily different patterns of specificity, this work
(Figure 3b). For NxTX-IbTX I, the 3-sheet plane and helix  points to a new way for probing molecular differences in
are roughly parallel, as seen for IbTX. Conversely, NxTX  the architectures of K channel vestibules.
IbTX Il resembles NXTX in that thg-sheet plane and helix
are tilted by roughly 4% Our results suggest that, in addition ACKNOWLEDGMENT
to the culprit Gly26, other structural features help to define
the packing of the helix and sheet in theKTx peptides.
These differences in the orientation of thesheet plane
and helix correlated with differences in tlés turn. The
o/f turn in NXxTX—IbTX | resembles that in IbTX while
the a/f turn in NXTX—IbTX Il resembles that in NXTX.
These differences in th#/ turn and in packing of the helix
and the sheet alter the geometry of the toxin binding surface. REFERENCES
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