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ABSTRACT. Noxiustoxin (NxTX) displays an extraordinary ability to discriminate between large conductance,
calcium-activated potassium (maxi-K) channels and voltage-gated potassium (Kv1.3) channels. To identify
features that contribute to this specificity, we constructed several NxTX mutants and examined their effects
on whole cell current through Kv1.3 channels and on current through single maxi-K channels. Recombinant
NxTX and the site-specific mutants (P10S, S14W, A25R, APR&ll inhibited Kv1.3 channels witlg

values of 6, 30, 0.6, 112, and 166 nM, respectively. In contrast, these same NxTX mutants had no effect
on maxi-K channel activity with estimatéd; values exceeding 1 mM. To examine the role ofdhearbon
backbone in binding specificity, we constructed four NxTX chimeras, which altered the backbone length
and theo/p turn. For each of these chimeras, six amino acids comprisingufheurn in iberiotoxin

(IbTX) replaced the corresponding seven amino acids in NXTX (NXTX-YGSSAGAFGVDRGy1—2).

The chimeras differed in length of N- and C-terminal residues and in critical contact residues. In contrast
to NXTX and its site-directed mutants, all of these chimeras inhibited single maxi-K channels. Under low
ionic strength condition¥y values ranged from 0.4 to @M, association rate constant values fronx 3

10" to 3 x 18 M~1 571, and time constants for block from 5 to 20 ms. The rapid blocked times suggest
that key microscopic interactions at the toximaxi-K channel interface may be absent. Under physiologic
external ionic strength conditions, these chimera inhibited Kv1.3 channelsKyittalues from 30 to

10 000 nM. These results suggest that the extraordinary specificity of NxTX for Kv1.3 over maxi-K
channels is controlled, in part, by the toxircarbon backbone. These differences indhearbon backbone

are likely to reflect fundamental structural differences in the external vestibules of these two channels.

Thea-K channel toxin (-KTx)* peptides inhibit the flow
of K* ions through the K channel pore by simply binding and permeation in the K channel pore.

to and occluding the extra cellular pore. This simple, The o-KTx peptides can be grouped into different
bimolecular plugging mechanism is based on detailed kinetic sybfamilies @-KTx 1.x, a-KTx 2.x, anda-KTx 3.x) on the
studies of toxin block of single large-conductance, calcium- basis of differences in their amino acid sequendss 13).
activated potassium (maxi-K) channels @) and of mac-  Thesea-KTx subfamilies display an extraordinary ability
roscopic current through a voltage-gated potassium (Kv) to distinguish between the large family of voltage-gated
channel §). The location of then-KTx binding site to the  potassium (Kv) channels and the large-conductance calcium-
external vestibule has revealed amino acids that form the activated potassium (maxi-K) channdl2). The peptides
potassium channel porel,(5), and it has yielded a low-  from thea-KTx 1.x subfamily display high-affinity interac-
resolution image of the maxi-K and Kw{11) channel  tions for the maxi-K channel. However, only two of these
vestibules. Thus, the-KTx peptides provide invaluable  toxins, iberiotoxin (IbTX ora-KTx 1.3) and limbatus toxin
(LbTX or a-KTx 1.4), appear to be highly selective for the
maxi-K channel {4, 15). Other toxins from this subfamily
show high-affinity interactions with some Kv channels. For
instance, charybdotoxin (ChTX e-KTx 1.1) and LQ2 (-
KTx 1.2) inhibit the Kv1.3 (6) and Shaker Kv17) channels
with high affinity, respectively. Indeed, with the exception
of IbTX, many of the a-KTx peptides from different
subfamilies interact with the Kv1.3 channel with high
affinity. In stark contrast, thex-KTx 2.x and a-KTx 3.x
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subfamily of toxins that block Kv channels with high affinity
do not block the maxi-K channel with high affinityl2).
Thus, the Kv1.3 channel is rather promiscuous in its
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interactions withoi-KTx peptides while the maxi-K channel  Lipids, Inc. (Birmingham, AL). Decane from Fisher Scien-
exhibits extraordinary specificity among tlee KTx sub- tific, Inc. (Springfield, NJ), was 99.9% mole purity. All other
families. These differences in specificity likely point to reagents were of the highest purity commercially available.
fundamental differences in the structure of the maxi-K and  construction of the NxTX Plasmid and Mutan®&he

Kv channel vestibules. plasmid pG9-NxTX, encoding six histidine residues between
The three-dimensional, solution NMR structures of the the T7 gene 9 fusion protein and the factor Xa cleavage site,
a-KTx peptides provide insight into the determinants for and the wild-type NxTX sequence were constructed as
specificity (12). All of these peptides show a classic motif described19). NxTX mutations were generated using a two-
with three antiparallep-strands forming g-sheet face on  step polymerase chain reaction point mutagenesis strategy.
one side of the molecule and a helix on the other. This rigid pjasmids containing the NXTX gene and site-directed mutants
structure is maintained by the presence of three disulfide were propagated using ttEscherichia colistrain DH5x.

bonds that are conserved among #+Tx peptides {2). The identity of all DNA constructs was verified using
Thus, all of theo-KTx peptides share a similar 3D structure.  gideoxy sequencing2().

However, among the:-KTx subfamilies, there are differ-
ences in thea-carbon backbone that may contribute to
differences in binding specificity. The most striking differ-
ences occur between theKTx 2.x and o-KTx 1.x sub-
families; see Figure 1. The-KTx 2.x subfamily contains
two extra amino acids that extend the N- and C-termini, each
by one residue relative to the-KTx 1.x toxins (2). In
addition, thea/s turns ino-KTx 1.x anda-KTx 2.x show
structural differencesl@). The structural differences between
these two subfamilies may contribute to their specificity for
maxi-K versus Kv channels.

Insight into the determinants for this specificity also comes
from knowledge of toxin residues that form an interaction

surface with the maxi-K channel. Identification of toxin of 5 mL/min. Final purification of the peptides was achieved

residues critical for a high-affinity interaction with the : .
maxi-K channel comes from site-directed mutagenesis studies?Y reverse-phase HPLC as describeg) (The purity of each

with ChTX (11). This work showed that eight residues peptide was-99% asjudged_ by HPL.C chromatography and
protruding from the ChTX5-sheet face, are critical for a’ mass spectrometric analysis. The identity of e:_:\ch pep'u_de
high-affinity interaction with the maxi-K channel (Figure 1). was cqnﬂrmed_ by MALDI-MS mass spgctrometnc analy_S|s
Moreover, two of these residues, R25 and W14, are unique(PrOte'n C.hemlstry Laboratory, University of Pennsylvama).
to the a-KTx 1.x subfamily ((2). However, these maxi-K The pr_edlcted and measured masses for each peptide,
channel contact residues are not well conserved among thé;ff\?thlz(;IgiwirgelgXTKZ(;|;2>024;8270222%;08 glizl' 341197)'
a-KTx 2.x and a-KTx 3.x subfamilies. Thus, the absence 2131 IEI TX—’IbTX I)’4241 42(41 N T)ngll'x ”5(4124’

of this repertoire of critical contact residues among the ). NX ( ! ), NX ( '

o-KTx 2.x and o-KTx 3.x subfamilies may contribute to 4522532 I:g;lg’;(—l\?\;lf);lllh(4247, 4350)’ far'lld _N&'tl;_)&lbl'llix I\(/j
their discrimination against the maxi-K channel. ( ' )- With the exception of Nx an

Noxiustoxin (NXTX or o-KTx 2.1) is an exquisite NXTX—IbTX IV, the measured masses were well within

discriminator of maxi-K versus Kv1.3 channels. In this work, experimental error of the MALDI-MS instrumentation (Dr.

we show that the difference in NxTX binding free energy William Moore, Protein Chemistry L_abqratory, University
for the maxi-K and Kv channels exceeds 7 kcal/mol. To test of Pennsylvania, personal communication). The masses of
: s . Lo these two mutants were further confirmed by amino acid
whether this specificity derives from the absence of critical . . .
contact residues or from differences in thecarbon back- analysis. Amino acid analyses performed on rNxTX, NxTX-
bone, we constructed various site-specific and chimeric gr}g\ll\l\/)’(T’\)l?—Tli)%?;I\-/X((I_‘iol:lr)](r-rr]i)(n;\ig;\rli(hIlléic’:':)e(zﬁngllgz(sullﬁc)
NxTX mutants and examined their functional interaction with . : : gies, inc.
Kv1.3 and maxi-K channels. Remarkably, we found that Were in excellent agreement W't.h th_e predicted mass of each
altering the toxina-carbon backbone had profound effects peptide. Correct folding and disulfide bond formation for

o i : NXTX—=IbTX | and NXTX—IbTX Il is inferred from their
on toxin binding specificity for the maxi-K and Kv channels. solution NMR structures3) and from the fact that all NXTX

MATERIALS AND METHODS mutants elute with similar¢13%) organic solvent by HPLC.
The extinction coefficient for wild type, 12.82 crh(mg/
Materials. Sarcolemmal membranes from bovine aortic mL)~* at 214 nm, was used for all mutants except NxTX-
smooth muscle were purified as describ28)(The plasmid ~ S14w, 13.94 cm! (mg/mL) at 214 nm. The NXTX
construct pG9-M was a generous gift from Dr. Maria Garcia extinction coefficient was based on the extinction coefficient
(Merck Research Laboratories). for margatoxin (MgTX o-KTx 2.2), a peptide that displays
Polystyrene cuvettes for bilayer experiments contained 82% sequence identity with NxTXL9) and a nearly identical
either a 100 or 15@m aperture and were purchased from 3D structure 22). The extinction coefficient for NXTX-S14W
Warner Instruments, Inc. (Hamden, CT). 1-Palmitoyl-2- was calculated by determining the amino acid composition
oleoylphosphatidylethanolamine (POPE) and 1-palmitoyl- of 1 nmol of toxin. Protein content was then correlated with
2-oleoylphosphatidylcholine (POPC) were from Avanti Polar absorbance monitored at 214 nm.

Expression and Purification of Recombinant Noxiustoxin
Mutants.The E. coli strain BL21(DE3) harboring the pG9-
NxTX plasmids was cultured and induced with isopropyl
1-thio3-galactopyranoside (IPTG), and the T7 gene 9 toxin
fusion protein was purified by DEAE ion-exchange chro-
matography as describedl9) with the following modifica-
tions. After folding, the fusion protein was cleaved from the
toxin with TPCK-treated trypsin as describedll). This
reaction was inhibited with-1-chloro-3-(4-tosylamido)-7-
amino-2-heptanone hydrochloride (TLCK) and immediately
loaded onto a 300 mL SP-Sephadex column equilibrated at
pH 9.0 with 20 mM sodium borate and then eluted with a
linear gradient of NaCl (0 to 0.75 M in 0.5 h) at a flow rate
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Recordings of Maxi-K Channels in Planar Lipid Bilayers. T pie 1: Amino Acid Sequences of NxTX, IbTX, and the
Planar lipid bilayers were formed, and maxi-K channels from NxTX—IbTX Chimerag
membranes were fused with the artificial bilayer as described
previously (). The orientation of the maxi-K channel was
determined by the voltage and calcium dependence of
channel gating as describetl).( The lipid composition of
the planar lipid bilayer consisted of a POPE:POPC in a 7:3
molar ratio. The exact composition of the solutions on either
side of the bilayer is as described in the figure legends.

Currents through single maxi-K channels were detected
and amplified using a Dagan 3900A integrating patch clamp ¢
amplifier as describedlj. Currents were recorded onto a

videocassette tape and were digitally encoded on-line as’-2, 315 mOsm. Pipets were fabricated from thin-wall
described 23). borosilicate glass (1.5 mm o.d., 1.12 mm i.d.) and fire

The single-channel currents were refiltered off-line as Polished to a DC resistance of 8 MQ. Membrane currents

described23), and opening and closing events were detected Were amplified with either an Axopatch 1B, 200A, or 200B
using a threshold detection algorithm in TAC (Bruxton amplifier (Axon Instruments, Foster City, CA), low pass
Corp.). Toxin blocked times for NxTXIbTX Il were filtered at 1 kHz with an eight-pole Bessel filter, and then
distinguished from closed times as describBdecept that  digitized at 3-5 kHz as computer files with a Digidata 1200
control periods were 5 min in duration and the cutoff for interface (Axon Instruments, Foster City, CA). Voltage clamp
block, determined from control, was typically-3 ms. protocols were implemented, and data acquisition was
Amplitude Distribution Analysis of Toxin-Blockeadhits. ~ Performed with pClamp 6.0 software (Axon Instruments,
“Fast” toxin-blocked events, not well separated from closed Foster City, CA). A P4-P6 leak subtraction protocol was
times due to gating, were analyzed by an amplitude distribu- @Pplied on-line to remove voltage-independent current
tion method 24, 25). Digitized records representing 5 min  components. Origin software (Microcal, Northampton, MA)
of single-channel recording were refiltered with a digital Was used to iteratively fit concentration response data to a
Gaussian filter in TAC (Bruxton Corp.) so that the single Hill function (see Figure 2 legend). To measure current, cells
pole dead time exceeded the time constant for toxin block Were depolarized at 30 s intervals +20 mV for 200 ms
estimated from closed time distributions. Amplitude histo- from a holding potential of-80 mV. The outward current
grams were collected in TAC before (447 Hz) and after e!|C|ted 'Wlth this protocol in th.e.sg Jurkat cells had the
refiltering (<20 Hz) and exported as Igor Text files for biophysical properties and sensitivity ¢@oKTx’s that have
further analysis in Igor Pro (Wavemetrics Inc.). Before being been well established as a signature of Kv1.3 in prior studies
fitted to a g distribution, the current amplitudes of the
experimental histograms were normalized to the unblocked RESULTS
open channel current level such that closed and open channel
current values correspond to 0 and 1, respectively. The Residues near the NxT3<Sheet Face Form Its Interaction
amplitude of the unblocked current was obtained from Surface with the K1.3 ChannelNxTX and peptides from
amplitude histograms of records with an effective filtering the a-KTx 1.x subfamily differ in three residues that are
of 447 Hz, where the closed and open current levels are wellcritical for a high-affinity interaction with the maxi-K
resolved. The normalized amplitude distributions were then channel, S10, W14, and R25; see Table 1 and Figure 1. To
fit to a S distribution of the form shown in the equatio?¥( understand how these residues influence NxTX block of
25): Kv1.3 channels, we examined the effects of rNxTX and the
site-directed mutants P10S, S14W, A25R, and A25n
macroscopic currents through Kv1.3 channels; see Figure 2
and Table 2. Figure 2A shows the effects of 0, 10, and 1000
nM rNXTX (top) and 0, 1, and 30 nM rNxTX-S14W (middle)
on outward K current elicited from application of a 200
ms depolarizing step t6-20 mV from a—80 mV holding
potential. Both of the recombinant NxTX peptides reversibly
block current through Kv1.3 channels with nanomolar
potency. Interestingly, the S14W mutant peptide appears to
inhibit Kv1.3 current at~10-fold lower concentration than
wild type. A quantitative description of these effects is shown
in Figure 2B as plots of fractional current remaining vs toxin
concentration for INxTX and S14W. The solid lines represent
best fits of the data to simple, single-site Langmuir binding
isotherms withKy values of 6 and 0.6 for NxTX and S14W,
respectively. Th&y values for NxTX and the site-directed
mutants P10S, S14W, A25R, and A®%re shown in Table

NxXTX
NxTX-IbTX I
NxXTX-IbTX II
NxTX-IbTX III
NxTX-IbTX IV
IbTX

TIINVKCTSPKQCSKPCKELYGSSAGAKCMNGKCKCYNN
TIINVKCTSPRKQCSKPCKELFGV-DRGKCMNGKCKCYNN
-IINVKCTSPKQCWKPCKELFGV-DRGKCMNGKCKCYN-
TIINVKCTSPKQCWKPCKELFGV-DRGKCMNGKCRCYN-
TFDNVKCTSPKQCWKPCKELFGV-DRGKCMNGKCRCYN-

ZFTDVDCSVSKECWSVCKDLFGV-DRGKCMGKKCRCYQ
* * Xk ko * x

a2 The asterisk indicates residues critical for binding to the maxi-K
hannel.

i((lT—l)(l _ i)(ﬂT—l)
C

f(i) = 1)
wherei is the normalized single-channel current amplitude,
Cis a normalization factor, anflis the first-order filter time
constanto. andg describe the toxin dissociation rate constant
(ko) and the pseudo-first-order association rate conskant (
[toxin]), respectively. The equilibrium dissociation constant
(Kg) values were calculated from the ratio of the binding
rate constant values, whekg = Kofi/kon.

Recordings of the MacroscopicvK.3 Current. lonic
currents were recorded from Jurkat E6-1 cells at room
temperature (2622 °C) using the conventional whole cell
patch configuration Z6). Jurkat cells were cultured as
previously described(). Recordings were carried out in a
bath solution consisting of (mM) 160 NacCl, 5 KClI, 2 CaCl

2 MgCl,, 6 glucose, and 5 HEPES, pH 7.4, 325 mOsm. The
intracellular pipet solution contained (mM) 140 potassium
gluconate, 1 CaG| 2 MgCh, 5 HEPES, and 10 EGTA, pH

2. Each of these NXTX mutations causes significant changes
in toxin binding free energy ranging from 0.9 to 1.9 kcal/
mol. This result suggests that these residues contribute to



10990 Biochemistry, Vol. 40, No. 37, 2001 Mullmann et al.

A rNXTX B
Con. B rNxTx
; 1007 o svaw
nA| 10 A [NXTx-AbTX-I]
| 1000 nM o 80
O ~
¥
s14wW -
o
Con. £ 60+
300 £
pA 11 £
| [
30nM 8 40
&
a
[NXTX-IbTX-]
Con. 20+
400
pA 300
{ 1000 nM 0-
p—
10" 10" 10° * 107 10°
40 msec Toxin (M)

Ficure 2: Effect of NxTX mutants on macroscopic current through
Kv1.3 channels. (A) Whole cell current recording from Jurkat cells

in the absence and presence of the indicated concentrations of
rNXTX, NXTX-S14W, and NXTX-1bTX I|. (B) Dose-dependent
inhibition curves for block of macroscopic Kv1.3 current by rNxTX,
NXTX-S14W, and NXTX-IbTX |. Macroscopic current in the
presence of toxin, normalized to current measured in the absence
of toxin, represents the average of three to seven separate
determinations, and error bars represent the standard error of the
mean. The line represents the best fit of the data to a Hill equation
of the forml/lma(100)= 100/[1+ (ICso/X)™], wherel andlyaxare

the current amplitudes measured in the presence and absence of a
FIGURE 1. a-KTx subfamilies differ in theira-carbon backbone  given toxin concentrationd, ICs is the concentration producing

and in residues at the toxirthannel interface. (A) shows the 0% current block, andy is the Hill coefficient, respectively<q
a-carbon backbone structure for a high-affinity maxi-K channel Vvalues obtained from the fit were 0.6, 6, and 355 nM for NXTX-
inhibitor (o-KTx 1.3 or IbTX) (39) with the side chain bonds for ~ S14W, NXTX, and NXTX-IbTX I, respectively.

the eight conserved critical contact residues shown in blue (K27)
or yellow (S10, W14, R25, M29, G30, R34, Y36). Lys27 interacts Table 2: Equilibrium Dissociation Constant Values for Toxin Block
with a K* binding site in the maxi-K channel porg3, 32). S10, of Whole Cell Current through Kv1.3 Channels

W14, and R25 were incorporated into NxTX in this work and are

the a-KTx 1.x residues critical for a high-affinity interaction with FNXTX mutant Ka (nM)° Hill slope?
the maxi-K channel. (B) shows the superimposeetarbon wild type 6.8 0.72
backbone structures for-KTx 1.3 (IbTX) in green and foo-KTx P10S 30 0.75
2.1 or NXTX @28) in magenta. The structures were aligned by S14wW 0.61 0.72
superposition of conserved residues in the second and third A25R 112 0.83
antiparallel-strands. The strictly conserved Lys27 is colored in A25A 166 0.83
blue. NXTX—=IbTX | 355 1.12
NXTX—=IbTX Il >10000
the NxTX—Kv1.3 interaction surface. The location of these “’gi_:g% :{'/ 3%5% %)'_gf;)

residues, in or near the-sheet face and/g turn, suggests

that these regions of the NxTX structur2g] interact with aKy values and Hill slopes were obtained from Hill fits of

concentratior-response data of toxin concentration vs percent inhibition

the Kv1.3 outer vestibule; see Figure 1. of control Kv1.3 current in Jurkat cells; see Figure 2.
In contrast, these same NXTX mutants had no effect on
current through single maxi-K channels at-120 uM Changes in the NxTXw-Carbon Backbone Promote a

concentrations, under physiological external ionic strength Binding Interaction with the Maxi-K Channel Outer Vesti-
conditions (Table 3). Estimateldy values for these NxTX  bule. NXxTX is a member of thex-KTx 2.x subfamily of
mutants exceed 1 mM. This calculation was based on thepeptide toxins that show notable differences in thegarbon
finding that stability plots of single-channel open probability backbone when compared to theKTx 1.x subfamily
(Po) in the absence and presence of toxin differed by less (Figure 1) (2). To test whether these differences in the
than 2%. We also examined the effects of these mutants wheno-carbon backbone prevent NxTX from interacting with the
KCl was 150 mM inside and outside and observed no effect maxi-K channel, we generated four NxTX chimeric mutants
(not shown). Thus, the inclusion of these critical residues that were altered in the-carbon backbone; see Table 1.
into NxTX does not promote a measurable interaction with For each of these chimera a stretch of seven amino acids in
the maxi-K channel. Together, these results suggest thatNxTX, YGSSAGAy;_,7, was replaced with six structurally
maxi-K and Kv1.3 channels display different determinants equivalent amino acids i@-KTx 1.3 (IbTX), FGVDRG1-2.

for binding specificity. Moreover, they suggest that the This mutation decreases the length of thearbon backbone
absence of critical toxin residues is not the only factor atthe N-terminus, and it replaces residues incthgturn of
limiting a high-affinity interaction between NxTX and the NXTX (o-KTx 2.1) with those of IDTX @-KTx 1.3). NXTX—
maxi-K channel vestibule. IbTX | contains this mutation alone. All of the other chimeras
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Table 3: Toxin Blocking Kinetics from Single Maxi-K Channels with High External Potassium and Low Internal Potassium

Vi Ka PoP Kq kinetics Kor? Toiocd Ka g e Thiock®
rNXTX mutant (mV) (uM) (uMm) (x1FM1s (ms) (uM) (x1FM1sh) (ms)
wild typéf 0,+30 >1000
P103 0,+30 >1000
S14W 0,+30 >1000
A25R 0,+30 >2000
A25Af 0,+30 >1000
NXTX—IbTX 19 0 >200
NXTX—=IbTX Il 0 20+5 31+ 8 2+ 0.6 19+ 2 17+ 5 2+1 20+ 3.5
+30 42+ 16 88+ 10 1.2+ 0.2 10+ 0.5 50+ 18 2+1 15+5
NXTX—IbTX 11 P 0 >13
+30 11+ 4 35+1 38+ 24
NXTX—IbTX IV 0 >70
+30

a Conditions were as described in Figure 3 with 150 mM KCI outside and 10 mM KCI insKievalues were obtained from fits @, versus
toxin concentration¢ Kq values were calculated frofdg = Koft/Kon, Whereket =1/Tpiock- ¢ Kon @and Toiock Values were obtained from blocked and
unblocked distributions; see Materials and Methddg, and Tpiock Values were obtained from amplitude distribution analysis; see Materials and
Methods.” 10 or 20uM applied toxins caused no detectable decreas.ihower limits for K4 values were estimated assuming single-site binding
and a 0.02 change iR, as the limit of detection? In two experiments, 1&M NxTX—IbTX | produced a significant and reproducible 0.06
decrease irP,. "In two experiments, 20 and 12V NXTX—IbTX Il caused decreases iR, of 0.46 and 0.68, respectively, with a membrane
potential of 0 mV.' In two experiments, 5 and 80M NxTX—IbTX IV caused decreases i, of 0.12 and 0.3, respectively, with a membrane

potential of 0 mV.

Table 4: Toxin Blocking Kinetics from Single Maxi-K Channels with Low External Potassium and High Internal Potassium

Vin K¢ kinetics Kor® Thioci K B Kord Toioad
rNXTX mutant (mV) (M) (x1FM1sh) (ms) (uM) (x1FM1s) (ms)
IbTX® +30 0.0002+ 0.0001 13+ 6 456000+ 63000
NXTXF 0 >50
NXTX—=IbTX | 0 6.5+ 3 36+ 8 5+1
+30 15+ 5 20+ 2 3.6+ 0.9
NXTX—=IbTX Il 0 0.7+0.5 190+ 100 15+ 5 0.4+ 0.2 180+ 90 18+ 0.4
+30 1.7+ 0.7 110+ 21 6+ 2 1.0+ 04 130+ 12 10+ 2.5
NXTX—=IbTX 1l —20 0.174+ 0.05 410+ 150 20+ 2
0 0.43+0.2 350+ 110 13+ 2
+30 1.3+ 0.6 160+ 40 8+2
NXTX—=IbTX IV —-20 0.8+0.1 93+ 8 13+ 2
0 1.53+ 0.04 76+ 0.3 8.8+ 0.2
+30 4.7+ 0.35 46+ 1 4.7+ 0.09

a Conditions were as described in Figure 4 with 30 mM KCI outside and 150 mM KCI insklevalues were calculated froig = Koi/Kon,
wherekoit = LTpiock- ¢ Kon @nd Thioek Values were obtained from analysis of blocked and unblocked distributions; see Materials and Méthods.
andTyeck Values were obtained from amplitude distribution analysis; see Materials and MettQggen, andTpick Values for IbTX were determined
with 25 mM KCI on the outside and 150 mM inside from previously published wbyk' (L «“M NxTX caused no detectable decreas®inLower

limits for the K4 value were estimated assuming single-site binding and a 0.02 chafgethe limit of detection.

include the critical contact residues W14 and deletion of the contrast to rNxTX and

C-terminal Asn residue, NxTXIbTX Ill. In addition to these
mutations, NxTX-IbTX Il contains an additional deletion
at the N-terminus, and NXTXIbTX IV contains the muta-
tions 12F/I3D. To include all of the critical maxi-K channel
contact residues, NXTXIbTX [Il and NxXTX—IbTX IV
additionally contain the conservative K34R mutation.

its site-directed mutants where
micromolar concentrations had no effect on channel activity.
Figure 3B shows that, at NxTXIbTX Il concentrations
where the maxi-K channel is90% inhibited, the closed
time distribution contains a 10 ms component that is distinct
from the closed time distribution obtained in control. Figure
3C shows that the dose-dependent changés taused by

To test whether these chimeric mutants interacted with NxTX—IbTX Il are well described by a single-site Langmuir
maxi-K channels, we examined their effects on current binding isotherm with &y value of 20uM. This K4 value

through single maxi-K channels in planar lipid bilayers with

is nearly 2 orders of magnitude tighter than the value we

high, 150 mM external potassium. In striking contrast to estimate for INxTX under identical experimental conditions.
NXTX, all of these chimera showed a measurable effect on Thus, by changing the rNxTX-carbon backbone, we have

single-channel open probabilitf?{) at micromolar concen-
trations with NxTX=IbTX Il and NxTX—IbTX Il being

generated a mutant which blocks current through the maxi-K
channel.

the most potent; see Tables 3 and 4. Figure 3 shows the Low External lonic Strength Promotes a High-Affinity

effects of NXTX—IbTX Il on inward current through single

Interaction between the NxTAbTX Mutants and the Maxi-K

maxi-K channels incorporated into planar lipid bilayers. Channel.The NxTX—IbTX chimeric mutants are highly
Figure 3A shows that under physiological external ionic basic, exhibiting net charges of eitheb (chimeral, Il, and

strength conditions micromolar concentrations of NxTX
IbTX Il cause the appearance of short silent peried$)

[II) or +5 (chimera IV). Previous studies with ChT29)
and IbTX 23) have shown that basic toxin residues interact

ms in duration, and the frequency of these durations increasesith the maxi-K channel vestibule to promote high rates of

with NxTX—IbTX Il concentration. This is in striking

association. Moreover, these electrostatic interactions are
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Ficure 3: Effect of NXTX—IbTX Il on single maxi-K channels when external ionic strength is high. (A) Recordings of inward single-
channel current in the absence and presence of 18 andiMOBXTX —IbTX Il. The lines to the left indicate the zero current level.
Horizontal and vertical scale bars represent 50 ms and 10 pA, respectively. Records were filtered at 447 Hz and acquissdpairt00

(B) Closed time distributions obtained from 5 min of recording in the absence (solid line) and presence:bf Ba&X —IbTX Il (dotted

line) are plotted as the number of events of a particular duration against their durations. The distributions were scaled to contain the same
number of events. (C) Single-channel open probabilty is plotted as a function of NxTXIbTX Il concentration. The solid line represents

the best fit of the data to a single-site Langmuir isotherm of the Bgn+ Po(max)/[1+ (Kd/[Toxin])] with a K4 value of 24uM, where

P,(max) andP, describe values measured in the absence and presence of given toxin concentrations, respectively. Conditions were (outside)
150 mM KClI, 5uM CacCl, (inside) 10 mM KCI, 605:M CaCl, and (on both sides) 10 mM HEPES, pH 7.2, 3.7 mM KOH. The membrane
potential was 0 mV.
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Ficure 4: Effect of NXTX—IbTX Il on single maxi-K channels when external ionic strength is low. (A) Recordings of outward single
maxi-K channel current is shown in the absence and presence of 0.4 anMNXTX —IbTX II. The lines to the left indicate the zero

current level. Horizontal and vertical scale bars represent 20 ms and 10 pA, respectively. Records were filtered at 447 Hz and acquired at
100us/point. (B) Closed time distributions obtained from 5 min of recording in the absence (solid line) and presenge\dNXBX —

IbTX 1l (dotted line) are plotted as the number of events of a particular duration against their durations. The distributions were scaled to
contain the same number of events. (C) PRgversus concentration of NxTXIbTX Il. The solid line represents the best fit of the data

to a single-site Langmuir isotherm as described in Figure 3 with\ealue of 222 nM. Conditions were (outside) 30 mM KCl®l CaCl,

(inside) 150 mM KCI, 605M CaCl, and (on both sides) 10 mM HEPES, pH 7.2, 3.7 mM KOH. The membrane potential was 0 mV.

attenuated with increasing external ionic strendi2g, 30). ionic strength was low (Figure 4). Part A of Figure 4 shows

Thus, electrostatic interactions observed at low ionic strength that 400 nM NxTX-1bTX Il cause a marked decreaseRp

promote high-affinity toxir-channel interactions. relative to control (0.97 vs 0.42) that results from the
To test this, we examined the effects of NxFHTX I appearance of brief-10 ms, silent periods. As expected,

on current through single maxi-K channels when external the frequency of these silent periods increases when the
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Ficure 5: Amplitude distribution analyses of single maxi-K channel current yield NxTXIX Il blocking rates and{q values. (A) plots
amplitude histograms from single maxi-K channel records refiltered at 5 Hz (filled circles) in the presence of NMARXII. The solid
line represents the best of the data t@ distribution of the formf(i) = i©@T-1(1 — i)¢#T-1/C, wherei is the normalized single-channel
current amplitudeC is a normalization factor, andl is the first-order filter time constantt and 8 describe the toxin dissociation rate

constant K) and the pseudo-first-order association rate conskgsjtdxin]), respectively. (B) plots the normalized single-channel current
amplitude as a function of NxTXIbTX Il concentration. Normalized current amplitudéfi () were obtained from the mode of the
amplitude distributions shown in (A). The solid line represents the best fit of the data to a single-site Langmuir isotherm of iig.form

= 1/[1 + (Kd/[toxin])] with a K4 value of 245 nM. (C) plots the association (filled circles) and dissociation (filled squares) rates obtained
from fits shown in (A) versus NxTXIbTX Il concentration. Association (open circles) and dissociation (open squares) rates obtained from
dwell-time analysis, as described in Materials and Methods, are shown for comparison. The lines represent the best fit to a straight line.

Conditions were as in Figure 4.

NXTX—IbTX II concentration is increased to 800 nNP(

see Figure 4C. Thus, amplitude distribution analysis con-

0.14). Figure 4B shows that the closed times seen in thesiderably extends the kinetic range of measurable toxin

presence of NxTXIbTX Il are distinct from those seen in

blocking rates. The principle of this method is that the rates

the control. Figure 4C shows that these dose-dependenif toxin unblock and block can be obtained by fitting

effects of NxXTX-IbTX Il on P, are well described by a
single-site binding isotherm withl§; value of 222 nM. This

amplitude distributions from single, open channel current
records to a theoreticAlfunction; see Materials and Methods

value is more than 50-fold tighter than the value measured (24, 25).

under high external ionic strength conditions (i.e., 150 mM
KCl outside and 10 mM KClI inside). Moreover, we observe
a similar increase in affinity at low external ionic strength
for all of the NxTX—IbTX chimera; see Tables 3 and 4.
Thus, these low external ionic strength conditions, with 30
mM KCI outside and 150 mM KCI inside, promote a high-
affinity interaction between the NxTXIbTX chimera and
the maxi-K channel. The high-affinity interaction observed
at low external ionic strength also allows us to more readily
quantify the interaction of these chimeras with the maxi-K
channel.

NXTX-IbTX Mutants Inhibit the Maxi-K Channel with
Rapid Blocking KineticsTo measure the chimera blocking
rates, we employed the method of amplitude distribution

The method of amplitude distribution requires that the
effective filtered time constant exceed the sum of the time
constants for block and unblock. Since the NxFKTX
chimera displays block timeJi{.c) on the order of 1620
ms, the single-channel records must be highly filtered for
this analysis, <20 Hz. Figure 5A shows the amplitude
histograms from single maxi-K channel records in the
presence of NXTX IbTX Il from Figure 4A that have been
refiltered. The closed and open current levels are normalized
to 0 and 1, respectively. As expected, the mean single-
channel current amplitude decreases with increasing toxin
concentrations. Moreover, these amplitude distributions are
well described by the best fit to fa function (solid line).
This suggests that a two-state process can describe NxTX

analysis 24, 25). This approach was necessary because underlbTX block of the maxi-K channel.

many conditions the NxTXIbTX block times are not well
separated from maxi-K channel gating kinetics. In addition,
under low ionic strength conditions the NxFXbTX-II

Figure 5C shows that the NxTXbTX Il blocking rates
are consistent with a two-state, pseudo-first-order binding
reaction where pseudo-first-order association rate constants

unblocked times approach the filtered dead time of the bilayer (filled circles), obtained from the fits in (A), increase linearly
system. Thus, under these conditions the short unblockwith toxin concentration. Thé,, value obtained from the
periods are not detected. The net effect of this is to yield slope of this line was 2.6 10° M~ s7%. In contrast, the

apparently slowek,, values and apparently slowlef values;

blocking rates (filled squares) do not change with concentra-
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tion and describe & value of 55 s* (Tyock = 18 MS). 1 [ |
This Tpieek Value is similar to the mean closed time observed

from a closed time distribution when toxin inhibition is IT [ || ]
~85%; see Figure 4B. Moreover, thg value of 245 nM

obtained fromkyq/kon is Nnearly identical to values we obtain I I | . || |
from dose-dependent effects of eithies (Figure 4C) or

relative current amplitude (Figure 5B). At low toxin con- v O 1

centrations, the association and dissociation rates obtained

from blocked and unblocked distributions (open symbols) - 2 T T
closely agreed with those obtained from amplitude distribu- ° 22 Kv1.'3

tion analysis (closed symbols). However, at higher toxin £ 1F O Maxi-K =
concentrations toxin unblocked times approached the dead %

time of the system, yielding apparently slower association g 0 % I__I
and dissociation rates. Thus, compared to the dwell-time ~ %

analysis, the amplitude distribution analysis provides a robust % -1 % B
measure of blocking rates for the NxPXbTX chimera. (2 2 i I |

Moreover, the NxTX-IbTX Il association rate measured I i m v
with low external ionic strength, (18 0.8) x 10° M~1s71,
ihs.fvthO-foId Ifgste;r than thre1 aszsicilationlgtﬁ/l Enlea_?yred with NxTX-IbTX Chimera

igh external ionic strength, ( ) X S Se?. Ficure 6: Effects of NXTX-IbTX mutations on binding free
Tables 3 and 4. Thus, low external ionic strength conditions energy profiles for the Kv1.3 and maxi-K channels. Changes in
promote a high-affinity NxTX-IbTX interaction with the binding free energyAGping) for NXTX—IbTX II, NXTX —IbTX III,
maxi-K channel that results from fast association rates. Theand NxTX-IbTX IV relative to NXTX—IbTX | for the Kv1.3
NXTX—IbTX chimeraTyoa, Which are inversely related to (hatched bars) and maxi-K channel (open bars) are calculated from

: o . Kq values in Tables 2 and 4, respectiveGping = —RT In(Kgmy
the dlssoqlatlon rates, are short, ranging from 5 to 20 ms for Kiwo), WhereKquy describesky values for NxTX-IbTX | and
the four different chimeras; see Table 4. Thus, the NxTX k., describex, values for either NXTX-IbTX I, NXTX —IbTX
IbTX chimeras also display rapid dissociation kinetics. These IlI, or NxTX—IbTX IV. The cartoon of the NxTX-IbTX linear
blocked times are-3000-fold faster than those observed for amino acid sequence shows changes in the relative length of the
other high-affinity blockers of the maxi-K channél, 31) chimera and relative locations of site-directed mutations. See Table

. : T 1 of ami id for details.
and suggest that interactions at the NXIIKTX binding Of amino acic sequences for detatis

surface are not optimal. In contrast, the chimeras display a completely different
NXTX-IbTX Chimera Show Dramatic Differences in Their  pattern of interaction with the Kv1.3 channel. For instance,
Interaction with Kv1.3 vs Maxi-K Channel Outer Vestibules. NxTX—IbTX Il displays a >30-fold weaker interaction
The NXTX—IbTX chimeras are NXxTX mutants that differ  relative to NXTX-IbTX I. NXTX —IbTX Il is the shortest
in the length of theiro-carbon backbone and in critical chimera, 36 amino acids, with a deletion of the N- and
maxi-K channel contact residues; see Figure 1. To understandC-terminal residues relative to NxFXbTX I. Surprisingly,
how these features contribute to specificity for the Kv1.3 reinsertion of the N-terminal Thr, NxTXIbTX Ill, dramati-
over maxi-K channels, we also examined their interaction cally increases the affinity for the Kv1.3 chane300-fold,
with the Kv1.3 channel. The NxTXIbTX | mutant contains  corresponding to a change in binding free energy of 3.4 kcal/
six residues from theo/g turn in IbTX; see Table 1.  mol. The importance of this N-terminal region to Kv1.3
Compared to NxTX, NxTXIbTX | displays a 50-fold binding is also illustrated by the fact that the I2F/I3D
weaker affinity for the Kv1.3 channel; see Table 2. In mutation of NXTX=IbTX IIl, NXTX —IbTX IV, causes an
contrast, this same mutation causes a tighter interaction with~20-fold weakening of binding to the Kv1.3 channel. In
the maxi-K channel compared to wild type; see Table 3. This contrast, these same mutations cause only modest changes

suggests that residues in 8 turn of thea-KTx structure in binding free energy for the maxi-K channel. These findings
are important determinants of toxin binding specificity. suggest that the N-terminal region of NxTX is critical to
The remaining three chimeras, NxFXoTX I, NXTX — Kv1.3 binding and thus may be an important determinant of

IbTX 11, and NXTX—IbTX IV, also display striking differ- ~ Pinding specificity.
ences in their interactions with maxi-K and Kv1.3 channels.

To more easily compare the different effects of these DISCUSSION
chimeras, Figure 6 describes changes in binding free energy Characteristics of the K1.3 NxTX Binding Surfacdn
relative to NXTX—-IbTX | for the Kv1.3 (hatched bars) and  this work we wanted to explore whether the specificity of
maxi-K (open bars) channels. The cartoon of the chimera the a-KTx peptides for different K channels is controlled
sequences, in the figure, shows relative changes in the lengthy specific toxin residues or by more general features of the
of the a-carbon backbone and in critical contact residues. toxin a-carbon backbone. To delineate these effects, we
The NXTX—=IbTX I, NXTX —IbTX I, and NXTX—IbTX generated NxTX mutants in which either site-specific
IV all differ from NxTX—IbTX | in deletion of the residues or features of thecarbon backbone were altered.
C-terminal residue. These three mutants show-dQtfold As a model for K channel specificity, we examined the
tighter interaction with the maxi-K channel. Interestingly, interaction of these NxTX mutants with two K channels that
this increase in affinity is derived primarily from an increase display remarkably different patterns of specificity for the
in the toxink, value (Table 4). different subfamilies of-KTx peptides. The maxi-K channel
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displays an extraordinary degree of specificity for peptides
from theo-KTx 1.x subfamily. All of these peptides interact
with the maxi-K channel with high affinity, in the low
nanomolar rangel@). In contrast, peptides from the KTx

3.x subfamilies display 1000-fold weaker interactiorlp),
while peptides from the:-KTX 2.x display no measurable
interaction with the maxi-K channel ). Indeed, in this work
we estimate that the NxTXy value for the maxi-K channel
exceeds 1 mM. In striking contrast, the Kv1.3 channel is
among the most promiscuous of Kv channels in that it
displays high-affinity interactions with peptides from all three
of the o-KTx subfamilies (6). These remarkable differences
in o-KTx specificity present the uncommon opportunity to

Biochemistry, Vol. 40, No. 37, 2001.0995

Characteristics of the Maxi-K Channel NxFXTX Bind-
ing Interaction.In this work we have shown that the maxi-K
channel displays an extraordinary ability to discriminate
against NxTX with an estimated, value exceeding 1 mM.
Compared to other members of theKTx 1.x subfamily
(IbTX and ChTX), this represents more than a millionfold
difference in binding affinity 81). By changing the NxTX
o-carbon backbone, we generated NxFTNTX mutants
which are capable of inhibiting current through maxi-K
channels with high nanomolar to micromolar affinity, under
low and high external ionic strength conditions, respectively.
Evidence that these NxTXIbTX chimeras occlude the pore
of the maxi-K channel comes from the finding that the toxin-

explore fundamental differences in the architectures of the blocked times decrease3-fold when the membrane poten-

maxi-K and Kv channel vestibules.

The interactions of site-directed NxTX mutants with the
Kv1.3 channel help to define the NxTX binding surface. In
this work, we showed that mutations of residues protruding
from the NxTX-sheet face and in th&// turn cause large
changes in binding free energy relative to wild type. Thus,
the S-sheet face and/f turn in NXTX form part of its
interaction surface with the Kv1.3 channel. This finding is
consistent with studies on other-KTx peptides and Kv
channels which showed that residues comprisingsteheet
face and in thex/$ turn form the toxin binding surfaces(
8—10). Thus, through site-directed mutagenesis our work
supports that, similar to other-KTx peptides, the3-sheet
face in NxTX forms its binding surface with the Kv1.3
channel.

A surprising finding from this work is that the N-terminal
region of NxTX is critical to its interaction with the Kv1.3
channel. This is based on the finding that NxFXTX IlI
displays>300-fold tighter interaction with the Kv1.3 channel
relative to NxTX=IbTX II (Figure 6). Thus, reinsertion of
the N-terminal Thr in NxTX produces a 300-fold tighter
affinity for the Kv1.3 channel. How can reinsertion of this

tial is depolarized from-20 to+30 mV;, see Table 4. This
effect is similar to effects observed for ChTX)(@nd IbTX
(23) block of the maxi-K channel. Moreover, this finding is
consistent with a well-founded model where the stability of
the a-KTx channel complex is regulated by the equilibrium
occupancy of a voltage-dependent Kinding site in the
channel pore ¥, 2, 23, 32). In addition, we found that
NXTX—IbTX Il competes with an IbTX mutant in blocking
current through the maxi-K channel (not shown). Thus,
through these changes in tlecarbon backbone we were
able to generate NxTX mutants that bind to and occlude the
pore of the maxi-K channel.

The maxi-K channel from smooth muscle exceptionally
discriminates against NxTX. This finding was surprising
given previous studies showing that native NXTX blocked a
skeletal muscle maxi-K channel with high nanomolar affinity,
Kg¢ 450 nM @33). The maxi-K channel from bovine aortic
smooth muscle consists of pore-formingand regulatory
A1 subunit in a 1:1 stoichiometng4). In contrast, we have
recently shown that maxi-K channel complexes from skeletal
muscle are not functionally associated with subunits 85).
Moreover, ChTX block of the maxi-K channel is sensitive
to 51 subunit expressior86). Thus, it is possible that the

N-terminal Thr cause such a large increase in affinity? One presence of thesl subunit in smooth muscle maxi-K

possible explanation is that the cationic N-terminal am-

channels prevents a high-affinity interaction with NxTX.

monium groups in these two chimeras may be interacting However, we found that neither synthetic nor recombinant

with different microscopic environments that differ in their

NxTX blocks maxi-K channels from rabbit skeletal muscle

ability to solvate a positive charge. Previous studies on a (not shown). Thus31 subunit expression may not influence
ChTX-sensitive Shaker Kv channel mutant showed that the NxTX block of the maxi-K channel. An alternative explana-

ionization state of the N-terminus in ChT¥{KTx 1.1) has
a profound effect on toxin binding free energg).(These

tion for the discrepancy is that native NxTX is amidated at
the C-terminus36) while recombinant and synthetic NXTX

same studies showed that mutating successive residues fromre not. Amidation of the C-terminal residue removes a

the N-terminus (residues-5) exerted relatively small effects

negative charge from the toxin binding surface that may help

on toxin binding free energy. Thus, these residues are notto promote a tighter binding interaction with the maxi-K

critical to binding. Together, our studies with the NxFX
IbTX mutants and studies of ChTX block of Shaker can also
explain the seemingly contradictory finding that deletion of
six residues from ChTX, ChTX~#37, causes no change in
its binding interaction with Kv1 channel81). In this mutant,
the cationic N-terminus of ChTX-#37 is in a region not
predicted to be part of the toxin binding surface. Collectively,
our work and the work of others suggest that thdTx
N-terminus comprises an important region of the texitv
channel binding surface. While we cannot rule out the role

channel.

A general finding for the four NxTXIbTX mutants is
that their affinities for the maxi-K channel span a small range
compared to the Kv1.3, 10-fold vs 500-fold. The small range
in binding free energies is expected from a weak, binding
interaction. If the overall binding free energy is small, then
by definition each microscopic interaction contributes a
comparatively small amount to the total binding free energy.
Consistent with this weak toxinchannel interaction, we
found that the kinetics of block for all of the NxTXbTX

of other noncovalent interactions, together these findings alsomutants are rapid, ranging from 5 to 40 ms. These blocked

suggest that the--KTx N-terminus may be an important

times are~10 000-fold faster than either ChTX or IbTX

sensor of the electrostatic environment of the channel blocked times31). Thus, the NXTX-IbTX—maxi-K channel

vestibule.

interaction surface may not contain an optimal set of
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microscopic interactions. The solutidhl NMR structures
of NXTX—IbTX I and NXTX—IbTX I, in a companion

Mullmann et al.

vs maxi-K channels. Moreover, our data support the fact that
the a-KTx a-carbon backbone plays an important role in

paper, provide possible structural explanations for the defining its molecular discrimination of the two families of

relatively unstable toxin channel complex&3)(

The Role of the-Carbon Backbone in Defining Specific-
ity. A critical finding of this work is that theo-carbon
backbone is an important determinant @fKTx binding
specificity. A distinctive feature of the-KTx 1.x subfamily
of peptides is the short length of ibkscarbon backbone, 37
amino acids. The backbone length for eKTx 2.x and

o-KTX 3.x subfamilies are longer by one or two amino acids.

In NXTX (o-KTx 2.1), the two extra residues extend the N-
and C-termini relative to the-KTx 1.x subfamily (2, 22,

K channels. The NxTXIbTX chimeras we generated were
altered in then/f turn and in backbone length compared to
NxTX. However, the data presented cannot distinguish
between specific residue interactions, changes in backbone
fold, or changes in the toxifi-sheet. In a companion paper
(37), the solutiontH NMR structures of NXTX-1bTX | and
NXTX—IbTX Il suggest that the extra length of the toxin
p-sheet face may be an important feature for molecular
discrimination between maxi-K and Kv1.3 channels. How-
ever, other features of the NxTX may also contribute to this

28). Consequently, these extra residues increase the lengthmolecular discrimination. All of the NxTXIbTX mutants

of the first and third antiparallegd-strands of thg-sheet face
in NXTX; see Figure 112). Thus, the3-sheet face in NxTX
is increased in length relative to that of id<Tx 1.x peptide
toxins. Thea-KTx 2.x anda-KTx 1.x subfamilies also differ
in their a/f turns (2). The NXTX—IbTX chimeras were
designed to understand how these differences intbarbon
backbone influence specificity for the Kv and maxi-K
channels.

To test the role of theo/s turn in defining o-KTx
specificity, we generated a NXTX mutant, NxFXbTX |,
which contains residues from thg turn in IbTX (Table

showed increased affinity for the maxi-K channel compared
to NXTX. However, this interaction of the tightest binding
chimera (NxTX-IbTX 1ll) was >1000-fold weaker com-
pared to IbTX (Table 4). This relatively weak affinity may
arise from changes in the backbone fold that introduce
unfavorable interactions with the channel. Alternatively, other
features of the NxTX structure may contribute to its weak
interaction. For instance, superposition of IbTX and NxTX
also reveals differences in the helix turn. This helix turn also
forms a critical part of the toxin binding surface in maxi-K
(12) and the Shaker Kv channd,(38). In particular, ChTX

1). This mutation caused a 50-fold weaker interaction with block of the Shaker Kv channel is especially sensitive to
the Kv1.3 channel and a tighter interaction with the maxi-K the size of toxin residues in this helix turn and to the size of
channel, respectively. To obtain a better estimate of the interacting residues in Shake3d). Because the toxin helix

increase in NxTX-IbTX | affinity for the maxi-K channel
compared to NXTX, we examined the inhibition of monoio-
dinated IbTX-D19Y/Y36F binding to bovine aortic sar-
colemmal membranes as describ&8)( This assay revealed
that specific NXTX-IbTX | binding to maxi-K channel
complexes is>150-fold tighter than NxTX (not shown). The

turn also forms the maxi-K channel binding surface, some
of the molecular discrimination against NxTX may arise from
unfavorable interactions at this interface. A further test of
the role of thea-carbon backbone in specificity would be

to identify maxi-K channel residues that relieve these
apparent steric constraints and allow a high-affinity interac-

data presented in this work do not allow us to ascertain tion between NXTX and the maxi-K channel.

whether these effects on the maxi-K and Kv1.3 channels
result from subtle changes in the toxin backbone fold or from
the identity of specific residues in this turn. However, the

observed functional effects clearly illustrate that &g turn
in the o-KTx peptides plays an important role in defining
specificity.

The length of theo-carbon backbone may also be an
important factor in specificity. The extra length of the NxTX

Previous studies of toxin binding and specificity only
narrowly considered the role of specific residues in defining
specificity. The approach in this work of altering theKTx
o-carbon backbone expands our understanding of molecular
discrimination among K channels, and it provides an
important means for identifying fundamental differences in
the architectures of the Kv and maxi-K channel vestibules.
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Figure 6. In contrast, the Kv1.3 channel does not discriminate REFERENCES
among theo-KTx peptides that differ in lengthl@). From

solution structures for NxTXIbTX | and NXTX—IbTX Il
it is clear that deletion of the C-terminal residue in NxFX
IbTX Il results in af-sheet that is reduced in lengtB7).

Together, these results suggest that the maxi-K channel
vestibule is more sensitive to the dimensions of the toxin

f-sheet than is the Kv1.3 channel.
In this work, we clearly showed that specific-KTx

residues are not the only determinants of specificity for Kv
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