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ABSTRACT: Potassium channel dysfunction underlies diseases such as epilepsy, hypertension, cardiac
arrhythmias, and multiple sclerosis. Neurotoxins that selectively inhibit potassium chankelg, have
provided invaluable information for dissecting the contribution of different potassium channels to
neurotransmission, vasoconstriction, and lymphocyte proliferation. DhK3x specificity comprises an
important first step in potassium channel-directed drug discovery for these diseases. Despite extensive
functional and structural studies ef-KTx—potassium channel complexes, none have predicted the
molecular basis ofi-KTx specificity. Here we show that by minimizing the differences in binding free
energy between selective and nonseleatiM€Tx we are able to identify all of the determinantscoKTx
specificity for calcium-activated versus voltage-dependent potassium channels. Because these determinants
correspond to unique features of the two types of channels, they provide a way to develop more accurate
models of a-KTx—potassium channel complexes that can be used to design novel seled{iVg
inhibitors.

Large-conductance, calcium-activated potassium (BK) MATERIALS AND METHODS

channels and voltage-gated potassium (KV) channels are  gocompinane-KTx PeptidesPlasmids pGOIbTX-S10A,
important regulators (_)f neL_JronaI excitability, muscle_tone, PGIAGTX2-D20C, and pG1OChTX-R19C encoding T7 gene
and lymphocyte proliferation1€-5), and the potassium g g factor Xa cleavage site, and genes for IbTX-S108),(
channel peptide inhibitors from scorpiong;KTx, that AgTX2 (11), and ChTX (2), respectively, were used to
select between these two channels have been critical ingenerate mutant toxins as described. pG9AgTX2-D20C, a
revealing their distinct roles in these process&s6(-9). gift from M. Kohler (Merck Research Laboratories) was
Iberiotoxin (IbTX) is the universal selective-KTx inhibitor mutated to AgTX2-C20D (wild type). pG9ChTX-R19C,
of BK channels. Its specificity is defined by the large provided by C. Miller (Brandeis University, Waltham, MA)
differences in binding free energy for KV versus BK was mutated to ChTX-R19Y-Y36F. The identity of all
channels6.5 kcal/mol {). In contrast, nonselective-KTx constructs was verified by dideoxy sequencing (Nucleic Acid
inhibitors, such as charybdotoxin (ChTX), display neg- Facility, Kimmel Cancer Institute, Philadelphia, PAjs-
ligible differences in binding free energy for BK and KV  cherichia colistrain BL21(DE3) harboring these plasmids
channels 7). Because the-carbon backbone structures of Was cultured and induced, and the recombinant protein was
IbTX and ChTX are nearly superimposable (Figure 1a), purified by ion exchange and HPLC as described previously
the differences in specificity must arise from differences in (10). Cyclization of the N-terminal glutamine in IbTX and
the amino acid side chains located in five discrete domains ChTX mutants and purification were performed as described
(I-V) (Figure 1b). By substituting residues from ChTX previously (0). The identity of e_ach peptlde was verified
into IbTX and examining the effects of these IbTX mutants PY MALDI-MS mass spectrometric analysis (Commonwealth
on their interaction with KV1.3 and BK channels, we Biotechnologies). IbTX-S10A is termed wild-type IbTX

were able to identify all of the determinants of IbTX throqghout this work and was purified previousll;OI. The .
specificity predicted and measured molecular weights for each peptide
' were as follows: 4090.93 and 4090.35 for AgTX2, 4034
and 4034.58 for AgTX2-N30G, 4287 and 4287.9 for ChTX-
* To whom correspondence should be addressed. E-mail: giang@ R19Y/Y36F, 4275 and 4276.2 for ChTX-R19Y/N30G/Y36F,
teTpIe.edlu. Phone: (215})1 70|7-2f3170d_F_ax: (215) 707-3263. 4289 and 4287 for IbTX-G30N, 4244 and 4242 for IbTX-
o pable University School of Medicine. D24S/G30N, 4260 and 4258.17 for IbTX-D4N/D6S/G30N,
1 Abbreviations: a-KTx, peptide toxin potassium channel 4232 and 4230.38 for IbTX-D4N/D6S/D24S/G30N, 4293
inhibitor; [*]-a-KTx, a-KTx labeled with *3; IbTX, iberio- and 4291.47 for IbTX-(FVGBR-24HNTS)-G30N, and 4260
toxin or a(;fKTﬁlcﬁégt';%de}&’gg?/%@TFx op-KIxt.1 [HFIOTX.  and 4260.37 for IbTX-S8T/VIT/D24S/G30N, respectively.
Y19; [(]-IbTX, mutant of IbTX, D19Y/Y36F, labeled wit#?4 at ~ ChTXand IbTX used in binding assays were from Peptides

Y19. International.
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C previously (8). Single-channel currents were digitally
’/ encoded with Pulse (HEKA Electronik, Inc.) onto a Macin-
tosh computer. Single-channel records were refiltered off-
- line using a digital Gaussian filter in TAC (SKALAR
= Instruments, Inc.), and events were detected using a threshold
algorithm in TAC. Distributions of closed and open times

N30 G30 : : ,
were plotted and fitted using TAC fit (SKALAR Instruments,
I I 11T v v Inc.), and toxin-blocked times were distinguished from
ChTX (1.1) QFT NVSCTTS KECWSVCQRL HNTSRGKCM NKKCRCYS control closed times as described in &t

IbTX (1.3) QFT DVDCSVS KECWSVC KDL FGVDRGKCM GKKCRCYQ

Recordings of the Whole-Cell KV1.3 CurreifV1.3

Ficure 1: Sequence differences between selective (IbTX) and currents were recorded using the lonWorks HT system
nonselective (ChTX) toxins underlie specificity determinants for (Molecular Devices, Sunnyvale, CA) as described previously

BK channels vs KV channels. (a) Overlay of ChTX (blue) and IbTx  (20). Briefly, hole resistances in the 384-well planar sealchip
(green)a-carbon backbones3Q, 31). Side chain atoms in IbTX  were approximately 34 MQ. Electrical access to the

are colored as follows: red TOF D4, D6, and D24 and blue for K27 Cyt0p|asm was achieved by perforation in 0.13 mg/mL
and R25. In ChTX, N30 is colored yellow. (b) Amino acid — 5mphotericin B for 4 min. The test pulse, consisting of a

sequences for ChTX and IbTX differ in five discrete regions ; -
(shaded). Residues that confer IbTX specificity as shown in this 400 Ms step to 40 mV from a holding potential-680 mV,

work are in bold. (c) Comparison of side chain atoms in N30 and was applied before and after a 10 min toxin incubation,
G30.a-Carbon bonds are colored white, amines blue, and oxygen during which the cells were not voltage clamped. Data were
?ﬁgrg?n“’ig- :i?se CC(;‘Izirrégonrgz ri” ’T\'ﬁg 2(';33?:]3?;05' )flgl'ci‘t’)"%(” V(\f;% acquired at 5 kHz. Leak conductances were measured during
provide%l by B. Johnson (gMerck Research Laboratories). a 100 ms ste_p from-80 to—70 '.mV and digitally subtracted.
Only cells with membrane resistancessdd0 MQ2 and peak
currents of> 0.5 nA were included in the analysis. The
amplitude of the peak current in the presence of toxin,
normalized to the peak current in control, was fit to the Hill

: : : ; tion. Toxins were prepared in Dulbecco’s phosphate-
generously provided by V. Ramakrishnan (Protein Design equa ; .
Labs, Inc.). HEK293 cells stably transfected with human Puffered saline supplemented with 0.05% BSA.
clone KV1.3 were maintained as described previouss).( Distance Array Analysis af-KTx—Channel Complexes

CHO cells stably expressing human KV1.3 channels were Center-to-center distance arrays were calculated either
maintained in T-75 flasks in Iscove’s modified Dulbecco’s between the entire toxin and channel molecules or between

medium Supp|emented with 10% fetal bovine serum, 1% a subset of atoms for structural models of AgT%Gmaker
penicillin-streptomycin, 2 mM-glutamine, 5Q:g/mL G418,  (21) and AgTX2-KV1.3 (22) complexes using Grasg3).
and 1% hypoxanthine-thymidine supplement in a humidified Coordinates for AgTX2-Shakemode | and AgTX2-Shaker
10% CQ incubator at 37C. mode Il were a gift from B. Roux (University of Chicago,
Plasma Membrane PreparatioMembranes from TsA-  Chicago, IL). Coordinates for the Ch'PKV1.3 complex
201 cells expressing the BK channel or HEK293 cells Werea gift from H. Jiang (Shanghai Institute for Biomedical

expressing KV1.3 channels were prepared as described>cie€nces, Shanghai, China).
previously @4, 15). Sarcolemma membranes from bovine

Cell Lines and TransfectiolK channels were transiently
transfected into TsA-201 cell48) using the human a clone
huR2+ as described previoushyl4). TsA-201 cells were

aortic smooth muscle were prepared as described ihGef RESULTS

Binding AssaysThe interaction of mutant toxins with BK Unique H-Bond Partners im-KTx Are Critical for KV
and KV1.3 channels was monitored by competitive displace- |nhibition. All a-KTx that inhibit KV channels with high
ment of [#A]IbTX-D19Y/Y36F ([*XA]IbTX) and [**A]- affinity contain a conserved asparagine, “N30”, correspond-

HgTX-A19Y/Y37F ([*¥I]HgTX), respectively, from mem-  ing to the single amino acid in domain IV (Figure 10}
branes expressing these channels, as described previously contrast, IbTX contains a glycine at this position, “G30”.
(10). Nonspecific binding was determined in the presence We previously showed that the IbTX mutant, G30N,
of excess ChTX for KV1.3 channels or excess IbTX for BK  exhibited>100-fold tighter binding as an inhibitor of binding
channels. Data were computer fitted to a general €ose of [125]-a-KTx to membranes expressing KV1.3 channels,
response equation and analyzed for equilibrium toxin dis- decreasing th&y value from>2000 to 40 nM, suggesting
sociation constant() values as described previously7J. G30 is an important determinant of specificitydf. However,
Each determination oK; was made a minimum of three K, values obtained from displacement &#(]-a-KTx are
times, and errors are expressed as the standard error of thgypically 10—-100-fold lower tharKg values obtained from
mean. current inhibition, raising the possibility that IbTX-G30N
Single-BK Channel Recordings in Planar Lipid Bilayers might not potently inhibit KV1 channel current. Using a
Planar lipid bilayers, composed of a 7:3 POPE:POPC molar planar array-based high-throughput patckamp technique
ratio, were formed, and BK channels from bovine aortic (20), we now show that IbTX-G30N inhibits KV1.3 whole-
sarcolemmal membranes were fused with the bilayer ascell current with aKq value of 220 nM (Figure 2b,d). In
described previouslyl@). Solutions bathing both sides of contrast, 3000 nM IbTX has no effect on KV1.3 current
the channel contained 150 mM KCl that eliminates the effects (Figure 2a). Thus, the “G30N” mutation decreases Khe
of the 51 subunit on ChTX block of the BK channel9). value for KV1.3 channels by 100-fold relative to that of
Currents were detected and amplified using a Dagan 3900Athe wild type. The magnitude of these favorable changes in
integrating patch clamp amplifier (Dagan Corp.) as described binding free energy for KV1.3 channels (more tha kcal/
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Ficure 2: Effects of IbTX mutants on the KV1.3 whole-cell current from CHO cells in the absence (control) and presence of (a) 3000 nM
IbTX, (b) 300 nM IbTX-G30N, and (c) 3 nM IbTX-G30N/D4N/D6S/D24S. (d) Dose-dependent effects of ChTX (blue empty circles),
IbTX (green filled circles), and the IbTX mutants G30N (green empty squares) and G30N/D4N/D6S/D24S (green filled triangles) are
plotted as the fraction of current remaining in the presence of toxin relative to control. The line represents the best fit of the data to a
generalized binding equation of the foligin/lcontrol = 1 + (Ka/X)", Wherelioxin and leonror @re the current amplitudes in the presence and
absence of a given toxin concentratiod), fespectively, an#y is the equilibrium dissociation constant for toxin bindikg.values obtained

from the fits were 3 and 220 nM for ChTX and IbTX-G30N, respectively.

H-bonding interactions between N30 in the peptide and
specific residues in the KV channel outer pore.

Table 1: Effect of N30Go-KTx Mutants from Three Subfamilies
on Competitive Displacement of?flJHgTX from KV1.3 Channel3

_ AAG(mi-wy Four ChTX-like Mutations in IbTX Promote High-Affinity
toxin Ki(nM)  Kimy/Kiwy  (kcal/mol) Inhibition of the KV1.3 Whole-Cell Curren®ur data show
aPéThXT i-XngY/Y%F 0.022 0.007 L 0 that G30 in IbTX is a major determinant of specificity,
ChTX-R19Y/N30G/Y36F =900 ~33333 562 accounting for>2 kcal/mol of the>6.5 kcal/mol difference
a-KTx 2.x in binding free energy between BK and KV channels. To
NXTX-AN1-AC39 12404 1 0 identify other amino acids in IbTX that confer specificity,
NXTX-AN1-AC39-N30&  >2700 >2250  >4.6 we substituted residues present in ChTX from domaiti¥/|
a-KTx 3.x . . . .
AgTX 0.013+ 0.002 1 0 into IbTX (Figure .1). Because IbTX d0e§ not interact with
AgTX-N30G 0.69+ 0.04 53  >2.35 KV1.3 channels without the G30N mutation, we introduced

aMembranes were incubated witFJHgTX (2200 Ci/mmol) in cassette and point mutants into IbTX-G30N. The criterion
the absence or presence of unlabeled mutant peptide until equilibriumfor identifying all of the IbTX amino acids conferring
Wﬁ icc'}iegeli)ng,&nCUb:t?g m&di‘TJm C;’glsi(sﬁd?oz)loﬁ mM Na}}f?'y 5 specificity is satisfied when the IbTX mutant and ChTX
m , U.1% , an m ris- P .4). Nonspecitic . . _ ST .
binding was determined in the presence of 30 nM ChTX (Peptides display the §ame high aff'r!'ty 'nt?racuon for Kv1.3 channel§.
International)® Previously published10). IbTX contains three acidic residues, D4 and D6 (both in

domain 1) and D24 (domain IIl), unique to BK selective

mol) is most consistent with H-bonding interactions. Indeed, Plockers. In addition, previous studies showed that ChTX
the “N30” side chain contains three possible H-bond partners residues from domains | and il are part of the toxin
not present in G30 (Figure 1c). Furthermore, the “N30G” interaction surface for KV and BK channels while residues
mutation ina-KTx from three different subfamilies (ChTX, from domain Il are not¥). Remarkably, the IbTX-G30N
NxTX, and AgTX) causes an unfavorable change in binding mutant with the corresponding ChTX residues at these three
free energy of>2 kcal/mol for KV1.3 channels (see Table positions (D4N, D6S, and D24S) inhibits whole-cell KV1.3
1 for a list of K4 and free energy values). Taken together, currents with &y value of 2 nM, nearly identical to that of
these findings suggest that the high-affinity interaction ChTX. Indeed, this IbTX mutant displays 100-fold higher
between o-KTx and KV channels depends on unique potency relative to IbTX-G30N (Figure 2 and Table 2). The
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Table 2: Effect of ChTX, IbTX, and Mutants on Whole-Cell KV1.3  Table 3: Effect of ChTX, IbTX, and Mutants on Competitive

Currents Displacement of PI]HgTX from the KV1.3 Channél
Kimy/ AAG(mi-ibTx—G30N) Kigme/ AAG(mt-1bTX—-G30N)
toxin Ki (nM) Kigbtx —c30N) (kcal/mol) toxin Ki (nM) KigbTx —c30N) (kcal/mol)
ChTX 3.2 0.011 —2.64 ChTX 0.023+ 0.07 0.0023 —-3.6
IbTX >30000 >139 >2.92 IbTX >2700 >270 >3.3
IbTX-G30N 216 1 0 IbTX-G30N 10+ 2 1 0
IbTX-D24S/G30N 12.4 0.06 —1.69 IbTX-D24S/G30N 1.2+-0.2 0.12 —-1.3
IbTX-D4N/D6S/G30N 9.9 0.05 —1.83 IbTX-(FVGD21-24 1.2+ 0.2 0.12 -1.3
IbTX-S8T/VIT/D24S/ 6.8 0.03 —2.05 HNTS)-G30N
G30N IbTX-D4N/D6S/ 1.3+ 0.05 0.13 —-1.2
IbTX-D4N/D6S/D24S/ 2.1 0.01 —2.74 G30N
G30N IbTX-S8T/VIT/ 1.6+0.1 0.16 —1.08
D24S/G30N
Control IbTX-D4AN/D6S/  0.044+ 0.004 0.004 3.2

D24S/G30N
m a Assay conditions are as described in footnote a of Table 1.

confers specificity if mutagenesis minimizes this difference,
i.e., if it causes a large favorable change in binding free
energy for the KV channel while causing either negligible
or unfavorable changes for the BK channel. To test this
prediction, we examined the effects of these IbTX mutant
peptides on the block of current through single BK channels
in planar lipid bilayers. Figure 3 shows that IbTX and the
- mutants G30N and G30N/D24S cause the appearance of
nonconducting silent periods, seconds in duration, inter-
IbTX-G30N-D24S spersed by periods of normal channel activity. The mean
duration of these silent or blocked periods is inversely related
to the toxin dissociation rate constakgs), while the mean
- g bursts of channel activity are inversely related to the pseudo-
o T first-order toxin association rate constankoftoxin])
E;weaUanEel?)c::urEéfr:atgt?n ?rfleltf:lg)s(eggg (Q)lﬁﬁgf) gﬁgtligzeﬂgesé?%gtgﬁalIy(ls)' Mean blocked times for IbTX and the mutants G30N,
applied toxin. For each trace, closed chann%l current levels areD24S/G3ON' D4N/D68/G3ON_' and D4AN/D6S/D24S/G30N,
indicated by the lines to the left, and the channel is open most of averaged from several experiments, are 104, 40, 9, 11, and
the time in the control. Time and current scales are shown. 6 s, respectively (Table 4). In contrast, the second-order
Conditions: 150 mM KClinside and outside, 308 CaCl; inside, association rate constark,{) values for these mutants are
40 mv. either similar to or~3-fold greater than that of the wild type.
two IbTX-G30N mutants, D24S and D4N/D6S, each caused 1NUS, the correspondingy values for the IbTX mutants
an ~10-fold decrease iKq relative to that of IbTX-G30N, G3ON',D24S/G30N’ D4N/D6S/G30N, and D4N/D6S/D,24S/
suggesting that the effects of these mutations are independen@30N increased by 2-, 14-, 2.7-, and 8-fold, respectively,
and additive (Figure 4 and Tables 2 and 3). In addition, the "€lative to that of wild-type IbTX (Figure 4b and Table 4).
IbTX-G30N cassette mutant with all of the residues from Similar increases in th&q relative to the wild-type value
domain I, IbTX-(FVGDs1_»HNTS)-G30N, caused a similar ~ Were obtained from compe_tltlve dlsplacement’éflIleX
~10-fold decrease iKq relative to that of G30N, suggesting fom membranes expressing BK channels (Figure 4 and
that only D24S in domain Il contributes to IbTX specificity 12PIe 5). Thus, as predicted, mutation of the IbTX residues
(Table 3). In contrast, mutation of two other ChTX-like underlying specificity, D4, D6, D24, and G30, causes
residues in domain Ill, T8S/T9V, does not cause a decreaselCréases in théq relative to the wild-type value for the
in K4 (Table 2). Similar results were obtained for competitive BK channel.
displacement of PIHgTX from membranes expressing
KV1.3 channels (Table 3). The structures of these mutantDISCUSSION
toxins are likely only altered at the site of mutation because Together, these findings suggest that the differences
the IbTX and ChTX backbone structures are nearly super- between IbTX and ChTX at these four positions (D4N, D6S,
imposable, suggesting only the side chain structures differ D24S, and G30N) account for all of the differences in
between the two toxins. Also, the independence and addi-binding free energy and hence IbTX specificity for BK over
tivity of the toxin mutants are consistent with structural KV channels. Numerous studies have identified pairwise
changes only at the site of mutation. Taken together, theseinteractions betweea-KTx and KV channel residue@4—
findings suggest that four residues in IbTX (D4, D6, D24, 27). However, the corresponding channel partners underlying
and G30) underlie its specificity for BK over KV channels. specificity have not been identified. Our work shows that
ChTX-like Mutations in IbTX Hze Negligible Effects on  the identity of the amino acid, “G30N”, is a major determi-
the Inhibition of BK ChannelsBy definition, specificity is nant of specificity, and it supports the notion that “N30”
defined entirely by the difference in toxin binding free energy forms critical H-bonds with channel residues that are unique
for the two different channels. Thus, an amino acid in IbTX to KV channels. “N30” is strictly conserved among all

IbTX-G30N
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Ficure 4: Mutation of four residues in IbTX promotes high-affinity KV1.3 binding and weakens BK affinity!4]{o-KTx binding
displacement (a) and potassium current inhibition (b) assay; (g8lues for ChTX, IbTX, and IbTX mutants with BK (white bars) and
KV1.3 (black bars) channels were measured by competitive displacemelfIgbTX and [*23]HgTX, respectively, from membranes
expressing these channels. @) values for toxin block of BK (white bars) and KV1.3 (black bars) channels were obtained from toxin
blocking kinetics of single-BK channel current and from dose-dependent inhibition of whole-cell KV1.3 currents, respectively.

Table 4: Effect of IbTX Mutants on Toxin Blocking Kinetics of Table 5: Effect of ChTX, IbTX, and Mutants on Competitive
Single BK Channels in Planar Lipid Bilayérs Displacement of 3]IbTX from the BK Channel
kon (X 1@ . AAG(m(—W[)

toxin Kq (NM) ko () M71s toxin Ki (nM) Kimy/Kiwry  (kcal/mol)
UC-IbTXP 1400+ 300 15+04 0.6+0.3 ChTX 0.014+0.007 - -
IbTX 14642 104+ 40 1.14+0.3 IbTX 0.194+0.01 1 0
IbTX-G30N 34413 40412 1.2+0.2 IbTX-G30N 0.6+ 0.07 3.16 0.68
IbTX-D24S/G30N 200t 50 9+3 1.2+05 IbTX-D24S/G30N 0.5+ 0.07 2.63 0.57
IbTX-D4N/D6S/G30N 40+10 1145 2.7+05 IbTX-DAN/DES/G30N 0.3:0.1 1.58 0.27
IbTX-S8T/VOT/D24S/G30N 146 50 8+5 15+0.6 IbTX-S8T/VOT/D24S/G30N 6.6 0.3 34.7 2.1
IbTX-D4N/D6S/D24S/G30N A4 6 8+ 2 3.3+ 0.3 IbTX-D4N/D6S/D24S/G30N 0.2 0.16 1.58 0.27

aThe equilibrium dissociation constariy, values were calculated 2 Membranes were incubated with]IbTX (2200 Ci/mmol) in the

from the first-order dissociation rate constakisf and second-order ~ absence or presence of unlabeled mutant peptide until equilibrium was
association rate Consta%,o values Kd = koff/kon) Rate constants for achieved. The |nCUbat|.0n medium consisted of 20 mM NaCl, 0.1%
toxin block were determined as described in Materials and Methods. BSA, and 20 mM Tris-HCI (pH 7.4). Nonspecific binding was
Values were averaged from three to six measurements, and errorsdetermined in the presence of 100 nM IbTX (Peptides International).
represent standard errors of the mean. IbTX, used in planar lipid bilayer I0TX, used in dose-dependent assays, refers to a recombinant mutant
experiments, refers to a recombinant mutant IbTX, IbTX-S10A, which PTX, IbTX-S10A, which displays a 10-fold weaké value than the
displays a 10-fold weake¢, value than the wild typel@). ® UC-IbTX, wild type (10).

uncyclized IbTX, has an uncyclized N-terminal glutamine. All other

peptides contain a cyclized pyroglutamine at the N-terminus necessary Correlating a-KTx Specificity Determinants with KV
for high-affinity block 10). Channel StructureTo identify potential H-bond partners for
N30 in KV channels, we applied distance array analysis to
a-KTx known to inhibit KV channels with high affinity. This ~ Structural models of AgTX2Shakerand ChTX-KV1.3
remarkable conservation of “N30” suggests that H-bond complexes that are based on known, conserved toxin

partners in the channel might be similarly conserved and thatChanr;el int_er:a%tion;.kThe struEturaI Imodels of AgTX2 in
the corresponding side chains might serve an important S0MPlex with theShakerkV1 channel @1) are based on
functional role in KV channels. Despite its clear importance distance restraints deduced from experimentally determined

. e S toxin—channel pairwise interaction energi@s), From these

in specificity and the large changes in binding free energy . . .

caused by its mutation, no functional studies to date haVecomputanonal studies, two different structural models of
. o ’ AgTX2 in complex withShakerimode | and mode Il) were
identified the KV channel H-bond partners for “N3@4— g P § )

. Lo found to be consistent with the experimentally determined
27). The magnitude of changes in binding free energy causedinteraction energies2(). Calculation of center-to-center

by either introduction of N30 or its removat-@—4 keal/  gistances between all “N30” atoms in AgTX2 and all atoms
mol) and the H-bonding capabilities of “N30” are consistent jn Shakermode | revealed one possible H-bond between a
with at least two H-bonds with the channel. These channel carhoxylate oxygen in E422 (@) and an amine hydrogen
H-bond partners could derive from more than one side chainin N30 (H522) (3.0 A, Figure 5b). In contrast, for mode I,
or even backbone atoms. Both possibilities could explain why no H-bonding atoms were within 3.5 A of atoms in “N30”.
the corresponding channel interaction partner for “N30” was Conversely, distance array analysis of the ChIK/1.3

not identified in previous functional studies. complex @2) revealed two possible H-bonds with a different
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Ficure 5: Structural models ofi-KTx—channel complexes predict two possible H-bond partners for “N30” but no channel partners for
amino acids corresponding to D4, D6, or D24 in IbTX. (a) Amino acid sequence alignment of KV1 pore regions and associated secondary
structure based on the three-dimensional X-ray crystal structure of rat K82)2a0d KVAP 33). Asterisks indicate residues strictly
conserved across 40 different KV sequences from 24 different species. Diamonds indicate channel residues contributiniTa the
binding site ¥). (b) Structural model of AgTX2Shakermode | @1). Three atoms irShakerE422 (magenta) are within 3.5 A of N30
(yellow) on AgTX2. No H-bonding partners for “N30” were predicted from distance array analysis AgSKakemode II. (c) Structural

model of the ChTX-KV1.3 complex £2). Two H-bond acceptors in KV1.3 D402 (red) are within 3.5 A of “N30” (yellow) in ChTX. No

KV1.3 atoms are withi 6 A of ChTX side chains N4, S6, and S24 that are equivalent to the D4, D6, and D24 side chain positions in IbTX.
The highly conserved K27 (blue) im-KTX interacts with atoms in the selectivity filter.

channel residue, D402 (D445hake), located at the extra-  IbTX causes a favorable change in binding free energy (ca.
cellular side of the selectivity filter (Figure 5¢). Recently, a —4 kcal/mol) for KV1.3. In addition, the kinetics of binding
structural model of the related kaliotoxin (KTX ot-KTx of ChTX to ShakerKV1 show that the converse S24D
3.1) in complex with the KcsaKV1.3 chimeric channel was  mutation increasekl; >10-fold and destabilized the toxin
deduced from analysis of chemical shifts and pretproton channel complex?9). Together, these data suggest that these
distances obtained from solid-state NME8). Unfortunately, ChTX residues form an important and unique part of the
in this study, no chemical shift data were recorded for “N30” ChTX—KV1.3 interaction surface. Applying distance array
or consequently for its channel interaction partners. Thus, analysis to the ChTXKV1.3 complex 22), we found that
three models ofx-KTx—KV1 channel complexes suggest no KV1.3 atoms were within van der Waals contact (3.5 A)
three different interaction partners with “N30”. In addition, of the S4, N6, and S24 toxin atoms. The closest channel
only one of these models predicted a H-bond channel partneratoms were=6.5 A from any ChTX atoms in S4, N6, and
(D402 of KV1.3 or D447 ofShake) that is strictly conserved ~ S24, suggesting that this model cannot account for these
among all KV channels. As expected, all models revealed determinants of IbTX specificity.
extensive contacts between atoms involved in conserved In summary, the data in this study provide strong evidence
toxin—channel interactions, such as those of K27 with atoms to support the notion that four residues in IbTX (D4, D6,
in the selectivity filter (Figure 5). Taken together, these D24, and “G30") account for all of its specificity for BK
findings suggest that current structural models cannot predictversus KV1 channels. Moreover, they suggest that H-bonding
the unique H-bonding interactions between “N30” and KV1 interactions between N30 in the peptide and KV1 residues
channels. are unique and critical to the high-affinity block of these
The specificity of IbTX for BK versus KV channels is  channels. Surprisingly, current structural modelsxefTx
also defined by the acidic residues (D4, D6, and D24). complexes do not accurately predict these IbTX specificity
Substitution of the ChTX residues (S4, N6, and S24) into determinants. Because specificity determinants by definition
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are unique, incorporation of these determinants in model
building will lead to unique paradigms that afford a more
accurate prediction of the structure ofKTX-—channel
complexes.
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