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ABSTRACT: A toxin from the scorpiorTityus serrulatugTsTX-Ka) blocks native squid K channels and

their cloned counterpart, sqKv1A, at pHBY{ Ky ~ 20 nM; sIKVIAK; ~ 10 nM). In both cases, decreasing

the pH below 7.0 significantly diminishes the TsTXakeffect (K = 6.6). In the cloned squid channel,

the pH dependence of the block is abolished by a single point mutation (H351G), and no change in toxin
affinity was observed at higher pH values (ptB.0). To further investigate the TsSTXek-sgKv1A
interaction, the three-dimensional structure of TsT¥XKas determined in solution by NMR spectroscopy,

and a model of the TsTX-&—sgKv1A complex was generated. As found for otheK toxins such as
charybdotoxin (CTX), site-directed mutagenesis at toxin residue K27 (K27A, K27R, and K27E) significantly
reduced the toxin’s affinity for sgKv1A channels. This is consistent with the TsTX-8gKv1A model
reported here, which has K27 of the toxin inserted into the ion conduction pathway offtihbatnel.

This toxin-channel model also illustrates a possible mechanism for the pH-dependent block whereby lysine
residues from TsTX-K& (K6 and K23) are repelled by protonated H351 on sgKv1A at low pH.

The identification and characterization of a number of outer vestibule of different K channels is typically quite
small polypeptides from the venoms of scorpions, snakes,distinct 3).
and spiders have aided the study of khannels 1, 2). A “complementary” variability exists in several key
Several members of the-K! family of scorpion toxins are  residues on thex-subunits that form the tetrameric*K
well characterized, and they all adopt an scaffold  channels, e.g., the positions of T449 and F425koékerB
structure with a single helix anchored to a two- or three- (Taple 2). There is essentially no conservation at these
stranded antiparallgs-sheet by three conserved disulfide positions, even between very closely related genes such as
bridges (C#C28, C13-C33, and C1#C35; Table 1) §, mammalian Kv1.+1.6 (5, 6). Single amino acid changes
4). Although the overall fold of these-K toxins is very  at some of these positions on the channel as well as
similar, there are subtle variations among them in amino acid complementary positions on the toxin can produce very large
sequence, the size of tifesheet, the type gf-turn, and/or  changes in binding affinity. The lack of conservation can
the type of helix (i.e.p-helix vs 3¢-helix). These differences  make these changes in affinity difficult to predict, however.
in toxin structure affect the placement of side chain moieties; |t is thus valuable to study in more detail the interactions
thus, the selectivity that various scorpion toxins have for the petween naturally occurring toxins and their high-affinity K
channel partners.
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Table 1: Sequence Alignment of Selecied& Toxins

Toxin  Sub-Family” Sequence
1 3 10 15 20 25 30 35
| | | | | | | i
CTX 1.1 ZFTNVSCTTSKECWSVCQRLHENT-SRGKCMNEKKCRCYS
NTX 2.1 TIINVEKCTSPKQCSKPCKELYGSSAGAKCMNGEKCKCYN
TsTX-Ka 4.1 VFINAKCRGSPECLPKCKEAIGK-AAGKCMNGEKCEKCYP
a Subfamilies have been previously describ8d4 54).
Table 2: Sequence Alignment of Selected Pore Regions of Clorie@H@annel3
Channel Sequence
Pore
sqKv1A 347 TEQSHFKSIPDSFWWAVVTMTTVGYGDMSPVGYVY
KscA 54 APGAQLITYPRALWWSVETATTVGYGDLYPVTHL
Shaker 421 SENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGTFEF
Kv1.3 376 DPSSGFNSIPDAFWWAVVTMTTVGYGDMHPVTI
aThe properties of these*Kchannels have been previously describ@d3Q, 55).

One toxin from the scorpiomityus serrulatusTsTX-Ka,
selectively blocks the classic “delayed rectifier* konduc-
tance @) in native squid giant fiber lobe (GFL) neurons
and giant axons7). The channels underlying the squid
are proposed to be comprised of sqKvildsubunits
(sgKVv1A; see Table 2), which was cloned from a stellate
ganglion cDNA library 8, 9). Transcripts of sgKv1A mRNA
are found only in the GFL portion of the ganglion, and

(University of Rochester Medical School, Rochester, NY).
All other reagents were of the highest quality commercially
available.

Preparation of Recombinant TsTXaK Expression and
purification of milligram quantities of TsTX-K were
performed using procedures similar to those described
previously (4, 15). The expression plasmid was constructed
by inserting a synthetic gene encoding TsTX-knto the

sqKV1A protein is expressed in both GFL cell bodies and ;SRg expression plasmid and placing it under the control
giant axons. Macroscopic electrophysiological properties of 5 5 T7 promoter. In this construct, the toxin was part of a

sqKv1A channels expressed Menopusoocytes are in
general similar to those observed for the nativein GFL

40 kDa fusion protein containing the T7 gene 9 sequence,
the pFLAG epitope, and an enterokinase cleavage site linked

neurons, and single-channel properties are also generalbyg the N-terminus of the toxin. TypicallEscherichia coli
consistent between the two types of channels. Taken togetherBLZl(DE3) cells transformed with the expression plasmid

these features make sqKvIAsubunits good candidates for
forming the native “20 pS” K channels in GFL neurons
(10) and in the giant axonl(l). These 20 pS channels are
thought to underlie the vast majority of macroscogicin
these preparations.

In this paper, we examine at the molecular level the
interaction between TsTX- and the native K channels
in squid GFL neurons and cloned sgKvlA channels ex-
pressed inXenopusoocytes. These studies include (i)

were cultured in 810 L of LB at 37°C and induced with
IPTG (0.5 mM). Following lysozyme treatment [in 10 mM
Tris buffer (pH 8) containing 50 mM NaCl, 2 mM EDTA,

2 mg/mL lysozyme, 0.14 mg/mL PMSF, Qug/mL leupep-

tin, 0.2ug/mL pepstatin, and 0.04%mercaptoethanol] and
sonication, the soluble fusion protein represented the major
band in an SDSPAGE gel of the cell lysates. At4C, DNA

was removed by centrifugation after the slow addition of
streptomycin sulfate to a final concentration of 3%. The

characterizing the pH-dependent block of sqKv1A and native ysjon protein was then precipitated by the slow addition of

channels by TsTX-K, (ii) determining the three-dimensional
structure of TsTX-Kx by NMR spectroscopy, (iii) showing
that K27 is critically important for the toxinchannel
interaction as found previously for several otlheK toxin—
channel interactions, and (iv) modeling the TsTX-K
sgKVv1A interaction. This model predicts novel toxin

solid ammonium sulfate at 4C to a final concentration of
50%, dialyzed into low salt, and separated from other proteins
using DEAE anion exchange chromatography with a linear
salt gradient of 50 to 500 mM NacCl. Dialysis of the fusion
protein into a low-salt buffer [10 mM Tris and 1 mM
B-mercaptoethanol (pH 7.0)] preceded treatment (24 h at 37

channel interactions, and it can explain the pH dependenceoc) with fresh enterokinase (200 units of enzyme/mg of

observed for the block of the sqgKv1A channel by the toxin.

fusion protein; Invitrogen, Carlsbad, CA) in 5 mM CacCl

Some of the work in this paper has been presented previouslyp| ¢ separation on an Aquapore CX-300 cation exchange

in preliminary form (2, 13).
MATERIALS AND METHODS

Materials All NMR buffers were passed through Chelex-
100 resin (Bio-Rad, Hercules, CA) to remove trace metals.
Perdeuterated Trigdy;-Tris [1 M solution in DO (>98.7
at. %)], was purchased from C/D/N Isotopes, Inc. (Vandreuil,
PQ), and RO (100.0 at. %, low in paramagnetic impurities)
was purchased from Aldrich Chemical Co. (Milwaukee, WI).
Charybdotoxin (CTX) was a gift from T. Bengenisich

column (Pierce, Rockford, IL), followed by reverse phase
chromatography on an Aquapore RP-300/C18 column (Pierce),
yielded pure TSTX-i& (>99%). HPLC solvents and trace
amounts of metals were removed prior to NMR spectroscopy
using two rounds of dialysis in 500 Da molecular mass cutoff
membranes (Spectrapor, Los Angeles, CA) with deuterated
Tris [0.25 mM dy3-Tris (pH 7.4)] and 0.03% Chelex-100
(Bio-Rad) in the dialysate buffer. Electrospray mass spec-
troscopy showed that the expressed toxin samples consisted
of a single component(99%) of the correct molecular mass,
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and their protein sequences were confirmed using standard Oocytes were injected with 0.2% ng of capped cRNA,
methods. depending on the desired expression level for the particular

TsTX-Ka is also commercially available as both a @-Subunit employed, and were then maintained at 18
recombinant toxin (Sigma-Aldrich, St. Louis, MO) and a °C in ND96 [96 mM NaCl, 2 mM KCl, 1.8 mM CaG| 1
synthetic toxin (Peptides International, Louisville, KY, and MM MgClz, 2.5 mM sodium pyruvate, and 5 mM HEPES
several other companies). In experiments with synthetic (PH 7.2)] supplemented with 2.5 mM sodium pyruvate and
TsTX-Ka, the toxin was found to block both the rapidly 50 #g/mL gentamycin for 2448 h until recordings were
inactivating and noninactivating components in a screen with carried out.
the rat brain synaptosome flux assay (data not shown), Two-microelectrode voltage-clamp experiments were car-
whereas native (and recombinant) TsTX:Klocks only the ried out at room temperature (225 °C) in low-Cl ND96
noninactivating component16). Additionally, a one- (96 mM sodium gluconate, 2 mM potassium gluconate, 2
dimensional NMR spectrum of the synthetic toxin revealed mM CaCl, and 2 mM MgSQ) along with the appropriate
an extraneous peak that is not seen in the spectrum of thepH buffer (5-10 mM), i.e., MES (pH 56), HEPES (pH
recombinant toxin. Following extensive dialysis (1000 Da 6.5-8), or CAPSO (pH 89). K* currents k) from wild-
molecular mass CUtOff) and Iyophilization, however, the type and mutant SQKV].A channels tend to “run down” in
synthetic toxin displayed the same specificity in the synap- normal ND96, and replacement of Cl with gluconate greatly
tosome assayl() as did native TSTX-I&. The extraneous  increased the stability d. The basis for this effect has not
resonance observed in the one-dimensional NMR spectrumpeen investigated in detail. Substitution of CI with gluconate

also disappeared after the additional purification of synthetic gid not alter the appareity of wild-type sqKv1A channels
TsTX-Ka. (data not shown). In contrast to the synthetic toxin, for TsTX-Ko: (data not shown).

the recombinant toxin was indistinguishable from the native

toxin in its ability to block K channels in RBS 16). For recordings, we employed a conventional amplifier

. . . (OC-725B from Warner Instruments, Hamden, CT, or
Therefore, for these studies, the recombinant toxin preparedGeneCIamp from Axon Instruments, Foster City, CA).

n o_ur Ia_boratory was useq exclusively. _ . Microelectrodes were filled wit 3 M KCI and had resis-
Site-Directed ML.JtageneSB.of TsT)éb.KI'.OX|n.mutageneS|s tances of<1 MQ. Data acquisition, pulse generation, and
was performed using the QuikChange site-directed mytagen-on_|ine signal processing (P/-4 treatment to remove linear
esis kit (Stratagene, La Jolla, CA). The pSRO plasri#) ( jonic and capacity currents) were carried out using a personal
cor_ltalnlng the gene for the wild-type toxin purified frdj‘m. computer-based system designed by D. R. Matteson (Uni-

coli was used as a template. Two complementary oligo- e rsjty of Maryland School of Medicine). The holding
nucleotide primers containing the desired mutation were potential was—70 or —60 mV. The effect of toxins was
synthesized. During thermocycling, the primers were an- typically assayed using brief (05 ms) steps to 0 mV.
nealed to the Femplate and extendgd W thiTurbo DNA This procedure was found to minimize voltage-dependent
polymerase to incorporate the mutation into double-stranded,eﬁects and dissociation of toxin, which can occur with long

hicked DNA' Following removal Qf the template DNA _by pulses, particularly with some sqKv1A mutants (unpublished
treatment wittDpnl, mutated plasmids were transformed into data)

XL-1 Blue E. coli (Stratagene) for propagation and to repair ) ) ,
DNA nicks. Transformed cells were screened for mutant El€ctrophysiology on Squid GFL NeurorSonventional
plasmids, and successfully mutated plasmids were purified Whole-cell recordings from dissociated GFL neurons were
from the XL-1 Blue cells and transferred into BL21(DE3) carried out as previously described.(The external solution
cells for expression and purification of the mutant TsTX- contained 470 mM NaCl, 10 mM KCl, 10 mM CaCP0
Ko Sequences of the mutated plasmids were confirmed bymM MgClz, 20 mM MgSQ, and 0.2 mM tetrodotoxin with
DNA sequencing. The mutant TsTXeKpolypeptides were ~ PH buffering as described above. The internal solution

prepared using the same methods described above for th&ontained 20 mM KCI, 80 mM potassium glutamate, 50 mM
W||d_type recombinant toxin. KF, 10 mM |y5|ne (t|trated to pH 7 with HEPES), 1 mM

EGTA, 1 mM EDTA, 381 mM glycine, 291 mM sucrose,
and 4 mM MgATP. The final pH was adjusted to 7.8 with
tetramethylammonium hydroxide. Recordings were carried
out at 14-22 °C, and properties described in this paper are
not significantly temperature-sensitive over this range. The
holding potential was-80 mV. Ik and the effects of toxin

Electrophysiology with Xenopus Oocyt8tage IV oocytes
from adult Xenopus lagis (NASCO, Fort Atkinson, WI)
were isolated, treated with collagenase, and cultured follow-
ing standard procedures described in detail elsewH&e (
Full-length cRNAs encoding wild-type (wt) and mutant

sgKV1A a-subunits (see below) were transcribed from a )
PBSTA-based expression vectd) (using T7 polymerase were assayed as described above, although most measure-
(Message Machine, Ambion, Austin, TX) after linearizing ments were carried out at 40 mV to minimize the contribution

with Noti. Mutants of sqKv1A-pBSTA were created with of small inward C&" currents present in GFL neuror&).

specific oligonucleotide primers and the QuikChange site- V0!tage-dependent dissociation of the toxin from native
directed mutagenesis kit as described above for toxin channels in GFL neurons appears to be less pronounced than

mutagenesis. All mutations were confirmed by sequencing. With SAKV1A expressed in oocytes (unpublished data).
Most experiments with sqKv1A in this study used the T1 ~ Chemical Modification of Wild-Type and Mutant sgA
domain mutant (G87R) and/or an N-terminal deletion mutant, Channels Oocytes were treated with 1 mM diethyl pyro-
AV5. These mutations lead to elevated expression levels withcarbamate (DEPC; pH 7.4), a reagent selective for histidine
no changes in other functional properties when compared toresidues on proteins. DEPC treatment in ND96 at pH 7.4
wild-type sqKv1A (19). caused a progressive, irreversible decrease in the amplitude
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of Ik and slowing of activation kinetic_QQ.) of both wild- Table 3: NMR-Derived Restraints and Statistics of NMR
type and mutant channels (data not illustrated). Treatmentstryctures
was halted afteli was reduced by approximately 50% (10 300 best

20 min), and the sensitivity to 100 nM TsTXeK(pH 7.4)

rmsds
was then tested. all constraints (569) 0.00% 0.001 0.004
NMR ExperimentsThe sample of wild-type TsTX-& intraresidue NOEs (201) 0.0820.001 0.003
used for the NMR experiments was prepared by dissolving  sequential NOEs (145) 0.0860.004 0.003
4.5 mg of the lyophilized recombinant toxin in a buffer medium-range NOES (73) 0.0610.002 0.001
containing 2.2 mMi1,-Tris, 0.35 mM NaN, 0.1 mM EDTA, onat aggi(’jr%'gs(z%)z“) 0.0000.002 0.00%
and 10% DO to a final volume of 25QiL and a final toxin d?/hedrga constraints 0.162 0.165 0.126
concentration of 4.53 mM. Minute amounts of cold NaOH  rmsds (covalent geometry)
(0.5 M) and HCI (0.5 M) were added to adjust the pH to bonds (&) 0.002& 0.000 0.002
3.50. angles (deg) 0.574% 0.006 0.577
Proton NMR data used in the structure calculations were Lemgig?fgﬁégign)ergy —55.06'221 g:gg? —65?. 53?50
collected at 600.13 MHz using a Bruker DMX-600 spec-
trometer (Bruker Inc., Billerica, MA) with a sweep width in ~ rmsds fori307structures (&) relative to mean pairwise
both proton dimensions of 7184 Hz. In typical experiments, backbone (residues-236) 0.525+ 0.10 0.757 0.15
2048 t; and 1024t; data points were acquired using a  heavy atoms (residues-36) 1.052+0.10 1.5330.19
relaxation delay of 1 s. Solvent suppression was achieved backbone (all residues) 0.5950.11  0.860+ 0.16
using the WATERGATE sequenced), or by selective heavy atoms (all residues) 1.0960.10  1.601+0.19

saturation of the KD and HDO resonances during the initial 2"[30 indicates the ensemble of 30 low-energy structures meeting

delay. All experiments were conducted at both 37 and 17 the criteria described in Materials and Methpdad “best” indicates

o . . . - the lowest-energy member of the ensemble. For the ensemble of 30
(_:' W'th additional 'two—dlmen3|onal DQF-COSY and one- low-energy structures, values are given as meiastandard deviation.
dimensional experiments performed at 32, 27, and@2 The Lennard-Jones van der Waals energy was calculated using the
Spectra were referenced to the residual water signal at theCHARMM19 parameters and was not employed in any stage of the
appropriate temperature value as a secondary reference tgtructure determination.

TSP [3-(trimethylsilyl)[2,2,3,3H,]propionate]. Data were

processed off-line using FELIX (Molecular Simulations, San A in a-helices, to other correlations in the same NOESY or
Diego, CA) or NMRPipe 23) on a Silicon Graphics Indy  ROESY spectrum. Rotational conformations abputvere

workstation (Silicon Graphics Inc., Mountain View, CA). determined using a combination &fq—1s coupling con-
Data were multiplied by a sine-squared bell and zero-filled stants and NOE intraresidue correlatiods; @nddyg) (24)

to 2048 points in both dimensions prior to Fourier transfor- and were assigned to one of three possible rotamers-(

mation. 60°, 180, or —60°) with a tolerance of-40°. Thesey; angle
Spin system identification and sequence specific assign-restraints resulted in stereospecific assignment of 13 meth-
ments were determined using standard meth2d)s Experi- ylene protons.®Jun-ne coupling constants were directly

ments included two-dimensional DQF-COSY, two-dimen- measured from the splitting of amide proton peaks with
sional TOCSY data collected with a 75 ms spin-lock mixing sufficient dispersion in the one-dimensional spectrum, result-
time (25), and two-dimensional NOESY26) experiments ing in 16 ¢ angle constraints. Amide protons Withyn—nq
collected with 50, 150, and 200 ms mixing times. Addition- values of<5.75 Hz were assigned¢gavalue of—60 + 40°,

ally, a ROESY spectrum2{) was collected with both 75  and protons wittfJun-n, Values of>7.5 Hz were assigned
and 150 ms spin-lock mixing times, and the resulting data a ¢ value of —120 + 30°. Twenty-six hydrogen bond
were used to correct NOESY data for spin-diffusion effects. constraints were derived from amide exchange data and NOE
An E-COSY spectrum was recorded into obtain passive  cross-peaks characteristic @fhelix ands-sheet secondary
and active®Juq—np coupling constants2@). structural elements. ThesgHO distances were assigned a

Hydrogen exchange rates were observed by lyophilizing lower limit of 1.5 A and an upper limit of 2.3 A. The three
TsTX-Ka from H,O and redissolving it in 99.96% O at disulfide bridges were replaced with distance constraints
37 °C. During the first 30 min of exchange, a series of one- (2.01-2.03 A) between the ,Satoms during the matrix
dimensional experiments were carried out every 2 min to Subembedding step. In support of these H-bonds and disulfide
observe the most rapidly exchanging protons. For the nextbond pairings, structures calculated without these hydrogen
30 min, one-dimensional experiments were carried out everyand disulfide bond constraints showed no significant changes
5 min. Additional one-dimensional spectra were recorded (backbone rmsd for average structures<df.65 A).
2,3,5,9,12, 24, and 49 h following the initial addition of  Structural calculations were performed using the program
D,0. Two-dimensional TOCSY spectra were initiated 30 X-PLOR (29) as described previously for otherK toxins
min, 180 min, 7 h, and 24 h after the addition of@ (14, 15). Initial structures were calculated with only the

Structure CalculationsAnalyses of NOESY and ROESY  unambiguously assigned NOE correlations. These structures
spectra were used to assign 568-'H NOE correlations, were used to resolve ambiguities in the spectra and assign
which were divided into strong (1-8.8 A), medium (1.8 additional NOE correlations. A total of 342 inter-residue,
3.3 A), weak (1.8-5.0 A), and very weak (1:86.0 A) 201 intraresidue, and 26 hydrogen bonding distance con-
categories. Internal calibration of cross-peak intensities wasstraints, as well as 13 dihedral angjg)(and 16 backbone
achieved by comparing sevemn(i,i+3) correlations ob-  angle ¢) constraints, were used to calculate structures for
served for TsTX-Kx, which have a known distance sf3.4 TsTX-Ka (Table 3). A large number of structures §0%)
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were consistent with all of the NMR-derived constraints; of A i
these, a family of the 30 lowest-energy structures was used ' G I sqkviA
for the statistical analysis. None of these structures has NOE
distance restraint violations 6f0.20 A or angular violations PHS HTsTX K
of >5° (Table 3).

Homology Model of TsTX« Docked to sgKlA A
homology model of sgKv1A was made on the basis of the
crystal structure of the KscA Kchannel 80). Nine residues
in the turret region were changed to match the sequence of
sgKv1A (A54T, P55E, G56Q, A57S, Q58H, L59F, 160K,
R64D, and Y82S, corresponding to T347, E348, Q349, S350,
H351, F352, K353, D357, and S375 of sgKv1A,; see Table

i H3s1G

ph5

2). The structure that had the lowest rmsd from the averages ,,_ o0 C oo Hes1G

structure of TSTX-Kx (from the family of 30) was manually o b, ol A A,

docked into the channel based on two well-characterized 45 ° 0.8-® ° ! ?

toxin—channel interactions (toxinchannel, K27#Y371 and <I> ® "*Qs KiA

M29-S375) 8L 32). Mutagenesis of the TSTX<K pre- £ os- % 06- .

sented here indicates that K27 blocks the pore of the channel= é 5 GFL®

as found for othen-K toxins. Additionally, since no effect § 0.4 5 § 0.4 L X}

on the pH-dependent block was observed for the R8A = 5 i e,

mutation of TsTX-Kx (data not shown), the side chain of 0.2 0.2 s

R8 is kept more tha3 A from H351 on the channel. Energy ©

minimization of the hand-docked model was accomplished oo '1—O—|—-1—-r—| 0.0- —

with the computer program CHARMmM (Harvard University, 107 10° 10° 107 16° 100 10° 107 w® 10°

Cambridge, MA) using 400 steps of an adopted basis TsTX-Ko: concentration (M) H" concentration (M)

Newton—Raphson method (ABNR)3@) while keeping all FiGURE 1: Blocking of native and cloned (sqKv1A) squidtK

of the above criteria satisfied. channels by TsTX-k. (A) Examples ofl are illustrated at pH 9
(upper row) and 5 (lower row) before and after application of 100

RESULTS nM TsTX-Ka (arrows) to GFL neurons (A,i, 40 mV) and to

Xenopusoocytes expressing wild-type sqKv1A channels (A,ii, O
TsTX-ko Blocking of Natie and Cloned Squid K mV) or sqKv1A channels with the H351G point mutation (A,iii, O

ChannelsTsTX-Ko (100 nM, pH 9) blocks native delayed mV). This mutation abolishes the pH dependence of blocking by

- . ! . .. TsTX-Ka. Vertical scale bars for GFL neurons (A,i) are 5 nA, and
rectifier K channels in squid GFL neurons (Figure 1A,)) \etical scale bars for oocytes (Aji and A.ii)) are 1 mA. Al

and cloned sgKv1A channels Xenopusoocytes (Figure  horizontal scale bars are 5 ms. (B) Desesponse relation for wild-
1A,ii) to a similar degree. Doseresponse data for sqgKv1A  type sqgKv1A channels expressedXenopusoocytes. Each point

(Figure 1B) indicate an I of ~10 nM. As demonstrated ~ represents the meah standard error of the mean ¢ 3), except

: : - . in the cases whenre is individually noted. (C) pH dependence of

In th?. I.Ower panels of parts Al and Ajii of Figure 1.' blocking by 100 nM TsTX-Kx is very similar for both wt sgKv1A

sensitivity of both types of channels is pH-dependent with channels in oocytes?) and native channels in giant fiber lobe

an apparent g, of 6—7 (Figure 1C). (GFL) neurons @). SqKv1A data are means standard error of
Histidine residues are the most likely candidates for the Tea“'@f: 3) “é‘."“tgs Olthel'lr"‘”f/e Ilnduc?tegg?lr g':'- neurans, thf

; APNT . points are from individual cells. Values for mutant channels
conferring p_H sensitivity in this range, and t_he iny hlstldl_ne are also plotted [§) means< standard eror of the mean & 3)
on the putative external surface of sqKv1A is His-351, which ynjess otherwise indicated].

is located on the turret surrounding the pore at the position

analogous to Phe-425 &hakerB (Table 2). Additionally,  and physically occludes the pore of the” Khannel. To
there are no histidine residues in TsTXxKChemical  determine whether K27 is similarly responsible for TSTX-
modification of sqKv1A with a histidine selective reagent, Ko blocking of sqKv1A, it was mutated (K27A, K27E, and
DEPC (see Materials and Methods), substantially reducedk27R) and tested for Kchannel block. In all three mutants,
the extent of blocking of wild-type (wt) channels by 100 the affinity of TsTX-Ko for sqKv1A channels was reduced
NM TsTX-Ka [48 & 5.3% (meant standard error of the  significantly. Conservative replacement of lysine with argi-
meann = 6) vs control value of 8& 8.0% (1= 3)]. DEPC  njine reduced the affinity for the sqKv1A channelsbg5-
did not alter the toxin sensitivity of a mutant channel fold, and alanine or glutamate substitutions led to an increase
(H351G) in which His-351 was replaced with Gly [91% ( in ICs, of >1000-fold (Table 4). These data indicate that
= 2) vs 91+ 5.1% (= 3) for wt channels]. Although the K27 is critical for the TsTX-Kx block of sqKv1A as
H351G mutation does not greatly alter sensitivity to TSTX- previously found for otheti-K toxins.
Ka (Figure 1A;iii), it abolishes pH dependence [Figure 1C  Three-Dimensional Structure of TSTX:KTo model the
(2)]. These data indicate that H351 of sqKv1A is the residue TsTX-Ka—sqKv1A interaction, it is first necessary to
responsible for the pH dependence observed for blocking determine the three-dimensional structure of TsTX-By
by TsTX-Ka. NMR spectroscopy. To complete this goal, all of the proton
Site-Directed Mutagenesis of TsTXeKMutagenesis stud-  resonances of TsTX+ were assigned using standard
ies ofa-K toxins such as CTX indicate that K27 is the most protocols 24). Spin systems for all but the amino-terminal
critical residue for blocking K channels such &8haken(3, amide proton (Val-1) were identified using DQF-COSY and
4, 34—37). This residue protrudes off the face of {hesheet relayed TOCSY connectivities in . Sequence specific
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strong dsq(i,i—1) or dsn(i,i—1) NOE cross-peaks were
" - loned SaKVIA observed between residues 11 and 10, residues 15 and 14,
native S conec sqey and residues 37 and 36. This established that all proline

Table 4: 1Go Values for Selected Toxins and Channels

toxin subfamily channel IGo (nM)  channel IG, (NM) . . . .
X 1 ND- 20 residues in TSTX-I& are in the trans conformation. When
NTX o1 300 ND these data were analyzed, all of the observable correlations
TsTX-Koc 41 ~20 (pH 8) 10 (pH 8) were assigned in the NMR spectra such that the backbone
R8AC - ~15 10-15 and side chain protons of TsTXeK were essentially
K27R - - ~250 complete ¢98%, BioMagResBank entry 4924).
K27Ae - - >10000 ) ) )
K27E® - - >10000 Elements of secondary structure in TsTXxkvere identi-

aND, not determinec® Data published on giant axom. ¢ The fied using NOE correlations and chemical shift values as
pH is indicated; IG is pH-dependent in squid channels (see Figure Previously described1@, 15, 24) (Figure 2). Strongdan
1). The value for sgKv1A was determined by a Hill plot analysis of connectivities from residues 2 and 3,288, and 33-35
the data depicted in Figure 1B. The value for native squid channels together with a positive chemical shift inde&8j for the

was estimated from six measurements on GFL neurons at 100 nM, . . .
assuming the same concentration dependence as determined for qule?L_prmcmS in these segmentg m.dlcﬁtetra.nd Conf.ormatlon'
(fitted Hill plot slope of 0.8)9 The value for sqKv1A was determined  Furthermore, 10 long-rangeé—j) NOE interactions dun

from measurements at 100 € 2) and 250 nM i§ = 3), assuming the (K34—13, A26—F36, C28-K34, C35-K27, and C33-M29);
same concentration dependence as determined for the wt toxin. Thedy, (K27—K34 and M29-K32); d,, (F2—K34, G26-C35,
value for the native squid channel was estimated in the same mannergnq C28-C33)] establish that these thrdestrands align to

from one measurement on a GFL neuron at 750 nM toXifalues f I fi I heet (Ei > dEi 1S
for mutant toxins were estimated from three measurements at 100 nM0rm @ small antiparalleb-sheet (Figure 2, and Figure

(K27R) and one (K27E) or two (K27A) measurements at 100 nM, Of the Supporting Information). Two of thgstrands (G26
assuming the same concentration dependence as determined for th€28 and C33-Y36) are separated by residues-Z2 which
wild-type toxin. haved,y anddyy NOE correlations expected of a tight turn
(24). A strongdyn NOE correlation, typical of a type | of |
assignments of TsSTX- were then made using inter-residue turn, was detected between residues 30 and 31. Whilg a
connectivities @N, NN, SN, etc.) determined from the two-  correlation was also present between these residues, its
dimensional NOESY experiment (Table 1S of the Supporting intensity was dramatically decreased in the ROESY spec-
Information). Gaps in thél,n(i,i+1) connectivities at posi-  trum, indicating that spin diffusion was the major contributor
tions 11, 15, and 37 were expected due to the presence oto this cross-peak (data not shown). While it is hard to
proline residues, but sequential connectivitidss(i,i+1)] distinguish between type | andturns on the basis of NOEs
confirmed the location of these proline residues. Furthermore, alone, 3Juyn—no, coupling constants of residues 30 and 31

1 5 10 15 20 25 30 35
VFINAKCRGSPECLPKCKEAIGKAAGKCMNGKTCKCYFP
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Ficure 2: Secondary structure and NOE summary. Amino acid sequence of TeTZAd summary of NOE connectivities used for
sequential assignment and secondary structure determination. Data are summarized from NOESY and ROESY spectra colf€cted at 37
and pH 3.50 in a 90% $D/10% DO mixture, using a NOESY mixing time of 200 ms. Overlapping NOE correlations are illustrated with
dashed lines and rectangles. Very slowly exchanging amide protons are represented by black circles and slowly exchanging protons by
white circles. For proline residues, sequential NOE correlations involvingatter than | are shown. The chemical shift index for each
a-proton (Ad H,) is indicated by an upward or downward pointing rectangle. The size of the rectangle represents the magnitude of the
deviation from the random coil value, and no rectangle indicates a shift index of zero. Secondary structure elements determined from all
of the data are also shown.
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(positions 2 and 3 of thg-turn, respectively) are consistent
with a type | -turn (24).

A helical conformation was identified from residue 11 to
21 based on strondyy NOE correlations (except at Pro-11
and Pro-15; see Figure 2S of the Supporting Information)
and the upfield shift in the chemical shift values for most of
the a-protons of these residues with respect to random coil
values B88). The presence of a helix from residue 11 to 21
is confirmed by the observation of eigthin(i,i+3) connec-
tivities, two of which (C13-K16 and L14-C17) span the
potentially helix-breaking Pro-15 residue. Sign(i,i+4)
NOE correlations (S16L14, P11+-P15, L14-K18, P15-
E19, K16-A20, and C17121) and fivedys(i,i+3) correla-
tions (S16-C13, P1t+L14, C13-K16, L14-C17, and
K16—E19) further distinguish residues 421 asa-helical
(Figure 2) @4). The presence of reciprocal side chain to
backbone NOE correlationsNH of Q12 to NH of E10 and
SH of E10 to NH of Q12) indicates that there is an N-cap at
Ser-10, and Pro-11 is the first residue of tednelix (39).
The slow exchange rate for the amide proton of Tyr-23, the
presence of an NOE correlation between this proton and the
SH of Lys-18, and a very weak NOE correlation between
the aH of Lys-19 and the NH of Gly-22 are all suggestive
of a C-terminal cap at Gly-2230). These results, combined
with the dun(i,i+3) anddun(i,i+4) interactions involving the
amide proton of Thr-21, are evidence that this residue is the
last residue of the helix.

The three-dimensional structure of TsTXxKvas calcu-
lated using 569 NOE distance constraintdlb per residue;

Flgl‘llre 38,[ O.f {he Slépportlngl Inform?tlt_)nt), l.? g;hegral d Ficure 3: Three-dimensional structure of TsTXaK(A) Overlay
angle restraints, and 16 angle constraints (Table 3, an of a-carbons for the 30 lowest-energy NMR structures. The

Figure 3S of the Supporting Information). The 30 accepted packbone rmsd for these 30 structures is 1.03 A. Regions of
structures for TsTX-I& shown in Figure 3A reveal that all  secondary structure are shown in blue. (B) Ribbon diagram of the

of the calculated structures have the same overall backboneaverage structure showing its three-stranflesheet andx-helix
fold. TsTX-Ko adopts theu/-fold which consists of a three- ~ With secondary structure shown in blue.

oy e 7 02 S0 ol S ot ot 67kt Ok oy s
found for othero-K toxins. The average pairwise rmsd for The overall gtrugture c_:f TSTX-H s very S|m|_Iar to that of
these structures is 0.86 A for backbone atoms and 1.60 AOthere-Ktoxins, including CTX and NTX, which also adopt
for all heavy atoms; if the N- and C-terminal residues are the samex/p-scaffold with the same disulfide bond pairings.

excluded from the calculation. the rmsd values are 0.76 and”ll three of these toxins have a three-stranded antiparallel
1.53 A, respectively (Table 3). p-sheet with ana-helix separating3-strands 1 and 2. As

illustrated in Figure 4A, the sequences of CTX and TsTX-
selected structures (Figure 3B), the rmsd from this mean Ka have differences in four residues known to be important

structure was found to be 0.60 A for the backbone atoms in binding Shaker(Table 1 and Figure 4A). At three of these

; iti CTX has large, basic moieties (K11, R25, and
and 1.10 A for all heavy atoms (Table 2). Calculations of p05|t|on§, arge, ' T
the structure without disulfide bonds or hydrogen bond K31) while TsTX-Ka instead has smaller, uncharged resi-

constraints did not affect the tertiary structure. This indicates 9U€S (P11, A25, and G31) (re&2 and40-42 and Figure
that the pairing of cysteine residues to form disulfide bonds 4A)- At the fourth position, TSTX-I& has a large positively

is correct and that the hydrogen bonds included in the charged arginine residue (R8) while CTX has a threonine
calculations did not significantly alter the tertiary structure residue at this position (T8). This threonine residue on CTX
(rmsd between the backbone atoms of the average structurdntéracts with F425 on thhakerchannel 43). In addition,
calculated with and without these constraints w&s65 A). @ structural difference exists between TsTX-land CTX
The Ramachandran diagram of the best-fit structure showsin the s-turn connectings-strands 2 and 3 of thefi-sheet.
that all residues of this toxin are either in the most favored TSTX-Ka has a type'lturn, while CTX adopts a type | turn
region or in the additionally allowed regions (Figure 4S of (44). This variance in turn structure results in the placement
the Supporting Information). The atomic coordinates of the of residue 31 in different positions in TsTXeKand CTX

30 acceptable structures and the NMR-derived restraints usedFigure 4A). Despite these differences, however, both CTX
to generate them have been deposited with the Protein Dataand TsTX-Ka block sqKv1A channels expressed{enopus
Bank (Research Collaboratory for Structural Bioinformatics, oocytes with similar potency (TSTX< ICso = 10 nM;
New Brunswick, NJ), as entry 1HP2. CTX, ICs0 < 30 nM; W. F. Gilly, unpublished).

When an average structure was calculated from the 30
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and NTX reveals a bulge in the loop between théelix
and the secongd-strand that accommodates the single amino
acid residue insertion in NTX (Figure 4B). Nonetheless, it
is still likely that this bulge may account for the 30-fold lower
affinity that NTX has for voltage-gated squid channels (Table
4).

Model of the Interaction between TsTXtland sqk/1A.
To examine further specific interactions between sqKv1A
and TsTX-Ka, the average NMR structure of TsTXelvas
used to model the toxin bound to sqKv1A. As a first step,
the toxin was manually docked in a homology model of
sgKVv1A (based on KscA). The preliminary model had very
little observable van der Waals overlap, but was nevertheless
subjected to energy minimization. The final energy-
minimized structure successfully eliminated all van der Waals
contacts, and retained ideal bond lengths, angles, and
planarities. A minimal amount of structural perturbation of
the toxin was necessary during energy minimization as
judged by the small rmsd value between the manually docked
structure and the final energy-minimized structure for
backbone atoms of the toxin (0.71 A).

While in general modeling based on homology should be
interpreted cautiously (i.e., especially in regions of amino
acid differences), the model illustrated in Figure 5 does
satisfy the three experimental criteria used during the docking
procedure. First, as found for AgTX2 bound to the KscA
channel, K27 of TSTX-K is nearby 3 A) the backbone
carbonyl oxygen atoms of Y371 at the mouth of the pore.
The occlusion of the pore by K27 is a critical feature of this
model and is supported by mutagenesis studies of TSTX-
Ko (Figure 1) and by similar studies with several members
FiIGURE 4: Comparison of CTX and NTX with TsTX- (light of the a-K toxin family (3, 36, 48). Another critical residue
red for CTX, light yellow for NTX, and light blue for TsSTX-K). identified in theShakerfamily of channet-toxin interactions
(A) Comparison of TsTX-K and CTX. (B) Comparison of TSTX-  js M29 (31). Mutant cycle analysis with CTX and ti&haker

Ko and NTX. In both panels, selected side chain residues are shown S .
(red for CTX, yellow for NTX, and blue for TsTX-K). Residues channel indicate that M29 of CTX is nearby T449485

conserved between the toxins are labeled in black. Differences) Of the channel 1). This is analogous to an Interaction
between the toxins (positions 8, 11, 25, and 31) are labeled in blue between M29 of TsTX-l& and S375 of sqKv1A, which is
for CTX, yellow for NTX, and red for TsTX-K. satisfied in the TsTX-K—sgKv1A model (Table 5). Last,
. ) R8 does not approach H351 on any of teubunits of

Another toxin that blocks voltage-gated squid channels goy1a (>5 A). This feature is consistent with the fact that
with a relatively high affinity (IGo = 300 M) is noxiustoxin - i tagenesis of R8 (R8A) has very little effect on the pH
(NTX) (45). NTX and TsTX-Kn have a very similar  genendence of toxin blocking (W. F. Gilly and M. Hayhurst,
backbone structure, including a typetturn which places , plished data). While not used as constraints, several
G31 of TsTX-Ka. and G32 of NTX in very similar positions  jinar previously characterizeg-K toxin—K* channel in-
(see Figure 4B). Additionally, like TSTX-& NTX also has teractions (G9-S375, S16-D373, G31-H351, and P37

small, hydrophobic side chains (G26 and G32) at positions V377) were also satisfied in the TSTXel-sqKv1A model
analogous to R25 and K31 in CTX. However, like CTX at (refs 31, 32, 41, 42, and49 and Table 5).

positions 8 and 11, NTX has threonine and lysine residues,
respectively, versus R8 and P11 as found in TsTx{Kable DISCUSSION
1).

When the sequences of TsTXakand NTX are compared, The native squid K channel expressed in the giant axon
one of the obvious differences is the presence of an additionalsystem, often termed the classical delayed rectifier channel,
amino acid (S24) in NTX (Table 1). NTX is in line is thought to be composed of sqKvl&-subunits. In
structurally with TsTX-Ko up to residue 23 and comes back preliminary experiments, we observed that TsT¥-Blocks
into structural frame at residue G26 of TsTXxKWhile the these noninactivating Kchannels in squid giant axons and
insertion of this serine residue (S24) could cause major giant fiber lobe (GFL) 12). Additionally, this native channel
structural and functional differences between TsTX-&nd displays pH-dependent blocking by TsTXaKiIn this report,
NTX, insertions are often well tolerated, and sometimes havewe show that TsTX-K blocks cloned sgKv1A channels
only minimal effects on biological activitydg, 47). This is expressed in oocyte8)(with aK4 of 10 nM (Figure 1), and
true especially when the insertion occurs in a loop or region that the blocking is also pH-dependent. These facts provide
of random coil, as is the case for S24 in NTX. Indeed, strong support for the idea that-subunits of sqKv1A
comparison of the three-dimensional structures of TSTX-K  correspond to those existing in native channg)s\(Ve have
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Ficure 5: Homology model of TsTX-k docked to the sqKv1A
channel. (A) The average NMR structure of TsTXcKblue) is
docked into a model of sgKv1A (gray). Shown in green are histidine
residues (H351) from eacirsubunit (arbitrarily labeled-ad), and

in red is K27 from TsTX-Kx. (B) Top view of TsTX-Ko. docked

Ellis et al.

therefore used sgKv1A channels to further characterize the
pH-dependent blocking by TsTXdKas observed for both
native and cloned squid channels.

Chemical modification and site-directed mutagenesis
indicate that a lone histidine residue on the sqKwi:Aubunit
(H351) is responsible for the pH dependence observed in
the high-affinity TsTX-Ka blocking (Figure 1). When His-
351 is chemically modified by DEPC treatment or mutated
to glycine (H351G), blocking by TSTX-K is unaffected by
extracellular pH (Figure 1). Interestingly, position 351 of
sgKV1A is analogous to position 425 Bhaker(Table 2).
This well-characterized residue 8hakeiis clearly involved
in binding a-K toxins because mutation of Phe-425 to Gly
increases the CTX affinity by2000-fold @3). Furthermore,
this single F425G channel mutation provided the background
for subsequent detailed studies of the tex8hakerinterac-
tion (43). Mutant cycle analyse8g, 50) involving Phe-425
of Shakershowed that this position is near Gly-10 on AgTX2
or threonine residues (T8 and T9) on CTX (Table 5). In
addition, if Phe-425 oShakeris mutated to a histidine, as
found in wild-type sgKv1A (Table 2), then the affinity of
the CTX block for this channel increases by 10-fold, and
pH sensitivity is introducedyl, 52), much like that observed
for the TsTX-Ko.—sgKv1A interaction.

The pH-dependent blocking of 'Kchannels by CTX is
thought to be due to electrostatic repulsion between proto-
nated histidine residues on muteBtaker(F425H) at low
pH and positively charged residues on the toxiag).(For
the CTX—Shakercomplex, three residues of the toxin (K11,
R25, and K31) are proposed to interact with His-425 of the
mutant Shakerchannel; a fourth residue (K34) was also
suggested to be close enough to His-425 to influence the
toxin’s binding 61). In this model, Lys-11, Arg-25, and Lys-
31 of CTX form the corners of a triangle asymmetrically
positioned around Lys-27 such that each of the positively
charged residues of CTX lies very close to a F425H mutation
on one of the fouBhaker-subunits $1). This “electrostatic
repulsion” model is supported by mutagenesis of CTX
(K11Q, K31Q, and the double mutant K11Q/K31Q) which
substantially reduces the pH dependence of blockiig.
However, all of these mutations greatly decrease toxin
affinity even at high pH (pH 8.0), and this effect would seem
to complicate this interpretatiorb{). Although this model
of CTX binding is attractive, it is somewhat surprising that
strong interactions between Shaker F425 and lysine residues
on CTX were not evident in previous mutant cycle analyses
(32, 40, 42, 49, 53).

The pH-dependent blocking of sgKv1A by TsTXeks
likely to be different from that proposed for the CF$haker
complex. This is because three charged residues that
constitute the postulated “active” triangle on CTX (K11, R25,
and K31) are all replaced with smaller, uncharged residues
in TsSTX-Ka (P11, A25, and G31, respectively). In fact, there
are no basic residues from TsTXeKpositioned like K11,
R25, or K31 of CTX when the three-dimensional structures
of TsTX-Ka and CTX are compared (Figure 4A). Only one
residue of TSTX-K, R8, is located in three-dimensional
space remotely like one of the three positively charged
residues of CTX (K11, R25, or K31), but it appears to

into a model for sqgKv1A with the same color scheme used in panel Protrude from the opposite surface of the toxin (Figure 4A).

A.

Moreover, mutation of this residue (R8A) has very little, if
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Table 5: Comparison of Distances of Toxi€hannel Interactions Reported Previously to Those in the Tst%#gKv1A Model

reported
CTXresidue toxin toxinresidue channeltype channelresidugistance TsTX-Kresidue sgKv1Aresidue model distance ref

8 CTX T8/T9 Shaker F425 <5A R8 H351 5-6 A2 49

9 AgTX2 G10 Shaker F425 NR G9 H351 7A 32

9 AQTX2 G10 Shaker T449 NR G9 S375 4 A 32
10 AQTX2 S11 Shaker D447 NR S10 D373 46 A 32
11 CTX K11 Shaker K427 ~5A P11 K353 9A 42
14 CTX w14 Kv1.3 G380 NR L14 H351 8A 41
14 KTX L15 Kv1.3 G380 NR L14 H351 8A 41
24 AQTX2 R24 Shaker D431 NR A24 D357 14 A 32
24 AgTX2 R24 Shaker D431 NR A24 D357 14 A 40
25 CTX R25 Kv1.3 H404 246 A A25 S375 9 Ab 41
25 CTX R25 Kv1.3 D386 68A A25 D357 10 &b 41
25 KTX R24 Kv1.3 H404 5.385A A25 S375 9 Ab 41
25 KTX R24 Kv1.3 D386 34 A A25 D357 10 &b 41
25 AgTX2 F25 Shaker M448 NR A25 M374 8 &b 32
26 KTX F25 Kv1.3 H404 2.46 A G26 S375 8 Ap 41
27 AgTX2 K27 Shaker Y445 NR K27 Y371 3A 32
29 CTX M29 Shaker T449 3-45A M29 S375 3A 31
31 AgTX2 R31 Shaker K427 NR G31 K353 8 A 32
31 AQTX2 R31 Shaker A432 NR G31 S358 134 32
31 AgTX2 R31 Shaker D431 NR G31 D357 11 A 40
31 CTX K31 Kv1.3 G380 NR G31 H351 5A 41
31 KTX R31 Kv1.3 G380 NR G31 H351 5A 41
37 AgTX2 P37 Shaker V451 NR P37 V377 4 A 32

aThese residues are very different in TsTXtKompared to CTX and are proposed to influence the selectivity of these toxins for sqKv1A
channels. Therefore, a difference in their position in relation to thiecKannel may be expected. See the text for a more detailed discussion.
b Differences in the reported distance and that observed in the TsIXsk§Kv1A model are likely due to differences in the length of the side
chains.c Although this distance agrees with mutagenesis data, the differengduim between CTX and TsTX- (type | vs I, respectively)
places residue 31 of each toxin in very different positions (Figure 4A). For example, G31 of TeTiXdose to H351/G380 on a subunit different
from that observed for K31 of CTX.

any, effect on the pH-dependent blocking of sqKv1A by charged residues to interact with H351, the toxin would have
TsTX-Ka (Table 4 and unpublished data). Therefore, it is to be reoriented in the channel in such a way that K27 could
clear that TsTX-Kx must bind sgKvlA in a manner no longer occlude the ion selective pore. A second interaction
somewhat different from that found for CTX binding to that could affect TsTX-K binding involves P11 of the toxin.
Shaker This proline residue is nearby H351 on another subunit
The three-dimensional structure of TsTXxKand the (subunit b) of sqgKvlA £3.5 A) in the docking model
model of the toxir-sqKv1A complex determined here were (Figure 6), and it is possible that protonation of the histidine
used to examine this toxirchannel interaction in more residue is sufficient to introduce steric overlap. Similarly,
detail. The modeling of the channel was possible becauseF2 of TsTX-Ka is close (3.5 A) to H351 on subunit d of
the sequences of the pore and turret regions of sqKv1A the channel such that steric interactions may disrupt toxin
(residues 347379) are 84% homologous to thoseSifaker blocking of sqKv1A at acidic pH values (Figure 6). Thus,
and most residues that differ are relatively conservative the pH dependence observed for the TsTX-Blocking of
substitutions (Table 2). Also, on the basis of site-directed sqKv1A is most likely due to electrostatic repulsion between
mutagenesis studies (Table 4), the role of K27 indkannel K6 and/or K23 of the toxin and protonated H351 of the
blocking by TsTX-Ko is similar to that of otheo-K toxins. channel, but P11 and/or F2 may also contribute somewhat

As found in CTX, site-directed mutations of K27 in TSTX-  to the decreased toxin binding activity observed at lower pH
Ka (i.e., K27A, K27R, and K27E) markedly reduced the vyglues.

channel blocking activity of the toxin (Table 4). These data
are consistent with models of other-K toxin—channel CONCLUSIONS
interactions 4, 34, 37, 48, 51) and the idea that K27 of
TsTX-Ka inserts into the pore of sqKv1A and physically Members of thex-K toxin family have subtle differences
occludes the flow of potassium ions (Figure 5). in side chain identity and position that can affect toxin

In the model of TsTX-Kt bound to sqKv1A (Figure 5),  channel interactions3]. In this report, the high-affinity
two lysine residues of TSTX-& are candidates for electro-  blocking of the cloned sgKv1A channel by TsTXeKwvas
static repulsion with protonated H351 residues on sqKv1A, found to be pH-dependent. This pH dependence is due to a
and this may be the reason there is a pH dependence ohistidine residue (H351) in the outer vestibule of the channel,
blocking by TsTX-Ku. In this complex, H351 residues of  which likely repels positively charged residues on the toxin
two opposite subunits of the channel (subunits a and c) areat low pH. As with othera-K toxin—channel interactions,
nearby 2.8 A) K6 and K23 of the toxin (Figure 6). All K27 is a critical residue for the TsTX«K blocking of
other basic residues of TsTXeKare either farther away or  sqKv1lA. However, a model for the sgKvIAIsTX-Ka
facing the solvent (i.e., on the toxin surface facing away from complex indicates that this toxirchannel interaction is
the channel mouth). For any of these more distant positively somewhat different from that observed for otleK toxins
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Ficure 6: Views of the interaction between TsTXekand sqKv1A.

(A) Space-filling model of sgKv1A and TsTX-Killustrating the
region on sqKv1A (red) that interacts with K27 of TsTXaKAIso
shown is His-351 on each subunit (in green) of the 4-fold symmetric
K* channel. Each of these histidine residues (H351; labeled) a
could interact with residues on the toxin (F2, K6, P11, and K23;
shown in green). These interactions could be responsible for the
pH dependence of toxin binding. (B) Possible electrostatic repulsion
between protonated H351 and positive residues on the toxin (K6
and K23; green) is illustrated. (C) View of the TsTXak-sqgKv1A
complex illustrating a potential steric overlap between protonated
H351 (green) and residues on the toxin (F2 and P11; green). Also
shown is R8 of TsTX-K (yellow).

such as CTX or NTX despite the fact that K27 occludes the
pore in all three toxirchannel complexes.

Ellis et al.

ACKNOWLEDGMENT

We acknowledge Dr. Donna M. Baldisseri for assistance
with collection of the NMR spectra, Robert Rogowski for
his assistance with purification of TSTXel and Dr. Lewis
Pannell for identification of toxins (wild-type and mutants)
by mass spectrometry. Molecular images were produced
using the MidasPlus program from the Computer Graphics
Laboratory, University of California, San Francisco (sup-
ported by NIH Grant RR-01081).

SUPPORTING INFORMATION AVAILABLE

Resonance assignments for TsTX-Kthe amide region
from the 200 ms NOESY spectrum of TsTXeK, a
schematic diagram for th@-sheet region of TsTX-K, the
sequence distribution of the NOE constraints used for
structural calculations, and the Ramachandran plot of the
lowest-energy structure. This material is available free of
charge via the Internet at http://pubs.acs.org.
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