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Summary 

The Kv2.1 voltage-activated K ÷ channel, a Shab- 
related K ÷ channel isolated from rat brain, is insensi- 
tive to previously identified peptide inhibitors. We 
have isolated two peptides from the venom of a Chilean 
tarantula, G. spatulata, that inhibit the Kv2.1 K ÷ chan- 
nel. The two peptides, hanatoxinl (HaTxl) and hana- 
toxin2 (HaTx2), are unrelated in primary sequence to 
other K + channel inhibitors. The activity of HaTx was 
verified by synthesizing it in a bacterial expression sys- 
tem. The concentration dependence for both the de- 
gree of inhibition at equilibrium (Kd = 42 nM) and 
the kinetics of inhibition (ko, = 3.7 x 104 M'ls-~; ko~ = 
1.3 x 10 -3 s-~), are consistent with a bimolecular 
reaction between HaTx and the Kv2.1 K + channel. 
Shaker.related, Shaw-related, and eag K + channels 
were relatively insensitive to HaTx, whereas a Shal- 
related K + channel was sensitive. Regions outside the 
scorpion toxin binding site ($5-$6 linker) determine 
sensitivity to HaTx. HaTx introduces a new class of K + 
channel inhibitors that will be useful probes for study- 
ing K ÷ channel structure and function. 

Introduction 

Peptide inhibitors provide valuable tools for probing the 
structure and function of ion channels. For example, scor- 
pion toxins that were known to inhibit K ÷ channels by oc- 
cluding the pore (MacKinnon and Miller, 1988; Miller, 
1988; Park and Miller, 1992) led to the identification of 
the pore-forming region (P region) of the channel protein 
(MacKinnon and Miller, 1989; MacKinnon et al., 1990; 
Hartmann et al., 1991; Yellen et al., 1991; Yool and 
Schwarz, 1991) and are being used to measu re the dimen- 
sions of the outer pore mouth (Goldstein et al., 1994; 
Stampe et al., 1994; Stocker and Miller, 1994; Hidalgo 
and MacKinnon, 1995). These K ÷ channel inhibitors also 
led to the determination of the subunit stoichiometry 
(MacKinnon, 1991) and the functional stoichiometry of in- 
activation gates (MacKinnon et al., 1993) in the Shaker K ÷ 
channel. A further important application of peptide inhibi- 
tors has been to examine the localization and physiological 
roles of individual channel subtypes (e.g., Robitaille et al., 
1993; Reger and Mintz, 1994). 

A large number of K ÷ channel inhibitors have been pre- 
viously isolated from venomous animals (Haux et al., 1967; 
Shipolini et al., 1967; Billingham et al., 1973; Harvey and 
Karlsson, 1980; Possani et al., 1982; Miller et al., 1985; 
Halliwell et al., 1986; Penner et al., 1986; Smith et al., 

1986; Stansfeld et al., 1986; Carbone et al., 1987; Chicchi 
et al., 1988; Lucchesi et al., 1989; Galvez et al., 1990; 
Crest et al., 1992; Garcia-Calvo et al., 1993; Werkman et 
al., 1993; Garcia et al., 1994). These inhibitors primarily 
target either the Shaker-related subfamily of voltage acti- 
vated K + channels or the Ca2+-activated K ÷ channels. The 
four other subfamilies of voltage-activated K ÷ channels 
(Shab-related, Shaw-related, Shal-related, and eag-related) 
and the inward rectifier K ÷ channels are relatively insensi- 
tive to these toxins (Garcia et al., 1994; Grissmer et al., 
1994; unpublished data). We set out to isolate inhibitors 
of the Kv2.1 K ÷ channel (drkl; Frech et al., 1989), a Shab- 
related K ÷ channel that is insensitive to the known high 
affinity inhibitors from scorpions and snakes (Garcia et al., 
1994; unpublished data) and is prevalent in the mamma- 
lian nervous system (Trimmer, 1991; Hwang et al., 1993). 
Here, we describe the purification, synthesis, and initial 
characterization of a peptide inhibitor of the Kv2.1 K + 
channel. 

Results 

Purification of Kv2.1 K ÷ Channel Inhibitors 
The venom from Grammostola spatulata, a Chilean taran- 
tula, produced particularly robust inhibition of the Kv2.1 K ÷ 
channel. The Kv2.1 K ÷ channel was expressed in Xenopus 
oocytes and studied using a two-electrode voltage clam p. 
Figure 1 shows that a 1:100 dilution of crude venom pro- 
duced complete and reversible inhibition of K ÷ current elic- 
ited by depolarization to 0 mV. After removal of venom 
from the recording chamber, the K + current recovered 
along a multiexponential time course, suggesting the exis- 
tence of multiple inhibitors. 

We fractionated G. spatulata venom using reverse- 
phase high performance liquid chromatography (HPLC) 
and tested individual peaks for activity against the Kv2.1 
K ÷ channel. Figures 2A and 2B show two sequential HPLC 
steps that allowed the purification of two peptide inhibitors 
of the Kv2.1 channel. The purified material, which we 
named hanatoxin (HaTx), had a characteristic elution pro- 
file, in that it always eluted in two peaks; the second, and 
predominant, peak is about 10-fold larger than the first 
(Figure 2C). Collection and reinjection of each individual 
peak again gave two peaks with the same retention times 
and in the same ratio as shown in Figure 2C. We conclude 
that the two peaks of native HaTx have the same chemical 
composition; i.e., the two peaks are a chromatographic 
phenomenon. 

Reduction of HaTx with 10-50 mM dithiothreitol gave 
two peaks of roughly equal height with retention times that 
were longer than those observed for the folded, active 
material (Figure 2D). This suggested the existence of two 
distinct peptides that were not resolved in the folded state. 
The two peaks observed under reducing conditions, desig- 
nated HaTxl and HaTx2, had molecular weights of 4117 
and 4102 KDa, respectively, when analyzed by mass spec- 
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Figure 1. Inhibition of the Kv2.1 K + Channel by Grarnmostola spatu- 
lata Venom 
(A) Effects of a 1:100 dilution of venom on the Kv2.1 K + channel ex- 
pressed in Xenopus oocytes, K ÷ currents were elicited by depolariza- 
tion to 0 rnV from a holding potential of -80 rnV, Traces are shown 
without leak subtraction, 
(B) Steady-state K + currents measured 200 ms after depolarization to 
0 rnV are shown plotted as a function of time. Currents were elicited 
at 5 s intervals, 

trometry. Amino acid sequencing showed that the two iso- 
forms of HaTx differed only at residue 13 (Figure 3), where 
HaTx~ contained Ser and HaTx2 contained Ala. The molec- 
ular weights predicted from sequence analysis were 4119 
KDa for HaTx~ and 4103 KDa for HaTx2, consistent with 
those directly determined by mass spectrometry. The 
HaTxs contain 6 cysteines, 6 basic residues (Lys or Arg), 
and 4 acidic residues (Glu or Asp). They also contain a 
large number of hydrophobic residues (4 Phe, 2 Tyr, 1 
Trp, 2 Leu). Amino acid analysis was consistent with the 
sequence shown in Figure 3 (Table 1). 

Figures 2E and 2F show the inhibitory effect of native 
HaTx (a mixture of the two isoforms) on the Kv2.1 K ÷ chan- 
nel. The channel was activated by depolarizing steps to 
0 mV from a holding potential of -80  mV, elicited every 
20 s. External application of 200 nM HaTx reversibly inhib- 
ited voltage-activated K ÷ current in oocytes expressing the 
Kv2.1 channel by - 770.  Both the onset and recovery 
from inhibition were slow; single exponential fits to the 
data in Figure 2F gave time constants of 114 s (onset) and 
828 s (recovery)• 

Production of Recombinant  Hanatoxin 
We produced recombinant HaTx in order to verify that this 
peptide was indeed the inhibitory component in the spider 
venom. HaTx~ was produced as a fusion with maltose bind- 
ing protein (malE) in E. coli (Riggs, 1994), with a Met resi- 
due present just before the N terminal Glu of HaTx (Figure 
4A). The fusion protein was reacted with cyanogen bro- 

mide (which cleaves the peptide bond after Met; Gross and 
Witkop, 1962) following its isolation from the periplasmic 
space of E. coli. Figure 4B shows an HPLC chromatogram 
of the cyanogen bromide cleavage products. The majority 
of the peaks shown are different folds of HaTx~. One peak 
eluting at 51 min coelutes with native HaTx and inhibits 
the Kv2.1 K + channel (Figures 4C and 4D). For the oocyte 
shown in Figures 4C and 4D, 100 nM recombinant HaTx~ 
inhibited K ÷ channel current by 55%, in close agreement 
with the inhibition seen with native HaTx (see Figures 2 
and 5). Furthermore, the kinetics of inhibition by recombi- 
nant HaTxl were in reasonable agreement with that ob- 
served for native HaTx. We conclude that HaTx is an inhibi- 
tor of the Kv2.1 K ÷ channel. Inefficiencies in both the 
cyanogen bromide cleavage reaction (10-20%) and the 
folding of HaTx ( - 1 % )  contribute to produce very low 
yields of recombinant HaTxl. In subsequent studies, we 
therefore used native HaTx. While this is a mixture of two 
isoforms, we know that these two isoforms differ by only 
a single amino acid and that recombinant HaTxl has com- 
parable affinity and kinetics when compared to the native 
material. 

Functional Characterization of Hanatoxin 
The concentration dependence for the fractional inhibition 
at equilibrium is plotted in Figure 5. The data for HaTx- 
induced inhibition could be well fit by an equation for 
1:1 binding between HaTx and the Kv2.1 channel with an 
equilibrium dissociation constant (K~) of 42 nM. 

Kinetic studies for HaTx-induced inhibition of the Kv2.1 
channel are shown in Figure 6. The kinetics of HaTx- 
induced inhibition were consistent with a bimolecular reac- 
tion between HaTx and the Kv2.1 K ÷ channel: l/-r for onset 
of inhibition varied linearly with HaTx concentration, while 
1/'c for recovery from inhibition was independent of HaTx 
concentration (Figures 6A and 6B). The rate constants 
calculated from these data (kon = 3.7 x 104 M-~s-1; koff -- 
1.3 x 10 -3 s 1) indicate that both association and dissocia- 
tion of HaTx is very slow. The association rate constant 
for HaTx is about 1000-fold slower than that of charybdo- 
toxin or agitoxin2 for the various K ÷ channels (Anderson 
et al., 1988; Goldstein et al., 1994; Gross et al., 1994). 
The K~ calculated from the ratio of ko,/kon (35 nM) compares 
reasonably well to that obtained from the concentration 
dependence of inhibition at equilibrium (42 nM). 

Specificity of Hanatoxin 
We screened a variety of other voltage-activated K ÷ chan- 
nels for sensitivity to HaTx, and the results are shown 
in Figure 7 (for nomenclature, see Gutman and Chandy, 
1993). The Shaker K ÷ channel (Kamb et al., 1988) and a 
number of its mammalian homologs were relatively insen- 
sitive to HaTx. Kv1.1 (StLihmer et al., 1989), Kv1.3 (Swan- 
son et al., 1990), and Kvl.6 (Swanson et al., 1990) were 
not inhibited by 500 nM HaTx, while the Shaker K ÷ channel 
was only weakly inhibited. Kv3.1 (Grissmer et al., 1992), 
a Shaw-related K + channel and the eag K ÷ channel (War- 
mke et al., 1991), were also insensitive to 500 nM HaTx. 
Interestingly, the Kv4•2 channel (Baldwin et al., 1991), a 
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Figure 2. Purification of Hanatoxin from G. spat- 
ulata Venom 

(A) Reverse-phase HPLC chromatogram illus- 
trating the first step in the purification of HaTx 
from 100 p,I of venom. The first step employed 
a linear gradient from 10% to 50% mobile 
phase B over 80 min, where mobile phase A 
was 0.1% trifluoroacetic acid (TFA) in water, 
and mobile phase B was 0.08% TFA in acetoni- 
trile. The fraction indicated by the shaded re- 
gion produced the largest fractional inhibition 
of Kv2.1 with the slowest recovery from inhibi- 
tion (%, = 500-800 s). 
(B) Reverse-phase HPLC chromatogram illus- 
trating a second purification step using a linear 
gradient from 0% to 100% mobile phase B over 
80 min, where mobile phase A was 0.1% TFA, 
25% methanol in water; and mobile phase B 
was 0.08% TFA, 75% methanol in water. Two 
peaks in this run were active against the Kv2.1 
channel. The peak labeled HaTx~.~ inhibited 
Kv2.1 with slow recovery (Toe = 750 s), while 
the large preceding peak inhibited the channel 
with relatively fast recovery (%, = 50 s). 
(C) Reverse-phase HPLC chromatogram of pu- 
rified HaTx. This chromatogram was obtained 
under similar conditions as in 8, except that 
the gradient was from 25% to 100% mobile 
phase B over 80 min. The two peaks seen in 
this run represent a characteristic elution pro- 
file of HaTx. Either peak regenerates the same 
two peaks when reinjected. 
(D) Reverse-phase HPLC chromatogram 
showing separation of the two isoforms of HaTx 

following reduction with 10 mM dithiothreitol. Gradient and solvents conditions are identical to those described above for (C). The molecular weight 
of the peak labeled HaTxl was 4117 KDa and the molecular weight of the peak labeled HaTx2 was 4102 KDa. The ratio of these two isoforms 
varied somewhat between different batches of venom (from 1:1.5 to 1:0.65). 
(E and F) Effects of native HaTx on the Kv2.1 K ÷ channel expressed in Xenopus oocytes. K ÷ currents shown in E were elicited by depolarization 
to 0 mV from a holding potential of -80 mV. Traces are shown without leak subtraction. In (F), the K ÷ currents measured 200 ms after depolarization 
to 0 mV are plotted as a function of time. Single exponential fits (least squares; solid curves) for both onset of, and recovery from, HaTx-induced 
inhibition are superimposed on the data points. 

Shal-related K ÷ channel,  was sensit ive to HaTx (Figure 7). 

One interesting feature of HaTx- induced inhibit ion is the 

recovery from inhibit ion during a depolar iz ing pulse. This 

behavior,  which is obvious in the Shaker and Kv4.2 K ÷ 

channel  recordings, can also be observed in Kv2.1 when 

the b locked and unblocked records are scaled and super- 

imposed (see Discussion). 

R e g i o n s  o u t s i d e  t h e  S 5 - $ 6  L i n k e r  D e t e r m i n e  

S e n s i t i v i t y  to  H a n a t o x i n  

The $5-$6  l inker forms the binding site for K ÷ channel  

inhibitors such as charybdotoxin,  agi toxin (AgTx), and 

dendrotox in  (MacKinnon and Miller, 1989; Hurst et al., 

1 lo 20 30 
Hanatoxinl(HaTxl) ECRYLFGGCKTTSDCCKHLGCK FKDKY CAWDFTFS 

IJ'anatoxin 2 (HaTx 2) ............ A ...................... 

Grammotoxin D-VREW-K- SQ ..... P- -A- - SIKWPRNI-V- - GSV 

Figure 3. Amino Acid Sequence of Hanatoxins 

Amino acid sequence for the two isoforms of HaTx and grammotoxin. 
Dashes in the sequence of HaTx2 and grammotoxin indicate identity 
with HaTx,. Two single residue gaps have been introduced in the 
sequence of HaTxl and HaTx2 for comparison with grammotoxin. The 
sequence of grammotoxin is from Lampe et al., 1993. 

1991; Stocker et al., 1991; Garc ia  et al., 1994). To test 

whether  the same region is important for  inhibit ion by 

HaTx, we constructed a ch imera between Kv2.1 and the 

Shaker K ÷ channel  (Figure 8A). The Kv2.1 K ÷ channel  is 

sensit ive to HaTx but not to AgTx2, whereas  the Shaker 
K ÷ channel is very  sensit ive to AgTx2 but not to HaTx (Gar- 

cia et al., 1994). When the $5 -$6  l inker from Kv2.1 is trans- 

ferred to the Shaker channel ,  AgTx2 sensit ivity is lost (Fig- 

ure 8B), as expected from prev ious work (e.g., Gross et 

al., 1994). However,  HaTx sensit iv i ty is not acquired, and 

furthermore, the weak inhibit ion of the Shaker channel  by 

HaTx is unaffected by the mutat ion (Figure 8B). These 

results imply that HaTx interacts with a region of K ÷ chan- 

nels outside the $5-$6  linker. 

D i s c u s s i o n  

Three main categor ies of pept ide inhibitors of K ÷ channels 

have been descr ibed thus far. While this classif icat ion is 

based on compar ison of d i f ferent  amino acid sequences 

and three-dimensional  structures, it ult imately ref lects the 

animal (scorpion, snake, or bee) from which the inhibitors 

were isolated. Many  di f ferent K ÷ channel  inhibitors have 

been isolated from scorpion venom; they are similar in 
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Table 1. Amino Acid Analysis of Native Hanatoxin 

Residues Per Molecule 

Amino <Acid Observed Theoretical 

Asp/Asn 3.1 3 
Glu/GIn 1.2 1 
Ser 1.6 1.5* 
Gly 3.2 3 
His 0.9 1 
Arg 2.1 2 
Thr 2.7 3 
Ala 1.4 1.5* 
Pro 0.0 0 
Tyr 1.7 2 
Val 0.1 0 
Met 0.1 0 
Iso 0.1 0 
Leu 2.0 2 
Phe 3.8 4 
Lys 3.9 4 

*The expected composition of 1.5 for Ser and Ala reflects the fact that 
amino acid analysis was done on a mixture of the two isoforms of 
HaTx and that their relative abundance in the mixture is approximately 
equal. Cysteine residues were not derivatized for this analysis and 
therefore were not detected. 

sequence (Possani et al., 1982; Mil ler et al., 1985; Smith 
et al., 1986; Chicchi et al., 1988; Lucchesi et al., 1989; 
Galvez et al., 1990; Crest et al., 1992; Garcia-Calvo et al., 
1993; Garcia et al., 1994) and structure (Lambert  et al., 
1990; Bontems et al., 1991 a, 1991 b,; Johnson and Sugg, 
1992; Krezel et al., 1995). Six dendrotoxin isoforms have 
been isolated from the venom of Dendroaspis snakes 
(Strydom, 1972, 1973; Harvey and Karlsson, 1980; Joub- 
ert and Taljaard, 1980; Harvey and Anderson,  1985; Benis- 
hin et al., 1988). The three-dimensional  structures of 
~-dendrotoxin and dendrotoxin-I  have been recently 
solved (Skarzynski, 1992; Foray et al., 1993). Bee venom 
has provided us with apamin (Haux et al., 1967; Shipolini 

et al., 1967; Pease and Wemmer,  1988) and mast cell 
degranulat ing pept ide (MCDP; Bi l l ingham et al., 1973; Ku- 
mar et al., 1988). HaTx, isolated from a spider venom, 
represents a new category of K ÷ channel inhibitors. Its 
amino acid sequence and spacing of 6 cysteine residues 
clearly dist inguishes HaTx from the previously descr ibed 
K ÷ channel inhibitors. 

Al though a complete pharmacological  character izat ion 
of the many dif ferent c loned K ÷ channels has yet to be 
done, several patterns are emerging. For instance, the 
inhibitors from scorpions, snakes, and bees appear  to tar- 
get pr imari ly e i ther the Shaker-related subfami ly of volt- 
age-act ivated K ÷ channels or the Ca2÷-activated K ÷ chan- 
nels (e.g., Blatz and Magleby,  1986; S t i h m e r  et al., 1989; 
Swanson et al., 1990; Kirsch et al., 1991; Stocker et al., 
1991; Crest et al., 1992; Garcia-Calvo et al., 1993; Garcia 
et al., 1994; Gr issmer et al., 1994). The Shab-related (Kv2- 
like), Shaw-re lated (Kv3-1ike), Shal-related (Kv4-1ike), eag- 

related, and inward rectif ier K ÷ channels are relat ively in- 
sensit ive to these toxins (Garcia et al., 1994; Grissmer et 
al., 1994; unpubl ished data). HaTx targets the Kv2 and 
Kv4 K ÷ channels and therefore opens new avenues for 
studying these channels. It should al low us to understand 
the physiological roles of these channels in different cells. 
Also, mapping the HaTx binding site, as has a l ready been 
done for some scorpion toxins, will hopeful ly reveal new 
structural features of K ÷ channels (see below). 

A common mechanism by which pept ides inhibit ion 
channels is to prevent K ÷ conduct ion by binding to the 
outer mouth and occluding the pore. This mechanism is 
best demonstrated for the K ÷ channel inhibitors from scor- 
pions (MacKinnon and Mil ler, 1988, 1989; Miller, 1988; 
Park and Miller, 1992). Dendrotoxin probably works 
through a simi lar mechanism, since residues in the $5-$6  
l inker (which contains the pore-forming region) are critical 
determinants of toxin b lockade (Hurst et al., 1991 ; Stocker  
et al., 1991). Apamin and MCDP have not been studied 
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Figure 4. Production and Characterization of 
Recombinant Hanatoxin, 
(A) Plasmid construct containing HaTxl as a 
translational fusion with maltose binding pro- 
tein (malE). 
(B) Reverse-phase HPLC chromatogram illus- 
trating the separation of different folds of HaTx~ 
following cleavage from malE with cyanogen 
bromide. The peak labeled HaTxl coelutes with 
native HaTx. Reduction of this material with 10 
mM dithiothreitol yields one major peak coelut- 
ing with reduced native HaTx~ (see Figure 2D). 
(C and D) Inhibition by HaTx~ of the Kv2.1 K ÷ 
channel expressed in Xenopus oocytes. K ÷ cur- 
rents shown in (C) were elicited by depolariza- 
tion to 0 mV from a holding potential of-80 mV. 
Traces are shown without leak subtraction. In 
(D), the steady-state K ÷ currents measured 250 
ms after depolarization to 0 mV are plotted as 
a function of time. Single exponential fits (least 
squares; solid curves) for both onset of, and 
recovery from, HaTxl-induced inhibition are su- 
perimposed on the data points. 
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Figure 5. Concentration DependenceofHanatoxin-lnducedlnhibitien 

Plot of the fraction of unblocked current as a function of HaTx concen- 
tration. Each point is the mean __ SEM for 3-4 different oocytes. The 
smooth curve is a fit of I/1o = /1 + ([HaTx]/Kd)/-~, where I is the current 
in the presence of HaTx and Io is the control current, both measured 
at 0 mV. 

tho rough ly ,  but  s o m e  ev idence  sugges ts  a po re -b lock ing  

m e c h a n i s m  (Chicch i  et al., 1988; Schwe i tz  et  al., 1989; 

S tocke r  et al., 1991; W e r k m a n  et al., 1992).  We do  not  

k n o w  the m e c h a n i s m  by wh ich  H a T x  inhibi ts K ÷ channe ls ,  

but  severa l  impor tan t  c lues po in t  to a m e c h a n i s m  o the r  

than  pore  occ lus ion .  The  $ 5 - $ 6  l inker  d o e s  not de te rm ine  

H a T x  sens i t iv i ty  in the same  w a y  that  it d o e s  for  the s n a k e  

and scorp ion  tox ins  (S tocke r  et  al., 1991; G r o s s e t .  al., 

1994). P resumab ly ,  H a T x  in te rac ts  with o the r  regi.ons of  

the K ÷ channe l .  A more  sub t le  c lue is p rov ided  by  the 

recove ry  f rom inh ib i t ion seen  wi th HaTx  dur ing  depo la r i z -  

ing pu lses.  G i v e n  the s low ra te  o f  H a T x  d issoc ia t ion  at 

- 8 0  mV (e.g., see  F igure  6), par t ia l  r ecove ry  dur ing  a 200 

ms depo la r i z ing  pu lse  po in ts  to a vo l tage  d e p e n d e n c e  that  

is much g rea te r  than e x p e c t e d  for  a po re -b locke r .  We 

specu la te  that  H a T x  is a ga t ing  mod i f ie r  and  is thus  very  

sens i t ive  to the  gat ing s ta te  o f  the  channe l .  

HaTx  is un re la ted  in its s e q u e n c e  to o the r  p rev ious ly  

desc r i bed  K + channe l  inh ib i tors.  H a T x  is, howeve r ,  re la ted 

to g r a m m o t o x i n  ( 4 3 %  ident i ty;  see  F igure  3), an inhib i tor  

o f  vo l tage-ac t i va ted  C a  2+ c h a n n e l s  iso la ted  f rom the  s a m e  

sp ider  (Lampe et al., 1992). Th is  f ind ing is very  in terest ing,  

b e c a u s e  HaTx  and g r a m m o t o x i n  most  l ike ly  have  s imi la r  

t h ree -d imens iona l  s t ruc tures ,  and  the re fo re ,  they  p roba-  

bly in te r face  wi th s imi lar  su r face  s t ruc tu res  on the i r  ta rge t  

channe ls .  Th is  c lass of  inh ib i tors  shou ld  e n a b l e  us to s tudy  

a func t iona l l y  impor tan t  s t ruc tu re  that  is sha red  a m o n g  

vo l tage-ac t i va ted  ca t ion  channe ls .  

Experimental Procedures 

K ÷ Channel Expression 
The Kv2.1 (Frech et al., 1989), Shaker H4 (Kamb et al., 1988), Kv3.1 
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Figure 6. Kinetics of Hanatoxin-lnduced Inhibition 

(A) Kinetics of inhibition by purified HaTx. Left-hand panel shows onset of inhibition produced by 10, 50, or 200 nM HaTx in three oocytes. The 
panel on the right shows recovery from inhibition following removal of 10, 50, or 200 nM HaTx in three oocytes. 
(8) Plot of ('c) -~ for either onset (closed circles) or recovery (open circles) as a function of HaTx concentration. For onset: n = 4 (200 nM), n = 3 
(100 nM), n = 3 (50 nM), n = 3 (25 nM), and n = 3 (10 nM). For recovery: n = 4 (200 nM), n = 3 (100 nM), n = 3 (50 nM), n = 2 (25 nM), and 
n = 1 (10 nM). The linear fit to the data for onset of inhibition corresponds to 1/'~ = ko, [HaTx] + ko,, with kon = 3.7 x 104 M-is -1 and korf (y intercept) 
= 1.4 x 10 -3 s -~ (r = 0.99). The mean recovery time constant was 770 _ 23 s (ko, = 1.3 x 10 .3 _+ 3.9 x 10 -s s-l). Error bars, SEM. 
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Figure 7. Effect of 500 nM Hanatoxin on Various Voltage-Activated K ÷ Channels 

All channels were expressed in Xenopus oocytes by injection of cRNA. Mean ( ± SEM) values for the ratio of current in the presence of 500 nM 
HaTx to current in control (1/1o) are as follows: Shaker-In, 0.89 ± 0.012 (n = 5); Kvl .1,  1.02 ± 0.011 (n = 3); Kvl.3, 0.98 ± 0.0097 (n = 3); 
Kvl .6,  0.98 ± 0.0084 (n = 6); Kv3.1, 0.93 ± 0.014 (n = 4); Kv4.2, 0.27 ± 0.021 (n = 3); and eag, 0.97 ± 0.024 (n = 4). For channels that 
did not inactivate significantly during depolarizations of ~<200 ms, isochronal current measurements were made where the current in control solution 
had reached steady-state. For Kv4.2, current was measured where the current in control solution reached its peak. All channels were activated 
by depolarization to 0 mV from a holding potential of either - 7 0  mV (Kv1.3 and Kv1.6) or - 80  mV (all others). For Kv1.3, the top trace was recorded 
in the presence of HaTx and the bottom trace in control solution. For Kv3.1, the top trace was recorded in control solution and the bottom trace 
in the presence of HaTx. 

Shaker-In 
Kv2.1 
chimera 

S5 S5-S61inker S6 
YFAEAGSENSFFKSIPDAFWWAWTMTTVGYGDMTPVGFWGKIVGSLCV 
FFAEKDEDDTKFKSIPASFWWATITMTTVGYGDIYPKTLLGKIVGGLCC 
Y~j~EKDEDDTKFKSIPASFWWATITMTTVGYGDIYPKTLLGKIVGSLCV 

B Shaker-IR Kv2.1 chimera 

i control control control 

20 m s ~  100 msee 25 msee 

control control control I 

Figure 8. The $5-$6 Linker Does Not Deter- 
mine Sensitivity to Hanatoxin 

(A) Amino acid sequence of $5-$6 linker re- 
gions of the Shaker-In, Kv2.1, and chimera K ÷ 
channels. The chimera is a Shaker K ÷ channel 
that contains the $5-$6 linker region of Kv2.1. 
Boldface residues in the chimera indicate posi- 
tions where it differs from the wild-type Shaker 
channel. 
(B) AgTx2 and HaTx sensitivities of the Shaker. 
In, Kv2.1, and chimera K + channels. In all 
cases, the concentration of AgTx2 was 1 ~M, 
and that of HaTx was 400 riM. AgTx2 and HaTx 
sensitivities are shown for the same oocyte. 
Mean (±  SEM) values for the ratio of current 
in the presence of toxin to current in control (I/ 
Io) are as follows: for Shaker.In, AgTx2, 0.02 
(n = 1), HaTx 0.87 _ 0.01 (n = 3); for Kv2.1, 
AgTx2, 1.01 ___ 0.007 (n = 3), HaTx 0.096 ± 
0.011 (n = 6); and for chimera, AgTx2, 1.03 ± 
0.018(n = 3), HaTx0.88 ± 0.013 (n = 6). For 
all channels, isochronal current measurements 
were made where the current in control solution 
had reached steady-state. 
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(mKv3,1b; Grissmer et al., 1992), and Kv4.2 (rShal; Baldwin et al., 
1991) K ÷ channel genes were in a Bluescript vector, The Kvl.1 (RCK1 ; 
St~hmer et al., 1989) K ÷ channel gene was in pGEM-3z, and the Kv1.3 
(KV3; Swanson et al,, 1990) and Kvl.6 (KV2; Swanson et al., 1990) 
K ÷ channel genes were in pGEM-9zf(-). The eag K ÷ channel gene was 
in pGEM-HE (Warmke et al., 1991). The Kv2.1-, Kv1.3-, Kv1.6-, eag-, 
and Kv4.2-bearing plasmids were linearized with Notl. The Kvl.1 K ÷ 
channel plasmid was linearized with Pstl, whereas the Shaker H4 K ÷ 
channel plasmid was linearized with Hindlll. The Shaker H4 channel 
was modified by deleting amino acids 6-46 to remove fast inactivation 
(Hoshi et al., 1990). The Kv3.1 ptasmid was linearized with Sacl. All 
cDNA clones were transcribed using T7 RNA polymerase, except for 
Kv3.1, which was transcribed using T3 RNA polymerase, cRNA was 
injected into Xenopus oocytes 16-48 hr prior to electrophysiotogical 
recordings. 

Electrophysiological Recording 
Oocyte membrane potential was controlled using an Axoclamp-2A two- 
electrode voltage clamp (Axon I nstru merits). Data were filtered at 2 kHz 
using an 8-pole Bessel filter and sampled at 3-17 kHz. Microelectrode 
resistance was 0.3 to 1 M~ when filled with 3 M KCI. Oocytes were 
bathed in an ND96 solution containing 0.3 mM CaCI2, 1 mM MgCI2, 
2 mM KCI, 96 mM NaCI, and 5 mM HEPES (pH 7.6) with NaOH. 
Oocytes under voltage clamp were studied in a 100 p.I recording cham- 
ber that was perfused with ND96 flowing from one of several reservoirs. 
The entire perfusion system (reservoir, lines, and recording chamber) 
was fabricated from borosilicate glass, except for two small junctions 
made using silicon tubing and a low volume Teflon switching valve. 
The rate of exchange between two solutions was studied using solu- 
tions with different KCI concentrations and found to be about 95% 
complete within 20 s. All reported current measurements were made 
at 0 mV without leak subtraction in oocytes with less than -40 nA 
holding current at -80 mV. All experiments were carried out at room 
temperature ( -  22°C). 

Hanatoxin Biochemistry 
Venom from G. spatulata spiders was purchased from Spider Pharm 
(Feastervitle, PA). Venom was diluted 10-fold into 0.1% trifluoroacetic 
acid (TFA), 10% acetenitrile in H20, clarified by centrifugation, and 
filtered through 0.2 p.m acrodisc filters (Gelman Sciences, Ann Arbor, 
MI). The resulting supernatant was fractionated in two steps using 
reverse-phase high performance liquid chromatography(HPLC), using 
a Beckman analytical gradient HPLC with either C-8 reverse-phase 5 
I~m 300 ,~, or C-18 reverse-phase 5 p,m 80 ,~ columns. Separation and 
gradient conditions are detailed in the legends to Figures 2 and 4. Mass 
spectrometric analysis was performed on a VG analytical MALDI-TOF 
spectrometer. Automated microsequencing was done using an Ap- 
plied Biosystems 477A protein sequencer after derivatization of cyste- 
ine residues with 4-vinylpyridine. The first 33 residues were identified 
by continuous sequencing from the N terminus. To identify the re- 
maining C terminal residues, a sample of native HaTx was digested 
with Lys-C (which cleaves after lysine). The resulting fragments were 
separated by HPLC, and their molecular weights were determined by 
mass spectrometry. Only one peptide had a molecular weight (1202 
KDa) that could not be correlated to the list of peptides generated 
from known sequence data on the first 33 residues. This peptide was 
sequenced and found to be YCAWDFTFS, allowing identification of 
residues 34 and 35 as F and S, respectively. Amino acid analysis 
was done using an Applied Biosystems 420A Derivatizer and a 130A 
separation system. Concentrations of HaTx were determined by amino 
acid analysis. 

Production of Recombinant Hanatoxin 
An HaTx gene was synthesized using two oligonucleotide duplexes, 
ligated into pMal (New England Biolabs; Riggs, 1994) using Sail and 
Hindlll restriction sites, and confirmed by sequencing (Sanger et al., 
1977). The sense strand was as follows: 5'-TGGACATTGAGGGTATG- 
GAGTGCAGGTAC CTCTTCGGG G GGTGCAAGACCACCGCCGACT- 
GCTGCAAGCACCTCGGGTGCAAGTTCAGGGACAAGTACTGCGC- 
CTGGGACTTCACCTTCAGCTAGA-3'. Protein expression was carried 
out in a DH5~F' strain of E. coil, in the presence of 500 p.M isopropylthi- 
ogalctopyranoside at 26°C. Periplasmic protein was harvested by os- 

motic shock as previously described (Riggs, 1994). The malE-HaTxl 
fusion protein was purified from the osmotic shock solution, using 
amylose resin (New England Biolabs) chromatography. Fractions con- 
taining fusion protein were dialyzed against 1 mM Tris-CI (pH 7.4). 
The malE-HaTx, fusion protein (final concentration = 1 mg/ml) was 
incubated in a solution containing 40% acetic acid, 5% TFA, and 
300 mM cyanogen bromide overnight at 22°C in the dark. HaTxl was 
initially separated from other fragments of malE using SP sephadex 
(C-25) chromatography, where HaTx~ eluted around pH 8. The active 
fold of HaTx~ was then purified by HPLC as shown in Figure 4. 

Chimera Construction 
A Bglll-Xmal fragment that contained the coding region of the $5-$6 
linker from Kv2.1 (see Figure 8A) was constructed using the polymer- 
ase chain reaction. To construct the chimera, this fragment was substi- 
tuted for the original corresponding fragment in Shaker-IR cDNA and 
sequenced by dideoxy sequencing (Sanger et al., 1977). 
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