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abstract k-Conotoxin-PVIIA (k-PVIIA) belongs to a family of peptides derived from a hunting marine snail
that targets to a wide variety of ion channels and receptors. k-PVIIA is a small, structurally constrained, 27-residue
peptide that inhibits voltage-gated K channels. Three disulfide bonds shape a characteristic four-loop folding. The
spatial localization of positively charged residues in k-PVIIA exhibits strong structural mimicry to that of charyb-
dotoxin, a scorpion toxin that occludes the pore of K channels. We studied the mechanism by which this peptide
inhibits Shaker K channels expressed in Xenopus oocytes with the N-type inactivation removed. Chronically applied
to whole oocytes or outside-out patches, k-PVIIA inhibition appears as a voltage-dependent relaxation in response
to the depolarizing pulse used to activate the channels. At any applied voltage, the relaxation rate depended lin-
early on the toxin concentration, indicating a bimolecular stoichiometry. Time constants and voltage dependence
of the current relaxation produced by chronic applications agreed with that of rapid applications to open chan-
nels. Effective valence of the voltage dependence, z3, is ~0.55 and resides primarily in the rate of dissociation from
the channel, while the association rate is voltage independent with a magnitude of 107-108 M~1s~1, consistent with
diffusion-limited binding. Compatible with a purely competitive interaction for a site in the external vestibule, tet-
raethylammonium, a well-known K-pore blocker, reduced k-PVIIA’s association rate only. Removal of internal K+
reduced, but did not eliminate, the effective valence of the toxin dissociation rate to a value <0.3. This trans-pore
effect suggests that: (a) as in the a-KTX, a positively charged side chain, possibly a Lys, interacts electrostatically
with ions residing inside the Shaker pore, and (b) a part of the toxin occupies an externally accessible K* binding
site, decreasing the degree of pore occupancy by permeant ions. We conclude that, although evolutionarily distant
to scorpion toxins, k-PVIIA shares with them a remarkably similar mechanism of inhibition of K channels.
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introduction

Conotoxins are a family of small peptide toxins derived
from the venom of marine snails of the Conus, a genus
composed of ~500 predator species (Olivera, 1997).
These peptides, which bind with high affinity to excit-
able tissue, are small (8-35 residues) and structurally
constrained by intrapeptide disulfide bounds (Myers et
al., 1993). The pattern of formation of the disulfide
bonds yields a characteristic folding in the peptide fam-
ily that allows for structural subfamily classification. A
set having three disulfide bonds that defines a four-
loop framework specifically blocks voltage-gated ion
channels (Olivera, 1990; Pallaghy et al., 1993). Al-
though members of the four-loop toxins may share lit-
tle amino-acid similarity among the noncysteine resi-
dues, their overall folding can be remarkably similar
(Scanlon et al., 1997). Thus, specificity for different
voltage-gated channels is believed to be conferred
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solely by the specific sequence of each peptide. For ex-
ample, w-, 8-, and k-conotoxins are specific for Ca, Na,
and K voltage-gated channels, respectively. However,
detailed knowledge of their mechanism of inhibition
on voltage-gated channels is not yet clear.
k-Conotoxin-PVIIA (k-PVIIA)! is a 27-residue peptide
component of the Conus purpurascens venom found to
inhibit K channels. This peptide acts rapidly on its tar-
get, so it is proposed to have an important role in the
quick excitotoxic prey immobilization after the venom-
ous sting (Terlau et al., 1996; Olivera, 1997). The struc-
ture has recently been resolved by nuclear magnetic
resonance methods and revealed as a member of the
four-loop family (Scanlon et al., 1997; Savarin et al.,
1998). Although «-PVIIA is ~10-residues shorter, it
shows striking similarities to the space distribution of
functionally relevant basic residues of charybdotoxin
(CTX), a member of a well-characterized group of K

tAbbreviations used in this paper: CTX, charybdotoxin; x-PVIIA, k-cono-
toxin-PVIIA; MaxiK-channel, large conductance Ca-activated K chan-
nel; NMG*, N-methyl-d-glucamine in ionic form; TEA™, tetraethylam-
monium; TEVC, two-electrode voltage clamp; TFA, trifluoroacetic acid.
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channel pore blockers, the a-KTx, (Miller, 1995; Scan-
lon et al., 1997; Savarin et al., 1998). In CTX, the amino
group of the side chain of Lys-27 has been proposed to
interact intimately with the K-permeation pathway by
occluding the pore. Moreover, its structure shows a
lysine paired with an aromatic side chain 6-7 A away, a
conserved dyad in peptide blockers of K channels (Dau-
plais et al., 1997). Savarin et al. (1998) have proposed
that the lysine side chain of this dyad interacts with the
K channel pore as Lys-27 does in CTX. In addition to
this architectural mimicry to other K channel peptide
blockers, there are three lines of evidence suggesting
that k-PVIIA binds to the external vestibule of K chan-
nels. First, different pore splice variants bind k-PVIIA
with dissimilar affinity (Kim et al., 1997). Second,
k-PVIIA competes with other putative pore blocker tox-
ins (Savarin et al., 1998). Third, point mutations in the
external vestibule of the voltage-gated Shaker K channel
modify the extent of inhibition by k-PVIIA, suggesting
that this peptide also inhibits K channels by occluding
the permeation pathway (Scanlon et al., 1997; Shon et
al., 1998). However, its microsite specificity is different
from that of CTX; the same vestibular mutation,
Phe425 - Gly, which enhances ~2,000-fold affinity for
a-KTx (Goldstein and Miller, 1992), decreases it >20-
fold for k-PVIIA (Scanlon et al., 1997; Shon et al.,
1998). On the other hand, recent observations are
somehow conflicting with a simple pore blocker mecha-
nism. x-PVIIA seems to act differently whether or not
Shaker K channels carries the N-type of inactivation do-
main, a portion of the protein that inactivates the open
channel conformation from the intracellular side
(Hoshi et al., 1990). In the inactivating channel, the
toxin-induced inhibition seems to be independent of
the voltage applied to activate the channels (Terlau et
al., 1996), whereas in the inactivation-removed Shaker,
the effect of this toxin is an apparent voltage-depen-
dent modification of the rate of activation (Scanlon et
al., 1997). This latter result could be interpreted as if
the main toxin effect was to delay the gating mecha-
nism as some spider and scorpion toxins do (see for ex-
ample Swartz and MacKinnon, 1997; Cestéle et al.,
1998). In this paper, we attempt to establish the mecha-
nism of action of k-PVIIA on Shaker K channels.

Using the well-known «-KTx inhibition mechanism on
K channels as a paradigm for comparison (Anderson et
al., 1988; MacKinnon and Miller, 1988; Miller, 1995), we
made a detailed study of the mechanism by which
k-PVIIA acts on open Shaker K channels. To our knowl-
edge, together with Terlau et al. (1999), these are the
first studies in detail of a four-loop conotoxin inhibition
mechanism on a voltage-gated ion channel. Here, we
present results indicating that (a) x-PVIIA binding to
Shaker K channel is consistent with a 1:1 stoichiometry
and diffusion-limited association, (b) a well-known

K-pore blocker, tetraethylammonium, reduces the toxin
association, but not the dissociation rate, and (c) the
peptide toxin interacts, perhaps electrostatically, with K+
from the intracellular side of the channel. We also argue
that by binding to the external vestibule, the toxin re-
duces the occupancy of permeant ions inside the chan-
nel pore. Together, these results provide compelling evi-
dence that x-PVIIA inhibits potassium currents by plug-
ging the pore of K channels in way analogous to
scorpion toxins (MacKinnon and Miller, 1988).

methods

Peptide Synthesis

Boc-1 amino acids were obtained from Novabiochem or the Pep-
tide Institute, t-Boc-Val-OCH,-PAM-resin (substitution value 0.77
mmol g—1) was obtained from Perkin Elmer. 2-(1H-benzotriazol-
1-y1)-1,1,3,3,-tetramethyluronium hexafluorophosphate (HBTU)
was obtained from Richelieu Biotechnologies. Other reagents
were of peptide synthesis grade from Auspep.

Stepwise synthesis (0.5 mmol scale, 0.649 g resin) was conducted
manually using in situ BOC SPPS (Schnolzer et al., 1992), starting
from Boc-PAM-Val resin. The average coupling was 99.80, as deter-
mined by ninhydrin assay (Sarin et al., 1981). The peptide was
cleaved from the resin using HF/p-cresol/p-thiocresol (18:1:1) at
—10-0°C for 1 h. Peptide was precipitated with cold ether, collected
by filtration on sintered glass, washed with cold ether, and dissolved
in 50% AcOH, diluted with water and lyophilized. The crude pep-
tide was purified by preparative chromatography (Vydac C18 col-
umn, 2.2 X 25 cm), using a 1% gradient (100% A to 80% B, 80 min;
A = 0.1% trifluoroacetic acid [TFA] in H,O, B = 0.09% TFA, 10%
H,0, 90% CH;CN) to give reduced peptide in 34% yield.

The folded product was obtained by dissolving reduced pep-
tide (10 mg) in aqueous 0.33 M NH,OAc/0.5 M GnHCI (154
ml), with pH adjusted to 7.8 using 0.01 M NH,OH. The solution
was stirred at 4°C for 5 d, in the presence of reduced and oxi-
dized glutathione (molar ratio of peptide:GSH:GSSG was 1:100:
10). Lowering the pH to 2-3 with TFA (5 ml) terminated the oxi-
dation. The reaction mixture was loaded onto a preparative
HPLC column (Vydac C18 column, 2.2 X 25 cm) (8 ml min~1)
and washed with 0.1% TFA until all oxidation buffer had eluted.
A 1% gradient (100% A to 80% B, 80 min) was applied and pure
oxidized k-PVIIA was isolated in 95% yield. Electrospray ioniza-
tion mass spectra recorded on a PE Sciex API 1l triple quadru-
pole mass spectrometer were used to confirm the purity and mo-
lecular weights of synthetic peptides.

Heterologous Expression of Shaker K Channels

For electrophysiology, salts of analytical grade were purchased
from Baker. Gentamicin, sodium pyruvate, EGTA, HEPES,
N-methyl-d-glucamine (NMG), and BSA were from Sigma-Ald-
rich Quimica S.A. de C.V.

Females Xenopus laevis (Xenopus One) were anesthetized by
immersion in ice. Ovarian lobes were surgically removed and col-
lected in ND96 solution containing (mM): 96 NaCl, 2 KCI, 1.8
CaCl,, 1 MgCl,, 10 HEPES, pH 7.6, and 50 wg/ml gentamicin.
Type 1l collagenase, 0.9-1.5 mg/ml, was used for digestion of
connective tissue (Worthington Biochemical Corp.). After re-
moving the enzyme, stage IV-VI oocytes were isolated and manu-
ally defolliculated in a nominally Ca?*-free ND96 solution.

The inactivation-removed Shaker H4 A(6-46) (Hoshi et al.,
1990) subcloned in vectors under control of either the cytomega-
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lovirus or the SV40 late promoter were a gift from Dr. Christo-
pher Miller (Brandeis University, Waltham, MA) (Oprian et al.,
1989). To expose the nucleus for injection of the nonlinearized
plasmids, oocytes were put with the animal pole facing up in a
swinging-bucket rotor and spun for 7-12 min at 1,000 g in a Cen-
trific centrifuge (Fisher Scientific). After nuclear injection of
0.05-0.2 ng of cDNA, oocytes were incubated at 18°C in ND96
supplemented with sodium pyruvate (2.5 mM) and bovine serum
albumin (0.04%). After 15-72 h incubation, subsequent record-
ings with two-electrode voltage clamp (TEVC) or outside out
patch clamp were made at room temperature (22°-24°C).

Electrophysiology

For whole-cell TEVC recordings, oocytes were positioned in the
middle of an ~500-p| longitudinal recordings chamber (Naranjo
and Miller, 1996). All measurements were made under continu-
ous perfusion of either a standard recording solution (contain-
ing [mM]: 96 NaCl, 2 KClI, 1 MgCl,, 0.3 CaCl,, 10 HEPES-NaOH,
pH 7.6, and 25 mg/1 BSA) or the same solution plus k-PVIIA, 30—
1,000 nM, added from a stock of 1 mM. Voltage pulse protocols
and data acquisition were performed from a personal computer
running pClamp 5.5 through a Digidata 1200B acquisition inter-
face (Axon Instruments). Whole oocyte recordings were made
with an OC-750C voltage clamp amplifier (Warner Instruments).
Recording electrodes, with resistance of 0.3-1 M) were made
with Ag/AgCl pellet assemblies (Axon Instruments) inside a cap-
illary filled with a solution made of 3 M KCI, 5 mM EGTA, and 10
mM HEPES-KOH, pH 7.0. Voltage pulses of 50-500 ms were ap-
plied from a holding potential of —90 mV, and usually ranged
from —60 to 50 mV in 10-mV intervals. Because oocytes express-
ing outward currents >10 pA at 50 mV usually exhibited obvious
slower rising times, experiments were performed in oocytes ex-
pressing 0.5-8 pA only.

For patch clamp recording, the vitelline membrane was re-
moved after a 10-min incubation in a solution containing (mM):
200 K-aspartate, 10 KCI, 10 EGTA, and 10 HEPES, pH 7.4. After vi-
telline membrane removal, we followed conventional patch-clamp
techniques (Hamill et al., 1981). Outside-out patches were excised
from the oocyte membrane and positioned near the outlet of a
rapid perfusion system (Liu and Dilger, 1991; Naranjo and Brehm,
1993). In such a system, a single solenoid movement (225P071;
NResearch) performs rapid exchange between two solution
streams converging into the tip of the patch pipette. The solenoid
simultaneously opens the path of one solution while it closes the
path for the other. Solution exchange rate was complete in <5 ms.
For most experiments described, patch pipettes (1-4 MQ) were
filled with solutions consisting of (mM) 80 KF, 20 KCI, 1 MgCl,, 10
EGTA, and 10 HEPES-KOH, pH 7.4 (100-K;,). For the experi-
ments with reduced internal K+ concentration (15-K;,), solution
was 90 NMG:-F, 10 KF, 1 MgCl,, 10 EGTA, and 10 HEPES-KOH, pH
7.4. External recording solution was 115 NaCl, 1 KCI, 0.2 CaCl,, 1
MgCl,, and 10 HEPES-NaOH, pH7.4 (1-K,). For all patch clamp
experiments shown in this paper, 500 nM k-PVIIA and 1 mM tetra-
ethylammonium (TEA*) were added to the external patch clamp
recording solution. The small inflection of the K current (~5%)
produced by 1 mM TEA* blockade was used to monitor the posi-
tion of the patch pipette to obtain the optimal rate of solutions ex-
change (see Fig. 4, inset). Because of intrinsic variation of the sole-
noid latency, the TEA*-produced inflection is not often visible in
the averaged records. For experiments in nominally zero internal
potassium (0-K;,,), all potassium salts were replaced with NMG-F
and the membrane patch was formed and pulled out in the 1-K,,
recording solution. Then, the patch was moved to the perfusion
system running a solution made of 16 NaCl, 100 KCl, 0.2 CaCl,, 1
MgCl,, and 10 HEPES-KOH, pH 7.6 (100-K,).
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For whole oocyte and outside-out currents, off-line leak sub-
traction was carried out before performing point-by-point divi-
sion of current records. Curve fitting, statistics, and figure prepa-
ration were carried out with Microcal Origin 3.5 (Microcal Inc.).

Elements of Analysis of a Voltage-dependent Blockade with
Bimolecular Stoichiometry

kon
Sh+T 2 Sh-T
koff

(scheme i)

Scheme | describes the 1:1 toxin binding equilibrium, where Sh,
T, and Sh-T correspond to a conducting empty channel, the
toxin, and a nonconducting channel-toxin complex, respec-
tively. The rate constants for association and dissociation are kg,
and k., respectively. This scheme predicts that in response to a
step-like perturbation, the toxin-binding will relax exponentially
to a new equilibrium. The relaxation rate, measured as the recip-
rocal of the relaxation time constant, is a function of the toxin
concentration as following:

% = on[T] +k0ffv (1)

which defines a straight line with slope k,,, and Kk as intercept.
Meanwhile, the fraction of unblocked channels in the new equi-
librium is given by:

DIPVIIAD - koff
EIcontroIl:loo I(off + kon[T]

Together, Egs. 1 and 2 provide a system with two equations and
two unknowns, k., and k. Thus, by fitting the values of T and

)

DIPVIIAD
EIcontrolljoo

to the macroscopic relaxation in response to each voltage step, a
pair of values for k., and k. is obtained. The magnitude of effec-
tive valence for the voltage dependence of each rate constant, z3,
was calculated from the expression:

k = k(o)e0.04 D5V, (3)

where V is the membrane potential in millivolts, and k, is the
rate constant at zero applied potential. Because the voltage de-
pendence of macroscopic relaxation depends nonlinearly on the
voltage dependence of both k,, and k. to describe it, we pre-
ferred to use the expression:

-V/V
T=Tge Q)

where 7, is the time constant at zero applied potential and V; is
the membrane voltage, in millivolts, that produces an e-fold in-
crease in .

results

Whole cell TEVC recordings in oocytes expressing the
inactivation removed Shaker (A6-46) K channels (Hoshi



et al., 1990) were used to examine the effect of k-PVIIA
(Fig. 1). In this set of experiments, the toxin was ap-
plied continuously to the recording solution superfus-
ing the oocyte. Fig. 1, A and B, shows K currents elic-
ited by 200-ms depolarizing steps between —60 and
+50 mV at 10-mV intervals in the presence and ab-
sence of 100 nM «-PVIIA. The apparent effect of 100
nM k-PVIIA on the K channels is to make activation ki-
netics more complex by the introduction of a second,
and slower, phase in the rising of the currents elicited
by voltage steps (Fig. 1 B). Also, the conductance-volt-
age relationship measured at the end of the pulse is
shifted to the right and is less steep in the presence of
the toxin (Fig. 1 C). This voltage-dependent effect is in
contradiction with the nearly voltage independent af-
finity of k-PVIIA on the inactivating Shaker H4 observed
previously (Terlau et al., 1996; see below).

Results described in Fig. 1 may suggest that the toxin
effect on Shaker K channels is to modify the gating
mechanism. The toxin would bind preferentially to the
closed channel conformation, delaying the rate of acti-
vation. Such a mechanism has been proposed for hana-
toxin, a component of the spider venom, on other K
channels as Kv2.1 (Swartz and MacKinnon, 1997). An
alternative explanation could be that the toxin binding
to its receptor in the channel is voltage dependent. In
this latter view, the positive-going voltage pulse used to
activate the channels would also destabilize the binding
of the toxin. Thus, the slow apparent activation of the
currents would represent the time course by which the
toxin binding relaxes from one equilibrium at resting
potential to one of lower affinity at a more positive volt-
age. This kind of mechanism would be reminiscent to
the “hook” seen in the tail K currents induced by in-
ternal tetra-alkylammonium (Armstrong, 1971). Data
shown in Figs. 2-5 are from experiments made to dis-
tinguish among these two possible mechanisms.

Fig. 2 A shows a point-by-point division of the traces in
the presence of the toxin by the control traces at pulse
voltages positive to —20 mV shown in Fig. 1. As done be-
fore by Scanlon et al. (1997), single exponential fits
(thin lines on top of each trace) to the normalized
traces were extrapolated to the beginning of the voltage
pulse. Regardless of the blocking mechanism, a com-
mon origin for the curves indicate the level of the block-
ing equilibrium at the holding potential. As the voltage
pulse is made more positive, the time constant of relax-
ation gets smaller, and the steady state inhibition is re-
duced (Fig. 2 B). Good descriptions by single exponen-
tial of the traces suggest a voltage-dependent first-order
process.

Dose—Response Experiments

A simple bimolecular stoichiometry predicts that the
rate of relaxation should increase linearly to the toxin

Control
A 1

20 ms

100 nM «-pviia

/e

e
o-0-0
[

T [ T | 1
-50 0 50
Voltage, mV

Figure 1. Effect of the x-PVIIA on Shaker IR. Two-electrode volt-
age clamp recordings of an oocyte expressing Shaker H4 A(6-46) in
a control solution (A) and in the presence of 100 nM «-PVIIA (B).
Currents were elicited from a holding voltage of —90 mV by acti-
vating pulses of —60 to +50 mV with intervals of 10 mV. Dotted
lines indicate the zero current level. (C) Potassium conductance
measured from the current at the end of the activating pulse. ®
and O indicate conductance with and without toxin, respectively.
Values are taken from the records shown in A and B. After leak
subtraction, each value of conductance was calculated assuming a
reversal potential of —100 mV. The normalizing value, g,. is the
conductance measured at the end of the control record taken at
+40 mV.
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Steady state
fractional current—O—

Figure 2. Voltage dependence
of k-PVIIA inhibition. (A) After
leak subtraction, records taken in
the presence of 100 nM «k-PVIIA
at each pulse voltage (Fig. 1 B)
were divided point-by-point by
leak-subtracted control record
taken at corresponding voltages.
Shown are the results of such an
operation for the interval 2-100
ms after the beginning of the 0
to +50 activating pulses. For the
pulses to —10 and —20 mV, the
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points intervals 15-100 and 18-
100, respectively, are shown. The
thin lines correspond to fits of an
exponential equation of the

30 60

from: f(t) = a — b - e"¥7, where a, b, and 7 correspond to the steady state fractional current, the amplitude extrapolated to the beginning
of the pulse, and the time constant, respectively. Note that the lpy;a/1control CUFVES cOnverge to similar values when extrapolated to the be-
ginning of the activating pulse. The mean * SEM value is: 0.35 * 0.004 for the —10- to +50-mV pulses. These values correspond to the
resting inhibition at holding potential. (B) Plot of the results from the kinetic analysis shown in A. Plotted, as mean = SEM for four sepa-
rate experiments, are the time constant and steady state fractional current, (Ipy;a/lcontrol)= 85 @ function of the activating pulse voltage (a
and 7in A). The continuous line over the time constant data (@) was drawn according to Eq. 4 with 7 = 39 ms and V; = 49 mV.

concentration. Fig. 3 A shows records obtained with a
100-ms pulse to +40 mV with 0, 30, 100, and 300 nM
k-PVIIA. In Fig. 3 B, the point-by-point divisions of the
traces by their controls at zero toxin are shown. With
this operation, the concentration dependence of the
blockade at holding potential becomes apparent. From
these measurements, a dissociation constant at holding
potential of 65 = 11 nM is obtained (mean = SEM for
four different experiments, Fig. 3 B, inset). This value

[K-pviia]

100

100

1/Tau, ms™
(3]
o

[x-pviia], nM

D
40 mV
B 20 mv
/ omv
1 | I ! 1 | L |

is in close agreement with the 60 nM measured by Ter-
lau et al. (1996) and with tonic inhibition measured at
resting (Terlau et al., 1999). Thus, we can explain the
discrepancy between our results and the nearly voltage-
independent affinity measured for k-PVIIA inhibition
to the N-inactivating Shaker H4 by Terlau et al. (1996).
Because N-type inactivation proceeds much faster than
the toxin relaxation (milliseconds versus tens of milli-
seconds), measurement of fractional inhibition, early

Figure 3. Dose dependence of k-PVIIA inhibi-
tion. (A) Four superimposed TEVC records taken
with activating pulse to +40 mV in the presence
of the indicated nanomolar concentrations of the
toxin. Record taken with 300 nM toxin corre-
sponds to a different experiment, but for the sake
of comparison was scaled to represent the actual
blockade. The dotted line indicates the zero cur-
rent level. (B) Records divided point-by-point by
their respective controls with no toxin added.
Thin lines are single exponential fits extrapolated
to the beginning of the voltage pulse as described
. in Fig 2 A. (Inset) Dose dependence of the inhibi-
tion at resting obtained from the values extrapo-
lated to the beginning of the pulse. Measure-
ments made for 30, 100, and 300 nM represent
mean =+ SEM for three to four oocytes. The value
for 1 wM corresponds to a single measurement.
The solid line corresponds to a simple inhibition
hyperbola with a half-saturation at 65 nM. (C)
Rate of relaxation measured as the reciprocal of

[x-pviia]

UBLIND [eUOHOEL
pajejodenx3
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60

the time constants obtained from the single expo-
nential fits to data as shown in B. Straight lines are
linear regression to the data. For a 1:1 stoichiome-
try, this rate is represented by Eq. 1. At each volt-

age, the slope is the second order rate constant, k,,, and the intercept at zero toxin corresponds to the dissociation rate, k. (D) Plot of kg,
and k. as a function of the applied voltage pulse for each measurement made in C. Solid lines were drawn according to Eq. 3. The values

are shown in Table I.
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during the pulse, at the peak of the current in N-inacti-
vating channels should closely resemble the binding
equilibrium at holding potential.

As is apparent from Fig. 3, A and B, the rate of relax-
ation increases at higher toxin concentrations. Fig. 3 C
shows that the rate of relaxation, measured as the recip-
rocal of the time constant, increases linearly with the
concentration of k-PVIIA at all voltages. Linear regres-
sions to the data show that the intercept changes with
the pulse voltage; meanwhile, the slope is almost invari-
ant. This linearity is consistent with a bimolecular sto-
ichiometry for the interaction between k-PVIIA and the
Shaker K channel as shown by Scheme | in methods.
For such a scheme, Eq. 1 states that the slope is k,, and
the intercept is K.

Fig. 3 D plots the voltage dependence of both rate
constants for the data plotted in C. It is clear that most
of the voltage dependence resides in k. (@). At zero
voltage, Ky is 17 = 1571, with azd = 0.58 = 0.08. Mean-
while, the apparent second-order rate constant is
nearly voltage independent. The rate constant k., has a
zero-voltage value of 70 = 9 uM~1s~1 with z5 = 0.08 =
0.16. This value agrees very well with that of 61 pM~1
s~ for charybdotoxin, a toxin whose binding to potas-
sium channels is proposed to be diffusion limited
(Miller, 1990; Goldstein et al., 1994). This “on” rate
constant seems too fast to be the rate limiting step for a
protein conformational change; nevertheless, it is slow
enough for a conformational change in the channel
promoted by a toxin that is already bound at resting—
before the activating voltage pulse is given (see Terlau
et al., 1999; Fig. 3 B and inset).

Rapid Application of x-PVIIA to Outside-Out Patches

Because the use of voltage-step protocols is inherent to
the study of Shaker K channels, to differentiate between
the effects of the voltage or the open probability of the
channels on k-PVIIA binding, chronic bath application
to whole oocytes are inadequate. We compared chronic
and rapid applications of the toxin to membrane
patches expressing macroscopic currents in the out-
side-out configuration (Liu and Dilger, 1991; Naranjo
and Brehm, 1993).

Outside-out patches were separated from the oocyte
following standard techniques (Hamill et al., 1981).
Holding the pipette voltage at —90 mV, the pipette tip
was positioned near the opening of the fast perfusion
system and 200-ms test voltage pulses from —60 to 50
mV were applied. Fig. 4, A and D, shows two different
patches with typical sets of current records obtained
with the control recording solution (1-K,,) washing the
membrane patch, and with the 15-K;, solution in the pi-
pette (see methods). At most test voltages, currents
were already fully activated 30 ms after the beginning

of the pulse. However, the time courses of the currents
are bit more complex than those obtained in whole oo-
cytes recordings. At potentials positives to —20 mV, a
time-dependent decrease of the current becomes evi-
dent. Such reduction was not apparent in the whole oo-
cyte records. We do not know if this difference from
the two-electrode voltage clamp experiments is due to
an inactivation process, a local potassium depletion
that renders currents smaller, or both. No further at-
tempts to study this phenomenon were made.

To separate gating from toxin kinetics in the chosen
interval of pipette voltages, toxin was applied ~40 ms
after the beginning of the test pulse. Visual clues are
not usually enough to position the pipette tip where so-
lution exchange is optimally fast. To monitor the opti-
mal positioning of the membrane patch in the rapid
application system, together with the toxin, we added 1
mM TEAT to the test solution. Because this TEA* con-
centration produces a fast blockade of a small but mea-
surable fraction of the current, we could monitor the
solution exchange rate by monitoring the speed of the
inflection produced by the TEA* effect on K currents
on individual records (see Fig 4 B, inset). Fig. 4 B shows
an average of four runs of x-PVIIA/TEA®*. The rapid
TEA™ inflection is not visible in averaged records be-
cause of inherent variable latency of the solenoid valve
(<5 ms). At all voltages, 1 mM TEA*/500 nM «k-PVIIA
pulse applications produced a decrease in the current
in which the kinetics of the onset and offset of toxin
blockade are faster as the voltage is made more posi-
tive. As with the whole oocyte recordings, we made
point-by-point division of toxin current records by con-
trol records at each voltage. As a result of such an oper-
ation, we also avoided possible distortions on toxin ki-
netics resulting from the apparent inactivation, as seen
by the complete recovery in the current records taken
at more positive voltage pulses (Fig. 4 C). These nor-
malized records show voltage-dependent on and off ki-
netics in addition to a voltage-dependent steady state
inhibition. Single exponential fits applied to each nor-
malized trace are shown as solid lines over some traces.
A general result from single exponential fits to the nor-
malized traces is shown in Fig. 5 (open symbols). This
figure plots averages of data pooled from a total of 13
outside-out patches with pulse applications of k-PVIIA.
Because we did not find significant difference in the
toxin kinetics between experiments obtained with 100-
Kin (n = 7) or 15K, (n = 6) solutions in the patch pi-
pette (not shown, see Table | and discussion), these
data also represent the merging together of these two
experimental conditions.

If the toxin inhibition is produced merely by toxin
binding instead of inducing, or preventing, a confor-
mational change, the kinetics of the response to a volt-
age step in the presence of the toxin should be identi-
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200 pA

Figure 4. Comparison between
pulse and chronic applications of
k-PVIIA to outside-out patches. A
and D show current records from
two different outside-out patches
elicited by 200-ms long voltage
pulses from —60 to +50 mV, with
intervals of 10 mV. Bath and pi-
pette K™ concentration were 2
and 15 mM, respectively (see
methods). (B) Rapid applica-

50 ms

tions of 1 mM TEA*/500 nM
k-PVIIA to an outside-out patch
~40 ms after the beginning of the
activating voltage pulse. The
shaded area (Pulse) indicates the
duration of the toxin application.
Records shown are the average of
four individual records at each
voltage. (Inset) A single record
taken at 0 mV showing the inflec-
tion in the K currents produced

by the presence of 1 mM TEA*
in the toxin-containing solution.
The TEA*-induced inflection is
lost in the average because of the
variable latency of the solenoid
valve. (E) Chronic application of
1 mM TEA*/500 nM «-PVIIA to
the outside-out patch. The sole-
noid valve was open while the ac-

quisition lasted. C and F show
point-by-point  divisions of the
leak-subtracted TEA*/toxin
records by their respective leak-
subtracted controls. Single-expo-
nential fits to each resulting relax-
ation while the toxin was present
were performed (thin lines
shown alternately for clarity). The
sections including current at
holding potential and capacitative
transient were eliminated. (F) Ex-
ponential functions were extrapo-
lated to the beginning of the volt-

Fractional current

cal to that induced by pulse applications of toxin at a
constant voltage. To the patch whose current record is
shown in Fig. 4 D, 1 mM TEA*/500 nM «-PVIIA was
chronically applied, a protocol equivalent to that of the
whole-oocyte experiments (Fig. 4 E). As in the whole
oocyte experiments, the apparent time course of the
current activation is also delayed in these conditions. A
point-by-point division of these traces by the controls of
Fig. 4 D is shown in F. This family of normalized traces
shows that the voltage dependence of the relaxation
and steady state inhibition is similar to those with the
toxin pulse protocol shown in Fig. 4 C. Thin lines in
Fig. 4 F correspond to exponential fits to some of the
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age pulse and converge to the
same value. In A, B, D, and E, the
dotted line indicates the zero cur-
rent level.

normalized traces. Average time constant and steady
state inhibition for 11 pooled patches are plotted as
solid symbols in Fig. 5 (n = 4 with 100-K;, and 7 with
15-K;, in the pipette).

Fig. 5, A and B, summarizes results of the kinetic
analysis of the experiments of k-PVIIA applications to
outside out patches. In Fig. 5 A, time constants for the
onset of inhibition and recovery after toxin removal for
the pulse protocol experiments are plotted as open
symbols; meanwhile, plotted as solid symbols are the
time constants of the relaxations in the experiments
with chronic application as shown in Fig. 4 F. Fig. 5 B
plots the steady state inhibition for pulse (O) and
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Figure 5. Results from the kinetic analysis to the relaxation re-
sulting in the point-by-point division of the patch clamp experi-
ments shown in Fig 4. (A) Time constants of the exponential fits to
the relaxations are as those shown in Fig. 4, C and F. Data are plot-
ted as mean = SEM. O and @ are for pulse and chronic relax-
ations in the presence of the toxin, respectively. [J are the time
constant for recovery resulting from removal of the toxin at the
end of the pulse application. Solid lines are best fits to Eq. 4, with:
Ton = 27 = 2msand V,,, = 80 = 17 mV for pulse applications, and
To = 13 = 2msand V, . = 56 = 4 mV for recovery after toxin re-
moval (n = 13; pooled data from seven experiments in 100-K;,//1-
Kex, and six in 15-K;,/7/1-K,). For chronic applications: T = 29 = 3
ms and V, = 141 = 58 mV (n = 11; pooled data from four experi-
ments with 100-k;, and seven with 15-k;, in the pipette). No signifi-
cantly different values for the time constant of onset relaxation are
detected (O and @; P > 0.05; paired t test for the data between
—20 and +40 mV). (B) Steady state inhibition determined from
the asymptotic values of the single exponential fits. The levels of
steady state fractional current reached with both protocols are sig-
nificantly different (P < 0.00001; paired t test for the data between
—20 and +40 mV).

chronic (@) applications. Two lines of evidence
strongly suggest that the rate-limiting step for the relax-
ation of the inhibition is the association of the toxin
with the channel and not a conformational change
from a closed to open state. (a) Although the levels of
steady state fractional current reached with both proto-
cols are significantly different, in average, the system-
atic difference between both curves accounts for <3%
of the inhibition. On the other hand, for both proto-

cols of k-PVIIA applications, no significantly different
values for the time constant of onset relaxation are de-
tected, indicating that both the voltage pulse in the
presence of k-PVIIA and the toxin pulse applied to the
open channels promote a nearly identical perturbation
on the blockade equilibrium, as expected by a most
simple voltage-dependent blocking mechanism. Such a
mechanism only requires toxin binding with 1:1 stoichi-
ometry to produce inhibition. (b) Although the toxin
binds with moderately higher affinity to the closed state
(Terlau et al., 1999), in both protocols, no inflection is
observed between values obtained at voltages around
10 mV (Fig. 5 A). At this range of voltages, the open
probability of the channels is near its maximum and be-
comes roughly voltage independent (see Fig. 1 C),
thus, reinforcing the idea that the toxin inhibits the
open K channels mostly by a voltage-dependent bind-
ing. Zero-voltage time constant of the onset of chronic
application is 7,, = 29 = 3 ms, with V, = 141 + 58 mV.
For pulse application, the zero-voltage onset time con-
stant is o, = 27 = 2 ms, with V, = 80 = 17 mV, while for
the recovery it is 7,4 = 73 £ 2 ms with V, = 56 = 4 mV.

Rate Constants

In a bimolecular scheme as presented in methods, the
time constant of the macroscopic relaxation is gov-
erned by Eqg. 1. In the absence of toxin, k. can be cal-
culated directly from the reciprocal of the recovery
time constant, 7, in the measurements of toxin re-
moval. Also, we have two additional experimental con-
ditions in which the relaxation in the presence of the
toxin is seen, chronic and pulse application onset. For a
1:1 stoichiometry, these two types of macroscopic relax-
ations should reach a steady state level given by Eq. 2.

From the values plotted in Fig. 5, we calculated both
kon and ki for each pipette potential by using Egs. 1
and 2. Results from such calculations are summarized
in Fig. 6. The small open and filled symbols correspond
to the calculations of k,,, and k., respectively. There is a
good agreement in the values of k. measured directly
from pulse experiments (Fig. 6, small solid circles) with
those calculated from the two-equation system regard-
less of the experimental protocol. As in the whole oo-
cyte experiments of Fig. 3, most of the voltage depen-
dence appears to be in k. An overall average calcu-
lated from all three experimental data sets is plotted as
the big circles in Fig. 6. The solid line is a single expo-
nential fit to the calculated rate constants. At zero volt-
age, the second order rate constant, k,,, is43 + 3 uM~1
s~ with z8 = 0.11 = 0.05. This value for k,, is only 40%
smaller than that measured on the whole-oocyte exper-
iments and is also consistent with a diffusion-limited as-
sociation (Miller, 1990). Similarly, showing good agree-
ment with the whole oocyte experiments, ky at zero
voltage is 13 = 2 s~1 with z8 = 0.53 = 0.09.
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Figure 6. Kinetic values of the k-PVIIA inhibition. Small symbols
represent different solutions to the system of Egs. 1 and 2, while
the big symbols (O and @) represent arithmetic averages of the
kon and ko values obtained by the different methods (see text).
Small open symbols represent k,,; O and [ result from the pulse
application protocol, while the (A) plot results from the chronic
application protocol. Small filled symbols represent k;; @ and l
from the pulse application protocol, and A from the chronic ap-
plication protocol. Solid lines are single exponential fits of Eq. 3.
The rate constant values that describe the data are shown in Table
I, under pooled patch clamp data.

The near perfect agreement between the patch
clamp and two-electrode voltage clamp experiments re-
inforce the idea that the k-PVIIA exerts its inhibition ef-
fect on the open K channel by binding to an external
site only. Thus, the relaxation of the macroscopic K
currents observed in oocytes under chronically applied
toxin is analogous to the slow hook seen previously
when tetraethylammonium ions dissociate from squid
axon potassium channels before rapid deactivation in
response to repolarization (Armstrong, 1971). In both
cases, macroscopic kinetics are determined by a tempo-
ral superposition of blocking and gating transitions.
Additionally, owing to the noninactivating feature of
Shaker-IR, we established that in the relatively slowly
perfused whole oocyte preparation we could make
high resolution kinetic measurements of a toxin with a
resident time in the tens of milliseconds time scale.

Competition with TEA*

Although there is no compelling evidence that x-PVIIA
plugs the pore of K channels, there are several lines of
evidence that x-PVIIA interacts with the Shaker external
vestibule. Transference of the H5 segment from a
k-PVIIA-sensitive K channel to an insensitive channel
also transfers toxin sensitivity (Shon et al., 1998). Muta-
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tions in the H5 segment alters toxin affinity (Scanlon et
al., 1997; Shon et al., 1998). Also, externally applied
TEA™, a specific pore blocker for K channels, reduces
the extent of the blockade, suggesting a competitive in-
teraction with the toxin (Scanlon et al., 1997). As an
antecedent to these experiments, TEA* only reduces
the association rate of CTX to the large conductance
Ca-activated K channels (MaxiK-channel), without an
effect on the dissociation rate (Miller, 1988). Thus if
k-PVIIA binds to the Shaker vestibule, similar effects are
expected. With two-electrode voltage clamp, k-PVIIA
binding was studied in the presence of TEA* 0-10 mM,
added on top of the recording solution. Fig. 7 shows a
summary of such experiments. In the same fashion as
we did for the results shown in Fig. 3, we made a point-
by-point division of records taken in k-PVIIA/TEA™ so-
lution from those taken in TEA* only (not shown). Ap-
plying Egs. 1 and 2 to the time constants and steady
state inhibition obtained from the single exponential
fits to the relaxations, apparent k., and k., for the ef-
fect of TEA* were obtained. TEA* decreases the appar-
ent association rate with little effect on the dissociation
rate. This effect seems to be specific for TEA™ because
raising Na* concentration to 10 mM does not signifi-
cantly affect either k,, or k.4 (Fig. 7, solid lines). To-
gether, these results indicate that the effect of TEA* on
k-PVIIA binding is not due to the increased ionic

5 _ —
kTEA

kV=0; TEA=0 1
1 7]
02 | ) | L | L I
-30 0 30 60

Pulse voltage, mV
Figure 7. Effect of TEA* on the kinetic parameters of k-PVIIA

inhibition. Average values of k,, (filled symbols) and k. (open
symbols) at different TEA* concentrations. All values shown were
normalized by the rates measured at zero applied potential in the
absence of TEA*. Symbols represent different concentrations of
TEA": 0 mM (M and O), 1 mM (@ and O), 5 mM (¢ and <), and
10 mM (A and A). The continuous lines correspond to the nor-
malized values of k,, and Kk, measured in 10 mM NaCl added on
top of the normal recording solution. Each value represents the
average *+ SEM from two to five different oocytes.



TABLE |
Summary of the Kinetic Parameters of x-PVIIA Blockade on Shaker IR

Experimental condition Kon(o) Z8on Kofroy 28t Ky n
uM-1s1 st nM
TEVC
[K*exe = 2 MM 70+9 0.08 + 0.16 17 +1 0.58 + 0.08 240 + 30 4 Fig. 3
[K*]ex = 2 mM#* 52 x4 0.03 = 0.04 21x2 0.61 + 0.04 403 = 40 10 Egs. 1and 2
[K*]exe = 100 mM* 36 =6 0.10 + 0.05 22+2 0.66 + 0.03 610 *+ 100 9 Egs. 1and 2
*Patch
Chronic  100-K;,//1-K¢, 52 +3 0.03 + 0.04 25+3 0.64 + 0.06 480 + 60 4 Egs. 1and 2
15-K;n/71-Key 32+2 —0.14 = 0.07 10+1 0.47 + 0.08 313 + 37 7 Egs. 1and 2
Pulse 100-K;//1-Key 44 + 4 013+ 04 15+1 0.52 + 0.08 341 + 38 7 Eqg.1
15-K;n/ 7/ 1-Key 48 +5 0.17 * 0.09 12+1 0.56 + 0.10 250 *+ 26 6 Eq.1
0-K;//100-Kgy ND ND 11+1 0.28 + 0.05 — 4 Eq.1
Pooled patch-clamp data 433 0.11 + 0.05 13+2 0.53 + 0.09 300 + 40 24 Fig. 6

Values of the association and dissociation rates, and their voltage dependence for each set of experiments. Values of kyn gy and Kooy and z8,,, and z3¢ were calculated
from Eq. 3 (see methods). The zero-voltage dissociation constants were calculated with: Ky = Kofiay/Konoy- *Patch clamp experiments were done in presence of 1
mM TEA*, and then the calculated values of k,,, are underestimated by ~10% (see Fig. 7). *Determinations were done separately in paired experiments.

strength, but rather to a specific exclusion of the toxin
from the external vestibule of Shaker.

Internal Potassium Alters Binding to Shaker

To determine whether k-PVIIA inhibit ionic conduc-
tion by occluding the ionic pathway, we analyzed the ef-
fect of altering permeant ion concentration in the op-
posite side of the pore. This strategy had shown that
the binding of CTX to the MaxiK-channel is very sensi-
tive to the intracellular K* (MacKinnon and Miller,
1988; Park and Miller, 1992b). The rationale for these
experiments is that occupancy of the pore by permeant
cations coming from the internal side of the channel
will repel electrostatically the highly positively charged
toxin (+4). In the MaxiK-channel, an approximately
fourfold increase in the toxin residence time is ex-
pected when the internal K* concentration is lowered
from 110 to ~10 mM. As with the Ca-activated K chan-
nel, half saturation concentration for K conductance in
Shaker K channels is near 300 mM, suggesting the pres-
ence of a low affinity K-binding site (Eisenmann et al.,
1986; Heginbotham and MacKinnon, 1993). To our
surprise, in outside out patches, preliminary experi-
ments showed a minor effect, either on the association
or the dissociation rates, produced by the reduction of
the intracellular K* concentration from 100 to 15 mM
(Table I). This result suggests that, if k-PVIIA occludes
the conduction pathway, it is not very sensitive to K oc-
cupancy in the pore, or the pore occupancy is not very
different in these two distinct conditions. As in the
MaxiK-channel, it had already been suggested that in
the Shaker K channel there are at least one micromolar
affinity potassium binding sites inside the K channel
pore (Neyton and Miller, 1988a; Baukrowitz and Yellen,
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1995). Thus, we substituted all the potassium by the
nonpermeant cation NMG™ in the patch pipette solu-
tion, and we formed and pulled outside-out patches
from the oocyte membrane in the 1-K,, recording solu-
tion. We attempted to reduce contamination of the
patch pipette with K*, and thus minimized occupancy
of the pore from internal potassium ions. After obtain-
ing a stable outside-out patch, the pipette was posi-
tioned in the rapid perfusion system applying an exter-
nal solution containing 100 mM K*. Under these con-
ditions, 0-K;,//100-K., and high levels of channel
expression, voltage pulses activated inward currents
that frequently produced positive feedback responses
characteristic of inadequate clamp. This latter effect
was avoided by doing recordings with small currents
(<200 pA). Fig. 8 A shows 400-ms records with pulse
application of a solution that, in addition to the 100
mM KCl, contained 500 nM «-PVIIA and 1 mM TEA™.
Because, at any voltage, this type of record displayed
<10% of inactivation (not shown), the rate of dissocia-
tion was measured by fitting single exponential func-
tions directly to the time course of the inward currents
recovery. Average values (mean = SEM) for four such
experiments are plotted in Fig. 8 B. For the sake of
comparison, the best fit to the average dissociation rate
made with in whole oocyte TEVC at 100 mM external
K* is shown by dotted lines (Fig. 8, and see Table I). In
agreement with the results that Goldstein and Miller
(1993) previously obtained for CTX in the nominal ab-
sence of internal K*, both the amplitude of the zero-
voltage dissociation rate and its effective valence were
reduced by half. Such a trans-pore effect of potassium
ions is by itself indicative that the mechanism of inhibi-
tion k-PVIIA on K channel is physically blocking the
ion conduction pathway (Bezanilla and Armstrong,

Inhibition Mechanism of «-Conotoxin on Open Shaker K Channels



Figure 8. Effect of internal K* removal on the
dissociation rate of k-PVIIA. (A) Pulse application
of 1 mM TEA*/500 nM «k-PVIIA (shaded area) to
an outside-out patch. External solution contained
100 mM K* and the pipette was filled with 100
mM NMG* (0-K;,//100-K,; see methods). Pi-
pette potential was maintained at —90 mV and
400-ms pulses were applied from —70 to +50 in
10-mV increments. These records represent the
average of four identical traces. The dotted line is
the zero current level. (B) Voltage dependence of
the dissociation rate in the absence of internal
K*. A single exponential function was fitted to
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removal. Dissociation rate constants were calcu-
lated from the reciprocal of the resulting time
constants. The solid line was traced with the fol-
lowing parameters: Kooy = 11 = 1 st and 25 =
0.28 = 0.05. Each data point represents mean =+

30 60

SEM for four different patches. For comparison, the dashed line represents the voltage dependence of the dissociation rate measured in
whole oocyte bathed in 100 mM external K+ (o) = 22 s7* and z3 = 0.66).

1972; MacKinnon and Miller, 1988). These results also
suggest that, as in CTX, the side chain of a basic resi-
due interacts with permeant ions residing in the nar-
rowest region of the pore.

k-PVIIA Protects the Shaker Pore from Collapsing

As with CTX (Goldstein and Miller, 1993), the com-
plete removal of the internal K™ does not abolish com-
pletely the voltage dependence of k-PVIIA binding to
Shaker (Fig. 8). The most economical interpretation for
this residual voltage dependence is that a positive
charge located in the pore-occluding side chain of the
toxin interacts intimately with the narrowest part of the
K channel pore, getting located inside the electric
field. An electrical distance of 0.2-0.25 coincides with
an externally located cationic binding site that is
present in the pore of Shaker. A binding site detected at
approximately the same electrical distance can accom-
modate mono- and divalent cations. NH,*, Cs*, Rb™,
and K* bind to this site with low millimolar or high mi-
cromolar affinity (Lépez-Barneo et al., 1993; Hurst et
al., 1995; GOmez-Lagunas, 1997; Harris et al., 1998).
Occupation of this site impeded or delayed C- or P-type
inactivation, pore collapsing conformational changes
proposed to occur near the external entrance of Shaker
pore (Lépez-Barneo et al., 1993; Liu et al., 1996; Harris
et al., 1998). On the other hand, Gdémez-Lagunas
(1997) recently found that the occupation of an exter-
nal site by the permeant ions or by TEA"™ protects
Shaker K channels from visiting a long-lived noncon-
ducting state christened “defunct” (Melishuck et al.,
1998). This state arises when the channels are opened
in the absence or presence of submillimolar K* con-
centration; then they are forced to close after its pore
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occupancy has diminished (Gomez-Lagunas, 1997).
Closing the channel after the occupying ions are al-
lowed to escape away from the pore promotes a col-
lapse of the pore that traps the gating machinery in a
altered set of states (Melishuck et al., 1998). Thus, both
types of nonconducting states depend largely on pore
occupancy. We tested whether we could promote any of
these nonconducting states just by blocking the chan-
nel with k-PVIIA in the absence of internal permeant
ions (Fig. 9). Outside-out patches were recorded in
0-K;,//100-K,, condition. From a holding potential of
—90 mV, the channels were opened by a pulse to —40
mV to ensure a strong driving force for K* to flow in-
wardly. First, we determined that an application of
nominally zero K* solution (100 mM NMG™) to the
patch pipette that exposed 5-8 ms before the voltage
pulse ended was necessary to observe any measurable
amount of current reduction between consecutive
pulses (shaded area in Fig. 9 A). For an interpulse in-
terval of 5 s, this reduction indicates the population of
channels visiting any of the occupancy-dependent non-
conducting states. Because Shaker K channels show little
rectification between +40 and —40 mV, we expected
the external binding site to be empty in <500 s
(Baukrowitz and Yellen, 1996). Thus, the amount of
time needed to observe current reduction might repre-
sent incomplete wash out of the high K* solution. In
any case, this figure represents an upper limit to the
time needed to empty the pore, and is 20-30-fold
shorter than the residence time of the bound toxin at
—40 mV in this experimental condition (~150 ms, see
Fig. 8 B). After the 40th pulse, <40% of the current re-
mains (Fig. 9 C, O). On the other hand, Fig. 9 B shows
an experiment in which, instead of exposing the open
channel to zero potassium, we applied k-PVIIA to the
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patch with the intention of occluding the external exit
of the pore. In such a case, the K channel pore should
be emptied into the internal solution. At 150 ms after
channel opening, a 150-ms pulse of 1 mM TEA*/500
nM k-PVIIA that blocked ~60% of the channels was ap-
plied (Fig. 9, shaded area). While the toxin was still be-
ing applied, the channels were forced to close by step-
ping the voltage back to —90 mV. Thus, given that the
toxin blocking time is more than two orders of magni-
tude longer than the time needed to empty the pore
(Table 1), closing the channels while they are still
blocked should drive a measurable fraction into any
occupancy-dependent nonconducting state. Fig. 9 B
shows a set of 10 traces representing one of every four
acquisitions from one of such an experiment. If the
toxin does not protect the channel, ~40% of the cur-
rent is expected to have disappeared at the 40th pulse
(Fig. 9 C and legend). However, in four experiments

Figure 9. «-PVIIA protects the Shaker pore from collapsing.
Traces show 10 current records from outside-out patches with 100
mM external K* and 100 NMG™ in the pipette (0-K;,//100-K,,, see
methods). Except for the initial control in A, traces shown corre-
spond to one in every four acquired. The dotted line indicates the
zero current level. The lower cartoon under each set of traces de-
picts the kinetic states that the Shaker K channels are putatively visit-
ing during the experimental protocol: closed, open-conducting,
open-empty, and pore-collapsed. (A) Exposing channels to zero po-
tassium produces a cumulative reduction of the current. Every 5s,
the pipette voltage was stepped from —90 to —40 mV for 200 ms to
open channels. After an initial control trace, distinguished by the
inward tail current, ~15 ms near the end of the depolarization, the
pulse of a zero K* solution is given (0-K;,//0-K,,). We estimated
that the channels are exposed for 5-8 ms to this 0-K;,//0-K,, exper-
imental condition. During this time, K* residing in the pore are al-
lowed to escape, reducing the channel pore occupancy. The frac-
tion of channels not entering nonconductive state(s) promoted by
this experimental manipulation is plotted (C, O). (B) Exposing
channels to toxin does not produce reduction in the current. Simi-
lar to A, every 5 s, the pipette voltage was stepped from —90 to —40
mV for 200 ms to open channels. At ~150 ms after the beginning
of the voltage pulse, a 150-ms long TEA*/toxin pulse was applied
to block the channels (shaded area). During this period, ions resid-
ing in the pore of the open/blocked channel are expected to es-
cape away into the intracellular side of the channel. The activating
voltage pulse ends when ~60% of the channels are blocked and
near equilibrium. The toxin residence time at this voltage is three
orders of magnitude larger than that of possibly the last occupying
ion (150 ps vs. 150 ms, see Fig. 8 B; Baukrowitz and Yellen, 1996).
Also, this residence time is 20-30-fold larger than the 5-8 ms of ex-
posure to zero K* needed to observe reduction in the current as
shown in A. If the toxin does not protect, and if the 60% toxin
binding at the end of the pulse is in equilibrium for more than 5-8
ms, at least a 40% reduction in the current is expected to be pro-
duced at the 40th pulse. This is a very conservative low limit that
was obtained from the exponential fitting to the 0-K,, data in C.
(C) Fractional current averages of non-leak-subtracted records. Av-
erages were measured in the 50-100-ms interval after the begin-
ning of the voltage pulse for both experimental conditions and the
error bars represent SD in each interval. A solid line was drawn ac-
cording to a single exponential with a decay constant of 44 pulses.

like this, no reduction of the current was detected at
even the 60th pulse, suggesting that the channel pore
cannot collapse while the toxin is bound. Because both
types of nonconducting states require or are facilitated
by pore vacancy, while k-PVIIA is bound to the channel,
the pore behaves as if occupancy were preserved. The
simplest interpretation to this result is that a part of the
toxin impedes pore collapse. Thus, we suggest that a
component of k-PVIIA occupies the most externally lo-
cated K* binding site of Shaker pore, resulting in a pro-
tection of the channel. In normal physiological condi-
tions, such occupancy should reduce the average num-
ber of permeant ions residing in the pore.

discussion

Here we present evidence for a mechanism of inhibi-
tion of a peptide component of the venom of the pred-
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ator marine snail Conus on K channels. The 27-residue
k-PVIIA inhibits K* currents by binding to the external
vestibule of the Shaker K channel pore with a 1:1 stoichi-
ometry at a rate consistent with a diffusion-limited
manner (Miller, 1990). It competes with TEA* and un-
binds the channel vestibule in a voltage-dependent
manner, probably due to electrostatic interaction with
permeant ions inside the pore. Such a mode of action
is remarkably similar to that proposed for scorpion tox-
ins of the family «-KTX, the best characterized of all
peptide toxin specific for K-channels (Miller, 1995).

Effect of Internal K* on Toxin Unbinding

As with «-KTX, «-PVIIA voltage dependence of the
binding equilibrium to the channel resides in the disso-
ciation rate (see Figs. 3 and 6). For CTX bound to the
external vestibule of the MaxiK-channel, the effective
valence of the dissociation rate is 1.0 (Anderson et al.,
1988). In the absence of internally present permeant
cations, z8 vanishes. Thus, the voltage dependence
seems to arise exclusively from the electrostatic repul-
sion between K* residing inside the pore and the posi-
tively charged toxin (MacKinnon and Miller, 1988). By
performing extensive mutagenesis of positively charged
residues in recombinant CTX, Park and Miller
(1992a,b) found that neutralization of a single residue,
Lys27, also abolished voltage dependence of the disso-
ciation rate, a property not shared with any other resi-
due on the toxin surface. Thus, removal of either the
permeant ions or the positive charge of residue 27 pro-
duced an equivalent cancellation of zd, indicating that
the e-amino group of Lys27 interacts electrostatically
with K* residing in the pore (see Miller, 1995). Qualita-
tively similar, but quantitatively different to the MaxiK-
channels, CTX binding to Shaker K channels is less sen-
sitive to the internal K* concentration. Goldstein and
Miller (1993) found that, although neutralization of
residue 27 eliminates voltage dependence, after replac-
ing internal K* with a nonpermeant ion as Li™, there is
still some voltage dependence left for CTX unbinding.
These authors interpreted the residual valence of 0.2 as
the partial electrical distance that the amino group of
Lys27 moves into the pore upon toxin binding; as if it
goes deeper into the Shaker pore than into the MaxiK
one. Our results with k-PVIIA/Shaker agree qualitatively
and quantitatively with those of CTX/Shaker. Replace-
ment of the internal potassium with the nonpermeant
NMGT reduces, but not eliminate, the effective valence
of the x-PVIIA unbinding. For k-PVIIA, the value 25 is
reduced from ~0.55 in 100 mM internal K* to 0.29 in
nominally zero internal K* (Fig. 8). This trans-pore ef-
fect suggests that, as in CTX, a fraction of the voltage
dependence of k-PVIIA unbinding arises from electro-
static interaction with permeant ions in the conduction
pathway. Thus, we postulate that, as with «-KTx, a posi-
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tively charged residue in the surface k-PVIIA interacts
with permeant ions inside the Shaker K channel pore.

At pH 7.6, k-PVIIA net charge is ~4. It contains two
Asp, three Lys, and three Arg residues, and it is not
amidated as many conotoxins are (Shon et al., 1998).
In the absence of experimental data regarding the spe-
cific nature of the positively charged amino acid of
k-PVIIA that occludes the pore, we favor a Lys instead
of an Arg residue to be the best candidate. First, based
on the structural mimicry between CTX and «k-PVIIA
on the space position of a Lys associated with a key aro-
matic residue to conform a functional dyad present at
all K channel pore peptide blockers known (Dauplais
et al., 1997; Savarin et al., 1998). Second, for all func-
tionally studied K channel-specific families of peptide
toxins, independently of the animal origin, substitution
of a single Lys, not an Arg, promotes the most dramatic
destabilization effects on binding to K channels (Gold-
stein et al., 1994; Pennington et al., 1996; Dauplais et
al., 1997). Third, the agreement with CTX in the mag-
nitude of the change in z3 promoted by the internal K+
replacement by nonpermeant cations suggests a similar
electrostatic interaction.

Electrostatic Repulsion of the Toxin and K* Permeation

In the MaxiK-channel, the internally accessible binding
site that destabilizes CTX binding has an affinity for K*
in the 1-3-M range (MacKinnon and Miller, 1988; Park
and Miller, 1992b). A simple interpretation for the
high effective valence of the toxin destabilization pro-
cess (zd = 1) is that a K* would have to travel across the
whole transmembrane electric field to interact with
CTX. In other words, the internal cation has to perme-
ate all the way across the pore to bind a site near the ex-
ternal end to electrostatically repel CTX. In agreement
with the idea that equates permeation with occupancy
of an external site, half-maximal K* concentration for
K conductance of the MaxiK-channel is near 300 mM
(Moczydlowsky et al., 1985; Eisenmann et al., 1986;
MacKinnon et al., 1989). However, this K channel can
host multiple ions in single-file occupancy (Yellen,
1984; Eisenmann et al., 1986; Cecchi et al., 1987; Ney-
ton and Miller, 1988b), a key feature of ion permeation
through K channels (Hodgkin and Keynes, 1955; Hille
and Swartz, 1978; Doyle et al., 1998). With K* in the
millimolar range, three or four binding sites are al-
ready occupied (Neyton and Miller, 1988b). Most prob-
ably, in the multiply occupied pore, and with the ionic
conduction blocked from the external end by the
toxin, a K* cannot permeate through the single-file of
resident cations inside the ionic pathway whose occu-
pancies are in equilibrium with the internal side of the
channel. Instead, the occupancy of the externally lo-
cated binding site depends on the ability of the dwell-
ing ions to “transmit” the information that the inter-



nally accessible site is occupied by a new K*. This tele-
graphic effect, via occupied binding sites, would be
ultimately responsible for the strong electrostatic repul-
sion of the bound toxin. A simple mechanism of trans-
ference would be that the K* binding to the internally
accessible site promotes a rearrangement of the ions re-
siding in the pore in such a way that results in an in-
creased probability of occupancy of the most external
binding site. This rearrangement requires of ion trans-
location among neighboring binding sites in analogous
way to permeation. In this scheme, a z5 of 1.0 for the
toxin destabilization observed in the MaxiK-channel
implies a net translocation of one charge across the
permeation pathway. Also, it accounts for the close
agreement between half-maximal K* concentration for
K conductance and toxin destabilization effect. Thus,
in this view, the magnitude zd is determined by cou-
pling between the binding of K* to the internal site
and occupancy of the most external one.

Although MaxiK-channel’s conductance is ~20-fold
higher than that of Shaker K channels, in addition to
their high K+ selectivity, they share many ionic conduc-
tion properties. Shaker K channel is also a multiple-occu-
pancy channel (Heginbotham and MacKinnon, 1993;
Pérez-Cornejo and Begenesich, 1994). As with the
MaxiK-channel, at physiological conditions Shaker can
simultaneously host up to four K+ in single file (Stampe
and Begenesich, 1996). Also, its half-maximal K* con-
centration for conductance is near 300 mM (Hegin-
botham and MacKinnon, 1993). Based on these similar-
ities, we expected k-PVIIA off rate to have a similar de-
pendence on the internal K*, as CTX does in the
MaxiK-channel. By reducing the internal K+ from 100
to 15 mM, we anticipated a fivefold increase in the
k-PVIIA residency time. To our surprise, we found that
the toxin dissociation rate was nearly identical to that of
100 K* (Table I). In contrast to the CTX/MaxiK-chan-
nel system, in k-PVIIA/ZShaker, the toxin-unbinding rate
seems to be rather insensitive to the occupation of a in-
ternally accessed binding site. To observe any trans-pore
effect on x-PVIIA unbinding rate, we had to replace K*
completely with the nonpermeant NMG™. Although the
contaminating K* in our internal NMG™ solutions may
be enough to keep busy a high affinity binding site in
the Shaker pore, thus accounting for the residual z3, the
overall voltage dependence of the toxin unbinding is
smaller than in the MaxiK-channel. In such an experi-
mental condition, instead of 1.0 as in the MaxiK-chan-
nel, only half of the total effective valence of the dissoci-
ation rate is accounted for in the replacement of the in-
ternal K*. This low voltage sensitivity attributable to the
interaction with internal K+ may not correspond specif-
ically to charge delocalization in the k-PVIIA basic resi-
due that occludes the pore. Instead, because in Shaker
the interaction with K+ also accounts for a small frac-

tion of the total voltage dependence of CTX, this low zd
(together with the low sensitivity to internal K*) may be
a reflection of the manner in which the toxin interacts
with permeant ions inside the pore of Shaker. The net
charge translocation associated with the occupancy of
the externally located binding site is 0.3-0.4 of an elec-
tronic charge. Thus, it seems that in the MaxiK-channel
the electrostatic repulsion coupling between the occu-
pancy of the most internal and external binding sites is
three- to fivefold stronger than in Shaker. This differ-
ence could represent an average greater charge separa-
tion of the ions inside the Shaker pore. Although in
physiological conditions both types of channels seem to
be occupied simultaneously by four cations (Neyton
and Miller, 1988b; Stampe and Begenesich., 1996), this
greater charge separation could arise from either lower
occupancy in the toxin-blocked Shaker or greater elec-
trical separation among neighboring binding sites. This
suggestion is also in agreement with Terlau et al. (1999,
in this issue), who, with different arguments, have made
the same suggestion. For us, the most economical ex-
planation to the difference in the MaxiK-channel would
be that, in Shaker, the blocking e-amino group of the
toxins occupies the most external site, at an electrical
distance of 0.2-0.3, effectively reducing the number of
available sites, and then K* occupancy. The experi-
ments outlined in Fig. 9 agree with this interpretation,
suggesting that x-PVIIA occupies the most external
binding site in Shaker pore. Thus, the electrostatic re-
pulsion can occur only from a more internally located
site in the pore. Consequently, the net charge transloca-
tion associated with electrostatic interaction with the
toxin is less than in the MaxiK-channel because the tox-
ins, k-PVIIA or CTX, reduce the net K* occupancy of
the pore. In this scheme, the elements for a mechanism
of destabilization of a toxin bound to the external vesti-
bule seems to be the same as that for ionic permeation:
the exit rate depends on electrostatic repulsion and sin-
gle-file multiple occupancy.

Fast Prey Immobilization

Conus purpurascens preys on teleost fish. It has been pro-
posed that, upon injection of the Conus venom into the
prey, k-PVIIA is a central player in the excitotoxic ca-
bal, which causes a massive depolarization of excitable
tissue that quickly immobilizes the prey (Terlau et al.,
1996; Olivera, 1997). In this scheme, activation of Na
channels and blockade of K channels by the venom
produces a nerve depolarization in the site of the injury
that is propagated orthodromically by sensory nerves
and antidromically by motor fibers. In the following
part of the discussion, we review the suggestion that
k-PVIIA behaves as part of an optimized prescription
to promote the excitotoxic paralysis of C. purpurascens
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prey. We have found that the mode of action of k-PVIIA
is nearly identical to the mechanism of action of dis-
tantly related scorpion peptide toxins of the a-KTx
family: first, both bind with 1:1 stoichiometry to the
pore of K-channels and, second, the only action that
the peptide toxin performs is to occlude the perme-
ation pathway with a tethered substrate analogue that
interrupts K* transport. The high association rate of
k-PVIIA to Shaker is consistent with a diffusion-limited,
but aided by through-space electrostatic effects, pro-
tein—protein interaction (Miller, 1990; Schreiber and
Fersht, 1995). A mechanism of such nature seems to be
the fastest possible. On the other hand, there are many
hints that it is shared with other K channel toxins from
distantly related animals as the «-KTx from scorpions
and BgK from sea anemone (Gémez-Lagunas et al.,
1996; Blanc et al., 1997; Dauplais et al., 1997; Savarin et
al., 1998).

In the classical example of structural and functional
convergence, the catalytic site of the bacterial subtilisin
and the mammalian serine proteinase share a similar
space topology. Although dissimilar in their overall con-
struction, the side-chain atoms forming the functional
catalytic triad, Ser/His/Asp, are in almost identical rela-
tive space positions. The breakdown of the peptide

bond proceeds by the same basic mechanism (Fersht,
1984; Branden and Tooze, 1991). Three structural char-
acteristics of K channel-specific peptide toxins suggest
a similarly convergent mechanism of action. First, as
noted by Dauplais et al. (1997), toxin affinity for its re-
ceptor is disrupted mostly by mutations in a lysine and
in an aromatic residue that are usually ~7 A apart (see
also Goldstein et al., 1994; Stampe et al., 1994). Dau-
plais et al. (1997) suggested that the Lys-Aromatic resi-
due forms a functional dyad specific for K channels.
Second, it has an excess of positive charges that may
play an important role in the overall probability of col-
liding with a negatively charged vestibule (Miller, 1990).
Third, the excess of charge in the surface of the toxin is
unevenly distributed in such a manner that it generates
a dipole moment oriented perpendicular to the interac-
tion surface of the toxin (Ben-Tal et al., 1997; Blanc et
al., 1997; D. Naranjo, unpublished observations).

Thus, some peptide toxins seem to have had a con-
vergence to a common mechanism of action on K
channels. They bind with 1:1 stoichiometry to the most
conserved structural locus of the channel protein: the
pore. Such a precise mechanism appears to constrain
the possible ways in which K channel-specific peptide
toxin can be constructed.
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