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ABSTRACT: µ-Conotoxins (µ-CTX) are potent oligopeptide blockers of sodium channels. The best
characterized forms ofµ-CTX, GIIIA and GIIIB, have similar primary and three-dimensional structures
and comparable potencies (IC50 ∼30 nM) for block of wild-type skeletal muscle Na+ channels. The two
toxins are thus considered to be indistinguishable by their target channels. We have found mutations in
the domain II pore region (D762K and E765K) that decrease GIIIB blocking affinity∼200-fold, but
reduce GIIIA affinity by only∼4-fold, compared with wild-type channels. Syntheticµ-CTX GIIIA mutants
reveal that the critical residue for differential recognition is at position 14, the site of the only charge
difference between the two toxin isoforms. Therefore, engineered Na+ channels, but not wild-type channels,
can discriminate between two highly homologous conotoxins. Latent specificity of toxin-channel
interactions, such as that revealed here, is a principle worthy of exploitation in the design and construction
of improved biosensors.

Voltage-gated Na+ channels underlie electrical conduction
in muscle and nerve. Given their physiological importance,
it is not surprising that Na+ channels are favored targets of
various biological toxins.µ-Conotoxins (µ-CTX)1 are recep-
tor site I sodium channel blockers (1) produced by the sea
snailConus geographus(2-5) that specifically inhibit Na+

flux by physical occlusion of the channel pore (2, 6-9). The
best studied forms ofµ-CTXs, GIIIA and GIIIB, are 22
amino acid peptides with three internal disulfide bonds
imparting structural rigidity to the molecules (10). The three-
dimensional structures of bothµ-CTX forms are well-defined
(11-14), making them invaluable tools to probe the uncertain
Na+ channel pore architecture. The amino acid sequences
of GIIIA and GIIIB are highly homologous (Figure 1) with
only four differences, the most radical of which is a Q-to-R
difference at position 14. This imparts to GIIIB an extra net
positive charge (+7) compared with GIIIA (+6) at physi-
ological pH. Many of the positive charges have been shown
to be important for potent toxin block of the Na+ channel
(14-17).

On the basis of the similarities in structure and blocking
potency, GIIIA and GIIIB have been generally considered
to be indistinguishable at the electrophysiological level.
Indeed, no native or mutated Na+ channels have been shown
to be capable of discriminating between the two toxin
isoforms. We have recently identified two negatively charged
residues (D762 and E765) located in the domain II (DII)
P-S6 linker of the rat skeletal muscle (µ1) Na+ channel that
are critical forµ-CTX GIIIB block (18, 19). Here, we report
that mutant Na+ channels with either of these channel
residues converted to lysine (i.e., D762K and E765K)
discriminate strongly between the two toxin isoforms. Mutant
cycle analysis, applied to further experiments with mutant
µ-CTX derivatives, allowed us to identify the variant residues
at position 14 of the toxins (i.e., GIIIA-Q14, GIIIB-R14) as
the basis for the discrimination.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis and Heterologous Expression.
µ1 sodium channel (20) mutants were created using poly-
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FIGURE 1: Amino acid sequences ofµ-conotoxin GIIIA and GIIIB.
Both forms of the toxin contain 22 amino acids. At neutral pH,
GIIIA and GIIIB carry a net charge of+6 and+7, respectively.
The two peptide-toxins differ at four positions, and the corre-
sponding residues are in bold. The nonconservative Q-to-R differ-
ence (enclosed in the box) located at position 14 gives GIIIB an
extra net positive charge. Note that O is used here to represent
4-trans-hydroxyproline.
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merase chain reaction (PCR) and expressed in tsA-201 cells
as previously described (21). The desired mutants were
confirmed by DNA sequencing. Lipofectamine Plus kit
(Gibco-BRL, Gaithersburg, MD) was used for transfection.
DNA encoding the WT or mutantR-subunit (1µg/60 mm
dish) was added to the cells with lipofectamine. Transfected
cells were incubated at 37°C in a humidified atmosphere
of 95% O2-5% CO2 for 48-72 h before electrical record-
ings.

Synthesis of Point-Mutated DeriVatiVes ofµ-CTX GIIIA.
Toxin derivatives were synthesized as previously described
(15, 22). Briefly, solid-phase synthesis was performed on a
polystyrene-based Rink amide resin using 9-fluorenyl-
methoxycarbonyl chemistry. Synthesized peptides were air-
oxidized and HPLC-purified. The resulting peptides eluted
as a single dominant peak. Peptide composition was verified
by quantitative amino acid analysis and/or mass spectroscopy.
One-dimensional proton NMR spectra of toxin derivatives
(including Q14D) synthesized and isolated in this way have
revealed no evidence of improper folding.

Electrophysiology and Data Analysis.Electrophysiological
recordings were performed using the whole-cell patch clamp
technique (23). Transfected cells were identified by epi-
fluorescence microscopy. Pipet electrodes had final tip
resistances of 1-3 MΩ. Recordings were performed at room
temperature in a bath solution containing 140 mM NaCl, 5
mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and
10 mM glucose, pH adjusted to 7.4 with NaOH. Designated
amounts ofµ-CTX (GIIIA, GIIIB, and point-mutated GIIIA)
were added to the bath when required. The internal recording
solution contained 35 mM NaCl, 105 mM CsF, 1 mM

MgCl2, 10 mM HEPES, and 1 mM EGTA, pH adjusted to
7.2 with CsOH. All chemicals were purchased from Sigma
unless otherwise specified.

Toxin was superfused continuously during the experiment
at flow rates of 10-20 mL/min (bath volume) 150 µL).
Washout began only after the peak currents had reached a
steady-state level. Currents were analyzed using custom-
written software. Half-blocking concentrations (IC50) for
µ-CTX were determined by least-squares fits of the dose-
response data to a binding isotherm of the form

where IC50 is the half-blocking concentration andIO and I
are the peak currents measured from a step depolarization
to -10 mV from a holding potential of-100 mV before
and during application of the blocker, respectively.

For mutant cycle analysis, coupling/interaction energies
(∆∆G) for various mutant toxin-channel pairs were calcu-
lated from the equilibrium IC50 values using the equation:

R is the gas constant andT is the temperature. The standard
errors for∆∆G were estimated by dividing the square root
of the sum of the variances of theRT ln IC50 means by the
square root of the degree of freedom.

Kinetic analysis of toxin block was performed as previ-
ously described (18).

All data are reported as mean( SE. Statistical significance
was determined using a paired Student’st-test at the 5%
level.

RESULTS

µ-CTX GIIIA and GIIIB Block WTµ1 Na+ Channels with
Similar Affinity. We initially compared the susceptibilities
of wild-type (WT) µ1 Na+ channels to block byµ-CTX
GIIIA and GIIIB. Figure 2A shows typical Na+ currents of
WT channels recorded in the absence and presence of GIIIA
(left panel) and GIIIB (right panel). Application of 100 nM
GIIIA blocked peak current (INa) of WT channels to 24.7(
4.9% (n ) 4) of that recorded under toxin-free conditions.
Addition of 100 nM GIIIB displayed identical block (p >
0.05), withINa reduced to 20.5( 4.4% (n ) 5) of the control
level. Figure 2B shows the dose-response curves of WT
channels for block by GIIIA (solid squares) or GIIIB (open
circles). Consistent with the premise thatµ-CTXs block Na+

channels with 1:1 stoichiometry (2, 6-9, 24), both data sets
were well fitted with a binding isotherm assuming a Hill
coefficient of 1. The half-blocking concentrations (IC50)
estimated from these binding curves, 30.7( 6.2 nM,n ) 6,

FIGURE 2: Comparison of block of rat skeletal muscle (µ1) Na+

channels byµ-CTX GIIIA and GIIIB. (A) Representative raw
current records ofµ1 channels elicited by depolarization to-10
mV from a holding potential of-100 mV in the absence and
presence of 100 nMµ-CTX GIIIA (left panel) and GIIIB (right
panel). Peak currents were normalized to those recorded under
toxin-free conditions for comparison. (B) The dose-response
relationship for GIIIA (solid squares) and GIIIB (open circles) block
of µ1 and E765C (open triangles) channels. Normalized peak Na+

currents at-10 mV were plotted as a function of extracellular toxin
concentrations. Data points were fitted with a single-site binding
isotherm to estimate the IC50 of µ1 channels for block by GIIIA or
GIIIB (see Experimental Procedures). Data are plotted as mean(
SEM. IC50 values estimated were 30.7( 6.2 nM,n ) 6, and 29.7
( 8.6 nM,n ) 7, for GIIIA and GIIIB, respectively. The two values
were not statistically different (p > 0.05).

I/IO ) 1/{1 + ([toxin]/IC50)}

∆∆G ) ∆G1 - ∆G2

∆G1 ) Gmutated toxin-WT channel- GWT toxin-WT channel)
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WT toxin-WT channel)

∆G2 ) Gmutated toxin-mutated channel-

GWT toxin-mutated channel)
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WT toxin-mutated channel)
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and 29.7( 8.6 nM,n ) 7, for GIIIA and GIIIB, respectively,
were statistically identical.

Differential SensitiVities to GIIIA and GIIIB Block of
D762K and E765K Channels.We previously reported that
the negatively charged domain II residues E758, D762, and
E765 are critical for the binding ofµ-CTX GIIIB to Na+

channels (8,18, 19). Here we compared GIIIA and GIIIB
block of Na+ channels mutated at these positions. Figure
3A shows representative current records of E758C, D762K,
and E765K channels measured with or without toxins.
Cysteine substitution of E758 dramatically reduced block by
both GIIIA (IC50 ) 6.2 ( 0.8 µM, n ) 4) and GIIIB (IC50

) 10.9( 1.2 µM, n ) 3), consistent with previous studies
of charge neutralization of this pore residue with either GIIIA
(7) or GIIIB (8). Notably, the D762K and E765K mutants
were ∼200-fold less sensitive to GIIIB (D762K) 4.5 (
0.2 µM, n ) 3; E765K) 5.6 ( 1.0 µM, n ) 5) than WT
channels. However, these mutants displayed only a modest
increase (∼4-fold) in IC50 for block by GIIIA (D762K )
95.9( 9.0 nM,n ) 5; E765K) 117.3( 14.4 nM,n ) 7).
These significant differences in sensitivities to GIIIA and
GIIIB indicate that the DII P-S6 mutations have conferred
upon Na+ channels the ability to discriminate between the
two toxin forms despite the nearly indistinguishable toxin
backbones (11-13). Consistent with these results, the double
mutant D762K/E765K was insensitive to GIIIB block (IC50

) 21.4( 13.0µM, n ) 3) but quite sensitive to GIIIA (IC50

) 113.3( 20.6 nM,n ) 3) (Figure 4). Similarly, D762Q/
E765Q was insensitive to GIIIB (IC50 ) 878.8( 145.1 nM,
n ) 7) but relatively sensitive to GIIIA (IC50 ) 43.6( 3.3
n M, n ) 3) (Figure 4).

Differences in GIIIA and GIIIB Block Reside in Toxin
Position 14.As mentioned, GIIIA and GIIIB differ only at
four positions (cf. Figure 1), with a single charge change

(i.e., Q to R) at position 14, giving GIIIB an extra net positive
charge relative to GIIIA. On the basis of this molecular
difference, we postulated that the different binding affinities
of GIIIA and GIIIB to D762K and E765K channels originate
from this amino acid difference at position 14. To test this
hypothesis, we chemically synthesized the GIIIA-based toxin
derivatives Q14R and Q14D and determined their IC50s for
block of WT and the DII P-S6 lysine-substituted channels.
Figure 5 summarizes these results. The substitution Q14R
did not significantly affect GIIIA binding to WT channels
(IC50 ) 47.4( 8.1 nM,n ) 4; p > 0.05). In contrast, binding
of GIIIA-Q14R to D762K and E765K channels was dramati-
cally reduced (p < 0.05). The IC50s estimated were 1.4(
0.1 µM, n ) 3, and 1.7( 0.7 µM, n ) 3, for D762K and
E765K, respectively. These observations were consistent with
the notion that GIIIA-Q14R mimics GIIIB, and the Q-to-R
difference underlies the differential sensitivities of D762K
and E765K channels to GIIIA and GIIIB toxins. In addition,
these results also suggest the presence of a prominent
electrostatic (repulsive) component of interactions between
R14 and the channel residues K762 and K765. In support
of this idea, replacement of Q14 with the negatively charged
aspartate (i.e., GIIIA-Q14D) decreased toxin binding to WT
channels by approximately 70-fold (IC50 ) 2.2( 0.4µM, n
) 3, p < 0.05), as if the substituted aspartate was
electrostatically repelled by anionic channel residues. More
interestingly, blocking efficacy of GIIIA-Q14D was signifi-
cantly (p < 0.05) improved when applied to D762K (IC50

) 0.6 ( 0.1 µM, n ) 4) and E765K (IC50 ) 1.1 ( 0.1 µM,
n ) 3) channels (Figure 5), probably as a result of attractive
electrostatic forces between D14 and the positively charged,
substituted lysines in the DII P-S6 linker of the channel.

FIGURE 3: Effects of point mutations on channel sensitivities to
µ-CTX GIIIA and GIIIB. (A) Representative Na+ currents through
E758Q, D762K, and E765K channels elicited by depolarization to
-10 mV from a holding potential of-100 mV in the absence and
presence ofµ-CTX GIIIA and GIIIB as indicated by arrows. Current
amplitudes were normalized to the peak current for each mutant in
the absence ofµ-CTX. (B) Bar graphs summarizing the IC50 values
of WT, E758Q, D762K, and E765K channels for block byµ-CTX
GIIIA and GIIIB. Though insensitive to GIIIB, D762K and E765K
channels were relatively sensitive to GIIIA. In contrast, E758C
channels were insensitive to bothµ-CTX isoforms. Asterisks
indicate statistically significant differences (p < 0.05).

FIGURE 4: Effects of double mutations on channel block byµ-CTX
GIIIA and GIIIB. (A) Representative Na+ currents through D762K/
E765K and D762Q/E765Q double mutant channels elicited by
depolarization to-10 mV from a holding potential of-100 mV
in the absence and presence ofµ-CTX as indicated by arrows.
Current amplitudes were normalized to the peak current recorded
under control conditions. (B) Bar graphs summarizing IC50s for
GIIIA and GIIIB block of the same channels shown in (A). Like
their single mutant counterparts, both D762K/E765K and D762Q/
E765Q were insensitive to GIIIB yet sensitive to GIIIA. Note that
the effect of combining the mutations D762K and E765K on GIIIB
block was additive relative to the singles. The data presented are
the mean( SEM from three to six individual determinations.
Asterisks indicate statistically significant differences (p < 0.05).
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Figure 6 further demonstrates the effects of Q14R and
Q14D on the kinetics of GIIIA block. The time course of
onset (or offset) of toxin block was fitted with a single-
exponential function, and the resulting time constants were

used to derive the corresponding toxin association and
dissociation rate constants (i.e.,kon and koff) and kinetic
equilibrium constants (KD) (18). As anticipated, the blocking
kinetics of WT channels by GIIIA-Q14R were similar to
those of WT GIIIA. However, application of this derivative
to D762K and E765K channels significantly increasedkoff

by ∼15-fold, with kon only modestly affected (∼2-fold
difference). When applied to WT channels, GIIIA-Q14D
affected bothkon and koff (5-fold decrease and 10-fold
increase, respectively). Application of GIIIA-Q14D to the
lysine-substituted channels restored wild-typekon, possibly
due to the creation of new attractive forces. These combina-
tions (i.e., K762/D14 and K765/D14), however, had no
effects onkoff. All kinetically derivedKDs are summarized
in Table 1. They were generally comparable to the steady-
state IC50s and displayed the same trend of changes despite
different potential sources of error in these two complemen-
tary methods of analysis.

Interaction Energies of Q14R and Q14D with K762 and
K765. To quantify the interactions between the DII P-S6
channel residues K762 and K765 andµ-CTX at position 14,
coupling energies (∆∆G) between these sites were calculated
from the experimentally derived IC50s using thermodynamic
mutant cycle analysis (see Experimental Procedures and ref
25 for review) (Figure 7). The∆∆Gs calculated for interac-
tions between GIIIB and the mutant channels D762K and
E765K relative to GIIIA were-2.3 ( 0.2 and-2.3 ( 0.2
kcal/mol, respectively. Such negative changes represent a
loss of coupling energies when GIIIB instead of GIIIA was
applied to these channels, but it is not possible, a priori, to
assign the coupling to any particular pair of residues. For
the interacting pairs D762K/GIIIA-Q14R and E765K/GIIIA-
Q14R,∆∆Gs were-1.3 ( 0.1 and-1.2 ( 0.1 kcal/mol,
respectively, also representing a loss of coupling energies
by the introduced pairs relative to the native ones. These
data indicate that the D762K/GIIIA-Q14R and E765K/
GIIIA-Q14R pairs each account for∼60% of the energy lost
when GIIIB was tested against the respective channel mutant.
In contrast, the interacting pairs D762K/GIIIA-Q14D and
E765K/GIIIA-Q14D displayed∆∆G of +1.5( 0.1 and+1.3
( 0.1 kcal/mol, respectively, reflecting gains of coupling
energies by the oppositely charged pairs. Taken together,
these results suggest that both D762 and E765 have a strong
interaction with the toxin residue at position 14, which
includes an important electrostatic component.

DISCUSSION

Channel Mutants D762K and E765K Discriminate be-
tween Conotoxins GIIIA and GIIIB.We compared block of
WT and mutant Na+ channels byµ-CTX GIIIA and GIIIB,
two forms of the snail toxin that previously were thought to
be functionally equivalent. In contrast to WT Na+ channels,
the mutations D762K and E765K discriminate between
GIIIA and GIIIB. Since the two toxin isoforms are so similar,
yet mutations of the DII P-S6 residues but not the nearby
E758 (four residues amino-terminal to D762) abolished GIIIB
block while retaining sensitivity to GIIIA, high-affinity
toxin-channel interactions must be highly localized. The
same line of reasoning argues against major nonspecific
conformational disruption of the channel as the basis of the
changes in toxin affinity. Furthermore, the observation that
combining the mutations D762K and E765K further weak-

FIGURE 5: Block of WT, D762K, and E765K channels byµ-CTX
GIIIA, GIIIA-Q14R, and GIIIA-Q14D. (A) Representative Na+

current tracings of WT, D762K, and E765K channels (test pulse
) -10 mV, holding potential) -100 mV) recorded with or
without toxin as indicated by arrows. Control peak currents were
normalized. (B) Bar graphs summarizing the half-blocking con-
centrations (IC50) for block by GIIIA, GIIIA-Q14R, and GIIIA-
Q14D of the same channels shown in (A). The data presented are
the mean( SEM from three to six individual determinations.

FIGURE 6: Effects of Q14R and Q14D on the blocking kinetics of
µ-CTX GIIIA. Logarithmic plot of the dissociation rate constants
(koff) versus the reciprocal of the association rate constants (kon).
The horizontal and vertical dotted lines represent the levels of 1/kon
andkoff for the WT channels, respectively. The kinetic equilibrium
constants (KD) derived from these data display the same trend as
the corresponding IC50 values. These data are summarized and
compared in Table 1.
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ened GIIIB block, relative to either of the single mutations,
suggests that both negative charges must be present simul-
taneously for optimal GIIIB-channel interactions and that
each may have its optimal partners in the toxin. However,
the double mutant (i.e., D762K/E765K) displayed only a∼4-
fold further reduction in toxin binding affinity compared to
the singles, which were each∼200-fold less sensitive to
GIIIB than were the WT channels. Thus, it seems possible
that the DII P-S6 residues share common interacting toxin
sites and to some extent provide alternate interactions with
the toxin. Indeed, this idea is consistent with our finding
that both D762 and E765 associate closely with Q(R)14.

Molecular Interactions between Q14 and DII P-S6 Resi-
dues. At first glance, our previous finding that D762 and
E765 are critical for GIIIB binding (18) appeared inconsistent
with the earlier data of Chahine et al. (26). These authors
reported that the charge-neutralized double mutant D762Q/
E765Q displayed a wild-type GIIIA-blocking phenotype and
concluded that these DII residues did not participate in
binding. Our present data rationalize this apparent discrep-
ancy as a consequence of the different toxins used in the
two studies [GIIIA by Chahine et al. (26) vs our GIIIB].
Using toxin derivatives in combination with mutant cycle
analysis, we demonstrate here that the toxin residue at
position 14 can interact strongly with both D762 and E765.
A somewhat weaker interaction of toxin residue 14 with DII
(residue 759) has been reported recently (27). Our present
observations provide an explanation as to why D762K and
E765K channels were insensitive to GIIIB but not GIIIA,
as electrostatic repulsion might exist between the lysine-
substituted DII P-S6 residues and GIIIB-R14, thereby

preventing it from binding optimally to the channel receptor.
This repulsion, however, would not exist with the neutral
Q14 in GIIIA.

Several observations suggest that steric factors, as well
as electrostatic interactions, may contribute to the differences
in blocking kinetics seen for the various toxin-channel pairs.
Previously, we reported that restoration of native charge in
channel mutants D762C and E765C using sulfhydryl-
modifying reagents did not restore high-affinity GIIIB block
(18). In our present data, GIIIA-Q14R shows a modest
decrease in IC50 (∼1.5-fold) compared to WT GIIIA (Table
1). Further, association rates vary approximately 10-fold
among five toxin-channel pairs in whichµ-CTX residue 14
has the same charge as one, or both, of the DII P-S6 residues
762 or 765 (see Figure 6; Q14D/WT, Q14D/D762K, Q14D/
E765K, Q14R/D762K, and Q14R/E765K). In contrast,
dissociation rates, which are approximately 10-fold faster
than for the WT/WT pair, show little variation within this
group. Testing withµ-CTX GIIIB, a range of more than 10-
fold in dissociation rates was observed with substitutions for
D762 or E765, but only D762K showed a substantial change
in association rate [see Figure 7 in Li et al. (18)]. The
common feature of the two data sets is that any mutation,
which generates a charge match between toxin residue 14
and one of channel residues 762 or 765, is associated with
a decrease in affinity. Observed changes in affinity can
invariably be attributed, in part, to increases in dissociation
rate, with variable changessusually decreasessin the as-
sociation rate. Although electrostatic interactions seem to be
crucial, a complete understanding of the toxin-channel
interaction will require an analysis of the influence of side
chain size, flexibility, and conformation.

Overall, interactions of the toxin residue at position 14
with either D762 or E765 account for approximately 60%
of the binding energy lost when GIIIB was tested against
the mutant channels. It is therefore reasonable to propose
that the difference in sensitivities between the two toxin
isoforms largely resides in the Q-to-R difference at position
14. The rest of the energy loss may be attributed to other
electrostatic and nonelectrostatic interactions existing be-
tween Q14R and/or the other three amino acid differences
between GIIIA and GIIIB (i.e., K11R, Q18M, R19K) and
other channel residues. At this point, it is not clear why the
extra charge provided by R14 should not confer on GIIIB a
higher affinity than that of GIIIA. A more detailed knowledge
of the structure of the toxin channel complex may be required
to resolve this issue.

Structural Implications of the Channel Pore.Three-
dimensional structures of GIIIA and GIIIB studied by 2D
1H nuclear magnetic resonance (NMR) spectroscopy reveal
that the two toxin forms have essentially identical three-
dimensional backbone structures (12, 13). In GIIIB, R13,

Table 1: Comparison of Kinetically DerivedKD and Equilibrium IC50 of WT GIIIA and Its Derivatives Q14R and Q14D

channel/toxin KD ) koff/kon (nM)
KD,channel/toxin/

KD,WT/WT IC50(nM)
IC50,channel/toxin/

IC50,WT/WT

WT/WT (1.0( 0.4)× 102 1.0 (3.0( 0.6)× 10 1.0
WT/Q14R (1.9( 0.2)× 102 1.9 (4.7( 0.8)× 10 1.5
WT/Q14D (4.9( 1.3)× 103 46.9 (2.2( 0.4)× 103 71.9
D762K/Q14R (2.5( 0.7)× 103 24.4 (1.4( 0.1)× 103 47.7
D762K/Q14D (7.4( 1.2)× 102 7.1 (6.4( 1.1)× 102 20.9
E765K/Q14R (3.5( 1.1)× 103 32.8 (1.7( 0.7)× 103 56.0
E765K/Q14R (1.4( 0.1)× 103 13.7 (1.1( 0.1)× 103 37.2

FIGURE 7: Interaction energies estimated from mutant cycle analysis
between DII P-S6 residues and variousµ-CTXs. Loss of coupling
energy by either the D762K/Q14R or E765K/Q14R pairs accounts
for approximately 60% of the energy loss of GIIIB binding to these
channels relative to GIIIA.
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R14 (Q14 in GIIIA), K16, Hyp17, and K19 (R19 in GIIIA)
are clustered on one surface (approximately 17× 23 Å) of
the toxin molecule formed by a distorted helical segment
which spans residues 13-22 (13), while R8, K9, K11, and
D12 form a linker between aâ-hairpin and the helix (14). It
is likely that this helical face of the toxin docks the channel
receptor (13, 14). Indeed, R13, K16, Hyp17, and R19 all
make important contributions to the potent blocking efficacy
of the toxin (11, 14-16, 22, 27, 28). Taken together with
the strong couplings between Q(R)14 and the DII P-S6
channel residues D762 and E765 demonstrated in the present
work, these observations strongly suggest a close association
between the toxin helical face and the DII pore-lining
residues. In further support of this toxin-channel docking
model, we have recently shown that DII P-S6 residues
interact with the toxin sites K16 and R19, albeit with different
interaction energies, while DIII-D1241 interacts only with
K16 (28, 29). These data, interpreted in light of the known
toxin structure, further support a clockwise arrangement of
the four Na+ channel domains as viewed from the extracel-
lular side (28).

At first glance, it seems possible that the DII channel
residues that interact strongly withµ-CTX (i.e., E758, D762,
and E765) also form anR-helix, as they are exposed to the
aqueous pore and are separated from the next residue by
three or four amino acids. However, electrical distances
studied by single-channel recordings reveal that D762 and
E765 dip back into the membrane, suggesting that these
residues are more likely to form a loop (19). Further
mutagenesis experiments involving other residues in this
region are required to distinguish between these possibilities.

It should be noted that implicit in our mutant cycle analysis
and data interpretation is the assumption that the mutant
toxins bind in an orientation similar to that of the WT toxin.
Mutant cycle analysis identifies only interdependent muta-
tional effects on toxin binding. The simplest, but not the only,
interpretation is that two sites at which mutations are
interdependent interact directly with each other. Different
side chain conformations or interactions might affect toxin
binding, or the creation of new interactions or cancellation
of previously existing ones other than at the sites of the
mutations could confound our analysis. Our present data do
not allow us to exclude these possibilities, but from a
pragmatic viewpoint, the central biological concept would
not be affected (i.e., that of engineered specificity of toxin
block).

Latent Specificity.The channels reported here (i.e., K762,
K765, K762/K765, and Q762/Q765) that discriminate be-
tween the GIIIA and GIIIB forms ofµ-CTX are bioengi-
neered channels. However, inspection of the primary se-
quences of other sodium channel subtypes reveals that some
native isoforms have analogous residues at the sequence-
aligned positions in DII. For instance, while D762 and E765
are conserved in the rat brain 1, 2, and 3 and human and rat
skeletal muscle and heart, as well as the electric eel Na+

channels, the human neuronal and the sea anemone isoforms
have arginine or glutamine analogous to the mutations
studied at the equivalent position of 765 inµ1. Although
these channel isoforms have not yet been tested electro-
physiologically for sensitivity to GIIIA and GIIIB, it seems
possible thatConussnails have evolved the two toxin forms
(and other components of the venom) to target more broadly

different channel isoforms in prey. In any case, the concept
of “latent specificity” is apparent: proteins can be engineered
such that their ability to recognize or distinguish specific
ligands can be rendered highly specific even in the absence
of inherent specificity.

CONCLUSION

In summary, we conclude that the DII P-S6 mutations,
D762K and E765K, confer onµ1 Na+ channels the unique
ability to discriminate between the two extremely similar
forms of µ-CTX, namely, GIIIA and GIIIB. We have
demonstrated that the underlying basis for such discrimina-
tion lies largely in the intimate interactions between Q14 of
GIIIA (or R14 of GIIIB) and the channel residues D762 and
E765. The promiscuity of the wild-type channels contrasts
with the mutant channels’ remarkable ability to discriminate
between the twoµ-conotoxins. This suggests a general
principle of latent specificity, in which the backbone structure
of a receptor possesses the inherent capacity, as the result
of discrete, local substitution(s), to display dramatically
different selectivity among similar ligands. Here, a natural,
high-affinity toxin receptor has been re-engineered to
distinguish between two closely related, naturally occurring
toxin molecules. Such manipulation of protein-protein
interfaces may lead to improved biosensors for toxins and
other small molecules.
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