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Palmitoylation is a common lipid modification known to regulate
the functional properties of various proteins and is a vital step in the
biosynthesis of voltage-activated sodium (Nav) channels. We dis-
covered a mutation in an intracellular loop of rNav1.2a (G1079C),
which results in a higher apparent affinity for externally applied
PaurTx3 and ProTx-II, two voltage sensor toxins isolated from
tarantula venom. To explore whether palmitoylation of the intro-
duced cysteine underlies this observation, we compared channel
susceptibility to a range of animal toxins in the absence and pres-
ence of 2-Br-palmitate, a palmitate analog that prevents palmitate
incorporation into proteins, and found that palmitoylation contrib-
utes to the increased affinity of PaurTx3 and ProTx-II for G1079C.
Further investigations with 2-Br-palmitate revealed that palmitoy-
lation can regulate the gating and pharmacology of wild-type (wt)
rNav1.2a. To identify rNav1.2a palmitoylation sites contributing to
these phenomena, we substituted three endogenous cysteines
predicted to be palmitoylated and found that the gating behavior
of this triple cysteine mutant is similar to wt rNav1.2a treated with
2-Br-palmitate. As with chemically depalmitoylated rNav1.2a chan-
nels, this mutant also exhibits an increased susceptibility for
PaurTx3. Additional mutagenesis experiments showed that palmi-
toylation of one cysteine in particular (C1182) primarily influences
PaurTx3 sensitivity and may enhance the inactivation process of wt
rNav1.2a. Overall, our results demonstrate that lipid modifications
are capable of altering the gating and pharmacological properties
of rNav1.2a.
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Because of their essential role in generating and propagating
action potentials in excitable tissues (1–3), voltage-activated

sodium (Nav) channels are a primary target of drugs (4, 5) and
toxins found in animal venoms (6–8). As a result, Nav channel
activity can be influenced by a variety of naturally occurring mol-
ecules, with the voltage sensors in all four domains representing
the foremost target of tarantula toxins (9). The conventional view
is that animal toxins interact with ion channel voltage sensors
through direct protein–protein interactions (10–13). However,
crystallographic and functional studies on voltage-activated po-
tassium (Kv) channels have revealed an important role for the lipid
membrane in regulating how Kv channels gate in response to
changes in voltage (11–22). In addition, recent reports show that
tarantula toxins can interact with Kv channel voltage sensors by
partitioning into the membrane and binding to S3b-S4 paddle
motifs at the protein–lipid interface (23–27). The discovery that
several of these toxins also interact with paddle motifs found in
Nav channels implies that partitioning can enable tarantula toxins
to interact with voltage sensors in this family of ion channels as well
(25, 28). Therefore, an emerging concept in the ion channel field is
that the toxin pharmacology of an ion channel is not only de-
termined by ligand–protein interactions, but also by the lipids in
the surrounding membrane.
Cysteine palmitoylation is a common reversible lipid modifica-

tion and has been shown to control cell surface expression, spatial
organization, protein–protein interactions, and functional prop-
erties of a range of membrane proteins (29–35). Consequently,

dysregulation of this process in human physiology is thought to
play a key role in schizophrenia, mental retardation, Huntington’s
disease, and cancer (36–41). In rat brain neurons, palmitoylation is
required for the biosynthesis and processing of Nav channels as
they traffic to the membrane (42). However, little is known about
the influence of this lipid modification on the functional properties
of Nav channels. Furthermore, the notion that this posttrans-
lational modification can affect the pharmacological properties of
Nav channels has not been explored.
While surveying the animal toxin susceptibility of various Nav

channel isoforms, we came across a mutant of rNav1.2a (43) that
exhibits a higher apparent affinity for the tarantula toxin PaurTx3
(44) compared with the wild-type (wt) channel. Interestingly, the
amino acid responsible for this discrepancy in toxin sensitivity was
identified as a cysteine and is located in an intracellular loop of the
channel, a region unlikely to be directly accessible to peptide toxins
applied to the external solution. To explore whether cysteine
palmitoylation is responsible for the altered pharmacological
properties of the mutant, we removed intracellularly attached
palmitate molecules from both wt and mutant channels and in-
vestigated changes in the sensitivity to a range of tarantula and
scorpion toxins. The results from our experiments suggest that
palmitoylation not only plays an important role in fine-tuning the
extracellular pharmacological properties of wt rNav1.2a, but also
that this protein modification can affect the gating properties of
the channel.

Results
Intracellular Mutation Affects rNav1.2a Toxin Pharmacology. The
tarantula toxin PaurTx3 potently inhibits wt rNav1.2a activation by
interacting with the voltage sensor in domain II (28, 44). Here, we
report a mutant of rNav1.2a with an increased sensitivity to
PaurTx3 compared with the wt channel. Plotting the concentration
dependence for toxin inhibition as fraction unbound measured
at negative voltages (Fu; Materials and Methods) reveals that the
mutant channel is ≈20-fold more susceptible to PaurTx3 than
rNav1.2a itself (Fig. 1A and B and Fig. S1A): The apparent affinity
of the toxin for the wt channel is≈27 nM, whereas toxin affinity for
the mutant channel is ≈1 nM (Tables S1 and S2). The amino acid
difference responsible for this discrepancy in toxin sensitivity was
identified as a glycine to cysteine mutation at position 1079
(G1079C; Fig. S1B) located in the intracellular loop between do-
main II and domain III of the channel. In addition to altering the
pharmacological properties of rNav1.2a, the cysteine substitution
causes the channel to activate at more negative voltages (≈9 mV),
whereas other gating properties remain relatively unaltered (Fig. 1
C and D and Tables S1 and S2).
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To explore the extent to which the G1079C mutation alters Nav
channel pharmacology, we compared the effects of a range of
toxins on wt rNav1.2a and G1079C. In particular, we tested two
tarantula toxins (ProTx-I and ProTx-II; ref. 45) that are thought to
act through themembrane (25, 46) and two scorpion toxins [AaHII
(47) and TsVII (48)] for which the membrane interaction is un-
clear (12, 46, 49). Each of these toxins target one or more of the
voltage sensors in rNav1.2a, and collectively they interact with all
four (12, 28, 50–54) (Fig. S2A). As is the case with PaurTx3, the
apparent affinity of ProTx-II for the G1079C mutant is approxi-
mately eightfold higher than for the wt channel (Fig. S2B and
Table S2). In contrast to PaurTx3 and ProTx-II, the susceptibility
of both wt channel andG1079C for ProTx-I, TsVII, and AaHII are
relatively unaltered (Fig. S2 C–E and Table S2).
Similar to other tarantula toxins (23–27, 46), PaurTx3 partitions

into the membrane (Fig. S3), thereby raising the possibility that
changes in the lipid membrane environment surrounding the tar-
geted voltage sensor in domain II (28) can alter channel sensitivity
for the toxin. Because the intracellular region containing the
mutation is unlikely to be directly accessed by PaurTx3 or ProTx-
II, we investigated whether intracellular cysteine modifications are
responsible for the difference in toxin affinity between wt rNav1.2a
and the G1079C mutant. Although a variety of lipids can be at-
tached to a protein (55, 56), cysteine S-palmitoylation is one of the
most common and reversible modifications that occur on the cy-
toplasmic side of the membrane (34). Therefore, we examined
whether Nav channel palmitoylation underlies the increased sus-
ceptibility of the G1079C mutant for PaurTx3 and ProTx-II.

Chemical Inhibition of Palmitoylation Alters the Toxin Pharmacology
of rNav1.2a. To explore whether palmitoylation can alter the
pharmacological properties of mature Nav channels, we expressed
both wt rNav1.2a and the G1079C mutant in Xenopus oocytes and
incubated cells with 2-Br-palmitate, a nonmetabolizable palmitate

analog thought to inhibit palmitate incorporation into proteins
(57). Next, we compared the apparent affinity of PaurTx3 and
ProTx-II for wt and G1079C channels before and after 2-Br-pal-
mitate treatment. As a result, we found that depalmitoylating wt
rNav1.2a increases the apparent affinity of PaurTx3 by approxi-
mately threefold, whereas the apparent affinity of the toxin for the
G1079C mutant decreases approximately ninefold (Fig. 2A and
Table S2), resulting in dose–response curves that coincide. Similar
to PaurTx3, the apparent affinity of ProTx-II for wt rNav1.2a and
G1079C coincides after 2-Br-palmitate treatment (Fig. 2B and
Table S2). In contrast to PaurTx3 and ProTx-II, the apparent af-
finity of ProTx-I for wt rNav1.2a and G1079C does not change
after removing palmitate molecules from the channels (Fig. S2C
and Table S2). Altogether, these results suggest that the additional
cysteine in the domain II-domain III loop of G1079C is palmi-
toylated and is responsible for the discrepancy in susceptibility of

Fig. 1. Gating characteristics and sensitivity of wt rNav1.2a and G1079C to
PaurTx3. (A) Effect of 10 nM PaurTx3 on wt rNav1.2a and the mutant
channel. Sodium currents are elicited by a depolarization to 0 mV before
(black) and after (red) addition of PaurTx3 from a holding potential of −90
mV. (B) Apparent affinity for PaurTx3 interacting with wt rNav1.2a (black)
and the mutant channel (red). Concentration dependence for toxin in-
hibition plotted as fraction unbound (Fu) is shown. Lines represent a fit with
the Hill equation; n = 3–5 for each toxin concentration and error bars rep-
resent SEM. (C) Normalized conductance–voltage and steady-state in-
activation relationships of the wt rNav1.2a channel (black) and the G1079C
mutation (red). (D) Recovery from fast inactivation of the wt channel (black)
and mutant (red) determined by a double pulse protocol to 0 mV with a
varying time between pulses (0–50 ms). Values are reported in Tables S1 and
S2. n = 12, and error bars represent SEM.

Fig. 2. Effects of palmitoylation on the pharmacology and function of wt
rNav1.2a and G1079C. (A) Apparent affinity for PaurTx3 interacting with wt
rNav1.2a (black) and the G1079C mutant (green) after channel depalmi-
toylation. Concentration dependence for toxin inhibition plotted as Fu
measured at negative voltages is shown. Data are compared with that
shown in Fig. 1B, which is represented in this figure by a dotted line and
symbols. Solid lines represent a fit with the Hill equation. n = 3–5 for each
toxin concentration, and error bars represent SEM. (B) Apparent affinity for
ProTx-II interacting with wt rNav1.2a (black) and the G1079C mutant (green)
after channel depalmitoylation. Data are compared with rNav1.2a (gray) and
G1079C (red) before addition of 2-Br-palmitate. (C) Comparison of Nav
channel fast inactivation before (black) and after (green) channel depalmi-
toylation for rNav1.2a (Left) and G1079C (Right). Nav channels were depo-
larized to −20 mV from a holding potential of −90 mV. (D and E) Side-by-
side comparison of the effects of 2-Br-palmitate on the gating properties of
rNav1.2a (Left) and G1079C (Right). D shows deduced conductance–voltage
and steady-state inactivation relationships before (black) and after (green)
depalmitoylation. E shows recovery from fast inactivation before (black) and
after (green) depalmitoylation determined by a double pulse protocol to
0 mV with a varying time between pulses (0–50 ms). n = 3, and error bars
represent SEM. Values are reported in Tables S1 and S2.
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both channel variants for PaurTx3. Furthermore, our results reveal
that intracellular palmitoylation can alter the susceptibility of wt
rNav1.2a to PaurTx3 (threefold) and ProTx-II (fivefold). In-
terestingly, the G1079C mutation does not affect every toxin that
interacts with the voltage sensors in rNav1.2a (Fig. S2 C–E and
Table S2), suggesting that channel palmitoylation has a relatively
local influence on how toxins interact with voltage sensors within
the membrane.

Chemical Inhibition of Palmitoylation Alters the Gating Properties of
rNav1.2a. Relatively few studies have reported effects of palmi-
toylation on the gating properties of voltage-activated ion chan-
nels. For example, the addition of a palmitate to a specific cysteine
in the pore-forming subunit of Kv1.1 results in a 20-mV hyper-
polarizing shift of the current–voltage relationship (58). Moreover,
palmitoylation of auxiliary β-subunits has been shown to influence
the gating properties of voltage-activated calcium channels (59–
61) and epithelial sodium channels (62). Although it was demon-
strated that [3H] palmitate incorporates into the pore-forming
subunit of wt rNav1.2a (42), it is unclear which cysteines are tar-
geted. However, palmitoyl proteomics (63) and computational
prediction of palmitoylation sites in rNav1.2a suggests several in-
tracellular cysteines, including the one introduced by the G1079C
mutation (64).
Removing palmitate molecules from intracellular cysteines with

2-Br-palmitate has two substantial effects on both wt rNav1.2a and
G1079C gating (Fig. 2 D and E and Tables S1 and S2): (i) Steady-
state inactivation is shifted toward more hyperpolarized voltages
by ≈10 mV (Fig. 2D); and (ii) recovery from fast inactivation is
approximtaely threefold slower (Fig. 2E). A more subtle outcome
of 2-Br-palmitate treatment is that fast inactivation slows with
G1079C being more sensitive than wt rNav1.2a (Fig. 2C). Taken
together, these results suggest that palmitoylation influences the
gating properties of wt rNav1.2a by altering the inactivation pro-
cess, which may increase the pool of channels that are available for
activation at resting membrane potentials (2). Intrigued by the
modulatory effect of 2-Br-palmitate on channel function, we set
out to identify endogenous cysteines that are capable of influ-
encing the toxin pharmacology and gating properties of Nav
channels through palmitoylation.

Intracellular Cysteines Can Influence the Pharmacological Properties
of rNav1.2a. Even though the G1079C mutation was discovered
serendipitously, it sparked our investigation into the functional
consequences of rNav1.2a palmitoylation. To expand the relevance
of the results obtained with this particular mutant, we searched for
endogenous cysteines that affect the functional and pharmaco-
logical properties of wt rNav1.2a similar to 2-Br-palmitate treat-
ment. To this end, we used a computational approach to predict
palmitoylation of intracellular cysteines (64) and substituted three
likely candidates with alanine (C650A in the domain I-II loop, and
C1053A and C1182A in the domain II-III loop) (Fig. S2A). Next,
we expressed the triple mutant (rNav1.2aAAA) in Xenopus oocytes
and compared its functional and pharmacological properties to
wt rNav1.2a.
Strikingly, rNav1.2aAAA displays the two distinct properties that

are characteristic of chemically depalmitoylated wt rNav1.2a
channels (Table S3): (i) Steady-state inactivation is shifted toward
more hyperpolarized voltages (≈13 mV) (Fig. 3B); and (ii) re-
covery from fast inactivation is approximately twofold slower (Fig.
3C). In addition, we observe an increase in PaurTx3 sensitivity for
the mutant rNav1.2aAAA channel (Fig. 3D and Table S3), a feature
similar to what we found for wt rNav1.2a channels treated with 2-
Br-palmitate (Fig. 2A). A unique trait of rNav1.2aAAA is that the
channel activates at more negative voltages (≈11 mV), whereas 2-
Br-palmitate treatment of wt rNav1.2a does not alter the activa-
tion voltage of the channel (Figs. 2D and Fig. 3B and Tables S1–
S4). However, given the importance of the domain I-II and domain

II-III intracellular loops in Nav channel gating (65) and their in-
teraction with auxiliary proteins (66, 67), one explanation for this
observation may be that the substitution of a strategic cysteine
itself alters the activation characteristics of rNav1.2aAAA. In con-
cert, 2-Br-palmitate treatment only marginally affects the gating
characteristics (Fig. 3 A–C and Table S3) and PaurTx3 suscepti-
bility (Fig. 3D and Table S4) of rNav1.2aAAA, suggesting that the
three cysteine substitutions have removed palmitate molecules
that influence the gating and pharmacological properties of wt
rNav1.2a. Additionally, these results support the value of 2-Br-
palmitate as a chemical tool to specifically remove palmitate
molecules from intracellular cysteines (68).
According to the prediction software that we used (64), C1182 is

the most likely residue to be palmitoylated in wt rNav1.2a. We
therefore constructed an additional rNav1.2a mutant in which we
replaced this cysteine with an alanine and investigated its func-
tional characteristics. Interestingly, C1182A largely mimics the
hyperpolarizing effect of rNav1.2aAAA on channel activation and
steady-state inactivation (Fig. 4A and Table S3). Although re-
covery from fast inactivation slows down as well (Fig. 4B and Table
S3), the effect is less pronounced compared with rNav1.2aAAA

(Fig. 3C and Table S3). Similar to the triple mutant, 2-Br-palmi-
tate treatment only has a subtle additional effect on the activation
and steady-state inactivation properties of C1182A (Fig. 4A and
Table S3). In contrast, recovery from fast inactivation slows down
further after treatment (Fig. 4B and Table S3), suggesting that
palmitoylation of C650, C1053, or other intracellular cysteines may
play a role in this aspect of gating. Further support for the in-
volvement of C1182 in channel palmitoylation comes from toxin
experiments in which we observe an augmented susceptibility of
the C1182A mutant for PaurTx3. As with rNav1.2aAAA, the
resulting apparent affinity of the toxin for C1182A is identical to
that obtained with depalmitoylated wt rNav1.2a channels and is
only slightly influenced by 2-Br-palmitate treatment (Figs. 2A and

Fig. 3. Gating characteristics and PaurTx3 sensitivity of rNav1.2AAA. (A)
Comparison of Nav channel fast inactivation for wt rNav1.2a (black) and
rNav1.2AAA before (blue) or after (green) depalmitoylation with 2-Br-pal-
mitate. Nav channels were depolarized to −20 mV from a holding potential
of −90 mV. (B and C) Comparison of the gating properties of rNav1.2a
(black) and rNav1.2AAA before (blue) or after (green) depalmitoylation. B
shows deduced conductance–voltage and steady-state inactivation rela-
tionships; C shows recovery from fast inactivation as determined by a dou-
ble-pulse protocol to −20 mV with a varying time between pulses (0–50 ms).
n = 3, and error bars represent SEM. (D) Apparent affinity of PaurTx3 for
rNav1.2a (black) and rNav1.2AAA before (blue), or after (green) depalmi-
toylation with 2-Br-palmitate. Concentration dependence for toxin in-
hibition plotted as Fu measured at negative voltages is shown. Solid lines
represent a fit with the Hill equation. n = 3–5 for each toxin concentration,
and error bars represent SEM. Values are reported in Tables S3 and S4.
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4C and Tables S1–S4). To check whether other intracellular cys-
teines are important in toxin pharmacology, we constructed the
individual C650A and C1053A mutants but detected no change in
the apparent affinity of PaurTx3 for these channel mutants (31 ± 2
nM and 30 ± 3 nM, respectively) (Fig. 4D), suggesting that pal-
mitoylation of C1182 is largely responsible for the decrease in
sensitivity of wt rNav1.2a for PaurTx3.
Taken together, our results with rNav1.2aAAA and the C1182A

mutant identify potential palmitoylation sites within the channel
and suggest that palmitoylation of cysteines in the wt rNav1.2a
channel can alter the gating properties and pharmacological sen-
sitivities of the channel.

Cholesterol Influences the Toxin Pharmacology of rNav1.2a. Palmi-
toylation is thought to play an important role in targeting mem-
brane proteins to detergent-resistant membrane fractions, or lipid
microdomains (55). Therefore, we wanted to investigate whether
this phenomenon could be responsible for the influence of in-
tracellular palmitate molecules on tarantula toxin susceptibility of
rNav1.2a. We used a commonly used approach to break up lipid
microdomains (69) and studied whether the effects on toxin
pharmacology were similar as observed after channel depalmi-
toylation. To this end, we incubated Nav channel-expressing
Xenopus oocytes with methyl-β-cyclodextrin and measured the
apparent affinity of PaurTx3. Compared with 2-Br-palmitate (Fig.
2 C–E and Table S1), the effects of removing cholesterol from the
membrane on the gating properties of wt rNav1.2a are relatively
subtle (Fig. 5A). Surprisingly, however, cholesterol depletion
decreases the apparent affinity of PaurTx3 for wt rNav1.2a by
a factor of 10 (from 27 ± 10 nM to 289 ± 37 nM; Fig. 5B), whereas
depalmitoylating the channel has the opposite effect on toxin af-
finity (Fig. 2A and Table S2). In contrast to wt rNav1.2a, choles-
terol depletion causes the mutant that sparked this investigation,
G1079C, to activate at more-positive voltages (≈7 mV) (Fig. S4).
Moreover, the apparent affinity of PaurTx3 for G1079C decreases

≈25-fold (from 1 ± 1 nM to 26 ± 2 nM; see Fig. 5C) after cho-
lesterol depletion, an effect that is also observed when the mutant
channel is treated with 2-Br-palmitate (Fig. 2A and Table S2). In
concert with the results obtained after 2-Br-palmitate treatment
(Fig. S2A and Table S2), the interaction of ProTx-I with wt
rNav1.2a and G1079C is not influenced by cholesterol depletion
(Fig. S4B).
Overall, these results show that palmitoylation and cholesterol

influence the pharmacological properties of rNav1.2a. For the
G1079C mutant in particular, the similar effects on toxin affinity
after 2-Br-palmitate and methyl-β-cyclodextrin treatment would
be consistent with this channel variant being targeted to specific
lipid microdomains that alter its susceptibility to PaurTx3 (70).

Discussion
Although it was shown before that the incorporation of palmitate
molecules is a critical step in the biosynthesis of Nav channels (42),
the advent of more precise tools such as 2-Br-palmitate (57) allows
us to examine the role of palmitoylation in Nav channel function
and pharmacology more closely. Together with site-directed mu-
tagenesis, we used 2-Br-palmitate to test our hypothesis that pal-
mitoylation of an introduced cysteine in the intracellular loop
between domains II and III of rNav1.2a (G1079C) is responsible
for a 20-fold increase in apparent affinity for PaurTx3 (Fig. 1A and
B and Table S2), a peptide toxin isolated from tarantula venom
(44) that interacts with the domain II voltage sensor in wt rNav1.2a
(28). As a result, we revealed an important role for palmitoylation
in shaping the functional properties of wt rNav1.2a because 2-Br-
palmitate treatment of the channel significantly alters its gating
characteristics (Fig. 2 C–E and Table S1). Furthermore, depal-
mitoylation causes the gating properties of G1079C and the wt
channel to coincide and abolishes the disparity in apparent affinity
of PaurTx3 (Fig. 2A and Tables S1 and S2), suggesting that the
additional cysteine in G1079C is palmitoylated and that this lipid
modification is responsible for the increase in apparent affinity of
PaurTx3.Moreover, we identified endogenous palmitoylation sites
in wt rNav1.2a that can modulate channel function and toxin
pharmacology. In particular, we constructed a triple cysteine mu-

Fig. 4. Gating characteristics and PaurTx3 sensitivity of C1182A. (A and B)
Comparison of the gating properties of rNav1.2a (black) and C1182A before
(blue) or after (green) depalmitoylation with 2-Br-palmitate. A shows de-
duced conductance–voltage and steady-state inactivation relationships; B
shows recovery from fast inactivation as determined by a double-pulse
protocol to −20 mV with a varying time between pulses (0–50 ms). n = 3–5,
and error bars represent SEM. (C) Apparent affinity of PaurTx3 for rNav1.2a
(black) and C1182A before (blue) or after (green) depalmitoylation. (D)
Apparent affinity of PaurTx3 for rNav1.2a (black), C650A (blue, open circles),
and C1053A (blue, filled circles). n = 3–4 for each toxin concentration, and
error bars represent SEM. Values are reported in Tables S3 and S4.

Fig. 5. Effects of cholesterol on PaurTx3 interaction with wt rNav1.2a and
G1079C. (A) Effects of cholesterol depletion on the gating properties of
rNav1.2a; deduced conductance–voltage and steady-state inactivation rela-
tionships (Left) and recovery from fast inactivation (Right) before (black) and
after (red) 5 mM methyl-β-cyclodextrin are shown. n = 3, and error bars
represent SEM. (B and C) Apparent affinity of PaurTx3 interacting with
rNav1.2a (B) and G1079C (C) before (black) and after (red) membrane cho-
lesterol depletion. Solid line represents a fit with the Hill equation, and error
bars represent SEM.
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tant (rNav1.2aAAA) with an increased susceptibility for PaurTx3
and a gating behavior strongly reminiscent of wt rNav1.2a channels
treated with 2-Br-palmitate (Fig. 3 and Tables S3 and S4). Pal-
mitoylation of one cysteine in particular (C1182) primarily influ-
ences PaurTx3 sensitivity (Fig. 4C and Table S4) and may alter the
inactivation process of rNav1.2a in neurons thereby potentially
increasing the pool of neuronal channels that are more readily
available for activation.
Because it is rather remarkable that intracellular mutations can

alter the sensitivity of rNav1.2a to extracellular peptide ligands, it
is interesting to consider the underlying mechanisms. On a mac-
roscopic level, palmitoylation is thought to target proteins to lipid
microdomains within the membrane (55). As such, changes in the
palmitoylation pattern of rNav1.2a may redirect the channel to a
region with a particular lipid composition and a predisposition to
attract specific toxins that partition in the membrane before
interacting with the channel. Although PaurTx3 (Fig. S3) and
ProTx-II (46) have been shown to partition into membranes, so
has ProTx-I (25), yet the apparent affinity of ProTx-I is not af-
fected by the G1079C mutation and the membrane lipid mod-
ifications tested in this study (Figs. S2C and S4B). Therefore,
additional toxin interactions with specific rNav1.2a voltage sensors
may play a role as well. Structural studies on Kv channels and
bacterial Nav channels have shown that the voltage sensor of one
subunit is positioned adjacent to the pore-forming helices of the
next subunit (Fig. S2A) (14–16, 22, 71). Because of their sequence
similarity with these channels, it is likely that mammalian Nav
channels share a similar structural organization. Given the loca-
tion of the C1182A and G1079C mutation in the intracellular loop
between domains II and III (Fig. S2A), one could imagine that
toxins targeting the voltage sensor in domain II (28, 50, 53) would
be susceptible to the presence of a palmitate molecule in this re-
gion. Although all toxins affected by palmitoylation interact with
the voltage sensor in domain II (Fig. 2 A and B, Fig. S2 A and B,
and Tables S1 and S2), not all domain II toxins are affected by the
lipid modification (Fig. S2 A, C, and D), suggesting that sensitivity
to palmitoylation is not exclusively determined by the voltage
sensor it targets, but by the local interactions between a specific
toxin and voltage sensor within the membrane. Further in-
vestigation should be performed to determine the mechanisms by
which palmitoylation influences Nav channel gating and pharma-
cology, and to explore whether similar regulatory mechanisms
occur for other membrane proteins (35).

Materials and Methods
Spider and Scorpion Toxin Purification. PaurTx3was purified fromPhrixotrichus
auratus venom (Spider Pharm) by using a two-step HPLC protocol (28, 50, 53).
Identity and purity were determined with mass spectrometry and automated
peptide sequencing. AaHII from Androctonus australis hector venom and TsVII

from Tityus serrulatus venomwere purified as described (47, 48), and synthetic
ProTx-I and ProTx-II were acquired from Peptides International. Toxins were
kept at −20 °C. Before experiments, toxin aliquots were dissolved in appro-
priate solutions containing 0.1% BSA.

Two-Electrode Voltage-Clamp Recording from Xenopus Oocytes. The DNA se-
quence of rNav1.2a, rNav1.2aAAA, C650A, C1053A, C1182A, and G1079C was
confirmed by automated DNA sequencing and cRNAwas synthesized by using
T7 polymerase (mMessage mMachine kit; Ambion) after linearizing the DNA
with appropriate restriction enzymes. Channels were expressed in Xenopus
oocytes and studied after 1–2 d of incubation after cRNA injection (incubated
at 17 °C in 96 mM NaCl, 2 mM KCl, 5 mM Hepes, 1 mM MgCl2, 1.8 mM CaCl2,
and 50 μg/mL gentamycin at pH 7.6 with NaOH) using two-electrode voltage-
clamp recording techniques (OC-725C; Warner Instruments) with a 150-μL re-
cording chamber. Data were filtered at 3 kHz and digitized at 20 kHz by using
pClamp software (Axon). Microelectrode resistances were 0.1–1 MΩ when
filled with 3 M KCl. The external recording solution (ND96) contained 96 mM
NaCl, 2 mM KCl, 5 mM Hepes, 1 mM MgCl2, and 1.8 mM CaCl2 at pH 7.6 with
NaOH. All experimentswere performed at room temperature (≈22 °C). Protein
palmitoylation was inhibited by using a previously reported procedure con-
sisting of overnight incubation of oocytes with 100 μM 2-Br-palmitate and
rinsed in ND96 before recording (57, 68). Oocytes were exposed to 5 mM
methyl-β-cyclodextrin for ≥2 h to extract cholesterol from the membrane (69)
and rinsed in ND96 before recording. Leak and background conductances,
identified by blocking the channel with tetrodotoxin, have been subtracted
for all Nav channel currents.

Analysis of Channel Activity and Toxin–Channel Interactions. Voltage–activa-
tion relationships were obtained by measuring steady-state currents and cal-
culating conductance (G), and a single Boltzmann function was fitted to the
data according to: G/Gmax = (1 + e−zF(V − V1/2)/RT)−1 where G/Gmax is the nor-
malized conductance, z is the equivalent charge, V1/2 is the half-activation
voltage, F is Faraday’s constant, R is the gas constant, and T is temperature in
Kelvin. Occupancy of closed or resting channels by toxins was examined by
using negative holding voltages where open probability was very low, and the
fraction of unbound channels (Fu) was estimated by using depolarizations that
are too weak to open toxin-bound channels, as described (28). After addition
of the toxin to the recording chamber, the equilibration between the toxin
and the channel was monitored by using weak depolarizations elicited at 5- to
10-s intervals. For both wt and mutant channels, we recorded G–V relation-
ships in the absence and presence of toxin. Concentration dependence for
toxin inhibition of Nav channels is plotted as Fumeasured at negative voltages
versus concentration. The Hill equation was used to fit the data and to obtain
apparent affinity values. α-Scorpion toxin affinity was determined as described
bymeasuring the I10 ms/Ipeak ratiowhich gives an estimate of the probability for
the channels not to be inactivated after 10 ms (72). Off-line data analysis was
performed by using Clampfit (Axon), and Origin 7.5 (Originlab).
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