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ABSTRACT: Mutations of hNav1.7 that cause its activities to be
enhanced contribute to severe neuropathic pain. Only a small number
of hNav1.7 specific inhibitors have been identified, most of which interact
with the voltage-sensing domain of the voltage-activated sodium ion
channel. In our previous computational study, we demonstrated that a
[Lys6]-C84 fullerene binds tightly (affinity of 46 nM) to NavAb, the
voltage-gated sodium channel from the bacterium Arcobacter butzleri.
Here, we extend this work and, using molecular dynamics simulations,
demonstrate that the same [Lys6]-C84 fullerene binds strongly (2.7 nM) to
the pore of a modeled human sodium ion channel hNav1.7. In contrast,
the fullerene binds only weakly to a mutated model of hNav1.7 (I1399D)
(14.5 mM) and a model of the skeletal muscle hNav1.4 (3.7 mM).
Comparison of one representative sequence from each of the nine human
sodium channel isoforms shows that only hNav1.7 possesses residues that are critical for binding the fullerene derivative and
blocking the channel pore.
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■ INTRODUCTION

Chronic pain affects approximately 20% of the adult
population.1 Despite the significant economic cost of chronic
pain, estimated to be approximately $600 billion per annum in
the United States,1 research into possible therapeutic
compounds is still in early stages.2 There is a genuine need
to find therapeutic compounds for the treatment of chronic
pain as current analgesics are restricted by problems such as
dose-limiting side effects, tolerance, and potential for
addiction.1

Voltage-gated sodium channels (VGSCs) are the primary
mediators of electrical signal amplification and propagation in
excitable cells.3,4 Mammalian VGSCs are polypeptides of
∼2000 amino acids in length and are comprised of an α-
subunit with 2 auxiliary β-subunits. The α-subunit inserts into
membranes in a conserved structural motif of 24 trans-
membrane helices configured into four distinct homologous
repeats, designated Domains I−IV.4−6 Each of the four
domains is composed of six transmembrane helices (S1−S6)
joined by cytoplasmic and extracellular loops of variable
composition and length. Helices S1−S4 form the voltage
sensing module. Helices S5 and S6 are connected by two short
helical peptides (P1 and P2) and a selectivity filter (SF) loop
which together form the outer vestibule and ion permeation
pore. Sodium channels are molecular targets for a broad range
of naturally occurring neurotoxins. These toxins have been
extensively researched and shown to interact at known ion
channel receptor sites (see Figure 1).7

Genetic, structural, and functional studies have shown that
the voltage-gated sodium channel, hNav1.7, contributes to pain
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Figure 1. Schematic two-dimensional representation for each of the
domains (I−IV) of the functional α-subunit of voltage-gated sodium
channels and identification of known neurotoxin binding sites.
Highlighted in red is the selectivity filter and entrance to the pore.
This site is also the location of binding for tetrodotoxin (TTX),
saxitoxin (STX), μ-conotoxins, as well as the [Lys6]-C84 fullerene
described here. Reproduced with permission from ref 7.

Research Article

pubs.acs.org/chemneuro

© 2017 American Chemical Society 1747 DOI: 10.1021/acschemneuro.7b00099
ACS Chem. Neurosci. 2017, 8, 1747−1755

pubs.acs.org/chemneuro
http://dx.doi.org/10.1021/acschemneuro.7b00099


disorders. A gain-of-function mutation of this channel leads to
severe neuropathic pain, whereas loss-of-function mutations
lead to an indifference to pain.8 Humans lacking this channel
are completely insensitive to pain.1 Therefore, selective
inhibitors of hNav1.7 ion channels offer a new approach in
the design of analgesics for treating a broad range, but not all,2

of pain conditions.9,10

For an inhibitor of hNav1.7 to be of potential therapeutic
value, it should have isoform-selectivity.2 There are nine human
Nav channel isoforms, defined by differences in the sequences
of the α-subunits. They are associated with migraine (hNav1.1),
epilepsy (hNav1.1−1.3, hNav1.6), pain (hNav1.7−1.9), cardiac
(hNav1.5), and muscle paralysis (hNav1.4) syndromes.11 The
high degree of amino acid sequence homology among the
different isoforms makes finding subtype-selective ligands
extremely difficult.4 Blockers of hNav channels can be used to
treat many neurological and cardiovascular disorders, but
therapeutic utility is limited when isoform-selectivity is limited
or absent. Successful blockers need to be designed to take
advantage of subtle amino acid sequence variations in and
around the pore region.
Due to their therapeutic potential, interest in identifying

inhibitors of hNav1.7 is increasing. Most of the inhibitors of
hNav1.7 discovered to date act by interacting with the voltage-
sensor.9,11−16 These inhibitors are gating modifiers and are
sensitive to channel activation.11 For example, ProTx-II, a
tarantula venom, was shown to selectively inhibit hNav1.7 with
a half maximal inhibitory concentration (IC50) of 0.3 nM,
compared to values of 30−150 nM for other heterologously
expressed Nav1 subtypes.12 A unique 46-residue peptide from
centipede venom has also been identified. This potently and
selectively inhibits hNav1.7 with an IC50 of ∼25 nM, compared
to micromolar IC50 values for hNav1.1, hNav1.2, and hNav1.6
channels. It had no effect on hNav1.3, hNav1.4, hNav1.5, and
hNav1.8.

9 Lee et al.13 developed a monoclonal antibody that
targets the voltage-sensor paddle of hNav1.7, effectively
inhibiting the function of hNav1.7 in vitro with high specificity
and potency (IC50 of 30.7 nM, with μM values for other Nav
channels). Klint et al.14 reported the discovery of seven novel
peptides from spider venom (NaSpTx family 1) which
modulate the activity of hNav1.7. One of these toxins
(rHd1a) was found to potently inhibit hNav1.7 (IC50 = 111
nM).14 Recently, Focken et al.15 discovered an aryl sulfonamide
capable of immobilizing the voltage sensor of hNav1.7 with 0.4
nM binding affinity and selectivity over the cardiac ion channel
hNav1.5. Moreover, they demonstrated in rodents that the
compound had analgesic effects toward acute and inflammatory
pain.
Inhibitors that potently block the selectivity filter of hNav1.7

may exhibit a more effective pain therapy, but only a small
number exist.4,17−19 An inhibitor capable of binding to the
selectivity filter allows for binding to occur to all physiological
channel states. For example, a recent study in humans
demonstrated that the potent (IC50 of 80 nM) but nonselective
hNav1.7 channel blocker XEN-402 significantly reduced the
amount of pain experienced by patients when applied topically.4

However, XEN-402 is not selective to hNav1.7 which limits its
clinical use. Walker et al.19 examined the binding of three toxins
(tetrodotoxin, saxitoxin, and gonyautoxin), derived from
pufferfish and paralytic shellfish, against primate Nav1.7. They
demonstrated that in primates, tetrodotoxin binds with high
affinity to the Nav1.7 ion channel while saxitoxin and
gonyautoxin bind weakly. Using mutagenesis studies, Walker

et al.19 were able to highlight the importance of two ion
channel residues, Thr-1398 and Ile-1399, as critical determi-
nants of saxitoxin and gonyautoxin low affinity in hNav1.7.
They suggest that selective inhibitors of hNav1.7 could be
designed around these residues since in other hNav channels,
the residues in equivalent positions occur as methionine and
aspartate.
Many of the toxins extracted from venomous animals, such as

cone snails and scorpions, have been identified as potent and
specific inhibitors of voltage-gated cationic channels. Unfortu-
nately, there are a number of challenges associated with
converting toxins from venomous species to drugs, such as
unstable disulfide bonds and susceptibility to protease
degradation.3,20−23 Although polypeptide toxins are unsuitable
to be used as potential therapeutics due to their low stability in
plasma and high cost of synthesis, they serve as useful structural
templates for designing new therapeutic agents. Nanomateri-
als,24 truncated peptides,21 or peptidomimetic star polymers25

designed to mimic the main features of these complex toxin
structures may help to alleviate some of these challenges.
Several previous studies26−32 have shown that nanomaterials,
such as carbon nanotubes and fullerenes, interact with certain
classes of biological ion channels. We have demonstrated that a
C84 fullerene with six lysine derivatives uniformly attached to its
surface ([Lys6]-C84 fullerene) can be a selective inhibitor of ion
channels.24 The lysine-decorated fullerene binds strongly (IC50
= 46 nM) to the bacterial sodium channel, NavAb, whereas it
binds only weakly (IC50 = 3 mM) to the human voltage-gated
potassium channel, hKv1.3.

24 The stronger binding in the
sodium channel was due to hydrophobic contacts with critical
residues at the entrance to the NavAb pore.24 The [Lys6]-C84
fullerene was designed with the aim of mimicking the function
of μ-conotoxins, derived from the marine cone snail, which
bind with high affinity to the pore region of voltage-gated
sodium channels (site 1 in Figure 1).3,33 Of particular interest,
two small μ-conotoxins, KIIIA and SIIIA, have been shown to
have analgesic properties in mouse inflammatory pain assays.3

In this study, using molecular dynamics (MD) simulations,
we investigate the sensitivity of hNav1.7 to the [Lys6]-C84
fullerene as a possible drug lead for severe neuropathic pain.
We also examine the potential of the fullerene derivative to
bind to other human sodium ion channels isoforms.

■ RESULTS AND DISCUSSION
Configuration of the hNav1.7 and hNav1.4 Pore

Domains. The pore domain of hNav1.7 and hNav1.4 are
formed by four nonidentical subunits. The selectivity filter of
hNav1.7 has a DEKA (Asp-Glu-Lys-Ala) ring, as opposed to the
EEEE (Glu-Glu-Glu-Glu) ring found in the bacterial sodium
channel NavAb. In our hNav1.7 and hNav1.4 models, one
sodium ion is located in close proximity to the aspartate residue
of the DEKA ring and acts to stabilize the pore. The distance
from the sodium ion to the center of mass of the carboxyl
group on the aspartate residue is measured to be 2.23 and 2.79
Å in our hNav1.7 and hNav1.4 models, respectively. The
structure of the channel is stable, evidenced by the RMSD of
the channel backbone fluctuating by only 1.67 Å with reference
to the initial energy-minimized model (Figure S1 in the
Supporting Information illustrates the RMSD during the
unrestrained MD simulations).

Binding [Lys6]-C84 Fullerene to hNav1.7 and hNav1.4.
The PMF profiles for the cleavage of the [Lys6]-C84 fullerene
from hNav1.7 and hNav1.4 models are shown in Figure 2. The
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axial position is measured from the center of mass of the
fullerene to the center of mass of each channel (in the z-
direction). For hNav1.7, the PMF reaches a minimum (zmin) at
16.5 Å, with a well depth of −12.7 kcal/mol. In addition, a local
minimum exists at 19.0 Å. For hNav1.4, the minimum (zmin) is
located at 19.0 Å with a well depth of −3.7 kcal/mol. Using eq
1, we predict Kd values of 2.7 nM and 3.7 mM with negligible
error for the hNav1.7 and hNav1.4 channels, respectively. The
windows at 39.0 Å (hNav1.7) and 39.5 Å (hNav1.4) are
assumed to be bulk (zmax), and the PMF is therefore set to zero
at these z positions.
To characterize the interactions between the [Lys6]-C84

fullerene and the two channels, we examine the umbrella
sampling window located at the PMF minima. The binding of
the [Lys6]-C84 fullerene to hNav1.7 at 16.5 Å is illustrated in
Figure 3. One fullerene-lysine side chain binds to Glu-916 and
Glu-919 at the selectivity filter, forming an average of 0.5 ± 0.5
(mean ± standard deviation) and 0.7 ± 0.4 hydrogen bonds,
respectively. Two other lysine residues attached to the fullerene
bind to the channel Ser-279 and Asp-923 with an average of 0.2
± 0.4 and 0.1 ± 0.4 hydrogen bonds, respectively. In addition,
hydrophobic interactions occur between Ile-1399, Ile-1400,
Leu-280 and Tyr-362 with the fullerene surface. (see Figures S3
and S4 in the Supporting Information which illustrate patterns
of hydrogen bonding and hydrophobic interactions formed
over the simulation time).
The binding of the [Lys6]-C84 fullerene to hNav1.4 at the

minimum of the PMF is shown in Figure 4. We find that one
lysine chain on the fullerene binds to Glu-409 and Asn-410 at
the entrance to the selectivity filter, with an average of 0.6 ± 0.5
and 0.5 ± 0.5 hydrogen bonds, respectively. Another lysine
chain of the [Lys6]-C84 fullerene binds to Asn-1226 in the outer
vestibule with an average of 0.2 ± 0.4 hydrogen bonds (residue
not shown in Figure 4). There are also three hydrophobic
interactions formed between the fullerene surface and the
residues Ile-1249, Ala-1252, and Ala-1253 (see Figures S3 and

S4 in the Supporting Information which illustrate patterns of
hydrogen bonding and hydrophobic interactions formed over
the simulation time). As a result of these interactions the
[Lys6]-C84 fullerene is positioned off-center and is not
completely blocking the selectivity filter. It is not possible to
undertake simulations for a long enough period of time to
observe the passage of ions across the channel. The maximum
distance between outermost atoms forming the channel pore is
∼11 Å at the location where the lysine chain is bound to Glu-
409. Furthermore, the passage at this position is fully hydrated
so that sodium ions under these conditions would readily move
across the channel. A comparison of the solvent accessible
volume between the hNav1.4 and hNav1.7 channels with the
[Lys6]-C84 fullerene bound is shown in Figure 5.
Although hNav1.7 and hNav1.4 both exhibit a similar pattern

of hydrogen bonding with the [Lys6]-C84 fullerene, an
additional hydrophobic interaction occurs in the hNav1.7
model. It is of interest to determine how much this additional
hydrophobic interaction may contribute to the free energy.
Using density functional theory calculations, de Leon et al.36,37

estimated the quantum mechanical gas phase interaction energy
for the interaction of C60 and C80 with amino acids. We note

Figure 2. Potential of mean force for cleavage of [Lys6]-C84 fullerene
from hNav1.7, hNav1.4, and hNav1.7 I1399D. The random errors of
the PMF profiles estimated from the bootstrapping method34,35 are
less than 0.4 kcal/mol in all cases. Maximum uncertainty is estimated
to be 0.04, 0.36, and 0.22 kcal/mol for the hNav1.7, hNav1.4, and
mutant hNav1.7 I1399D models, respectively. The PMF of each
channel is shown individually in Figure S2 in the Supporting
Information to illustrate the binding pockets and error bars.

Figure 3. Binding of [Lys6]-C84 fullerene (purple) to the outer
vestibule of hNav1.7 at 16.5 Å. (A) The entire channel embedded in
the lipid bilayer. (B) and (C) illustrate detailed binding of the [Lys6]-
C84 fullerene. For clarity, in (A) and (B), only domains I (blue) and III
(yellow), and in (C) only domains II (green) and IV (pink) are
shown. The hydrophobic residues Leu-280, Tyr-362, Ile-1399, and Ile-
1400 are represented as silver van der Waals spheres. All other
important residues (Ser-279, Ser-880, Glu-916, Glu-919, and Asp-923)
are represented in licorice.
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here that, since these values were measured in the gas phase
they are likely to be different in our solvated model. de Leon et
al.36,37 determined interaction energies of alanine, isoleucine,
tyrosine, and leucine residues from a C80 fullerene as −4.853,
−3.358, −6.492, and −5.933 kcal/mol, respectively.37 Using
these values, the combined interaction energy of the hydro-

phobic interactions formed between the [Lys6]-C84 fullerene
and the hNav1.4 model (Ile-1249, Ala-1252 and Ala-1253) is
∼ −13.064 kcal/mol. Similarly, the combined interaction
energy of the hydrophobic interactions formed between the
[Lys6]-C84 fullerene and the hNav1.7 model (Leu-280, Tyr-362,
Ile-1399 and Ile-1400) is ∼−19.141 kcal/mol. Thus, the
difference in interaction energy for the [Lys6]-C84 fullerene
from the hydrophobic residues present at the entrance to the
selectivity filter of hNav1.4 and hNav1.7 is −6.077 kcal/mol.
This corresponds well to the difference in the depths of the two
PMFs shown in Figure 2 (−9 kcal/mol).
As a local minimum also exists for hNav1.7 at 19.0 Å, the

fullerene forms, on average, 1.1 ± 0.7 hydrogen bonds with
hNav1.7 at this local minimum. Two lysine residues on the
fullerene are bound to Glu-919 and Asp-1690 (see Figure 6) for
an average of 81% and 24% of the entire simulation time,
respectively.

At positions corresponding to the methionine residues
present in NavAb and hKv1.3,

24 hNav1.7 has residues Asn-
Thr-Ile-Gly and hNav1.4 has residues Asn-Thr-Asp-Gly (see
Table 1). In hNav1.7, the residue Ile-1399 forms a hydrophobic
interaction with the fullerene surface, helping to coordinate it
close to the pore. This is similar to the pattern of binding
observed in the bacterial ion channel, NavAb.

24 The lack of this
stabilizing hydrophobic interaction and presence of a negative
charge on the residue in the corresponding position, Asp-1248
in hNav1.4 results in a weaker interaction, shown by a much
shallower well located further from the selectivity filter. This
also precludes formation of hydrophobic interactions with
otherwise nearby side chains.

Investigating a hNav1.7 Mutant. Since a small variation
in sequence was shown to be so significant, we carried out an
alignment of one representative of each of the 9 hNav isoforms
(see the Supporting Information for an alignment of one
representative sequence from each of the 9 isoforms of hNav
channels). It can be clearly seen that an aspartate residue, rather
than an isoleucine, occurs in all channels at the position
corresponding to Ile-1399. To examine the effects of the
aspartate residue on [Lys6]-C84 fullerene binding, we substitute
an aspartate residue in hNav1.7 using computational muta-
genesis as described in the Computational Methods section.
Fullerene binding to the mutant was carried out as described
for models hNav1.7 and hNav1.4. The PMF for cleavage of the
fullerene from the mutant hNav1.7 (I1399D) reaches a
minimum (zmin) at 18.5 Å with a well depth of −2.2 kcal/

Figure 4. Binding of [Lys6]-C84 fullerene (purple) to the outer
vestibule of hNav1.4 at 19.0 Å. (A) The entire channel embedded in
the lipid bilayer. (B) and (C) illustrate detailed binding of the [Lys6]-
C84 fullerene. For clarity, in (A) and (B), only domains I (blue) and III
(yellow), and in (C) only domains II (pink) and IV (green) are
shown. The hydrophobic residues Ala-1252 and Ile-1249 are
represented as silver van der Waals spheres and Asn-410 and Glu-
409 side chains are represented in licorice. For clarity, only a portion
of the channel is shown.

Figure 5. Solvent accessible volume of the hNav1.4 and hNav1.7 pore
regions with the [Lys6]-C84 fullerene (purple) bound at 19.0 Å, and
16.5 Å, respectively. Domains I (blue), II (pink), III (yellow), and IV
(green) are shown.

Figure 6. Binding of [Lys6]-C84 fullerene (purple) to the outer
vestibule of hNav1.7 at the local minimum 19.0 Å. The side chains of
residues Glu-919 and Asp-1690 are represented in licorice. Domains II
and IV are shown in green and pink, respectively.
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mol (see Figure 2). Using eq 1, we predict a Kd value of 14.5
mM for the mutant hNav1.7 (I1399D) channel. As previously,
the window at 37.5 Å is assumed to be bulk (zmax), and the
PMF is therefore set to zero at this z position. This result shows
that the strength of binding is significantly reduced due to the
mutation and instead, is of similar magnitude to that shown for
binding the [Lys6]-C84 fullerene to hNav1.4.
We find that three lysine chains on the fullerene bind to the

mutant hNav1.7 (I1399D) channel. One lysine chain on the
fullerene binds to Glu-919 and Asp-1399, with an average of 0.5
± 0.5 and 0.3 ± 0.5 hydrogen bonds, respectively. Another
lysine chain on the fullerene binds to Asn-282 and Glu-926,
with an average of 0.2 ± 0.4 and 0.4 ± 0.5 hydrogen bonds,
respectively. A third lysine chain on the fullerene binds to Glu-
281 with an average of 0.4 ± 0.5 hydrogen bonds. There are
also hydrophobic interactions being formed between the
fullerene surface and the residue Leu-366. As the simulation
progresses, the fullerene is pulled further off-center and the
interaction with Leu-366 is lost. Hydrophobic interactions are
then formed between the fullerene surface and the residues Ile-
1400 and Ala-1694 (see Figures S3 and S4 in the Supporting
Information which illustrate the patterns of hydrogen bonding
and hydrophobic interactions formed over the simulation
time).
Again, using the density functional theory calculations from

de Leon et al.36,37 the combined interaction energy of the
hydrophobic interactions formed between the [Lys6]-C84

fullerene and the mutant hNav1.7 (I1399D) model (Leu-366)
is ∼−5.933 kcal/mol. Thus, the difference in interaction energy
for the [Lys6]-C84 fullerene from the hydrophobic residues
present at the entrance to the selectivity filter of hNav1.7 and
the mutant hNav1.7 (I1399D) channels is −13.21 kcal/mol.
This corresponds well to the difference in the depths of the two
PMFs shown in Figure 2 (−10.5 kcal/mol). As the simulation
progresses and the hydrophobic residues Ile-1400 and Ala-1694
replace the interaction with Leu-366 the difference in

interaction energy becomes −10.93 kcal/mol, again comparing
well with the difference in the depths of the two PMFs.
In conclusion, we have demonstrated selectivity of hNav1.7

over hNav1.4 in binding the [Lys6]-C84 fullerene. We show that
the [Lys6]-C84 fullerene is capable of blocking the ion-
conducting pathway of the voltage-gated sodium channel,
hNav1.7 with strong affinity (2.7 nM). In contrast, the [Lys6]-
C84 fullerene binds only weakly to the mutant hNav1.7
(I1399D) (14.5 mM) and the sodium ion channel expressed
in skeletal muscle, hNav1.4 (3.7 mM). A summary of the PMF
minima and dissociation constants are given in Table 2.

Our simulations of hNav1.4 and hNav1.7 as well as hNav1.7
(I1399D) clearly identify Ile-1399 as a critical determinant in
binding. Comparison of one representative from each of the
nine human sodium channel isoforms shows that hNav1.7 is the
only voltage-gated sodium channel where the outer ring
charged aspartate in domain III is absent and occurs as a
neutral isoleucine. Furthermore, the unique sequence of
hNav1.7 is essential for selective binding of the [Lys6]-C84
fullerene and subsequent blocking of the ion channel. Our
results are consistent with findings by Walker and colleagues19

who also identified hydrophobic interactions and Ile-1399 as a
critical determinant for binding conotoxins.
Apart from one highly variable region around Ser-270 and

Ser-280 in hNav1.7, the residues identified to be in close
proximity to the bound [Lys6]-C84 fullerene are nearly identical
in all sodium channel isoforms other than hNav1.7. This

Table 1. Sequence Alignment of the Pore Regions of hNav1.4 and hNav1.7 Compared with the Region Surrounding the
Selectivity Filter of the Homo-Tetrameric Channels, NavAb and hKv1.3 (NCBI Reference 3RVY_A and NP_002223.3,
Respectively)a

aThe alignment is generated using BLAST and CLUSTAL OMEGA 1.2.1 sequence alignment software.45,46 The selectivity filter is highlighted in
grey, acidic residues in red, basic residues in blue, and hydrophobic residues in green.53 hNav1.7 residues that were substituted into hNav1.4 are
indicated with a plus sign (+). Loop regions which were not modelled are indicated with a minus sign (−), and text in gray. Methionines interacting
with the fullerene derivative (see text) are marked with an asterisk (*). Each domain of the hetero-tetrameric channels, hNav1.4 and hNav1.7 are
indicated with roman numerals I−IV.

Table 2. Values of zmin, zmax, PMF Minima, and Kd Values for
the hNav1.4, hNav1.7 and Mutant hNav1.7 (I1399D) Models

model
zmin
(Å)

zmax
(Å)

PMF minima
(kcal/mol) Kd (nM)

hNav1.4 19.0 39.5 −3.7 3.7 × 106

hNav1.7 16.5 39.0 −12.7 2.7
mutant hNav1.7
(I1399D)

18.5 37.5 −2.2 14.5 × 106
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suggests that the pattern of binding the [Lys6]-C84 fullerene to
other isoforms may be similar to the results obtained in binding
the [Lys6]-C84 fullerene to our hNav1.4 and hNav1.7 (I1399D)
models. The binding to other isoforms will be investigated in
ongoing research. Further studies will also be undertaken to
explore alternative ion channel binding sites coupled with
potential refinements to the fullerene derivative. The
preliminary findings from this work confirm that the binding
pocket created by select residues in the pore region of hNav1.7
is an optimal candidate site for investigating new sodium
channel blockers for neuropathic pain relief.

■ COMPUTATIONAL METHODS
[Lys6]-C84 Fullerene. The generation and optimization of the

fullerene model is described in detail in our earlier paper.24 Briefly, we
generated the C84 fullerene (diameter approximately 8 Å) using the
fullerene library available in Nanotube Modeler 1.7.3, with a D2d
structure as this is the most commonly observed in experiments.38,39

Then, using ArgusLab 4.0.1 we attached six lysine chains uniformly to
the outside surface and geometry optimization was performed using
default parameters, the Broyden−Fletcher−Goldfarb−Dhanno algo-
rithm and the universal force field.40

Sodium Ion Channels. Models of the pore modules of three
sodium ion channels, hNav1.4, hNav1.7, and mutant hNav1.7
(I1399D) are used in this study. The pore module is composed of
the S5-P1-SF-P2-S6 structural elements from Domains I−IV which
together form the outer vestibule and ion conductance pore of each
channel (see the Supporting Information for alignments of the
hNav1.7 and hNav1.4 channel sequences). The voltage sensor helices
(S1−S4), cytoplasmic and extracellular loops are excluded from the
models as they have been shown to not be involved in binding either
the fullerene derivative24 or μ-conotoxins on which the structure of the
fullerene is based.7,41,42 Including the voltage sensor domains,
cytoplasmic and extracellular loop domains in our MD simulations
would result in a large system and would be too computationally
expensive.
Model of hNav1.4. The pore model of the human skeletal muscle

sodium channel hNav1.4 has been well characterized.43 Using MD
simulations, the model was shown to transmit sodium ions in a pattern
consistent with experimental data. It also contains a realistically
positioned sodium ion within the selectivity filter of the channel. This
model is kindly provided for this study by the authors.
Model of hNav1.7. A model of the human voltage-gated sodium

channel hNav1.7 is generated from the 1977 amino acid sequence
(NCBI Reference: NP_002968.1) by computational mutagenesis. The
equilibrated hNav1.4 is used as a structural template.43 We substitute
residues from the hNav1.7 sequence using the inbuilt mutate plugin
available in VMD 1.9.2.49 The resulting model is optimized and refined
during equilibration in the MD simulation in an explicit membrane-
water system.
For this study, computational mutagenesis was possible due to (i)

the high sequence identity between hNav1.4 and hNav1.7 (61%
identity overall, increasing to 88% when limited to the P1-SF-P2
fullerene binding site,45,46 see the Supporting Information for
alignments of the hNav1.7 and hNav1.4 channel sequences), and (ii)
residues being substituted into a well-studied model that was shown to
conduct sodium ions. This approach resulted in a reliable structural
model of hNav1.7. In contrast, in the absence of a high resolution
eukaryotic ion channels crystal structure being yet available, and due to
the low sequence similarity between the bacterial homotetrameric and
eukaryotic heterotetrameric channel sequences (usually <25%), it can
be difficult to generate conducting ion channel pore models de novo.
Furthermore, optimizing structures with low sequence similarity
involves extensive and prohibitively expensive computation for
iterative model building and refinement that is not always successful.
Since developing our hNav1.7 model the crystal structure of a
eukaryotic voltage-gated sodium channel, NavPaS has become

available.5 We therefore compare our modeled structures to the
NavPaS crystal structure to examine model quality.

Model of hNav1.7 (I1399D). A model of the hNav1.7 (I1399D)
mutant is generated using the equilibrated hNav1.7 model as an initial
structure. An aspartate amino acid is substituted for residue Ile1399
and the model is refined as described for the hNav1.7 model.

Model Quality. Most existing assessment programs are biased
toward soluble, globular proteins for which a large number of crystal
structures exist.47 These programs are usually not suitable for analyzing
membrane proteins. Therefore, evaluation of the quality of the
hNav1.7 and hNav1.7 (I1399D) models is limited to visual inspection,
stereochemistry analysis and comparison of superimposed models.

Visual inspection of models and assessment using embedded
bioinformatics tools in protein visualizing programs SwissModel 4.148

and VMD 1.9.249 identified no prohibitive contacts within the models.
Ramachandran analysis for stereochemical correctness was carried out
using the program PROCHECK.50,51 Results show that 99.4% of the
backbone dihedral angles are within favored or allowed regions for the
hNav1.7 model (see the Supporting Information). Only two residues
were identified as having strained conformations: Ala-1333 and Leu-
271. These residues are located in loops and turns at the membrane/
extracellular interface of the ion channels and some flexibility in those
regions is not unexpected. Results show that 100% of the backbone
dihedral angles are within favored or allowed regions for the mutant
hNav1.7 (I1399D) (see the Supporting Information) indicating that
no conflicting contacts were introduced into the model as a result of
the mutation. Root-mean-square-deviations (RMSD) on the super-
imposition of different regions of the backbone atoms of hNav1.7 and
hNav1.4 models are between 1.6 Å (selectivity filter residues) and 2.4
Å (over all modeled regions). A comparison of hNav1.7 and mutant
hNav1.7 (I1399D) backbone atoms showed RMSD values of between
2.1 Å (selectivity filter residues) and 2.5 Å (over all modeled regions).

A similar RMSD value of 2.6 Å was obtained when superimposing
the α-carbon backbone atoms of the hNav1.7 model (over all modeled
regions) on the recently determined NavPaS structure.5 These results
indicate strong similarity, both between our models and the solved
structure.52

For ease of comparison between the bacterial and mammalian ion
channels referred to in this study, sequence of residues surrounding
the selectivity filter of hNav1.4 and hNav1.7 channels is extracted and
aligned with corresponding NavAb and Kv1.3 sequences in Table 1.
Coordinates of the hNav1.7 model are provided in the Supporting
Information.

Molecular Dynamics Simulations. MD simulations are used to
equilibrate the hNav1.7 model, determine the bound configuration of
the [Lys6]-C84 fullerene and calculate the potential of mean force
(PMF) of the [Lys6]-C84 fullerene binding to both hNav1.7 and
hNav1.4. We use the equilibrated hNav1.4 model previously generated
by Chen et al.43 All MD simulations are performed using NAMD 2.10
and visualized using VMD 1.9.2.44,49 Throughout, we use the
CHARMM36 force field54,55 and TIP3P water, with a time step of 2
fs, at constant pressure (1 atm), and temperature (310 K).

The hNav1.7 channel is embedded in a 3-palmitoyl-2-oleoyl-D-
glycero-1-phosphatidylcholine (POPC) bilayer, solvated in approx-
imately a 120 × 120 × 100 Å3 box of water. Sodium and chloride ions
are added to both neutralize the system and simulate a 250 mM ionic
concentration. One sodium ion is placed within the selectivity filter to
prevent the side chain of Lys-1395 reorientating and occluding the ion
conduction pathway.56 Initially, all atoms of the protein are fixed in
position to allow the water and ions to equilibrate during the
simulation period of approximately 0.1 ns. The entire system is then
equilibrated for 20 ns with a harmonic restraint applied to the protein
backbone. During this time, the inner cavity of the channel becomes
hydrated. The hydrated protein is then equilibrated for a further 20 ns
with all constraints removed.

The fullerene is then added to the system and initially placed near
the entrance to the selectivity filter of the equilibrated protein at z = 20
Å, approximately 10 Å from the selectivity filter. All atoms of the
protein and fullerene are fixed in position to allow the water and ions
to equilibrate for a simulation period of 0.1 ns. Then the entire system
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is allowed to equilibrate for a further 10 ns with both the fullerene and
protein unconstrained.
Umbrella Sampling. The PMF for the unbinding of the [Lys6]-

C84 fullerene from the hNav1.4 and hNav1.7 channels is determined
using umbrella sampling.57,58 Umbrella sampling windows are
generated using steered MD simulations with a force constant of 30
kcal/mol/Å applied to pull the fullerene out of the binding site. During
steered MD simulations the backbone atoms of the protein are fixed in
position and a harmonic restraint of 0.2 kcal/mol/Å2 is applied to all
atoms of the [Lys6]-C84 fullerene so that the fullerene structure is not
significantly distorted during pulling. The harmonic restraint maintains
the RMSD, with reference to the initial geometry optimized structure
below 0.25 Å. The channel central axis (z-axis) is used as the reaction
coordinate. Pulling generates a continuous number of configurations
along the permeation pathway so that umbrella sampling windows can
be constructed every 0.5 Å.
During umbrella sampling the center of mass of the backbone atoms

of the fullerene is confined to be within a cylinder centered on the
channel axis of radius (R) 15 and 20 Å for the hNav1.4 and hNav1.7
channels, respectively. Beyond this radius a harmonic potential of 20
kcal/mol/Å2 is applied. The radius of the cylinder is chosen to balance
two competing considerations: (1) to avoid excluding any interactions
contributing to the binding process (R must be large), and (2) avoid
making the sample space too large in order for the simulation to
converge (R must be small).59 As such, the radius (R) of the cylinder is
different for hNav1.4 and hNav1.7. A force constant of 30 kcal/mol/Å2

is applied in the z direction to constrain the center of mass of the
fullerene to the sampling window. The center of mass coordinates of
the fullerene is saved every 500 ps. The PMF is then constructed along
the z direction using the weighted histogram analysis method.34,35

Each sampling window is run for 8 ns. The PMF is shown to converge
as the depth changes by 0.1 kcal/mol as the simulation time reaches 8
ns. Figure S5 in the Supporting Information illustrates the PMF
convergence for the hNav1.4 model. A similar methodology was used
to investigate the [Lys6]-C84 fullerene with NavAb and hKv1.3.

24

The accuracy of the PMF is not only influenced by the accuracy of
the force field and molecular models, systematic and random errors are
also introduced during the simulation. Systematic error is largely
influenced by the configuration space that is sampled during umbrella
sampling simulations. However, the systematic error can only be
estimated by comparing to experimentally predicted values which in
this case is not possible. Random errors are also introduced when a
PMF profile is generated from umbrella sampling simulations, but can
be approximated using the bootstrapping method.60 At each umbrella
sampling window, we obtain a probability distribution of finding the
fullerene at position z. We perform the bootstrapping method and
generate 100 new random data sets according to the distribution
produced by our simulations. We then estimate the uncertainty by
comparing the PMFs calculated from these hypothetical trajectories or
histograms as implemented by Grossfield.35

The entropic contributions of the fullerene and ion channel are
implicitly taken into account in our PMF calculations, since we do not
restrain the conformation of the [Lys6]-C84 fullerene and the channel
protein. Since the ligand and channel are fairly rigid in our simulation
system, the entropic contributions are likely to be small.
The dissociation constant (Kd) in the unit of molar is estimated to

be24,59,61

∫= −−K N R W z k T z1000 exp( ( )/ ) d
z

z

d
1

A
2

B
min

max

(1)

where W(z) is the 1D PMF with the zero point located at the bulk,
1000NA is used to convert from cubic meter to liter per mole, and kB
and T are Boltzmann’s constant and temperature, respectively. Here,
zmin is in the binding pocket and zmax is in the bulk. Table 2 outlines
the values of zmin and zmax for the three models studied.
A hydrogen bond is assumed to be formed if the donor−acceptor

distance is within 3.0 Å and the donor−hydrogen−acceptor angle is
≥150°. Hydrogen bonds are reported as an average over the entire
simulation and the uncertainty is measured as the standard deviation.

A hydrophobic interaction is assumed to be formed if any atom of a
hydrophobic residue is within 4.0 Å of the fullerene surface.
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