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ABSTRACT Most studies of the interactions of neat and functionalized fullerenes with cells have focused so

far on their ability to cross the cell membrane envelopes. Membranes are, however, also host to a large number of

proteins responsible for various cellular functions. Among these, ion channels are prominent components of the

nervous system. Recently, it was shown that fullerenes may act as blockers or modulators of a variety of K*

channels. Here we use computer simulations to investigate the propensity of such nanocompounds to bind to K*

channels. Our results based on extensive atomistic molecular dynamics simulations reveal a variety of specific

binding sites depending on the structure and properties of the channel. The corresponding binding free energies

and putative mechanisms suggest that (s, may indeed effectively hinder the function of K* channels and hence

induce toxicity.
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he years to come will probably see

a dramatic increase in the industrial

generation and use of nanomateri-
als. Preliminary studies suggest that some
types of nanoparticles might pose a health
hazard, which could throw a shadow over
the nanotech revolution. The impact of this
development on worker safety, consumer
protection, public health, and the environ-
ment has to be considered carefully, espe-
cially as the toxicity of nanomaterials is
a priori not predictable from that of bulk
material. Bulk carbon-based biomaterials
have demonstrated excellent long-term
biocompatibility and biological perfor-
mances in medical device applications.
This has thus led to many proposed applica-
tions for carbon-based nanostructures in
the biomedical field, including biosensors
and drug and vaccine delivery using carbon
nanotubes (CNTs)*>* and fullerenes (Cgp).> A
lot of studies at the cellular level clearly sug-
gest that fullerenes and, to a lesser extent,
CNTs can cross the lipid membranes of
cells.> "9 In addition, it was shown that
functionalized CNTs are biocompatible with
cells of the immune system (B and T lym-
phocytes as well as macrophages), indicat-
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ing no apparent toxicity.'' However, the

cell membrane is not made of lipids only
but also hosts a large amount of proteins
that are responsible for the cell functions
and activities.

Among them, K™ channels are respon-
sible for nerve impulse by mediating con-
duction across synapses and, as such, are in-
volved in a variety of biological processes,
including cardiac, skeletal, and smooth
muscle contraction, epithelial transport of
nutrients and ions,'? etc. K™ channels are
complex quaternary structures in which the
central hydrophilic pore results from an ar-
rangement of four transmembrane (TM) do-
mains. This pore domain is homologous to
all K* channels, and its structure has been
first resolved for bacterial channels in the
closed (KcsA)'™ and open (MthK)' states.
The ionic pathway is delimited by the so-
called selectivity filter (SF), a highly con-
served sequence that allows these chan-
nels to discriminate K* from other cations
(see Supporting Information, Figure S1). K*
channels are a favorite target of several
blockers and modulators such as toxins that
inhibit, by a variety of mechanisms, their
function.’ '8 The so-called pore-blocking
toxins'®2° and other small organic mol-
ecules, such as quaternary ammonium (QA)
compounds, bind to the extracellular pore
entryway of K* channels and prevent ion
conduction. Others permeate the channel
from the intracellular side to reach binding
sites inside the pore.2"?? In contrast, gating
modifier peptides such as Hanatoxin and
VSTX1 spider toxins'®?*2* are known to
bind to voltage-gated potassium (Kv) chan-
nels. In these channels, the TM voltage sens-
ing is ensured by a supplementary domain
surrounding the pore, the so-called voltage
sensor domain (VSD) that undergoes the
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Figure 1. Binding of Cg, to the extracellular domains of KcsA (top) and Kv1.2 (bottom). The dots represent the position of
Ceo along the MD trajectory sampled every 0.1 ns starting at position | and ending at the displayed C¢. Binding of (a) mon-
omeric and (b) aggregates of Cs to the extracellular part of KcsA. (c) Binding of Cs, to the voltage sensor domain (VSD) of
Kv1.2. (d) Structure of the Kv1.2 VSD (d,left) before and (d,right) after binding of Cq,. For clarity, the membrane lipids and the
water molecules are not shown and only two monomers of each channel are displayed. KcsA channel is shown truncated

in order to focus only on its extracellular side.

conformational changes necessary for opening of the
intracellular gate.?® The gating modifier toxins bind to
this domain and alter the gating process by hindering
its motion.

Owing to the complexity and diversity of K* chan-
nels, we investigate in this study the structural and en-
ergetic aspects of Cyo binding mechanism to several
channels, namely, KcsA, MthK, and Kv1.2. A preliminary
study involving the use of docking-type calculations of
Ceo to KcsA and MthK channel revealed few binding
sites and no affinity of fullerene to the ion channels’ se-
lectivity filter (see Supporting Information, Figure S2).
These results clearly contrast with those of Park et al.,>®
who showed recently that C¢o and single-walled carbon
nanotubes (SWNTs) may act as blockers or modulators
of K* channels expressed in mammalian CHO cells,
while they have no effect on endogenous CHO cell CIC
chloride channels.

As docking studies are of limited insight and are ap-
plied only to channel structures in vacuum, we have un-
dertaken extensive MD simulations of the K* channels
embedded in model membranes (see Methods section
for more details) and interaction with mono- and oligo-
meric Cgo molecules in order to shed light on the ac-
tions the latter may have on the channel’s function.

RESULTS AND DISCUSSION

In contrast to the hypothesis put forward by Park et
al.;*® MD simulations of individual C¢o molecules ini-
tially located near the extracellular mouth of the bacte-
rial KcsA channel reveal no propensity of fullerenes to
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bind to the SF (Figure 1a). However, monomeric Cgo
shows (within the 15 ns MD run) an affinity toward the
hydrophobic residues of the extracellular loops linking
segments S6 and the P helices. Control simulations con-
sidering six Cgo placed near the SF evolved toward the
same final conformation (Figure 1b) in which one Cq
binds to the loops before aggregation of other Cg
around the S6/P helix linker.

Hence, MD simulations indicate clearly that neither
monomeric nor oligomeric Cgo anchor to or block the
SF of K* channels. The topology of the extracellular do-
main of voltage-gated K* (Kv) channels is far more com-
plex than that of KcsA?” (see Supporting Information,
Figure S1) and provides for other binding sites. MD
simulations of the mammalian Kv1.2 channel embed-
ded in its membrane environment reveal indeed that
Ceo binds to the extracellular loops of the channel. All
binding sites involve residues of the so-called voltage
sensor domain (VSD). In some instances, Cgq binds both
to the VSD (in particular, the S1—S2 helices) and to
S5—S6 (Figure 1¢). In others, Cqo binds specifically to
the top of S3—54 segments. Interestingly, in such a
case, the VSD of the channel undergoes a large confor-
mational movement “triggered” by the binding of Cs
(Figure 1d).

In order to investigate the propensity of Cso mol-
ecules to bind to K* channels when approaching from
the intracellular side, we have considered two scenarios.
First, the MthK channel was used as a paradigm for
open channel structures, and a fullerene molecule was
placed in the intracellular membrane side, near the pore
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Figure 2. (a) Binding of Cs, from the intracellular domain of MthK. From left to right: consecutive snapshots from MD simu-
lations. The compound binds to the channel’s gate and induces a blockage of the K* conduction pathway represented here
(point density in color codes) by its hydrophilic pore volume.?® (b) Snapshots from MD simulations of a tetraethylammo-
nium (TEA) ion approaching the channel from the intracellular domain. Note that here TEA migrates through the channel

gate toward its binding site inside the internal cavity.

entrance. During the simulation run (over 100 ns), the
Ceo migrates toward the internal cavity entrance (within
25 ns). Subsequently, a large conformational change of
the M2 (S6) helices stabilizes the fullerene in its binding
site (Figure 2a). This conformational change involves
mainly a bending of the helix around the conserved gly-
cine motif,' favoring therefore interactions of the
channel hydrophobic residues with the inclusion com-
pound. Such a process bears a large resemblance to the
concept of “hydrophobic seals” previously described
for the KcsA channel®® and causes a drastic alteration
of the ion conduction pathway. To check whether the
channel closing is correlated with the presence of Cgo
near the pore entrance, we performed a control simula-
tion in which we considered tetraethylammonium
(TEA), a widely used nonhydrophobic K* channel
blocker.?"?? In agreement with experiments, when
placed near the intracellular gate of MthK, TEA mi-
grates through the gate to the central cavity toward its
putative binding site®* (Figure 2b). In contrast to the
previous simulation, partial closing of the gate occurred
only after TEA diffused toward the internal cavity.
Second, we investigated also the affinity of Cg to
bind to the intracellular domain of Kv1.2. As in the
MthK case, C¢o molecules adequately placed near the
gate bind quickly to the latter and “plug” the entrance
of the channel (see Supporting Information, Figure S3).
Due to the hydrophobic character, Cyo partitions
in the membrane core’~° and can therefore mi-
grate laterally toward membrane proteins. MD simu-
lations of C¢o aggregates placed in the vicinity of a
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model membrane show indeed, in agreement with
previous experiments® and simulations,”° that neat
fullerenes partition toward the interior of the mem-
brane (see Supporting Information, Figure S4). We
have investigated using MD simulations the behav-
ior of Cgo placed in the lipid bilayer core and free to
diffuse laterally toward MthK. While the approach to
the channel, as expected, was diffusion driven, we
sampled a trajectory in which a Ceo reaches the chan-
nel and binds to a hydrophobic surface formed by
an interhelical domain (Figure 3).

In summary, MD simulations of Cg, show its propen-
sity to interact with K* channels. The results point to a
wide variety of locations that appear to be target sites
of binding. In order to estimate the free energy of bind-
ing (BFE) associated with these sites, we have per-
formed further calculations using the linear interaction
energy (LIE) method." This approach allows a simple
and efficient way>? of estimating the BFE from MD
simulations of the ligand (here Cg) in associated and
dissociated states (see Methods section and Support-
ing Information). Free energies of binding estimated
with the LIE method may be not, for the present sys-
tems, as quantitatively reliable as those evaluated by
other methods.

The BFE of Cso monomers and oligomers to the
sites obtained from unconstrained simulations is re-
ported in Table 1. For comparison, we report also re-
sults from simulations of TEA, the efficient K™ channels
blocker. Note that the latter binds strongly to the SF if
approaching from the extracellular domain and to the
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Figure 3. Binding of Ce, to the transmembrane domain of MthK. (a) Top view. (b) Side view with a highlight of the solvent (blue) and
the interhelices’ binding domain; membrane not shown for clarity. (c) Same side view with a protein representation highlighting (white)
the transmembrane hydrophobic protein domain. The dots represent the position of Ce, along the MD trajectory sampled every 0.1 ns

starting at position | and ending at the displayed Cg.

internal cavity when approaching from the intracellu-
lar domain. For all putative sites, the estimated BFEs of
monomeric Cg, are larger than ~2.4 kcal mol ™’ (ie.,
similar to the BFE of TEA to the SF of K* channels). The
energies corresponding to the binding of fullerene to
the MthK gate are somewhat larger probably due to its
specific interaction with the M2 helices. The BFE of Cg
to the extracellular domains of the voltage sensor of the
Kv1.2 voltage-gated channel is also significant. This
binding involves several channel amino acids that prob-
ably stabilize the protein—Cgo complex. Finally, despite
the affinity of Cg for the transmembrane domain of
MthK, the free energy of partitioning between the hy-
drophobic membrane core and the channel is less than
1 kcal mol~". While the values of the estimated of Cg
BFE from the present analysis ought to be taken with
care, the comparison, under similar conditions with

TABLE 1. Free Energies of C4 and TEA Binding to K*
Channels (= Error Estimate)

protein ligand site AG (kcal/mol)

(o (cluster of 2) S6—P loop —41 %07

KcsA Cgo (cluster of 4) S6—P loop —74*+10
TEA selectivity filter’ —24*+38

Coo intracellular gate —32+04

MthK Coo membrane side —07*+04
TEA internal cavity” —7.6 + 407

Coo $1—52/55—56 —33*05

Kv1.2 Coo S1—52/55—56 —25*05

Coo $3—54 —3.0=*05

Ceo intracellular gate —19+04

“TEA bound in the conformation (TEAg,W;,K;,W5,K4) of the SF, where W and K de-
notes a water molecule and potassium ion, respectively, and the subscripts relate to
the specific sites of the SF; value averaged over 4 ns of simulation. °TEA bound in
the conformation (K, W, K3, Wy, TEA,) of the SF; value averaged over last 5 ns of
simulation. {(—4.0 = 0.2) averaged over 200 ps of simulation from Luzhkov and
Aquist.>* “(—4.2 = 0.6) averaged over 200 ps of simulation from Luzhkov and
Aquist.*®
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binding of TEA, indicates that most of the putative tar-
get sites revealed by MD simulations involve a rather
strong binding. In contrast to what has been suggested
by Park et al.*® none of these sites corresponds to the
mouth of the SF.

Despite the fact that Cs, modulates ionic currents®®
and therefore the function of K* channels, the molecu-
lar mechanisms involved can only be inferred from
comparison to the action of other blockers. When Cy
binds to the intracellular pore domain, it is clear that it
plugs the ionic conduction pathway. As for TEA,*® we
expect that such a block may be relieved by inward K*
currents. The effect of binding to the VSD of Kv1.2 is less
obvious. There is, however, a strong similarity to the
binding of the gating modifier toxins. Such toxins bind
to the top of S3 and S4 and shift the channel opening to
more depolarized voltages.?'** Compounds alike are
believed to perturb the conformational freedom of the
VSD, inhibiting directly the channel’s activation. Given
the large BFEs of Cg estimated from simulations and
the structural effect it has on the VSD, our data sug-
gest a similar scenario. Finally, partitioning of Cs in the
membrane core allows accessibility to and binding to
interhelical domains. This could hinder these helices’
motion for several channels, altering therefore their
function.

In summary, the results presented here provide
an insight into the possible mechanisms governing
the interaction of Cgy with K™ channels and a molec-
ular view on their blockage capability. Further stud-
ies are needed in order to fully understand why Cg
has no measurable effect on endogenous CHO cell
CIC channels.?® Two properties of the latter may be
at the origin of the discrepancy. The CIC crystal struc-
ture3® indicates indeed that (i) the mouth of the chan-
nel is lined with hydrophilic residues, which does not fa-
vor binding of Cq, and (ii) that the size of the
hydrophilic ionic pathway is not large enough to allow
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for diffusion of Cq inside the structure. Finally, binding
of Cgo to K* channels appears to depend mainly on the
size and hydrophobicity of the compound, which holds
for functionalized fullerenes. As the latter are potential

METHODS
Unconstrained full atomistic MD simulations were performed
on three models of ionic channels belonging to potassium chan-
nel family. Considered channels were studied in a lipid environ-
ment composed of a hydrated palmitoyloleylphosphatidylcho-
line (POPC) lipid bilayer for MthK and Kv1.2 and a hydrated
dioleylphosphatidylcholine (DOPC) lipid bilayer for KcsA. The
binding sites of fullerene to different protein regions were first
determined using docking and MD simulations and then con-
firmed by evaluation of the corresponding binding free ener-
gies (BFE) using the linear interaction energy (LIE) method.
Docking Method: In order to determine the channels’ energeti-
cally favorable binding sites, the GRAMM (Global RAnge Molecu-
lar Matching) program?® was used to dock C, to KcsA and MthK
channels structures (considered in vacuum). GRAMM is a fast-
automated docking program that performs an exhaustive six-
dimensional search through the relative intermolecular transla-
tions and rotations using a very efficient fast Fourier transform
(FFT) correlation technique and a simple scoring function that
measures shape complementarities and penalizes overlaps.
Two thousand docking solutions (poses) were computed and
scored on a few different configurations for KcsA and MthK chan-
nels (see Supporting Information, Figure S2). Matching was per-
formed in vacuum with minimal grid step of 1.4 A for fullerenes.
All interactions taken into account were based on included force
field in generic mode, and the repulsion factor was equal to 30.
The best complexes were chosen considering the best score of
the docking results in which at least a ligand (C¢) molecule inter-
acts with the internal or external part of the ion channel.
Fullerenes were found to bind preferentially at few extracel-
lular sites and at few intracellular sites and showed no affinity
for the selectivity filter. We have performed statistical analyses
on the docking results. We have defined the binding constant as

score

D nx g

i=E|

n; x &2 (i)
o = o

which represents the statistical average of the score energy
ESss. of the fullerene Cy over the docking simulations on the pro-
tein P. Here j denotes the two different potential locations of
the Cgo, namely, at the extracellular E or intracellular | side of the
membrane.

For Ceo, the two sites are statistically nearly equivalent for
MthK since KcigK(E) = 0.48 and KﬁﬁgK(l) = 0.52. For KcsA K;gffA(E)
= 0.63 and K., () = 0.37.

Molecular Dynamics Method: The MD simulations were performed
using NAMD software.>® They were conducted at a constant
temperature of 300 K (Langevin dynamics) and a constant pres-
sure of 1 atm using the Langevin piston Nosé—Hoover
method.*® Short- and long-range forces were calculated every 1
and 2 time steps, respectively, with a time step of 2.0 fs. Chemi-
cal bonds between hydrogen and heavy atoms were constrained
to their equilibrium value. Long-range electrostatic forces were
evaluated using the particle mesh Ewald (PME) method.*'

The following molecular systems were studied. A summary
of the MD simulation runs carried out is reported in Table 2 (to-
tal of 646 ns).

(i) KesA: A three-dimensional model of KcsA (PDB code: 1bl18)
was inserted at the center of a pre-equilibrated and fully hy-
drated DOPC lipid bilayer. The complete system (a total of ca.
90300 atoms, 110 X 106 X 105 A%) contains channel, 325 lipid
molecules, 19 765 water molecules, and 10 chloride ions to en-
sure electroneutrality of the system. For more details see ref 27.
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candidates for drug delivery,?” our results suggest that,
despite their suspected biocompatibility and low toxic-
ity, their action on ion channels needs much further
evaluation.

TABLE 2. MD runs carried out

molecular total simulation
system system description time (ns)

(i) KcsA in presence of monomeric Cq 15

(i) KcsA in presence of six Cgy 29

(ii) MthK in presence of six Cg; in the membrane and 119
one (g at the gate

(iii) Kv1.2 in presence of four g in the solvent and 213
one (g at the gate

(iv) four Cgy in the vicinity of lipid membrane 101

(iv) six Cgo in @ water hox 60

(v) KcsA in presence of TEA 10

(v) MthK in presence of TEA 25

(i) MthK: The open state K™ MthK (PDB code: 1Inq) was embed-
ded in a pre-equilibrated POPC bilayer. The total system con-
tains the channel, 357 lipid molecules, 23 863 water molecules,
and 10 sodium ions, that is, a total of ca. 103 500 atoms (110 X
109 X 100 A3).

(iii) Kv1.2: In this study, we considered only the TM domain
(residues 122 to 390) of the voltage-gated channel Kv1.2*2 (PDB
code: 2a79) inserted at the center of a POPC membrane patch.
The system contains 426 lipid molecules, 41 464 water mol-
ecules, and the 22 cations distributed in the solvent to ensure
the electroneutrality of the system (a total of ca. 173 000 atoms,
130 X 134 X 110 A3). More detailed information concerning
equilibration process was described elsewhere,** and a general
view on this system is provided in Supporting Information in Fig-
ure S5.

(iv) Cs Fullerene: The neat Cyo carbon fullerene molecules were
successively modeled with all systems containing ionic chan-
nels, in a water box or with fully hydrated POPC membrane
patches. We investigated binding to the extracellular regions of
K* channels using the KcsA channel model, binding to the intra-
cellular open gate region and laterally through the hydropho-
bic transmembrane region using the opened MthK channel
model, and binding to the voltage-gated channels using the
Kv1.2 channel model.

(v) Tetraethylammonium lon (TEA): A pyramidal configuration of
one TEA ion was used to study binding to the extracellular side
of the KcsA channel and binding to the intracellular open gate
and internal cavity regions of the MthK channel.

(vi) LIE Reference Systems: The LIE method required supplemen-
tary simulations for each ligand (Cso or TEA) in a reference envi-
ronment. Accordingly, the following molecular systems were
also used: (a) one Cgo molecule in a (48.5 A)* water box; (b) ag-
gregates of two and four C¢o molecules in a water box; (c) one Cg
molecule positioned in the hydrophobic region of a fully hy-
drated POPC lipid bilayer; (d) TEA in a water box. The simula-
tions of the reference systems lasted 5 ns for each of the Ce sys-
tems and 54 ns for the TEA.

Linear Interaction Energy (LIE) Method: All systems were modeled
using the CHARMM_27* force field with a united atoms represen-
tation for the acyl chains of the lipid molecules. No charges
were attributed to the Cgo carbon atoms and for fullerene C—C
or fullerene C—water oxygen interactions we used the Bedrov et
al.>** Lennard-Jones potential parameters (CHARMM27 func-
tional: occ = 3.895 A, ecc = 0.066 kcal mol ™', and oo = 3.58 A,
eco = 0.0936 kcal mol™"). The potential parameters for TEA ion
were taken from Crouzy et al.*®

For energetic properties analysis, we used the LIE method
proposed by Aqvist et al. to study ionic channel blockage by qua-
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ternary ammonium (QA) compounds such as TEA or by local
anesthetics.3>3> The approach is based on the estimates of
scaled differences between two MD simulations, one with the
free ligand in its reference environment and one where the
ligand bound to the protein. For all systems, the time evolu-
tions of the binding energies are reported in Supporting Infor-
mation.

The average free binding energies were computed as

AG = a((‘/llf’;,v>bind - <V7E;N>free) + |3(<Vlels>bind - <Vlels>free

where AG is the Gibbs free energy of binding, V" and V*' are
the Lennard-Jones and the Coulomb ligand-surroundings poten-
tial interaction, respectively, the subscripts “free” and “bind” de-
scribe the ligand-free or the bound state, and « and 3 are empiri-
cal scaling factors. Following Luzhkov et al., we used the scaling
coefficients « = 0.18 and B = 0.52.3"*” No electrostatic contribu-
tion was taken into account for fullerenes since their carbon at-
oms bear no partial charge.
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