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anomedicine, a combinatorial ap-
proach using nanotechnology and
medicine, has become an increas-
ingly important field of research for diag-
nostics and theranostics.' > The field of
nanomedicine involves the design and de-
velopment of novel nanomaterials such as
multifunctional liposomal nanoparticles,* ¢
polymeric micelles,” iron oxide nanoparticles,®
nanoshells,” and functionalized nanomater-
ials such as nanotubes'®'" and fullerenes.'*~ '
The latter, and more especially Buckmin-
sterfullerenes (Cgp), have unique physical
and chemical properties.'® Their nanometer
size makes them perfectly suitable for bio-
medical applications. However, it is important
to emphasize that their potential biological
benefits can be fully realized only after
chemical modifications. Indeed, Cg, like all
carbon-based nanomaterials, has a poor
solubility (less than 0.1 ng-L~") and displays
a tendency for aggregation.'”'® Accord-
ingly, various functionalizations have been
used to increase its hydrophilicity (e.g., —OH,
—COOH, —NH,)."® For instance, a very high
level of solubility in water (34 mg-L ") can be
obtained at pH = 7.4 with a dendritic fullerene
containing up to 18 carboxylic groups.'? The
fullerene physical and chemical properties
play critical roles in many biological pro-
cesses. Their hydrophobicity and lipophili-
city seem to be crucial in optimizing the
interaction with the active site of various
enzymes,'®%° especially HIV proteases.?'*?
This specific character allows also Cg, to di-
rectly intercalate into biological membranes,
provoking destabilization,>** and has an im-
portant role in the antibacterial activity found for
several derivatives >~ %’
Functionalization of fullerenes aimed at
drug delivery application is another very
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ABSTRACT Bioactive molecules, cationic peptides among them, are nowadays well-recognized

in modern pharmacology for their drug potential. However, they usually suffer from poor

translocation across cell membranes, and specific drug carriers should be designed to circumvent

this problem. In the present study, the uptake mechanism of fullerene bearing cationic ammonium

groups by membranes modeled as lipid bilayers is investigated using extensive molecular dynamics

simulations and free-energy calculations. Three main results issued from this work can be drawn.

First, the fullerene core appears to be a good drug vector since it greatly enhances the uptake of the

cationic groups by the membrane. Second, we show that the amino derivatives should be

deprotonated at the lipid headgroup level in order to fully translocate the membrane by passive

diffusion. Finally, the fullerenes bearing too many cationic groups display mostly a hydrophilic

character; thus, the lipophilic fullerene core is not anymore effective as an insertion enhancer.

Therefore, the lipid bilayer appears to be very selective with respect to the amount of amino groups

conjugated with Cgp.

KEYWORDS: fullerenes - cationic functionalization - drug vectors - uptake
passive diffusion - molecular dynamics - free-energy profiles

active field of research (see recent review by
Partha and Conyers)."” Indeed, bioactive
molecules, especially charged ones, belong
to a major drugs class used in modern phar-
macology, and there is a crucial need to
enhance their translocations into cell mem-
branes. For a wide variety of peptides, carbon
nanomaterials such as nanotubes and full-
erenes appear as effective drug carriers once
grafting of peptide to the nanomaterial is
achieved. Amphifullerenes, for example,
which contain both hydrophobic and hydro-
philic moieties, and their associated supramo-
lecular complexes, known as “buckysomes”,
are very promising nanovectors that can de-
liver drug to specific sites.?® Carboxyfuller-
enes, engineered with three malonic acid
molecules, were also shown to be effective
radical scavengers and to act in vitro and in vivo
as neuroprotective antioxidants.?® The relative
toxicity of fullerene-based nanoparticles is
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Figure 1. Neat Cgo- and n-fCso-functionalized fullerenes
with n =1, 2, or 7 amino derivatives investigated in this
study.

mostly attributed to the ratio of the amphiphilic/
lipophilic character of these derivatives, which can
lead to cell membrane disruption and subsequent
cellular death, as already observed in water-soluble
Ceo derivatives.>® Note that, generally, monofunction-
alized derivatives show only a moderate toxicity in
comparison to more cytotoxic multifunctionalized
compounds.>!

Despite this widespread effective and potential use,
only few studies have been devoted to characterize the
molecular mechanisms of functionalized Cgg (fCeq)
cellular uptake. Almost all of them concerned theore-
tical investigations using all-atom or coarse-grained
molecular dynamics (MD) simulations of neat Cgq
interacting with model membranes. Only one function-
alization of the type (OH), was the subject of studies
addressing the issues of translocation of Cgo(OH),o
from water toward a dipalmitoyl-phosphatidylcholine
(DPPQ) bilayer hydrophobic core3*33 It was shown
using unconstrained MD simulations that neat full-
erene and its (OH), (with n < 10) derivatives can easily
“jump” into the bilayer and translocate into the mem-
brane, while Cgo(OH),o remains in the aqueous phase.
In contrast to these bare compounds uptake, another
mode of nanoparticle insertion into lipid bilayers has
been recently studied using coarse-grained MD simu-
lations. It involves precoating negatively charged nano-
capsules with detergent and lipid molecules and fusion
of the resulting liposome-like structure into a lipid
membrane.®*

Expanding on these pioneering studies, we use here
extensive MD simulations aimed at characterizing the
interaction of Cgo and associated cationic functionali-
zation groups with a lipid bilayer. We investigate, in
particular, the uptake mechanism of a charged amino
derivative (CCNCCOCCOCCNH;™) currently used for
carbon nanostructure cell internalization.3*3® The
main goal of this paper is to shed light on the relative
role of the fullerene core and functionalization groups
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Figure 2. Uptake of a neat Ce (a), single cationic molecule
(b), and 1-fC¢o molecule (c) (monomeric cationic group
conjugated to fullerene) by a POPC membrane. Results
come from unconstrained MD simulations. In the case of Cgo
placed near the membrane (a.1), molecules go first on the
membrane surface (a.2) and then start to aggregate (a.3).
Aggregation seems to favors penetration (a.4), and the
molecules translocate to hydrophobic tails (a.5). The posi-
tively charged amino derivative placed near the membrane
(b.1) stays most of the time in the solution (b.3, b.5), reaching
the membrane surface only during short periods of time
(b.2, b.4). The cationic molecule sometimes perturbs the
membrane surface (b.4); however, the uptake was not
observed. In the case of 1-fC4, placed near the membrane
(c.1) the molecule easily crosses the lipid headgroup region
(c.2). However, due to strong interactions with lipid heads, it
remains near the negatively charged phosphorus (c.3) and
needs to be deprotonated (c.4) (see details in the text)
before further translocation (c.5). The yellow balls indicate
the fullerene core. The red transparent and elongated sur-
face corresponds to the ionized cationic group, while the
green one is its neutral form. The lipid membrane head-
group and tail sections are shown as red and blue surfaces,
respectively. For clarity reasons, water molecules and other
fullerenes or monoadducts that are not taken up are not
shown.

on the uptake mechanism. Accordingly, we have in-
vestigated various systems comprising neat fullerenes
and fCg, functionalized with one, two, and seven
amino groups (see Figure 1). Obtained results show
that the hydrophobic fullerene core is able to enhance
membrane insertion of a reasonable amount of catio-
nic residues.

RESULTS AND DISCUSSION

Ceo Favors the Uptake of the Cationic Molecule by the Lipid
Bilayer. Unbiased MD simulations show that monomer-
ic neat fullerenes placed in bulk water next to a
palmitoyl-oleyl-phosphatidyl-choline (POPC) model lip-
id membrane spontaneously enter the bilayer within
the hundred nanosecond time scale (see Figure 2a).
Fullerene crosses the lipid headgroup region (after
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Figure 3. Free-energy profile of translocation through the lipid headgroup region of the neat Cy, (a), the cationic amino group (b),
and the 1-fCs (c), obtained using the adaptive biasing force (ABF) approach. Studied molecules and lipid layer are shown with their
real scale. Note different ordinate scale for (b). Insets in (c) show the specific position of 1-fCs, corresponding to the barrier at the
water/lipid interface and to the energy minimum inside the hydrophobic core of the membrane (see full profile in Figure S2).

about 25 ns) and then proceeds toward the lipid tail
region. This shows that monomeric neat Cq is able to
cross the lipid/water interface, but quite often, full-
erenes do aggregate first at the membrane surface.
These results confirm previous numerical studies ob-
tained with full atomistic®® and coarse-grained MD
simulations.>**° On the other hand, the cationic molecule
alone has not shown any propensity to enter the bilayer
core (see Figure 2b). Indeed, on the 100 ns time scale, the
charged amino derivative stays most of the time in the
solvent and, despite occasionally reaching the bilayer
headgroup region, does not bind to it strongly (for only
1—4 ns). Hence, the lipid/water interface seems to pre-
sent a large barrier for translocation of the amino group
toward the interior of the membrane. In contrast, when
the cationic molecule is conjugated to the fullerene
(1-fCso compound), the charged residue penetrates deeper
toward the lipid core (see Figure 2c). Several unbiased
simulations have indeed shown that 1-fCg, crosses the
lipid headgroup region. In this process, the amino deri-
vative seems to be dragged toward the middle of the
bilayer by the hydrophobic Cgo moiety.

In order to better quantify the uptake of the three
compounds (the Cgp, the cationic group, and the
1-fCq) by the bilayer, we probed their free-energy
profiles as they cross the lipid headgroup interface.
The reaction coordinate for fullerene and its derivative
was chosen to be the distance between the center of
the bilayer and center of mass of the Cgy sphere and, in
the case of the free amino, the distance between its
center of the mass and the center of the bilayer. The
energy profiles given in Figure 3, estimated using the
adaptive biasing force (ABF) method,*"*? confirm that
the hydrophobic nature of the C¢, favors the uptake of
the cationic species by the lipid bilayer. The neat Cg
displays a large affinity for the lipid tails with an energy
well of —8.8 kcal-mol ™" (see Figure 3a), and Cq, uptake is
hindered by only a small (~0.5 kcal-mol™") energetic
barrier. This free-energy profile is in excellent agreement
with previous studies.>*** In contrast, the cationic group
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alone (Figure 3b) exhibits no affinity for the membrane
since only a small well of —2.2 kcal-mol ™" occurs at the
membrane's surface. Moreover, the translocation of this
molecule, toward the center of the lipid core, requires
more than +25 kcal-mol™". The uptake of 1-Ce
(Figure 3c) is initially less favored than that of Cq, since
the compound feels a greater barrier at the entry
(+6.9 kcal-mol™"). As this barrier is crossed, however,
its translocation toward the lipid hydrophobic core seems
to be very much favored (—14.2 kcal-mol™"). It is im-
portant to mention that due to the conformational free-
dom of the 1-fC4o molecule, the free-energy profile can
hardly be estimated accurately along such a simple reac-
tion coordinate (distance between the center of the
compound and the center of the bilayer). The conver-
gence of the herein calculated barrier at the lipid/water
interface is probably still questionable. During the con-
strained uptake of 1-fCs, and specifically when reaching
the lipid headgroup area, the compound adopts indeed a
wide variety of conformations over which it is sampled.
Consequently, seen during the MD run the most repre-
sentative conformation of the compound at the water/
lipid interface (see higher inset of Figure 3¢) is thus not the
only one, which was taken into account during the
evaluation of the free-energy barrier. However, the con-
formation sampled deep within the bilayer corresponds
very well to that of the unconstrained MD simulation (see
lower inset of Figure 3c). One can then confidently state
from the data at hand that the cationic species conjugated
to the fullerene is dragged further toward the membrane
interior than the bare cationic residue (see Figure 2c.3).
Translocation across the Lipid Tails: Deprotonation Is Needed.
Even if the previous calculations show that fullerene
enhances the uptake of the cationic group by the lipid
bilayer, so far only the translocation of the 1-fCqq com-
pound across the lipid headgroup was witnessed. The
unconstrained MD simulations of the 1-fCs, compound
indicate, in agreement with the results from the free-
energy estimates (Figure S2), that the amino group
remains strongly bound to the lipid heads once the
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fullerene, to which the functionalization is attached, has
penetrated the core of the membrane (Figure 2c.3).
These results contrast with experiment since n-fCs, and
compounds like it have been shown to cross cell mem-
branes under physiological conditions.3>**> The origin
of such discrepancy lies probably in the fact that we have
considered translocation of the protonated form of the
amino group (stable form in solution under normal pH
conditions). Recent theoretical studies based on local pK,
measurements and evaluation of the partitioning of
amino acid side chains into lipid bilayers indicate how-
ever that it is reasonable to expect that some titrable
residues (once in the membrane) may change their
protonation state after crossing the charged lipid/water
interface.*®* Such is the case for instance for the Lys
residue, which is shown to have a high probability of
changing its state from charged to neutral at ~4 A from
the membrane center. Other charged residues such as
acidic Asp and Glu are found to be neutral already in the
carbonyl group region! (more than 16 A from the center
of the POPC membrane). Other investigations also con-
sidered that a negative shift in local pK, can occur once
the positively charged bases are stabilized in the lipid
environment, which importantly increases the probability
of losing their charge in favor of a neutral form.*®4°

In order to check if deprotonation of the amino
derivative occurs when the cationic group is located in
the headgroup region, one needs to estimate its local
pK,. To our knowledge, there are no experimental pK,
values for n-amino-fCsg derivatives. As the first approx-
imation, we considered the monoethanolammonium
ion (HO(CH,)>-NH5™) as a good model of the cationic
group, which can be treated as independent of the Cq
core considered in the present study. The pK; of the
monoethanolammonium ion amounts to 9.5 under
neutral pH.>° This corroborates the fact that the pro-
tonated state is dominant in the aqueous phase. We
then consider dissociation of the proton from the
charged amino group taking place in the vicinity of
the negatively charged phosphorus of the lipid head-
group, i.e., the location where the amino group is trapped
(Figure 2c.3). The lipid headgroups can be modeled in
two ways depending on the desired degree of complex-
ity (see Supporting Information for more details). The
simplest approach is to consider the dihydrogen phos-
phate ion (H,PO,7) as a model system of the nearest
negatively charged phosphorus. Reaction of H3PO, dis-
sociation to H,PO, has a pK, value equal to 2.12>" A
more complicated, yet more realistic, approach is to model
the lipid headgroup with a whole phosphocholine molecule
(CsHq5NO4P). To our knowledge, there is no experimental
pK, value available for this molecule. A predictive pK, =
6.18 was found for phosphocholine using the Marvin
ChemAxon software. As a consequence, one can evaluate
the local pK, of the ethanolammonium ion in these two
models of lipid headgroups (see Supporting Information).
When we consider H,PO, ", the local pK, for the ethanol-
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Figure 4. Uptake of a single 2-fCs, by POPC membrane (a).
Results are from a total of ~200 ns unconstrained MD
simulations. This bis-adduct easily crosses the lipid head-
group (b). However, due to strong interactions with lipid
heads (c), it needs to be deprotonated in order to fully
translocate the membrane (d and e) (see details in the text).
Yellow balls indicate the fullerene core with two ionized (red)
or neutral (green) amino derivatives. Lipid membrane head
and tail sections are shown as red and blue surfaces, respec-
tively. For clarity reasons, water molecules and other mono-
and bis-adducts that have not been taken up are not shown.

ammonium ion decreases to 7.38, being very close to the
pH under physiological conditions (from 7.2 for cytoplasm
to 7.45 for blood).> If the pK, is equal to the pH, an equal
probability to have the neutral and ionized form is thus
found. This result, even extremely simplified, shows that it
is reasonable to consider deprotonation during transloca-
tion of cationic species. The second model using a phos-
phocholine molecule leads to a much more pronounced
negative shift of the pK, for the ethanolammonium ion
(~3.32). This means that over 99.9% of amino groups
could be already in the neutral form near the lipid head-
groups. Even if the second model is based only on the
predictive pK,, it strengthens the deprotonation hypoth-
esis during translocation of the cationic molecules.

We have thus taken this into account in the MD
simulations of the 1-fCsq molecule as shown in Figure 2c.
Following the deprotonation of the amino group of the
1-fCso compound (Figure 2c4), the molecule starts to
effectively penetrate the hydrophobic zone of the bilayer,
which was unfavorable before. This translocation occurs
~20 ns after the change from the ionized to the neutral
form (Figure 2c.5).

Translocation of Multifunctionalized Fullerenes. The num-
ber of amino substituents on the C4, cage must be chosen
carefully in order to ensure the passive diffusion across
the lipid headgroups. To quantify the most favorable
configuration enabling the relatively easy translocation
throughout the lipid bilayer, a MD run of 200 ns of a
system containing an equal mixture of 1-fCgy and 2-fCqq
molecules (three mono- and three bis-adducts) was
performed. The simulations show that the bis-adduct
enters into the membrane core (crosses the lipid head-
group region) within the same time scale as does the
monoadduct (see Figure 4). The bis-adduct rapidly passes
the lipid headgroup region (within ~28 ns) and remains
there for the remainder of the 100 ns simulation; the two
amino groups are pinned to the headgroups probably
due to favorable electrostatic interactions. Meanwhile,
other mono- and bis-adducts aggregate in the bulk water
and do not show any specific propensity to go inside the
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lipid bilayer (data not shown). As in the previous MD run
shown in Figure 2c, when the monomeric species is
trapped at the membrane interface, complete transloca-
tion is not fully observed. After 128 ns, following the
deprotonation hypothesis, we switched the amino
groups of the bis-adduct that partially translocated to
the membrane core to its neutral form (see Figure 4d).
Consequently, within the next 75 ns, it spontaneously
migrates toward the other leaflet of the membrane
(Figure 4e). To further quantify the influence of the
number of cationic residues on the Cg, cage on passive
diffusion, we evaluated the free-energy profiles of three
compounds: 1-fCqq, 2-fCsp, and 7-fCsq (see Figures S2, S3,
and S4, respectively). The charged species of mono- and
bis-adducts show an important energybarrier located deep-
er in the membrane, which is directly linked to the amino
groups that pin to the lipid heads. In the case of their neutral
forms, the flat shape of the energy profile confirms their
ability to easily cross the hydrophobic part of the mem-
brane, in agreement with the performed unconstrained MD
simulation results. In the case of 7-fCq, the uptake is clearly
unfavorable since the energy barrier continuously rises
from the solvent toward the membrane center up to
+80 kcal-mol . Bearing seven cationic amino derivatives,
the 7-fCqp is much larger than the mono- and bis-adduct.
More importantly, such an amount of the amino derivatives
appears to completely screen the lipophilic fullerene core,
as the Cgo can no longer play the role of membrane
insertion enhancer. Due to a large number of amino
derivatives, the molecule remains in contact with the bulk
solvent, and accordingly, it is not appropriate to consider
here deprotonation of the cationic groups. This result
strongly suggests that if the compounds such as 7-Cg,
could still penetrate cell membranes, they would probably
take another pathway, such as endocytosis. Precise estima-
tion of the cut off, concerning the favorable amount of
amino derivatives, still being dragged by Cg, toward the
membrane center, will be the subject of further study.
Insertion and Release Rates. The results presented so
far show how and when Cgo and fCsy may insert in the
core of the POPC membrane. In order to extract the
macroscopic data concerning the permeation of fCgg
molecules, we have built a simple one-dimensional
model inspired by the single-state molecular motor
theory.>® Assuming optimal conditions for proton-
ation/deprotonation of the amino groups exist at the
water/lipid interface, we can estimate the insertion
and release rates using a stochastic model described
in the Methods section, in which the particles diffuse
under the action of the MD-derived free-energy pro-

METHODS

Unconstrained full atomistic MD simulations were performed
on neat Cgo and on amino-Cg fullerene derivatives in the
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files. For Cgg as well as for the charged species 1-fCgq
and 2-fCqo, we found that the molecules are only
inserted in the membrane (data not shown). When
the deprotonation mechanism is included, we found
that 1-fCso and 2-fCgo can translocate through the
whole bilayer (see Figure S5). The insertion and release
rates, namely, 6,(t) and 6g(t), exhibit an exponential
behavior (see Figure S6), and the results of the model
show a significant difference in the corresponding
characteristic times for insertion 7, and release 7y
between the two compounds. The estimated rates
are respectively 7, = 1.53 ms and 7z = 1.57 ms for
1-fCeo and 7, = 27.27 us and g = 28.06 us for 2-fCq4(. For
7-fCgo, 71 and 7 tend obviously to infinity, which means
that this molecule cannot be passively taken up. The
net flux of 2-fCs, expressed here for the charged
speciesin pA (/=6.5 pA) is about 2 orders of magnitude
larger than that obtained for 1-fCqq (/ = 0.1 pA).

CONCLUSIONS

Extensive MD simulations and free-energy calcula-
tions have been conducted in order to investigate the
interaction of amino derivatives and functionalized
fullerenes fCgy with model cell membranes. The results
show that the fullerene is a good vector that helps the
cationic groups (which are not taken up alone) to
translocate across the lipid/water interface. Following
such translocation, the nature of the charged amino
head of the amino derivative favors its strong binding
to the lipid headgroups. Meanwhile, the other side of
the derivative is dragged toward the bilayer center by
the fullerene. Deprotonation of the charged amino
head favors full translocation of the fCsq compound
toward the other bilayer leaflet. Such a deprotonation
appears to be in fact necessary for the full permeation
of the compound. The lipid bilayer is however very
selective with respect to the amount of amino groups
conjugated with Cgo. The ABF profiles show that the
uptake mechanism of the n-fCsy (n = 1, 2, 7) amino
adducts result from a subtle balance involving a re-
pulsive (steric and electrostatic) effect between the
fCeo and the lipids and the attractive (hydrophobic and
lipophilic) character of the Cg, cage (see Figures S7, S8,
and S9). As a result, transferring the 7-fC4( fullerene
from bulk water into the lipid bilayer is highly unfavor-
able, while the mono- and bis-adduct are able to
passively diffuse toward the hydrophobic part of the
membrane. Hence, the fullerene core is shown to
enhance intracellular internalization of charged spe-
cies bearing a reasonable amount of cationic groups.

vicinity of a fully hydrated palmitoyl-oleyl-phosphatidyl-choline
bilayer. The translocation energy profiles of Cego fullerene
and fCgo amino derivatives from bulk water toward to the
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membrane center was determined using the adaptive biasing
force approach.”’
We considered the following molecular systems:

(i) Neat Cgo: Two separate systems were used. The first one
was used for the free-energy calculations and contained
one Cg fullerene interacting with a POPC lipid bilayer
composed of 72 molecules. The system was hydrated
with 3689 water molecules (total of 16455 atoms in a
volume of 48 x 40 x 103 A%). The second system used for
MD simulations was composed of four neat Cgo carbon
fullerene molecules, a fully hydrated POPC membrane
patch of 180 lipid molecules, and 11 830 water molecules
(total system of 49 050 atoms, vol. 68 x 72 x 116 A3, total
simulation time of 100 ns).

(i) Ceo with one amino derivative: Two separate sets were
performed. For the free-energy calculation, the system
was composed of one Cgq carbon fullerene molecule to
which one charged amino derivative was grafted
(monoadduct), a membrane patch of 72 POPC lipid
molecules, and 3671 water molecules (total of 16433
atoms in a volume of 40 x 51 x 96 A3). To ensure the
electroneutrality of the system, one chloride ion was
added. For the unconstrained MD simulations, the
system was composed of three monoadducts placed
initially near a 180 POPC lipid molecule membrane
patch (70 x 75 x 109 A3), hydrated with 11801 water
molecules, and three chloride counterions. Deprotona-
tion (after a 30 ns run) was performed simply by deletion
of one hydrogen on the head of the amino derivative
(the partial charge was compensated on the nitrogen
atom in order to obtain the electroneutrality, which is in
very good accordance with the quantum calculations
(data not shown)). The counterion was also deleted from
the system.

(iii) Cgo with two amino derivatives: Two independent
systems were considered. For the ABF free-energy
evaluation, the system was composed of one Cgo
carbon fullerene molecule to which two charged amino
derivatives were grafted (bis-adduct), a 72 POPC lipid
molecule membrane patch, 3650 water molecules, and
two chloride counterions (total of 16402 atoms in a
volume of 46 x 46 x 93 A3). For MD simulations, the
numerical system contained three bis-adducts and
three monoadducts placed initially near the 180 POPC
lipid molecule membrane patch (total system of 70 x
75 x 109 A3, 11576 water molecules, nine chloride
counterions, total simulation time of 200 ns). The
deprotonation of the bis-adduct was ensured in the
same way as for the monoadduct, and two correspond-
ing counterions were also deleted from the system.

(iv) Ceo With seven amino derivatives: Only the ABF free-
energy calculation was carried out. The system was
composed of one Cg, carbon fullerene molecule with
seven charged amino derivatives attached, a 72 POPC
lipid molecule membrane patch, and 3373 water mol-
ecules (total of 16331 atoms in a volume of 47 x 42 x
98 A3). To ensure the electroneutrality of the charged
system, seven chloride ions were added.

(v) Amino group: An unconstrained MD simulation and ABF
free-energy evaluation were performed. For the ABF
analysis, one unconjugated amino group was placed in
the vicinity of the 72 POPC lipid molecule membrane
bilayer hydrated with 3697 water molecules and one
chloride counterion (total of 16 457 atoms in a volume of
45 x 48 x 89 A%). The MD run was executed during 100
ns on the same system as used for the free-energy
evaluation.

Molecular Dynamics Method. The MD simulations were per-
formed using NAMD software.>* They were conducted at a
constant temperature of 300 K (Langevin dynamics) and a
constant pressure of 1 atm using the Langevin piston Nosé-
Hoover method.>> Short- and long-range forces were calculated
every one and two time steps, respectively, with a time step of
2.0 fs. Chemical bonds between hydrogen and heavy atoms
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were constrained to their equilibrium values. Long-range elec-
trostatic forces were evaluated using the particle mesh Ewald
method.”®

All systems were modeled using the CHARMM27°7 force
field with a united atoms representation for the acyl chains
of the lipid molecules. No charges were attributed to the
Cgo carbon (C) atoms, and for fullerene C—C or fullerene C—
water oxygen (O) interactions we used the Bedrov et al.*®*°
Lennard-Jones potential parameters (CHARMM27 functional:
Occ = 3.895 A, ecc = 0.066 keal-mol™" and oo = 3.58 A, eco =
0.0936 kcal-mol™"). Water molecules were treated within the
TIP3P model.%® For the potential parameters of the amino
group, we followed the general procedure described by Norrby
and Brandt,®" and we performed the ab initio quantum calcula-
tions using Gaussian 03 package software.®® The geometrical
optimization of a single amino group was performed using the
Hartree—Fock approach. The split-valence 6-31+G basis set was
employed for all atoms, and obtained Mulliken partial charges
were applied to the molecular model.%

Adaptive Biasing Force Method. The free-energy profiles were
performed using NAMD software®* with the ABF extensions
integrated in the Collective Variables module®® and under the
same conditions as described for MD simulations. The minimal
sampling was equal to 100 000 samples for each step along the
reaction coordinate, taken as a distance between center of mass
(COM) of the fullerene core and the COM of the lipid bilayer
along the z axis, with a step of 0.1 A. In the case of the amino group
itself, the reaction coordinate was chosen as a distance along the
bilayer normal (z axis) between the COM of the amino group and
the COM of the lipid bilayer, with the same step of 0.1 A.

Stochastic Model. In this model, the individual molecules can
diffuse according to the Smoluchowski equation in the effective
potential deduced from the MD simulations. Let us assume that
the system contains N molecules located initially in the external
side of the membrane (say left) and that their motion is
restricted to the direction z perpendicular to the membrane
surface with imposed boundaries of —40 and 40 A. Using a
discrete description of the position (z = nAz with a Az step of
1 A), the probability p(z, t) &~ p(n, t) that a given molecule is located
at position z at a given time t obeys the following equation:

p(n, t+At) = p(n, t) +k(n+ 1W(n+1,n)pln+ 1, H)At
+k(n —1)W(n —1,npn —1, At
— k(mW(n, n+ 1)p(n, t)At
—k(mW(n,n — 1)p(n, t)At (1)

where k(i) is the attempt frequency, which is closely related to the
second derivative of G at site i, and W(j, j) represents the probability
for the particle to jump from position i to position j. W/, j) is related
to G and the thermal energy kT (ky, is the Boltzmann constant)
through a simple Arrhenius law:

W(i, j) o< o(~IG0) — Gl/ksT) )

Note that only jumps from adjacent positions are allowed
here.

The integration of eq 1 for different sets of time and
positions can be easily performed assuming initial conditions
of p(—40,0) = N. The insertion and release rates, 6,(t) and 6y(t),
respectively, were calculated by considering the number of
particles crossing the left and right sides of the membrane. The
flux across the membrane was defined as

ABg(t)

Ity = Ar 9 (3)

(expressed in pA) where g is the charge carried by n-fCg(.
Provided the two energy profiles for each molecule corre-
sponding to the charged and neutral form of cationic residues,
the effective potential was constructed as follows: the proto-
nated profile was used for molecules located outside the
membrane, while the deprotonated one was considered for
the molecules located inside the membrane. The switching
distance was fixed for each molecule and was derived directly
from MD observations, ie, +19, +11, and £19 A for 1-fCqq,
2-fCgp, and 7-fCqp, respectively. Since compound 7-fCg was not
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evaluated using unconstrained MD, we adopted the highest
value of location where the deprotonation can occur, i.e., those
of the 1-fC¢o molecule.
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