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Experimental results show that the presence of a concentration
gradient of certain nano-ions (most notably cobaltabisdicarbollide
([o-COSAN] ™ anions), induce a current across intact artificial phos-
pholipid bilayers in spite of the high Born free energy estimated for
these ions. The mechanism underlying this observed translocation
of nano-anions across membranes has yet to be determined. Here
we show, using molecular dynamics simulations, that the permea-
tion of [0-COSAN]™ anions across a lipid bilayer proceeds in a
cooperative manner. Single nano-ions can enter the bilayer but
permeation is hampered by a free energy barrier of about 8kgT. The
interaction between these nano-ions inside a leaflet induces a flip-flop
translocation mechanism with the formation of transient, elongated
structure inside the membrane. This cooperative flip-flop allows an
efficient distribution of [0-COSAN]™ anions in both leaflets of the
bilayer. These results suggest the existence of a new mechanism for
permeation of nano-ions across lipid membranes, relevant for those
that have the appropriate self-assembly character.

Molecules able to passively permeate lipid membranes are of
great interest for many applications in medicine and in biolo-
gical research. These applications include the important case of
drug delivery, for example. In general, the design of molecules
able to cross lipid membranes in a passive, nonfacilitated way,
is a difficult task.™ The only class of molecules that are able to
rapidly cross lipid membranes are small, nonpolar gases' (for
example, permeability of O, is between ~ 20-100 cm s "
depending on the lipid membrane composition®). Membrane
permeation is more difficult -but still possible- for a small polar
molecule.* The water molecule is the paradigmatic example
with a permeability coefficient of the order of 107> cm s™* in
artificial lipid membranes.* Also, its mechanism of permeation
has been studied in detail with large scale molecular dynamics
simulations.’ In the case of more complex molecules such as
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drugs, only molecules with a delicate balance between size,
polarity and lipophilicity are able to spontaneously permeate
this barrier"”>® (typical permeabilities are of the order of
107% cm s~ in this case).

Lipid bilayers are virtually impermeable against charged
molecules, including small ions."” Typical permeability of
Cl™ is between 10~ ">-10"° cm s~" depending on the particular
lipids.>® Cations such as Na" and K’ have even lower
permeabilities,® of the order of 10~ **~107"* ecm s~ .

In the classical theory, permeation across the membrane
involves first the partition inside the hydrophobic phase and
then diffusion across the membrane (the solubility-diffusion
mechanism). In this framework, the extremely low permeabil-
ities of ions were attributed to the low dielectric constant
(¢r ~ 2) of the hydrophobic region (hydrocarbon tails) of a lipid
membrane.”'° A low dielectric constant implies that the trans-
fer of a charge from water (&, ~ 80) to the membrane core has a
very large Born energy cost, making the solubility-diffusion
mechanism highly inefficient. There are other mechanisms
beyond this solubility-diffusion mechanism that are also
responsible for the slow, nonfacilitated permeation of ions."*
One alternative mechanism is due to the fact that ions tend to
associate with phospholipids and that phospholipids are able
to translocate from one leaflet of the bilayer to another
(flip-flop mechanism). The flip-flop of a phospholipid-ion
complex can transfer charge from one side of the bilayer to the
other'™'? (for example, the permeability coefficient estimated
from this mechanism for ClI™ in phosphatidylserine bilayers is
~ 10" em s,

Another possible transport mechanism is related to the fact
that membrane interfaces are soft and ions can induce local
membrane deformations.”*"'®'” In the case of thin lipid
bilayers, made of lipids of short tails, these deformations are
able to induce the spontaneous formation of transient pores in
the lipid membrane which allow the transport of ions with a
certain amount of solvation water.®'® In thicker membranes,
the deformation can propagate towards the membrane interior
translocating the ion and an amount of accompanying water
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molecules without forming a complete hydrophilic pore.”*®"”
This mechanism is also expected to be responsible for the
permeation of certain charged peptides across lipid bil-
ayers.'”' This process avoids the exposure of a charge to the
low dielectric constant environment of the membrane interior
but it is highly inefficient since the required fluctuations have
substantial energy barriers and consequently they have low
probability.

In this context, the experimental results obtained for certain
anions of nanometric size are particularly relevant.”>*! These
studies considered the ortho-cobaltabis(dicarbollide) [3,3’-Co
(1,2-C,BoH;4),]” ion, known as [0-COSAN]™ and some of its
derivatives, which are elongated anions with a size ~ 1 nm and
3D global aromaticity.”> When a 0.1 mM concentration of Na
[0-COSAN] is applied to one side of a phospholipid planar
bilayer, an steady anionic electric current of ~ 0.2 nA is
established across the membrane due to the concentration
gradient.?® It has to be recalled that the lipid bilayer remained
intact during the experiment and no pores were formed. Further
experiments with a voltage-jump across the lipid bilayer also show
fast translocation of these anions.>' [0-COSAN] ™ also shows trans-
location across natural cell membranes, as demonstrated recently
for the case of mammalian cells**** and of Gram-positive bacterial
membranes.” Also, it has been shown that [0-COSAN] is able to
act as a carrier, transporting cationic peptides across membranes.>®

These experiments demonstrate that lipid membranes are
not acting as barriers to the [0-COSAN]™ anion and its deriva-
tives. This behaviour is remarkable in view of the high free
energy cost associated to travel directly through a lipid bilayer
due to its high Born energy. In ref. 20 this free energy cost was
estimated as ~ 80 k] mol ™, or more than 30kgT, for an ideal
COSAN anion (dimensions 1.1 nm x 0.6 nm).

It has been suggested®® that this remarkable membrane
crossing ability of [0-COSAN]™ could be related to the unusual
dual hydrophobic and hydrophilic properties of [0-COSAN].
The [0-COSAN]™ anion has neither a hydrocarbon chain as a
hydrophobic tail nor a polar group as a headgroup like in a
conventional surfactant, but it is amphiphilic since it has a well
defined hydrophilic polar region and a hydrophobic apolar
region,”® as shown in Fig. 1. It exhibits a rich self-assembly
behavior in solution which includes micelles and vesicles
typical of surfactants.>’° It is also able to bind to proteins®*
and glucose units**> and self-assembles with polypyrrole®® and
poly(ethylene oxide) (PEO) to give hybrid nanocomposites.**
Thus, the behaviour of [0-COSAN]™, with its rich spectrum of
molecular interactions, is more like that of an anionic small
molecule rather than that of an anion.

Elucidation of the detailed mechanism of [o-COSAN] ™ anion
permeation in lipid bilayers is not only important from a
fundamental perspective but it has also implications in biome-
dicine applications. We recall that [0-COSAN]|™ has shown
potential as anticancer drug®® and as a antibacterial agent.>

In this work, we identify this lipid bilayer crossing mecha-
nism by using all-atomic Molecular Dynamics (MD) simula-
tions. Our results show that the permeation of [0-COSAN] ", in
its cisoid rotamer, proceeds in a cooperative manner. Our
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Fig. 1 Structure of [o-COSAN]™ in its cis rotameric conformation which is
the most stable conformation in water.*® (a) Ball and stick representation
with indication of the hydrophobic and hydrophilic regions, as obtained in
previous MD simulations (see ref. 13). The color code is C: cyan, B: pink,
Co: grey, H: white. The structure of the water solvation near the hydro-
philic region is also indicated. (b) Surface representation colored according
to the surface electrostatic potential (color scale in units of (kcal mol™ e,
the highest positive potential is 0.14 and the most negative —0.29). The
hydrophobic region around C atoms is mostly apolar and the negative
charge of the anion is concentrated in the hydrophobic region (B atoms
opposite to the C atoms). Image (a) made with VMD.** Electrostatic
potential in (b) calculated with Chimera.*®

simulations show that a single [0-COSAN]™ anion is not able
to cross the hydrophobic core of a lipid membrane due to the
presence of a free energy barrier. Instead, a single [0-COSAN]™
remains incorporated into a membrane leaflet as a membrane
component due to its amphiphilic nature. However, the inter-
action between these nano-ions inside the membrane induces
the formation of elongated structures and a flip-flop transport
mechanism that allows translocation across the hydrophobic
core and an efficient distribution of [0>-COSAN]™ anions in both
bilayers of the membrane.

In our simulations, the phospholipid bilayer was composed by
dipalmitoylphosphatidylcholine (DPPC) phospholipid (which is
widely used experimentally in liposomes and in bilayers mimick-
ing mammalian cells) and cholesterol (which helps to restrict the
passage of molecules by increasing the packing of phospholipids).
We considered a 5:3 DPPC:Chol ratio as in our previous work.*®
Concerning the [0-COSAN|™ nano-ion, it should be noted that it
has three rotameric forms, designed as trans-, cis- and gauche. In
this work, we will consider only the cis[o-COSAN] ™ rotamer, since
it is the most stable one in water, as we have shown recently by
DFT calculations.”” This cisoid rotamer of [0-COSAN]™ has a
charge distribution resembling that of a peculiar anionic surfac-
tant, with a small apolar region defined by its four carbon atoms
(which are neighbors only in the particular case of cis[o-COSAN] ")
and an hydrophilic polar region that concentrates most of the
anion charge (with boron atoms that strongly interact with water
molecules).”

The forcefield employed for [0-COSAN]™ in our simulations
is also the same employed in our previous work,"® which is
compatible with the CHARMM36 forcefield employed for the
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Fig. 2 Snapshots of a MD simulation showing the incorporation of a single [o-COSAN]™ nano-ion at a lipid membrane. Left-panel: initial adsorption at
lipid headgroups. Middle-panel: permeation of [0-COSAN]™ into hydrophobic region (hydrocarbon tails). Right-panel: equilibrated system with
[0-COSAN]™ located in the hydrophobic region (hydrocarbon tails). In this particular snapshot, the distance between the central Co atom and the
center of the membrane is 7.5 A. The lipids are shown as lines, Na™* (in yellow) and [o-COSAN]~ are shown with its van der Waals size. Water molecules are

not shown for clarity.

membrane. In all simulations water molecules were included
explicitly. Full technical details of the simulations are given in
the Methods section in the ESIL.{

We first considered a simulation of a single [0-COSAN]™
anion (with its sodium counterion) in water phase in a system
containing a planar bilayer membrane (of size ~ 73 nm?), as
shown in Fig. 2. We observe spontaneous incorporation of the
[0-COSAN]™ nano-ion into the membrane. As shown in Fig. 2,
the incorporation of [0-COSAN]™ inside the bilayer followed
several steps, highlighted in Fig. 2. First, the [0-COSAN]"
initially in the water phase adsorbs on the headgroup region,
with its long axis perpendicular to the phospholipid molecules
and the hydrophobic carbon region of [0-COSAN]|™ oriented
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Fig. 3 Free Energy profile (kJ mol™) for the permeation of a single
[o-COSAN] ™ across a lipid bilayer from MD-ABF simulations. As reaction
coordinate we consider the distance between the central Co atom of
[o-COSAN]™ and the center of the bilayer (the bilayer is fully symmetric).
The origin for the free energy was taken at the water phase.
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towards the lipid membrane. After remaining adsorbed over
the bilayer (for about ~ 20 ns), the [0-COSAN]™ ion changes its
orientation, aligning its long axis parallel to the hydrocarbon
tails of the lipids. During this change in orientation, the ion
moves from adsorption over the membrane towards the hydro-
phobic region of the lipid membrane. Once inside the hydro-
carbon region of the lipid membrane, it remains in this
orientation for the remainder of the simulation (~ 200 ns)
with the central Co atom of [0-COSAN]™ located at a distance
between 7 A-11 A from the center of the bilayer, without
crossing the center of the membrane towards the other leaflet.

In order to verify whether a single [0-COSAN]™ is able or not
to spontaneously cross a lipid bilayer, we have calculated the
free energy profile associated to [0-COSAN]™ permeation using
adaptive bias force (ABF) method.>” The results (Fig. 3) show
the existence of a free energy minima (~—32.35 kJ mol ™)
inside the hydrocarbon region of the membrane, corres-
ponding to the range of Co-bilayer center separations sponta-
neously found by the [0-COSAN]™ ion in our previous non-
biased MD simulation. The results also show a free energy
difference of ~ 21.7 k] mol™" (~ 8kgT) between the center of
the membrane and the equilibrium position of [0-COSAN]™
inside the membrane.

This implies that passive translocation of [0-COSAN]™ from
its equilibrium position at one leaflet of the bilayer to the
equivalent position at the other leaflet is hampered by a free
energy barrier of ~ 8kgT. Interestingly, this barrier is smaller
than the free energy cost (~ 30kgT) estimated previously for
[0-COSAN] in ref. 20 using a simple Born energy calculation.

Let us now consider a simulation with a micelle made of
15 [0-COSAN] ", instead of considering a single [0-COSAN] ™ and

This journal is © the Owner Societies 2023
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Fig. 4 Snapshots of a MD simulation corresponding to a system composed by a micelle made by 15 [o-COSAN] ™ ions interacting with a lipid membrane.
(a) Initially, there is an aggregate of [0-COSAN]™ molecules near the membrane and a single [o-COSAN]™ from the aggregate lays horizontally over the
membrane. (b) The [0-COSAN]™ that was previously laying horizontally now penetrates the membrane vertically. (c) As the simulation proceeds
[0-COSAN]™ penetrate the membrane forming elongated structures. (d) Final configuration of the MD simulation showing the rearrangement of the
[0-COSAN] ™ ions. [o-COSAN] ™~ near the membrane and Na* counterions are shown as van der Waals spheres. All other molecules are shown by lines.

Water is not shown for easier visualization.

maintaining same lipid bilayer (see Methods in the ESIt for
details). Let us remark here that this was the typical size of a
micelle obtained in our previous simulations,"® in agreement
with experiments.>”

The results are shown in Fig. 4 (snapshots) and Fig. 5 (time
evolution of the density profile).

Initially, the micelle is adsorbed over the bilayer and indi-
vidual [0-COSAN]™ anions enter to the membrane following the
mechanism described before for a single [o-COSAN]™ anion, as
shown in Fig. 4. As time advances and several [0-COSAN]™ are
incorporated inside the membrane, they are able to interact
and form dynamic, elongated structures inside the bilayer, as
shown in the snapshots in Fig. 4. In these structures it is
possible to find [0-COSAN]™ anions at locations such as the
center of the bilayer which were not possible for a single
[0-COSAN] ™, as seen in the snapshots of Fig. 4 and in the
intrinsic density profile in Fig. 5. Initially, the peak of the
[0-COSAN]™ concentration is located at the hydrocarbon region,
as expected from our analysis for a single [0-COSAN]™ (Fig. 5).
But as time advances, the distribution extends towards the
central region of the membrane, showing that now [0-COSAN]~
ions are allowed to explore the full bilayer, including the central
region, and thus [0-COSAN] ™ ions are allowed to cross from one
side to the other of the membrane. The interaction between [o-
COSAN]™ nano-ions and the formation of the elongated struc-
tures seen in Fig. 4 allows for a free energy gain that supersedes
the free energy barrier experienced by single [0-COSAN] .

This journal is © the Owner Societies 2023
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Fig. 5 Average intrinsic density profile (atoms nm~3) of Co atoms from
[o-COSAN]™ inside a lipid bilayer for different time windows. Distances are
calculated in reference to the P atoms in DPPC molecules (we took the
origin of coordinates in the upper leaflet of the membrane). Different
horizontal color lines indicate average location of different DPPC atoms, to
show the relative position of the membrane. On the right scheme, we
represented the [0-COSAN]™ molecule and the lipid membrane. In the
lipid membrane scheme, P, N and terminal C atoms of DPPC molecule are
represented with VDW beads (their positions are indicated as horizontal
lines in the left plot).

A detailed description of the mechanism that allows
[0-COSAN] ™ to cross the membrane is shown in Fig. 6. As seen
in that figure, the mechanism involves the coordinated motion
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of several [0-COSAN]™ inside the membrane. The sequence of
events shown there is as follows. First, one [0-COSAN]™ is
spontaneously incorporated inside the membrane (Fig. 6a) at
the equilibrium position expected from our previous free
energy analysis (see Fig. 3). A second and a third [0-COSAN]™
nano-ions enter the membrane (Fig. 6b and c, respectively). The
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three [0-COSAN]™ associate into a transient elongated structure,
shown in Fig. 6d and e. This transient structure finally ends up
with two of the [o-COSAN]™ at the membrane leaflet opposite to
the one at which were originally incorporated (Fig. 6f). This
correlated motion of [0-COSAN]™ inside the membrane, that
extends to time scales of about 300 ns can be clearly identified
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Fig. 6 Detail of [0o-COSAN]™ cooperative permeation mechanism. Each panel shows a snapshots corresponding to a different time: (a) 31.2 ns,
(b) 99.2 ns, (c) 126.4 ns, (d) 146.0 ns, (e) 291.0 ns and (f) 330.1 ns. In order to showcase the mechanism, 3 specific [0o-COSAN]~ were emphasized (the
membrane and other [0-COSAN]™ were shown as lines or transparent). To facilitate distinguishing the interacting [0-COSAN]™ we shown them in
different color scheme (one in CPK colors, one in blue and one in orange). The bottom panel shows the time evolution of the position of two of these
[o-COSAN]™ nano-ions, indicating with arrows the events shown in the snapshots. The red line corresponds to the [0-COSAN]™ incorporated to the
membrane as shown in panel (a) and the black line to the one incorporated at the membrane as shown in panel (b) (the average position of the N atoms of

DPPC lipids is also shown to indicate the location of the membrane).
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in the trajectory plot shown in Fig. 6. We designate this
translocation mechanism as ‘“‘cooperative flip-flop”, since it is
a mechanism in which the “cooperation” between interacting
[0-COSAN] ™ allows them to cross from one lipid layer to
the other.

In conclusion, in this work, we have identified the mecha-
nism of [0-COSAN]|™ membrane translocation by atomistic MD
simulations, a mechanism that we designate as “cooperative
flip-flop”, providing a mechanistic explanation for previous
experimental observations.?%*!

Our simulations show that a single [0-COSAN]  anion is
spontaneously integrated into the hydrophobic region of a
leaflet of a lipid membrane. However, a single [0-COSAN]" is
not observed to spontaneously cross the lipid membrane in our
simulations. Our calculations indicate a large Free Energy
barrier (~ 8kg7) at the center of the lipid bilayer. Spontaneous
translocation of [0-COSAN]™ is facilitated by the interaction
between several [0-COSAN]™ molecules inside the bilayer.
Inside the bilayer, [0-COSAN]™ anions self-assembly into highly
dynamic elongated structures, that extend across the bilayer
including the central region excluded to isolated [0-COSAN] .

The motion of [0-COSAN]™ molecules inside the bilayer is
highly correlated. The [0-COSAN]™ molecules are able to cross
the central region of the bilayer helped by their mutual inter-
actions by a cooperative mechanism that can be labelled as
“cooperative flip-flop”. Therefore, the remarkable self-
assembly ability of [0-COSAN] ", which allows them to form
micelles and other structures in bulk solution,?”3° it is also
involved in its ability to translocate across a membrane. It
should be emphasized here that our computational study the
particular case of a symmetric membrane with equal composi-
tion in both leaflets, as considered in previous experiments.>°
Given the fact that real biological membranes have asymmetric
composition, the next necessary step will be to consider simu-
lations of asymmetric membranes of different compositions
and investigate whether it has or not an impact on the
mechanism observed in our simulations.
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