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Abstract

The computational study of the interaction between charged, ligand-protected metal
nanoparticles and model lipid membranes has been recently addressed both at atomistic and
coarse grained level. Here we compare the performance of three versions of the coarse grained
Martini force field at describing the nanoparticle-membrane interaction. The three coarse-grained
models differ in terms of treatment of long-range electrostatic interactions and water
polarizability. The NP-membrane interaction consists in the transition from a metastable NP-
membrane complex, in which the NP is only partially embedded in the membrane, to a
configuration in which the NP is anchored to both membrane leaflets. All the three coarse
grained models provide a description of the metastable NP-membrane complex that is consistent
with that obtained using an atomistic force field. As for the anchoring transition, the polarizable-
water Martini correctly describes the molecular mechanisms and the energetics of the transition.

The standard version of the Martini model, instead, underestimates the free energy barriers for



anchoring and does not completely capture the membrane deformations involved in the transition

process.

Introduction

The use of monolayer-protected inorganic nanoparticles (NPs) as target-selective drug vectors'?,
nanothermal®® agents or diagnostic devices’® requires that we achieve control on the NP
interaction with different biological environments. The interaction of NPs with cell membranes,
in particular, is crucial for the delivery of NPs into cells, and is the subject of intense research
efforts aimed at understanding the molecular basis of active, endocytic internalization pathways’
as well as of passive membrane permeation. Here we focus on the latter mechanism, which has
been shown to be relevant for the smallest NPs (diameter < 10 nm) interacting with plasma

membranes and model lipid bilayers!®-!3.

Membrane passive translocation rates are the result of a complex interplay of thermodynamics
and kinetics. From a thermodynamic point of view, the degree of hydrophilicity of the NP
determines its propensity to reside in the water phase or in the hydrophobic membrane core'''*!%;
as it is often the case, the flexible NP ligand shell can make the NP quite adaptable to the
surrounding environment'*, leading to the stabilization of long-lived metastable configurations
both in the extra or intracellular water environment and in the membrane core!®!”. The kinetic
availability of transition pathways and the free energy barriers between these metastable states

eventually determine passive permeation rates'$2.

Recently, a series of experimental papers!'-32!22 have focused on the study of a family of
charged, monolayer-protected Au NPs and on their interactions with plasma membranes and
model lipid bilayers. These NPs are functionalized by a mixture of hydrophilic, negatively
charged ligands (mercapto undecane sulphonate, —S—(CH,);;—SO;~ (MUS)), or mercapto
undecane carboxylate, —S—(CH,);,—CO,~ (MUC)) and neutral, hydrophobic ligands (octanethiol,
—S—(CH,);—CH; (OT)) and they are small enough to allow passive membrane translocation
(diameter 2 or 4 nm). Neutron reflectivity data* indicate that they can interact in a non-
destructive way with the surface of floating zwitterionic bilayers, and confocal microscopy

observations'' show that they can be co-localized with the bilayers of multilamellar vesicles



without causing any leakage. The same NPs were shown to passively penetrate the plasma
membrane of HeLA cells'?, where their propensity to follow the passive permeation pathway

might depend on the spatial arrangement of ligands on the NP surface.

The computational approach to the study of NP-membrane interactions can complement the
experimental investigation as it has the advantage of offering an atomistic or at least molecular
interpretation of the permeation mechanism. Unfortunately, membrane permeation rates for NPs
can easily span time scales of seconds that are not currently within reach for unbiased atomistic
Molecular Dynamics simulations. One possible strategy to overcome the sampling barrier is to
rely on coarse-grained models that couple a reduction of the system degrees of freedom to an
intrinsically faster dynamics. Indeed, atomistic'¢?°?-25 and coarse-grained!>'!'® molecular
dynamics simulations have nicely complemented each other in the recent literature?, converging
on the study of the same anionic, MUS/MUC- and OT-passivated Au NPs and eventually
proposing a three-stage mechanism of NP-membrane interaction. According to the atomistic
simulations of Heikkild!¢* et al., anionic Au NPs could stably adhere to the surface of
zwitterionic lipid bilayers as a result of favorable electrostatic interactions between their charged
ligands and the polar lipid headgroups; then, according to both atomistic*® and coarse-grained'
simulations, NPs would partially penetrate the membrane by establishing a hydrophobic contact
(HC) between the hydrophobic moieties of their ligands and the lipid tails of the entrance leaflet;
eventually, NPs would find their way towards a so-called snorkeling or anchored configuration,
in which the NP charged ligands interact with the lipid headgroups of both membrane leaflets.
The stability of the anchored configuration had been predicted by implicit solvent models?’, too.
The transition from the hydrophobic contact configuration to the anchored state has a slow
kinetics, and it has been shown to occur spontaneously on flat membranes only by the coarse-
grained simulations of Simonelli'® et al., while the atomistic simulations of Van Lehn et al. could
simulate the process in presence of a highly-curved membrane®. Figure 1 sketches the three

main stages of the NP-membrane interaction.



Figure 1 - The proposed mechanism for the NP-membrane interaction. Palmitoyloleoyl phosphatidylcholine (POPC)
lipids in grey, with the headgroups in spacefill representation. Au-S NP core in yellow, hydrophobic OT ligands in cyan,
anionic MUC ligands in purple. A: the NP is adsorbed at the membrane surface; B: the NP is in the HC configuration,
only partially embedded in the bilayer, with the many hydrophobic NP ligands in contact with the lipid tails, and the
anionic ligand terminals in contact with the lipid headgroups of the entrance leaflet. C and D: the NP progressively
anchors to the distal leaflet by dropping one ligand (C) after the other until a snorkeling configuration is reached (D).
(These atomistic snapshots are purely representative of the proposed mechanism and were not derived from any of the
simulations analyzed in this work).

While these results are a nice example of the possible convergence and complementarity of
molecular simulations performed at different resolutions, the computational approach still faces
hard challenges. Enhanced sampling techniques are often used to accelerate the sampling of rare
translocation events, but they still rely on a subtle assessment of the relevant reaction
coordinates. The choice of the appropriate reaction coordinate can be challenging for the
permeation of rather small solutes already?®, and it becomes even harder when looking at the
permeation of ligand-protected NPs with very large conformational flexibility. This latter issue is
common to atomistic and coarse-grained approaches. Eventually, an appropriate and quantitative
description of the charged NP-membrane interaction depends crucially on the ability of the force

field to reproduce the correct solvation free energies of the charged moieties that are transferred



between water and the membrane core. At atomistic level, there is general agreement on the
height of the free energy barriers for the membrane translocation of monovalent ions?°*°, while
coarse-grained force fields such as the Martini*! force field, previously used to study anionic NP-

membrane interactions'>!#:1932 can severely underestimate them?*.

In this paper we test the performance of three versions of the popular coarse-grained Martini
force field at reproducing the atomistic free energy profile associated to the first step of the
anchoring transition (from Figure 1B to Figure 1C). This interaction step consists in the
translocation from the entrance to the distal leaflet of one single charged ligand terminal. The
three models we consider are the standard version®' of the Martini (SM) force field, in which
electrostatic interactions are treated as short-range interactions, with a dielectric constant € = 15;
the standard Martini force field modified by the inclusion of long-range electrostatics,
implemented via Particle-Mesh-Ewald summation (MPME); and the polarizable Martini force
field (MPW) that treats electrostatic interactions with a dielectric constant € = 2.5 and includes

long range electrostatics and water polarizability®.

We find that, contrary to the SM force field, the MPW force field provides estimates of the
translocation barrier that are close to those predicted by our atomistic calculations. Moreover, the
MPW force field is the most accurate at reproducing the molecular mechanisms involved during

the anchoring transition as predicted by atomistic simulations.

Methods

Atomistic model. We set up an atomistic united-atom (UA) model of an anionic, MUC- and OT-
functionalized Au NP compatible with the OPLS force field** and with the Berger parameters
for lipids*. The core of the NP, as derived by Lopez-Acevedo® et al., is made of 144 Au atoms
with icosahedral symmetry and 60 S atoms bound to the gold core. Both Au and S atoms are

connected through an elastic network.

A total of 60 ligands are bound to the NP core via Au-S bonds. The ligands are 30 hydrophobic
OT and 30 negatively charged mercapto-undecane carboxylate (MUC). The chemical structure
of the ligands is shown in Fig. S1. The parameterization of the Au core and of the two ligands,

including bonded and non-bonded parameters, is summarized in the Supporting Information.



Coarse grained model. The description of the core of the NP is the same as in the atomistic
model, except for charges — all Au and S atoms are neutral in the CG model. Au and S van der
Waals interactions are short range and purely repulsive. OT is made of 2 connected Martini
beads of type C1 while MUC is built with 3 beads of type C1 and 1 terminal Qda bead. Bond and
angle parameters along the ligands are the same as for Martini alkanes. Further details are
reported in the Supporting Information. Here we will consider only patched NPs, in which
ligands with azimuthal angle within a certain range are hydrophobic while all other ligands are

charged, giving rise to a “patched” arrangement.

Simulation set up for the unbiased MD runs. In our atomistic simulations we set up an initial
configuration in which the NP is in the hydrophobic contact state (Fig.1B and Section 3 of the
SI). The membrane is composed of 480 zwitterionic POPC lipids (13.2X13.2 nm), solvated in a
box of ~32000 water molecules and 30 positive ions to compensate the charge of the AuNP. Salt

was added to the solvent at physiological concentration (150 mM).

The initial configuration for the CG unbiased runs is built as in the atomistic case, with a
membrane composed of 512 POPC lipids (13.6X13.6 nm). The NP-membrane complex is
solvated with ~15320 Martini water beads. We performed different equilibration runs for the SM
and the MPME models. For the MPW model, the equilibration run was preceded by the
conversion of the standard water beads to the polarizable water beads. In all cases, 30 Na+ ions

were included to neutralize the system.
Simulation parameters, including equilibration times, are summarized in Table 1.

Metadynamics simulations. The process under study with metadynamics®’*® simulations is the
reversible anchoring-disanchoring transition of the biased ligand terminal. The anchoring, or
forward process consists in the translocation of one charged ligand across the membrane (from
the hydrophobic contact state to the anchored state); the disanchoring, or backward process
consists in the transition of the same ligand back to the starting configuration. The collective
variable, ¢, used in our CG and UA metadynamics simulations is the distance along the z-axis,
perpendicular to the membrane plane, between the center of mass (COM) of the membrane and
the COM of the biased charged terminal group. The starting configurations of our metadynamics

runs, in which the NP is in the HC state, were extracted from the unbiased MD simulations. We
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have chosen the ligand to be biased as the one whose covalent link to the NP core had the lowest
z coordinate in the initial configuration (see also Fig.S3). The other run parameters are listed in

Table 1.

A first set of metadynamics runs, both atomistic and CG, were run until a complete forward +
backward cycle had been performed (Table 1, third to last line). The data collected during the
whole runs were used to analyze the structural features of the membrane during the forward and
backward transitions. In order to quantify the energy barriers associated to the forward process,
we followed a standard procedure, as described by Laio and Gervasio®®, and we analyzed the
complete metadynamics trajectories until the time at which the forward transition had been
completed (Table 1, second to last line). More details about the way in which we identified the
transition are reported in Section 6 of the SI (Fig.S5). We ran a second set of independent
metadynamics runs, at CG level only, to quantify the barriers of the backward process (Table 1,
last line). These runs were initialized with different frames extracted from the complete

metadynamics simulations with the NP in the anchored state.

The potential of mean force (PMF) for the anchoring and the disanchoring processes was
obtained averaging the PMFs of several independent metadynamics runs (the total simulation
time and number of runs are shown in Table 1). The error reported in the PMF plots is the

standard error.

Contact analysis. The number of contacts between the various components of the NP, water and
lipid choline groups were obtained using the mindist Gromacs tool with a threshold contact

distance of 0.6 nm.

All MD simulations were performed with Gromacs* v5 patched with Plumed* 2.

Table 1 Simulation parameters. In metadynamics runs, zis the time interval between two consecutive depositions of the
Gaussian bias, #and ow are the Gaussian height and width, respectively.

MD settings Atomistic Coarse grained
Time step 2 fs 20 fs

P coupling (equilibration) Berendsen (1 bar) idem

P coupling (production) Parrinello—Rahman (1 bar) idem

T coupling Velocity-rescale (310 K) idem
PME grid spacing 0.20 nm 0.12 nm
Unbiased MD runs




Equilibration time 30 ns lu

Total production run time 500 ns SM: 10 us (1)
(no. of runs) MPW: 10 us (1)
Metadynamics runs
T 0.1 ns 1ns
h 1 kJ/mol 2.48 kJ/mol
ow 0.06 nm idem
Forward + backward 1.9 us (2) SM: 3.1 us (8)
(no. of runs) MPME: 5.2 us (10)
MPW: 16.6 us (10)
Forward only SM: 1.1 us (8)
(no. of runs) MPME: 2.1 us (10)
MPW: 10.3 us (10)
Backward only SM: 1.3 us (8)
(no. of runs) MPME: - (0)

MPW: 4.5 us (7)

Results

A. Structural characterization of the hydrophobic contact stage

Our results based on the use of the SM model® had shown that the hydrophobic contact
configuration (Figure 1B, indicated by HC) can be stable during unbiased MD. We showed also
that the typical life time of the HC configuration can depend on the spatial arrangement of
ligands on the surface of the NP. Here we will consider only patched NPs, whose surface is
characterized by a central stripe of hydrophobic OT ligands, flanked by two stripes of MUC (or
MUS) ligands (Figure S2). This configuration allowed for the longest stabilization of the HC
state with the SM model, with recorded life times of 5 ns, 3.7 ps, 3.9 us and 9.3 pus before the
anchoring transition spontaneously took place. In one case, no spontaneous anchoring occurred
after 10.8 ps. When switching to atomistic, MPME and MPW models, we could never observe
spontaneous transitions during the simulated time (see the unbiased MD runs in Table 1). Other
arrangements of the ligands on the surface of the NP are possible and can influence the NP-
membrane interaction mechanisms. In Simonelli'® ez al. for example, we showed that a random
arrangement of the ligands on the NP surface can reduce the life time of the HC configuration,
while leaving unaltered the overall NP-membrane interaction mechanism. Here we limit our
investigation at the analysis of patched NPs, with the aim to compare the performances of
different models on the same benchmark system.

In the HC state, the NP partially penetrates the membrane. In Table 2 we report the z component
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of the distance between the center of mass of the NP and the center of mass of the POPC
membrane, dcom.com as calculated with the different models'. In this respect, the MPW model is
in excellent agreement with the atomistic one, with d“comcom ~ 1.7 nm, while the other CG
models favor a configuration in which the NP is more deeply inserted in the membrane. This is
reflected also by the average number of contacts between the hydrophobic beads of the NP and
the hydrophobic beads of the lipid tails, which sets at 301 + 1 for the SM and at 286 + 1 for the
MPW model. The average number of contacts between the charged ligand terminals and water

beads is 135 & 1 for the SM and 160 £ 1 for the MPW.
Table 2 Average distance between the COM of the NP and the COM of the POPC membrane in the HC state

Atomistic model SM MPME MPW

d“com-com [nm] 1.708 £ 0.008 1.463 £0.002 1.554 £0.005 1.717 £0.002

The presence of the NP alters the membrane structure in several ways. In the entrance leaflet, the
density of the polar lipid heads is increased around the NP, both in the atomistic and in the CG
simulations (Figure S6, top left). The presence of the NP in the HC state affects the structure of
the distal leaflet as well. The lipid heads of the distal leaflets are denser below the NP (Figure 2),
with a 12% increase in atomistic and SM runs, and a larger 20% increase in MPW runs. In CG
simulations we also observe an increase of the density of lipid tails around the NP, both in the
entrance and in the distal leaflet (Figure S6, bottom panels) an effect that is almost absent in the
atomistic runs. 2D plots of the lipid heads and tails densities are shown in S7 and S8, for the

MPW and atomistic models, respectively.

! Here and in the following, the z components of the distances calculated in the CG simulations will be rescaled by the ratio
between the thickness of the POPC membranes in the atomistic and in the CG model.
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Figure 2 Top: In-plane radial distribution functions of the phosphate and choline groups in the distal leaflet, from the
COM of the NP in the HC state. Bottom: 2D maps of the numeric densities of lipid heads in the distal leaflet as obtained
with the atomistic (left) and MPW (right) model.

B. Structural and dynamical characterization of the HC state Danchored state transition

As no spontaneous transition from the HC configuration to the anchored state was observed
during the atomistic, MPME and MPW runs, our comparison of the transition mechanisms
observed with the different models is based on the forward + backward metadynamics runs (as
listed in Table 1).

In Figure 3 we plot the average number of contacts of the biased charged ligand terminal with
the choline groups of the lipid heads of the entrance leaflet (Figure 3). For { > 2.5 nm,
corresponding to configurations in which the biased ligand terminal is located above the lipid
head region, in the water phase, the atomistic and CG data are in reasonable agreement. As the
ligand terminal approaches the center of the membrane, though, the four models predict different
scenarios. In the atomistic runs, the number of contacts with water is non negligible even at the
center of the membrane. In the CG runs, instead, only the MPW model is able to reproduce this

feature, still underestimating the number of water molecules in contact with the translocating
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ligand.

We also monitored the electrostatically favorable contacts between the biased ligand and the
choline groups of the entrance leaflet (Figure 3). In the atomistic runs the biased ligand interacts
with the choline groups over a broader z range, including when it explores the distal membrane
leaflet. All the CG models, and especially the MPW model, appear to overestimate the number
of ligand-choline contacts. The MPW model shows a slightly wider z range in which ligand-

choline contacts are recorded, reaching down to the center of the membrane.
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Figure 3 — Number of contacts between the biased charged ligand terminal and the water groups (left) and choline (right).
In order to compare atomistic and CG data, the number of contacts with water molecules in the atomistic run has been
divided by 4 to account for dimension of the CG beads.

The data shown in Figure 3 are the result of a time average over the whole forward + backward
process. The biased ligand explores the central region of the membrane, both coming from the
HC and from the anchored state. During these excursions in the membrane core, the ligand
always preserves some contacts with water molecules and choline groups. In Figure 4 we show
the time evolution of ¢ in a few hundreds ns before the forward transition. The time evolution of
¢ in the atomistic runs shows strong correlations with the minimum distance between the choline
groups and the COM of the membrane, as well as with the minimum distance between water and
the COM of the membrane. This correlation is almost absent in the SM runs, while it is correctly
reproduced by the MPW model. The biased ligand drags water and lipid headgroups towards the
center of membrane while attempting the transition to the anchored state. This is accompanied by
important, though local, membrane deformations. Examples of such deformations are shown in

Figure 5.
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Figure 4 — Time evolution of the collective variable ¢ (black line), of the minimum distance between the choline groups of
the entrance leaflet and the COM of the membrane (blue), and of the minimum distance between water and the COM of
the membrane (red). A, B and C panels refer to atomistic, MPW and SM metadynamics runs, respectively. The arrows
indicate the transition to the anchored configuration.
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Figure 5 — Lipid heads in grey, tails not shown. Au and S atoms in yellow. Hydrophobic ligands in cyan, anionic ligands in
pink. Water in red. A and B: snapshots from an atomistic metadynamics run. A shows the biased anionic ligand (violet)
exploring the central part of the membrane while dragging water molecules (red) towards the membrane core. In B, the

biased ligand is anchored to the distal leaflet and deforms it while wandering in the central part of the membrane (the

lipid heads of the distal leaflets are represented by a continuous surface to better visualize the membrane deformation). C

and D: similar configurations from a CG metadynamics run performed with the MPW model.

During the actual transition to the anchored state (last ~10 ns of the plots in Figure 4) and back to
the HC state we monitored whether any water molecule crosses the membrane core together with
the biased ligand, leading to the formation of single water files or bulk water pores*'?. Our 2
atomistic metadynamics simulations show that different mechanisms can be activated. In one
forward transition (Figure 6, top row) the ligand translocates without dragging any water
molecule to the distal leaflet. The other forward transition (Figure 6, bottom rows) is
accompanied by the formation of a water pore, whose life time is 2-3 ns. Several water

molecules pass from the entrance to the distal leaflet in this case. During the backward
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transitions (Figure S9), we have observed both the formation of a water pore and of a single
water file. At CG level, no pore formation has been ever observed. In the metadynamics
performed with the SM we have never recorded any water molecules crossing the membrane
core during the ligand translocation, neither during the forward nor during the backward
transition. In the metadynamics runs performed with the MPME model, 2 out of 20 transitions
(Table 1) were characterized by the translocation of a single water bead. With the MPW, instead,
in 9 out of 20 transitions (Table 1) the ligand transferred a single water bead through the
membrane core.
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Figure 6 — Snapshots from the atomistic metadynamics runs showing the molecular mechanisms involved during the
biased ligand anchoring. Colors are as in Figure 5. All water molecules within 3.5 nm from the NP center of mass are
shown in red. In the first run (top row), the formation of a water defect is followed by the forward transition without
passage of water molecules through the membrane core. In the second run (bottom rows), the anchoring is accompanied
by the formation of a water pore.

C. PMFs for anchoring/disanchoring
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In this section we focus on the quantification of the free energy barriers that the biased ligand has
to overcome to perform the forward, anchoring transition and the backward, disanchoring
transition. The metadynamics runs we used to this scope are reported in Table 1. The potential of
mean force (PMF) for the forward process was derived from the complete metadynamics runs
(forward + backward), truncated as soon as the forward transition had been completed. The PMF
for the backward process was derived from independent metadynamics runs initialized in the

anchored state and interrupted as soon as the ligand had come back to the entrance leaflet.

The forward barrier, AEf, according to our reference atomistic runs, is extremely large: 135
kJ/mol. Based on the comparison of our two independent runs, the uncertainty of the atomistic
data is about £10 kJ/mol. The SM severely underestimates the free energy barrier for the
forward process, which is 26 + 3 kJ/mol. The addition of long-range electrostatics does not
improve much the comparison with the atomistic model, raising the barriers up to 36 £+ 5 kJ/mol.
The MPW model, instead, provides a barrier of 100 + 8 kJ/mol, much more in line with the

atomistic result.

We compared the backward barriers, AE, as predicted by the SM and MPW models, as well.
According to the SM model, the backward process is disfavored with respect to the forward
one'8, with a barrier of 38 + 5 kJ/mol. The MPW model, instead, predicts a backward barrier of

101 £ 7 kJ/mol, thus attributing no thermodynamic advantages to any of the two states.

anchoring disanchoring
-f 140 F
atomistic _
—gmse _
“I ‘\\‘\ N T
\ w4
o0f e, 2 N
PN %
E 8o | -
g 2
| w 60
| g
R p— I ——
4 20 |
B i S e S S S
1 1 1 1 1 (o | . | |

-1 0 1 2

3 4 5 2 1 0 1
Distance from POPC COM [nm]

Distance from POPC COM [nm]

Figure 7 — PMFs for the forward anchoring process (left) and for the backward disanchoring process (right). Error bars
are standard errors from the set of metadynamics runs listed in Table 1.
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Table 3 — Free energy barriers for the anchoring and disanchoring transition of a single charged ligand, as predicted by
atomistic and CG simulations. Energies in [kJ/mol].

Atomistic model SM MPME MPW
AE, 135 + 10 26+ 3 36+5 100 + 8
AE, - 3845 - 101 £7
Discussion

The stability of the HC configuration according to the different CG models.

Our previous unbiased simulations of the NP-membrane complex, performed with the SM
model, had predicted that the HC configuration could be stabilized for several us, before the
spontaneous transition to the anchored configuration was observed. When switching to the
MPME or MPW models, none of our unbiased simulations led to a spontaneous transition to the
anchored state in 10 us, suggesting that the introduction of long-range electrostatics, of
polarizable water and of a more realistic treatment of the dielectric properties of the membrane

core have the overall effect of stabilizing the HC state.

In the HC configuration the NP alters some of the membrane structural properties, inducing
variations of the lipid densities both in the entrance and in the distal leaflet. Overall, the CG
models show some tendency to overestimating these density fluctuations (Figure 2, Figure S6,
S7 and S8), with the SM and MPME models sometimes in better agreement with the atomistic
force field than the MPW model (see Figure 2).

Adding PME to the standard Martini does not significantly change NP-membrane interactions.

The MPME model has been used in the past to simulate the interaction of other charged
molecules with model lipid bilayers. The first stages of the interaction between positively
charged dendrimers and model lipid bilayers, for example, closely resembles the anchoring of
the charged Au NP ligands; Lee and Larson*?#* have shown that the addition of long-range
electrostatic interactions to the standard Martini model can speed-up the dendrimer interaction
with the membrane, leading to the formation of toroidal pores within the simulated time (< 1 us).

Similar toroidal pore formation in bilayers can be induced by antimicrobial peptides, as observed
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by Rzepiela* et al. again with the MPME model. In the latter study, the authors state that the
introduction of PME stabilizes the toroidal pore structure, with no major effects on the
membrane structure and dynamics in absence of the peptide. In our simulations, the use of PME
does not cause any major modification to the membrane structure when the NP is in the HC
configuration. The equilibrium distance between the center of mass of the NP and the membrane
center is only slightly larger than in the SM simulations, while the radial distribution of lipids
around the NP is unchanged. The MPME model predicts a free energy barrier for the anchoring
transition that is about 10 kJ/mol larger than for the SM model; this can be rationalized in terms
of strengthening of the interactions between the charged ligands and the lipid headgroups. Still,
the free energy barrier is about 70 kJ/mol smaller than that calculated by the atomistic

metadynamics.

The polarizable water Martini model predicts a much larger anchoring barrier and a ligand-
induced defect mechanism for the NP anchoring.

While the free energy barrier for the translocation of a single charged ligand is clearly
underestimated by the SM and MPME models, the MPW is in much better agreement with the
atomistic result (Table 3). Moreover, the MPW model seems to reproduce more accurately the
molecular mechanisms involved during the anchoring process. The membrane deformations we
observe during the attempts of the biased ligand to cross the membrane core are quite similar to
that reported for polar or charged aminoacids*—. This mechanism is also the one that is believed
to be the most likely for the translocation of single ions*’2° where the direct permeation has been
attributed to the formation of ion-induced defects involving the dragging of water molecules and
lipid headgroups towards the center of the membrane. In our atomistic metadynamics runs, 3
over 4 ligand translocations (forward and backward) happen together with the formation of a
water pore or of a single water file spanning the membrane thickness. The MPW model, with 9
out of 20 transitions accompanied by the translocation of one water bead, are in line with the
atomistic result, taking into account the steric effects limiting the penetration of the CG water in

the lipid tail region.

Our first conclusion is that, when looking at the interaction of charged NPs with lipid
membranes, the SM model remains a valid tool to screen for possible interaction mechanisms in

a time-effective way. A more accurate description of electrostatics at CG level is nevertheless
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essential to quantify translocation barriers and describe, as correctly as possible with the CG

resolution, the membrane deformations during the interaction process.

It is tempting to compare the values of the ligand translocation barriers with those reported for
other charged molecules crossing the core of zwitterionic lipid bilayers. The atomistic value for
the forward transition is larger than those typically calculated by atomistic force fields for the
translocation of anions. The barrier for Cl-, for example, was estimated as 100.8 1.3 kJ/mol in
dipalmytoil-phosphatidylcholine (DPPC) by Vorobyov® et al., and as 98.7 kJ/mol in
dimyristoyl-phosphatidylcholine (DMPC) by Khavrutskii*® et al. The CG MPW model, instead,
predicts a barrier for CI- of 99 kJ/mol (Yesylevskyy * et al.). The charged side chain of aspartate
and glutamate, according to the calculations by MacCallum* et al., face a barrier of 80 and 85 +
1 kJ/mol, whose SM counterpart is about 52 kJ/mol. Overall, the atomistic and CG barriers for
ions and charged aminoacids reported in the literature reasonably compare to the result we obtain

with the MPW model, while are smaller than those we have calculated at atomistic level.

There are a number of reasons that could account for the discrepancies, at atomistic level,
between the translocation barriers of single ions and those of the anionic ligands. First of all, the
NP-membrane complex lacks the symmetry with respect to the center of the membrane that is
present in the other cases. The anchoring of the charged ligand takes place in a region of the
membrane that is deformed by the presence of the NP, and it is hard to make a priori
considerations about the effect of such deformation on the translocation barrier. Another caveat
to the direct comparison of these free energy barriers is the fact that the charged ligand is
covalently bound to the NP, which limits its freedom for conformational rearrangements within

the membrane core.

The barriers for ligand translocation calculated at CG level by the MPW model are comparable
to those of the CI- ion. On the one hand this could suggest that the CG model underestimates the
effect of the NP on the translocation mechanism. On the other hand, our data indicate that the
MPW model reasonably describes the configurational features of the HC state and is able to
capture most of the membrane deformations taking place during translocation. Further efforts

will be devoted to achieve better statistics at atomistic level and to investigate possible reasons
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why the translocation of monoatomic ions and charged ligands are characterized by the same

energy barriers at CG level.

As a matter of fact, the atomistic barrier of 135 kJ/mol and the CG barrier of 100 kJ/mol we
calculated for anchoring a single charged ligand of the NP are extremely large and might prevent
the membrane embedding of the NP in realistic conditions. This would be in contrast with
experimental evidence of co-localization''?*> and even complete translocation'' of anionic Au
NPs through dioleolyl-phosphatidylcholine (DOPC) bilayers. We remark that so far we have
performed metadynamics calculations using a single reaction coordinate, and thus targeting the
same transition mechanisms that occurs spontaneously in unbiased simulations of the NP-
membrane interaction with the SM model'’®. We can not rule out the possibility that other
transition paths could lead to the final snorkeling configuration at a lower energy cost.
Alternative mechanisms that could be possibly explored include the contemporary transition of
several ligands, the protonation of the charged ligand terminal during the interaction with the

membrane®, the cooperative effects of more NPs adsorbed at the membrane surface.

Conclusions

In this paper we have compared the performance of three alternative versions of the CG Martini
model at simulating the interaction between an anionic, monolayer-protected Au NP and a POPC
bilayer. The three models are the standard CG Martini model, the same model with the addition
of long-range electrostatic interactions, and the polarizable-water Martini model that includes
both long-range electrostatics and water polarizability. As a target for assessing the reliability of
the three models, we simulated the first stages of the NP-membrane interaction by means of
atomistic metadynamics simulations. All the three CG models reasonably reproduce the
structural features of the hydrophobic contact configuration, in which the NP stably interacts
with one membrane leaflet only. When looking at the transition to the anchored state, in which
one charged ligand of the NP translocates through the membrane core to anchor to the distal
leaflet, only the MPW model is able to reproduce the translocation mechanism as observed in the

atomistic runs. Anchoring happens via formation of ligand-induced water defects in the entrance
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and in the distal leaflet, sometimes involving the translocation of water molecules across the

membrane core. The translocation barriers calculated with the SM and MPME model are highly

underestimated, while the MPW model is in reasonable agreement with the atomistic one.

AUTHOR INFORMATION

Corresponding Author

*E-mail: rossig@fisica.unige.it.

ACKNOWLEDGMENTS

Giulia Rossi acknowledges funding from the ERC Starting Grant BioMNP — 677513. Part of the
calculations was performed at CINECA under the HP1I0CGNEGB grant.

Supporting Information

The atomistic and CG models of the monolayer-protected NP; a comparison between the HC
configuration as characterized via unbiased and metadynamics runs; 1D and 2D lipid density
profiles in the HC configuration; the description of the disanchoring mechanism as observed in
atomistic metadynamics runs. This material is available free of charge via the Internet at
http://pubs.acs.org/.

REFERENCES

(1) Rana, S.; Bajaj, A.; Mout, R.; Rotello, V. M. Monolayer Coated Gold Nanoparticles for
Delivery Applications. Adv. Drug Deliv. Rev. 2012, 64, 200-216.

(2)  Gibson, J. D.; Khanal, B. P.; Zubarev, E. R. Paclitaxel-Functionalized Gold Nanoparticles.
JACS 2007, 11653-11661.

(3)  Sun, X,; Zhang, G.; Keynton, R. S.; O’Toole, M. G.; Patel, D.; Gobin, A. M. Enhanced
Drug Delivery via Hyperthermal Membrane Disruption Using Targeted Gold
Nanoparticles with PEGylated Protein-G as a Cofactor. Nanomedicine 2013, 9, 1214—
1222.

(4)  Yang, Y.-S.; Carney, R. P.; Stellacci, F.; Irvine, D. J. Enhancing Radiotherapy by Lipid
Nanocapsule-Mediated Delivery of Amphiphilic Gold Nanoparticles to Intracellular
Membranes. ACS Nano 2014, 8, 8992-9002.

(5) Xiong, R.; Raemdonck, K.; Peynshaert, K.; Lentacker, 1.; De Cock, I.; Demeester, J.; De

Smedt, S. C.; Skirtach, A. G.; Braeckmans, K. Comparison of Gold Nanoparticle
Mediated Photoporation: Vapor Nanobubbles Outperform Direct Heating for Delivering
Macromolecules in Live Cells. ACS Nano 2014, 8, 6288—6296.

20



(6)

(7

®)

(€))

(10)

(1D

(12)

(13)

(14)

(15)

(16)

7)

(18)

19)

(20)

Kennedy, L. C.; Bickford, L. R.; Lewinski, N. a; Coughlin, A. J.; Hu, Y.; Day, E. S
West, J. L.; Drezek, R. a. A New Era for Cancer Treatment: Gold-Nanoparticle-Mediated
Thermal Therapies. Small 2011, 7, 169-183.

Boisselier, E.; Astruc, D. Gold Nanoparticles in Nanomedicine: Preparations, Imaging,
Diagnostics, Therapies and Toxicity. Chem. Soc. Rev. 2009, 38, 1759-1782.

Dreaden, E. C.; Alkilany, A. M.; Huang, X.; Murphy, C. J.; El-Sayed, M. a. The Golden
Age: Gold Nanoparticles for Biomedicine. Chem. Soc. Rev. 2012, 41,2740-2779.

Zhang, S.; Gao, H.; Bao, G. Physical Principles of Nanoparticle Cellular Endocytosis.
ACS Nano 2015, 9, 8655-8671.

Jiang, Y.; Huo, S.; Mizuhara, T.; Das, R.; Lee, Y.; Hou, S.; Moyano, D. F.; Duncan, B.;
Liang, X.; Rotello, V. M. The Interplay of Size and Surface Functionality on the Cellular
Uptake. ACS Nano 2015, 9, 9986-9993.

Van Lehn, R. C.; Atukorale, P. U.; Carney, R. P.; Yang, Y.-S.; Stellacci, F.; Irvine, D. J.;
Alexander-Katz, A. Effect of Particle Diameter and Surface Composition on the

Spontaneous Fusion of Monolayer-Protected Gold Nanoparticles with Lipid Bilayers.
Nano Lett. 2013, 13, 4060—4067.

Sabella, S.; Carney, R. P.; Brunetti, V.; Malvindi, M. A.; Al-Juffali, N.; Vecchio, G.;
Janes, S. M.; Bakr, O. M.; Cingolani, R.; Stellacci, F.; et al. A General Mechanism for
Intracellular Toxicity of Metal-Containing Nanoparticles. Nanoscale 2014, 6, 7052-7061.

Carney, R. P.; Carney, T. M.; Mueller, M.; Stellacci, F. Dynamic Cellular Uptake of
Mixed-Monolayer Protected Nanoparticles. Biointerphases 2012, 7, 17.

Van Lehn, R. C.; Alexander-Katz, A. Fusion of Ligand-Coated Nanoparticles with Lipid
Bilayers: Effect of Ligand Flexibility. J. Phys. Chem. A 2014, 118, 5848-5856.

Gkeka, P.; Sarkisov, L.; Angelikopoulos, P. Homogeneous Hydrophobic—Hydrophilic
Surface Patterns Enhance Permeation of Nanoparticles through Lipid Membranes. J. Phys.
Chem. Lett. 2013, 4, 1907-1912.

Heikkilad, E.; Martinez-Seara, H.; Gurtovenko, A. a; Vattulainen, I.; Akola, J. Atomistic
Simulations of Anionic Aul44(SR)60 Nanoparticles Interacting with Asymmetric Model
Lipid Membranes. Biochim. Biophys. Acta 2014, 1838, 2852-2860.

Heikkila, E.; Martinez-seara, H.; Gurtovenko, A. A.; Javanainen, M.; Vattulainen, I.;
Akola, J. Cationic Au Nanoparticle Binding with Plasma Membrane-like Lipid Bilayers:
Potential Mechanism for Spontaneous Permeation to Cells Revealed by Atomistic
Simulations. J. Phys. Chem. C 2014, 118, 11131-11141.

Simonelli, F.; Bochicchio, D.; Ferrando, R.; Rossi, G. Monolayer-Protected Anionic Au
Nanoparticles Walk into Lipid Membranes Step by Step. J. Phys. Chem. Lett. 2015, 6,
3175-3179.

Gkeka, P.; Angelikopoulos, P.; Sarkisov, L.; Cournia, Z. Membrane Partitioning of
Anionic, Ligand-Coated Nanoparticles Is Accompanied by Ligand Snorkeling, Local
Disordering, and Cholesterol Depletion. PLoS Comput. Biol. 2014, 10,e1003917.

Van Lehn, R. C.; Alexander-Katz, A. Pathway for Insertion of Amphiphilic Nanoparticles
into Defect-Free Lipid Bilayers from Atomistic Molecular Dynamics Simulations. Soft

21



21

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(3D

(32)

(33)

(34)

(35)

(36)

Matter 2015, 11,3165-3175.

Verma, A.; Uzun, O.; Hu, Y.; Hu, Y.; Han, H.-S.; Watson, N.; Chen, S.; Irvine, D. J.;
Stellacci, F. Surface-Structure-Regulated Cell-Membrane Penetration by Monolayer-
Protected Nanoparticles. Nat. Mater. 2008, 7, 588-595.

Tatur, S.; Maccarini, M.; Barker, R.; Nelson, A.; Fragneto, G. Effect of Functionalized
Gold Nanoparticles on Floating Lipid Bilayers. Langmuir 2013, 29, 6606—-6614.

Heikkild, E.; Gurtovenko, A. A.; Martinez-seara, H.; Hikkinen, H.; Vattulainen, I.; Akola,
J. Atomistic Simulations of Functional Au 144 (SR) 60 Gold Nanoparticles in Aqueous
Environment. J. Phys. Chem. C 2012, 116, 9805-9815.

Van Lehn, R. C.; Alexander-Katz, A. Membrane-Embedded Nanoparticles Induce Lipid
Rearrangements Similar to Those Exhibited by Biological Membrane Proteins. J. Phys.
Chem. B 2014, 118, 12586-12598.

Van Lehn, R. C.; Ricci, M.; Silva, P. H. J.; Andreozzi, P.; Reguera, J.; Voitchovsky, K.;
Stellacci, F.; Alexander-Katz, A. Lipid Tail Protrusions Mediate the Insertion of
Nanoparticles into Model Cell Membranes. Nat. Commun. 2014, 5, 4482.

Rossi, G.; Monticelli, L. Gold Nanoparticles in Model Biological Membranes: A
Computational Perspective. Biochim. Biophys. Acta - Biomembr. 2016, 1858, 2380—2389.

Van Lehn, R. C.; Alexander-Katz, A. Free Energy Change for Insertion of Charged,
Monolayer-Protected Nanoparticles into Lipid Bilayers. Soft Matter 2014, 10, 648—658.

Neale, C.; Pomes, R. Sampling Errors in Free Energy Simulations of Small Molecules in
Lipid Bilayers. Biochim. Biophys. Acta 2016, 1858, 2539-2548.

Vorobyov, I.; Olson, T. E.; Kim, J. H.; Koeppe, R. E.; Andersen, O. S.; Allen, T. W. Ion-
Induced Defect Permeation of Lipid Membranes. Biophys. J. 2014, 106, 586-597.

Khavrutskii, I. V.; Gorfe, A. A.; Lu, B.; McCammon, J. A. Free Energy for the
Permeation of Na+ and CI- Ions and Their Ion-Pair through a Zwitterionic Dimyristoyl
Phosphatidylcholine Lipid Bilayer by Umbrella Integration with Harmonic Fourier Beads.
J. Am. Chem. Soc. 2009, 131, 1706-1716.

Marrink, S. J.; Risselada, H. J.; Yefimov, S.; Tieleman, D. P.; de Vries, A. H. The
MARTINI Force Field: Coarse Grained Model for Biomolecular Simulations. J. Phys.
Chem. B 2007, 111,7812-7824.

Angelikopoulos, P.; Sarkisov, L.; Cournia, Z.; Gkeka, P. Self-Assembly of Anionic,
Ligand-Coated Nanoparticles in Lipid Membranes. Nanoscale 2017, 9, 1040-1048.

Yesylevskyy, S. O.; Schifer, L. V; Sengupta, D.; Marrink, S. J. Polarizable Water Model
for the Coarse-Grained MARTINI Force Field. PLoS Comput. Biol. 2010, 6, ¢1000810.

Jorgensen, W. L.; Tirado-Rives, J. The OPLS Potential Functions for Proteins. Energy
Minimizations for Crystals of Cyclic Peptides and Crambin. JACS 1988, 710, 1657.

Berger, O.; Edholm, O.; Jahnig, F. Molecular Dynamics Simulations of a Fluid Bilayer of
Dipalmitoylphosphatidylcholine at Full Hydration, Constant Pressure, and Constant
Temperature. Biophys. J. 1997, 72, 2002-2013.

Lopez-Acevedo, O.; Akola, J.; Whetten, R. L.; Gronbeck, H.; Hikkinen, H. Structure and

22



(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

Bonding in the Ubiquitous Icosahedral Metallic Gold Cluster Au 144(SR) 60. J. Phys.
Chem. C 2009, 113, 5035-5038.

Laio, A.; Parrinello, M. Escaping Free-Energy Minima. Proc. Natl. Acad. Sci. U. S. A.
2002, 99, 12562-12566.

Laio, A.; Gervasio, F. L. Metadynamics: A Method to Simulate Rare Events and
Reconstruct the Free Energy in Biophysics, Chemistry and Material Science. Reports
Prog. Phys. 2008, 71,126601.

Pronk, S.; Pall, S.; Schulz, R.; Larsson, P.; Bjelkmar, P.; Apostolov, R.; Shirts, M. R.;
Smith, J. C.; Kasson, P. M.; Van Der Spoel, D.; et al. GROMACS 4.5: A High-
Throughput and Highly Parallel Open Source Molecular Simulation Toolkit.
Bioinformatics 2013, 29, 845-854.

Tribello, G. A.; Bonomi, M.; Branduardi, D.; Camilloni, C.; Bussi, G. PLUMED 2: New
Feathers for an Old Bird. Comput. Phys. Commun. 2014, 185, 604—613.

Tepper, H. L.; Voth, G. A. Mechanisms of Passive Ion Permeation through Lipid Bilayers:
Insights from Simulations. J. Phys. Chem. B 2006, 110, 21327-21337.

Lee, H.; Larson, R. G. Coarse-Grained Molecular Dynamics Studies of the Concentration
and Size Dependence of Fifth- and Seventh-Generation PAMAM Dendrimers on Pore
Formation in DMPC Bilayer. J. Phys. Chem. B 2008, 112,7778-7784.

Lee, H.; Larson, R. G. Molecular Dynamics Simulations of PAMAM Dendrimer-Induced
Pore Formation in DPPC Bilayers with a Coarse-Grained Model. J. Phys. Chem. B 2006,
110,18204-18211.

Rzepiela, A. J.; Louhivuori, M.; Peter, C.; Marrink, S. J. Hybrid Simulations: Combining
Atomistic and Coarse-Grained Force Fields Using Virtual Sites. Phys. Chem. Chem. Phys.
2011, /3, 10437-10448.

MacCallum, J. L.; Bennett, W. F. D.; Tieleman, D. P. Distribution of Amino Acids in a
Lipid Bilayer from Computer Simulations. Biophys. J. 2008, 94, 3393-3404.

Vorobyov, 1.; Li, L.; Allen, T. W. Assessing Atomistic and Coarse-Grained Force Fields
for Protein-Lipid Interactions: The Formidable Challenge of an Ionizable Side Chain in a
Membrane. J. Phys. Chem. B 2008, 112, 9588-9602.

Vorobyov, 1.; Bekker, B.; Allen, T. W. Electrostatics of Deformable Lipid Membranes.
Biophys. J. 2010, 98,2904-2913.

Sun, D.; Forsman, J.; Woodward, C. E. Evaluating Force Fields for the Computational
Prediction of Ionized Arginine and Lysine Side-Chains Partitioning into Lipid Bilayers
and Octanol. J. Chem. Theory Comput. 2015, 11,1775-1791.

23



24



