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The efficacies of modern gene-therapies strongly depend on their contents. At the same time the most potent
formulations might not contain the best compounds. In this work we investigated the effect of phospholipids and
their saturation on the binding ability of (6Z,9Z,28Z,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl 4-(dimethyla-
mino) butanoate (DLin-MC3-DMA) to model membranes at the neutral pH. We discovered that DLin-MC3-DMA
has affinity to the most saturated monocomponent lipid bilayer 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) and an aversion to the unsaturated one 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). The prefer-
ence to a certain membrane was also well-correlated to the phase transition temperatures of phospholipid bi-
layers, and to their structural and dynamical properties. Additionally, in the case of the presence of DLin-MC3-
DMA in the membrane with DOPC the ionizable lipid penetrated it, which indicates possible synergistic effects.
Comparisons with other ionizable lipids were performed using a model lipid bilayer of 1-palmitoyl-2-oleoyl-glyc-
ero-3-phosphocholine (POPC). Particularly, the lipids heptadecan-9-yl 8-[2-hydroxyethyl-(6-oxo0-6-undecoxy-
hexyl)amino]octanoate (SM-102) and [(4-hydroxybutyl) azanediyl] di(hexane-6,1-diyl) bis(2-hexyldecanoate)
(ALC-0315) from modern mRNA-vaccines against COVID-19 were investigated and force fields parameters were
derived for those new lipids. It was discovered that ALC-0315 binds strongest to the membrane, while DLin-MC3-
DMA is not able to reside in the bilayer center. The ability to penetrate the membrane POPC by SM-102 and ALC-

0315 can be related to their saturation, comparing to DLin-MC3-DMA.

1. Introduction

Growing numbers of outbreaks of various diseases such as COVID-19
Niu and Xu (2020), monkeypox Venkatesan (2022), polio Awan et al.
(2022) and many others (Ward et al.; Makoni, 2022; Okonji et al., 2022)
gave a kick-start to usage of mRNA gene-therapies as vaccines against
them Verbeke et al. (2021). These vaccines are also seen as potential
treatments against cardiovascular diseases (Hadas et al., 2019; Rabi-
novich et al., 2006), Alzheimer’s disease (Grabowska-Pyrzewicz et al.,
2021; Lei et al., 2020), cancer (Wang et al., 2022; Pascolo, 2008) etc.

Formulations of mRNA-containing lipid nanoparticles (LNPs) are
usually including such compounds as phospholipids, cholesterol, mRNA
and its stabilizers, salt and ionizable lipids (Patel et al., 2022; Yanez
Arteta et al., 2018; Albertsen et al., 2022). The efficacy of these LNPs
depends on the ratios between the mixed components as well as on their
individual physical, chemical and structural properties.

Structures of the LNPs were never precisely determined for many
reasons. Experimental techniques can mainly provide data about
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average shapes and sizes of LNPs (Brader et al., 2021; Yanez Arteta et al.,
2018), but not about the important internal structure of LNPs.
Furthermore, their sizes and complexity can be impossible to handle by
any refinement program on atomistic level due to limitations by both
software and hardware. A polydispersity of such systems implies that
particles of different sizes can have discrepant compositions (Yanez
Arteta et al., 2018; Kon et al., 2022; Malburet et al., 2022). Structural
instability of mRNA (Kon et al., 2022; Yanez Arteta et al., 2018;
Sebastiani et al., 2021; Cui et al., 2022) can be a cause of polydispersity
of LNPs, which makes it more challenging for determining the exact
locations of compounds in nanoparticles by scattering techniques.
However, a generalized idea about the contents of various parts of LNPs
was obtained (Sebastiani et al., 2021; Schoenmaker et al., 2021;
Viger-Gravel et al., 2018).

In a recent paper Sebastiani et al. (2021) managed to describe
compounds in the core and shell of LNPs containing DLin-MC3-DMA out
of small-angle neutron scattering data by mentioning their amounts in
the respective parts of LNPs. Particularly, all lipid components were

E-mail addresses: inna.ermilova@chalmers.se, ina.ermilova@gmail.com (I. Ermilova).

https://doi.org/10.1016/j.chemphyslip.2023.105294

Received 10 January 2023; Received in revised form 14 March 2023; Accepted 24 March 2023

Available online 31 March 2023

0009-3084/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:inna.ermilova@chalmers.se
mailto:ina.ermilova@gmail.com
www.sciencedirect.com/science/journal/00093084
https://www.elsevier.com/locate/chemphyslip
https://doi.org/10.1016/j.chemphyslip.2023.105294
https://doi.org/10.1016/j.chemphyslip.2023.105294
https://doi.org/10.1016/j.chemphyslip.2023.105294
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphyslip.2023.105294&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

1. Ermilova and J. Swenson

present in the shell. Nevertheless, their data did not suggest the exact
distribution of ingredients because of the complex composition and
structure. According to even earlier works with scattering techniques,
Heberle et al. (2013) the structural complexity was even observed in
simpler systems like lipid vesicles, where only phospholipids were pre-
sent in mixtures. Various domain formations were observed in the shells
of those vesicles. Viger-Gravel et al. (2018) studied LNPs with siRNA and
mRNA using nuclear magnetic resonance spectroscopy and proposed
approximate structures of the nanoparticles, but did not deliver any
detailed structure on an atomistic level.

Moreover, proposed approximate models for LNPs can only be used
for particular components and their ratios, and not be considered as
universal models for all mixtures. For example, the presence of a
different phospholipid can change the transfection properties according
to Kulkarni et al. (2019). Furthermore, Sayers et al. (2019) mentioned
that the efficacy of LNPs depends on the properties of the targeted cells.
This means that the same formulation will not be appropriate for all
applications.

The fact that phospholipids are present in both LNPs and target cells
(Soderberg et al., 1990; Sahu and Lynn, 1977; Szlasa et al., 2020) makes
it interesting to investigate possible interactions between them and
ionizable lipids from a thermodynamic point of view, using molecular
simulations. Finding reasons for the ability of a certain ionizable lipid to
penetrate a selected lipid bilayer can help to understand possible reasons
behind good transfection properties of LNPs and their toxicity (Kulkarni
et al., 2017; Munson et al., 2021; Ndeupen et al., 2021).

Such a study can be performed using a smaller model membrane and
employing parallel tempered metadynamics simulations for free energy
calculations (Golla et al., 2020; Pokhrel and Maibaum, 2018; Abrams
and Bussi, 2013; Ermilova and Lyubartsev, 2020). The reason why a
thermodynamic approach can be considered as the most appropriate
here is because in classical molecular dynamics (MD) simulations the
short time scale might not be enough to see a phenomenon happening.
For instance, in a real life a penetration of a large molecule through a
membrane might take hours while in atomistic MD simulations the time
scale might go to microseconds (Walter and Gutknecht, 1986; Kucherak
et al., 2010; Gu et al., 2019).

Earlier we have carried out a comparative study of the behavior of
the neutral form of DLin-MC3-DMA in phospholipid bilayers containing
DOPC (18:1-18:1 PC) and DOPE (18:1-18:1 PE) lipids at two ratios of
the ionizable lipids Ermilova and Swenson (2020). We have seen that
DLin-MC3-DMA could be present inside the bilayers as well as at their
surfaces. In another work by Park et al. (2021), where the more satu-
rated lipids POPC (16:0-18:1 PC) and POPE (16:0-18:1 PE) were used,
DLin-MC3-DMA was observed in larger amounts in the bilayer center.
This could be caused by phospholipid saturation, different
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concentrations as well as by a different starting geometry of a bilayer.
For instance, if an algorithm places ionizable lipids too close to each
other in the starting configuration, it can result in their aggregation in
the beginning of simulation. Therefore, understanding the role of lipid
tail saturation on interactions between phosphatidylcholines and
ionizable lipids is a very important task, because it would unveil its role
on transfection properties and possible toxicity of LNPs and help to
optimize them.

In this work, interactions between most prominent ionizable lipids
(ALC-0315, SM-103 and DLin-MC-DMA) and phospholipids (see Fig. 1)
at neutral pH are investigated by free energy calculations. The goal is to
understand if any of the studied compounds could penetrate the mem-
brane at such a pH as well as to find out how the saturation of phos-
pholipids could affect this process. These ionizable lipids were chosen
since DLin-MC3-DMA is considered as the most prominent compound
Jayaraman et al. (2012), but SM-102 and ALC-0315 became the in-
gredients of approved mRNA-vaccines against COVID-19 (Xia, 2021;
Suzuki and Ishihara, 2021) by Moderna and Pfizer respectively. Model
lipid bilayer membranes containing DMPC, POPC, 1-stear-
oyl-2-oleoyl-sn-glycero-3-phosphocholine (SOPC) and DOPC were
selected due to their phase behavior at 298 K, which can simplify free
energy calculations. At last but not least, we would like to see what kind
of correlation there is between experimental physical properties of the
studied lipid bilayers and computed binding free energies.

2. Method
2.1. Parametrization of lipid models

Models for ALC-0315 and SM-102 were derived by applying the same
philosophy and methodology as was done in the case of polyunsaturated
phospholipids and DLin-MC3-DMA adopted from the SLipids force field
(FF) (Jambeck and Lyubartsev, 2012,2013; Ermilova and Lyubartsev,
2016; Ermilova and Swenson, 2020).

The general form of the SLipids FF can be written as:

Err = Epondea + Enon—bonded (@)
where:

Epondged = Eangles + Edinedrats + Eponds + Evrey—Bradiey (2)
and:

Evon—vondea = ELennard—tones + Ecoutump- 3

Since all parameters for bonds, angles and dihedrals can be obtained
from earlier versions of the SLipids FF, in this work only partial atomic
charges are derived, which can be easily added to the FF using the
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Fig. 1. Lipids used in the simulations.
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following equation (4):

qi4;
Ecoutump = E S — @
oulumi IJ 4”80ri.j

Moreover, due to the availability of more efficient hardware it was
possible to compute them without dividing large lipid molecules into
small ones, as it was done in earlier versions of SLipids FF. 50 random
conformations were created for every lipid. Then the computations of
partial atomic charges were carried out using the B3LYP (Becke, 1993;
Lee et al., 1988; Stephens et al., 1994) level of theory with the basis set
cc-pVTZ Kendall et al. (1992) in Gaussian09 software Frisch et al. (2009)
together with the restrained electrostatic potential approach (RESP)
Cornell et al. (2002) in the R.E.D. software Dupradeau et al. (2010). The
whole lipids were placed firstly in a polarizable continuum with a
dielectric constant of 78.4 in the IEFPCM model (Tomasi et al., 1999;
Pomelli et al., 2001) in order to mimic the solvent effects and their
induced polarization on the charge distribution. In order to take into
consideration hydrophobic effects, calculations for the same set of
configurations were performed using a solvent model with a dielectric
constant of 2.04. This appears to be a reasonable approach because from
our previous paper Ermilova and Swenson (2020) as well as from a
number of experimental studies it follows that ionizable lipids do not
have preferential orientations (not bilayer building lipids) like phos-
phatidylcholines (Jayaraman et al., 2012; Kulkarni et al., 2017), which
makes it unreasonable to divide those molecules into purely hydro-
phobic and hydrophilic parts. Then final values were averaged and
written to a database following the same ideas of FFs’ transferability
(Ermilova and Lyubartsev, 2016; Ermilova and Swenson, 2020).

Final models for SM-102 and ALC-0315 can be found in Figures S1-
S2 in Supporting Information.

2.2. Binding free energy calculations

Parallel-tempered metadynamics is a useful approach when one
wants to study a penetration of larger molecules through lipid bilayers
(Barducci et al., 2008; Bonomi et al., 2009; Bussi and Laio, 2020;
Ermilova and Swenson, 2020; Pfaendtner, 2019; Bussi et al., 2006). Here
a statistics over several parallel simulations is collected and averaged in
order to calculate the total potential of mean force (PMF) profile and the
actual binding free energy. This approach can give a better sampling
over molecular conformations and possible states of the systems. A
single simulation here would need to be very long for obtaining good
data.

For pure phospholipid bilayers pre-equilibrated membranes were
taken from earlier simulations which were downloaded from the SLipids
FF web-page: every system contained 128 lipids (64 lipids per 1 leaflet).
Thereafter, ionizable lipids were added at a distance of at least 1 nm
from the membranes’ surfaces. 10240 water molecules with the water
model TIP3p Jorgensen et al. (1983) were added to every system in
order to let the ionizable lipid move freely along the z-coordinate. To
ensure that none of them would end up in the membrane artificial van
der Waals spheres of the radius of 0.5 nm were applied around each atom
of every lipid. All systems were thereafter pre-equilibrated for about 120
ns in NPT ensemble at a pressure of 1 atm. and a temperature of 298 K
using Berendsen barostat with semi-isotropic pressure coupling system
Berendsen et al. (1984). The time constant was about 10 ps and the
isothermal compressibility 0.000045 1/bar. Temperature coupling was
performed using the Velocity Rescale algorithm with a time constant of
0.5 psBussi et al. (2007). The integrator was leap-frog with a time step of
2 fs. Bonds were constrained using LINCS algorithm with 12 iterations
(Hess et al., 1997; Hess, 2008). The cut-off value was 0.9 nm with
so-called van der Waals modifier Potential-shift Essmann et al. (1995).
Long-range electrostatics were computed using the Particle Mesh Ewald
algorithm (PME) Darden et al. (1993) with the order equal to 4. The MD
engine was GROMACS-2019 (Berendsen et al., 1995; Hess, 2008).
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Bilayers containing various amounts of DLin-MC3-DMA were created
in a similar way. One membrane contained 112 DOPC and 16 DLin-MC3-
DMA lipids, another one had 106 DOPC and 22 DLin-MC3-DMA lipids.
Ionizable lipids were placed randomly so that their clustering could be
avoided during the equilibration process. 6400 TIP3p Jorgensen et al.
(1983) water molecules were added to every system in order to equili-
brate those membranes faster. All the settings for these simulations were
exactly the same as the ones described above for pure phospholipid bi-
layers. Last frames from equilibrated systems were taken without water
molecules, i.e. 6400 water molecules were deleted and only equilibrated
membranes were kept. Then one molecule of DLin-MC3-DMA was
inserted in those resulting simulation boxes at a distance of at least 1 nm
from each membrane. After the addition of all water (10240 molecules)
another equilibration was done exactly in the same way as for systems
with pure lipid bilayers. The reason why these membranes were created
in the described way is because pure lipid bilayers were equilibrated
originally with a smaller water content and without any ionizable lipid
in the boxes. Therefore, the pre-equilibration of membranes with 128
lipids is conducted with 6400 water molecules, before adding 1 ioniz-
able lipid and more water. Detailed compositions of simulated systems
can be observed in Table S1 in Supporting Information.

The MD part for the free energy calculations were carried out using
NVT ensemble with Velocity Rescale thermostat Bussi et al. (2007). NVT
ensemble is chosen for accurate calculations of membranes’ centers of
mass (Ermilova et al., 2017; Ermilova and Lyubartsev, 2019; Marti,
2018; Yang et al., 2016). All other settings for the MD engine were the
same as during the equilibration. The code which was employed for
parallel-tempered metadynamics was plumed — 2.5. 4Tribello et al.
(2014). A collective variable selected for biasing the calculation of PMF
was the Z-component of the distance between centers of mass of a
membrane and a chosen ionizable lipid molecule. This collective vari-
able was selected in order to avoid high computational costs which one
could face in case of choosing to compute the radius of gyration as well.
Then the computation would become two dimensional and would take
longer time to converge. Radius of gyration (Lobanov et al., 2008; He
and Niemeyer, 2003) is monitored and averaged in the end of every
simulation. The threshold of 0.2 nm is chosen as an accepted value in
considerations of the accuracy of simulations.

At the same time that selected molecule was kept as the whole for
accurate calculations. In every system with DOPC and various amounts
of DLin-MC3-DMA only a single molecule of the latter compound was
taken into consideration for computations. The bias factor (y) was equal
to 100. The height of each Gaussian function was 1.2 kJ/mol and its
width (¢) was 0.05 nm. Gaussian functions were deposited every 500
steps. For every system with a certain membrane and the ionizable lipid,
5 random starting configurations were created out of equilibrated parts
of MD trajectories in order to be able to run the multi-walkers algorithm
Deighan et al. (2012). The length of each simulation was 600 ns.

3. Results and discussion
3.1. Binding free energies

Before computing the potential of mean force profiles the radius of
gyration was calculated for single lipids which were used for biasing in
free energy simulations (see Section 2 in Supporting Information). Since
the radius of gyration is directly related to the molecular geometries, it
can help to verify that the conformational differences are not too large
and, therefore, the results are comparable and acceptable among all
simulated ionizable lipids. Table S2 (obtained out of data in Figures S3-
$10 in Supporting Information) shows that values of radius of gyration
are very similar for all ionizable lipids, i.e. all average values of the
radius of gyration are below 0.15 nm which is even lower than the
chosen threshold of 0.2 nm. Furthermore, the free energy calculations
are based on the average of all the different conformations of the lipid
molecules. These facts lead to the conclusion that the choice of collective
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variable is reasonable and results for potential of mean force profiles are
comparable and reliable.

Potential of mean force profiles graphically demonstrate in which
phase the ionizable lipid prefers to be: in a membrane or in water. A
higher value of the potential at a certain coordinate means a lower
probability to find the molecule there. Binding free energies are
computed from PMF profiles in order to tell more precisely about the
affinity of an ionizable lipid to a certain membrane using the formula

(5):

—w(z)kgT d
AGyng = — kyTin (M>

er—w(:)kg'l'dZ (5)

Here AG,,, is the binding free energy, kg is the Boltzman’s constant,
T is the temperature in K, 2 is the distance in the direction perpendicular
to the membrane layer between the centers of mass of the membrane
and the ionizable lipid, U and B are “unbounded” (outside of the lipid
bilayer, at a distance above 2.5 nm from the bilayer center) and
“bounded” (inside the membrane, at a distance below 2.5 nm from the
bilayer center) states respectively.

Fig. 2(a) demonstrates profiles for DLin-MC3-DMA in various mon-
ocomponent lipid bilayers. The bilayer of DMPC is the most saturated
membrane among all and the ionizable lipid can easily enter it and even
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to reside in its center. In lipid bilayers of POPC and SOPC DLin-MC3-
DMA can enter the membrane but does not reside in its center, which
can probably be due to interactions with unsaturated parts of lipid tails.
Finally, in the case of DOPC the ionizable lipid remains at the membrane
surface. Values from Table 1 confirm the statements above and place the
affinity of DLin-MC3-DMA to pure phospholipid bilayers in the
following increasing order: DOPC < POPC < SOPC < DMPC.
Comparing DLin-MC3-DMA with SM-102 and ALC-0315 in the
presence of the lipid bilayer of POPC (see Fig. 2(b)) it can be concluded
that ALC-0315 has the highest affinity to the membrane, while DLin-
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Table 1

Binding free energies in kJ/mol (error is within 2 kJ/mol).
System/Molecules AGhping
DMPC, DLin-MC3-DMA — 29.96
POPC, DLin-MC3-DMA —13.87
SOPC, DLin-MC3-DMA —19.03
DOPC, DLin-MC3-DMA - 0.37
POPC, ALC-0315 — 80.72
POPC, SMN-102 — 30.20
DOPC, 12.5%DLin-MC3-DMA — 43.38
DOPC, 18%DLin-MC3-DMA — 49.37

Distance from the bilayer center, nm
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Fig. 2. Potential of mean force profiles (error is within 2 kJ/mol). (a) Simulations with DLin-MC3-DMA in monocomponent bilayers. (b) Simulations with DLin-MC3-
DMA, ALC-0315 and SM-102 in POPC. (c¢) Simulations with DOPC and various amounts of DLin-MC3-DMA. When PMF is close or equal to zero the ionizable lipid is in
water, therefore, membrane and water are distinguished. Convergence profiles can be seen in Figs. S11-S18 and profiles for the collective variables are in Figs. S19-
$26 in Supporting Information. Convergence profiles can be seen in Figs. S11-S18, profiles for the collective variables are in Figs. S19-S26 and profiles for distances
between center of mass of membranes and nitrogen atoms in ionizable lipids on Figures S27-S34 in Supporting Information.
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MC3-DMA has the lowest. Both ALC-0315 and SM-102 can easily reside
in the center of the lipid bilayer. This is also coherent with the data
presented in Table 1.

The affinity of a single molecule of DLin-MC3-DMA to a bilayer
which is loaded with some amount of it is shown in Fig. 2(c) for mem-
branes with DOPC. The ionizable lipid is not tending to enter a mono-
component bilayer, but it has an affinity to a membrane if there is some
quantity of DLin-MC3-DMA, which means that synergistic effects play a
role in the binding process (see Table 1).

This finding might rise the question why DLin-MC3-DMA can be
present in the lipid bilayer if the ionizable lipid has an aversion to the
membrane with only DOPC? The answer is that during the sample
preparation of LNPs all lipids are present in the mixture, i.e. DLin-MC3-
DMA is not added to any formed lipid bilayers (Sebastiani et al., 2021;
Yanez Arteta et al., 2018). Therefore, some quantities of DLin-MC3-DMA
can be present in the shell of such LNPs Sebastiani et al. (2021).

3.2. Pure phospholipid bilayers and DLin-MC3-DMA

All properties of materials are strongly dependent on the tempera-
ture. This fact is true also for phospholipid bilayers. In their case the
properties change dramatically at their phase transition temperatures
from gel to liquid phases. In order to find whether there is a strong
correlation between physical properties of lipid bilayers and binding
free energies of DLin-MC3-DMA the Pearson’s correlation coefficient
(Benesty et al., 2009; Ermilova et al., 2017) was used, which was
calculated according the the following equation (6):

cov(X,Y)
Pxy) = ooy ©)

Where cov is a covariance, oy is the standard deviation of variable X,
oy is the standard deviation of variable Y and p(x, v) is the Pearson’s
correlation coefficient.

Fig. 3 demonstrates that for a membrane in a liquid phase with a high
phase transition temperature Silvius (1982) (a saturated lipid bilayer of
DMPC) DLin-MC3-DMA has a higher ability to penetrate such a phos-
pholipid bilayer. This strong relation between the binding free energy
and the phase transition temperature is further supported by the Pearson
correlation coefficient (Sedgwick, 2012; Ermilova et al., 2017), p, equal
to — 0.994, i.e. an almost perfect inverse relation. It turns out that in
case of the most unsaturated phospholipid bilayer, DOPC, with a lower
phase transition temperature, it is highly unlikely that an ionizable lipid

300 F- T T T T T T ]
m DMPC p=-0.994
290 [~ -1
X
£ 280 g SOPC i
s
é’ 270 PoOPCH -
(7]
=
260 [~ -1
DOPC H
250 - 1 1 1 1 1 1 1 ]

-35 -30 -25 -20 -15 10 -5 0 5
Binding free energy, kJ/mol

Fig. 3. Phase transition temperatures (Silvius, 1982,1991) of pure phospho-
lipid bilayers versus computed binding free energies of DLin-MC3-DMA. p is
Pearson correlation coefficient. Errors in binding free energies are within
2 kJ/mol while in temperatures can be seen in references, mentioned above.

Chemistry and Physics of Lipids 253 (2023) 105294

can enter the membrane, but can reside at its surface.

The ability of DLin-MC3-DMA to enter a certain membrane can be
also correlated with the area per lipid of the phospholipid building that
membrane. Fig. 4(a) shows that with an increasing area per lipid there is
a reducing probability that DLin-MC3-DMA will penetrate the mem-
brane. Therefore, the saturated membrane with DMPC Filippov et al.
(2007) has the lowest area per lipid and the most unsaturated lipid
bilayer with DOPC Tristram-Nagle et al. (1998) has the highest area per
lipid. The Pearson correlation coefficient is equal to 0.967 in this case.

Lateral diffusion is also a temperature dependent parameter which
can play a role on the ability of a molecule to penetrate a lipid bilayer.
Fig. 4(b) shows lateral diffusion coefficients for pure phospholipid bi-
layers plotted versus the binding free energy of DLin-MC3-DMA. Ac-
cording to the presented data and the Pearson correlation coefficient
equal to 0.950, fast planar motions of lipids can prevent ionizable lipids
from passing through the membrane.

Since a strong correlation between phospholipid tail saturation and
binding free energy of DLin-MC3-DMA was confirmed, there could also
be a relation between the elastic properties of the simulated membranes
and the binding free energies of the ionizable lipids. For instance, a tilt
modulus which is related to the stretching of hydrocarbon chains can be
a possible indicator here (Nagle, 2017; May et al., 2004; Jablin et al.,
2014). Fig. 5(a) demonstrates such a correlation between binding free
energies of DLin-MC3-DMA and experimental tilt modulus Nagle (2017)
of simulated membranes. The binding free energy increases with an
increasing value of the tilt modulus, and the Pearson correlation coef-
ficient is equal to 0.992, which means that the actual ability to penetrate
the membrane decreases with an increasing value of the modulus.
Despite that experimental values were obtained at the temperature of
303 K conclusions could be considered as accurate ones, because all
lipid bilayers were in the liquid phase.

Another interesting characteristic of a membrane is the relationship
between tilt dependent (Ktcd) and tilt independent (Kg) bending modulus
(Chu et al., 2005; Nagle, 2017; Nagle et al., 2015) which can provide
thermodynamic information about the elasticity of lipid bilayers during
an increased corrugation. Fig. 5(b) shows that when the value of K‘é /K‘Cd
decreases the binding free energy increases (the Pearson correlation
coefficient is — 0.952), which means that DLin-MC3-DMA has a weaker
affinity to membranes with lower values of K&/KY, like in the case of
bilayer with DOPC.

Finalizing the discussion for DLin-MC3-DMA in simulations with four
monocomponent phospholipd bilayers it can be concluded that the
ionizable lipid has a stronger affinity to more saturated membranes,
such as of DMPC, when they are in the liquid phase. Moreover, when
entering partially unsaturated membranes, like the ones with POPC and
SOPC, interactions with unsaturated lipid tails might prevent DLin-MC3-
DMA from penetrating them.

3.3. DOPC and DLin-MC3-DMA: synergistic effects

Since the binding free energy for DLin-MC3-DMA in membranes
containing pure DOPC was higher than for lipid bilayers with DOPC
loaded with the same ionizable lipid, it can be reasonable to think about
synergistic effects. They can be caused by some amounts of DLin-MC3-
DMA residing at the membrane surface as well as inside the bilayer it-
self. Such an effect was described earlier in a paper by Ermilova and
Swenson (2020).

Fig. 6 shows snapshots of simulated systems containing membranes
with pure DOPC and DOPC with some amounts of DLin-MC3-DMA. From
the visual observation it can be concluded that lipid bilayers containing
some ionizable lipids are appearing to be more deformed. DLin-MC3-
DMA molecules can be detected at both the surface and in the bilayer
center.

In order to understand more quantitative effects of the ionizable
lipids on their ability to penetrate the membranes partial mass density
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profiles were calculated together with PMF profiles. Fig. 7(a) shows that
the highest value of PMF is associated with the location of double bonds
of DOPC lipids.

When some DLin-MC3-DMA is present in the membrane the barrier
disappears in PMF, as it can be observed in Fig. 7(b)-(c). This also co-
incides with the fact that some quantities of DLin-MC3-DMA are located
around the phosphatic groups, which probably contributes to the lower
energy of entering the membrane comparing to the lipid bilayer con-
taining pure DOPC. These results are coherent with findings presented in
our previous work Ermilova and Swenson (2020) regarding synergistic
effects which occur in phospholipid bilayers loaded with
DLin-MC3-DMA.

3.4. Comparison of DLin-MC3-DMA, SM-102 and ALC-0315

Two other ionizable lipids of interest are SM-102 and ALC-0315 due
to their use in modern mRNA-vaccines against COVID-19. Are these
lipids behaving similar to DLin-MC3-DMA or not? There are not enough
experimental studies with ionizable lipids in databases which could help
to answer this question. However, experimental acid dissociation con-
stant (pKy) (Hassett et al., 2019; Suzuki and Ishihara, 2021; Ansell and
Du, 2015) values have been reported for all three lipids (see Table 2), but
one can probably correlate them with binding free energies only for
saturated SM-102 and ALC-0315, because in the case of DLin-MC3-DMA
unsaturated lipid tails can affect its ability to penetrate model
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membranes if those ones also contain unsaturated parts, as in the case of
POPC. clogPEygeris et al. (2021) values are showing the logarithm of
compound’s partition coefficient between n-octanol and water. In the
same table it can be observed that the highest value of it is for
DLin-MC3-DMA, while the lowest one is for SM-102. This suggests that
there is no evident correlation with binding free energies.

Nevertheless, the evidence from other kinds of experiments can also
be used in order to interpret the simulated results. Ferraresso et al.
(2022) demonstrated that LNPs with ALC-0315 were better than LNPs
with DLin-MC3-DMA for siRNA delivery to hepatocytes and hepatic
stellate cells. Additionally, they reported the increase in markers of liver
toxicity (alanine aminotransferase and bile acids) at high doses of LNPs
with ALC-0315 while nothing similar was observed for the formulation
with DLin-MC3-DMA. Such findings demonstrate that ALC-0315 can
probably enter cell membranes easier than DLin-MC3-DMA.

In formulations with DOPE lipids DLin-MC3-DMA was not consid-
ered as a potential candidate for an optimal formulation by Ly et al.
(2022) either due to low protein expression. ALC-0315 appeared to be in
2 optimized vaccine candidates, including the one with critical quality
attributes, while SM-102 was considered only in one formulation. This
can also be related to our observations from free energy simulations.

According to Eygeris et al. (2021), when selecting a certain ionizable
lipid for delivery of various RNAs one should consider pK, values in the
range of 6-7, and for clogP the range 15-20 is most appropriate. From
the results for binding free energies it is clear that one has to consider
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Fig. 7. Potential of mean force (PMF) and partial mass densities for systems with DOPC and DLin-MC3-DMA. (a) The system of pure DOPC. (b) The system with
12.5% of DLin-MC3-DMA. (c) The system with 18% of DLin-MC3-DMA. Partial mass densities for DLin-MC3-DMA were rescaled for clarity in (b) and (c) by factors of
8 and 10 respectively, while those densities were kept at their original values for the parts of DOPC lipids. Abbreviations on legends were the following: “PO4-DOPC” -
phosphatic groups of DOPC, “D.B.-DOPC” - double bonds of DOPC, “H.-MC3" - head group of DLin-MC3-DMA, “D.B.-MC3"” - double bonds of DLin-MC3-DMA. The
DLin-MC3-DMA molecule which was used for biasing of PMF was excluded from the mass density calculations. Errors in binding free energies are within 2 kJ/mol

while in temperatures can be seen in references, mentioned above.
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Table 2

PK, and clogP for ionizable lipids.
System PK, clogP
DLin-MC3-DMA 6.35Hassett et al. (2019),Suzuki and Ishihara (2021) 17.687Eygeris et al. (2021)
ALC-0315 6.09Ansell and Du (2015),Suzuki and Ishihara (2021) 17.198Eygeris et al. (2021)
SM-102 6.68Hassett et al. (2019),Suzuki and Ishihara (2021) 16.345Eygeris et al. (2021)

also the chemistry of the phosholipids, i.e. the saturation of the lipid
tails. However, DLin-MC3-DMA is rather different from the two other
lipids since both tails are unsaturated and in addition there are other
structural discrepancies.

The ability of ionizable lipids to penetrate biological cell membranes
can be affected by the presence of proteins, sugars and other compounds.
Nevertheless, in many computational works it was shown that binding
free energies from in silico experiments could accurately predict the
ability of a certain substance to penetrate through a membrane using a
passive diffusion transport (Ermilova and Lyubartsev, 2017; Parisio
et al., 2013; van den Berg et al., 2015; Rozsa et al., 2021; Jambeck and
Lyubartsev, 2013). Therefore, the probability that SM-102 and
ALC-0315 will penetrate cell membranes containing POPC is high. This
fact has to be taken into account when designing LNPs with mRNA.

4. Conclusions

Free energy calculations are very important for determining whether
a phenomenon can happen spontaneously at certain conditions or not. In
this work we have used parallel-tempered metadynamics simulations in
order to understand the ability of ionizable lipids to penetrate phos-
pholipids bilayers when they are in their neutral forms.

It is discovered that the phospholipid phase transition temperature is
the key factor which should be considered when selecting a particular
helper lipid for gene-therapies. Moreover, the saturation of lipid tails has
to be taken into account for both phospholipids and ionizable lipids as
well as possible synergistic effects. For instance, the unsaturated DLin-
MC3-DMA had an aversion to the monocomponent membrane con-
taining DOPC, but affinity to lipid bilayers of DOPC containing some
amounts of DLin-MC3-DMA.

A comparison of ALC-0315, SM-102 and DLin-MC3-DMA in simula-
tions with the monocomponent membrane of POPC demonstrated that
ALC-0315 has the highest ability to penetrate membrane due to its low
free energy value, while DLin-MC3-DMA has the lowest ability as it is
unable to pass through a bilayer center according to PMF profiles.

Summarizing the results it can be noted that the fact that all ionizable
lipids in their neutral forms have potentials to penetrate phopholipid
membranes as well as to reside on their surfaces has to be taken into
account when designing modern formulations. The first consideration
shall be about the efficacy of LNPs themselves. The second consideration
is the possible toxicological issues as phosphatidylcholines are present in
various biological cells which can lead to undesirable cytotoxicity of
formulations.

When simulating ionizable lipids together with phospholipids the
saturation of the latter ones has to be taken into consideration as con-
clusions can not be generalized for different lipid tails.
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