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Recently, lipid nanoparticles (LNPs) have been extensively investigated as non-viral carriers of nucleic acid vaccines
due to their high transport efficiency, safety, and straightforward production and scalability. However, the molecular mech-
anism underlying the interactions between nucleic acids and phospholipid bilayers within LNPs remains elusive. In this
study, we employed the all-atom molecular dynamics simulation to investigate the interactions between single-stranded
nucleic acids and a phospholipid bilayer. Our findings revealed that hydrophilic bases, specifically G in single-stranded
RNA (ssRNA) and single-stranded DNA (ssDNA), displayed a higher propensity to form hydrogen bonds with phospho-
lipid head groups. Notably, ssSRNA exhibited stronger binding energy than ssDNA. Furthermore, divalent ions, particularly
Ca®*, facilitated the binding of ssSRNA to phospholipids due to their higher binding energy and lower dissociation rate
from phospholipids. Overall, our study provides valuable insights into the molecular mechanisms underlying nucleic acid-
phospholipid interactions, with potential implications for the nucleic acids in biotherapies, particularly in the context of

lipid carriers.
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1. Introduction

Gene therapy has emerged as a novel therapeutic ap-
proach, addressing the genetic basis of diseases with promis-
ing potential.'"*l Gene-based pharmaceutical formulations
possess the capability to selectively express beneficial proteins
and offer opportunities for vaccine applications and personal-
ized medicine.! In this nucleic acid-based therapeutic strat-
egy, genetic cargo is transported to target sites through spe-
cialized delivery systems, protecting against enzymatic degra-
dation, immune reaction inhibition, and activation of efficient
intracellular delivery mechanisms.[-8! Consequently, current
research efforts are focused on the development of non-viral

O-11 These vectors circumvent the associated draw-

vectors.
backs of viral vectors, such as the risks of genetic integration
and increased immunogenicity.!'>! However, the synthesis of
such carriers currently faces challenges related to their rela-
tively high levels of toxicity and low efficacy, necessitating
the development of systems with optimized performance.!!3]
In this regard, lipid-based formulations have rapidly evolved
as carriers in nucleic acid therapy due to their ability to accom-
modate long nucleic acid cargoes (e.g., mRNA or pDNA), low
immunogenicity, and capacity for multiple dosing, enhancing

(14,15

therapeutic outcomes. | Formulations based on these lipid

nanoparticles have already received approval from the United
States Food and Drug Administration (FDA) and are poised to

enter clinical development phases. ']
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Although previous and ongoing research endeavors have
sought to rationally design ionizable lipid nanoparticles!! 723
for gene therapy applications, such as the self-assembly of
polymeric single-chain RNA with ionizable cationic lipids, **!
which elucidated the timescale of self-assembly processes and
the characteristics of the resulting complexes. Lipids with a
cone-shaped geometry, such as DOPE, tend to facilitate the
formation of the hexagonal II phase, thereby enhancing the
endosomal release of antisense oligos.lzsj However, the over-
all understanding of the physicochemical interactions govern-
ing the binding of zwitterionic lipids with single-chain nucleic
acids remains limited, especially at the atomic level of their in-
teractions. Molecular dynamics simulations, on the contrary,
can offer valuable insights into their interactions from a mi-

w.[20-33] In this study, we aim to provide a de-

croscopic vie
tailed description of the interaction mechanisms involved in
the binding process between single-chain nucleic acids and
phospholipid bilayers, as well as the factors influencing these

interactions through all-atom molecular dynamics simulations.

2. Model and methods

We first constructed ssRNA and ssDNA of var-
jous sequences using the online w3DNADPY server
(http://web.x3DNA.org/fibermodel/) (see Table 1). We then
built the double-layer DOPC lipid membrane using the
CHARMM-GUI server (https://charmm-gui.org).37-381 Sub-
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sequently, we performed separate 50 ns simulations for the
single-stranded nucleic acids and the DOPC membrane in a
150 mM NaCl aqueous solution to achieve equilibrium, using
GROMACS-2020.634%1 and the amber14sb_parmbsc1 force
field.[41:42]

Next, we positioned the equilibrated single-stranded nu-
cleic acids parallel to the principal axis of the equilibrated
DOPC membrane at a distance of 3.5 nm from the center of
the DOPC membrane (Fig. 1), employing Multiwfn*3) and
VMD.*¥ The initial box size was set to 6.5 x 7.0 x 12.5 nm,
and it was filled with approximately 12800 TIP3P water
molecules. To maintain the electrical neutrality of the solu-
tion, a certain number of cations was added, and a 150 mM
salt solution was included to simulate the physiological envi-
ronment for nucleic acids. The system consisted of approxi-
mately 56000 atoms in total. The detailed simulated systems
in this work are listed in Table 1.

Fig. 1. Initial configuration of the MD simulations: the sSRNA (orange)
engages with a DOPC membrane (gray), with Na* ions (blue) and C1~
ions (green) regulating the environment. The water molecules are not
shown for clarity.

The process of equilibrium simulation encompasses the
following steps: initially, a total of 50000 steps of steepest de-
scent energy minimization were performed, employing a max-
imum force constant of 1000 kJ/mol and employing the parti-
cle mesh Ewald (PME)*] method to calculate the long-range
electrostatic interactions. The Lennard—Jones interactions
were computed using a truncation method with a cutoff radius
of 1.0 nm. Subsequently, NVT (canonical ensemble) and NPT
(isothermal-isobaric ensemble) pre-equilibrations were carried
out over a duration of 10 ns. In the NVT ensemble, the V-
rescale algorithm 40! was applied to scale velocities and main-
tain a constant temperature of 300 K. In the NPT ensemble,
in addition to the aforementioned parameters, the Berendsen

[47

algorithm!*’! and semi-isotropic coupling scheme were uti-

lized to control pressure in the xy-plane and along the z-axis,

with a target pressure set at 1 bar. Finally, the molecular dy-
namics (MD) simulation was conducted using a time step of
2 fs, and the Parrinello-Rahman algorithm!*®) was employed
for pressure coupling. Throughout the simulation, the struc-
ture, velocities, and energies of the system were saved every
100 ps, accumulating a total simulation time of 600 ns. For
the MM-PBSA [49-3%] calculations, the APBS!>3! program was
employed to solve the Poisson—Boltzmann equation, with a
grid spacing of 0.045 nm, solute and solvent dielectric con-
stants set to 2 and 78, respectively, a solvent-accessible sur-
face probe radius of 0.14 nm, and a surface tension value of
0.027 kJ/(mol-A?).

Table 1. Simulated single-stranded nucleic acids-lipid bilayer systems.

Initial Salt solution Simulation
System
distance (nm) (150 mM) time (ns)
ssRNA-A g 3.5 NaCl 600
ssRNA-Ujg 3.5 NaCl 600
ssRNA-Cjo 3.5 NaCl 600
sSRNA-Gg 3.5 NaCl 600
ssRNA-AgG; 3.5 NaCl 600
ssSRNA-AGy 35 NaCl 600
ssRNA-A4Gg 35 NaCl 600
ssRNA-A,Gg 35 NaCl 600
ssDNA-A|o 35 NaCl 600
ssDNA-Tg 35 NaCl 600
ssDNA-Cjg 35 NaCl 600
ssDNA-Go 35 NaCl 600
ssRNA-A g 35 KCl1 600
ssRNA-A g 35 CaCl, 600
ssRNA-A g 35 MgCl, 600
ssDNA-A o 35 KCl 600
ssDNA-A o 35 CaCl, 600
ssDNA-A o 35 MgCl, 600

3. Results and discussion

3.1. Interaction between ssSRNA and the phospholipid bi-

layer

We first investigated the interaction of ssSRNA with the
lipid bilayer. As shown in Fig. 2, for the ssRNA-Gjg system,
we observed relatively stable adsorption of sSRNA to the lipid
bilayer surface. In contrast, for the ssSRNA-A[g, ssSRNA-Ujy,
and ssRNA-Cg systems, the adsorption of RNA onto the lipid
bilayer was unstable. This can be attributed primarily to the
strong negative charge of the nucleic acid backbone and the
electrostatic repulsion between the phosphate groups at the
head of the lipid, making it generally difficult for ssRNA to
approach the lipid bilayer. We then computed the distance be-
tween the sSRNA and the centroid of the lipid bilayer along
the z-axis (Fig. 3(a)). It is found that, except for the sSRNA-
Gy system, the distance fluctuated significantly over time in
the other ssSRNA systems. Actually, in the ssSRNA-Gj¢ system,
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the ssSRNA initially moves away from the phospholipid bilayer,
which may be attributed to a significant electrostatic repulsion
between the phosphate atoms of the nucleic acid backbone and
the phosphate groups of the phospholipid bilayer. This repul-
sion is gradually weakened through a position adjustment pro-
cess over approximately 50 ns, allowing the nucleic acid to
approach the membrane. Notably, the thickness of the lipid
monolayer is approximately 25 A, while the distance in the
sSRNA-Gj( system stabilizes at around 23 A, indicating that
the sSRNA-Gjo adsorbed on the surface of the phospholipid
bilayer. We also calculated the contact surface area (CSA)
between the ssRNA and the phospholipid bilayer over time.
As shown in Fig. 3(b), for the sSRNA-Gj¢ system, the CSA
achieves stability within 200 ns and remains about 13 nm?.
In contrast, the other three single-chain RNA systems do not
exhibit stable CSA within 600 ns.

The results indicate that the sSSRNA-Gj is able to adsorb
on the phospholipid bilayer firmly while the other three bases
(A, C, U) are unable to form strong interactions for binding.
Why there exist base-dependent adsorption behaviors? To an-
swer this question, we first calculated the average number of
hydrogen bonds between nucleic acid and phospholipid bi-
layer during the last 100 ns. As shown in Fig. 3(c), in the
sSRNA-Gjg system, 12.3 hydrogen bonds were observed dur-
ing the last 100 ns, whereas in other base systems, the stable
binding did not occur and hydrogen bonds were essentially

absent. These results indicate a significant role of hydrogen
bonds in the binding process of ssRNA to the phospholipid
bilayer. In addition, we distinguished two types of hydrogen
bonds, namely, those formed between the pentose sugars and
the phospholipid, and those formed between the bases and the
phospholipid. We found that the former only contributes to a
small extent to ssSRNA-lipid membrane interaction.

0 ns 150 ns 300 ns 450 ns 600 ns

ssRNA-Aqq

SSRNA-UlO

SSRNA-ClO
K : ;

111

SSRNA-GlO

Fig. 2. Time-evolving snapshots illustrate the ssSRNA and phospholipid
system with four types of nucleobases. The nucleic acids and phospho-
lipids are colored in orange and gray, respectively.
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Fig. 3. Different types of nucleobases exhibit varying binding behaviors with the phospholipid bilayer. (a) The distance between the bilayer and ssSRNA
center of mass in the z-axis. (b) The contact surface area between the bilayer and ssRNA. (c) The number of hydrogen bonds formed between the bilayer
and ssRNA’s pentose and base in the last 100 ns. (d) The hydrogen bond between the pentose sugar of ssSRNA and the carbonyl group in the middle of
phospholipids. (e) The number of salt bridges between the bilayer and ssRNA in the last 100 ns. (f) Binding energy between the bilayer and ssSRNA in

the last 100 ns.
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By examining the trajectories, we found that these hydro-
gen bonds mainly occur at the ends of ssSRNA and only form
hydrogen bonds with the carbonyl groups in the middle region
of the phospholipid bilayer (Fig. 3(d)). This is because the
position of the ribose sugar is close to the nucleic acid phos-
phate group. The negative charge of the nucleic acid phos-
phate group leads to significant repulsion with the phosphate
groups at the head of the phospholipid bilayer. This results in a
considerable distance between the nucleic acid ribose and the
phospholipid bilayer headgroup, making the formation of this
type of hydrogen bond difficult. As a result, most of the hydro-

(a) ssRNA-AgGy ?

gen bonds formed between nucleotides and the phospholipid
bilayer involved nucleotides acting as hydrogen bond donors.
This is attributed to the fact that the phospholipid bilayer head-
group primarily consists of carbon atoms with weaker elec-
tronegativity, which limits its ability to serve as a hydrogen
bond donor to nucleic acids. Importantly, due to the highest
number of hydrogen bond donors that guanine (G) possesses,
it exhibits the greatest capacity for hydrogen bonding with the
phospholipid. This characteristic of guanine’s favorable hy-
drogen bonding with lipids compared to other bases has also

been reported in a related study. >
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Fig. 4. The sequence of ssSRNA can affect its binding to the bilayer. (a) Final snapshots depicting different sequences in each system.
(b) Distance and (c) contact surface area between the bilayer and ssRNA. (d) The number of hydrogen bonds between the bilayer and ssRNA
in the last 100 ns. (e) Binding energy between the bilayer and ssRNA in the last 100 ns.

Considering the presence of negatively charged phos-
phate groups on the ssSRNA backbone and positively charged
choline groups in the DOPC headgroup, salt bridges between
ssRNA and the phospholipid bilayer are also plausible. How-
ever, as shown in Fig. 3(e), the number of salt bridges is
small, and there is no apparent base selectivity, with relatively

large error bars. Therefore, we can conclude that although

salt bridges exist between ssSRNA and the phospholipid bilayer
during the stable binding process, hydrogen bonding still plays
the dominant role and salt bridges merely contribute little. To
characterize the adsorption preference of ssSRNA to the phos-
pholipid bilayer, we calculated the binding energy between ss-
RNA and the phospholipid bilayer via the MM-PBSA method.
The energy values for each system are depicted in Fig. 3(f).

028701-4



Chin. Phys. B 33, 028701 (2024)

In the sSRNA-Gjg system, with a higher number of hydrogen
bonds, the binding energy is —289.7 kJ/mol, while in other
systems with fewer hydrogen bonds, the binding energy re-
mains below —100 kJ/mol, again indicating that ssSRNA-Gg
has the strongest affinity with the membrane.

Given the result that guanine can promote the binding be-
tween nucleic acid and the phospholipid bilayer through hy-
drogen bonding with the headgroup, we considered a series
of sequence-mixed ssRNA to further validate this conjecture.
Figure 4(a) illustrates the final snapshots of the mixed sSRNA
interacting with the lipid membrane. By introducing guanine
bases into the ssRNA-A |, the binding between ssRNA and
the phospholipid bilayer was gradually facilitated. As shown
in Figs. 4(b) and 4(c), we observed that the sSSRNA-A3G, sys-
tem, containing only two guanine bases, did not exhibit stable
adsorption of nucleic acid to the phospholipid bilayer. Con-
versely, nucleic acid in the other three groups demonstrated
stable adsorption to the phospholipid bilayer surface. In ad-
dition, the number of hydrogen bonds increased with an in-
creasing number of guanine bases in the sequence, while the
binding energy decreased (Figs. 4(d) and 4(e)). This indicates
a progressively more stable binding between nucleic acid and
the phospholipid bilayer. By increasing the ratio of guanine
bases in the ssSRNA sequence, the sSRNA is able to form more
hydrogen bonds with the membrane, leading to an increased
binding affinity.

3.2. Interaction between ssDNA and the phospholipid bi-
layer

We then explored the interaction between ssDNA and the
phospholipid bilayer, and compared it with the sSRNA sys-
tem. As shown in Fig. 5, we observed selective adsorption of
ssDNA to the phospholipid bilayer, which is similar to that in
the case of ssSRNA. We then computed the centroid distance
between ssDNA and the phospholipid bilayer in the z direc-
tion for various ssSDNA systems. As shown in Fig. 6(a), con-
sistent with the observations from the snapshots, only ssDNA-
G exhibited stable binding to the phospholipid bilayer within
600 ns, while the other three bases did not demonstrate stable
binding. However, we also observed that the stable distance
of ssDNA-Gjg from the phospholipid bilayer centroid was ap-
proximately 27 A, slightly larger than the distance observed
for ssSRNA-Gjg (~ 23 A). Furthermore, in Fig. 6(b) the con-
tact surface area between ssDNA-Gjo and the lipid bilayer is
about 8 nm?, approximately 5 nm? smaller than that between
ssSRNA-G o and the lipid bilayer (~ 13 nm?). These findings
indicate that the binding between ssRNA-Gy and the phos-
pholipid bilayer is tighter than that between ssDNA-Gjo and
the phospholipid bilayer.

Generally, ssDNA adopts the B-form conformation with
larger twist and rise, while ssSRNA adopts the A-form confor-

mation with smaller twist and rise. From the typical snap-
shots of both systems (Figs. 6(c) and 6(d)), we also observed
significant differences in the stable binding modes of ssSRNA-
Gjo and ssDNA-Gyg to the phospholipid bilayer. ssSRNA-Gjg
achieves stable binding by distorting its conformation, orient-
ing all bases toward the phospholipid bilayer surface, thereby
increasing the number of hydrogen bonds between nucleic
acid and the membrane. On the other hand, ssDNA-Gy( not
only relies on hydrogen bonding between nucleic acid bases
and the membrane but also stabilizes the binding by bringing
the negatively charged nucleic acid phosphate groups close
to the phospholipid bilayer surface (Fig. 6(c)), forming salt
bridges with the positively charged choline groups at the head
of the membrane. Notably, the flexibility of nucleic acid often
plays an important role when it interacts with other molecules.
To this end, we calculated the root-mean-square-fluctuation
(RMSF) of ssRNA-G1( and ssDNA-Gjg. As shown in Fig. S1,
the ssRNA exhibits lower flexibility (more rigid) compared to
ssDNA, which agrees with previous study.!>>! Thus, the more
flexible ssDNA may lose more degrees of freedom upon bind-
ing compared to sSRNA.

0 ns 150 ns 300 ns 450 ns 600 ns
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ssDNA-Tg
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Fig. 5. Time-evolving snapshots illustrating the ssDNA and phospho-
lipid system with four types of nucleobases. The nucleic acids and phos-
pholipids are colored in orange and gray, respectively.

Furthermore, we also calculated the binding energies
of ssDNA with the lipid membrane (Fig. 6(f)). The bind-
ing energy in ssDNA-Gj¢ system (—189.1 kJ/mol) is much
weaker than that in sSRNA-Gjq system (—289.7 kJ/mol). This
is because ssSRNA-Gjg exhibits a greater number of hydro-
gen bonds (~ 12.3) than ssDNA-Gjg (~ 4.9). However, the
binding energy in the ssDNA-A |y and ssDNA-C( system is
slightly stronger than that in the ssSRNA-A g and ssSRNA-Cjy

system, which is probably because the number of salt bridges
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in ssDNA systems is always greater than that in the corre-
sponding ssRNA systems. In general, the interaction between
ssSRNA and the phospholipid bilayer is primarily hydrogen

(a) 70 ]—SDNA-A;; — ssDNA-Ty,

(c) ssDNA-Gqg
—8sDNA-Cyjg — ssDNA-Gg »
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bond-driven, while the interaction between the ssDNA system
and the phospholipid bilayer involves not only hydrogen bond-
ing but also the participation of salt bridges.
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Fig. 6. In the case of ssDNA, different types of nucleobases also exhibit varying binding behaviors with the bilayer. (a) The distance between
the bilayer and ssDNA center of mass in the z-axis. (b) The contact surface area between the bilayer and ssDNA. Snapshots of (c) ssDNA-G10
and (d) ssRNA-G10 binding with the phospholipid. Nitrogen atoms of the phospholipid choline are colored blue. The hydrogen bonds and salt
bridges are represented with green and red dashed lines, respectively. (e) The number of hydrogen bonds and salt bridges between the bilayer
and ssDNA in the last 100 ns. (f) Binding energy between the bilayer and ssDNA in the last 100 ns.

3.3. Effect of cation types on the interaction between
single-stranded nucleic acids and the phospholipid bi-
layer
In our previous considerations, we focused on the pres-

ence of monovalent cations such as Na* (i.e., NaCl solution).

In this section, we will examine the influence of other cations

on the nucleic acid and the lipid bilayer. For the sake of sim-

plicity, here we just take the ssSRNA-Ajo and ssDNA-A|q as
an example. As shown in Fig. 7 and S2, it is observed that
the addition of divalent cations such as Ca>* or Mg”* enables
the stable binding of sSRNA-A g and ssDNA-A | to the phos-
pholipid bilayer while K™ and Na™ cannot. Thus, compared
to monovalent cations, divalent cations are more effective in
promoting the binding between ssSRNA/ssDNA and the phos-
pholipid bilayer. Figures 8(a) and 8(b) present the centroid
distance between the nucleic acid and the phospholipid bilayer
in the z-direction. It can be observed that all divalent cations
can significantly enhance the binding of both ssRNA and ss-

DNA to the bilayer. However, after stable binding, the binding

distance of ssRNA-A o (around 22 A) is significantly smaller

than ssDNA-Ao (around 32 A). As shown in Figs. 8(c) and

8(d), the contact surface area of ssSDNA and ssRNA with the

bilayer is also different, where ssDNA-Ay (around 5 nm?)

has a smaller contact area compared to sSRNA-A (around
8 nm?). The underlying reason for the variation in binding to
the bilayer between ssSRNA-A o and ssDNA-A | is akin to the
earlier conclusion, stemming from the structural flexibility and
subtle distinctions in secondary structure. The A-form config-
uration of sSRNA enables more extensive interactions with the
phospholipid bilayer, leading to a firmer binding to the bilayer.

150 ns 300 ns 450 ns 600 ns

&

.\q ¥ *

KCl1

CaClz
g : ¢ = o
¢ ) E E § o
« E b 3 1]

MgClg

Fig. 7. Time-evolving snapshots of ssSRNA-A10 and the bilayer with
different ions (K*, Ca®*, Mg?™).
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(d) ssDNA.

We then studied the distinct role of cations in the bind-
ing of ssSRNA-Ao to phospholipid bilayers. Generally, the
propensity of Ca>* to induce adsorption stems from its ro-
bust adherence to the phospholipid bilayer, resulting in a pos-
itively charged surface. Consequently, negatively charged nu-
cleic acids are capable of approaching the phospholipid bilayer
and establishing stable associations through the formation of
salt bridges and hydrogen bonds. By quantifying the numbers
of Ca’?* on the phospholipid bilayer surface, as depicted in
Fig. 9(a), we ascertain a pronounced tendency of Ca>* ions to
adsorb onto the membrane. There are approximately 45 Ca>*
ions adsorbed on the phospholipid bilayer surface, while the
overall number of Ca>* ions in the entire system is merely
57. The adsorption of divalent cations leads to a positively
charged surface on the phospholipid bilayer. Due to the strong
negative charge of the nucleic acid phosphate groups, electro-
static forces draw the nucleic acid towards the phospholipid
bilayer. Simultaneously, this phenomenon could potentially
lead to the binding of phosphate groups on the nucleic acid
to either the Ca’" ions on the phospholipid bilayer surface or
the positively charged choline groups on the lipid headgroups.
Therefore, we further computed the number of contacts be-
tween the phosphate groups of the nucleic acid and the choline
groups of the phospholipid bilayer (Prna-Npc) as well as the
contacts between the bridged phosphate groups of the mem-
brane and the nucleic acid facilitated by Ca>* ions (referred to

as Ppc-Ca-Prna in Fig. 9(a)).

Given the strong adsorption of Ca>* on the phospholipid
bilayer surface, as observed in Fig. 9(a), we anticipate a similar
phenomenon for Mg?*, which is also a divalent ion. However,
as shown in Fig. 9(b), Mg?* does not exhibit similar adsorp-
tion on the phospholipid bilayer surface as Ca>*, but rather
follows a distribution pattern similar to that of monovalent ions
such as Kt and Na™, appearing to be uniformly distributed in
the aqueous solution. The reason for difference in density dis-
tributions may be due to their different charge densities. Mg*
has a higher charge density due to smaller size, which makes
its hydration shell more stable, while Ca*t is more likely to
lose its outer water shell, allowing it to better interact with the
bilayer.[>®! This finding confirms our earlier hypothesis that
Mg?* and Ca’* possess different mechanisms in promoting
the binding of nucleic acids to phospholipid bilayers. The phe-
nomenon of stronger adsorption of Ca>* on the phospholipid
bilayer compared to other ions has been previously reported in
the literature.[>’->°! These studies indicate that the efficiency
of these ions in binding to phospholipid bilayers follows the
order: Ca’t > Mg?>* > Nat > K*.

We next analyzed the influence of different ions on the nu-
cleic acids. Based on the root-mean-square deviation (RMSD)
analysis (Fig. 9(c)), it is evident that Ca>* exerts the most
pronounced influence on the structure of ssSRNA. Figure 9(d)
shows the presence of approximately 3 to 6 divalent ions sur-
rounding the nucleic acid. Since the nucleic acid backbone

carries a negative charge of —9e, divalent ions can effectively
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screen the negative charge of the nucleic acid backbone. In
contrast, the number of monovalent ions surrounding the nu-
cleic acid is small, typically one or two, which is insufficient to
shield the negative charge of the nucleic acid backbone, result-
ing in significant electrostatic repulsion between the nucleic
acid and the zwitterionic phospholipid bilayer. Moreover, by
comparing the number of divalent ions surrounding the nu-
cleic acid, we observe that the number of Ca>* ions around
the nucleic acid is slightly higher than Mg?*, approximately
1 to 2 more. Moreover, from the fluctuation of their respec-
tive curves, it is evident that Ca?t ions exhibit a more stable
presence around the nucleic acid. This suggests the formation
of more stable salt bridges between Ca?* and the nucleic acid,

enabling better shielding of the negative charge of the nucleic

acid backbone.

We further calculated the average number of hydrogen
bonds and salt bridges in different systems (Figs. 9(e) and
9(f)). For the monovalent-cation system, the numbers of hy-
drogen bonds and salt bridges are both small, which cannot
generate the adsorption of ssRNA to the lipid bilayer. While
for the divalent-cation system, the Mg>* system exhibits a
similar pattern as the Ca>* system, where both salt bridges
and hydrogen bonds contribute to the stable binding of nucleic
acids and phospholipid bilayers (Fig. 10). However, compared
to the Ca®" system, the Mg>* system has fewer salt bridges
and hydrogen bonds, thereby having a weaker affinity for the
phospholipid bilayer surface.

. 1
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Fig. 9. (a) The number of salt bridges mediated by Ca2* (blue) and the contact number of Prna-Npc (black) and Ca2+—Ppc (red). (b) The density
distribution of ions along the z-axis in the last 100 ns. (c) RMSD of ssRNA in different systems. (d) Numbers of ions around ssRNA during the
simulations. The number of (e) hydrogen bonds and (f) salt bridges between ssRNA and bilayer within the last 100 ns.

Interestingly, we also discovered another mode (referred
to as Ca>*(I)) by which Ca" facilitates the adsorption of nu-
cleic acids to the phospholipid bilayer. This mode lacks hy-
drogen bonds and relies solely on two types of salt bridges
in Fig. 9(f) (Ppc-Ca-Prna and Prna-Npc). To maintain sta-
ble interactions between nucleic acids and the phospholipid
bilayer, the total number of salt bridges in this mode can reach
as high as 18.3. The rationale behind this mode can be inferred
from the snapshot, namely, due to the curved structure of nu-
cleic acids, when the predominantly negatively charged phos-
phate groups of the nucleic acid backbone are tightly bound
to the phospholipid surface by Ca’*, the nucleic acid bases

face away from the phospholipid surface, rendering hydrogen

bond formation with the phospholipid surface impossible. As
the adsorption becomes more stable, the likelihood of hydro-
gen bond formation diminishes, leading to the formation of the
Ca%t(II) mode.

Ca2*(1)

Fig. 10. Illustration of ions-mediated ssSRNA and bilayer binding. Ni-
trogen atoms of the phospholipid choline and ions are shown in blue
and yellow spheres. The hydrogen bonds and salt bridges are repre-
sented with green and red dashed lines.
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4. Conclusions

In summary, we conducted all-atom molecular dynam-
ics simulations to investigate the interactions between single-
stranded nucleic acids and phospholipids. We observed selec-
tive adsorption of ssRNA to phospholipids, with greater hy-
drophilic bases exhibiting a higher propensity for hydrogen
bonding with phospholipids. Specifically, increasing the pres-
ence of base G in the hybrid sequence enhanced the adsorption
between nucleic acids and phospholipids. Furthermore, we
identified differences in the interactions between ssDNA and
ssRNA with phospholipids due to their structural disparities.
In the ssDNA system, both hydrogen bonds and the Pdna-Npc
salt bridge played dominant roles, while in the ssSRNA sys-
tem, hydrogen bonding alone was the primary driving force.
Additionally, we investigated the impact of different ions on
the interaction between ssRNA and phospholipids. We found
that divalent ions, such as Ca’>* and Mg?™, effectively facili-
tated the binding of ssRNA to phospholipids by shielding the
negative charges of the nucleic acid backbone. However, the
mechanisms by which Ca®>* and Mg?* promoted the interac-
tion differed. Ca>* not only shielded the negative charges of
the nucleic acid but also strongly adsorbed to the phospholipid
surface, resulting in its positive charge and the formation of
bridges between nucleic acid phosphate groups and phospho-
lipid phosphate groups. While Ca’>* demonstrated superior
ability to promote the adsorption of nucleic acids on DOPC
membranes, it is worth noting that, compared to Ca®>*, Mg+
plays an important role in stabilizing the structure of nucleic
acids. Therefore, when conducting research related to nucleic
acids-lipid bilayer interaction, it is crucial to handle the choice
of ions with consideration. In summary, this study elucidated
the molecular-level interactions between single-stranded nu-
cleic acids and phospholipid bilayers, providing insights for
the development of more stable and efficient lipid carriers in
the experiments.
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