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ABSTRACT: The engineering issues pertaining to nanoparticle
systems toward targeted gene therapies have not been fully probed.
Recent experiments have identified specific structural characteristics of
a novel class of lipopeptides (LP) that may lead to potent nanocarriers
intended as RNAi therapeutics, albeit the molecular mechanism that
underlies their performance remains unexplored. We conducted
molecular dynamics simulations in atomistic detail coupled with free
energy computations to study the dynamics and thermodynamics of an
acrylate- and an epoxide-derived LP, members of the aforesaid class,
upon their binding to siRNA in aqueous solution aiming at examining
structure-potency relations. We found that the entropic part of the free
energy of binding predominates; moreover, the first LP class tends to disrupt the Watson−Crick base pairing of siRNA, whereas the
latter leaves the double helix intact. Moreover, the identified tug-of-war effect between LP−water and LP−siRNA hydrogen bonding
in the supramolecular complex can underpin synthesis routes toward tuning the association dynamics. Our simulations on two
diastereomers of the epoxide-derived LP showed significant structural and energetics differences upon binding, as a result of steric
effects imposed by the different absolute configurations at their chiral centers. These findings may serve as crucial design parameters
toward modulating the interplay between complex stability and ease of releasing the nucleic acid drug into the cell.

■ INTRODUCTION

Over the last years, there has been rapidly increasing interest
toward the development of RNA interference (RNAi)
therapeutics by means of delivering to the cytoplasm of the
target cells synthetic fragments of genetic material, known as
short interfering RNAs (siRNA), to be incorporated into the
RNAi natural pathway in order to prevent the production of
disease-related proteins.1,2 RNAi is an endogenous cellular
process for regulating gene expression and is considered one of
the most important recent discoveries in molecular oncology,
recognized by a Nobel Prize in 2006.3 However, the delivery of
naked siRNA molecules has proved quite ineffective mainly
because of their susceptibility to degradation by extracellular
ribonucleases4 and their likelihood of activating the innate
immune system.5

The hurdle in harnessing the RNAi process is mainly
attributed to the difficulty in discovering selective and efficient
ways to guide the siRNA molecules inside the pathogenic cells.
The development of various chemical modification routes has
increased the resistance of siRNAs against endogenous
nucleases and decreased the likelihood of inducing innate
immune responses.6 However, the permeation of siRNA
molecules across the cellular lipid membrane remains an
immense point at issue as a consequence of their large molecular

weight (approximately 14 kDa) and their anionic nature (net
negative charge).
To surmount these challenges, systemic delivery of siRNA up

to the final site of action in the target cells has been designed
over the last years, starting either via viral vectors7 whose use is
subject to obvious risks or by engineering nonviral delivery
platforms. The latter class was based on cationic and/or
ionizable lipids that self-assemble in micelles or liposomes,
which entrap the negatively charged nucleic acids to enable
efficient in vivo delivery. Other nonviral vectors exhibiting
promising in vivo potency followed, such as dynamic
polyconjugate polymer systems, trivalent targeting ligand−
siRNA conjugates, and dendrimers. In refs 8−10 the reader can
find extensive reviews on the use and design of such delivery
systems. Notably, the type of nonviral vectors has been shown to
affect the siRNA biodistribution in different parts of the
body.11,12 Recently, the FDA approved the first ever RNAi
drug encapsulated in a lipid nanoparticle, which targets the so-
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called hereditary transthyretin-related amyloidosis that can
impair heart and nerve function.13 This revolutionary advance-
ment in the RNAi field yields hope for cure and paves the way for
vectors that will in addition target several human organs beyond
the liver wherein nanoparticles tend to accumulate upon
systemic delivery.
The lipid nanoparticles (NP) are commonly constructed by

the self-assembly of a mixture of distearoylphosphatidylcholine
(DSPC), cholesterol, PEG-lipid molecules, and a key lipid
variant, to form spherical entities encapsulating the siRNA
molecules. As lipid variants, many compounds have been tested:
optimized ionizable cationic lipids,14 lipidoids comprising
amino-alkyl-acrylate and -acrylamide materials,15 or lipopeptide
compounds formed by conjugating lipid tails to amino acids,
peptides, and polypeptide head groups.16

However, the core−shell structure in molecular detail of these
NPs remains unknown. Experiments have demonstrated that
even a small chemical change to the molecular structure of the
lipid component affects the NP silencing efficiency and cell
viability both in vitro and in vivo. Although experiments have
identified specific structural characteristics of the lipid
components that may lead to potent NPs (e.g., type of head
groups, head−tail linking groups, length and modification of the
tails), the molecular mechanism behind their beneficial effects
remains unexplored.14−16 In addition, the structure, self-
assembly, dynamics, and binding strength of the key lipid−
siRNA complexes have to be examined in detail to link the lipid
component’s chemical structure with the NP performance.
In a manner complementary to conventional experiments,

statistical mechanics-based computer “experiments” can shed
light on the aforesaid characteristics by providing insights into
atomistic detail of these oligonucleotide carrying systems. To
this end, a number of modeling studies have been reported so far
addressing siRNA carriers that include poly(amidoamine)17−19

and triazine20 dendrimers, as well as UV-degradable dendrons,21

poly(L-lysine),18 polyethylenimine22,23 and PMAL24 polymers,
and arginine-rich peptides.25

In this work, we performed full-atom molecular dynamics
simulations to model the supramolecular association of NP’s
lipid molecules with siRNA, aiming at exploring the thermody-
namics and molecular dynamics of a lately appeared class of
lipopeptides (LP). In particular, we investigated the mechanism
of binding of siRNA with two LP members of this class, an
acrylate-derived and an epoxide-derived, which have exhibited
promising in vitro and vivo results in gene silencing experi-
ments16 in HeLa cells, rodents, and nonhuman primates,
characterized by different functional groups in their structure,
and bearing multiple chirality centers. Our objective is to
understand the structure−potency relation and the effect of
stereoisomerism on these LP−siRNA complexes, with respect to
their observed16 potency as components of nanoparticle
systems.
Stereoisomerism is of major importance in biochemical and

pharmaceutical processes;26,27 nucleic acids, and hence siRNAs,
exhibit inherent chirality (right-handed double helices) and
comprise chirality centers in the nucleotides.28 Pure enan-
tiomers of pharmaceutical agents that target the DNA double
helix have been shown to exhibit different potency in sequence-
specific binding29 and chemotherapeutic efficacy.30 Since the
synthesis reactions of the LPs of this study exhibit no
stereoselectivity, a mixture of stereoisomers is present in the
NPs’ formulations. To address the aforementioned experimental
issues, we proceeded with the modeling of two different

stereochemical forms of the epoxide-derived lipopeptide. To the
best of our knowledge, this is the first time that stereoisomerism
is addressed, either computationally or experimentally, in a
siRNA-carrier system.
The work is organized as follows: Full-atom computer

reconstructions of the novel LPs of this study, their stereo-
isomers, and the double stranded siRNAmolecule are presented
in the first part. Subsequently, molecular modeling details are
given for all molecular dynamics of single and multi LP−siRNA
systems at various ratios; binding configurational free energy
and entropy calculations follow. The impacts of the lipopeptides’
chemical composition and stereoisomerism on the binding
mechanism and strength of the LP−siRNA complexes are
discussed in the last section of this article along with the stability
and conformational changes of the biomolecules upon complex-
ation, their critical contacts and binding sites, and the
intermolecular LP−siRNA and LP−H2O hydrogen bond
pairing.

■ MOLECULAR SIMULATIONS
Materials Modeling. The lipopeptides cKK-E12 (two

diastereomers) and cKK-O12, both members of a lately
synthesized lipopeptide class, were computer reconstructed by
means of an in-house code, using as input structural data from ref
16. The generated Cartesian atomic coordinates and all
intraconnectivity data (bonds, angles, dihedrals) were tran-
scribed to a topology file that in turn was used as input in the
simulations. The initial extended reconstructed structures of the
LPs can be seen in Figure 1.
Both LPs comprise a 2,5-diketopiperazine core, namely, a

cyclic dipeptide (dilysine-derived) head core (HD) that consists
of a heterocyclic six-membered ring containing two polar amide

Figure 1. Extended conformations of the reconstructed lipopeptides;
cKK-E12 (top) and cKK-O12 (bottom) to depict the head core (HD),
shoulder joints (SJ), and lipid tails with the functional groups (FG) and
terminal methyl groups (TMG). Color code: nitrogen (blue), oxygen
(red), carbon (cyan), hydrogen (white).
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groups (Figure 1). Two hydrocarbon branches adhere to the
HD ending to two tertiary amine groups, termed here as
shoulder joints (SJ); two lipid tails branch off from each SJ. The
lipid tails are chemically modified via functional groups (FG) at
positions located near the SJs. The methyl groups located at the
free end of the tails are designated here as terminal methyl
groups (TMG).
The LPs bear chemically different lipid tails, that is to say,

alcohol-based (1,2-epoxydodecane-derived) for cKK-E12, and
ester-based (dodecyl acrylate-derived), for cKK-O12. The
molecular formulas are C60H120N4O6 for cKK-E12 and
C72H136N4O10 for cKK-O12 (details in Figure S1). We also
reconstructed the protonated forms of the molecules since the
complexation with siRNA is carried out in vitro under acidic
conditions, where half of the LP tertiary amines are protonated;
in both LPs it is the SJ1 nitrogen atom that was protonated
(Figure 1 and Figure S1).
Because both LP classes possess multiple chiral centers, the

different spatial arrangement of the substituents on a chiral
atom, i.e., absolute configurations, gives rise to different
stereoisomers. The cKK-O12 compound has two asymmetric
carbons located on HDwhere the hydrocarbon branches adhere
(Figure S1). The cKK-E12 molecule has the same two
asymmetric carbons as cKK-O12, and, in addition, four
asymmetric carbons located at the tails where the hydroxyl
FGs adhere (Figure S1).
cKK-O12 was modeled in its absolute configuration S, R (at

carbons on HD near the SJ1 and SJ2, respectively). Two
diastereomers of cKK-E12 were modeled, coded here as (i)
cKK-E12-A with absolute configurations S, R (at carbons onHD
near the SJ1 and SJ2) and R (four carbons at the tails); and (ii)
cKK-E12-B with absolute configuration S (at all six asymmetric
carbons). It is noted that cKK-E12-A and cKK-O12 have the
same absolute configurations at the HD chirality centers. The R
or S descriptors of the absolute configuration follow the Cahn−
Ingold−Prelog convention.31
The short interfering RNAs are duplexes of 21−23

nucleotides, approximately 8 nm in length and 2 nm wide.32

The initial structure of the siRNA was taken from X-ray
diffraction data deposited in the protein data bank (PDB code:
2F8S);33 it is a 22-mer siRNA with two nucleotide 3′ overhangs
at the two ends of the strands. The sequence of bases along the
two strands can be found in Table SI of the Supporting
Information.
Force fields and molecular dynamics. We performed

molecular dynamics (MD) simulations to record the time
evolution of the LP configurations under isobaric−isothermal
conditions (N, P, T), where N is the total atoms involved in the
systems under study: (i) isolated LP; (ii) protonated LP in
aqueous solution; (iii) LPs dissolved in water and ethanol; (iv)
protonated LPs with one siRNAmolecule in aqueous solution at
the molecular ratios LP:siRNA of 1:1, 4:1, and :1; and (v) one
naked siRNA in aqueous solution simulated for the sake of
comparison. In the above systems wherein siRNA is involved,
randomly selected water molecules were replaced by Na cations
to neutralize the negative charge on its phosphate backbone.
Also, the appropriate number of Cl anions was added similarly to
neutralize the protonated amine sites of the lipopeptides. The
final solvated system contained approximately 224 000 atoms
for the largest system, 8:1. MD trajectories were produced up to
the max time length of 350 ns.
The basic computations of the systems were carried out by

setting the algorithm thermostat at 310 K. In addition,

simulations for T = 290 K and T = 300 K were performed for
the protonated LPs in aqueous solution and the LP:siRNA ratio
of 1:1 to compute the Gibbs energy of binding for the LP−
siRNA complex as a function of temperature, thereby the
binding entropy of the complex was extracted (section D).
Then, numerical integration of the equations of motion34 for

all the degrees of freedom involved in the systems was performed
by employing proper force fields for the lipopeptides and the
siRNAmolecules. In particular, in the absence of an ad hoc force
field for lipopeptides we opted for AMBER99sb-ildn,35 which
has been successfully employed in peptide−nucleic acid
simulations;36,37 the employed partial charges on the LP
atoms were taken from OPLS-AA38,39 (the way the LP atoms
have been assigned to the specific force fields’ atom types, which
appears in Tables SII and SIII and Figure S1b). For the siRNA
molecule the AMBER ff9440 force field was adopted; this force
field is one of the most widely used atomistic force fields for
modeling nucleic acids and is incorporated in most popular
software packages34,41 for biomolecular simulations.
It should be noted that early modifications of the AMBER ff94

force field, by means of the ff9842 and ff9943 versions have
brought about slight changes to the χ torsion angle and sugar
pucker parameters; however, these variants perform rather
similarly to the original ff94.44−46 Subsequent AMBER
reparametrizations as found in parmbsc047 have improved the
performance of B-DNA simulations through a reparametrization
of the α/γ dihedral angles, albeit they do not substantially affect
simulations of the RNA canonical A-form duplexes.44,48

A prominent AMBER modification focusing specifically on
improving RNA modeling is the ff99bsc0χOL3 variant

48,49 that
accurately captures andmaintains stable RNA conformations for
microsecond-long simulations. Two other recent AMBER
modifications for RNA include (1) a reparametrization50

combined with a specific four-site water model51 and (2) a
variant using the addition of a correction term to the AMBER
potential function to selectively tune the hydrogen-bonding
interactions.52 It is also worthmentioning the recently appearing
OPLS-AA/M53 that reports a careful refinement of the torsional
parameters by means of high-level DFT calculations and NMR
experimental data, exhibiting significant improvements in the
description of dinucleotides, tetranucleotides, and longer
sequences with noncanonical RNA motifs. Nevertheless, none
of the above-mentioned force fields have been incorporated so
far in the official releases of the GROMACS software
package34,54 that we used for the integration of the multiple
degrees of freedom of the systems under study. For a thorough
review on RNA force fields the reader is referred else-
where.44−46,55

Special care should be taken in the choice of the water model,
since RNA simulations using different AMBER variants have
proved to be water-model sensitive.45,46,56,57 In our study the
AMBER ff94 was combined with the three-site TIP3P water
model,58 which enables high computational efficiency and has
been successfully used with AMBER force fields in modeling
RNA hydration.57 In the next paragraphs, simulation issues on
the systems’ setup, equilibration, and production runs are given.
For the siRNA systems we used a rhombic dodecahedron

simulation box to allow solvent to surround the nucleic acid,
excluding at the same time large regions containing water
molecules to avoid a dramatic increase of computational cost.
The box dimensions were set to ensure at least 3 nm thickness
for the solvent surrounding the LP−siRNA system in all
directions. This value is well above the minimum value of 0.8−
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1.2 nm recommended in current protocols for nucleic acids
simulations.59 Furthermore, it ensures both the presence of the
hydration shell, identifiable in the double stranded nucleic acids,
and the necessary amount of surrounding bulk water.60 The total
number of water molecules in the box was over 73 600 for the
largest system of this study (LP:siRNA at the ratio of 8:1).
Energy minimization prior to MD production runs was

performed for all systems by means of the steepest-descent
numerical method to eliminate unphysical atom overlap. During
minimization, the LPs and siRNA were fixed at their initial
conformations using harmonic restraints with a force constant of
106 J mol−1 nm−2. Subsequently, equilibration MD runs were
started under the isothermal−isochoric ensemble (N, V, T) for a
time length of 2 ns to stabilize the temperature of the solvent at
the prescribed temperature, followed by 2 ns in the (N, P, T)
ensemble, setting P = 1 bar to stabilize pressure and density of
the surrounding medium. Then, the imposed constrictions on
the macromolecules were removed and MD production runs
were followed up to 200 ns. The Parrinello−Rahman algorithm
was utilized to allow for fluctuating the pressure tensor (diagonal
components) isotropically under the constraint of a constant
trace (the pressure),61 combined with velocity-rescaling62 for
the thermostating. Bond lengths were constrained as usually in
most biomolecular systems.63 For the computation of electro-
static interactions the particle-mesh Ewald method64 was
employed. The produced trajectories for postprocessing were
being recorded every 10 ps. Visualization of all trajectories and
image rendering were performed ultimately by means of
VMD.65

Thermodynamics of Binding. The excess molar Gibbs
energy difference of solvation in units of energy per mol of
solute,

G G T P x G( , , ) ( 1)S e e εΔ ≡ { } − = (1)

namely, the reversible work, G
N
1

S e
A
Δ , performed under constant

pressure and temperature, where NA is the Avogadro constant
when an ion is transferred from vacuum (dielectric constant ε =
1) to a solvent of dielectric constant ε and density ρ, consisting
of n species with {x}= {x1, ..., xn‑1} molar fractions, is given by the
following relation.66

G q r h r q qrd d ( ; )
q

l
l lS e

0

1∫ ∫ ∑ ρΔ = ′ ′−

(2)

For the derivation of eq 2, a “growing” procedure over a
continuum spectrum of charges up to the value qwas followed,67

with hl(r, q′) being the equilibrium distribution function around
a solute with charge q′; the subscript, l, stands for the charge sites
on solvent molecules. It is noteworthy that a k-space
transformation of the above spatial integral, assuming an
effective Born radius independent of the solute charge (not
valid for small solutes bearing large charges),68 makes eq 1
consistent with the linear dielectric response realization of Born
excess molar free energy of hydration for spherical ions of radius

σe, based on classical electrostatics, ( )G 1q
S e 2

1

e

2

Δ = −
σ ε

.69

The electrostatic interaction energy, q( )e e≡ , between a
solute of charge q and the solvent can be evaluated through the
same spatial integral of eq 1 to give an average of the form

qr h r q qrd ( ; )
l

l le
1∫ ∑ ρ⟨ ⟩ = −

(3)

Further, a relation between the Gibbs energy of solvation and
the average solute−solvent electrostatic energy, initially
appearing as an empirical result70 that later was demonstrated
by a rigorous statistical mechanics formulation,68 gives

G
1
2S e eΔ = ⟨ ⟩

(4)

Equation 4 offers a convenient way of computing in atomistic
simulations the electrostatic part of the solvation free energy
difference; for the remaining part, that is to say, the nonpolar
contribution, namely, the van der Waals interactions potential,

d, we adopted a linear approximation71 similar to eq 4 forΔSGd

from d⟨ ⟩ (see sectionD), properly adapted here for the study of
the lipopeptide−siRNA complexation system. Therefore, using
the notation ΔSGt for the total molar free energy difference of
solvation, we obtain, analogously to eq 1, the following
equations for the two systems: LP in water (system 1), ΔSGt

(1)

= Gt
(1)(T, P, {x}) − G(ε = 1), and LP in water plus siRNA

(system 2), ΔSGt
(2) = Gt

(2)(T, P, {x}) − G(ε = 1).
Both quantities can be evaluated by eqs 5 and 6 in the course

of two (N, P, T) MD simulations, in the presence of the
respective counterions, namely, protonated LP plus chlorine ion
and siRNA plus sodium ions. Then, the Gibbs energy of binding,
ΔbG, was computed for the complexation process

LP siRNA LP siRNAaq aq aq[ ] + [ ] → [ ··· ]

Partial charges and counterions have been dropped for
simplicity in the above reaction scheme. Because energy is a
state function, ΔbG is

G G T P x G T P x( , , ) ( , , )b t
(2)

t
(1)Δ ≡ { } − { } (5)

or

G
1
2

( ) ( )b e
(2)

e
(1)

d
(2)

d
(1)αΔ = ⟨ ⟩ − ⟨ ⟩ + ⟨ ⟩ − ⟨ ⟩

(6)

where α is an empirical parameter to be determined via
calibration from experimental data, as detailed in the section D.
Calculation of the molar entropy of binding for the
aforementioned closed systems can be done by recalling
macroscopic thermodynamics through the following relation:

G
T

S
P x

b

,
b

i
k
jjjj

y
{
zzzz

∂Δ
∂

= −Δ
{ } (7)

by repeating the described simulations at different temperatures
under the same pressure.
Taking the derivative of eq 7 with respect to temperature

under constant pressure and mass, by virtue of the fundamental
equation for the Gibbs energy, ΔbG = ΔbH − TΔbS, we get the
temperature dependence of ΔbS via eq 8 as

S
T

G
T

C C
TP x P x

P Pb

,

2
b
2

,

(2) (1)i
k
jjjj

y
{
zzzz

i

k
jjjjj

y

{
zzzzz

∂Δ
∂

= −
∂ Δ

∂
=

−

{ } { } (8)

with CP being the molar heat capacity under constant pressure.

■ RESULTS AND DISCUSSION
A. Lipopeptides Modeling. Molecular dynamics simu-

lations of a single isolated anhydrous LP in the canonical
Ensemble (N, V, T), where T = 310 K, and V is the primary
simulation box volume, were initially executed for 1 ns using as
input configurations the extended structures illustrated in Figure
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1. The computer runs were carried out both with and without
bond constraints leading to insignificant differences. Sub-
sequently, the equilibrated LP structures were modeled in
their protonated forms surrounded by water molecules plus a
chlorine anion to neutralize the system. The MD trajectories
(310 K, 1 bar) were traced for a time length of 200 ns. We found
that the hydrated LP structures obtain preferably folded
conformations; the equilibrated configurations are dictated by
the competition between the propensity of (a) the head, (b) the
protonated tertiary amine, (c) the functional groups, for the
solvent, and (d) the tendency of lipid tails to minimize solvent
contact. This finding resembles the behavior of amphiphilic
surfactant molecules in aqueous solutions found earlier by other
researchers.72

Radii of gyration, Rg, calculated over the entire LP trajectories
are shown in Figure 2; the considerably higher Rg of the initial

extended conformations are also depicted for the sake of
comparison. The calculated Rg for all hydrated LP structures
exhibit similar average values and fluctuations, with the observed
compaction to be greater for cKK-O12 with respect to its
extended conformation, i.e., 52% for cKK-O12, 46% for cKK-
E12-A, and 39% for cKK-E12-B. This result may be attributed to
the length of the LP hydrocarbon tails and also the type of
functional groups existing at the tails, as discussed in the next
paragraph.
Postprocessing of the equilibrated MD trajectories showed

that the HBs formed by the OH groups with water are multiple
and stronger compared to the HBs formed by the cKK-O12
ester groups with water; the computed number of HBs, as well
the HB length and angle distributions appear in Figure S2. The
tails of the cKK-E12 diastereomers appear to be less hydro-
phobic due to the presence of the polar hydroxyl FGs. It should
be noted here that for classifying a bond as HB the IUPAC’s
criteria73 were followed (details in the Supporting Information).
In addition, it is observed that both diastereomers form a
comparable number of HBs of the same strength as water
(Figure S3). Moreover, the presence of ester groups at the cKK-
O12 longer hydrophobic tails seems to offer higher flexibility
and facilitates folding (in analogy to incorporating ester linkages
in a hydrocarbon polymer’s main chain, which induces torsional
mobility and structural flexibility74,75).
In view of the current first attempt to model these new LP

structures, we simulated the mixture molecular dynamics in the
(N, P, T) ensemble of the LPs dissolved in water, and ethanol, at
T = 310 K and P = 1 bar for 100 ns, starting from a random

uniform initial configuration including 32 LPs and 1280 solvent
molecules (solute:solvent 1:40) in a cubic box (details in
Supporting Information). In the first case spontaneous
formation of a two-phase system was observed, while in the
latter a homogeneous one-phase region (Figure S4) indicates
the LPs’miscibility to ethanol. Also, in the ethanol solution both
LP types are less compacted due to favorable interactions with
the amphiphilic ethanol molecules; this is reflected in the
increase of the computed Rg values of the LPs dissolved in
ethanol vs water (Figure S5). It is worthmentioning also that the
computed length and angle distributions (Figure S6) of the HBs
that the LPs form with the solvent molecules show shorter HBs
with smaller angles for the epoxide- vs the acrylate-derived LPs
in both solvents, indicating higher bond strength for the former
LP class, presumably due to the presence of polar OH FGs in its
structure.

B. Supramolecular Complexation Issues. In this section
we investigate the lipopeptide−siRNA association dynamics, the
critical contacts and probable binding sites, as well as the
conformational changes of the molecules upon binding, and the
combatting of the intermolecular LP−siRNA and LP−H2O
hydrogen bond pairings. The calculations here are concerned
with cKK-O12 and cKK-E12-A, both having the same absolute
configurations at the HD chirality centers. The effect of the
lipopeptides’ stereoisomerism on the complexation mechanism
is examined in section C.

Binding Dynamics.We monitored the time evolution of the
minimum distance of every atom on siRNAwith all atoms on the
protonated LP biomolecules during anMD run for all LP:siRNA
ratios using the following convention: distances up to a max
value of 0.4 nm denote complexation. We found that for systems
of higher ratios, a few LPs may stay unbound even up to 30 and
10 ns for cKK-E12-A and cKK-O12, respectively (Figure S7);
the above behavior indicates a slower complexation dynamics
for the former LP. Eventually, complexation with the siRNA was
accomplished for all LPs in all systems.
We also computed the radii of gyration, Rg, of the lipopeptides

(Figure S8, Table SIV) and the time evolution of the number of
close contacts (NoCC) between LP molecules and siRNA
(Figure S9), in the single and multi-LP systems along the entire
MD trajectory. The NoCC is defined here as the number of the
LP atoms whose distance from every atom on siRNA is less than
0.3 nm. As seen in Figure 2 and Figure S8, an increase of the LPs’
radii of gyration after they have bound to siRNA is observed
compared with results for their free hydrated states; both LPs
were found to form multiple close contacts with siRNA (Figure
S9). At the LP:siRNA ratio of 1:1, cKK-O12 exhibits higher
NoCC values than cKK-E12-A (Figure S9), indicating a higher
number of interaction sites exposed to siRNA. At the LP:siRNA
ratio of 8:1 the NoCC for cKK-E12-A takes the highest value;
this is also shown in Figure 3 wherein the time evolution of the
NoCC for the cluster of eight LPs is depicted. In addition,
computation of the Rg of the eight LPs as a single cluster results
in a larger value for the cKK-E12-A cluster (vs cKK-O12),
indicating that the participating molecules obtain a sparser
layout along the biomacromolecule’s surface.
This finding was further investigated by computing the

number of water molecules that reside in the siRNA hydration
shell (up to 0.35 nm) for all LP:siRNA ratios (Figures 3 and
Figure S10). The results show that the number of water
molecules in the shell decreases after complexation, especially at
higher LP concentrations. Because there is no structural
compaction of the siRNA as indicated from its Rg value in

Figure 2. Time evolution of the calculated radius of gyration of the
protonated cKK-O12 (blue), and diastereomers cKK-E12-A (red) and
cKK-E12-B (green) in aqueous solution at 310 K and 1 bar over the
entire MD trajectories. Lines indicate calculated Rg values of extended
conformations for comparison.
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Figure 4, the observed loss can be explained on the basis of water
molecules expelled from the shell by the LPs at the proximity of
the double helix. It is also observed that the number of water
molecules ejected from the shell is higher in the case of cKK-
E12-A than for cKK-O12; this is particularly true at high LP
concentrations, as shown in Figure 3, indicating that the cKK-
E12-A molecules occupy a larger area along the surface of the
oligonucleotide.
Critical Binding Sites. In all LP:siRNA systems, LPs were

placed initially at random positions in the simulation box at
maximum distances about 2 nm from the siRNA. They were
found to bind preferentially to theminor groove of the siRNA, as
revealed by the visualization of the entire MD trajectory (Figure
S11). To elucidate the binding motif of the LPs to siRNA,
identification of the critical binding sites on the LP structure was
carried out by means of computing the minimum distance
between important chemical moieties of the LPs, such as SJs,

FGs, and TMGs with the siRNA, at LP:siRNA of 1:1, as shown
in Figure S12. The minimum distance shown is the minimum
value among the distances computed for every atom of each of
the above LP moieties with all atoms of siRNA. Both LPs form
permanent close contacts with the siRNA through their
protonated tertiary amine group SJ1 (Figure S12). Such a
strong binding of the protonated tertiary amine group to the
nucleic acid resembles the hydrogen bond pairing of the lysine
side chains of proteins to DNA backbone atoms in protein−
DNA complexes, identified by X-ray crystallography.76

In the same figure (Figure S12), the functional groups FG1
and FG2, which are close to the protonated SJ1, bind closely to
siRNA, preserving smaller distances compared to those for FG3
and FG4, which are close to the neutral tertiary amine group SJ2.
The latter FGs preserve longer distances from the siRNA,
indicating occasionally unbound FGs. The hydrophobic TMGs
of both molecules form labile contacts being frequently further
away from the siRNA; the shown fluctuations are larger for the
TMGs on cKK-E12-A, reflecting higher mobility of its tails.
Furthermore, the hydrogen atoms of the HD amide groups were

Figure 3. Time evolution of the following quantities for cKK-E12-A
(red) and cKK-O12 (blue) at the 8:1 LP:siRNA ratio: radius of gyration
of the cluster of eight LPs (top), number of close contacts between
siRNA and the cluster of eight LPs (middle), and number of water
molecules in the siRNA hydration shell (bottom). Continuous lines
denote time averages; the dashed line denotes the number of water
molecules in the hydration shell for the naked siRNA.

Figure 4. Time evolution of the siRNA radius of gyration upon binding
with cKK-E12-A (red) and cKK-O12 (blue), at 1:1 (top), 4:1 (middle),
and 8:1 (bottom) LP:siRNA ratios. The Rg of the naked siRNA in
aqueous solution (black) also appears.
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found to form close contacts with the O2′ ribose sugar atom of
the siRNA (Figure S13).
Conformational Stability of the siRNA. The time evolution

of the siRNA radius of gyration after complexation is depicted in
Figure 4. It is observed that at LP:siRNA of 1:1 and 4:1 the
binding with cKK-O12 raises the Rg of the siRNA; analogous
behavior has been reported in the case of PAMAM dendrimer
carriers.17 This increase in Rg becomes less pronounced at the
highest complex ratio, cKK-O12:siRNA of 8:1. By contrast, we
found that within the computation times of this study the cKK-
E12-A complex forms without noticeable alteration of the
siRNA gyration radius.
To further explore the conformational stability of the siRNA

double helix, we computed the distance between the stacked
bases in each siRNA strand and also the distance between
opposing bases in a base pair (bp), for the ratio 1:1. These
calculations include only bases belonging to the nucleotides
whereat the LP binds (details in the Supporting Information,
Figure S15). The way the bases are numbered in each siRNA
strand and base pairs in the double helix are explained in Table
SI.
Our computations show that for cKK-O12, the distance

between some of the stacked bases increases, as shown for one
strand (strand I in Table SI) of the siRNA in Figure 5 (similar

results for the second strand, strand II in Table SI, are shown in
Figure S15). This phenomenon is in accord with the observed
sharp increase in the number of close contacts between cKK-
O12 and siRNA for the ratio 1:1, and also, with the increase of
the Rg observed in the siRNA (cf. Figures 4 and 5, and Figure
S9).
Moreover, as shown in Figure 6, the distance between

opposing bases in some of the base pairs increases considerably

upon the cKK-O12 complexation, reflecting disruption of the
Watson−Crick base pairing; this leads to base pair opening and
extrusion of bases from the interior of the double helix. By
contrast, as shown in Figures 4, 5, and 6, cKK-E12-A does not
distort the siRNA strands, thus forming a stable complex.
The extrusion of bases from the interior of the double helix, a

motion known as “base flipping”,77,78 is enabled by the rotation
of the nucleic acid backbone bonds and occurs in this study
because of the local disruption of the Watson−Crick base
pairing caused by the insertion of cKK-O12 in the double helix,
as depicted in the rendered snapshots from the MD trajectory in
Figure 7.
It is noteworthy that “base flipping” has been observed in

biological processes such as the DNA repair or transcription78

and is a result of the change of pH in the U6 RNA intramolecular
stem loop (ISL) structure, which is one of the five small nuclear
RNAs of the spliceosome.79 In the latter study, nuclear magnetic
resonance spectroscopy showed that base flipping in the U6
RNA ISL is not restricted to a local conformational change, but it
rather alters the alignment of the upper and lower helices.79

These distortions of the siRNA by cKK-O12 may be
reversible or not, as shown by the fluctuations of distances in
Figures 5 and 6; hence they can give rise to destabilization of the
double helix, destroying this way the siRNA’s in vivo silencing
efficacy. This finding may explain the reason that nanoparticles
containing LPs synthesized from epoxide derivatives, like cKK-
E12, appear more potent in vivo than nanoparticles containing
LPs synthesized from acrylate derivatives, like cKK-O12.16

Intermolecular Hydrogen Bonding. Hydrogen bonds
proved to be a crucial parameter for engineering diverse
microscopic thermodynamic processes, spanning sorption
thermodynamics and transport phenomena in coordination
polymers,80−82 up to ligand−receptor binding dynamics.83,84

Computations of HB formation in gene carrier systems have

Figure 5. Distances between stacked bases in the siRNA strand I (see
text and Table SI) upon LP binding, for cKK-E12-A (top) and cKK-
O12 (bottom), as a function of time. A similar graph for the second
siRNA strand II appears in Figure S15.

Figure 6. Distances between opposing bases in the siRNA base pairs
upon LP binding (see text and Table SI), for cKK-E12-A (top), and
cKK-O12 (bottom), as a function of time.
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been performed in dendrimer−siRNA simulations;19 nonethe-
less, the focus of those works has been on HBs either between
the siRNA and dendrimer or within the dendrimer. In this study,
we investigated the hydrogen bond formation for LP−siRNA,
LP−water, and LP−LP.
In Figure 8 the total number of HBs per LP formed with

siRNA and water molecules is presented for the highest LP
concentration, computed over the entire MD trajectory. The
average number of HBs of the hydrated LP in the absence of
siRNA is also shown for comparison. The LPs form HBs with
both water and siRNA, giving rise to a hydrogen bonding
antagonistic scheme; cKK-E12-A forms more HBs with water,
compared to results for cKK-O12. The computedHB length and
angle distributions (Figure S16) show that HBs between cKK-
O12 and siRNA are stronger (vs cKK-O12 with water), whereas

HBs between cKK-E12-A and water are stronger (vs cKK-E12-A
with siRNA). Also, the HBs formed by cKK-E12-A with water
are stronger (vs cKK-O12). Similar results are obtained for the
lower LP concentrations (Figures S17 and S18). The LP−LP
hydrogen bonding was also explored in the multi-LP systems;
computations showed that no HBs were formed among the LPs
in the 4:1 and 8:1 LP:siRNA systems.
The above identified multiple and stronger HBs of cKK-E12-

A (vs cKK-O12) with water can be attributed to the hydroxyl
FGs located on its tailsa finding consistent with the identified
enhanced hydrophilicity of cKK-E12 vs cKK-O12 in aqueous
solution, discussed in section A. Moreover, the FGs are located
at positions on the hydrocarbon tails that favor the HB pairing
with water on a steric basis, as opposed to siRNA. The reader is
reminded that the FGs located close to the neutral tertiary amine
group reside on average further away from siRNA, thus favoring
HB pairings with water.
The weaker HBs between cKK-O12 and water (vs cKK-E12-

A), combined with the inherently higher structural flexibility of
its longer hydrophobic tails because of the ester linkages (see
section A), may provide a microscopic explanation for the
disruption of the base pairing in the siRNA structure and its
insertion in the double helix, as discussed in the preceding
section.
Our results show that lipopeptides participate in an

intermolecular hydrogen bonding tug-of-war effect, thus
suggesting that chemical modification through the insertion of
functional groups of different polarities in proper positions on
their tails influences the dynamics of the complex formation. In a
more specific context, the incorporation of polar groups in the
carrier’s structure at positions that favor sterically hydrogen
bond pairings with the surrounding solvent could deploy ways
toward modulating the dynamics of gene carrier supramolecular
assembly.

Figure 7. Molecular dynamics snapshots depicting cKK-E12-A and
cKK-O12 upon binding to siRNA double helix. The latter LP disrupts
the Watson−Crick base pairing. Color code: nitrogen (blue), oxygen
(red), carbon (cyan), hydrogen (white). siRNA backbone and bases are
depicted as green rods; water and ions are omitted.

Figure 8.Time evolution of the number of HBs per LP that cKK-E12-A
(top) and cKK-O12 (bottom) form with siRNA (green) and water
molecules (blue), at the 8:1 LP:siRNA ratio. Lines depict the average
LP−water hydrogen bonds in the absence of siRNA for the sake of
comparison.
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C. Effect of Stereoisomerism. The effect of the lip-
opeptides’ stereoisomerism on siRNA complexation is inves-
tigated in this section by modeling the two cKK-E12
diastereomers as described in the preceding computer
reconstruction section. Molecular dynamics simulations of the
protonated diastereomers in the presence of siRNA in water and
ions were conducted at the temperature of 310 K and pressure of
1 bar, for the time length of 200 ns. Computations were also
carried out at 290 and 300 K, and then postprocessing of the
dynamics trajectories was performed following the same
procedure as previously presented.
It is noteworthy that, although both diastereomers have

similar radii of gyration in aqueous solution (see section A), the
Rg of cKK-E12-A increases further when bound to siRNA
(Figure S19). Also, cKK-E12-A forms a higher number of close
contacts with siRNA, as shown by the NoCC presented in
Figure 9. These results indicate that cKK-E12-A achieves more
open conformations upon binding, exposing a higher number of
interaction sites to siRNA.

The differences mentioned above can be attributed to steric
effects due to the different spatial arrangements of the
hydrocarbon branches and tails of the lipopeptide diastereomers
(see Materials Modeling section) that produce dissimilar
configurations upon interacting with the chiral oligonucleotide.
Namely, the functional groups of cKK-E12-B, FG1 and FG2,
which are located close to protonated SJ1, reside on average
further away from siRNA, compared with the respective FGs of
cKK-E12-A that bind closely to siRNA (Figure S20). In
addition, contrary to cKK-E12-A, the terminal methyl groups
of cKK-E12-B retain on average longer distances from siRNA

and exhibit larger fluctuations (Figure S20), thus indicating
more mobile tails for cKK-E12-B. It is notable that both
diastereomers form practically equivalent HBs in number and
strength with water (Figures S21).
The above findings reveal that LP diastereomers exhibit

different binding dynamics upon complexation. Also, they do
not induce any conformational change to the siRNA macro-
molecule, as can be seen in Figure 9 from the time evolution of
the computed radius of gyration.

D. Binding Thermodynamics. We calculated the free
energy of binding of the complexed system, [LP···siRNA]aq
described in the Materials Modeling section, by conducting MD
simulations at different temperatures in order to estimate the
entropic and enthalpic part of the supramolecular process as
well. For the postprocessing of the produced trajectories, the
aforementioned eq 6 was utilized in the form of eq 9, which
allows both contributions to total potential, van der Waals and
Coulombic, to vary accordingly.85

Gb d eα β γΔ = Δ⟨ ⟩ + Δ⟨ ⟩ + (9)

The van der Waals type interactions were modeled here via
potential functions embodying nonbonded interactions be-
tween skeletal atoms of the biomolecules, as well as interactions
depending on the deviations of bond lengths (stretching), bond
angles (bending), and dihedral angles (torsion) from their
equilibrium values. The electrostatic part was represented by
Coulombic interactions between partial charges on atoms.
Equation 9, thus reflects the dependence of the macromolecules’
atoms collision diameters (i.e., Lennard-Jones sigmas), on their
partial charges (ions’ strength, hence size). The parameter, γ,
was introduced in eq 9 to account for the energy cost due to
solute cavity formation.85

Calibration of parameters α, β, and γ has been reported in the
literature through fitting the estimated ΔbG to experimental
values in a wide group of ligand−protein systems depending on
the charge of the ligand or the number of OH groups present on
it.71,86,87 In a recent study on solvation energies for several
organic compounds, parametrization of eq 9 was carried out to
take account of the nonhydrocarbon groups in the solute
structure, e.g., ions, hydroxyls, amides, amines, esters, and
carboxyl groups; also, an expression was devised to estimate, β,
by means of weighting coefficients for each nonhydrocarbon
chemical moiety in the solute.88

In the absence of experimental data for the lipopeptide−
nucleic acid systems, we computed ΔbG, by employing the
various parametrization schemes mentioned above, and
presented in Table 1, as follows: set 1, using a uniform set of
parameters;71 set 2, using parameters to account for the presence
of OH groups in the LP structure;86,87 set 3, using values that
involve parameters considering the charge (protonation) of the
LP;86 and set 4, using parametrization that takes all the LP
nonhydrocarbon chemical moieties into account by employing
values calibrated for organic compounds in solute−solvent
systems.88 It is noted that in all parametrization schemes, the γ
value was kept to zero;71,86,88 however, parametrization of eq 9
assigning a nonzero value to the γ parameter did not show any
improvement in the calculation of ligand−protein free energies
of binding compared to experimental results.86

In Figure 10 the presented functions ΔbG(T) for the three
LPs of this study were computed using the parameters from set 3
(graphs including other sets are shown in Figure S22). The
ensemble averages of the potential energies were recorded over
successive equilibrated MD trajectories, along with the

Figure 9. Top: variation of the number of close contacts (defined here
as the number of LP atoms that are closer than 0.3 nm from every atom
of the siRNA) during the last 100 ns of an equilibrated MD trajectory,
for the diastereomers: cKK-E12-A (red) and cKK-E12-B (green).
Bottom: time evolution of the siRNA radius of gyration upon binding
with cKK-E12-A (red) and cKK-E12-B (green). The Rg of the naked
siRNA in aqueous solution (black) is also presented for the sake of
comparison.
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corresponding error bars evaluated from the standard deviations
of the electrostatic and van der Waals type parts that constitute
the potential energy of each system.
In view of the trend of the predicted values one might safely

interpret the depicted free energy functions as linearly
dependent on temperature, to obtain a first estimate of entropy
via the partial derivative of eq 7. In fact, this hypothesis, in view
of the derivative of eq 8, would mean that the heat capacities of
the two systems at the given temperature range may be
considered nearly equal; in other words, the existence of siRNA
does not alter significantly the heat capacity of the aqueous LP
system 1, resulting in a practically temperature independent
entropy of binding within the examined temperature range. The
latter hypothesis, supported by the simulated data within the
narrow temperature regime, is not expected to have a discernible
effect otherwise.
As seen in Table 1, the computed free energies of binding for

siRNA with cKK-O12 and the diastereomers cKK-E12-A and
cKK-E12-B are all negative for all the parameter sets tested,
indicating indeed a natural (thermodynamically irreversible)
complex formation process, wherein the Gibbs energy function
under the prescribed constant temperature and pressure must
take a minimum value.
The average energy difference term, PΔ⟨V̅⟩, between systems

1 and 2, where V̅ denotes intensive system volume, vanishes (it
remained almost unaltered between the two systems; see the
Supporting Information); thus, the positive enthalpic contribu-
tion to ΔbG reflects the unfavorable atomic interactions in the
complexation scheme under study. Therefore, ΔbH can be

considered approximately equal to ΔbU, the molar configura-
tional internal energy of binding, that is to say, the computed
potential energy difference. Thus,ΔbHmanifests the strength of
interacting sites and/or number of close contacts, plus the
energy cost due to water displacement by the LPs. Furthermore,
the positive entropy of binding, ΔbS, reflects the complexed
system’s total gain in configurational degrees of freedom, plus
the contribution from the aforesaid water freeing up, and
suggests that this complexation process is predominantly
entropy driven.
The computed negative correlation between enthalpy and the

entropic term, −TΔbS, is usually observed in ligand−protein
systems.89 Entropy driven binding has also been observed in the
isothermal titration calorimetry experiments of alkylammonium
lipids90 and lipospermine91 when binding to DNA. These lipid-
like molecules have structures comprising a polar ammonium
headgroup and single or multiple long aliphatic chains akin to
the LPs’ structure of this study; the experimental values of the
Gibbs energy of binding to DNA for dodecylammonium90 and
lipospermine91 molecules, ΔbG = −22.9 kJ mol−1 and ΔbG =
−37.5 kJ mol−1 at 298 K, respectively, are in good agreement
with our computed values for the LP−siRNA complexes (see
Table 1). In the above lipid experiments, positive enthalpies of
binding were related to the formation of a mobile and disordered
lipid coating on the surface of DNA, based on the “assumption”
that a negative enthalpic part, measured upon aggregation of the
same lipids from aqueous solution into a pure lipid solid phase,92

would reflect the formation of a solid lipid phase.90

The above assumption is in fact a thermodynamics
fundamental for such transitions (dense to denser phase);
however, enthalpy itself is by no means the proper proxy for free
energy (the true potential of the process). In our work this is
validated by an endothermic process, which through the
formation of a less ordered phase, points to a negative binding
free energy of the complexed system [LP···siRNA]aq, being in
accord with the analysis of dynamics and critical sites in section
B.
As seen in Table 1, the diastereomers cKK-E12-A and cKK-

E12-B, regardless of the parameter set used, present different
binding energies. The lower ΔbG for cKK-E12-A, indicates a
thermodynamically more stable complex. The cKK-E12-B
diastereomer exhibits higher tail mobility, and fewer close
contacts, with the siRNA than cKK-E12-A does (see section C);
these features are in agreement with the computed higher

Table 1. Thermodynamic Properties of the [LP···siRNA]aq Complexed System at T = 310 K and P = 1 bar, Calculated from MD,
for Various Parametrization Sets (See Text) of Eq 9

parameters γ = 0

LP set α β ΔbG (kJ mol−1) −TΔbS (kJ mol−1) ΔbH (kJ mol−1)

cKK-O12 1 0.161 0.5 −41.1 ± 20.7 −255.75 214.6
2 0.181 0.43 −45.3 ± 18.0 −232.5 187.2
3 0.181 0.5 −45.8 ± 20.8 −262.0 216.2
4 0.181 0.482 −45.6 ± 20.0 −252.6 207.0

cKK-E12-A 1 0.161 0.5 −50.0 ± 21.2 −316.2 266.2
2 0.181 0.33 −42.6 ± 13.7 −184.4 141.8
3 0.181 0.5 −52.5 ± 21.0 −308.5 256.0
4 0.181 0.47 −50.8 ± 19.7 −286.7 235.9

cKK-E12-B 1 0.161 0.5 −38.1 ± 23.4 −389.0 351.0
2 0.181 0.33 −30.6 ± 15.2 −192.2 161.6
3 0.181 0.5 −39.6 ± 23.3 −372.0 332.4
4 0.181 0.47 −38.0 ± 21.8 −341.0 303.0

Figure 10. Free energies of binding for the complexed system: [LP···
siRNA]aq as a function of temperature, for the LPs: cKK-O12 (rhombi)
and the diastereomers cKK-E12-A (circles) and cKK-E12-B (triangles).
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configurational entropy gain and higher potential energy,
respectively, for cKK-E12-B when bound to siRNA.
It should be stressed that a complex of low binding energy

does not necessarily point to a more efficient carrier; more
importantly, the capability of a nanoparticle to release the siRNA
to the cytosol is one of the critical design characteristics toward
successful gene carriers. In other words, one must be able to
control the interplay between the biomolecular complex stability
and its susceptibility to dissociation. The looser binding of the
diastereomer cKK-E12-B may facilitate the siRNA escape in the
cytosol at the final stage of the delivery process, which is a
prerequisite for the proper function of the gene via the RNAi
pathway.
Effect of Salt Concentration. We investigated the effect of

salt on the LP:siRNA complexation by performing molecular
dynamics simulations and free energy computations for the 1:1
cKK-E12-A:siRNA system at physiological salt concentration,
namely, 150 mM NaCl, at 310 K and pressure of 1 bar. The
conformational stability of the siRNA double helix after the
complexation with cKK-E12-A at the above salt concentration is
preserved, since no disruption of theWatson−Crick base pairing
is observed, as depicted by the computed distances between
opposing bases in the siRNA base pairs in Figure S23.
We also found that the binding energy of cKK-E12-A to

siRNA increases, namely, from −52.5 to −26.9 kJ mol−1 (using
parametrization set 3), at physiological salt concentration. The
computed ΔbG values, using the parametrization sets described
in the previous paragraph, can be seen in Table SV. Our findings
are consistent with theΔbG values of dodecylammonium−DNA
binding upon an increase in salt concentration, namely, from
−22.9 to−16.0 kJ mol−1 at 10 and 200mMNaCl respectively, as
reported in isothermal titration calorimetry experiments.90

■ CONCLUSIONS
Molecular dynamics simulations in atomistic detail coupled with
free energy computations were performed to explore the binding
dynamics and thermodynamics of siRNA with selected epoxide-
and acrylate-derived lipopeptides, members of a recently
synthesized class of lipopeptide structures that constitute the
key component of lipid-based nanocarriers intended as potent
RNAi therapeutics.
We found that both LP types bind preferentially to the minor

groove of the siRNA, primarily with their protonated tertiary
amine group localized in close proximity to the siRNA
electronegative atoms, while their lipid-like tails exhibit labile
contacts with the siRNA, thus forming a mobile disordered
coating, which surrounds the biomacromolecule.
The acrylate-derived LP, coded as cKK-O12, binds to siRNA

and distorts the macromolecule’s structure by disrupting the
Watson−Crick base pairing and inducing a base flippingmotion.
By contrast, the epoxide-derived LP, coded as cKK-E12, does
not induce conformational changes to siRNA, which thus
remains intact during the simulation timelength. This finding
can explain the observed higher in vivo potency of nanoparticles
containing LPs synthesized from epoxide derivatives in
comparison to nanoparticles containing LPs synthesized from
acrylate derivatives.
These differences can be explained on the basis of the type of

functional groups which are present in the LP tails. The presence
of hydroxyl groups at the tails of cKK-E12 results in stronger HB
pairings with water than the siRNA. The ester groups of the
cKK-O12 tails, however, exhibit weaker HBs with water. The
latter bonding effect, combined with the inherently higher

flexibility of the cKK-O12 tails due to the presence of ester
linkages are responsible for the observed more compact
conformations, which eventually result in disrupting the
siRNA double helix.
This competing hydrogen bond pairing of the LP−water

versus LP−siRNA resembles a HB tug-of-war effect and reveals
the water’s improved role apart from being simply a passive
solvent surrounding the complex. It also underpins a significant
molecular design parameter by the incorporation of polar
functionalities in proper positions of the carrier’s structure that
favor the HB pairing with water, providing the synthesis people
with possible routes toward modulating the association
dynamics of the self-assembled supramolecular complex.
The computational binding thermodynamics shows a

negative entropic contribution, −TΔbS, due to increasing
disorder upon complexation (ΔbS > 0), as opposed to a positive
enthalpic part, suggesting that the binding of lipopeptides to
siRNA is an endothermic process driven predominantly by
entropy. Interestingly, contrary to the belief that drugs (in
general, ligands), which bind due to negative, hence favorable,
enthalpies have certain advantages over ligands where binding is
merely driven by entropy (because enhanced interactions
improve selective capture, resulting in increased efficacy due
to their geometric specificity), our findings concerning the
predominance of configurational entropy in gene-based drugs
wherein molecular size and flexibility are major issues, must not
be surprising. Additional computations show that the binding
energy increases at increased (physiological) salt concentration,
consistent with isothermal titration calorimetry experiments
reported in similar systems.
Because the synthesis reactions of these lipopeptides are not

stereoselective, a mixture of diastereoisomers is obtained. By
examining two diastereomers of the cKK-E12 lipopeptide, we
found that both of them form stable complexes without
distorting the siRNA double helix. Nevertheless, they exhibit
structural and energetics differences upon binding to siRNA due
to steric effects imposed by the different absolute configurations
(R or S) at their chiral centers. Thus, although the diastereomer
cKK-E12-A forms a thermodynamically stronger complex, the
relatively looser binding of the diastereomer cKK-E12-B may
facilitate the siRNA escape in the cytosol at the final stage of the
delivery process.
Thus, stereoisomerism can serve as an efficient design

parameter toward modulating the strength of the complex,
encouraging further exploration of stereochemically pure
carriers or mixtures of selected diastereomers that may help
tuning biomolecular complexes to an optimum strength in order
to control the interplay between complex stability and ease of
releasing the nucleic acid drugs into the cell.
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