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Abstract

Cell penetrating peptides (CPPs) hold immense potential for the transport of therapeutic agents to their active targets, due
to their low cytotoxicity and high transduction efficiency. Adoption of CPPs as delivery systems, and development of novel
peptides has been hampered by the variety of mechanisms and complexity of factors involved in cellular uptake. Quantita-
tively analyzing these systems is further hindered by the inability to compare data among reports due to varying experimental
conditions. In this study we investigate the translocation of seventeen CPPs, representing cationic, amphipathic and hydro-
phobic physicochemical classes, through a DOPC membrane using molecular dynamics simulations. Free energy profiles
for individual peptides inserting into the lipid bilayer were generated giving insight into both the approach and adsorption
of different CPPs to cell membranes, and the feasibility of their direct translocation. The control of physical conditions and
composition allows objective comparison of different peptides and analyze the effect of sequence on the adsorption and
translocation energetics. Our results indicate that positively charged residues impart repulsion, while hydrophobic residues
increase bilayer interaction. This study is the first step in fully understanding the processes and energetics involved in the

passive translocation mechanisms of CPPs, which usually involve multiple peptides.
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Introduction

Translocation through the plasma membrane has become a
major limiting step for the cellular delivery of macromolecu-
lar therapeutics. Cell membranes are effectively impermea-
ble to many hydrophilic compounds, unless their permeation
is facilitated by a dedicated transport system (Jobin et al.
2019; Said Hassane et al. 2010). Many hydrophilic com-
pounds, including promising therapeutic agents, fail to reach
their intracellular targets because they cannot spontaneously
cross biological membranes (Ragin et al. 2002; Sagan 2013;
Grislund et al. 2011; Trabulo et al. 2010). As a consequence,
much interest exists in developing alternate ways to facilitate
this translocation.
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During the last 20 years, short peptides with the ability
to permeate mammalian cell membranes have been investi-
gated widely (Sagan 2013). They have been referred to by
different names such as Trojan peptides, protein transduc-
tion domains, membrane translocating sequences or most
commonly as Cell penetrating peptides (CPPs). CPPs are
diverse; but generally contain 5-30 amino acid residues
(Grislund et al. 2011; Ma et al. 2015). They are water solu-
ble and can be classified into three main classes based on the
physico-chemical natures of the sequences, namely, cationic,
amphipathic and hydrophobic. CPPs possess the capacity
to ubiquitously cross cellular membranes without causing
significant membrane damage (Agrawal et al. 2016). More
importantly these peptides are capable of internalizing bio-
logically active cargoes bound to them (Schmidt et al. 2010;
Lundberg and Langel 2003).

The uptake mechanisms of CPPs depend on various
factors such as the physical and chemical nature, and con-
centration of CPPs, and the properties of the membrane
(Grislund et al. 2011). There are thought to be two major
uptake mechanisms, i.e., the endocytotic (energy dependent)
pathways and the direct (energy-independent) translocation
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(Choe 2020; Yesylevskyy et al. 2009). Experimental evi-
dence exists to show that there is direct translocation of
CPPs across the membrane, which does not rely on binding
receptors. There are various models to explain the direct
translocation such as the carpet-like model, pore formation,
inverted micelle formation, and the membrane thinning
model (Silva et al. 2019). The internalization mechanism
of CPPs can be attributed to endocytosis under certain con-
ditions. Molecular simulations have confirmed the strong
attraction between the CPPs and the phospholipid bilayer,
which is a prerequisite for the CPP translocation across the
bilayer (Gao et al. 2019; Dunkin et al. 2011).

With the growing use and development of CPPs, there
is a need to better understand the processes and energet-
ics involved in the different uptake mechanisms, which may
allow for development of more efficient delivery systems
and de novo design of peptides with higher uptake. In this
study we present an in-depth investigation of a single step
in this process, the approach and interaction of CPPs with
a model cell membrane. We investigate the penetration of
seventeen peptides spanning the cationic, hydrophobic and
amphipathic classes, using both Coarse-grained and all-atom
molecular dynamics simulations. The use of computer simu-
lations allows us to strictly control the composition and con-
ditions of the systems, and analyze interactions and results
with molecule level resolution.

This work only studies individual peptides, which give
insight into the passive translocation behaviour of peptides
at very low concentrations. However, the generated free
energy profiles indicate that the behavior of the peptide is
strongly dependent on the amino acid sequence, with sin-
gle peptides showing free energy barriers towards passive
diffusion to the center of the bilayer. However, adsorption
onto the bilayer surface seems to be generally favorable for
both amphipathic and hydrophobic peptides, perhaps pav-
ing the way for multiple peptides to translocate, synergisti-
cally. Further investigation into the interaction of CPPs at the
bilayer membrane, and the energetics of multiple peptides
are required to further investigate and understand these com-
plex and interesting systems.

Methods

Based on physicochemical properties, seventeen peptides
were selected for the study. Sequences of the CPPs (see
Table 1) were taken from the Protein Data Bank, with two
ends of each peptide being respectively terminated with
-NH2 and -COOH groups. Generation and structure predic-
tion of the CPPs were carried out using PEP-FOLD online
server (Shen et al. 2014). Resultant structures were used to
build reference coarse grained structures.
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Coarse-Grained Molecular Dynamics Simulations

Coarse-grained molecular dynamics (CGMD) simulations
were performed using the GROMACS (version 5.1.2) (Van
Der Spoel et al. 2005) with the MARTINI force field (Mar-
rink et al. 2007). Trajectories were visualized using the
Visual Molecular Dynamics (VMD) software (Humphrey
et al. 1996).

Initial peptide structures were first minimized and
equilibrated in an aqueous solution. Then the full system
was assembled, minimized and equilibrated for 10 ns in
isothermal-isobaric prior to production runs. The leap-frog
algorithm was used to evolve system coordinates with a
timestep of 0.02 ps. The Berendsen thermostat was used
to maintain a temperature of 300 K, while the Berendsen
barostat was used to maintain pressure at 1 atm with the
semi-isotropic pressure coupling; with cell fluctuations
constrained in the directions parallel to the bilayer (x, y
directions). Periodic boundary conditions were imposed
on the x, y, z axes. The van der Waals interaction cut-
off was 1.2 nm. The Particle Mesh Ewald (PME) method
was used to calculate the long-ranged full electrostatic
interactions.

A model membrane system of Dioleoylphosphati-
dylcholine (DOPC) lipid bilayer was generated with the
MARTINI force field for lipids (Wassenaar et al. 2015).
Peptide and the membrane were arranged in a periodic
box with dimensions of 16 X 16 x 14 nm and solvated with
water using the MARTINI water model (Fig. 1). This
resulted in a system with 882 lipid molecules (441 per
leaflet). Na* and C1™ ions were added in sufficient amounts
to balance the charge and obtain an ionic strength of 0.15
moldm ™. In the initial configuration, the peptide was
positioned in water, such that the perpendicular separa-
tion of the peptide center-of-mass and bilayer is no less
than ~ 4.7 nm. The water solution was assumed at pH=7,
with neutral DOPC.

Free Energy Profiles/Potential of Mean Force (PMF)
Calculation

We performed umbrella sampling simulations to determine
the PMF for a peptide translocating through a DOPC mem-
brane. The reaction coordinate (&) was the z-component
of the vector between the center of mass (COM) of the
peptide and the COM of the lipid bilayer. The range of &
sampled was from O to over 4.5 nm, i.e., when the pep-
tide is in the middle of the bilayer to when the peptide
is in bulk water. For the PMF calculations, the system
underwent both the pulling processes and the equilibrium
MD processes. A series of initial configurations were
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Table 1 List of CPPs included in the study

Peptide name/Origin Amino acid sequence Resi-dues Nominal charge
Cationic cell penetrating peptides

Penetratin (Joliot et al. 1991; Derossi et al. 1994) RQIKIWFQNRRMKWKK 16 +7(0.44)

HIV-TAT (47-57) (Chem 1997; Ignatovich et al. 2003) YGRKKRRQRRR 11 +8(0.72)

R10 (S. 2013) (Futaki et al. 2001) RRRRRRRRRR 10 +10(1)

CCMV-Gag (7-25) (Chem 1997; Munyendo et al. 2012) KLTRAQRRAAARKNKRNTRGC 21 4+9(043)

Chimeric dermaseptin S4 and SV40 ‘S413-PV’(Trabulo et al. ALWKTLLKKVLKAPKKKRKVC 21 +9(043)

2010; Padari et al. 2010)
Amphipathic cell penetrating peptides
Transportan (Elmquist et al. 2001)

pVEC (vascular endothelial cadherin; Elmquist et al. 2001,
2006)

MPG (Elmquist et al. 2006; Morris et al. 1997)

GWTLNSAGYLLGKINLKALAALAKKIL 27 +4 (0.15)
LLILRRRIRKQAHAHSK 18 +6(0.33)

GALFLGFLGAAGSTMGAWSQPKKKRKV 27 45 (0.16)

CADY/Chimeric peptide PPTG1 (Palm-Apergi et al. 2009) GLWRALWRLLRSLWRLLWRA 20 +5(0.25)
sC18 (Palm-Apergi et al. 2009) GLRKRLRKFRNKIKEK 16 +8(0.50)
C6 (Hoyer et al. 2012) RLLRLLLRLWRRLLRLLR 18 +7(0.39)
Hydrophobic cell penetrating peptides
K-FGF (Kaposi’s sarcoma fibroblast growth factor) (Jafari AAVALLPAVLLALLAP 16 0(0)
et al. 2013)
Integrin p3-fragment (Wrighton et al. 1996; Liu et al. 2002) VTVLAGALAGVGVG 14 0(0)
Hepatitis B virus translocationmotif (Zhang et al. 1998) PLSSIFSRIGDP 12 0(0)
Grb2 (SH2 domain) (Bleifuss et al. 2006) AAVLLPVLLAAP 12 0(0)
Fusion sequence HIV-1gp41 (1-23) (Derossi et al. 1994; GALFLGFLGAAGSTMGA 17 0(0)
Rojas et al. 1998)
C105Y (Morris et al. 1999) CSIPPEVKFNKPFVYLI 17 +1(0.06)

Amino acids are coloured according to their charge and hydrophilicity. Color code: Arg-R (blue), Lys-K (cyan), Tyr-Y (pink), Glu-E (red),

Trp-W (green), Asp-D (orange), Neutral amino acids (gray)

generated via pulling the peptide into the membrane with
a constant force of 1000 kJ. After a short NPT equilibra-
tion run for each configuration, MD run of 50 ns was per-
formed with a harmonic bias potential with spring constant
1000 kJ mol~! nm~2 on the peptide. Free-energy profiles
were recovered using the Weighted histogram analysis
method (WHAM) (Kistner 2011).

All-Atom Molecular Dynamics Simulations

Among the seventeen peptides, six peptides were selected
for all atom simulations. All simulations were performed in
GROMACS (version 5.1.2) using GROMOS96 53A6 force
field. The simulation system includes 128 DOPC lipids
(64 per leaflet) and a single CPP. The system is solvated in
water. Na* and Cl~ ions were added to balance the charge
and obtain an ionic strength of 0.15 mol dm™>. We used
periodic boundary conditions and the overall temperature
of the system was kept constant. Each group of molecules
were connected independently with the Berendsen ther-
mostat of 300 K. The pressure is coupled to a Berendsen
barostat at 1 atm separately in every dimension. The aver-
age cell dimensions are approximately 6 X6 X 10 nm. The

integration of the equations of motion is performed using a
leapfrog algorithm with a time step of 2 fs. This wide time
step is possible by constraining the length of bonds involving
hydrogen. A cut-off of 1.0 nm was applied to Lennard—Jones
interactions.

Hydrogen Bonding

Hydrogen bonds were analysed through the built-in VMD
plugin HBonds (version 1.2). The presence of an H-bond
was based on geometry-based criteria, where distance
between possible donor and acceptors was less than 3 A
and angle less than 20°. The -OH and -NH, groups were
regarded as donors while O was always considered as an
acceptor. H-bonds were counted throughout simulations and
mean values reported.

Results
The focus of this study was to study the energetics of CPPs

approaching a DOPC lipid bilayer. Although CPPs have
been reported on widely, most studies focused on a single
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Fig. 1 a A snapshot from a MD trajectory with C6 peptide in contact
with zwitterionic DOPC membrane. The simulation cell is denoted
by the blue box, while periodic images are shown to either side. The
peptide is shown using spheres where Lys amino acid residues are
represented in cyan and Arg in blue. Lipids are represented with stick

CPP type and comparing results among studies is difficult
due to the varying conditions used. Moreover, the possibility
of several uptake mechanisms, unknown effects of peptide
concentration at the bilayer, interaction of peptides with each
other at the surface, and the convolution of multiple peptide
interactions with the membrane are all factors which com-
plicate the analysis of experimental results.

To better understand the guiding principles of CPP locali-
zation and uptake into cells, a systematic approach needs to
be taken by eliminating as many variables as possible. In
this study we focus on one specific aspect, namely the free
energy profiles of single peptides approaching a neutral lipid
bilayer membrane. This is a first step in understanding more
complex behaviour, and eventually contextualizing experi-
mental data.

Sequence Motifs and Structural Features
of the Selected Peptides

CPPs can be classified as cationic, amphipathic and hydro-
phobic based on their physicochemical properties. While
cationic and hydrophobic CPPs comprise a high propor-
tion of positively charged, and apolar amino acid residues,
respectively, amphipathic peptides present sequential assem-
bly of hydrophobic and hydrophilic domains.

Five cationic CPPs, six amphipathic and six hydrophobic
peptides were selected. These represent some of the most
frequently investigated CPPs. In a previous study we have
investigated the packing of these peptides to form siRNA-
peptide complexes (Rathnayake et al. 2017). In this study,
the main focus was to uncover sequence motifs and struc-
tural features which enhance adsorption and insertion.
Details of the studied peptides are given in Table 1.
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models, where the alkaline chain is gray, and the head group is in
red. b Ensemble averaged density profiles of water molecules, DOPC
molecules and the peptide along the reaction coordinate (). The &
value where the densities of water and the bilayer cross are consid-
ered as the surface of the bilayer (Color figure online)

The Effective Interaction Between the Peptide
and the Membrane

Free energy profiles (PMF) for insertion of peptide into the
lipid bilayer were generated for all 17 CPPs, using Coarse-
grained (CG) simulations. The minimum of the profile,
AG,,;,, gives the energy cost of bringing the peptide from
the bulk solution to its most favored displacement from the
membrane surface. The free energy barrier for spontaneous
and passive translocation (AGr,,,.) is the energy difference
between the CPP being located at the center of the bilayer
(AG—) and the free energy minima (AG,,;,). In the fol-
lowing sections, the free energy profiles of hydrophobic,
cationic and amphipathic peptides are discussed separately.

We also performed all-atom simulations to explicitly
examine atomic interactions which are only indirectly
accounted for in the coarse-grained simulations. In each
section we will discuss experimental findings to give con-
text to the energetics, as well as any pertinent observations
uncovered by the atomistic simulations.

Profiles of Hydrophobic CPPs and the Hydrophobic
Effect

Six hydrophobic CPPs were included in the study (see
Table 1). K-FGF and Grb2 consist of only non-polar resi-
dues whereas, 3 and HIV-1-gb41 consist of both polar resi-
dues and non-polar residues, and Hep-B and C105Y consist
of polar, apolar, positively charged and negatively charged
residues. Due to the major non-polar portion, these CPPs
can be expected to possess a high affinity for the hydropho-
bic domain of the lipid bilayer membrane. The representa-
tion of the secondary structure of peptides mapped onto the
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Fig.2 Representation of the
secondary structure of peptides
mapped onto the coarse grained
beads. a K-FGF b Integrin 3
¢ Hepatitis B d Grb2 e HIV-
1gp41 £ C105Y43. Color code
as in Table 1: Arg-R (blue),
Lys-K (cyan), Tyr-Y (pink),
Glu-E (red), Trp-W (green),
Asp-D (orange), Neutral amino
acids (gray) (Color figure
online)

(b) (c)

(d)

coarse-grained beads is illustrated in Fig. 2 with the respec-
tive color codes.

Umbrella sampling simulations were performed, and the
free energy profiles, which in this case are potential of mean
force plots, were generated using the WHAM method. The
free energy profiles and some representative snapshots for a
hydrophobic peptide are shown in Fig. 3.

From the profiles shown in Fig. 3a, it is clear that beyond
&~ 3 nm, the peptides are in a bulk water environment, and
show free movement without any interaction with the mem-
brane. When the hydrophobic peptides begin to approach
and interact with the membrane, the free energy change
becomes negative, indicating that hydrophobic CPPs can
spontaneously associate with the bilayer surface. Free energy
profiles reach minima between &~ 1.2 nm and 1.8 nm. Past
these points, the AG increases again as CPPs reach the
center of the bilayer (£ =0).

The energy profiles of hydrophobic CPPs can be
explained through the hydrophobic effect. When small
hydrophobic peptides are placed in an aqueous medium,
the transient hydrogen bond networks between water mol-
ecules are disrupted to make room for the hydrophobe.
These broken H-bonds are not replenished, leading to an
endothermic solvation process. Moreover, it is thought water
bonds distort to form ice-like cage structures called ‘clath-
rate cages’ around the hydrophobe, leading to lowering of
entropy. Conversely, association of two nonpolar molecules
reduces the total nonpolar surface area exposed, thus reduc-
ing the amount of structured water and providing a favorable
entropy of association. This effectively attracts the hydro-
phobic CPP onto the surface of the membrane.

40 v T v T v T v T v
N —— K-FGF
\ «.. B3
\ = = C105Y
—~ 20 \ = =— Grb2 -
i \ Hep-B
g \ « = HIV1-gp4l
2
QO
<

Fig.3 a Free energy profiles for Hydrophobic cell-penetrating pep-
tides K-FGF, p3, C105Y, Grb2 Hep-B and HIV1-gp41(top). b—e
Snapshots of the hydrophobic CPPs K-FGF at different & points along
the free energy profiles. b £=0.1 nm, ¢ £=1.5 nm d £=3.0 nm e
€=4.7 nm (bottom). The peptide has been shown in front of the
bilayer and water molecules were hidden for clarity
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Fig.4 Representation of the
secondary structure of peptides
mapped onto the coarse grained
beads. a Penetratin b HIV-TAT
¢ R10 d SV40 e CCMV-Gag.
Color code: Arg-R (blue),
Lys-K (cyan), Tyr-Y (pink),
Glu-E (red), Trp-W (green),
Asp-D (orange), Neutral amino
acids (gray) (Color figure
online)

(d) (©)

Considering the different hydrophobic peptides, the shape
of profiles is related to the total charge, with the neutral
K-FGF, Grb2, B3 and HIV-1-gp41 showing similar profiles,
while charged Hep-B and C105Y show free energy profiles
with cationic character (see Fig. 5 and relevant discussion).
According to the translocation free energy barrier values
K-FGF shows the lowest value of 26.0 kJ mol~'. Moreover,
this peptide shows a free energy minimum at & ; = 1.42 nm,
where the COM is almost past the head group of the lipid
bilayer. K-FGF consists exclusively of nonpolar amino acid
residues with a high number of Ala and Leu. Although
K-FGF does not spontaneously pass through the mem-
brane bilayers, it is partially inserted into the bilayer and
partially exposed to the solvent. Grb2 shows the second
lowest AGyy,,, value of 30.0 kJ mol™'. The composition of
Grb2 is similar to K-FGF except it has only 12 amino acid
residues compared to 16 residues in K-FGF. Integrin-f3
and Fusion sequence HIV-1gp41 show translocation free
energies of 33.8 kJ mol~! and 35.5 kJ mol_l, respectively.
Both peptides contain around 60% hydrophobic residues.
However, Integrin-f3 consists of polar amino acid Thr and
Fusion sequence HIV-1gp41 consists of polar amino acids
Thr and Ser. These peptides show a similarity in transloca-
tion free energy profiles. Hep-B and C105Y show the high-
est translocation free energy barrier values of 57.6 kJ mol~!
and 53.1 kJ mol ™' respectively.

Profiles of Cationic CPPs; the Impact of Electrostatics
and Solvation

Most peptide sequences identified as CPPs are polycationic
at physiological pH. In our study, we have modelled some
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Fig.5 a Free energy profiles for cationic cell-penetrating peptides
Penetratin, HIV-tat, R10, CCMV-gag and SV40 (top). b—e Snapshots
of the cationic CPP penetratin at different & points along the free
energy profiles (bottom). b £=0.1 nm, ¢ £&=1.5nm d £=3.0 nm e
£€=4.0 nm. The peptide has been shown in front of the bilayer and
water molecules were hidden for clarity
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widely investigated cationic CPPs including Penetratin,
HIV-tat, R10, CCMV-gag and SV40. The representation of
the secondary structure of peptides mapped onto the coarse-
grained beads is illustrated in Fig. 4.

Figure 5 presents the free energy profiles of transloca-
tion for the selected cationic CPPs. The overall shape of the
PMF is roughly repulsive for all cationic CPPs, with a sharp
maximum at & =0. For three of the peptides (CCmV GAg,
R10, HIV-TAT) these profiles are monotonously repulsive,
while for two peptides (SV40, Penetratin) a broad, shallow
minimum exists, corresponding to where the peptide is inter-
acting favourably with the bilayer.

When approaching the DOPC membrane from bulk
water, progressively increasing coulombic repulsion and
desolvation occurs. Smaller attractive forces arise from the
non-bonded interactions the peptide forms with the bilayer
molecules, and the soft hydrophobic effect in play with any
non-polar residues of the peptide. Although some of the
cationic CPPs will show some adsorption prevalence, the
free energy barrier for spontaneous passive diffusion is very
large, i.e., between ~ 80 and 140 kJ mol~'. This energy bar-
rier cannot be overcome by thermal vibrations, and the pos-
sibility of a peptide approaching the center of the membrane
is low, in the time scales that we have sampled.

This result may seem to contradict previous reports,
where cationic peptides have been shown to translocate the
membrane. However, a few reasons may explain this appar-
ent inconsistency. Firstly, the charge on the bilayer may
have a large effect. It is known that surface accumulation
of purely cationic peptides, such as R10, TAT and CCMV
Gag is strongly driven by electrostatics and is more sensitive
to the pH of the medium and the content of acidic lipids in
the target membrane. Indeed, these peptides are deactivated
under acidic conditions as they do not bind to a neutral mem-
brane (Ramirez et al. 2020). Furthermore, the unfavourable
energetics of transfer have been reported (Almeida 2014).
Secondly, the presence of several peptides on the membrane
may completely change the energetics of translocation. In
fact, the proposed mechanisms of the entry of cationic CPPs
rely on group action of peptides rather than the entry of indi-
vidual peptides. Studies on living cells show that the uptake
of arginine-rich peptides could be a combination of both
direct translocation and endocytosis (Ruseska and Zimmer
2020). It has also shown that the switch between different
uptake mechanisms might be concentration-dependent. At
low concentration, cationic CPPs are found to be mainly
endocytosed, whereas rapid cytoplasmic entry occurred at
higher concentration (Ruseska and Zimmer 2020).

Although the translocation processes for the five peptides
were similar at the early stage, the charge and hydrophobic-
ity of different peptides does affect their interactions with
lipids especially after the insertion into the bilayer.

Experimentally, it has been reported Arginine residues
are more effective for internalization than Lysine, and this
efficiency is attributed to the guanidinium headgroup of the
arginine side chain rather than to the positive charge alone
(Sagan 2013; Dunkin et al. 2011). The guanidinium group
forms bidentate hydrogen bonds with negatively charged
phosphate, sulfate and carboxylate groups on the cell sur-
face. This was also qualitatively observed in the all-atom
simulations performed by us. Polyarginines are one of the
most studied CPPs in terms of mechanism of internaliza-
tion. Subsequently, it has been noted that the efficiency with
which linear polyarginines are taken up differs depending
on sequence length and on the number and position of argi-
nine residues in the sequence. The impact of aromatic amino
acids on the interaction of CPPs with lipid membranes has
also been the subject of many studies. Trp, in particular,
seems to bind strongly to the membrane lipids’ carbonyl
groups. For example, Trp end-tagging improves the adsorp-
tion of arginine-rich CPPs to melanoma cells over non-
malignant cells (Ramirez et al. 2020; Rydberg et al. 2012).

Distribution of cations among anionic and hydrophobic
residues is key for Penetratin permeation (Carrigan and
Imperiali 2005). A notable feature is that the free energy
barrier to translocation is consistently lower in the case
of Penetratin than that for the TAT peptide, which is also
supported by the literature (Yesylevskyy et al. 2009). We
observe (through all atom simulations) that the Arg and Lys
side chains on the TAT peptides bind to the zwitterionic
phospholipid phosphate and carbonyl groups and occupy a
region beneath the phosphate groups at the interface, with
the carbon chains of the phospholipids. However, we were
not able to observe a spontaneous penetration of either Pen-
etratin or the TAT peptide on the time scale of the simula-
tions. Both peptides appeared to diffuse randomly on the
surface of the membrane and showed little tendency to
penetrate the membrane. Research shows that TAT peptides
at high concentrations translocate across membranes via a
transient water pore at longer time scales (Herce and Garcia
2007).

Amphipathic CPPs; the Correlation of the Secondary
Structure with Membrane Interaction

We have modelled a set of six amphipathic CPPs, namely;
C6, CADY, MPG, pVEC, sC18 and Transportan. These
peptides have both hydrophobic regions and hydrophilic
regions, and consequently are generally longer. The rep-
resentation of the secondary structure of peptides mapped
onto the coarse-grained beads are illustrated in Fig. 6 with
respective color codes.

The free energy profiles calculated for the amphipathic
peptides are shown in Fig. 7. As would be expected, the
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Fig.6 Representation of the
secondary structure of peptides
mapped onto the coarse grained
beads. a Transportan b pVEC
¢ MPG d CADY e sC18 f C6.
Color code: Arg-R (blue),
Lys-K (cyan), Tyr-Y (pink),
Glu-E (red), Trp-W (green),
Asp-D (orange), Neutral amino
acids (gray) (Color figure
online)

(d)
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Fig.7 a Free energy profiles for amphipathic cell-penetrating pep-
tides C6, CADY, MPG, pVEC, sC18 and Transportan (top). b—e
Snapshots of the amphipathic CPP C6 at different & points along
the free energy profiles. b £=0.1 nm, ¢, E=1.5 nm d £€=3.0 nm e
E€=4.7 nm. The peptide has been shown in front of the bilayer and
water molecules were hidden for clarity
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profiles show features of both hydrophobic and cationic pep-
tides. The free energies decrease and become negative at the
vicinity of the bilayer surface. They reach minima around
2.0 nm and then gradually increase as the peptides reach
the center of the bilayer, where the PMF acquires a high
positive value.

All of the peptides show negative adsorption free energy
profiles, indicating that the peptides are attracted to the
membrane and prefer to stay adsorbed on the surface of
the cell membrane. Generally, the adsorption is favored by
hydrophobicity. However, the translocation free energy bar-
rier is largely positive. Thus, there will be no spontaneous
translocation through the bilayer.

Both C6 and CADY peptides have amphipathic a-helix
structures, in which hydrophilic and hydrophobic amino
acids are grouped in separate faces of the helix. All-atom
simulations also showed C6 peptides had random orien-
tations in bulk water, but the hydrophobic face of C6 was
oriented towards the membrane. This clearly indicates the
importance of hydrophobic interactions in membrane trans-
location. Moreover, both peptides contain aromatic mem-
brane binding residues. These factors may result in these
peptides in showing the strongest adsorption to the bilayer.

Another example of how the secondary structure of
amphipathic peptides is strongly correlated with bilayer
interaction is through Transportan. This peptide adopts a
helical structure, with the 4-12 residues region maintaining
a- helix and the terminal with antiparallel -sheet hairpin
structure. The charged amino acids point outwards from both
sides of the bent molecule, facilitating the binding of the
peptide to the charged surface of the lipid membrane.
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The free energy profiles for Transportan, C6 and CADY
show similar forms (see Fig. 7), and they exhibit close free
energies of absorption of 55.9 kJ mol~!, 49.5 kJ mol~!
and 51.5 kJ mol ™!, respectively. These peptides also share
sequence composition; all three have charged, polar and
apolar residues. The free energy minimum is found at the
surface of the bilayer (E =2 nm) for these peptides. When
the peptide moves through the bilayer towards the COM of
the bilayer, the free energy gradually increases and becomes
positive. This seems to be due to the presence of positively
charged groups, which make strong interactions with water
and prefer the aqueous environment.

The free energy profiles for pVEC and sC18 are similar.
Both consist of cationic residues, and sC18 has a negatively
charged residue in the peptide as well. Due to the presence
of charged particles the free energy plots resemble those of
cationic peptides.

Hydrogen Bonding Analysis

From trajectories of all-atom simulations, the hydrogen
bonds formed by the peptides were compared; both in the
vicinity of the bilayer (adsorbed) and removed from it (free).
Atomistic simulations were run for 6 peptides: Penetratin,
SV40 peptides K-FGF, C6, Transportan and Fusion sequence
HIV-1gp41. Table 2 lists the average H-bonds formed for
peptides, in both states. The H-bonds are categorized as
those involved in (1) intramolecular bonds, and intermo-
lecular bonds between (2) the peptide and the bilayer, and
(3) the peptide and water.

An expected lowering of the number of h-bonds with
water, when the peptide is absorbed, was observed. Interest-
ingly, the intramolecular H-bonding affinity for the peptides
when adsorbed onto the bilayer surface decreases for cati-
onic peptides, but increases for both other classes. This may
indicate a stronger secondary structure for these peptides at
the interface. Moreover, when considering the total num-
ber of intermolecular H-bonds formed by the peptides, the
cationic CPPs seem to have a net gain through the process

of adsorption, while both other classes incur loss. This is
contrary to the free energy profiles, and indicates the domi-
nation of the solvation effects and entropy in this adsorption
process.

Bidentate hydrogen bonds formed between guanidinium-
rich peptides and H-bond acceptors on the cell surface have
previously been demonstrated to be important for efficient
membrane interaction and cellular uptake (Guidotti et al.
2017; Borrelli et al. 2018). The formation of bidentate
H-bonds with the membrane were observed in the all-atom
trajectories. Both the Lysine (pKa~ 10.5) and Arginine (pKa
of ~ 12.5) are fully protonated under physiological condi-
tions, allowing for the formation of H-bonds. However, the
arginine residues also possess a delocalized positive charge
in the guanidinium group that enables formation of an ion
pair or even coordinated bidentate H-bonds with anionic
membrane constituents, which promote its adsorption onto
membranes. The presence of guanidinium groups in cationic
Penetratin and SV40 resulted in a much higher adsorption
due to the ability of the former to make strong bidentate
H-bonds with various anions such as the phosphate head
groups of the membrane lipids. Hydrophobic CPPs, formed
the least number of H-bonds with respect to cationic and
amphipathic peptides. This indicates that the number of
hydrogen bonding sites on the peptides might be an impor-
tant factor for the interaction between the peptides and lipid
membranes, as well as for their cellular uptake. Thus, the
calculated degree of hydrogen bonding with water reflects
the measured adsorption onto lipid membranes, suggesting
the latter involves hydrogen bonding with the lipid head
groups.

General Outlook, Limitations and Future Directions

The aim of this study was to provide identical conditions to a
series of cell penetrating peptides in the vicinity of a neutral
lipid bilayer, allowing us to objectively compare their ener-
getics. This can be considered a small, but essential step in

Table 2 The number of

Peptide Class Average H-bonds peptides form

hydrogen bonds formed

by peptides with different Intramolecular With water With Bilayer

components while in adsorbed

and free states (Adsorbed)  (Free) (Adsorbed) (Free) (Adsorbed)
Penetratin Cationic 220+140 263+140 12.10+3.12 1322+321 3.93+140
Sv40 Cationic 200+123 200+120 820+259 14.64+130 9.10+2.40
Transportan ~ Amphipathic 4.65+1.70 341 +1.62 10.14+2.67 1739+3.80 7.00+ 1.80
Co6 Amphipathic 391 +1.75 245+142 935+278 1142+3.12 197+ 141
HIV-1gp4l  Hydrophobic 225+130 144+1.14 556+2.12 10.80+3.80 2.57+1.36
K-FGF Hydrophobic 2.75+1.37 1.65+120 534+2.00 7.60+3.00 1.34+1.02

*Standard deviation of the measurement has been given as the uncertainty
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Table 3 Summary of free energy changes for the selected cell-penetrating peptides

Peptide name/Origin AG(E,;,)/kJ mol™! &min nm AG(0)/kJ mol ™! AGr,,s=AG(0)-
AG(E,,;,)/kJ mol ™!
Cationic cell penetrating peptides
Penetratin -13.6 2.12 76.6 90.2
HIV-TAT (47-57) -1.10 3.06 105 106
R10 0.00 3.67 131 131
CCMV-Gag (7-25) 0.00 3.84 131 131
Chimeric dermaseptin S4 and SV40 ‘S413-PV’ - 11.8 2.01 70.0 81.8
Amphipathic cell penetrating peptides
Transportan —-31.2 1.80 24.7 55.9
pVEC (vascular endothelial cadherin) —8.40 2.20 76.3 84.7
MPG -273 2.13 43.5 70.8
CADY/Chimeric peptide PPTG1 —46.4 1.68 3.10 49.5
sC18 - 6.5 1.81 83.7 90.2
Co6 - 474 1.70 4.10 51.5
Hydrophobic cell penetrating peptides
K-FGF (Kaposi’s sarcoma fibroblast growth -36.2 1.42 —10.1 26.0
factor)
Integrin B3-fragment -329 1.44 0.90 33.8
Hepatitis B virus translocation motif - 139 1.70 39.8 53.6
Grb2 (SH2 domain) —-26.8 1.57 3.20 30.0
Fusion sequence HIV-1gp41 (1-23) -229 1.46 34.7 57.6
C105Y - 13.6 1.92 39.5 53.1

understanding the processes involved in the passive uptake
pathways of peptides.

Significant points in the free energy profiles of the CPPs
are free energy change (AG(E,,;,)) and location (§;,) of
the minima, the energy at the bilayer center (AG(0)), and
the barrier for translocation (AGry,,,,). Table 3 lists these
extracted values, summarizing our findings.

Hydrophobic peptides show the strongest adsorption and
are located almost entirely in the interfacial region, with
large barriers to move to the center of the bilayer. However,
in real systems, it may be entirely possible that hydrophobic
peptides would not approach a cell membrane in this form,
and peptide-peptide interactions may play a large role in
the process. Moreover, the strong adsorption of these pep-
tides might be a disadvantage considering the release into
the cytosol, if other mechanisms are in play to flip the inner
and outer bilayer leaflets.

Cationic CPPs show only moderate adsorption capacity,
while having a repulsive profile within the bilayer. However,
it should be noted that most cell membranes have a slight
net negative charge, and coulombic interactions would have
a much longer range that the vdW and hydrophobic interac-
tions which dominate in our simulations. This long-ranged
attraction may allow cationic peptides to concentrate in the
region above the membrane, where many other mechanisms
may initiate.

@ Springer

As expected, amphipathic peptides present properties of
both hydrophobic and cationic peptides, but in our studies,
the importance of membrane-binding aromatic amino acids,
and the importance of secondary structure was observed
acutely. Moreover, the ability to tune the long-ranged
attraction and membrane interaction and binding imbue the
amphipathic peptides with the most engineering flexibility,
and may be the most promising class for de novo peptide
design.

Although numerous peptides have been shown to pro-
mote uptake and translocation, there has been no compre-
hensive comparison of individual peptide performance
under standardized conditions. In most experimental studies,
the peptides investigated are not compared to other CPPs
under identical conditions. Therefore, we wanted to devise
a method using a defined, reproducible system that would
permit the comparison and ranking of a range of CPPs. We
have ranked the CPPs belonging to each class to identify the
most effective CPPs for a given transport task. Among the 17
CPPs we have chosen, only few CPPs have been evaluated
using wet lab experiments.

Among the cationic peptides, the best performers were
Penetratin, Transportan and R10 which is also confirmed by
experimental results (Ramaker et al. 2018). An explanation
for the more effective uptake of positively charged CPPs may
lie in the existence of negatively charged proteoglycans and



International Journal of Peptide Research and Therapeutics (2021) 27:2931-2943 2941

phospholipids on the cell surface that enable an electrostatic
interaction between positively charged CPPs and the mem-
brane as first step for internalization, followed by endocytic
pathways or direct translocation (Bechara and Sagan 2013).

Our findings show that Transportan and C6 are the best
amphipathic CPPs for passive translocation. There is experi-
mental evidence to prove the insertion of Transportan into
hydrophobic core and cross the phospholipid membranes
(Langel 2021). However, no wet lab experiments were per-
formed on synthetic C6 CPPs to demonstrate their delivery
kinetics. CADY, MPG, pVEC and sC18 can be ranked from
highest to the lowest according to their ability to translocate
through bilayers, respectively. The affinity for phospholipids
and internalization pathways for these CPPs has been tested
using circular dichroism spectra (Eiriksdottir et al. 2010) and
have been already reported in the literature.

Our results are consistent with the fluorescence and
circular dichroism (CD) spectroscopy studies of K-FGF
(Ruzza et al. 2010), which could be summarized as follows:
hydrophobic K-FGF, bind and insert into lipid vesicles pre-
dominantly via hydrophobic interaction between the lipid
fatty acid acyl chains and the hydrophobic peptide segment,
showing high affinity towards bilayers. Thus, K-FGF acts
as the best hydrophobic CPP according to our study. The
rest are in the order of Grb2, Integrin p-fragment, C105Y,
Hepatitis B virus translocation motif and fusion sequence
HIV-1gp41 (1-23) (Rhee and Davis 2006).

It should be noted that considering all of the above, it is
certainly not possible to identify one ‘ultimate’ CPP for all
purposes. Yet, a general trend for a ‘good performer’ in our
set up can be deduced when comparing the characteristics
of our top CPPs.

As mentioned, energy barriers for translocation were
observed for all peptides and translocation was not observed
for free MD simulations even of the order of 1 us. We sug-
gest that either these barriers have to be overcome by long
time-scale events or that these free energy profiles change
due to other physical conditions. Both aspects may be in
play. The spontaneous translocation of the peptide across a
membrane is known from experiment to be a rare process,
with rates on the order of single events per minute.

It should be noted that the choice of including tempera-
ture, membrane composition and peptide concentration plays
a huge role. The contribution of different lipids, head groups,
membrane proteins or other constituents is too specific to
rigorously study. The temperature of 300 K was made to
compare our results with prior in vitro and in silico stud-
ies. However, the energetics at physiological temperatures
(~ 310 K) may have an influence on the results.

The use of computational molecular dynamics simula-
tions introduces some system uncertainties which need to be
acknowledged, the foremost of these is that coarse-grained
force fields affect the conformational space of the peptides,

particularly the MARTINI force field which uses biased
constraints for the secondary structure. However, atomistic
simulations were performed on several chosen systems, to
qualitatively measure the change of conformation with the
environment, which was shown to be small.

Peptide-based drug design has gained renewed interest
with the discovery of cell-penetrating peptides. Currently,
CPPs are involved in a wide variety of biomedical appli-
cations including imaging; direct action as antimicrobi-
als, antifungal and anti-parasitics; and also, as a carrier to
deliver drugs, small interfering RNA (siRNA), nucleotides,
proteins, and peptides. Understanding the translocation
mechanism of these peptides and identifying the residues
or elements that contribute to uptake can provide valuable
clues toward the design of novel peptides. As per wet-lab
experiments, identifying and validating CPPs which would
embed itself into the membrane and facilitate the translo-
cation of cargo is an extremely difficult task, because bio
membrane penetration is a dynamic process, and it is very
difficult to predict dynamic behavior of the peptide from a
sequence alone. To avoid this difficulty, we have studied
different classes of CPPs by analyzing the trajectories and
translocation pathways of single peptide MD simulations.
This is a crucial step in a computational pipeline to under-
stand the CPP translocation in a thermodynamic perspective.

All data we have presented here are for the single peptide
systems. A more complicated process involving synergism
of peptides or a more complex bilayer structure could be
implemented to reduce the free energy barrier of translo-
cation and acquire a significant possibility of spontane-
ous translocation. Preliminary results on multiple peptide
systems indicate that the peptides show strikingly different
energy profiles, with considerably reduced energy barriers
for translocation. These gaps in our understanding, such as
the effect of physical conditions, membrane composition
and peptide concentration require further study, to provide
insights for experimental CPP research.

Conclusion

Cell penetrating peptides cover a wide range of physico-
chemical natures and understanding the structure—activity
relationships of these molecules is key to harnessing their
potential. In this work, we have applied molecular dynam-
ics simulations to characterize the interaction between cell-
penetrating peptides and DOPC lipid bilayer membranes.
Through coarse-grained molecular dynamics simulations,
we have constructed the free energy profiles of 17 differ-
ent cell-penetrating peptides inserting into a bilayer. This is
perhaps the widest study of CPPs with similar conditions.
Although most experimentally known CPPs are cati-
onic, high positive charge resulted in repulsive free energy
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profiles, indicating that the uptake of cationic peptides
occurs through either endocytic pathways, or different sys-
tem conditions, such as temperature, membrane tension
and composition, and CPP concentration. Hydrophobic
sequences tend to enhance adsorption, but the free energy
minima of these peptides were also close to the bilayer inter-
face, with significant free energy changes occurring when
going from the surface to the bilayer center. Hydrogen
bonds observed from all-atom simulations also confirmed
the well-established significance of water structuring, sec-
ondary structure, and specific amino acid interactions in the
association of peptides with the membrane.
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