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Wita Stwosza 63, 80-308 Gdansk, Poland; piotr.rekowski@ug.edu.pl

2 Environmental Nucleic Acid Laboratory, Faculty of Chemistry, University of Gdańsk, Wita Stwosza 63,
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Abstract: Arginine-rich cell-penetrating peptides (RRCPPs) exhibit intrinsic neuroprotective effects
on neurons injured by acute ischemic stroke. Conformational properties, interaction, and the ability
to penetrate the neural membrane are critical for the neuroprotective effects of RRCCPs. In this
study, we applied circular dichroism (CD) spectroscopy and coarse-grained molecular dynamics
(CG MD) simulations to investigate the interactions of two RRCPPs, Tat(49–57)-NH2 (arginine-rich
motif of Tat HIV-1 protein) and PTD4 (a less basic Ala-scan analog of the Tat peptide), with an
artificial neuronal membrane (ANM). CD spectra showed that in an aqueous environment, such as
phosphate-buffered saline, the peptides mostly adopted a random coil (PTD4) or a polyproline type II
helical (Tat(49–57)-NH2) conformation. On the other hand, in the hydrophobic environment of the
ANM liposomes, the peptides showed moderate conformational changes, especially around 200 nm,
as indicated by CD curves. The changes induced by the liposomes were slightly more significant in
the PTD4 peptide. However, the nature of the conformational changes could not be clearly defined.
CG MD simulations showed that the peptides are quickly attracted to the neuronal lipid bilayer and
bind preferentially to monosialotetrahexosylganglioside (DPG1) molecules. However, the peptides
did not penetrate the membrane even at increasing concentrations. This suggests that the energy
barrier required to break the strong peptide–lipid electrostatic interactions was not exceeded in the
simulated models. The obtained results show a correlation between the potential of mean force
parameter and a peptide’s cell membrane-penetrating ability and neuroprotective properties.

Keywords: cell-penetrating peptides; artificial neuronal membrane; liposome; molecular dynamics
simulations; circular dichroism studies; PTD4 peptide; Tat(49–57)-NH2

1. Introduction

Despite great progress in the medical field, many illnesses remain difficult to treat or
are incurable, with cancers, harmful infections, and neurodegenerative disorders causing
higher mortality. The therapies that are currently used for these diseases have many
drawbacks, and clinicians strive to deal with them every day.

Many biologically active compounds, including both low-molecular-weight drugs
and macromolecules, which are used as drugs to achieve a therapeutic effect, must be
delivered to the interior of the cell or organelles such as mitochondria or nuclei. As the
currently known drug delivery systems have certain limitations, there is a need to find new
approaches that would allow for the effective transport of biologically active compounds
into the cell interior. The efficient delivery of bioactive molecules (including therapeutic
agents) to their targets is the key issue in modern medicine.
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In recent years, cell-penetrating peptides (CPPs) have been receiving increased atten-
tion as cellular delivery vectors due to their ability to penetrate cell membranes as well
as the blood–brain barrier [1–5]. CPPs are relatively short cationic peptides comprising
approximately 30 amino acids. They can enter the cell and deliver different cargos, such
as plasmids, DNA, siRNA, PNA, proteins, peptides, and low-molecular-weight drugs
to their targets without causing any damage to the cells. Although the mechanisms by
which CPPs penetrate the biological membranes remain unclear, it seems that they involve
versatile endocytotic or nonendocytotic pathways. The mechanism of penetration of CPPs
is determined by their chemical characteristics, molecular size of the cargo, and the type
of cell they enter. CPPs, as a carrier of conjugates, are considered a fundamental part of a
novel drug delivery system. However, some CPPs have been shown to possess potent neu-
roprotective properties themselves, which make them interesting candidates as therapeutic
agents for various neurological disorders, including stroke and excitotoxicity-associated
conditions [6].

Ischemic stroke (IS) is defined as a sudden disturbance of blood circulation in the
brain, which results in the loss of function and the death of neurons [7]. It is one of the
most dangerous and unsolved global health challenges to date. During the last decades,
extensive efforts, unfortunately ineffective, have been made to identify drugs that can
protect against IS [8,9]. Currently, there are no clinically effective neuroprotective drugs
to protect neurons and brain tissue from IS-related degenerative effects. A recombinant
serine protease tissue-type plasminogen activator that targets thrombus within a brain
blood vessel is the only approved drug at present for the treatment of IS [10]. However, its
pharmacological application has serious limitations.

Recently, arginine-rich cell-penetrating peptides (RRCPPs), such as poly-arginine,
penetratin, or Tat(48–57) HIV-1, have been found to exhibit neuroprotective effects in
in vitro neuronal cell stroke models [6,11–13], which may be a new possibility to design
novel neuroprotective drugs. However, the mechanism underlying RRCPPs-dependent
neuroprotection remains to be studied. It is known that RRCPPs are characterized by a
multimodal mechanism of action, including the ability to protect neurons from glutamate
excitotoxicity, reduce intracellular calcium influx, antagonize cell surface receptor function,
target mitochondria, scavenge toxic molecules, reduce oxidative stress, induce prosurvival
signaling, stabilize proteins, inhibit proteolytic enzymes, and reduce inflammation [6].
However, endocytosis seems to be a much more likely neuroprotective mechanism of
RRCCPs rather than interaction with a membrane or cytoplasmic receptor [13].

Based on previous findings of the neuroprotective properties of RRCPPs, this study
aimed to characterize the interaction of these peptides with an artificial neuronal membrane
(ANM) mimicking liposomes as a model of a neuronal cell membrane. The study focused
on gaining a better understanding of the mechanism of RRCPP–cell membrane interaction,
which is responsible for the neuroprotective effects of the peptides. For this purpose,
two RRCPP-class peptides—Tat(49–57)-NH2 (R49KKRRQRRR57-amide) and its less basic
Ala-scan analog PTD4 (Y47ARAAARQARA57-amide, an analog of Tat protein fragment
with 33-fold higher penetrating ability than the original peptide)—were used. The ANM
composition used in this study was based on data presented previously [14]. Despite the
fact that the lipid composition of synthetic models of neuronal membranes available in
the literature is different, we believe that the one used in the research included in the
publications of Fatafta et al. [14], as well as in our research, is the most complex in terms of
the lipid composition and the closest to the membrane composition of the CNS neuron.

2. Materials and Methods
2.1. Reagents

All reagents and solvents were of analytical HPLC grade (Merck KGaA, Darmstadt, Ger-
many). The solutions were freshly prepared in distilled deionized water using a Milli-Q Milli-
pore system (Bedford, MA, USA) and filtered with a 0.22-µm filter before use. Fmoc (fluorenyl-
9-methoxycarbonyl)-protected l-amino acids (Bachem AG, Bublendorf, Switzerland) and
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Rink-Amide TentaGel S RAM resin (Rapp Polymere GmbH, Tuebingen, Germany) were
used for peptide synthesis. Various lipids (POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phospho-choline; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPS,
1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-l-serine; CHOL, cholesterol; DPG1, monosialote-
trahexosylganglioside; DPSM, sphingomyelin; all from Merck KGaA, Darmstadt, Germany)
were used for liposome preparation.

2.2. Preparation of Liposomes

A defined amount of a mixture of lipids (POPC/POPE/POPS/CHOL/DPSM/DPG1,
38:24:5:20:9:4, expressed in percent mass ratio) was dissolved in chloroform, and the
solution was gently dried under a continuous nitrogen flow and then overnight under
high vacuum (1 mbar) to remove all remaining traces of the solvent [14,15]. The combined
dried lipid mixture was resuspended in degassed 10 mM phosphate-buffered saline (PBS,
pH 7.0) at room temperature and extensively vortexed for 5 min. The formation of ANM
liposomes was induced by sonication at 75 ◦C using a Branson Sonifier 450. Sonication
was carried out for 10 min with 1 min gap intervals. This was followed by five freeze–
thaw cycles (freezing to −196 ◦C using liquid nitrogen and thawing at 65 ◦C for 5 min).
Finally, the ANM liposomes with a diameter of 0.1 µm were formed by extrusion using an
Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, AL, USA) through Nucleopore Track-
Etched Polycarbonate 0.1 µm pore sized membrane (Whatman, Nucleopore polycarbonates,
20 cycles, Sigma Aldrich, Poznań, Poland). The resulting suspensions of ANM liposomes
were incubated for 30 min at 37 ◦C to facilitate homogeneity, as confirmed by capillary
electrophoresis analysis (data not shown). The final concentration of ANM liposomes was
1.25 mM.

2.3. Peptide Synthesis and Purification

CPPs were synthesized in an automated peptide synthesizer (Quartet, Protein Tech-
nologies Inc, Tucson, AZ, USA) as C-terminal amides on TentaGel S RAM amide resin
(loading 0.25 mM/g) by applying Fmoc chemistry and TBTU (O-(benzotriazole-1-yl)-1,1,3,3-
tetramethyluronium tetrafluoroborate) as a coupling reagent [16,17]. The synthesized pep-
tides were cleaved from the peptidyl resin by treating them with a mixture of trifluoroacetic
acid (TFA)/phenol/water/triisopropylsilane (88/5/5/2) at room temperature (RT) for 3 h
under argon bubbles. The crude peptides were precipitated, washed with ice-cold diethyl
ether, and then lyophilized. After lyophilization, the peptides were purified by a prepara-
tive reversed-phase high performance liquid chromatography HPLC (RP-HPLC) system
(SpotPrep, Armen, Brittany, France) using a Reprosil 100 C-18 column (Dr. Maisch GmbH,
40 × 250 mm, 10 µm particle size). Several gradients of acetonitrile (ACN) with 0.08% TFA,
at a flow rate of 25 mL/min, were used for purification. Fractions of the highest purity
(>95%) were analyzed by an analytical RP-HPLC system (Prominence, Shimadzu, Duis-
burg, Germany) using a Phenomenex Kinetex XB-C18 column (150 mm × 4.6 mm, 5 µm
particle size) with several gradients of ACN with 0.08% TFA at a flow rate of 1 mL/min.
After purification and lyophilization, the peptides were dissolved in 0.01 M AcOH for
trifluoroacetate-to-acetate ion exchange and then relyophilized. Finally, the homogeneity
of the peptides was analyzed by analytical RP-HPLC (Prominence, Shimadzu) and mass
spectrometry (TripleTOF 5600+, Sciex, Framingham, MA, USA).

2.4. CD Spectroscopy

Circular dichroism (CD) spectra of peptides were recorded on a Jasco J-815 spectropo-
larimeter (Jasco Int. Co., Ltd., Tokyo, Japan), at a peptide concentration of 0.15 mg/mL in
10 mM PBS buffer (pH 7.0) using 0.1 cm path length cuvettes. Measurements were taken at
37 ◦C in a spectral range of 195–250 nm with a bandwith of 1 nm and response of 1s. The
temperature was controlled by a Peltier system built into the CD spectrophotometer with
an increase of 1 ◦C per min. The concentration of the ANM liposomes was 1.25 mM and
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the lipid/peptide molar ratio was L/P = 10. The lyophilized peptide sample was dissolved
in the ANM solution.

Spectra were recorded for both unbound and liposome-titrated peptides. The mea-
surements were read straightaway after 30 min of titration of the peptides with the ANM
liposomes. To exclude the interference of the liposome signal in the CD spectra of the
peptide, the titrated spectra were subtracted from the CD signals of the liposomes, which
were recorded at the same concentration in the absence of the peptide. Ellipticity was
measured in mdeg units. The scan speed was 50 nm/min. Each CD spectrum was recorded
six times and then averaged.

2.5. CG MD Simulations

The coarse-grained molecular dynamics (CG MD) simulations were carried out using
the MARTINI force field [18,19] in the GROMACS 2019.5 package https://manual.gromacs.
org/documentation/2019.5/ (accessed on 12 May 2022) [20]. The neuronal membrane
model was comprised of 152 POPC, 96 POPE, 20 POPS, 80 CHOL, 36 DPSM, and 16 DPG1,
which were equally distributed between two leaflets of the membrane, which was built in
the CHARMM-GUI web-based graphical interface [21–24]. Membrane without water and
counterions were used to construct the systems with Tat(49–57)-NH2 (RKKRRQRRR-NH2)
and PTD4 (YARAAARQARA-NH2) peptides, with different concentrations (Table S1). The
first system contained only a single peptide molecule, while others contained 10 pep-
tide molecules randomly distributed above the outer membrane leaflet using the “insert-
molecules” tool of the GROMACS package (after 1 µs of CG MD simulations, five additional
peptide molecules with counterions were added to the systems). Each system was solvated
with a standard MARTINI water model and neutralized with sodium and chloride counte-
rions to keep the salt concentration for bulk solution at 150 mM NaCl. The systems were
energy-minimized and equilibrated with stepwise-lowered force constant of harmonic
restraints (from 2 to 0.1 kJ mol−1 Å−2), in order to fix the position of the headgroups of the
membrane lipids and peptide during simulations. Finally, each system was subjected to
isothermal-isobaric molecular dynamics (NPT) with a time step of 10 fs, as suggested by
Wigner et al. [25]. In all simulations, lipids, peptide, and solvent were coupled separately at
310 K using the V-rescale thermostat. Pressure (1 bar) was regulated using a semi-isotropic
Parinello-Rahman pressure coupling scheme. Coulomb interactions were treated using
a reaction field and a cutoff of 11 Å, and the Lennard–Jones potential cut-off was set to
11 Å. Periodic boundary conditions were applied in all directions. A flat-bottom harmonic
restraint was applied between each peptide molecule and membrane to prevent peptide
molecules from drifting away from the outer membrane–water interface and binding to the
inner leaflet due to periodic boundary conditions.

2.6. PMF Calculations

The free energy of Tat(49–57)-NH2 and PTD4 across the neuronal lipid bilayer was
computed from the potential of mean force (PMF) parameter by umbrella sampling [26].
The bilayer normal was chosen as the reaction coordinate with z = 0 in the center of the
membrane. The separation distance corresponds to the distance between the center of
mass (COM) of the peptide and the lipid bilayer. In the initial configurations generated for
umbrella sampling simulations, the peptide was placed at the z-axis distance in the range
of 50–60 Å from the COM of the pre-equilibrated membrane. The system was neutralized
by adding chloride counterions. The total salt concentration was maintained at 150 mM.
The system was minimized and equilibrated as described in the Section 2.5. The peptide
was pulled along the z-axis (perpendicular to the bilayer normal) from the bulky water at
the outer side of the bilayer, through the bilayer center to the bulky water at the inner side
of the bilayer, using the “direction” technique over 10 ns at a rate of 0.01 Å ps−1. Pulling
simulations were performed by applying a harmonic biasing force of 10 kJ mol−1 Å−2

between the COM of the peptide and the COM of the bilayer. Then, from the steered
MD simulation trajectory, selected every 1 Å, 100 configurations were generated along the

https://manual.gromacs.org/documentation/2019.5/
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z-axis direction (reaction coordinates), and used as starting points for umbrella sampling
simulations. Subsequently, each window was simulated for 50 ns with the pull “distance”
coordinate geometry. Weighted histogram analysis (WHAM) of the last 10 ns of umbrella
sampling simulations was used to construct the PMF profiles [27].

3. Results
3.1. CD Studies of Peptide-ANM Liposomes Interactions

In aqueous solutions, unbound RRCPPs generally adopt an unordered conforma-
tion [28–30]. In rare cases, they may form a polyproline type II helical conformation [31,32].
This is mostly related to a strong repulsive interaction between the quinidine groups
of the arginine residues. Modeling the Tat’s arginine-rich motif (ARM) structure to
achieve the most stable helical conformation has favored the development of the PTD4
peptide, in which the replacement of particular lysine and arginine by alanine residues
(Lys50,51,Arg52,55,57→Ala) resulted in a Tat(49–57)-NH2 analog with an enhanced membrane
transduction potential [33].

Our previous data showed that both Tat(49–57)-NH2 and PTD4 were neuroprotective
in an in vitro model of acute ischemic stroke [13]. CD data and MD simulations showed
that replacement of particular lysine and arginine with alanine residues enhances the ability
of the PTD4 peptide to adopt a helical conformation in a hydrophobic environment [13].

RRCPPs have been shown to exhibit intrinsic neuroprotective properties which cor-
related with their ability to cross the cellular membrane [6,12,13,34]. The interaction of
the peptide with the membrane is the first step in the neuroprotective mechanism. We
also observed that the conformational properties of the peptides and their cell membrane-
penetrating ability may play a significant role in their neuroprotection [6]. To characterize
the peptide–cell membrane interaction, we performed CD spectroscopy analysis. ANM
was used to simulate the native neural cellular membrane [14,15].

To analyze the impact of conformational properties of the peptides on their potential
to interact with ANM liposomes, we first investigated the behavior of the peptides in an
aqueous environment. The influence of Ala-scan substitution (Lys50,51,Arg52,55,57→Ala) on
the conformational properties of Tat(49–57)-NH2 and PTD4 peptides was evaluated by CD
spectroscopy (Figure 1).
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Figure 1. CD spectra showing the influence of Ala-scan substitution (Lys50,51,Arg52,55,57→Ala) on
the conformational properties of Tat(49–57)-NH2.

The CD spectrum of unbound Tat(49–57)-NH2, which was recorded in 10 mM PBS
(pH 7.0) at 37 ◦C (Figure 1), showed a broad negative minimum at λ ≈ 200 nm and a
shallow maximum at λ ≈ 215 nm. The shape of the CD curve was typical for a random coil
conformation of the peptide backbone. However, it should be mentioned that a rare helical-
type conformation of polyproline type II also gives a similar signal in the CD spectra. Our
previous structural data on Tat(49–57)-NH2 indicated that a mixture of both conformations
is present in the aqueous solution [13].
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In contrast, the CD spectra of PTD4 showed a broad minimum at λ ≈ 200 nm, which
moved slightly toward longer wavelengths, compared to the Tat peptide with an additional
shallow and wide maximum of negative ellipticity at λ≈ 220 nm (Figure 1). This indicates a
random coil conformation with a slight trace of the formation of ordered structures around
the maximum extremum. The last one may be related to the effect of the substitution of
lysine and arginine residues bearing positively charged amino and guanidinium groups by
nonpolar alanine residues. This substitution favors the helical conformation of the peptide
chain. Thus, the CD curves showed a subtle influence of the Ala-scan substitution on the
conformational properties of the peptides.

Since peptide conformation-based interactions with the neuronal cell membrane may
contribute to the neuroprotective properties of RRCPPs, we performed CD spectroscopy
to investigate the conformational behavior of Tat(49–57)-NH2 and PTD4 peptides during
their interaction with ANM liposomes. The composition of liposomes mimicked that of
lipids on the natural neuronal membrane [14,15,35].

The liposome solution (1.25 mM) resulted in significant negative ellipticity at λ ≈ 200 nm,
the intensity of which was comparable to the signal of Tat(49–57)-NH2 and much less
compared to the PTD4 peptide (Figure 2A,B). The CD curve of the ANM liposome closely
resembled the CD curve typical for the unordered peptide conformation. Such a CD
curve has been reported previously for liposomes comprising the cell membrane (however
not the neuronal type) from lipids [36]. The CD curve minimum of the Tat(49–57)-NH2
peptide and the ANM liposome was located almost at the same location at λ ≈ 200 nm
(Figure 2A). However, the minimum of PTD4 was slightly red-shifted compared to that of
the liposome(Figure 2B). The decreasing in the intensity of the CD signal at about 200 nm
in combination with its redshift effect is probably a symptom of the formation of ordered
structures during the interaction of the PTD4 peptide with the ANM liposomes.
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(B) peptides during their interaction with ANM liposomes.

The ellipticity signal of the ANM liposomes originated from the chiral structural
elements of individual lipids used for their preparation [37].

Dissolving the peptides in the liposome-containing solution led to a significant increase
in total ellipticity at λ ≈ 220 nm, as well as in the long-wavelength part of the spectrum
(Figure 2A,B). This indicates a synergistic effect of the overlapping elliptical signals of the
peptide and liposome as well. For Tat(49–57)-NH2, this synergy led to the disappearance of
the shallow positive maximum that was seen on the peptide’s CD curve. The interactions
of the PTD4 peptide with the liposomes also caused the minimum at λ ≈ 200 nm to slightly
shift toward longer wavelengths in relation to the unbound peptide and the liposomes
(Figure 2B).

A comparison of the CD curves recorded for the unbound Tat(49–57)-NH2 peptide
with that showing conformational changes of the peptide due to its interaction with the
liposomes (the CD signal of the peptide subtracted from the total signal of the peptide–
liposome solution) revealed that the peptide underwent relatively small conformational
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changes (Figure 2A). Only a slight decrease in elliptical intensity was observed in the region
of the minimum at λ ≈ 200 nm and the maximum at λ ≈ 215 nm.

Similar changes were also observed in the case of the PTD4 peptide (Figure 2B). The
decrease of the minimum at λ ≈ 200 nm was more intense compared to the Tat peptide, and
virtually no changes were noted in the long-wavelength part of the CD spectrum. Based
on a comparison of the CD curve of the unbound PTD4 peptide with that obtained as a
result of subtracting the peptide signal from the solution containing the liposome–peptide
mixture, it was found that the most noticeable difference from the Tat peptide was a redshift
of the negative minimum at about 200 nm

3.2. CG MD Simulations of Spontaneous Peptide–Membrane Interactions

The CG MD simulations were carried out to understand the mechanism of Tat(49–57)-
NH2 and PTD4 interactions with the neuronal lipid bilayer. In the beginning, systems with
a single peptide molecule were studied. As expected, the peptides, driven by electrostatic
interactions, adsorbed quickly on the membrane surface. However, neither of the peptides
penetrated the membrane, and both remained attracted to the membrane surface at the
end of 10-µs CG-MD simulations (Supplementary Figure S1). Therefore, to induce the
movement of peptides across the neuronal lipid bilayer, pulling CG MD simulations were
used. As seen in Figure 3, the translocation of peptides was accompanied by the formation
of hydrophilic pores and the exchange of water molecules on both sides of the membrane.
The PMF curves (Figure 3C) showed the local minimum as the peptides approached the
membrane surface. This finding indicates that peptide adsorption on the membrane surface
is energetically favorable. A high free energy barrier of 180 kJ mol−1 and 110 kJ mol−1 was
observed for Tat(49–57)-NH2 and PTD4, respectively, which prevented the penetration of
the peptides into the lipid bilayer. The high energy barrier was formed as a result of strong
electrostatic attraction between the positively charged peptide and the negatively charged
membrane surface, as well as unfavorable interactions between the hydrophilic peptide
and hydrophobic core of the membrane. Thus, the PMF analysis strongly supported the
observation that a single Tat(49–57)-NH2 and PTD4 peptide cannot spontaneously cross
the lipid membrane.

To evaluate the effect of concentration of the peptides on their membrane-penetrating
efficiency, CG MD simulations were performed for multipeptide systems. In the early
stages of simulations, the peptide molecules were quickly attracted to the membrane
surface. However, each membrane-bound peptide molecule gradually neutralized the
surface charge of the membrane, impairing the attraction of subsequent positively charged
peptide molecules. In the case of Tat(49–57)-NH2 peptide with a greater overall positive
charge, we noted that about half of the molecules remained in an unbound aqueous
state at the end of simulations (Figure 4). Interestingly, less polar PTD4 self-assembled
before it reached the membrane surface, with the central alanine triblock hidden inside
the oligomers that were being formed. A close inspection analysis of peptide–membrane
interactions revealed that DPG1 lipids played a major role in peptide binding. These
lipids formed clusters within the neuronal membrane, which were the preferable site for
peptide binding (Figure 5). The positively charged peptides covering the membrane surface
induced changes in its charge density, and the distribution of sodium and chloride ions
at the outer lipid–water interface. Unfortunately, membrane penetration was not evident
with increasing peptide concentration.



Cells 2022, 11, 1638 8 of 14

Cells 2022, 11, x FOR PEER REVIEW 8 of 15 
 

 

the outer lipid–water interface. Unfortunately, membrane penetration was not evident 
with increasing peptide concentration. 

 
Figure 3. Formation of hydrophilic pores in pulling CG MD simulations of (A) Tat(49–57)-NH2 and 
(B) PTD4 across the neuronal membrane model. (C) Comparison of potential mean of force (PMF) 
between Tat(49–57)-NH2 and PTD4. The headgroups of POPC, POPE, POPS and DPSM are colored 
gray, lime, yellow and red, respectively. The sugar part of DPG1 is in magenta, while lipid acyl 
chains are presented in grey. CHOL is presented in blue as CPK model. The amino acid residues 
in licorice representation are colored as follows: Arg-blue, Lys-cyan, Gln-orange, Tyr-
green and Ala-grey. 

  

Figure 3. Formation of hydrophilic pores in pulling CG MD simulations of (A) Tat(49–57)-NH2 and
(B) PTD4 across the neuronal membrane model. (C) Comparison of potential mean of force (PMF)
between Tat(49–57)-NH2 and PTD4. The headgroups of POPC, POPE, POPS and DPSM are colored
gray, lime, yellow and red, respectively. The sugar part of DPG1 is in magenta, while lipid acyl chains
are presented in grey. CHOL is presented in blue as CPK model. The amino acid residues in licorice
representation are colored as follows: Arg-blue, Lys-cyan, Gln-orange, Tyr-green and Ala-grey.

Cells 2022, 11, x FOR PEER REVIEW 9 of 15 
 

 

 

 
Figure 4. Representative snapshots from the POPC:POPE:POPS:DPG1:DPSM:CHOL binding CG 
MD simulations for multipeptide systems with Tat(49–57)-NH2 (A) and PTD4 (B). The headgroups 
of POPC, POPE, POPS, and DPSM are colored gray, lime, yellow, and red, respectively. The sugar 
part of DPG1 is in magenta, while lipid acyl chains are presented in gray. CHOL is presented in blue 
as CPK model. 

Figure 4. Cont.



Cells 2022, 11, 1638 9 of 14

Cells 2022, 11, x FOR PEER REVIEW 9 of 15 
 

 

 

 
Figure 4. Representative snapshots from the POPC:POPE:POPS:DPG1:DPSM:CHOL binding CG 
MD simulations for multipeptide systems with Tat(49–57)-NH2 (A) and PTD4 (B). The headgroups 
of POPC, POPE, POPS, and DPSM are colored gray, lime, yellow, and red, respectively. The sugar 
part of DPG1 is in magenta, while lipid acyl chains are presented in gray. CHOL is presented in blue 
as CPK model. 

Figure 4. Representative snapshots from the POPC:POPE:POPS:DPG1:DPSM:CHOL binding CG MD
simulations for multipeptide systems with Tat(49–57)-NH2 (A) and PTD4 (B). The headgroups of
POPC, POPE, POPS, and DPSM are colored gray, lime, yellow, and red, respectively. The sugar part
of DPG1 is in magenta, while lipid acyl chains are presented in gray. CHOL is presented in blue as
CPK model.

Cells 2022, 11, x FOR PEER REVIEW 10 of 15 
 

 

 

Figure 5. (A) 2D density map of DPG1 lipids and PTD4 in the upper leaflet of the membrane. The 
grid spacing was set to 1 Å. The last 1 μs of 10-μs CG MD simulations was considered for the anal-
ysis. (B) Partial density and charge density profiles averaged over the last 1 μs of MD CG simula-
tions of the systems without peptide and with multiple Tat(49–57)-NH2 and PTD4 molecules. 

4. Discussion 
CD spectroscopy results indicated that both peptides assume a random coil confor-

mation in the unbound aqueous state and their ability to accept ordered (helical) struc-
tures is relatively low. This shows that the Ala-scan procedure does not significantly affect 
the conformational properties of RRCPPs, and that the positively charged side chains of 
lysine and arginine residues play a key role in the adoption of a disordered structure by 
the peptides. 

Interaction with the ANM liposome resulted in slight conformational changes in the 
peptide chain in both Tat(49–57)-NH2 and PTD4. These were manifested mainly as a re-
duction in the minimum intensity of the CD curve at λ ≈ 200 nm. For the PTD4 peptide, 
the reduction in minimum intensity was accompanied by a red-shift effect, while in the 
case of the Tat(49–57)-NH2 peptide a slight decrease in the intensity of the shallow maxi-
mum at λ ≈ 215 nm was additionally observed. This shows that the interaction of RRCPPs 
with the hydrophobic environment of the neuronal membrane and their potential pene-
tration induce slight conformational changes in these peptides. However, the intensity of 
these changes is not high, and the exact nature of change could not be easily determined 
based on the effects observed in CD analysis. The reduction of the minimum intensity at 
λ ≈ 200 nm, which is characteristic of the disordered conformation, may suggest a slight 
shift of the conformational equilibrium toward ordered, probably helical structures. Pre-
vious conformational studies have shown that basic peptides such as Tat can form helical 
structures (like polyproline type II) in a hydrophobic environment or when bound by a 
ligand [38,39]. 

Figure 5. (A) 2D density map of DPG1 lipids and PTD4 in the upper leaflet of the membrane. The
grid spacing was set to 1 Å. The last 1 µs of 10-µs CG MD simulations was considered for the analysis.
(B) Partial density and charge density profiles averaged over the last 1 µs of MD CG simulations of
the systems without peptide and with multiple Tat(49–57)-NH2 and PTD4 molecules.

4. Discussion

CD spectroscopy results indicated that both peptides assume a random coil conforma-
tion in the unbound aqueous state and their ability to accept ordered (helical) structures
is relatively low. This shows that the Ala-scan procedure does not significantly affect
the conformational properties of RRCPPs, and that the positively charged side chains of
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lysine and arginine residues play a key role in the adoption of a disordered structure by
the peptides.

Interaction with the ANM liposome resulted in slight conformational changes in
the peptide chain in both Tat(49–57)-NH2 and PTD4. These were manifested mainly as
a reduction in the minimum intensity of the CD curve at λ ≈ 200 nm. For the PTD4
peptide, the reduction in minimum intensity was accompanied by a red-shift effect, while
in the case of the Tat(49–57)-NH2 peptide a slight decrease in the intensity of the shallow
maximum at λ ≈ 215 nm was additionally observed. This shows that the interaction of
RRCPPs with the hydrophobic environment of the neuronal membrane and their potential
penetration induce slight conformational changes in these peptides. However, the intensity
of these changes is not high, and the exact nature of change could not be easily determined
based on the effects observed in CD analysis. The reduction of the minimum intensity
at λ ≈ 200 nm, which is characteristic of the disordered conformation, may suggest a
slight shift of the conformational equilibrium toward ordered, probably helical structures.
Previous conformational studies have shown that basic peptides such as Tat can form
helical structures (like polyproline type II) in a hydrophobic environment or when bound
by a ligand [38,39].

The membrane-penetrating efficiency of peptides depends on the interactions between
the peptide and the lipid headgroups at the bilayer–water interface [39]. Before the peptide
penetrates the membrane, it is essential to disrupt the strong electrostatic attraction between
the peptide and the membrane surface. The results of the CG MD simulations confirmed
that DPG1-enriched rafts are the major binding site for Tat(49–57)-NH2 and PTD4. The
peptides get rapidly attracted to the sugar part of the DPG1 and remain in the bound state
at the end of the simulations. This strong interaction may be limiting the spontaneous
membrane penetration of peptides even at increasing concentrations.

The ability to interact with the neuron membrane and its subsequent penetration by
CPPs seems to be a key factor determining their neuroprotective effect. Earlier data showed
that the ability of peptides to penetrate the cell membrane correlates with their helicity and
neuroprotective ability [13]. Our research indicated that Tat(49–57)-NH2 and PTD4 peptides
interacted with the ANM liposomes which mimicked the membrane of a neuron. The CD
spectra showed an intense elliptical signal from the ANM liposomes. The shape of the CD
curve resembled that obtained for peptides with a random coil conformation. Its elliptical
intensity was comparable to or less than that observed for Tat and PTD4 peptides. As a
result, we investigated the ANM elliptical effect of liposomes interacting with peptides. The
interactions caused relatively small conformational changes of peptides together with the
shift of the polar water environment to the hydrophobic ANM environment of the liposome.
However, these changes were so small to explain whether they lead to an ordered structure
of the peptide chain and the formation of helical structures, which would be expected,
especially in the case of the PTD4 peptide. The similar behavior of both peptides observed
in CD studies correlates with their similar neuroprotective properties. Our previous results
showed that both the neuroprotective response profile to stressors included in the in vitro
model and the magnitude of the response for both peptides were similar [13]. The similar
behavior of peptides during their interaction with the ANM liposomes does not confirm the
previous reports suggesting that the PTD4 peptide had a 30-fold higher ability to penetrate
the cell membrane compared to the Tat(49–57)-NH2 peptide due to its greater tendency to
penetrate the cell membrane and adopt helical structures.

In conclusion, although the penetrating ability of arginine-rich peptides (such as Tat
(49–57)-NH2 and its analog PTD4) has been well established, our studies did not show a
direct correlation between the penetration efficiency and conformational changes occurring
in peptides during interaction with the ANM liposomes (CD studies) and translocation
across a model cell membrane (CG MD simulations). The conformational changes observed
in peptides during their interaction with the ANM liposomes in CD studies were so small
as to prove a correlation between the structural changes in peptides (e.g., a tendency to
form a helical structure) and the ability of peptides to penetrate cell membranes. Likewise,
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both the studied peptides did not show any move across the cell membrane during CG MD
simulations of peptide–membrane interactions. These simulations showed that the high
free energy barrier (supported by the PMF analysis) of both peptides (higher for Tat(49–57)-
NH2 than PTD4) prevents their penetration into the lipid bilayer. The free energy profile
(i.e., free energy barrier and PMF value) is commonly used to explain the translocation of
different CPPs across the lipid membranes and compare the penetrating efficiency of CPPs
with a similar charge [39]. As suggested, the free energy barrier is inversely proportional
to the penetration efficiency of CPPs, as reported experimentally, and may be useful to
distinguish peptides characterized by different penetration efficiencies. Thus, the lower free
energy barrier observed for PTD4 may explain its higher penetration efficiency compared
to Tat(49–57)-NH2.

The main problem in the simulations carried out is the lack of the peptide penetration
effect. Due to the high positive charge of the CPP peptides, electrode interactions are
favored, the consequence of which is their adsorption on the membrane surface. The high
energy of these interactions, combined with the unfavorable interactions of the hydrophilic
peptide with the hydrophobic interior of the membrane, prevents the CPP peptide from
crossing the membrane barrier. Choe [40] obtained a similar result, but it was obtained
with a different MD-weighted ensemble (WE) method. In his simulations, the Tat peptide
also penetrated the cell membrane (it had a different composition than in our research), but
it did not spontaneously exceed it. It is known from previous studies that the mechanism
of penetration of the cell membrane by CPPs is very sensitive to environmental condi-
tions [1,41]. Even for a specific peptide, different penetration mechanisms were observed
depending on the conditions of the experiment [41,42]. It is therefore possible that the
previously used MD simulation algorithms for studying the interactions of the membrane
with peptide ligands are too simplified or do not contain some essential element that would
allow the penetration of the cell membrane. It is known that endocytosis is a common
membrane mechanism by CPPs, both free and cargo-carrying [42]. This process depends on
many factors, such as the presence of sulfonated proteoglycans or membrane receptors. The
presence of these factors was not taken into account by our model of the neural membrane
used in the CD and CG MD studies. This is just one example showing that the simplified
membrane model used in our and previous literature studies may not simulate the key
membrane features necessary for the translocation process of CPPs.

The presented research results are one of the first attempts to correlate the neuroprotec-
tive activity of CPPs with their interaction with the neuronal membrane. For this reason, we
decided to move in close to physiological conditions. It is known, however, that during is-
chemic stroke, neurons experience many pathophysiological changes, such as lowering the
pH and increasing the concentration of calcium ions [43,44]. These changes may also con-
cern the composition and properties of the neuronal membrane. For this reason, it should
be taken into account that under pathogenic conditions the interaction of neuroprotective
CPPs with the neuronal membrane may differ significantly from those under physiological
conditions. In further experiments, we intend to investigate whether such differences are
visible and significant for the interaction of CPPs with the neuronal membrane.

In summary, the presented research results show some details related to the interaction
of selected RRCPPs with the neuronal cell membrane. Unfortunately, we have not been able
to get a complete picture showing the mechanism of peptide penetration of the neuronal
membrane. This clearly shows the need for further research to explain the phenomenon
of the neuroprotective activity of RRCPPs and its relationship with the penetration of the
neuron membrane.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11101638/s1, Figure S1: The final snapshots from the POPC:
POPE:POPS:DPG1:DPSM:CHOL binding CG MD simulations for systems with a single molecule of
Tat(49-57)-NH2 (A) and PTD4 (B); Table S1: Composition of the bilayer systems.
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Abbreviations

AIS acute ischemic stroke
ANM artificial neuronal membrane
ARM arginine rich motif
CD circular dichroism
CG MD coarse-grained molecular dynamics
CHOL cholesterol
CPP cell-penetrating peptide
DPG1 monosialotetrahexosylganglioside
DPSM sphingomyelin
HIV human immunodeficiency virus
HPLC high-performance liquid chromatography
L/P lipid-peptide molar ratio
PMF potential mean of force
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
PTD protein transduction domain
RRCPP arginine-rich cell-penetrating peptide
Tat transactivator of transcription
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other cell-penetrating peptides as vectors of therapeutic agents in medicine. J. Pharmacol. Exp. Ther. 2015, 354, 32–42. [CrossRef]
4. Gallo, M.; Defaus, S.; Andreu, D. 1988-2018: Thirty years of drug smuggling at the nano scale. Challenges and opportunities of

cell-penetrating peptides in biomedical research. Arch. Biochem. Biophys. 2019, 661, 74–86. [CrossRef]
5. Trabulo, S.; Cardoso, A.L.; Mano, M.; De Lima, M.C. Cell-Penetrating Peptides-Mechanisms of Cellular Uptake and Generation of

Delivery Systems. Pharmaceuticals 2010, 3, 961–993. [CrossRef]
6. Meloni, B.P.; Mastaglia, F.L.; Knuckey, N.W. Cationic Arginine-Rich Peptides (CARPs): A Novel Class of Neuroprotective Agents

with a Multimodal Mechanism of Action. Front. Neurol. 2020, 11, 108–125. [CrossRef]
7. Mendelson, S.J.; Prabhakaran, S. Diagnosis and Management of Transient Ischemic Attack and Acute Ischemic Stroke: A Review.

JAMA 2021, 325, 1088–1098. [CrossRef]
8. Marto, J.P.; Strambo, D.; Livio, F.; Michel, P. Drugs Associated with Ischemic Stroke: A Review for Clinicians. Stroke 2021,

52, e646–e659. [CrossRef]

http://doi.org/10.5603/FHC.a2014.0034
http://doi.org/10.1021/acs.bioconjchem.8b00894
http://doi.org/10.1124/jpet.115.223305
http://doi.org/10.1016/j.abb.2018.11.010
http://doi.org/10.3390/ph3040961
http://doi.org/10.3389/fneur.2020.00108
http://doi.org/10.1001/jama.2020.26867
http://doi.org/10.1161/STROKEAHA.120.033272


Cells 2022, 11, 1638 13 of 14

9. Towfighi, A.; Saver, J.L. Stroke declines from third to fourth leading cause of death in the United States: Historical perspective
and challenges ahead. Stroke 2011, 42, 2351–2355. [CrossRef]

10. National Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group. Tissue plasminogen activator for acute
ischemic stroke. N. Engl. J. Med. 1995, 333, 1581–1587. [CrossRef]

11. Meloni, B.P.; Brookes, L.M.; Clark, V.W.; Cross, J.L.; Edwards, A.B.; Anderton, R.S.; Hopkins, R.M.; Hoffmann, K.; Knuckey, N.W.
Poly-arginine and arginine-rich peptides are neuroprotective in stroke models. J. Cereb. Blood Flow Metab. 2015, 35, 993–1004.
[CrossRef]

12. Meloni, B.P.; Craig, A.J.; Milech, N.; Hopkins, R.M.; Watt, P.M.; Knuckey, N.W. The neuroprotective efficacy of cell-penetrating
peptides TAT, penetratin, Arg-9, and Pep-1 in glutamic acid, kainic acid, and in vitro ischemia injury models using primary
cortical neuronal cultures. Cell Mol. Neurobiol. 2014, 34, 173–181. [CrossRef]
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