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Peptide based drug design efforts have gained renewed interest with the discovery of cargo-carrying or cell-penetrating 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. To this end, we have performed steered molecular dynamics (SMD)
simulations on the pVEC peptide frommurine vascular endothelial-cadherin protein and its two variants. Translocation was found
to occur in three stages, adsorption via the cationic residues, inclusion of the whole peptide inside the membrane accompanied by
formation of a water defect, and exit of both peptide and water molecules from the bilayer. Our simulation results suggest that the
precise order in which the hydrophobic, cationic, and the polar regions are located in the amphipathic pVEC peptide contributes to
its uptake mechanism.These results present new opportunities for the design of novel cell-penetrating and antimicrobial peptides.

1. Introduction

An ideal drug is only effective insofar as its ability to reach
its target. Peptide drugs, with their high specificity and
affinity to their targets, have emerged as promising drug
leads [1, 2]. However, most peptides, as well as proteins
and oligonucleotides, are mainly hydrophilic, hindering their
cellular uptake and, hence, limiting their widespread use
as therapeutics [3, 4]. Delivery of these compounds into
the cell is an intense area of research, and microinjection
[5], electroporation [6], liposomes [7], endocytosis [8], and
viral vectors have been previously proposed as potential
delivery methods [9]. However, these delivery methods are
not efficient, and accordingly most of the peptides in the
market target extracellular enzymes or receptors. The dis-
covery of cargo-carrying or cell-penetrating peptides (CPPs)
[10, 11] has spurred renewed interest in the use of peptide
drugs against intracellular targets. These peptides are able
to penetrate the cell membrane and carry cargo of different
size and hydrophobicity into the cell. CPPs are cationic and
amphipathic peptides of usually fewer than 30 amino acids
[12, 13]. They do not share an obvious common sequence or
structural motif [12]. Although the translocation mechanism
is not the same for different CPP families, there are twomajor
cellular uptake mechanisms, which are direct penetration

(energy-independent) and endocytotic pathways [14]. In an
energy- and receptor-independent mechanism, they pene-
trate cell membranes either via electrostatic interactions or
hydrogen bonding [9, 15–17]. The spontaneous penetration
of CPPs may be by the carpet model, through transient
pores, through the formation of inverted micelles, local
electroporation, and direct insertion of the unfolded peptide
into the membrane [10, 12, 13]. The uptake mechanism at an
atomic level of detail is not known, and some questions of
significance for peptide design remain. Which residues or
structural elements contribute to uptake?Which interactions
allow and/or facilitate transport of the peptide? Here, we
examine themembrane translocationmechanismof one such
peptide, pVEC, using steered molecular dynamics (SMD)
simulations.

pVEC, an 18-amino-acid-long CPP, is derived from
murine vascular endothelial-cadherin protein that func-
tions in the physical contact between adjacent cells. With
the sequence, LLIILRRRIRKQAHAHSK, the N-terminus is
hydrophobic, the middle part is charged, and the C-terminus
is hydrophilic, making it an amphipathic molecule. Previous
cargo-carrying experiments showed that pVEC was able to
carry some proteins and oligomers [18]. pVEC was found
to have a random coil structure in pure water and neutral
phospholipids, but it forms a beta-sheet in the negatively
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charged DOPG membrane [16]. Structure-activity relation-
ship (SAR) experiments, in which each pVEC residue was
mutated to L-alanine and the change in the cellular uptake
of pVEC into human Bowes melanoma cells was examined,
were performed in order to identify the contribution of
each residue to uptake [18]. Substitution of the five N-
terminal residues to L-alanine was shown to drop cellular
uptake by 50% to 75% suggesting that the hydrophobic N-
terminus of the peptide is important for cellular uptake.
Furthermore, deletion of the three N-terminal hydrophobic
residues completely abolished uptake, and when all five
hydrophobic residues (LLIIL) were replaced by L-alanines in
the N-terminus, the uptake of peptide was not detected at all.

The behavior of peptides in or near lipid bilayer envi-
ronments has been previously investigated using molecular
dynamics (MD) simulations. However, MD simulations are
not sufficiently long to sample events, such as transport
across the membrane, that take place on the microsecond
or longer timescale, and nonequilibrium MD simulations
provide an attractive alternative to obtain atomic level detail
about such transitions.One of these nonequilibriummethods
is steered molecular dynamics (SMD) [19–21], in which force
is applied to one (or more) SMD atom to move the system
from one state to another. This nonequilibrium method has
been used with success in a variety of dynamic systems
to study drug binding [22], transport across membrane
proteins [23], and unfolding [24]. SMD simulations have
also been used to examine peptide uptake through the lipid
bilayer, as MD simulations on the cardiotoxin A3 peptide
and POPC lipid bilayer system showed that the peptide
would not spontaneously bind to the membrane [25]. SMD
simulations showed that Tryptophan residue of the WL5,
with the sequence WLLLLL, was found to contribute to
peptide-membrane interactions, and penetration depth of the
peptide into the membrane was found to be related to its
hydrophobicity [26]. Similarly, the presence of hydrophobic
tryptophan residues was found to result in deeper insertion of
Indolicidin, an antimicrobial peptide, while positive charges
were critical to the peptide’s adsorption [27].

Here, SMD simulations on wild type pVEC and its two
variants were performed to move the peptide from one side
of the bilayer to the other. The translocation mechanism was
observed to occur in three distinct stages; the insertion of
the N-terminus into the bilayer, the inclusion of the whole
peptide inside the membrane, and the exit of the peptide
from the bilayer. The presence of barriers at these stages
was verified by the presence of plateaus followed by abrupt
changes in the interaction energy profiles as well as sudden
increases in force applied to the SMD atom. The structural
elements that contribute to peptide—membrane association
and subsequent uptake were identified.

2. Methods

2.1. Simulation Systems. The initial coordinates of the pVEC
peptide were assigned as a beta-hairpin starting from the
coordinates of a beta-hairpin loop of a beta-lactamase
inhibitor protein using the psfgenmodule of visualmolecular

Table 1: The pVEC sequences used in the simulations and the
mutated residue for each sequence.

Name Sequence
pVEC LLIILRRRIRKQAHAHSK
Retro-pVEC KSHAHAQKRIRRRLIILL
Scramble-pVEC IAARIKLRSRQHIKLRHL

dynamics (VMD) [28]. Using themodeled pVEC coordinates
as a template, the sequence was altered to obtain the retro-
pVEC and scramble-pVEC coordinates. The peptide pVEC
(wild-type), retro-pVEC, which has the same sequence in
reverse order, and scramble-pVEC, which has the same
amino acid content in random order [29], were studied
(Table 1).

2.2. Equilibration of Peptide in Water Environment. The
pVEC peptide (or its variants) was solvated with the solvate
module in VMD using 10 Å padding in each direction result-
ing in a water box size of 43 Å × 48 Å × 52 Å.Water molecules
closer than 2.8 Å to the peptide were removed. The water-
peptide systemwasminimized for 1000 steps and equilibrated
for 2 ns with harmonic constraints (k = 1 kcal/mol/Å2) on
peptide atoms. Then, all atoms of the system were allowed to
equilibrate for 2 ns without constraints.

2.3. Preparation of Lipid-Water-Peptide System. The mem-
brane was created in 50 Å in x- and 50 Å in y-directions.
The membrane lipid was chosen to be POPE in order to
mimic the membrane of E. coli [30]. The membrane was
solvated with TIP3P water molecules 80 Å in positive and
negative z-directions. After solvation, the water-membrane
system was equilibrated for 0.5 ns with harmonic constraints
(k = 1 kcal/mol/Å2) and for 0.5 ns without constrains. The
previously equilibrated peptide was placed into the water
layer above the membrane manually such that the minimum
distance between the peptide atoms and the membrane
phosphate atoms was more than 10 Å.Water molecules closer
than 2.8 Å to the peptide were removed. Counterions were
added to a concentration of 0.4M.

2.4. SteeredMolecular Dynamics Simulations. Steeredmolec-
ular dynamics simulations [22] were performed by apply-
ing force on the N-terminal C

𝛼
atom (SMD atom) of the

peptide in the z-direction to move the peptide across the
membrane. For these simulations, the phosphorous heads
of the lipid bilayer were harmonically constrained in the
z-direction with a force constant of 1 kcal/mol/Å2, while
they were free to move in x- and y-directions allowing the
formation of the pore through which the peptide and/or
water entered the bilayer. The spring constant in the SMD
simulations was 10 kcal/mol/Å2, and the velocity of pulling
was 0.0000050 Å/timestep which corresponds to 2.50 Å/ns
with timestep = 2.0 fs. The peptide traveled 120 Å to com-
pletely traverse the membrane within about 50 ns simulation
time.
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Figure 1: Snapshots for the SMD simulation on pVEC peptide as it moves across the bilayer.The peptide backbone is shown in red in cartoon
representation, the phosphate heads are shown as cyan spheres, the lipid tails are shown in gray, and the water molecules are shown as blue
spheres. Hydrogens in the lipids and water molecules are omitted for clarity.

Table 2: Summary of events in the SMD simulation on pVEC with SMD force applied on the N-terminal C
𝛼
atom.

𝑧 (Å) Peptide location Interaction energy
(kcal/mol) Force (pN) Number of waters

in membrane
(i) 30 Before entry 0 0 0
(ii) 20 First contact with membrane −300 −1000 0
(iii) 10 SMD atom through the P layer −100 −1000 10

(iv) 0 to −20 Peptide moves through membrane,
N-terminus reaches lower P layer −500 −1000 20 to 5

(v) −30 to −60 Peptide continues to move out −300 −500 60 to 10

All simulations were calculated with the NAMDprogram
[31] using the CHARMM27 potential energy function for the
all atom model for proteins [32] and lipids [33] and TIP3P
water parameters [34]. Periodic boundary conditions with
particle mesh Ewald [35] method were used. Nonbonded
interactions were truncated at a cutoff value of 12 Å and
a switching distance of 10 Å. Nonbonded interactions were
calculated at each step. SHAKE was applied on all hydrogen
distances and a timestep of 2 fs was used. Constant pressure
of 1 atm was imposed by the Langevin piston [36, 37] with a
piston period of 200 fs. Langevin dynamics were used to keep

the system at constant temperature 300K with a damping
coefficient of 5/ps. The coordinate sets were saved every 2 ps
for analysis. The SMD forces were output every 20 steps
(40 fs).

2.5. Trajectory Analysis. Interaction energy between the pep-
tide and the lipids was calculated using the NAMD Energy
plugin ofVMD. Forcewas calculated byNAMDat every SMD
step. Work was calculated as the integral of force multiplied
by pulling velocity over time.The number of water molecules
within the membrane boundaries was monitored. Secondary
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Figure 2: Interaction energy between the lipid and peptide atoms (left panel), force applied to the SMD atom (middle panel), and the number
of watermolecules in themembrane boundary (right panel) is shown as a function of the SMD atom z-coordinate for SMD simulations on the
pVEC (top), retro-pVEC (middle), and scramble-pVEC (bottom) transport across the lipid bilayer. The membrane boundaries are indicated
by the dashed lines at 𝑧 = 20 Å and −20 Å. The regions in which the interaction energy between wild type pVEC and the membrane stays
constant for more than 5 ns are indicated in panel (a).

structure of the peptide during the SMD simulations was
monitored using the Timeline tool of VMD. Structure figures
were prepared with VMD [28].

3. Results and Discussion

Steered molecular dynamics simulations on the wild-type
pVEC, retro-pVEC, which has the pVEC sequence in reverse
order, and scramble-pVEC, which has the same amino acid
composition but a scrambled sequence (Table 1), were per-
formed and analyzed to obtain atomic level information on

the translocation mechanism of pVEC. The retro-pVEC and
scramble-pVEC were shown to have dramatically reduced
uptake compared to pVEC as measured by the level of
fluorescence in the cells after incubation with fluoresceinated
peptide [29], and we aimed to elucidate the reasons for the
drop in uptake values observed for these peptides using SMD
simulations and comparing the results with those of pVEC
simulations.

As a first step, SMD trajectories were analyzed visually
to obtain information about the overall structural changes
in peptide, membrane, or water. Some snapshots from the
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Table 3:Themaximum interaction energy, maximum force applied,
and maximum work done values for the pVEC simulations.

Name
Maximum
interaction

energy (kcal/mol)

Maximum force
applied in
negative 𝑧

direction (pN)

Maximum
work done
(kcal/mol)

pVEC −565 1653 916
Retro-pVEC −685 1803 919
Scramble-
pVEC −380 1308 797

trajectory are shown in Figure 1. The first noteworthy change
was in the peptide conformation. pVEC initial structure
was assigned as a beta-hairpin. pVEC was reported to have
a random coil structure in pure water and neutral phos-
pholipids, and to form a beta-sheet in negatively charged
DOPG membrane [16]. In the simulations, the SMD force
was applied to the N-terminal C

𝛼
atom to facilitate transport

of the peptide in 50 ns, while the rest of the peptide was
allowed to move freely and therefore could maintain its beta-
sheet form. Examination of the change in secondary structure
during the simulations (Supplementary Figure 2) showed that
the peptide remained in the beta-sheet form until the SMD
atom entered the bilayer, after which it gradually unfolded
into a random coil and moved across the bilayer as a chain.
Upon exit, the peptide started to become more compact, as
shown by the decrease in the distance between the N- and C-
terminal C

𝛼
atoms (Supplementary Figure 2), even though

the only force continued to be on the SMD atom. Our results
suggest that the unfolding of the peptide, which is observed
during peptide transport across the bilayer, is due to the
interactions with membrane atoms, which were represented
with an explicit model in this work. The second structural
change was the formation of a water defect as the peptide
travelled across the bilayer. Formation of the water defect
may alter themembrane permeability, enhancing uptake.The
mechanism by which the changes in the peptide and the
membrane structure may contribute to uptake is examined
in detail in the following sections.

3.1. pVEC Travels across the Lipid Bilayer inThree Stages. The
uptake of the pVEC peptide across the POPE bilayer as the C

𝛼

atom of the peptide N-terminal residue was pulled across the
bilayer was monitored. The interaction energy between the
peptide, and the lipid bilayer, the force applied to the peptide
and the number of water molecules within the lipid bilayer
were calculated and plotted as a function of the z-coordinate
of the SMD atom (Figure 2).

The interaction energy profile for the wild-type pVEC
simulation contains regions in which the energy stays
constant for more than 5 ns (indicated as i through v in
Figure 2(a)) followed by sudden increases or decreases. The
“plateaus” in the interaction energy profile (Figure 2(a) and
ii, iv, and v)may indicate regions of sustained interaction that
must break for the transport to proceed, or, namely, energy
barriers in the process. Similarly, the abrupt increases in the
force profile observed at entrance and exit of SMD atom

into the bilayer (Figure 2(b); 𝑧 ≈ 20 and −25 Å) may point
out the possible energy barriers that must be overcome by
the application of increased force. These changes in energy
and force suggest that pVEC transport occurs in three main
stages, which are the adsorption of the peptide at the lipid-
water interface (𝑧 ≈ 20 Å, ii), the inclusion of the whole
peptide inside the membrane (𝑧 ≈ 0 to −20 Å, iv), and the
exit of the peptide N-terminus from the bilayer followed by
exit of the whole peptide (𝑧 ≈ −30 to −60 Å, v) with the main
barriers to transport at the membrane-water boundaries on
both sides.The steps are summarized inTable 2 and explained
in some detail later.

Before contact with the bilayer (𝑧 ≈ 30 Å; Figure 2(a),
i), the interaction energy, force, and number of waters in
the membrane are all zero. When the peptide makes its first
contact with the membrane, the interaction energy reaches
its first maximum value at about −300 kcal/mol as a result
of the interaction of the positively charged residues and
the positively charged amino terminus with the phosphate
groups and the first barrier is observed (Figure 2(a) and ii).
Even though the SMD force is applied to the N-terminal
C
𝛼

atom, the positively charged residues of the peptide
midsection also make contact with the negatively charged
phosphate layer. Once the N-terminus passes the P heads of
the membrane (𝑧 ≈ 10 Å; Figure 2(a) and iii), the interaction
energy decreases back to about −100 kcal/mol and peptide
insertion starts. Between 𝑧 = 0 and −20 Å, the peptide moves
through the bilayer (Figure 2(a) and iv). The second barrier
is seen at this stage and the interaction energy reaches its
overall maximum point at around −500 kcal/mol. At 𝑧 ≈
−20 Å, the N-terminus is in contact with the lower P heads
while the C-terminus is in contact with the upper P heads.
As the peptide moves out of the lipid bilayer (𝑧 ≈ −30 to
−60 Å; Figure 2(a) and v), interaction between the peptide
and the membrane decreases back to about −300 kcal/mol
and oscillates around this value as the peptide tries to find
its way out of the membrane. The interaction between the
peptide and the membrane is maintained until the peptide
completely leaves the membrane at 𝑧 ≈ −70 Å and starts to
become more compact (Supplementary Figure 2).

The electrostatic and van der Waals energies between
the peptide and the membrane were also calculated to
identify the contribution of each to the total interaction
energy (Supplementary Figure 1). The electrostatic energy
contribution to the interaction energy profile was found to
be higher and the electrostatic energy profile resembles that
of the total interaction energy, with maximum energy value
attained when the peptide is completely immersed inside
the membrane. At this point, the van der Waals energy also
contributes 100 kcal/mol to total energy.

The SMD force applied to the wild-type pVEC in the neg-
ative z-direction during the simulations was calculated and
plotted with respect to SMD atom z-coordinate (Figure 2(b)).
At the beginning of the simulation, as the peptide moves
through the water layer, the magnitude of the force applied is
0 pN. At 𝑧 ≈ 20 Å, a sudden increase in the force is observed
as the peptide contacts the membrane.Themembrane resists
penetration by the peptide, and to overcome this resistance,
about 1000 pN of force is applied to the peptide as it moves
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through the bilayer. The force value increases to −1500 pN
(𝑧 ≈ −25 Å) when the peptide is totally immersed in the
membrane and the N-terminus starts to exit the membrane.
After this checkpoint, the peptide starts to leave the mem-
brane and a lower force of about −500 pN is applied until
the peptide is out of the membrane and moving through the
water layer, at which point the magnitude of the force applied
reduces back to 0 pN.

The number of water molecules that penetrate into the
cellmembranewasmonitored (Figure 2(c)). At the beginning
of the simulation, the peptide is embedded in the water
layer above the membrane and the initial number of water
molecules in the membrane is equal to zero until the peptide
starts to penetrate into the membrane (𝑧 ≈ 20 Å). As peptide
insertion starts, the cavity formed by the peptide is filled by
about 20 water molecules causing the small peak observed
at 𝑧 ≈ 0 Å. As peptide insertion continues and the SMD
atom approaches the lower layer of the membrane, some
of the water molecules grouped around the first residues of
the peptide leave the membrane and the number of water
molecules drop (𝑧 ≈ −13 Å). When the SMD atom starts
to leave the membrane, the C-terminal of the peptide is in
contact with the upper layer of themembrane and the peptide
is completely extended. As the peptide beta-hairpin structure
unfolds and the peptide is immersed in the membrane, the
number of water molecules in the membrane increases and
reaches its maximum at around 70 at 𝑧 ≈ −40 Å. The
formation of the larger water defect is due to solvation of the
cationic stretch (RRRIRK) in the midsection of pVEC. After
this peak, a small shoulder is observed between 𝑧 = −50 and
−70 Å, and about 20 waters are retained in the membrane as
the peptide continues its exit.The number of water molecules
continues to decrease and finally becomes 0 when the last
residue Lys18 leaves the membrane.

There is some debate in the literature about whether
arginine residues can be present in their ionized states in
hydrophobic environments such as membrane proteins [38],
peptides [39], or even protein interiors [40]. It has recently
been shown by Tieleman and coworkers, who usedmolecular
dynamics simulations to decipher the partitioning of amino
acids between the water and lipid phase, that Arg can remain
ionized even in themiddle of themembrane due to formation
of a water defect around the residue [41]. Furthermore, it has
been suggested that additional arginines may take advantage
of the existing water defect in a “piggyback” mechanism
[42, 43]. In the pVEC peptide, the cationic stretch of residues
comprises a series of arginine residues. Mutation of these
arginines to alanine (one at a time) has been shown to
cause no drop in pVEC uptake potential [29]. However, the
presence of the other arginines might be sufficient to form
the initial contact, hence, promoting adsorption at the water-
lipid interface, and then formation of the water defect, which
may facilitate pore formation and transport.

3.2. The Peptide Sequence Governs the Uptake Mechanism.
In an effort to understand how the pVEC peptide sequence,
specifically the N-terminal hydrophobic stretch and the
positively charged region in the middle, contributes to the

uptakemechanism, the SMDsimulationswere repeated using
retro-pVEC and scramble-pVEC. These two pVEC variants
were shown to have lower uptake values as measured by
accumulation of fluorescence [29]. The interaction energy,
force, and number of water molecules in the membrane
are shown in Figure 2 middle panel for retro-pVEC, and in
Figure 2 bottom panel for scramble-pVEC and themaximum
interaction energy values, the maximum force applied to the
peptides, and the work values attained in the simulations are
listed in Table 3 for each simulation.

The simulations on retro-pVEC were performed in order
to compare how reversing the order in which residues enter
the membrane would affect uptake. In the SMD simulation
on pVEC, the SMD force is applied to the N-terminal C

𝛼

atom, and therefore the hydrophobic stretch enters first, then
the cationic stretch, and lastly the polar stretch of residues
travel through the membrane. In retro-pVEC, this order is
opposite because even though the SMD force is applied on the
N-terminal C

𝛼
atom again, the peptide sequence is in reverse

order. It is not known which end moves across the bilayer
first and comparison of the pVEC and retro-pVEC simulation
results provide information about the consistently observed
energy barriers for the two reaction coordinates. To further
analyze entry at the polarC-terminus, the simulations onwild
type pVECwere repeated by applying force on the C-terminal
C
𝛼
atom.The interaction energy, force, and number of waters

were plotted as a function of the z-coordinate of the SMD
atom in Supplementary Figure 3. Visual comparison of the
trajectory as well as a comparison of the profiles for energy,
force, and water defect size with the pVEC and retro-pVEC
simulations showed that the three stages of the transition
are also present in this simulation. A detailed comparison
between the pVEC and retro-pVEC simulations, in both of
which the SMD atom was the N-terminal C

𝛼
atom, is given

later.
In the retro-pVEC simulations, the interaction energy has

one pronounced peak at 𝑧 ≈ −10 Å and −650 kcal/mol and
two small plateaus at 𝑧 ≈ 10 Å and −50 Å and (Figure 2(d)).
The initial drop in energy as well as two peaks (ii and v)
observed in the pVEC simulations are missing in the retro-
pVEC interaction energy profiles. The force profile also has
a peak at 𝑧 ≈ −10 Å and 1750 pN and two small plateaus
at 𝑧 = 20 to −20 Å and −40 to −60 Å, consistent with
the interaction energy profile (Figure 2(e)). The maximum
interaction energy and themaximum force applied are higher
in retro-pVEC than in pVEC simulations (Table 3).

When the number of water molecules in the mem-
brane is monitored during peptide transport in the pVEC
simulation, three maxima (𝑧 ≈ 0, −40, and −60 Å) are
observed (Figure 2(c)). On the other hand, in the retro-pVEC
simulation, the first maximum (𝑧 ≈ 0 Å) is much higher
at 50 water molecules (Figure 2(f)). The number of water
molecules decreases at 𝑧 ≈ −20 Å and then increases again
to 60 at 𝑧 ≈ −40 Å. The initial abrupt increase observed in
retro-pVEC is due to the uptake of water with the polar patch
of residues that enters the membrane first, while in pVEC
only theN-terminus is positively charged, resulting in the low
maximum followed by the high peak due to entrance of the
posively charged midsection.
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It should be noted that three plateaus (albeit with different
heights) are observed in the interaction energy profiles of
pVEC and retro-pVEC simulations. Furthermore, the work
values at the end of the simulations are similar at around
920 kcal/mol. The similarity in overall properties may be
due to the presence of the same the structural elements
in both peptides, albeit in reverse order. The details of the
interaction energy and force profiles as well as the formation
of the water defect are different between pVEC and retro-
pVEC simulations. In the pVEC simulation, the hydrophobic
stretch is pulled through the membrane first, while in retro-
pVEC simulations the polar patch is pulled through first. It
has previously been suggested that hydrophobic groups con-
tribute to deeper insertion of the peptide into the membrane
[44]. Ile and Leu were shown by MacCallum et al. to be the
most hydrophobic residues, preferring to be in themembrane
bilayer rather than the interface [42]. Mutation of the LLIIL
residues in pVECone by one to alanine results in a decrease in
uptake potential, while deletion of the initial three residues or
replacing the first five residues by L-alanine abolishes uptake
[29].These results suggest that the presence of the hydropho-
bic stretch composed of three Leu and two Ile residues,
which are known to be highly hydrophobic, can contribute
to penetration of pVEC into the bilayer. In our simulation
results, when the hydrophobic stretch enters first in pVEC
simulations, the interaction energy between the peptide and
the membrane (Figure 2(a)) is lower than when the polar
region enters first (Figure 2(d) and Supplementary Figure 3,
left panel). The higher interaction energy between the polar
stretch of residues and the membrane lower boundary may
constitute a barrier to transition. Previous reports suggest that
the hydrophobic stretch contributes to deeper penetration
into the bilayer and facilitates transport. Furthermore, a large
water defect that surrounds the C-terminal polar patch needs
to form in the retro-pVEC simulations (and in C-terminus
first pVEC simulations, Supplementary Figure 3), while the
water defect is smaller and grows in size as the peptide enters
and the arginine rich cationic midsection moves through
the bilayer. Therefore, peptide entry at its hydrophobic N-
terminus, which “guides” the peptide into the hydrophobic
membrane, may be a more facile process.

pVEC has three distinct regions that can be classified as
hydrophobic, cationic, and polar, while scramble-pVEC has a
completely random order, possibly altering the amphipathic
character of the peptide. As a result, the energy, force,
and water defect size profiles lack distinguishable regions
observed in the previous simulations. The interaction energy
profile has several distributed maxima (Figure 2(g)), mir-
rored by the force profile (Figure 2(h)). The two maxima
observed at 𝑧 ≈ 10 Å and −20 Å in the force profile are
due to interaction of the positively charged residues with
the phosphate groups in the two leaflets. The maximum
interaction energy value reached is lower than the two other
simulations at −380 kcal/mol. The maximum force applied
is also lower at 1300 pN. The flatter force profile as well as
the low values of the maxima result in a low work value at
800 kcal/mol.

In scramble-pVEC simulations, about 40 watermolecules
enter the bilayer with the peptide, the number of water

molecules fluctuates between 20 and 40 with no pronounced
peaks or troughs, and as the peptide leaves, the number drops
gradually to 0 (Figure 2(i)). The absence of a well-defined
structure in the number of water molecules that enter the
membrane with the peptide is consistent with the relative
absence of peaks in the interaction energy and force profiles.

4. Conclusions

In this study, steered molecular dynamics simulations on
the pVEC peptide, retro-pVEC, and scramble-pVEC (Table 1)
were performed in an effort to describe the mechanism
whereby pVEC peptide is translocated across the cell mem-
brane and to verify the significance of certain residues and
structural elements in the translocation mechanism

Visual analysis of the trajectories showed that the peptide
made its initial contact with the bilayer via its positively
charged residues, and it unfolded from a beta-hairpin form to
a random coil as itmoved through the bilayer and that a water
defect that surrounded the cationic or polar residues formed
during peptide transport. The translocation mechanism was
observed to occur in three main stages: (1) the insertion of
the N-terminus into the bilayer, which is facilitated by the
interaction of positively charged residues with the phosphate
layer, (2) the inclusion of the peptide inside the membrane
and formation of the water defect around the cationic stretch
of residues, and (3) the exit of the peptide andwatermolecules
from the bilayer.

The retro-pVEC uptake also has three stages represented
as three maxima in the interaction energy profile, and similar
amounts of work are applied in the pVEC and retro-pVEC
simulations. The overall similarity in the two simulations
correlate well with the presence of three distinct regions
(hydrophobic-cationic-polar) in the two peptides. It is not
known in which direction (N-terminus first or C-terminus
first) the peptide enters the lipid bilayer. However, the
stronger interactions as well as the formation of a larger
water defect observed in retro-pVEC simulations (and in
SMD simulations with force applied on the C-terminus of
pVEC) may suggest that polar C-terminal entry, rather than
the hydrophobic N-terminal entry, is a difficult mechanism.
The hydrophobic residues, which would prefer to be in
the membrane as suggested by MacCallum and coworkers
[42], may “pull” the rest of the peptide along the bilayer. It
is important to note that nonequilibrium MD simulations
sample a reaction coordinate above the free energy landscape,
and therefore a comparison of the energy, force, or work
numerical values, especially for single trajectories, may not
provide accurate information about the free energy landscape
of the transition [21, 45]. Multiple simulations are required
to obtain more accurate estimates of free energy [46–48].
However, the consistently observed features in the transition
pathways may be helpful in identifying energy barriers. Our
major contribution is the observation that the presence of
three distinct regions in pVEC or retro-pVEC is related to
the three distinct stages of the transition and that the water-
membrane boundaries are the main barriers to transition.
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On the other hand, the energy and force profiles of
simulations on scramble-pVEC, which has no discernible
sequence regions, do not have distinct peaks and are rel-
atively more flat. The work that required to move the
peptide across the membrane is also lower. This result would
suggest relatively lower resistance to penetration; however,
experiments have shown that this peptide has low uptake
potential compared to pVEC [29]. It should be noted that,
in pVEC and retro-pVEC simulations, an abrupt increase in
force coincides with an increase in the interaction energy.
Stronger interactions may create energy barriers that must be
overcome, but the high interaction energy, especially between
the cationic stretch and the top layer and later with the
bottom layer, may also drive the peptide forward in the
SMD direction. However, a continuously low force is applied
in scramble-pVEC calculations, and no strong interactions
form between the peptide and the membrane. Additionally,
the water defect that forms is smaller in scramble-pVEC
possibly due to the absence of an arginine rich cationic stretch
of residues. There is no hydrophobic stretch of residues to
move the peptide toward the membrane interior either. The
absence of these two regions may cause the lower uptake
observed for scramble-pVEC. We propose that it is either the
residue composition nor the overall charge nor the overall
hydrophobicity of the peptide but the presence of three
distinct regions that contribute to the uptake of pVEC.

Our results provide evidence for unfolding of the peptide
during direct penetration through bacterial membranes rep-
resented here by the explicit atoms of the POPE bilayer. The
initial beta-hairpin form of the peptide is maintained in the
water layer, but the peptide moves as a single chain during
passage through themembrane.Themembrane atoms act as a
barrier inwhich the peptide and the surroundingwater defect
form a pore. Active participation of the membrane during
uptake has been recognized [13], and our simulations also
lend support to the use of explicit membrane models in the
study of peptide transport.

Abbreviations

MD: Molecular dynamics
SMD: Steered molecular dynamics
POPE, CPP: Cell-penetrating peptide.
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