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formation energy

Pedro G. Ramírez a, Mario G. Del Pópolo b, Jorge A. Vila a, I. Szleifer d, Gabriel S. Longo c,⇑
a Instituto de Matemática Aplicada San Luis (IMASL), UNSL-CONICET, San Luis, Argentina
b IICB-CONICET & Facultad de Ciencias Exactas y Naturales (FCEN), UNCuyo, Mendoza, Argentina
c Instituto de Investigaciones Fisicoquímicas Teóricas y Aplicadas (INIFTA), UNLP-CONICET, La Plata, Argentina
dDepartment of Biomedical Engineering, Department of Chemistry and Chemistry of Life Processes Institute, Northwestern University, Evanston IL, USA

g r a p h i c a l a b s t r a c t

a r t i c l e i n f o

Article history:
Received 22 March 2019
Revised 24 May 2019
Accepted 25 May 2019
Available online 30 May 2019

Keywords:
Cell penetrating peptides
Molecular modeling

a b s t r a c t

The mechanism that arginine-rich cell penetrating peptides (ARCPPs) use to translocate lipid membranes is
not entirely understood. In the present work, we develop a molecular theory that allows to investigate the
adsorption and insertion of ARCPPs on membranes bearing hydrophilic pores. This method accounts for size,
shape, conformation, protonation state and charge distribution of the peptides; it also describes the state of
protonation of acidic membrane lipids. We present a systematic investigation of the effect of pore size, pep-
tide concentration and sequence length on the extent of peptide adsorption and insertion into the pores. We
show that adsorption on the intact (non-porated) lipid membrane plays a key role on peptide translocation.
For peptides shorter than nona-arginine, adsorption on the intact membrane increases significantly with
chain length, but it saturates for longer peptides. However, this adsorption behavior only occurs at relatively
low peptide concentrations; increasing peptide concentration favors adsorption of the shorter molecules.
Adsorption of longer peptides increases the intact membrane negative charge as a result of further deproto-
nation of acidic lipids. Peptide insertion into the pores depends non-monotonically on pore radius, which
reflects the short range nature of the effective membrane-peptide interactions. The size of the pore that pro-
motes maximum adsorption depends on the peptide chain length. Peptide translocation is a thermally acti-
vated process, so we complement our thermodynamic approach with a simple kinetic model that allows to
rationalize the ARCPPs translocation rate in terms of the free energy gain of adsorption, and the energy cost
of creating a transmembrane pore with peptides in it. Our results indicate that strategies to improve translo-
cation efficiency should focus on enhancing peptide adsorption.
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1. Introduction

In the context of cell biology, lipid bilayers act as semi-
permeable barriers separating aqueous compartments. Mem-
branes’ selective permeability is a key feature that allows organ-
isms to establish vital concentration gradients between the intra-
and extra-cellular media. Most lipids in membrane bilayers are
amphipathic molecules, arranged with their polar heads pointing
outwards, which creates a hydrophobic region inside the bilayer.
This region is impermeable to most hydrophilic molecules, thereby
acting as a protective wall that encloses the cellular matrix. Essen-
tial small molecules such as ions, sugars and amino acids can tra-
verse the plasma membrane through the action of protein pumps
and channels embedded in the membrane [1]. Biological mem-
branes host proteins that function as ligand-receptor gateways to
permit transport and other functions [2]. Most polar and hydrophi-
lic bioactive molecules that lack a proper surface receptor, find in
lipid membranes an impermeable barrier.

Certain peptide sequences, however, are capable of penetrating
lipid bilayers. Cell penetrating peptides (CPPs) are short sequences
of amino acids (6 30) that enter most mammalian cells. These
molecules can penetrate into cells either alone or attached to car-
goes of various sizes such as fluorescent probes, proteins, oligonu-
cleotides and liposomes [3–17], which has raised interest in their
possible application as vehicles for intra-cellular delivery of thera-
peutic agents [18,19].

The first CPP described in the literature was the arginine-rich
sequence of the transduction domain of the HIV-1 transactivator of
transcription (TAT) protein, identified as key to facilitate cellular
uptake of the TAT protein [20]. This discovery jump-started the sci-
entific community’s interest in the use of arginine-rich cell penetrat-
ing peptides (ARCPPs) as drug delivery carriers. Nowadays, there is
considerable interest within the therapeutic peptides industry in
developing reliable carriers for delivery to the cellular cytoplasm
[21,22]. Many CPPs are highly polar and hydrophilic, which poses
fundamental questions as to the mechanism by which they traverse
lipid bilayers. Understanding the physical chemistry underneath this
mechanism is essential for the rational design of drug delivery vehi-
cles with controlled behavior based on the CPPs’ ability to enter cells.

Polyarginine peptides display higher translocation efficiency
than other cationic CPPs such as polylysine and TAT peptides
[4,7,8,11,12,23]. Most studies agree that the cell-penetrating prop-
erties of these peptides originate from the positively charged
amino acids within their sequence [24–26], and the concomitant
electrostatic interaction with the negatively charged membrane
surface [6,27–31].

Different mechanisms have been proposed to describe the cellu-
lar uptake of CPPs [1,14,15,32,33]. They can be internalized through
endocytosis, and can also cross the membrane through direct
translocation when endocytosis is inhibited [33–36]. Direct translo-
cation was first questioned as an artifact of cell fixation, but it was
later confirmed using fluorescence microscopy in living cells when
other uptake routes are inhibited [12]. Indeed, there is evidence that
CPPs’ uptake is independent of metabolic energy and does not
involve any specific cell receptor [24,37–39]. As opposed to the
endocytic pathway, direct translocation does not require the input
of metabolic energy. After years of intense debate, it is now accepted
that both energy-dependent and energy-independent mechanisms
account for the cell permeation properties of CPPs [15].

Various models of direct translocation have been proposed
[15,40–45], the most accepted one requiring the opening of hydro-
philic transmembrane pores [46,47]. However, at the present, the
exact physical pathway that CPPs use to passively cross lipid bilay-
ers is only partially understood [48,49]. Although, there is growing

consensus that peptides’ adsorption on the cell membrane plays a
critical role during the initial stages of permeation.

It should be noted that while originally most identified CPPs
were of cationic nature, there is currently an increasing number
of synthetic CPPs that contain mostly hydrophobic amino acids
while having a relatively low net electric charge. The amphipathic
nature of these peptides plays a crucial role in their ability to inter-
act with the lipid membrane, which may result in internalization
mechanisms different from direct translocation [50].

Theory and molecular simulations have been used to shed light
on the underlying mechanism of CPP uptake, including molecular
dynamics (MD) with both all-atom and coarse-grained models
[46,47,51–56]. The effect of membrane tension on the uptake
[53] and translocation through asymmetric membranes [51] have
both been considered. By use of MD simulations, Via et al. [47]
have recently shown that the transmembrane potential can signif-
icantly lower the energy barrier for bringing the CPP to the center
of the bilayer. Ziegler et al. [27] have demonstrated that the elec-
trostatic energy of peptide-membrane attractions, calculated
within the Gouy-Chapman formalism, accounts for approximately
80 percent of the binding energy.

While plenty of advances have been made to elucidate the
mechanisms of direct translocation, there are still many questions
that need to be answered. For example, what is the role of mem-
brane composition, its surface charge and in particular the state
of protonation of acidic lipids? Moreover, ARCPPs translocate more
efficiently when they have between 8 and 15 residues [57]. Wen-
der et al. [25] highlighted nona-arginine (ARG9) as the most effi-
cient CPP that is composed of natural L-amino acids. Why do
these different ARCPPs show different translocation efficiencies?
In other words, what is the role of peptide chain-length, net charge
and conformational flexibility?

To address these questions, we have developed a molecular-
level theory that describes the equilibrium adsorption of pol-
yarginine peptides on lipid bilayers bearing a transmembrane
hydrophilic pore. This theory explicitly accounts for the acid-base
equilibrium of all titratable species, the electrostatic and steric
interactions as well as entropic effects, while also incorporating
specific molecular information of the peptides, including size,
shape, conformation, protonation state, and charge distribution.
The state of protonation of lipids in the membrane and that of indi-
vidual peptide residues are not assumed a priori but predicted
locally depending on the interplay between molecular organiza-
tion and the aforementioned free energy contributions. In this
work, we present a systematic study of the effect of pore radius
and CPP chain-length and concentration on the interaction of these
peptides with porated and intact (non-porated) membranes.

While peptide adsorption on the intact and porated membrane
can be studied using a thermodynamic approach, passive peptide
translocation involves the nucleation of a transmembrane pore,
which is a thermally activated process. We conclude this work
by presenting a simple kinetic model where CPP translocation rate
is described in terms of three couple first-order stages: (i-ii) pep-
tide adsorption/desorption on/from the intact membrane, and
(iii) activated jump of the peptide across the lipid bilayer. The
resulting membrane translocation rate depends on two thermody-
namic parameters, the adsorption and activation free energies, that
can be evaluated using the equilibriummolecular theory derived in
this work.

2. Method: Theory and molecular model

The system under investigation is sketched in Fig. 1; it is com-
posed of a lipid membrane having a pore connecting two regions of
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an aqueous solution that contains arginine peptides (P), water
molecules (w), hydroxyl ions (OH�), hydronium ions (H+) and
monovalent salt (NaCl) anions (�) and cations (+). The membrane
is composed of a mixture of two types of lipids, a charge neutral
one (N) and another one bearing an acidic group (I); this ionizable
lipid can be found in one of two possible chemical states: either
protonated (charge neutral, IH) or deprotonated (negatively
charged, I�). In the following we summarize the most important
details of this theoretical method, while a full description of the
theory is presented in the Electronic Supplementary Information
(ESI).

The first step in our thermodynamic approach consists of writ-
ing all the different contributions to the total Helmholtz free
energy of the system:

F ¼ �TSTF � TSTP þ FCP þ FMS þ UE ð1Þ
where T is the temperature, STF represents the translational entropy
of all free species but the peptide, including water molecules,
hydronium, hydroxide, and salt ions. The translational and confor-
mational entropy of the peptide is STP , and FCP is the chemical free
energy of these molecules, which accounts for the acid-base equi-
librium of the titratable side chain of arginine residues. The surface
free energy is FMS, which describes the non-electrostatic free energy
contributions from the membrane, including the acid-base equilib-
rium of the ionizable lipid. Since the membrane is in its liquid dis-
ordered phase, this term also includes the translational entropy of
the lipids. Lastly, UE is the electrostatic energy.

Each of the terms that make the free energy can be explicitly
written as a functional of a few position-dependent quantities,
comprising (i) the local densities of all the mobile species in the
solution, including peptide and lipids (ii) the local probability of
different conformations of the peptide, (iii) the local degree of pro-
tonation of each titratable unit, and (iv) the electrostatic potential.
The next step is to optimize the thermodynamic potential with
respect to each of these functions, which allows to express them
in terms of only two local interaction potentials: the osmotic pres-
sure and the electrostatic potential. These interaction potentials
can be calculated through a series of non-linear coupled equations,
which are solved numerically.

These equations are the Poisson equation, the incompressibility
constraint of the fluid solution, which requires every element of
volume to be fully occupied by some of the mobile species, and
the incompressibility of the membrane surface, which requires
every area element to be fully occupied by lipids. These equations
are derived self-consistently within the present method. Once the
local interaction potentials are calculated, functions (i) to (iv) and,
consequently, the total free energy are all known. Any thermody-
namic quantity of interest can be derived from the minimized free

energy. In addition, structural properties of the peptides can be cal-
culated using their local density and probability distribution of its
different conformations.

The system is in chemical equilibrium with a bulk solution,
whose composition far away from the membrane (pH, salt and
peptide concentrations) is controlled. The membrane composition
far from the pore is also controlled. Thus, the proper thermody-
namic potential whose minimum yields the equilibrium conditions
is the semi-grand potential, which is a function of the chemical
potentials of both the solution species and the lipids.

In order to apply this theory, we need to define a molecular
model for the peptide and the lipid membrane. We model the
membrane interior as a region with dielectric permittivity
�M ¼ 2; solution molecules are excluded from this region, which
is given by

r > R and� hmem

2
< z <

hmem

2
ð2Þ

where R is the radius of the cylindrical pore and hmem is the mem-
brane thickness. The pore center gives the origin of our cylindrical
coordinate system, ðr; zÞ ¼ ð0; 0Þ. The upper (z ¼ hmem

2 and r P R)

and lower (z ¼ � hmem
2 and r P R) membrane surfaces are planar.

Then, the system is symmetric over the z-axis, and we also impose
reflexion symmetry with respect to the z ¼ 0 plane. Thus, we will
only present results for z P 0.

On the membrane surface, the local area density of the lipids is
rNðSÞ for the neutral lipid and rIðSÞ for the ionizable lipid, where S
is a coordinate on the membrane surface. This coordinate is equal
to z on the cylindrical surface of the pore and equal to the displaced
radial coordinate on the planar membrane surface, to make S
continuous,

S ¼ z 0 6 z < hmem
2 when r ¼ R

r � Rþ hmem
2 r P R when z ¼ hmem

2

(
ð3Þ

The area fractions of membrane surface occupied locally by
each lipid are vNðSÞ ¼ rNðSÞaN and vIðSÞ ¼ rIðSÞaI for the neutral
and acidic species respectively, where aN ¼ 0:6 nm2 and
aI ¼ 0:6 nm2 are the area per molecule (or head-group).

Far away from the pore (S ! 1), the lipid composition is
controlled, which implies that v1

N ¼ limS!1vNðSÞ and
v1
I ¼ limS!1vIðSÞ are input variables. Typically, anionic lipids

account for less than half of the phospholipids in biological mem-
branes [58,59] and 3:1 neutral:ionic lipid ratios are often used in
model membrane studies [60,61]; we use lipid area fractions of
v1
N ¼ 0:6 and v1

I ¼ 0:4 for the neutral and ionizable lipids respec-
tively. For the ionizable lipid pKa ¼ 4, representing a fatty acid, and
the local degree of charge is f I� ðSÞ. The area density of charged lipid

Fig. 1. Schematic representations of the system. Panel A illustrates a longitudinal cut of the system. Panel B shows a 3D representation of a top-down view of the hydrophilic
membrane pore and its surroundings. The color of each sphere in panel B indicates its chemical identity, following the same color-scheme of panel A. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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is rI� ðSÞ ¼ rIðSÞf I� ðSÞ, and that of the protonated lipid
rIHðSÞ ¼ rIðSÞ 1� f I� ðSÞð Þ. Notice that rI� ðSÞ also gives the area
charge density of the membrane surface. We emphasize again that
we do not impose the degree of charge of the lipids on the basis of
its pKa and the solution’s pH; rather, f I� ðSÞ results from the local
conditions that yield thermodynamic equilibrium.

Polyarginine molecules are modeled as interconnected beads of
volume vARG ¼ 0:21 nm3, which is the apparent molar volume of
arginine as reported by Millero et al. [62]; each bead is centered
at the Ca position with a basic pKa ¼ 12. All conformations of the
peptide chain are generated using a rotational isomeric state
model in which each 0:38 nm long segment can assume one of
three isoenergetic orientations [63]. To account for the rotational
degrees of freedom, each of these conformations is rotated 12
times according to randomly selected Euler angles.

Other inputs of our molecular model are the volume (and
charge) of the rest of the free species; for water molecules, hydro-
nium and hydroxyde ions we use 0:03 nm3, and the volume of salt
ions is 0:045 nm3. The aqueous medium has dielectric constant
� ¼ �w�0, with �w ¼ 78:5 being the relative dielectric constant of
water at room temperature, and �0 denoting the vacuum permit-
tivity. In order to numerically solve the equations resulting from
the molecular theory, the space is discretized into 0:25 nm-thick
and 0:5 nm-wide cylindrical rings. The area of the different mem-
brane surfaces (membrane-solution interfaces) is discretized
accordingly.

3. Results

In this work, we present theoretical results for the adsorption at
physiological conditions of short polyarginine peptides on lipid
membranes bearing pores of different size. We will show that far
away from the pore, where the membrane properties are those
of the intact membrane, peptides attach quite strongly to the
membrane surface. Our results predict this behavior for all peptide
sizes and pore radii considered, which highlights the critical role of
adsorption as a mechanistic first stage on the direct translocation
pathway.

Therefore, before considering the effect of pore size, we describe
the thermodynamics of adsorption of polyarginines on the surface
of a membrane having no pore. To quantify this behavior, we
define the adsorption on the intact membrane as the number of
peptide molecules per unit area in excess of the bulk contribution,

Cmem ¼
Z 1

0
dz hqpðzÞi � qb

p

� �
ð4Þ

where qb
p and hqpðzÞi are the bulk and the local peptide number

density, such that

lim
z!1

hqpðzÞi ¼ qb
p ð5Þ

Angle brackets indicate ensemble average over peptide
conformations.

Fig. 2 shows the surface excess of arginine peptides with differ-
ent chain lengths (L). These and all the following results corre-
spond to physiological conditions (pH7 and 0:1 M NaCl) and a
bulk concentration of polyarginine of 1 lM; the membrane is com-
posed of 40% ionizable lipid and 60% electroneutral lipid, and its
thickness is hmem ¼ 5 nm. The inset in Fig. 2 displays the area
charge density, rI� , that establishes at the intact membrane surface
once adsorption equilibrium has been attained.

Increasing the polyarginine chain-length dramatically enhances
adsorption, as seen in Fig. 2, and Cmem displays a seemingly asymp-
totic behavior for relatively long peptides. Indeed, peptides longer
than ARG9 only marginally increase the saturation surface excess to

the intact lipid membrane. This predictions, together with the crit-
ical role of peptide adsorption to the intact membrane, must be
both placed in the context of the findings of Wender et al. [25],
which indicate that ARG9 is one of the most efficient CPP composed
of natural L-amino acids.

However, though the number of adsorbed molecules may be
similar for L P 9, longer peptides still bring more positive charge
to the surface. For this reason, the negative charge density on the
membrane surface does not display the same asymptotic behavior
as Cmem (see inset of Fig. 2). This monotonic increase in surface
charge is the result of a lower degree of protonation of acidic lipids
as the peptide length increases.

Physical binding to the membrane surface is driven by the elec-
trostatic attraction between the negatively charged lipids and the
positively charged arginine residues. The release of salt counteri-
ons to the bulk solution favors adsorption, although this phe-
nomenon should only play a minor role at the high salt
concentration used in our calculations (0:1 M) [64]. The loss of
peptide translational entropy opposes adsorption. Confinement of
longer peptides brings more electric charge (per molecule) to the
surface at the same (translational) entropic cost as the adsorption
of smaller molecules. This explains why adsorption increases more
significantly with peptide size for intermediate chain lengths,
4 6 L < 9. Steric and electrostatic repulsions among adsorbed pep-
tides, however, become larger as the size of the molecules
increases. In addition, the peptide loss of conformational entropy
(as opposed to translational entropy) is greater as the size of the
molecule increases. These effects contribute to the saturation
behavior observed when L P 9.

Next, we consider the effect of peptide concentration on its
adsorption to the intact membrane. Fig. 3 shows adsorption iso-
therms, Cmemvs. peptide concentration, for three representative
chain lengths. These adsorption isotherms saturate at around
0:01 M peptide. Further increasing the bulk concentration beyond
this saturation value decreases Cmem. Clearly, longer peptides
adsorb better at low concentrations, while shorter ones are more
efficient at high peptide concentrations. A similar behavior has
been predicted using MD simulations in a system comprised of a
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) bilayer with
cationic antimicrobial peptides having þ4 and þ7 charges; López
Cascales et al. [65] found that peptides with a charge of þ4 display
a higher level of adsorption to the DPPC membrane than peptides
with þ7 charge. The theoretical model developed in this work does
not allow for any type of membrane deformation or rupture; as
such, we work under the assumption that the peptide concentra-
tions explored do not break the intact membrane. Although our

Fig. 2. Peptide surface excess, Cmem , on the intact membrane as a function of
peptide chain length, from L ¼ 4 to L ¼ 11. The inset displays the area charge
density of the intact membrane surface, rI� , as a function of polyarginine chain
length. These results correspond to physiological conditions (pH 7 and 0:1 M NaCl)
and an experimentally relevant peptide concentration of 1 lM.
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theory can describe lipid translation and protonation, other theo-
retical/simulation methods such as Molecular Dynamics may be
better suited to study membrane deformation due to peptide
adsorption.

The effective interaction between the peptide and the mem-
brane surface can be quantified using the potential of mean force,
defined as (see ESI):

PMFðzÞ ¼ � ln
hqpðzÞi
qb

p
ð6Þ

where we have arbitrarily chosen limz!1PMFðzÞ ¼ 0.
Fig. 4 shows the position-dependent PMF acting on a peptide

with center of mass at z. Long polyarginines interact more strongly
with the membrane surface. In particular, at the surface (z ¼ hmem

2 ),
the PMF decreases monotonically with peptide size, as seen in the
inset of Fig. 4. This last result is consistent with the predictions of
Fig. 2 showing increasing adsorption with peptide size. At the con-
ditions of our calculations, physiological pH and salt concentration,
membrane-peptide interactions are short-ranged (i.e., screened).
Further than approximately 3 nm from the membrane surface,
PMFðzÞ nearly vanishes.

At the surface, the interaction between ARG9 and the intact
membrane surface is approximately �11kBT (see Fig. 4). By use
of MD simulations, Hu and Patel [54] have obtained a similar result
for the interaction between TAT peptides containing +8 charges

and a 50:50 DPPC:DPPS (1,2-dipalmitoyl-sn-glycero-3-phospho-L
-serine) membrane.

As stated before, molecular simulations and experimental evi-
dence support the hypothesis that CPPs translocate lipid bilayers
by nucleating transient membrane pores. Consequently, we now
turn our attention to peptide adsorption on lipid membranes hav-
ing a pore of radius R. The pore breaks the symmetry on the planes
normal to the z-direction; we consider azimuthal symmetry and
introduce the radial (polar) coordinate r. The center of the pore
defines the origin of our cylindrical coordinate system. In this con-
text, we define the pore adsorption extent as

Cpore ¼ 2p
Z 1

0
dz

Z 1

0
rdr hqpðr; zÞi � lim

r!1
hqpðr; zÞi

� �
ð7Þ

which measures the number of peptide molecules in excess of the
number adsorbed on the intact membrane, given by the double
integral of the second term. The intact membrane represents the
boundary condition of the porated membrane, such that:

lim
r!1

hqpðr; zÞi ¼ hqpðzÞi ð8Þ

Notice that the peptide bulk density is also a boundary condi-
tion that satisfies qb

p ¼ limz!1hqpðr; zÞi ¼ limz!1hqpðzÞi. Then,
Cpore isolates the pore and the contribution from its surroundings
to adsorption, while excluding the effect of the intact membrane.

Fig. 5 shows that Cpore displays a non-monotonic behavior as the
pore size increases, with a maximum whose magnitude and posi-
tion (Rmax) depends on the peptide size. Long peptides concentrate
more into the pore because they bring more positive charge to its
surface, which enhances the attractive interactions with the nega-
tive charge of the pore, at the same (translational) entropy penalty
due to molecular confinement. For small radii, as the size of the
pore increases, there is more room for peptides to adsorb but also
more net negative charge on the surface, which increases
adsorption.

The non-monotonic behavior as the size of the pore increases is
not completely unexpected since Cpore is an excess quantity with
respect to the extent of adsorption on the intact planar surface.
In the ESI, we show that Cpore diverges to negative values when
R ! 1. While the membrane area added to the pore surface grows
linearly with R, the area removed to the planar surface decreases
proportionally to R2. Namely, increasing the pore size for sufficient
large R, removes more surface than it adds. Such decrease in sur-
face area available for adsorption accounts for the behavior of
Cpore for relatively large pore sizes.

Fig. 3. Peptide surface excess, Cmem , on the intact membrane as a function of the
bulk peptide concentration for three different chain lengths. These results were
obtained at physiological conditions (pH 7 and 0:1 M NaCl).

Fig. 4. Potential of mean force acting on peptides of three different chain lengths (L)
as a function of the distance to the intact membrane surface. The surface sits at
z ¼ hmem

2 ¼ 2:5 nm, indicated by the dashed black line. The inset shows the PMF value
at the membrane surface, PMFmem , as a function of the polyarginine chain length.
These results were obtained at physiological conditions (pH 7 and 0:1 M NaCl) and
an experimentally relevant peptide concentration of 1 lM.

Fig. 5. Number of peptide molecules adsorbed to the pore, Cpore , as a function of the
pore radius for different peptide chain lengths, from L ¼ 4 to L ¼ 9. These results
have been obtained at physiological conditions (pH 7 and 0:1 M NaCl) and an
experimentally relevant peptide concentration of 1 lM.
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Let us now consider the effective interaction between the pep-
tides and the porated membrane. As in the case of the intact mem-
brane (Eq. (6)), we define the potential of mean force as:

PMFðr; zÞ ¼ � ln
hqpðr; zÞi

qb
p

ð9Þ

where we have again chosen limz!1PMFðr; zÞ ¼ 0. Notice that this
free-energy surface does not include the energy cost of creating
the pore. This contribution, which makes the translocation of the
peptide a thermally activated event, will be considered later.

Fig. 6 illustrates PMFðr; zÞ for the adsorption of ARG9 to a mem-
brane having a pore of 1 nm radius. The upper membrane surface
corresponds to ðz ¼ hmem

2 ; r > RÞ, while the cylindrical pore surface

is ðhmem
2 > z > � hmem

2 ; r ¼ RÞ. In this figure the red line with circles
represents the minimum free energy path that takes a peptide
from the bulk solution into the membrane pore. The resulting reac-
tion path highlights the role of peptide adsorption on the intact
surface prior insertion into the membrane pore. Clearly, as z
decreases, the peptide first approaches the surface far away from
the pore, which is centered at r ¼ 0. The peptide then attaches to
the bilayer relatively far away from the pore, where the surface
properties of the membrane are those of the intact membrane,
which occurs at r ! 1. This behavior is observed for all peptide
sizes and pore radii considered.

To further characterize the effective interaction between the
peptides and the porated membranes, Fig. 7 shows the potential
of mean force for different chain lengths and pore sizes, calculated
using Eq. (9). In all cases, PMFðr; zÞ displays a local minimum on the
membrane surface and a global minimum inside the pore. For short
peptides and large pores this global minimum occurs relatively
close to the pore surface (see panels A and C of Fig. 7). As the pep-
tide size increases, or the pore radius decreases, the minimum dis-
places towards the pore center (r ¼ 0).

In agreement with the behavior predicted for the intact mem-
brane (see Fig. 2), the minimum of the PMF for porated membranes
becomes deeper (more negative) the longer the arginine chain (e.g.,
in Fig. 7 compare different panels on the same column). Long pep-
tides bring more counterion charge to the membrane surfaces at
the same entropic cost of confinement. Moreover, the short-
range nature of these effective interactions, seen in Fig. 7 for
porated membranes, but also in Fig. 4 for the intact membrane,
is the reason why the position of the PMF minimum (inside the

pore) displaces towards the pore surface, either as the size of the
pore increases or as the peptide size decreases.

Fig. 7 also shows that the potential of mean force displays a
local and global maximum near the edge of the pore; i.e., close to
the border between the planar and the cylindrical surfaces but
inside the pore. Peptide inclusion into the pore requires placing
the peptide’s segments close enough to one of the membrane sur-
faces, given that the effective interactions are short ranged. Indeed,
the spatial distribution of peptide segments does not display such
maximum (see ESI). In broads terms, placing the peptide center of
mass in the vicinity of the maximum requires the molecule to
assume an upright configuration, which leads to half of its seg-
ments insufficiently coordinated with the negatively charged
lipids. This geometric restriction does not impose a significant con-
straint for adsorption on the planar side of the edge, which is why
the maximum occurs in the pore interior. Moreover, as the size of
the peptide increases the maximum grows because more segments
are placed too far away from the membrane when the molecule
center of mass is at this position.

The gray color scale in Fig. 7 shows the local charge density of
the membrane, rI� ðSÞ, where S is a coordinate on the membrane
surface as already defined. In these examples, the pore surface is
more negatively charged than the planar membrane surface (as
evidenced by the darker gray color). Our membrane is composed
of a charge-neutral lipid and of a titratable lipid that can be found
in one of two chemical states, either protonated (charge neutral) or
deprotonated (negatively charged). Then, the observed charge reg-
ulation behavior inside the pore can either result from the
exchange between neutral and (charged) ionizable lipids, or be
associated to a lower degree of protonation of the ionizable lipid
inside the pore.

Fig. 8 reports the local membrane composition for a selected set
of conditions. The curves representing the total area fraction occu-
pied by titratable lipids (green line) and that of charged lipids (red
line) are roughly parallel to each other, indicating that protonated
and deprotonated species do not segregate from each other and
follow similar spacial distributions on the membrane. Charge den-
sity on the bilayer surface is proportional to the local area fraction
occupied by ionized lipids. The results of Fig. 8 imply that the
degree of protonation of the acidic lipids does not significantly
depend on the position on the surface. On the other hand, the local
area occupied by neutral and ionizable lipids change inside and
near the pore, with respect to the planar surface, and assumes dif-
ferent values depending on the size of the pore. In our model, both
ionizable and neutral lipid molecules occupy the same molecular
area. Under such condition, the main contribution to membrane
charge regulation is the exchange of lipid types inside and near
the pore, as discussed. However, this behavior could be different
for lipids having different area per molecule.

In Fig. 2 we have shown that the charge of the intact membrane
surface increases as a function of the peptide chain length as a con-
sequence of the increasing deprotonation of the ionizable lipids.
Plots of membrane charge density at S ¼ 0 as a function of both
polyarginine length and pore radius are available in the ESI. Those
plots show that the charge on the pore surface can significantly
vary with the pore size. The main contribution to this charge reg-
ulation mechanism is the aforementioned exchange between
charged and neutral lipids. The dependence on peptide size is
much weaker.

Surface Plasmon Resonance studies have shown that incorpora-
tion of the CPP pep-1 is a multistep process initiated by peptide
adsorption to the intact membrane, primarily governed by electro-
static attractions, and followed by peptide insertion [66]. Pep-1 is
known to translocate lipid membranes via a physically driven
mechanism associated to the high affinity for the phospholipid
head groups [66].

Fig. 6. The color map shows PMFðr; zÞ for ARG9 at different spatial positions
(excluding the membrane interior where it diverges). The horizontal pink line
corresponds to the upper membrane surface, while the vertical one represents the
cylindrical surface of a 1 nm-radius pore. The red circles show the minimum free
energy path on the r � z plane. These results correspond to physiological conditions
(pH 7 and 0:1 M NaCl) and peptide concentration 1 lM. (For interpretation of the
references to colur in this figure legend, the reader is referred to the web version of
this article.)
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As we have seen, when a peptide approaches a porated mem-
brane from the bulk solution, the minimum free energy path takes
it first to the surface, and introduces it into the pore in a second
stage (see Fig. 6 and Fig. 7). This second mechanistic step involves
the nucleation of a hydrophilic pore as the peptide moves across
the bilayer. The passive translocation of the peptide can thus be
modeled in terms of three coupled first-order kinetic processes,
as represented in the following reactions’ scheme:

CPPbulk �
Kads

CPPads !kt CPPins ð10Þ

The CPP approaches the ‘‘outer” membrane leaflet from a bulk
solution of concentration qb

p, while the ‘‘inner” leaflet is contact

with a solution where qb
p ¼ 0 (intra-cellular space). The first two

processes in Eq. (10) correspond to the adsorption/desorption of
the CPP on/from the membrane surface, which we consider to be
in dynamical equilibrium and characterized by the equilibrium
constant Kads ¼ qmem

p =qb
p ¼ e�bDFads , where qmem

p is the peptide con-
centration on the membrane surface at the position of the local
minimum of PMFðr; zÞ and DFads is the adsorption free energy on
the intact surface.

Fig. 7. Color maps showing the potential of mean force acting on a peptide as function of position, ðr; zÞ, for different peptide sizes and pore radii. Panels in the same line
correspond to the same peptide chain length, while columns correspond to the same pore radius; A: L ¼ 4;R ¼ 1:5 nm; B: L ¼ 4;R ¼ 1 nm; C: L ¼ 6;R ¼ 1:5 nm; D:
L ¼ 6;R ¼ 1 nm; E: L ¼ 9;R ¼ 1:5 nm; F: L ¼ 9;R ¼ 1 nm. The gray-scale placed on the membrane surface gives rI� , the local charge density on the membrane surface. (For
interpretation of the references to colur in this figure legend, the reader is referred to the web version of this article.)
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The third stage of this mechanism corresponds to the thermally
activated jump of the CPP across the bilayer, occurring at a rate
v t ¼ �ktqmem

p , with kt given by Arrenehius equation kt ¼ ae�bDFact .
As supported by molecular simulations [47,54], the passage of
the peptide across the membrane occurs in concert with the open-
ing of a hydrophilic membrane pore, and the kinetic bottleneck
occurs when the peptide reaches the center of the bilayer, sur-
mounting an activation barrier DFact . Putting the previous equa-
tions together, the translocation rate can be written as:

v t ¼ �aqb
p exp �bDFinsð Þ ð11Þ

where DFins ¼ DFads þ DFact is the cost of inserting the CPP in the
bilayer, starting from the bulk solution, while nucleating a trans-
membrane pore; a is a pre-exponential factor. Eq. (11) shows that
the flux of CPP across the membrane is affected, if not determined,
by the competition between the binding strength to the membrane
surface and the penalty for creating the transition state.

As stated before, our molecular theory model considers the
membrane to be a dielectric continuum with titratable surface
sites (with translational freedom). Consequently, the model does
not account for all the molecular complexities involved in nucleat-
ing a transmembrane hydrophilic pore, such as local mechanical
deformation, lipids reorientation, membrane pinching, and pore
hydration. Instead, we consider that the cost of creating the pore
is given by the standard phenomenological expression for the
pore-nucleation free energy, when a pore of radius R opens in a
membrane under zero lateral tension [67–71]:

DFphenoðRÞ ¼ 2pRcþ DFnuc ð12Þ

where DFnuc is the pore nucleation free energy and c is the mem-
brane line tension. Using this expression we can estimate the
pore-radius dependent insertion free energy as,

DFinsðRÞ ¼ DFads þ DFphenoðRÞ þ DPMF ð13Þ

where DFpheno þ DPMF � DFact , and DPMF ¼ PMFpore � PMFmem is the
free energy change (computed with our model) when the peptide
moves from the membrane surface into the pore (once the pore
has been created). In other words, PMFmem is the value of the poten-
tial of mean force at the surface of the intact membrane, and PMFpore

corresponds to the value of the global minimum of PMFðr; zÞ. Notice
that PMFmem is not significantly different from the minimum of the
PMF constrained to the upper membrane surface (z ¼ hmem

2 ). It is also
important to emphasize that, as with any change in thermodynamic
variables, DFact can be computed as the sum of two separate contri-
butions: the pore formation energy, and the cost of moving the pep-
tide from the surface of the membrane to the pore interior. This
does not mean that the jump of the CPP across the bilayer occurs
in two consecutive stages, i.e., pore opening followed by peptide dif-
fusion through or into the pore. In fact, molecular dynamics simula-
tions have shown that pore opening and peptide crossing occur in a
concerted way until the transition state configuration is reached. It
is the energy of such configuration, in which the peptide seats
inside a hydrated membrane pore, that can be computed from Eq.
(13).

Fig. 9 shows DPMF as a function of the peptide chain length for
different pore sizes. Clearly, in all cases, there is small free energy
decrease when the peptide moves from the surface to the pore
interior; i.e., peptide insertion slightly stabilizes the porated mem-
brane. However, this free energy gain is overwhelmed by the cost
of creating the pore. For example, Table 1 reports the values of
DFpheno calculated using standard values of DFnuc ¼ 200 kJ/mol
and membrane line tension c ¼ 40 pN [71], for the pore radii con-
sidered in Fig. 9. When comparing the values presented in this
table with the results of Fig. 9, we see that the cost of opening a
pore is significantly larger than the gain upon insertion of one pep-
tide (roughly two orders of magnitude), even if we consider the
best case scenario of 1:5ARG9 molecules inserting into a 1 nm
radius pore (see Fig. 5). In other words, the translocation of the
peptide starting from the membrane surface is uphill in free
energy, as expected for an activated process (DFact > 0), and shows
an activation barrier of the order of hundreds of kBT. Such a large
translocation barrier coincides in the order of magnitude with
the ones computed by molecular dynamics simulations for most
CPPs [46,47,51–56].

Fig. 8. Local area fraction occupied by different lipid species as a function of the
surface coordinate, S, for ARG9 solutions and membranes having pores of 1:5 nm,
1 nm and 0:5 nm. The blue lines correspond to the charge neutral lipid and the
green lines to the acidic lipid (including both the protonated and the deprotonated
states). The red lines represent the contribution from the charged (deprotonated
acidic) lipids, which is proportional to the membrane charge density (in absolute
value). Dashed lines indicate the position of the edge where increasing S results in
moving from the pore (cylindrical) surface to the upper membrane (planar) surface.
(For interpretation of the references to colur in this figure legend, the reader is
referred to the web version of this article.)
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In light of our results, Eq. (11) informs us that the peptides’
absolute translocation rate could be more effectively modulated
by controlling the factors that determine the adsorption energy,
rather than trying to diminish the penalizing effect of DFact . On
the other hand, the relative translocation efficiency of structurally

different CPPs, erel ¼ vCPP1
t =vCPP2

t , may well be affected by both
adsorption and activation energies. The theoretical approach pre-
sented in this paper may help unraveling the molecular properties
that make some CPPs more effective than others.

4. Conclusions

We have developed a molecular theory to investigate the
adsorption and insertion of arginine peptides into membrane
pores. This method, which incorporates the explicit description of
peptide size, shape and conformations as well as lipid membrane
charge regulation, allows for a systematic investigation of the
effects of pore size, peptide concentration and sequence length.

Our results indicate that adsorption to the intact lipid mem-
brane plays a critical role on peptide translocation; i.e., peptide
pre-concentrates on the membrane surface before jumping across
the membrane. For peptides shorter than ARG9, adsorption on the
intact membrane increases significantly with chain length. For
longer CPPs, however, the adsorption extent does not considerably
increase with peptide length. This behavior holds for the typical
experimental conditions of low peptide concentrations. Increasing
the peptide concentration, on the other hand, favors the adsorption
of shorter sequences.

Adsorption into the pore displays a non-monotonic dependence
on pore size, which is due to the short range nature of the effective
membrane-peptide interactions. Maximum adsorption into the
pore occurs when the pore radius is around 1 nm, but this effect
is modulated by the peptide chain length.

The negative charge on the membrane surface increases with
peptide chain length (intact membrane), which results exclusively
from a lower degree of protonation of acidic lipids. In addition, the

pore surface is more negatively charged than the upper membrane
surface under most conditions. This effect, on the other hand, is a
consequence of the exchange between neutral and (charged) acidic
lipids, without altering the local degree of protonation. These
charge-regulation phenomena enhance the attractive electrostatic
lipid-peptide interaction, which provides the driving force for
adsorption. The translational freedom of the lipids has a bigger
impact on the surface charge density than the possibility of dis-
placing the acid-base chemical equilibrium of the titratable lipids.
In this context, the size of the pore has an important effect on the
surface charge density inside the pore, while the effect of peptide
chain-length is less significant.

Biological membranes have a wide range of lipid compositions
[72]. It has been shown, for example, that lipid clustering can cause
dramatic changes in local membrane composition [73]. Here, we
have studied a membrane composed of 60% neutral lipid and 40%
acidic lipid. At the present, we are conducting further research to
study the role of membrane composition on peptide adsorption
and translocation.

We have considered the adsorption of polycationic CPPs driven
by electrostatic attractions. These attractions alone do not provide
the free energy gain to offset the cost of opening a hydrophilic
pore. In other words, CPPs’ translocation is uphill in free-energy,
as expected for a thermally activated process. A simple kinetic
model highlights the role of adsorption, pore nucleation, and pep-
tide insertion energies. While the absolute translocation rate of a
peptide is dominated by the energy cost of creating a peptide-
filled trans-membrane pore, electrostatically driven adsorption
on the intact membrane provides a large population of peptides
ready to jump across the membrane. Our results indicate that a
reasonable approach in the rational design of efficient CPPs should
focus on enhancing membrane adsorption, rather than diminishing
the penalty of membrane crossing.

The theoretical approach presented in this paper should allow
to investigate the relative translocation efficiency of structurally
different CPPs, by comparing their membrane insertion free ener-
gies as defined in equation Eq. (11). For example, the presence of
neutral (hydrophobic) residues in the amino acid sequence, inter-
calated between charged ones, can increase the CPP’s translocation
rate [74–76]. In this sense, Thryptophan seems to be a particularly
good neutral spacer [77,75]. We are currently extending our model
to describe amphipathic peptides and address the relative translo-
cation efficiency of different CPPs.
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