pubs.acs.org/Langmuir

I—/ \ N G M U | | ? & Cite This: Langmuir XXXX, XXX, XXX=XXX

Negative Dipole Potentials and Carboxylic Polar Head Groups Foster
the Insertion of Cell-Penetrating Peptides into Lipid Monolayers

Matias A. Via,”® Mario G. Del Pc’)polo,§ and Natalia Wilke*/I

SCONICET & Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Cuyo, Mendoza, Argentina

*Instituto de Histologia y Embriologia de Mendoza (IHEM-CONICET) & Facultad de Ciencias Médicas, Universidad Nacional de
Cuyo, Argentina

”Departamento de Quimica Biolégica Ranwel Caputto, Facultad de Ciencias Quimicas, and LCentro de Investigaciones en Quimica
Biolégica de Cérdoba (CIQUIBIC), Universidad Nacional de Cérdoba, XSO0OOHUA Cérdoba, Argentina

© Supporting Information

ABSTRACT: Cell-penetrating peptides (CPPs) are polycationic sequences of
amino acids recognized as some of the most effective vehicles for delivering
membrane-impermeable cargos into cells. CPPs can traverse cell membranes by
direct translocation, and assessing the role of lipids on the membrane permeation
process is important to convene a complete model of the CPP translocation. In this
work, we focus on the biophysical basis of peptide—fatty acid interactions, analyzing
how the acid—base and electrostatic properties of the lipids determine the CPP
adsorption and incorporation into a Langmuir monolayer, focusing thus on the first
two stages of the direct translocation mechanism. We sense the binding and
insertion of the peptide into the lipid structure by measuring the changes in the
surface pressure, the surface potential, and the reflectivity of the interface. We show
that, beyond the presence of anionic moieties, negative dipole potentials and carboxylic polar head groups significantly promote
the insertion of the peptide into the monolayer. On the basis of our results, we propose the appearance of stable CPP—lipid

complexes whose kinetics of formation depends on the length of the lipids” hydrocarbon chains.

B INTRODUCTION

Cell-penetrating peptides (CPPs) constitute a family of small
peptides, rich in basic amino acids such as arginine and lysine,
that are able to traverse cell membranes either on their own or
attached to small cargoes.l_3 CPPs are eflicient vectors for
introducing proteins, nucleic acid strands, nanoparticles, and
fluorescent probes into the cell’s cytoplasm,”” and unveiling
the details of how this happens is hailed as an important
milestone in biophysics and other fields, where CPPs are used
as cargo delivery systems. The membrane permeation
mechanisms exploited by CPPs have been described
previously”” "> and include the standard endocytic pathway
and the process of passive diffusion, or translocation, across the
bilayer. In the present work, we focus on passive diffusion, as
some of the molecular details behind this mechanism are still
open to question and deserve close inspection. In particular,
controlling the factors that regulate the energetics of CPP’s
translocation across biomembranes may allow to favor passive
diffusion in detriment of the more cumbersome and energy-
consuming endocytic pathway.

Several studies have underlined the role of interfacial
electrostatics on the CPP transport.l*"_16 For example,
Rothbard et al. and Terrone at al.'””'® have shown that the
transmembrane electrostatic potential can, under certain
circumstances, modulate the permeation rate of the peptides,
whereas a number of papers have reported that the presence of
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negatively charged lipids in the bilayer significantly promotes
membrane binding and translocation.

Apart from electrostatics, the influence of mechanical
properties of the membrane,' of the spontaneous curvature,"®
and of the lipid flip-flop>® on CPPs translocation have also been
investigated. Furthermore, not only general membrane proper-
ties appear to be important for the peptide—membrane
interactions, but also specific lipid—residue interactions may
be relevant, such as ligand—receptor complex formation.”"** In
connection with this, Herce et al.”' have recently reported the
formation of complexes between CPPs and fatty acids in a
biphasic extraction system composed of water and octanol. At
pHs where fatty acids were mostly dissociated, the CPP—lipid
complexes were stable and readily soluble in the organic phase,
encouraging the idea that these aggregates could facilitate the
passive permeation of CPPs across cell membranes, which
normally contain fatty acids. In addition, Herce et al. went one
step forward and showed that exposing the living cells to a
CPP, with prior incubation with oleic acid (OA), favored
peptide intake at relatively high pHs, suggesting that the pH
difference across the membrane and the presence of fatty acids
in the bilayer regulates the binding to the membrane and favor
the translocation process.
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Figure 1. Al vs I, for (a) MA and PA, and (b) PFTD. (c) AII produced in PFTD (red) and in PA (blue) monolayers, at an initial surface pressure
of 20 mN/m. The results are the average of three independent experiments + SD.

In the present work, we aim at contributing to the
comprehension of the peptide—fatty acid interaction, focusing
on the case where the fatty acid forms an organized film. We
analyze and discuss the effect of the amphiphiles’ dipole
potential and of the degree of ionization of the carboxylate
groups, on the adsorption and incorporation of the
polyarginine into one of the membrane leaflets. We used a
nona-arginine peptide, widely known as CPP,”>~*’ that also
includes in its sequence a lysine and cysteine residues, which
allow to bind the polyarginine to proteins (lysine residue) and
to gold surfaces (cysteine residue), thus allowing its use in a
variety of applications. We resort to Langmuir monolayers as a
model of a cell membrane and sense the binding and insertion
of the peptide into the lipid structure by measuring changes in
the surface pressure, the interfacial electrostatic potential, and
the reflectivity of the interface. The dipole potential of the
lipids depends on the composition of the ac;rl chain, as well as
on the head group and its ionization degree.”*”” By comparing
the behavior of hydrogenated and fluorinated fatty acids that
show opposing dipole potentials, we assess the effect of this
parameter on the extent and kinetics of incorporation of CPP
into the monolayer. Additionally, to gain deeper insights into
the effect of the anionic head groups on the binding and
incorporation of the polyarginine, the pH of the subphase was
varied, and the incorporation into neutral and ionized fatty acid
was compared with that in anionic phosphoglycerol mono-
layers.

B EXPERIMENTAL SECTION

Materials. KRy,C(Lys—Arg,—Cys), with a purity of >95%, was
purchased from Innovagen (Sweden). Perfluorotetradecanoic acid
(PFTD), myristic acid (MA), palmitic acid (PA), stearic acid (SA),
OA, and NaCl were obtained from Sigma-Aldrich (USA). CaCl, was
purchased from Merck. 1,2-Dimyristoyl-sn-glycero-3-phospho-rac-(1-
glycerol) (DMPG) sodium salt was obtained from Avanti Polar Lipids
(USA). Dextran sulfate (DS) sodium salt of high sulfate content
(extracted from Leuconostoc spp, 16—20%, M, ~6.500—10.000 Da,
HDS) and chloroform were purchased from Sigma-Aldrich. Peptide

and subphase solutions were prepared using deionized water with a
resistivity of ~18.5 MQ cm and filtered with an Osmoion system
(Apema, BA, Argentina).

Surface Pressure Measurements. Surface pressure measure-
ments of Langmuir monolayers were performed on a homebuilt
trough (1 mL). The trough was first filled with a saline subphase
(NaCl 150 mM) whose pH was previously adjusted by adding
appropriate amounts of HCl or NaOH (Sigma-Aldrich). In the case of
measurements performed at pH 8, a Tris buffer was used to prevent
the acidification of the solution caused by the dissolution of CO, from
air. A chloroformic lipid solution was then spread, drop by drop, onto
the subphase until the desired initial surface pressure, I1;, as measured
with a KSV instrument (Finland) based on the Wilhelmy method was
reached. Following solvent evaporation (S min), an aliquot of the
peptide solution was injected in the subphase through a hole on the
wall of the trough. The final concentration of the peptide was 10 yM,
as this concentration was previously found to be the minimum
necessity to saturate the incorporation of KRy,C into a PFTD
monolayer (see Figure S1). The time evolution of the surface pressure
was registered after the addition of the peptide and its final value, ITj
was determined from the asymptote of the curve. The change in
surface pressure was defined as AIl = Il — IT;. All of the experiments
were performed at 25 °C.

Surface Potential Measurements. For the pure lipid mono-
layers, the vibrating plate condenser method® was used to measure
the surface potential A® (KSV, Finland). Briefly, one electrode was
placed into the aqueous subphase, whereas the second (grounded)
electrode was placed and vibrated in the air at about 5 mm from the
interface. The lipid film was compressed by two hydrophobic barriers
at a rate of S mm/min, on a 200 mL volume trough at 25 °C. When
measuring A® after injecting the peptide, a homebuilt air-ionizing
*1Am electrode was placed at 5 mm above the subphase, whereas the
reference Ag/AgCl/Cl™ electrode was submerged in the subphase.
These experiments were performed on a 700 uL trough at 25 °C.

Relative Reflectivity Measurement. A black homebuilt trough
(700 uL) placed on the stage of a Nanofilm EP3 Imaging Ellipsometer
(Accurion, Goettingen, Germany) was used in the Brewster angle
microscopy (BAM) mode, with both the analyzer and incident
polarizers at an angle of zero. First, the calibration of the microscope
was carried out on the bare aqueous interface with A = 532 nm laser,
reaching the sample at the experimentally calibrated Brewster angle
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(~53.1°). Subsequently, the lipid films were seeded on top of the
water surface as already described. The resulting images were
homogeneous in all cases. Levels of gray were registered before and
after injecting the CPP in the subphase. The reflectivity of the lipid
monolayer on a NaCl 0.15 M solution was considered as the base line,
and all measurements recorded after the injection of the peptide were
referred to this initial value (relative reflectivity). All of these
experiments were performed at 25 °C and pH S.

B RESULTS AND DISCUSSION

pH and Dipole Potential Modulate the Incorporation
of the Peptide into Fatty Acid Monolayers. The binding
and incorporation of a solute into a Langmuir monolayer is
regulated by, and in turn determines, relevant interfacial
properties such as the level of compactness and phase state
of the amphiphiles, the dissociation degree of titrable groups,
and the interfacial electrostatic potential. We first investigated
the effect of surface pressure and pH on the incorporation of
KR,C into monolayers made of MA, its fluorinated counterpart
PFTD, and PA. The acyl chain of MA and PFTD is equally
long (C14), but the presence of fluorine atoms in the latter
leads to monolayers with negative surface potentials.’”’ PA
(C16) was included in the analysis with the aim of considering
the insertion of the peptide into a fully charged fatty acid
monolayer, conditions that could not be met with MA as this
compound did not lead to stable monolayers at high pH.
Compression isotherms (surface pressure and surface potential
vs mean molecular area) for all of the systems investigated are
shown in Figures S2—S4 of the Supporting Information.

We spread monolayers of these lipids on the air/water
interface up to different surface pressure values (II;), and, after
allowing for equilibration, the peptide was injected in the
subphase in a final concentration of 10 M. The time evolution
of the surface pressure after the peptide injection was recorded
until a plateau, II; was reached. The change in the surface
pressure of the film induced by the peptide was defined as ATl
= II; — TII, Figure SS shows the II(t) trace for two
representative experiments. In general, an increase in the
surface pressure (AIl > 0) indicates that the peptide induces a
structural change in the monolayer and, if the value of AIl is
substantial, the peptide is likely to be inserted into the
monolayer.”** It is important to mention that in the absence
of a lipid monolayer (i.e., adsorption on a clean interface), the
surface pressure of the interface remained zero for at least 1 h,
after injection of the peptide, indicating that the CPP did not
act as a surfactant.

Figures 1a,b shows the dependence of AII on I at different
pH values. I, determines the initial lipid density and packing.
Panel (a) focuses on hydrogenated fatty acids and panel (b) on
PFTD. As observed, a general increase in the surface pressure
was detected when the peptide was added to the subphase,
pointing to the insertion of the CPP into the monolayers. The
extent of surface pressure change, however, was modulated by
film properties.

Figure la shows that Al increases systematically when going
from pH 3 to pH 8, taking the positive values at pH 5 and 8
and almost zero or slightly negative ones at pH 3. The latter
may be ascribed to the instability of the MA monolayer, with
the concomitant escape of the molecules to the subphase. The
pattern of incorporation of the CPP into the lipid films can be
readily ascribed to the ionization degree of the carboxylate
moiety of the fatty acids. In this sense, the pK, of soluble
carboxylic acids lies in the range of 4—5, depending on the

length of the hydrocarbon chain. For fatty acids in solution, a
bulk value close to 4.8 has been reported.33 However, when
molecules form supramolecular aggregates, the pK, shifts
toward neutrality because of intermolecular interactions and
confinement effects. For instance, a shift to 5.6 has been
reported in the case of SA.”* Moreover, near a charged surface,
the pH is usually lower than that in bulk, further shifting the
apparent pK, of acidic amphiphiles.”® Such an effect is more
marked at low ionic strengths® and weakens as the ionic
strength and as the mean molecular area of the monolayer
increases.”® An apparent pK, of 7.6 has been reported for SA
monolayers at low ionic strength and high packings.”’

Therefore, at the salt concentration employed in our
experiments, the pK, values in the range of 5.6—7.6 can be
expected, with shifts in the degree of ionization of the lipids
from values close to zero at pH 3 to 0—50% at pH 5, and higher
ionization degrees at pH 8. Arginine has a pK, of 12, and it is
safe to assume that the peptide is fully charged under all of the
experimental conditions explored. With these considerations in
mind, the overall interpretation of the data reported in Figure
la is that KRyC penetrates to a greater extent into charged
monolayers, as indicated by the larger values of AIl measured
at pH 8. It must be noticed, however, that the data points
collected at pH 8 were obtained from PA (C16) monolayers, at
variances with those at pH 3 and S that were measured on MA
(C14). This change in the fatty acid chain length though is not
responsible for the increase in AIl when pH increases, as can
be judged from Figure S6, where we plot AIT (at IT, = 10 mN/
m), as a function of pH. The peptide induced a surface pressure
increment of 12 mN/m in the PA monolayer when the pH
went from S to 8, and we would expect a similar trend for MA,
should this monolayer be stable at pH 8.

The hydrogenated fatty acid monolayers showed little
dependence of AII on Il suggesting a subtle dependence of
the peptide insertion extent on the film packing, which is in
contrast with the pronounced slope commonly observed in
other systems.”*™*' The cutoff value (extrapolated IT, for which
ATl is zero) is larger than the collapse pressure of the fatty acid
monolayers, suggesting that if the fatty acids were stabilized at
the interface by mixing with other lipids, the peptide would be
able to penetrate the monolayer at surface pressures as high as
those in which lipid monolayers are comparable to lipid bilayers
(i.e, 30 mN/m or higher“).

Figure 1b evidences the incorporation of KRyC into PFTD
monolayers. Two main features distinguish this plot from
Figure la. First, the values of AII are higher in PFTD than in
PA or MA, even at the lowest pH investigated; and second, AII
shows a maximum as a function of I1;. The first observation is
readily explained considering that the substitution of hydrogen
atoms by fluorine decreases the pK, of the molecule,” so the
dissociation degree of PFTD is already larger than zero at pH 3,
where MA and PA are still neutral. The second observation
requires a more thorough analysis, which is provided in the
following paragraphs.

First of all, to assess the ionization degree of PFTD at the
studied pHs, we plotted the surface pressure corresponding to
the liquid-expanded to liquid-condensed phase transition as a
function of pH (see Figure S7). This parameter is expected to
be constant if the degree of ionization remains unchanged and
to increase as the molecules ionize. From this plot, we conclude
that PETD monolayers are completely ionized at pH 8, mostly
ionized at pH S, and only partially charged (less than 50%) at
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Figure 2. AIl vs AII for KR,C interacting with a PFTD film on a subphase of NaCl 150 mM at (a) pH 3, (b) pH S, and (c) pH 8. All experiments
were performed at T = 25 °C. (d) Al as function of A®, for an initial surface pressure of 20 mN/m, for PETD, MA, and PA. The results are the

average of three independent experiments + SD.

pH 3. Therefore, the degree of ionization of PFTD at pH 3 (or
S) is comparable to that of MA or PA at pH S (or 8).

To make a more transparent and direct comparison between
hydrogenated and fluorinated fatty acids, Figure 1c shows the
values of AIIl for PA at pH 8 and for PFTD at pH 5.
Remembering that at these pHs, both monolayers bear similar
surface charges, we conclude that KRyC induces larger surface
pressure changes in PFTD than in PA monolayers, and we
hypothesize that this is because of the inverted surface potential
of PFTD, as compared to PA or MA. Following this hypothesis,
we further analyzed the influence of the initial surface potential
on the incorporation of the CPP into the monolayers.

Figure 2a—c shows the values for All, extracted from Figure
1b, plotted as a function of the initial surface potentials, A®,, at
each pH. Alike the AII-II, relation, AIl shows a non-
monotonic dependence on A®,, indicating the existence of an
optimum condition for the incorporation of the CPP into the
monolayer. The nonmonotonic behavior of AIl can be
explained in terms of two opposing factors: the incorporation
of the peptide is favored in films with low densities and with
high negative surface potentials.

To shed more light on the effect of surface potential, in
Figure 2d, we show the variation of AIl with A®, for all the
systems investigated, at an initial Iy of 20 mN/m, which is the
maximum surface pressure at which all systems can be
compared. In this figure, each data point corresponds to a
different condition (different lipid or different pH). In spite of
this, a clear decrease in AIl as A®, increases can be observed,
pointing out that the surface potential of the monolayer is an
important regulator for the peptide insertion. In connection
with this, positive dipole potentials are known to favor the
partition of anions inside lipid bilayers.”> Here, we report the
opposite phenomenon; cationic peptides incorporate into
monolayers more easily if the dipole potential is negative.
Regarding the PFTD monolayer, its surface potential gets more
negative as the film is compressed (see Figure S2, for example);

thus both parameters change in opposite directions, which leads
to optimal penetration conditions at intermediate film packings.

The maximum value of AIT" is plotted as a function of pH in
Figure 3, where the corresponding values of initial surface
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Figure 3. Surface pressure change, AIIl", associated to the maximum
incorporation of KRyC into PETD monolayers at pH 3, 5, and 8. Red
and green lines represent the A®™ and II", at which the maximum
was reached.

pressure, IIfj, and interfacial potential, A®", are overlaid. II
changes with the pH, being smaller at pH 3, when the PFTD
monolayers are more stiff (see Figure S7) because of partial
neutralization of the molecules. Therefore, the incorporation of
the CPP is maximal at lower initial surface pressures (Figure 2),
and the final surface pressure reached is lower. At pH § and 8,
the compression isotherms are similar (Figure S2). However,
the surface potential is more negative at pH S (Figure S8),
leading to a higher value of II§' and of final surface pressures.

We conclude this section with a secondary but nonetheless
relevant observation. Arginine molecules in solution, with a
concentration equivalent to KRyC 10 uM, neither incorporate
into the partially ionized MA monolayer nor to the fully ionized
PFTD film (both at pH S and I1, = 10 mN/m). This supports
the idea that increasing the chain length of polyarginines, within
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certain margins, fosters the incorporation of the peptide into
membranes.**

Carboxylate Moieties Favor CPP Incorporation into
Lipid Monolayers. The results of the previous section
highlight the relevance of a charged polar head group and of
a negative dipole potential on the incorporation of KR,C into
fatty acid monolayers. However, at the light of the claim that
carboxylate moieties favor the membrane translocation of
polycationic peptides,”" it is important to check whether this is
a generic effect, associated, for example, to the resulting
membrane surface charge, or it is specific of the fatty acids or
molecules alike.

To probe the role of carboxylates on CPP adsorption and
membrane insertion, we contrasted the experiments discussed
in the previous section with equivalent essays performed on
DMPG monolayers. In the latter case, the pH of the subphase
was set to 5, guaranteeing the complete ionization of the film.*
DMPG monolayers provide a negatively charged film but do
not exhibit a carboxylate moiety, which allows for testing the
influence of the charge in the absence of the COO™ peptide
chelator. It has to be recalled, however, that DMPG contains a
phosphate group, which has also been proposed as a chelator of
the guanidinium group,”*” and seems to be more efficient than
fatty acids for extracting oligoarginines to an organic phase.””
Besides, it has been shown that the presence of phosphatidyl-
glycerol (PG) lipids in phosphatidylcholine (PC) membranes
favors the penetration of CPP into monolayers*®*” and vesicles
of different sizes.'>**~>*

To our surprise, KRoC did not show evidence of
incorporation into the DMPG film, as indicated by AII, at
any of the initial surface pressures investigated (see Figure S9).
However, the lack of change in surface pressure does not rule
out the possibility that the CPP is still binding to the polar head
groups of the amphiphiles while remaining on the aqueous side
of the interface.”> To explore such a scenario, we registered
simultaneously the time evolution of the surface pressure and
the reflectivity of the monolayer, and in another set of
experiments also the surface potential, after the peptide was
injected under monolayers sustained at 10 mN/m. In general,
the reflectivity of an interface increases as the film thickness

increases,” which provides a qualitative measurement of the
accumulation of material beneath the film. Figure 4a—c shows
the results for monolayers made of MA, DMPG, or PFTD at
pH S.

Although the reflectivity of the MA films did not change
significantly upon peptide injection, a sharp increase was
observed in the DMPG monolayer and a decrease in the PFTD
monolayer. On the contrary, the surface potential increased in
all systems, with the largest changes observed in PFTD. The
behavior of MA is not very surprising considering that, at pH 5
and II, 10 mN/m, the peptide has relatively little effect on
surface pressure of this film (Figure 1). On the other side, the
trend depicted by DMPG indicates that the peptide, in spite of
not incorporating into the film, accumulates under the
monolayer, increasing the interface reflectivity as previously
observed for cationic and anionic polymers,” and slightly
increasing the surface potential. Figure 5 shows a schematic

Figure S. Illustration of how KR,C (violet) accumulates beneath the
DMPG film (yellow). The actual structure of the peptide at the
interface is unknown, and the drawings are schematic.

representation of the adsorption of KRyC beneath a DMPG
monolayer. We can therefore conclude that a negatively
charged surface promotes the surface binding, or adsorption,
of the CPP; but that the incorporation of the peptide into the
film involves further requirements, which seem to be
propitiated by molecules with a carboxylic acid moiety.

The reduction in reflectivity depicted by PFTD may seem
surprising, but it can be readily explained considering that the
reflectivity of fluorinated monolayers decreases with the film
density,” as opposed to the trends observed in hydrogenated
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of the peptide. (b) Compression isotherms of the analyzed lipids. (c) AII induced by KRyC plotted as a function of the compressibility modulus of

the pure lipid monolayers at 10 mN/m (i.e., the initial surface pressure set in the penetration experiments). All experiments were carried out at T =

25 °C and pH 5, except for PFTD that were performed at pH 3.

lipids. Therefore, the decrease in PFTD reflectivity is a direct
consequence of the increment in film density induced by the
incorporation of the peptide. At the same time, the change in
surface potential in this system is more pronounced than in the
other two cases because the monolayer initially shows a
negative surface potential, leading to larger changes after the
incorporation of the positively charged CPP.

It has also been proved that the presence of negatively
charged glycosaminoglycans favors the cellular intake of CPP,
by increasing the peptide concentration near the cell sur-
face.”™ To test the effect of this kind of polymers on the
incorporation of KRyC into DMPG monolayers, lipid films
were prepared onto solutions of DS, an anionic polysaccharide
that in the presence of CaCl, (10 mM) forms a polymeric
sublayer under the film,” simulating glycosaminoglycans.
Under such experimental conditions, a slight increase in the
surface pressure of DMPG was detected after injecting the CPP
(Figure 4d), but the effect was still smaller than in the case of
ionized fatty acid monolayers (pH 8 Figure 1, for example).
Therefore, we can conclude that KRyC incorporates substan-
tially into partially and completely ionized MA, PA, and PFTD
monolayers, but only slightly into anionic DMPG monolayers,
when supplemented with an anionic polymeric sublayer. On
one side, these conclusions support the idea that carboxylated
lipids facilitate the passive diffusion of CPP across bilayers. On
the other side, it also suggests that in DMPG monolayers, the
PO, ligands are shielded by the hydrated glycerol moiety.

It is important to notice that our results do not contradict the
widely reported increment in CPP permeation in vesicles
containing PG lipids.'*'”*° Negatively charged PGs simply
increase the surface concentration of the peptide, that in turn
promotes activated jumps across the membrane. Schwieger et
al.%* have also observed the incorporation of polyarginines into
1,2-dipalmitoyl-sn-glycero-3-phosphatidylglycerol monolayers,
but the peptide they tested was much longer than KR,C.

Also, our results do not oppose those of Sakai et al,*

mentioned before, because in those experiments the CPP binds
to DMPG molecules dispersed in a chloroformic solution
(biphasic extraction system), instead of forming an ordered
membrane. On the contrary, here the PG lipids form a well-
ordered monolayer with highly hydrated polar head groups.
Our results, however, appear to disagree with those of
Alhakamy et al. who showed that nonarginine (10 uM)
incorporated into 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dylglycerol (POPG) monolayers generate a surface pressure
change of about 4 mN/m.*® This discrepancy could be ascribed
to the unsaturation of POPG, which promotes disorder in the
monolayer lattice, probably affecting the head groups region.
This observation highlights how important is the accessibility of
the phosphate group in PGs, which in turn can be modulated
by the hydrocarbon chains. In fact, the modulating eftect of the
hydrophobic tails was reported by Alhakamy for PC lipids:
although nonarginine generates a 2 mN/m increment in the
surface pressure of POPC monolayers, DPPC did not show any
change. We will not go deeper into this effect because we are
more interested in the carboxylate moiety than in the
phosphate group, but further experiments on this issue would
be valuable.

Because our results show that ionized carboxylic acids favor
the insertion of CPP into monolayers, we tested other fatty
acids with the aim of generalizing our observations and to
analyze the effect of the hydrocarbon chain on the kinetics of
insertion.

Role of Hydrophobic Chains on the Interaction of CPP
with Fatty Acid Monolayers. To test the influence of the
hydrophobic chains on the insertion of KRyC, two fatty acids
were added to the analysis. We studied monolayers made of
OA, as an example of unsaturated lipid, and of SA, a lipid that
forms solid films. These experiments were carried out at pH §,
at which the amphiphiles are partially dissociated and all of
them form stable monolayers. Figure 6a compares the change
in surface pressure promoted by the incorporation of the
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peptide at IT, = 10 mN/m. Because AII depends both on the
amount of peptide incorporated and on the stiffness of the
monolayer (i.e., the pressure response of the film because of a
change in the area per lipid), we estimated the change in the
mean area occupied by the lipids upon incorporation of the
peptide, AA. The resulting data (in absolute values) are
presented in Figure 6a.

Considering that the total area of the monolayer remains
constant during the measurement of a penetration curve, AA
was estimated assuming that the film can be tessellated into two
types of regions. The first ones are defined by regions where
the peptide penetrates and disrupts the monolayer structure,
forming a lipid—peptide aggregate. The second ones are formed
by pure lipids. According to this model, the pure lipid regions
get progressively compressed as the peptide penetrates and the
peptide—lipid aggregate is formed. AA corresponds then to the
change in the area per lipid, within the pure lipid regions, which
can be estimated from the mean molecular areas at the final and
initial surface pressures, as read from the compression
isotherms of the pure monolayers (Figure 6b). A 2 A” change
in area was determined when the peptide was incorporated into
monolayers of hydrogenated fatty acids, which corresponds to
~6% change in the global area. This is a very small percent of
change; thus, it validates the assumption of a tessellated
monolayer, in which regions of pure lipid persist.

Figure 6a shows that, although AII increases in the order
MA < OA < PA < SA < PETD, the values of AA are similar for
all the hydrogenated fatty acids. Therefore, the trend in All is a
consequence of the phase state of the monolayers at I = 10
mN: MA and OA are in the liquid-expanded state, whereas PA
and SA are present in a solid state (Figure 6b). To better
quantify this observation, we correlated AIl with the
compressibility modulus, «, of the pure lipid films at 10 mN/
m. The results are shown in Figure 6c. All increases with « for
the hydrogenated fatty acids, whereas the fluorinated lipid
shows a large AIl, despite its low compressibility, that
correlates with a high value of AA.

All in all, we can conclude that the most influential parameter
in the incorporation of KRyC into hydrogenated fatty acid
monolayers is the carboxylate moiety, rather than the lipid
density. This explains the little influence of the initial surface
pressure on Al as observed in Figure 1. Furthermore, Figure
6¢ highlights the fact that the negative surface potential of
PFTD promotes the membrane incorporation of KRyC to a
larger extend than in any of the hydrogenated fatty acids.

Judging from the values of AA, all of the hydrogenated fatty
acids absorb similar amounts of CPP into the monolayer.
However, the kinetics of peptide insertion depends on the
length of the hydrophobic chain. Figure 7 shows the time at
which the CPP produces half the maximum AII (¢, red
columns), together with the lag time, which is the time elapsed
since the peptide injection until the surface pressure starts
increasing. These kinetic parameters are indicated in Figure S10
for a schematic penetration curve. Our results show a clear
slowdown in the kinetics of peptide insertion as the chain
length of the lipid increases. The two C14 fatty acids show the
shortest t;,, and no lag time, within the time resolution of our
experiments. Conversely, monolayers of the saturated and
unsaturated C18 acids responded more slowly to the
incorporation of KRyC and showed larger lag times. These
results suggest that the rate of CPP insertion into a flat lipid
structure is dominated by the reorganization of the hydro-
carbon chains, with higher energy barriers for longer chains.

| M Lag time

40 4 - t

time (min)

PFTD MA. PA SA OA

Figure 7. Lag time and t;,, values associated with the kinetics of
incorporation of KRyC into films of PEFTD, MA, PA, SA, and OA. See
Figure S10 for a graphical definition of lag time and t,/,. The data
correspond to the average of three independent experiments + SD.

At the light of the previous discussion, we hypothesize that a
peptide—lipid aggregate may form between KRyC and the
carboxylic moieties, as sketched in Figure 8.

Fatty acid

Peptide-lipid
complex < >

Carboxylic acid
(-COOH)

Polyarginine: KR9C
(unknown structure)

Figure 8. Illustration of the peptide—lipid aggregate formed between
KR,C (violet) and carboxylic moieties accumulates beneath the
DMPG film (yellow). The actual structure of the peptide at the
interface is unknown and the drawings are schematic.

B CONCLUSIONS

In this paper, we have characterized the binding and insertion
of a cell-penetrating peptide, KRyC, into lipid monolayers.
Three main conclusions can be drawn from our study. First, the
penetration of the peptide into fatty acid monolayers is
regulated by the pH of the subphase, as it partially controls the
charge density of the monolayer. Anionic films are more prone
to interact with polycationic CPP, as previously reported for
different model membranes.*”®" However, the surface charge
density is not the only relevant parameter. We have shown that
the carboxylate functional group fosters the polyarginine
insertion probably because it is a good ligand for the
guanidinium group of arginine, which is present in large
amounts in almost all CPP. These results agree with the
observation that fatty acids can sequestrate CPP from an
aqueous solution.”" The salient role of carboxylates was gauged
by comparing the insertion of the peptide into DMPG and fatty
acid monolayers at the intermediate pH. Although KR,C was
adsorbed onto DMPG, it was not inserted into the lipid
structure. It could be argued that the DMPG monolayer had a
lower charge density that any of the fatty acid monolayers
because the mean molecular area of DMPG is larger. However,
it has to be recalled that the incorporation of KRyC into MA
occurred even at pH S, where the monolayer is only partially
ionized. Moreover, our results should not be interpreted as a
complete absence of specific interactions between phosphate
and guanidinium groups because it has been previously shown
that KRyC incorporates into PC monolayers.”> More suitably,
our results suggest that the balance of specific (hydrogen-
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bonding) and nonspecific interactions (electrostatics and van
der Waals) is different for fatty acids and PG monolayers.
Electrostatic forces may be similar in both cases, but the
carboxylate moiety of fatty acids is able to chelate the
guanidinium group, forming a peptide—lipid aggregate at the
interface, whereas the phosphate group of DMPG is less
accessible to the peptide on the aqueous side of the interphase.

Second, a negative dipole potential favors the incorporation
of the peptide into the monolayer, counterbalancing the
negative effect of the increased film density in perfluorinated
fatty acids. It could be argued that the larger insertion affinity of
KR,C for PFTD, in comparison with PA, is not because of a
negative dipole potential but because of the fact that PFTD
forms softer monolayers. However, even considering those
differences in mechanical properties, the effects on surface
pressure and area changes, as shown in Figure 6, are larger for
PFTD than that for PA monolayers. Favorable partition of
anions relative to cations is largely known from experiments
with hydrogenated lipid bilayers. This is explained by
considering that the positive dipole potential of each hemilayer
generates an electrostatic environment more favorable to
anions than cations.” Analogously, in the present work, we
show that films formed by molecules that bear negative dipole
potentials are prone to cation insertion than those with positive
potentials.

Third, we tested whether the phase state of the monolayer or
the hydrocarbon chain length further regulated the absorption
of the peptide into fatty acid monolayers. Our results show that
the area of the film perturbed by the penetration of the peptide
(when forming a lipid—peptide aggregate) is similar in all tested
hydrogenated fatty acids, being the kinetic of penetration-
dependent on the hydrocarbon chain length. It might be
surprising that the incorporation process does not depend on
the monolayer stiffness because it is commonly observed (and
it is also expected) that stiff monolayers are less prone to
absorb molecules from solution. However, the result shown in
Figure 6 agrees with the very low slope of the AII versus II,
plots. Therefore, we conclude that the penetration of KR,C
into fatty acid monolayers is not prevented by their high degree
of compactness. Even more, the energy barrier for CPP
insertion is not larger in stiff monolayers than in soft
monolayers, suggesting that the formation of a stable
peptide—lipid structure pays the energy cost for the overall
compression of the monolayer (AIl > 0), making the whole
process favorable even for highly close-packed films.

In summary, as suggested in Figure 8, we propose that CPP
forms a tight complex with carboxylic acids, leading to the
rearrangement of the lipids’ hydrocarbon chains. Our results
suggest that these peptide—lipid aggregates have a well-defined
peptide—carboxylic acid proportion, independently of the
length of the fatty acid. Such complex does not form with
unpolymerized arginine residues because the control experi-
ments with Arg (R) 90 M induced no increase in the surface
pressure of the fatty acid films. Thus, a polyarginine chain
seems to be necessary for the formation of a stable
guanidinium—carboxylate complex. The energy cost of such a
rearrangement is larger to the longer the hydrocarbon chains,
which is a determining factor of the CPP insertion kinetics. Our
results support some of the ideas behind the so-called adaptive
translocation mechanism® for CPP permeation. Such a
mechanism proposes that the peptide gets tightly associated
to a certain number of lipid molecules, which carry the CPP
across the membrane while masking its electrical charge and

rendering the whole process energetically favorable. Here, we
show that this kind of peptide—lipid aggregate are able to form
with KRyC in monolayers composed of fatty acids.
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