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Abstract In order to develop future therapeutic applications
for cell penetrating peptides (CPPs), it is essential to
characterize their internalization mechanisms, as they
might affect the stability and the accessibility of the carried
drug. Several internalization mechanisms have been described
in literature, such as endocytosis and transduction. In this
work we study the internalization mechanism in HeLa
cells of two TIRAP derived peptides: pepTIRAP and
pepTIRAP*A, where some of the cationic amino acids
were replaced with alanines. Detailed analysis of inter-
nalization and the peptides electrostatic potential was
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carried out, to shed light on the internalization mechanism
involved. Molecular modeling studies showed that the
main difference identified between pepTIRAP and
pepTIRAPMA is the distribution of their electrostatic
potential field. The structure of pepTIRAP displays a
predominantly positive potential when compared to
pepTIRAPMA, which has a more balanced potential
distribution. In addition, docking experiments show that
interactions between pepTIRAP and negatively charged
molecules on the cellular surface such as heparan sulfate
are stronger than the ones exhibited by pepTIRAPAMA. A
mathematical model was proposed to quantify the amount
of peptide internalized or non-specifically bound to the
membrane. The model indicates a stronger interaction of
pepTIRAP with the plasma membrane, compared to
pepTIRAPA, We propose these discrepancies are related
to the differences in the electrostatic potential characteristics
of each peptide. In the case of pepTIRAP, these
interactions lead to the formation of nucleation zones,
which are the first stage of the transduction internalization
mechanism. These results should be considered for
effective design of a cell penetrating peptide.

Keywords: cell penetrating peptide, TIRAP, internalization
mechanism, transduction, electrostatic potential

1. Introduction

Cell Penetrating Peptides (CPPs) can internalize and
transport molecules that are unable to cross the plasma
membrane by themselves, such as drugs [1], peptides [2],
proteins [3], peptide nucleic acids (PNAs) [4] and
nanoparticles [5]. The CPPs comprise transcription factors
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belonging to the family of homodomain proteins such as
the Drosophila melanogaster Antennapedia (Antp) [6], the
TAT protein of HIV-1 [7], fibroblast growth factors 1 and
2 [8], the arginine polymer R9 synthetic peptides [9],
among others. The increased therapeutic interest on
these peptides focuses in their ability to facilitate the
internalization of biologically active molecules [10]. The
understanding of the internalization mechanisms used by
these peptides contributes to the design of new CPPs with
improved characteristics.

There is evidence for several routes of entry used by
CPPs, both dependent and independent of the endosomal
pathway [11]. The internalization mechanisms for CPPs
are not completely understood. Initial evidence suggested
the use of a non-endocytosis pathway [12-14]. However,
later findings indicate a more significant role of endocytosis
as the main internalization pathway [15-17]. The
internalization mechanism of CPPs and their cargo via
endocytosis requires the acidification of the endosome or
lysosome followed by the release of CPPs to the
cytoplasm. This acidification may chemically alter the
transported drug, thereby reducing its biological response
[18]. For this reason, it is desirable that CPPs enter directly
to the cytoplasm, making it possible for the transported
drug to reach its pharmacological target unaltered,
therefore eliciting the desired biological response. On the
other hand, the transduction mechanism is based on the
formation of nucleation zones in restricted areas of the cell
membrane, leading to a rapid internalization of CPPs. This
mechanism has been described for the internalization of
oligo-arginine R9 and TAT peptides in several cell types
[19]. Transduction becomes predominant for peptide
concentrations above a certain threshold, which depends on
cell type and the size of the molecule to be internalized
[20].

The efficiency of the biological response of the transported
drug strongly relies in the internalization mechanism used.
For therapeutic purposes, the challenge is to identify and to
characterize the biological response associated with the
transported drug and the internalization mechanism used
by the CPP. However, it is unclear if CPPs can induce non-
specific effects that could interfere the biological action of
the transported drug [21].

Proteins in the Toll-like receptor TLR4 signaling
pathway are potential targets for therapeutic interventions,
where blocking peptides could act as antagonists modulating
harmful or chronic inflammatory responses. Several blocking
peptides have been designed and used in vitro to block the
downstream signal transduction pathways of TLR2 and
TLR4 [22,23]. TLRs are a key part of the pattern
recognition process on the innate immune system [24,25].
They also influence adaptive immunity and affect differen-
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tiation of certain immune cell types. TLRs share a
cytoplasmic domain or TIR (TLR receptor domain and
Interleukin 1, IL-1R), and their activation induces the
recruitment of adapter proteins such as MyDS88 [26] and
TIRAP [27]. A peptide containing the BB loop of TIRAP
(highly conserved among TIR proteins) could act as a specific
inhibitor of TIRAP, competing for the same interaction site
of TLR4 [27]. In fact, a molecule encompassing TIRAP
peptide and a CPP based on the Antp domain was used to
block the TLR4 signaling pathway [28]. Conflicting results
were obtained suggesting that the CPP could interfere with
the blocking action of the peptide. This motivates the
design of new blocking peptides for the TLR signaling
pathway, capable of crossing the plasmatic membrane
without the need of CPPs.

It has been reported that transduction is the internalization
mechanism used by the arginine oligopeptide R9 and the
arginine rich TAT peptide (pepTAT) [19]. The TIRAP
peptide (pepTIRAP), which also has a high content of
cationic clusters of arginine and lysine residues, internalizes
directly into the cytoplasm without altering its structure
[29]. This suggests that the presence of these cationic
clusters is important for the internalization of these
peptides. In fact, it has been reported that when the cationic
clusters of pepTIRAP and pepTAT are replaced with
alanine residues, the internalization of the resulting
peptides (pepTIRAP* and pepTAT*™*, respectively) in
HeLa and Raw 264.7 cell lines, decreases considerably
[29]. This raises the question as to whether peptides with
cationic clusters share the same internalization mechanism.

The aim of this work is to contribute to the understanding
of the internalization mechanism used by pepTIRAP. To
achieve this, three-dimensional models of pepTIRAP,
pepTAT and pepTIRAPM* were developed in order to
study their structural and electrostatic potential features.
These properties were correlated with experimental
internalization results for pepTIRAP and pepTIRAP**
using a novel mathematical model in order to quantify and
explain the internalization of these peptides.

2. Materials and Methods
2.1. Molecular modeling

2.1.1. Modeling of the 3D structures of the peptides

Alignment and selection of structural templates. An
exhaustive search of similar sequences for pepTIRAP,
pepTIRAPA and pepTAT and their alignment was carried
out, in order to use them as structural templates. The target
peptide sequences are: pepTAT, GRKKRRQRRRPPQ;
pepTIRAP, GKMADWFRQTLLKKPKKRPNSPEST and
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pepTIRAPAA, GKMADWFRQTLLAAPAAAPNSPEST.
The search was conducted using the online databases: (1)
FUGUE (Version 2.0) [30], which uses the HOMSTRAD
database [31] and (2) the Protein Data Bank database
(PDB) [32]. The templates were selected according to the
best values for Z-score and £-Value for FUGUE and PDB,
respectively.

Refinement and validation of the final model. The
structures were built using MODELLER [33,34], satisfying
the spatial constraints imposed by templates [35,36]. The
templates used for comparative modeling of each sequence
were (PDB ID): 1JFW, 1K5K, 2W18, 1TAC, 1TVS, 1FWS5,
2VCP, 2GRG and 1H8B, for pepTAT; 1SRA, 2DYO and
1H8B, for pepTIRAP and pepTIRAPA™A. The best model
was selected from a set of 100 structures generated,
according to the lowest DOPE score value. To evaluate the
quality of these models, the VADAR online server [37]
was used to detect possible structural errors. Upon this, we
used MODELLER to correct the errors pointed out by
VADAR, generating 100 refinements for each model, and
again the best models were selected according to the lowest
DOPE score. The addition of hydrogen atoms, capping of
the C- and N- amino acid terminals and correction of side
chains angles, were carried out using the MolProbity server
[38]. The final validation of the structures was performed
using VADAR and MolProbity servers.

2.1.2. Calculation of the electrostatic potential field of the
peptides

The online server PDB2PQR [39] was used to preprocess
the coordinate files generated by MODELLER considering
a PARSE force field and pH 7. The calculation of the
electrostatic potential field (EPF) for each peptide (pepTAT,
pepTIRAP and pepTIRAPA™ was performed using the
APBS software [40] as implemented in PyMOL software
[41]. This implementation uses FEtk [42,43] to integrate
numerically the resulting nonlinear Poisson—Boltzmann
equation. The parameters for these calculations were:
temperature 310.15 K (37°C), monovalent ion concentrations
of 0.15 M and ionic radius 2.0 A.

2.1.3. Docking experiments

In order to test the interaction of the pepTIRAP and
pepTIRAPMA  with molecules on the cell membrane,
docking experiments were performed between these peptides
and Heparan Sulfate (HS) molecules. HS glycosaminoglycans
are negatively charged, linear polysaccharides composed of
repeating disaccharide units. It has been reported that they
have a higher percentage of glucuronic acid (GlcA) and N-
acetyl-substituted glucosamine (GIcNAc), and a lower
percentage of 2-O-sulfo, 6-O-sulfo, and N-sulfo groups
[44]. Given that, HS polymers can be represented in

docking experiments as a tetrasaccharide composed of two
units of GlcA(1-4)GIcNAc and denoted by HS-dp4. The
three dimensional structure of HS-dp4 was extracted from
its crystal structure (PDB ID code 3E7J). HS-dp4 was
optimized and its ESP charges were calculated using
Gaussian 98 [45].

Blind and specific dockings experiments were prepared
using ADT [46,47] and conducted using the software
AutoDock 4.2 [47]. In all experiments, HS-dp4 ligand was
considered as flexible and the maximum number of
torsions were taken into account in order to explore its
conformational space. Peptides (pepTIRAP and pepTIRAP**)
were considered as rigid. Autodock 4.2 was setup to use a
Lamarckian-genetic algorithm to find the best docking
conformations, using 5 x 107 evaluation runs. All experiments
were repeated 200 times, and the best conformations were
analyzed using ADT [46,47] and PyMOL software [41].

2.2. Experimental methods

2.1.1. Culture conditions
For all culture experiments, HeLa cells were seeded in 48-
well plates (10° cells/well, 40% confluence) and incubated
at 37°C, 5% CO, in Dulbecco’s modified Eagle’s high
glucose medium (Gibco, CN 12100046) containing 10%
fetal calf serum (Gibco, CN 10091148), 100 U/mL penicillin
and 100 pg/mL streptomycin (Gibco, CN 15140122). In
order to determine the effect of peptide concentration on
viability, cell viability was determined by staining with
propidium iodide (PI), an indicator of late apoptosis,
using flow cytometry (Becton Dickinson, FACSCalibur
model 342976, Serial: E97600098; includes FACStation
MACINTOSH G5 PowerMac model A1047, EMC No.
2061).

The threshold of autofluorescence was set to < 0.7%. As
a result of cell harvest, ca. 10% of the cells are beyond the
threshold, i.e in late apoptosis.

2.2.2. Peptides

Biotinylated pepTIRAP and pepTIRAP** used in this
study were kindly provided by Dr. Walter Low. They were
produced by solid phase step-wise synthesis (SPSS) using
the Fmoc N-terminal protection strategy [29].

2.2.3. Experimental design: Viability
Two control cultures were carried out in order to identify
changes in cell distribution when apoptosis is elicited. In
the live control curve (LC) cells were treated with PBS. In
the apoptotic control curve (AC) cells were treated with
Staurosporine, a cell death inductor, in concentrations
ranging from 0 to 2 pM.

To study the effect of peptide concentration on viability,
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cell were exposed to pepTIRAP and pepTIRAPMA,
solubilized in PBS and dissolved in culture medium, at
concentrations ranging from 0 to 100 uM for 16 h. After
treatment, cells were harvested using 25 mM EDTA,
centrifuged at 1,200 rpm for 5 min at 4°C, and resuspended
in FACS buffer for cytometric analysis.

2.2.4. Experimental design: Internalization

Cells were incubated with pepTIRAP and pepTIRAP*A,
solubilized in PBS and dissolved in culture medium, at 0
and 40 uM for 2 h. Subsequently, cells were harvested with
25 mM EDTA, and cultured in a 96-well plate.

Detection of pepTIRAP and pepTIRAP'™ internalization
on HeLa cells using streptavidin-R-PE. The quantification
of the internalization of the biotinylated peptides was
determined by flow cytometry, using increasing concen-
trations of streptavidin conjugated to r-phycoerythrin
(streptavidin-R-PE) (Molecular Probes, CN S866).

In order to differentiate the fluorescence corresponding
to the peptides internalized from the fluorescence associ-
ated to peptides linked to the cell surface, one half of the
cells, denominated FP cells, were treated with a fixation-
permeabilization agent (eBioscience, CN 005523) and the
other half with PBS (NFP cells) for 30 min at 4°C. FP cells
were washed with permeabilization buffer 1X and incubated
with 0 ~ 100 pg/mL streptavidin-R-PE in permeabilization
buffer 1X, for 10 min at room temperature in the dark. NFP
cells were washed with PBS and incubated with 0 ~ 100
pg/mL streptavidin-R-PE in PBS, for 10 min at room
temperature in the dark. Then, FP cells were washed with
permeabilization buffer 1X and resuspended in FACS
buffer for flow cytometry analysis. NFP cells were washed
with PBS and resuspended in FACS buffer for flow
cytometry analysis. In the case of control cells, which were
not incubated with peptides, the same procedure described
vide supra was applied.

Vital cells were gated based on sideward scatter and
forward scatter. From this data the mean fluorescence
intensity (MFI) was calculated. From the analysis of the
experimental fluorescence of vital cells (main population)
the heterogeneity of the peptide internalization was charac-
terized based on the event distribution. A mathematical
model was proposed and used to discriminate the

Table 1. Summary of features for the structural models of pepTAT,
pepTIRAP, and pepTIRAPA

Secondary structure  pepTAT pepTIRAP  pepTIRAPAMA
a-helix 9 (69%)  19(76%) 22 (88%)
B-sheet 0 (0%) 0 (0%) 0 (0%)

Coil 4 (31%) 6 (24%) 3 (12%)

*Number of residues in each type of secondary structure and ‘their
respective percentage.
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fluorescence of streptavidin-R-PE associated to: biotinylated
peptide internalized and located on the cell membrane,
specific binding to biotinylated cytoplasmatic compounds,
and non specific associations to the extracellular matrix.

3. Results and Discussion

3.1. Structural analysis of the 3D models for pepTIRAP,
pepTIRAP*"A, and pepTAT

The structural models obtained have high structural
similarities among them (Table 1), with a predominantly .-
helical secondary structure that involves more than 69% of
the amino acids in all models. Notice in Fig. 1, that the
replacement of lysine (Lys, K) and arginine (Arg, R) in
pepTIRAP with alanine (Ala, A) has a little impact in the
three-dimensional structure of the peptide. In fact, the root
mean square deviation (RMSD) between the structures of
pepTIRAP and pepTIRAP* is 0.639 A, and the a-helix
percentage increases only from 76 to 88% with respect to
pepTIRAP.

Fig. 1. Structural models and their electrostatic potential on the
surface for (A) pepTAT, (B) pepTIRAP, and (C) pepTIRAP™,
The structural models obtained by using MODELLER are on the
left. The electrostatic potential on the surface of the peptides are
shown on the right. Positive potential is colored blue, while
negative potential is colored red. The cationic amino acids of the
peptides are displayed using stick representation. In this figure it
can be noticed a more predominant positive EPF on the surface of
both pepTAT and pepTIRAP. The pepTIRAPAM structure displays
a more evenly distributed EPF. Images were prepared using PyMol
[41].
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MolProbity and VADAR servers were used to evaluate
the models. In general, all models exhibit evaluation
metrics in the acceptable range, except for a few cases
detailed below. The number of Ramachandran outliers in
the final models for pepTIRAP, pepTIRAPA'* and pepTAT
is zero, therefore there are no residues with poorly defined
bonds and angles to be found. For the pepTIRAP model,
the fractional volume of all amino acids are in the
acceptable range, with the exception of residue 6 which has
a border line value of 0.78. These results indicate that the
model is efficiently packed. A fractional accessible surface
area of 1.16 was obtained for residue 25 in pepTIRAP**,
but this deviation could be due to the fact that this residue
is located at the end of the peptide. Based on all of these
information, the models are considered acceptable for
further studies.

3.2. Electrostatic potential for pepTIRAP, pepTIRAPA™,
and pepTAT

As mentioned before, the internalization mechanisms used
by pepTAT and pepTIRAP seem to be dependent on their
cationic clusters [29]. The effect of these clusters on the
electrostatic surface potential of pepTAT and pepTIRAP is
shown in Figs. 1A and 1B, where a predominantly positive
EPF is found on the surface of both peptides. It has been
reported that the replacement of cationic clusters with
alanine decreases the internalization of pepTAT and
pepTIRAP [29]. The lack of these cationic clusters in
pepTIRAPA* produces a more balanced distribution of
its EPF (Fig. 1C) when compared to pepTAT and pepTIRAP.
The effect of these replacements in the EPF isosurfaces of
magnitude -1 k7T/e and +1 kT/e for the models is shown
in Fig. 2. For pepTIRAP and pepTAT, these positive
electrostatic isosurfaces extend further than the negative
ones. Replacement of cationic amino acids with alanine,
causes a reduction on the size of the positive electrostatic
isosurface for pepTIRAP**, making it comparable to the
negative one.

Peptides rich in arginine, such as pepTAT and R9
are effectively internalized by cells [9,19]. It has been
hypothesized that the internalization of arginine rich
peptides is due to the guanidine head group present in
arginine. This group would form bidentate hydrogen bonds
with the anionic groups on the surface of the cell [48,49].
Therefore, replacement of these residues would cause
diminished peptide internalization, as observed for pepTAT,
where 5 out of 6 arginines were replaced with alanine [29].
For the case of pepTIRAP, 4 out of 5 lysines and only one
out of two arginines were replaced with alanine. Lysine is
a positively charged residue, but does not have a guanidine
group. Replacement of arginine and lysine residues by
alanine should not drastically change the peptides hydro-

A

Fig. 2. Electrostatic potential isosurfaces with a magnitude of +1
and -1 kT/e for (A) pepTAT, (B) pepTIRAP, and (C) pepTIRAPA,
Electrostatic potential isosurfaces with a magnitude of +1 and -1
kTle for (A) pepTAT, (B) pepTIRAP, and (C) pepTIRAPALA,
Positive electrostatic potential with a magnitude +1 k77e is colored
blue, and potential with a magnitude of -1 k7/e is colored red. The
figure shows that the positive electrostatic isosurfaces for pepTAT
(A) and pepTIRAP (B) dominate the isosurface projection, with an
extension far beyond than the negative isosurface. The mutation of
cationic amino acids by alanines, in the case of pepTIRAPAM (C),
reduced the size of its positive electrostatic isosurface, in this way,
balancing the electrostatic potential distribution on the surface.
Images were prepared using PyMol [41].

phobicity, since alanine is a small, neutral amino acid. Even
though it has been reported that lysine homopolymers are
not efficiently internalized [50], replacement of the
majority of the lysine residues and only one arginine
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residue with alanines in pepTIRAP, has a significantly
negative effect on its internalization [29]. As shown in the
previous results, these mutations also causes a reduction in
the positive electrostatic isosurfaces.

Based on these results, the main effect of the
replacement of cationic clusters is the alteration on the
characteristics of the peptides electrostatic potential. We
postulate that due to its predominantly positive EPF,
pepTIRAP interacts with molecules on the cell membrane,
facilitating its internalization. The characteristics of the
EPF in pepTIRAPA™ result in weaker interactions with the
cell membrane that decrease its internalization.

3.3. Docking experiments for pepTIRAP, pepTIRAP*™,
and heparan sulfate

Blind docking experiments were performed using a grid
box centered in the peptide, made large enough to
accommodate the free movement of the ligand around all
the peptides surface. Once the preferred binding area was
located, specific docking experiments were carried out
using a grid box centered in these interactions zones.
Figs. 3A and 3B shows the final dockings of HS-dp4
to pepTIRAP and pepTIRAP**| respectively. The best
docking conformations of the HS-dp4 molecules are
located over the surface of peptides where the electrostatic
potential is positive. This fact points out the relevance of

electrostatic interactions between the peptides and HS-dp4.
Fig. 3C shows the detailed interactions on the docked
conformation of HS-dp4 to pepTIRAP. Several hydrogen
bond interactions between the peptide and HS-dp4 can be
observed. The carboxylate moiety of the S1 ring interacts
with the NH of Trp6 and with an hydrogen of the amide
moiety of GIn9. Another hydrogen bond acceptor between
the —NH; moiety of Lys13 and the hydroxyl group of S2
ring can be observed. Another hydrogen bond is shared
between the side chain of Asn20 and the hydroxyl
substituent of S3. Notice that the oxygen atoms of HS-dp4
act as acceptors of these hydrogen interactions. It is worth
to mention that the hydrogen bond interaction between the
NH;r moiety of Lysl7 and the carboxylate of S3 is
reinforced by an electrostatic interaction between the
positively charged amine group and the carboxylate. Also,
the protonated amine of Lys17 interacts with the anomeric
oxygen between sugar rings S3 and S4. In addition, two
additional interactions are possible between Lys16 and the
amide oxygen of S2 and the hydroxyl sugar of S3, due to
the inherent movement associated with the side chain,
which could shorten the average distance observed of 4.3
A. The same argument is valid for the hydroxyl group of
Thr25 and the closest hydroxyl group of S4.

Fig. 3D shows the detailed interactions on the docked
conformation of HS-dp4 to pepTIRAP*. Unlike

B

Fig. 3. Docking results. Final docked complexes for HS-dp4 with pepTIRAP (A) and pepTIRAP** (B) are shown. The positive
electrostatic potential on the surface of the peptides is colored blue, while the negative potential is colored in red. Cationic amino acids of
the peptides are displayed using stick representation. The HS-dp4 molecule is shown with stick representation where carbons are colored
cyan. Detailed interactions on the docked conformation of HS-dp4 to pepTIRAP and pepTIRAP** are shown in (C) and (D)
respectively. HS-dp4 rings are labeled as S1, S2, S3 and S4 respectively. For the sake of simplicity only residues and hydrogens relevant
for the interaction in the complexes are depicted. Also, hydrogens belonging to HS-dp4 are omitted for simplicity. Dotted red lines
indicate hydrogen bonds and electrostatic interactions. Images were prepared using PyMol [41].

@ Springer



Effect of the Electrostatic Potential on the Internalization Mechanism of Cell Penetrating Peptides Derived from TIRAP 491

pepTIRAP, only four hydrogen bond interactions are
observed in this complex. The carboxylate group of Sl
now interacts with the amide peptide hydrogen of Met3.
Two additional interactions occur between a hydroxyl
group of S2 and the carboxylate of S3 with the N-terminal
moiety of the peptide corresponding to Glyl. As before,
this hydrogen bond interaction is reinforced by electrostatic
interations. The last interaction corresponds to the
hydrogen bond between the hydroxyl group of S4 and the
protonated amine group of Lys2. A distinct feature of this
docking pose is the folded conformation adopted by HS-
dp4 with pepTIRAPA™* compared to the one obtained for
pepTIRAP, and its preferred location at the beginning of
the peptide. This docking pose might be due to the lack of
lysine residues belonging to pepTIRAP which were
replaced by alanines in pepTIRAPAA, These positively
charged lysines create a favorable interaction surface for
the negatively charged HS-dp4. Mutations on pepTIRAPA
decrease the available surface for favorable interactions.

Therefore, stabilization interactions estimated from
pepTIRAP and pepTIRAPA dockings indicate that the
interactions between HS-dp4 and pepTIRAP is far more
favorable than those observed between HS-dp4 and
pepTIRAPA due to the larger number of hydrogen bond
and electrostatic interactions observed in the former case.
These results support the hypothesis that interactions
between pepTIRAP and negatively charged molecules on
the cellular surface such as heparan sulfate are stronger
than the ones exhibited by pepTIRAPAM,

34. Cellular viability and peptide concentration
threshold
Experimental fluorescence measurements for Hela cells
after incubation with pepTIRAP and pepTIRAP** 10, 40,
and 100 uM are shown in Fig. 4. An increase in propidium
iodide (PI) fluorescence is observed as pepTIRAP concen-
tration is increased. This is not the case for pepTIRAPA
where an increase in peptide concentration does not cause
noticeable changes in fluorescence. In these experiments
fluorescence intensity correlates with cell death, therefore
an increment on the peptide concentration during
incubation leads to higher levels of cell death. There is a
marked increase in fluorescence when cells are incubated
with pepTIRAP at concentrations above 40 pM. The
fraction of dead cells (PI"), ie. with fluorescence higher
than the autofluorescence, increases from 14.5 to 31.5%.
Fig. 4 shows cell viability for incubation with pepTIRAP
and pepTIRAPM* at concentrations ranging from 0 to
100 uM. The average viability of live control cultures (LC)
was 87.9%. Cell viability decreases with increasing con-
centrations of pepTIRAP. No such changes are observed in
the case of pepTIRAPA™A, There is a significant decrease in
cell viability for pepTIRAP concentrations above 40 uM
(p < 0.05, no parametric t-Student 1 and 2 tails). For
concentrations above 40 uM of pepTIRAP there is an
average decrease in cell viability of 23.5% compared to LC
cultures. In the case of staurosporine treated apoptotic
controls (AC) the average decrease in cell viability was
12.7% (data not shown). Incubation with pepTIRAPA™ did

10 pM 40 UM 100 pM
“1‘000 100 n=2
800
S
600
pepTIRAP 2
400 g
>
200
L 0 20 40 60 80 100
hw pepTIRAP [uM]
1,000 100 sy
800 .
=2
i 3‘80
ALA =
pepTIRAP .E' o -
© >
2 20 . *
o #y a . 0, o,
& Bﬁ«*« 11.1% : 99{0 - ??"“‘ 00 20 40 60 B0 100

Pl staining (death cell)

0 T e T e
10° 10' 10° 10° 10¢  10° 10" 10? 10° 10 10° 10" 10° 10° 104

pepTIRAPAY [uM]

Fig. 4. Viability for HeLa cells incubated with different concentrations of pepTIRAP and pepTIRAPA™. Granularity vs. PI staining dot
plots, and viability for HeLa cells incubated for 16 h with pepTIRAP or pepTIRAPA™ at 10, 40, and 100 uM. Bar plots show the average
viability for 2 independent experiments and their respective standard errors. Asterisks indicate significant differences compared to live
control cultures (LC) (no parametric t-Student 1 and 2 tails). The vertical line marks the autofluorescence threshold for viable cells. The
average viability of live control cultures (LC) was 87.9%. For concentrations above 40 uM pepTIRAP viability decreases below 80%.
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not affect cell viability, since there is no significant
difference (p > 0.05, no parametric t-Student 1 and 2 tails)
when compared to LC cultures. A concentration of 40 pM
of peptide was identified as the threshold for viability, and
selected for the following internalization experiments.

It has been previously reported that the internalization
mechanism of pepTAT in HeLa cells changes from
endocytosis to transduction at peptide concentrations above
10 uM, producing a strong enhancement of the cytoplas-
matic delivery of peptides [19]. Based on this evidence, we
propose that the increment of cell death observed at 40 pM
of pepTIRAP, is related to a change in the internalization
mechanism used by pepTIRAP, which produces an
increment in the cytoplasmatic delivering of the peptide,
triggering cell death. The EPF isosurface for the pepTAT
model is larger than the one for pepTIRAP. In fact, the
cationic clusters in pepTAT represent 61.5% of the amino
acids on the sequence compared to 28.0% for pepTIRAP.
This fact may explain the differences in the threshold
concentration required for transduction for each peptide.

3.5. Peptide internalization

The previous section shows that pepTIRAP has a negative
effect on cellular viability. In this section we explore the
internalization of this peptide. To determine and quantify
peptide internalization, pepTIRAP and pepTIRAPA were
labeled with biotin, which specifically binds to streptavidin-

R-PE (STR-R-PE). The degree of internalization is deter-
mined by flow cytometry.

It has been reported that STR-R-PE can associate non-
specifically to non-biotinylated compounds on the cell
membrane as illustrated in Fig. 5A. STR-R-PE contains the
triplet Arg-Tyr-Asp (RYD) that mimics the triplet Arg-Gly-
Asp (RGD), known as fibronectin-binding sequence [51].
This sequence binds to integrins and other molecules related
to the cell surface [52,53]. In addition, STR-R-PE can
specifically bind to biotinylated peptides located outside
the cell (see Fig. 5B), to internalized biotinylated peptides
(see Fig. 5C), and other endogenously biotinylated proteins
in the intracellular space and mitochondria as depicted in
Fig. 5D [54]. Biotin’s presence inside the cell is due to its
involvement in important metabolic pathways, such as
gluconeogenesis, fatty acid synthesis and amino acids
catabolism [55]. Therefore, total measured fluorescence
corresponds to the sum of all these interactions, specific
and non-specific.

In order to determine the fluorescence associated to
specific interactions of STR-R-PE to biotinylated peptides
it is necessary to quantify the other specific and non-
specific interactions. To quantify non-specific associations
of STR-R-PE to membrane bound compounds, cells were
directly exposed to STR-R-PE (NFP control) and fluorescence
was measured. For determining the specific association of
STR-R-PE to endogenously biotinylated compounds, cells

Collagen/fibronectin 4‘\ 4 .
., Integrins | Extracellular
£ . I". matrix
| B .4 e a / _ Permeabilization A
AR N e
e W_, Prote_o_glycans/ W 'Q.
B L S | Plasma
e« JULLIDICHILIE UILIL LI LA membrane
~
Cytoskeletal
microfilaments — Cytoplasm

4 : Streptavidin-R-PE

Y

Biotinylated
peptide

Endogenously biotinylated
compounds

Fig. 5. Specific and non-specific interactions of Streptavidin-R-PE. Figure shows all the specific and non-specific interactions of
Streptavidin-R-PE considered. (A) Non-specific binding to extracellular matrix components, (B) specific binding to membrane bound
biotinylated peptides, (C) specific binding to internalized biotinylated peptides, (D) specific binding to endogenously biotinylated

compounds.
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Fig. 6. Peptide detection, after incubation with pepTIRAP and pepTIRAP*™ for 2 h in HeLa cells. Granularity vs. Streptavidin-R-PE
staining dot plots for HeLa cells incubated for 2 h with 40 uM pepTIRAP or pepTIRAPAM, with Streptavidin-R-PE concentrations of 2,
10, 20, and 100 pg/mL. (A) Incubation of non-permeabilized cells with pepTIRAP, (B) incubation of permeabilized cells with
pepTIRAP, (C) incubation of non-permeabilized cells with pepTIRAPAL, (D) incubation of permeabilized cells with pepTIRAPAL, The
vertical line marks the autofluorescence threshold for viable cells.

were permeabilized and fixed, exposed to STR-R-PE (FP  non-specifically to the extracellular matrix. Therefore,
control) and fluorescence was measured. measured fluorescence corresponds to the sum of specific

Experimental fluorescence measurements after incubation  and non-specific interactions illustrated in Figs. 5B and 5A,
with pepTIRAP 40 uM are shown in Figs. 6A and 6B for respectively. 18.6% of the non-permeabilized cells are
STR-R-PE concentrations 2, 10, 20, and 100 pg/mL. above the fluorescence threshold for 100 pM STR-R-PE.
Increasing concentrations of STR-R-PE are used to build a  Experimental results for cell with fixation-permeabilization
saturation curve for biotinylated peptides detection. Fig. 6A  treatment (FP) are shown in Fig. 6B. Since the membrane
shows results for cells without fixation-permeabilization is permeabilized, STR-R-PE can enter the cells and
treatment (NFP). Without permeabilization, STR-R-PE is  additionally bind specifically to biotinylated peptides and
unable to enter the cells, and only binds specifically to  endogenously biotinylated compounds. In this case measured
peptides associated to the extracellular membrane, and  fluorescence corresponds to the sum of specific and non-
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specific interactions, both extracellular and intracellular, as
depicted in Fig. 5. 99.4% of the permeabilized cells are
above the fluorescence threshold for 100 uM STR-R-PE.
An increase in fluorescence is observed in Fig. 6A with
increasing concentrations of STR-R-PE as it binds to
pepTIRAP and other extracellular compounds. There is an
heterogeneous fluorescence distribution for events above
the autofluorescence threshold, with fluorescence intensity
ranging from 10° to 10* au.. This suggests a diverse
amount of peptide located on the cell membrane among the
population. The increase in fluorescence with increasing
concentrations of STR-R-PE shown in Fig. 6B is higher
than the one in Fig. 6A, since STR-R-PE is detecting in
addition to extracellular interactions, intracellular biotinylated
compounds. Heterogeneity in fluorescence distribution for
events above the autofluorescence threshold is similar to
the case of non-permeabilized cells, with fluorescence
intensity ranging from 10' to 10* a.u.. Considering that
endogenously biotinylated compounds are distributed
homogeneously in the cell population, fluorescence distri-
bution heterogeneity can be attributed to differences in the
degree of pepTIRAP internalization. This phenomenon has
also been observed in cultures with the cationic peptides
pepTAT and R9 [19].

Figures. 6C and 6D show experimental fluorescence
measurements after incubation with pepTIRAP** 40 uM
for STR-R-PE concentrations 2, 10, 20, and 100 pg/mL.
The increase in fluorescence with increasing concentrations
of STR-R-PE for non-permeabilized cells, is also observed
as for the case of pepTIRAP (Fig. 6C). However, the lower
percentage (5.8%) of the population above the autofluo-
rescence threshold and the narrower distribution range (10°
~ 10% a.u.) indicates a weaker interaction of pepTIRAPAM
with the cellular membrane compared to pepTIRAP, since
non-specific interactions are comparable in both cases.
Experimental results for permeabilized cells incubated with
pepTIRAPM in Fig. 6D show lower increase in the
percentage of events above the autofluorescence threshold
compared to pepTIRAP. In fact, the distribution range (10°
~ 107 a.u.) is similar to the one obtained for FP controls
(data not shown). This indicates a lower internalization of
pepTIRAPA compared to pepTIRAP, as expected.

Mean fluorescence intensity model. In order to analyze
the mean fluorescence intensity (MFI) and the contribution
of each of its components to the total measured fluorescence,
a mathematical model is proposed. The model considers
both specific and non-specific interactions for STR-R-PE
illustrated in Fig. 5, and allows the quantification of
biotinylated peptides located inside and outside the cell.
The total fluorescence measured is the result of specific
(MFIs) and non-specific (MFlys) interactions. To build the
model we consider non-specific associations to be directly

@ Springer

proportional to STR-R-PE concentration, and that specific
associations follow a saturation curve.

The fluorescence due to specific binding of STR-R-PE
to a biotinylated compound j, MFIs(j), is described by the
following saturation expression, similar to a Michaelis-
Menten equation [56]:

MF]max(/).S

where S is the STR-R-PE incubation concentration, MF1I,,,
is the maximum fluorescence associated to compound j,
and K; is the STR-R-PE concentration where half of the
maximum fluorescence is achieved, and represents its
affinity for biotin. For high STR-R-PE concentrations
(S — ), the maximum fluorescence MFI,,,,, is achieved.

The non-specific association also follows a saturation
curve, but it saturates at significantly higher concentrations
of STR-R-PE. Therefore, fluorescence associated to the
non-specific binding of streptavidin to extracellular matrix
components, MFlys, can be approximated by the following
linear equation:

MFIg=AF+NS-S )

MFI(j)= (1)

where AF and NS correspond to the autofluorescence and
non-specific binding affinity, respectively.

This way, the mean fluorescence intensity (MFT) is given
by the sum of Equations 1 and 2:

F1 xS

MEI=AF+NS-§+ X xS (3)

K4+S

In order to estimate the model parameters: AF, NS, Ky
and MF1,.., Equation 3 was fitted to the experimental MFT
(Fig. 7) using a nonlinear regression method available in a
commercial package. Results are shown in Table 2. The
binding constant (K;) is specific to the STR-R-PE and
biotin interaction, the non-specific affinity (NS) and
autofluorescence (4F) are a characteristic of the cellular
system used. The values estimated using the fitting process
are similar for all experiments, showing coherence in all
parameters which are independent of the peptide used.

Figure 7 show experimental and simulated values of
MEFT for pepTIRAP, pepTIRAPA™* and controls, in the case
of permeabilized (FP) and non-permeabilized cell (NFP).
There is a very good agreement between the model and
experimental data in all cases. For pepTIRAP in Fig. 7A,
the difference between pepTIRAP FP and control FP
curves show that a large amount of pepTIRAP is entering
the cell. The difference between pepTIRAP NFP and
control NFP curves show the fluorescence attributable to
membrane bound pepTIRAP. In the case of pepTIRAP
NFP experiments most of the fluorescence detected is due
to peptide bound to the membrane. MFI values for
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Fig. 7. MFI model vs. experimental data. MFI model simulation and mean fluorescence intensity calculated for all experimental
conditions. (A) Incubation with 40 pM pepTIRAP, (B) incubation with 40 uM pepTIRAPAM. Symbols indicate average experimental
MFTI and their corresponding standard error. Lines correspond to the simulation of the MFI model.

Table 2. Best-fit parameters and standard error for the MFI model for all experimental conditions

Total binding® Non-specific binding
Parameter Control pepTIRAP pepTIRAPAMA pepTIRAP pepTIRAPAMA Average* Control
(FP) (FP) (FP) (NFP) (NEP) (NFP)
MFI.  303°£350  311.0+538 33.97 + 8.80 6836+ 11.7 1.78+2.5 NA NA
Ky 28.6 +7.26 309+ 113 31.3+17.7 31.3+113 34.7+98.9 31.35+£0.63 NA
NS 0.019+0.01  0.028 £0.22 0.023 £ 0.035 0.028 + 0.047 0.026 + 0.007 0.025+0.023  0.02+0.03
AF 5.77+0.47 4.01+6.74 5.59+1.09 4.55 + 1.46 5.10£0.25 504+032  523+£0.90

“Single site binding was considered for Streptavidin-R-PE.

"MFI,a for FP control represents the maximum amount of Streptavidin-R-PE bound to endogenously biotinylated compounds.

“Average values of MFI model parameters for all experimental conditions.

pepTIRAPA in Fig. 7B are considerably lower than the
ones for pepTIRAP (notice the difference in scale). The
insignificant difference between pepTIRAPA* FP and
control FP curves indicate that the peptide barely enters the
cell. Moreover, in the case of NFP experiments results
show that pepTIRAP** has a weak interaction with the
cell membrane.

In order to isolate the fluorescence due to biotinylated
peptide outside and inside the cell, from the total fluorescence
measured, detailed equations for all the components
involved in FP and NFP experiments are presented.

The non-specific binding of STR-R-PE to extracellular
matrix components in the NFP control, MFIEEP (control),
is given by the following equation:
MFI\g (control)=AF+NS-S %)
where AF and NS correspond to the parameter values
found in Table 2.

In the case of FP controls, fluorescence detected is due
to specific binding of STR-R-PE to endogenously biotinylated

compounds inside the cell (MFI]SEB) and non-specific
binding to extracellular matrix components. Therefore,
MFI""(control)= MFIS"+ MFI\g (control) (5)
where the specific association represented by MF I]SEB follows
Equation 1.

The MFI for FP cultures with peptide (MFI'"(peptide)) is
the result of the contributions of internalized MF1I. lsm(peptide)
and membrane bound peptide MF Igm(peptide) , endo-
genously biotinylated compounds and non-specific binding
to extracellular matrix components.

MFI'" (peptide) = MFIL Sn ‘(peptide)+ MF. 1§Xt(peptide)+

MFIS® + MFIR (control) (6)

For NFP cultures incubated with peptide MF A FP(peptide) ,
MFI is the result of contributions of membrane bound
peptide MFIgm(peptide) and non-specific binding to
extracellular matrix components, as given by
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MFT"™ (peptide) = MF IS (peptide) + MFIg (control) (7)

Notice that MFIISm(peptide) and MFI;Xt(peptia’e) also
follow the expression in Equation 1.

Given that non-specific contributions are independent of
the peptide and permeabilization treatment, it is possible to
remove these terms from Equations 5, 6 and 7, and
establish a balance considering only specific interactions:

MFIY (control)=MFIS" ®)

MFI (peptide) = MFIL(peptide)+ MFI (peptide)+
MFI® )

MFIL" (peptide)= MFI{" (peptide) (10)

Moreover, the case of high concentrations of STR-R-PE,
where all biotinylated compounds are bound, can be
represented by S concentration growing to infinity.
Replacing the expression in Equation 1 and taking the limit
as S — oo, the previous system of equations is simplified to:

MFIY

max

(control)=MFI> (11)

max

MFI" (peptide)=MFI.- +MFI™ (peptide)+

MFI (peptide) (12)
MFL\"Y (peptide)= MFIZS (peptide) (13)

Therefore, the maximum fluorescence that can be
associated to endogenously biotinylated compounds in
HelLa cells MFIE:X is determined from MFI _, for FP
control experiments in Table 2, and it is equal to
MFIanE;X(control). The maximum fluorescence associated
to membrane bound biotinylated peptide MF. ﬁgxweptide)
is determined from MFI_,, for NFP experiments in the

max
presence of peptide in Table 2, and it is equal to
MFIan;l: (peptide) . The only remaining unknown term is
the maximum fluorescence of internalized biotinylated
peptide MFI::;X(peptide) and it can be calculated from
Equation 12.

The maximum fluorescence of the internalized and
membrane bound peptide determined as described above,
is shown in Fig. 8. The maximum fluorescence associated
to pepTIRAP located outside the plasma membrane is
almost 40-fold higher than that for pepTIRAP*'A, In the
case of internalized peptide, this difference is even higher.
Internalized pepTIRAP is more than a hundred times
higher than internalized pepTIRAP**. According to these
results, pepTIRAP is highly internalized in HeLa cells after
2 h of incubation. In contrast pepTIRAP*"* binds poorly
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Fig. 8. Quantification of internalized and membrane bound peptide.
Amount of internalized and membrane bound peptide estimated
by the MFI model for cultures incubated with 40 uM pepTIRAP
or pepTIRAP**. Bars show the maximum mean fluorescence
intensity (MFI,.x) in logarithmic scale. Standard errors are obtained
from Table 2. In the case of internalized peptides, they are calculated
as the sum of the appropriate standard errors.

and scarcely crosses the plasma membrane. The maximum
fluorescence associated to internalized pepTIRAP is 3-fold
the fluorescence associated to pepTIRAP located on the
membrane. In spite the fact that pepTIRAP is highly
internalized, the amount of peptide bound to the membrane
is considerable, suggesting that pepTIRAP can establish
strong interactions with the cell membrane. To our knowledge,
this is the first experimental evidence that quantifies the
strong association of pepTIRAP to the plasma membrane.

These results relate to the first stage of the transduction
internalization mechanism: binding of the peptide to the
membrane and formation of nucleation zones. PepTIRAP
displays a predominantly positive potential on its surface
when compared to pepTIRAP*“ which has a more
balanced distribution of EPF. We propose that due to its
positive potential pepTIRAP interacts with molecules on
the cell membrane, such as proteoglycans and phospholipid
heads [49,57], facilitating the formation of nucleation
zones that are key in the transduction internalization
mechanism. Since pepTIRAP*™* does not display such a
high positive potential, its interactions with the membrane
are weaker, and may not allow the formation of nucleation
zones. This hypothesis is also supported by the results
given by the docking experiments between peptides and
Heparan Sulfate, where stabilization interactions estimated
from pepTIRAP dockings are more favorable that those
from pepTIRAPMA. Fig. 9 shows a diagram of the
proposed internalization mechanism. At high peptide
concentration, the strong interactions between pepTIRAP
and molecules on the surface of the plasma membrane
produce local accumulation of the peptide, forming
nucleation zones. This promotes the reorganization of the
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Fig. 9. Internalization mechanism proposed for pepTIRAP and pepTIRAPA™, (A) Interaction of the electrostatic potential of pepTIRAP
with molecules on the plasma membrane at high peptide concentrations, produces local accumulation of peptide on the membrane
surface. This generates nucleation zones followed by the reorganization of the actin cytoskeleton, leading to a change in membrane
fluidity and the subsequent internalization of pepTIRAP. (B) PepTIRAPA establishes weak interactions with the plasma membrane due
to the characteristics of its electrostatic potential, hence the peptide is not internalized.

actin cytoskeleton leading to a change in membrane
fluidity, which results on the internalization of the peptide.
Therefore, the transduction mechanism does not depend
only on peptide concentration [19,29], but also on the
electrostatic potential on the surface of the peptide.

4. Conclusion

In this work, we studied the internalization mechanism of
a peptide derived from the TIRAP protein (pepTIRAP),
and pepTIRAPA, where some of its cationic amino acids
were changed to alanine, in order to identify the effect of
changes in electrostatic potential on peptide internalization.
Molecular modeling studies showed that the replacement
of cationic amino acids with alanine, resulted in a decrease
in the positive electrostatic potential in the peptide, even
when its three dimensional structure remains mostly
unaltered. Also, docking experiments show that interactions
between pepTIRAP and negatively charged molecules on
the cellular surface, such as heparan sulfate, are stronger
than the ones exhibited by pepTIRAPAM,

Experimental results indicate that pepTIRAP concentration
has an effect on cell viability, which is reduced as con-
centration increases. This is not observed for pepTIRAPA™,
Flow cytometry results show that pepTIRAP enters the
cell, while pepTIRAP** is not considerably internalized.

In addition, at the same concentration pepTIRAP binds to
the membrane to a greater extent than pepTIRAPAA,

A mathematical model was developed which allows the
quantification of the amount of peptide that is internalized
and the amount bound to the membrane, based on flow
cytometry measurements. Using this model we determined
that the amount of pepTIRAP internalized is in the same
order of magnitude than the amount found bound to the
membrane, and that this is over a hundred times higher
than the amount of pepTIRAP** that enters the cell.

Based on this evidence, we propose that the difference in
internalization between pepTIRAP and pepTIRAP* is
due mainly to differences in their electrostatic potential,
suggesting that a mechanism dependent on the electrostatic
interactions between the peptide and molecules on the
membrane, is triggering peptide internalization. Moreover,
the high amount of pepTIRAP found associated to the
membrane is consistent with peptides entering the cell via
a transduction mechanism.
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Nomenclature

AF :Autofluorescence

j :Biotinylated compound j

Ky :STR-R-PE concentration where half of the
maximum fluorescence is achieved

MFI :Mean fluorescence intensity

MFI,.« Maximum fluorescence

NS :Non-specific binding affinity

S :STR-R-PE incubation concentration

EB :Endogenously biotinylated compounds

int :Internalized

ext :No internalized

FP :With fixation-permeabilization treatment

NFP :Without fixation-permeabilization treatment

NS :Non-specific interactions

S :Specific interactions
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