This is the accepted manuscript of the following article: Pazo, M., Juanes, M., Lostalé-Seijo, I, &
Montenegro, J. (2018). Oligoalanine helical callipers for cell penetration. Chem. Commun., 2018, 54,
6919-6922. doi: 10.1039/c8cc02304b.

This article may be used for non-commercial purposes in accordance with RSC Terms and Conditions
for self-archiving.



Journal Name

CHEMISTRY

Oligoalanine Helical Callipers for Cell Penetration

Marta Pazo,? Marisa Juanes,? Irene Lostalé-Seijo® & Javier Montenegro®*

Received 00th January 20xx,

Even for short peptides that are enriched in basic amino acids, the large chemical space that can be spanned by

combinations of natural amino acids hinders the rational design of cell penetrating peptides. We here report on short

oligoalanine scaffolds for the fine-tuning of peptide helicity in different media and the study of cell penetrating properties.
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This strategy allowed the extraction of the structure/activity features required for maximal membrane interaction and

cellular penetration at minimal toxicity. These results confirmed oligoalanine helical callipers as optimal scaffolds for the
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rational design and the identification of cell penetrating peptides.
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Positively charged molecules and macromolecules with a
certain degree of hydrophobicity can interact with anionic
membranes and be taken up by cells.?® Initial evidences of
these penetrating capacities were found in certain sequences
of proteins enriched in basic amino acids.»2 The subsequent
development led to the emergence of the cell penetrating
peptides (CPPs).1011 |n the taxonomy of penetrating peptides,
the oligoarginines and analogous sequences have been
assigned to the cationic/hydrophilic and non-structured class
of peptides.’%11  However, although pure hydrophobic
penetrating peptides have also been reported,1213
oligoarginines certainly possess intrinsic amphiphilicity as each
arginine contains three methylene units per guanidium group.?
Additionally, the peptide cargo or the fluorophore tracking
moiety may add extra hydrophobicity to the peptide and have
direct implications in the internalization.214 The peptide
plasticity and the conformational switch from random coil to
amphiphilic structures have been identified as important
descriptors in several efficient natural and artificial CPPs.15-19
Intriguing reports have established the importance of the
spatial distribution and orientation of the cationic and the
hydrophobic residues to achieve an efficient cell membrane
translocation.13.20-23 |n this regard, the alpha helical motif has
been widely applied by chemists and biochemists to generate
and study cationic-amphiphilic penetrating
structures.21516,18,19,24-29 Artificial helical foldamers, polymers
and supramolecular structures have also been designed and
confirmed as cell penetrating scaffolds.239-36 However, despite
the large progress achieved during the last years, CPPs still
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remain a source of controversy in terms of structure/activity
relationships, mechanism of cell entry and prediction of
penetrating properties.110.37.38 Therefore, methodologies for
the rational design of penetrating peptide sequences are
essential tools for the discovery of the next generation of CPPs
with increased efficiency and reduced toxicity. Some elegant
strategies building on peptide cyclization, structural fixation
and hydrophobicity accumulation have been recently studied
to rationalize the penetrating capabilities of CPPs.21,37,39,40
However, even for short sequences containing a high fraction
of basic and hydrophobic amino acids, the enormous chemical
space that can be spanned by permutations of the
proteinogenic natural amino acids constitutes a critical
limitation for the extraction of insightful conclusions about the
activity of penetrating peptides. Among all the natural amino
acids, alanine has the strongest alpha-helical stabilizing
character (— 0.77 kcal/mol).2441 Although no helicity was
reported, the strong helical propensity of alanine has been
exploited in inspiring short penetrating peptides.2* Herein we
report on oligoalanines scaffolds as helical callipers to study
the consequences in cell uptake and cytoxicity of the helical
folding in different environments (buffer and liposomes). This
simple model allowed us to identify a peptide hit bearing only
three arginines and three leucines residues and with a strong
membrane affinity, cell internalization capacity and low
toxicity at the working conditions.

The oligoalanine peptides of this study (P:-Ps, Fig 1) were
synthesized by solid phase peptide synthesis and they were
terminated with a 5-carboxytetramethylrhodamine
fluorophore (TAMRA) (see supporting information, Fig. S1).
The total sequence was composed of 16 amino acids that were
sufficient to stabilize two heptad helical turns (Fig. 1A). Peptide
folding was characterized by circular dichroism in aqueous
buffer (HKR, pH = 7.4), liposomes (EYPC) and trifluoroethanol
(Fig. 1B and Fig. S2). In these oligoalanine templates, we
incorporated a fixed number of three cationic arginines and a
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Fig. 1. A) Heptad-based wheel diagram for the helical conformation of P;-Ps. The N-terminus of all peptides was coupled to a
TAMRA (5-carboxytetramethylrhodamine) fluorophore. Note that P3, Ps and Pg (labelled with an asterisk) have a hexanoic
linker between the peptide N-Terminal and the TAMRA (see supporting information). B) Table showing the % of helicity of
the eight peptides (P1-Ps) at 40 °C in HKR buffer, egg yolk phosphatidylcholine (EYPC) liposomes and trifluoroethanol (TFE).

number of three, two or none hydrophobic leucines. Pure
alanine/arginine combinations yielded peptides with a very
poor helical behaviour and negligible uptake in Hela cells (Py,
Fig. S3). The incorporation of two leucine hydrophobic amino
acids improved helicity in liposomes (P1 and P;), although
peptide uptake was insignificant compared with octaarginine
(Fig. 2A). A third leucine triggered a higher increase in peptide
helicity and cellular uptake (Fig. 1B and Fig. 2A). Alignment of
the three-guanidinium side chains was beneficial for helicity of
the oligoalanine scaffold in the membrane as can be observed
by comparing P4 and Ps (13% vs 50% helicity in liposomes, Fig.
1). The presence of a hexanoic linker between the peptide and
the fluorophore slightly increased helicity in buffer and
reduced it in liposomes (see Pg vs Py in Fig. 1 and supporting
information). The proximity of the hydrophobic leucines to the
aligned arginines stabilized the helicity of the peptide in buffer
(Ps and Ps). On the other hand, for the peptides with three
aligned arginines, the radial distribution of the three leucines
increased peptide helicity and maximized the difference of
helical behaviour from buffer to liposomes (Fig. 1, compare Py
vs Pg). This maximized helical difference can be rationalized by
a potential carpet-like peptide disposition that would
accommodate the guanidinium residues towards the aqueous
buffer and maximize leucine hydrophobic interactions with the
hydrophobic part of the bilayer. The final selection of TAMRA-
labelled peptides covered a wide helical range in lipid
membranes from random coil (P1) to 50% of helicity (Pg).

With this collection of peptides we carried out uptake
experiments by incubating Hela cells with the peptides at
different concentrations (0.5 to 10 uM). After incubation, cells
were thoroughly washed with buffer and trypsinized to
remove all membrane bound peptides and the uptake was
quantified by flow cytometry (Fig. 2A, see supporting
information). The dose response cytometry showed a low level
of cellular uptake for the peptides with less than 30% helicity
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in liposomes (P1, P2, P3 and P4, Fig. 2B). Peptides Ps and Pg,
with certain helical behaviour in liposomes (~ 30%) but also in
buffer (20% and 35% respectively), exhibited a slightly higher
level of uptake, which was still far below the octaarginine
control (Fig. 2A). However, peptides P; and Pg with the highest
helicity in liposomes (32% and 50% respectively) and the
maximum helicity difference in the transition from buffer to
liposomes, presented a much higher cellular internalization
similar to the prototypical octaarginine peptide (Rg). This
enhanced uptake was more than five times higher than that
achieved for Ps and Ps, which showed an intermediate and
stable (~ 25%) helicity in buffer and lipids (Fig. 1, Fig. 2A).

Cytotoxicity studies were next carried out by the MTT
colorimetric assay, which reports on cell mitochondrial
metabolic activity (Fig. 2C, see supporting information).
Intriguingly, these studies revealed that peptide uptake was
not proportional to toxicity. Representation of cell viability for
the different peptides revealed that the more toxic peptides at
5 uM were the peptides with a higher helical content in the
buffer media Ps and Ps (Fig. 2C). These two more toxic
peptides (P3 and Ps) were more helical in buffer compared to
liposomes (Fig. 1B). In contrast, the peptides presenting the
opposite switch in helicity, from low in buffer to high in lipids
(Ps, P7 and Pg), showed good cell viabilities independently of
their stronger uptake in cells (Fig. 2B and 2C). Epifluorescence
micrographs of the cells incubated with the peptide collection
were in good agreement with the cytometry results and
showed a punctate fluorescence pattern (Fig. S3 and Fig. S4).
We next carried out internalization studies at low temperature
and in the presence of endocytic inhibitors for the best hit (Ps)
(Fig. S6). The full inhibition of the uptake of Pg observed at low
temperature 4 °C confirmed that the peptide internalization
was energy dependent.
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Fig. 2. Cellular uptake and viability of oligoalanine callipers. A) Cytometry uptake quantification. Cells were incubated with
the peptides (30 min) at the different concentrations in HKR buffer and trypsinized prior cytometer fluorescence
quantification. The ordinate axis has been cut to allow comparison. The TAMRA labelled octaarginine peptide (Rg) is shown in
green. B) Raw fluorescence intensity for the uptake of the different peptides at 5 uM. In the abscise axis the peptides are
ordered by increasing helicity in liposomes. C) Cell viability (MTT) of the different peptides at 5 uM. In the abscise axis the
peptides are ordered by increasing helicity in HKR buffer (pH = 7.4). The cytoxicity of Rg at 5 UM is shown in green.

We could observe that Dynasore, an inhibitor of dynamin
dependent endocytosis, fully blocked peptide uptake. Cell
membrane cholesterol depletion by methyl-B-cyclodextrin
strongly reduced the fluorescence signal, which indicated that
caveolin-mediated endocytosis was the major pathway for Pg
internalization (Fig. S6). This is in agreement with previous
results observed for helical poly-prolines.3 We finally
investigated and compared the cell penetration properties of
Pg in three different cell lines (HelLa, A549 and SF9) by
cytometry and spinning-disk confocal fluorescent microscopy
(Fig. 3 and Fig. S7). The confocal 3D projections in the different
cells showed the corresponding punctate fluorescence
patterns in Hela and A549 cells (Fig. 3), that colocalized with
lysosomes at longer incubation times (Fig. S5), confirming that
the peptide remained trapped in endosomes. However, the 3D
confocal micrographs of Pg in SF9 cells presented a diffuse
cytosolic distribution, which confirmed that the entry
mechanism and the final internal distribution of this peptide
could be cell dependent. Finally, we studied the stability and
uptake of Psg in the presence of serum (Fig. S11). Serum
reduced only slightly the uptake of this peptide in HelLa and
A549 cells (Fig. S11A). The half-life of this peptide in serum is ~
2.2 h, similar to that described for R9.

In summary, we introduce oligoalanines as suitable scaffolds
for the precise control of the helical behaviour of penetrating
peptides. This strategy allowed us to identify peptides with a
strong cell penetrating capacity bearing only three arginine
and three leucine amino acids. Circular dichroism studies
that arginine alignment
distribution was the optimal amino acid disposition to increase

indicated and leucine radial
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the helicity in the transition from the aqueous buffer to the
lipid environment. For the peptide collection reported here,
this helical transition improved cell uptake while it did not
increase peptide toxicity. In contrast, amphiphilic oligoalanines
with stable helical behaviour in buffer were not efficiently
taken up by cells and were more toxic. The best hit of the
series (Pg) showed the maximum helical character in liposomes
and the highest difference in helicity from water to liposomes.
Ps was mainly internalized by caveolin-mediated endocytosis
and, not surprisingly, the internalization was dependent on the
cell line. The results reported here validated oligoalanines
scaffolds as helical callipers for the study of rationally designed
peptides with cell penetrating capabilities.
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Fig. 3. Spinning-Disk Confocal 3D projections of Pg in different cells (HeLa, A549 and SF9). Peptide was incubated with cells at
5 uM (30 min, HKR buffer). Cells were washed with HKR buffer three times and observed by microscopy. Scale bars are 20
pum. The 3D projection was obtained from the different individual confocal planes with Imaris bitplane © 9.0.0 software.
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