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Abstract: Despite significant advances in foldamer chemistry,
tailored delivery systems based on foldamer architectures,
which provide a high level of control over secondary structure,
are curiously rare among non-viral technologies for trans-
porting nucleic acids into cells. A potent pH-responsive,
bioreducible cell-penetrating foldamer (CPF) was developed
through covalent dimerization of a short (8-mer) amphipathic
oligourea sequence bearing histidine-type units. This CPF
exhibits a high capacity to assemble with pDNA and mediates
efficient delivery of nucleic acids into the cell. Furthermore, it
does not adversely affect cellular viability and was shown to
compare favorably with a cognate peptide transfection agent
based on His-rich sequences.

Among the huge diversity of non-viral transport systems
conceived to deliver genes into cells for therapeutic pur-
pose,l'l naturally occurring and synthetic cationic cell-pene-
trating a-peptides (CPPs)? present favorable features that
account for their rapid recent development.®*l Compared to
purely cationic amphiphilic lipids and linear or branched
polymers, CPPs have a well-defined composition that can be
readily optimized by sequence manipulation and they are also
potentially less cytotoxic. Complexes based on non-covalent
charge interactions prevail over covalent CPP/nucleic acid
(NA) conjugates, which facilitates synthetic accessibility by
allowing the use of standard scalable synthetic procedures.
Endocytosis is the main pathway by which CPP/NA com-
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plexes are taken up into the cells. Because of the low capacity
of DNA to escape from endosomes, there is a need to endow
CPPs with specific properties to enable endosomal escape and
release of DNA into the cytoplasm.P! It was postulated very
early that CPPs containing multiple pH-responsive histidine
(His) residues could provide an elegant solution to this
problem by allowing pH-dependent membrane permeation
and/or endosomal buffering (the so called proton-sponge
effect).*°l One remarkable example is the LAH4 peptide,
a cationic amphipathic His-rich 26mer CPP (sequence:
KKALLALALHHLAHLALHLALALKKA) with the abil-
ity to strongly promote the delivery of pDNA into various cell
lines.™ Transfection efficiency was found to strikingly
depend on the number of histidine residues and on their
distribution along the polar face of the putative a-helical
structure. Nonetheless, despite these recent important ach-
ievements, the use of synthetic peptides such as LAH4 still
suffers from limitations, in part owing to their poor biostabil-
ity.

Synthetic folded oligomers (foldamers)” can provide
peptide and protein mimics that manifest unusual properties,
including diminished susceptibility to degradation by pro-
teases, high control over secondary structures, and a propen-
sity to form assemblies in aqueous solution. Consequently,
developing pH-responsive foldamer-type architectures that
reproduce key structural features of CPPs such as LAH4 may
represent a significant step towards the development of
original transporters for NA delivery. Surprisingly, attempts
to design foldamer-based delivery systems have thus far been
limited, with no application to NA delivery and most current
reports being restricted to investigation of cellular internal-
ization in the absence of cargo molecules.*>* In this work, we
employed aliphatic oligoureas, a class of peptidomimetic
foldamers composed of ethylene diamine type units con-
nected by urea bonds, which are known to adopt a robust
helical fold reminiscent of the a-helix.”) In contrast to a-
peptides, the helicity of oligoureas is largely independent of
their primary sequence, a feature that greatly facilitates
structure—activity relationship studies. We previously
reported the design of short 8-mer oligourea sequences that
mimic globally amphiphilic a-helical host-defence peptides.”!
Remarkably, these oligoureas show a high helical content in
the vicinity of phospholipid membranes, display potent
antimicrobial activity through a mechanism involving per-
meabilization of the bacterial membrane, and exhibit high
resistance to proteolytic degradation. We reasoned that it
might be possible to convert such antimicrobial foldamer
sequences into pH-responsive delivery systems with high
DNA transfer capacities and low toxicity by combining the
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defined helical side-chain distribution of oligoureas with the
key side-chain composition of LAH4.

To this end, we initially designed seven urea-based
sequences presenting different patterns of side-chain distri-
bution and different chain lengths. The first series of
oligoureas (1-4; Figure 1) differ from previously reported
cationic amphiphilic 8-mer antimicrobial sequences by the
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Figure 1. a) Structures of the pH-responsive amphiphilic oligoureas
designed for the cellular delivery of NA. Foldamers 1-4 are derived
from a previously reported antibacterial 8-mer oligourea sequence and
5-7 recapitulate the main features of the LAH4 CPP. b) Chemical
synthesis of Dim3 through disulfide condensation of 3-SH, an ana-
logue of 3 bearing a terminal cysteamine moiety.

presence of His- and Arg-type units (His", Arg") on the polar
surface to maximize interaction with DNA and cellular
delivery. The second set of oligoureas (5-7) ranging in size
from 10 to 12 residues was designed to reflect more precisely
the side-chain composition and distribution of the LAH4
peptide, that is, Ala and Leu side chains for the hydrophobic
face, three to four central imidazole side chains, and extra
Lys-type units at both ends of the sequence (Figure 1). All
compounds were synthesized on solid support using Boc
chemistry as previously described'! and were obtained in
satisfactory yield and high purity after RP-HPLC purification
(see the Supporting Information).

With His"-rich foldamers 1-7 in hand, we next inves-
tigated their ability to condense and transfect DNA into cells.
A gel-shift assay was first carried out to determine the amount
of oligomers 1-7 required to retard the migration of
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a luciferase expression plasmid (p-luc) during agarose gel
electrophoresis (Figure S9 in the Supporting Information). A
luciferase expression assay was then performed using the
HEK?293 human cell line, with the LAH4 peptide as a positive
control.™? In this assay, oligoureas 1-7 were used either alone
or in the presence of 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine (DOPE) or ZnCl, as additives. DOPE is a fusogenic
helper lipid that is used to synergistically enhance the
transfection efficiency of various DNA/vector complexes.!
Similarly, Zn** has been shown to promote membrane fusion
and DNA delivery by His-rich polypeptide vectors when
added to the transfection medium." Although oligomers 1-7
were all found to bind DNA in the gel-shift assay, significant
differences were observed in their ability to successfully
deliver p-luc into cells (Figure 2a and Figure S10).

Of all the foldamers, oligourea 8-mer 3 proved to be the
best one and, when used in combination with ZnCl,, it
exhibited good transfection efficiency that was only 5-fold
lower than that of LAH4 (Figure 2a). Surprisingly, compound
4, which differs from 3 only by the presence of an additional
Arg" residue at the terminus, was found to be rather less
potent in this luciferase expression assay (Figure2a and
Figure S10) and none of the longer oligomers 5-7, which were
designed to more closely mimic the LAH4 sequence, led to
significant transfection levels even in the presence of addi-
tives (data not shown).

Overall, these results demonstrate that 1) the presence of
cationic residues at both extremities of oligoureas 5-7 does
not facilitate DNA delivery into HEK293 cells, 2) the Trp"
residues in 3 likely play a positive role in the mechanism of
DNA transfection as previously shown for cognate antibac-
terial oligoureas, and 3) the presence of only two His" residues
(as in 3) is sufficient when combined with ZnCl, to mediate
DNA condensation and uptake by cells.

To further improve the transfection efficacy of 3, we
thought to design longer oligomers that would more closely
match the total number of polar and hydrophobic side chains
of LAH4, while retaining the original side-chain distribution
pattern of 3. Instead of preparing a single-chain molecule with
a sequence repeat, we chose to covalently dimerize sequence
3 through the formation a disulfide bridge. Expected advan-
tages of a covalent dimerization approach include chemical
modularity and increased stability of the resulting CPF/DNA
complex.™ Moreover, disulfide bonds are more prone to
cleavage in the intracellular environment, where the gluta-
thione concentration is much higher (100-1000 x) than in the
extracellular milieu."" The introduction of a bioreducible
covalent crosslink such as a disulfide could thus promote
effective vector unpacking once the complex is internalized in
the cell and could reduce toxicity."!* To test this hypothesis,
we prepared Dim3 through dithiol condensation of 3-SH, an
analogue of 3 bearing a terminal cysteamine moiety (see
Figure 1b), and evaluated its capacity to associate with and
transfect p-luc into HEK293 cells. Gel-shift experiments
revealed that at an equivalent mass ratio, Dim3 was more
effective than monomeric 3 in complexing pDNA (Fig-
ure 2b). We found that the helical content was not modified
by the dimerization, as revealed by a comparison of the CD
spectra of 3 and Dim3 recorded in phosphate buffer (40 mm)
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Figure 2. a) Transfection of HEK293 cells with p-luc in the presence of
LAH4 and various oligoureas at different CPF/DNA mass ratios
(values in brackets) without or with additives (0.135 mm ZnCl, or

3.3 ug DOPE/ug DNA). Luciferase levels were measured after 28 h
(n=2). b) Gel-shift assay with p-luc (1 ug) and increasing amounts
(from 1 to 20 pg) of 3-SH or Dim3. DNA was visualized after staining
with SYBR safe; the values above the gels correspond to the mass
ratio of CPF/DNA. c) cryo-TEM of Dim3/pDNA assemblies. d) Com-
parison of the transfection efficiency of 3 +ZnCl,, 3-SH, and Dim3 on
HEK293 cells after 28 h of transfection (n=2). The amount of vector
per ug DNA is given in brackets. ) Transfection levels obtained on
MRC5-V2 cells after 28 h (n=3). 2.25 pg of p-luc were mixed with
either LAH4, Dim3, DOTAP, or 25 kDa-PEI (experiments performed in
triplicate). N/P corresponds to the amine/phosphate ratio. f) eGFP
expression 48 h after transfection of HEK293 cells with eGFP/DOTAP
or Dim3 complexes (n1=2).

at pH values of approximately 7.4 (Figure S7). We also used
dynamic light scattering (DLS) to measure the size and
surface charge of Dim3/DNA complexes because both
parameters influence the cellular uptake of the particles. In
the absence of salt, we found a majority of particles with a size
of around 100 nm, together with some larger aggregates.
Under salt-rich conditions, the complexes were larger, with
a diameter of 700 nm. Thus, as for other transfection agents,
including PEI"! and LAH4,”" the presence of salt induces
aggregation. Finally, as expected, the surface charge of the
complexes generated at the optimal w/w ratio for in vitro
transfection was found to be positive (above +30mV).
Accordingly, cryo transmission electron microscopy (cryo-
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TEM) of a mixture of pDNA diluted in water and Dim3
suspended in water revealed strings of small globular objects
forming structures of about 100-200 nm in diameter (Fig-
ure 2¢), while larger complexes were observed under salt-rich
conditions (Figure S16). These globules indicate that Dim3
firmly interacts with pDNA.

Remarkably, Dim3 was found to outperform cognate 3 as
a DNA delivery agent, with a level of luciferase expression
upon transfection of HEK293 cells that compares favorably
with that with LAH4 (Figure 2d). It is noteworthy that Dim3
mediates effective gene delivery in the absence of any
additives such as DOPE or ZnCl, (Figure S11). Interestingly,
3-SH was also found to complex DNA and to exhibit
significant transfection efficiency, albeit at higher a oli-
gourea/DNA mass ratio compared to Dim3 (Figure 2b,d
and Figure S13). These results strongly suggest that 3-SH
spontaneously oxidizes into Dim3 upon DNA condensa-
tion.®! The transfection potential of Dim3 was next assessed
with two other human cell lines, namely A549 and MRC5-V2
cells. Besides LAH4, two commercially available transfection
reagents, a monocationic lipid N-[1-(2,3-Dioleoyloxy)propyl]-
N,N,N-trimethylammonium methyl-sulfate (DOTAP) and
a branched 25kDa polyethylenimine (PEI25k),*!l were
included as standards in these assays. The results obtained
with the two cell lines show that Dim3 is roughly as robust for
cell transfection as the three other reagents (Figure 2e and
Figure S12 for A549 cells). Concurrently, the ability of Dim3
to mediate DNA uptake into the cell and promote gene
expression was confirmed by fluorescence microscopy follow-
ing transfection with a green fluorescent protein (GFP)
expression plasmid. As shown in Figure 2 f, the level of GFP
expression 48 h after transfection was higher with Dim3 than
with DOTAP.

Next, cell viability in the presence of Dim3/p-luc com-
plexes was evaluated on MRC5-V2 cells by using a 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) assay, and the results were compared with those
measured in the presence of PEI and DOTAP (Figure S14).
We found that Dim3 and DOTAP did not reduce the cell
viability, whereas PEI 25k exhibited some cytotoxicity (8 %
cell death).

This investigation was completed at the cellular level by
the determination of the pH-dependency of Dim3 action. It
has been shown that inhibition of endosome acidification by
a specific inhibitor of vacuole membrane H'-ATPase such as
concanamycin A significantly diminishes the transfection
efficiency of PEL® We thus asked whether the activity of
Dim3, which contains imidazole groups that could become
protonated during acidification of the endosomes, is also
sensitive to such inhibitors. The results indicate that in the
presence of this drug, the transfection efficiency of PEI and
Dim3 was diminished by 15- and 13-fold, respectively (Fig-
ure S15), whilst the efficiency of DOTAP, which is already
protonated at pH 7, was almost unaltered. Consequently,
these results underline the fact that acidification of the
endocytic vesicles, and thus protonation of the imidazole
groups, is required for optimal activity of Dim3. This is in
good agreement with the pKa values determined for the two
histidine-like units of oligourea 3.7
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In summary, we have developed an effective pH-respon-
sive urea-based CPF for gene transfection through efficient
thiol-mediated dimerization of a short (8-mer) amphiphilic
cationic oligourea foldamer. Dim3 is not only able to bind and
shuttle DNA into cells but demonstrates transfection effi-
ciency that compares favorably with LAH4, a His-rich
peptide CPP with high transfection ability. Importantly,
Dim3 does not require the addition of helper lipid or Zn*"
to be active. In addition, Dim3 displays no apparent cellular
toxicity and is accessible with moderate synthetic effort.
Future work aimed at optimizing this foldamer sequence to
enable the transfection of a wider range of nucleic acids (e.g.,
siRNA) with cell-specific targeting moieties will be reported
in due course.
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