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ABSTRACT: Over the past decade, peptides have emerged as a new family of potential
carriers in gene therapy. Peptides are easy to synthesize and quite stable. Additionally,
sequences shared by the host proteome are not expected to be immunogenic or trigger
inflammatory responses, which are commonly observed with viral approaches. We recently
reported on a new class of branched amphiphilic peptide capsules (BAPCs) that self-
assemble into extremely stable nanospheres. These capsules are capable of retaining and
delivering alpha-emitting radionuclides to cells. Here we report that, in the presence of
double stranded plasmid DNA, BAPCs are unable to form. Instead, depending of the
peptide/DNA ratios, the peptides either coat the plasmid surface forming nanofibers (high
peptide to DNA ratio) or condense the plasmid into nanometer-sized compacted
structures (at low peptide to DNA ratios). Different gene delivery efficiencies are observed
for the two types of assemblies. The compacted nanometer-sized structures display much
higher transfection efficiencies in HeLa cells. This level of transfection is greater than that

observed for a lipid-based reagent when the total number of viable transfected cells is taken into account.
KEYWORDS: cationic branched peptides, BAPCs, nanofibers, condensed DNA, peptiplex, plasmid DNA, nonviral, gene delivery,

nontoxic

B INTRODUCTION

The ability to deliver bioactive macromolecules into specific cell
organelles holds the promise of treating a broad range of
human diseases.' The first steps required for targeting
subcellular organelles involve traversing the plasma membrane
and then gaining access to the cytosol. Macromolecules such as
plasmid DNA (pDNA) are anionic and show greatly reduced
membrane bilayer permeability.” Typically they need to be
associated with molecular carriers to facilitate their trans-
location into the cell.

A wide range of molecular carriers are currently available for
pDNA delivery in vitro. Reports are emerging with increasing
frequency describing modified or completely new transfection
materials. Improvements in genome editing systems, such as

genes, inhibiting both transcription and translation, therefore
showing potential application in antigene and antisense
therapies.” Adding those types of genome editing elements
has moved nonviral gene delivery closer to clinical applications.

Lipoplexes® (cationic lipid—DNA complexes) and poly-
plexes” (cationic polymer—DNA complexes) are examples of
nonviral gene delivery systems.” ' Lipoplexes constitute self-
assembling nanosystems formed as a consequence of the
interaction of branched cationic lipids with the negatively
charged DNA molecules to form complexes, with the cationic
lipids encasing the dsDNA.""'*> The most common structures
for lipoplexs are the lamellar (L,) phase with alternating lipid
bilayer and DNA monolayers and inverted hexagonal (Hj)
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phase consisting of DNA coated with a lipid monolayer in a
hexagonal lattice.”® It has been argued that the Hy phase
complexes have a much higher transfection activity then the L,
phase ones. One explanation could be that this phase promotes
the lipoplex fusion with cellular membranes facilitating the
cellular uptake.'*

Polyplexes are made of cationic polymers that bind DNA
through electrostatic interactions between the phosphate
groups present in the DNA and the cationic groups present
in the polymer reagent. Polyplexes can adopt diverse
nanostructures: blends, toroids, or rods, ranging from 50 to
100 nm in size.">'® Regardless of the complex topology, the
size, charge, and ability to escape the lysosome and enter the
nucleus appear to be the salient factors affecting transfection
efficiency.’

Peptiplexes are peptide—DNA complexes that emerged over
the past decade as potential gene carrier systems.'® A pure
peptide-based transfection agent would have several advantages
over these other systems. Peptides can be more stable with
regard to oxidation than lipids, are easy to synthesize on a large
scale, and are relatively easy to modify with cell specific
recognition ligands.'® However, the mechanism of how they
bind to and condense DNA is poorly documented in
comparison to lipoplexes and polyplexes. Mann et al.* recently
studied different patterns of DNA condensation in the presence
of lysine and arginine based homopeptides and observed a
correlation between different shapes of “peptiplexes” and gene
delivery efficiency.”"

Recently, we reported results on a set of peptides that self-
assemble to form stable nanocapsules*> with lipid-like proper-
ties.”> The branched amphiphilic peptides capsules, termed
BAPCs, are able to encapsulate, retain, and deliver (in vitro) a
variety of solutes into cells, including the alpha-emittin
actinium-225 and its radioactive daughter radionuclides.”
BAPCs can adopt a range of sizes from 20 nm to several
micrometers in diameter depending on assembly conditions
and are capable of encapsulating various solutes within the
hollow cavity defined by a pure peptide bilayer. Besides being
extremely stable, they are water-soluble and simple to prepare
and deliver to cells.

These amphiphilic peptide sequences were designed to
mimic diacyl glycerol phospholipids in architecture and hence
have a hydrophilic oligo lysine segment and two identical
hydrophobic tails. The peptide capsules are prepared by mixing
equimolar concentrations of two related peptides: bis(FLI-
VIGSII)-K-KKKK and bis(FLIVI)-K-KKKK (Figure 1). The

. /\<:-Phe-Leu-IIe-VcI-IIe-G\y-Ser-[Ie-IIeLLys-Lys-Lys-Lys-Lys-:;::N 1.

bis(hg)K-K, K

Ac-Phe-Leu-lle-Val-lle-Gly-Ser-lle-lle:
Ac-Phe-Leu-lle-Val-lle—-Lys-Lys-Lys-Lys-Lys-CONH

bis(hs)K-K,
Ac-Phe-Leu-lle-Val-le—I*

Figure 1. Structure of the branched amphiphilic peptides. The
peptiplexes are composed of an equimolar mixture of the N-terminal
acetylated bis(hy)-K-K, and bis(h;)-K-K,. The molecular weight
(MW) of the peptides is 1912.29 and 1655.12, respectively.

hydrophobic core sequence is an internal fragment of the
human dihydropyridine sensitive L-type calcium channel pore-
forming segment, CalVS3.>®> We refer to these peptides as
bis(hy)-K-K, and bis(hs)-K-K, respectively, where h, and h;
refer to the number of residues within the hydrophobic
segment. The mixed peptides are referred to as bis(ho:h)-K-K,,
as BAPCs when assembled into capsules in aqueous environ-
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ments, and as bis(hy:hs)-K-K,-peptiplexes when associated with
DNA.

Initially we hypothesized that DNA would be encapsulated
during the assembly process. However, we quickly realized that
assembly was disfavored in the presence of the polyanionic
plasmid. We observed that, when the dried peptides are added
to DNA in great molar excess, they appear to coat the
polyanionic surface of dsDNA producing nanofibers. However,
at low peptide concentrations we observed compaction of the
DNA into nanocondensates.

In this report, we investigated the interactions of these
branched amphiphilic peptides with pDNA and the ability of
the resulting peptiplexes to transfect HeLa cells. Different
transfection efficiencies were obtained in each case, with the
compacted peptiplexes showing the highest transfection rates.

B MATERIALS AND METHODS

Peptide Synthesis. Peptides were synthesized as previously
described.”” The cleaved peptides were then washed three
times with diethyl ether, dissolved in water, and then
lyophilized before being stored at room temperature (rt).
The peptides were purified by reversed phase HPLC and
characterized using matrix-assisted laser desorption/ionization
time-of-flight (MALDI TOF/TOF). The mercury containing
peptides were prepared as previously described.”>*

For peptides covalently labeled with a fluorescent dye, the
first amino acid coupled was N%t-Fmoc-N*-t-boc-L-lysine onto
a 4-methylbenzhydrylamine (MBHA) resin (Anaspec Inc,
Fremont, CA). After deprotection of the side chain amino
group of the lysine using 80% TFA in dichloromethane chloride
(DCM), the N-hydroxysuccinimide ester of the S/6-carboxyte-
tramethylrhodamine was used to couple the dye to the e-amino
site of a lysine residue in the presence of N,N-diisopropylethyl-
amine (DIEA). The remainder of the synthesis was carried out
as previously detailed.**

Preparation of Bis(hg:hs)-K-K; Peptiplexes. The pep-
tides, bis(hy)-K-K, and bis(hs)-K-K,, were individually
dissolved in neat 2,2,2-trifluoroethanol (TFE). Under these
conditions the peptides adopt a helical conformation, thereby
forcing the peptides into a monomeric state and ensuring
complete mixing. Peptide concentrations were calculated using
the molar absorptivity (¢) of phenylalanine in water at 257.5
nm (195 ecm™ M™'). The bis(hy)-K-K, and bis(h,)-K-K,
peptides were then mixed together in an equimolar ratio at
final concentrations of 1.25, 2.5, 5, 10, 20, and 40 uM. The TFE
was then removed under vacuum. Subsequently, 2.5 ug of the
plasmid (pEGFP-N3 4.7 kb) dissolved in 1 mL of water was
added dropwise to the dried peptide mixture and allowed to
incubate for 10 min at room temperature before addition of
CaCl, (1.0 mM final concentration). After standing for an
additional 20 min, the solution was added to the cell culture.
The charge ratio (N:P) between the number of primary amines
(N) contained in the oligo lysine tails and the number of
phosphates (P) in 2.5 g of the 4.7 kb ds pDNA was calculated
to be 0.65, 1.3, 2.6, 5.2, 10.4, and 20.8 for the 1.25, 2.5, 5, 10,
20, and 40 uM peptide concentrations, respectively. For N:P =
65.5, 50 uM final peptide concentration was used with 1 pg of
pDNA in 1 mL of transfection solution.

Confocal Laser Scanning Microscopy. The images
shown in Figures 3B,C, 7, 8, and 9 were taken using a confocal
LSM 700 laser-scanning microscope (Carl Zeiss, Gottingen,
Germany).
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STEM Sample Preparation. For the scanning transmission
electron microscopy (STEM) analysis the bis(hg:hs)-K-K,
peptiplexes were prepared as previously described with one
exception. The peptide samples were prepared in water by
codissolving 0.7 molar equiv of bis(h,)-K-K, and bis(hs)-K-K,
along with 0.3 molar equiv of their respective hy and hs
cysteines adducted with Me-Hg to a final concentration of
0.1 mM. The samples were negatively stained for 10 min using
a multi-isotope 2% uranyl acetate (uranium bis(acetato)-O-
dioxodihydrate) (Sigma-Aldrich, St. Louis, MO) solution. The
samples (6 uL) were spotted onto grids and allowed to dry
before analyzing with a FEI Tecnai F20XT field emission
transmission electron microscope (FEI North America, Hills-
boro, OR).

Atomic Force Microscopy (AFM). The plasmid DNA
sample was prepared as described by Li et al.”” For the peptide/
DNA sample, 15 uL volumes of Opti-MEM I 4% serum
medium (Life Technologies, Grand Island, NY) containing the
bis(hy:hg)-K-K, peptiplexes at an N:P ratio of 10.4 were
deposited onto freshly cleaved mica substrates and incubated
for 15 min at room temperature. AFM topography images of
immobilized DNA and peptide samples were acquired in liquid
media using the contact mode on an Innova (AFM) from
Bruker, USA. The AFM scanner was calibrated using a TGZ1
silicon grating from NT-MDT, USA. We used MLCT-E
cantilevers with their respective nominal spring constants of 0.1
N/m, and using set point contact forces of 1 nN or less. The
AFM topography data were flattened by subtracting the
background and then plotted using a second order equation
incorporated in the Gwyddion analysis software.*®

Determination of Zeta Potential. The bis(hy:hs)-K-K,
peptiplexes were prepared as previously described at different
charge ratios and then dissolved in a final volume of 1 mL of
Opti-MEM I 4% serum medium. Zeta potentials for all
dispersions were determined using a zeta-potential analyzer
(Brookhaven Instruments Corporation, Holtsville, NY) equip-
ped with a 677 nm laser. All measurements were performed in
triplicate.

Gel Electrophoresis. The bis(hg:hs)-K-K, peptiplexes were
prepared as previously described with different charge ratios
and then dissolved in a final volume of 1 mL of Opti-MEM I
4% serum medium. Samples (15 uL) of these solutions were
loaded on a 0.8% agarose gel containing 0.012% ethidium
bromide and run at 60 V for 40 min. After electrophoresis, the
resulting DNA migration bands were visualized using a
MultiDoc-it digital imaging system (Ultra-Violet Products,
Upland, CA, USA).

Plasmid Digestion with Dnase-1. The bis(hy:hs)-K-K,-
peptiplexes were prepared as reported above, with 30 uL of the
bis(he:hs)-K-K,-peptiplexes dissolved in Opti-MEM I 4% serum
media digested using 1 pL of RQ-1 RNase-free Dnase-1
(Promega Corp., Madison, WI). After inactivation of the
DNase, the samples were run in an agarose gel using conditions
previously described.

Cell Culture. HeLa cells were purchased from ATCC
(CCL-2) and grown in Dulbecco’s modified Eagle medium
DMEM (Life Technologies, Grand Island, NY) supplemented
with 10% (v/v) fetal bovine serum (Life Technologies, Grand
Island, NY). All cell lines were passaged by tripsinization with
TrypLE Express (Life Technologies, Grand Island, NY) every
third to fourth day. No antibiotics were added.

Temperature Dependence on Cellular Uptake. HeLa
cells were seeded on 22 mm culture dishes at a density of 1 X

708

10° cells per mL and grown to roughly 60% confluence. Fresh
medium at 4 °C was added, and subsequently, 100 uL of
medium was replaced by a temperature controlled solution
containing the bis(hg:h;)-K-K, peptiplexes prepared with 30%
Rhodamine B label on the bis(hs)-K-K, peptide. Subsequently,
cells were incubated for 2 h at 4 °C, then washed twice with
phosphate-buffered saline (PBS) at 4 °C, and analyzed using
confocal microscopy. The same cell samples were then
incubated for an additional 2 h at 37 °C, washed twice with
PBS at 37 °C, and then reanalyzed by confocal microscopy. For
the f-tubulin immuno-histochemical staining, cells were fixed in
3.7% formaldehyde at rt for 2 h, followed by a wash with PBS
solution containing 1% Triton-X (PBST). Subsequently, cells
were incubated with anti-f-tubulin antibody (GEnScript
2G7D4) at dilutions of 1:1000 for 6 h. After three washes
with PBST, the tissues were incubated for 3 h with Alexa 488
goat anti-mouse IgG (Molecular Probes, Carlsbad, CA).
Stained tissues were washed in PBST and mounted in glycerol
containing 300 nM 4',6’-diamino-2-phenylindole (DAPI; 2 ug
mL™'; Sigma Chemical Co.).

Lysosomal Colocalization of Bis(hg:h;)-K-K, Pepti-
plexes. For the lysosomal immunostaining postincubation of
cells with the bis(hy:hs)-K-K, peptiplexes, the cells were fixed in
3.7% paraformaldehyde (PFA) at rt for 2 h followed by washes
with PBST. Subsequently, cells were incubated with mouse
anti-lampl antibody (G1/139/5) for 1 h. The (G1/139/5)
hybridoma, developed by Hauri,®® was obtained from
Developmental Studies Hybridoma Bank at the University of
Towa. After the incubation, cells were washed three times with
PBST. Subsequently, they were incubated for 3 h with Alexa
488 labeled goat anti-mouse IgG (Molecular Probes, Carlsbad,
CA). The stained tissues were washed again with PBST and
mounted in glycerol containing DAPIL.

Transfection. HeLa cells were seeded on 22 mm culture
dishes at a density of 1 X 10° cells per mL, and 24 h later at
60% confluence, all medium was removed from the wells and
800 uL of Opti-MEM I 4% serum medium was added. Next,
200 uL volumes of the different bis(hy:hg)-K-K, peptiplexes
were added to cells and allowed to incubated in normoxic
conditions for 2—6 h. After this incubation, medium and
transfection reagent were removed and replaced with 1 mL of
fresh DMEM containing 10% FBS in each well. The cells were
returned to the incubator for 48 h. For the positive control,
cells were transfected with Lipofectin (Invitrogen, Carlsbad,
CA), according to the protocol supplied by the manufacturer.
Some parameters were adjusted to reach optimum results in
HeLa cells. Briefly, lipoplexes were formed in 200 uL of Opti-
MEM I 4% serum medium mixing 2 pg of pDNA and 8 uL of
the transfection reagent. The lipoplexes were added to the cells
and allowed to incubate for 6 h at 37 °C. Cells were then
resuspended in 250 uL of PBS containing 2% (v/v) FBS and
0.1% (v/v) propidium iodide (Life Technologies). Analyses
were performed on a FACS Calibur (Becton Dickinson,
Franklin Lakes, NJ, USA). The EGFP-positive/PI-negative
cells were counted as positively transfected cells. The data were
analyzed using ANOVA with Bonferroni post test. Also,
transfection efficiency was monitored by direct counting
using confocal microscopy. Experiments were performed in
triplicate.

Cell Viability Assay. Cells were seeded on 22 mm culture
dishes at a density of 1 X 10° cells per mL and grown to
roughly 60% confluence. Subsequently, 200 xL of the medium
was replaced with a medium free solution containing bis(hy:hs)-
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Figure 2. Comparison of transfection efficiency of bis(hy:h;)-K-K, peptiplexes in HeLa cells. (A) Different peptide to DNA charge ratios (N:P) after
4 h of incubation time with the complexes in 4% serum medium and 1 mM CaCl,. (B) Different incubation times for the charge ratios 2.6 and 10.4
in 4% serum media and 1 mM CaCl,. (C) Different medium compositions used for transfection of the bis(hg:hs)-K-K, peptiplexes, after 6 h of
incubation with the complexes in 4% serum medium and 1 mM CaCl,. (D) Effect of CaCl, after 6 h of incubation time with bis(hy:hs)-K-K,
peptiplexes in 4% serum medium and 1 mM CaCl,. Data are presented as means + SEM (standard error of the mean). Differences between values
were compared by ANOVA using Bonferroni as post test. Nonstatistical significance (ns) was considered when P > 0.05. DPBS: Dulbecco’s

phosphate-buffered saline, calcium and magnesium free.

K-K, peptiplexes. To check cell viability post treatment, 10 yL
volumes of the resuspended cells were mixed with 10 uL of 2X
trypan blue solutions and allowed to sit for 2 min before being
counted in a Cellometer AutoT4 automated cell counter
(Nexcelom Bioscience LLC, Lawrence, MA). The data were
analyzed using ANOVA with Bonferroni post test. All
experiments were performed in triplicate.

B RESULTS AND DISCUSSION

Gene Delivery and Viability Assays of Bis(hg:hs)-K-K,
Peptiplexes. Here, we investigated the ability of bis(hy:hs)-K-
K, peptides to deliver plasmid DNA into eukaryotic cells. We
hypothesized that pDNA could be trapped inside the capsules
formed by the peptides even in the presence of a strong
electrostatic interaction between the peptide’s oligo lysyl
amines and the anionic DNA backbone phosphates. Modeling
studies provided an estimate of 1600—2000 peptides required
for the assembly of our 20 nm diameter capsules.”®”>®
According to this estimation, transfection experiments were
carried out expecting encapsulation to occur by providing
enough peptides to form one capsule/pDNA strand. The
charge ratio (N:P) between the number of NH;*s (N)
contained in the oligo lysine tails of the peptides and the
number of PO,”s (P) in the 4.7 kb ds pDNA was calculated to
be 65.5. This charge ratio corresponds to a 50 uM peptide
concentration or 5§ X 107® mol and 3.2 X 1077 uM ds pDNA
concentration or 3.2 X 107'® mol for a single transfection
reaction of 1 mL. These parameters were used throughout the
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experiment, however, only ~2% of transfection efficiency was
observed. This experiment was also tried using peptides
composed of Dp-amino acids with similar results, suggesting
that uptake was not dependent on cell surface binding
interactions (data not shown). The observed transfection
efficiency value was deemed quite low, and no more
experiments were conducted using these concentrations.

Subsequently, we examined the effect of reduced peptide
concentrations with a fixed pPDNA concentration (N:P ratios).
Surprisingly at lower N:P ratios the transfection rate in HeLa
cells increased nearly 10-fold (Figure 2A). In this experiment
HeLa cells were incubated for 4 h with the peptide/DNA
complexes at different ratios in 4% medium. Calcium chloride
(CaCl,) was added at 1 mM to improve transfection efficiency.
It has been reported that adding CaCl, to cell penetrating
peptides (CPP)/DNA complexes can reduce particle size and
maximize gene delivery in vitro.*> However, CaCl, by itself is
capable of transfecting mammalian cells in vitro at certain
conditions.>" To account for this possibility, we studied the
effect of different concentrations of CaCl, (250 #M to 20 mM)
mixed with the pDNA using HeLa cells. No GFP expression
was observed with CaCl, final concentrations <1 mM for 6—8
h incubations. All experiments using the lower N:P ratios were
conducted with and without 1 mM CaCl,.

Gene delivery efliciency was monitored qualitatively by
confocal microscopy and quantified using fluorescence-
activated cell sorting (FACS). Propidium iodide (PI) was
used to identify and then exclude dead cells from the analysis.
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Figure 3. (A) Cell viability as determined by trypan blue analysis. Confocal microscopy images of HeLa cells after transfection with plasmid DNA
encoding the green fluorescent protein (GFP) using (B) the peptiplex at N:P = 10.4 after 6 h of incubation in reduced serum media and 1.0 mM
CaCl, and (C) Lipofectin. FACS analysis of cells transfected with the peptiplex at N:P = 10.4 (D) and the commercial reagent Lipofectin (E) using
the same conditions used for the confocal studies. Data are presented as means = SEM. The overall P value was determined using 1-way ANOVA

using Bonferroni as post test.

The GFP-positive/PI-negative cells were counted as positively
transfected cells. As a positive control, cells were transfected
with the commercial transfection reagent Lipofectin using
conditions optimized for this cell line.

FACS analysis showed that the N:P ratios of 2.6 and 10.4
yielded the highest gene expression with minimal toxicity.
Subsequently, for these two ratios, different transfection
conditions were tested to maximize gene delivery and
expression.

We investigated how incubation time affects the transfection
rates (Figure 2B). It was observed that a 6 h incubation with
the peptide/DNA mixture produced the best transfection rate,
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particularly for the ratio N:P = 10.4. Different buffers were then
tested for the 2.6 and 10.4 ratios. Opti-MEM I 4% serum
medium appeared to be the most effective (Figure 2C). Figure
2D shows the effect with and without 1 mM calcium with the
optimized transfection incubation time and buffer, where
according to the Bonferroni post test there is no significant
difference between the values from the groups 10.4 with CaCl,
and Lipofectin.

It is important to note that optimal GFP expression was
observed only when the plasmid was delivered in the presence
of both branched peptides. The plasmid by itself, when added
directly to the medium with or without 1 mM calcium, showed

DOI: 10.1021/mp500524s
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Figure 4. TEM images of the peptiplexes at different peptide to DNA ratios. (A) Nanofiber structures at charge ratio N:P = 65.5. (B) Plasmid DNA
in the absence of peptide, shown to compare the different supramolecular structures. (C) Nanocondensate complexes formed at lower charge ratio

N:P = 10.4. Scale bar = 200 nm.
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“Left panel shows a scenario in which the branched peptide sequences
bridge the DNA at low N:P ratios allowing them to be pulled together.
The right panel shows a hypothetical structure where the DNA is
encased within a peptide bilayer. Lysines are represented by positive
charges in the circles.
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no GFP expression. Transfection with just one of the peptides,
either bis(hy)-K-K,, bis(hs)-K-K,, or the linear sequences
FLIVIGSII-K, and FLIVI-K,, showed minimal GFP expression
in comparison with the bis(hy:hs)-K-K, peptiplex with the N:P
ratio of 10.4 (Figure 1 in the Supporting Information). These
results preclude the possibility that the transfection properties
of the complex are only due to the cationic oligo lysine
segment. Nevertheless, the control sequences mentioned above

are capable of condensing pDNA and facilitating translocation
across the cell membrane (Figures 2A and 2B in the Supporting
Information). A possible explanation of why the mixture of the
two branched peptides works better than the linear sequence or
just one of them could be that both peptides are required to
promote the endosomal release of the peptide/DNA complex.
It has been suggested for cationic lipids that incorporation of
aliphatic chains with different numbers and length can improve
transfection efficiency by promoting endosomal escape.”>?
The alternate control peptides were tested under the same
transfection conditions that yielded the highest transfection
rates observed using the two different sized branched peptides.

When one considers the average (n = 3) total number of
viable cells per mL (Figure 3A) after transfecting with
bis(hy:hs)-K-K,-peptiplexes at N:P 10.4 and Lipofectin, the
GFP yield for the peptiplex is 1.7-fold higher than with the
commercial reagent. Our results show that cell viability is
minimally affected by the bis(hy:hs)-K-K,-peptiplex at the most
effective N:P ratio.

Confocal analysis of living cells (Figures 3B and 3C) revealed
that the cell morphology appeared normal after transfection
with the peptide/DNA complexes, whereas Lipofectin treated
cells appeared to have altered morphologies. The FACS
analysis clearly indicated higher efficiency and minimal toxicity
of the peptiplexes compared to the commercial reagent at its
optimized efficiency (Figures 3D and 3E, respectively).
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Figure 5. AFM images of the peptiplexes. (A) 3 X 2.4 um image of the nanostructure form at N:P of 10.4. (B) Cross section analyses of the

peptiplex shown in panel A. (C) Plasmid DNA alone.
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Figure 6. (A) Agarose gel electrophoresis of peptide complexes at different ratios; each lane contains 80 ng of pEGFP-N3. Lane 1 corresponds to
1kb dsDNA ladder. Lanes 2 and 3 contain only pEGFP-N3 plasmid in water and Opti-MEM I reduced serum medium, respectively. Lane 4 contains
DNA + CaCl,, and lanes 5—7 are bis(hg:hs)-K-K, peptiplexes at 2.6, 10.4, and 20.8 respectively. (B) Zeta potential of bis(hy:hs)-K-K, peptiplexes at

different peptide to DNA ratios.

Figure 7. Cellular uptake of bis(hy:hs)-K-K, peptiplexes at different
temperatures. The nuclei were stained with DAPI (blue), and the
peptide bis(hy:hs)-K-K, was partially labeled (30%) with Rhodamine B
(red). (A) Living cells showing internalization of the peptiplexes at 37
°C. (B) Living cells showing failed cellular uptake of peptiplexes at 4
°C. (C) p-Tubulin immuno-histochemical staining (green) was
performed in order to assess whether the peptiplexes entered the
cell at 37 °C (indicated by arrow). (D) Unsuccessful cellular uptake of
peptide/DNA complexes at 4 °C showing some peptide bonded to the
cell surface (indicated by arrows). Scale bar = 10 uM for upper panels
and 20 uM for lower panels.

Cationic lipids containing quaternary nitrogen functional
groups can bind and inhibit enzymes such as PKC, which
could explain their toxicity.** In addition, cationic lipids can
trigger immune responses in vivo and perturb the cell
membrane.*® Very little has been reported in regard to the
toxicity of peptide carriers causing cell death.*>™** Our system
appears to be nontoxic for cells, suggesting that it might be
safely used for in vivo applications.

Biophysical Characterization of Bis(hg:hs)-K-K, Pepti-
plexes. Transmission electron microscopy (TEM) of the
bis(hy:hs)-K-K, peptiplexes at charge ratio of 10.4 revealed
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compacted nanostructures (Figure 4A) compared to plasmid
alone (Figure 4B), whereas the analysis of the ratio where we
expected to see encapsulation of the DNA along the BAPCs
(N:P 65.5) generated long strands of DNA. At this high
peptide to DNA charge ratio the branched peptides appeared to
coat the negatively charged backbone phosphate groups of the
dsDNA forming nanofibers (Figure 4C).

Mann et al.>* reported different patterns of DNA
condensation with poly lysine and poly arginine peptides.
They showed rod and sphere shaped complexes depending on
the charge ratio. However, their results showed an opposite
effect when compared to our results. At higher charge ratios
they obtained mostly spheres whereas fibers were obtained at
lower concentrations. These results suggest that our system
relies on more than just electrostatic interactions.

We envision two possible mechanisms that could explain this
result. At low N:P ratios the lysyl groups of monomeric
branched peptides associate with the phosphates in the DNA
backbone. Adjacent peptides can then associate through the
hydrophobic interactions of the beta-structure hydrophobic
segments thereby constraining the DNA segments in a
compacted conformation. It is also conceivable that small
micelle-like patches of peptides form through the association of
multiple hydrophobic segments to shield themselves from
water. This structure leaves the lysines solvent exposed where
they are able to interact electrostatically with different portions
of the DNA strands and, through bridging, stabilize the
compacted DNA structure. In the case of the high N:P ratio
where we see nanofibers, the peptides are in large excess over
the phosphates and most likely form bilayers along the DNA
surface. We know from the TEM images that the dsDNA
becomes covered by the Hg-labeled peptide and that it confers
protection from the nucleases tested (Figures 3 and 4 in the
Supporting Information). The mercury coating was confirmed
by its M-shell energy dispersive X-ray (EDX) spectra (data not
shown). In water, the peptides by themselves always form a
bilayer to shield the hydrophobic core residues from solvent.
Therefore, we have concluded that the only logical way to coat
a linear DNA sequence is to have it completely surrounded by a
peptide bilayer. In this case the DNA becomes a template for
the self-assembly of the peptides and becomes encased (see
Scheme 1). This model suggests that by adjusting the N:P
ratios different structures can be generated for the complexes.
Only the high N:P ratio protected the DNA from nuclease
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Figure 8. Lysosomal colocalization of bis(hg:h;)-K-K,-peptiplexes incubated at 37 °C with S0 uM 30% Rhodamine B label. (A) Red channel for
thodamine. (B) Green channel for lysosomal stain. (C) Merged image showing colocalization of bis(hg:h;)-K-K,-peptiplexes and the lysosomes
(yellow). D, D/, E, B/, F, and F’ are magnifications to analyze in more detail the colocalization of the bis(hy:hs)-K-K,-peptiplexes and the lysosomes.

Scale bar, upper panel = 20 ym, lower panel = 10 pm.

Figure 9. Transient EGFP expression (green) and the peptide
bis(hy:hs)-K-K, partially labeled (30%) with Rhodamine B (red) in
HeLa cells visualized by confocal microscope. Yellow spots are the
merge of EGFP expression and the peptide. Scale bar = 40 yM.

cleavage. The nuclease used in this assay, DNase-1, cleaves
single stranded, double stranded, and chromatin DNA and
preferentially cleaves at the 5" phosphodiester linkages adjacent
to pyrimidine nucleotides.*

Atomic force microscopy was used to assess the dimensions
of the bis(hy:h;)-K-K, peptiplexes using the N:P ratio of 10.4.
Relatively uniform dimensions were observed for the
complexes. The nanostructures displayed heights of 70—85
nm and lateral sizes of around 200—250 nm (Figures SA and
5B). Plasmid DNA vertical height was only about 1 nm (Figure
SC). The significant change in compaction of the plasmid DNA
demonstrates the peptide’s ability to interact with and condense
the ds pDNA.

The zeta potential of the nanostructures was also determined
at the different peptide to DNA charge ratios previously tested
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for transfection efficiency (Figure 6B). The surface charge for
the N:P = 10.4 nanostructure that produced the highest
transfection rate is +5 mV, a value suitable to facilitate
interactions with negative cell membrane surfaces but not too
high to cause cell damage.***'

To further confirm the changes in charge and size of the
complexes, we analyzed their electrophoretic mobility in a 0.8%
agarose gel (Figure 6A). The first lane shows a 1 kb dsDNA
ladder, and lanes 2 and 3 contains free pEGFP-N3 plasmid
DNA in water and Opti-MEM I 4% serum medium,
respectively. Lane 4 represents DNA combined with 1 mM
CaCl,. For the 2.6 and 10.4 charge ratios (lanes S and 6) a gel
shift for the complex is observed. As the peptide/DNA ratio
increases, N:P = 20.8 (lane 7), the DNA is fully coated by a
peptide bilayer and ethidium bromide cannot penetrate the
complex, therefore DNA is not visible.

Uptake and Cellular Colocalization of Bis(hg:hs)-K-K,
Peptiplexes. Cellular uptake of the peptide/DNA complex
that displayed the best transfection rate was monitored using
confocal microscopy. For this analysis, the peptide bis(hy:h;)-
K-K, was labeled with Rhodamine B to allow visualization. To
determine whether uptake of bis(hy:hg)-K-K,-peptiplexes
follows an endocytotic or nonendocytotic route, we employed
the most direct and commonly used method: low temperature
(4 °C) followed by return to 37 °C.** At this temperature,
energy dependent endocytotic pathways are inhibited while
nonendocytotic pathways are not.”> Nonendocytotic uptake
includes (a) membrane fusion and (b) cell penetration, which is
seen in certain cationic peptides containing TAT-like and
penetratin sequences that can directly penetrate the cell
membrane in an energy independent manner.*** The HeLa
cells were temporarily incubated for 2 h at 4 °C with the
bis(hy:hs)-K-K,-peptiplexes at charge ratio N:P of 10.4 before
being washed and imaged. The same cells were then
transitioned back to 37 °C and allowed to incubate for an
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additional 2 h before being reimaged. Confocal images of living
cells incubated at 4 °C failed to internalize the labeled peptide/
DNA complex (Figure 7A), however they appear to be
associated with the cell surface. Once the cells were returned to
37 °C, normal uptake of the labeled peptide capsules was
observed (Figure 7B).

Immuno-histochemical staining of S-tubulin was performed
to confirm that the peptide/DNA complexes were inside the
cells (Figures 7C and 7D). Confocal images of control cells
incubated at 37 °C showed normal uptake of the labeled
peptide vesicles (Figure 7C), but cells incubated at 4 °C did not
show internalization of the labeled peptiplexes, only accumu-
lation on the cell surface. These results indicate that the uptake
occurs via a temperature dependent process such as
endocytosis.

To examine the subcellular localization of the bis(hy:hs)-K-
K,-peptiplexes after 6 h of incubation with HeLa cells, both the
lysosomes (green) and peptide/pDNA complex (red) were
visualized (Figure 8 panels A—D). Figure 8C shows the merged
images of panels A (complexes) and B (lysosomes). A
subpopulation of lysosomal markers was colocalized with the
peptiplexes. These results suggest that the complexes enter the
cell through the endosomal pathway yet at some point escape,
most likely due to endosomal lysis. The nature of the lysosomal
subpopulation has not been characterized at this time.
However, regardless the exact route of entry the peptide/
DNA complexes remain inside the cells without apparent
degradation. In Figure 9 cells were transfected with bis(ho:hs)-
K-K-peptiplexes, and after 48 h, peptides appear to localize in
the perinuclear area with EGFP expression in some of the cells.

B CONCLUSIONS

Here we report on the formulation of an alternative plasmid
DNA/peptide complex that successfully transfers DNA into
cultured cells with good efficiency and low cytotoxicity. As
previously reported the branched peptides bis(hy:hs)-K-K,-
peptides form ca;)sules in water and act as hollow nanocarriers
for small solutes.”~>® In the case of large anionic molecules like
nucleic acids, capsule formation is not observed. Instead,
different structures are generated based on the charge ratios
(N:P) between the peptides and the dsDNA. At very high
charge ratios the peptides appear to coat the polyanionic
surface of the dsDNA forming what appear under TEM to be
long nanofibers. At low charge ratios we observed that the
DNA was condensed in compacted structures within different
sizes (200—300 nm). The highest transfection rate was
obtained at lower ratios, 2.6 and 10.4, in the presence of 1
mM calcium chloride. Transfection efficiencies superior to that
of the commercial transfection agent, Lipofectin, were observed
when the total number of living transfected cells is taking into
account. The simplicity of the method, low cost, and minimal
cytotoxicity may make this system suitable for in vitro gene
delivery where the transformed cells are to be clonally
expanded.*

Delivery of small interfering RNAs (siRNA) into cells is a
selective method to degrade mRNA (mRNA) and therefore
inhibit the expression of a specific protein. siRNA therapeutics
has grown rapidly, and there are several clinical trials ongoing
or planned.*” Another potential application could be the use of
this system to deliver siRNA into diverse types of cells. The
pattern of interaction of bis(hy)-K-K, and bis(hy)-K-K, with
siRNA should be the same as what was observed for pDNA,
fiber-type structures at high N:P ratios and compacted
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structures at lower N:P ratios. Future studies will address the
ability of bis(hy)-K-K, and bis(hs)-K-K, to bind and deliver

siRNA into mammalian cells.
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Figures showing GFP expression, DNA condensation, and
cellular uptake. Agarose gel showing the results of bis(ho:hs)-K-
K, peptiplex samples treated with DNase-1. Figure showing N/
N 1003A cells transfected with pEGFP-N3 plasmid DNA
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