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Efficient delivery of bioactive ingredients into cells is a major challenge. Cell-penetrating peptides (CPPs) have
emerged as promising vehicles for this purpose. We have developed novel CPPs derived from the flexible and disordered tail
extensions of DNA-binding Ku proteins. Ku-P4, the lead CPP identified in this study, is biocompatible and displays high
internalization efficacy. Biophysical studies show that the proline residue is crucial for preserving the intrinsically disordered state and
biocompatibility. DNA binding studies showed effective DNA condensation to form a positively charged polyplex. The polyplex
exhibited effective penetration through the cell membrane and delivered the plasmid DNA inside the cell. These novel CPPs have
the potential to enhance the cellular uptake and therapeutic efficacy of peptide-drug or gene conjugates.

Cell penetrating peptide, intrinsically disordered protein, biocompatibility, DNA binding, gene delivery

These CPPs are diverse polycationic peptides or protein
domains with amino acid sequences ranging from 5 to 40."”
The well-established chemical synthesis and easy structural
modulation of CPPs provide significant advantages over other
delivery vehicles. The natural occurrence of amino acids
ensures the biocompatibility of CPPs, making them superior
delivery agents.”’ The intracellular delivery of various
therapeutic cargoes by CPPs has been extensively studied in
the biomedical field.”'~>° Most CPPs contain positively

challenging task.’ The negative charge of DNA and its low charged arginine and lysine residues that interact with

enzymatic stability are major concerns for gene therapy in the negatively charged lipids or carbohydrates present in the cell

treatment of inherited disorders. viral infections. and cancer.#S membrane through electrostatic interactions, facilitating their
) ) .

. . 1lul . Peptide— i i i h
Many delivery vectors such as polymers, liposomes, den- cellular entry. Peptide—membrane interactions increase the

drimers, exosomes, and cell-penetrating peptides (CPPs) have loc%xl concentration in the. vicinity and enbance. uptake. Man_y
been developed for efficient DNA delivery.””"* These vectors cationic CP PS_ are tYPI_CaHY present in disordered c.oﬂ
are designed to interact with DNA, shield its negative charges, Fonformatlons in their native state l?ut undergc? transf(?rmatllon
i . . e . into ordered secondary conformations upon interaction with
protect it from enzymatic degradation, and facilitate its safe
delivery into cells. While viral vectors are efficient in delivering
DNA, they can cause immunotoxicity and genotoxicity.
Similarly, nonviral vectors such as cationic polymers and
liposomes can induce toxicity in cells."* In this context, CPPs May 23, 2023
have emerged as effective tools for delivering active ingredients October 8, 2023
through biological membranes.'>'® October 9, 2023
Since the discovery of the protein transduction domain in October 31, 2023
the transactivator of transcription protein in 1988, numerous
natural and synthetic peptides have evolved as CPPs.'”'

Delivering active ingredients into cells effectively remains a
significant challenge in realizing their biological activity. The
lipid bilayer of the cell membrane acts as a semipermeable filter
that permits the passage of hydrophobic hormones, water, and
small uncharged molecules." Transporters present in the
membrane facilitate the transport of glucose, ions, and other
hydrophilic nutrients.” However, delivering hydrophilic mole-
cules, proteins, DNA, and other large molecules effectively is a

the cell membrane.”® This structural transformation upon
interaction with the membrane aids in facilitating cellular
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translocation of certain CPPs. However, peptide folding
associated with enhanced self-association on the membrane
layer can induce potent membrane lytic behavior, limiting its
applicability as a delivery vehicles.

We have selected intrinsically disordered proteins (IDPs) as
a source to identify a new class of potent CPPs.””*® IDPs are
proteins that lack well-defined three-dimensional conforma-
tions and play crucial roles in macromolecular recognition,
signaling, and compartmentalization through their interactions
with other proteins and nucleic acids.””*° These proteins
exhibit unique properties such as low sequence complexity,
poor hydrophobicity, high net charges, and repeated amino
acid sequences.’' ~**
nucleoid-associated protein (Hu protein) and nonhomologous

Studies have shown that proteins such as

DNA end-joining Ku protein contain IDP sequences at the C-
terminal regulate DNA binding ::1ﬂ"1nity.35_37 Additionally, the
IDP sequences in heparin-binding extracellular protein
hemagglutinin aid in mycobacterium pathogenesis through
interaction with host epithelial cells containing negatively
charged heparan sulfate proteoglycans.’® Inspired by the
functional activities of these IDPs, we designed and
synthesized a set of intrinsically disordered peptides containing
AAKKA and PAKKA repeat sequences for evaluation as
potential CPPs (Figure 1). One of these peptides, Ku-P4, has
demonstrated good cell membrane penetration and cytocom-
patibility. Further studies have shown that Ku-P4 forms
cationic DNA polyplexes that exhibit effective cell penetration
and transfection efliciency.

Structured Region Repeat sequences in IDR

B
Ku- Peptide Positive
peptides Sequence charges
Ku-Al AAKKA 3
Ku-A2 AAKKAAAKKA 5
Ku-A3 AAKKAAAKKAAAKKA 7
Ku-A4 AAKKAAAKKAAAKKAAAKKA 9
Ku-P1 PAKKA 3
Ku-P2 PAKKAPAKKA 5
Ku-P3 PAKKAPAKKAPAKKA 7
Ku-P4 PAKKAPAKKAPAKKAPAKKA 9

Figure 1. (A) Schematic representation of the Ku protein with the
structural conformation. The N-terminal folded region and C-
terminal intrinsically disordered region (IDR). The IDR structure
consists of AAKKA and PAKKA repeat sequences. (B) Peptides with
variable repeats of AAKKA and PAKKA derived from the C-terminal
disordered tail region of Ku protein that are selected for study as
potential CPPs.
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The disordered regions of intrinsically disordered proteins
(IDPs) play a vital role in interactions between proteins and
nucleic acids. These regions, which make up 70% of the tail
domains of IDPs, are essential for regulatory functions through
protein—DNA interactions. The lysine-rich cationic C-terminal
of the Ku protein has a significant regulatory role in DNA
compaction and chromatin organiZ'ation.27'28 It acts as an
affinity tuner and facilitates sequence-specific interactions with
DNA. Molecular recognition by IDPs involves conformational
selection, flexibility modulation, competitive binding, and
tethering. The flexible disordered region consisting of proline
(P), alanine (A), and lysine (K) is known as the PAK-tail of
DNA binding proteins (Figure 1A). It is commonly observed
among three evolutionary IDP types: constrained disorder,
nonconserved disorder, and intrinsically disorder. The
conserved disordered region with a repeat of a few amino
acids results from the rapid evolution in these sequences. PAK
tails are widespread in bacterial proteomes but not common in
human proteomes, except for histone proteins.

In eukaryotic proteomes, PAK tails are found in histone
proteins and possess functional similarity with bacterial
histone-like proteins and nucleoid-associated proteins.”® The
electrostatic interaction between negatively charged phospho-
lipids and lysine residues of the PAK-tail affect membrane
rearrangements to allow its delivery into the cell. The
distinctive characteristics of PAK tails have prompted us to
evaluate their ability to penetrate membranes, bind to DNA,
and facilitate the delivery of cargo within cells. The size and
charge density of peptides are critical factors in DNA delivery
and transfection efficacy. In this study, we selected two series
of peptides from the C-terminus of the Ku protein with
PAKKA and AAKKA repeats to identify a potential CPP
candidate with superior membrane penetration ability, plasmid
DNA compaction, and delivery (Figure 1B). The peptides
were synthesized using standard Fmoc solid-phase peptide
synthesis (SPPS) protocols and labeled with S,6-carboxyfluor-
escein (CF) at the N-terminal to evaluate their proficiency in
penetrating cell membranes. Peptide purification was per-
formed using reverse phase high performance liquid
chromatography (RP-HPLC), and their integrity was con-
firmed by high-resolution mass spectroscopy (HRMS) or
matrix-assisted laser desorption ionization (MALDI) mass
analysis.

The secondary structure of the peptides was evaluated using
circular dichroism (CD) spectroscopy in phosphate buffered
saline (PBS, 10 mM, pH 7.4). Ku-A4 and Ku-P4 in PBS
exhibited broad negative Cotton effects from 216 to 190 nm
and a positive Cotton effect between 230 and 216 nm,
indicating a random coil conformation in PBS (Figure 24,
B).>*® CD spectroscopy of peptides was also performed in
zwitterionic and anionic model lipid membranes in PBS. The
Ku-P4 peptide displayed no characteristic change in the CD
signal in either zwitterionic 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) or anionic 1,2-dipalmitoyl-sn-glyc-
ero-3-phospho-rac-1-glycerol (DPPG) + DPPC lipid mem-
branes and remained mostly in a disordered random coil
conformation (Figure 2A). The bulky and hydrophobic proline
residue increases the hydration of its own and adjacent amino
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Figure 2. (A) CD spectra of Ku-P4 in PBS (10 mM, pH 7.4) containing zwitterionic (DPPC) and anionic (DPPC+DPPG) model lipid membrane.
The Ku-P4 retains its native conformation in both model lipid membranes. (B) CD spectra of Ku-A4, demonstrating Ku-A4 adopts a helical
conformation in the presence of DPPC+DPPG lipid membrane. (C) Viability of L929 cells in the presence of 1-200 yM of Ku-peptides at 24 h
incubation. The cell viability remains more than 90% even at 200 uM concentration of all PAKKA series peptides. Relatively the cell viability
declined in Ku-A3 and Ku-A4 peptides. While stearyl-R8 showed a gradual decrease in cell viability with increasing concentrations. (D) FACS
analysis of peptide uptake (10 M) in 1929 cells after 6 h incubation. Peptides Ku-A4 and Ku-P4 showed comparable cell membrane penetration
to the R8 peptide. (E) Fluorescence microscope images of cellular distribution by Ku-A4, Ku-P4, and CF-R8 in 1929 cells (10 uM). Ku-A4 and
Ku-P4 effectively penetrated the cell membrane and distributed into the cytoplasm (scale bar: 25 ym).

acids in the backbone, which impedes the hydration of the 10 uM was selected for the cellular uptake studies of all Ku-
peptide side chain and restricts conformational transition.”” In peptides. The uptake profile showed that Ku-A4 and Ku-P4
contrast, a significant conformational transition of the Ku-A4 had superior cell penetration ability compared to those of
peptide was observed with an anionic lipid membrane (Figure other Ku-peptides in the series. The uptake of Ku-P4 was
2B). The characteristic Cotton effect of random coil greater than that of Ku-A4 and comparable to the control
conformations diminished, and a dominant negative Cotton peptide R8, which is rich in arginine (Figure 2D). The higher
effect at 222 and 210 nm was observed, which infers cell membrane permeability of Ku-P4 and Ku-A4 is due to the
transformation of Ku-A4 peptide into an ordered helical presence of more lysine residues in the peptide backbone and
conformation. The alanine residue does not play a significant peptide length. The superior membrane permeation efficacy of
role in preserving intrinsically disordered conformations,*' cytocompatible Ku-P4 is attributed to its hydrophobic proline
whereas the proline inhibits peptide folding in membrane residues, rigidity, and conformational stabilization.>”

proximity. Fluorescence microscopy was used to visualize the internal-

ization pattern of peptides. Ku-A4 and Ku-P4 efficiently
entered into the cells compared to other peptides in the series
and were distributed throughout the cytosol and nucleus while
imaged after fixing the 1929 cells (Figure 2E). Whereas
peptides are mostly distributed in the cytoplasm of the live
1929 cell (Figure S1). In contrast, other Ku-peptides did not
effectively penetrate the cell membrane (Figure S2). The
presence of more lysine residues in the peptide backbone of
Ku-P4 and Ku-A4 played a significant role in their uptake.
To understand the cellular uptake mechanism, cellular
uptake has been studied under two different treatment
conditions (temperature dependent and energy depletion).
The cellular uptake drastically reduced to 18% and 11% at 4 °C
in Ku-A4 and Ku-P4 peptides (Figure S3A). The decline of the
cellular uptake at low temperatures is attributed to the reduced
membrane dynamics due to the lower environmental kinetic
energy. The energy depletion by NaN; reduced the peptide
uptake by 38% and 35% for Ku-A4 and Ku-P4 peptides (Figure
S3B), indicating the uptake can be affected in energy depletion
conditions. In addition, the involvement of specific endocytosis

The biocompatibility of Ku-peptides was assessed to determine
their suitability for use in cells. All Ku-peptides exhibited
excellent biocompatibility in the 1929 cell line with cell
viability remaining above 90% at concentrations ranging from
10 to 200 uM which indicates their relatively nontoxic nature.
However, longer sequences of AAKKA peptides Ku-A3 and
Ku-A4 showed slight toxicity at higher concentrations, with cell
viability declining to 87% and 80%, respectively, at a
concentration of 200 M. This decrease in cell viability is
consistent with the structural transformation of these peptides
from random coil to helical conformation in negatively charged
lipid membranes, as observed in CD analysis. The
commercially available arginine (R)-rich stearyl-Rg peptide
exhibited considerable toxicity, with cell viability reduced to
70% at a concentration of 200 uM (Figure 2C).* The cell
viability study confirmed the excellent cytocompatibility of Ku-
P4 and its potential utility in cellular experiments.

The cell penetration efficacy of Ku-peptides in L1929 cells was pathways has been scrutinized through the application of
evaluated by using FACS analysis. A nontoxic concentration of various endocytosis inhibitors. The macropinocytosis inhibitor
473 https://doi.org/10.1021/acsbiomedchemau.3c00032
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Figure 3. (A) Fluorescence quenching of intercalator dye EtBr and ctDNA complex upon titration with successive additions of Ku-A4 and Ku-P4
ligand. (B) Changes in fluorescence intensity of the minor groove binder Hoechst and ctDNA complex by Ku-A4 and Ku-P4. The fluorescence
quenching study suggests effective DNA binding by peptide and displacement of the fluorescence dye. Agarose gel electrophoretic analysis for

polyplex formation of Ku-A4 (C) and Ku-P4 (D) with plasmid DNA.

amiloride inhibited the cellular uptake of Ku-A4 and Ku-P4 by
48% and 39%, respectively (Figure S3C). Similarly, the
clathrin-mediated endocytosis inhibitor hypertonic sucrose
inhibited the cellular uptake by 49% and 35%, respectively
(Figure S3D). These findings suggest that peptide uptake is
contingent upon both membrane translocation and energy-
dependent endocytosis.

The promising cellular uptake of Ku-P4 and Ku-A4 led us to
investigate their ability to deliver plasmid DNA into cells. The
DNA binding efficacy of Ku-peptides was evaluated using a
DNA-bound dye displacement assay (Figure S4A).**** Ku-
peptides have positively charged lysine residues in their
sequence that can interact with the negatively charged
phosphate backbone of DNA through electrostatic and
hydrogen bonding interactions. Ethidium bromide (EtBr), a
DNA intercalating dye, exhibits significantly higher fluores-
cence when bound to DNA than in its free state due to stable
intercalation between hydrophobic DNA base pairs, which
restricts it to a planar conformation. In DNA-bound state, EtBr
has a strong emission at 607 nm, which was titrated by the
sequential addition of Ku-peptides. Upon stepwise addition of
1 uM Ku-peptides, EtBr fluorescence declined due to its
displacement from DNA. Significant quenching of EtBr
fluorescence was observed with minimal concentration
variations for Ku-A4 and Ku-P4 (Figure S4B, C). Complete
EtBr displacement was observed at 15 uM Ku-A4 and Ku-P4
peptide (Figure 3A). However, complete fluorescence
quenching of EtBr for Ku-A3 and Ku-P3 was observed at
150 and 200 uM, respectively (Figure SS). Peptides Ku-Al,
Ku-A2, Ku-P1, and Ku-P2 did not show significant DNA
binding ability (Figure S6). The EtBr displacement was
attributed to the strong interaction between the peptide and
the DNA phosphate backbone.

474

Peptide binding transforms DNA conformations into a
compact structure and reduces the distance between the base
pairs. As a result, the intercalator dye EtBr is unable to fit
between the base pairs and is displaced from DNA. The
apparent binding constant (Table S1) suggests that peptides
Ku-A4 and Ku-P4 have excellent DNA binding propensity.
DNA binding ligands can interact with DNA in its minor and
major grooves. While proteins are known to bind to the major
grooves of DNA, peptides prefer the minor groove as an ideal
binding site. We studied the groove binding ability using the
Hoechst dye displacement assay (Figure S7A).”” Hoechst, a
bisbenzimide dye, is known to interact with the minor grooves
of DNA and exhibits enhanced fluorescence at 460 nm upon
binding. Hoechst-bound ctDNA was titrated with sequential
additions of peptides, and the fluorescence at 460 nm was
monitored. Peptide binding interferes with Hoechst binding at
DNA minor groove sites, resulting in a reduction of
fluorescence at 460 nm (Figure S7B, C). Peptides Ku-A4
and Ku-P4 completely displaced Hoechst at concentrations of
10 and 12 uM, respectively, due to their interaction with DNA
through lysine units (Figure 3B). The apparent binding
constant (Table S2) indicates that both peptides Ku-A4 and
Ku-P4 possess excellent DNA minor groove binding affinity.
Hoechst displacement from DNA grooves confirmed peptide
binding in the minor groove and the transformation of DNA
into a compact structure. Thus, dye displacement studies imply
strong binding affinity of peptides Ku-A4 and Ku-P4 for DNA
and condensation into compact structures.

Peptide-DNA complexation was visualized using an agarose
gel electrophoresis mobility shift assay. Circular plasmid DNA
(pDNA, 4.7 kb, 200 ng) was treated with varying
concentrations of peptides and incubated at 4 °C for 3 h.
These samples were loaded onto a 1% agarose gel in 10 mM
TBE buffer, and electrophoresis was performed at 140 V for 1
h. The DNA band was visualized by staining with EtBr.

https://doi.org/10.1021/acsbiomedchemau.3c00032
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Figure 4. (A, B) CD spectra of the ctDNA with increasing Ku-A4 and Ku-P4 concentrations. The positive Cotton band intensity of double helical
ctDNA at 270 nm gradually declined with increased peptide concentration due to DNA compaction. (C, D) The hydrodynamic size of the free
plasmid DNA was calculated at different concentrations of Ku-A4 and Ku-P4. Interactions between peptides and DNA compact the DNA. (E, F) {-
potential of the DNA and polyplex formed after condensation of the DNA by peptides. Peptide binding transformed the negatively charged DNA
to a positively charged polyplex. AFM images of the pDNA (G) and polyplexes with 25 uM Ku-P4 (H) and Ku-A4 (I). The AFM images illustrate

the nanoparticle nature of polyplexes.

Plasmid DNA typically shows three bands in agarose gel
electrophoresis, corresponding to its supercoiled, open circular,
and linear forms. Upon binding with the peptide, the
movement of DNA toward the positively charged electrode
was retarded (Figure 3C, D). With increasing peptide
concentrations, the intensity of the DNA band decreased
and completely disappeared due to DNA condensation.
Peptides Ku-A4 and Ku-P4 showed complete condensation
of DNA at a concentration of 3 M (Figure S8). The dragging
of DNA bands after the addition of peptide indicates
electrostatic interactions between the peptide (lysine units)
and the DNA phosphate backbone.” Thus, the peptides Ku-
A4 and Ku-P4 have strong binding interactions with DNA and
are promising DNA condensing agents.

The conformational transition of DNA upon peptide
binding was determined by using CD spectroscopy. Double-
stranded ctDNA exhibits a negative Cotton effect at 245 nm
corresponding to backbone helicity and a positive Cotton
effect at 275 nm arising from nucleobase 7—7 stacking in B-
conformation. As the peptide concentration increased, the
ellipticity at 275 nm gradually decreased along with a
concomitant redshift of the signal due to the interaction of
peptides with ctDNA (Figure 44, B).*>*” The negative Cotton
effect at 245 nm also moderately decreased with an increasing
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peptide concentration, indicating helicity distortion upon
peptide binding. These results correlated with displacement
assay data obtained by using the minor groove binding
Hoechst dye. The c¢tDNA CD Cotton effect pattern indicates
that the B-conformation was preserved in a compact form after
the peptide interaction. Although agarose gel retardation
studies showed DNA condensation at a concentration of 3 uM
Ku-peptides, complete compaction of DNA required 25 yM of
peptides. This suggests that complete condensation of ctDNA
at a concentration of 25 uM peptide transforms it into
condensates.

The size and charge of the polyplex formed by Ku-peptides
were characterized using a combination of dynamic light
scattering (DLS) and {-potential measurements. pDNA (50
ng/mL) in Tris-HCI buffer (10 mM, pH 7.4) was treated with
different concentrations of Ku-A4 and Ku-P4 and incubated at
4 °C for 3 h. pDNA alone exhibited a hydrodynamic size of
180 nm due to its unorganized random structure (Figure 4C).
At a concentration of 5 yM peptide, DNA conformation
becomes organized into condensed polyplex architectures, and
the hydrodynamic radius reduces to 70 nm (Figure 4C, D).
The size of the polyplex further increased to 140 nm at higher
peptide concentrations, possibly due to further deposition of
peptides in the condensate. The size distribution of the
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A Ku-A4 (5uM) + NaCl (mM) B Ku-P4 (5uM) + NaCl (mM)
DNA 0 50 100 150 250 DNA 0 50 100 150 250
— ey
c DNA Ku-Ad Ku-P4 Lipofectamine 3000

Figure S. DNA polyplex stability of Ku-A4 (A) and Ku-P4 (B) at varying NaCl concentration. Polyplexes are stable at biological salt concentration,
while it starts disassembling at 250 mM of NaCl. (C) Fluorescence microscopy images of pPEGFP-C2 plasmid DNA transfected HEK-293T cell
using the peptides Ku-A4, Ku-P4 and Lipofectamine-3000. The GFP fluorescence in cells discloses effective delivery of plasmid DNA inside the cell
by using Ku-peptides and further expression of GFP protein inside the cell. (Scale bar: 100 zM.)

polyplex was similar for both Ku-A4 and Ku-P4. The -
potential measurements showed charge reversal of negatively
charged DNA upon binding with positively charged peptide.
DNA (200 ng/mL) exhibited a potential of —50.33 mV, which
increased to +10.56 mV at a concentration of 5 yM Ku-A4 and
further increased to +16.4 at 25 uM (Figure 4E). Peptide Ku-
A4 also showed a {-potential of +13.20 at a concentration of 5
uM, which further increased to +21.1 at 25 uM (Figure 4F).
DLS studies indicate that Ku-peptides transformed unorgan-
ized random DNA structures into compact condensed
particles. The observed positive { potential of the polyplex
will enhance cellular uptake through the negatively charged cell
membrane.

The nature of DNA condensates was further investigated by
using atomic force microscopy (AFM). Free plasmid DNA
displayed a thread-like morphology due to its unstructured
fiber-like structure (Figure 4G). Interestingly, peptides
condensed DNA into nanoarchitectures with diameters
ranging from 110 to 160 nm (Figure 4H, I). This result
confirmed the structural transformation of DNA upon binding
with Ku-peptides. No free DNA structure was observed in the
presence of the Ku-A4 and Ku-P4. All biophysical studies
correlated to the DNA compaction ability of Ku-A4 and Ku-
P4. The nanoarchitectured polyplex with high surface positive
charges is anticipated to enable efficient cellular uptake and
successful DNA delivery.

The stability of polyplexes in biological media is crucial for
their DNA transfection efficiency. Interactions with proteins
and ions in the media can destabilize the polyplexes, leading to
DNA degradation by nuclease enzymes. To assess polyplex
stability, an agarose gel retardation assay was performed using
different concentrations of a sodium chloride (NaCl) solution.
Polyplexes were formed by condensing pDNA (150 ng) with
Ku peptides (25 uM) and treated with NaCl solution. The
sample was incubated further for 6 h and loaded in agarose gel
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well, and gel electrophoresis was performed at 140 V for 1 h
(Figure SA, B). The results showed that the polyplexes were
stable up to 150 mM NaCl, indicating strong DNA binding
with peptides and the minimization of premature DNA release.
However, at 250 mM NaCl, the polyplexes became unstable
and began to release DNA. This reversible binding is essential
for condensation followed by decondensation of DNA after
delivery inside the cell. The time dependent average particle
size distribution through DLS studies indicates the particles are
stable over time (Figure S9). Thus, a highly water-soluble
peptide with dynamic DNA binding stabilizes the particle sizes
and prevents the higher order aggregate formation. The Z-
average value and polydispersity index (PDI) of the polyplex
does not change significantly in the presence of serum (Figure
$10), indicating the stable polyplex formation. Furthermore,
the stability of the polyplex with the DNase was evaluated by
an agarose gel retardation assay. The free DNA completely
degraded in the presence of DNase after 2 h of incubation
(Figure S11). In contrast, the polyplex was stable, as observed
in the agarose gel retardation assay, suggesting the stability of
the polyplex (Figure S11). Further DNase was heat inactivated
at 80 °C for 10 min followed by the addition of heparin to
induce decondensation. In the presence of heparin, decon-
densed DNA was observed similar to the native form
indicating the ability of the peptide polyplex to protect DNA
from enzymatic degradation. Importantly, we have also shown
that the polyplex is highly stable even at higher temperatures.
Therefore, the polyplex is stable enough to achieve the
successful entry of the DNA into the cell.

The formation of stable DNA polyplexes with positive (-
potential encouraged us to evaluate Ku-A4 and Ku-P4 peptides
as DNA transfection agents. Before DNA transfection the
cytocompatibility of the polyplex was evaluated in HEK 293T
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cell. Cells were treated with varying concentrations of peptide
polyplex, cultured for 24 h and viability was evaluated by using
MTT assay. No considerable change in cell viability was
observed even at 100 M Ku-P4 peptide polyplex complex,
and cell viability remains >90% (Figure S12). Thus, the
polyplex of the intrinsically disordered peptide is nontoxic and
can be used for the plasmid DNA transfection. The plasmid
transfection study was performed in HEK 293T cells, which
are commonly used for such studies. Polyplexes of plasmid
DNA pEGFP-C2 with Ku-A4 and Ku-P4 peptide were
prepared in optiMEM media and added to cells in low
serum concentration (2% FBS). The expression of the green
fluorescent protein (GFP) was visualized by green fluorescence
emission. pDNA alone was unable to penetrate the cell
membrane due to its negative charge, resulting in no GFP
expression. However, in the presence of pDNA/Ku-P4 and
pDNA/Ku-A4 polyplex, GFP expressions were observed inside
the cell after 48 h of incubation (Figure SC). The Ku-P4
peptide demonstrated a greater efficacy than the Ku-A4
peptide, supporting its superior membrane permeability.
However, the transfection efficacy observed by the Ku-peptides
are lower than the commercially available lipofectamine 3000
(Figure SC). Despite the relatively low transfection efficiency
of Ku-peptides, the lower toxicity profile presents an
opportunity for further development into superior transfection
agents.

In conclusion, we have identified a novel cell-penetrating
peptide derived from the IDR of the natural DNA binding Ku
protein. The developed Ku-P4 peptide is cytocompatible and
exhibits a good cell membrane permeability. Biophysical
studies suggest that the presence of a proline residue is crucial
for maintaining the intrinsic disorder state of the peptide and
biocompatibility. Ku-P4 demonstrated excellent DNA binding
ability and stabilization and compact DNA into nano-
architectures. These DNA-peptide polyplexes (nanoarchitec-
tures) with a positive {-potential effectively delivered plasmid
DNA through the negatively charged cell membrane, which
resulted in good transfection efficiency. Thus, Ku-peptides
could be further developed as delivery vehicles for nucleic acids
and cell-impermeable drugs.

Ku-peptides were synthesized using the standard 9-fluorenylmethy-
loxycarbonyl (Fmoc) solid phase peptide synthesis (SSPS) protocol
on rink amide resin. The efficacy of amino acid coupling and Fmoc
deprotection was monitored using the Kaiser test. After peptide
sequences were completed, the peptide and amino acid side chains
were cleaved using a cocktail solution containing trifluoroacetic acid
(TFA):triisopropyl silane (TIPS):DCM (95:2.5:2.5) for 3 h at room
temperature. The resulting solution was collected and treated with
cold ether to obtain a white precipitate. The peptides were purified
using RP-HPLC on a C18 column with an acetonitrile/water mobile
phase and characterized by MALDI-TOF and HRMS (Q-TOF).
Peptide purity was analyzed using an HPLC chromatogram and
peptide purity >95% was used for experiments.

The CD spectra of Ku-peptides were obtained using a Jasco J-810
spectropolarimeter in 10 mM PBS (pH 7.4). Peptide samples were
incubated for 24 h prior to scanning, and spectra were recorded from
350 to 190 nm in a 1 mm quartz cuvette with a bandwidth of 1 nm.
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Spectra were collected three times, and blank spectra were subtracted.
Artificial lipid membranes were prepared using dipalmitoylphospha-
tidylcholine (DPPC), dipalmitoylphosphoglycerol (DPPG), and
cholesterol. Zwitterionic membranes were prepared using a
DPPC:Cholesterol ratio of 70:30, while negatively charged lipid
membranes were prepared using a DPPC:DPPG:Cholesterol ratio of
70:20:10. Lipids were solubilized in a chloroform:methanol mixture to
make a 2 mM stock solution, and solvents were evaporated using
nitrogen gas and vacuum to form lipid films. The films were hydrated
in PBS buffer and vortexed for 30 min to create a lipid emulsion. The
emulsion was subjected to freeze—thaw cycles and stored at 4 °C for
further use. Peptides were mixed with lipids in a 1:50 ratio and
incubated at 37 °C for 6 h before CD experiments were performed.

The cytotoxic effect of Ku-peptides on L929 cells was assessed using a
colorimetric MTT assay. 1929 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), and 1% penicillin-streptomycin (PS). Cells were
seeded at a density of 1 X 10* cells/well in a 96-well plate and
cultured for 24 h. Cells were then treated with peptide solutions at
concentrations ranging from 20 to 200 yM and incubated for an
additional 24 h. MTT solution (10 uL of 0.5%) was added and further
incubated for 4 h before the supernatant was carefully removed
without disturbing the formazan crystals. The crystals were dissolved
in 100 uL of dimethyl sulfoxide: methanol (1:1) mixture, and the
absorbance of the formazan dye was measured at a wavelength of 570
nm using a SpectroMax i3x microplate reader, with background
correction at 690 nm.

The intracellular localization of Ku-peptides in L929 cells was
quantified by using fluorescence-activated cell sorting (FACS)
analysis. L929 cells were seeded at a density of 50 X 10 cells/well
in a 12-well plate, cultured for 24 h, and treated with 10 uM of CF-
labeled peptides for 6 h. Cell wells are washed with PBS (10 mM, pH
= 7.4) and detached from wells using 0.25% trypsin. The cell pellet
was washed with PBS three times, and the cellular uptake was
analyzed. For fluorescence analysis by microscopy, L929 cells were
plated in confocal disk at density of 2 X 10* and cultured for 24 h.
Fluorophore labeled peptide solution (10 M) was treated and
incubated for 6 h. Unbound peptides were removed by washing with
10 mM PBS solution and fixed with 4% paraformaldehyde, and the
cell nucleus was stained with DAPIL Images were captured using a
Leica DMi8 fluorescence microscope.

Fluorescence spectral measurements were conducted using an Agilent
Cary Eclipse fluorescence spectrophotometer. Briefly, 4 uM
intercalator dye ethidium bromide (EtBr) was incubated with 100
UM ctDNA for 6 h and titrated with increased peptide concentration.
The EtBr fluorescence was recorded on excitation at 526 nm and
emission from 555 to 700 nm. The fluorescence measurement was
continued until the EtBr fluorescence is saturated.

Green fluorescence protein plasmid DNA (200 ng) was incubated at
room temperature with different concentrations of peptides for 45
min in Tris.HCI buffer (10 mM, pH = 7.4) to form the condensates.
The solutions were mixed with 2 uL of loading dye (20% glycerol, 25
mM EDTA, and 0.05% bromophenol blue and xylene cyanol) and
transferred into wells. Electrophoresis was performed in TBE buffer at
140 V for 1 h. For polyplex stability studies, 2 L of various NaCl
concentrations was mixed with the polyplex solutions, incubated at 37
°C for 3 h, and loaded into the gel well.

The CD spectra of ct-DNA in the presence of the peptides were
performed for the conformation changes during the condensation. To
ct-DNA (100 M) in Tris buffer, peptide solution (0—50 yM) was
added and incubated for 45 min at room temperature. The spectrum
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was collected from 350 to 200 nm in a 1 cm quartz cuvette using a
Jasco-810 spectropolarimeter.

eGFP plasmid DNA (200 ng) was mixed with peptide solution (0—25
uM) and incubated at room temperature for 45 min. The sample was
transferred into the fluorescence quartz cuvette of path length 1 cm,
and measurement was performed in Malvern Zetasizer nano-ZS.

The nature of the polyplex condensates formed by Ku-peptide-DNA
complexation was further characterized by AFM analysis. Briefly, 10
mM NiCl, was drop cast on a freshly cleaved mica sheet, kept for 10
min and wiped out with filter paper. 40 yL of eGFP plasmid DNA (1
ng/uL in Tris.HCI buffer) was transferred into the activated mica
sheet and further incubated for 20 min. The aliquot was removed with
filter paper, washed three times with 100 uL of filtered Milli Q water,
and kept at 37 °C for drying. The polyplex samples were drop casted
without activation of the mica surface. Imaging was performed with a
Bruker Bioscope Resolve microscope at a scanning rate of 1 Hz using
a 3 nm probe. Images were further processed with the NanoScope
analysis software.

Enhanced plasmid DNA pEGFP-C2 (4.7 kb) was isolated from E. coli
DHSa and purified using a Qiagen miniprep plasmid isolation kit.
The concentration of pEGFP was determined using nanoDrop in a
SpectraMax i3x microplate reader. The purity was checked from the
absorbance ratio at 260 and 280 nm.

The eGFP plasmid DNA transfection experiment was performed to
check the DNA delivery efficacy of Ku-peptides in HEK 293T cells. In
a solution of eGFP plasmid (200 ng) in optiMEM, a Ku-peptide (50
uM) solution was added dropwise and mixed properly through gentle
vertexing. The mixture was kept at room temperature for 45 min to
form the condensed polyplex structure. The polyplex sample was
transferred to 70% confluent 48-cell wells containing 2% FBS without
antibiotics. After 12 h of incubation, the cultured medium was
replaced with fresh medium and further cultured for 72 h, and green
fluorescence protein (GFP) expression was imaged under a Leica
Dim8 fluorescence microscope.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.3c00032.
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