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Abstract

An important method for plant genetic modification is using peptide/pDNA complexes to transfer genes into plant cells.
With conventional carrier peptides, the peptide sequence must contain a high amount of cationic amino acids to condense
and introduce pDNA. As a result, the dissociation of pDNA from the complex is inefficient, often causing problems. Herein,
we designed a new peptide carrier that mimics the basic leucine zipper (bZIP) domain of DNA-binding proteins, in which
(LU)y is the leucine zipper motif and (KUA)j; is the basic DNA-binding and cell-penetrating motif (U = a-aminoisobutyric
acid). After (KUA);-(LU)4 peptide was mixed with pDNA, DNA molecules were condensed to form nanoparticles of
approximately 130 nm. Furthermore, when complexes of (KUA);-(LU), peptide and pDNA were introduced into the leaves
of Arabidopsis thaliana (A. thaliana), expression of the reporter protein was detected in the plant cells. Thus, (KUA);3-(LU),

peptide that mimics the bZIP domain is a novel and efficient carrier for pPDNA with high dissociation efficiency.

Introduction

Researchers have significantly focused on plant genome
engineering because the strategy can be used to produce
plants with high functionality, contributing to sustainable
development goals [1, 2]. Gene transfer methods, such as
Agrobacterium-mediated transformation, biolistic particle-
projectile bombardment, and polyethylene glycol (PEG)-
based membrane fusion, have been extensively studied to
rapidly and efficiently transform exogenous DNA fragments
(which harbor gene expression cassettes that contain
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biomolecules of interest) into plant genomes [3, 4]. Nano-
particle delivery systems that use carrier molecules and
cargo DNA complexes, such as DNA nanostructures [5],
carbon nanotubes (CNTSs) [6, 7], and peptides [8—10], have
been extensively developed. In recent years, researchers
have increasingly focused on genetically modifying plants
with a functional peptide, as this strategy can easily impart
functions such as organelle selectivity and endosomal
escape ability [11, 12]. The peptide approach involves
condensing plasmid DNA (pDNA) into ionic complexes.
These complexes are formed with a cationic peptide
sequence that contains two functional domains. The first
domain includes a translocating peptide, such as a cell
membrane permeation sequence and an endosomal escape
domain [13], along with an organelle target sequence
[14, 15]. The second domain is a DNA-binding domain that
typically contains a tandem sequence of positively charged
amino acids. This method efficiently transports pDNA to
animal and plant cells. For example, (KH)o-BP100, which is
a conjugate of the cell-penetrating peptide (CPP) BP100
[16] and the condensed DNA sequence (KH)y [17], con-
denses pDNA to form complexes of approximately 100 nm.
Furthermore, this complex efficiently permeates the cell
membrane and is transported into the cell through the
BP100 sequence [8]. However, these cationic polypeptides
perform genetic modifications with a relatively low
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efficiency due to the strong electrostatic interaction between
pDNA and peptides, which inhibits the dissociation of
pDNA from the complex [18-21]. Therefore, it is necessary
to develop peptide/pDNA complexes without strong elec-
trostatic interactions to improve the efficiency of target
protein expression.

In nature, a motif called the basic leucine zipper (bZIP)
domain binds DNA molecules [22, 23]. This bZIP motif is
formed by two helices that contain a leucine-rich sequence
and a cationic sequence. The cationic basic sequence interacts
with DNA [22], and the leucine-rich sequence forms a
dimeric coiled coil helical structure by hydrophobic interac-
tions [24]. It is known that this coiled-coil structure facilitates
the binding between cationic amino acids in the bZIP domain
and DNA due to its helical rigidity. For example, the tran-
scription factor GCN4 binds strongly to DNA even though
only three cationic amino acids are available for DNA
binding [25]. Using the coiled-coil helical bZIP motif as a
DNA condensing peptide, it is possible to construct peptide
carriers that contain fewer cationic amino acids and exhibit
high dissociation efficiency in the cell for DNA delivery.

Various artificial helical peptides have been designed and
chemically synthesized [26, 27]. One strategy is to intro-
duce a-aminoisobutyric acid (Aib, U) into the peptide
sequence [28, 29]. The Aib residue in peptides induces the
formation of a- and 3'®-helices due to steric repulsion
between the o,a-dimethyl groups. Kimura et al. reported
that helical peptides are composed of a repeating sequence
that includes leucine (Leu, L) and Aib [30-32]. Amphi-
pathic helical peptides composed of Leu-Aib (LU) can form
various assemblies, such as micelles and vesicles, through
hydrophobic interactions with aligned leucine residues.
Additionally, we developed a CPP, (Lys-Aib-Ala); (KUA)
3), which contains an Aib residue that stabilizes the helical
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conformation [33]. These CPPs exhibit robust cell mem-
brane permeability in animals and plants. Recently, we
successfully delivered protein and pDNA molecules to
plants using micelles and vesicles modified with these
peptides [13, 34, 35].

Based on this background, herein, we utilized the bZIP
domain-mimicking peptide as a new DNA binding domain
that can form peptide/DNA complexes with modest dis-
sociation efficiency. This peptide contains (LU); and
(KUA); sequences and effectively condensed pDNA to
form a nanoparticle of 130 nm. By treating plants with this
peptide/pDNA complex, we successfully delivered exo-
genous genes into plant cells (Fig. 1). Therefore, bZIP-
mimicking peptides may be promising carriers for pDNA.

Materials and methods/Experimental
procedure

Materials

N-(6-maleimidocaproyloxy)sulfosuccinimide sodium salt
(sulfo-EMCS) was purchased from Dojindo Laboratories
(Kumamoto, Japan). Other chemicals were purchased from
FUJIFILM Wako Pure Chemical Co. (Osaka, Japan). Ac-
CKUAKUAKUA-NH, (Ac-C(KUA)3;-NH,) 2 (HRMS and
analytical HPLC results are shown in Supplementary
Fig. S1) was purchased from the Research Resources
Division of the RIKEN Center for Brain Science (Wako,
Japan). Boc-LULULULU-OMe (Boc-(LU)4,-OMe) 3 was
synthesized via liquid-phase peptide synthesis as described
in previous studies [36, 37]. The purity of each peptide was
>95%, as determined by reverse-phase high-performance
liquid chromatography.
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Characterization and purification procedures

"H NMR spectra were measured using a Bruker DPX-400
NMR spectrometer (Bruker Biospin, Rheinstetten, Germany)
at 25 °C and 400 MHz. D,O was used as the NMR solvent.
Mass spectrometry was conducted using MALDI-TOF mass
spectrometry (Bruker ultrafleXtreme MALDI-TOF mass
spectrometer, Bruker Daltonics GmbH & Co. KG, Bremen,
Germany). Peptide purification was conducted with a Shi-
madzu Corporation HPLC system consisting of an auto-
sampler SIL-20AC, a gradient pump LC-20AD, a column
oven CTO-20AC, a UV/vis detector SPD-M20A, and a
COSMOSIL C18-MS packed column (5 pm, 46 mm
i.d. x150 mm; Nacalai Tesque, Inc., Kyoto, Japan).

Synthesis of (KUA)s-(LU)4 1

The N-terminal Boc group of Boc-(LU)4,-OMe 3 was
removed by treatment with HCI (4.0 M) in dioxane (Sup-
plementary Scheme S1). The deprotected residue 4 (11 mg,
13  pmol) was then coupled with N-(6-mal-
eimidocaproyloxy)sulfosuccinimide sodium salt (sulfo-
EMCS, 18 mg, 44 pmol) using triethylamine (TEA, 3.7 pL,
27 pmol) in dry N,N-dimethylformamide (DMF). The
reaction mixture was dried in vacuo and dissolved in
dichloromethane, and the excess sulfo-EMCS was removed
by washing with 4 wt% KHSO, aq. to yield the maleimide-
functionalized (LU), peptide (Mal-(LU),) 5, which was
used in the next reaction without any further purification.
Compound 2 (4.2mg, 4.1 umol) and Compound 5 were
conjugated via Michael addition with TEA (3.7 uL, 27
pmol). The reaction mixture was purified by HPLC to afford
Compound 1 ((KUA);-(LU)4, 2.2mg, 1.1 umol, 27%,
purity: 91.0%), and the structure was confirmed by
MALDI-TOF mass spectrometry and 'H-NMR spectro-
scopy (Supplementary Fig. S1). HRMS (MALDI+): calc.
m/z for [C95H169N23023S + H]+ = 20332561, found =
2033.2880. '"H NMR (400 MHz, D,0, 8): 0.85-0.96 (m,
24H, Leu C°H3), 1.30-1.84 (m, 87H, Ala C’H;, Aib CPH;,
Lys CPH,, Lys C'H,, Lys C°H,, mal-NCH,CH,, Mal-
NCH,CH,CH,, mal-NCH,CH,CH,CH,, Leu CPH,, Leu
C'H), 2.05 (s, 3H, Ac), 2.29-2.33 (t, 2H, Mal-
NCH,CH,CH,CH,CH,), 2.63-2.70 (dd, 2H, mal-CHCH,),
3.00-3.01 (m, 6H, Lys C°H,), 3.18-3.24 (dd, 2H, Cys
CPH,), 3.30-3.35 (t, 1H, Mal-CHCH,), 3.48-3.52 (t, 2H,
mal-NCH,), 3.72 (s, 3H, OMe), 4.13-4.26 (m, 10H, Ala
C%H, Lys C°H, Leu C"H), 4.55-4.59 (t, 1H, Cys C°H).

Preparation of peptide/pDNA complexes at various
N/P ratios

The pDNA (p35S-NLuc-tNOS) used in this study encoded
an engineered Oplophorus luciferase (NLuc) gene with the

cauliflower mosaic virus 35S promoter and the Agro-
bacterium tumefaciens nopaline synthase gene terminator.
Aqueous solutions of (KUA);3;-(LU)4 1 or (KUA); 2 (13.5,
27, 54, 270 uM) were diluted with Milli-Q water and then
mixed with pDNA aqueous solution (20 nM) at various N/P
ratios (defined as the molar ratio of cationic peptide nitrogen
to anionic pDNA phosphate). After that, the mixture was
vortexed for 20 s and incubated at 25 °C for 30 min.

Evaluation of peptide binding to pDNA by gel shift
electrophoresis

Next, 2.5uL of the peptide solution was incubated with
pDNA (p35S-NLuc-tNOS) for 30 min, mixed with loading
buffer, analyzed on a 1% agarose gel in TAE buffer and
stained with ethidium bromide.

Dynamic light scattering (DLS)

DLS and zeta potential measurements of the peptide
assembly and the peptide/pDNA complexes were performed
using a Zetasizer Nano ZS instrument (Malvern Instruments
Ltd., Worcestershire, UK). These measurements were per-
formed with peptide/pDNA complex solutions (800 uL) in a
plastic cell (DTS1070) using a 633 nm He—Ne laser at 25 °C
with a backscatter detection angle of 173° to estimate the
hydrodynamic diameter as a Z-average size and poly-
dispersity index (PDI). Each measurement was performed
three times, and the resulting data were averaged to deter-
mine the standard deviation.

Circular dichroism (CD) spectroscopy

CD measurements were attained with a JASCO J-1500 CD
spectrometer (JASCO, Tokyo, Japan) at 25 °C. The mea-
surements were taken in a quartz cell with a path length of
0.1 cm. Each CD spectrum was an average of 8 scans from
190 to 270 nm, with a 0.2 nm resolution, and was obtained
at 100 nm/min with a bandwidth of 1 nm. A background CD
spectrum of the solvent was obtained with Milli-Q water.
The zeta potential and zeta deviation of the samples were
measured three times with a zeta potentiometer, and the
averaged data were obtained using Zetasizer software ver-
sion 6.20 (Malvern Instruments, Ltd.).

Atomic force microscopy (AFM) observation

For AFM measurements, sample solutions (5 uL) were
spotted onto a cleaved mica surface. The solution on the
mica surface was quickly frozen with dry ice and dried in
vacuo. The dried samples were then observed under an
ambient atmosphere at 25 °C using a Bruker Multimode 8
atomic force microscope (Bruker, Santa Barbara, CA) with

SPRINGER NATURE



K. Nomura et al.

a cantilever (SCANASYST-AIR-HR, Bruker, Al reflective
coating, 0.4 N/m, 130 kHz) in Peak Force QNM mode.

Internalization of peptide/pDNA complexes
into plants

A. thaliana seeds were germinated in pots with a planting
medium consisting of soil (Promix, Riviere-du-Loup,
Canada) and vermiculite at a ratio of 2:1 (v/v). The plants
were grown in a plant incubator (Biotron NK System,
Japan) under 12 h-day/12 h-night cycles at 23 °C and 65%
relative humidity with a light intensity ranging from 100 to
130 umol/m’s. After 4-5 weeks of incubation after germi-
nation, plants with several expanded leaves were used for
the experiments. To evaluate the internalization of pDNA
(p35S-NLuc-tNOS) into plants, two peptide/pDNA com-
plexes and two control samples were prepared in Milli-Q
water: (KUA);-(LU); (1)/pDNA complex, (KUA); (2)/
pDNA complex, (KUA);-(LU)4 (1) (27 uM), and pDNA
(10nM). A. thaliana leaves were infiltrated with sample
solutions of 100 uL/leave maximum using a needleless
syringe onto the abaxial (backside) surface of the leaves
[15]. The infiltrated plants were incubated for 14 h in the
plant incubator for microscopy observations or 4 to 24 h for
the luciferase assay.

Confocal laser scanning microscopy (CLSM)
observation

Cy3-labeled pDNA (p35S-NLuc-tNOS) was prepared with
a Label IT Nucleic Acid Labeling Kit (Mirus Bio, LLC,
Madison, WI). A peptide/pDNA complex (N/P=1) was
prepared from an aqueous solution of (KUA);-(LU)y
(55 uM, 80 pL) and aqueous solution of Cy3-labeled pDNA
(20nM, 80 pL). A. thaliana leaves were infiltrated by the
complex and incubated for 14 h. Afterward, the leaves were
stained with calcofluor white (0.1 g/L) for 30 min and
observed using CLSM with an LSMS880 (Carl Zeiss,
Oberkochen, Germany). CLSM images were acquired at
excitation wavelengths of 405nm for calcofluor white,
488 nm for chlorophyll, and 561 nm for Cy3 and visualized
under a 63x oil-immersion objective.

Evaluation of gene delivery efficiency in plants by
Nano-Glo Luciferase assay

The infiltrated leaves were homogenized in Renilla Luci-
ferase Assay Lysis Buffer (100 uL; Promega, Madison, WI).
The lysate was centrifuged at 15,000 rpm at 4 °C for 10 min.
The supernatant (50 uL) was added to a mixture (50 uL) of
Nano-Glo Luciferase Assay Substrate (Promega) and Nano-
Glo Luciferase Assay Buffer (Promega). Immediately after
vortexing was complete, the luminescence intensity in
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relative light units (RLU) was measured using a lumin-
ometer (GloMax 20/20, Promega). The residual supernatant
(1 uL) obtained from the lysate was diluted with Milli-Q
water (5 uL). After the solution was mixed with Bradford
Dye Reagent (Takara Bio, Inc., Shiga, Japan), the absor-
bance at 595 nm was measured by a SpectraMax iD3 Multi-
Mode Microplate Reader (Molecular Devices Co., San Jose,
CA) to quantify the protein concentration. The RLU values
were obtained from 8 or 16 biologically independent sam-
ples and analyzed from 6 or 12 samples, in which the
maximum and minimum values were removed as outliers.
The RLU/mg value, in which the RLU value was divided
by the protein amount, was calculated to evaluate the
quantitative pDNA delivery efficiency.

Results and discussion

Synthesis and characterization of (KUA);-(LU),
peptide

A peptide-mimicking bZIP domain was developed to form a
peptide/pDNA complex without strong electrostatic inter-
actions. We synthesized peptide 1, which contained (LU),4
sequence, a leucine-rich sequence, and (KUA); peptide, a
cationic sequence (Fig. 1). To conjugate two peptides, the
peptides were linked through two heterobifunctional cross-
linking reagents. Therefore, the N-terminal amine of (LU),
3 peptide was coupled with a thiol group of (KUA); 2
cysteinyl peptide via sulfo-EMCSs, a cross-linking reagent
composed of maleimide and succinimide (Supplementary
Scheme S1). Boc-(LU)4-OMe 3 was synthesized via liquid-
phase synthesis as previously described [36, 37], while Ac-
C(KUA);-NH, 2 was synthesized by solid-phase peptide
synthesis (SPPS) (Supplementary Fig. S1). These peptides
were cross-linked by sulfo-EMCSs and subsequently pur-
ified via HPLC to afford (KUA);-(LU), 1 (26% isolated
yield). The synthesized product was confirmed by MALDI-
TOF MS and analytical HPLC (Supplementary Fig. S1).
The size and morphology of the peptide assemblies were
evaluated by DLS and AFM, respectively. The formation of
assemblies with a size of 226 + 5 nm was confirmed by the
average diameter obtained from the DLS measurements of
(KUA);3;-(LU)4 1 peptide solution at 27 uM (Table 1). The
AFM image of the peptide revealed the presence of sphe-
rical assemblies, and the sizes estimated by AFM corre-
sponded to the hydrodynamic diameters determined by DLS
(Fig. 2). In contrast, DLS measurements of (KUA); 2
peptide solution revealed that uniformed assembly does not
occur in the absence of the (LU); sequence. It has been
reported that in water, amphiphilic peptides composed of
(LU)4 and hydrophilic peptides form micelles with hydro-
philic peptides on the outside [30]. These results suggest
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Table 1 Hydrodynamic diameters and PDIs of aqueous peptide
solutions

Hydrodynamic diameter® (nm) PDI*
(KUA)(LU), 1 226+5 0.280
(KUA); 2 469 = 107 0.454
(LU), 4 102+2 0.448

#Values were determined by DLS measurements and are shown as the
means + standard deviations (n = 3)

31 nm

0 nm

Fig. 2 AFM image showing the assembly of (KUA);-(LU); 1 on a
cleaved mica substrate. The scale bar represents 500 nm. The color bar
represents the height of the micelle

that peptide 1 formed a micelle in aqueous solution due to
hydrophobic interactions with the (LU), sequence.

Preparation and characterization of peptide/pDNA
complexes

An aqueous solution of (KUA);-(LU)4 1 or (KUA); 2 was
mixed with pDNA (p35S-NLuc-tNOS) to prepare peptide/
pDNA complexes at various N/P ratios. The complexes
were characterized through agarose gel electrophoresis,
DLS, zeta potential measurements, and CD spectroscopy,
and the morphological appearance of the peptide/pDNA
complexes was studied via AFM. Agarose gel electro-
phoresis confirmed that complexes of peptides and pDNA
formed, as indicated by a shift in DNA band at N/P = 5.0 in
the mixture of pDNA and both peptides (Supplementary
Fig. S2). Even for the mixtures of (KUA); 2 and pDNA at
N/P = 1.0, (KUA); 2 interacted with pDNA, as the DNA
bands underwent a mobility shift. The results indicated that
the (KUA); 2 functions as a DNA binding peptide. In
contrast, for the mixture of (KUA);-(LU)4 1 and pDNA, the
band density of the pDNA remained unchanged up to N/
P =5.0. This peptide assembles in an aqueous solution,
suggesting that the interaction between the (KUA);
sequence and pDNA was weakened by steric hindrance.
Conversely, compared to (KUA); 2, the (KUA);-(LU), 1

Table 2 Hydrodynamic diameters and PDIs of peptide/pDNA
complexes prepared from (KUA);-(LU); 1 or (KUA); 2 peptides
and pDNA (p35S-NLuc-tNOS) at various N/P ratios

(KUA);-(LU), 1 /pDNA (KUA); 2 /pDNA

N/P  Hydrodynamic PDI* Hydrodynamic PDI*

ratio  diameter® (nm) diameter® (nm)

0.5 78.75+3.8 0.351 308.2+14 0.610
1.0 126.6 +4.9 0.355 264.7+49 0.683
2.0 180.1+3.2 0.272 107.9+2.0 0.651
5.0 1557 +£250 0.666 700.1+14 0.236

#Values were determined by DLS measurements and are shown as the
means + standard deviations (n = 3)

complex was formed by a weaker interaction; in addition,
this process is expected to facilitate DNA release from the
complex.

According to DLS measurements, complexes with
hydrodynamic diameters ranging from 79 to 180 nm were
formed in mixtures of (KUA);-(LU), 1 and pDNA at N/
P =0.5-2.0 (Table 2). These results indicate that (KUA);-
(LU)4 1 condensed pDNA and complexes with an optimal
size. Zeta potential measurements revealed that these
complexes exhibited a negative charge (Supplementary
Table S1). Even with a high abundance of positively
charged peptide, the zeta potential of (KUA);-(LU),/pDNA
complex was negative at N/P =2.0, suggesting that the
pDNA was present on the surface of the complexes. At N/
P=5.0, a complex larger than 1 um was formed that
exhibited a neutral charge, likely because the electrostatic
repulsion between the complexes disappeared at N/P =5.0.
These results suggested that (KUA);-(LU)y/pDNA com-
plexes approximately 100 nm in size were stably formed in
water at N/P = 0.5-2.0; these complexes formed due to the
electrostatic repulsion generated by the negative charge of
the DNA on the surface of the complex. On the other hand,
in the case of (KUA); 2, complexes were formed with
hydrodynamic diameters ranging from 100 to 300 nm in the
presence of pDNA at N/P=0.5-2.0. However, these
complexes exhibited a PDI above 0.5. These results clar-
ified that the (LU), sequence was necessary to form a uni-
form complex.

The morphology of the peptide/pDNA complexes was
confirmed by AFM observation. The AFM observations were
carried out with pDNA (p35S-NLuc-tNOS), the (KUA)3/
pDNA complex, and the (KUA);-(LU),/pDNA complex at
N/P=1.0 on a cleaved mica surface under an ambient
atmosphere. The AFM image of pDNA revealed a super-
coiled structure that was approximately 500nm in size
(Fig. 3A-i). In contrast, an AFM image of (KUA);-(LU)4 1
combined with pDNA revealed spherical complexes with a
diameter of approximately 200 nm without the supercoiled
pDNA (Fig. 3A-ii). This image indicated that (KUA);-(LU),
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Fig. 3 A AFM images of (i)
pDNA only, (ii) the (KUA);-
(LU)4/pDNA complex at N/

P =1, and (iii) the (KUA);/
pDNA complex at N/P = 1.0 on
a cleaved mica substrate. Scale
bars = 500 nm. The color bars
represent the height of the
complex. B (i) CD spectra of the
aqueous solution of (KUA);-
(LU)4 1 in the presence (red) and
absence (black) of pDNA at N/

(B) (i)

o
(9]

P=1. (ii) CD spectra of
aqueous solutions of (KUA); 2
in the presence (red) and
absence (black) of pDNA at N/
P = 1. The CD differential

o
o

(&)

— CDuA)-(LU)

= CD (kuA)s-(LUwpDNA - CDppNa

spectra (red) of peptide/pDNA
complexes were obtained by
subtracting the CD spectra of the
pDNA from that of the peptide/

[6]/ 103 deg cm? dmol-!
2 & o

-
o

pDNA complex

-
©
o

1 condensed pDNA into spherical complexes. An AFM
image of (KUA); 2 combined with pDNA revealed the pre-
sence of amorphous complexes and spherical complexes with
a size of approximately 100nm (Fig. 3A-iii). These com-
plexes corresponded to the Z-average and PDI obtained from
DLS of (KUA); 2 solution (Table 1). This image revealed
that (KUA); 2 alone was insufficient for condensing pDNA
into complexes with optimal sizes for gene delivery. These
results suggest that (LU), sequences are necessary to form
complexes suitable for gene delivery.

The CD spectra of peptide/pDNA complexes at an N/P
ratio= 1.0 and peptide only were measured in aqueous
solution (Milli-Q) to determine the secondary structures of
the peptides (50 uM) in the complexes. The CD spectra of
the peptides in mixed solutions were obtained by subtract-
ing the CD spectrum of pDNA from the spectrum of mixed
solutions to eliminate Cotton effects caused by pDNA
(Supplementary Fig. S3). The CD spectra of (KUA);-(LU),
1 and (KUA); 2 without additives showed a random coil
structure. However, in the presence of pDNA, the CD
spectra of both peptides exhibited negative peaks at 226 and
208 nm and a positive peak at 193 nm, indicating that
peptides 1 and 2 form a-helical conformations (Fig. 3B).
Cell-penetrating peptides have been reported to adopt a
more helical conformation in the presence of sodium
dodecyl sulfate (SDS), an anionic surfactant [38]. Thus, the
a-helical conformation of peptides 1 and 2 might be pro-
moted in the presence of anionic pDNA. This result indi-
cated that (KUA)3;-(LU), 1 adopted a basic leucine zipper-
like oa-helical conformation similar to the natural bZIP
domain despite its maleimide linkage; therefore, the ability
of 1 to bind pDNA was confirmed.
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Furthermore, the peptide can condense pDNA to
approximately 130 nm, which is the optimal size for trans-
fecting plant cells. However, pDNA condensation by
(KUA); 2, which lacks (LU), sequences, was incomplete;
therefore, the leucine-rich (LU), sequence may be essential
for compact pDNA condensation. This effect may be driven
by hydrophobic interactions between (LU), sequences. In
contrast, the interaction between (KUA);-(LU), 1 and
pDNA was weak, as demonstrated by the electrophoresis
results. This weak interaction may result from the formation
of assemblies by (KUA);3-(LU)4 1 in water, which hinders
the interaction between the cationic lysine residue of (KUA)
3 and pDNA due to steric hindrance. As this interaction
weakens, the release of pDNA from peptide/pDNA com-
plexes may become more robust.

Introduction of peptide/pDNA and expression of
protein in plant cells

Through CLSM observations and luciferase assays, we
evaluated the ability of peptide/pDNA complexes to deliver
pDNA in plant cells and rapidly release pDNA. In a pre-
vious study, a complex with a negative surface and a size of
approximately 100 nm was introduced into plant cells
because this complex is not trapped in the cell wall [8, 14].
Therefore, we prepared the complex at N/P=1.0 and
introduced it into intact leaves of A. thaliana using a nee-
dleless syringe [11]. For CLSM observation, Cy3-labeled
pDNA (p35S-NLuc-tNOS) was complexed with peptides 1
and 2. After 14 h of incubation, the leaves were stained with
calcofluor white and subjected to CLSM (Supplementary
Fig. S4). Z-stack images showed that Cy3 (red) generated
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(A)

Fig. 4 A Z-stacked CLSM image showing the internalization of the
(KUA);-(LU),/Cy3-labeled pDNA complex (n/P = 1) into A. thaliana
leaf cells. The XY plane shows a selected representative of 29
Z-stacked images. The green-framed image represents the ZX plane on
the green line. The red-framed image represents the ZY plane on the
red line. The leaf cell walls were stained with calcofluor white (green).
The chlorophylls were visualized by their autofluorescence (magenta).

fluorescence from within the fluorescence of calcofluor
white, indicating that (KUA);-(LU)4(1)/Cy3-labeled pDNA
complex was successfully introduced into the plant cell
(Fig. 4A). Similarly, (KUA);(2)/Cy3-labeled pDNA com-
plex was introduced to confirm that Cy3-labeled pDNA was
present inside plant cells (Supplementary Fig. S5). These
CLSM observations showed that both peptide/DNA com-
plexes were introduced into the plant. Therefore, we per-
formed a luciferase assay to evaluate the difference in the
efficiency when pDNA is introduced into plant cells.

After peptide/pDNA complexes ((KUA);-(LU); 1 or
(KUA); 2 and p35S-NLuc-tNOS) and two control samples
(peptide only and pDNA only) were introduced into A.
thaliana leaves, the transfection and expression of pDNA
were evaluated using a Nano-Glo Luciferase assay. To
analyze the dissociation profile of peptide/pDNA com-
plexes, a time-course expression study was performed with
the luciferase reporter and varying incubation times (4, 8,
16, and 24 h) after infiltration with peptide/pDNA complex
solutions [39]. The statistical significance of the difference
in expression was evaluated based on Dunnett’s test, and
after treatment with (KUA);-(LU),/pDNA complex, a sig-
nificance level (P <0.01) was obtained at 24 h (Supple-
mentary Fig. S6). Therefore, we compared the RLU value
of each sample at 24 h. Compared to the control samples,
(KUA);-(LU)4/pDNA complex at N/P=1.0 showed a
greater transfection efficiency, which confirmed that gene
delivery and transfection were successful (Fig. 4B). On the
other hand, in the case of (KUA);/pDNA complex, very

—
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~

6x105 =

3x105

N
3

4x10% =

2x10% =

Luciferase expression/ RLU mg protein-!

The white arrow indicates that fluorescence from Cy3 (red) was
observed in the leaf cell. B Transfection efficiency quantified by the
levels of luciferase expression in A. thaliana leaves transfected with
(KUA);-(LU)4 1 only, pDNA only, the (KUA)3;/pDNA complex or the
(KUA);-(LU)4/pDNA complex at N/P=1. P<0.05 (¥) was con-
sidered to indicate statistical significance according to Dunnett’s test
n=12)

high RLU values were found for some leaves; however,
there was no significant difference compared to those of the
control sample (Fig. 4B). To introduce pDNA into plant
cells, the peptide/pDNA complex penetrates the cell wall
and subsequently releases pDNA from the complex.
Reportedly, the surface cationic charge and size of complex
surfaces affect the efficiency of pDNA introduction
[8, 14, 39]. In this study, pDNA and (KUA);-(LU)4 1
formed uniform complexes of approximately 130 nm,
which is suitable for plant transfection. On the other hand,
(KUA); 2 formed larger aggregated complexes at the same
N/P ratio. Consequently, compared to peptide 2, peptide 1
showed higher transfection efficiency with less variation. In
some cases, peptide 2 showed high transfection efficiency
because heterogeneous small particles were present in the
aggregates. In addition, based on the electrophoresis results,
the interaction between (KUA);-(LU); 1 and pDNA was
weaker than that between (KUA); 2. Therefore, compared
to (KUA); 2, (KUA);-(LU)4 1 is more efficient at releasing
pDNA from the complex, possibly resulting in significantly
greater expression levels in plant cells.

Regarding the speed of pDNA release, 24 h of protein
expression was necessary using (KUA);-(LU)4 1, which is
longer than the time previously reported [8, 13, 40]. It is
known that peptide/pDNA complexes release pDNA
through cleaving cationic peptides by proteases in cells.
Peptide 1 is composed of Aib, a noncanonical amino acid,
and the enzymatic degradation of the (KUA); DNA binding
sequence appears to be slow. As a result, the speed of
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pDNA release is reduced and a longer time is needed for
protein expression.

Conclusion

In this study, we developed a novel pDNA-transfected
peptide, (KUA);-(LU),, which mimics the bZIP domain
derived from a DNA-binding protein. The peptide can bind
pDNA through lysine residues to form uniform nano-
particles, and this process is strongly supported by a
leucine-rich coiled coil scaffold. The peptide/pDNA com-
plex was successfully introduced into plant cells to express
the protein encoded by the pDNA. Greater levels of protein
expression were attained with (KUA);-(LU)4 than (KUA);
peptide without the LU repeat sequence. These results
indicate the high dissociation efficiency of (KUA);-(LU),.
Therefore, peptides that mimic the bZIP domain are likely
to be efficient in pDNA condensation and as carrier pep-
tides. Our work provides new fundamental insights into
CPPs that use the bZIP domain and will advance designs of
nanocarriers based on peptides.
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