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ARTICLE INFO ABSTRACT
Keywords: Gene expression manipulation is pivotal in therapeutic approaches for various diseases. Non-viral delivery sys-
Sticholysins tems present a safer alternative to viral vectors, with reduced immunogenicity and toxicity. However, their

Pore-forming proteins

N . effectiveness in promoting endosomal escape, a crucial step in gene transfer, remains limited. To address this
Non-viral delivery system

drawback, we developed a reducible conjugate combining the StIW111C mutant of Sticholysin I, a pore-forming
protein, with a polylysine peptide. This conjugate aims to enhance plasmid DNA (pDNA) release from endo-
somes, thereby improving gene expression. A 16-polylysine peptide was attached to StIW111C via a disulfide
bridge to block its membrane-binding site, enabling controlled modulation of pore-forming activity in response
to a reductive environment. This modification also enhances the conjugate's positive charge, facilitating binding
to nucleic acids. Formation of positively charged nanometric complexes was achieved by mixing pDNA with the
bio-responsive StIW111C conjugate and polylysine peptide. In vitro assays showed the conjugate could per-
meabilize endosomes, but reporter gene expression was limited, likely due to the largest complexes or aggregates
that reduced conjugate entry and blocked nucleic acid release. CryoTEM imaging revealed the presence of small
aggregate fraction, highlighting the need for further redesign to prevent aggregation and optimize endosomal
release of non-viral systems for enhanced gene expression.

1. Introduction the endo-lysosomal barrier before being degraded by the hydrolytic
enzymes in these compartments. Several molecular species have been

The endosomal escape process has been identified as one of the major used to mediate endosomal escape through different mechanisms.
bottlenecks for reaching an efficient non-viral chemical-based delivery Various pH-sensitive amphipathic peptides and lipid molecules disrupt
system [1,2]. The internalized complexes by endocytosis must overcome and/or fuse with the endosomal membrane as well as some cationic
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polymers, such as polyethyleneimine (PEI), that cause endosome
disruption due to the so called “proton sponge effect” [3].

Additionally, pore-forming proteins (PFPs) or peptides have been
used to destabilize the endosomal membrane allowing endosomal con-
tent to escape into the cytosol. Melittin (pore size: 8.7 nm) [4-6], Lis-
teriolysin O (LLO) (pore size: 40 nm) [7-9], Perfringolysin O (pore size:
25 nm) [10,11], and Diphtheria toxin T domain (pore size: 1.8 nm)
[12,13] significantly increased transfection efficiency in vitro when
incorporated into non-viral delivery systems. Despite the mechanism by
which these polypeptides can mediate the endosomal escape of these
complexes is not clearly understood, the pore size of the polypeptide
seems to have little influence on the endosomal escape. The proteins or
peptides mostly used have some type of regulation of their pore-forming
activity either naturally, as in the cases of LLO and the T domain of
Diphtheria toxin whose activity depends on pH [14,15], or artificially,
that is, through modifications that condition the functionality of the
protein or peptide to the presence of certain stimuli in the microenvi-
ronment, for example, the reductive potential [4,6,11,16].

Sticholysins (2 isoforms: StI and StII) are PFPs produced by the sea
anemone Stichodactyla helianthus [17]. They share some characteristics
such as a high isoelectric point, a molecular mass of approximately 20
KDa, they are cysteinless proteins, and have a predominantly B-sheet
organized structure [18]. These molecules also exhibit high per-
meabilizing activity, which arises from the formation of hydrodynamic
pores, approximately 2 nm in diameter, in membranes containing
sphingomyelin (SM) [19,20], a common eukaryotic cell membrane
phospholipid.

StIW111C contains a cysteine residue replacing the tryptophan 111.
This position is found in the membrane binding site and is one of the
most exposed residues on the protein surface [21]. StIW111C readily
dimerizes probably due to the high reactivity and degree of solvent
exposure of this cysteine residue. Both the monomeric and dimeric
variants can lyse human erythrocytes. Nonetheless, the dimeric variant
demonstrates significantly lower activity, as evidenced by its approxi-
mately 193 times higher concentration required to achieve 50 % he-
molysis compared to the monomer [22]. Therefore, binding a large

International Journal of Biological Macromolecules 297 (2025) 139819

molecule via a disulfide bridge to StIW111C could create a switch
responsive to the reductive conditions of the microenvironment,
potentially regulating its activity. Considering these previous observa-
tions, it is interesting to explore the shielding effect of a 16-polylysine
peptide linked to the StIW111C membrane binding site via a disulfide
bridge. Consequently, the reversibly bound polycation peptide could
condition the mutant's pore-forming capacity to the presence of a
reductive environment and concurrently its positive net charge would
facilitate the binding to negatively charged molecules like nucleic acids.

Hence, the aim of this work was to study the ability of a conjugate
based on the mutant StIW111C and a 16-polylysine peptide to bio-
respond to a reducing environment and promote the endosomal mem-
brane permeabilization when it is associated to a model pDNA in order
to improve its expression. Positive nanometric complexes were obtained
by mixing pDNA with the conjugate and a cysteine-free polylysine
peptide which served as a compacting agent (Fig. 1). However, the
heterogeneity of these ternary polyplexes in size was higher compared
with samples obtained from the binary mixture of pDNA and peptide. In
vitro assays demonstrated the ability of the ternary polyplexes to per-
meabilize endosomes, but this was not the case of the binary complexes,
although reporter gene expression was not observed with neither of
these two nanoparticles. Albeit we have not a complete explanation for
these findings, they could suggest that an insufficient proportion of the
reducible conjugate is internalized into the endosomal compartment,
most likely due to its entrapment within the smaller subset of large
aggregates as observed through Cryogenic transmission electron mi-
croscopy (CryoTEM) imaging. Despite encountered challenges, the
reducibility of the conjugate, along with its ability to associate with the
nanometric complexes and permeabilize endosomes, underscore its
potential as a component of non-viral vectors to enhance endosomal
escape with further optimization.

Stiw111C K16C

Reductlve

\} Merphbrane binding site environment

Only one cysteine
residue in the
sequence

Active form

StIW111C-S-S-K16 conjugate

Inactive form

Reductive environment

J \ Increased

endosome permeability

Fig. 1. Schematic representation of the proposed mechanism by which the reducible StIW111C-Polylysine conjugate may enhance endosomal permeability. The
binding of K16C to StIW111C potentially blocks the membrane-binding site of StIW111C, resulting in a reversible inactive conjugate. This positively charged peptide
K16, in combination with the conjugate, is hypothesized to form nanometric complexes with pDNA, facilitating cellular uptake. Once internalized, reductive con-
ditions within the endosome may trigger the cleavage of the disulfide bridge. This reduction activates the StitW111C mutant, enabling it to bind irreversibly to the
endosomal membrane disrupting the structural integrity of the endosomal compartment and lead to the release of pDNA into the cytoplasm.
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2. Materials and methods
2.1. Materials

The plasmid tdTomato-C1 (5442 bp) was a gift from Michael
Davidson (Addgene plasmid #54653; https://www.addgene.or
¢/54653/; RRID: Adgene_54,653). The plasmid was acquired from
Escherichia coli DH5 alpha bacteria, which had undergone trans-
formation, and was cultivated on an agar culture medium. Subsequent
isolation of the plasmid was performed utilizing the MaxiKit purification
package (Qiagen, USA). DNA concentration was quantified through
spectrophotometric analysis at both 260 and 280 nm wavelengths using
the NanoDrop 2000c instrument (Thermo Fisher Scientific Inc., Wil-
mington, USA). Plasmid's integrity and purity were assessed via native
DNA electrophoresis in a 1 % agarose gel. Linear PEI with a molecular
weight of 25 KDa was sourced from Polysciences Inc. (Warrington, PA,
USA). The remaining chemical reagents and materials were acquired
from Sigma-Aldrich (St. Lois, MO, USA), unless is otherwise indicated.

2.2. Methods

2.2.1. Expression and purification of SttW111C

StIW111C expression was carried out in Escherichia coli BI121 (DE3)
PLYS strain, transformed with the PUC19 plasmid containing the
StIW111C sequence. The protein was obtained by the self-induction
approach [23], and recovered from the supernatants of the bacterial
cell lysates employing as cationic exchanger a SP-Sepharose matrix
(Cytiva, Massachusetts, USA) [24]. An additional washing step
employing 100 mM B-mercaptoethanol (BM) was included prior to
gradient elution for releasing molecules bound to the protein via
cysteine residues [25]. The homogeneity of the purified protein was
confirmed using 15 % PAGE-PAGE according to Laemmli [26]. The re-
sults are summarized in the supplementary Fig. S2. For protein labeling,
0.1 mg of protein was labeled with FITC (0.1 mg/mL in DMSO) in 1 mL
of 500 mM carbonate buffer (pH 9.5) at molar protein/FITC ratio of 1-2.
After 1-h incubation in the dark, the mixture was purified using a PD10
column.

2.2.2. Peptide synthesis

The synthesis of both the K16C and K16 peptides (with the C-ter-
minals amidated) was carried out by the Center of Genetic Engineering
and Biotechnology in Havana, Cuba, following standard Fmoc solid-
phase methodologies and utilizing MBHA resin (substitution of 0.54
mmol/g) as the solid support with Fmoc-AM-OH as the spacer. Subse-
quent purification was carried out through reverse-phase high-perfor-
mance liquid chromatography (RP-HPLC) (Shimatzu, Kyoto, Japan) to
achieve a purity exceeding 95 %. The molecular masses of these peptides
were determined via mass spectrometry. ESI-MS spectra were obtained
using Q-T of 2 orthogonal hybrid configuration spectrometers (Micro-
mass, England) with nanospray ionization source, resulting in an
average molecular mass of 2170.96 and 2067.81 for K16C and K16,
respectively.

2.2.3. StIW111C and K16C conjugation reaction

The peptide K16C was resuspended in 40 pL of acetate buffer at pH
5.0 and diluted to a final concentration of 2.5 mg/mL with 360 pL of the
following buffer: 10 mM Na2HPO4/NaH2PO4, 1 mM EDTA, 30 mM
NaCl, pH 6.7, previously equilibrated with N2 (g) for 30 min at 4 °C.
StIW111C was treated with 100 mM BM for 15 min at room temperature
to disrupt its potential homodimers. p-Mercaptoethanol was further
removed using a pre-equilibrated molecular exclusion chromatography
column (NAP10, Cytiva, Marlborough, MA, USA) in 0.1 M phosphate, 1
mM EDTA buffer at pH 8.0. This removal was timed to coincide with the
drop-wise addition of the protein to the K16C peptide solution upon
elution from the column in order to achieve a 1:10 StIW111C:K16C
molar ratio. Dimethyl sulfoxide (DMSO) was added to the reaction
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mixture at a final concentration of 10 % or 20 % to promote an oxidative
environment. The conjugation reaction was allowed to proceed at room
temperature with agitation (800 rpm) on a KS 130 basic shaker (IKA,
Staufen, Germany). The samples were centrifuged at 12,000g for 10 min
and DMSO was removed from supernatant by filtration using 10 kDa
Amicon Ultra-0.5 centrifugal filter unit. Both the supernatant and sedi-
ment were analyzed by native electrophoresis as described by Penton
(2001) [21]. Briefly, Native-PAGE was conducted using a discontinuous
system. Stacking gels composed of 5 % polyacrylamide polymerized in
143 mM HEPES-NaOH at pH 8.03 were employed, while resolving gels
consisted of 12.5 % polyacrylamide polymerized in 375 mM
HEPES-NaOH at pH 6.53. The running buffer used had a composition of
42 mM HEPES and 73 mM histidine at pH 7.0. Samples were dissolved in
112 mM Tris-HAc buffer containing 0.002 % methylene blue at pH 8.0.
Subsequently, the Coomassie brilliant blue staining protocol by Studier
(2005) was followed [23].

The analysis of conjugation efficiency over time involved the peri-
odic extraction of aliquots from the reaction mixture. After eliminating
DMSO from the supernatant, the reaction was halted by introducing
iodoacetamide in a molar equivalent to the sulfhydryl groups present in
the reaction. These aliquots were then subjected to analysis using the
electrophoretic method describe by Penton (2001) [21]. Conjugation
yield was quantitatively assessed through digital densitometry using
ImageJ 1.54f (National Institute of Health, Bethesda, MD, USA).

2.2.4. Purification of the StIW111C-CK16 conjugate via cation exchange
chromatography

The purification of the StIW111C-K16C conjugate, hereinafter
referred to as WK16, was carried out via cation exchange chromatog-
raphy using a 1-mL HiTrap CM Sepharose FF column (0.7 x 2.5 cm)
(Cytiva, Marlborough, MA, USA) and an Akta Go purification system
(Cytiva, Marlborough, MA, USA). To achieve this, a low ionic strength
buffer (0.02 M sodium phosphate at pH 6.7) and a high ionic strength
buffer (0.02 M sodium phosphate with 1 M NaCl at pH 6.7) were
employed. Elution was performed using a linear gradient of 0-1 M NaCl
in the sodium phosphate buffer, with a total elution volume of 24 mL at
155.9 cm/h linear flow. The concentration of the purified conjugate was
determined by measuring the absorbance at 280 nm of the fractions
collected from the chromatogram peak, employing a NanoDrop 2000c
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The
homogeneity of the conjugate was confirmed using native electropho-
resis for basic proteins, following the protocol outlined by Penton et al.
(2011) [21]. A total of 7 pg of polypeptide was loaded into each lane.
Gels were stained using Coomassie brilliant blue dye.

2.2.5. Hemolytic activity of StIW111C-CK16 conjugate

The hemolytic assay experimental protocol received ethical approval
from the Institute of Foods and Pharmacy's ethics committee, acting as
the Institutional Review Board for the University of Havana. To prepare
the erythrocyte suspension, fresh human blood collected from a mini-
mum of five donors was mixed with sodium heparin (10-15 units/mL of
blood). A standardized erythrocyte suspension was prepared by sus-
pending erythrocytes in 10 mM Tris-HCl buffer pH 7.4, containing 145
mM NaCl [22]. Hemolytic activity was determined by following the
reduction in turbidity of the erythrocyte suspension at 630 nm, utilizing
a MULTISKAN EX microplate reader (Labsystems, Helsinki, Finland) as
described [27]. The protein concentration ranged from 0.7 to 1440 ng/
mL. Each sample was performed in triplicate at a controlled temperature
of 25 + 2 °C, preceded by a 15-min incubation period at ambient tem-
perature without or with the presence of 100 mM p-Mercaptoethanol to
disrupt disulfide bridges. Non-conjugated StIW111C treated with 100
mM f-Mercaptoethanol was used as a control in the hemolysis assay.
Hemolysis after 15 min at each concentration was calculated using the
following formula:


https://www.addgene.org/54653/;
https://www.addgene.org/54653/;
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AO - A(f)

%HA =
AO - Amax

x 100 (€D)]

The calculation of hemolysis percentage (%HA) was derived from the
observed absorbance values at 630 nm: A, for the untreated erythrocyte
suspension, A for the suspension subjected to incubation with the free
or conjugated forms of StIW111C, and Apax for the suspension incubated
with an excess of StIW111C (0.02 mg/mL) following a 15-min period
[22]. A graphical representation was constructed to illustrate the %HA
as a function of protein concentration. The HC50 value which stands for
the protein concentration necessary to achieve 50 % hemolysis, was
determined by fitting the dataset to a Hilll sigmoidal function using
Origin Pro 8 software SRO v80724 (Origin Lab Corporation, North-
ampton, MA, USA).

2.2.6. Preparation of DNA plasmid complexes

To prepare DNA complexes, the td-Tomato-C1 plasmid was mixed
with an equal volume of either purified WK16 or the reaction mixture of
polypeptides comprising WK16 and K16C, resulting in a final pDNA
concentration of 20 pg/mL. All samples were diluted in nuclease-free
water. The pDNA solution was gently added to WK16 while moving
the pipette tip in a circular motion during the process. Subsequently, the
mixtures were incubated at room temperature for 30 min before further
utilization. The required amounts of WK16 to attain specific nitrogen/
phosphorus ratios (R(N/P)), serving as a theoretical indicator of the
positive-to-negative charge balance in the complex formation [28], were
determined as follow.

_ R(N/P) x m(DNA)
T Mb x {[(1 - X2)/X2] x qy1 +q,2}

n(2) (2)

The variable qpi represents the number of basic groups per each
polypeptide, with 17 corresponding to K16 (polypeptide 1), and 36
corresponding to WK16 (polypeptide 2), while n(i) represents the sub-
stance quantity of polypeptide i. X2 is the molar fraction of the conjugate
WK16 in the mix of polypeptides. m(DNA) is the mass of DNA in the
solution and Mb is the average molecular mass of a base (330 Da [29]).
The mathematical procedure for deriving the formula is outlined in the
supplementary information (Section 1).

2.2.7. Electrophoretic mobility-shift assay

DNA complexes were prepared following the previously described
method (Section 2.2.6), utilizing 0.5 pg of td-Tomato-C1 and varying R
(N/P) values from 0.5 to 5 using WK16. As a comparative control, free
PDNA was included in the experimental setup. Additionally, an aliquot
of the complex formed at the R(N/P) of 5 was subjected to a 15-min
incubation with 5 units (Howell unit) of sodium heparin just before
electrophoresis. These samples were applied onto a 1 % agarose gel
submerged in TAE buffer (40 mM Tris, 20 mM Acetate and 1 mM EDTA
pH 8.6) supplemented with 5 pg/mL of ethidium bromide. Electropho-
resis was conducted at 100 V for 40 min. DNA bands were visualized
using a UV light transilluminator EBOX VX5/20LM (Vilber Lourmat,
France).

2.2.8. Cryogenic transmission electron microscopy

CryoTEM was used to assess DNA complexes formed from a mixture
of WK16 and K16 (WK16-K-DNA), alongside those consisting solely of
the K16 polypeptide (K-DNA) as control. These complexes were pre-
pared at an R(N/P) of 10, as outlined in the Section 2.2.6, with the
conjugate WK16 comprising 1 mol% of the polypeptide mixture by
moles. This R(N/P) has been shown to be effective for transfection in
various cell lines [30]. Prior to complex preparation, the conjugate was
passed through a 0.22 pm filter (Sartorius, Gottingen, Germany). Com-
plexes were generated in water for 30 min at room temperature. Imaging
was performed using a JEOL JEM 2011 transmission electron micro-
scope (JEOL, Tokyo, Japan) operating at 200 kV. Samples were placed
on a perforated carbon grid or a copper grid coated with a perforated
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polymer film before being flash-frozen in liquid ethane. A Gatan 626
holder was used, and images were acquired using a Gatan RIO 16
camera using Digital Micrograph 3.50.3584.0 (Gatan Inc., Pleasanton,
CA, USA). The analysis included quantifying the ratio of particles with
maximum lengths above or below a 200 nm threshold, as well as
assessing area and shape descriptors encompassing circularity, aspect
ratio, and solidity. These measurements were performed using ImageJ
1.54f software (National Institute of Health, Bethesda, MD, USA).

2.2.9. Dynamic light scattering and zeta-potential measurement

Complexes containing WK16 were formed with a total R(N/P) ratio
of 10, where the conjugate comprised 1 mol% of the polypeptide
mixture by moles. In parallel, complexes generated with only K16
peptide were also prepared at the same R(N/P) ratio using the previ-
ously described methodology. The final DNA concentration was set at
20 pg/mL for size determination and 40 pg/mL for zeta potential
assessment employing the Delsa Nano C instrument (Beckman Coulter,
Brea, CA, USA). Statistical differences were evaluated through one-
tailed Mann-Whitney analysis, facilitated by GraphPad Prism 9.5.1
software (GraphPad, San Diego, CA, USA).

2.2.10. Cell culture

HEK293T were routinely cultured in DMEMD-F12 supplemented
with 10 % fetal bovine serum, 1 % streptomycin/penicillin, 2 mM
glutamine (hereafter referred as completed medium) at 37 °C and 5 %
CO,. The cells were expanded at a ratio of 1:3 every three days. The
confluence remained between 70 and 90 %. The cultures were main-
tained until the number of passages reach 15, after which they were
discarded and a fresh cell culture was prepared.

2.2.11. Assessment of cell viability through MTT assay

The assessment of the complexes' cytotoxicity was conducted using
the MTT assay. HEK293T cells were initially seeded at a density of
15,000 cells per well in 96-well plates and allowed to attain a confluence
level ranging from 50 % to 80 % over an overnight incubation. Subse-
quently, the culture medium was substituted with 0.1 mL of fresh serum-
free DMEM-F12. Complexes equivalent to 0.1 pg DNA were prepared
with varying proportions of WK16 in the polypeptide mixture, ranging
from 0 % to 4 %, resulting in final WK16 concentrations spanning from
0 to 1.4 pg/mL. After a 4-h incubation, 100 pL of fresh medium, sup-
plemented with 20 % serum, was added, prolonging the incubation for
another 24 h. The medium was then removed, and 200 pL of complete
medium supplemented with 0.5 mg/mL of MTT was introduced, fol-
lowed by a 2-h incubation period. The resulting formazan product,
indicative of viable cells, was quantified spectrophotometrically at 570/
650 nm using a TECAN infinite M200 PRO microplate reader (TECAN,
Mannedorf, ZH, Switzerland). The percentage of cell viability was
determined relative to untreated control cells.

2.2.12. Cellular uptake experiments

The td-Tomato-C1 plasmid was fluorescently labeled with Cyanine 5
(Cy5) using the Label IT® Nucleic Acid Labeling Kit (Mirus Bio LLC, WI,
USA). A total of 200,000 cells were seeded onto #1 coverslips (22 mm x
22 mm) designated for each treatment, or 70,000 cells in a 24-well plate,
24 h before treatments. The cells were exposed to DNA complexes
formed at an N/P ratio of 10, employing either the polypeptide mixture
comprising WK16 and K16 or the K16 peptide alone, and incubated for
4 h. For microscopic examination, following two washes with PBS
containing 0.001 % sodium dodecyl sulfate (SDS) to remove surface-
bound complexes [31], the cells were fixed in 4 % paraformaldehyde
in PBS for 20 min at room temperature. Fixed cells underwent two
additional PBS washes before nuclear staining with Hoechst 33342 at a
concentration of 2 pg/mL for 15 min at room temperature. This was
followed by two more washes with PBS. Subsequently, the cytoskeleton
was labeled using Alexa Fluor™ 555 Phalloidin in accordance with the
manufacturer's instructions (Thermo Fisher Scientific, MA, USA). After
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another PBS wash, the transfected cells were visualized and examined
using the Zeiss LSM 710 confocal microscope (Zeiss Group, Baden-
Wiirttemberg, Germany), equipped with an EC Plan-Neofluar 10x/0.30
objective lens. The respective fluorophores were excited at wavelengths
of 355 nm (for the Hoechst 33342-nucleus), 543 nm (for the Alexa Fluor
546-cytoskeleton), 633 nm (for Cy5-pDNA) and 488 nm (for FITC-
WK16). The co-localization between DNA and WK16 conjugate was
quantified using the thresholded Mander's Colocalization Coefficient via
the ImageJ plugin JACoP [32].

For flow cytometry analysis, cells were collected following the 4-h
incubation period, washed twice with PBS containing 0.001 % SDS,
and subsequently fixed in 2 % paraformaldehyde for 10 min at 4 °C.
Uptake was assessed using the BD LSRFortessa™ Cell Analyzer (BD
Biosciences, Franklin Lakes, NJ, USA).

2.2.13. Reporter gene expression analysis

For the transfection study, 70,000 cells were seeded per well in 24-
well plates 24 h prior to commencing the transfection assay. Subse-
quently, the cells underwent treatment with pDNA complexes formed at
an N/P ratio of 10, using either the polypeptide mixture comprising
WK16 and K16 or K16 peptide alone, for a 4-h duration. Following this
treatment, the solutions were removed, and the cells were cultured in 1
mL of complete growth medium for 48 h. The evaluation of tdTomato
reporter gene expression was performed using flow cytometry employ-
ing the BD LSRFortessa™ Cell Analyzer (BD Biosciences, Franklin Lakes,
NJ, USA). PEI was used as a positive transfection control under similar
experimental conditions.

2.2.14. Evaluation of endosomal permeability change

An initial population of 200,000 HEK293T cells was cultured on #1
coverslips measuring 18 mm x 18 mm and incubated in complete me-
dium supplemented with 1 mM calcein for 30 min. Following a triple
wash with phosphate-buffered saline (PBS), the cells were exposed to
serum-free DMEM-F12 containing unlabeled pDNA complexes either
with the polypeptide mixture comprising WK16 and K16 or the K16
peptide alone for a 3-h incubation period, after which the treatment was
removed. One set of cells was fixed with 4 % paraformaldehyde imme-
diately after the 3-h incubation and subsequently analyzed using the
Zeiss LSM 710 confocal microscope (Zeiss Group, Baden-Wiirttemberg,
Germany), equipped with an EC Plan-Neofluar 10x/0.30 objective lens.
Another set of cells was maintained for an additional 24 h before fixa-
tion, and subsequent analysis was conducted using confocal microscopy.

2.2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.5.1 soft-
ware (GraphPad, San Diego, CA, USA). Statistically significant differ-
ences were analyzed by using two-tailed Mann-Whitney (for comparison
of two groups) or Kruskal Wallis test with post-hoc Dunn's test (for
comparison of more than two groups). A p value <0.05 was considered
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, absence of symbols, not significant).

3. Results

3.1. High yields of StIW111C-CK16 conjugate were attained in the
conjugation reaction using DMSO

Bioinformatics modeling suggested that a 16-mer peptide should
suffice to obstruct the membrane-binding site of StIW111C (data not
shown). This computational insight led to experimental exploration of
the conjugation of StIW111C and the K16C peptide under varied con-
ditions, including both with and without DMSO. A molar ratio with
StIW111C to K16C at 1:10 was selected to enhance effective heterotypic
interactions between StIW111C and the peptide, while minimizing the
possibility of homotypic interactions involving the mutant. The reaction
between StIW111C and K16 results in the formation of the conjugate
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WK16, characterized by an intermediate electrophoretic migration po-
sition between the K16C peptide and StIW111C in a native electropho-
resis (Fig. 2A, lane 3). When the reaction mixture is incubated with BM,
the band representing this conjugate disappears, leaving only the bands
of the two components visible (Fig. 2A, lane 4), strongly indicating that
its formation involves a disulfide bridge. This finding effectively rules
out the possibility of its formation through aggregation of the molecular
species present.

Inclusion of DMSO in the reaction medium creates an oxidizing
environment that promotes the formation of disulfide bonds facilitating
the covalent and reversible binding of molecules [33,34]. Accordingly,
the presence of DMSO in the reaction mixture significantly enhanced the
conjugation yield of StIW111C and K16. Thus, 10 % DMSO in the re-
action formulation increased yields from 50 % to values ranging be-
tween 80 and 90 %. This remarkable improvement in performance can
be attained after a 7-h reaction period (Fig. 2B). Increasing the DMSO
concentration to 20 % resulted in the formation of a precipitate con-
taining the conjugate WK16, leading to a reduced yield that plateaued at
only 50 % (Fig. S1). Consequently, it was decided to maintain the DMSO
concentration at 10 % in subsequent conjugation reactions.

Next step involved the WK16 purification from the 10 % DMSO re-
action mixture, which was conducted using a single-step cation ex-
change chromatography approach under similar conditions to those
used for purifying the SttW111C mutant (Fig. S2). The chromatogram
revealed two distinct absorbance peaks (Fig. 2C). The first peak corre-
sponds to free StIW111C in the conjugation mixture, as evidenced by its
elution within the conductivity range of 7.7-19.6 mS/cm (Fig. S2A and
B). The second, displaying higher absorbance, corresponds to the con-
jugate of interest, which eluted at a conductivity of 69 mS/cm coin-
ciding with the maximum absorbance value at 280 nm. The
quantification of the area under the curve corresponding to these peaks
of maximum absorption reaffirmed the attainment of a yield exceeding
80 % through the conjugation strategy used.

The purity of the conjugate was verified by a native gel electropho-
resis for basic proteins [21] (Fig. 2D) which showed a single band cor-
responding to the pure conjugate in the absence of the reducing agent
(lane 3). Upon incubation of the conjugate sample with BM (lane 4), this
band with intermediate migration disappeared, leaving only the bands
matching with the unconjugated variants of the mutant and the peptide
(lanes 1 and 2, respectively).

Additionally, the mass spectra results for SttW111C and the purified
WK16 conjugate, conducted to characterize and confirm conjugate for-
mation, are presented in Supporting Information, Fig. S3. The experi-
mental mass of StIW111C was determined to be 19,305.1 Da, closely
matching the theoretical value of 19,307.74 Da and the reported by
Valle et al (2018). The mass spectrum of the purified conjugate revealed
an experimental molecular weight of 21,474.04 Da, consistent with its
theoretical value.

3.2. Pore-forming activity of WK16 is activated in a reducing
environment

Sticholysins are proteins known for their capacity to disrupt cyto-
plasmic membranes through pore formation [19,35]. A method
commonly used in the functional characterization of these proteins and
their mutants involves evaluating their hemolytic activity, which as-
sesses their ability to lyse erythrocytes suspended in aqueous media. In
this study, this assay was applied to determine the residual lytic activity
of the purified conjugate in both the presence and absence of BM
(Fig. 3).

In the absence of the reducing agent, the conjugate WK16 displayed
negligible hemolytic activity under the experimental conditions.
Nevertheless, the presence of 100 mM BM resulted in the restoration of
hemolytic activity, albeit with an HCsg value that was 1.72 times lower
compared to that of StIW111C employed as control under identical
conditions.
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Fig. 2. StIW111C-CK16 conjugate production and purification. (A) Native gel electrophoresis of the resultant polypeptide mixture derived from the conjugation
reaction, conducted with (+) or without (—) DMSO. Preceding additional treatments, the samples underwent DMSO removal through 10 kDa cutoff filtration. Control
samples included 5 pg of K16C (lane 1) and StIW111C (lane 2). Reaction mixtures were subjected to incubation with (+) or without (—) BM for 15 min prior to
electrophoresis (lanes 3-6), following the methodology outlined by [21]. (B) Evaluation of conjugation reaction yield attained in 10 % DMSO. At different time
intervals during the conjugation reaction, an excess of iodoacetamide was added to reaction aliquots to hinder sulfhydryl group activity and avoid reoxidation.
Subsequent to filtration, the conjugation reaction yield was estimated via densitometry analysis of the native electrophoresis gel. (C) Typical chromatographic profile
of the conjugate WK16 purification by cationic exchange chromatography using 1 mL HiTrap CM-FF column. The graph depicts the variation in conductivity (red)
and absorbance (black) during the elution of polypeptides under a linear ionic strength gradient. The absorption peaks are labeled as I and II. Percentages of areas
under the curves delimited by vertical lines (blue) and the baseline (green) are indicated in parentheses. (D) Native electrophoresis for basic polypeptides. Samples
were incubated for 15 min with or without BM prior to electrophoretic run at 120 mV. StIW111C protein (lane 1); K16 peptide (lane 2); purified conjugate, peak II
(lanes 3-4).

3.3. Electrostatic-mediated formation of positively charged nanometric In subsequent experiments aimed at the formation of DNA com-

complexes between StIW111C-CK16 conjugate and pDNA

To assess the interaction capability of the purified conjugate with
pDNA, samples containing 0.8 pg of the td-Tomato-C1 plasmid were
incubated with varying amounts of the conjugate, achieving a range of
N/P ratios from O to 5. The formation of DNA complexes at these
specified R(N/P) was evaluated using the electrophoretic mobility shift
assay (Fig. 4). Starting at R(N/P) of 1, complete disappearance of the
band corresponding to free DNA was observed, concomitant with the
appearance of a band near the point of application, which ceased to be
observable at higher ratios. To ascertain whether the band disappear-
ance resulted from the electrostatically mediated formation of com-
plexes between WK16 and DNA, an aliquot of the sample generated at R
(N/P) of 5 was incubated with sodium heparin. The addition of sodium
heparin led to the restoration of the pDNA band's migration demon-
strating that the vanishing of the band did not stem from pDNA degra-
dation but rather from the formation of the WK16-pDNA complex,
facilitated by electrostatic interactions.

plexes, a 16-lysine peptide devoid of cysteine at its C-terminal end (K16)
was used as the compaction agent [30]. Consequently, binary complexes
were produced as controls, comprising exclusively of K16 and pDNA (K-
DNA), and ternary complexes were generated including, in addition to
the aforementioned components, the WK16 conjugate (WK16-K-DNA).
In order to generate ternary DNA complexes involving PFPs, previous
investigations have used proportions within the range of 0 to 0.6 mol%
for the incorporation of the Listeriolysin O-Protamine fusion protein [8],
or 1.0-3.5 % (w/w) of the Listeriolysin O-PEI disulfide-linked conjugate,
which is equivalent to 0.4-1.5 mol% [7]. In consequence in the present
work, we selected 1 mol% relative to the total polypeptidic substance
present for the inclusion of the WK16 conjugate into the preparations.

The DNA complexes, formed in the presence or absence of WK16,
were analyzed using CryoTEM (Fig. 5). Prior to complexes' preparation,
the conjugate was filtered through a membrane with an average pore
size of 0.22 pm to eliminate potential large aggregates. The reduction in
conjugate concentration due to filtration was found to be <10 %.

In the micrograph, the presence of the conjugate in the DNA complex
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Fig. 3. Hemolytic activity of the purified StIW111C-CK16 conjugate. The graph depicts the fitting of Hill's sigmoidal curve to hemolysis data obtained at varying
concentrations of the purified conjugate in the presence () or absence (@) of BM. Additionally, the lytic activity of the StIW111C mutant was assessed in the
presence of the reducing agent (a). (Inset) The protein concentration at which 50 % hemolysis is achieved for the distinct treatments is determined through fitting to

Hilll sigmoidal function (HCso + SEM; SEM: standard error of the mean).
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Fig. 4. Assessment of the Interaction between StIW111C-CK16 conjugate and
pDNA through EMSA. Complexes were generated by incubating different
quantities of WK16 with pDNA for 30 min. The pDNA concentration in each
sample was adjusted to 20 pg/mL. These complexes were loaded onto a 1 %
agarose gel at a uniform equivalence of 0.8 pg of DNA per lane. The upper
portion of the figure displays the R(N/P) employed indicating which samples
were subjected to incubation with (+) or without (—) sodium heparin for 15
min immediately following complex formation.

assembly induced aggregate formation (indicated by black arrows), in
contrast to the preparation lacking the conjugate (Fig. 5A). The latter
was primarily characterized by the emergence of nanoscale structures
(highlighted by white arrows). To assess whether aggregates prevailed
over nanoscale structures in the samples of the ternary complex for-
mation, particles with a maximum length (L) equal to or exceeding 200
nm were quantified separately from those measuring <200 nm. It was
observed that while aggregates (particles larger than 200 nm) were
present, complexes smaller than 200 nm constituted the predominant
population within the sample (Fig. 5B, upper panel).

The association of WK16 with complexes with a maximum length
below 200 nm was further validated by conducting a comparative
analysis of the size (area) between WK16-K-DNA complexes and K-DNA
complexes (Fig. 5B, lower panel). This analysis unveiled a notably
greater area for DNA complexes generated in the presence of WK16,
strongly indicating the association of the WK16 protein into these
complexes. The nanometric complexes observed in both DNA complex
formulations exhibiting toroidal configurations, as confirmed by modi-
fication in the inner gray values, as well as spherical and rod-like

morphologies (Fig. 5C, upper panel). However, in both sample sets,
predominant nanocomplexes displayed smooth rod-like configurations,
as evidenced by shape descriptors previously referenced [36,37], with
mean values for circularity, aspect ratio, and solidity approximately 0.7,
2.0, and 0.9, respectively (Fig. 5C, lower panel).

Dynamic light scattering technique (DLS) was employed to charac-
terize the same samples previously examined via CryoTEM. This method
enables the correlation of particle diffusion in a diluted medium with the
dimensions of a rigid sphere, facilitating the estimation of the relative
dimensions of the particle system based on its diffusion coefficient [38].
In Fig. 6, a noticeable rightward shift and an increase in the amplitude of
the intensity-based size distribution curve were observed for the WK16-
K-DNA complexes compared to K-DNA. The mean hydrodynamic
diameter of the particles increased from 80.4 + 1.4 nm for K-DNA to
125.0 + 0.8 nm for the WK16-K-DNA complexes, accompanied by a
1.55-fold increase in the polydispersity index from 0.209 + 0.021 to
0.324 + 0.015, respectively (Fig. 6). The Z-potential values were
determined for both complexes, demonstrating a similar positive charge
for both: +17.0 + 1.7 mV (K-DNA) and + 18.2 + 2.1 mV (WK16-K-
DNA). These characteristics observed by DLS are commonly replicated
across various conjugate batches derived from distinct conjugation
reactions.

3.4. Permeabilization of the endosomal compartment by DNA complexes
containing SHW111C-CK16 conjugate

Once the feasibility of forming WK16-K-DNA ternary complexes on
the nanoscale and with a positive charge was established, an assay was
conducted to assess the impact of incubating these particles on the
viability of the highly transfectable HEK293T cell line. The cells were
incubated for 24 h with particles generated at an R(N/P) of 10 using
different proportions of WK16. The amount of DNA added to each
treatment was 0.1 pg. Substantial loss of cell viability occurred only
when the conjugate proportion within the complexes exceeded 2 % in
the formulation (Fig. 7A).

The uptake of the K-DNA and WK16-K-DNA complexes, assembled at
an R(N/P) of 10 with a 1 mol% proportion of the WK16 conjugate in the
polypeptide mixture, was assessed in the HEK293T cell line after a 4-h
incubation period. Using confocal microscopy (Fig. 7B), substantial
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Fig. 5. Cryo-transmission electron microscopy of the K-DNA and WK16-K-DNA complexes. K-DNA and WK16-K-DNA complexes were formed by incubating their
components for 30 min at room temperature in nuclease-free water. (A) Flash-frozen samples were subjected to transmission electron microscopy. The white line in
the images represents the scale used. White arrows indicate representations of complexes with the largest length <200 nm, while black arrows indicate the presence
of aggregates. (B) The upper graph depicts the proportion of particles with the maximum length either below or above 200 nm within the WK16-K-DNA ternary
complex sample (n = 200). The area of particles with the largest length below 200 nm was calculated using ImageJ software and subsequently compared for both
types of complexes in the lower graph (n = 135). (C) The upper panel displays the observed shapes for the K-DNA and WK16-K-DNA complexes samples with the
largest length under 200 nm. Graphs exhibit grayscale values along the red line in representative microscopy images for each of these shapes. The 30 nm scale is
denoted by a white line in the images, along with an accompanying outline of the observed forms. The lower panel presents the shape descriptors assessed for each
Ereparation. Graphs show the mean + SEM. Statistical significance, determined using Mann Whitney test, is indicated by **p < 0.01 or **** p < 0.0001.

Treatments
K-DNA
WK16-K-DNA

Diameter (nm) Pdl
804 +14 0.209 + 0.021
125.0+0.8 0.324 £ 0.015

—— K-DNA

16 -
14
12
10

8
6

Intensity (%)

44
24

— WK16-K-DNA

0 ————rr —— v
T T

0,1 1 10

T TTTTT T Ty T —rTrrTrTTn

100 1000 10000

Diameter (nm)

Fig. 6. DNA complexes containing StIW111C show larger sizes and polydispersity. An overlay of intensity distributions for K-DNA (Gray) and WK16-K-DNA (black)
complexes is presented. The table shows the mean diameter and polydispersity index (PI) for each treatment. All assays were performed in triplicate and the mean +

standard deviation (SD) is reported.

levels of internalization of fluorescently labeled DNA were observed,
with nearly all nuclei hosting at least one adjacent particle, a trend
consistent across both K-DNA and WK16-K-DNA complexes. Three-
dimensional confocal microscopy images of the cells offered visual
confirmation of complex internalization, as the DNA signal within the
complexes (red) was surrounded by the signal indicative of the cellular
cytosol (magenta) (Fig. S4). Flow cytometric quantification following a
4-h exposure indicated that over 75 % of cells contained the complexes,
with no significant differences between K-DNA and WK16-K-DNA
treatments (Fig. 7C), mirroring the uptake levels observed with PEI-
DNA treatment.

We quantified the co-localization between DNA (red channel) and
the WK16 conjugate (green channel) using the Thresholded Mander's
Colocalization Coefficient via the ImageJ plugin JACoP [32]. This co-
efficient measures the portion of overall probe fluorescence that over-
laps with the fluorescence emitted by a second probe. We opted for this
metric over the Pearson Coefficient due to its sensitivity primarily to co-
occurrence, rather than signal proportionality [39]. Even though DNA
and WK16 may co-occur within the same complexes, their presence in a
fixed proportionality is not guaranteed across the sample. The average
colocalization between the WK16 conjugate and DNA was 71.1 % across
360 cells, whereas only 19.8 % colocalization was observed between
DNA and the protein.

Despite the heightened internalization levels of the DNA in complex
with polypeptides, the expression of the tdTomato reporter gene was
notably lower in comparison to the levels attained with the transfection
agent PEI (Fig. 7D). The marked disparity between the limited expres-
sion levels of the reporter gene and the substantial internalization of
DNA complexes within the HEK293T cell line prompts an intriguing
question: Does the WK16 conjugate, present within the complex, un-
dergo activation within the endosomal compartment? To elucidate this
inquiry, the endosomal compartment was pre-loaded with the ionic
fluorophore calcein, incapable of passing through the cell membrane.

Subsequently, after removal of non-internalized fluorophore, cells were
subjected to a 3-h incubation with the complexes. The release of this
fluorophore to cell cytosol was analyzed using confocal microscopy at 3-
h and 24-h time points following the initiation of the treatment (Fig. 8).
After 3 h of incubation only the presence of endosomal compartments
laden with the fluorophore was observed in both treatment groups.
Nevertheless, at 24-h a solely diffused fluorescence pattern was
discernible in WK16-K-DNA-treated cells, while only minor remnants of
the fluorophore were detectable in K-DNA-treated cells.

4. Discussion

Effective gene therapy demands the development of gene transfer
vectors that safeguard nucleic acids from degradation by nucleases,
evade immune responses, extend in vivo circulation, and traverse
physiological barriers [40,41]. While non-viral vectors such as cationic
liposomes and polymers offer safety, versatility, and the potential for
functionalization and tissue-specific targeting with minimal cytotox-
icity, their clinical utility is hindered by hurdles that result in low
transfection efficiency [42].

Enhancing the efficiency of non-viral delivery systems faces a critical
challenge: their limited ability to escape the endosomal compartment
upon cellular internalization [43]. Addressing this challenge requires
the inclusion of elements that promote escape, thus ensuring the release
of large macromolecular cargo. Some of these systems have employed
pore-forming proteins, such as the bacterial LLO [8], to enhance cargo
release.

StIW111C is a mutant derived from the pore-forming protein StI,
with cysteine replacing tryptophan at position 111, a critical site in the
protein's membrane interaction [21,22]. To make it suitable for gene
delivery, controlling its nonspecific activity to adapt to its environment
is essential. While the reducing conditions in the endosomal compart-
ment are debated [44], several disulfide-based redox-sensitive strategies
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Fig. 7. Assessment of cell viability, pDNA complex uptake, and tdTomato reporter gene expression. (A) Cell viability in HEK293T cells was assessed via the MTT
assay after treatment with DNA complexes. Cells were seeded at 15,000 cells per well in 96-well plates, exposed to DNA complexes with a constant R(N/P) ratio of 10
for 4 h, followed by removal of treatments and further culture for 24 h. The WK16 concentration within the complex varied from 0 % to 4 % of the polypeptide
mixture, resulting in a final concentration of WK16 ranging from O to 1.4 ng/mL. (B) Internalization of complexes into HEK293T cells was examined using confocal
microscopy. Cells were seeded at a density of 200,000 cells per well in 24-well plates and incubated with K-DNA, WK16-K-DNA and PEI-DNA complexes, equivalent
to 1 pg of DNA at R(N/P) of 10, for 4 h in serum-free medium. Following incubation, cells were washed twice with PBS containing 0.001 % SDS to remove any
remaining extracellular polyplexes. Fixed in 3.5 % paraformaldehyde, the cells were analyzed using confocal microscopy. The td-Tomato-C1 plasmid, WK16 con-
jugate, and cell nuclei were respectively stained with Cy5 fluorophore (red), FITC (green), and Hoechst 33342 (blue). (Scale bar: 20 um). (C) 70,000 cells were seeded
in 24-well plates and incubated with 0.3 pg of Cy5-labeled td-Tomato-C1 in similar experimental conditions as described in B. After incubation, cells were washed
twice with PBS containing 0.001 % SDS, and the uptake was quantified using flow cytometry. Statistical significance, determined using Kruskal Wallis test with post-
hoc Dunn's test, is indicated by * (p < 0.05). (D) Flow cytometry analysis was conducted to assess tdTomato expression. The expression of the fluorescent protein
tdTomato was evaluated 48 h after treatment removal. As a positive transfection control, DNA complexes were formed using the polycation PEI at R(N/P) = 10.

have been used [45,46]. It's generally accepted that the endosomal acid delivery systems, their transfection efficiency is reduced due to
compartment has lower reducing conditions compared to the cytosol, complex entrapment within the endosomal compartment [47]. Initially,
which could reduce the rate of disulfide bond cleavage and hence the a 20 % DMSO solution was used during the conjugation process. How-
timing of protein activation during endosomal maturation [44]. ever, it led to precipitate formation in the reaction mixture, trapping a

To modulate the activity of the StIW111C mutant in response to a significant portion of the conjugate and peptide within it. While the
reducing environment, it was linked to a 16-lysine basic peptide via a protein recovered from the precipitate retained its hemolytic activity in
disulfide bridge. While polylysine peptides have been used in nucleic its reduced state, separating the sediment added an extra step that could

10
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24 h

Fig. 8. Endosomal permeabilization in HEK293T cells mediated by WK16-K-DNA complexes. A population of 200,000 cells was seeded and subsequently treated
with 1 mM calcein for 15 min. Following calcein exposure, the cells were rinsed four times with PBS prior to a 3-h treatment with K-DNA or WK16-K-DNA complexes.
The treatment was then removed after the 3 h. One subgroup was promptly fixed with 3.5 % paraformaldehyde, while another subgroup was incubated for an
additional 24 h before fixation. Both sample subgroups underwent analysis via confocal microscopy (scale bar: 20 pm).

impact conjugate yields. The relatively nonpolar nature of DMSO likely
promoted intermolecular attractions among polypeptide chains, leading
to aggregation. Arakawa et al. (2007) found that increasing DMSO
concentrations altered protein interactions, favoring binding to DMSO
over hydration, leading to self-association and precipitation [48].
Accordingly, reducing DMSO concentration to 10 % significantly
improved conjugation yields (82 %) and disrupted the tendency for
polypeptide aggregation.

The reversible inactivation of StIW111C in its conjugated form was
demonstrated by a simple hemolytic assay. Under the assayed experi-
mental conditions, the WK16 conjugate displayed complete inactivity in
the absence of the redox environment provided by BM. However, in the
presence of the reducing agent, its activity was restored, albeit with an
HCsp parameter 1.7 times higher than that of unconjugated StIW111C
used as a control (inset to Fig. 3). Remarkably, the recovery of activity in
the reducing environment aligns with the separation of conjugate
components observed in native electrophoresis (Fig. 2D). These results
indicate that reversible binding of the peptide to the mutant inactivates
StIW111C and that this protein undergoes certain modifications during
conjugation, exhibiting a reduced activity. It has been well-established
that DMSO can induce destabilization of protein secondary structures
and promote methionine oxidation [33,49]. Nevertheless, the lower
activity observed in the conjugate have limited implications for practical
applications due to the inherently high activity of this protein
[19,27,50].

Through the implementation of this regulatory mechanism, it may be

feasible to achieve localized activation of the mutant, thereby prevent-
ing its binding with the outer monolayer of the cytoplasmic membrane.
It is essential to emphasize that this strategy does not preclude the po-
tential for the protein to remain functionally active within the reducing
environment of the cytosol subsequent to facilitating the nucleic acid's
endosomal escape. Sticholysins exhibit pore-forming activity that re-
mains unaffected over a wide pH range [51]. Consequently, following
protein activation within the endosomal environment, any potential
inactivation of its functionality in response to pH changes upon tran-
sitioning to the cytosol, or via the formation of novel disulfide bonds, is
unlikely. Nonetheless, StIW111C inactivation may occur through its
binding to the endosomal membrane once reduced, depending on the
amount of conjugate present in the DNA complex. Substantiating this
notion, there exists evidence indicating the irreversibility of sticholysins
binding to lipid membranes containing sphingomyelin. When human
erythrocytes were exposed to the supernatant obtained from a combi-
nation of StII and liposomes containing sphingomyelin, a reduced lytic
capacity was noted in comparison to the supernatants resulting from
incubations with sphingomyelin-free liposomes [52]. It was concluded
that the reduced activity stemmed from decreased StII concentration in
the supernatant, caused by irreversible binding to the sphingomyelin-
containing liposomes.

The electrophoretic mobility shift assay is used to establish whether
an electrostatic interaction occurs between DNA and a polycation [53].
In the experiment carried out, all the DNA was part of the complex at R
(N/P) of 1 (Fig. 4). Curiously, it is not possible to see the DNA band at
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ratios equal to or >1. This could be due to the fact that a larger R(N/P)
promotes a higher compaction of the DNA, preventing the intercalation
of ethidium bromide between nucleotides [54]. The detection of the free
DNA band in the sample where complex formation occurred at an R(N/
P) of 5 after incubation with heparin, suggests that the absence of this
band in the identical sample lacking this anionic competitor does not
result from DNA degradation (Fig. 4). Furthermore, these results
confirm that the DNA complex formed in the presence of the WK16
conjugate is established by electrostatic interaction and that it is
reversible.

The dissociation of nucleic acid complexes represents an important
parameter to be considered when designing an effective delivery system
for nucleic acids. Upon arrival in the cytosol or cell nucleus, it is
imperative for DNA to undergo dissociation from the complex to enable
transcription and replication processes [40]. Within the cellular cytosol
and nucleus, a multitude of negatively charged molecules, primarily
phosphorylated moieties, may serve as electrostatic competitors,
thereby facilitating the dissociation of these complexes.

When employed in transfection, the ternary WK16-K-DNA complexes
exhibit a reduced propensity to support the expression of the reporter
gene tdTomato, even in cases of extensive internalization and increased
of endosomal permeability (Figs. 7 and 8, respectively). In order to
explore a possible correlation between the physical characteristics of the
complexes and their transfection efficiency, the complexes were
analyzed through cryogenic electron microscopy (Fig. 5) and dynamic
light scattering (Fig. 6). These analyses unveiled that the strategy
employed to generate the WK16-K-DNA complexes results in the for-
mation of aggregates within the formulation. However, these entities
represent a minority in comparison to nanometric rod-like particles with
the predominant length below 200 nm. DLS measurements further
validate the prevalence of smaller particles in contrast to aggregates.

Analysis of the average dimensions of WK16-K-DNA complexes
relative to K-DNA, as illustrated in Figs. 5B and 6, suggests the potential
association of WK16 with the nanosized complexes. However, approxi-
mately 40 % of the WK16 conjugate is retained within the largest
complexes and aggregates, as estimated by hemolytic activity following
filtration of the WK16-K-DNA complexes through a 0.45 pm filter (result
not shown). Visual examination of confocal images (Fig. 5B) alongside
the Thresholded Mander's Colocalization Coefficients suggest that the
DNA complexes generated in the presence of WK16 and internalized by
HEK293T cells harbored the WK16 conjugate because it intracellularly
colocalizes approximately in a 71 % with DNA. The low proportion of
WK16 conjugate, comprising <1 mol% of the polypeptide mixture, may
explain why only 19.8 % of the total DNA fluorescence colocalizes with
the fluorescence of the WK16 conjugate.

Considering the Stokes radius of the StTW111C monomer and dimer
is 2.97 nm and 4.45 nm, respectively [22], and using the maximum
radius possible for the conjugate WK16 of 4.45 nm, its maximal cross-
sectional area could be 62.2 nm2. On the other hand, the average area
of complexes ternary (WK16-K-DNA) is 2927.5 nm? (Fig. 5B), resulting
about 47 times larger than the conjugate. Given that we can find as
maximum in the complexes only 1 % WK16, it would be possible to
depict the distribution of WK16 as dots in their surface justifying the
high and low percentage of the protein or DNA, respectively, interacting
between each other.

The presence of the largest complexes and aggregates, albeit in
limited amount, may hinder the endosomolytic activity of the protein by
reducing optimal internalization. This could result in an insufficient
amount of protein reaching the endosomal compartment, thereby
limiting pore formation and impairing the disruption of the endosomal
membrane, which is essential for the release of nanocomplexes. Of note,
the observed increased permeability of the endosomal membrane
(Fig. 8) suggests the presence of pores. It is important to highlight,
however, that the formation of even a single pore with a diameter as
small as 2 nm, such as those induced by StI [35], would be adequate to
permit the escape of small fluorophores like calcein from the endosome,
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but not the WK16-K-DNA nanocomplexes of average size around 100
nm. The calcein release assay showed endosomal release occurs within 3
to 24 h post-treatment. The redox potential in endosomes and the three-
dimensional conformation of WK16 may hinder disulfide bond reduc-
tion, slowing endosomal permeabilization. Additionally, the insufficient
accumulation of WK16 within the endosomes likely contributes to the
slower kinetics of endosomal permeabilization. This slower process
limits the conjugate-mediated escape of particles from endosomes
before DNA degradation, which likely accounts for the observed low
expression levels.

5. Conclusions

In conclusion, our study has shed light on the potential of the bio-
responsive WK16 conjugate as a tool for enhancing the escape of
nucleic acid complexes from endosomes. The design of this conjugate,
which leverages the innate pore-forming capabilities of SttW111C while
enabling controlled responses in reductive environments, holds promise
for improving gene delivery in non-viral systems. However, our findings
have also highlighted the critical need for refining the formulation, as
the unexpected entrapment of the reducible conjugate within aggregates
probably hindered the desired expression of a reporter gene. The het-
erogeneity observed within the ternary WK16-K-DNA complex formu-
lations underscores the imperative for a redesign aimed at minimizing
aggregate formation. Other limitations of the current design include the
low proportion of WK16 conjugate that can be incorporated into the
DNA complex formulation due to its observed cytotoxicity probably as
consequence of the protein residual activity in the cell cytosol. There-
fore, the new design should lead to inactivate the protein in the cytosol,
allowing for a higher level of conjugate to be used in the formulation.
Our research offers a starting point refining and optimizing the WK16-
based complexes. Potential modifications include altering the
condensing agent, incorporating signals for cytosolically inhibiting
pore-forming activity and also nuclear localization signal sequences.
These strategies aim to enhance endosomal escape and improve gene
expression, thereby maximizing the therapeutic potential of the
conjugate.
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