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ABSTRACT

Bradykinin (BK) is a peptide hormone that plays a crucial role in blood pressure control, regulates
inflammation in the human body, and has recently been implicated in the pathophysiology of
COVID-19. In this study, we report a strategy for fabricating highly ordered 1D nanostructures
of BK using DNA fragments as a template for self-assembly. We have combined synchrotron
small-angle X-ray scattering and high-resolution microscopy to provide insights into the
nanoscale structure of BK-DNA complexes, unveiling the formation of ordered nanofibrils.
Fluorescence assays hint that BK is more efficient at displacing minor-groove binders in
comparison with base-intercalant dyes, thus, suggesting that interaction with DNA strands is
mediated by electrostatic attraction between cationic groups at BK and the high negative electron
density of minor-grooves. Our data also revealed an intriguing finding that BK-DNA complexes
can induce a limited uptake of nucleotides by HEK-293t cells, which is a feature that has not been
previously reported for BK. Moreover, we observed that the complexes retained the native
bioactivity of BK, including the ability to modulate Ca?* response into endothelial HUVEC cells.
Overall, the findings presented here demonstrate a promising strategy for the fabrication of
fibrillar structures of BK using DNA as a template, which keep bioactivity features of the native
peptide and may have implications in the development of nanotherapeutics for hypertension and

related disorders.
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INTRODUCTION:

Bradykinin (BK) is a potent bioactive peptide, belonging to the kinin protein group, and
exhibiting strong agonistic activity for the B2 receptor of GPCR proteins.t? Its discovery more
than 70 years ago® marked a milestone in medical research, as scientists soon realized its ability
to modulate intracellular calcium levels, control blood pressure, produce a vasodilator effect, and
play a significant role as a pro-inflammatory mediator.#® This remarkable peptide hormone
continues to surprise the research community, and recently, it has been proposed to play a pivotal
role in the pathophysiology of SARS-CoV-2."® According to studies conducted during the
COVID-19 pandemic, the downregulation of the expression of the angiotensin-converting
enzyme 2 (ACE2) inhibits degradation of both BK and its analog des-Arg®-BK, promoting a
“bradykinin storm” that increases vascular permeability and exacerbates the severity of disease

symptoms.>1°

Although the pharmacological mechanisms of BK and its analogs are relatively well
understood for decades,*? their use in the development of nanostructured materials is not widely
reported in the literature. While a few recent reports demonstrate hybrid systems involving the
conjugation of BK with polymeric chains!! and the folding of 2D nanoparticles on solid
substrates,'? studies demonstrating BK-based nanostructured assemblies are still lacking.
Nanostructured materials offer significant advantages in the production of therapeutic vehicles as
they can act as carriers for active molecules or facilitate a pre-concentration effect that enhances
the therapeutic potential of bioactive building blocks.®**" The utilization of this approach has
found particular application in the field of DNA-based therapeutics delivery. In recent years, there
has been a growing interest in employing biopolymers as a promising strategy for the
development of such architectures.'®?° This is particularly relevant for 1D assemblies, which have
one dimension much larger than the others and display a greater capacity for unique biological
interactions. These structures can align and form entangled networks that can serve as scaffolds,
mimicking the extracellular matrix and possibly offering enhanced suitability for applications in

biotechnology.?'?> We hypothesize that the scarcity of nanostructures based on BK may be related



to features of the primary structure, which is characterized by a nonameric amino acid sequence,
RPPGFSPFR (Scheme 1). The abundance of prolines in the BK composition, representing one-
third of the sequence, leads to a kinked arrangement that makes twisting and folding energetically
costly. These structural characteristics may pose a significant challenge in producing regular

nanostructures.
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Scheme 1. Chemical structure of the bradykinin peptide. Sidechains of proline residues
responsible for conveying rigidity to the strand are highlighted in red. Arginine sidechains,

bearing cationic charges under physiological conditions, are marked in blue.

To overcome this challenge, we investigate here the use of DNA strands as a mediator
that assists in self-assembly to induce the formation of supramolecular structures via electrostatic
interaction and provide directionality to stimulate the formation of regular arrangements with one-
dimensional symmetry.?®>-?> The amphiphilic design of BK, with arginine residues at both ends
and hydrophobic residues in the central portion, makes it an ideal candidate for the production of
self-organized arrangements based on arginine,?® a cationic amino acid highly hydrophilic and
able to interact easily with DNA via electrostatic attraction.?”?® We found that while bradykinin
itself exhibits low self-assembling capabilities, in the presence of DNA strands it can form
nanofibrils. Fluorescence assays revealed that BK-DNA binding primarily occurs via minor-
groove interactions, making it a useful feature for templating the formation of fibrillar structures.
We also investigated the ability of the BK-DNA complexes to promote intracellular uptake of

DNA fragments and found that BK assists the entry of DNA in the cytosol of HEK-293t cells. In



addition, the BK-DNA complexes have been found to modulate Ca?* response into endothelial
HUVEC cells, demonstrating that the native bioactivity of BK is preserved upon complexation
with nucleic acids. Overall, the findings presented here suggest a promising strategy to fabricate
self-organized, fibrillar nanoassemblies made from BK, which potentially have applications in

nanotherapeutics, especially for blood pressure control and related diseases.

MATERIALS AND METHODS

Bradykinin synthesis and DNA fragmentation: the bradykinin peptide, with amino acid
sequence NH;-RPPGFSPFR-COOH, was purchased from AminoTech (Sao Paulo, Brazil).
According to the manufacturer, they were synthesized manually using standard solid-phase
peptide synthesis with the Fmoc strategy and Wang resin. Peptides were purified through semi-
preparative liquid chromatography (LC) procedures using either solvent A (H.0 with 0.1% TFA)
or solvent B (90% MeCN in H,O with 0.1% TFA). A linear gradient was applied at a flow rate of
10 mL/min, and the detection of peaks was carried out at 220 nm. The synthesis yielded the
product in the form of TFA salt which were been characterized by liquid chromatography coupled
to mass spectroscopy (LC-MS), indicating purity levels above 99% (Supporting Information file,
Sl, Figure S1). The molecular weight is My, = 1060.7 (calculated My, = 1060.3). All reagents used
in the synthesis had HPLC purity levels and were acquired from Merck (Sigma-Aldrich). Herein,
we have used calf-thymus DNA as a model for the nucleic acid component in our study. The
reasons for this choice rely on the widespread use of calf-thymus DNA in binding assays,? its
suitability as a physicochemical model demonstrated in previous studies, "% and on the
affordability of these materials. The DNA (Mw = 660 g/mol per base pair) was obtained from
Sigma-Aldrich (D1501) and fragmented by sonication into smaller pieces with an average length
of approximately 150 base pairs, as confirmed by electrophoresis runs (Sl file, Figure S2). The
fragmentation was achieved using ultrasonication with a Diagenode Bioruptor, following the
procedure described elsewhere.®* DNA fragments were stained with YOYO-1 dye to serve as a

reporter in fluorescence imaging assays. The concentration of fresh DNA stocks was determined



by measuring absorbance at 260 nm and considering an average extinction coefficient of €260 =
13200 Mt-cm™. The A260/A280 ratios were over 1.8, indicating appropriate levels of purity.
Fluorescence Spectroscopy: steady-state fluorimetry assays were conducted using a Shimadzu
F-2500 fluorimeter to analyze the emission behavior of peptide and peptide/DNA solutions
prepared with various fluorophores. The dyes employed in this study included 1-anilino-8-
naphthalene sulfonate (ANS), thioflavin T (ThT), ethidium bromide (EtBr) from Sigma-Aldrich,
and the cyanine dye SyBr Safe from ThermoFisher. The concentrations of fluorophore used in
the preparations were as follows: ANS at 70 uM, ThT at 31 uM, EtBr at 25 pM, and SyBr at 20
UM. The choice of these concentration values was based on previous literature and
recommendations from manufactures.®** To determine the critical aggregation concentrations of
peptides, we prepared a series of peptide solutions in ultrapure water with concentrations ranging
from 17 uM to 9 mM, in the presence of ANS as a fluorescent probe. We selected this
concentration range because it covers the critical concentration values commonly observed for
short peptides that share physicochemical similarities with BK.?42:33 |n addition, we conducted
experiments with BK-DNA complexes in the presence of other fluorophores, keeping the DNA
concentration constant at 60 uM and titrating BK. Intensities have been normalized to the
emission of the DNA solution (without peptide) and the fluorescence of the solution containing
only the fluorophore was taken as the background threshold. The experiments were carried out in
independent duplicates at room temperature using quartz cuvettes with a 10 cm path length.
Transmission Electron Microscopy (TEM): Transmission electron microscopy (TEM) imaging
was conducted using a JEOL 2100 FEG-TEM microscope. To enhance particle adhesion, the
grids for TEM samples were subjected to plasma glow discharge treatment. Aliquots of 3 ul were
extracted from 9 mM peptide solutions and deposited onto 300-mesh lacey carbon grids, which
were then negatively stained using a 2% uranyl acetate solution. The microscope operated at an
acceleration voltage of 200 keV, and data analysis was performed using Image J software.3
Atomic Force Microscopy (AFM): AFM imaging was conducted using a Park NX10 instrument
operating in dynamic mode, which is better suited for soft materials. To prepare the samples,

droplets from 9 mM BK solutions were deposited onto freshly cleaved mica substrates. For



BK/DNA complexes, samples were prepared from solutions containing peptide and nucleic acids
at a 6:1 molar ratio. After casting, substrates were allowed to rest for approximately 10 minutes,
and excess solution was removed using a paper filter. The samples were left to dry overnight in a
desiccator. Images were captured at a resolution of 512 x 512 pixels with a scanning frequency
of 0.5 Hz. Image enhancements and processing were performed using Gwyddion software.®
Small-Angle X-ray Scattering (SAXS): Small-angle X-ray scattering (SAXS) data were
acquired at beamline B21 of the Diamond Light Source (Didcot, UK). The peptide solutions, with
a concentration of 9 mM, were injected into a quartz capillary with a diameter of 1.8 mm using a
BioSAXS device, in a vacuum chamber. The SAXS beamline was operated with an X-ray energy
of 12.4 keV, covering a g-range between 0.1 and 10 nm™. A PILATUS 2 M detector recorded the
scattering patterns, and ten frames per sample were collected, which were averaged, and
background subtracted in the absence of radiation damage. Data fitting was carried out using the
SASfit program.®® Cell culture and confocal microscopy: HEK-293t cells were maintained in
DMEM supplemented with 10% fetal bovine serum and 2 mM glutamine, and incubated at 37 °C
in a humidified atmosphere containing 5% CO,. Glass coverslips were carefully placed in a 24-
well plate and seeded with 50,000 cells, which were allowed to grow for 24 hours.
Nanocomplexes were prepared by mixing 5 pg of labeled DNA fragments with the appropriate
amount of peptide stock to achieve a 2:1 molar ratio in 50 pl of ultrapure water. Since DNA
carries two negative charges per base pair and BK possesses two positive charges per strand, this
molar ratio also generates a 2:1 charge ratio and creates an excess of positive charge. This surplus
promotes the interaction with cell membranes while minimizing potential cytotoxicity effects that
may arise from cationicity.?#*® The mixtures were then incubated at 37 °C for 30 minutes and
transferred to 950 ul of DMEM. The nanocomplexes were incubated with cells for 4 hours, while
a negative control was prepared by incubating only DNA under the same conditions. After
incubation, the samples were washed 3 times with PBS to remove unbound cells and complexes.
The cells were then fixed with 4% paraformaldehyde and nuclear staining was carried out with
DAPI (Invitrogen, California) in PBS for 5 minutes at room temperature. Confocal microscopy

was performed using a Leica TCS SP8 microscope with appropriate laser sources for excitation



wavelengths of each fluorophore. ImageJ software was used for image processing. Calcium
Influx Assay: HUVEC cells were cultured in RPMI medium supplemented with 10% FSB
(Vitrocell, Campinas, S&o Paulo, Brazil). In the following, they were seeded at 20,000 cells per
well, and incubated for 24 hours to adhere and grow. After this period, the media was replaced
with a solution containing Fluo-4M (ThermoFisher) at a concentration of 10 uM in DMSO. The
cells were kept in the dark in the presence of Fluo-4M for 2 hours, and then washed with a DBSS
buffer to remove excess dye. The cultures were then incubated with BK (or with BK-DNA
complexes) at concentrations of 1 uM peptide and the changes in the intracellular calcium levels
were monitored by measuring the fluorescence of Fluo-4 AM using a spectrofluorometer plate
reader Flexstation 3 (Molecular devices). Fluorescence was monitored for about 2 minutes

yielding the kinetics of the Ca?* response.
RESULTS AND DISCUSSIONS
Fluorimetry assays: BK-DNA interaction

We first characterized the aggregation behavior of BK by fluorescence to
semiquantitatively estimate critical aggregation concentration (C.A.C.) values. This procedure is
widely used in the study of peptide self-assembly,6:17:24.26.33 gnd by estimating C.A.C. values of
BK solutions in the presence or absence of DNA, we can compare the aggregation behavior of
the peptide and gain insights into the role of DNA as a mediator of aggregation. These assays
were performed by preparing samples with different peptide concentrations in solutions
containing ANS, a fluorescent probe whose emission profile is highly sensitive to the polarity of
the medium.%3” When peptide aggregates are formed in an aqueous medium, the ANS molecule
tends to be lodged inside these clusters and the change in hydrophobicity of the chemical
microenvironment leads to a significant increase in fluorescence and a hypsochromic effect with
the peak emission shifting towards blue.®” Figure 1A displays the results of one fluorescence
series where it is possible to observe that the ANS emission intensity exhibits low growth in the
presence of the peptide in solution, presenting moderate growth when the BK concentration

exceeds values of the order of 1.2 mM (Figure 1A). Similarly, visualization of ANS-containing



solutions and different concentrations of BK under ultraviolet illumination, Figure 1B, reveals
that the samples are characterized by a greenish-yellow glow even at high peptide concentrations,
resulting from the emission of the fluorophore in the range 505-515 nm (see Sl file, Figure S3A).
In contrast, the fluorescence behavior as a function of peptide concentration is completely
different when DNA fragments are present in solution. In this case, it is observed that the emission
intensity increases substantially from ~190 uM, about an order of magnitude below the critical
point observed when bradykinin is alone in solution (Figure 1A, black squares). Furthermore,
visual inspection of BK/DNA solutions under ultraviolet light (A = 400 nm) shows that the
fluorescence appearance changes completely, highlighting an intense turquoise-blue glow at high
peptide concentrations, attesting to the hypsochromic effect indicative of aggregate formation in
solution (see Sl file, Figure S3C).%%¥"Therefore, the above findings constitute a first indication of
nucleic acid complexation with BK, revealing that DNA fragments act as inducers of peptide

aggregation in aqueous media.
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Figure 1: (A) Fluorescence intensity of the dye ANS in the presence of different BK
concentrations. Black squares correspond to solutions containing only BK, whereas red circles
correspond to samples also containing 60 uM DNA. (B) and (C) Photographs from solutions

containing peptides at the indicated concentrations under illumination with UV light (400 nm).



To further elucidate the interaction between BK and DNA, we carried out dye
displacement assays using fluorescent probes. Specifically, we employed ethidium bromide
(EtBr), a base-intercalating agent,®2 and SYBR safe, a minor-groove binder,* to investigate the
preferred binding regions of BK to DNA. The assays were performed in solutions containing 60
UM DNA complexed with the corresponding fluorophore, followed by titration with BK aliquots.
As anticipated, the addition of peptides to the solutions caused a discernible decrease in
fluorescence intensity due to the displacement of the dyes by BK binding to DNA strands.
Fluorescence intensity plots as a function of BK concentration (Figures 2A and B) revealed that
BK was more effective at displacing SYBR safe than EtBr. In Figure 2C, a comparison of the BK
concentrations required to displace 50% of the dye revealed an EC50 = 7.9+ 2.6 uM for SYBR
safe and EC50 = 14.3 £ 1.7 uM for EtBr. The unpaired t-Student test of the EC50 values above
yields a significance level of approximately 90%, suggesting that BK is more likely to displace
SyBr than the base-intercalating dye EtBr. The presented results indicate that BK is more efficient
in displacing SyBr molecules from DNA duplexes compared to EtBr, as it requires a lower
average concentration to achieve the EC50. Since SyBr is known for its binding to the minor
groove of DNA,* BK efficiently competes for these binding sites on the DNA duplexes. Given
that the minor grooves possess the highest electron density across the entire DNA strand,*® we
hypothesize that the electrostatic attraction between the phosphate sites on DNA and the cationic
groups in the arginine sidechains of BK is likely a significant driving force in the formation of
these complexes. This hypothesis is further supported by additional dye displacement assays
conducted with the des-Arg9-BK analogue (referring to the bradykinin sequence with the arginine
amino acid removed at position 9), which results in a lower cationic charge compared to native
BK.* These assays, depicted in Figure S4, demonstrate that this less cationic analog exhibits a
higher efficacy in displacing EtBr rather than SyBr, emphasizing the significance of electrostatic
attraction in the formation of BK-DNA complexes. In addition, dye displacement assays
performed with methyl green, a major-groove binder,* indicated that the peptide is not capable
of shifting the dye suggesting that this region is not substantially involved in the binding of BK

to DNA (Sl file, Figure S5). These findings suggest that electrostatic interactions play a



predominant role in the BK-DNA interaction, particularly when considering that the minor-

groove region has the highest (anionic) electronic density in the DNA double helix.*?
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Figure 2: Dye displacement assays on BK titration series in 60 uM DNA complexed with the
base-intercalating agent, EtBr (A), and the cyanine minor-groove binder, SyBr safe (B). The data
are presented as the mean = SD of independent duplicates, and the solid lines correspond to
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Nanoscale structure:

To extract detailed information about the nanoscale structure of the BK peptide and its complex
with DNA, we have performed a set of experiments combining small-angle X-ray scattering
(SAXS) and electron and atomic force microscopies (TEM and AFM). While microscopy
methods have the advantage of providing direct space visualizations that allow for the
discrimination of aggregate morphology, SAXS provides structural information in solution, under
native conditions that avoid artifacts arising from drying and sample preparation.* In Figure
3A, SAXS curves from agueous samples containing BK, DNA, or BK/DNA complexes exhibit
very distinct scattering profiles, indicating that the nanoscale morphology of aggregates in the

solutions is strongly affected by complexation.
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Figure 3. Nanoscale structural data. (A) SAXS curves from aqueous solutions containing BK,
DNA, or BK-DNA complexes. The red lines are model fits described in the text. (B) Electron
microscopy images showing negative-stained BK aggregates and (C) BK-DNA fibrils. (D) and
(E) AFM topography images from BK and BK-DNA solutions, respectively, dried on mica

substrates.



In the case of scattering data from BK solutions, the low-q region is characterized by a
smooth plateau with a moderate descent near g = 0. The intermediate-to-high g-range features a
steep decay scaling with ~g?, which is consistent with the scattering pattern of chains in
solution.*®4” Quantitative analysis of these data was performed by fitting a Gaussian coil form
factor plus a flat background to the scattering profile (see Sl file for detail, Egs. S1 and S2),4"48
which revealed fitting parameters: radius of gyration Rg= 1.2 nm and a Flory exponent » = 0.51,
indicating with BK strands with a disordered conformation in a theta-solvent condition.*®*° The
reduction of the scattering observed near to q = 0 can be interpreted as a consequence of the
repulsion between peptide strands, likely arising from electrostatic repulsion between charged
chains. Therefore, the SAXS data provide evidence that bradykinin in agueous medium does not
self-organize into supramolecular arrangements with long-range order, even at concentrations as
high as 9 mM. The best fitting parameters emerging from full-range SAXS data fits are

summarized in Table 1.

Table 1. Model fitting parameters arising from SAXS data analysis.

System Form factor model Structural parameters
BK Gaussian coil Rg=1.2nm,v=0.5
DNA Porod cylinder R=1.0nm
BK-DNA Cylindrical shell Rc;=1.0 nm, AR =1.3 nm

In contrast, SAXS profiles obtained from BK-DNA complex samples exhibit in the low-
angle region a decay according to a power-law with ~q2°, characteristic of interconnected fibrillar
networks with mass fractal topology features.*®*® The scattering profile of these samples is
significantly distinct from that obtained from solutions containing only DNA fragments (see Fig.
3A), demonstrating that complexation gives rise to new morphologies with the appearance of
polymorphs completely distinct from the biomolecules pre-complexation. SAXS data from DNA
samples were satisfactorily fitted with a Porod cylinder form factor (Eg. S3) with a radius of R =

0.97 nm, fully consistent with the radius of the DNA double helix (see Sl file for details).244047



The fit of the data from BK-DNA complexes was performed with a core-shell cylinder form
factor,*” Eq. S4, leading to an internal radius of R, = 1.0 nm and shell thickness of 4R = 1.2 nm.
These structural parameters indicate cylindrical particles with diameters of about 4.4 nm,
consistent with cores formed by DNA chains wrapped by peptide layers that structure to give rise
to fibrils that form a network.2*3® The formation of cylindrical core-shell assemblies guided by
nucleic acids has been previously been observed for other short peptide with amphiphilic
characteristics.?#?>°! In the case of BK, arginine residues on both ends of the strands likely
mediate electrostatic attraction with the anionic phosphate groups of the DNA backbone.
Additionally, the bulky primary structure of BK, which includes hydrophobic amino acids, assists
self-assembly through the hydrophobic effect. The lateral packing and n-r stacking formed by
central phenylalanine side chains of adjacent strands also contributes to directionality and further

promotes self-assembly along the long axis of DNA duplex.t”?4

Electron microscopy images of dried BK samples revealed the presence of irregular
structures, as shown in Figure 3B. The aggregates found have varied sizes, typically of the order
of a few tens of nanometers. In this case, we interpret that the drying process during sample
preparation may be at the origin of these larger aggregates observed in TEM images. Atomic force
microscopy topography data obtained on BK samples dried on mica substrates, Figure 3D, also
reveal the presence of irregular aggregates with lateral dimensions on the order of tens of
nanometers and heights on the order of a few nanometers. Although larger in lateral sizes, the
topography appearance of these aggregates is quite similar to BK nanoaggregates folded on
Cu(110) surfaces previously reported in literature.’? In Figure 3C, electron microscopy images
clearly show extensive fibrillar arrangements induced by BK-DNA complexes. Assays performed
in the presence of Thioflavin T, a fluorescent probe sensitive to amyloids,®* indicate a
substantial enhancement in the emission yield upon complexation, thus suggesting that the fibrils
possess amyloid-like characteristics (Sl file, Figure S6). Investigations into the secondary
structure of BK and BK-DNA complexes were also conducted using circular dichroism. The

results indicate that BK in solution exhibits mixed signature with polyproline 1l and B-sheet



features, while the presence of a small amount of DNA leads to the appearance of distinct 3-sheet
signals in the spectra (see Sl file, Figure S7). Together with the fibrillar morphology observed in
SAXS and microscopy assays, and the thioflavin emission data, these spectroscopic findings

provide further evidence for the amyloid-like features present in BK-DNA assemblies.

Despite the relatively short length of the DNA fragments (~150 x 0.34 = 51 nm), the
fibrils have lengths reaching the micrometer range. It is worth stressing that the size of the nucleic
acid strands used here is roughly equivalent to the persistence length of DNA duplexes,®® which
makes the fragments behave as rigid rods that can nucleate self-assembly. This highlights the
templating behavior of the DNA fragments, which can induce fibrillization over much longer
length scales. TEM images shown in the S file, Figure S8, depict nanofiber networks spread
across larger surfaces. Measurements performed on over 150 fibrils across the samples indicate
average diameters of 5.2 + 2.8 nm, consistent with the structural parameters obtained from SAXS
data fitting. Samples from solutions containing high concentrations of BK-DNA (~ 9 mM peptide)
were intentionally dried on mica substrates and examined using AFM (Figure 3E). Under these
highly concentrated conditions, we observed the formation of larger structures with lengths
reaching the micrometer range and diameters in the range of a few hundred nanometers. This
observation confirms that the templating effect of DNA strands is capable of influencing self-
assembly into one-dimensional (1D) arrangements at length scales significantly larger than the

dimensions of the DNA strands.

Putting the findings above together, we observe that both the in-solution information
obtained via SAXS and the data on dried samples obtained via TEM and AFM reveal that BK
alone has a limited capacity to aggregate into ordered arrangements, whereas complexation with
nucleic acids emerges as an effective method for directing the organized aggregation of BK into
1D arrangements. Considering that both BK and DNA are charged molecules, we hypothesize
that complexation follows a similar pathway observed in other systems of oppositely charged
polyelectrolytes.5*% The representation of the proposed mechanism for which fibers are formed

is shown in Figure 4. According to this proposition, the first step for association is the electrostatic



attraction between the cationic groups of BK and the anionic sites of the DNA double helix. From
this step onwards, the DNA duplex acts as a nucleation center, facilitating the condensation of
peptide chains along its backbone. Additionally, self-association occurs between BK strands
through multiple intermolecular interactions, including hydrogen bonding, hydrophobic
attraction, and 7-m stacking between aromatic side chains (Step 2). These interactions provide
directionality for the growth of the fiber along its long axis.?655-%° However, complexation is more
intricate than the simple "electrostatic attraction", as thermodynamic factors play a key role in
completing the association, particularly involving the release of counterions and the destruction
of solvation layers.®> Prior to complexation, DNA and peptide chains are immersed in the
solvent, surrounded by their respective counterions (Na* and TFA" in this case), resulting in an
overall electrostatically neutral solution. In addition, these species also possess solvation layers
where water molecules appear more structured in comparison with the molecules in bulk solution.
Upon the formation of BK/DNA complexes through the association of peptides and nucleic acids,
these counterions and water molecules are released into the bulk solution, leading to a significant
gain in translational entropy. Although the association between DNA and peptide chains results
in a loss of conformational entropy for these biomolecules, the increase in translational entropy
of the counterions and solvent molecules previously retained in the solvation layers compensates
for this effect, resulting in an overall entropy gain that makes the association thermodynamically
stable.5+%85° Finally, the elongation process is consolidated, and fiber ripening takes places,

leading to the formation of fibrillar networks (Step 3).
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Figure 4. Representation of the proposed pathway for the formation of BK/DNA fibrillar
complexes. The process is initiated by electrostatic attraction between oppositely charged species.
The release of counterions and water molecules (not shown) from the solvation layers leads to a
gain in translational entropy, compensating for the loss of conformational entropy in the

biomolecules.

Cell interaction

We also investigated the interaction between BK-DNA complexes and cell membranes.
These assays have been performed assays using HEK-293t cells, a common and widely applied
model for the internalization of exogenous biomolecules.®¢2 Cytotoxicity evaluations using MTT
assays revealed that both BK alone and BK-DNA complexes (2:1 charge ratio) are well-tolerated,
demonstrating no significant toxicity even at high peptide concentrations of up to 3.6 mM (see SI
file, Figure S9). Cells were incubated with BK-DNA complexes, and the fluorescence of YOYO-
1-labeled DNA fragments was monitored to examine the fate of the complexes. In Figure 5,
bottom row, confocal microscopy images reveal that cells incubated with BK-DNA display green
fluorescence throughout the cytosol, a similar effect observed in previous works exploring the
action of non-covalent complexes formed between CPPs and DNA.?*3*° In contrast, cells
incubated with YOYO-1-labeled DNA fragments without BK do not show significant

fluorescence glow, demonstrating the inability of naked DNA to penetrate cell membranes (Figure



5B). Comparisons made with the increase in fluorescence levels of reporter DNA using
complexes formed with the transfecting reagent lipofectamine indicate that the fluorescence
increase in the presence of BK is approximately two-thirds lower. Therefore, although this
observation acknowledges the low uptake capabilities of BK compared to a well-established
transfecting reagent, it also reveals a novel feature that has not been reported for BK previously.
Cell-penetrating peptides (CPPs) that share physicochemical similarities with BK, such as low
molecular weight, the presence of arginine residues, and hydrophobic segments composed of
prolines, have been observed to penetrate cells through various mechanisms, including the
formation of transient pores and lipid rafts.®*% In this context, we propose that similar routes may
also be involved in the penetration of BK complexes. It is worthy note that the HEK-293t cells
do not bear B2 receptors which are involved in the BK physiology. Therefore, the mechanisms
underlying the penetration capabilities of this peptide are likely to be correlated with its

physicochemical features rather than relying on a receptor-specific mechanism.
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Figure 5: Fluorescence images of HEK-293t cells incubated with BK-DNA complexes. The

DNA fragments (~150 bp) were labeled with YOYO-1 and are shown as greenish fluorescence.
The top row shows control samples incubated with uncomplexed DNA, whereas the bottom row

show cells incubated with BK-DNA.. Cell nuclei are DAPI-stained for clarity.



The bioactivity of non-covalent BK-DNA complexes at modulating Ca?* response in
endothelial cells was also examined. For these assays, we monitored the fluorescence of a
calcium-sensitive dye, Fluo-4M, as a function of time in HUVEC cell cultures to which either BK
or BK-DNA complexes have been added.®® Ca?* is an important intracellular signal that regulates
a variety of cell processes,®” playing a central role in the vasodilator mechanism of BK.2
Therefore, the cytoplasmatic levels of Ca?* can be used as a reporter of the activity of BK-DNA.
In Figure 6, the results from these kinetic measurements show that addition of BK triggers a
extremely rapid elevation of Ca* concentration in the culture, with a fluorescence spike appearing
immediately after addition of peptide to the culture. This almost-instantaneous signature, with
such an intense variation of Ca?* levels within a short time, is an indication of the strong agonistic
activity of BK for B2 receptors. The process exhibits a transient feature, with fluorescence levels

regularly decaying within a few minutes, indicating the consumption of Ca?*.

When BK-DNA complexes are added to the cells, a similar agonistic activity is observed,
with Ca?* levels reaching practically the same levels observed for the native peptide. Again, the
process takes place very quickly, thus indicating that agonistic activity of complexes remains at
similar levels of that of the native peptide. Thus, we may conclude that complexes formed
between BK and DNA likely retain affinity for the B2 receptor and are able to promote Ca?*
response. As a whole, the findings above suggest that non-covalent complexation with DNA is

not deleterious to vasodilation properties of BK.
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Figure 6: Fluorescence measurements of the intracellular Ca?* concentration in HUVEC cells

incubated with 1 uM BK (A) and BK-DNA complexes (1 uM peptide, 6:1 molar ratio). The

agonist was added to the culture att=0s.

CONCLUSIONS:

We have developed a strategy using DNA fragments as a template for driving the self-
assembly of bradykinin into highly ordered, 1D structures. Our data indicate that the interaction
between BK and DNA occurs primarily via minor-groove sites, suggesting that electrostatic
attraction plays a significant role in the complexation process. The combination of microscopy
approaches and small-angle scattering provided nanoscale information on these new structures,
demonstrating that BK-DNA complexes form fibrillar assemblies, while the peptide alone lacks
the ability to form regular structures in solution. Importantly, we also observed that the BK-DNA
complexes are able to promote an improvement in the fluorescence of reporter DNA in HEK-293t
cells, which may suggest that BK possesses some cell-penetrating peptide abilities, a feature
which has not been previously reported. Therefore, our findings suggest that BK also merits
further investigation for optimizing this aspect, which may be useful in the design of
multifunctional materials. Our results suggest that the association with DNA does not negatively
affect the modulating capabilities of the peptide, and the BK-DNA nanostructures preserve their
native bioactivity, including the ability to regulate ion channels in the cell membranes of vascular

cells. Thus, we propose that these highly ordered fibrillar structures have the potential to be



developed as novel therapeutics with hypotensive effects and should be a topic for future research
to examine blood pressure via in vivo studies. In conclusion, our findings demonstrate a promising
strategy for the fabrication of highly ordered, 1D structures of BK using DNA as a template,
which may have applications in the development of nanotherapeutics for hypertension and related

disorders.
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