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ABSTRACT: The host defense peptide LL-37 is the only human ExcessiveLL-37 ComplexLL-37 suramin
cathelicidin, characterized by pleiotropic activity ranging from  wwwa 662) ‘x\\"& '} ‘nﬁ & £
immunological to anti-neoplastic functions. However, its over- JJ"“ e ’;nf‘t @ LN i d
expression has been associated with harmful inflammatory responses | I uramin L ]
and apoptosis. Thus, for the latter cases, the development of strategies i celllar upigie .
aiming to reduce LL-37 toxicity is highly desired as these have the %)
potential to provide a viable solution. Here, we demonstrate that the : H
reduction of LL-37 toxicity might be achieved by the impairment of its §

cell surface binding through interaction with small organic compounds 3
that are able to alter the peptide conformation and minimize its cell ‘

penetration ability. In this regard, the performed cell viability and 3 B m

internalization studies showed a remarkable attenuation of LL-37

cytotoxicity toward colon and monocytic cells in the presence of the

polysulfonated drug suramin. The mechanistic examinations of the molecular details indicated that this effect was coupled with the
ability of suramin to alter LL-37 secondary structure via the formation of peptide—drug complexes. Moreover, a comparison with
other therapeutic agents having common features unveiled the peculiar ability of suramin to optimize the binding to the peptide
sequence. The newly discovered suramin action is hoped to inspire the elaboration of novel repurposing strategies aimed to reduce
LL-37 cytotoxicity under pathological conditions.

Cytotoxicity Reduced cytotoxicity

KEYWORDS: cathelicidins, suramin, reduced cytotoxicity, molecular mechanisms, helical folding

B INTRODUCTION The anti-microbial and immunomodulatory actions rely on

Among the host defense peptides (HDPs) produced by the structural and physicochemical properties of LL-37. Due to
activated innate immune cells, cathelicidins play a pivotal role Its cationic (et Ché{rg_e +6) and _hydr0pl_10b1c Charac.ter’ the
by having not only anti-microbial but also immunomodulatory g'eptldte. alterfs t}tlhe 11'p1d. akc)yl tch.a;n pacl;mg, gﬁgr_nzgtlgg :ie
action comprising both pro- and anti-inflammatory eftects, the 1sruption ,0 € anlonlc. acterial membrane. o n the
regulation of chemotaxis, and cell differentiation.'™ In contrary, its hydrophobic nature en.abl.es the .blndmg to
humans, cathelicidins are represented by LL-37 (Figure la), membrane cell Q?E‘ZP tors, thereby mediating the {munomo-
a 37-residue cationic peptide with not only anti-bacterial but dulatory effects. Note that, although LL-37 preferentially
also immunological and anti-neoplastic activity.'* It derives perturbs bacterial membranes, it interacts also with eukaryotic

from the precursor hCAPI8 (human 18-kDa cationic anti- cell membranes, and high peptide concentrations can thus

. . . cause cytotoxicity.”™
microbial protelp) as a result 9f the clgeavage between an alanyl The concentration of hCAP18/LL-37, which is in the low
and a leucyl residue by proteinase 3.

Human HDPs. which include histatins. defensins. and micromolar range in healthy individuals,” drastically increases

’ ’ ¢ in some pathological conditions, triggering cytotoxic ef-

cathelicidins, are located at the surface of epithelial tissues f 24—29p d dg 1 ’ | gg h 8 }}:t s of
for impeding the invasion of pathogenic microorganisms.'*~" ects. Indeed, LL-37 plays a role in the pathogenesis o

. . . o several autoimmune diseases,’® such as systemic lupus
In particular, LL-37 has been detected in various epithelia, ’ 4 P

including airway, skin, gastric, intestinal, and urogenital.S’B’14 T
It is also expressed in neutrophils,' monocytes,'® T cells, B Received: =~ September 29, 2020 Phamzcology
cells, and natural killer (NK) cells.'” Beside the membrane- Published: December 3, 2020

damaging effect, the cathelicidins act through numerous
complex mechanisms that include intracellular targets and
the specific activation of several cell membrane receptors,”
suggesting an important role in host immunity homeostasis.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsptsci.0c00155
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Figure 1. Chemical structures of the studied compounds. Helical wheel representations of peptides (a) LL-37 and (b) FK-16 drawn with
HELIQUEST.” N and C indicate the N- and C-termini of the peptides. The underlined letters highlight the position of FK-16 sequence within
that of LL-37. The arrows indicate the peptide hydrophobic face. The C-terminal of the peptide sequence is amidated. (c) Chemical structure of

suramin.

erythematosus (SLE)®' and arthritis,”> where the over-
expression of the cathelicidin leads to the activation of
inflammatory pathways and apoptosis. Dysfunctional over-
expression of LL-37 can amplify a local inflammatory response
in common skin diseases, including psoriasis””** and
rosacea.>>>® Further on, the cathelicidin expression by
intestinal epithelial cells is assumed to exert a protective effect
against bacterial invasion.”” However, an elevated level of LL-
37 has been detected in the inflamed and noninflamed
intestinal mucosa of patients affected by ulcerative colitis®**
and Crohn’s disease,”” conditions known as inflammatory
bowel disease (IBD). The biological complex role of LL-37 in
IBD can be related to the regulation of inflammatory responses
by affecting cytokine response and chemoattraction of
inflammatory cells.'”***" In this regard, it should be noted
that cathelicidins can influence the activity of immune cells,
exacerbating inflammatory reactions.”"”” Since the over-
expression of LL-37 can lead to undesirable cell dysfunction
and disease pathogenesis, it would be highly important to find
solutions that allow for its activity to be tightly regulated and
thus reduce the harmful effect of dysregulated expression. It
has been observed that an LL-37 interaction with some
endogenous proteins affects peptide conformation, limiting its
toxicity.””~** Recent studies indicated that a rearrangement of
the peptide structure might be required to bind to cell surface
receptors.”®> Related, our group has shown that similar
conformational changes could be induced by interaction and
noncovalent complex formation with different molecules,
including anti-inflammatory drugs, porphyrin pigments, bile
salts, and food dyes.*® However, whether there is any potential
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biological effect of such complex formations and how this may
affect properties such as toxicity or cell internalization for LL-
37 are not yet understood.

To address the latter key aspects, here, we selected the drug
molecule suramin, which displayed the highest folding inducer
effect on LL-37 out of the above set of molecules at a low
ligand concentration, and investigated whether biological
effects can be resulted for LL-37 from their interactions.
Suramin (Figure 1lc) is a polysulfonated naphthylurea
compound with six negative charges that is known to interact
with a variety of proteins, enzymes,”” and also peptides.****

Suramin was first introduced by Bayer in 1920, from a
research program on ureas of the aminonaphthalene-sulfonic
types and the anti-trypanosomal activity of azo dyes.*” It was
tested during the following years to fight Trypanosoma brucei
rhodesiense infections (also known as sleeping sickness)* and
is still being used for treating the first stage of the acute
disease.”” Suramin has been repurposed for a large number of
applications,”” particularly regarding the treatment of several
viral infections®' ~>* and the inhibition of the metastatic growth
and angiogenesis of various neoplastic diseases including lung
and pancreatic cancer.”*™>” Moreover, due to its anti-
purinergic action, it is also considered as a promising candidate
agent against the symptoms of autism spectrum disorder.”®~*

In this work, we investigated the potential of suramin in
lowering LL-37 cytotoxicity, which would be beneficial in
pathological conditions characterized by upregulated peptide
expression. Moreover, a thorough analysis of the peptide
structure was also performed in order to unravel the molecular
mechanism underlying the alteration of its activity. In this

https://dx.doi.org/10.1021/acsptsci.0c00155
ACS Pharmacol. Transl. Sci. 2021, 4, 155—-167
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Figure 2. Effect of suramin on LL-37 and FK-16 cytotoxicity. (a and ¢) Cytotoxicity (4 h of treatment) and (b and d) cytostasis (24 h of treatment)
of LL-37 and FK-16 in the presence and absence of suramin (Sur) measured on HT-29 cells and presented by the mean ICg, values measured in
three parallel experiments (***: p < 0.001). The results are presented as mean + SEM. The data indicated as “>50 uM” are characterized by ICy,
values higher than 50 uM. The samples labeled as “+Sur x:x” correspond to the combination peptide + suramin at the specified peptide to drug
molar ratio. (e) Microscopic images of HT-29 cells treated with 17 4uM LL-37 or 33 uM FK-16 in the presence and absence of suramin at different
peptide to drug molar ratios (2:1, 1:1, and 1:2). Cells were incubated with the studied peptides for 1.5 h at 37 °C.

respect, an LL-37 fragment peptide, FK-16 (Figure 1b), which
retains its anti-bacterial and anti-tumor activity,*"*” was also
tested. Furthermore, in order to get mechanistic insights into
the ability of suramin to affect the peptide structure and
cytotoxicity, other small molecules bearing a net negative
charge were studied, namely, brilliant blue G-250 (BBG),
sulbenicillin (SBPC), and cefotetan (CTT). As with suramin,
BBG is a sulfonated purinergic P2 receptor antagonist®>** and,
beyond its well-known use as a dye for staining proteins, it is
also considered as a potential pharmacological agent for
treating neuronal diseases.”~°® The monosulfonated SBPC is
a broad-spectrum semisynthetic f-lactam antibiotic active
against Gram-negative and Gram-positive bacteria®’ that is
extensively employed in many fields. CTT is a second
generation cephalosporin that is particularly active against
7172 which are the most frequent pathogens

in gastrointestinal infections as well as ulcerative colitis and
73,74

Enterobacteriaceae,

Crohn’s disease.

Results showed that the polysulfonated drug suramin
significantly reduced the toxicity of LL-37 and its fragment
FK-16 against monocytic and human colon cell lines while
promoting the formation of complex associates and alteration
of the peptide structure. This new action of suramin could
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potentially be exploited in future drug repurposing projects in
order to counteract cytotoxic effects due to the overexpression
of LL-37. Furthermore, these results are also hoped to inspire
exploration of the same drug—peptide interaction concept for
other host defense peptides.

B RESULTS AND DISCUSSION

Effect of Suramin on LL-37 and Its Fragment
Cytotoxicity. The cytotoxicity of LL-37 was studied in the
presence of suramin in order to unveil the potential effect of
the drug on the cathelicidin toxic activity. In particular, the
human colon HT-29 and the human monocytic MonoMac6
cell lines have been selected for this study as models for
intestinal epithelial’”® and inflammatory cells,*’ which are
known to be involved in the cathelicidin expression and
influenced by its action.”'>*" The results from cell viability
assays showed that the cytotoxicity of LL-37 on HT-29 cells is
significantly prevented by the addition of suramin. After 4 h of
treatment, a significant increase in the ICg, value at a 2:1
peptide to drug molar ratio (from 7.9 + 3.0 to 36.8 + 14.0
uM) and the complete prevention of peptide effect at higher
suramin concentrations (ICs, > S0 uM) (Figure 2a) were
measured. Similar results were observed after 24 h of treatment

https://dx.doi.org/10.1021/acsptsci.0c00155
ACS Pharmacol. Transl. Sci. 2021, 4, 155—-167
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Figure 3. Peptide internalization. Cellular uptake of HT-29 cells assessed by flow cytometry using Cf-labeled LL-37 and FK-16 at 1, 5, and 10 uM
concentrations in the presence and absence of suramin (Sur) at 2:1, 1:1, and 2:1 peptide to drug molar ratios. Percentage of cells containing Cf-
peptide (Cf-positive cells, detected on FITC channel) and mean fluorescence intensity (MFI) values obtained for (a and ¢) Cf-LL-37 and (b and

d) Cf-FK-16. The results are presented as mean + SEM.

when measuring the cytostatic effect, represented by a
noticeable increase of HT-29 viability at the studied suramin
concentrations (Figure 2b). The effect on the monocytic cells
was even more significant (Figure S1), where ICs, values
higher than 50 yM were detected starting from a 2:1 peptide to
drug ratio for both 4 (Figure Sla) and 24 h treatments (Figure
S1b). Interestingly, a similar effect of suramin was observed on
the toxicity of the fragment FK-16 toward colon and
monocytic cells, which was notably prevented starting from a
2:1 peptide to drug molar ratio (ICs, > SO uM), regardless of
the treatment duration (Figure 2c,d and Figure Slc,d).

The effect of suramin in attenuating the peptide cytotoxicity
was also revealed by changes in the cell morphology (Figure
2e), as detected by bright field microscopic images. After 1.5 h
of exposure, the HT-29 cells exhibited morphological
alterations, resulting in a rough surface, shrinkage, and
membrane protrusions, which are suggestive of possible
apoptotic processes. Noticeable differences could be visualized
when the cells were treated with LL-37 in combination with
suramin at a 2:1 peptide to drug ratio, namely, the
disappearance of the surface alterations. The further increase
of suramin concentration led to a marked prevention of cell
damage on HT-29 cells, which showed a maintained
membrane integrity with a smooth surface. Analogously,
suramin inhibited almost entirely the cell damage caused by
FK-16 already at a 2:1 peptide to drug ratio.

158

The morphological investigation demonstrated, in line with
the cell viability test results (Figure 2a—d), the ability of
suramin to prevent the impairment of HT-29 cell morphology
and viability caused by both LL-37 and, in a similar manner,
also by the fragment FK-16.

Peptide Cellular Uptake in the Presence of Suramin.
The cellular uptake of the carboxyfluorescein-labeled peptides
was analyzed by flow cytometry on HT-29 cells. For
performing these measurements, LL-37 and FK-16 were
labeled with 5(6)-carboxyfluorescein (Cf) and measured at 1,
S, and 10 M concentrations in the presence of suramin (2:1,
1:1, and 1:2 peptide to drug molar ratio) after 1.5 h of
incubation. The percentage of FITC positive cells (containing
Cf-peptide, detected on FITC channel) was near 100% for Cf-
LL-37 at the studied concentrations, indicating a high-
penetration ability (Figure 3a). As for the precursor peptide,
a high internalization rate was detected also in the case of Cf-
FK-16 (Figure 3b). However, the percentage of FITC positive
cells was somewhat lower (~75%) at an 1 uM peptide
concentration and reached ~100% at higher concentrations.
The mean fluorescence intensity (MFI) factor was also
considered for a comprehensive interpretation of the flow
cytometry analysis, which showed increasing values at an
elevated concentration of the Cf-peptides, indicating a dose
dependent cellular uptake rate (Figure 3c,d). Interestingly,
suramin caused a gradual decrease in the MFI values for both
Cf-peptides, particularly visible at an 1:2 peptide to drug ratio

https://dx.doi.org/10.1021/acsptsci.0c00155
ACS Pharmacol. Transl. Sci. 2021, 4, 155—-167
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and probably suggesting the ability of the drug to prevent
peptide internalization.

The analysis of flow cytometry data revealed a remarkable
cellular uptake of Cf-LL-37 and Cf-FK-16 in HT-29 cells, both
alone and in combination with suramin. Further analysis of the
MFI values demonstrated that suramin hindered the internal-
ization of Cf-LL-37 and Cf-FK-16, and this might be related
with the reduction of peptide cytotoxicity observed in the
presence of the polysulfonated drug.

In order to gain more insight into the internalization and
localization of LL-37, HT-29 cells were monitored by confocal
laser scanning microscopy after 1.5 h of incubation with the
Cf-labeled peptide alone and in combination with suramin
(Figure 4). In addition, nuclei and lysosomes were also stained.
The results showed that Cf-LL-37 was localized in the cell
membrane, cytosol, and vesicular compartments (probably
endosomes) and was excluded from nuclei and lysosomes. In
the presence of suramin at 2:1 and 1:2 peptide to drug ratios,
Cf-LL-37 was visible at a lower extent compared to with the
peptide alone. In accordance with flow cytometry results,
confocal microscopy investigation suggested that suramin
might be able to attenuate cellular internalization of the
peptide, which could be sequestered from the cells with
consequent prevention of its cytotoxicity.

Impact of Suramin on the Peptide Secondary
Structure. To understand the reasons underlying the above
observations at the molecular level, the structural and the
potential assembly formation aspects of the peptide—suramin
interactions were investigated by circular dichroism (CD),
infrared spectroscopy (IR), and dynamic light scattering
(DLS). The far-UV CD curves of LL-37 in Tris buffer showed
a prominent single negative band centered around 200 nm and
a less intense shoulder located in the region 220—235 nm
(Figure Sa, left panel). In accordance with the previous data,
these spectral features indicated the peculiar unstructured
conformation’” of LL-37 in salt-free buffer.”® It is, indeed, well-
known that the cathelicidin structure is susceptible to inorganic
anions,”® adopting an a-helical conformation in response to
the presence of ions such as phosphate, chloride, sulfate, and
bicarbonate. The sequence of basic and acidic residues
promotes the formation of salt bridges and renders the peptide
prone to self-oligomerization.”” Hence, the CD curve of LL-37
in physiological buffered salt solution (Figure Sb, left panel)
already exhibited spectral patterns commonly observed for a-
helical structures, namely, a positive—negative couplet (at
~198 and 208 nm) and a negative band at ~224 nm arising
from 7—n* and n—7* transitions, respectively. As reported in
recent studies, suramin interacts with polycationic peptides,
inducing folding of the natively disordered structure.*®***’
The effect of the polysulfonated drug on the peptide secondary
structure was monitored upon the stepwise addition of suramin
(Figure Sa, left panel). The titration resulted in spectral
changes characterized by the progressive decrease of the
amplitude and a red shift of the negative peak at ~200 to ~211
nm, together with the development of a positive band at ~198
nm and the increase of the intensity of the shoulder at ~227
nm. These changes occurred immediately after the suramin
addition, suggesting a rapid interaction that resulted in a
progressive increase of the peptide a-helix content. It is
noteworthy that the spectral transformations are accompanied
by a decrease of the intensity and deviation from the isosbestic
point (~209—211 nm), likely suggesting an association of the
peptide chains. The intensity ratio CD,,,/CDyys gradually
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Figure 4. Cellular localization of LL-37. Confocal laser scanning
microscopy visualizations of HT-29 cells incubated with LL-37 (1
uM) in the absence and in combination with suramin at 2:1 and 1:2
peptide to drug molar ratios. Nuclei were stained with Hoechst 33342
(blue), the peptide was Cflabeled (green), and lysosomes were
stained with LysoTracker Deep Red (red). Scale bar: 20 M.

increased throughout the titration, denoting oligomerization of
the peptide chains triggered by the progressive addition of
suramin. In line with the CD results, the IR analysis of LL-37
amide I and II regions indicated an altered secondary and
tertiary structure upon interaction with suramin (Figure Sa)b,
right panels). Indeed, while modifications in the amide I bands
are related with conformational changes,81_83 the slight
variation of the intensity ratio amide I (~1655 cm™")/amide
IT (~1545 cm™) is suggestive of an altered tertiary structure.**
Under low-salt conditions (Figure Sa, right panel), the addition
of 20 M suramin increased the prominent a-helix component
(1654 cm™) at the expense of the shoulder (~1680 cm™)
representing intermolecular f-sheets and aggregated strands.
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Figure S. Structural changes of LL-37 and FK-16 driven by
interaction with suramin. Left panels in a—d: far-UV CD spectra of
peptides in the presence and absence of suramin in (a and ¢) Tris HCI
buffer (10 mM, pH 7.4) or (b and d) PBS. Right panels in a—d:
representative ATR-IR spectra in the amide region of peptides in the
presence and absence of suramin in (a and c) Tris buffer or (b and d)
PBS. Insets in a—d: in-phase S—O stretching of the sulfonyl groups
(~1041 cm™) characteristic of the complex formation peptide—
suramin. Peptide spectra are normalized by the intensity at 1654 cm™
in the amide region and at 1060 or 1080 cm™" in the insets. Second
derivatives are shown below and were used for peak identification.

Further, the suramin addition gradually enhanced the shoulder
intensity, suggesting the occurrence of aggregation without
reaching, however, the value detected for the peptide alone.
Concurrently, it is possible to note the presence of a signal at
1042 cm™ independent from the buffer vibrations (Figure Sa,
inset right panel), which represent the in-phase S—O stretching
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of suramin sulfonyl groups and can be considered as a marker
for complex formation with the peptide.*® As stated above, the
presence of anions in PBS buffer induces a-helical folding of
LL-37 (Figure Sb). Even if the peptide conformation did not
significantly change in this case upon suramin addition, the
intensity reduction of the CD curves accompanied by the
increase of the CD,,,/CD,y ratio is also suggestive of
aggregation events triggered by the drug (Figure Sb, left
panel). IR data indicated the peptide—drug complex formation
(1042 cm™) also in PBS buffer (Figure Sb, inset right panel).
Moreover, in agreement with CD results, the analysis of the
amide I band suggested that the a-helical conformation in PBS
buffer remained predominant at increasing suramin concen-
trations (Figure Sb, inset right panel).

A similar increase of a-helicity upon the stepwise addition of
suramin can be observed for the 16-residue fragment FK-16 in
Tris buffer (Figure Sc, left panel). The CD,,,/CD,g intensity
ratio suggests, similarly to the case of LL-37, the association of
the peptide chains, although on a smaller scale compared to
the 37-residue precursor peptide. IR spectroscopy is consistent
with the CD results, showing the narrowing of the amide I
vibration in the presence of suramin, which is indicative of
increased peptide helicity (Figure Sc, right panel). Contrary to
the full-length peptide, FK-16 is unstructured in PBS buffer
and experiences a transition to a predominantly helical
conformation upon the addition of suramin (Figure Sd, left
panel). The presence of the infrared spectroscopic marker at
~1041 cm™" indicated the formation of the complex FK-16—
suramin at the studied concentrations, both in Tris and PBS
buffers (Figure Sc,d, insets right panels).

The formation of peptide—suramin molecular associates, in
Tris as well as in PBS, was also supported by light scattering
methods (Figure S2). In the presence of suramin, it was
possible to observe an increase of the amplitude together with
a shift of the correlation function to higher decay times, which
implies a transition to larger hydrodynamic diameters in the
micrometer range. It can be noted that the LL-37 interaction
with suramin in PBS led to larger assemblies compared to
those in the case of FK-16. This might be related to the larger
size of the precursor peptide, nonetheless to the peculiar self-
association propensity of LL-37 under physiological con-
ditions.”” The formation of large associates is in line with
previous observations of peptide—suramin interaction, in
which the molecular complexes showed a definite characteristic
morphology.**

The electrostatic interactions between the positively charged
residues of LL-37 (+6) and the negatively charged groups of
suramin (—6) presumably play an important role in the foldin
of the peptide and initiate the formation of the complex.*>** It
has been suggested*® that suramin insertion among the
cationic side chains might decrease the repulsive ionic forces
between them, enabling helix formation and peptide folding.
This might also apply to the shorter derivative FK-16, which
bears five positive charges and experiences similar helical
folding.

Mechanistic Considerations of Suramin Compared to
Other Drug Molecules. Recent studies in our group have
demonstrated that some bioactive small compounds are able to
alter the secondary structure of cationic peptides, resulting in
either the enhancement or inhibition of their biological
activity. For instance, the azo-dye tartrazine demonstrated to
form complexes with the histatin-derived peptide DHVAR4,
resulting in improved perturbation of the bacterial membrane
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Figure 6. Influence of BBG, SBPC, and CTT on LL-37 conformation and cytotoxicity. (a) Far-UV CD spectra of LL-37 in Tris HCI buffer (pH
7.4) upon stepwise addition of BBG. (b and c) Far-UV CD spectra of LL-37 in Tris HCI buffer (pH 7.4) and in the presence of 20 or 80 and 120
uM SBPC or CTT. (d) Cytotoxicity (gray bars) and cytostasis (orange bars), presented by the ICy, values of LL-37 alone and in the presence of
BBG at 1:1 and 1:3 peptide/BBG ratios measured on HT-29 cells. (e and f) Cytotoxicity (gray bars) and cytostasis (orange bars) of LL-37 alone
and in the presence of SBPC or CTT at an 1:3 peptide to drug ratio measured on MonoMac6 cells.

integrity and consequent enhancement of its anti-bacterial
action.” Somewhat different is the case of suramin, which has
shown to induce folding and form complexes with the
cecropin/melittin hybrid peptide CM1S5, preventing its anti-
microbial and cytotoxic activity.*® In this study, we report a
similar action of suramin on LL-37. The interaction led to the
formation of complexes with low-cell-internalization ability;
hence, the peptide was sequestered from the cells and its toxic
action was prevented accordingly.

In order to understand the mechanistic aspects, the
structural and biological impact of suramin on LL-37 has
been compared with compounds sharing common features
with the polysulfonated drug. Among these are a net negative
charge, position of the negative charges at both ends of the
molecule, and the presence of sulfonyl or aromatic groups. One
of the selected small molecules used to compare the action of
suramin was brilliant blue G-250 (BBG). BBG is a disulfonated
triphenylmethane known to bind polypeptides through
electrostatic attraction between the negatively charged sulfonyl
groups and positively charged amino acids as well as by
hydrophobic interactions and heteropolar bonding with its
neutral ionic species.86 Similarly to suramin, it is characterized
by a neutral central region, which corresponds to the
triphenylmethane group, a distinctive structural element of
the synthetic dyes, and establishes hydrophobic interactions
with aromatic amino acid.** CD investigation showed that the
stepwise addition of BBG to LL-37 dissolved in Tris buffer
(Figure 6a) can trigger similar spectroscopic variations as those
observed in the presence of suramin (Figure Sa, left panel),
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indicating a gradual enhancement of the peptide helix content.
However, a higher BBG concentration was needed to induce
the peptide folding, and the much lower intensity ratio CD,,,/
CD,ys suggested less interacting a-helical structures. The
induced aggregation is more remarkable in physiological
solution (Figure S3a), where increasing the dye concentrations
provoked a progressive intensity reduction of the LL-37 CD
spectrum. In line with these results, DLS measurements
revealed molecular assemblies on the nanometer scale in Tris
buffer (Figure S4, right panel), while in PBS, the BBG addition
promoted the formation of larger complex associates in the
micrometer range (Figure S4, left panel). It is worth
mentioning that, in the presence of suramin, larger particles
were detected in both PBS and Tris buffer (Figure S2),
suggesting a more effective assembly upon peptide—drug
interaction. The analysis of LL-37 amide I band in Tris buffer
confirmed the increase of peptide helicity resulting from the
interaction with the dye molecules (Figure S5a). Moreover, it
evidenced a considerable contribution from intermolecular
interactions (~1682 cm™') in PBS at a high BBG
concentration (Figure SSb).

Analogously to LL-37, FK-16 also experienced a conforma-
tional change upon the stepwise addition of BBG. However,
the FK-16 structure is not sensitive to the presence of
inorganic anions, thus comparable results were obtained in
PBS (Figure S3b) and Tris buffer (Figure S7a), where BBG
induced the unordered to ordered transition of the peptide
structure. In addition, light scattering measurements revealed
the formation of large-sized molecular assemblies upon dye—
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peptide interaction (Figure S4). These observations were
supported by IR analysis, which emphasized the higher helicity
for FK-16 in the complex in PBS (Figure SSc) compared to
that of the precursor peptide (Figure SSb).

The cytotoxicity of LL-37 mixtures with BBG was measured
on HT-29 cells (Figure 6d), where a slight increase of the ICy,
values suggested a subtle reduction of the toxic effect at 1:1
(15.6 + 42 uM) and 1:3 (16.9 + 9.1 uM) peptide to dye
ratios compared to that with the cathelicidin alone (8.0 uM +
3.0). On the contrary, the interaction with BBG did not affect
the cytostatic effect of the peptide (ICsy ~ 6 uM).

Thereby, even though BBG was able to induce the folding of
the studied peptides and formation of molecular complexes, its
effect on LL-37 cytotoxicity was not comparable with the one
of suramin. It should be noticed that suramin was able to
induce LL-37 folding at 1:0.25 (Figure Sa, left panel) while
BBG was at an 1:2.75 peptide to dye ratio (Figure 6a), which
means that an ~11 times higher BBG concentration was
needed to achieve similar conformational changes. In order to
explain the weaker effect of BBG, it is important to note that,
even though it contains a neutral central region, the presence
of a double bond in the triphenylmethane group limits the
rotation of its structure (see inset in Figure 6a). Therefore, the
higher flexibility of the hydrophobic part of suramin might
favor a more efficient arrangement of its structure in binding to
the aromatic residues of the peptide.

In order to validate the importance of the hydrophobic
central region combined with molecular flexibility, other two
small molecules having therapeutic properties and carrying two
negative charges were also analyzed: sulbenicillin (SBPC) and
cefotetan (CTT). These latter lack a central aromatic moiety
and are characterized by a 4-membered heterocyclic ring,
which confers rigidity, preventing rotation of the chemical
structure. The a-sulfo-benzyl penicillin (SBPC) is a negatively
charged f-lactam with a sulfonic group and, in physiological
conditions, carries two negative charges located at both
extremities. CD curves displayed slight variations of the LL-
37 secondary structure upon interaction with SBPC (1:1 and
1:6 peptide to drug ratios), namely, a red shift of the negative
band at ~200 nm, which also decreases in intensity while the
shoulder at ~227 nm becomes more pronounced (Figure 6b).
Moreover, large-sized particles in the micrometer range were
detected in the presence of SBPC (Figure S6, left panel),
suggesting peptide interaction and assembly formation. The
observed spectral changes indicated that the interaction with
the negatively charged antibiotic might moderately raise the
peptide a-helix content without, however, altering its cytotoxic
and cytostatic activity (Figure 6e). Similar spectral changes
were induced by CTT, a cephalosporin bearing two negative
charges with a cephem skeleton and lacking sulfonic groups,
starting from an 1:4 peptide to drug ratio (Figure 6c).
Analogously to SBPC, also, CTT induced formation of the
assemblies (Figure S6, right panel), but, just as with SBPC,
CTT could not prevent LL-37 toxicity at the studied
concentrations (Figure 6f). FK-16 conformation was less
affected by the interaction with the studied antibiotics; indeed,
no significant change of the CD profile can be observed
(Figure S7b,c). However, a significant reduction of the spectral
intensity occurred, suggesting an association of the peptide
chains. In accordance with CD data, DLS measurements
(Figure S6) revealed the formation of peptide—drug assemblies
on the micrometer scale, in a similar way to that of the full-
length peptide.
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Thereby, even though SBPC and CTT were demonstrated
to interact with LL-37, the structure of the peptide was only
moderately affected and its toxicity to mammalian cells was not
significantly prevented. These data pointed out the critical role
of the hydrophobic moiety, a characteristic of suramin and
BBG, for driving the peptide folding. Indeed, besides the highly
polyanionic nature of suramin, other structural features might
be crucial for performing its action. Its symmetric structure
contains rotatable bonds, and it is characterized by two
terminal naphthyl rings with a bridging central part. Both
terminal regions carry charged sulfonate groups on the
naphthalene rings beside the amide bonds, while its central
portion is neutral. According to computational studies,®” the
free energy contribution of the neutral central part (Figure 1c)
is crucial for the binding with the hydrophobic moieties of a
peptide through van der Waals interactions. Therefore, even if
electrostatic attractions play a key role in charge neutralization
and the formation of drug—peptide complexes, hydrophobic
interactions could significantly contribute to alter the peptide
structure and its ability to interact with mammalian cells.
Nevertheless, the importance is the peculiar structural
flexibility of suramin, whose rotatable bonds might optimize
the binding to the peptide and play a pivotal role in the
reduction of the cytotoxic effect of the cathelicidin.

Moreover, the sequential preference of suramin for the
peptide partner LL-37 should be considered, as well as the 37
amino acid long sequence, which may offer several binding
places for the drug. In this respect, the analogous suramin—
peptide measurements with FK-16 were rather informative, as
the two peptides showed similar behavior during cytotoxicity,
internalization, and conformational changes even in the
presence of the other tested drug molecules. Consequently,
it is proposed that the corresponding 16-residue sequence is
directly involved in the suramin—LL-37 interactions.

B CONCLUSIONS

In this study, we have shown that the multipurpose drug
suramin was able to reduce cellular internalization and the
consequent toxic effect of the cathelicidin peptide LL-37 on
the viability and growth of colon and monocytic cell lines.
Molecular insights of this action were obtained from the
combination of different spectroscopic methods, which
indicated folding of the peptide secondary structure upon
interaction with suramin and formation of drug—peptide
complexes. On the basis of analogous measurements with FK-
16, it is strongly suggested that the corresponding sequential
region of LL-37 most likely binds suramin with high affinity.
The investigation of peptide interaction with other negatively
charged small molecules with peculiar structural elements
suggested that the unique action exerted by suramin might be
related not only to its polyanionic nature but also to the
presence of a hydrophobic central part and rotatable bonds. It
is possible to assume that these molecular features enable the
drug to optimize the interaction with the peptide chain, leading
to the formation of complexes in which the binding of the
peptide to cell surfaces and receptors is prevented.

This new action of suramin on LL-37 cytotoxicity could
potentially be exploited for novel repurposing strategies aimed
to prevent inflammatory responses occurring in several
disorders as a consequence of the cathelicidin dysregulated
overexpression. Considering peptide hormones, and other host
defense peptides with regulatory functions, we hope that the
current results will promote studies aiming to find further
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drugs with similar complexing capacities. This may not only
provide new strategies for controlling various dysregulations
but also could result in better mapping of in vivo interactions of
these compounds. Note, however, that a significant amount of
further investigations, such as in depth studies on in wvivo
systems focusing on specific autoimmune and inflammatory
diseases, is clearly needed in order to properly evaluate the
practical benefits of the present approach and to reach an
appropriate comparison with the currently established treat-
ments.

B METHODS

Materials. LL-37 and FK-16 were synthesized by NovoPro
Bioscience Inc. (Shanghai, China). The molecular mass (MW)
of the peptides was determined by mass spectroscopy. For LL-
37 (MW = 4492.8), the peptide purity corresponded to 96.6%
and the net peptide content was 72.1%. In the case of FK-16
(MW = 2044.4), the peptide purity was 95.1% and the net
peptide content was 72.0%. For the preparation of peptide
solutions, lyophilized powders were dissolved in high-purity
water at a concentration not higher than 1 mM, and the
mixture was aliquoted and stored at —18 °C. Suramin sodium
salt >99% (TLC) (S2671) was purchased from Sigma-Aldrich
(Budapest, Hungary). Brilliant Blue G-250 > 95%
(AC191480050, Reanal Labor) was obtained from Acros
Organics (Geel, Belgium). Cefotetan disodium salt >95%
(GAS5476, Glentham Life Science) and sulbenicillin sodium
>98% (BD152125, BLDpharm) were purchased from
ChemPur (Karlsruhe, Germany). The solutions were prepared
by dissolving the compound powder in high-purity water at a
concentration not higher than 1 mM, and the mixtures were
aliquoted and stored at —18 °C. For the cellular uptake studies,
peptides labeled with 5(6)-carboxyfluorescein (Cf) on the N-
terminus (purity >95%) were purchased from NovoPro
Bioscience Inc. (Shanghai, China). As one dye molecule was
coupled to each peptide, the fluorescence properties and the
cellular uptake values are comparable. Previous investigation
on a set of representative peptides®® demonstrated that the Cf
labeling did not modify the tendency compared with those of
unlabeled peptides in case of internalization rate as a
consequence of altered lipophilicity and charge.

Cell Culturing and Cytotoxicity/Cytostasis Assays.
MonoMac6 human monocytic cell line® (DSMZ no.: ACC
124) was cultured in complete medium prepared from RPMI-
1640 (Lonza, Basel, Switzerland) supplemented with 10%
heat-inactivated fetal calf serum (FCS, Lonza), 2 mM L-
glutamine (Lonza), and 160 ug/mL gentamycin (Sigma-
Aldrich, Budapest, Hungary) at 37 °C in a 5% CO,
atmosphere. HT-29 human colon adenocarcinoma cells™
(ATCC:HTB-38) were maintained in RPMI-1640, supplied
with 10% FCS, L-glutamine, and 1% penicillin—streptomycin
(from 10000 units penicillin and 10 mg streptomycin/mL,
Gibco, Dublin, Ireland), and under the conditions described
above. No mycoplasma contamination was detected in the cell
cultures.

For cytotoxicity assay, cells were distributed on a 96-well flat
bottom tissue culture plate (Sarstedt, Niimbrecht, Germany)
(15 000 MonoMacé cells/100 uL/well or 10 000 HT-29 cells/
100 uL/well in complete RPMI-1640 medium).

Peptides and small molecules to be tested were dissolved in
serum-free medium (SFM) and added to the cells to achieve
final concentrations of 0.02—33 uM for LL-37 and 0.05—100
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UM for FK-16. Cells were incubated with the peptides for 4 h
and then washed three times with SEM.

The cell viability was tested using MTT assay’ ° for
MonoMac6 cells and Alamar Blue for HT-29 cells. Briefly, 45
UL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide, Sigma-Aldrich, Budapest, Hungary) solutions (2
mg/mL, in SFM) was added to each well, followed by 4 h of
incubation, and plates were centrifuged at 2000 rpm for 5 min,
and the supernatant was carefully removed. The purple
formazan crystals were dissolved in 100 uL of DMSO, and
after 10 min of agitation, the absorbance was determined at 4 =
540 and 620 nm using an ELISA plate reader (iEMS Reader,
Labsystems, Vantaa, Finland). For Alamar Blue assay, 20 uL of
Alamar Blue (resazurin sodium salt, Sigma-Aldrich, Budapest,
Hungary) solution (0.15 mg/mL, dissolved in PBS, pH 7.4)
was added to each well. Following a 4 h incubation, the
fluorescence was measured using a Synergy H4 multimode
microplate reader (BioTek, Winooski, VT) (4g, = 530/30 and
Agm = 610/10 nm).

To determine the cytostatic effect, S000 cells per well were
plated in 96-well flat bottom tissue culture plates (Sarstedt,
Niimbrecht, Germany) in RPMI-1640 complete medium. After
24 h, the cells were treated with the peptides and small
molecules in SFM (concentration range 0.02—100 uM). After
overnight incubation, the cells were washed three times with
SFM and cultured for 72 h in complete medium. The cell
viability was determined using MTT or Alamar Blue assays,
according to the cell line.

All measurements were performed in triplicate, and the
mean IC;, values together with SEM were represented in the
graphs.

Cell Morphology. To visualize the cell morphology after
peptide treatment, microscopic images of HT-29 cells were
captured. HT-29 cells were plated in a 96-well flat bottom
tissue culture plate (5000 cells/100 L of RPMI-1640 medium
without phenol red) and then treated with the peptides for 1.5
hat 17 uM LL-37 and 33 uM FK-16 alone and in combination
with suramin. Microscopic images of the adherent cells were
captured using an Olympus CKX41 microscope (Hamburg,
Germany, equipped with an Olympus U-RFLTS0 mercury-
vapor lamp, WideBlue DMS00 BP460-490 BAS20 IF filter;
excitation wavelength range, 460—490 nm; objective, 20 X ).

Cellular Uptake Evaluation by Flow Cytometry. The
cellular uptake of Cf-labeled LL-37 and FK-16 with suramin
was studied on HT-29 cells. The cells were seeded in a 24-well
tissue culture plate (5000 cells/well, Sarstedt, Niimbrecht,
Germany) in complete medium. On the next day, the cells
were treated with Cf-peptides and suramin (at 10, S, and 1 uM
final concentrations) in SEM. After 1.5 h, the cells were washed
once with SFM and once with HPMI medium (9 mM glucose,
10 mM NaHCO;, 119 mM NaCl, 9 mM HEPES, S mM KC],
0.85 mM MgCl,, 0.053 mM CaCl,, 5 mM Na,HPO,-2H,0,
pH 7.4 was prepared in-house using components obtained
from Sigma-Aldrich, Budapest, Hungary) and detached with
trypsin (Sigma-Aldrich, Budapest, Hungary) for 10 min at 37
°C. Trypsin was then inactivated using 10% FCS/HPM]I, and
cells were centrifuged at 1000 rpm for 5 min at 4 °C.
Afterward, the supernatant was removed, and the cells were
resuspended in HPMI medium. To detect the intracellular
fluorescence intensity, which is proportional to the cellular
uptake, cell suspensions were analyzed by a BD LSR II flow
cytometer (BD Bioscience, San Jose, CA) equipped with a 488
nm (22 mW, Coherent Sapphire, Santa Clara, CA) laser
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(channel FITC LP50S; emission at A = 505 nm; LP 505, BP
530/30; forward and side scattered (FSC, SSC)) light
intensity. Obtained data were analyzed by FACSDiVa (BD
Bioscience, San Jose, CA) 5.0 software. All measurements were
performed in triplicate, and the mean fluorescent intensity and
the percentage of FITC positive cells were presented.

Confocal Microscopy. HT-29 cells were seeded to
coverslip-containing (thickness 1, Assistant, Karl Hecht
GmbH & Co KG, Sondheim/Rhon, Germany) 24-well tissue
culture plates 1 day prior to sample preparation (10° cells/
well). Lysosomes were stained with LysoTracker Deep Red
(Thermo Fisher Scientific, Bremen, Germany, 30 min,
according to the manufacturer’s instructions), which was
followed by treatment with Cf-labeled peptide (LL-37,
dissolved in SFM, 1 uM final concentration, 1.5 h) with or
without the addition of suramin (0.5 or 2 uM). As a control,
suramin was also used separately (2 pM). Nuclei were stained
with Hoechst 33342 (0.5 pg/mL, 10 min, Thermo Fisher
Scientific, Bremen, Germany). Cells were fixed with 4%
paraformaldehyde (15 min, Sigma-Aldrich, Budapest, Hun-
gary), and samples were mounted to microscopy slides (VWR)
using Mowiol 4-88 mounting medium (Sigma-Aldrich, Buda-
pest, Hungary). Imaging was performed on a Zeiss LSM 710
system (Carl Zeiss Microscopy GmbH, Jena, Germany) with a
40X oil objective using the following parameters: Cf-labeled
peptide A, = 488 nm, A, = 541 nm, nuclei 4, = 405 nm, A, =
467 nm (Hoechst 33342), lysosomes 4., = 633 nm, 4, = 720
nm (Lysotracker). Zeiss ZEN lite software (Carl Zeiss
Microscopy GmbH, Jena, Germany) was used for image
processing.

Circular Dichroism (CD) Spectroscopy. CD measure-
ments were performed using a JASCO J-1500 spectropolarim-
eter at ambient temperature in a 0.1 cm path length cylindrical
quartz cuvette (Hellma, Plainview, NY). CD spectra were
collected in continuous scanning mode between 190 and 260
nm at a rate of 50 nm min~', 1 nm bandwidth, step size of 0.5
nm, and a response time of 4 s, for 3 accumulations. CD curves
of peptide, peptide/suramin, and peptide/dye were corrected
by the contribution of a matching blank. The peptide
secondary structure content was estimated using the software
BeStSel (Beta Structure Selection, http://bestsel.elte.hu).94

Attenuated Total Reflection Fourier-Transform Infra-
red (ATR-FTIR) Spectroscopy. ATR-FTIR measurements
were carried out using a Varian 2000 FTIR Scimitar Series
spectrometer (Varian Inc.,, Palo Alto, CA) equipped with a
liquid nitrogen cooled mercury—cadmium—telluride (MCT)
detector and with a “Golden Gate” single reflection diamond
ATR accessory (Specac Ltd., Orpington, UK). The sample (5
uL) was mounted onto the diamond ATR crystal, and spectra
were acquired after slow evaporation of the buffer solvent
(within approximately 15 min) under ambient conditions, at a
nominal resolution of 2 cm” and coadding 64 scans. Each data
acquisition was followed by ATR correction, and the spectra
were smoothed by applying the Savitzky-Golay algorithm.
Buffer subtraction and baseline correction were also
performed. For the second derivative analysis, spectra were
normalized by the area. Spectra analysis was carried out using
Origin software package (OriginLab, Northampton, MA).

Dynamic Light Scattering (DLS). Samples were meas-
ured with a W130i dynamic light scattering device (DLS, Avid
Nano, Ltd., High Wycombe, UK) with a diode laser (660 nm)
and a photodiode detector, using low-volume disposable
cuvettes with 1 cm path length (UVette, Eppendorf, Vienna,
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Austria, GmbH). The autocorrelations functions were
measured for 10 s, repeated 10 times, and analyzed with the
supplied iSize 3.0 software.
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