W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300970

www.chemeurj.org

Modified Peptide Molecules As Potential Modulators of
Shelterin Protein Functions; TRF1

Wioletta Brankiewicz,® Umesh Kalathiya,™ Monikaben Padariya,™ Katarzyna Wegrzyn,"
Maciej Prusinowski,® Joanna Zebrowska,'” Agnieszka Zylicz-Stachula,” Piotr Skowron,
Marek Drab,” Mariusz Szajewski,” % Maciej Ciesielski,” 9 Matgorzata Gawronska,”
Anoop Kallingal,” Mariusz Makowski,*'¥ and Maciej Bagifski*®

In this work, we present studies on relatively new and still not
well-explored potential anticancer targets which are shelterin
proteins, in particular the TRF1 protein can be blocked by in
silico designed “peptidomimetic” molecules. TRF1 interacts
directly with the TIN2 protein, and this protein-protein inter-
action is crucial for the proper functioning of telomere, which
could be blocked by our novel modified peptide molecules. Our
chemotherapeutic approach is based on assumption that
modulation of TRF1-TIN2 interaction may be more harmful for
cancer cells as cancer telomeres are more fragile than in normal

Introduction

Short peptides with anticancer activity belong to two distinct
categories: (i) natural peptides exhibiting sometimes also
antibacterial activity, which bind to cancer cells exploiting
evolution-acquired specificities, and (ii) designed by in silico
prediction and chemically synthesized peptides, with precision
molecular targeting of cancer cells, mostly specific proteins.'?
Unfortunately, naturally occurring peptides usually possess
hemolytic activity that often prevents their use in invivo
therapy. Moreover, longer peptides are limited by less efficient
transportation properties. Therefore, efforts are aimed towards
generation of stable synthetic short peptides or modified

cells. We have shown in vitro within SPR experiments that our
modified peptide PEP1 molecule interacts with TRF1, presum-
ably at the site originally occupied by the TIN2 protein.
Disturbance of the shelterin complex by studied molecule may
not in short term lead to cytotoxic effects, however blocking
TRF1-TIN2 resulted in cellular senescence in cellular breast
cancer lines used as a cancer model. Thus, our compounds
appeared useful as starting model compounds for precise
blockage of TRF proteins.

peptides, that exhibit required properties yet lack undesired off-
target effects. Properly designed, subsequently synthesized and
in vitro validated peptides ensure desired molecular targeting
pathogenic cells subpopulation in cancer patients (personalized
targeting).”

In anticancer chemotherapy, many cellular targets have
been used so far.*”! However, recently shelterin proteins have
been proposed as new-class targets for anticancer strategy.®'"
The studies of these targets are still very new and it is an
unexplored area but is promising and relevant.>" Thus
targeting shelterin components by short peptides/modified
peptides or small molecules emerge as a new concept for
cancer therapy.”'? Telomeres (chromosome’s ends), nucleo-

[a]l W. Brankiewicz, A. Kallingal, M. Bagiriski
Department of Pharmaceutical Technology and Biochemistry
Faculty of Chemistry
Gdansk University of Technology
Narutowicza St 11/12, 80-233 Gdansk (Poland)
E-mail: maciej.baginski@pg.edu.pl
U. Kalathiya, M. Padariya
International Centre for Cancer Vaccine Science
University of Gdansk
ul. Ktadki 24, 80-822 Gdarisk (Poland)
[c] K. Wegrzyn
Intercollegiate Faculty of Biotechnology
University of Gdansk
Abrahama 58, 80-307 Gdansk (Poland)
[d] M. Prusinowski, J. Zebrowska, A. Zylicz-Stachula, P. Skowron, M. Gawroriska,
M. Makowski
Faculty of Chemistry
University of Gdansk
Wita Stwosza 63, 80-308, Gdansk (Poland)
E-mail: mariusz.makowski@ug.edu.pl

=

Chem. Eur. J. 2023, 29, €202300970 (1 of 10)

[e] M. Drab
Unit of Nanostructural Bio-Interactions
Hirszfeld Institute of Inmunology and Experimental Therapy
Polish Academy of Sciences
12 Weigla-Street, 53-114 Wroctaw (Poland)

[fl M. Szajewski, M. Ciesielski

Department of Oncological Surgery

Gdynia Oncology Centre

Gdynia (Poland)

M. Szajewski, M. Ciesielski

Division of Propaedeutics of Oncology

Medical University of Gdarisk

Gdarisk (Poland)

Supporting information for this article is available on the WWW under

https://doi.org/10.1002/chem.202300970

 © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

lg

[n]

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0002-7342-722X
https://doi.org/10.1002/chem.202300970
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.202300970&domain=pdf&date_stamp=2023-09-04

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300970

protein structures at the end of chromosomes stabilized by
shelterin complex, in cancer cells often escape normal short-
ening and the tumor cells become quasi-immortalized and
dividing beyond Hayflick limit, gaining survival advantage over
normal cells.*® Combating this cancers’ survival strategy by
interfering with the shelterin complex promises an attractive
alternative to other anti-cancer strategies.”"

Shelterin complex is composed of six proteins: telomeric
repeat binding factor 1 (TRF1), and 2 (TRF2), repressor/activator
protein (RAP1), protection of telomeres protein (POT1), TRF1-
interacting nuclear protein 2 (TIN2), and TIN2- and POT1-
interacting protein (TPP1).2°2" This shelterin complex binds
specifically to telomeric DNA.?**>%3 These capping structures
have the crucial function of assuring genome stability by
protecting the chromosome end from being recognized as DNA
double-strand breaks (DSBs).”? Telomeres shelterin complex
also represent challenging structures for the replication machi-
nery, which is associated with telomere fragile sites.?*?%

TRF1 is a key member of the shelterin complex. TRF1 and
TRF2 proteins directly bind DNA TTAGGG telomere repeats and
recruit the remaining shelterin proteins therefore TRFs are
critical determinants of telomere’s protection®?” TRF1 compris-
ing 439 amino acids possesses a specific conserved domain
(TRFH) which assists in the formation of a stable homodimeric
TRF1-TRF1 structure. TRF1's myb-domains (two per a homo-
dimer) enable dimer’s stable interaction with the duplex DNA at
the telomere. TRF1 plays a key role in the assembly of the
shelterin complex by recruiting/binding to Telomere Repeat
Binding Factor2 (TRF2) via TRF1 Interacting Nuclear Protein-2
(TIN2).22%2% TIN2 protein is the central hub of the shelterin
complex. TIN2 directly binds to and consequently stabilizes the
TRF1 through two distinct mechanisms. First, TIN2 protects
TRF1 from tankyrase 1-mediated poly(ADP-ribosyl)ation, which
in turn ensures TRF1's association with telomeres.®” Second,
TIN2 competes with SCFFBX4 for binding to TRF1, thus
preventing TRF1 from ubiquitin-dependent proteolysis.*? Be-
cause of the important functions of TRF1 and TRF1-recruited
TIN2 protein in telomere maintenance, the generation of small
molecular compounds which bind to TRF1 and interfere with its
coupling to TIN2 offers a potential tool to dissect the molecular
mechanism of TRF-1-TIN2 interactions and may become a tool
for destabilizing the whole shelterin complex, thus breaching
cancer’s survival strategy. This shelterin-based strategy has
started to be explored also by other groups.”*'®*"

Since both TRF1 and TRF2 proteins interact very similar with
TIN2 as it was shown in experimental and in silico studies we
focused only on modulation of TRF1-TIN2 interaction.!®*%*"
Crystal structure of TRF1 complexed with a TIN2 peptide (amino
acids 256-276) has been solved and indicated that their
interaction is mainly mediated by the TRFH domain of TRF1 and
a 20-mer TRF1 binding motif in TIN2 (TIN2 TBM).2” Using TIN2
TBM, (amino acids 256-276), as a targeted domain, and our
previous molecular modeling of this molecular target we
designed N-terminally tripeptides to inhibit TRF1-TIN2
interactions."” Here we report on the design, synthesis, and
biochemical/biological evaluations of TIN2 TBM interfering
model of modified peptides in a set of complementary
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approaches that collectively prove modulation of TRF1-TIN2
binding and promise a new approach against cancer. However,
our just two new molecules can be regarded only as a models
and used more as a proof of concept rather than established
drug candidates.

Results and Discussion
Synthesis of PEP1 and PEP2

Two modified peptides molecules, PEP1 and PEP2, were
synthesized following the general pathway shown in Figure 1.
To confirm the structures of the obtained compounds for
further studies elemental analysis (CHNS), mass spectrometry
(MS), spectroscopic (‘"H NMR) were performed. The MS and NMR
plots were shown as Figures S2 and S4, respectively, together
with elemental analysis information.

More detailed description of the synthesis of the modified
tripeptides PEP1 and PEP2, and their purification can be found
in the Supporting Information file (Figures S1-S3).

In silico studies

Although our major aim was TRF1 protein, we performed the in
silico studies for both TRF1 and TRF2 since both of them
interact with the TIN2 peptide and whether interactions of TIN2
share similarities towards TRF1 and TRF2. Although the crystal
structures of the TRFH domains of the TRF1 and TRF2 proteins
have almost identical molecular structures, they share only 27 %
sequence identity of amino acids.'®*'** The TRF proteins lack
hetero-interactions with each other; both bind to the double-
stranded telomeric DNA as homodimers. Despite similar dock-
ing sites for DNA, due to significant sequence differences, they
slightly differentially associate with other proteins of the
shelterin complex, but the docking site for TIN2 is rather similar
for both cases" It has been found that the required short
motif of TIN2 for docking to the TRF1 is FxLxP while for docking
to the TRF2 motif is YxLxP (Figure 2).2*3” Considering the
importance of such FxLxP and YxLxP motifs by TRF proteins, we
used such motifs to design new peptide-like molecules using
fragment-based approaches. For the designing of novel pep-
tide-like molecules, we extracted the core motifs from TIN2
peptide showing approach a high occupancy and/or stable
interactions with either of the TRF proteins by molecular
dynamics (MD) approach (Figure 2)."°*? In particular the FNL
motif of TIN2 was important for interaction with one hot spot of
TRF protein, a crucial one from structural point of interaction.!"”

Applying the fragment-based approach we added different
functional groups at the N-terminal of the FNL motif (Figure 3;
left panel) of the TIN2 peptide. These R1 fragments were
selected within Molecular Operating Environment (MOE soft-
ware: Chemical Computing Group Inc., Montreal, QC, Canada)
approach based on the best scores concerning binding. In the
first approach many potential R1 fragments were selected in
automatic way by MOE. However, since the chemical structure
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Figure 1. Solid-phase peptide synthesis using the Fmoc/tBu strategy. Synthesis was carried out on a (PHB)-Wang resin. After attaching the first amino acid to
resin by standard ester coupling, standard Fmoc peptide synthesis was conducted using the N,N'-diisopropylcarbodiimide, and OxymaPure. Deprotection of
all of the side-chain-protected peptide was conducted using a 20% piperidine solution in N,N’-dimethylformamide. After attachment of the last amino acid,
modifiers were attached, for PEP1 3-benzoylbenzoic acid, for PEP2 3,5-dimetoxy-4-hydroxyphenyl-acetic acid. PEP1 and PEP2 were cleaved from the resin
using the TFA method. Each elongation step was controlled by the chloranil test. This is a test for free amino groups. A positive test result leads to repeated
acylation. In our case it was always negative. The HPLC, and MS confirmed correctness of the peptide synthesized (Figures S1-S2). In our case the modification
of the peptide was straightforward with carboxylic acid using the same procedure.
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Figure 2. Residues making high occupancy (> 20% of time in MD simulation) interactions were traced from our previous study of monomer and dimer TRF1/2
systems."%*? FxLxP and YxLxP motifs are labeled, and the green color represents residues showing high occupancy (> 20%) interactions from TIN2 peptide

with TRF proteins.

of these fragments were very unusual and synthesis of originally
selected R1 substituents at the N-terminus (Figure 3; left panel)
has not been possible from the chemical point of view we
decided to use another more rational way. We designed an
alternative set of N-terminally modified tripeptides as shown in
Figure 3 (right panel) based on the same FNL tripeptide. New
R1 substituents can be regarded as isosteric replacement.
Therefore, an isosteric replacement of two modified peptides,
based on chemical accessibility, has been proposed (Figure 3,
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right panel). Dataset of new compounds was screened against
the respective TRF1/2;z proteins; predicting the peptide-
protein binding affinity (Figures 3 and 4, respectively). Since
both compounds have quite similar binding properties towards
TRF1 and TRF2 we decided to perform experimental studies
only with TRF1, especially since TIN2 binds to a similar site of
both TRF proteins.
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Figure 3. FNL extended at position R;; fragments to FNL peptide added by applying the fragment-based approach to design novel peptides towards TRF1/
27en Protein, names of fragments from CHEMBL library are given (left panel). PEP1 and PEP2 modified tripeptides designed as isosteric analogues of original

FNL—R1 substituents obtained by MOE (right panel).

PEP1

Figure 4. Docked conformation of peptides PEP1 and PEP2 against TRF1gey and TRF2qqey protein.

SPR

To check the interaction pattern for PEP1 and PEP2 with TRF1
protein the SPR analysis (as more selective than for instance
ITC) was performed and the results are shown in Figure 5. The
increasing concentrations of each peptide were injected and
flowed over the surface of the sensor chip with covalently
immobilized TRF1 protein. A significant increase in the response
was detected when PEP1 was injected (Figure 5A). In the case
of PEP2, only a slight increase in the response was detected
(Figure 5B). For interaction between PEP1 and TRF1 protein, the
kinetic constants were calculated, using the 1:1 binding model
(Figure S4 of Supporting Information). The association rate (k,)
was calculated as 1.18-10° M~ "'s™' (£1.49-10' M~'s™"), dissocia-
tion rate (ky) as 1.56-10>s™' (£1.01-10"*s™") and equilibrium
dissociation  constant  (K;) value was 1.34-10°M
(£2.29-107° M). Since the interaction between PEP2 and TRF1
protein was very weak (Figure 5B) the calculation of kinetic
constants was not feasible.

As a control, instead of compounds the TIN2 peptide
(RHFNLAPLGRRRVQSQWASTR) was used (Figure 5C). The associ-
ation rate (k) was calculated as 1.90-10°M's™
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(£5.49-10°M~'s™"), dissociation rate (k;) as 3.15-107%s”'
(£2.73-10%s™"), and equilibrium dissociation constant (Kp)
value was 1.46-107° M (£1.09-107> M).

In Figure S5 of the Supporting Information the influence of
PEP1 on TRF1 binding to TIN2 was shown. The biotinylated
TIN2 peptide was immobilized on SA sensor chip. Next, the
PEP1, TRF1 protein or a mixture of both flowed over the sensor
chip surface and the obtained response was detected. The
sensorgraphs showed the mean value from four experiments.
However, no inhibition was observed what may suggest that
either there is another place for binding PEP1 on the surface of
TRF1 or our modified peptide is too short to occupy the whole
TIN2 binding cleft and to completely prevent TRF1-TIN2 bind-

ing.
Cytotoxicity

Both PEP1 and PEP2 were not toxic to MCF7, MDA-MB-231,
HCC116, A549, and HMEC cells with an IC50 (the concentration

causing a 50% inhibition of viability compared to untreated
cells) of ~100 uM (Figure 6).
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Figure 5. Analysis of PEP1, PEP2 and TIN2 interaction with TRF1 protein. The
interaction of peptides, PEP1 (A), PEP2 (B) and TIN2 (C) with TRF1 protein
was analyzed with surface plasmon resonance as described in Materials and
Methods. The increasing amounts of PEP1, PEP2 (5, 10, 20, 30, 60 pM) and
TIN2 (3.125, 6.25, 12.5, 25, 50, 100) were run over the surface of a sensor chip
with immobilized TRF1 protein. The results are presented as sensorgrams
obtained after subtraction of the background response signal from a
reference flow cell and a control experiment with buffer injection. For each
analyzed peptides, at least three kinetic experiments were performed.

Senescence and Lipid droplets

Replicative senescence (RS) has long been characterized as a
proliferative arrest that occurs in normal cells after a limited
number of population doublings, in a process largely depend-
ing on telomeres shortening and lowering of telomerase
activity. In addition to RS, a number of factors can accelerate
and/or trigger cell senescence, including various forms of stress
- a phenomenon known as stress induced premature senes-
cence or SIPS.®® Exposure to different types of acute sub-lethal
stresses such as oxidative stress and DNA damaging agents was
shown to induce cellular senescence in different cell types at
relatively short periods of time (ranging from 3 to 10 days)
without or with modest telomere shortening.”? The molecular
biomarkers of senescent cells include senescence-associated f3-
galactosidase (SA-B-gal), p16INK4a, and p53.“*? To identify the
possible senescence-involved cytotoxic activity, we performed a
SAB-gal assay. MCF7, A549 and HCT116 cells were plated in a
35 mm Peri dish on coverslips at low density for the logarithmic
phase growth. The next day, the cells were treated with PEP1
and PEP2 at 100 uM concentration for five days. Etoposide
(10 uM) was used as the positive control as a senescence
inducing agent, and DMSO was used as the negative control.
The large blue-stained senescent (SAPgal-assay-positive) cells
were visible in the case of treatment of both peptides
(Figure 7).
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This observation confirmed, that compounds induced cell
senescence, which can be related to the deregulation of the
shelterin complex.** In human cells, the shelterin complex is
composed of six proteins, including TRF1, TRF2, POT1, RAP1,
TIN2, and TPP1.”! The most important is that forming the
whole 6 proteins complex requires the absence of steric
hindrance between the components® The TIN2 protein is
involved in linking the double-stranded DNA binders TRF1 and
TRF2 to the TPP1-POT1 heterodimer that deals with the
telomeric single-stranded overhang.*” Critical functions of TPP1
is the regulation of telomerase recruitment to telomeres via the
interaction with telomerase reverse transcriptase (TERT), a
catalytic part of the telomerase, and consequently for telomere
maintenance.”® Therefore, the used peptides might influence
the recruitment of telomerase, which resulted in cellular aging
visible in the experiment. It is interesting to note that PEP2,
which is less active concerning interaction with TRF1 protein (as
indicated in SPR experiments) is also less potent to promote
senescence (Figure 7). This observation supports our proposed
mechanism of action where both compounds appear not
immediately cytotoxic but induce cellular stress leading to
senescence rather than apoptosis. Our model of PEP1 and PEP2
activity assumes that disruption of TRF1-TIN2 interaction
disrupts further shelterin intermolecular interactions leading to
prolonged cellular stress.

Several studies reported an accumulation of lipid droplets in
senescent cells compared to proliferating cells.***¥ Lipid
droplets are complex organelles with multiple functions that
include modulation of nuclear processes, protein trafficking,
membrane trafficking, and phospholipid recycling as well as
metabolic  regulation and storage of hydrophobic
components.”>*® Therefore, based on the previous result, the
accumulation of lipid droplets in cells after PEP1 and PEP2
treatment was explored. Using the Nile red dye in MCF7 cells,
we observed effects of PEP1 and PEP2 on lipid droplets (LDs)
(Figure 8). The results show a clear increase in LD size in the
cells after PEP1 or PEP2 treatment.

Telomere Dysfunction and Co-immunofluorescence

Telomere dysfunction-induced focus (TIF) assay allows efficient
profiling of telomere dysfunctions in cells. As it is shown in
Figure 9 treatment of cells MCF7 by PEP1 and PEP2 after 120 h
lead to chromosomal aberrations. As we propose our com-
pounds have ability to prevent protein TRF1-TIN2 interactions
what may lead to non-functional behaviour of the shelterin
complex followed by telomere unprotection and chromosomal
aberrations. This cellular effect correlates with our in vitro
results. Moreover, to study other effect in the telomeric region
we applied co-immunofluorescence technique. Immunofluores-
cence is a technique to visualize the localization of specific
molecule targets within cells using the specificity of antibodies.
In this study, two compounds were used: PEP1 (100 uM) and
PEP2 (100 uM), and the colocalization of y-H2AX histone with
TIN2 protein before and after MCF7 cells’ treatment (after
120 h). The results were negative (Figure ST of the Supporting
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Figure 6. Viability of HMEC, MCF7, MDA-MB-231, A549 and HCT116 cells measured by MTT assay after 72 h of incubation with PEP1 and PEP2.

Information) and TIN2 after cell treatments by our compounds
remain in telomeric region as in a control experiment. However,
this result does not contradict to our other observations and
hypothesis of protein-protein inhibition by PEP1. Inhibition may
prevent binding TIN2 to TRF1 but still other components of
shelterin complex are present around what keeps TIN2 next to
telomeres.

Conclusions

Combating cancer evolves into new strategies and involves
novel targets whose search is extensively aided by in silico
molecular modeling. New small molecules aimed to target
telomer and its shelterin complex emerge as a novel promising
strategy, ensuring high-precision interference. Telomeres nor-
mally get shortened after each cycle of cell duplication to

Chem. Eur. J. 2023, 29, €202300970 (6 of 10)

ensure limitation of life span, however cancer cells often
activate telomerase and hitchhike shelterin complex to enter
quasi-immortalized state and become hyperproliferative. To
breach this proliferation advantage of cancer cells over normal
cells, herein, we interfered with telomere shelterin interaction
between its two critically important components; TRF1 and
TIN2. Our in silico modeled, designed and de novo synthesized
small molecules of modified peptide, that mimic the core of
TIN2 binding domain interfere with TIN2 binding to TRF1, as we
observed in vitro. Modulating of TIN2/TRF1 coupling, demon-
strated by us in the SPR analysis in a concentration series,
especially in case of PEP1 modified peptide appeared not
immediately toxic but on the other hand has triggered cell
senescence. The results support our hypothesis about stepwise
mechanism of action of PEP1 molecule, starting from interfer-
ence with TIN2-TRF1 coupling and followed by prolonged
cellular stress. One may expect such cellular response because
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Figure 7. Senescence-associated 3-galactosidase (SA-B-gal) staining. (A) Representative images of the MCF7 cell line after exposure to the following
compounds: PEP1 (100 puM), PEP2 (100 pM) and etoposide (10 uM) after 120 h incubation. Ctrl denotes reference. Scale bars correspond to 20 um. (B)
Quantification of SA-f3-gal positive cells for quiescent control, Etoposide, PEP1 and PEP2. The percentage of SA-B-Gal positive cells as an indication of SA-B-gal
activity was quantified in n =10 images per condition. Data presented as standard error mean bar and asterisks denote statistical significance (***-P <0.001,

**_P <0.01, *~P <0.05, ns-P >0.05) by ANOVA test.

modulation of TRF proteins may not immediately cause harm
for cells but instead induce cellular stress and result in
senescence rather than apoptosis, as was demonstrated in our
experiments. Moreover, from pharmacokinetic point of view,
the accumulation of PEP1 and PEP2 in enlarged lipid droplets of
treated cells promises prolonged depo-type release, usually an
extra advantage among cancer chemotherapeutics and addi-
tionally limiting cytotoxicity of PEP1. Nevertheless, experiments

Chem. Eur. J. 2023, 29, €202300970 (7 of 10)

performed at cellular level (TIF assay) support our in vitro
observations that such modified peptides may lead to dis-
function of telomeres and aberration of chromosomes. Modu-
lation of TRF1/TIN2 binding by PEP1 small molecule proved by
our study demonstrates the usefulness of in silico prediction
and delivery of a new-lead of modified peptides class of
anticancer compounds targeting one of shelterin protein. Since
TRF proteins are relatively new anticancer targets further
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Figure 8. Detection of lipid droplets (Nile Red staining) in the population of cells of the MCF7 cell line after exposure to compounds PEP1 and PEP2 after 48 h
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of incubation. Ctrl denotes reference. Scale bars correspond to 20 um.
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studies are needed to answer the question how modulation or
blocking these proteins influences preferentially the cancer cells
in comparison with normal ones. Moreover using inhibitors of
TRF, such as model modified peptide presented in our work,
enables studying consequences of such cellular effects with
high targeting precision.

Supporting Information
The Supporting Information (SI) file includes experimental
information, the elemental analysis (CHNS), HPLC spectra, mass

spectrometry (MS), and spectroscopic ("H NMR), both method-
ology of the association (k,), dissociation rate (ky) and equili-
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Figure 9. (A) Examples of metaphase spreads for MCF7 cells after exposure to the following compounds: PEP1 (100 uM), PEP2 (100 uM). Incubation time:
120 h. Telomers were identified by PNA telomere probe (red). DNA was stained by DAPI (blue). Scale bar equals 10 pm. (B) Quantification of telomere fusion.
Data presented as standard error mean bar and asterisks denote statistical significance (***-P <0.001, **-P <0.01, *-P <0.05, ns-P > 0.05) by ANOVA test.
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brium dissociation constant (Ky) calculation, and a figure of
influence of PEP1 on TRF1 binding to TIN2 from the SPR
experiment. Additional references cited within the Supporting
Information."%?

Author Contributions

The manuscript was written through the contributions of all
authors. All authors have approved the final version of the
manuscript.

Wioletta Brankiewicz - biological studies in part, cytotox-
icity, senescence, analysis of telomere dysfunction and Co-
immunofluorescence experiments - writing and reviewing

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 11D 3|qeol [dde 8Ly Aq peuseob ae Sapoie YO ‘8sh JO s3I 10} AeIq1]8UIUO AB]IM UO (SUORIPUOD-PUR-SWR LD A3 1M Ae1q 1 U1 [UO//SdNL) SUORIPUOD pue Swis | 8ul 89S *[1202/20/Tz] uo Ariqiiauliuo A8|im ‘ABojouyoe L JO AisieAlun Xseps Aq 02600£202 WeUd/Z00T 0T/I0p/uod" A8 1M Aelq i uljuo'adone-Ansiweyd//sdiy wo.y pepeojumod ‘ss ‘efoz ‘s92£T2ST



Chemistry—A European Journal

Research Article

doi.org/10.1002/chem.202300970

Chemistry
Europe

European Chemical
Societies Publishing

manuscript in part. Umesh Kalathiya and Monikaben Padariya
- in silico studies, — writing and reviewing manuscript in part.
Katarzyna Wegrzyn - SPR studies - writing and reviewing
manuscript in part. Maciej Prusinowski, Joanna Zebrowska,
Agnieszka Zylicz-Stachula, and Piotr Skowron — designing and
production of TRF1 - writing and reviewing manuscript in part.
Marek Drab - supervised biological studies partially in partic-
ular lipid droplets experiments — writing and reviewing manu-
script in part. Mariusz Szajewski, and Maciej Ciesielski -
conceptualization in part of biological experiments, — writing
and reviewing manuscript in part. Malgorzata Gawronska -
synthesis of PEP1 and PEP2 - writing and reviewing manuscript
in part. Anoop Kallingal - telomere dysfunction and Co-
immunofluorescence experiments. Mariusz Makowski - con-
ceptualization of PEP1 and PEP2 synthesis and supervision of
their synthesis — writing and reviewing manuscript in part.
Maciej Baginski — conceptualization, supervision of the whole
manuscript — writing and reviewing manuscript in part.

Acknowledgements

This work was supported by a grant from the National Center
for Research and Development Program under contract Strat-
egmed3/306853/9/NCBR/2017 (TARGETTELO), Warsaw, Poland.
The International Centre for Cancer Vaccine Science project was
carried out within the International Research Agendas pro-
gramme of the Foundation for Polish Science, co-financed by
the European Union under the European Regional Development
Fund. Authors would also like to thank the PL-Grid Infra-
structure, Poland, for providing their hardware and software
resources.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: modified peptides TRF1

modulation - TRF1 protein

shelterin proteins

[11 D. W. Hoskin, A. Ramamoorthy, Biochim. Biophys. Acta - Biomembranes
2008, 1778, 357-375.

[2] C. M. Li, P. Haratipour, R. G. Lingeman, J.J. P. Perry, L. Gu, R.J. Hickey,
L. H. Markus, Cells 2021, 10, 2908.

[31 A. A. Ivanov, F.R. Khuri, H. Fu, Trends Pharmacol. Sci. 2013, 34, 393-400.

[4] J.J. Li, F. Chen, M. M. Cona, Y.B. Feng, U. Himmelreich, R. Oyen, A.
Verbruggen, Y. C. Ni, Target. Oncol. 2012, 7, 69-85.

[5] C. M. Pfeffer, A. T. K. Singh, Int. J. Mol. Sci. 2018, 19, 448.

[6] S. Olgen, Curr. Med. Chem. 2018, 25, 1704-1719.

[7] B. Kumar, S. Singh, 1. Skvortsova, V. Kumar, Curr. Med. Chem. 2017, 24,
4729-4752.

Chem. Eur. J. 2023, 29, €202300970 (9 of 10)

(8l

9l

o

10]
1]

—_

[12

[13

~
S

GEETE
S0 XN

A. De Cian, L. Lacroix, C. Douarre, N. Temime-Smaali, C. Trentesaux, J. F.
Riou, J. L. Mergny, Biochimie 2008, 90, 131-155.

M. Garcia-Beccaria, P. Martinez, M. Mendez-Pertuz, S. Martinez, C.
Blanco-Aparicio, M. Canamero, F. Mulero, C. Ambrogio, J. M. Flores, D.
Megias, M. Barbacid, J. Pastor, M. A. Blasco, EMBO Mol. Med. 2015, 7,
930-949.

U. Kalathiya, M. Padariya, M. Baginski, Eur. Biophys. J. 2017, 46, 171-187.
J. Berei, A. Eckburg, E. Miliavski, A. D. Anderson, R. Miller, J. Dein, A. M.
Giuffre, D. Tang, S. Deb, K. S. Racherla, M. Patel, M. S. Vela, N Puri, Curr.
Topics Med. Chem. 2020, 20, 458-484.

S. Pifieiro-Hermida, P. Martinez, G. Bosso, J. M. Flores, S. Saraswati, J.
Connor, R. Lemaire, M. A. Blasco, Nat. Commun. 2022, 13, 5656.

M. El Mai, S.J. dit Hreich, C. Gaggioli, A. Roisin, N. Wagner, J. Ye, P.
Jalinot, J. Cherfils-Vicini, E. Gilson, Cancers 2021, 13, 2998.

E. Vertecchi, A. Rizzo, E. Salvati, Int. J. Mol. Sci. 2022, 23, 3784.

L. Bejarano, A.J. Schuhmacher, M. Méndez, D. Megias, C. Blanco-
Aparicio, S. Martinez, J. Pastor, M. Squatrito, M. A. Blasco, Cancer Cell
2017, 32, 590-607.

S.D. Maro, P. Zizza, E. Salvati, V.D. Luca, C. Capasso, |. Fotticchia, B.
Pagano, L. Marinelli, E. Gilson, E. Novellino, S. Cosconati, A. Biroccio, J.
Am. Chem. Soc. 2014, 136, 16708-16711.

X. Ran, L. Liu, C. Y. Yang, J. F. Lu, Y. Chen, M. Lei, S. M. Wang, J. Med.
Chem. 2016, 59, 328-334.

X. Chen, L. Liu, Y. Chen, Y.T. Yang, C.Y. Yang, T.Y. Guo, M. Lei, H. Y.
Sun, ACS Med. Chem. Lett. 2018, 9, 507-511.

X. Chen, Y. Dong, T.Y. Guo, C.Y. Yang, Y. Chen, H.Y. Sun, Bioorg. Med.
Chem. Lett. 2020, 30, 127401.

T. De Lange, Genes & Develop. 2005, 19, 2100-2110.

E. Lazzerini-Denchi, A. Sfeir, Nature reviews. Mol. Cell Biol. 2016, 17, 364—
378.

W. Palm, T. de Lange, Annu. Rev. Genet. 2008, 42, 301-334.

J.N. Bandaria, P. Qin, V. Berk, S. Chu, A. Yildiz, Cell 2016, 164, 735-746.
P. Martinez, M. Thanasoula, P. Munoz, C.Y. Liao, A. Tejera, C. McNees,
J. M. Flores, O. Fernandez-Capetillo, M. Tarsounas, M. A. Blasco, Genes &
Develop. 2009, 23, 2060-2075.

C.J. McNees, A.M. Tejera, P. Martinez, M. Murga, F. Mulero, O.
Fernandez-Capetillo, M. A. Blasco, J. Cell Biol. 2010, 188, 639-652.

A. Sfeir, S. T. Kosiyatrakul, D. Hockemeyer, S. L. MacRae, J. Karlseder, C. L.
Schildkraut, T de Lange, Cell 2009, 738, 90-103.

P. Martinez, M. A. Blasco, Nat. Rev. Cancer 2011, 11, 161-176.

H. W. Xin, D. Liu, S. Y. Zhou, Genom. Biol. 2008, 9, 232.

R. Diotti, D. Loayza, Nucleus 2011, 2, 119-135.

C.Y. Hu, R. Rai, C. H. Huang, C. Broton, J. J. Long, Y. Xu, J. Xue, M. Lei, S.
Chang, Y. Chen, Cell Res. 2017, 27, 1485-1502.

Y. Chen, Y.T. Yang, M. van Overbeek, J.R. Donigian, P. Baciu, T.
de Lange, M. Lei, Science 2008, 319, 1092-1096.

U. Kalathiya, M. Padariya, M. Baginski, Archiv. Biochem. Biophys. 2018,
642, 52-62.

L. Fairall, L. Chapman, H. Moss, T de Lange, D. Rhodes, Mol. Cell 2001, 8,
351-361.

J. R. Walker, X. Zhu, Mech. Ageing Develop. 2012, 133, 421-434.

A. Ho, F.R. Wilson, S. L. Peragine, K. Jeyanthan, T. R. Mitchell, X. D. Zhu,
Sci. Rep. 2016, 6, 36913.

H. Kim, O. Lee, H. Xin, L. Chen, J. Qin, H. K. Chae, S.Y. Lin, A. Safari, D.
Liu, Z. Songyang, Nat. Struct. Mol. Biol. 2009, 16, 372-379.

S. Hanaoka, A. Nagadoi, Y. Nishimura, Prot. Sci. 2005, 14, 119-130.

O. Toussaint et al., Sci. World J. 2002, 2, 230-247.

J. P. de Magalhées, J. F. Passos, Mech. Ag. Develop. 2018, 170, 2-9.

B. G. Childs, M. Gluscevic, D.J. Baker, R.-M. Laberge, D. Marquess, J.
Dananberg, J. M. van Deursen, Nat. Rev. Drug Discovery 2017, 16, 718-
735.

K. Itahana, J. Campisi, G. P. Dimri, Meth. Mol. Biol. 2007, 371, 21-31.

M. Zhu, P. Meng, X. Ling, L. Zhou, Therap. Adv. Cchronic Dis. 2020, 11, 1-
26.

S.M. Mir, T.S. Sarnavarchi, G. Goodarzi, Z. Jalmapoor, J. Asadi, N.
Khelghati, D. Qujeq, M. Maniati, Clin. Interventions Aging 2020, 15, 827-
839.

Y. Zhu, X. Liu, X. Ding, F. Wang, X. Geng, Biogeron. 2019, 20, 1-16.

T. Kibe, M. Zimmermann, T. de Lange, Mol. Cell. 2016, 61, 236-246.

C. Ghilain, E. Gilson, M. J. Giraud-Panis, H. Bierhoff, A. E. Kalyuzhny, Cells
2021, 10, 1753.

D. Frescas, T. Lange, J. Biol. Chem. 2014, 289, 24180-24187.

T.W. Chu, Y. D'Souza, C. Autexier, Mol. Cell. Biol. 2016, 36, 210-222.

M. Ogrodnik et al., Proc. Natl. Acad. Sci. USA 2014, 111, 8049-8054.

M. Ogrodnik et al., Cell Metab. 2019, 29, 1061-1077.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

5UBD17 SUOLULLIOD) AITERID) B[l dite BU) Ag peLseA0B 812 SOOI YO ‘88N JO'S3IN. J0) ARIGITBUIIUO A3|IA IO (SUOIPUOD-PLR-SLLLIBLLIOD" AB]1M: AZR1q]1jou UO//SAL) SUORIPUOD) PUB SWLB L &) 885 *[202/20/TZ] Uo Aiq1 auiuo A8]im *ABojoutpe L JO AISRAIUN 5ep9) A 026008202 LBUR/Z00T OT/I0p/u0d" Ao AReiq jeu uo ado.ne-Ans waLoy/sdiy woiy pepeojumod ‘ss ‘efoz '9/€125T


https://doi.org/10.1016/j.bbamem.2007.11.008
https://doi.org/10.1016/j.bbamem.2007.11.008
https://doi.org/10.3390/cells10112908
https://doi.org/10.1016/j.tips.2013.04.007
https://doi.org/10.3390/ijms19020448
https://doi.org/10.1016/j.biochi.2007.07.011
https://doi.org/10.1007/s00249-016-1157-7
https://doi.org/10.3390/cancers13122998
https://doi.org/10.3390/ijms23073784
https://doi.org/10.1016/j.ccell.2017.10.006
https://doi.org/10.1016/j.ccell.2017.10.006
https://doi.org/10.1021/ja5080773
https://doi.org/10.1021/ja5080773
https://doi.org/10.1021/acs.jmedchem.5b01465
https://doi.org/10.1021/acs.jmedchem.5b01465
https://doi.org/10.1021/acsmedchemlett.8b00152
https://doi.org/10.1016/j.bmcl.2020.127401
https://doi.org/10.1016/j.bmcl.2020.127401
https://doi.org/10.1038/nrm.2016.43
https://doi.org/10.1038/nrm.2016.43
https://doi.org/10.1146/annurev.genet.41.110306.130350
https://doi.org/10.1016/j.cell.2016.01.036
https://doi.org/10.1083/jcb.200908136
https://doi.org/10.1016/j.cell.2009.06.021
https://doi.org/10.1186/gb-2008-9-9-232
https://doi.org/10.4161/nucl.2.2.15135
https://doi.org/10.1038/cr.2017.144
https://doi.org/10.1126/science.1151804
https://doi.org/10.1016/j.abb.2018.02.005
https://doi.org/10.1016/j.abb.2018.02.005
https://doi.org/10.1016/S1097-2765(01)00321-5
https://doi.org/10.1016/S1097-2765(01)00321-5
https://doi.org/10.1016/j.mad.2012.05.002
https://doi.org/10.1038/nsmb.1575
https://doi.org/10.1100/tsw.2002.100
https://doi.org/10.1016/j.mad.2017.07.001
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1038/nrd.2017.116
https://doi.org/10.1007/978-1-59745-361-5_3
https://doi.org/10.1007/s10522-018-9769-1
https://doi.org/10.1016/j.molcel.2015.12.016
https://doi.org/10.3390/cells10071753
https://doi.org/10.3390/cells10071753
https://doi.org/10.1074/jbc.M114.592592
https://doi.org/10.1128/MCB.00746-15
https://doi.org/10.1073/pnas.1324035111
https://doi.org/10.1016/j.cmet.2018.12.008

Research Article

Chemistry
Europe

Chemistry—A European Journal doi.org/10.1002/chem.202300970 Soories Publishig

[51] L.S. Cox, C. Redman, Placenta 2017, 52, 139-145.

[52] A.C. Flor, D. Wolfgeher, D. Wu, S. J. Kron, Cell Death Dis. 2017, 3, 1-12.

[53] D.Y. Lizardo, Y. L. Lin, O. Gokcumen, G. E. Atilla-Gokcumen, Mol. BioSyst.
2017, 13, 498-509.

[54] W.Y. Chee et al, Commun. Biol. 2021, 4, 1-13.

[55] S. K. Mallela, D. M. Patel, G. M. Ducasa, S. Merscher, A. Fornoni, H. Al-Ali,
Meth. Mol. Biol. 2019, 1996, 199-206.

[56] M. A. Welte, Curr. Biol. 2015, 25, R470-R481.

[57] D.B. Kitchen, H. Decornez, J. R. Furr, J. Bajorath, Nat. Rev. Drug Discovery
2004, 3, 935-949.

[58] N. Foloppe, A. D. MacKerell Jr., J. Comput. Chem. 2000 21, 86-104.

[59] M. Wojciechowski, B. Lesyng, J. Phys. Chem. B 2004, 108, 18368-18376.

[60] P.Labute, J. Comput. Chem. 2008, 29, 1693-1698.

[61] S.J. Costa, E. Coelho, L. Franco, A. Almeida, A. Castro, L. Domingues,
Prot. Expres. Pur. 2013, 92, 163-170.

[62] J.C. Stockert, A. Blazquez-Castro, M. Cafete, R.W. Horobin, A.
Villanueva, Acta Histochem. 2012, 114, 785-796.

Manuscript received: March 28, 2023
Accepted manuscript online: June 18, 2023
Version of record online: September 4, 2023

Chem. Eur. J. 2023, 29, €202300970 (10 of 10)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILLOD @A 11D 3|qeol [dde 8Ly Aq peuseob ae Sapoie YO ‘8sh JO s3I 10} AeIq1]8UIUO AB]IM UO (SUORIPUOD-PUR-SWR LD A3 1M Ae1q 1 U1 [UO//SdNL) SUORIPUOD pue Swis | 8ul 89S *[1202/20/Tz] uo Ariqiiauliuo A8|im ‘ABojouyoe L JO AisieAlun Xseps Aq 02600£202 WeUd/Z00T 0T/I0p/uod" A8 1M Aelq i uljuo'adone-Ansiweyd//sdiy wo.y pepeojumod ‘ss ‘efoz ‘s92£T2ST


https://doi.org/10.1016/j.placenta.2017.01.116
https://doi.org/10.1039/C6MB00842A
https://doi.org/10.1039/C6MB00842A
https://doi.org/10.1016/j.cub.2015.04.004
https://doi.org/10.1038/nrd1549
https://doi.org/10.1038/nrd1549
https://doi.org/10.1021/jp046748b
https://doi.org/10.1002/jcc.20933
https://doi.org/10.1016/j.pep.2013.09.013
https://doi.org/10.1016/j.acthis.2012.01.006

