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ABSTRACT: The shelterin protein TRF2 has come to
the limelight for its role in telomere maintenance and
tumorigenesis. Herein, the application of rational design
and synthesis allowed identifying the first TRF2pppy
binder able to elicit a marked DNA damage response in
cancer cells. This work paves the way for the
unprecedented employment of a chemical tool to finely
tune specific mechanisms underlying telomere mainte-
nance.

T elomeres are key features of chromosome termini that
preserve genome integrity.1 In many organisms, their
protective function depends upon at least two pathways. The first
relies on telomerase, which can compensate for replicative
erosion,” and the second relies on a particular nucleoprotein
complex named “shelterin”, protecting chromosome ends from
aberrant signaling and repair.’ In mammalian cells, protection of
chromosome ends requires the shelterin protein telomeric
repeat-binding factor 2 (TRF2). Indeed, TRF2 helps the folding
of telomeric DNA into a t-loop, which might contribute to
telomere protection by masking the 3’-end overhang from being
recognized as damaged DNA, preventing activation of a DNA
damage response (DDR) at telomeres and inappropriate
repair.”® Moreover, when telomeres become critically short,
insufficient recruitment of TRF2 leads to telomere deprotection
and initiation of a DDR pathway at chromosome ends.’ Full
suppression of TRF2 activates the same response as critically
short telomeres, such as recruitment of DDR factors, activation
of a cell cycle checkpoint, and repair activities resulting in
chromosome fusions.” On the other hand, partial localization of
TRF2 at telomeres, while not leading to chromosome end-to-end
fusions, forces cells to G1 arrest or genome instability depending
on the cell pS3 competence.® More recently, a two-step
mechanism for TRF2-mediated end protection has been
identified: first the dimerization domain of TRF2 (TRF21ggy)
is required to prevent ATM kinase activation; next, TRF2,
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through a portion of the hinge domain (iDDR), can suppress the
propagation of DNA damage signaling.” The anti-ATM effect of
TRF2 gy could stem from its ability to modify the topological
conformation of telomeric DNA and/or from its interaction with
different proteins sharing a specific amminoacidic motif ([Y/F/
H]xLxP; x: any amino acid).>'® The capacity of TRF2qgpy to
bind several different molecular partners sharing a common
recognition motif indicates that an array of TRF2 molecules
serves as a protein hub for different signaling.

Interestingly, increased expression of TREF2, observed in
human malignancies,'"'? contributes to carc1nogenes1s in mice"
and is regulated by the Wnt/f-catenin pathway.'"* Moreover,
overexpression of TRF2 is required for tumorigenicity, not only
by a delay of replicative senescence but also by a noncell
autonomous mechanism preventing innate immune surveillance
and relying on extra-telomeric roles of TRF2 in gene expression
regulation.”® Likely, in tumor cells, overexpression of TRF2 can
trigger aberrant signaling pathways by engaging interactions with
different molecular partners, contributing to cancer progression
ad maintenance. These recent advances in the comprehension of
the multiple roles exerted by TRF2 indicate this protein as an
interesting target for the development of interacting chemicals
that serve as tools for both basic and translational cancer
research. In particular, genetic disruption of the TRF2pppy
domain interactions impairs telomere maintenance and elicits a
DDR signaling, thereby suggesting this domain as a pertinent
drug target.9 Herein, a structure-based rational design has been
applied in tandem with a targeted peptide synthesis to discover
the first chemotypes that directly bind TRF2pppy, thereby
switching off its recruiting functions. The design campaign
started with the analysis of the available X-ray structures of this
domain in complex with the C-terminus of Apollo (Aporgy,
Apollo 496—532, PDB 3BUA) and with a short fragment of
SLX4 (SLX4py, SLX4 1014—1028, PDB 4M7C), two non-
shelterin molecular partners of TRF2 gy involved in telomere
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protection."®™"® The two peptides bind the TRF2qgmy by

adopting a similar conformation and interaction pattern (Figure
1a), in which a random coil followed by a short a-helix turn fits in
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Figure 1. (a) Design of cyclic peptides to recapitulate the experimental
Aporgy and SLX4rpy binding conformation in complex with
TRF2 ey The protein is depicted as a gray surface, while Aporgy,
and SLX41py are depicted as cyan and green sticks and ribbons,
respectively. (b) Sequences of the designed peptides.

the narrow gorge of TRF2 gy where the [Y/F/H]xLxP motif
engages hydrophobic (L and P) and polar contacts (Y/H).

Thus, the most straightforward approach to design a
TRF2 gy binder was to start with a peptide structure featuring
the Y/HxLxP binding motif devoid of the flanking residues which
were not shown to be critical for protein—protein interactions.
Moreover, since we were interested in a chemotype endowed
with better binding affinity for the target as well as cell-
penetrating properties, we decided to induce conformational
constraints by designing cyclic peptides. The best cyclization
strategy was to attain a side chain-to-side chain cyclization by
mutating LS50S and VS09 (Aporgy numbering) in specific
residues allowing for a variety of chemical bonds. This choice was
dictated by several considerations: (i) the aforementioned
residues are spatially closed to each other in the experimental
Aporgy bound conformation, (ii) they do not engage tight
interactions with TRF2 gy, and (iii) the resulting pentapeptide
would have a limited conformational flexibility. As reported in
Figure 1b this cyclization strategy leaves the Y residue to be
exocyclic.

Therefore, a small library of conformationally restricted
peptides was designed by inserting amino acids, such as C, K,
Orn, D, E, bearing side chains that could be easily connected
through disulfide (1) and lactam bridges (2—7) (Figure 1b). All
peptides were synthesized by a Na-Fmoc/tert-butyl strategy of
solid-phase peptide chemistry and then tested in an in vitro assay
for the semiquantitative measure of their binding affinity to
TRF2ppy. Specifically, a GST-tagged TRFH domain, able to
bind an HA-tagged peptide featuring the binding motif of
Aporgy (Figure S1), was used in a competitive pull-down assay
in which we compared the binding of the HA-tagged peptide to
GST-TRFH, in the absence (negative control) or presence of the
equimolar concentrations of the selected peptides. Results,
showing the amount of TRF2 ggy-bound HA-peptide, clearly
indicate that 7 was the most potent binder, being able to reduce
by about 70% the binding of the HA-tagged peptide (Figure 2a).
Molecular modeling studies were then attained to provide at
atomic level a clearer picture of the interaction established by
peptide 7 and TRF2pppy. To this end, replica-exchange
molecular dynamics (REMD) simulations were first used to
computationally presample the peptide low free-energy con-
formational basins of 7 in solution. Results of our 4 s REMD
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Figure 2. (a) Competitive binding assay. Matrix bound GST-
TRF2TRFH was incubated with equimolar concentrations of HA-
Aporgy and 1—7 peptides. Aporgy, alone was used as the control. Matrix
bound proteins were eluted and analyzed by dot blot against HA.
Histograms report densitometries of anti-HA signals (normalized on
relative TRF2 signals) expressed as the percentage of control. A signal
decrease revealed the interference of 1—7 with HA-Aporpy binding to
TRF2 protein. The mean of three independent experiments with
comparable results is shown. Error bars indicate SD (** = p < 0.01). (b)
Predicted 7/TRF2TRFH complex. The ligand is represented as yellow
sticks while protein is represented as a gray surface; the Aporpy cocrystal
structure, depicted as cyan ribbons and sticks, is also reported as
reference.

simulations were analyzed considering the peptide conforma-
tions adopted at 300 K that were subsequently clustered
employing the average linkage method and a cluster member
cutoff of 0.5 A rmsd calculated on the Ca carbons of the peptide
residues within the cycle. The 22 calculated conformations,
representative of each conformational cluster, were then
considered in subsequent docking studies attained with the
AutoDock 4.2 software (AD4) and employing the TRF21ppy
structure having PDB code 3BUA (see methods for full
explanation of this methodology). In the lowest energy
conformation calculated by AD4 the ligand is able to adapt in
the protein binding site strongly resembling the binding mode of
the cocrystal peptides (see Figures 2b and S2) with the exception
of Y that is lodged in a cleft adjacent to that hosting the Y and H
residues of the cocrystal Aporgy and SLX4qpy peptides,
respectively. Analysis of these differences made clear that the
different binding position of Y' in 7 could be ascribed to the
chirality of the ca carbon of E* and, in principle, replacing it with
the p-amino acid (dE*) would have led to a new peptide that
could better recapitulate the experimental peptide/protein
interactions.

To test the viability of this hypothesis, the above-described
computational protocol was applied to peptide 8 featuring dE*
and suggested that this latter peptide would be able to
recapitulate the whole interaction pattern recorded for the
cocrystal peptides in the X-ray studies (Figures 3a and S3). While
the results of these computational studies seem to indicate that 8
is more prone to recapitulate the cocrystal linear peptides, this
does not necessarily mean that this would result in higher binding
affinities. Thus, 8 was synthesized and assayed for its affinity to
TRF2gey. The in vitro binding experiments revealed that 7 and
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Figure 3. (a) Predicted 8/TRF2ppy complex and sequence of the
peptide. The ligand is represented as green sticks while protein is
represented as a gray surface; the Apo-gy, cocrystal structure, depicted as
cyan ribbons and sticks, is also reported as reference. (b) Competitive
binding assay of HA-Aporgy, with 7 and 8 analyzed as described above.
The mean of three independent experiments with comparable results is
shown. Error bars indicate SD (* = p < 0.01). GST-TRF2gpy was
incubated with equimolar concentrations of HA-Aporgy and 7 and 8
peptides.

8 shared a comparable effect in counteracting the interaction of
Aporgy with the TRF2gpyy (Figure 3b).

To investigate, from a thermodynamic point of view,
similarities and/or differences between the interaction of
TRF2 ey with the binding partner Aporgy and with peptides
7 and 8, we performed isothermal titration calorimetric (ITC)
experiments. ITC measurements showed that 7 and 8 interact
with TRF2 gy in vitro, with a 1:1 binding stoichiometry (Figure
4). The data show that Aporgy, and 7 have comparable affinity
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Figure 4. ITC binding isotherms and thermodynamic signatures
(insets) for titration of TRF21ppy with Aporgy (a), 7 (b), and 8 (c)
peptides obtained at 25 °C. The squares represent the experimental data
obtained by integrating the raw ITC data and subtracting the heat of
peptide dilution into the buffer. The red lines represent the best fit
obtained by fitting the experimental binding isotherm to an equivalent
and independent-sites model.

for TRF2pppy (K3 = 0.25 and 0.20 uM, respectively). On the
other hand, the structural modifications introduced in 8 resulted
in a higher affinity (K4 = 0.12 4M), probably as a consequence of
the better recapitulation of the Aporgy/ TRF2pgy interactions.
Noteworthy, the thermodynamic signatures for the binding of
the cyclic peptides are very different if compared to the Aporgy
ones (Figure 4). Indeed, the less favorable enthalpy change

values measured for the interactions of 7 and 8 with TRF2 ey
(—8.2 and —12.0 kJ mol™!, respectively) with respect to that
recorded for Aporgy (—63.7 k] mol™) are explained by the
absence, in the cyclic peptides, of the accessory interacting
residues flanking the YxLxP binding motif of Aporpy. On the
other hand, these less favorable enthalpy changes are fully
compensated by a favorable entropic contribution to the binding
(30.1 and 27.4 kJ mol™" for 7 and 8, respectively), which is
unfavorable for Aporgy (—26.9 kJ mol™") due to its intrinsic
conformational freedom. These data substantiate the correctness
of our initial hypothesis to design short and conformationally
constrained peptides to achieve high binding affinity for
TRF2pgy. Finally, 7 and 8 have been tested for their ability to
trigger a DNA damage response in Hela cells as well as their
stereoisomers d7 and d8 (Figure 1b) that were used as control
peptides. Our results demonstrated that, consistently with
already reported data,'® both 7 and 8 did not modify the
telomeric localization of TRF2 (Figure S4a). Also, the two
peptides significantly increased the percentage of cells with
phosphorylated H2AX (yH2AX) up to more than 50% when
compared to control peptides (Figures S4b, Sa and b, SSa). In
addition, yH2AX was activated in response to dysfunctional
telomeres. Indeed, almost all the YH2AX positive cells exhibited
more than 4 TRF1/yH2AX colocalizations (Figure Sa and b)
with a mean of ~8 TIFs (Telomere-dysfunction Induced Foci)
per nucleus, and interestingly, if compared to 7, 8 showed a
higher percentage of TRF1/yH2AX colocalizations (Figure Sb).
Of note, only a small fraction of cells exhibited S3BP1 activation
(Figures Sb and SSa), anaphase bridges indicative of end-to-end
fusions (Figure SSb), and eventually died (Figure SSc).

Moreover, meta-TIFs assay, performed to accurately estimate
the number of TIFs in an entire nucleus and to avoid the
inclusion of TIFs postulated to transiently occur during the S/G2
phases, showed a huge activation of telomeric and nontelomeric
yH2AX spots in discrete genomic loci (Figure Sc and d). The
presence of nontelomeric yH2AX spots is consistent with the
ability of TRF2 to bind and protect interstitial telomeric DNA
sequences against DDR activation."” The degree of telomere
deprotection accompanied by the almost complete lack of S3BP1
recruitment suggests that disruption of the TRF2pppy inter-
actions can induce a partially deprotected state in which the
chromosome ends activate ATM/yH2AX but still protects
against 53BP1 recruitment and/or spreading. The lack of a full
DDR can be due to the presence of a DDR inhibitor domain
outside the TRF21ppy repressing the S3BP1 activation.” Genetic
disruption of the TRF2qzpy domain interactions by the
expression of a TRF2ppy mutant has been recently reported
to elicit the first step of the DNA damage response (yH2AX
activation, without recruitment of 53BP1).” Therefore, the ability
of the chemical compounds described here to reproduce the
same cellular phenotype obtained with the mutational analysis of
the TRF2ggy indicates that this domain can be actually targeted
and strongly supports the specificity of our compounds.

In conclusion, our results demonstrate that the proposed
chemical modifications introduced in the ApoTBM binding
motif significantly increase the affinity and the specificity of the
peptide for TRF2|gpy, thereby identifying the first cell-
permeable TRF2 binding chemotype as a tool for both basic
and translational research.
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Figure S. (a) Represenative images (100X magnification) of IF experiments performed in Hela cells treated for 24 h with 1 yM of the indicated
compounds, stained with anti-TRF1 and -yH2AX antibodies, and finally counterstained with DAPL (b) Quantitative analysis of the above samples in
terms of percentage of cells positive for DDR markers and TIFs, average number of TIFs per nucleus and percentage of TIFs on the total number of
damage spots. (c) Represenative metaphases (100X magnification) of cells treated as above and stained with yH2AX and hybridized with a red
fluorescent telo-probe. (d) Quantitative analysis of the samples in ¢ scored as percentage of YH2AX positive metaphases and average number of yH2AX
labeled chromosomes in telomeric and nontelomeric regions. The mean of three independent experiments with comparable results is shown. Error bars

indicate SD (* = p < 0.1 ** = p < 0.01). Scale bar = § ym.
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