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Design and synthesis of nucleic acid nano-
environment interactome-targeting small
molecule PROTACs and their anticancer activityf}
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Targeted protein degradation through PROteolysis TArgeting Chimeras (PROTACs) is a relatively new
modality in cellular interventions. The minimum requirement for PROTACs to function is forming a tertiary
complex of the protein of interest (POI), E3 ligase, and the molecular glue PROTAC. Here, we propose a
new approach to modulate the nano-environment interactome of a non-protein target through a plaus-
ible quaternary complex of interactome—biomolecule of interest (BOI)-PROTAC and E3 ligase. We report
nucleic acid-targeting PROTAC (NA-TAC) molecules by conjugating DNA-binding and E3 ligase ligands.

Received 12th March 2024,
Accepted 29th May 2024

DOI: 10.1039/d4nr01006j

We demonstrate that NA-TACs can target the G-quadruplex DNA and induce elevated DNA damage and
cytotoxicity compared to the conventional G-quadruplex binding ligands. Our new class of NA-TACs lays
the foundation for small molecule-based non-protein targeting PROTACSs for interactome and nanoenvir-
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Introduction

Proteolysis-targeting chimeras (PROTACs) integrate a protein
engager with an E3 ubiquitin ligase recruiter, offering potent
therapeutic potential to address proteins that were once con-
sidered challenging targets." PROTACs target the protein of
interest by binding with a non-active site, ensuring a unique
approach to target engagement.> The heightened potency is a
direct result of their catalytic mechanism of action, setting
them apart from conventional inhibitors.> Furthermore, the
formation of a ternary complex not only enhances selectivity
but also introduces a stabilizing factor, as both ligands con-
tribute to the stability of this complex, and with these distinc-
tive features, PROTAC technology surpasses traditional inhibi-
tor-based targeting of proteins.” Since their initial report in
2001, the field of PROTACs has witnessed exponential growth
with the development of a diverse array of PROTACs." This bur-
geoning technology has demonstrated promising outcomes
across various targets, including nuclear receptors, kinases,
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onment mapping and nucleic acid-targeted precision medicines.

misfolded proteins, epigenetic readers or erasers, and tran-
scription factors.” Various types of PROTAC have been devised
to tackle the previously highlighted challenges, including
small molecule-based, peptide-based, antibody-based, and
nucleic acid-based ones.’ When it comes to targeting nucleic
acids specifically, the development has primarily centered
around nucleic acid-based PROTACs (NAP), which consist of
nucleic acid sequences as target of interest binding moieties, a
linker, and an E3 ligase binding moiety."*> Based on NAPs,
diverse strategies have emerged to target and degrade specific
cellular components precisely. These approaches include
TF-PROTACs, designed for the targeted degradation of tran-
scription factors; RNA-PROTACs, tailored for the degradation
of RNA-binding proteins; aptamer PROTACs, utilizing apta-
mers to achieve targeted degradation; G4-PROTACs, engineered
to exploit G-quadruplex structures for selective degradation;
and, most recently, TeloTACs, specialized chimeras designed
for the targeted degradation of cellular components in telo-
meric regions.*®“*”® This report introduces small molecule-
based, cell-permeable nucleic acid PROTACs (NA-TACs)
designed for targeting nucleic acids (Fig. 1). For our demon-
stration, we have opted for a thoroughly characterized G4
binding ligand to serve as the nucleic acid binding moiety.>
Additionally, we selected CRBN as the E3 ligase, ensuring a
comprehensive and robust proteolytic activity.”

We hypothesized that the small-molecule PROTAC toolbox
could be extended to target non-protein biomolecules and
their interactomes. Unlike the recent TF-PROTACs or those
with DNA/RNA as the PROTAC warhead, we developed a new
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Fig. 1 Schematic diagram depicting the possible function of nucleic
acid-targeting PROTAC molecules (NA-TACs) in a cellular context.

class of PROTACs based on cell-permeable small molecules
NA-TACs.****® We selected a higher-order DNA structure,
G-quadruplex (G4), as the target for proof-of-principle.” We
sought to use a small molecule binder and investigate the
possibility of targeting non-protein biomolecules like DNA and
their cellular effects. We identified a well-characterized
G-quadruplex DNA-binding ligand scaffold and systematically
designed the PROTAC molecules (NA-TACs)."°

Carbazole-benzimidazole ligands developed by
Bhattacharya and co-workers have been shown to target
G-quadruplex DNA with high affinity.®"" In this work, we
selected benzimidazole-carbazole as the G4 DNA binder and
conjugated it with the E3 ligase ligand thalidomide to develop
the NA-TAC molecules.™

As the linker plays a pivotal role in PROTAC function, we
used two oxyethylene linkers and two different linking posi-
tions on thalidomide."”> We strategically incorporated PEG-
based linkers to enhance flexibility and solubility."* The mole-
cules were further tested for their G4 DNA binding ability and
cellular activity.

Initially, we developed four morpholine-benzimidazole-
based NA-TAC molecules (P1-P4) and investigated their G4
DNA binding ability compared to their control ligand (C1)
(Fig. 2A and ESI, Scheme A}). CD spectroscopic studies con-
firmed the G4 DNA binding ability of all four PROTACs,
prompting us to investigate the extent of stabilization (Fig. 2B,
ESI Fig. S11). Subsequently, we performed thermal denatura-
tion studies to identify the most efficient binder (Fig. 2C).
Even though all the NA-TACs showed elevation in thermal
stability, the P3 compound with the triethylene glycol linker
attached at the 5" position on thalidomide exhibited higher
thermal stabilization activity (Fig. 2C)."

To improve the activity further, we asked whether
additional protonatable moieties on the G4 ligand could
enhance the binding properties. We designed three additional
compounds where the morpholine O is replaced by N-methyl,
N-ethyl, and N-propyl (Cla, C1b, and Cic) (Fig. 3A). We per-
formed molecular docking studies with the three designed
molecules and investigated their G4 DNA binding activity to
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Fig. 2 (A) Chemical structure of NA-TACs (P1-P4) and their control
compound C1. (B) CD spectra of 3 uM Hum 21-mer G4 DNA alone, with
compound C1 and with P3 (15 pM) in 10 mM Tris-HCL (pH 7.4) contain-
ing 0.1 M KCl and 0.1 mM EDTA. (C) CD melting profiles of the pre-
formed Hum 21-mer G4 DNA alone, and G-quadruplex DNA incubated
with ligands C1, P1, P2, P3, and P4 (15 pM) in 10 mM Tris-HCl (pH 7.4)
containing 0.1 M KCl and 0.1 mM EDTA.
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Fig. 3 (A) Chemical structures of the C1 analogs and (B) their binding
energy with K*-stabilized Hum 21-mer G4 DNA as predicted by
AutoDock Vina.t®

identify the most suitable candidate. The molecular docking
suggests that all the molecules can stack efficiently on top of
the G4 tetrad (Fig. S21). However, the binding energy decreases
with increased length of the N-piperazine substituted alkyl
chain (Fig. 3B). While methyl and ethyl substituted molecules
(C1a and C1b) occupied almost the same binding pocket, the
propyl-substituted molecule (C1c) occupied a different binding
space to accommodate the longer side chain (Fig. S2i).

Nanoscale, 2024, 16,12502-12509 | 12503


https://doi.org/10.1039/d4nr01006j

Published on 31 May 2024. Downloaded on 6/10/2026 7:38:50 PM.

c2 /N\) P5

-+ G4 DNA
+C2(r=5)
+P5(r=5)

—— G4DNA
——+C2(r=5)
— +P5(r=5)

CD (mdeg)
o
CD (Normalized)
@
)

250 300 350 30 40 50 60 70 80 90

Wavelength (nm) Temperature °C

Fig. 4 (A) Chemical structures of molecules C2 and P5. (B) CD spectra
of 3 yM Hum 21-mer G4 DNA alone, and with compounds C2 and P3
(15 pM) in 10 mM Tris-HCL (pH 7.4) containing 0.1 M KCl and 0.1 mM
EDTA. (C) CD melting profiles of the pre-formed Hum 21-mer G4 DNA
alone, and G-quadruplex DNA incubated with ligands C2 and P5 (15 uM)
in 10 mM Tris-HCl (pH 7.4) containing 0.1 M KCl and 0.1 mM EDTA.
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Subsequently, we prioritized the N-methylpiperazine-benzimi-
dazole ligand and 5™ position substituted thalidomide with
triethyleneglycol linker to develop the additional NA-TAC mole-
cule, P5, along with its control compound C2 (Fig. 4A, ESI
page 2-35%). We confirmed the efficient G4 DNA binding
ability of C2 and P5 in both CD spectroscopic studies and
thermal denaturation (Fig. 4B and C). However, we included
all the PROTACs and their control molecules for further
investigation.

We undertook UV-Vis spectroscopic studies to evaluate the
G4 DNA binding affinities of the compounds. All the mole-
cules showed a significant hypochromic effect upon binding,
indicating a possible stacking mode of binding with the
G-tetrads (Fig. 5A and B, and ESI, Fig. S3}). While the G4
ligands alone (C1 and C2) showed higher binding affinities, we
observed a small reduction for their corresponding PROTAC
molecules (Fig. 5C). Interestingly, N-methylpiperazine benzimi-
dazole (C2) showed an almost 25-fold increase in binding
affinity compared to the morpholine derivative (C1). However,
upon linkage with the thalidomide moiety, the PROTAC mole-
cule P5 showed a 10-fold decrease in the binding affinity. The
effect on the binding affinity could be due to the presence of
the non-interacting moiety, thalidomide. It is important to
note that the PROTAC molecule P5 still showed higher binding
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Fig. 5 UV-Vis titration spectra of 10 uM ligands (A) C1 and (B) P1, and (C) binding affinities for all the molecules in 10 mM Tris-HCl (pH 7.4), 0.1 mM
EDTA and 0.1 M KCl with 10 pM pre-formed Hum 21-mer G4 DNA. Fluorescence titration spectra of 0.5 pM ligands (D) C2 and (E) P5, and (F) fold-
change for all the molecules in 10 mM Tris-HCl (pH 7.4), 0.1 mM EDTA and 0.1 M KCl with 10 uM pre-formed Hum 21-mer G4 DNA.
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affinity than any of the morpholine-benzimidazole derivative
PROTACs (P1-P4).

As the benzimidazole scaffold is known to be intrinsically
fluorescent, we employed fluorescence spectroscopic studies to
probe the G4 DNA binding activities. All the molecules showed
low fluorescence signals in the buffer due to the quenching by
the aqueous medium. However, the molecules showed a sharp
increase in the fluorescence signal upon adding G4 DNA
(Fig. 5D-F, and ESI, Fig. S4}). The recovery in the fluorescence
signal indicates their association with G4 DNA and, thus, dis-
placement of water molecules from their environment. Taken
together, the fluorescence studies further confirmed the G4
DNA binding activities of the molecules. As the PROTAC mole-
cules have two modules, we asked which moiety is primarily
responsible for G4 DNA binding. As the control molecules (C1
and C2) showed strong binding in both UV-vis and fluo-
rescence titrations (Fig. 5 and ESI, Fig. S3 and 4f) we checked
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the binding activity of the thalidomide molecule (ESI
Scheme E, 23}) by monitoring its fluorescence. The thalido-
mide molecule alone showed a minimum change in the fluo-
rescence intensity (~1.2-fold), indicating a non-interacting
nature with G4 DNA (Fig. S4f). Furthermore, all the PROTAC
molecules showed low binding affinity in UV-vis studies
(Fig. 5C) and lower fluorescence change in fluorescence titra-
tions (Fig. 5F) than their corresponding control molecules,
indicating the non-interacting nature of the thalidomide
moiety.

After confirming the G4 DNA binding activities of the mole-
cules by various spectroscopic methods, we sought to unravel
their cellular activities. We performed a cell viability assay to
assess the compounds’ anti-proliferative activities in lung car-
cinoma epithelial cell line A549. As expected, none of the com-
pounds showed prominent short-term toxicity up to 6 days
(Fig. 6, and ESI, Fig. S5 and 6). However, the compounds
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Fig. 6 Effect of ligands on the A549 cell viability upon long-term exposure to different concentrations: (A) 20 uM, (B) 10 pM, and (C) 5 pM (up to 17
days), as analyzed by FACS. (D) Long-term cytotoxicity 3D plot showing the interplay of dose—time—antiproliferative activity. (E) ICso value calculation
from a dose—response antiproliferation plot in a 14-day long-term assay for P5. (F) ICso values of P5 as evaluated in a long-term cytotoxicity assay

for different incubation times.
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started exhibiting anti-proliferative activity in the long term
(Fig. 6, and ESI, Fig. S5 and 6). Both the control compounds,
C1 and C2, showed moderate anti-proliferative activities
against A549 cells. Interestingly, P3 showed higher anti-prolif-
erative activity than its control compound C1 (Fig. 6, and ESI,
Fig. S5 and 6). In addition, PROTAC P5 showed significantly
higher toxicity than its control compound C2 (Fig. 6, and ESI,
Fig. S5 and 6). The dose-time-dependent long-term cytotoxicity
confirms the highest activity of the P5 compound with the best
ICs, value of 4.13 pM (Fig. 6D-F). Even though some of the
NAPs are reported to show better activity, they require delivery
vehicles due to their cellular impermeability.>®'” The bright-
field microscopy images also revealed the anti-proliferative
activities of the NA-TAC molecules (Fig. 7). While the cells
treated with DMSO for 14 days showed normal morphology
with a highly proliferative nature (Fig. 7A), the control com-
pound (C2) showed a retardation in cell growth (Fig. 7D).
PROTAC P3 showed a dose-dependent high anti-proliferative
activity compared to its control molecule C1 (Fig. 7B and E).
Notably, PROTAC P5 exhibited severe toxicity and the highest
anti-proliferative activity (Fig. 7C and F).

After confirming the G4 DNA targeting ability of the
PROTAC molecules and their anti-proliferative and cytotoxic
activities, we wanted to investigate the cellular mechanism.'"*®
We selected the most active P5 and its control compound, C2,
for cell cycle analysis studies. The Annexin V/PI assay showed
that while DMSO-treated cells remained healthy, the C2-
treated A549 cells generated a small early and late apoptosis
population (Fig. 8A and B). Interestingly, the effect was even
more prominent for the PROTAC molecule P5 (Fig. 8C). This
observation indicates that, most likely, the molecules induce a
DNA damage-mediated apoptotic pathway.

To investigate the effect of the compounds further, we per-
formed fluorescence confocal microscopy imaging of the
treated A549 cells and compared them with their untreated
counterparts. While the DMSO-treated cells showed mostly
intact and healthy nuclei with an average 5 pm size (Fig. 9A
and B), the P3-treated cells showed significant depletion in the
genomic material and nuclear fragmentation (Fig. 9C and D).
PROTAC P5 showed an even more prominent phenotypic

Fig. 7 Representative bright field images of the cell morphology of
A549 cells treated with (A) DMSO, (B) 10 uM P3, (C) 10 uM PS5, (D) 20 pM
C2, (E) 20 pM P3, and (F) 20 uM PS5 after 14 days.
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Fig. 8 Representative dot plots for Annexin-V and Pl staining of (A)
untreated cells (A549) as a control and after incubation with 20 pM
ligands (B) C2 and (C) PROTAC P5. The different stages of cells were
assigned as alive cells (LL), early apoptotic cells (LR), late apoptotic cells
(UR), and necrotic cells (UL). The depiction of the apoptotic cell popu-
lation is made in the lower right quadrant (LR), which originated due to
the Annexin V-FITC staining only.

Fig. 9 Confocal microscopy images of A549 cells treated with (A and B)
DMSO, (C and D) 10 pM P3, and (E and F) 10 pM PS5 for 8 days before
transferring onto the imaging slide and counter-staining with DAPI.
Panels G-L are representative high-resolution confocal images of A549
cells treated with 10 pM PS5 for 11 days.

effect, resulting in severe cytotoxicity (Fig. 9E and F).
Interestingly, upon prolonging the treatment time, P5 showed
visual evidence of anti-proliferative activity in the residual cells
(Fig. 9G-L). The microscopy images indicate that the nuclei
are severely fragmented (Fig. 9G-]) or cells are trapped in the
premitotic stage (Fig. 9K and L), leading to the combined anti-
proliferative activity."®

Furthermore, to decipher the molecular mechanism of
NA-TAC-induced apoptosis, we evaluated the genomic integrity

This journal is © The Royal Society of Chemistry 2024
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of the treated cells. H2AX is a variant of one of the eukaryotic
core histone proteins, named H2A, which remains tightly
bound to the chromatin, indicating genome integrity.*® We
wanted to check if the NA-TAC molecule exerts any change in
the H2AX with the help of the immunofluorescence technique.
H2AX is a 143 amino acid protein that gets phosphorylated at
the Ser139 position by kinases like ATR, ATM, and DNA-PK
and forms y-H2AX in response to DNA damage and repair.*!

Cc F

Fig. 10 Representative fluorescence microscopy images of immu-
nofluorescent y-H2AX in A549 cells treated with (A-C) DMSO, (D-F)
10 pM P5, or (G-L) 20 pM P5. The top panels represent the DAPI
channel, the middle panels represent the y-H2AX channel, and the
bottom panels represent the overlay of DAPI and y-H2AX.
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These y-H2AX, or DNA damage foci, were visualized using fluo-
rescence confocal microscopy.>” Interestingly, the y-H2AX
intensity detected by immunofluorescence in A549 cells
showed a dramatic increase in the foci signal from the nuclei
of P5-treated cells (Fig. 10D-L), while no such signal was
observed in the DMSO control (Fig. 10A-C). These obser-
vations further confirm the NA-TAC-induced substantial DNA
damage resulting in programmed cell death.

Based on the spectroscopic studies, it is evident that the
benzimidazole ligand of the PROTAC molecules interacts with
the target G4 DNA (Fig. 5). On the other hand, thalidomide
binding with E3 ligase cereblon is well characterized and docu-
mented. We asked whether a putative model for the ternary
complex could be developed. Initially, we performed a mole-
cular docking study of the PROTAC molecule P5 fragment with
the potassium-stabilized human telomeric G-quadruplex DNA
(PDB 1KF1).>® The docking study reveals that the benzimida-
zole-carbazole planner scaffold efficiently stacks over the G4
tetrad (Fig. 11A). The distance between the molecule and the
G4 tetrad is around 3.9 A, comparable with the stacking dis-
tances between the G4 tetrads (3.5 A) (Fig. 11B). In addition,
the N-atom of the benzimidazole residue makes a close
contact of 2.5 A, possibly due to the polar interaction
(Fig. 11B). The protonatable side chain residues of the ligand
approached the negatively charged grooves of the G4 DNA due
to favorable ionic interactions (Fig. 11A and B). On the other
hand, the interaction between the thalidomide module and
cereblon is well understood, and several co-crystal structures
are reported. We selected the human cereblon-bound thalido-
mide co-crystal structure (PDB 80I1Z) for the other end of the

Fig. 11 Computational analysis of the G DNA and molecular interaction. (A and B) Docked structure of Cla with 1KF1 showing the stacking mode of
binding onto the G4 tetrad. (C) Modelling of the P5-1KF1 complex based on Cla—1KF1 docking. (D) Extracted model of the human cereblon bound
thalidomide structure from crystal structure PDB 80IZ. (E) Putative model of the ternary complex between cereblon, P5, and 1KF1.

This journal is © The Royal Society of Chemistry 2024
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ternary complex.>* We developed a putative model where the
benzimidazole ligand interacts with the G4 DNA (Fig. 11C) and
the thalidomide ligand is bound to the cereblon protein
(Fig. 11D) to form the plausible ternary complex (Fig. 11E).

Conclusions

In summary, we introduced a new class of PROTAC molecules
for targeting non-protein biomolecules. The molecules are sys-
tematically designed to target higher-order G-quadruplex DNA
structures. We unambiguously demonstrate that the PROTAC
molecules can bind with the G4 DNA and show anti-prolifera-
tive activity. Furthermore, we uncovered the cellular pathway
and found that the PROTAC molecules induced DNA damage,
nuclear fragmentation, and apoptosis. Importantly, even
though the control molecules have higher G4 DNA binding
activities, the PROTACs exhibited higher cellular activities
across several orthogonal assays. These observations strongly
suggest that our designed NA-TACs are not only targeting the
G4 DNA and perturbing the associated cellular pathways but
also possibly inducing additional proteolytic activities to the
interactome through the thalidomide module. As the carba-
zole-benzimidazole ligands are capable of targeting both telo-
meric and genomic G4 DNA, the cellular effects are most poss-
ibly due to multiplexed activities.>® Our future studies will
focus on deciphering each of these complex pathways to estab-
lish the field of G4-specific NA-TACs and precision medicine.
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