Curaxins and G-Quadruplex DNA Oligomers

Subjects: Cell Biology

Contributor: Ramon Eritja

Curaxins and especially the second-generation derivative curaxin CBL0137 have important antitumor activities in multiple
cancers such as glioblastoma, melanoma and others. Although most of the authors suggest that their mechanism of
action comes from the activation of p53 and inactivation of NF-kB by targeting FACT, there is evidence supporting the
involvement of DNA binding in their antitumor activity. In this work, the DNA binding properties of curaxin CBL0137 with
model quadruplex DNA oligomers were studied by 1H NMR, CD, fluorescence and molecular modeling. We provided
molecular details of the interaction of curaxin with two G-quadruplex structures, the single repeat of human telomere
d(TTAGGGT)4 and the c-myc promoter Pu22 sequence.
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| 1. Introduction

Curaxins are a small group of substances endowed with anticancer activity 1. They were identified in a search for non-
genotoxic antiproliferative compounds, simultaneously acting on two tumor targets. The first hits found were quinacrine
and other antimalarials, but SAR studies led rapidly to more active compounds, represented by curaxins, a class of
substituted carbazoles with electron-withdrawing groups at positions 3 and 6, and an aminoalkyl chain at the nitrogen 9.
Curaxins are able to activate the tumor suppressing protein p53 and to suppress the anti-apoptotic nuclear factor NF-kB
(28] \mportantly, curaxins were found to be more toxic to tumor than to normal cells. Among curaxins, CBL0137 (Figure
1), appeared the most suitable for further development, on the basis of its metabolic stability, solubility and activity in vivo.
CBLO0137 suppressed tumor growth in xenograft models of colon (DLD-1), renal cell carcinoma (Caki-1) [,
medulloblastoma 4, small-cell lung cancer BIEl melanoma (Mel-7) and transplanted surgical samples from patients with
pancreatic ductal adenocarcinoma 4.
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Figure 1. Structure of curaxin CBL0137.



CBL0137 was also found to be active in mixed-lineage leukemia [& and against cancer stem cells and to potentiate
efficacy of gemcitabine in pancreatic cancer .

At present, CBL0137 is under phase | clinical trials in patients with hematological malighancies and solid tumors 19,

The cytotoxicity of curaxins, which are associated with the absence of DNA damage, stimulated studies directed to unveil
their mechanism of action. Eukaryotic DNA is packed into chromatin, which is a highly ordered complex of DNA and
histone proteins. Its basic unit, the nucleosome, consists of an octamer of histones, known as the histone or nucleosome
core, which is bound to a 147 base pairs of DNA fragment.

Recent studies suggested that CBL0O137 interacts with DNA by modifying the shape of the DNA helix, thus increasing the
interbase-pair distance. As a consequence, DNA unwinding and detachment from the histone octamer occur, eventually
leading to nucleosome disassembly both in vitro and in cells. The destabilization of the nucleosomes induces the
intervention of a histone chaperone, FACT (Facilitates Chromatin Transcription), which binds tightly to chromatin (c-
trapping) @MU This results in activating phosphorylation of p53 by FACT-associated CK2 and reducing NF-kB—
dependent transcription, because of depletion of soluble FACT. Recently, it was reported that such effects are associated
with the induction of the interferon response to epigenetic derepression of the cellular “repeatome” (131,

Kantidze et al. 14 found that CBL0137 alters DNA topology leading to the inability of the transcriptional repressor CTCF to
bind efficiently to its cognate DNA sites. This effect on CTCF binding results in partial disruption of chromatin loops and in
large-scale perturbations in the 3D genome organization.

More recently, Lu et al. 13 tried to clarify how curaxins alter the genomic DNA structure and affect the DNA binding
property of key proteins, such as CTCF and FACT. They found that CBL0137 strongly and persistently binds to dsDNA,
inducing a huge barrier for DNA unzipping during replication and transcription, thus causing the distinct binding response
of CTCF and FACT on DNA.

Further investigations revealed that several pathways, such as inhibition of the self-renewal of cancer stem cells/tumor-
initiating cells through NOTCH1 activation and downregulation of heat shock factor 1 (HSF1), thereby increasing tumor
cell apoptosis, are involved in the process RII4I18] Moreover, CBLO37 highly suppresses the expression of c-MYC family
genes. Sergeev et al. 17 reported that this curaxin significantly inhibits in vitro DNA methylation by eukaryotic DNA
methyltransferase Dnmt3a at low micromolar concentrations. These effects are attributed to the intercalation of CBL0O137
into DNA B aithough there is no direct evidence for this type of interaction. The change of topology of DNA by binding
with CBLO137 was deduced from CD experiments 11, whereas molecular modeling studies showed a possible protruding
of the side chains of the carbazole nucleus into the major groove of DNA, with the carbazole N-side chain filling the minor
groove (111,

The above reported effects, including inhibition of c-MYC expression, DNA methyltransferase inhibition, and chromatin
remodelling, would be consistent with DNA G-quadruplex binding 181191,

G-quadruplexes are non-canonical nucleic acids secondary structures that may form in G-rich sequences under
physiological conditions. Their structural building block is the G-quartet, a planar array of four guanines paired through
Hoogsteen bonds. G-quadruplexes play a role in several key cellular processes, including gene transcription, chromatin
epigenetics and DNA recombination. G-quadruplex DNA is found in key regulatory regions of the cell such as promoters of
proto-oncogenes (c-myc, bcl-2 and c-Kit) 29, Stabilization of the folded G-quadruplexes due to ligand interactions is
proposed to inhibit the binding of transcription factors, leading to downstream silencing of oncogene expression [211221[23],
Notably, also human telomeric sequences are able to form G-quadruplex structures that are not recognized by
telomerase, an enzyme involved in telomere elongation 24!,

The planar structure with an aminoalkyl side chain of CBL0137, similar to other non-DNA-damaging G-quadruplex ligands
(23] supports the hypothesis that G-quadruplex interaction can have a role in the curaxin activity; however, so far, no
evidence has been given for such an interaction.

To confirm our hypothesis, we undertook an investigation of the binding of CBL0137 to G-quadruplex DNA structures of
telomeres and promoter oncogenes by exploiting fluorescence spectroscopy, CD, NMR and molecular modelling. We
used as models the single repeat sequence of human telomere, d(TTAGGGT),, and the G to T mutated Pu22 sequence
(Pu22T14T23) of the c-myc oncogene, which is overexpressed in a wide range of human tumors.



To further investigate the possible intercalation mode of curaxin into the double helix DNA, as previously reported by some
authors (References EIlL) the study was extended to the self-complementary double helix oligomers d(CGTACG), and
d(AAGAATTCTT), as models for CG and AT-rich sequences, respectively.

Our work provides a novel insight into the DNA-binding properties of CBL0137 that may be relevant in the important
anticancer activity of curaxines.

| 2. Interaction of Curaxin with Telomere d(TTAGGGT); Quadruplex

The imino proton region of the *H NMR spectrum of d(TTAGGGT), showed three signals between 10 and 12 ppm that are
indicative of the formation of a single G-quadruplex species with three G-quartet planes. As curaxin was added to the
d(TTAGGGT), solution, the NH imino protons moved upfield and G4 and G6 signals became broad even at low ratio R =
[curaxin)/[DNA] = 0.25/0.75. At R = 2.0 the imino proton of G4 remained very broad, while the G6 became sharp again.
This behavior can be explained by the binding of curaxin to G4 and G6 tetrads, with an intermediate exchange between
free and bound state at the level of G4. The greatest variation of chemical shift is observed for G6 signal (Ad = —-0.55

ppm) (Figure 2).
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Figure 2. (a) Imino proton region of the 1D NMR titration spectra of d(TTAGGGT), with curaxin at 25 °C in H,O/D,0 (9:1),
25 mM KH,PO,4, 150 mM KCl and 1 mM EDTA, pH 6.7, at different R = [drug]/[DNA] ratios; (b) schematic representation
of d(TTAGGGT)4/curaxin (in red) complex.

In order to better define the geometry of the complex, a series of 2D NMR experiments were performed. NOESY and
TOCSY experiments allowed us to identify the curaxin (Table S1) and d(TTAGGGT), protons in the complex (Table S2).
Despite of the overlapping of some of curaxin and oligonucleotide signals, several intermolecular NOE interactions were
detected. The contacts involved both aromatic and side chain protons of the curaxin with aromatic and ribose protons of
d(TTAGGGT), at A3G4 and G6T7 sites (Table 1 and Figure 3).

GE

ppm epm .
1 ©e/cHiisop HBA3/CHyisop HEGE/CHylsap 2,TH/CHylsag: 5y feH,isop Fand 7|0 oI
e 1 : n o
(] il dco)) (] - L] 6 . i (<) N u
asHiGyuop O bleR P
aa
144 1.4 = G5 G5
GBCH,T? HBGGH/CH,T7 A 1,EH/CH,T7 L =
164 184 & " v r o
@ o 0] = |
184 1.8 b v|
HBAS/CH,T2 yagaycH, 19 o "
10.65 il ppm 84 8@ a0 7?! TE Ta 1?: 7.’0 a‘a ;pm

Figure 3. Selected region of the 2D NOESY spectrum of d(TTAGGGT),/curaxin complex. (a) G6 imino proton displays
intermolecular NOEs between CH3T7 and CHs(isopropyl) of curaxin; (b) A3, G6 and T7 aromatic protons and methyl
groups of T2 and T7 of T2AG3T display intermolecular NOEs with CH3 (isopropyl) and aromatic protons of curaxin; (c)
schematic representation of d(TTAGGGT)4/curaxin (in red) complex.

Table 1. Intermolecular NOE and distances from modelling in the curaxin-d(TTAGGGT), @ complexes.



ApG Binding Site

NOE d(A)®
Curaxin d(TTAGGGT),
1,8-H A3H1’ 4.60
2,7-H A3H8 4.26
4,5-H G4HY1' 5.88
CH; iso A3H8 3.20

GpT Binding Site

1,8-H G6H8 5.45
1,8-H G6H1 4.36
1,8-H T7Me 4.74
1,8-H T7H1 3.13
4,5-H G6H1 3.55

CHj; iso G6H8 2.30

CH; iso G6H1 4.91

CH; iso T7H6 4.84

CHg iso G5H1’ 5.91

2 Acquired at 25 °C in H,O-D,O (90:10 v/v), 25 mM K-phosphate buffer, 150 mM KCI and 1 mM EDTA, at pH
6.7. ® Distances obtained by molecular modelling of the complex.

The NMR studies were complemented by a molecular docking simulation, followed by molecular dynamics (MD)
optimization. Curaxin was docked at both A3G4 and G6T7 sites (Figure 4A). At the A3G4 binding site the ligand adopts a
quite centre-symmetrical location, allowing the formation of 11-1t stacking interactions with all the bases of the upper A3
and lower G4 tetrads. In this site the complex is stabilized by a hydrogen bond between the charged quaternary nitrogen
group of curaxin and N,A3, at a distance of 2.44 A. One of the two benzene rings of curaxin lies above the K* ion,
resulting in a strong cation-Tt interaction (4.90 A). The interaction pattern is completed by two other cation-Tt interactions
formed between the quaternary nitrogen of the ligand and the aromatic component of the A3 and G4 bases (Figure 4B).

Figure 4. Graphical representations of the curaxin-d(TTAGGGT), complexes at the ApG and GpT intercalation sites,
obtained by Molecular Docking and optimized by Molecular Dynamics (MD). (A) Side view of the ghostly white solvent
accessible surface (SAS) of the d(TTAGGGT), quadruplex. The nucleotides are represented in stick and filled rings:
adenine in red, guanine in green and thymine in blue. The ligand is represented as van der Waals (vdW) spheres and
colored following the CPK code. The optimized conformations of the ligand are represented in (B) for the complex at ApG
and in (C) for the complex at GpT. Potassium ions are represented by their vdW spheres (K* in purple), while the ligand is



depicted in stick and colored following the CPK code. The nucleotides are represented as filled plates: adenine in red,
guanine in green and thymine in blue.

Otherwise, at the G6T7 site the ligand does not adopt a center-symmetrical stacking interaction but it is rather shifted
towards one half of the G6 tetrad (Figure 4C). In this orientation, the ligand gives 1t-1t stacking interactions with G6 and T7
and is stabilized by an attractive charge interaction between OP,G6 and the charged quaternary nitrogen group of the
ligand. The quaternary nitrogen is also involved in a cation-1t interaction with the aromatic component of T7.

The best docked conformations of the complexes at the ApG and GpT intercalation sites are in good agreement with the
reported NOE contacts (Table 1).

| 3. Interaction of Curaxin with Pu22T14T23 G-Quadruplex

An important and generalized line broadening of the guanine NH imino protons was observed upon the titration of
Pu22T14T23 with curaxin, even at low ratio R = 0.25/1.0. This can be due to a strong interaction of the curaxin with the
nucleotide, producing an intermediate exchange process between free and bound state on the NMR timescale. In
particular, the NH signals belonging to the tetrad G9-G13-G18-G22 disappeared almost completely. At a ratio R > 1.0, the
NH signals sharpened and for R = 2.0 only one set of resonance was present (Figure 5). By increasing the R value until a
ratio of 4, the spectrum did not change significantly. All the signals moved upfield, but the most relevant chemical shift
variation was observed for G7, G11 and G16 residues at 5'-end, and for G22, G18 and G13 at 3-end. These findings
indicate that a single conformation of the complex occurs in solution and suggest that the binding sites are at the level of
the external tetrads.
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Figure 5. Imino proton region of the 1D NMR titration spectra of Pu22T14T23 with curaxin at 25 °C in H,O/D,0 (9:1), 25
mM KH,PO4 and 70 mM KCl at pH 6.9, at different R = [drug])/[DNA] ratios.

The proton assignment and the inter-residue NOE connectivities characterizing the three tetrads in the complex are
described in the Experimental section and the values are reported in Tables S3 and S4.

Many NOE interactions between curaxin and the nucleotide were revealed in the NOESY spectra (Table 2, Figure
6 and Figure S1). A large portion of the curaxin molecule, going from H1 and H2 to H7 and H8, including the side chain at
Ng, has contacts with the aromatic protons of the guanines G7, G11 and G20 at 5'-end. At the same terminal, the CH3;CO
groups of curaxin show strong interactions with the imino H1 protons of the guanines of the above tetrad.
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Figure 6. Selected region of the 2D NOESY spectrum of Pu22T14T23/curaxin complex. (a) Some aromatic protons of
Pu22T14T23 display intermolecular NOEs with CHj(isopropyl) of curaxin; (b) some aromatic protons of Pu22T14T23
display intermolecular NOEs with aromatic protons of curaxin and (c) schematic representation of Pu22-T14 T23 oligomer
G-quadruplex.

Table 2. Intermolecular NOEs and distances from modelling in the curaxin-Pu22T14T23 2 complex.

3"-Binding Site NOE d(A)®P
Curaxin Pu22T14T23
4,5-H G18H1 5.69
45H A24H2 6.60
CH,CO G13H1 5.38
CH,CO G22H1 4.68
CHsiso A24H2 6.21¢
CHaiso A25H2 4.25
CH,CO G18H1 2.26

5'-Binding Site NOE

1,8-H G7HY' 7.39¢
2,7-H G11H8 3.97
1,8-H G11H8 5.34
CH3is0 G20H8 2.75
CH3is0 T4HY' 6.22¢
CH5CO G7H1 4.90
CH,CO G11H1 3.45

a Acquired at 25 °C in H,0-D,0 (90:10 v/v), 25 mM KH,PO,4, 70 mM KCI, pH 6.9. ° Distances obtained by molecular
modelling of the complex. € The long distance is explained with the mobility of the ligand and the tails of the nucleotide.

The 3'-end terminal appears more compact. H4,5 and CH3CO groups present strong NOE interactions with the imino
protons H1 of G18 and H1 of G22 and/or G13, respectively. In addition, both aromatic and methyl protons show significant
contacts with the tail of the flanking chain A24 and A25.

These results indicate that curaxin binds the Pu22T14T23 quadruplex over the two external tetrads. The location at 3'-end
appears more stable, while the interaction at 5'-end terminal seems to be characterized by a higher mobility of the ligand.
This relative mobility is also suggested by the finding of additional weak NOE interactions involving the ribose H1' proton
of G7 and T4 units with H1,8 and the side chain of the ligand.

The three-dimensional models for the curaxin-Pu22T14T23 complexes were obtained by performing molecular docking
experiments, followed by a Molecular Dynamics (MD) optimization of the resulting complexes (Figure 7). In both 3'-end
and 5'-end positions, the curaxin molecule is arranged along the main groove of Pu22.



Figure 7. Representation of the Pu22T14T23 complexes with curaxin at 5-end and 3'-end, obtained by Molecular
Docking and optimized by Molecular Dynamics (MD). At the center of the figure Pu22T14T23, represented by its solvent
accessible surface (SAS), color-coded by the underlying nucleotide (adenine in red, guanine in green and thymine in blue)
and complexed with curaxin (represented in stick) at both 3-end and 5-end. On the left, lateral (A) and top (B)
representation of the ligand conformation at the 3’-end, while on the right we can see the lateral (C) and bottom (D)
representation of curaxin at the 5’-end. Ligand and potassium ions are represented by their van der Waals spheres (ligand
colored in CPK, K* in purple), while the nucleotide units of Pu22T14T23 are represented as filled rings: adenine in red,
guanine in green and thymine in blue.

At 3'-end, the ligand is positioned towards the center of the tetrad and is stabilized by a m—Tt interaction involving G13 and
one of the two benzene rings. The side chain faces A25, forming two hydrogen bonds between the quaternary nitrogen
protons and N;A25, with distances of 2.69 A and 2.57 A. This explains the downfield shift of A25 H2 (A3 + 0.21 ppm),
which has lost the shielding by the aromatic system of the guanine G22. No particular interactions involving the two
CH3CO residues are observed. (Figure 7A,B).

At 5’-end, curaxin is stabilized by an extensive network of —t interactions involving the underlying 5'-end G-tetrad, with
the tricyclic moiety located near the center of the tetrad (Figure 7C,D). The aromatic system interacts with the 1t systems
of G5, G7, G11 and G16. The complex is held in place by two cation-Tt interaction. The first between the potassium ion
and the pyrrole moiety (4.93 A) and the second between the quaternary nitrogen of the side chain and the aromatic
system of G7. The system is further stabilized by a hydrogen bond between one carbonyl group (CH3CO) and G7 H1
(3.06 A), and by a bidentate hydrogen bond between the quaternary nitrogen of the curaxin and G5 N7 (2.82 A) and A6
N1 (2.70 A).

The best conformations of the complexes at 5’-end and 3’-end are in agreement with the reported NOE contacts (Table 2).
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