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ABSTRACT

DNA G-quadruplex (G4) stabilizer, CX-5461 is in Phase I/1l clinical trials for advanced cancers with
BRCA1/2 deficiencies. A FRET-melting temperature increase assay measured the stabilizing effects
of CX-5461 to a DNA duplex (~10 K) and three G4 forming sequences negatively implicated in the
cancers upon its binding: human telomeric (~30 K), ¢c-KIT1 (~27 K) and c-Myc (~25 K). Without
experimentally solved structures of these CX-5461-G4 complexes, CX-5461’s interactions remain
elusive. In this study, we performed a total of 73.5 us free ligand molecular dynamics binding
simulations of CX-5461 to the DNA duplex and three G4s. Three binding modes (top, bottom and
side) were identified for each system and their thermodynamic, kinetic, and structural nature were
deciphered. The MM/PBSA binding energies of CX-5461 were calculated for the human telomeric (-
28.6 kcal/mol), c-KIT1 (-23.9 kcal/mol), c-Myc (-22.0 kcal/mol) G4s, and DNA duplex (-15.0 kcal/mol)
systems. These energetic differences coupled with structural differences at the 3’ site explained the
different melting temperatures between the G4s, while CX-5461’s lack of intercalation to the duplex
explained the difference between the G4s and duplex. Based on the interaction insight, CX-5461

derivatives were deigned and docked, showing higher selectivity to the G4s over the duplex.



INTRODUCTION

The use of DNA G-Quadruplexes (G4s) as novel therapeutic targets has been a rapidly
developing field over the last decade because compounds targeting the G4s have demonstrated a high
potential against a variety of cancer cell lines. DNA G-quadruplexes demonstrate very useful
characteristics as drug targets including high diversity, stability and much slower dissociation when
compared to DNA duplexes. With well over 300,000 sequence motifs identified within the human
genome, the design of small molecules targeting G4s as anti-cancer agents has become a primary

focus of many researchers.
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Figure 1. Chemical Structure of CX-5461. Two distinct regions are defined here where the region

outlined in black represents the rigid core of CX-5461 and the two side chains (R1 and R2) represent
flexible regions of CX-5461.

Small molecule CX-5461 (Figure 1) is a DNA G-quadruplex stabilizer whose structure contains
a rigid benzothiazole-based core and two flexible side chains which are methyl diazepane based (R1)
and methylpyrazine based (R2). CX-5461 was designed for superior in vivo stability and
pharmacokinetics and is currently in Phase I/Il clinical trials for advanced hematologic malignancies
and cancers with BRCA1/2 deficiencies. CX-5461’s first working mechanism was identified as a G4
binder directly inhibiting the binding of RNA Polymerase |, which has implications in cancer
therapeutics.! More specifically, by binding to ribosomal DNA (rDNA) G4s formed within the rDNA
promoter, CX-5461 prevents the binding of the transcription factor, SL1, and subsequently RNA
Polymerase |, to the rDNA promoter which prevents the transcription of rDNA.2 3 Recently a second,
unexpected, mechanism was identified for CX-5461 whereby it disrupts the cells replication fork by
binding to and stabilizing chromosomal DNA G4 structures in cancer cells. Although experiments have
yet to identify specific G4 targets for CX-5461 in the human genome, experimental evidence discovered
CX-5461’s specific roles at DNA G4s include the ability to selectively bind to and stabilize G4 structures
of human cells lines in vitro, and increase the number of in vivo G4 structures. 4 These properties are
extremely advantageous for cancer therapeutics, and evident from recent work, CX-5461 is a promising
therapeutic agent for a variety of targets. In fact, as research expands, so do the number of potential

targets for CX-5461 including solid tumors®, acute myeloid leukemia® 7, multiple myeloma?® 9,



neuroblastoma tumors'®, prostate cancer'!, osteosarcoma’?, acute lymphoblastic leukemia’ 14,
epithelial ovarian cancer'®'?, arterial injury-induced neointimal hyperplasia'® and even non-cancerous
diseases such as cytomegalovirus'® 20, Herpes Simplex type | virus'®, and African trypanosomiasis?'.
However, without an experimentally solved structure of CX-5461 in complex with any G4 structure the
specific interactions associated with the binding of CX-5461 and ultimate stabilization of the G4 remains

to be fully understood.

It is critical for G4 stabilizers to have a high binding affinity to G4’s and demonstrate high
selectivity over DNA duplexes to reduce adverse side effects. Experimentally, this has been shown
using a DNA duplex as a negative control when comparing the binding of several G4 targeting ligands
which have effectively demonstrated a higher affinity and selectivity towards G4s over DNA
duplexes.?2 23 |n one study, Xu et. al performed a FRET-melting temperature increase assay to test
CX-5461’s stabilizing effects to the canonical DNA duplex structure and three different G4 forming
sequences which have been implicated in the cancerous complications resulting from BRCA1/2
mutations (human telomeric, c-KIT1, and c-Myc) 2422, Using the double stranded DNA duplex as a
negative control to the G4 systems?, the melting temperatures of each system was measured in the
apo form. Then CX-5461 was added to each system to measure the increase in melting temperature
upon CX-5461 binding to each DNA fragment, where a higher increase in melting temperature
indicates a higher stabilizing effect and thus higher binding affinity. The results of the FRET melting
temperature assay indicated that with 10 uM CX-5461 the highest melting temperature increase was
demonstrated by the human telomeric system (~30 K) followed by the c-KIT1 (~27 K) and c-Myc (~25
K) G4s and the DNA duplex (~10 K). Thus, these results show that the stabilizing effect due to CX-
5461 binding was highest in the human telomeric complex followed by the c-KIT1 and c-Myc G4s and
then the DNA duplex. The difference in melting temperature increase between the G4s and duplex
complex systems (15+ K) suggest that CX-5461 can selectively bind to and stabilize G4 structures
over duplex DNA*. Along with the three G4 systems having significantly higher melting temperatures
than the DNA duplex, they also varied from each other. Due to this, it is essential to compare the
binding modes and mechanisms of CX-5461 in complex with the G4s versus the DNA duplex to
identify specific differences that may help explain the higher binding affinity and selectivity

demonstrated by CX-5641 to the G4s over the duplex and the variance among the three G4s.
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Figure 2. The initial configuration (A-D) and topology models of the simulation systems (E-H). A&E:
Human telomeric quadruplex G4 (PDB ID: 1KF1), B&F: c-KIT1 quadruplex (PDB ID: 4W03), C&G: c-
Myc quadruplex (PDB ID: 2MGN) and D&H: Duplex DNA. 5’ and 3’ are indicated by red and blue
spheres, respectively. K* ions are represented by yellow spheres.



Based on the three G4 forming sequences used in the FRET melting temperature assay
performed by Xu and coworkers?*, the solved G4 scaffolds were obtained from the Protein Data Bank
and used in this study. These include a human telomeric G4 (PDB ID: 1KF1), c-KIT1 G4 (PDB ID:
4WO03), and c-MYC promoter G4 (PDB ID: 2MGN)3%-32 (Figure 2). Due to the sequence difference
these G4s also vary in structure. The human telomeric DNA G4 (Figure 2A;E) is made of four parallel
DNA strands with three linking TTA trinucleotide loops which connect the top of one strand to the
bottom of another forcing the strands into a parallel configuration which is highly similar on each face.
This parallel scaffold was chosen based on the understanding gained in our previous work where we
deciphered two lines of conflicting evidence on the major target form of BRACO19: (1) under solution
conditions with cellular extracts as crowding agents, multiple conformations coexist including parallel,
anti-parallel and the hybrid topologies. (2) however, there is no high-resolution complex structures of
BRACO19 binding to antiparallel or the hybrid scaffold, except for parallel stranded. Our binding
energy data suggested a hypothesis that reconciled the conflict: the relative population shift of three
scaffolds upon BRACO19 binding (i.e., an increase of population of parallel scaffold, a decrease of
populations of antiparallel and/or hybrid scaffold). We felt the hypothesis appeared to be consistent
with the facts that BRACO19 was specifically designed based on the structural requirements of the
parallel scaffold and has since proven effective against a variety of cancer cell lines.3? Recent
experimentation by the Kumar group has further supported our conformational selection mechanism
hypothesis through a binding affinity assay and their circular dichroism spectra of BRACO19 binding
to parallel G4 Structures of Klebsiella pneumoniae.®* On the other hand, the ¢-KIT1 DNA G4 (Figure
2B;F) has an anti-parallel scaffold with double chain-reversal and a long lateral stem loop at the 3’
region made of five nucleotides, two of which (A16 and G20) are capable of pairing. There is also one
non-G-tract guanine that is part of the core of stacked G-quartets and the short single and
dinucleotide loops of this c-KIT1 G4 are extremely flexible and show extensive base flipping. Whereas
the c-Myc DNA G4 (Figure 2C;G) has a hybrid scaffold with a snapback motif that is adopted by the
3'-end GAAGG segment that forms a stable diagonal loop containing a G(A-G) triad and caps the 3’
side of the G-tetrad. Finally, for our DNA duplex system we use a GC rich DNA duplex (Figure 2D;G),
rather than using an oligonucleotide comprised of a polyethylene glycol linker able to fold into a
hairpin as used in the FRET melting temperature assay by Xu and coworkers, which we feel is a more
suitable comparison under physiological conditions.

To date, a variety of studies have demonstrated using molecular modeling and simulations as
a powerful approach to identify structural details at the molecular level. 3> Hou et al. used this approach
to probe the stability of six ligand-G-quadruplex DNA complexes which were structurally determined by
experimental approaches 36. Many MD simulations studies are ligand binding studies that effectively
provide mechanistic insight into the binding of small molecules to G4 DNA. 3742 Both AMBER forcefields
such as BSC1 and OL15%5 4347 and polarizable force fields*® are commonly used for these studies.
Information such as DNA-ligand binding free energy calculations, identification of ligand/G4 binding
sites, and ligand binding modes were successfully determined using a modeling system that utilized the
standard parm99 Amber force field using parmbsc0 parameters and a K* cation in the center of the G-

tetrads to neutralize the system3® 40.49, Deng et. al resolved ligand-binding specificity using absolute



free binding energy calculations for both c-MYC % and human telomeric 5" G-quadruplex DNA . The
work of Luo and Mu studied the binding of small molecules to human telomeric G-quadruplex using all-
atomic molecular dynamics simulations®2. Kumar and coworkers studied the binding of small molecules
to G4 formed by the c-MYC promoter32. Some studies, like that performed by Chatterjee and coworkers
have also had success performing an in silico screening on G4 structures formed by the c-MYC
oncogene 53, Further, the Lemkuls group has performed extensive work on the binding of small
molecules to the c-KIT1 promoter G4 using molecular dynamics simulations with polarizable force field
5456 |n addition to small molecules targeting single G-quadruplexes, Praadeepkumar and coworkers
studied the binding of small molecules that stabilize multiple G-quadruplex forming sequences including
the c-MYC and c-KIT1 promoter G4s57. Modeling studies have also produced insight into a variety of
G-quadruplex forming sequences. Research done on telomeric G4s have successfully calculated
realistic intermolecular and relative binding energies as well as determined binding modes and
pathways. 42 %859 Extensive research was performed by Liu and others which studied potassium binding
with human telomeric intra-molecular G-quadruplex using molecular dynamics®. These studies provide
invaluable insight into the model systems which strongly suggest the importance of using atomistic
simulations to rationalize biologically relevant phenomena.3? % Even more, many biological studies
have been performed beyond computation that highlight the potential of targeting DNA G-quadruplexes

with small molecules like CX-5461, however there are very limited complex structures available.

With these facts in mind, the goal of this study is to use free ligand all atom molecular dynamics
binding simulations to study the binding of CX-5461 to the human telomeric, c-KIT1 and c-Myc G4s and
a DNA duplex. Our post simulation analysis will identify the major binding pose, binding mechanisms
and binding pathways of the CX-5461 complexes and provide novel insight as to how CX-5461 has
been experimentally shown to selectively bind to and stabilize these G4s. Through our analysis we also
address the order of stability of each system and features that differentiate the binding of CX-5461 to
the G4’s and the DNA duplex. These findings help understand the experimentally determined binding
affinity and selectivity of CX-5461 to the G4 structures over the duplex. With these interaction insights,
we propose optimizations to CX-5461 that may increase its interactions with G4s but decrease its
interactions with the DNA duplex structure, which may improve its anti-cancer efficacy with less adverse
side effects.



MATERIAL AND METHODS

Table 1. Molecular dynamics simulation runs.

System DNA No. of No. of \r;lvoa.t:: ions Box Size Iagtl:gl NPT eq. NVT -:i?,‘t‘:l
ID* Ligands run (A)* (ns) (ns)
molecules Pose (ns)
1 0 1 2 1420 1C- 406 Free 1 1999 4
2 A(h-Tel) O 2 4671 21K+ 60.9 N/A 1 1999 4
3 1(c-KIT1) 0 2 3954 21K+ 58.1 N/A 1 1999 4
4 1cMyc) O 2 4843 23K+ 61.9 N/A 1 1999 4
5 1(Duplex) O 2 4515 18K+ 55.4 N/A 1 1909 4
6 A(h-Tel) 1 27/3 8261 20K+ 724 Free 1 195
7 1cKT1) 1 282 6371 20K+ 67.0 Free 1 i 180
8 1(cMyc) 1  28/2 5958 22K+ 658 Free 1 /fggg 18.0
9 1(Duplex) 1  28/2 5282 17K+ 57.0 Free 1 o 180

1Systems 1-4 refer to the free DNA-only systems, system 5 refers to the CX-5461 free ligand simulation,
systems 6-9 refer to the free DNA plus free ligand simulations (6:9: Human telomeric (PDB ID: 1KF1),
c-KIT1 (PDB ID: 4WQ3), c-Myc (PDB ID: 2MGN) and Duplex complexes, respectively).

*Triclinic box equivalent to the true truncated octahedral box

Simulation Protocol. A full description of the methods used in this study is provided in the Supporting
Information. In brief, a total of nine systems were constructed: a free ligand quadruplex-ligand complex
system for each of the following PDB ID’s: 1KF1, 4WQO3, 2MGN, as well as one free ligand DNA duplex-
ligand complex system, the apo form of each respective system, as well as a CX-5461 only system
(Table 1). The DNA duplex-ligand system was constructed using a B-DNA duplex structure (sequence:
d([GCl10)2), using the Maestro program. The three DNA quadruplex-ligand systems were solvated inside
a water box of truncated octahedron with 10 A water buffer. CI- or K* counter ions were used to neutralize
the system. The DNA fragments were represented using a refined version of the AMBER DNA OL15
(i.e. parm99bsc08’ +yoL4%2+ €/CoL1%3+ BoL1%* updates). The water was represented using the TIP3P and
the K*/Na* model developed by Cheatham group was used to represent the K* ions.®5 Using this model,
the K* ions remain tightly bound in the G4 ion pore during the length of the simulations. The standard
AMBER protocol was used to create the force field for CX-5461. This procedure included calculating
the molecular electrostatic potential (MEP) of the CX-5461 molecule at the HF/6-31G* level after
geometry optimization at the same theory level. Along with other parameters collected from the
AMBERGAFF255 force field, the MEP was used to identify the partial charges of the CX-5461 atoms
using Restrained Electrostatic Potential/RESP method with two stage fitting®”. Using AMBER DNA force
fields are a highly effective and widely used in nucleic acid simulations.®87! This experiment was able
to simulate the binding process of the DNA G-Quadruplex (G4) stabilizer CX-5461, to a human telomeric
G4 (PBD ID: 1KF1), a human c-KIT1 G4 (PBD ID: 4WQ3), and a ¢c-MYC promoter G4 (PBD ID:
2MGN),30-32 as well as a B-DNA fragment. 72 The AMBER GAFF2 force field of CX-5461 in Mol2 format

is provided at the end of the supporting document. The detailed protocol for these simulations follow



our earlier studies;33 7375 where the AMBER 16 simulation package was used for the production runs
of all systems.¢ Following the Maxwell-Boltzmann distribution, atoms of the system were assigned
different initial velocities by use of random seeds after the energy minimization. Thirty independent
trajectories were run for each of the four complex systems to allow for better sampling of binding poses
and pathway. In order to equilibrate the system density, a 500 ns production run at 300 K included a
1.0 ns molecular dynamics in the NPT ensemble mode (constant pressure and temperature). During
this production run the DNA and the ligand were under Cartesian restraints (1.0 kcal/mol/A), and 499.0
ns molecular dynamics in the NVT ensemble mode (constant volume and temperature). Two or three
representative trajectories for each of four complex system were further extended into 1999.0 ns. A 2.0
fs time step in the simulations was created using SHAKE?®, which was able to constrain any bond
connecting hydrogen atoms. Long-range electrostatic interactions under periodic boundary conditions
(charge grid spacing of ~1.0 A, the fourth order of the B-spline charge interpolation; and direct sum
tolerance of 10-°) were treated with the particle-mesh Ewald method.”” The long range van der Waals
interactions were based on a uniform density approximation; the cutoff distance for short-range non-
bonded interactions was 10 A. Non-bonded forces were calculated using a two-stage RESPA
approach.”® During this approach, the short-range forces were updated every step whereas the long
range forces were updated every two steps. Using a Langevin thermostat with a coupling constant of

2.0 ps the temperature was controlled and the trajectories were saved at 50.0 ps intervals for analysis.

Order parameters characterize the DNA-drug binding pathway. The DNA-drug binding process
was characterized using seven order parameter calculations: hydrogen bond analysis, drug-base
dihedral angle which measures the angle between the two intersecting planes, drug center to ligand
center distance (R), K+-K+ cation distance, DNA and ligand RMSD and MM-GBSA binding energy
(AE). The distance cutoff between H-donor and H-acceptor was set to be 3.5A and the donor-H-
acceptor angle cutoff was set to be 120°. The hydrogen bonds were calculated for the top/first,
middle/second and bottom/third base layers, and other base pairing when applicable (Figure 2 E-H).
A visual representation of the hydrogen bond networks are presented in the supporting document.
The definition for the quadruplexes is the three guanine layers with the 5’ side as the first layer. The
center-to-center distance (R) was defined in two ways: as the length from the DNA center to the drug
molecule center and the length between the two K* cations within the G-quadruplex structure. The
dihedral angle was defined as the dihedral angle between the plane of the stable unbroken base-layer
of the DNA that is closest to the drug binding site and the drug’s ring plane. MM-PBSA® (Molecular
Mechanics Poisson Boltzmann Surface Area) module in the AMBER package (PB1 model with
mBondi radii set, salt concentration of 0.2 M, and surface tension of 0.0378 kcal/A2) was used to
analyze the energetics of the bound complexes. The MM-PBSA binding energy for a system was
calculated based on three simulations: the ligand only, the DNA only and the DNA-ligand complex
using equation 1. The equation is made of four components Eq2: Van der Waals interaction energy
(VDW), hydrophobic interaction energy (SUR), electrostatic interaction (PBELE) and the change of
the conformation energy for DNA and ligand which are calculated using equation 3 and 4. MM-PBSA
binding energy is an effective tool for ranking ligand binding affinities proven by up to 1864 crystal

complexes tested in systematic benchmarking studies. 80-84



Eq 1: AE = Ecomplex - EDNA_free - Elig_free
Eq 2: AE = AEudw + AESUR + AEGBELE + AEconformal:ion

Eq 3: AEx = Ex_complex - Ex_DNA_complex - Ex_lig_complex' X= VdW! sur and pbele

Eq 4. AE(?onfarmat:ion = EDNA_complex+Elig_complex - EDNA_free - Elig_free

Virtual Screening. The top derivatives were chosen from a virtual screening of a CX-5461 derivate
library using Maestro 10.3 85. First, a combinatorial library of 64 ligands prepared using the Interactive
Enumeration program. The variants were defined by establishing substitution sites where there were
three possible points of substitution to CX-5461. At each possible point of substitution there were 4
functional groups that can be substituted which included hydrogen, fluorine, chlorine, bromine. This
suggests that there are 43 possible modified versions of CX-5461, and a combinatorial library of these
64 ligands was generated. The charge of each compound at pH=7 was determined by Epik (an
empirical pKa prediction program)é followed by a geometry optimization that minimized the potential
energy using the default parameters. Using the active receptor structure from the most abundant
conformation of each system, a grid file was generated using the Receptor Grid Generation program
to prepare the complex for the subsequent docking calculation. In each system, CX-5461 was
selected and a grid box was generated around the ligand with a Van der Waals radius scaling factor
of 1.0 and a partial cutoff of 0.25. Then, these 64 compounds were docked using Glide with Extra
Precision (XP) scoring function, and then filtered using QikProp package?’, to predict the absorption,
distribution, metabolism, and excretion (ADME) properties. QikProp ranks the full molecular structure
based on pharmaceutically relevant properties by giving each compound a number of stars;
compounds with no starts are predicted to be the most drug-like. Finally, four potential compounds
were manually chosen based on XP scores that were more negative than the docking of CX-5461
into the active conformation of the G-quadruplex from the most abundant clusters, along with the

compounds’ synthesizability containing fewer substitution groups.
RESULTS

The DNA only simulation runs showed that the overall DNA scaffold was maintained. To
validate the force field used in our simulations, independent 2us stability simulation runs carried out
for each apo form. We performed a root mean square deviation (RMSD) analysis which compared the
deviation of the DNA backbone in each snapshot to the initial structure. Since the RMSD values
plateaued, this showed that the ligand only or the apo DNA remained stable in each simulation run
and after taking the average of each run per system a figure is presented in Figure S1. Nonetheless,
the three G4 systems showed a larger structure deviation from the initial conformation (i.e. ~4A of
human telomeric G-quadruplex, ~3A of ¢-KIT1 G-quadruplex and ~5A of c-Myc G-quadruplex) due to
the fluctuation of non-G-tetrad parts. Next, we analysed the last snapshots of each apo form
simulation run (Figure S2) and found that each the scaffold of each system was visually maintained

when compared to the initial structure. A deeper understanding of the RMSD values were obtained



through visual inspection of the apo form trajectories. For the human telomeric system, there appears
to be high flexibility at the 5’ terminal residue as well as for each of the three, three residue,
connecting loops. The c-KIT1 system showed high flexibility at the 5’ terminal residues as well as the
four connecting loops, ranging from 2 to 5 residues long. The c-Myc system showed the greatest
flexibility at the longer 5’ terminal segment and also at the varied length connecting loops. The most
notable difference of the last snap shots was for the c-Myc system, where some residues of the
longer and highly flexible 5’ terminal segment stabilized on the G4 core which was consistent in both
runs, which is likely because the original PDB structure of this G4 contained a ligand and our
simulation runs allowed the DNA to relax into an apo form. Following this analysis, we took
representative snapshots (Figure S3) for each of the apo DNA simulation systems: human telomeric
(A), c-KIT1 (B), c-Myc (C) G-quadruplexes, and DNA duplex (D). Along with each representative
trajectory is an order plot which shows that each system maintained a backbone RMSD, the
potassium ions in each G4 system maintained their initial positions, and each systems MMPBSA
energy relative to the initial snapshot showed small fluctuations but the average remained the same

overall.

The free ligand binding simulations converged. A variety of post simulation analyses were
performed to ensure proper sampling and convergence was reached in our simulations. First, we
generated a plot showing the position of a single atom of CX-5461 in each trajectory (Figure S4). Due
to the clear distribution of binding around the DNA in each system, we concluded there was a good
sampling in each system. Following this, the root mean square deviation (RMSD) of the DNA
backbone was calculated against the initial structure for the complex systems and the average of
each system was calculated and presented (Figure S5). The flat and small receptor RMSDs in each
system indicated the stability of the DNA structures during the simulation period. Next, atom contacts
between the DNA structure and CX-5461 were calculated using a 3.0 A cut-off (Figure S6). Here we
defined a stable complex as a complex with a number of atom contacts between the DNA and ligand
greater than 30. The stable contact number in this figure indicates the simulation systems reached a
steady state in all runs. With our analyses suggesting proper sampling and convergence, we started
looking at the binding poses. The last snap shots and a table summarizing each system’s final
binding poses are provided in the supporting document (Figures S7-S10; Table S1). An additional
stability analysis characterizing each systems geometry was performed which is discussed in the
supporting results (Table S2-S6).
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Figure 3. Major binding modes of CX-5461 binding to the human telomeric G4 (PDB ID: 1KF1), c-
KIT1 G4 (PDB ID: 4W03), c-Myc G4 (PDB ID: 2MGN) and duplex DNA. 5’ and 3’ of the DNA chain
are indicated by a red and blue spheres, respectively. K* ions are indicated by yellow spheres.
Overall population abundance of each binding mode is annotated.



Three binding poses were identified from the clustering analysis for each of the four complex
systems. The centroid structure of each structural family and percentages are presented in Figure 3.
In addition, two dimensional interaction diagrams along with top and side views of the most abundant
clusters of each system are presented in the supporting document (Figure $S11 A-D) and Figures
$12-S13 compare the top and groove clusters for each system, respectively. Evident from our results,
the top binding mode was most abundant for the G4 systems and the groove binding mode was most
abundant for the duplex system. Interestingly, CX-5461 appears to show selectivity to the G4s over
the duplex structure here, where CX-5461 is bound to the duplex in only ~35% the simulation, and the
remained of the simulation period CX-5461 is in an unbound state. A detailed discussion on the most

abundant conformation can be found in the supporting results.

The MM-PBSA binding energy analysis revealed that the top intercalating binding mode for the
human telomeric DNA G-Quadruplex was most energetically favorable of all systems. Of the four
systems, the top intercalating mode of the human telomeric DNA G-quadruplex (1KF1) was shown to
be the most energetically favorable binding mode at -37.0 kcal/mol (Table 2), closely followed by the
bottom binding mode of the human telomeric system -33.6 kcal/mol. A more detailed discussion on the
MM-PBSA results can be found in the supporting results. CX-5461’s average MM/PBSA binding energy
over the major poses were calculated for the human telomeric (-28.6 kcal/mol), c-KIT1 (-23.9 kcal/mol),
c-Myc (-22.0 kcal/mol) G4s, and DNA duplex (-15.0 kcal/mol) systems where each systems propagation
of error was calculated, using the standard equation for error propagation for addition of measured
quantities, as 4.97, 2.72, 5.41, and 5.07 respectively. The duplex groove binding mode was the least
energetically favorable, measuring -15.0 kcal/mol. These results suggest that CX-5461 is selective to
DNA G-quadruplex systems over DNA duplex because each of the most favorable binding poses for
the G4 systems is at least twice as energetically favorable as the duplex groove binding mode. Further
the less favorable MM-PBSA binding energy of the G4 systems suggests that side binding may be an
intermediate state. The binding energy was broken down into van der Waals (VDW), hydrophobic
interactions (SUR), electrostatic interactions (GBELE), and the conformational energy change induced
from the complex formation (CONF) (Table 2). From the table appears that the hydrophobic interactions
(Asur) contribute the most to the total energy so it was not surprising that the top intercalation binding
modes have the most energetically favorable hydrophobic interactions and are much more favorable
than the duplex systems groove binding mode. However, the binding free energy calculation remains
a challenging task and MMPBSA generally overestimates the binding free energy due to lack of the

entropy term.



Table 2. MM-PBSA binding energy of CX-5461 binding to the human telomeric G-quadruplex (1KF1), c-KIT1 G-quadruplex (4WO3),
c-Myc G-quadruplex (2MGN), and duplex DNA in each of the major binding modes.

System Mode Avpw' Asur DApgELE Aconr Aror AAE? ATn?
h-Tel Top -9.3+6.3 -32.9+3.1 10.5%£1.3 -5.4+3.8 -37.0%£3.9 0 30
Bottom -3.515.9 -22.3+2.4 6.01£3.8 13.814.6 -33.6+2.7 3.4
Side -4.5+3.6 -23.7+2.0 11.312.3 1.548.0 -15.3+1.5 21.7
c-KIT1 Top -4.4+0.9 -25.4+0.5 8.210.6 -11.582.7  -33.1+1.7 3.9 27
Bottom -2.0%1.6 -11.0£0.7 5.1£1.0 -14.1£2.3  -22.0x1.4 15
Side -3.0+1.9 -12.8+0.7 71+1.4 -7.8+11 -16.5+1.6 20.5
c-Myc Top -13.7¢4.3  -35.2+1.5 16.41£0.7 -0.1+£3.9 -32.6+4.7 4.4 25
Bottom -4.310.8 -16.0+0.2 9.0£0.5 -4.3+4.7 -15.5+1.0 21.5
Side -5.316.2 -25.7+3.0 15.91£1.6 -2.7x1.4 -17.8£2.5 19.2
Duplex Groove -2.1+4.1 -23.1£2.1 8.212.3 3.2+3.9 -13.8£3.9 232 10
Top -4.3+0.8 -15.4+0.7 3.8+0.9 0.11£0.9 -16.1+2.7 20.9
Bottom -3.8%1.2 -15.9+1.8 4.612.3 0.02+0.8 -15.1£1.8 21.9

" The parameters in this table are reported in units of kcal/mol.

AVDW = Change of VDW energy in gas phase upon complex formation

ASUR = Change of energy due to surface area change upon complex formation

AEBELE = Change of GB reaction field energy + gas phase Elec. energy upon complex formation

ACONF = Change of conformational energy upon complex formation

ATOT = AVDW +ASUR + AEBELE + ACONF Change of potential energy in water upon complex formation

2 AAE?= (Ator -(-37.0))

3 Experimental melting temperature increase (in Kelvin) of each system with 10 uM CX-5461 from a FRET
melting temperature assay*. Values are estimated based on the figure in the literature.

A Markovian State Model Analysis was performed to gain kinetic insight into the binding
pathways. To characterize the binding of CX-5461 to the DNA G4s and duplex we performed a
Markovian State Model (MSM) analysis. Table 3 summarizes the transition times between each state
for each system. The ratios of the on and off rate constants estimated are off (underestimate of the
equilibrium constant) due to the fact that the limited simulation period, although extensive for a study of
this kind, did not reach a true equilibrium. Thus we focus on the qualitative trend. We present the MSM
along with representative trajectories and order plots for each of the thermodynamically favorable state
in each system: human telomeric (Figures 4-6), c-KIT1 (Figures 7-8), c-Myc (Figures 9-10), and

duplex (Figure 11;814). In addition to the order parameter plots, we also characterized the overall



geometry of the systems which can be found in the supporting results and Tables $2-S5. MSMs can
be built from MD simulation data and are a comprehensive statistical approach used to create
understandable yet high-resolution models of the intrinsic kinetics of a system.88 Our MSM analysis
follows a similar procedure to that of our previous work? which also examined the binding pathways
and kinetic information of G-quadruplex structures. Our implied timescales of each cluster for all lag
times of each system are presented in Figure S15. Due to choosing to cluster into a handful of
“macrostates” and directly and skipping over the experimentally unverifiable thousand “microstates”,
the expected convergence time of the implied timescales should be significantly greater than that of a
model with a greater number of clusters. This results in a coarser grained model that trades finer detail
for greater experimental testability and easier human understanding 8 89, |t is likely that directly
clustering into “macrostates” still maintains the integrity of the MSM as verification through the
Chapman-Kolmogorov test (Figure S16A-D) indicates that the model closely resembles the observed
simulation data. Two-dimensional network models are also presented in the supporting document for

each system (Figure S17).

Table 3. Parallel pathways of each systems Markovian State Model.

Parallel | Human telomeric? c-KIT12 c-Myc? Duplex?
Pathways' | Forward | Reverse | Forward | Reverse | Forward | Reverse | Forward | Reverse
U-T 3.3 5.1 1.2 3.7 14 3.9 0.1 3.0
U-B 4.0 29 3.4 2.2 16.7 2.3 0.1 2.7
U-S 1.2 3.8 1.6 3.0 1.0 2.4 2.0 5.7
U-S-T 4.3 6 2.7 5.2 2.4 4.9 - -
U-S-B 6.9 5.8 3.9 7.9 - - - -
U-B-S-T - 6.8 9.3 - -

'Each parallel pathway described as unbound (U), top (T), bottom (B), or side (S) with approximate
interstate flux listed.

2Values reported in ps

The MSM revealed multiple parallel pathways toward the most thermodynamically
favorable end stacking modes from unbound state in the human telomeric system. For the human
telomeric G4 system, our calculated first mean passage times indicated that the pathway from unbound
directly to the top binding state was the most favorable and slightly faster (3.3 ps) than unbound directly
to the bottom binding state (4 us) as well as both transition states. We present two representative
trajectories to characterize the binding of CX-5461 to the top binding mode and one showing the side
binding transition state ending in a top binding mode. The representative top binding mode of CX-5461
appears to undergo an induced fit binding mechanism (Figure 5). Detailed descriptions of the
representative trajectory and order parameter plot can be found in the supporting results as well as an

additional trajectory of CX-4561 in the bottom binding mode (Figure S18).
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Figure 4. The mean first passage times between the four states (unbound, side transition, top, and
bottom) of the human telomeric DNA G-quadruplex and CX-5461 complex system.
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Figure 5. Snapshots from the representative trajectory of the top binding mode of the human
telomeric G4 (A), run 13, including an order parameter plot (B-F). lllustrated in the plot is the breaking
and reforming of hydrogen bonds per layer (5’ Face in Red, Middle G-Tetrad in Blue, 3’ Face in
Green) (B), drug-base dihedral angle (C), DNA RMSD (A) with reference to the initial structure (D),
ligand center to DNA center distance (black) and K* to K* distance (red) (E), and the MM-GBSA
binding energy (AE in kcal/mol) (F). 5 and 3’ ends of the DNA chain are indicated by a red and blue
ball, respectively. K* ions are indicated by yellow spheres.



1 ns: Random Searching 28 ns: Side Binding 89 ns: Intercalation

¢
o
L
301 ns: Full Intercalation 391 ns: Intercalation 1943 ns: Top Stacking

7o
20— h W™ —
[ et A
I e Y e e oy J\WMW'\MW"‘”W”“ it ) A e A A Attt AN o 0
| [
5 |
§ 4— V)fw \M\‘N’W\’.‘.LWWWJ’WN«M- e R e R Juﬂwu\i\wm;
@3 e T —
Py _
22
AN |
| |
‘ \ | 1
15 V) —
\
Ly |
A e A T P A N N P N A e e e i M e P i s pe o\ i P

|
« I e S e
e — — SR =

5 _
o
15 J“‘\,‘ . =
o Mo h A h Y N I R "n SN
\\J A”‘\f\r\l\fﬁ‘w\j'wf“‘l‘vw'l 7 ;'M\,r‘”‘“ﬂu”\f'r/v"‘.‘K I P \"J/‘W\J‘J‘f“ f‘v”‘"‘wj ‘"“-,nf’ WY W"\/\ﬂ'“’ﬂr WAV M b\”.wm"“‘/m“’\'w'\w"w“"‘u‘f R erf MMM v

\/ -
W |
0 400 800 1200 1600 2000

Time (ns)

AE (kcal/mol)

& &

Figure 6. Snapshots from the representative trajectory of the top binding mode of the human
telomeric G4 (A), run 05, including an order parameter plot (B-F). lllustrated in the plot is the breaking
and reforming of hydrogen bonds per layer (5’ Face in Red, Middle G-Tetrad in Blue, 3’ Face in
Green) (B), drug-base dihedral angle (C), DNA RMSD (A) with reference to the initial structure (D),
ligand center to DNA center distance (black) and K* to K* distance (red) (E), and the MM-GBSA
binding energy (AE in kcal/mol) (F). 5 and 3’ ends of the DNA chain are indicated by a red and blue
ball, respectively. K* ions are indicated by yellow spheres.



The MSM revealed multiple parallel pathways toward the most thermodynamically
favorable top binding mode from unbound state in the c-KIT1 system. Each of the pathways led
to a thermodynamically favorable top binding state which accounted for 53.5 % of the simulation period
and occurred in 1.2 pys. We believe the MSM determined that the bottom binding mode is not a
thermodynamically favorable state in this system because of the limited simulation period, however we
expect that if the simulations were extended further, a thermodynamically favorable bottom binding site
would be seen. Since the only thermodynamically favorable state is the top binding mode, we present
one representative trajectory of this mode (Figure 8) in the main text. Detailed descriptions of the
representative trajectory and order parameter plot can be found in the supporting results as well as
additional trajectories for the top (Figure S19) and bottom binding modes (Figure $20-21) which show
CX-5461 binding to both the outside of the bottom loop as well as inside of the bottom loop, but not
actually interacting with the G4 core, and the side to top binding mode (Figure $22).

Unbound State
(6.8%)
j!
3.4+0.7 us
L " 23:024s l}
Intermediate States P
(39.7%) —
' 41!
(24.0%) B
(15.7%)
1.1+0:0 usJ[ I8
1.2+0.1 s
Final State
(53.5%)

Figure 7. The mean first passage times between the four states (unbound, side transition, top, and
bottom) of the ¢c-KIT1 DNA G-quadruplex and CX-5461 complex system.



1 ns: Random Searching 4 ns: Side Loop Interaction 144 ns: Top Stacking

1993 ns: Remains

413 ns: Full Intercalation
Intercalated

\
A o An AL
W Wy \'“ “!\W W w",“ I\ VA A ,-"\.ﬂlft\s \‘n','\'um WL

g
!

'
N 1 | il N M At
Wi /\nv v W AT [ ‘lwl"“\ N V“"\‘ J M w ‘.‘“‘W ""."w“‘ Al i ‘J“”".“N’ 1"\um‘u“}\u‘\‘ WA M

6— e N \ ‘ \
T w' i Wl ‘Mrf"'“”v’qv“w W ‘v”w““f“"’”w‘m,f‘-'*wv"*'m-."‘f\.,fw»v.w W\ "ww“ M nww /'«w w,” N pact e, o bk
v Ll

= NP, y VAN “_',_r W

)

sl ) ! W, _
15 A A WAL
MR M A NN AN A e \/—*r,w«/x\w,-l\,MMWJJ LA A A ARt o A AAALA A A i A A oA

l |

5— ]
Ty i
/ A,
Ea = P e (O N SV SRS . Sl WP LV Nt V\MW’“‘W\\/\anMMwQW_MW SV SIOUER A
Fyia ]
[
1

|y I I I |
20 f Al

‘?‘rmf\/vw J‘
Al L
10— ey 7 i

-6y i
_‘V\,rw"ﬂ.JW w'( A /”\,\M M U a

¥ e —

N \ e . ’
l"J"\'ﬂv".‘"‘w‘j\fV’“M“\/‘“u‘«’\\’\/ \‘\"‘f“f\‘\'\'\‘”’\/"\’\'ﬁ".-"‘f"\/\/"fJV‘“./\'\«’J \“”\M'N\/JI";\-VUM \"‘f “J"»"A”\J\mﬂ L»M‘A“"‘J by W AH"W""J\“"’WWJW,
| | |
400 800 1200 1600 2000
Time (ns)

& % &
[

AE (kcal/mol)

o

Figure 8. Snapshots from the representative trajectory of the top intercalating binding mode of the c-
KIT1 G4 (A), run 19, including an order parameter plot (B-F). lllustrated in the plot is the breaking and
reforming of hydrogen bonds per layer (5’ Face in Red, Top G-Tetrad in Cyan, Middle G-Tetrad in
Blue, Bottom G-Tetrad in Black, and 3’ Face in Green) (B), drug-base dihedral angle (C), DNA RMSD
(A) with reference to the initial structure (D), ligand center to DNA center distance (black) and K* to K*
distance (red) (E), and the MM-GBSA binding energy (AE in kcal/mol) (F). 5 and 3’ ends of the DNA
chain are indicated by a red and blue ball, respectively. K* ions are indicated by yellow spheres.



The MSM revealed multiple parallel pathways toward the most thermodynamically stable top
binding mode from unbound state in the c-Myc system, where as the bottom stacking mode
appears to be an off pathway intermediate. For the 2MGN system, three major parallel pathways
were observed (Figure 9): unbound to top, unbound to bottom, and unbound to side transition and
ending in a top binding mode. Unique to this system, the bottom binding pose appears to be highly
unstable and likely acts as an off pathway intermediate state where CX-5461 binds to the bottom from
an unbound state and once again goes back to the unbound state and follows one of the other
pathways leading to the thermodynamically favorable top binding mode. The interaction between the
c-MYC G4 and CX-5461 is particularly interesting because of the clear use of a base flipping
mechanism by both the terminal residues, T1, G2, and A3, but also the loop residue A12 (Figure 10).
Detailed descriptions of the representative trajectory and order parameter plot can be found in the
supporting results. In addition, there are additional trajectories presented in the supporting document
for the top (Figure S23) and bottom binding modes (Figure $24-25) which show CX-5461 binding to
both the outside of the bottom loop as well as inside of the bottom loop, but not actually interacting
with the G4 core. In addition to this, a trajectory is presented in the supporting document to show the
side to top binding mode (Figure S26).

Unbound State
(43%)

1.0+0.3 ps
*¥23+.7

1.4+0.2 ps

*¥3.9+1.2 us
Intermediate State

(26.7%) i;':

1.4+0.1 s Y : W
/” gt
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Figure 9. The mean first passage times between the four states (unbound, side transition, top, and
bottom) of the c-MYC DNA G-quadruplex and CX-5461 complex system.
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Figure 10. Snapshots from the representative trajectory of the top intercalating binding mode onto the
c-Myc G4 (A), run 14, including an order parameter plot (B-F). lllustrated in the plot is the breaking and
reforming of hydrogen bonds per layer (5’ Face in Red, Top G-Tetrad in Cyan, Middle G-Tetrad in Blue,
Bottom G-Tetrad in Black, and 3’ Face in Green) (B), drug-base dihedral angle (C), DNA RMSD (A)
with reference to the initial structure (D), ligand center to DNA center distance (black) and K* to K*
distance (red) (E), and the MM-GBSA binding energy (AE in kcal/mol) (F). 5 and 3’ ends of the DNA
chain are indicated by a red and blue ball, respectively. K* ions are indicated by yellow spheres.
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The MSM revealed multiple parallel pathways toward the most thermodynamically stable groove
binding mode from unbound state in the duplex system. The major pathways for the duplex system
include one thermodynamically favorable groove biding state (25.7%) as well top and bottom states that
end up in a groove binding mode (Figure $14). Since the groove binding mode is the only one of
physiological relevance for a long chromosome DNA, pathways leading to this mode are discussed
here. The representative trajectory for the groove binding mode of CX-5461 to the DNA duplex is shown
in Figure 11. Interestingly in that simulation run we observed CX-5461 scaling the surface of the DNA
duplex, unable to find a stable binding pose, repositioning around the grooves of the DNA duplex while
maintaining interaction during the entire binding process. Three additional trajectories for this binding
mode are presented in the supporting document (Figure S27-S29). In addition, hydrogen bond

networks for each system are also presented (Figures S30-S32).
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Figure 11. Snapshots from the representative trajectory of the bottom binding mode of the DNA duplex system
(A), run 12, including an order parameter plot (B-D). lllustrated in the plot is the DNA RMSD (A) with reference to
the initial structure, ligand center to DNA center distance (C) and the MM-GBSA binding energy (AE in kcal/mol)
(D). 5 and 3’ ends of the DNA chain are indicated by a red and blue sphere, respectively.



The root mean square fluctuation (RMSF) data showed the connecting loops of each G4 and
the termini of the duplex DNA had larger fluctuations than the G-quadruplex core; CX-5461
binding slightly reduced overall fluctuations. The RMSF plots for each system as well as a
topology model which shows the position of each residue for which the RMSF was calculated and
presented in Figure 12. For the human telomeric system three large (~5 A) peaks were identified
which correspond to three loops connecting the G-quartets: T5T6A7?, T'1T'2A13, and T17T18A'°, Evident
form the data here, the apo form has higher overall fluctuations when compared to the complex
systems. Overall, there are two pronounced differences in the data series. The first is the lower
fluctuations of the T1"T'2A"3 loop in the apo form simulation run, which may be due to this loop
frequently flipping outward to clear room for CX-5461 binding. The second is in the bottom binding
pose where the fluctuation of the T'"T'8A'%|oop has significantly decreased fluctuation in residues T'7
and T8 which may be due to a stabilizing effect because of CX-5461 directly interacting with residue
G in this binding mode. In addition we see here that the terminal residues have roughly equal
fluctuations due the structural similarity on each face of the G4. In the c-KIT1 systems the major
peaks corresponded to residues of the connecting loops: A5 C®, C', T'2and G'7, G'®and A'°.
Overall, the apo form trajectory had higher fluctuations than the complex systems indicating that CX-
5461 binding slightly reduced the overall fluctuations at these peaks. The once exception was at loop
C", T'2where the top binding mode has this region with higher fluctuations. This is due to this loop
flipping upward and forming a hydrogen bond between R1 of CX-5461. Here we clearly see a
difference in the terminal residues where the 5’ terminal is significantly higher than the 3’ terminal,
which is likely due to the fact that the 3’ terminal is actually a residue of the 3’ G-tetrad whereas the 5’
terminal is a free residue. There were 5 major peaks identified for the c-Myc systems corresponding
to residues T'A3, T7, T10-A12 T16 and A2'. Each residue showing significant fluctuation was either a
part of the large 5’ terminal segment (T', G2, A3), or a part of a connecting loop. In the c-Myc systems,
the RMSF values were comparable in each peak except for the T'°, G'* and A'2region. The top
binding mode had a high fluctuation at residue T but lower fluctuations at G and A'?, this is likely
due to this loop flipping upward to stabilize the binding of CX-5461. Where the higher fluctuations of
T'0are a result of the further distance travelled to flip upward compared to G'" which flips outward and
A2 which directly binds to CX-5461. The bottom system had the largest fluctuation at T'®and G'"
which flip outward during the simulation and the receptor only system had equal fluctuations at
residues T'9, G and A'2 which are also flipped outward. The terminal residues are most notably
different here where the long 5’ segment is highly flexible (5-6 A) and the 3’ terminal, which is a part of
the 3’ G-quartet has very low fluctuations (~1 A). The duplex DNA systems (grey and black) showed
peaks at residues G', C'9, G'', and C2°, which are the terminal residues of the double helix. Overall,
we see that the human telomeric G4 loops have the highest fluctuations of all systems which may
help to explain the less favorable binding energy of the side binding modes compared to the other
systems and the fluctuations of the apo G4 forms are larger than the complex systems, suggesting
that CX-5461 stabilizes the G4 DNA upon binding.
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DISCUSSION

DNA G-quadruplexes (G4s) are overrepresented in a wide variety of cancers making them a
prime therapeutic target. % Stabilizing G4s of cancerous cells has become a novel therapeutic
technique that has been shown to inhibit cancerous cell growth and replication leading to the
cancerous cells death. °' A promising new anti-cancer medication, CX-5461 is in in Phase I/Il clinical
trials for advanced hematologic malignancies and cancers with BRCA1/2 deficiencies #. Experimental
evidence identified CX-5461’s specific roles at G4s as the ability to bind to and stabilize G4 structures
in human cancer cell lines, increase the number of G4 sites, as well as selectivity bind to G4
structures on the human genome.* These properties are extremely advantageous for cancer
therapeutics and evident from recent work CX-5461 is a promising therapeutic agent for a variety of
targets, however the detailed binding mode and mechanism for which CX-5461 interacts with the G4
structures remains elusive. Our analyses sought to characterize the binding of CX-5461 to the human
telomeric, c-KIT1, c-Myc G4s as well as a DNA duplex to provide insight into the binding process and
help to explain the experimentally reported order of binding induced stability.

Our simulation analysis identified three major binding features conserved in each G4 system.
First, we observed that 5’ intercalation was the most thermodynamically favorable binding mode. This
was evident from the MM/PBSA binding energy (Table 2) and trajectory clustering (Figure 3).
Second, the Markovian State Model (MSM) of each G4 system revealed that there were multiple
parallel pathways all leading to the thermodynamically favorable top intercalation mode (Figures 4, 7,
9). Each of which include a direct pathway from the unbound state to top binding as well as indirect
pathways which could be using side binding as an on-pathway intermediate state. The lower
MM/PBSA binding energies of the side binding modes (Table 2) provide thermodynamic support of
the side binding intermediate states. The third common binding feature was that the top binding mode
of each system clearly was not achieved through the use of a lock-key mechanism. Instead, each G4
system demonstrated the use of a combination of the induced fit and conformational selection
mechanisms. In more detail, our apo form simulations (Figure S$2-3) show that because of the short
flexible segments at the 5’ face of the G4’s there are some instances of base flipping observed for
both the 5’ terminal and 5’ face loop residues. However, when CX-5461 binds, the population is
shifted toward the population which these bases stabilize and stack onto the G4 core or CX-5461
which clearly shows evidence of a conformational-selection mechanism. In addition, the most
thermodynamically stable state is only achieved by a base flipping insertion mechanism where
terminal and side loop residues flip outward to make room for CX-5461 insertion followed by the
bases flipping back to make contact with CX-5461, which demonstrated the use of an induced fit
binding mechanism not observed in the apo form. A clear example is the interaction between the c-
Myc G4 and CX-5461 which shows the use of a base flipping mechanism by both the terminal
residues, T1, G2, and A3, and also the loop residue A12 (Figure 10), which is supported by the
RMSF (Figure 12) and 2D interaction diagrams (Figure S11). Therefore, although there are
structural differences between the G4s, these same general binding characteristics of CX-5461 are

conserved which we suggest could be applicable to other targets not studied here.



Three notable differences were also extracted from our simulation analysis. It was evident
that the structural features of each system caused subtle differences in binding modes (Table S7),
binding energies (Table 2), and MSMs (Figures 4, 7, 9). First, the human telomeric system’s
structural similarities on the 5’ and 3’ faces allowed equal binding opportunities for both sites. The
human telomeric system was the only MSM to have parallel pathways leading to the bottom binding
pose as a thermodynamically favorable state (Figure 4), and the only system to have the binding
energy of the bottom binding mode be comparable to the top binding mode (Table 2). The conclusion
made by comparing the bottom binding modes for each G4 system leads to the second difference:
each 3’ site is different and as a result has a different effect on CX-5461 binding, which we discuss in
more detail further in the discussion. The third major difference is the trend of the MSMs. As
mentioned, the structural similarities on each face of the human telomeric system clearly differentiated
it from the c-KIT1 and c-Myc, but the two G4s without the structural similarities on each face also had
stark differences from each other. Most notably, the c-Myc systems bottom binding pose was
determined to be the most thermodynamically unstable by the MM/PBSA binding energy analysis.
This is demonstrated in the MSM where the bottom binding mode is a lowly abundant state which we
suggest likely acts as an off pathway intermediate state. We believe this happens by CX-5461 binding
to the bottom of the G4 from an unbound state and once again goes back to the unbound state and
follows one of the other pathways which leads to the thermodynamically favorable top binding mode.
In contrast to the c-KIT1 G4 system which utilizes the bottom binding mode as one of its on-pathway
intermediates before leading to the more thermodynamically favorable top binding mode. Together,
understanding these similarities and differences allowed us to provide insight into the binding mode
and mechanism of CX-5461 and make sense of the experimental phenomenon published on CX-
5461’s affinity and selectivity to these targets.

Our simulation protocols and final binding poses were validated by comparing the binding of
CX-5461 to the c-Myc promoter G4 in our study to the only experimentally solved structure of these
G4s in complex with a small molecule to date. This was the binding pose of Phen-DCs in complex with
Pu24T (PDB ID: 2MGN) which was solved using NMR spectroscopy ?2. Our study used Pu24T, the
intramolecular G-quadruplex formed from the c-Myc promoter, from the Phen-DC3-Pu24T complex and
simulated this G4s interactions with CX-5461. The major binding mode of CX-5461 identified in our
study closely matches the binding pose of Phen-DC3 solved using NMR spectroscopy (Figure 13). The
highly flexible 5’ terminal segment binds to and stabilizes both Phen-DCs and CX-5461 into an
intercalation to the top G-quartet where the 5’ terminal residue is bound to the center aromatic core of
both ligands. This comparison provides support that the key interactions for this G4 are 1r-stacking with
the guanine bases of the top G-tetrad, as well as validation for the simulation methods used in our study.
Our study also supports the prediction made by Xu and coworkers* which suggests that CX-5461 may
also be an end stacking G4 stabilizer due the structural relationship between CX-5461 and QQ58

(Figure $33), which was biophysically determined to be an end stacking G4 stabilizer in one study.



Cx-5461-Pu24T complex

Phen-DC3-Pu24T Complex (2MGN)

Figure 13. Major binding mode comparison of the CX-5461-Pu24T complex and Phen-DC3-Pu24T
Complex (PDB ID: 2MGN). 5 and 3’ of the DNA chain are indicated by a red and blue sphere,
respectively. K* cations are represented by yellow spheres.

As mentioned in the introduction, Xu and co-workers FRET-melting temperature increase assay
4 was performed to determine the affinity of CX-5461 binding to the G4s and duplex structure. A higher
binding affinity was correlated to a higher melting temperature increase which indicated more energy
was required to break the bonds formed upon CX-5461 binding and was essentially a measurement of
enthalpy. The results of their assay indicated that with 10 uM CX-5461 the highest melting temperature
increase, and thus the stabilizing effect due to CX-5461 binding, was demonstrated by the human
telomeric system (~30 K) followed by the ¢c-KIT1 G4 (~27 K), the c-Myc G4 (~25 K) and the DNA duplex
(~10 K). Evident from this data, CX-5461 stabilizes the three G4 systems much more than the DNA
duplex (~15-20 K). But what was causing marginally different melting temperature increases (~2-5 K)
for the three G4 systems? In our study, each system’s MM-PBSA binding energy calculations, which
are also a measurement of binding enthalpy, were consistent with the order of stabilizing effect upon
CX-5461 binding determined in the FRET-melting temperature assay (Table 2). CX-5461’s average
MM/PBSA over the major poses were calculated for the human telomeric (-28.6 kcal/mol), c-KIT1 (-
23.9 kcal/mol), c-Myc ( -22.0 kcal/mol) G4s, and DNA duplex ( -15.0 kcal/mol) systems. Evident from
this, the three G4 systems much higher MM-PBSA binding energies as compared to the DNA duplex.



Thus, it appears that the binding energy differences lead to the observed difference in the melting

temperature change for these systems.

The unique structural differences at the 3’ region provide insight into the binding modes and
the binding energy differences. Due to the structural similarity on each face of the human telomeric G4,
the binding poses and binding energies of the top (-37 kcal/mol) and bottom (-33 kcal/mol) modes were
very comparable. However, this was not true for the ¢c-KIT1 and c-Myc G4s, which contain 3 (GGA) and
4 (GAAG) residue long diagonal loops, respectively, on the 3’ end. Instead, the bottom binding mode
of c-Myc had a very unfavorable MMPBSA binding energy (-15.5 kcal/mol) which was comparable to
the duplex system (~-15 kcal/mol), and the c-KIT1 system was not much more favorable (-22 kcal/mol).
In these systems we observed a decreased ability for CX-5461 to interact directly with the third G-
quartet due to hindrance from the diagonal loops which led to unequal binding opportunities when
compared to the top binding mode. From our analysis we suggest that the more ordered diagonal loop
of c-KIT1, which contains a A'®-G2° base pair, may contribute to the marginally higher stability
determined from the FRET-melting temperature assay, when compared to the c-Myc G4 which contains
the 4 residue diagonal loop (GAAG). Although CX-5461 was not able to intercalate onto the 3° G-quartet
for the c-KIT1 and c-Myc G4’s there was one case for both the ¢c-KIT1 and c-Myc G4s where CX-4561
was able to intercalate into the 3’ diagonal loop connecting the 3’ G-tetrad, but our MMPBSA binding
energy analysis revealed this binding mode was even less favorable in both the c-KIT1 (-11.66 kcal/mol)
and c-Myc (-13.17 kcal/mol) systems. These facts help to explain why both of these G4s have a lower
binding energy and melting temperature increase than the human telomeric G4, but also why the c-
KIT1 G4 has a marginally higher affinity and binding energy when compared to the c-Myc G4. Thus,
we propose that the structural differences at the 3’ region of each G4 causes unequal CX-5461 binding
opportunities which made for differences in our observed binding modes and may also play a critical

role in the experimentally reported affinities from the melting temperature increase assay.

Along with characterizing the binding features of CX-5461’s in each system to understand CX-
5461s maijor role as a G4 binder and stabilizer observed in experiments, our study aimed to provide
insight into the selectivity of CX-5461 to G4 structures over DNA duplex. The motivation for this is based
on the major finding from the FRET-melting temperature assay performed by Xu and co-workers
research showed CX-5461 selectively binds to and stabilizes G4 structures over duplex DNA*. This is
an extremely desirable feature for a G4 stabilizer, since a major limiting factor for the therapeutic use
of this class of drugs is the lack of selectivity to G4s over DNA duplex structures. Encouragingly, our
trajectory analysis supports the selectivity of CX-5461 to G4s. The major finding used to conclude this
was that for each of our G4 systems, an intercalation mode was observed for CX-5461, however for
our duplex DNA system no groove intercalation mode was observed. The effects of this lack of highly
stable binding pose in the duplex system was supported by MMPBSA binding energy analysis which
showed that the duplex system had the lowest binding energy. The most energetically favorable binding
pose observed in our duplex DNA system (-15.0 kcal/mol) was only comparable to the least favorable
binding poses of the G4 systems, supporting that CX-5461 is selective to G4 structures over duplex

DNA. In addition, our simulation analysis which supports that CX-5461 is not a DNA duplex intercalator



is consistent with an intercalation assay comparing CX-5461’s ability to intercalate into calf thymus DNA
to a known DNA intercalator Actinomycin-D*. This assay even showed that CX-5461 was even a weak
minor groove binder at concentrations as high as 50 yM, which is consistent with our less favorable

binding energy calculations for CX-5461 to the duplex when compared to the G4s.

To further compare the binding of CX-5461 to a known intercalator we compared the binding
pose of CX-5461 to RHPS4, another G4 ligand with an aromatic core (Figure S$34) from our previous
work. 2 Evident from comparing the chemical structures, CX-5461 is longer and contains two flexible
side chains whereas RHPS4 maintains a very planar aromatic structure. In the previous work, RHPS4
was modeled with the same duplex DNA and human telomeric G4 structure (1KF1) used in this work,
among other G4s. RHPS4 was able to fully intercalate into the duplex DNA with a binding energy of -
46.814.6 kcal/mol and in the human telomeric simulations the most favorable binding mode was bottom
stacking with a MMPBSA binding energy of -48.912.4 kcal/mol. RHPS4’s lack of selectivity toward a
DNA structure indicated modifications were needed for it to be a successful G4 stabilizer. In this study,
CX-5461 demonstrates an advantage in G4 selectivity over RHPS4 which we attribute to the two
aromatic side chains of CX-5461. These two side chains limit CX-5461’s planarity and therefore ability
to fit into the narrow grooves of the DNA duplex structure. From our observations we believe that the
positive charge on the methyl diazepane side chain, coupled with the flexibility of the methylpyrazine

side chain, contributes to the selectivity of CX-5461 to G4 structures over duplex DNA.

Taking a deeper look at the overall binding pattern of CX-5461 to the DNA duplex, since it
was clear CX-5461 was not a DNA duplex intercalator, we observed trajectories which showed an
interesting mechanism comparable to a recent study.®* It is conventional that a ligand may completely
unbind and begin researching for a binding site in cases where ligand binding is not favorable. In our
duplex system however, in cases when ligand binding was not favorable, we observed CX-5461
diffusing the surface of the DNA duplex searching for a stable binding site, maintaining a partial
interaction throughout the entire binding process. This was made even clearer when the trajectory
was extended from 500 ns to 2000 ns and provides unique insight into the binding interactions of CX-
5461 to the duplex. We see that the drugs side chains (R1 and R2) are able to maintain interactions
with the DNA, however a favorable binding pose is not achieved due to the lack of intercalation into
the grooves of the duplex. Since the major factor limiting the therapeutic use of DNA G4 stabilizers to
date has been a lack of selectivity to the DNA duplex, we kept this mechanism in mind when

suggesting possible optimizations to this drug.

We developed a hypothesis to increase the binding of CX-5461 to the G4 structures and
decrease the binding of CX-5461 to the duplex structure based on our analysis of the detailed
interactions of each binding mode at the G4 and duplex structures. The detailed interactions (Figures
$11-S13) of the most thermodynamically favorable binding poses (Figures 3; Table 2) indicate that
CX-5461’s rigid core (Figure 1) binding to the G4s is essential in stable binding. One level of support
for this conclusion is that the core of CX-5461 is not exposed to solvent in our two-dimensional
interaction diagrams of the most thermodynamically favorable top binding poses (Figure $12).

Further, the second most thermodynamically favorable pose, human telomeric G4 bottom binding



(Figure S11A), also shows that the rigid core shows very little exposure to solvent. However, in the c-
KIT1 and c-Myc bottom mode and all three G4 systems groove binding mode, the amount of solvent
the rigid core of CX-5461 is exposed to is far greater (Figure $11 A-D). With these facts in mind we
were able to suggest minor modifications be made to the benzothiazole-based scaffold of CX-5461
with the hypothesis that increasing the length of the core could increase the binding energy and
stability. At each possible point of substitution, we picked 2 function groups (fluorine or chlorine) that
could be substituted for hydrogen (Figure 14; Figure S35) leaving a total 56 compounds generated in
our combinatorial library. Each new compound was docked to the same orthosteric binding site as the
most abundant cluster for the most thermodynamically favorable top binding mode, and showed
similar hydrogen bonds, 1-11 and hydrophobic interactions. Of these compounds we chose four
derivates (Figure 14) based on their synthesizability determined by a minimal number of functional
groups added, and their more negative XP docking scores for the G4 but less negative XP docking

scores for the Duplex DNA.



Chemical Structure of CX-5461: Substitution Sites
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Figure 14. Chemical structure of CX-5461 and derivates identified through virtual screening, including
docking scores. For CX-5461 green arrows indicate substitution sites for the derivates on this table.
For the derivates, docking scores are provided as well as the difference between their docking scores

and CX-5461.

While picking possible substitution sites, we closely compared our work to the original

structure activity relationship study for which CX-5461 was identified'. Of note, their work found that




the addition of a F at our position S3 significantly increased the cellular activity of the compound, to a
level even higher than reported for CX-5461. However, this addition was not made to CX-5461 itself.
Rather than using the methylpyrazine based flexible side chain R2 (Figure 1) for their trial at this site
they used a pyrrolidinoethylamine side chain. They discovered that this combination, although highly
beneficial in terms of cellular activity, had an extremely low oral absorption. They later discovered that
the addition of the methylpyrazine based side chain (R2) drastically increased the oral availability (~40
fold increase: ~2,300 to ~92,000 ng h/mL), however failed to revisit the possibility of using F at
substitution site S3 with the addition of R2 to the aromatic core. Which led us to believe that because
R2 provides such a drastic increase in oral availability, and the F at site S3 leads to a drastic increase
in cellular activity, this combination could provide the resolve for both important factors. Our docking
results further supported the promise of this combination where F at site S3 increased the binding to
all G4’s and provided the largest decrease in duplex binding (+2.703 kcal/mol) of all our derivatives. A
closely following second was a Cl substitution at site S3 which also increased G4 binding and
decreased duplex binding (+2.618 kcal/mol). A third ligand was identified which substituted F at site
S3 and Cl at site S1 which increased G4 binding and decrease duplex binding (+1.610 kcal/mol). In
addition to these ligands, we identified a number of other derivates which could be promising. This
includes a ligand with F substitutions at sites S2 and S4 which increased binding for each the human
telomeric, c-KIT1 and c-Myc G4s and decreased duplex binding (Figure 14) and a ligand which had a
Cl substitution at site S2 which increased binding for each the human telomeric and c-Myc G4s but
decreased binding for both the c-KIT1 G4 and duplex (Figure S35). All together suggesting
substitutions at site S3 may address both the necessary biological properties as well as well as the

intended decrease in duplex binding.

Furthermore, an interesting trend was observed for the human telomeric system. First, of the
56 ligands the intended effect (i.e. increase G4 binding or decrease duplex binding) was most
observed for the human telomeric G4 system (48%) followed by the duplex (44%). Looking closer at
the docking results, there were many new derivatives which produced the intended effect in just the
human telomeric and duplex systems, six of which are exemplified in the supporting document
(Figure S35). Putting together the most thermodynamically favorable system in our study was the
human telomeric G4, the stability results of the melting temperature assay, and the results of our
docking study, we suggest that using CX-5461 derivatives to specifically target the human telomeric
G4 could be a promising therapeutic approach. This hypothesis is consistent with limited experimental
testing such as a telomere FISH assay* which showed an increased frequency of telomere defects in
BRCA -/- HCT116 cells after exposure to CX-5461 which they used to provide support of CX-5461’s
G4 stabilizing and ability to induce genome instability specifically at G4s in human cells. However,
only targeting human telomeric G4 provides a limited solution that ties back into a major limiting factor
of G4 stabilizers to date, whereby, the structure of the G4s overall do not provide a large binding
pocket, as seen in proteins and other targets. This has implications on the reported efficacies where a
G4 stabilizer has yet to bind in the nM concentration range. One approach to remedy this is to
generate a hybrid G4 binder that has both the pharmacophores of a G4 intercalator and groove

binder. The intention of this ligand design is that the intercalator core of this ligand will intercalate onto



a G-quartet and, that when connected by a flexible linker, the groove binder like side chains may wrap
around the G4 core like arms and further stabilize the interactions. As far as we know, there has been
no such ligand developed with this binding pose to date. Of course, further experimentation is
required to support this hypothesis. Furthermore, given the promise of CX-5461 and its derivates to
the parallel scaffold, a future study should include the binding of CX-5461 to multiple telomeric
scaffolds (i.e. parallel, anti-parallel, and hybrid), because the insight gained from studying CX-5461
binding to each of the interconverting topologies may help to further optimize its structure.

The AMBER GAFF2 force field of CX-5461 in Mol2 format is also available in the supporting
document (Figure S36).

CONCLUSION

Small molecule CX-5461 is a DNA G-quadruplex (G4) stabilizer currently in Phase I/ll clinical trials for
advanced hematologic malignancies and cancers with BRCA1/2 deficiencies. Although biologically
promising, the detailed binding interactions of CX-5461 to the G4s, remains elusive due to a lack of
an experimentally solved structure of any CX-5461-G4 complex. A FRET melting temperature
increase assay measured CX-5461’s binding affinity to the canonical DNA duplex structure and three
DNA G-quadruplex (G4) forming sequences that are implicated in the cancerous complications
resulting from BRCA1/2 mutations (human telomeric, c-KIT1, and c-Myc). The results of the FRET
melting temperature increase assay indicated that with 10 yM CX-5461 the highest melting
temperature increase, and therefore highest affinity, was demonstrated by the human telomeric
system (~30 K) followed by the c-KIT1 (~27 K) and c-Myc (~25 K) G4s and the DNA duplex (~10 K).
Extending upon these experimental findings, this study used free ligand molecular dynamics binding
simulations of CX-5461 binding to the three DNA G-quadruplex forming sequences: human telomeric,
c-KIT1 and c-Myc, and a DNA duplex. Through our detailed analysis of the 18+ ps simulation time per
system, we probed the thermodynamic, kinetic and structural nature of each complex at the molecular
level. Our MM/PBSA binding energy and Markovian State Mode (MSM) analyses revealed CX-5461
bound most favorably to the human telomeric ( -28.6 kcal/mol), followed by the c-KIT1 ( -23.9
kcal/mol), c-Myc ( -22.0 kcal/mol) G4s, and then the DNA duplex (-15.0 kcal/mol), which explains the
order of stabilizing effect due to CX-5461 binding from the melting temperature assay. Our
thermodynamic and kinetic analysis suggested that the top binding mode could be the major pose
responsible for the biological activity of CX-5461; and that the structural differences in the 3’ sites of
each G4 caused differences in the bottom binding modes which helped to explain the differences
observed for the order of binding stabilization for the G4 systems. We also concluded that it was CX-
5461’s lack of intercalation to the duplex that explained the differences in melting temperature
between the three G4s and duplex. Further characterizing specific binding features, we observed
each G4 system undergoing a base flipping insertion induced fit binding mechanisms to achieve the
most thermodynamically favorable top binding pose and evidence of a conformation-selection
mechanism for both the human telomeric and c-KIT1 complex system. Further, our dynamic insight on
the binding of CX-5461 to each of these structures revealed the rigid core of CX-5461 binding to the

G4 core was essential for stable binding. Using this fact, halogen substitutions were made on CX-



5461’s rigid core and docking into each G4 and duplex structure where we identified a number of
derivates that increased G4 binding and decreased duplex binding, further enhancing the selectivity of
CX-5461 to the G4s. Thus, this study provides insight that may aid in the further rational design of
novel G-quadruplex stabilizers with increased selectivity to G-quadruplex structures over DNA

duplexes.
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