3D Structure of RNA Monomeric G-Quadruplex Containing ALS and
FTD Related G4C2 Repeat and It’s Binding with TMPyP4 Probed by
Homology Modelling based on Experimental Constraints and
Molecular Dynamics Simulations

Kelly MulhollandT, Holli-Joi Sullivan T, Joseph Garner®, Jun Cai, Brian Chen, and
Chun Wu*

College of Science and Mathematics, Rowan University, Glassboro, NJ, 08028 USA

* To whom correspondence should be addressed. Tel: (856) 256-5462 Email: wuc@rowan.edu
T These authors contributed equally to this work

Present Address: Kelly Mulholland, Bioinformatics, University of Delaware, Newark, Delaware, 19716

ABSTRACT

The G-Quadruplex-forming hexanucleotide repeat expansion (HRE), d(G4C2),, within the human
C9orf72 gene is the root cause for familial amyotrophic lateral sclerosis-frontotemporal dementia
(ALS-FTD). A recent study has shown that TMPyP4 has the good potential to work as a RNA G-
quadruplex binder in treating ALS and FTD. Although the high-resolution structure of the monomeric
DNA antiparallel G-quadruplex form of the monomeric hexanucleotide repeat was recently solved, the
RNA parallel G-quadruplex structure and its complex with TMPyP4 are not available yet. In this study,
we first constructed the homology model for the parallel monomeric RNA G-quadruplex of
r(G4C2);G4 based on experimental constraints and the parallel monomeric G-quadruplex DNA crystal
structure. Although the G-tetra core of the homology model was stable observed in 15 ys molecular
dynamics (MD) simulations, we observed the loops adopt additional conformations besides the initial
crystal conformation, where TMPyP4 binding was found to reduce the loop fluctuation of the RNA
Monomeric G-quadruplex. Next, we probed the elusive binding behaviour of TMPyP4 to the RNA
Monomeric G-quadruplex. Encouragingly, the binding modes observed are similar to the modes
observed in two experimental complexes of a parallel DNA G-quadruplex with TMPyP4. We also
constructed a Markov state model to provide insights into the binding pathways. Together, the
findings from our study may assist future development of G-quadruplex-specific ligands in the

treatment of neurodegenerative diseases like ALS and FTD.
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INTRODUCTION

Guanine-rich DNA and RNA sequences can readily fold into stable four-stranded secondary
structures known as G-quadruplexes, which are therapeutically involved in the development of anti-
HIV(1), anti-cancer (2-4) and, in regard to the purpose of this study, anti-neurodegenerative (5)
therapies. These nucleic acid secondary structures consist of a core of stacked guanine-quartets (G-
tetrad) linked by loops of varying length and sequences (6). Both in vitro and in vivo data strongly
support the physiological relevance of this nucleic acid secondary structure at the telomere and the
promoter region of oncogenes, a signature guanine-rich region of the genome(7). Promotor and
telomeric G-quadruplexes have been identified as potential therapeutic targets for human cancers

and other diseases (8-13).

Two neurodegenerative pathologies involving the G-quadruplex motif include familial amyotrophic
lateral sclerosis (ALS) and frontotemporal dementia (FTD). Both disorders cause progressive
muscular tissue weakness, uncontrolled atrophy and change in personality as well as cognitive
impairment through the degeneration of neurons (14,15). The prevailing genetic cause of the two
diseases has been identified as a hexanucleotide repeat expansion (HRE), d(G4C2),, within the non-
coding first intron of the C90rf72 gene (5). Typically, individuals have HRE repeat lengths of about 2—
23 hexanucleic acid units (16), however patients affected by this disease have an estimated 700-1600
units (17). The disease cascade is under extensive investigation and key contributors to the
pathogenesis of ALS and FTD have recently been identified. These contributors include DNA G-
quadruplexes and transcription leading to a loss of full-length products and accumulation of abortive
RNA transcripts(18); loss of function of the C90rf27 gene (17,19,20); the sense r(G4C2), or antisense
r(C4G2), RNA transcripts of d(G4C2), repeats, that form nuclear foci and aggregate to create toxicity
by sequestering different RNA-binding proteins(17,21,22); and finally, the “cORAN” protein, that
originates from repeat-associated non-ATG (RAN) translation, which form neuronal and cytoplasmic

dipeptide inclusions of the central nervous system(23,24).
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Figure 1. Structure of TMPyP4.



Given the crucial role that HRE plays in the development of familial ALS and FTD, one major
research effort is focused on the development of therapeutic small-molecules that can neutralize the
toxic RNA G-quadruplex and inhibit RNA foci formation and RAN translation(5), with some studies
showing promising therapeutic effects (25,26). In particular, Zamiri et al. have shown that TMPyP4
(Figure 1), a well-known DNA G-quadruplex-binding ligand (27-30), binds to the RNA G-quadruplex
structures formed by the r(G4C2), repeat (5). This binding distorts the secondary structure of the
repeat, inhibiting interactions with mutant repeat-binding proteins that may have resulted in the
formation of neuronal and cytoplasmic dipeptide inclusions in the brain. Although the authors
suggested that TMPyP4 has good potential to work as a RNA G-quadruplex binder in treating ALS
and FTD, a detailed understanding of ligand-RNA G-quadruplex interactions at the molecular level
remains uninvestigated. Encouragingly, in 2014 Haeusler et al. showed that, while d(G4C2), HRE
form an antiparallel monomeric DNA G-quadruplex, r(C4G2), HRE form a parallel monomeric RNA G-
quadruplexes(18). In 2015, two high-resolution structures of DNA G-quadruplexes of the sequence
d(G4C2)3G4 were solved (PDB ID: 2N2D and 50PH) by NMR(31) and both structures indeed adopt
an antiparallel scaffold. However, the high-resolution structure of the RNA monomeric G-quadruplex
of r(G4C2)3G;s still remains to be elusive. Homology modelling could be a solution. In two previous
studies, Collie et al. have successfully generated homology models of RNA G-quadruplex using the
solved DNA quadruplex structures (32,33).
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Figure 2 Sequence Alignment between 1(G4C>) 3Gz and Human Telomeric Repeat Sequence
Structure of 1(G4C>) 3G3 and Human Telomeric Repeat Sequence



Molecular dynamics (MD) simulations are powerful computational tools that provide insights at a
molecular level. Several recent studies have used this approach to determine the 3D structures of
DNA G-quadruplexes (34), identify the importance of ion binding in the stability and folding of
quadruplexes (35), resolve ligand-binding specificity using absolute free binding energy calculations
for both c-MYC (36) and human telomeric G-quadruplex DNA (37),and to examine binding
interactions between G-quadruplexes and therapeutic agents (1,38). More specifically, Hou et al.
used this approach to probe the stability of six ligand-G-quadruplex DNA complexes, including
TMPyP4, that have been structurally determined by experimental approaches. Ali ef al. investigated
the binding of TMPyP4 to three different scaffolds of human telomeric DNA G-quadruplex using MD
simulations and determined that the binding free energy analysis suggested the parallel scaffold is
preferred by TMPyP4 over antiparallel and hybrid scaffold (39). Using MD simulations in our previous
studies, we have comprehensively examined the major binding poses of various G-quadruplex
ligands to the human telomeric DNA G-quadruplexes starting from an unbound state (40-44). In this
present study, we carefully generate and validate a homology model for the parallel RNA G-
quadruplex of r(G4C2)3G4 (Figure 2) based on experimental constraints (18,45,46) and the available
crystal structure of human telomeric parallel G-quadruplex DNA (PDB ID: 1KF1). Using Molecular
dynamics (MD) simulations (Table 1), we provide a thorough evaluation of the detailed structural
properties of the RNA G-quadruplex and the conformation changes of the RNA G-quadruplex when
binding to TMPyP4. Our proposed model of the parallel RNA G-quadruplex of r(G4C2):G4, as well as
its binding interactions with TMPyP4, provide knowledge that will assist future studies aimed at
developing new treatments of neurodegenerative diseases such as ALS-FTD.

Table 1. Molecular dynamics simulations.

System No.of  No. of Drug NPT NVT Total
ID Sequence ligand run Initial equ. (ns) (ns) time (ns)
State
1 d(AG;T2);G3" 0 4 - 1 2000 8000
2 1(G4C2) 3Gy 0 15 - 1 1000 15000
3 1(G4C2) 3Gy 1 3/37 Unbound 1 2000/200 13400
4 N/A 1 5 1 500 2500

* Human Telomeric parallel G-quadruplex (PDB id: 1KF1)

RESULTS

A homology model of parallel G-quadruplex RNA structure of the r(G4C:):G4 repeat was built
based on experimental evidences and a high-resolution parallel G-quadruplex DNA template.
Multiple CD spectra studies, a RNase T1 protection assay and a gel mobility shift assay suggest that
the RNA repeat shows characteristics of a parallel G-quadruplex structure (18,45,46). The RNA
digestion pattern from the endonuclease RNase T1 assay indicates that the parallel topology contains

three G-tetrads, compared to four G-tetrads in the DNA anti-parallel topology (18). Since the only



high resolution structures of RNA parallel G-quadruplexes available are formed from multiple RNA
strands (PDB IDs: 3MIJ, 2KBP, 3IBK), we chose a single stranded human telomeric parallel DNA G-
quadruplex structure (PDB ID: 1KF1) for this study, as it most closely matched the proposed
structure. Although a number of structures are available for single stranded parallel DNA G-
quadruplexes that contain the same or similar sequences (Table S$1), they include additional biasing
factors such as being in complex form, formed from multiple strands or formed under crowded
solution, which are not factors to consider for the human telomeric parallel DNA G-quadruplex
structure chosen in this paper (PDB ID: 1KF1).Therefore this parallel DNA quadruplex structure was
utilized as a template for homology modeling of the G-quadruplex structure of the RNA repeat in this
study (Figure 2). The major differences are as follows: 1) the 5’ terminus of the RNA repeat does not
have A; 2) the loop sequence of RNA repeat is GCC instead of TTA; 3) the 3’ terminus of the RNA
has additional G. Positioning of G4, G10, G16 and G22 at the loops is consistent with the RNase T1
protection assay results(18).

The G-quadruplex RNA homology model showed good stability throughout multiple
simulations. To probe the stability of our homology model, the RNA G-quadruplex only system was
built and subjected to 15 runs of 1.0 ys MD simulations (Table 1) as described in the method section.
The last snap shots of all 15 simulation runs are available in the supporting document (Figure S2), as
well as two addition simulation runs including the order plot (Figure S3), in the second part of this
figure, we present one of the three simulation runs that we observed a potassium ion moving out of
the ion pore. The representative trajectories and three order parameters were closely analyzed
(Figure 3 and Figure S3). These parameters consisted of calculations of H-bonds for three G-
tetrads, RMSD of the whole G-quadruplex backbone, and the center-to-center distance of the two
potassium ions within the G-quadruplex. 12 of 15 runs show a stable structure throughout the
simulation with no large fluctuations in any of the three order parameters over the total 1000 ns (See

a representative trajectory in Figure 3).
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Figure 3. Stability simulation of RNA quadruplex built from the NMR DNA quadruplex. A)
RNA quadruplex, B) Hydrogen bonds present in first (green), second (red), and third (blue),
layers of G-tetrads, C) K+-K+distance and D) Backbone RMSD. 5’ and 3’ of the RNA chain
are indicated by a red and blue ball, respectively.

Geometric characterization of the RNA G-quartets showed a right handed helical twist; ligand
binding can cause subtle changes. Clear from the top view of the RNA G-quadruplex core (Figure
4A), the G-quartets have a right handed helical rotation. In this work, we calculated the rise, H-rise,
and H-twist of the apo form DNA G-quadruplex, the apo form RNA G-quadruplex as well as for the
RNA G4/TMPyP4 top and bottom binding modes (Table 2), as detailed in the methods section. For
the RNA-only simulated system, the rise, H-rise and H-twist averaged over the two layer steps (i.e.
bottom to middle and middle to top) are ~3.53 A, ~1.82A and ~13.7 °, respectively, which are close to
the values of the DNA only system (~3.49 A ~1.88 A, and ~12.32 °). Clearly, H-rise and H-twist in
both the RNA and DNA G-quadruplex are smaller than those in standard B-DNA (3.32 A and 34.3° for
H-rise and H-twist). The binding of TMPyP4 to the RNA G-quadruplex did not change these
parameters much to both the top (~3.55 A, ~2.35 A and ~16.60°) and the bottom binding modes
(~3.49 A, ~2.63 A and ~21.17°). H-twist was the parameter most changed upon ligand binding, with

~7A difference from the DNA apo form. Thus, subtle changes may occur upon ligand binding.



Table 2. DNA G-quadruplex G4 layer geometry parameters. 1-3: top layer, middle and G4 bottom,
respectively.

Lasyer Parameter' Apo 1KF1 Ap o:((}(j4C2) Top Binding Bottom Binding
3:2 Rise 3.56+0.01 3.63+0.08 3.70+0.11 3.52+0.10
3:2 H-Rise 1.91+0.41 1.88+0.17 2.35+0.21 2.61+0.21
3:2 H-Twist 12.76+2.55 12.11£0.36 14.14+2.16 19.1543.15
2:1 Rise 3.42+0.01 3.44+0.01 3.40+0.07 3.46:0.09
2:1 H-Rise 1.86+0.32 1.77+0.12 2.35+0.13 2.65+0.25
2:1 H-Twist 11.86+1.63 15.13+1.00 19.06+1.58 23.20+3.10

1 Value for Rise and H-rise reported in A; Values for H-twist reported in degree.

The interaction between K+ and the G-quadruplex did not change with ligand binding. We
calculated the distance between each potassium ion and the eight neighboring oxygen atoms (Figure
4C) and the distance between each G-quartet oxygen relative to one-another (Figure 4D) for the DNA
G-quadruplex, as well as the three RNA G-quadruplex systems (Table $2-S3). The apo form of the
DNA G-quadruplex had an average oxygen-potassium distance of 2.69 A, 2.83 A, and 2.74 A, for the
top, middle, and bottom G-quartets, respectively. For the apo form of the RNA G-quadruplex, the
average oxygen-potassium distance for the top, middle, and bottom layers were 2.70 A, 2.47 A, and
2.70 A, respectively. Compared to the apo forms, both complex forms with TMPyP4 showed no
significant change in potassium-oxygen distance. For the top binding mode, the average distance was
2.78 A, where there was an average distance of 2.70 A, 2.85 A, and 2.72 A for the top, middle, and
bottom G-quartets, respectively. For the bottom binding mode, there was an average potassium-
oxygen distance of 2.79 A, where the top, middle, and bottom G-quartets were 2.71 A, 2.86 A, and

2.71 A away from the local potassium ion, respectively.
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Figure 4. Oxygen-Potassium Distance Parameters in the 3-layers of the RNA G-quadruplex: (A) Top
view of the three G4 layers. Oxygen is represented by a like colored ball, K* cations are represented
by a yellow ball; (B) Side view of the three G4 layers; (C) Distance (A) of the oxygen from each
residue to the nearest K* cations; (D) Distance (A) of each oxygen relative to the nearest side.




By calculating the distance between each oxygen residue lining the ion pore of the G4 core, we
observed no significant difference in oxygen-oxygen distance upon ligand binding. For the DNA and
RNA apo forms, the average distance between each residue of the same G-tetrad was 3.29 A and
3.31 A, and the average distance between each residue to the residue of the neighboring G-tetrad
was 3.31 A and 3.32 A, respectively. For the top and bottom binding modes, the average distance
between each residue of the same G-tetrad was 3.29 A and 3.30 A, and the average distance
between each residue to the residue of the neighboring G-quartet was 3.34 A and 3.33 A,
respectively. These calculations clearly show that ligand binding did not significantly affect the
interaction between the potassium cations and the G-quadruplex when the potassium ion remained
bound in the ion pore.

Besides tribase stacking, various loop conformations were observed in the stability
simulations of the monomeric G-quadruplex of the r(G4C2)3:G4 repeat. Because our homology
model of the RNA repeat was built using the crystal structure of the human telomeric DNA G-
quadruplex monomer (Figure 5a), its GCC loop initially adopts a tribase stacking conformation
(Figure 5b) that resembles the TAT stacking conformation of the TTA loop in the DNA G-quaduplex.
We note that because the crystal structure is a dimer structure, the TAT stack conformation might be
partially stabilized by a -11 stacking between the loop A and the 5’ A of the other G-quadruplex
monomer. If the dimer is not the major form of the G-quadruplex under physiology conditions, the loop
conformations may become more dynamic in the absence of these additional stabilizing interactions.
Indeed, we observed the GCC loop adopted additional conformations in our stability simulations of
our homology model. We present an example of the additional loop conformations sampled in our

simulations in Figure 5c-5e, using the third loop C as a representative for each case. The statistics

on the three loops from the last snapshot of the 15 stability simulations are summarized in Table S4
of the supporting document. For roughly 60% of the loop population maintained three base stacking,
as reported in the crystal structure (Figure 5b). In ~22% of the loop population, two bases are
stacking and one base flips outward. An example of this is presented in Figure 5¢c where residue C17
flips outward and resides G16 and C18 maintain their initial conformations. As depicted in Figure 5d,
~14% of the loop population showed two bases flip outward. In this example, C17 and C18 flip away
from the G-Quadruplex, as G16 stacks onto the G-quadruplex core. Least common, was the case of
all three bases flipping outward, away from the G-quadruplex core which occurred in ~4% of the loop
population and only occurred in loop C. This data shows that although a majority of the loop
conformations maintained a tri-base stacking as in the crystal structure, alternative conformations are
possible and our MD simulation provides a good sampling of various loop conformations which are

important in studying the interactions between G-quadruplex and ligand.
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Figure 5. Various Loop Conformations (green). a). In the crystal structure of human telomeric
quadruplex (pdb id: 1KF1), the TTA loops adopts a TAT stack conformation, which might be also
stabilized by partial stacking between the loop A and the 5 A. The GCC loops of the r(G4C>)3G4
repeat adopt various conformations observed in the simulations: b). GCC stacking c¢). 1 C flipping out
d). 2 C flipping out e). GCC all flipping out. 5’ and 3’ of the RNA chain are indicated by a red and blue
ball, respectively.

Three TMPyP4 binding modes were observed in free ligand binding simulations for G-
quadruplex RNA. Beginning from an unbound state (see the methods section), forty free ligand
binding simulation runs (200 ns of each) for each G-quadruplex-ligand system were carried out. The
convergence of the binding simulations was confirmed (see the methods section). At 200 ns,
TMPyP4 was bound to the G-quadruplex: the ligand bound to the two ends of the RNA G-quadruplex
in thirty-six runs and bound to the side of the G-quadruplex RNA in the remaining four runs (Figure
$6). A plot was generated to show the position of TMPyP4, represented by one atom, in the 40
simulation runs which showed a good sampling of the G-quadruplex (Figure S7). Interestingly, due to
the positive charge on each 1-Methylpiperidinium side chain of TMPyP4, we observed ligand binding
within the first 100 ns of the simulation run, which is likely due to electrostatic steering. A figure was
generated illustrating the electrostatically accelerated binding process of the three binding modes in
the first 5 ns of the simulation (Figure S8). The stable complexes, extracted from the forty trajectories,
were categorized into structural families based on a clustering analysis, as described in the methods
section. By setting a threshold of 5% population, five structural families of complexes were identified
in the RNA G-quadruplex (Figure S9). These five structural families for RNA were further merged
into three binding modes: top stacking, bottom stacking and side binding (Figure 6). Top stacking
accounted for 33% of the total population, bottom stacking accounted for 50% of the total population

and side binding accounted for 14% of the total population. Two dimensional diagrams were



generated to show which residues play a role in each of the three binding poses (Figures $16-18).
For example, G1, G13 and G19 are responsible for 1- 1 stacking observed in the top stacking mode,
while G15, G22 and G9 are responsible for the 11- T stacking observed in the bottom stacking mode.

Front View RNA Top View RNA

A)

B)

C)

Figure 6. Top (A), Bottom (B), and Side (C) binding modes of TMPyP4 to RNA G-
quadruplex. 5° and 3’ of the nucleic acid chain are indicated by a red and blue ball,
respectively.



MM-PBSA binding energy calculations determined that the bottom binding mode was most
energetically favorable. To examine the relative stability for the major binding modes observed, MM-
PBSA binding energy calculations were conducted for the three ligand binding modes (Table 3).
These calculations show that the most favorable binding pose is bottom stacking (-28.4+2.4 kcal/mol)
which is followed by top stacking -20.4+3.1 kcal/mol) and side binding (-16.5£0.5 kcal/mol). lItis clear
that the hydrophobic interactions play a role in the ability of TMPyP4 to stack to the ends of the
quadruplex as seen when comparing bottom stacking (-34.1+1.9) and top stacking (-23.7+£3.9
kcal/mol) modes to side binding (-12.2£0.5 kcal/mol). The change in binding energy (AAE+or)
between bottom stacking and top stacking (-8.0 kcal/mol) is less than between bottom stacking and
side binding (-11.9 kcal/mol) which could be due to TMPyP4’s stacking ability. As a result,
hydrophobic interaction energy makes up the majority of the total MM-PBSA binding energy for all
three binding poses.

Table 3. MMPBSA binding energy of TMPyP4 to G-quadruplex RNA

(k cgl? Ilrtl o) AEvpw AEsur AEGBELE AEconrF AEror AAEToT

RNA Top 0.9+8.9 -23.7£3.9 2.8+1.0 -0.3£1.3 -20.4+3.1 8.0

RNA Side 0.7£0.9  -12.2+0.5 -1.0£0.5 -4.0+1.5 -16.5+0.5 11.9
RNA Bottom 2.24+3.8  -34.1+1.9 5.2+3.1 -1.7+4.8 -28.4+2 .4 0

Avpw - Change of VDW energy in gas phase upon complex formation (Units: kcal/mol)

Asur = Change of energy due to surface area change upon complex formation (Units: kcal/mol)

Aceere = Change of GB reaction field energy + gas phase Elec. energy upon complex formation (Units: kcal/mol)
Acont= Conformation change (Units: kcal/mol)

Ator = Avpw tAsur + AceeLe T Acone Change of potential energy in water upon complex formation (Units: kcal/mol)



s
R

Unbound State )

S

¥
2.1+0.1ps 1.5£0.1pus
Transition State
(9.8%)
J.\g\*o\’

L g

Final States :
(75.0%)

(28.9%) (46.1%)

Figure 7. The mean first passage times between the four states (unbound, side transition, top,
and bottom) of the TMPyP4-RNA G-quadruplex complex system.

Parallel binding pathways toward stable top and bottom binding states were observed for the
TMPyP4-RNA G-quadruplex complex system. To decipher the kinetics pathways, Markov state
model (MSM) was constructed from 40 binding trajectories using transition path theory as described
in the method section. The implied time scales of each cluster for all lag times (Figure S10),
Chapman-Kolmogorov test (Figure S11), and the network model (Figure S$12) is available in the
supporting document. Consistent with the thermodynamics analysis, there were three observed
kinetic binding states: top, bottom, and side (groove). We can observe that the transition from
unbound directly to the bottom/top binding state is slightly faster than the parallel pathway that
involves the side transition state. The mean first passage times between the four states (unbound,
side transition, top, and bottom) are shown in Figure 7. Forward transitions are indicated by green
arrows while the reverse pathways are indicated by blue arrows. Arrows are shown for any edge that
had at least 5 transitions in that direction. The transition time of unbound to bottom is the fastest of
any pathway leading to a final binding state, while the transition time of unbound to top is only slightly
slower. Transitioning from unbound to the transition state and then to a final binding state is
approximately two-fold the time that it takes for a direct transition from unbound to a final binding
state. The bottom and top binding poses are the final binding states which collectively make up
approximately 75% of the simulation. The approximate interstate flux for unbound to bottom binding
was 2:1, unbound to side binding was 1:1, unbound to top binding was 3:1, side binding to top binding

or bottom binding were both unidirectional.



A representative trajectory was chosen for each binding pose to analyze the binding dynamics
using order parameters. These order parameter calculations include: hydrogen bond analysis,
center-to-center distance (D), drug-base dihedral angle, receptor and ligand RMSD and MM-PBSA
binding energy (AE). The bottom stacking pose is the most favorable overall according to the MM-
PBSA binding energy data. In the trajectory chosen for the top stacking mode (Figure 8) TMPyP4
makes initial contact with G-quadruplex RNA as early as 3 ns with minor repositions around 90 ns and
again at 807 ns where it stayed bound for the remainder of the trajectory. The representative
trajectory for the bottom pose (Figure 9) shows TMPyP4 making initial contact with the bottom of the
G4 around 4 ns and maintaining this stable binding pose for the length of the trajectory. We also
present a comparison for the backbone torsion angles of residue G22 from this trajectory (Figure 10).
Additional trajectories for the top and bottom binding modes are provided in the supporting document
(Figure S19-S20). In several trajectories we observed TMPyP4 binding to the side initially and ending
in either a top (Figure S21A-21B) or bottom (Figure S21C) stacking mode. Several side binding
trajectories were extended from 200 ns to 2000 ns to determine whether this binding pose is an
intermediate step in the top or bottom stacking modes. The representative trajectory for the side
binding pose (Figure 11) shows initial contact within 3 ns. With TMPyP4 repositioning to the top of the
G4 around 1200 ns where it stays bound for the remainder of the trajectory. For each trajectory, once
the final pose is achieved, very few changes in the position of the ligand are seen. These limited
fluctuations are supported in the order calculations. Our findings suggest that side binding mode is an
intermediate step leading to the more stable top or bottom stacking modes of TMPyP4 to the RNA

quadruplex.
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Figure 8. A representative trajectory of the top stacking mode of TMPyP4 to the RNA
quadruplex (A): B)hydrogen bonds present in first (green), second (red), and third (blue), of
G-tetrad layer of quadruplex (H-Bond), C) the drug-base dihedral angle, D) RMSD of ligand
(red) and receptor (black), E) center-to-center distance (R), and F) MM-PBSA binding
energy (AG). 5’ and 3’ of the DNA chain are indicated by a red and blue ball, respectively.
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Figure 9. A) A representative trajectory of the bottom stacking mode of TMPyP4 to the
RNA quadruplex B)hydrogen bonds present in first (green), second (red), and third (blue), of
G-tetrad layer of quadruplex (H-Bond), C) the drug-base dihedral angle, D) RMSD of ligand
(red) and receptor (black), E) center-to-center distance (R), and F) MM-PBSA binding
energy (AG). 5° and 3’ of the DNA chain are indicated by a red and blue ball, respectively.
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Figure 10. Comparison for the backbone torsion angles of residue G22 from the first loop
between the free ligand binding simulation (red/red) of the side binding mode and the
stability simulation of the crystal pose (black/blue) of the apo form.
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Figure 11. A representative trajectory of the side binding mode of TMPyP4 to the RNA
quadruplex(A): B)hydrogen bonds present in first (green), second (red), and third (blue), of
G-tetrad layer of quadruplex (H-Bond), C) the drug-base dihedral angle, D) RMSD of ligand
(red) and receptor (black), E) center-to-center distance (R), and F) MM-PBSA binding
energy (AG). 5’ and 3’ of the DNA chain are indicated by a red and blue ball, respectively.



Backbone Dihedral Angels Provide Insight Into the Complexes. Backbone dihedral angles were
not included in the previous order parameters, but are essential in elucidating the stability and
conformational changes that occur in a complex. To further characterize the backbone of each
complex, the standard backbone dihedral angles (a, B, Y, ©, €, X and pucker) (Figure S24) around
the covalent bonds of the deoxyribose were calculated. Since we observed one potassium ion move
out in three RNA apo form simulation runs we wanted to determine whether the potassium ion affects
the stability of the quadruplex. To do this the conformational change induced by the potassium ion
moving out of the quadruplex was compared to the potassium ion remaining in the quadruplex
(Figures S25-S45). The top layer appears to show the most conformational change when the
potassium ion moves out of the quadruplex (Figures $25-S28), however the loops and the middle
and bottom layer are unaffected. To determine whether ligand binding has an effect on quadruplex
stability, the conformational change induced by the ligand was calculated for the bottom binding
mode. Histograms were generated to display the differences between the complex where TMPyP4 is
in the bottom binding pose and the apo form. Conformational changes were only observed in residue
G19 of the top layer, which is the only residue in this layer that makes contact with TmPyP4 at some
point in the trajectory (Figure $49). Major conformational changes were observed in the middle layer
due to TMPyP4 making initial contact with the side (Figures $51-S53), specifically at residues G8,
G14 and G20. TMPyP4 only makes direct contact with residue G20 during its binding (Figure $S21C),
so it is interesting that both direct and allosteric effects are induced by the bottom stacking mode. No

major changes were observed in the bottom layer.

Root Mean Square Fluctuation (RMSF) showed the RNA G-quadruplex had less overall
fluctuations than the DNA G-quadruplex; binding of TMPyP4 further reduced the loop
fluctuation. The RMSF plots (Figure 12 A-B) revealed the two apo forms both showed major
fluctuations in the loop regions (G4-C6, G10-C12, G16-C18) (Figure 12A). However, the magnitude
(A) of the first and third peaks were significantly lower in the RNA. Specifically, the DNA showed ~4.5
A, ~3.5 A, ~4.5 A peaks for the first, second, and third loop regions. Whereas the RNA showed ~2.5
A, ~3.5 A, ~3.0 A peaks for the first, second, and third loop regions. The overall smaller fluctuations
suggest that the RNA structure is more stable, which may be attributed to the ability of the RNA to
form additional hydrogen bonds (Figure $15). The RMSF plot comparing the bottom and top binding
modes to the apo form shows that in both the top and bottom binding modes the major fluctuations
were reduced by the binding of TMPyP4. This indicates the binding of TMPyP4 has a stabilizing effect
on the loops of the RNA G-quadruplex (Figure 15B).
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Figure 12. Root Mean Square Fluctuation. A) RMSF of the Apo form simulation runs. Data
is aligned in reference to the RNA. B). RMSF of the top and bottom binding poses in
comparison to the RNA apo form.

DISCUSSION

G-Quadruplex-forming repeat expansions HRE in the C9orf72 gene is the root cause of two

neurological diseases: familial ALS and FTD. Small-molecule targeting of the d(G4C2), or r(G4C2),



is a promising therapeutic strategy for treating these neurological diseases. TMPyP4, a well-known
G-quadruplex ligand, is able to bind the r(G4C2). repeat, diminishing its interactions with hnRNPA1
and SF2 proteins (5). Although previous studies stress the importance of using TMPyP4 to inhibit both
DNA and RNA G-quadruplexes to treat ALS and FTD, a high-resolution structure of the RNA G-

quadruplex does not yet exist.

G-quadruplex topologies have been accurately proposed by the identification of scaffold specific
peaks in circular dichroism (CD) absorptivity experiments (18,45,47,48). Experimental evidence
suggests that the DNA and RNA hexanucleotide repeats adopt different G-quadruplex scaffolds,
antiparallel and parallel, respectively. In 2014, Haeusler et al. proposed the scaffold of the DNA G-
quadruplex of d(G4C2), using a CD absorptivity spectra which showed maximum and minimum
absorbance characteristic of an anti-parallel scaffold (18). Their polyacrylamide gel electrophoresis
(PAGE) shift assay further supported a conformational change into G-quadruplex form, showing that
the formation of the DNA G-quadruplex was dependent on K*. In addition, their dimethyl sulphate
(DMS) foot printing provided evidence of a four-stack anti-parallel G-quadruplex. Within the same
study(18), Haeusler et al. also characterized the RNA using CD absorption spectroscopy which
showed maximum and minimum absorbance characteristic of a parallel scaffold (18,45-47). Similar to
DNA G-quadruplex, their PAGE assay highlighted the dependency of K* for RNA G-quadruplex
formation. They also performed an RNase protection assay which showed every fourth guanine was
susceptible to single stranded cleavage, supporting a three-stacked parallel stranded RNA G-
quadruplex that contains a guanine and two cysteine’s in the single stranded loop region.

Two NMR solution structures of the DNA G-quadruplex were published (PDB ID: 2N2D and 50PH)
based the original proposal of the DNA G-quadruplex of d(G4C2), (49,50). Each of the high-resolution
structures have anti-parallel scaffolds with four G-quartets and three edgewise loops as proposed in
the low-resolution model. The closely matching topologies of the two recently solved high-resolution
structures of the anti-parallel d(G4C2)3G4 G-quadruplex with the proposal made by Haeusler e/ al.
provide a motivation to build high resolution structure model of their proposed parallel r(G4C2):G4 G-
quadruplex based on the low resolution experimental data, unlike the antiparallel scaffold of the DNA,

the high resolution structure of the parallel scaffold of the RNA repeat is not yet available.

In this study, a homology model pertaining to RNA G-quadruplex of r(G4C2); G4 was developed from
the crystal structure of a human telomeric parallel DNA G-quadruplex, including all necessary
potassium ions. Adhering to the scaffold of the RNA repeat proposed by experimental studies (18),
our homology model adopts a parallel G-quadruplex consisting of three tetrads with one guanine and
two cytosine’s in the loop region. Stability simulations for analysis of our homology model were
generated for a total of 15 ps. An in silico analysis of the binding interactions between RNA G-
quadruplex and TMPyP4 starting from an unbound state was conducted using 13.4 ys MD
simulations and the MM-PBSA binding energy calculations and was compared to the experimentally

determined, high-resolution structure.



A representative trajectory for each of the binding poses was chosen and the binding dynamics, as
well as the six order parameters, were analyzed. To further characterize the backbone of each
complex, the standard backbone dihedral angles (a, B, v, 0, €, X ¢ and pucker) were defined to
characterize the conformational changes and stability (Figures $25-S66). A complex with the two
potassium ions in the quadruplex (Figures $S25-S45) was compared to a complex with one of the two
potassium ions moved out in order to observe the role of this ion plays in the stability of the
quadruplex. Our dihedral data shows that the move out of one potassium ion slightly changed the
dihedral angle preferences for some bases, supporting the important role of potassium ions in
maintaining a stable G-quadruplex. Additionally, the bottom binding mode was compared to the apo
form of the quadruplex (Figure $46-S66). In this comparison, the drug binding was found to slightly

change the dihedral distribution.

There are many factors that contribute to the overall stability of the RNA and DNA G-quadruplex
structure. One integral feature is the coordination of O6 carbonyls by cations from within the ion pore.
It has been reported that after the bipyramidal antiprism is formed as a result of cation stabilization,
the O6 carbonyls maintain an average interquartet distance of 3.3 A (51). We have defined some
parameters to understand the position of the potassium cation relative to the surrounding G4 DNA
(Figure 4; Table S2-S3). From our oxygen-potassium and oxygen-oxygen distance calculations we
observed that each residue maintained 3.3 A distance during the simulations. The similar mean and
low standard deviations provide support that our simulation parameters were appropriately set despite
one potassium cation moving out of the ion pore in 3 of the 15 apo form trajectories and 3 out 20 of
binding trajectories.

Literature suggests that the overall helical structure was most accurately defined by the H-twist and H-
rise parameters. In this study, we compared these parameters in the three RNA G-quadruplex
systems to the DNA G-quadruplex system. For the DNA G-quadruplex we identified an average value
of 3.49 A, 1.88 A, and 12.31 A for the rise, H-rise and H-twist parameters respectively. For the RNA
G-quadruplex systems we identified average values of 3.52 A, A, 2.26 and 17.13 A for the rise, H-rise,
and H-twist parameters, respectively. The closely comparable averages in each system provide
qualitative support that the helical structure of the RNA G-quadruplex was maintained throughout the

simulations.

The current state of MD simulations show that modeling the experimentally solved parallel DNA/RNA
G-quadruplex propeller loops is most accurately done using the latest AMBER parmbscO force field
(52) on the ps timescale (53). Although tri-base stacking is a commonly observed propeller loop
conformation for both DNA and RNA G-quadruplexes (32) there has been a number of loop
conformations presented using NMR, X-ray crystallography and MD simulation which leaves reason
for understanding a variety of possible loop conformations. The original crystal structure of a double
stranded parallel DNA G-quadruplex published by Parkinson et al. (54) shows that in complex with
TMPyP4, two of three propeller loop bases flip outward. Martadinata and Phan (55) published

structures of propeller-type parallel-stranded RNA G-quadruplexes, formed by human telomeric RNA



sequences in K+ solution where all three of the bases are flipped outward. Havrila et. al (56) studied
the structural dynamics of RNA G-quadruplex propeller loops of and presented clustering results
which highlighted the highly dynamic conformations of the propeller loops of the TERRA RNA G-

quadruplex, whose structure has been used to rationalize ligand binding (33).

In the X-ray diffraction study of TMPyP4 bound to a parallel DNA G-quadruplex of human telomeric
sequence (PDB ID: 2HRI), both top stacking and side binding were observed (Figure S22 A-E). In
another NMR study of TMPyP4 bound to a parallel DNA G-quadruplex of human MYC promoter (PDB
ID: 2A5R), only top stacking was observed (Figure S22 F-G). Using molecular dynamics binding
simulations with a free ligand, we determined that there are three binding modes that TMPyP4 can
form with the RNA G-quadruplex structure of d(G4C2)3:Gs. These poses include: top stacking (33% of
the total population), bottom stacking (50% of the total population) and side binding (14% of the total
population). Our top stacking mode is very similar to the mode determined experimentally (PDB ID:
2A5R and 2HRI), with a binding affinity of -20.4 kcal/mol. However, two major differences were
observed when comparing the TMPyP4-RNA G-quadruplex complex system to the TMPyP-DNA G-
quadruplex complex system (PDB ID: 2HRI and 2A5R) which are illustrated in the supporting
document (Figure S23). First, neither published TMPyP4-DNA G-quadruplex complex structures
show a bottom binding pose, which had the most favorable binding energy of the three poses (-28.4
kcal/mol) and was the most abundant conformation reported in our study. Second, the most abundant
side binding mode shows clear differences in binding where it is able to stack on top of the G4 G5 C6
loop, whereas in the DNA system, one of the four 1-Methylpiperidinium side chains of
TMPyP4interacts with the T6 T7 A8 loop, as the rest of the structure remains perpendicular to the G4
core. Interestingly, the stability of the core G-tetrad containing three layers (G1-G7-G13-G19; G2-G8-
G14-G20; and G3-G9-G15-G21) was maintained for each binding pose (Figure S$14), consistent with
the RNase T1 protection assay results that these guanine residues were protected and involved in the

formation of the G-quadruplex core (18).

Literature suggests there is a divide as to whether TMPyP4 stabilized or destabilizes RNA G-
quadruplexes. The work done by Zamiri et al. has shown that TMPyP4 can bind and distort the G-
quadruplex formed by r(GGGGCC)n=2,5,8, reducing the melting temperature from 95 °C to 67 °C.
However, they noticed the melting was irreversible, likely caused by induction of multimeric G-
quadruplexes (i.e. G-quadruplex formed by four nucleic acid molecules) rather than monomeric G-
quadruplex. Their early work has also shown that (GGGGCC)n=4,6,8 forms length-dependent
unimolecular, multimolecular RNA G-quadruplexes and stable hairpins(46). Therefore, the exact
molecular nature of the destabilization is not yet clear. Another work done by Morris et al. has also
shown the destabilizing behavior of TMPyP4 on a RNA quadruplex(57). On the other hand, a number
of other experimental studies, suggest a stabilization upon binding of TMPyP4 to RNA G-
quadruplexes (58-61). Our work suggests a stabilization of Monomeric G-Quadruplex at an infinite low

ligand concentration. Further study is required to clarify this issue.



In addition to identifying the binding modes of TMPyP4 to the RNA G-quadruplex, the detailed
pathway analysis of each binding mode offers valuable information about the mechanisms for which
the binding occurs. Clear from our results, the side binding mode showed a significantly less
favorable binding energy when compared to the top and bottom stacking modes. To investigate this
pose further, several side binding trajectories were extended from 200 ns to 2000 ns. From this we
observed TMPyP4 binding to the side initially and ultimately ending at one of the two end stacking
poses (Figure 11 and Figure S21). Combining our MSM with the MM-PBSA binding energy analysis
suggests that side binding is in fact a meta-stable intermediate step that proceeds the top or bottom

stacking modes.

CONCLUSION

G-Quadruplex-forming repeat expansions in the C90rf72 gene have been experimentally determined
to directly contribute to the pathogenesis of familial ALS and FTD. Through the inhibitory
mechanisms of select G-quadruplex-specific small molecules, such as TMPyP4, these toxic RNA G-
quadruplex structures of the hexanucleotide repeat can be modulated to inhibit RNA foci formation
and RAN translation toward potential treatment for these neurodegenerative diseases. Two high
resolution parallel DNA G-quadruplex structures of human MYC promoter and human telomeric
sequence in complex with TMPyP4 already exist. However, neither the RNA G-quadruplex structure
of the hexanucleotide repeat nor its complex with TMPyP4 exist. This study utilizes homology
modelling to carefully construct the first RNA G-quadruplex structure of the hexanucleotide repeat
from the experimentally derived topology and a crystal structure of the parallel DNA G-quadruplex
(PDB ID: 1KF1). Molecular dynamics stability simulations were carried out to test the stability of the
homology model and the structure was characterized thoroughly. A free ligand binding simulation was
conducted to examine the elusive binding behaviour of TMPyP4 to this RNA G-quadruplex. Our
results indicate that TMPyP4 binds to the RNA G-quadruplex similar to the two experimental TMPyP4-
Quadruplex DNA complex in three binding modes (top, bottom and side binding). Interestingly, our
kinetics analysis suggests that the side mode appeared to be a meta-stable intermediate step that
proceeds the top or bottom stacking modes. This information may assist future development of G-

quadruplex-specific ligands in the treatment of neurodegenerative diseases such as ALS and FTD.

MATERIAL AND METHODS

A full description on the methods used in this study is provided in the Supporting Information. In brief,
we constructed four systems (Table 1): A DNA only system (PDB id: 1KF1), an RNA only system
(r(G4C2)3Ga)built from a homology model using the X-ray solved DNA G-quadruplex structure (PDB
id: 1KF1) as a template, a ligand only system, and an unbound RNA-ligand system using the RNA G-
quadruplex structure and a TMPyP4 molecule that was 10 A away from the RNA (Figure S1). Each



system was solvated in a water box of truncated octahedron with 10 A water buffer plus K* as counter
ions to neutralize the system and 0.1 M KCI. A refined OL15 version of the AMBER nucleic acid force
field was used represent the DNA and RNA fragments (i.e. For DNA parm99bsc0(63) +xoL4(64)+
€/CoL1(65)+ BoL1(66) updates; For RNA with parm99bsc0(63) +xovs (67,68)), TIP3P model(69) was
used represent water, and the K* model by Cheatham group was used for the K+ ions (70). The
partial charges for a TMPyP4 molecule were obtained using standard AMBER protocol: the
electrostatic potential of the TMPyP4 molecule was obtained at the HF/6-31G* level after geometry
optimization at the same level; the electrostatic potential using the RESP (Restrained ElectroStatic
Potential) method determined the partial charges(71); and other force field parameters were taken
from the AMBER GAFF2 force field(72). The TMPyP4 force field in Mol2 format can be found in the
supporting document (Figure S67). These AMBER force fields are commonly used in nucleic acid
simulations (73-81). The simulation runs (Table 1) were conducted using the AMBER 14

simulation package(82). The simulation parameters followed our early studies (43,44,83) which are
briefly described here. Each unbound RNA-ligand system underwent an additional 1000 ps pre-run
at 500K to ensure the position and orientation of the free ligand was randomized before a production
run at 300K; during this pre-run, the receptors position remained fixed, followed by multiple
independent runs with random initial velocities. A run at 300 K, included a short 1.0 ns molecular
dynamics in the NPT ensemble mode (constant pressure and temperature) to equilibrate the system
density and production dynamics in the equivalent NVT ensemble mode (constant volume and
temperature). SHAKE was applied to constrain all bonds connecting hydrogen atoms, enabling a 2.0
fs time step in the simulations(84). The particle-mesh Ewald method was used to treat 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-° )(85). The cutoff distance
for short-range non-bonded interactions was 10 A, with the long-range van der Waals interactions
based on a uniform density approximation. To reduce the computation, non-bonded forces were
calculated using a two-stage RESPA approach where the short range forces were updated every step
and the long range forces were updated every two steps(86). Temperature was controlled using the
Langevin thermostat with a coupling constant of 2.0 ps. The trajectories were saved at 50.0 ps

intervals for analysis.

Featurization and Clustering. All 40 trajectories (201 ns each) were combined into one trajectory.
Using VMD, all frames in which there were less than 20 interactions, at a distance less than 3A,
between the G-quadruplex and the ligand were separated as the unbound state (87). The trajectory
was then superimposed based on the nucleic backbone using MDtraj and calculations for RMSD as
well as center of mass of the ligand heavy atoms were performed (88). K-means clustering,
performed using scikit-learn, was then used to classify the remaining frames into various states (89).

Clustering was performed for K between 2 and 30 inclusively, using the silhouette index as the metric



for similarity of clusters (89,90). Analysis of the silhouette indices indicated that K between 2 to 6

inclusively were all likely to be distinctly clustered and further validation of the clustering determined

that a K of 6 would give the best results.

The most representative frame for each cluster was determined by calculating the mean RMSD for each
cluster and finding the frame with the least difference from the mean. Further validation of the clustering
was performed by creating a trajectory for each of the clusters containing all of the frames in each
cluster and visually confirming the similarity within each cluster. Through visual analysis of the cluster
representative frames, clusters that were determined to be highly similar were combined. The unbound

frames were then reintroduced as a single cluster.

Transition Path Theory: Count matrices were then created for lagtimes () of 1, 10, 20, 30, ... 200 ns
by counting the number of observed transitions between discrete states such that the count of

transitions from state i to state j (c;) is the sum of the number of times each of the trajectories were

observed in state i at time tand in state jattme t + 7t + ¢ forallt <¢  — 1t <t . — 1
. . R

(91). The count matrices were symmetrized (sym) such that sym,; = symy; = ‘_l?".l_l

sym,; = sym;; = 5_1#_._1 and then row-normalized (norm;) such that norm; = Sy
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norm,; = E;_{’lmu_ For the purpose of determining the lag time at which the model has
j=1 S¥T i
F)

j
converged, the implied timescale of each cluster was calculated for all lag times and plotted (Figure
$10). The implied timescale of the first cluster is not included in the plot as the eigenvalue is always 1
and thus contributes no information (92). Further validation that the model had been converged was
performed through the Chapman-Kolmogorov test (Figure S11)(91). Network models (Figure S$S12)
were then generated based on the count matrices at an optimal lag time of 100ns with the cutoff for a
directed edge in the network being set at 5 transitions (93). Edges in the network diagram are drawn if
there were at least 5 transitions (in any single direction) between two nodes. Outgoing transitions are
labelled on the edges as the same color as the originating node. The system nodes are labelled 1 for
unbound, 2 for side binding, 3 for bottom binding, and 4 for top binding. Thereafter, the mean first

passage times (F;) at the optimal lag time and the standard deviations within 20 ns of the optimal lag

time were calculated according to the formula Fz.f = T+ Z}.if P:-}-F F:-f = 1T+ E}-:f FE}.F}J;, with

ir



the boundary condition Fee=0F; =0, where 1 is the lag time used to construct the transition

matrix P(r). A summary plot was generated showing the mean first passage times between the four

states (unbound, side transition, top, and bottom) of the system (Figure 7).

The expected convergence time of the implied timescales should be significantly greater than
that of a model with a greater number of clusters since we choose to cluster into a handful of
“macrostates” directly and skip over the experimentally unverifiable thousand “microstates”. This
provides a coarse grained model that traded finer detail for greater experimental testability and easier

human understanding (62). Directly clustering into “macrostates” is thought to still maintain the

integrity of the MSM as verification through the Chapman-Kolmogorov test (Figure S$11) which

indicates that the model closely resembles the observed simulation data.
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