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Abstract

G-quadruplexes (GQs) are topologically diverse, highly thermostable noncanonical nucleic acid
structures that form in guanine-rich sequences in DNA and RNA. GQs are implicated in
transcriptional and translational regulation and genome maintenance, and deleterious alterations to
their structures contribute to diseases such as cancer. The expression of the B-cell lymphoma 2
(Bcl-2) anti-apoptotic protein, for example, is under transcriptional control of a GQ in the
promoter of the bc/-2 gene. Modulation of the bc/-2 GQ by small-molecules is of interest for
chemotherapeutic development but doing so requires knowledge of the factors driving GQ folding
and stabilization. To develop a greater understanding of the electrostatic properties of the bc/-2
promoter GQ, we performed molecular dynamics simulations using the Drude-2017 polarizable
force field and compare relevant outcomes to the nonpolarizable CHARMM36 force field. Our
simulation outcomes highlight the importance of dipole-dipole interactions in the bc/-2 GQ,
particularly during the recruitment of a bulk K* ion to the solvent-exposed face of the tetrad stem.
We also predict and characterize an “electronegative pocket” at the tetrad-long loop junction that
induces local backbone conformational change and may induce local conformational changes at
cellular concentrations of K*. These outcomes suggest moieties within the 6c/-2GQ can be
targeted by small molecules to modulate b¢/-2 GQ stability.
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SUPPORTING INFORMATION AVAILABLE

Tetrad hydrogen bonding for C36 and Drude FFs; dihedral analysis for C36 simulations; ion occupancy maps for C36 simulations and

for each replicate of C36 and Drude simulations; snapshots of K* binding to Cyt6 at the open face; structural definition of the
electronegative pocket; distance and dihedral time series data for K* binding to the electronegative pocket; free energy surfaces of
characteristic distances in the electronegative pocket for unrestrained and restrained simulations; pairwise RMSD between central
structures in the C36 and Drude simulation clusters.
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INTRODUCTION

A G-quadruplex (GQ) is a type of non-canonical nucleic acid structure that can form in
guanine-rich nucleic acids segments. These guanines form a tetrad core typically comprised
of three layers of four guanine bases that interact via Hoogsteen hydrogen bonding®. The
bases orient such that their carbonyl oxygen atoms face inward, creating an electronegative
channel that is stabilized by the coordination of monovalent cations!—3. Interest in GQ
structure and function has grown recently due to increasing evidence associating GQ
stability with genetic disease?~’. GQs are enriched in gene promoters®9, telomeres19, and
origins of replication!1-13, implicating them in modulating gene expression and genome
stability. That is, the folding or unwinding of GQs may dictate whether certain biological
processes, such as replication or transcription, proceed. GQ stability can also be modulated
by the binding of proteins such as transcription factors. Characterizing promoter GQs is of
increasing interest to researchers as their prevalence in the human genome and topological
diversity make them promising therapeutic targets4-17.

The B-cell lymphoma 2 (bc/-2) gene encodes for the Bcl-2 mitochondrial protein, which
functions as an inhibitor of cell apoptosis!®. Overexpression of bc/-2is associated with the
growth of many types of tumors, including B-cell lymphomal®, as well as breast, prostate,
cervical, colorectal, and small cell lung carcinomas?9-24, Given the role of Bcl-2 in
regulating cellular survival, modulating its expression with small-molecule therapeutics is a
promising avenue for novel chemotherapeutic development. The bc/-2 gene is under control
of two upstream promoter regions, known as P1 and P22°. The nucleotide sequence
upstream of the P1 promoter is GC-rich and its mutation or deletion is associated with
increased promoter activity2%, implying a negative regulatory role for this sequence. This
GC-rich sequence has the ability to fold into a mixed parallel/antiparallel GQ structure?’;
however, the GQ is thought to be in equilibrium among several topologies with varying loop
lengths?8. The dominant structure is believed to have 1-, 3-, and 7-nucleotide (nt) loops and
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was resolved by Dai et al. using solution NMR spectroscopy?®. A detailed understanding of
the atomistic and thermodynamic factors governing this structure is integral to effective
small-molecule chemotherapeutic design.

Molecular dynamics (MD) simulations can provide such atomistic insight into GQ
structures, demonstrated by numerous simulation studies that have provided a greater
understanding of GQ dynamics and factors influencing loop conformation. However,
previous simulations have also demonstrated issues simulating GQ core hydrogen
bonding3%-33, core ion binding34:3% and flexible loop regions3®:37, which can largely be
attributed to the additive nature of the force fields used38. The absence of electronic
polarization has been identified as a possible limitation in simulations of GQs3%39, In
nonpolarizable FFs, charges are assigned via a mean-field approximation of electronic
polarization. However, such an approach limits accuracy of the FF in cases for which
electronic polarization may be particularly important, such as the GQ tetrad core34,
Recently, several polarizable FFs for nucleic acids have emerged, including AMOEBAA? and
Drude-20174142 enabling new simulations investigating GQ structure and dynamics.

In the classical Drude oscillator model, electronic degrees of freedom are modeled via
negatively charged auxiliary particles that are attached to parent atoms by harmonic springs.
As such, movement of Drude oscillators models the reorientation of induced dipoles in
response to changes in local electric fields. Such changes arise due to electrostatic
interactions in the system and geometric changes within each molecule*3. The Drude-2017
FF41.42.44 is based on the classical Drude oscillator model for the purpose of quantifying
electronic polarization. Drude-2017 has been shown to accurately simulate duplex DNA%L,
DNA base flipping#?, ion-DNA interactions?®, as well as DNA*’ and RNA GQs*8.
Therefore, we decided to apply the Drude-2017 FF to gain insight into the dynamics of the
bel-2GQ.

The wild-type and mutant forms of the bc/-2 GQ both adopt a mixed parallel/antiparallel
topology*?, including three guanine tetrads and three different intervening loop regions
(Figure 1A)2°. Tetrad 1 includes guanine nucleotides 3, 7, 19, and 23; tetrad 2 contains
guanines 2, 8, 18, and 22, and tetrad 3 is formed by guanines 1, 9, 17, and 21. The first loop
in the sequence is a 3-nt lateral loop that extends from residues 4 to 6. The second loop of
the sequence is another lateral loop that comprises residues 10 to 16. This loop is seven
nucleotides long, making it the longest loop in the structure. The third loop of the sequence
is a 1-nt, double-chain-reversal loop between the parallel two guanine runs. GQs with loop
regions of seven nucleotides in length are uncommon as longer loops tend to destabilize
GQs by compromising the GQ core®0. The loops of the 4c/-2 GQ are arranged such that the
3-nt lateral loop is positioned above the GQ tetrad core and the long loop is below the tetrad
core. The Guab and Cyt6 bases in the 3-nt loop stack with the bases of tetrad 1 (Figure 1C),
leaving the bases of tetrad 1 exposed to solvent; we refer to this aspect of the bc/-2 structure
as the “open face.” The Adel0 and Thy15 residues in the long loop stack with the bases in
tetrad 3 and participate in canonical base pairing (Figure 1D), leaving tetrad 3 more
occluded from the solvent than tetrad 1.
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Here, we used the Drude-2017 polarizable FF to simulate the G15T/G16T double mutant
form of the bc/-2 promoter GQ. This structure has been simulated previously using additive
FFs®1-55 but some of the simulation outcomes, such as expulsion of coordinated K* ions in
the GQ stem and bifurcated guanine hydrogen bonding, are inconsistent with known
properties of GQs. Such discrepancies have been observed across different GQ simulations,
suggesting FF defects or inadequate sampling. Electronic polarization is a major physical
force that has been absent from many previous simulations but may be necessary for
accurate GQ simulations3:38. As such, we expect the application of the Drude FF to provide
greater insights into GQ structure and dynamics, towards new developments in drug
discovery. We also simulated the mutated 6c/-2 GQ with the CHARMM36 (C36) FF°6-58 to
contextualize the effects of electronic polarization and because, to our knowledge, no
simulations have previously been performed on bc/-2 GQ or any mixed parallel/antiparallel
GQ using CHARMM36.

METHODS

System Preparation.

The starting coordinates for all simulations were taken from the first structure in the solution
NMR ensemble from Protein Data Bank entry 2F8U2°, The experimental structure lacks the
bound K™ that are expected in the tetrad core, so these two K* ions were added to the
structure using the CHARMM program®® by assigning their positions as the average
coordinates of the carbonyl oxygen (O6) atoms of the guanine bases of consecutive tetrads.
One ion was placed in between the first and second tetrads (“bound ion 1) as well as in
between the second the third tetrads (“bound ion 27).

All systems were initially prepared using the additive C36 force field for nucleic acids®6-58,
CHARMM-modified TIP3P water69-62 (including Lennard-Jones terms on hydrogen
bonds), and standard CHARMM ion parameters®3. The bc/-2 GQ structure was centered in a
cubic unit cell with a minimum box-solute distance of 10 A, which was subsequently filled
with TIP3P water and 150 mM KClI, including neutralizing counter ions. The KCI
concentration of 150 mM was chosen because it is consistent with what has been validated
as appropriate for GQ folding®4.

Solvated systems were energy-minimized in CHARMM by performing 500 steps of steepest
descent minimization and 500 steps of adopted basis Newton-Raphson minimization. After
energy minimization, equilibration was performed in NAMD®® for 1 ns with position
restraints applied to all non-hydrogen GQ atoms as well as the bound K* ions using a force
constant of 5 kcal mol~1 A=2. All water molecules and mobile ions in bulk solution were
allowed to diffuse freely. An NPT ensemble was implemented via the Langevin thermostat
method at 298 K with a friction coefficient of 5 ps™L. The Langevin piston method®® was
applied to keep the pressure at 1 atm with an oscillation period of 200 fs and a decay time of
100 fs. The box was scaled isotropically. Periodic boundary conditions were applied in all
three dimensions. The particle mesh Ewald method®7:68 was used to calculate electrostatic
interactions with a real-space cutoff of 12 A and a grid spacing of ~1 A. The short-range van
der Waals forces were switched to zero from 10 — 12 A. All bonds involving hydrogen atoms
were constrained using the SHAKE®® algorithm, and all water molecules were constrained
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with SETTLE’? which allowed for an integration timestep of 2 fs. Three independent C36
replicates were produced by generating different random velocities at the outset of
equilibration.

The equilibrated C36 systems were converted to Drude in CHARMM by adding Drude
oscillators and lone pairs to all non-hydrogen atoms. Doing so also converted the TIP3P
water molecules to the SWM4-NDP? polarizable water model. The Drude-2017 nucleic
acid FF41:44 was applied to the GQ and the parameters of Yu et al.’”2, with nucleic acid-
specific nonbonded interaction parameters by Savelyev and MacKerell’3, were applied to
monovalent ions. The Drude oscillator positions were then relaxed with steepest descent
minimization and adopted basis Newton-Raphson energy minimization in CHARMM. NPT
equilibration was then performed for 1 ns at 298 K and 1 atm by extended Lagrangian
integration’#, implemented in NAMD as Langevin dynamics*®. Real atoms were coupled to
a “physical” thermostat with a friction coefficient of 5 ps~1 to maintain the system
temperature at 298 K. Drude oscillators were coupled to a low-temperature relative
thermostat at 1 K with a friction coefficient of 20 ps~1. The short-range van der Waals
potential was switched to zero from 10 — 12 A. The harmonic position restraints and
constraint scheme was the same as in the C36 systems, but the integration time-step was set
to 1 fs, because Drude-atom bond vibrations are the highest frequency motions in these
systems. To avoid polarization catastrophe, a “hard wall” constraint’’ was applied to allow a
maximum Drude-atom bond length of 0.2 A.

Production MD Simulations.

Unrestrained simulations were performed in OpenMM,’8 which has been recently extended
to support the Drude oscillator model”®. Three production simulations were performed for 1
us each for a total sampling time of 3 us with each FF. Temperature in the C36 simulations
were maintained using the Andersen thermostat®® with a collision frequency of 1 ps~L. For
both FFs, pressure was regulated isotropically with the Monte Carlo barostat in OpenMM
with box scaling attempted every 25 integration steps. Other parameters were the same as
described above during NPT equilibration in NAMD.

For reasons described below (see Results and Discussion), an additional 2 ps polarizable
simulation was performed with the -y dihedral of Gua21 restrained at its value from the
NMR structure (307.05°). The restraint was enforced using a harmonic restraint potential
with a force constant of 1000 kcal mol~? rad=2.

Description of lon Binding Sites.

lon occupancy maps were generated by discretizing the system into 1-A3 cubic volume
elements (voxels). All frames of all MD simulations were analyzed by assigning each K* ion
to the nearest voxel. The K* ion occupancy maps were visualized with an isosurface cutoff
of 1%, meaning a surface is only generated if an ion is present in a voxel for at least 1% of
the total snapshots. As will be described below, bulk K* ions tended to align with the open
face of the bc/-2 GQ, along the tetrad axis. To determine the percentage of snapshots in
which a bulk ion was aligned at the open face, we established a geometric criterion. The
average distance between the two bound ions in the Drude simulations was 3.5 + 0.2 A.
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Using this value as a reference, we considered a bulk ion to be aligned when it was within
3.7 A of bound ion 1, reflecting symmetry of ion alignment.

Retention of bound K* ions in C36 simulations was evaluated by determining the percentage
of snapshots in which both bound ions were present. To do so, we calculated the distance
between the tetrads 1 and 3 tetrads of the first deposited NMR structure, which was 7.2 A.
Using this value as a reference, every snapshot in which two bound ions were within 3.6 A
(half of the tetrad 1 — 3 distance) of tetrad 2 was considered to have 2 bound ions, thus
reflecting the symmetry of the expected ion coordination and accounting for fluctuations in
the positions of the ions during the MD simulations.

RMSD-Based Clustering.

To characterize the dominant conformations from each set of simulations, clustering analysis
was performed using the CHARMM clustering function81-83, These clusters were generated
by pooling all replicates within a simulation set (C36 and Drude-2017), and separating
frames with a maximum RMSD radius of 1.5 A. The central structure of each cluster was
subsequently used to compute pairwise RMSD between each C36 and Drude-2017 cluster
following heavy-atom superposition. Doing so allowed for a quantitative comparison of the
similarity between the ensembles produced by each FF.

RESULTS AND DISCUSSION

Structural Characterization and Assessment of Force Field Quality.

We have previously shown that the Drude-2017 FF is superior to C36 in modeling three
distinct GQs in the c-kit promoter33:84, a telomeric DNA GQ, and a TERRA (RNA) GQ%*.
Here, we have simulated a mixed parallel/antiparallel GQ for the first time with these FFs.
As such, it is important to establish the reliability of each FF in modeling this structure. To
do so, we evaluated the deviation from the experimental structure with both the Drude-2017
and C36 FFs in terms of RMSD, flexibility in terms of root-mean-square fluctuation
(RMSF), and compared dihedral sampling against the NMR ensemble.

RMSD was computed for all heavy atoms, guanine nucleotides in the tetrad core, and
guanine base atoms in the tetrad core after performing a least-squares fit to these selected
atoms. The average RMSD values for each of these structural elements in shown in Table 1.
Simulations with the C36 FF yielded higher RMSD values for all selections, reflecting
greater deviation from the experimental GQ structure. Conversely, simulations with the
Drude-2017 FF better preserved the experimentally determined structure. To further
understand the origin of the structural deviations present, the RMSD was decomposed on a
per-nucleotide basis (Figure 2A). Most nucleotides had a higher RMSD in C36 simulations
than those performed with Drude-2017, apart from nucleotides present in the long loop, for
which similar values were obtained. These results suggest that both FFs predict long loop
ensembles that deviate from the starting NMR structure by a similar extent. Such deviations
are not necessarily a result of poor FF quality, as experimental evidence suggests that, in
general, GQ loop regions are flexible8® and are therefore harder to resolve. Indeed, an NMR
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study on bc/-2 specifically determined that the long loop can adopt a wide range of
conformations?®.,

To quantify the flexibility of the bc/-2 GQ with both FFs, we computed per-nucleotide
RMSF (Figure 2B). In simulations performed with C36, all nucleotides of the bc/-2GQ
were more flexible than in the simulations performed with the Drude-2017 FF. Notably, the
long loop, which had comparable per-nucleotide RMSD values with both FFs, was more
flexible in the C36 simulations. These results suggest that with the Drude-2017 FF, the long
loop adopts a more rigid conformation, deviating from the experimental starting structure
but sampling a more restricted conformation ensemble than in simulations performed with
the C36 FF.

To characterize the dominant simulation conformations, we performed RMSD-based
clustering of bc/-2 GQ structures collected in the simulations. The central (most
representative) structures of each of the top clusters are shown in Figures 3 and 4 for the C36
and Drude-2017 simulations, respectively. The top six clusters from C36 simulations
accounted for only 39% of the snapshots, reflecting a heterogeneous ensemble. Each C36
cluster differed in base orientations and backbone conformations in the three loop regions
relative to the NMR structure. Specifically, most of the characteristic C36 structures lacked
Gua5 and Cyt6 base stacking with tetrad 1, and none of the clusters had the expected base
pairing between Adel0 and Thy15, which persisted for only 57.9% of all simulation
snapshots. Both of these structural features are present in 9 of the 10 deposited structures in
the NMR ensemble, and the base pairing between Ade10 and Thy15 is believed to be an
important stabilizing interaction in the bc/-2GQ long loop?®. The C36 ensemble was also
dominated by distorted tetrads, in which the core guanines twisted and buckled (Figure 3).
This distortion is reflected in a loss of hydrogen bonding in the core, with only ~18 of the
expected 24 inter-guanine hydrogen bonds preserved over time (Figure S1A). As a result,
the C36 tetrads were less planar than the NMR structure, as reflected in the high RMSD
values (Table 1 and Figure 2).

Central structures from the RMSD-based clustering of the Drude-2017 ensemble are shown
in Figure 4. Five clusters were produced from the Drude-2017 simulations, representing
100% of simulation snapshots and suggesting a narrower conformational ensemble sampled
in the polarizable simulations relative to simulations performed with the nonpolarizable C36
FF. These central structures all exhibit base stacking of Gua5 with tetrad 1 and two clusters
show stacking of Cyt6 with tetrad 1. All clusters also feature the canonical Ade10:Thy15
base pair, which was present in 100% of snapshots in the Drude-2017 simulations. Unlike
the C36 simulations, there was no twisting of tetrad guanine bases and the 24 expected
hydrogen bonds in the GQ core were preserved over time, with minor fluctuations (Figure
S1B).

To assess the similarity between the C36 and Drude ensembles, we computed the pairwise
RMSD between the central structures of each of the top clusters produced using each FF.
These values were all greater than 4.8 A, with a maximum value of 7.1 A (Table S1). These
outcomes indicate that the ensembles produced by the C36 and Drude FFs exhibit little
overlap. Still, given the lower RMSD relative to the starting NMR structure and preservation
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of important secondary structural features, our results suggest that the simulated ensemble
produced by the Drude-2017 FF is more consistent with the experimental structure of the
bel-2 GQ than the ensemble produced by the C36 FF. As such, the remainder of our analysis
will focus on the results of Drude-2017 simulations, with some comparisons to the C36
simulations when it is particularly important to highlight differences.

Having investigated the global structural properties of the bc/-2 GQ with both FFs, we
further evaluated the sampling of backbone dihedral angles (a, B, y, &, and C, Figure 5) as
well as the glyosidic torsion (), and sugar pseudorotation angle (P) of each nucleotide with
the Drude-2017 FF (Figure 6). The results of the same calculations with the C36 FF are
given in the Figures S2 and S3. In general, both FFs sampled dihedrals that agreed with the
NMR ensemble, though some discrepancies were observed among the a, y, e, and
dihedrals. The B dihedral, which features large intrinsic energy barriers to rotation*4, was
modeled well by both FFs. Similarly, sugar puckering, which generally exhibited values
South of the pseudorotation angle, was modeled as expected for DNA.

Evaluating the a. dihedral sampling in the bc/-2 GQ is interesting because the NMR
ensembles reports trans values (~180°) to many of the nucleotides while a dihedrals in
canonical DNA typically samples gauche™ states (300°). The prevalence of frans a dihedrals
in the bc/-2 GQ suggests local backbone structure that is reminiscent of left-handed Z-DNA,
specifically ZI (209°) and ZII (169°) substrates. Quantum mechanical (QM) calculations of
a dihedral rotation in model compounds have shown shallow minima in the regions ZI and
ZI1 substrates of Z-DNA, but not in A- or B-form DNA*4. Though the C36 and Drude-2017
FFs both sampled a values that were systematically higher than those in the experimental
ensemble, the NMR ensemble exhibits a wide range of a dihedral values at each nucleotide
(Figures 5 and S2) and both FFs produced values that were generally within error of the
experimental ensemble, demonstrating reasonable dihedral sampling. We cannot, however,
discount the possibility of some FF bias toward canonical geometries with respect to the a
dihedrals terms. A more specific refinement, one that uses full nucleotides as model
compounds, may improve modeling of this torsion.

The vy dihedrals in the bc/-2 GQ NMR ensemble are distributed primarily between gauche*
and transvalues (Figure 5). The gauche® geometry is the dominant state in duplex DNA and
achieving balance between gauche™ and trans is a challenge for FF development. In the
AMBER ff99 parameter set, duplex DNA was unstable due to a conversion of y dihedrals to
trans, which was fixed by suppressing the #rans state in the bscO revision of this force field.
We have previously shown that the Drude-2017 FF captures the intrinsic potential energy
surface of y rotation very well with respect to QM target data®. In simulations performed
with the C36 FF, y sampled exclusively gauche™ configurations, whereas simulations with
Drude-2017 yielded better agreement at nucleotides Gua7, Gual7, Gua2l. Gua7 and Gual7
both have trans -y according to the NMR structure, while Gua21 has vy in a gauche
configuration. Drude-2017 simulations did not sample gauche™ states at Gua21 but modeled
v as trans. The reasons for this difference in configuration will be discussed below in the
context of x dihedrals. Loop nucleotides Guall, Gual2 and Adel4 are assigned #ansy in
the NMR ensemble but were modeled as gauche™ by both FFs.
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The e and ¢ dihedral angles of DNA have tightly coupled dynamics and generally low
potential energy barriers between minima?®?, allowing then to access a range of geometries.
As such, the NMR ensemble displays a wide range of values for each of these dihedrals
across all nucleotides (Figure 5). Both the C36 and Drude-2017 FFs produced e dihedral
values that were systematically higher than those of the experimental ensemble, which fell
between gauche® and trans. The simulations displayed e values that fell in the range of
canonical Bl- and BII-DNA (183 — 245°)87. Values of C were generally in good agreement,
given the large error bars associated with the experimental data (Figure 5).

The orientation of a nucleobase relative to its sugar can be described by the glycosidic
linkage dihedral (). In a mixed parallel/antiparallel GQ, guanine bases will adopt both syn
and antf orientations to form the expected 24 Hoogsteen hydrogen bonds in spite of the
different directionality of the oligonucleotide chain. In the b¢/-2 GQ, guanine bases 1, 7, 8,
14, 17, and 21 are all syn, with all but Gual4 (which resides in a loop) residing in the tetrad
core. All other nucleobases are in the canonical antf orientation in the NMR ensemble and
were modeled as such by both FFs. Both FFs modeled x conformations well (Figures 6 and
S3), but only the Drude FF preserved the expected hydrogen bonding (Figure S1).

It is important to acknowledge the difficulty in directly comparing the dihedral ensembles
from the simulations to those obtained directly from the NMR ensemble. There is
uncertainty in the dihedral assignments derived from the NMR data and converging the
dynamics of flexible regions in structures like GQs is challenging for MD simulations. The
comparison to the NMR ensemble we present here is our best effort to confirm the
agreement between the simulation outcomes with experimental evidence, however we
acknowledge that the NMR ensemble contains no information about the relative populations
of each conformer and the kinetics of interconversion among them. A recent study by Islam
et al. has explored these concepts in the context of lateral and diagonal loops in telomeric
GQs,88 finding that extensive simulations can reasonably represent ensembles of such
species. However, challenges remain in assessing the quality of simulations relative to NMR
without a direct comparison to primary data.

K* lon Retention in the GQ Stem and Bulk lon Binding.

lon interaction maps were generated to characterize the preferred sites of K* occupancy
around the bc/-2GQ in the Drude-2017 simulations (Figure 7). We have previously shown
that C36 simulations of c-kit1, c-kit2, and telomeric GQs result in expulsion of bound K*
from the core, whereas inclusion of electronic polarization via the Drude-2017 FF leads to
correct ion retention334748, \We have also observed the ability of different GQs to bind K*
ions from the bulk solution to the solvent-accessible faces of the tetrad core. Here, we sought
to determine if these phenomena are also observed in the case of the mixed parallel/
antiparallel bc/-2 GQ.

In the C36 simulations, the bc/-2 GQ only retained one bound K* ion (Figure S4), which is
consistent with our previous findings on other DNA GQs using the C36 FF. Interestingly, ion
expulsion followed different patterns, with bound ion 1 being expelled through tetrad 1 in
two replicates and bound ion 2 expelled through tetrad 3 in the other simulation. The ion
occupancy maps of individual replicate simulations are shown in Figure S5. Thus, the
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inability of the C36 FF to model ion retention appears to extend to the mixed parallel/
antiparallel bc/-2 GQ and thus is intrinsic to the FF and is not determined by GQ topology.

In the Drude-2017 simulations, however, both bound ions were retained for the entire
simulation time, across three independent replicates, leading to 100% occupancy of the
expected occupancy sites in the tetrad core (Figure 7), demonstrating that the application of
a polarizable FF improves descriptions of core-ion interactions in the GQ. The ion
occupancy maps also reveal differences in preferred locations of K* ions. In the polarizable
simulations, we observed three distinct ion binding locations in the GQ core. Two of these
locations are the expected ion binding sites between tetrads (bipyramidal antiprismatic
coordination, see Figure 1), while the third binding location is at the open face of the tetrad
core aligned with the GQ tetrad axis. At this third location, the Drude ion occupancy map
features prominent sampling (77.6% of total simulation time). In contrast, no ion sampling
was observed at this location in C36 simulations (Figure 7).

The mechanism of bulk K* alignment at the open face is illustrated in Figure 8. Gua5 and
Cyt6 both act in coordinating this bulk K* ion at different times to facilitate coordination at
the open face, along the tetrad axis. In all simulations, the bulk ion initially interacted with a
non-bridging phosphate oxygen atom (O1P) in Cyt6 before interacting with both this O1P
atom and the N3 atom of the Gua5 base. The K*:01P interaction was lost, followed by the
movement of Guab toward tetrad 1 such that the ion was finally aligned along the GQ stem.
This mechanism was observed in all replicates (though at different times, as indicated by the
snapshots in Figure 8) and once bound, the K* ion never dissociated in any simulation. In
replicate 2, the bulk K* ion was briefly aligned by the N3 atom of the Cyt6 base prior to
coordination by Gua5 (Figure S6). After the bulk ion dissociated from Cyt6 at ~200ns, Gua5
stacked with the tetrad core and coordinated the bulk K* ion for the remainder of the
simulation (Figure 8B).

The persistence of this K* coordination by a non-tetrad guanine stands in contrast to our
previous observations of bulk K* binding to the c-kit1, c-kit2, and c-kit* GQs, which was
reversible on the sub-ps time scale3347. K* coordination in the c-kit GQs was mediated by
thymine, cytosine, and guanine bases, indicating that different nucleobases can coordinate K
*. Here, the observation of persistent guanine-mediated K* alignment to the tetrad stem
(irreversible on the ps time scale) of the bc/-2 GQ suggests that the sequence and
architecture of the bc/-2 GQ may impact the ability of this guanine base to more stably
coordinate a K* ion. Thus, each of these GQs may have distinct electrostatic surface
properties that modulate binding to ions, transcription factors, and other cellular
macromolecules and that could be exploited for high-specificity small-molecule drug design
to modulate these interactions and ultimately, the stability of the GQs themselves.

We also observed K* binding in an electronegative pocket at the junction between tetrad 3
and the backbone on the long loop (Figure 7). This pocket comprises the O4” atoms of
Gua2l and Thy15, as well as the O1P atom of Thy15 (Figure S7). In two of the three
simulations, a K* ion bound in this location for the majority of the simulation time,
beginning at 340 ns and 75 ns, respectively, without dissociating (Figure S8). In replicate 1,
binding was transient at the beginning of the simulation but did not persist (Figure S8).
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Close contact between a K* ion and the electronegative pocket atoms was accompanied by
changes in the a and -y dihedrals of Gua21 (Figure S8). The experimentally assigned states
of Gua2l a and -y from the NMR ensemble are gauche™ (~300°) and in our simulations,
these dihedrals oscillated between gauche™ and gauche™ before any ions interacted with
electronegative pocket atoms. In replicate 1, a K* ion briefly bound in the electronegative
pocket when both a and y were gauche*, but the ion quickly dissociated and both dihedrals
returned to predominantly gauche™ conformations. In replicates 2 and 3, K* binding was
accompanied by the adoption of gauche” conformations that quickly reverted back to gauche
~in the case of Gua2l a and #ransin the case of Gua2l y (Figures S8B,C). Thus, the
electronegative pocket persisted with Gua21 vy in a #rans state for the remainder of the
simulations, suggesting that this geometry is capable of stably coordinating a K* ion. These
conformational changes did not perturb tetrad hydrogen bonding (Figure S1B), suggesting
that any ion-induced effects were confined to the phosphodiester backbone. Additionally,
these conformational changes and ion binding do not revert in replicates 2 and 3, suggesting
that K* dissociation from the electronegative pocket may only be accessible at longer time
scales.

There are several explanations for these differences in conformational change and why a K*
ion bound in this electronegative pocket: (1) the ion induces a conformational change, (2)
the conformational change is an intrinsic fluctuation in the structure that captures the ion, or
(3) there is a FF defect that causes the backbone to distort. To test the dependence of ion
binding on backbone geometry, we performed an additional simulation of the bc/-2 GQ with
the -y dihedral of Gua21 restrained at its value from the starting NMR structure. No K*
bound in the electronegative pocket in the restrained simulation, indicating that the
conformational change from gaucheto transis needed for the electronegative pocket to
form.

We characterized the electronegative pocket in the restrained and unrestrained simulations
by measuring the Gua21(04’)-Thy15(04’) and Gua21(04’)-Thy15(0O1P) distances and
plotting them as a two-dimensional free energy surface after Boltzmann weighting (Figure
S9). The unrestrained ensemble exhibits a well-defined free energy minimum around
Gua21(04’)-Thy15(01P) ~5 A and Gua21(04°)-Thy15(04’) ~6 A. These short distances
indicate the formation of the compact geometry that coordinates a K* ion. The free energy
surface obtained from the single, 2-ps restrained simulation was much broader, reflecting a
wide range of values for each of these distances. Therefore, the results of the restrained
simulations indicate that the electronegative pocket is only stabilized in the event of Gua2l
vy transition from gauche™ to trans. The same analysis was performed on a per-replicate basis
(Figure S10), which shows that replicate 1 produced a broad free energy minimum, similar
to the restrained simulation. This outcome indicates that in the absence of a bound K* ion,
our simulations were compatible with the structures present in the NMR ensemble.

Given the variability in backbone dihedral sampling as a function of K* binding, it is
possible that K* ions are responsible for inducing the observed backbone conformational
change in the electronegative pocket. The total K* ion concentration in the buffer used to
solve the NMR structure was 60 mM (20 mM K-phosphate and 40 mM KCI)2% and our
simulations contained 150 mM KCI. The increased ionic strength may induce or stabilize

J Chem Inf Model. Author manuscript; available in PMC 2021 December 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ratnasinghe et al.

Page 12

subtle conformational changes such as those observed in our unbiased simulations. K*
binding to electronegative pocket oxygen atoms was coupled with a gauche™ to gauche®
conformational change in both Gua21 a and -y, however the gauche” state was sampled prior
to ion binding (Figure S8). These observations suggest that a and -y conformational
fluctuations are intrinsic to this region of the bc/-2GQ and K* binding stabilizes alternate
conformations and subsequently facilitates the conversion of Gua2l y to franswith Gua2l a
returning to its expected gauche™ conformation. A more systematic analysis of different K*
concentrations and perhaps different monovalent cations would be required to further
understand the likelihood of ion-induced conformational shifts in the bc/-2 GQ and if this
property is somehow unique to K*.

Electronic Properties of GQ Nucleobases.

In the c-kit1 GQ, the binding of a bulk K* ion strengthened the interaction energy between
core K* ions and their coordinating guanine bases, while simultaneously altering the dipole
moments of guanine bases in the tetrads?’. As such, we concluded that dipole-dipole
interactions among K™ ions contribute to the binding strength in the tetrad core. To
determine if this phenomenon extends to the bc/-2 GQ, a structure with a different fold and
strong guanine coordination of a bulk K* ion, we calculated guanine base dipole moments in
tetrad 1 and the interaction energy between core K* ion and tetrad bases over time.

Bulk K* ion binding was monitored by the calculating the distance between the ion and
either the O1P atom of Cyt6 or the N3 of Gua5 (Figure 9A), reflecting the binding
mechanism described above. A sharp transition was observed in all three replicate
simulations, corresponding to the movement of the K* ion from the O1P atom of Cyt6 to the
N3 atom of Guabs. The brief coordination of a K* ion to the N3 atom of Cyt6 is not reflected
in these plots but the consistency of the outcomes shown in Figure 9 confirms that this
transient interaction does not alter the dominant binding mechanism. In two simulations,
binding of the bulk K* ion occurred on the order of 200 — 300 ns, but in the other simulation
it was nearly instantaneous, occurring within 5 ns.

Next, we sought to establish whether the binding of this bulk K* ion perturbs the electronic
structure of nearby guanine bases and impacts dipole-dipole interactions among the bound K
*ions in the GQ stem. The dipole moments of all tetrad 1 guanine bases and Guab5 are
shown in Figure 9B, and the interaction energy between tetrad guanine bases and the bound
K* ions is shown in Figure 9C. Gua5 was included in the dipole moment analysis because it
participates in bulk ion coordination above the open face, we anticipated that its electronic
properties would vary as a function of ion coordination. Our analysis shows a clear
relationship between tetrad guanine base dipole moment and interaction energy, as a
function of bulk ion coordination. Upon coordination of the bulk K* to the N3 of Gua5 and
alignment of this along the GQ tetrad stem, base dipole moments in tetrad 1 guanine bases
simultaneously increased (Figure 9B and Table 2). The magnitude of this change in dipole
moment was generally on the order of 0.2 D (Table 2). At the same time, the interaction
energy between bound K* ions and guanine bases in tetrad 1 became stronger (Figure 9C
and Table 3), on the order of 4 kcal mol™L. The strengthening of interaction energy is
observed in tetrads 2 and 3, but to a lesser extent, less than 1 kcal mol=1 (Table 3). These
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results suggest strong dipole-dipole interactions propagate along the tetrad stem but are most
pronounced in the closest group of guanine bases, in tetrad 1, thus dissipating as a function
of distance away from the open face, as expected.

The base dipole moment of Gua5 was systematically lower than the bases in the tetrads,
despite being responsible for coordinating the bulk K* ion, which we expected to polarize
the base. This observation held true regardless of whether Gua5 was directly coordinating
the K* ion, and the base even slightly depolarized upon aligning the K* ion with the tetrad
stem, though the difference was very small relative to the estimated error (Table 2). The
difference in behavior observed in tetrad guanine bases and the and non-tetrad Gua5 base
emphasizes the sensitivity of these bases to their electronic environments. The combined
effects of Hoogsteen hydrogen bonding, coordination of K* ions, and base stacking clearly
lead to polarization of tetrad guanine bases relative to solvent-exposed guanine bases (like
Guab5) or those found in duplex DNA*7. Moreover, these bases are sensitive to further
induced dipole effects upon alignment of another K* ion to the open face of tetrad 1,
whereas Guab appears to be insensitive to the proximity of K* ions. Together, these findings
emphasize the magnitude of the multibody effects that dictate the properties of tetrad
guanine bases, in terms of both their base dipole moments, and their interaction energies
with coordinated K* ions.

CONCLUSIONS

Here, we have assessed the ability of the C36 and Drude-2017 FFs to model a mixed
parallel/antiparallel DNA GQ, bc/-2. We have demonstrated that the Drude-2017 FF more
accurately models the bc/-2 GQ in terms of reduced deviation from the experimental
structure, maintenance of key base-pairing interactions that stabilize the fold, and improved
cation coordination in the tetrad. Our polarizable simulations revealed two instances of ion-
induced localized conformational change. A K* ion was coordinated by Gua5, which
subsequently stacked with the open face of tetrad 1, aligning the ion with the tetrad axis. We
also propose the existence of an “electronegative pocket” at the tetrad-long loop junction, in
which a K* ion binds to cause a conformational change in the backbone of Gua21. These
findings expand our understanding of the mechanisms by which DNA GQs may attract bulk
ions and the effects these ion-binding events may have on modulating GQ structure. As we
have seen previously in simulations of other DNA GQs, bulk ion alignment to the open face
of the bec/-2 GQ tetrads increased the strength of interaction energy between bound ions in
the tetrad stem via dipole-dipole interactions. These results highlight the critical role that
dipole-dipole interactions play in governing GQ biophysical properties as well as the
importance of employing polarizable simulations in the investigation of GQs. Together, our
findings contribute to a greater understanding of the biochemical and biophysical properties
of the bcl-2 GQ, its affinity for K* ions, and the role that K* ions may play in causing local
conformational changes. Such observations are important for future drug design efforts
against this potential chemotherapeutic target.
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A
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1nt Loop

Long Loop

Figure 1.
Structure of the bc/-2 GQ. (A) Schematic of all residues in bc/-2 GQ structure and core ions.

(B) Full structure shown in cartoon with bound K* ions, taken from the NMR ensemble
deposited in PDB entry 2F8U. Core guanine nucleotides are colored by tetrad (Tetrad 1 —
red, Tetrad 2 — blue, Tetrad 3 — green). Loop regions are colored in grey. (C) Stick
representation of Gua5 and Cyt6, which stack with tetrad 1. (D) Stick representation of
Adel0 and Thy15, which participate canonical base pairing to stabilize the long loop below
tetrad 3.
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Residue

Figure 2.
Average per-nucleotide (A) RMSD and (B) RMSF. Error bars represent the standard

deviations of the averages over three replicate simulations with each FF.
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W~z

Cluster 5 - 7.0%

Figure 3.
Central structures from the C36 simulations from RMSD-based clustering of the pooled

simulation trajectories. Percentages reflect the occupancy of each cluster. Guanine tetrads
are colored as in Figure 1.
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Figure 4.
Central structures from the Drude-2017 simulations from RMSD-based clustering of the

pooled simulation trajectories. Percentages reflect the occupancy of each cluster. Guanine
tetrads are colored as in Figure 1.
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Figure 5.
Average dihedral values for backbone dihedral angles of all residues. Error bars represent

the standard deviation of the 10 models in the experimental NMR ensemble and the RMSF
over all data points in the pooled MD trajectories using the Drude-2017 FF.
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Figure 6.
Average dihedral values for glycosidic linkage (x) and pseudorotation angles for all

residues. Error bars represent the standard deviation of the 10 models in the experimental
NMR ensemble and the RMSF over all data points in the pooled MD trajectories using the
Drude-2017 FF.
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Figure 7.
lon interaction maps indicating the K* sampling around the bc/-2GQ, using the NMR

structure for reference with the Drude FF at an occupancy threshold of 21%. The Gua5
residue just above the tetrad core is shown in ball-and-stick for perspective. Guanine tetrads
are colored as in Figure 1. Percentages indicate the occupancy of the three K* binding sites
along the GQ stem axis described in the main text.
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|
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Figure 8.
The mechanism of bulk K* alignment. Trajectory snapshots are shown from (A) replicate 1,

(B) replicate 2, and (C) replicate 3. Time stamps are indicated above each snapshot. Guanine
bases in tetrad 1 are colored in red for perspective.
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Figure 9.

Changes in base dipole moments and interaction energies in response to bulk K* alignment.
(A) Minimum distance between any bulk K* ion and Gua5 N3 (black) and Cyt6 O1P (blue),
(B) dipole moment of all guanine bases in tetrad 1 and Gua5, and (C) interaction energy
between tetrad bases and K* bound ions shown as a running average. All data series are
shown as a 100-point running average.
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Table 1.

Average RMSD (A) of non-hydrogen atoms in the Drude-2017 and C36 simulations. RMSD was computed
after a least-squares fit to the indicated non-hydrogen atoms of the NMR structure, taken from model 1 of the
NMR ensemble. Error bars are the standard deviations of the averages over three replicate simulations with
each FF.

FF All Nucleotides Core Nucleotides Core Bases
C36 49+09 21+0.6 15+1.0
Drude-2017 3.6+0.8 1.3+0.1 0.8+0.1
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Average dipole moments (D) of tetrad 1 guanine bases and Guab. Error bars are the RMSF of the pooled time
series. “Aligned to Tetrad Stem” refers to frames in which a bulk K* ion was coordinated by the N3 atom of
Guab, and “Not Aligned to Tetrad Stem” are the remaining frames. Ay| is the change in base dipole moment
(D), defined as (Aligned — Not Aligned).

Aligned to Tetrad Stem | Not Aligned to Tetrad Stem Aly|
Guanine 3 95+0.4 9.3+£05 0.2+0.6
Guanine 7 9.2+0.5 9.0+0.5 02+0.7
Guanine 19 9.2+05 9.0+£0.5 0.2+0.7
Guanine 23 9.2+0.5 9.1+05 0.1+0.7
Guanine 5 8.6+0.6 8.7+0.6 -0.1+038
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Table 3.

Average interaction energies (kcal mol™1) between tetrad guanine bases and bound K* ions in the stem. Error

bars are the RMSF of the pooled time series. “Aligned to Tetrad Stem” refers to frames in which a bulk K* ion
was coordinated by the N3 atom of Gua5, and “Not Aligned to Tetrad Stem” are the remaining frames. AE|nT

is the change in interaction energy (kcal mol™1), defined as (Aligned — Not Aligned).

Aligned to Tetrad Stem | Not Aligned to Tetrad Stem AE\NT

Tetrad 1 -349+28 -30.5+4.2 -44+50
Tetrad 2 -62.8+5.0 -62.2+4.6 -0.6+6.8
Tetrad 3 -272+47 -26.6+44 -0.6+64
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