1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Chem Theory Comput. Author manuscript; available in PMC 2021 May 12.

-, HHS Public Access
«

Published in final edited form as:
J Chem Theory Comput. 2020 May 12; 16(5): 3430-3444. doi:10.1021/acs.jctc.0c00191.

Polarizable Molecular Dynamics Simulations of two c-kit
Oncogene Promoter G-Quadruplexes: Effect of Primary and
Secondary Structure on Loop and lon Sampling

Alexa M. Salsbury, Tanner J. Dean, Justin A. Lemkul”
Department of Biochemistry and Center for Drug Discovery, Virginia Tech, Blacksburg, VA 24061

Abstract

G-quadruplexes (GQs) are highly ordered nucleic acid structures that play fundamental roles in
regulating gene expression and maintaining genomic stability. GQs are topologically diverse and
enriched in promoter sequences of growth regulatory genes and proto-oncogenes, suggesting they
may serve as attractive targets for drug design at the level of transcription rather than inhibiting the
activity of the protein products of these genes. The c-k7t promoter contains three adjacent GQ-
forming sequences that have proposed antagonistic effects on gene expression and thus are
promising drug targets for diseases like gastrointestinal stromal tumors, mast cell disease, and
leukemia. Since GQ stability is influenced by primary structure, secondary structure, and ion
interactions, a greater understanding of GQ structure, dynamics, and ion binding properties is
needed to develop novel, GQ-targeting therapeutics. Here, we performed molecular dynamics
(MD) simulations to systematically study the c-kit2and c-kit* GQs, evaluating nonpolarizable and
polarizable force fields (FFs) and examining the effects of base substitutions and cation type (K*,
Na*, and Li*) on the dynamics of their isolated and linked structures. We found that the Drude
polarizable FF outperformed the additive CHARMM36 FF in two-and three-tetrad GQs and
solutions of KCI, NaCl, and LiCl. Drude simulations with different cations agreed with the known
GQ stabilization preference (K* > Na* > Li*) and illustrated that tetrad core-ion coordination
differs as a function of cation type. Finally, we showed that differences in primary and secondary
structure influence loop sampling, ion binding, and core-ion energetics of GQs.
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SUPPORTING INFORMATION

The Supporting Information is available free of charge on the ACS Publications website and details the following analysis:

For C36 simulations of c-kit2WT, T21, A10/T21, T12/T21, and c-kit* RMSD over time, core hydrogen bonding over time, ion
interaction maps, and dihedral angles. For Drude simulations of c-k7i£2WT, T21, A10/T21, T12/T21, c-kit*, and linked c-kit2/c-kit*.
RMSD over time, core hydrogen bonding over time, base dipole moments, tetrad-ion interaction energies, ion interaction maps, per-
nucleotide RMSD, per-nucleotide RMSF, central cluster snapshots, and dihedral angles.
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INTRODUCTION

Nucleic acid sequences rich in guanine can fold into G-quadruplexes (GQs), highly ordered
DNA or RNA structures that are present in telomeres, gene promoter regions, and 5’- and 3’-
untranslated regions of mMRNA.1 As such, GQs are believed to play functional roles in
chromatin structure, chromosomal stability, and regulation of gene expression at
transcriptional® and translational®” levels. Interest in GQ structure and stability is growing
since studies have demonstrated that stable GQs modulate replication, DNA repair, telomere
elongation8 and contribute to neurodegenerative diseases,® mental retardation,? premature
aging,! and various types of cancer.12:13 More than 700,000 potential GQ-forming
sequences (pGQs) have been identified in the human genome, localized in genomic regions
with important cellular functions.14-18 In fact, over half of human genes contain pGQs near
promoter regions and their occurrence is even more frequent in regulatory genes and
oncogenes.15-18 To date, several topologically diverse promoter GQs have been
experimentally identified and studied;19-26 however, much is still unknown regarding their
conformational sampling and the interactions governing their stability.

Folded GQs are highly stable and composed of linker regions and a tetrad core,
characterized by square planar arrangement of guanines that are stabilized by Hoogsteen
hydrogen bonds.2” The carbonyl oxygen (O6) of each guanine faces inward, requiring cation
binding to counteract core electronegativity and stabilize the structure.?8 Cation binding in
the tetrad core is thought to promote GQ folding2® and may contribute more to GQ stability
than hydrogen bonding or stacking interactions.3% The dominant cation found in GQ
structures is K*, but the preference for K* stabilization over other cations like Na* and Li* is
not well understood. Differences in ion interactions, primary structure, base pairing, and
base stacking give rise to diverse GQ folded topologies.31:32 This topological diversity,
combined with their implications in human disease, make GQs novel drug targets.313.33
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Towards GQ-specific drug design, more work is needed to characterize the relationship
between GQ structure and disease, which has proven to be more complicated than whether
or not a GQ structure forms. In some cases, the relationship between GQ structure and
function may be linked directly to the their folded topology as mutations and dynamic
equilibrium between conformers can modulate gene transcription.34-36 In other cases,
adjacent promoter GQs, like those in the ¢-kit promoter region, may have antagonistic
effects on gene expression.3” Therefore, a more complete understanding of GQ structure and
dynamics at the atomistic level is needed to specifically target GQs with small molecules.
Understanding the role of primary and secondary structure features, as well as direct and
auxiliary ion interactions, is critical to this effort.

The human c-kit gene encodes for a receptor tyrosine kinase, a clinically validated drug
target since aberrant c-kit gene expression is associated with diseases like gastrointestinal
stromal tumors, mast cell disease, and leukemia.38-42 The c¢-kit promoter is guanine-rich and
contains three GQ-forming sequences, called c-kit1, c-kit2, and c-kit* These GQs are
structurally unique®2-45 and have suggested roles in modulating c-4it expression.37-41.45-48
The c-kit GQs are only separated by a few nucleotides (Figure 1A) and may influence each
other’s stability and function.37:48-50 The c-iitZ GQ has been shown to decrease expression
of c-kittranscripts, whereas the folded c-kit2and c-kit* GQs increase expression.37:48 While
many studies have focused on the ¢c-kitZ and c-kiit2 structures,23:41.4344.51 the recent
emergence of the c-kit* structure*® calls for further investigation into its dynamics and the
behavior of simultaneously folded c-kit2/c-kit* GQs (Figure 1B), as their interrelation may
be critical for biological function.

The c¢-kit GQs are proposed to be in dynamic equilibrium between three states, (1) folded c¢-
kit and unfolded c-Ait2and c-kit*GQs, (2) folded c-kit2and unfolded c-kitl and c-kit*
GQs, and (3) folded, linked c-kit2/c-kit*and unfolded c-kitZ GQs.37 All three GQs are not
believed to fold simultaneously.3’ For this study, we focused on the dynamics of the folded
c-kit2and c-kit*structures. The parallel c-kit2 GQ has three associated solution NMR
structures (Figure 2A). These solved structures have one or two point mutations in which
loop guanines are substituted with adenine or thymine. However, there is no solved structure
for the wild-type (WT) sequence. PDB entry 2KQH*4 has a G21T substitution and will be
referred to here as T21, PDB entry 2KQG** has G10A and G21T substitutions and will be
referred to as A10/T21, and PDB entry 2KYP43 has G12T and G21T substitutions and will
be referred to as T12/T21. Differences in these solved structures provide opportunity to
examine the effect of primary structure and various base-base interactions on the overall
conformational ensemble of the ¢c-kit2 GQ.

At physiologically relevant temperature and salt concentration, the ¢-kit* sequence folds into
asingle, antiparallel GQ with two guanine tetrads (Figure 2B).*> This GQ is sometimes
referred to as the SP GQ in literature because it is a validated binding site for SP1 and AP2
transcription factors.21:23:52 |nteractions between folded c-k/t2and c-kit*are thought to
stabilize their GQ forms, impairing reversion to duplex form, and function antagonistically
to the c-kit1 GQ.37:53 Interplay between the c-kit GQs necessitates targeted drug design that
produces therapeutic molecules able to distinguish between specific GQs, which calls for
more precise knowledge of their dynamics.3”
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Molecular dynamics (MD) simulations are well suited to provide atomistic detail on
important interactions within GQs. To date, GQs have been the subject of numerous
theoretical investigations with MD simulations,>*-67 which have made valuable
contributions to our understanding of their dynamic behavior. However, most of these
simulations relied on fixed-charge, pairwise-additive force fields (FFs) that approximate
polarization via assignment of partial charges.58 The approximate nature of these FFs has
limited their performance in systems where polarization is important, such as GQs.5°
Inaccuracies have been noted in modeling core hydrogen bonding,6:57 cation binding,
56,58,64 and flexible linker regions.?5:59:63.65 While a careful combination of ion parameters
and water models®®:70 or system-specific reparameterization’! can diminish these artifacts,
the explicit representation of electronic polarization is crucial to modeling GQs.58:67.72
Previously, we compared properties of the ¢-k7tZ GQ using the CHARMM36 (C36)
additive’® and Drude-2017 polarizable’*75 FFs and found issues with core-cation binding
and preservation of loop structure using C36.87 The Drude polarizable FF, however,
provided improved descriptions of K* coordination in the tetrad core, reversible bulk K*
binding, and structurally important loop interactions.®” These improvements suggest that the
inclusion of explicit electronic polarization is essential for investigating the dynamics and
energetics of GQs and enable us to provide new insights on GQ conformational sampling as
well as critical core-cation interactions.

In the present work, we build upon our previous study and employ the C3673 and
Drude-20177475 FFs to systemically study the c-kit2and c-kit* GQs. We probe the effects
of base substitutions and cation type (K*, Na*, and Li*) on the conformational sampling of
the ¢-kit2 GQ and study the c-k7t*GQ in the context of isolated (Figure 2B) and linked
structures (Figure 1B). These simulations allow for comparison of the atomistic details of
secondary structure, bulk cation binding, local cation alignment, and interaction energies
that can be leveraged in the future for the design of selective, anticancer therapeutics.

METHODS

This work comprises MD simulations of isolated c-k7t2and c-kit*GQs and a linked ¢-
kit2/c-kit* oligonucleotide containing both of these GQs (Table 1). The C36 additive’3 and
Drude-2017 polarizable” 7> FFs were used to simulate each system in ~150 mM KCI. The
T12/T21 GQ was simulated in separate solutions of ~150 mM KCI, ~150 mM NacCl, and
~150 mM LiCl for reasons described below. In total, 45 independent simulations were
performed, resulting in cumulative time of 43.5 ps (Table 1).

Isolated GQ structures.

The starting structures for the c-k7t2 GQs were taken from the first structure in each
deposited NMR ensemble in PDB entries 2KQH, 2KQG, and 2KYP.43:44 The sequence in
PDB entry 2KQH differs from the ¢c-kit2\WT only by the substitution of Thy for Gua at
position 21. To generate the c-kit2\WT structure, we reverted Thy21 to Gua2l by deleting
the Thy base and building the Gua base using the internal coordinate builder in CHARMM.
78 For the c-kit*GQ, the starting structure was taken from the first structure in the NMR
ensemble in PDB entry 6GH0.4° The deposited GQ structures lack bound ions expected in
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the tetrad core, so K* ions were added to each GQ structure using the CHARMM program.
76 |n T12/T21 NaCl and LiCl simulations, Na* or Li* respectively were added to the core.
These two ions were positioned to be coincident with the average coordinates of guanine
base carbonyl oxygen (O6) atoms in consecutive tetrads, yielding symmetric ion
coordination. For c-kit* a two-tetrad GQ, one K* ion was positioned at the average
coordinates of guanine base O6 atoms in tetrads 1 and 2. Coordinates of all GQ systems with
the manually positioned ions are available via the Open Science Framework at https://osf.io/
2pfj8.

Linked c-kit2/c-kit*.

Since the folding and stability of the c-k7it2and c-kit* GQs are proposed to be
interdependent, we wanted to better understand their dynamics in the context of an extended
GQ-forming sequence. To do so, we prepared a linked c-kit2/c-kit* system (Figure 1B). The
10-nucleotide (nt) sequence upstream of c-k7t2was built in ideal B-DNA geometry’7:78
(a=298°, p=168°, y=51°, £=—164.3°, and (=—89.7°) on the 5’-end of the c-kitZWT
structure. One Ade nucleotide separates the c-k7it2and c-kit* GQs and was built on the 3’-
end of c-kit2 WT GQ to connect to the 5’-end of c-k/it*GQ. The coordinates of c-kit*were
translated to position its 5’-hydroxyl group near the 3’-hydroxyl group of this constructed
Ade linker to allow for the insertion of the intervening phosphate group using the internal
coordinate builder in CHARMM. The 10-nt sequence downstream of c-k7t*was then built in
ideal B-DNA geometry on the 3’-end of the WT c-kiit* structure. K* ions were placed in the
core of the GQs (two ions in WT c¢-kitZ, one ion in ¢-kit*) as described above in the
preparation of the isolated GQ systems. Since an experimental structure of the intact c-
kit2/c-kit* GQ complex is unknown, our goal in carrying out the above steps was simply to
generate a plausible linked c-kit2/c-kit* structure, free of steric clashes, while
acknowledging that multiple initial starting structures are possible given the flexibility of a
1-nt DNA linker. The conformational dependence of this initial structure will be evaluated in
future work.

System Construction.

Each simulated system was first prepared with the additive C36 nucleic acid FF’3 by
centering the GQ in a cubic unit cell (minimum box-solute distance of 10 A), which was
filled with CHARMM-modified TIP3P water’%-81 and ~150 mM KCl, including
neutralizing K* counterions. To systematically evaluate the effects of cation type and charge
density, the T12/T21 c-kit2 GQ taken from PDB entry 2K'YP was also prepared with ~150
mM NaCl and ~150 mM LiCl. Having previously observed a central role for Thy in
coordinating ions in the c-kitZ GQ,%7 we sought to examine the role of this nucleobase in
ligating different ion types. Therefore, we chose to simulate the ¢-4it2 double Thy mutant in
this context. Standard CHARMM ion parameters®2 were applied to KCI, NaCl, and LiCl. To
relax possible steric clashes within these systems, energy minimization was carried out in
CHARMM by performing 500 steps of steepest descent minimization and 500 steps of
adopted-basis Newton-Raphson minimization.

After energy minimization, equilibration was carried out in NAMD®3 for 1 ns under an NPT
ensemble with position restraints applied to all heavy atoms of each structure (GQ and
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bound ions). Water and mobile ions were unrestrained and therefore free to move during
equilibration. The NPT ensemble was maintained at 298 K using the Langevin thermostat84
(friction coefficient = 5 ps~1), and a constant pressure of 1 atm using the Langevin piston
method®® (oscillation period = 200 fs, decay time = 100 fs) and isotropic box scaling.
Periodic boundary conditions were applied in all spatial dimensions. The short-range van der
Waals forces were smoothly switched to zero from 10 — 12 A. Electrostatic interactions were
calculated with the particle mesh Ewald method®6:87, a real-space cutoff of 12 A, and a
Fourier grid spacing of 1 A. All bonds to hydrogen atoms were constrained using the
SHAKE®8 algorithm. The water molecules were kept rigid with SETTLES?, allowing an
integration time step of 2 fs.

Drude systems were prepared from the final coordinates of the additive equilibration
simulations by adding Drude oscillators and lone pairs to all heavy atoms in the system with
the CHARMM program. The TIP3P water molecules used in the additive simulations were
converted to the polarizable SWM4-NDP9 model and the Drude-2017 FF23.24 was applied
to the GQ and ions, using the ion parameters of Yu et al.%1 and the specific ion-nucleic acid
nonbonded parameter refinements described by Savelyev and MacKerell.92 Energy
minimization was performed to relax the Drude oscillators using steepest descent
minimization and adopted-basis Newton-Raphson energy minimization. NPT equilibration
was then carried out in NAMD at 298 K and 1 atm pressure using extended Lagrangian
integration, implemented in NAMD as Langevin dynamics.%3:94 A “physical” thermostat
was coupled to all the real atoms in the system at 298 K with a friction coefficient of 5 ps~1
and Drude oscillators were coupled to a low-temperature relative thermostat at 1 K with a
friction coefficient of 20 ps~L. The nonbonded treatment was the same as in the additive
equilibration simulations, except that the van der Waals potential, not the force, was
switched from 10 — 12 A, which is standard practice for the Drude FF.9° As in the additive
equilibration, heavy atoms of the structure were restrained during equilibration. The time
step for polarizable simulations was 1 fs. A “hard wall” constraint® was also applied to
allow a maximum Drude-atom bond length of 0.2 A and avoid polarization catastrophe.
Equilibration of the Drude systems was carried out for 1 ns. For both C36 and Drude
systems, three independent replicates were produced for each system by generating different
random velocities at the outset of equilibration.

Production MD Simulations.

All unrestrained simulations were performed using OpenMM.%7:98 Simulations of isolated
GQs were carried out for 1 us each, resulting in a total sampling time of 3 ps for each system
with both FFs. For C36 simulations, temperature was maintained using the Andersen
thermostat®® with a collision frequency of 1 ps~1. For Drude simulations, the NPT ensemble
was maintained as described above. In both C36 and Drude simulations, the Monte Carlo
barostat in OpenMM was used to isotropically regulate pressure, with box scaling attempted
every 25 integration steps.

lon Sampling around GQs.

lon occupancy maps were generated as described in our previous work.87 Briefly, the system
volume was divided into discrete, 1-A3 volume elements (voxels). All snapshots from each
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system (replicates 1-3) were analyzed and the location of each ion was assigned to the
nearest voxel. An isosurface cutoff of 21% was chosen for visualization, meaning a voxel
must be occupied by an ion for at least 1% of the frames. This permissive cutoff enables a
general description of ion sampling in flexible systems and is sufficient to resolve discrete
volumes of preferential ion binding.

Bulk lon Alignment.

A bulk ion was considered aligned along the GQ tetrad axis if its distance was < 3.5 A from
the nearest tetrad center (above tetrad 1 or below tetrad 3 in c-kit2, above tetrad 1 or below
tetrad 2 in c-kit* respectively; see Figure 2). The tetrad center was defined by the center of
mass of guanine base O6 atoms in tetrad 1 and 2 (top alignment) or tetrad 2 and 3 (bottom
alignment). A distance analysis was used to determine an appropriate cutoff for ion
alignment by tracking the average distance between bound ions and the tetrad center.
Between the six isolated GQ systems, the average ion distances were 3.2 + 0.2 A for K*, 2.8
+0.7 Afor Na*, and 2.7 £ 0.7 A for Li*. A 3.5-A cutoff was thus chosen for this analysis as
it is approximately one standard deviation above the average for the three cation types,
allowing us to account for variability in ion alignment using a uniform criterion.

RMSD-Based Clustering.

The CHARMM clustering function190-102 yas employed to generate clusters of the c-kit2
and c-kit*loop regions in isolated and linked systems as well as core-ion clusters in the
T12/T21 simulations. Clusters were generated by pooling all replicates within a simulation
set and separating frames with a self-defined maximum radius (1 A for core-ion clusters and
3 A for loop clusters). The cluster radius set in the core-ion clusters was more stringent than
the value in the loop clusters because the overall structure was very rigid, thus requiring a
smaller value to discriminate between different conformations.

Interaction Energy.

To determine the impact of water on the interaction energy between core ions and tetrad
guanine bases in the various GQs, we performed interaction energy analysis as described in
our previous work.%7 “With solvent” interaction energies were calculated through direct
analysis of the MD trajectories, considering the core ions and guanine tetrad bases with
water in the C36 and Drude systems. To calculate the “no solvent” interaction energies, we
removed water from the trajectory files and allowed the dipoles to relax by reoptimizing the
Drude oscillators with all real atoms fixed and recalculating the interaction energy. The
difference between the “with solvent” and “no solvent” interaction energies represents the
multi-body contribution of water to the total interaction energy.

RESULTS AND DISCUSSION

Force Field Assessment and Analysis Strategy.

Various FFs are currently available for simulating nucleic acids. The ability of these FFs to
model diverse noncanonical structures is a frequently discussed topic in the field and an
important consideration for evaluating simulation outcomes. Previous MD simulations have
made valuable contributions to our understanding of GQs,>*-67 however, the use of additive
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FFs has resulted in incomplete descriptions of the tetrad core,%6:57 jon binding,>6:58.:64 and
GQ-linker regions.>559:63.65 Work by Gkionis et a/. showed that explicit electronic
polarization is important for modeling ion-ion interactions in the GQ core®® and we
previously demonstrated that the Drude polarizable FF models GQ structures with improved
structural agreement to experimental data, including proper core ion retention.67.72 The long
propeller loop region of the ¢-4/it2 GQ and the expected intrinsic structural plasticity of ¢-
kit*are challenges for any biomolecular FF. To this end, it was important to determine if the
C36 or Drude-2017 FFs were able to model the GQs sufficiently, compared to experimental
data. Thus, to assess these force fields and further understand the contributions of electronic
structure to GQ-ion interactions and conformational sampling, we performed simulations of
the c-kit2and c-kit* GQs with both the C36 nonpolarizable and Drude-2017 polarizable
FFs. We characterized the success of these simulations in terms of deviation from
experimental structures, including root-mean-square deviation (RMSD) and core hydrogen
bond counting. We also examined GQ-ion interactions, paying particular attention to the
retention of core ions that should remain coordinated along the tetrad stem of each structure.
As part of this investigation, we studied the T12/T21 ¢-4it2 GQ in the presence of LiCl and
NacCl to understand (1) the selectivity of GQs for K*, (2) what role, if any, thymine plays in
coordinating monovalent ions, and (3) if there are intrinsic FF limitations across all ion types
and if inclusion of electronic polarization leads to altered physical properties given the
different polarizabilities of these ions.

Simulations of c-kit2 with the C36 FF produced structures that deviated considerably from
the experimental data. Full details of the structural analyses are presented in the Supporting
Information and will be summarized here. The c-kit2 structures displayed perturbed tetrad
cores, demonstrated by high RMSD of all core nucleotides and tetrad bases (Supporting
Information, Table S1 and Figure S1). These perturbations were insensitive to ion type
(Supporting Information, Table S1 and Figure S2). Across all ¢-kit2 C36 simulations, core
Hoogsteen hydrogen bonds were lost over time (Supporting Information, Figures S1 and
S2), and core ions were expelled (Supporting Information, Figures S3 and S4). The number
of Hoogsteen hydrogen bonds oscillated between 5-8 in all tetrads throughout the
simulations. These bonds broke and reformed early in the simulations but were lost
permanently in many replicates. This disruption occurred in all tetrads of the ¢c-k7t2 GQs.
Core ion expulsion occurred quickly and consistently in C36 simulations, maintaining the
expected coordination for less than 1% of the simulation time (Supporting Information,
Figures S3 and S4). We have previously demonstrated that C36 FF simulations led to high
RMSD, but now we show that important core interactions (hydrogen bonds and ion
occupancy) are disrupted in systems of KCI, NaCl, and LiCl. These issues have long been
reported in additive FFs®7 and attributed to their nonpolarizable nature;>8 however, large
perturbation of the tetrad core should be avoidable with proper FF selection or specific
combinations of water models and ion parameters.5® Interestingly, simulations of the c-kit2
GQs in LiCl and NaCl produced smaller deviations from the experimental structure and
retained a greater number of core Hoogsteen hydrogen bonds. Though all ions were
uniformly expelled from the tetrad core, the dominant structures of T12/T21 in LiCl and
NaCl may have been trapped in lower-RMSD states, whereas simulations in KCI led to
structures that sampled a wider range of conformations. Together, these results highlight

J Chem Theory Comput. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Salsbury et al.

Page 9

fundamental limitations in describing GQs and monovalent ions with nonpolarizable FFs,
specifically C36.

So far, the primary shortcomings of the C36 FF seem to arise from core ion expulsion. Since
ion expulsion in additive FFs has largely been attributed to inter-cation electrostatic
repulsion®8:64 and the two-tetrad c-it*GQ has only one core ion, it was reasonable to
believe that its C36 simulations would avoid such deviations. However, the structures
produced in c-kit*simulations with the C36 FF also exhibited tetrad core perturbations with
high RMSD and disrupted core hydrogen bonding (Supporting Information, Figure S5).
Core ion expulsion did not occur, but C36 simulations produced fewer ion-DNA interactions
compared to the outcomes of the Drude-2017 simulations (Supporting Information, Figure
S6). While we previously believed that ion expulsion disrupted the core and contributed to
broad structural deviations in GQs,%7:72 the present findings suggest that the observed
distortions are not solely attributable to incorrect ion-ion interactions. GQ simulations with
the C36 FF may suffer from other force field-specific artifacts in the tetrad core, limiting its
relevance in modeling GQs. For these reasons, we will focus on the results of the Drude
simulations for the remainder of this work.

Conformational Dynamics of Isolated c-kit2 GQs.

To characterize the conformational dynamics of the ¢c-k7t2 GQs with the Drude-2017 FF, we
evaluated the RMSD, core hydrogen bonding, root-mean-square-fluctuation (RMSF), and
backbone dihedral angle sampling of the WT, T21, A10/T21, and T12/T21 GQs. The tetrad
core in each of these GQs was stable, with lower RMSD values, relative to the simulations
with C36, and preserved Hoogsteen hydrogen bonding (Supporting Information, Table S2
and Figure S7). Core atoms were more rigid than loop regions in all simulations,
demonstrated by lower per-nucleotide RMSD and RMSF values (Supporting Information,
Figures S8 and S9). In comparing the simulation outcomes of different structures, we note
that the T12/T21 GQ displayed lower RMSD than the WT, T21, and A10/T21 GQs. Though
all the c-kit2 GQs simulated here differ in primary structure, the secondary structure (base
pairing and stacking) within the WT, T21, and A10/T21 GQs are similar (Figure 2 and
Supporting Information, Figure S10). As such, the WT, T21, and A10/T21 GQs displayed
similar RMSD and RMSF values for most nucleotides. However, the T12/T21 GQ has a
non-canonical base pair (Cytl:Adel3) stacked above tetrad 1 that helps structure the long
propeller loop region and preserve the tetrad core. Due to this base pairing, the flexibility of
loop and linker regions in the T12/T21 GQ was lower than that of the WT, T21, and
A10/T21 GQs. The 5’-terminal nucleotide (Cytl) had the lowest fluctuation in the T12/T21
GQ, while the 3’-terminal nucleotide (Gua21) was the least variable in the WT GQ, possibly
due to G:G base stacking with tetrad 3 or interactions with bulk K* ions (discussed later).
The Cytl:Adel3 base pairing is present in all twelve structures of the T12/T21 NMR
ensemble, was preserved throughout the simulations, and contributes to the ordered 5-nt
loop.*3 However, this Cyt1:Ade13 base pairing is not prevalent in the other c-it2 structures
(Supporting Information, Figure S10) and the base pairing of a terminal base may not be
possible in the full sequence.
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To further evaluate the compatibility of the simulated ensembles with the experimentally
derived NMR structures, the backbone and glycosidic dihedral angles and sugar puckering
of the T21, A10/T21, and T12/T21 GQs were determined and compared to their respective
NMR ensembles (Supporting Information, Figures S11-S13). No comparison could be made
in the case of the WT structure, as it was modeled based on the T21 experimental structure.
In general, the sampling of these GQs was in good agreement with the experimental
ensembles. Gua8, a tetrad guanine, is assigned a North pucker in their respective NMR
ensembles, which is uncommon for a base that is also assigned an a7 state for its x
dihedral. The A10/T21 and T12/T21 GQs sampled South pucker at this nucleotide in Drude
simulations. Even with these few deviations, it is clear that the Drude-2017 FF produced
dihedral sampling that is consistent with the respective experimental structural ensembles.

Overall, the Drude FF was better able to model -y sampling than C36, which sampled
exclusively gauche* states as in canonical B-form DNA (Supporting Information, Figures
S12 and S13). We note some deviations in -y sampling in propeller loops of the A10/T21 and
T12/T21 GQs, whose experimental structures generally contained more #rans configurations
than predicted by the simulations. Interestingly, studies suggest that the first residue of a
propeller loop should adopt y dihedrals near #rans;>® however, Cyt9 y dihedrals were more
predominantly gauche* in our simulations. Analysis of the entire A10/T21 NMR ensemble
yields an average y value of 155 + 50°, while the corresponding averages from the C36 and
Drude simulations were 65 £ 34° and 90 + 72°, respectively. Similarly, the average y value
in the T12/T21 NMR ensemble is 216 + 88°, while C36 produced an average of 63 + 33°
and 62 £ 16° with the Drude FF. In both systems, the Cyt9 y dihedral sampled the frans state
for 10-80 ns before adopting and maintaining a gauche™ geometry. Conversely, the Cyt9 y
dihedral is shifted towards gauche in the T21 NMR ensemble, with an average value of 78
+ 73°. Both FFs produced good agreement with the experimental geometry at this position
(C36 = 66 + 20° and Drude = 65 * 31°). This infrequent Cyt9 y-#rans sampling may indicate
a FF limitation in both the C36 and Drude FFs, which has previously been reported in
simulations with AMBER FFs.55103 We note that the Drude FF does not explicitly penalize
the -y-trans state and reproduces the QM intrinsic potential energy surface for -y rotation very
accurately,”* though these calculations were performed on canonical DNA geometries.
Future FF refinement that considers backbone geometries of typical propeller loop dihedrals
may be necessary to improve the model.

In short, differences in primary and secondary structure across the ¢-k7t2 GQs resulted in
comparable and stable tetrad cores, but varying loop dynamics. Simulations of the isolated
structures showed persistent interactions involving 5’-and 3’-terminal residues that
influenced structural deviation and base fluctuation. Since the flexibility of c-k/t2terminal
regions may differ in the native state, both due to the terminal residue substitutions in the
solved structure and interactions of other nucleotides that will be present, further work is
needed to understand the ¢-k7t2 GQ in the context of an extended sequence. We discuss such
a system later.
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lon Sampling around Isolated c-kit2 GQs in KCI solution.

Simulations

Nucleic acids contain many ion binding sites with different configurations and affinities;
however, ion binding in GQs is particularly important because it governs folding and
stability.29:30 Therefore, we evaluated the K* sampling around the ¢c-kit2 GQs. Core K*
cations were retained in all simulations of the ¢-k/t2 GQs with the Drude-2017 FF and
displayed the expected bipyrimidal antiprismatic coordination with guanine O6 atoms. Bulk
K* ions bound to surface-exposed moieties and at the outer faces of tetrads in the GQ stems
(above tetrad 1 and below tetrad 3). Such observations emphasize the improvement of the
polarizable model over simulations with additive FFs, which generally overestimate inter-
cation electrostatic repulsion, resulting in disrupted core ion coordination.?6:58.64 These
improvements were first demonstrated by our study on the ¢c-k7tZ GQ, which showed that
loop nucleotides near the core can play an active role in bulk ion alignment.67

Since there are differences in primary and secondary structure in loop regions near the core,
analysis of GQ-ion interactions in substituted ¢c-k7t2 structures is particularly interesting in
determining if these single and double mutations influence K* binding. The c-4it2 GQs
exhibited different ion sampling patterns (Figure 3) that may be due to differences in
primary and secondary structure (Supporting Information, Figure S10). Above tetrad 1, the
WT, T21, and A10/T21 GQs have a free 5’-cytosine that can interact with bulk ions, whereas
the T12/T21 GQ has the Cyt1:Adel3 base-pair that occludes the top of the tetrad.
Consequently, we observed similar bulk ion alignment above tetrad 1 in WT, T21, and
A10/T21 GQs and no such alignment in T12/T21. Below tetrad 3, the WT GQ has a 3’
guanine, which stacked tightly with the tetrad core during the simulations, while the T21,
A10/T21, and T12/T21 GQs have a free 3’-thymine. Bulk ion alignment below tetrad 3 was
observed in all four systems with the highest occupancy site in the WT GQ (interacting with
the 3’-guanine).

In previous work with the ¢-kitZ GQ, we found that an advantageously positioned thymine
could participate in bulk K* alignment in polarizable simulations.6” Here, we report for the
first time that other advantageously positioned nucleotides, including cytosine (Cytl),
thymine (Thy21), and guanine (Gua21l) can participate in bulk ion alignment. Differences
between ion occupancy in these systems suggest that while different bases can help
coordinate ion binding, their efficacy may vary. Still, the participation of terminal residues in
bulk ion alignment calls for investigations of extended GQ structures, in which their
flexibility may differ as a function of other nucleotides present.

of T12/T21 in KCI, NaCl, and LiCl.

Since we previously observed pronounced thymine-ion interactions in the c-kit1 GQ, we
also prepared the T12/T21 systems in KCI, NaCl, and LiCl to systematically compare bulk
and bound cation influence on the folded GQ. RMSD and RMSF values were higher in the
presence of LiCl and NaCl relative to those obtained in simulations with KCI (Supporting
Information, Table S2 and Figures S14-S16). This observation is particularly clear in the
case of heavy-atom RMSD (Table S2), where the RMSD trend is LiCl > NaCl > KCI. The
RMSD and RMSF of the long propeller loop in ¢-4it2 GQs were comparable in NaCl and
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LiCl, both of which were elevated relative to KCI. These results suggest that KCI is better
able to stabilize the tetrad core and structure the long propeller loop.

LiCl led to more pronounced Hoogsteen hydrogen bond disruption in the tetrad core that
corresponded to increased RMSD (Supporting Information, Figure S14). During GQ
folding, cations stabilize the tetrad core by counteracting the repulsion of proximal O6
atoms.2 It is possible that Li* ions cannot counteract this electronegativity and 06-06
repulsion leads to increased occurrences of hydrogen bond breaking. In this case, instability
in systems with LiCl suggests the Drude FF performs well in modeling ion-DNA
interactions, as Li* is not thought to coordinate GQ folding or promote stability,104-106
Further, the relationship between core hydrogen bond breaking and increasing RMSD values
demonstrates that local deviation or destabilization can influence the overall structure of the
GQ. In all, these observations agree with the known GQ stabilization preference (K* > Na*
> Li*)107 and suggests that fundamental differences between cation type affects c-kit2 GQ
stability on the microsecond timescale. Future studies will be required to confirm whether
this principle applies to GQs with different folds and sequence compositions.

MD simulations have proven to be a robust tool for studying ion binding sites and
comparing the arrangements, dynamics, and occupancies of various monovalent ions.
92,108-110 To further understand the local differences described above, we examined core ion
alignment in systems with KCI, NaCl, and LiCl. lon-tetrad relative distance distributions and
core-ion clusters (Figure 4) show the dominant features of ion coordination in the c-kit2
tetrad core. In KCI, core ions adopted bipyrimidal antiprismatic coordination, whereas core
ions sampled both bipyrimidal antiprismatic and planar coordination in NaCl, and planar
coordination in LiCl. Further, Li* ions often interacted closer to two or three guanine bases
in each tetrad such that the core ions were not aligned vertically on the tetrad axis. The Na*
ion-tetrad relative distance distributions has two traces between tetrad 1 and 2, as shown in
Figure 4. The smaller trace is present because a bulk Na* ion bound to the tetrad core
towards the end of replicate 2, pushing ion 1 out and ion 2 between tetrad 1 and 2. The
cation coordination demonstrated in our simulations is supported by a density functional
study of guanine tetrads and metal ions, which showed that core K* ions align symmetrically
between stacked tetrads and are too large to adopt planar coordination.111 Conversely, Na*
ions are equally likely to be planar as they are antiprismatic, and Li* ions have a strong
attraction to O6 atoms, resulting in tight, planar coordination with the tetrad.111

We also generated ion interaction maps of the T12/T21 GQ in NaCl and LiCl (Figure 5). In
general, cation sampling around the GQ was very similar between KCI and NaCl, though
bulk Na* aligned below tetrad 3 more frequently (45% in NaCl vs 16% in KCI). Systems of
LiCl displayed more pronounced sampling around the long propeller loop and the GQ
backbone than KCI and NaCl, and bulk Li* ions aligned below tetrad 3 to K* ions.
Differences in loop and backbone binding are of interest because external (non-core) ion-
DNA interactions contribute to GQ folding and stability of the folded state.112113 Binding
of cations to the negatively charged backbone should reduce electrostatic repulsion and
stabilize folding,112:113 yet in our simulations, structural deviation was greatest in
simulations of LiCl, which had the most extensive ion-backbone interactions. This
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incongruity, combined with Li*-core coordination disrupting core structure, suggest
solutions of LiCl are not suitable for maintaining GQ stability.

Since base hydration, cation hydration, and ion-DNA interactions are integral to GQ stability
and have suggested roles in cation preference,2%113-115 we calculated core-ion interaction
energies with and without solvent (see Methods). Evaluating these multi-body effects is
possible with polarizable FFs like Drude-2017 and helps clarify how differences in local
coordination (described above) and cation charge density influences the tetrad core. The
calculated values (Table 2) show that tetrad core-ion interaction energies are strengthened as
charge density increases (LiCl < NaCl < KCI). Hybrid density-functional calculations have
also reported that tetrad-ion interaction energies are strongest with Li* ions, followed by Na
and K* ions.111 Interaction energies were most variable in NaCl simulations, where ions
exchanged between bipyrimidal antiprismatic and planar coordination, as noted above. In
general, the core-ion interaction energies in the presence of water (“With Solvent” in Table
2, computed directly from snapshots in the simulation trajectories) were more favorable than
those computed after removal of water and dipole relaxation (“No Solvent” in Table 2),
indicating that the interaction energies between coordinated ions and the guanine tetrad
bases were strengthened by the presence of water. These results demonstrate that water plays
an active role in core-ion energetics, and that the strength of this energetic contribution
varies as a function of the monovalent cation type.

+

The final analysis we performed on the T12/T21 c¢-kit2 GQ was to calculate nucleobase
dipole moments as a function of ion type. Results for all bases are listed in Supporting
Information, Table S3. This analysis revealed that different cations have a small impact on
the base dipole moments. Adenine depolarized as a function of decreasing cation size
(increasing charge density), and pyrimidine bases (cytosine and thymine) polarized more as
a function of increasing charge density. Thymine bases were the most sensitive, increasing
from6.9+0.7Din KClto 7.7 £ 0.5 D in NaCl and 8.1 + 0.4 D in LiCl. The large
differences in thymine dipole moments may be due to a combination of advantageous
positioning in the c-kit2 GQ (below tetrad 3), increased ion interaction, and the intrinsic
flexibility of the thymine base electronic structure. Overall, guanine bases were not
generally sensitive to changes in cation type (Supporting Information, Table S3) but when
decomposed on a per-tetrad basis, small differences emerged in the guanine bases in
different tetrads, though shifts in the base dipole moment were only on the order of 0.1 — 0.2
D. Given the small differences in nucleobase dipole moments, clearly the E;nt results shown
in Table 2 arise primarily due to changes in ion size, coordination, and charge density.

Conformational Dynamics of the Isolated c-kit* GQ.

Towards a more complete understanding of the dynamics of the promoter ¢c-kit GQs, we
performed simulations of the isolated c-A7t*GQ, which has been suggested to have
structural and functional connections to the c-k7t and c-kit2 GQs and has a unique, two-
tetrad topology.3”:4> The heavy-atom RMSD values of the structure were high in some cases
and varied across replicates, while the core nucleotide RMSD was ~1.0 A in each replicate
simulation. Hoogsteen hydrogen bonds in the tetrads remained stable throughout the
simulations (Supporting Information, Table S2 and Figure S17). The most notable difference
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in per-nucleotide RMSD and RMSF was in the 3’-tail loop, which includes Cyt18-Cyt19-
Gua20-Gua21-Cyt22 (Supporting Information, Figures S18 and S19). The dynamics of this
region are of interest because the stability of the ¢c-k7t*GQ depends on the network of
interactions in the 3’-tail.*> In fact, structural studies show that disruption or truncation of
the 3’-tail region inhibits GQ folding.*® In one of our simulations, the 3’-tail region unfolded
at ~800 ns, so we decided to extend this simulation to determine if the observed behavior
was reversible. After ~300 ns of fluctuation, the 3’-tail region folded back towards the c-kit*
GQ structure, adopting a native-like conformation by 1.1 us and remaining there until the
simulation was stopped at 1.5 ps (Supporting Information, Figure S17). The 3’-tail region
remained packed against the rest of the ¢-kit*GQ in the other two replicate simulations,
varying only slightly in its position over 1-ps simulations.

To better illustrate these important interactions and the flexibility observed in this region, we
performed RMSD-based clustering of the tail nucleotides (Figure 6). Though the predicted
fold-back motif was observed in the four most highly populated clusters (Clusters 1-4),
secondary structure within the tail was less consistent, demonstrating the variability of the
tail region in simulations of the isolated GQ. The important Cyt18:Gual0 WC-base pair
remained intact throughout the simulations (100% of the time) and the core structure was
preserved. Other studies suggest the ¢c-k7t*GQ is in dynamic equilibrium between folded
and unfolded states.3” The flexibility of the important 3’-tail supports this possibility, though
studying the GQ in the context of an extended sequence is of interest and will be discussed
later in the context of the linked c-kit2/c-kit* system.

lon Sampling around the Isolated c-kit* GQ.

As with the isolated c-kit2 GQs, we performed ion interaction analysis on the isolated c-4it*
GQ. Drude simulations showed two distinct binding sites above and below the tetrad core
with 25% and 70% occupancy, respectively (Supporting Information, Figure S6). The
binding site above tetrad 1 was only occupied in one replicate because an Ade5-Gual4 base
stacking interaction typically occluded tetrad 1. In replicate 2, this stacking interaction was
disrupted and an ion was bound for 88% of the simulation. lon alignment below the tetrad
core strengthened the interaction energies between the core K* and tetrad 2 (Supporting
Information, Table S5), again demonstrating that ion alignment trends can influence the
energetics of the GQ. In simulations of the c-kit*GQ, it is also important to note that the
variability of the loop and tail structures influenced ion binding patterns, as some
conformations occluded the tetrad core more than others (Supporting Information, Figure
S17). Once again, the sampling of these regions could change in the context of an extended
sequence, possibly affecting ion binding patterns and core energetics. For GQ secondary
structure, there is limited structural data available in biologically relevant conditions, leaving
interpretation of these interactions open for discussion. These possibilities, as well as others
noted throughout the Discussion above, prompted us to study the linked c-kit2/ c-kit* GQs
with nucleotides upstream and downstream from these structures.

Linked c-kit2/c-kit* GQ Introduction.

The outcomes of our isolated systems, and several findings in previous studies, motivated us
to perform simulations of the c-kit2and c-kit* GQs as a linked structure. Previous work has
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shown that the stability of these GQs is dependent upon one another and that the c-k7t*GQ
may only be able to stably fold in the presence of the folded c-47t2 GQ.37 Further, isolated
simulations of c-k/it2and c-kit* GQs exhibited some interesting behavior in the 5’-and 3’-
terminal regions. In simulations of the isolated ¢c-4it2 GQs, both the 5’-and 3’-residues
participated in bulk ion alignment and did so with different affinity. We also observed that
base pairing and base stacking near the tetrad core influences ion sampling. Lastly, sampling
of the 3 tail in the c-kit* GQs was very flexible and in some cases, occluded a potential
binding site. These properties might be impacted by the presence of downstream nucleotides
in the promoter region.

Conformational Dynamics of the Linked c-kit2/c-kit* GQ.

The RMSD of all nucleotides, core nucleotides, and core bases were low and comparable to
values calculated from the isolated simulations, indicating that these systems were in similar
agreement to the experimental structures (Supporting Information, Table S2). However,
differences between the isolated and linked systems emerged in per-nucleotide RMSD and
RMSF, specifically in loop and terminal region sampling. The c-kit2 long propeller loop
(nucleotides 9-13) had lower RMSD in the linked system (Figure 7A) but similar RMSF
(Figure 7B), meaning the structure of the loop deviated less from the experimental structure
but had similar flexibility. These results demonstrate that the flexibility of the loop region is
independent of upstream and downstream flanking nucleotides. The ¢-k7t2 nucleotides had
systematically lower RMSF values in the linked c-k7t2/c-kit* system, apart from the long
loop and the termini, which suggests that overall, the c-k7t2 GQ is more rigid in the presence
of c-kit*and flanking nucleotides. The ¢c-k/t2 terminal residues had both high RMSD and
RMSF values, showing that these residues can sample different states and adopt a different
conformation than the experimental structure. The dominant conformations produced by
RMSD-based clustering (Figure 7C) help illustrate that the overall fold of the ¢c-k/t2 GQ was
preserved in simulations of the linked system but differences emerged in the interactions of
loop and terminal nucleotides.

The 3’-tail behaved differently in the ¢c-k7t*isolated and linked structures. The RMSD values
(Figure 8A) of this region in the linked c-kit2/c-kit* simulations were higher, while the
RMSF values (Figure 8B) were lower. This outcome suggests that the 3’-tail may adopt
different, and less flexible, conformations than what was observed in the case of the isolated
structure. RMSD-based clustering analysis of loop nucleotides (Figure 8C) illustrates
differences in the loop and terminal regions. The fold back motif of the c-kit* 3’-tail
persisted in simulations of the linked c-kit2/c-kit* GQs, while secondary interactions
differed. In replicate 1, the fold back motif was maintained in part by Gual0-Gua20 base
stacking interactions. In replicate 2, the motif was maintained by Ade8-Cyt22 base stacking
interactions. In replicate 3, the tail was structured by both Gua9-Gua21 and Gual0-Gua20
base stacking interactions. The Cyt18:Gual0 WC-base pair remained intact throughout the
simulations (100% of the time).

lon Sampling around the Linked c-kit2/c-kit* GQ.

Differences in loop conformation and sampling influenced ion-DNA interactions in the c-
kit2and c-kit*GQs. For the ¢-kit2 GQ, there was ion sampling above and below the tetrad
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core as in the isolated system. lon interaction percentages above tetrad 1 were similar to the
isolated system (12% in the isolated GQ and 19% in the linked system), though the 5°-
terminal Cytl did not always interact with the bulk ion that bound. lon interactions below
tetrad 3 were slightly less prevalent in the linked system (42% in the isolated GQ and 30% in
the linked system), likely because tetrad 3 was less solvent-exposed as a consequence of the
proximity of the ¢c-kit*GQ. While the ion occupancy map shows four binding sites in the
tetrad core (Figure 9), four ions were not generally bound at the same time. When a fourth
ion bound to the core, the opposing bulk ion left. Still, the highest ion occupancy sites were
found proximal to the tetrad core in each simulation. These ions were always coordinated in
bipyrimidal antiprismatic coordination with guanine O6 atoms. This consistency, and the
ability to bind with and without interacting with an advantageously positioned nucleotide,
suggests the high occupancy regions (above tetrad 1, between tetrads 1 and 2, between
tetrads 2 and 3, and below tetrad 3) are relevant ion binding sites and are intrinsically
favorable in the c-kit2 GQ structure.

lon sampling around the c-k/t*GQ greatly decreased in the linked structure. Tetrad 1 was
blocked by base stacking interactions, preventing ion binding above tetrad 1. Similarly,
tetrad 2 was less solvent exposed in the linked systems because the fold back motif of the 3’-
tail largely occluded the core from solution. These findings suggest that the ion binding site
above tetrad 1 identified in the isolated system is not relevant in an extended system, while
the ion binding site below tetrad 2 remains accessible, even when single-stranded
downstream nucleotides are present. For the c-kit* GQ, we predict it to have two ion binding
sites in the core, between tetrads 1 and 2 and below tetrad 2.

The differences in ion sampling are also reflected in tetrad core-ion interaction energies
(Table 3), especially for the c-kit*systems which had the greatest difference in ion
sampling. With more sampling above tetrad 1 in the linked c-A7t2 GQ, the tetrad 1 core-ion
interaction energy decreased, indicating more favorable interaction energy. Conversely, there
was less sampling below tetrad 3 in the linked system and the tetrad 3 core-ion interaction
energy increased, indicating weakened interaction energy. With respect to the c-kit*GQ in
the linked system, we observed no ion alignment above tetrad 1 and the interaction energy
was slightly weakened. We observed reduced ion alignment below tetrad 2 as well and the
interaction energy was consequently weakened. These results show that the core-ion
interaction energies are strengthened by bulk ion alignment. In comparing the isolated and
linked simulations, a connection can be made between secondary structure, loop sampling,
bulk ion binding, and core-interaction energy. This interrelatedness is evidence that several
factors, including primary structure, secondary structure, and ion binding, play an important
role in the dynamics of GQ structures, even on the microsecond timescale.

CONCLUSIONS

In this work, we systemically studied the c-k7it2and c-kit* GQs, evaluating nonpolarizable
and polarizable FFs, sequence mutations in the ¢-kit2 structure, different cation solutions,
and isolated versus linked GQs. Our results suggest that GQ simulations with the C36 FF
suffer from inadequate ion interactions and local instability in the core of two-and three-
tetrad GQs and in KCI, NaCl, and LiCl solutions. In the same systems, the Drude FF
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produced good agreement with experimental structures and yielded an improved
representation of ion interactions. We also showed that differences in primary structure, and
resulting secondary structure interactions, influence loop sampling, ion binding, and core-
ion energetics of the ¢-k7it2 GQ. Moreover, local coordination of different cations in the c-
kit2 core varied. Whereas K* ions displayed antiprismatic coordination, Na* ions exchanged
between antiprismatic and planar coordination, and Li* had a preference for planar
coordination. The core-ion interaction energies of these systems were strongest in LiCl
solution and weakened with increasing cation size (LiCl > NaCl > KCI). In simulations of
isolated c-kit* we highlighted deviations in the structurally important 3’-tail that may
support the hypothesis that this GQ is in dynamic equilibrium between folded and unfolded
states.

Simulations of the linked c-kit2/c-kit* GQs emphasized that differences in primary structure
and resulting secondary interactions influence GQ dynamics. In the context of an extended
sequence, the c-kit2terminal regions adopted different conformations than the experimental
structure and were less advantageously positioned for recruiting bulk ions. Still, four high-
affinity ion occupancy sites persisted in the c-k7t2tetrad core, so we predicted two new ion
binding sites, above tetrad 1 and below tetrad 3. The important c-kit* 3’-tail differed from
the experimental structure but more consistently displayed the predicted fold back motif in
the linked system. The secondary structure of the tail and loop regions above tetrad 1
occluded the core more than in the isolated systems. We predicted one new binding site in
the c-kit*GQ, below tetrad 2. Based on these differences in loop secondary structure, ion
sampling and ultimately core-ion interaction energies varied between isolated and linked
structures. Overall, this work draws connections between primary structure, secondary
structure, loop sampling, bulk ion binding, and core-ion interaction energy on the
microsecond timescale. The interrelatedness of these properties calls for future simulation
studies aimed at deconstructing the forces governing GQ dynamics.
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Figure 1.
G-rich region of the c-kit promoter region. (A) Primary sequence of the G-rich region,

including three GQ-forming sequences (c-k7t2. red, c-kit* purple, and c-kitZ: blue). Bolded
portions of the primary sequence indicate the sequences used to construct the linked c-
kit2/c-kit* complex. (B) Energy-minimized c-kit2/c-kit* structure, rendered in cartoon. Core
guanines are rendered as sticks. (C) Cartoon representation of experimental ¢c-kit2, c-kit*,
and c-kit1 GQ structures with bound K* ions (gold). The guanine bases of the GQ core are
colored by tetrad (1 —red, 2 — blue, and 3 — green).
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Figure 2.

Structure and sequence of the c-kit2and c-kit* GQs. (A) Cartoon representation of starting
c-kitZ structures, highlighting bound K* ions (colored gold) and nucleotides of the long
propeller loop (residues 9-13; colored light blue). Residues 10, 12, and 21 vary in the ¢c-kit2
structures and are represented as colored sticks and orange text. (B) Cartoon representation
of starting c-kit*structure, highlighting a bound K* ion (colored gold) and structurally
important linker nucleotides (Gual0 and Cyt18) in colored stick representations and orange
text. The guanine bases of the GQ cores are colored by tetrad: 1 —red, 2 — blue, and 3 —
green (in c-kit2 GQs). O6 atoms pointing inward to coordinate K* are colored orange.
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Figure 3.
Drude K* interaction maps for c-it2 GQs. lon sampling around ¢-47t2 GQs is shown at an

occupancy threshold of 21% and the displayed percentages indicate the persistence of each
ion at that location throughout the three replicate simulations.
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lon-tetrad relative distance distributions and core-ion clusters show the position of the bound
ions in the tetrad core. All distributions are centered on the tetrad core center of mass
(relative distance = 0 A). lon-tetrad relative distances for all replicates were combined to
produce distributions for KCI, NaCl, and LiCl. Cartoon renderings of the top tetrad core-ion
cluster in each ion type (right) to illustrate common local alignment in these systems.

J Chem Theory Comput. Author manuscript; available in PMC 2021 May 12.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Salsbury et al.

Page 28

— 100%
— 100%
— 16%

— 100%
«— 100%
— 45%

— 100%
— 100%
— 18%

Figure 5.
lon interaction maps around the T12/T21 ¢-4it2 GQ with the Drude-2017 FF from

simulations of the isolated GQs in KCI, NaCl, and LiCl. The isosurface value for ion
sampling was set at an occupancy threshold of 21%. The displayed percentages reflect the
persistence of each ion at the indicated location across the three replicate simulations,
expressed as the fraction of snapshots in which an ion was aligned with the tetrad stem (see
Methods).
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Figure 6.
Central structures of each of the five clusters produced by RMSD-based clustering of the ¢-

kit*3’-tail nucleotides (Cyt18-Cyt19-Gua20-Gua21-Cyt22). Clustering was performed on
the pooled Drude simulation trajectories, thus reflecting the entire simulation ensemble. The
starting GQ structure (grey) is overlaid with the central structure from each cluster. For
reference, the GQ backbone is rendered as a cartoon tube and loop nucleotides are shown in
sticks. Percentages denote the occupancy of each cluster.
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Figure 7.
Structural characterization of the ¢c-kit2WT GQ in the linked c-kit2/c-kit* system. (A) Per-

nucleotide RMSD, (B) per-nucleotide RMSF, and (C) central structures of the top three
clusters of the ¢-k7it2 GQ from RMSD-based clustering with associated occupancy
percentages. Error bars in panels (A) and (B) represent the standard deviation of the
averages of three replicate simulations.
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Figure 8.
Structural characterization of the c-4it*GQ in the linked c-kit2/c-kit* system. (A) Per-

nucleotide RMSD, (B) per-nucleotide RMSF, and (C) central structures of the top three
clusters of the ¢c-k7it* GQ from RMSD-based clustering with associated occupancy
percentages. Error bars in panels (A) and (B) represent the standard deviation of the
averages of three replicate simulations.
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Figure 9.
lon interaction maps in the linked c-kit2/c-kit* GQ system. lon sampling around the (A) c-

kit2and (B) c-kit* GQs are shown with an occupancy threshold of =1%.
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Table 1.

List of the contents and sizes of all simulation systems.

Simulated System PDB C36 Replicates | Drude Replicates Solution Box Size (A)
ckit2 WT nAT 3x1ps 3x1ps ~150 mM KCl 61
T21 2KQH 3x1ps 3x1ps ~150 mM KCI 61
A10/T21 2KQG 3x1ps 3x1ps ~150 mM KCI 53
T12/T21 2KYP 3x1ps 3x1ps ~150 mM KCI 54
T12/T21 2KYP 3x1ps 3x1ps ~150 mM NaCl 54
T12/T21 2KYP 3x1ps 3x1ps ~150 mM LiCl 54
c-kit* 6GHO [  3x1ps Dr s ~150 mM KCl 54
Linked c-kit2/c-kit* | n/a’ N/A 3 x 500 ns ~150 mM KClI 113

fThese systems were constructed as described in the Methods.
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Table 2.

Drude interaction energies (EjnT, kcal/mol) between the two core ions and the guanine bases of each tetrad in

the T12/T21 GQ with KCI, NaCl, and LiCl. “With Solvent” are the interaction energies computed directly
from the trajectory and “No Solvent” are interaction energies after removal of solvent and reoptimization of
the Drude oscillators. AENT is the difference between the “With Solvent” and “No Solvent” interaction

energies.

KCI With Solvent | No Solvent AE\NT

Tetrad 1 -275+44 -242+47 3.3+4.6

Tetrad 2 -66.2 +3.9 -64.3+4.0 21140

Tetrad 3 -340+34 -31.1+44 29+39

NaCl With Solvent | No Solvent AE\NT

Tetrad 1 -56.7+6.7 -49.6 +6.6 71+£6.7

Tetrad2 | —61.0+28.8 | -59.8+27.9 | 1.2+284

Tetrad3 | -249+18.6 | -25.1+18.7 | 0.6+18.7

LiCl With Solvent | No Solvent AE\NT

Tetrad1 | -1025+99 | -91.7+10.7 | 10.8+10.3

Tetrad2 | -102.6+9.8 | -98.2+10.7 | 44+104

Tetrad 3 -9.6+9.0 -9.0+9.1 0.6+9.0
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Table 3.

Page 35

Interaction energies (EynT, kcal/mol) between the core K* ions and the guanine bases of each tetrad in the c-

kit2and c-kit* GQs as isolated and linked structures. Interaction energies computed directly from the

trajectory without any reoptimization of the Drude oscillators.

c-kit2 Isolated Linked
Tetrad1 | -30.4+5.0 | -31.8+5.2
Tetrad2 | -67.0+3.9 | -65.9+4.1
Tetrad3 | -35.1+3.3 | -32.1+4.8

c-kit* Isolated Linked
Tetrad1 | -27.1+4.8 | -25.6 +34
Tetrad2 | -424+66 | -27.1+4.1
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