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Rebekah J. Fogarty 

 

ACADEMIC ABSTRACT 

 

G-Quadruplexes (GQs) are higher ordered nucleic acid structures that form within regions 

of DNA and RNA that are enriched with guanine nucleobases. These structures are highly 

stable and have been shown to function in genomic maintenance and regulating key 

biological processes. Due to their role in regulating gene expression, GQs also contribute 

to a wide variety of human diseases including neurodegenerative conditions, premature 

aging disorders, and various cancers. Therefore, these structures have gained growing 

interest as the subjects of various research investigations to explore potential methods for 

targeting and disease management on transcriptional and translational levels. However, 

targeting efforts have been relatively unsuccessful due to the conserved GQ core structure, 

leading to compounds that cannot bind to their targets with sufficient specificity. Here, we 

employed conventional and enhanced sampling molecular dynamics simulations on two 

oncogenic GQ structures with the Drude polarizable force field to gain crucial insights into 

structural and electrostatic properties contributing to overall GQ stability and potential 

small-molecule binding sites. In addition to these simulations, we also subjected these 

structures to the Site Identification by Ligand Competitive Saturation workflow to 

determine the favorability of various functional groups and gain insights into preferential 

binding of these GQ structures.  
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GENERAL AUDIENCE ABSTRACT 

 

Genetic mutations can contribute to diseases in individuals, including many cancers. Some 

genes are more likely to result in abnormal activity in cancerous cells; these genes are 

known as oncogenes. These genes provide a unique targeting opportunity for cancer 

therapeutic approaches by targeting cancers on the genomic level. G-Quadruplexes (GQs) 

form in DNA and RNA, using complex stacking and hydrogen bonding interactions to 

stabilize these structures. GQ-forming sequences have been identified in many oncogenes, 

in regulatory regions that dictate the expression of the genes. An emerging treatment 

strategy is to stabilize these GQs, thus reducing oncogene expression. Due to the similar 

structures adopted by the majority of these GQs, targeting them effectively has been a 

challenge in the field. Therefore, it is necessary to characterize the structural properties of 

GQs that govern their behaviors, to better understand how targeting approaches can be 

improved in future drug design efforts. In this study, we utilized computational techniques 

such as molecular dynamics (MD) simulations to gain insight into these properties of two 

oncogenic GQ structures. Additionally, we conducted simulations with common drug 

fragments to help further improve and inform drug design for these GQ structures.
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Chapter 1. Biological Roles of G-Quadruplexes and Potential for Drug Targeting 

 

1.1 Overview of G-Quadruplex Biology  

G-quadruplexes (GQs) are higher ordered nucleic acid structures that occur within 

guanine-rich nucleic acid sequences.1 These structures are primarily found in genomic 

sequences with regulatory function including, but not limited to, promoter regions, origins 

of replication, telomeres, and untranslated mRNA regions.2,3 Various bioinformatics 

studies have proposed that hundreds of thousands of putative GQ-forming sequences can 

be found within the human genome, as well as the genomes of various organisms across 

many domains of life.2,4–6 Due to their conserved presence within the described regions, it 

is believed that GQs likely contribute to genetic regulation on both transcriptional and 

translational levels. Recent studies have shown that GQs are often implicated in disease 

states, including neurodegeneration, hematological disorders, and cancers.7,8 Much is still 

unknown regarding the full biological roles of these GQs, however due to their implications 

in various diseases, they have become increasingly attractive therapeutic targets in recent 

years. Therefore, the characterization of their structural dynamics and electrostatic 

properties is necessary to inform these future drug targeting efforts.  

 

1.2 History and Background 

Research involving the characterization of DNA structures dates back to the 1950s 

with the foundational structural model of helical B-form DNA, through the work of 

Franklin, Watson, and Crick.9 Following this discovery, additional investigations into 

secondary structures of nucleic acids were launched, typically including biophysical 

techniques such as circular dichroism spectroscopy. In 1962, Gellert et al. observed that 

guanylic acid could form hydrogen-bonded helical structures.8 These arrangements were 

found to enhance stability through the hydrogen bond donor and acceptor interactions 

involving each guanine base.1,10 Further, it was also hypothesized that the ability for these 

bases to form stacked-layers of four hydrogen-bonded guanine bases (known as G-tetrads) 

was driven by van der Waals forces.10 Building on these observations of guanine and its 

associated nucleotides, the first GQ structure was resolved via NMR spectroscopy in 1975, 

confirming various hypotheses regarding these structural characteristics.11 This finding 

inspired other investigations into GQ structures, resulting in the resolution of several GQ 

structures through NMR and X-ray crystallography techniques throughout the 1990s and 

into the early 2000s.12 The advancements into computational techniques and analysis 

sparked interest in further investigation and characterization of GQs beyond the tetrad core 

configurations, leading to additional studies regarding potential biological roles and 

implications of these higher ordered structures including bioinformatic searches2,4,5 and 

molecular dynamics investigations.13 

 
1.3 Structural Characteristics 

 

1.3.1 Primary Structure 

Despite occurring within conserved guanine-containing nucleic acid sequences, 

GQs adopt many distinct topologies. GQs are composed of distinct primary, secondary, 
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and tertiary structures, all of which contribute to GQ dynamics, electronic properties, and 

their ability to interact with other biomolecules. The primary structure of GQs refers to the 

sequence that corresponds to the nucleobases that are present within that region of DNA or 

RNA. The consensus sequence of putative GQ forming motifs is G3XG3YG3ZG3, with X, 

Y, and Z corresponding to additional nucleotides that comprise loop region, etc. within the 

structure (Figure 1.1A).14 GQ structures can form outside of this consensus sequence with 

some variation in sequence length and composition.15,16 The consecutive guanine 

nucleotides are known as G-tracts and are separated by short sequences of other 

nucleotides. These additional nucleotide stretches make up loops or bulges in the GQ fold 

and help to determine the overall topological folding pattern and dynamic properties of the 

GQs. Additionally, these regions help to enhance specificity for binding targets to these 

GQs, an ongoing challenge due to the conserved nature of the G-tract sequences in GQs.  

 

1.3.2 Secondary Structure 

 

The most significant structural characteristic of GQs is the secondary structure 

which comprises the tetrad formation of the GQ core. The G-tracts in the nucleic acid 

sequences interact to adopt planar quartets, called tetrads, which are able to stack and give 

rise to the conserved tetrad core of folded GQ structures (Figure 1.1C). These tetrads 

consist of four guanine bases that interact through Hoogsteen hydrogen-bonding networks 

(Figure 1.1B). The orientation of these Hoogsteen hydrogen bonds results in an 

electronegative core due to the orientation of carbonyl oxygen (O6) atoms toward the GQ 

core. This electronegative core is then occupied by coordinated cations, most commonly 

K+, that provide electrostatic interactions to stabilize the GQ structure, an attribute which 

will be discussed below. Typically, GQs contain at least two stacked tetrads with one cation 

coordinated between each pair of the tetrads, however it is it possible for GQs to form with 

stacked triads, or non-guanine base containing tetrads.17,18  

 

1.3.3 GQ Tetrad Core Cations 

 

Previous research has demonstrated that the electronegative tetrad core must be 

stabilized by the coordination of cations to mitigate the repulsion in the core.19 These 

cations are typically monovalent, with K+ being the dominant cation found in GQ 

structures. This stabilization has been found to be vital to proper GQ folding, as the 

presence of cations within the GQ core provides more of a stabilizing force than hydrogen 

bonding throughout the GQ.20 Additionally, it has been demonstrated that the cellular salt 

concentrations and ions present strongly influence GQ folding. Notably, GQs preferentially 

fold in the presence of K+ ions relative to Na+ and Li+, respectively,19,21 and understanding 

the GQ-ion interactions have been a focus in the field. Experimental and computational 

studies have shown that due to ion size and electrostatic interactions, K+ ions are believed 

to be the optimal occupant for the GQ core as K+ ions are found to adopt a bipyramidal 

antiprismatic configuration contrasting with the planar coordination of other cation 

types.21–23 Additionally, K+ coordination is believed to be more advantageous due to the 

higher cellular concentration (~150 mM) relative to other ions, e.g., Na+ (~10 mM).24,25 
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Figure 1.1 Overview of GQ structural hierarchy. (A) Putative GQ-forming consensus 

primary structure with G-tracts shown in grey and loop/linker regions (X, Y, Z) shown in 

red. (B) Secondary structure arises due to Hoogsteen hydrogen bonding to form G-tetrads 

with a core K+
 shown in orange. (C) Schematic of a tertiary folded GQ structure, with 

guanine bases shown as circles, tetrads as grey squares, and loop and linker regions shown 

in red. Core K+ present between tetrads are shown in orange. 

 

1.4 Biological Roles of GQs and Involvement in Cancer 

 GQs form in vivo during biological processes that result in transiently single-

stranded DNA, such as during replication, transcription, and repair, and in RNA that is 

typically single-stranded to regulate translation. Therefore, GQs have been identified in 

nucleotide sequences responsible for modulating gene expression including promoter 

regions, telomeres, origins of replication, and untranslated regions in mRNA. The 

formation of GQs can have positive or negative effects on transcription.26 In the context of 

promoters, GQs that form may inhibit the binding of necessary proteins, such as 

transcription factors, thereby impeding transcription of the gene controlled by that 

promoter.27 In contrast, some promoter GQs serve as recognizable binding partners for 

proteins identified to increase expression, such as the SP1 transcription factor.28 Therefore, 

by altering the stability of GQs in vivo with small molecules, the effects of the GQs may 

be exploited as a method of regulating gene expression to achieve a desired biological 

outcome. Additionally, when GQs are present downstream of the transcription start site, a 

GQ present on the coding strand will contribute to the re-initiation of transcription, whereas 

GQs present on the template strand in this region will hinder the progression of RNA 

polymerase, resulting in stalled transcription.26,29 Similar positive and negative effects of 

GQs can be found in other locations as well corresponding with transcription factor 

recruitment, etc.  

 Recent bioinformatics efforts have concluded that putative GQ-forming sequences 

are six times as likely to be present within a gene promoter sequence than elsewhere in the 

human genome.2 This percentage increases when investigating the prevalence of putative 

GQ sequences within oncogenes. When these oncogenes are expressed, various pro-
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tumorigenic downstream effects may occur that contribute to tumor proliferation, survival, 

and overall growth and metastasis. However, oftentimes when GQs are present within the 

promoter regions of proto-oncogenes, these structures have been found to stall 

transcription, thereby hindering gene expression. GQs have been identified in the 

promoters of several major proto-oncogenes including, but not limited to, BCL-2,30 VEG-

F,31 PIM-1,32 MYC,33 KRAS,34 c-KIT,35 and WNT-1.36 Therefore, targeting oncogenes on a 

genomic level by designing GQ-binding ligands has emerged as a new chemotherapeutic 

strategy.  

 

1.4.1 G-Quadruplexes as Drug Targets 

Due to improved understanding of the regulatory roles of GQs and their proximity 

to genes often implicated in various human diseases, the interest in determining structures 

of GQs and GQ:ligand complexes has increased in recent years. Given the variable impact 

of GQ formation on gene expression, the development of small-molecule drugs may aid in 

modulating biological processes on the nucleic-acid level. As previously mentioned, GQ 

structures can result in altered gene expression by means of increased or decreased 

transcription and translation. Therefore, it is important to determine the appropriate goal of 

ligand design, including whether to stabilize or destabilize the folded GQ structure or to 

block the binding of proteins to these GQs. While GQs have served as the subjects for 

recent drug design efforts, including multiple GQ-targeting ligands progressing to clinical 

trials, most identified ligands lack specificity towards the GQ target. For example, highly 

aromatic compounds like Quarfloxin37 and APTO-25338 (Figure 1.2) both demonstrated 

promise during pre-clinical investigations by inducing a pro-apoptotic effect. However, 

both drugs failed in clinical trials due to bioavailability concerns and insufficient 

effectiveness, respectively. As anticipated, the highly conserved G-tetrad core of GQs 

presents a specificity challenge when carrying out drug design as off-target binding of 

candidate ligands can occur through binding to G-tetrads of other GQs. As such, it is 

important to exploit distinct features in GQ structures including loop regions, quadruplex-

duplex junction sites, bases stacked on tetrads, and other defining features. 

 

 
Figure 1.2 Recent GQ ligand clinical trial candidates, Quarfloxin and APTO-253. 

Aromatic rings are depicted in light blue. Non-specific GQ ligands typically bind to the 

solvent-accessible faces of the outermost tetrads in the core, as shown with a c-MYC GQ 

ligand complex (PDB: 2N6C).39 
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1.5 Molecular Dynamics Simulations and Advancements in GQ Research 

 

Computational tools have been increasingly useful in investigating biological 

processes, particularly due to recent improvements in hardware performance, software 

optimization, and adaptation to graphical processing unit (GPU) platforms, and in the 

empirical energy functions describing the systems. Molecular dynamics (MD) simulations 

have served as a vital research technique in gaining a deeper understanding of atomistic 

contributions to biomolecular dynamics and their influence on biological functions. 

Specifically, MD simulations have proven to be especially useful in exploring GQ folding 

and identifying stabilizing forces that may be further exploited when designing small-

molecule drugs to target GQs.40–42 Despite providing details necessary for advancing the 

knowledge of GQ structures, these previous simulations have typically utilized non-

polarizable, or additive, force fields (FFs). These FFs lack the ability to robustly model 

electrostatic interactions, as electronic polarization responses are approximated due to 

averaged point charges on atoms within the system. Due to the highly electronegative core 

present within GQ core, modeling GQ-ion interactions is crucial for gaining biologically 

relevant insights from these simulations. In many additive simulations conducted with 

GQs, ion coordination within the core is incorrectly modeled when compared to 

experimental data. For example, despite experimental work demonstrating the coordination 

of cations between multiple tetrads within the GQ core, many additive simulations are 

unable to maintain this characteristic due to ion-ion repulsion forces. Recent studies have 

demonstrated the need for more robust polarization changes to adequately model the 

distinct electronic properties and electrostatic interactions that are present in complex 

biological systems.41,43 

Given the importance of induced polarization effects in stabilizing GQ-ion 

interactions,41 use of additive FFs has only limited accuracy and GQs represent 

biomolecules in which electronic polarization is an important consideration. Recent 

progress in FF development has led to the emergence of non-additive force fields for use 

with nucleic acids, including the Drude FF based on the classical Drude oscillator model44–

46 and the AMOEBA multipole-induced dipole model.47 The Drude FF has demonstrated 

success with simulating GQs in previous studies, as it preserves key interactions, such as 

core cation stability,48 by allowing for induced polarization through the addition of 

negatively charged “Drude oscillator” particles to all heavy atoms within the system. The 

Drude oscillators are connected to their parent atoms via harmonic springs, thus their 

dynamics are treated classically. Throughout the simulation, the displacement of these 

negatively charged can be calculated, and therefore polarization responses to intrinsic 

electric fields can be calculated.49 Additionally, the Drude polarizable model accounts for 

explicit dipole-dipole interactions between first and second neighbors through a Thole 

screening factor,50 as well as lone pairs that yield better quadrupole moments and 

contribute to accounting for anisotropic polarizability.51 A full description of the Drude 

parameterization process is can be found elsewhere.49 However, it is important to note that 

the preliminary success of the Drude FF with nucleic acids including RNA and DNA 

GQs,22,52,53 duplex DNA,45 and the increased accuracy of DNA-ion interactions,48 justifies 

the use of this FF for further GQ studies. 
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1.6 Computer-Aided Drug Design 

 

Computational approaches have been developed to help streamline the drug 

discovery process. The traditional wet-lab approach to drug discovery has proven to be 

time-intensive and prohibitively expensive as most new drugs cost approximately $1 

billion to develop.54 However, with recent improvements in computational capabilities, 

computer modeling can serve as a key complement to experimental techniques in the 

evaluation of drug candidates.55–57 Computational approaches have been specifically useful 

in identifying potential drug interactions with protein targets.58 With growing interest in 

targeting gene expression at transcriptional and translational levels, novel tools are being 

developed to utilize nucleic acids as the primary drug targets. Notably, several recent 

studies targeting RNA have proven successful and have contributed to the to increased 

attention towards these efforts.59,60 However, nucleic acids are challenging targets, 

particularly RNA, in part due to the intrinsic structural dynamics, as well as there being 

considerably resolved structures compared to proteins. Recent advancements have been 

made to expand protein-targeting methods to account for these characteristics of nucleic 

acids. Most commonly, Molecular docking is frequently employed in the drug discovery 

process, using programs such as AutoDock Vina.61 While these methods are useful and 

provide insight into the nature of interactions with the target, rigid docking methods are 

not the most beneficial when exploring the targetability of flexible structures, including 

nucleic acids. Recent progress has been made towards computational methods that can be 

applied to dynamic systems to identify binding regions and structural properties for 

consideration during the drug discovery pipeline.  

 

1.6.1 Site Identification by Ligand Competitive Saturation (SILCS) 

 

 One of the techniques that accounts for the dynamics in a system is the Site 

Identification by Ligand Competitive Saturation (SILCS) method.62 This method has been 

validated for use with proteins, membrane systems, and has recently been extended for use 

with nucleic acids.63–65 Notably, in recent years, SILCS has also been adapted for protein 

systems to support explicit polarization with the Drude polarizable FF.66 In developing that 

method, it was found that the inclusion of explicit polarization led to differences in probe 

molecule occupancy maps, suggesting that a polarizable model may give more detailed 

information for drug design. As described above, the incorporation of polarization is 

especially valuable in the computational investigations of nucleic acids, including those of 

GQs. Therefore, as SILCS accounts for conformational dynamics and polarizability within 

simulations, it is a relevant drug-design technique for use with GQ systems.  

SILCS works by introducing common small molecule drug functional groups as 

probe molecules surrounding the biomolecular target of interest (Figure 1.3). MD 

simulations are performed to allow these probe molecules to sample the target surface, and 

periodic shuffling of the molecules by a Grand Canonical Monte Carlo method67 enhances 

sampling. Following the simulations, the areas of affinity for these specific probe 

molecules can then be mapped onto the structure and utilized for HotSpot generation68 and 

pharmacophore modeling,69 both of which are useful tools for subsequent steps in the 

computer-aided drug design pipeline.  
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Figure 1.3 Overview of SILCS workflow. 

 

1.7 Organization of Thesis 

 

This introductory chapter serves to provide a foundational basis on GQ research, 

primarily focusing on the computer-aided drug design and targeting of GQs. In the 

following chapters, we will explore multiple applications of computational techniques that 

serve as preliminary steps within the drug design pipeline for oncogenic promoter GQs. In 

Chapter 2, we discuss the MD simulations performed on the VEGF promoter GQ, including 

both wild-type and experimentally mutated sequences. Through analysis of both 

conventional MD simulations, and the virtual fragment-based drug design simulations, we 

then discuss the implications and effectiveness of experimental mutants throughout the 

drug design process. In Chapter 3, we investigate the promoter GQ present in the PIM-1 

promoter. The applications of conventional MD and enhanced sampling methods allow us 

to explore a wider conformational landscape for the distinct GQs that form in this region. 

These GQs contain distinct topological characteristics that we analyze to gain further 

insight into their role in targeting through the SILCS analysis, allowing us to identify 

features of importance for preferential GQ binding. In Chapter 4, we share our overarching 

conclusions and recommendations for future investigations of oncogenic GQs.  

 

1.8 Attribution 

 

The work included within this thesis is my own with specific contributions from 

my advisor, Justin A. Lemkul (Ph.D., Virginia Tech Department of Biochemistry) and 

colleagues highlighted with the authors’ initials at the beginning of each chapter, as 

follows: 

 

Rebekah J. Fogarty (R. J. F.) 

Justin A. Lemkul (J. A. L.) 

Haley M. Michel (H. M. M.) 
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Chapter 2. Human Vascular Endothelial Growth Factor Oncogene G-Quadruplex 

Dynamics and Electrostatics 

 

Attribution: R.J.F. and J.A.L. designed the research, R.J.F. performed the simulations and 

analyzed the data, R.J.F. and J.A.L. wrote the chapter. 

 

2.1 Introduction 

 

The human vascular endothelial growth factor (VEGF) is a primary mediator of 

angiogenesis, the process of generating new blood vessels.70 Angiogenesis is vital in 

human embryonic development and wound healing.71 However, within tumor cells, 

abnormally high levels of VEGF expression is responsible for the over-induction of 

angiogenesis, resulting in increased growth and proliferation and overall poor prognosis.72–

75 Elevated VEGF levels lead to the increased ability of tumor cells to surpass the 

“angiogenic switch,” a necessary precursor for tumor growth and metastasis (Figure 

2.1).76,77 This angiogenic switch refers to the process by which tumors can rapidly 

proliferate following the release of activated VEGF. This increased proliferation occurs 

because of the higher concentration of VEGF and larger size of blood vessels within the 

tumor allowing for access to vital nutrients, without which tumors are unlikely able to grow 

beyond 2 millimeters in diameter due to the hypoxic environment. 

 

 
Figure 2.1 Mechanism of human VEGF triggering the angiogenic switch and resulting in 

tumor growth through nutrient absorption. 

The promoter sequence of human VEGF gene is enriched in guanine and contains 

a 22-nucleotide region that forms a G-quadruplex (GQ). A mutated VEGF promoter GQ 

structure was resolved by Agrawal et al. using nuclear magnetic resonance (NMR) 

spectroscopy.31 This mutated VEGF GQ structure contains two guanine to thymine 

mutations at positions 12 and 13 residing in the loop region of the GQ. This mutant 

structure is denoted VEGF-T12T13. These mutations were necessary to resolve the NMR 

ensemble of the GQ and are not believed to cause any disruption to the native topology and 

characteristic behaviors of the wild-type (WT) VEGF GQ. In this study, we test this 

assumption by employing computational tools to generate two distinct starting structures 

with both guanine and thymine bases at these positions, known throughout this study as 

VEGF-WT and VEGF-T12T13, respectively (Figure 2.2). The results of this study provide 

crucial insights into the potential structural and dynamic consequences of experimentally 

mutated structures being utilized in computational and future drug-targeting studies. We 

investigated the possibility that artificial mutations changed structural and electrostatic 
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behaviors of these GQs via conventional MD simulations using the polarizable Drude-2017 

nucleic acid FF.44,45 Additionally, both GQ structures served as the initial structures for 

two separate applications of the Site Identification by Ligand Competitive Saturation 

(SILCS) workflow62,65, and provided a proof-of-concept for the implementation of 

polarizable SILCS with the Drude-2017 FF.  

 

 
Figure 2.2 VEGF promoter GQ structures and sequences. Bases involved in forming the 

GQ core are colored by tetrad (1 – red, 2 – blue, 3 – green). Core K+ ions shown as orange 

spheres. Sites of mutations are shown in cyan. (A) VEGF-WT GQ with WT bases built in 

CHARMM, (B) VEGF-T12T13 GQ from resolved NMR ensemble (PDB: 2M27). 

 

2.2 Methods 

System Construction 

The starting coordinates for our MD simulations were taken from Protein Data 

Bank (PDB) entry 2M27.31 This NMR ensemble corresponds to the mutated form of the 

GQ-forming sequence in the promoter region of the VEGF gene. The GQ structure is 

characterized by the three guanine-containing tetrads and the 4-nucleotide loop. Tetrad 1 

is composed of guanines 3, 7, 14, and 18; tetrad 2 of guanines 4, 8, 15, and 19; and tetrad 

3 of guanines 5, 9, 16, and 20 (Figure 2.2B). The 4-nucleotide loop consists of nucleotide 

positions 10-13. It is also known that the 22-nucleotide WT sequence adopts a GQ 

topology, however researchers relied on further mutation to formally characterize the 

folded structure via NMR spectroscopy.31,78 Therefore, the resolved structure contained in 

PDB:2M27 contains mutated bases at positions 12 and 13, where the guanine nucleotides 

have been replaced with thymine. To generate a starting structure with the WT sequence, 

we deleted the existing thymine bases and rebuilt the coordinates of guanine nucleobases 

via the internal coordinate builder in the CHARMM program (Figure 2.2A).79  

Previous studies have demonstrated the need for cations to exist within the tetrad 

core, specifically K+ ions. Therefore, as the initial NMR structures lacked these essential 

ions, we further employed the CHARMM program to add two symmetric K+ ions between 

the guanine-tetrads utilizing the coordinates of the inward-facing guanine carbonyl oxygen 

(O6) atoms. This cation addition within the electronegative core of the GQ allows for more 
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robust simulation of the GQ structural and electrostatic properties, as previously 

described.48  

 

Equilibration and Unrestrained MD Simulations 

All preparation steps for both the VEGF-WT and VEGF-T12T13 systems were 

conducted using the additive CHARMM36 nucleic acid FF.80 Each GQ was placed in the 

center of a cubic box, maintaining a box-solute distance of 10 Å. The systems then 

underwent solvation through the addition of TIP3P water molecules and 150 mM KCl, 

including neutralizing counterions. This KCl concentration mimics an environment 

representative of eukaryotic cellular conditions that encourages proper GQ folding and 

characteristic behaviors.25 The solvated VEGF GQ systems were then relaxed through 

energy minimization in CHARMM, consisting of 500 steps of steepest descent 

minimization and 500-steps of adopted-basis Newton-Raphson minimization. 

The minimized systems were then subjected to an equilibration procedure in 

NAMD.81 Throughout the duration of the 1-ns equilibration, position restraints were placed 

on all non-hydrogen atoms within the GQ, including the K+ ions within the core. The 

surrounding water molecules and mobile KCl ions remained unrestrained during the 

equilibration, allowing for their motion within the simulation box. NPT conditions were 

maintained by applying a Langevin thermostat at 298 K with a force constant of 5 ps-1. The 

system pressure remained 1 atm by employing a Langevin piston method with isotropic 

box scaling.82 Periodic boundary conditions were applied throughout all system 

dimensions. Short-range van der Waals forces were smoothly switched to zero from 10 – 

12 Å and neighbor lists were maintained within 14 Å. Electrostatic forces were calculated 

with the particle mesh Ewald (PME) method,83 with a real-space cutoff of 12 Å and a 

Fourier grid spacing of ~1 Å. Four replicate simulations were performed for both systems, 

starting from different, random initial velocities during equilibration.  

Prior to beginning production runs, these systems were made compatible with the 

Drude polarizable FF. By utilizing CHARMM, this preparation included the addition of 

lone pairs and Drude oscillator atoms to all non-hydrogens contained within the system. 

Additionally, the water molecules present within the simulation box were converted to the 

polarizable SWM4-NDP water model.84 Drude-2017 parameters were then applied to all 

components within the simulation box, and the Drude oscillators underwent further 

minimization via CHARMM prior to production MD runs using steepest-descent and 

adopted-basis Newton-Raphson minimization. 1 ns of NPT equilibration was then 

employed at 1 atm pressure and 298 K, maintained by the Langevin thermostat and barostat 

methods. The same harmonic restraints described above were applied in this NPT 

equilibration process. The integration time step was limited to 1 fs due to the high-

frequency vibrations of Drude-atom bonds. Additionally, polarization catastrophe was 

avoided through a “hard-wall” constraint of a 0.2 Å maximum Drude-atom bond length. 

The nonbonded scheme was the same except for the use of a potential switch for van der 

Waals forces rather than a force switch. 

Each replicate system was then simulated in the absence of any restraints in 

OpenMM.85 Each replicate was run for a simulation time of 1 μs, with similar NPT 

ensemble conditions as those described above, despite the application of a Monte Carlo 

barostat with box scaling every 25 integration steps.  
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SILCS Simulations 

 Here, the established SILCS-RNA protocol65 was extended to be compatible with 

DNA GQ structures and Virginia Tech Advanced Research Computing architecture. As in 

the unrestrained MD simulations, both the VEGF-WT and VEGF-T12T13 GQ systems 

were generated using a minimized structure file containing only the GQ and the core 

cations as the starting structures. Twenty independent SILCS systems were then generated 

for both VEGF-WT and VEGF-T12T13; ten with the neutral SILCS solutes (benzene, 

propane, methanol, formamide, and imidazole) and ten with the charged SILCS solutes 

(acetate and methylammonium). The GQs were centered in a simulation box 15 Å from 

the edge, and the solutes were placed randomly around the GQ at an initial concentration 

of ~0.25 M. Water was also present within the box at ~55 M. Following the initial setup, 

Grand Canonical Monte Carlo (GCMC) refilling was employed to first remove all solutes 

and water from around the structure, and then re-insert them, allowing for larger fragments 

to fill in buried pockets on the GQ surface prior to supplementing the box with the smaller 

solute fragments and water. Once desired concentrations were reached for all solutes, 

steepest descent minimization of 5000-steps was followed by 100 ps of equilibration prior 

to beginning production runs for all systems. Production runs consist of 100 cycles of 

GCMC-MD with GCMC sampling, minimization, equilibration, and 1 ns of production 

MD for each system. These systems employed weak restraints of 50.208 kJ/mol/nm2 on 

C1’ and N3 (pyrimidines) or N1 (purines) atoms to prevent large conformational changes 

from occurring, as well as restraints of 67873.8 kJ/mol/nm2 on the K+ ions to maintain their 

occupancy of the GQ core, as this force constant overcomes the repulsion between the core 

K+ ions and allows for distributions of ion positions similar to unrestrained simulations 

with the Drude-2017 FF that require no such restraints. All simulations were conducted 

with the CHARMM36 FF80 and performed using GROMACS 2022.586 and the SilcsBio 

package, version 2023.1. 

 Following the completion of production runs, solute probability density maps 

indicating the interacting locations for each of the solutes for each of the 10 systems were 

generated. These maps are known as FragMaps. The calculated FragMaps were then 

combined in a two-step process to obtain a single map file that represents the regions of 

interaction for each solute across all SILCS systems. The process combines the maps 

generated for runs 1-5, as well as those generated for runs 6-10 for each solute. By 

comparing the resulting maps, overlap coefficients were calculated to assess for 

convergence between the runs, an overlap coefficient ≥ 0.75 indicates well-converged 

solute activity across the runs. The maps were then all combined to obtain a single map file 

representative of regions of affinity for each solute. These maps were then visualized in 

PyMOL using a specified Grid Free Energy (GFE) threshold (see below), which serves as 

an estimate of ligand binding affinity.  

 

Polarizable SILCS Simulations with Drude FF 

 Following the completion of the additive SILCS production runs with the 

CHARMM36 FF,80 the newly developed polarizable SILCS workflow was employed on 

the systems by using OpenMM 7.7.085 with the Drude-2017 FF.46 Frames selected at 10-

ns intervals from each of the 10 equilibrated, nonpolarizable systems were used to serve as 

the starting points for the polarizable systems, resulting in 100 systems. The neutral and 

charged solutes remained separate with 100 systems for each set, resulting in a combined 
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of 200 systems for both VEGF-WT and VEGF-T12T13. Then, using the CHARMM 

program, each of the starting systems was prepared for the polarizable production 

simulations by the addition of lone pairs to hydrogen bond acceptors and Drude oscillator 

atoms to all heavy atoms in the system. A brief minimization process was also then 

performed, followed by an equilibration of 1 ns prior to the initiation of the production 

runs. Each production run consisted of 20 ns of production MD, resulting in a total 

simulation time of 2 μs for all systems. The same weak harmonic restraints on the nucleic 

acid described above were applied in the polarizable production runs. Notably, no restraints 

were required on the K+ ions present in the GQ core due to the improved modeling of these 

interactions by the Drude FF. This approach provides sufficient sampling time in relation 

to the additive SILCS systems given the 1-fs timestep and slower kinetics associated with 

the Drude FF. Following the completion of the production runs, FragMaps were then 

generated the same manner described above.  

 

2.3 Results and Discussion 

 

2.3.1 Conventional Molecular Dynamics Simulations 

 

 We first set out to determine whether common experimental mutations would 

influence the drug discovery pipeline by conducting simulations on the wild-type and 

mutated forms of the VEGF GQ. Further, we sought to compare the results of 

nonpolarizable and polarizable simulations in generating affinity maps for different probe 

molecules around the VEGF GQ. Due to the innate characteristics associated with various 

nucleotides, we hypothesized that we would observe distinct structural and electrostatic 

properties when comparing the two VEGF GQ systems, and that these differences would 

have implications within drug design processes. As discussed above, the experimentally 

resolved structure of the VEGF GQ contains two G→T mutations at nucleotides 12 and 13. 

As thymine takes up a smaller surface area and has an intrinsically different dipole moment 

compared to guanine, we hypothesized that structural and electrostatic variation would be 

observed between the two VEGF GQs.  

 

Structural Implications of Mutations 

 We observed no major conformational changes in either the VEGF-WT or the 

VEGF-T12T13 GQs. Despite the hypothesis that the mutated bases may impact the overall 

stability and structural behaviors of the GQs, our findings did not support this hypothesis. 

To quantify the overall structural integrity of the GQ systems, we analyzed several aspects 

of the GQ structure and their flexibility to arrive at these conclusions. Due to minimal 

conformational changes within the system, the root-mean-squared deviation (RMSD) of 

both the VEGF-WT and VEGF-T12T13 GQ systems remained below 3.5 Å throughout the 

entirety of the simulation (Supporting Information, Figure S2.1). In these systems, the loop 

regions and non-tetrad bases exhibited the largest RMSD values, as the GQ core exhibited 

an RMSD of approximately 1-1.5 Å across all replicates for both the VEGF GQs, this is 

anticipated due to the stabilizing effects of the GQ core interactions (Hoogsteen hydrogen 

bonding and tetrad formation). This finding indicates that the main contribution to the 

RMSD arises from these regions, despite having minimal consequence on the overall 

conformation of the structure.  
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While RMSD confirmed that no large conformational changes occurred in these 

VEGF GQ systems, we also aimed to characterize any changes in structural flexibility that 

may be a result of the mutations. To do so, we calculated the root-mean-squared fluctuation 

(RMSF) of each nucleotide. As anticipated, we found that nucleotides involved in the 

Hoogsteen hydrogen bonding had the lowest RMSF values (Figure 2.3). Additionally, all 

nucleotides in the loop region and bulges in the GQs had large RMSF values, reflecting 

their intrinsic flexibility as a result of being unpaired and exposed to solvent. Interestingly, 

the nucleotide located at position 13, either guanine (VEGF-WT) or thymine (VEGF-

T12T13), had an RMSF value nearly as low as those engaged in the GQ tetrad core, despite 

flanking the tetrads and being more solvent-exposed. This finding indicates that it is likely 

that this nucleotide is engaged in some additional stabilizing interactions, which are 

discussed in the next section. Overall, these observations confirm that the G→T mutations 

do not perturb the native structure or dynamic behaviors of the VEGF GQ.  

 

 
Figure 2.3 Average RMSF values per nucleotide across four replicate simulations for 

VEGF GQ systems. Error bars represent the standard deviation of the averages. 

Nucleotides in the GQ tetrad core are indicated by the grey shaded regions. Cyan shaded 

regions represent sites of mutation.  

Tetrad Accessibility and Capping Base Pairs 

When determining possible targets for drug targeting, accessibility of the structure 

is a key consideration and MD simulations can provide insights into the structural motifs 

of GQs that are most accessible to solvent and candidate drug molecules. Additionally, the 

solvent-accessible regions above and below the GQ core are common sites for drug 

targeting. As such, characterizing these sites in terms of dynamics, base pairing, and ion 

interactions is important for informing future drug design efforts for the wild-type GQ. 

Here, we discuss aspects of base-pairing. Ion interactions will be discussed in the next 

section.   

As noted above, the Gua13 and Thy13 bases in the VEGF-WT and VEGF-T12T13 

GQs exhibited low RMSF values. Experimental investigations of VEGF-T12T13 GQ 

determined that tetrad 1 is blocked by a base pair formed between Gua2 and Thy13, 

therefore sterically hindering that site.31 Therefore, we analyzed whether these base pairs 
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were present throughout our MD simulations, finding that Gua2:Gua13 (in VEGF-WT) 

and Gua2:Thy13 (in VEGF-T12T13) formed base pairs. In both cases, Gua2 formed two 

hydrogen bonds with the nucleotide present at position 13, regardless of whether the base-

pairing partner was thymine or guanine (Figure 2.4). We calculated the prevalence of these 

base pairs during the 4 μs of simulation time by calculating the distances between the H1 

and O6 atoms of Gua2 and the H1 and O6 atoms or H3 and O4 atoms of the corresponding 

guanine and thymine bases present at position 13. Using an acceptor-hydrogen distance 

cutoff of 2.5 Å, we determined that these hydrogen bonds were present for over 98% of the 

simulation time for both Gua2:Gua13 and Gua2:Thy13. This finding demonstrates the 

strength of these interactions explains the rigidity of the bases as noted in the RMSF 

analysis (Figure 2.3). The persistence of the Gua2:Thy13 base pair validates that the 

simulations reproduce the experimentally observed properties of the VEGF-T12T13 GQ. 

The presence of these base pairs reduces the solvent accessibility of tetrad 1, 

meaning any putative ligand would have to disrupt the Gua2:Gua13 or Gua2:Thy13 base 

pairs. Therefore, these interactions are key considerations in experimental efforts for 

developing drugs that target the VEGF GQ and whether or not the sequence used in the 

study is the mutant or wild-type. 

 

 
Figure 2.4 Noncanonical base pairs present within the VEGF GQs. The base at position 13 

forms hydrogen bonds with Gua2, as indicated by the dashed lines.  

Ion Dynamics and Interactions 

To characterize potential interactions in which the nucleotides in our system 

participate in and to further contextualize the shifts in RMSD and RMSF values, we 

investigated the ion occupancy throughout our simulations. The K+ ions from the bulk KCl 

in the solvent are known to interact with GQ structures, and by identifying regions that the 

ions commonly occupy, we sought to further inform drug design efforts with details 
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regarding ion binding and any influence these events had on the VEGF GQ structure. 

 We observed that both VEGF GQ systems exhibited regions of high ion affinity, 

specifically in the volumes above tetrad 1 (Figure 2.5), as these solvent-exposed regions 

are well-known ion binding sites in other GQ systems.87 Additionally, both the VEGF-WT 

and VEGF-T12T13 GQs maintained their core K+ ions within the tetrads. For our analysis, 

we will focus on auxiliary binding sites aside from these core cations. For both the VEGF-

WT and VEGF-T12T13 GQs, ions interacted with the bases of Cyt1 and Gua2, 

respectively. For the VEGF-T12T13 GQ, K+ ions also interacted with the mutant Thy13. 

This observation is reminiscent of a similar observation in the c-kit1 GQ system, in which 

Thy12 above tetrad 1 frequently coordinated a K+ ion.48 

 
Figure 2.5 Ion occupancy maps for VEGF GQ systems. Brown regions indicate positions 

occupied by K+ ions for at least 1% of total simulation time across all four replicates per 

system (4 μs total). Tetrads are colored (1 – red, 2 – blue, 3 – green) and the mutation 

locations are shown in cyan and labeled.  

 After observing this additional binding site for K+ ions in the VEGF-T12T13 GQ, 

we sought to characterize this interaction. We determined that in addition to a steric 

explanation (thymine being smaller than guanine) for this difference, we can also attribute 

some of the ion coordination in this location to the electrostatic properties of the bases 

themselves. For instance, we observed that in the instances of ion coordination above tetrad 

1 in the VEGF-T12T13 GQ, a K+ ion was coordinated via direct interaction with the O2 

atom of the Thy13 base (Figure 2.6). During each replicate simulation, the thymine base 

remained oriented such that the O2 atom was accessible to the aqueous solution. Notably, 

coordination of K+ ions within 3.5 Å was observed across all simulation replicates, some 

for extended durations, such as replicate 4 for approximately 600 ns (Supporting 

Information, Figure S2.2) This accessible electronegative atom presents a favorable ligand 
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for the K+ ions that is not present in the VEGF-WT GQ, explaining the lack of ion 

occupancy above tetrad 1 in the VEGF-WT GQ. Combined with the observation that Gua2 

can form a persistent base pair with Thy13 in previous experimental work and simulations 

presented here, likely the properties of this site are a key consideration in drug design 

against the VEGF GQ. Subtle differences may exist in this regard as the position of the 

electronegative O2 atom in the VEGF-T12T13 GQ is replaced by the N2 amino group in 

Gua13 in the wild-type GQ (Figure 2.4), which will not favorably interact with a K+ ion. 

Therefore, studies using the VEGF-T12T13 GQ may show behaviors that differ from the 

VEGF-WT GQ due to the additional K+ occupancy near the Gua2:Thy13 noncanonical 

base pair, which itself is intrinsically different from the wild-type Gua2:Gua13 base pair.  

 

 
Figure 2.6 Ion interaction with Thy13 in the VEGF-T12T13 GQ. The O2 atom of the 

Thy13 base is oriented such that it can coordinate a K+ ion. 

 

2.3.2 Mixed Solvent Simulations with SILCS 

 

 Although our MD simulations of the VEGF-WT and VEGF-T12T13 GQs differed 

very little, only with respect to K+ binding near Thy13, we hypothesized that the mutations 

may have some direct impacts on the types of molecules that would bind to the VEGF GQs. 

Here, we performed and analyzed some of the first GQ simulations applying the SILCS 

workflow with the Drude polarizable force field. In addition to determining the overall 

implications of the VEGF GQ mutations on drug design, we also sought to use the findings 

of this study to investigate the importance of modeling explicit polarization in computer-

aided drug design efforts.  
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Figure 2.7 Comparison of additive and polarizable SILCS FragMaps for VEGF-WT GQ. 

The maps were generated from specific atoms of the SILCS solutes. Apolar maps represent 

benzene (C), propane (C), and imidazole (HC); hydrogen bond donor maps include 

formamide (N) and imidazole (NH); hydrogen bond acceptor maps include formamide (O), 

dimethylether (O), and imidazole (N). The GFE values used as a threshold to render the 

maps are provided, and the WT Gua12 and Gua13 bases are shown in cyan.  
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Figure 2.8 Comparison of additive and polarizable SILCS FragMaps for VEGF-T12T13 

GQ. The maps were generated from specific atoms of the SILCS solutes. Apolar maps 

represent benzene (C), propane (C), and imidazole (HC); hydrogen bond donor maps 

include formamide (N) and imidazole (NH); hydrogen bond acceptor maps include 

formamide (O), dimethylether (O), and imidazole (N). The GFE values used as a threshold 

to render the maps are provided, and the mutated bases are shown in cyan. 

 In comparing the results of the additive and polarizable SILCS simulations, the 

Drude polarizable FF led to greater solute accumulation around the GQs. The FragMaps 

generated represent the overall pattern of affinity for general features of the specific SILCS 

solutes. That is, the apolar map is generated from the coordinates of benzene (C), propane 

(C), and imidazole (HC). The hydrogen bond donor map includes contributions from 

formamide (N) and imidazole (NH). The hydrogen bond acceptor map includes formamide 

(O), dimethylether (O), and imidazole (N). The solute occupancies are all converted into a 

Grid Free Energy (GFE) score, which serves as a measure of the affinity of the SILCS 

functional groups for the volumes of space that they illustrate. As is clear from Figures 2.7 

and 2.8, when visualized at the same GFE threshold, the use of the Drude polarizable force 

field led to greater and more favorable solute sampling around the surfaces of both GQs.  
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 We observed that favorable sampling of apolar and hydrogen bond donor and 

acceptor groups occurred across the entire surface of the VEGF GQs. Additionally, the 

additive SILCS systems lacked prominent sampling regions in distinct areas of the GQ, 

such as above tetrad 1 or surrounding the loop region. As previously discussed, any regions 

of enhanced specificity may lead to improved targeting for GQ-ligand design, therefore the 

lack of sampling in these regions in the additive SILCS systems suggests the need for 

polarizability in the drug design process in GQ systems. Overall, the Drude SILCS 

simulations exhibited sampling above and below the GQ tetrads, as well as around the loop 

bases. Additionally, as anticipated, positively charged methylammonium sampling was 

present at highly favorable GFE values across both additive and polarizable SILCS 

simulations, due to the intrinsically polyanionic nature of the DNA backbone. Interestingly, 

in both VEGF GQ systems, favorable sampling of the negatively charged acetate was 

observed below the GQ core and above the Gua21 base, but only with the Drude force field 

(Figures 2.7 and 2.8). The presence of anionic sampling in this region is likely a result of 

the K+ coordinated between tetrads 2 and 3, combined with the greater solvent accessibility 

of this region relative to tetrad 1, which is occluded by base pairs, discussed above. 

Additionally, some experimental studies have suggested that acetate ions interact with 

guanine bases, therefore further characterization of these interactions may be necessary in 

the drug design process.88 Overall, Drude SILCS systems exhibit improved favorability of 

solute sampling and provided more detailed insights into regions of affinity for the drug 

design process.  

 

 
Figure 2.9 Polarizable SILCS FragMaps of the mutation site for VEGF GQ systems. 

Generated and rendered in the same manner as previous FragMaps. GFE values for 

generation provided.  

 Finally, we sought to explore differences in the SILCS FragMaps specifically near 

the mutation sites of the VEGF-T12T13 GQ relative to the VEGF-WT GQ. As the results 

of our conventional MD simulations demonstrated that Thy13 could coordinate a K+ ion 

and that Gua2 could form base pairs with either Gua13 or Thy13, we hypothesized that the 

resulting FragMaps would differ. As expected, very little solute sampling was present 

beneath the Gau2:Gua13 and Gua2:Thy13 base pairs (Figure 2.9). Interestingly, in the 

region surrounding the mutated thymine bases, additional sampling of apolar and hydrogen 

bond acceptor functional groups was observed. This sampling was likely a result of the 
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disruption of the Gua2:Thy13 base pair, therefore allowing the SILCS solutes to interact 

directly with the Thy13 base. Additionally, as suggested from the results of our 

conventional MD analysis, the overall size of the nucleotide base present at position 13 

(the smaller thymine vs. larger guanine) has important implications for the overall sampling 

surrounding this region.  

 

2.4 Conclusions 

 

 Our investigation of the VEGF GQs revealed several properties that may be 

beneficial for future drug development efforts targeting this structure. VEGF often serves 

as a model GQ system and has been the subject of various chemotherapeutic investigations 

due to its role in tumor proliferation. Efforts to target the VEGF protein remain clinically 

ineffective and lead to many negative side effects, and it is hypothesized that by targeting 

its production at the transcriptional level, alternative treatment methods may be identified. 

Here, we explored the NMR-resolved VEGF-T12T13 and the computationally regenerated 

VEGF-WT GQs to explore any implications of the mutations on the structure, dynamics, 

and small-molecule binding properties. Overall, the structural stability and behaviors of the 

GQs remained largely unaltered due to the mutations. Additional work, such as a 

covariance analysis, should be carried out to investigate more subtle structural implications 

of the mutations. However, once we began exploring features more specific to drug design 

efforts, the impacts of the G→T mutations became more apparent. In our conventional MD 

and SILCS simulations, we observed that, due to the smaller nucleotide size and the 

orientation of the electronegative O2 atom, the VEGF-T12T13 GQ exhibited regions of ion 

affinity and fragment accessibility that were not present in the VEGF-WT GQ. The findings 

discussed here suggest that, despite the global similarities in the overall structural dynamics 

and behaviors of the VEGF GQs, some consequential differences exist in these systems. 

While the resolved VEGF-T12T13 GQ commonly serves as a model system for analyses 

on GQ and even drug design efforts, it is important to note the observable differences in 

properties of these two GQs. It is unlikely that, if utilizing the VEGF-T12T13 GQ for 

targeting investigations, specifically at the common targeting site above tetrad 1, one would 

generate a result that would be directly applicable to the wild-type sequence. Therefore, 

this study provides relevant details on the inherent differences in these two systems to 

further improve the drug design efforts against VEGF and inform proper selection of the 

system of interest in these future studies. 
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2.6 Supporting Information 

 
Figure S2.1 RMSD of whole structure and GQ core for the VEGF-T12T13 and VEGF-WT 

GQs for replicates 1 (A), 2 (B), 3 (C), and 4 (D) throughout simulation time.  
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Figure S2.2 Distance between Thy13 O2 atom and nearest bulk K+ ion for VEGF-T12T13 

replicates 1 (A), 2 (B), 3 (C), and 4 (D) throughout simulation time. Data shown as 100-

point (1-ns) running averages.  
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Chapter 3. Dynamics, Electrostatics, and Fragment Screening with Quadruplex-

Duplex Hybrids and Atypical Tetrads 

 

Attribution: R.J.F., H.M.M., and J.A.L. designed the research, H.M.M. developed the 

methodology, R.J.F. performed the simulations and analyzed the data, J.A.L. performed 

and analyzed the QM calculations, R.J.F. and J.A.L. wrote the chapter. 

 

3.1 Introduction 

 

The proviral integration site for Moloney murine leukemia virus-1 (PIM-1) gene is 

a proto-oncogene that encodes for the PIM-1 serine/threonine kinase. This kinase has a 

pro-tumorigenic role in a wide variety of biological processes including cellular 

proliferation and survival through the phosphorylation of various other oncogenes involved 

in transcription, cell cycle, and apoptosis regulation.89,90 PIM-1 expression is known to be 

dysregulated in a variety of hematopoietic and solid tumors including breast, prostate, 

cervical, and lung cancers.89,91–95 Most notably, this kinase is largely overexpressed in the 

highly aggressive and challenging-to-treat triple negative breast cancer (TNBC).94,95 

TNBC accounts for 10-20% of breast cancer diagnoses, however it disproportionately 

contributes to breast cancer metastatic cases and deaths due to the distinct disease profile.96 

TNBC tumors are characterized by the lack of the three common hormonal receptors 

present in other breast cancer subtypes; the estrogen, progesterone, and HER-2 receptors. 

 

 
Figure 3.1 Downstream implications of PIM-1 kinase activity and phosphorylation with 

various other oncogenes that contribute to tumorigenesis, proliferation, and survival. 

Inactivation of PIM-1 activity is hypothesized to serve as one method to mitigate these 

downstream effects.  

 Due to the key biological implications of the PIM-1 kinase (Figure 3.1), and the 

known downstream response to the inhibition of the kinase activity, determining an 

appropriate targeting method may serve as a novel chemotherapeutic approach.90,97–100 

However, previous studies targeting the kinase directly have unsuccessful in clinical trials 

due to ineffectiveness and off-target effects.101 As such, therapeutic intervention on the 

nucleic acid level emerges as a viable strategy for impairing aberrant PIM-1 function. The 

PIM-1 promoter region has been found to form two distinct GQ structures that exist in 

equilibrium (Figure 3.2).32 As discussed in Chapter 2, efforts to target GQs have been 
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ineffective in clinical trials due to the lack of specificity in ligand-binding sites. The two 

GQs that form in the promoter region of the PIM-1 gene contain distinct structural and 

topological features that we hypothesize may serve as regions of enhanced specificity for 

designing selective ligands for preferential binding to the two forms. As these two forms 

exist in equilibrium, the dominant form 1 (PDB:7CV3) is nearly three times as prevalent 

in vitro studies when compared to form 2 (PDB:7CV4).32 Form 1 folds into a three G-tetrad 

containing GQ, with a loop region composed of duplex DNA and a capping structure of a 

four-nucleotide hairpin loop. The PIM-1 promoter sequence also adopts a distinct topology 

in Form 2; this form contains two G-tetrads stacked upon a mixed tetrad containing guanine 

and cytosine bases, in addition to a similar duplex and hairpin region described within form 

1. Mixed tetrad configurations have been identified in telomeric GQ structures and are 

hypothesized to contribute to enhanced ligand binding specificity when targeting GQs.18,102  

 

 

 
Figure 3.2 Structure of the PIM-1 GQs. (A) PIM-1:Form 1 (major) GQ. (B) PIM-1:Form 

2 (minor) GQ. Bases involved in forming the GQ core are colored by tetrad (1 – red, 2 – 

blue, 3 – green). Duplex region and Watson-Crick base pairs shown in stick representation 

colored by atom. Core K+ ions shown as orange spheres. (C) Mixed tetrad composed of 

two Gua:Cyt Watson-Crick base pairs found to form tetrad 3 in the PIM-1:Form 2 GQ. 

Bases are labeled, and the proposed hydrogen bonding network is indicated by dotted lines.  

 The nature of tetrad formation has been a topic of great interest for multiple 

decades. While all-guanine tetrads are the most prevalent across DNA and RNA GQs, there 

has been experimental identification of tetrad configurations comprised of various other 

nucleobases and located in other higher-ordered nucleic acid structures, such as i-motifs.103 

These tetrads can form through the interaction of identical nucleobases, known as homo-

tetrads, or the arrangement of proximal base pairs to form mixed-base tetrad structures like 

the one investigated here.18,104 The biological role of these mixed tetrad configurations is 

not yet fully understood, however it has been shown that this base arrangement can aid in 

the interaction between multiple GQ structures, coordinate cations, and impact nucleic acid 

folding pathways.105 As such, we hypothesize that the presence of a mixed tetrad 

configuration will have implications on structural dynamics and characteristic behaviors 

important for informed drug design.  
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Here, we aimed to further characterize electrostatic and structural properties of a 

mixed tetrad GQ through conventional and enhanced sampling MD simulations and 

conduct a comparative analysis of the coexistent PIM-1 GQs. Additionally, through 

computational fragment-based drug design techniques, we sought to identify potential 

structural characteristics that may contribute to preferential ligand binding to modulate 

PIM-1 expression.  

 

3.2 Methods 

System Construction 

In this study, MD simulations were performed on resolved NMR structures for the 

two coexisting PIM-1 promoter GQs: the primary GQ (form 1) and the minor GQ 

population (form 2). Coordinates from the NMR ensemble of each isolated GQ population 

is contained in the Protein Data Bank (PDB) entries 7CV3 and 7CV4 and these resolved 

structures provided the initial starting coordinates for form 1 and form 2 simulations, 

respectively.32  

The published structure of the primary GQ-duplex hybrid structure (PDB:7CV3), 

denoted here as PIM-1:Form 1, contains a conventional GQ topology containing three 

stacked guanine tetrads, and a loop region comprised of three additional Watson-Crick 

duplex base pairs (Figure 3.2A). Tetrad 1 is comprised of guanines 3, 7, 22, and 25; tetrad 

2 of guanines 4, 8, 21, and 26; and tetrad 3 of guanines 5, 9, 20, and 27. Despite being 

observed within the same primary sequence, the secondary form (PDB:7CV4), known here 

as PIM-1:Form 2, exists in vitro as approximately 20% of the population and adopts a 

distinct topology (Figure 3.2B). This GQ contains a similar stacked tetrad core; guanines 

3, 6, 19, and 24 comprise tetrad 1; guanines 2, 7, 18, and 25 comprise tetrad 2. However, 

tetrad 3 contains both guanine and cytosine bases and is arranged through additional 

interactions between adjacent Watson-Crick base pairs, G1:C26 and G17:C8 (Figure 

3.2C). The secondary form also contains a similar loop region with two additional Watson-

Crick base pairs. 

The published structures lack essential, bound K+ ions that are expected to be 

present within the GQ tetrad core, therefore these ions were added to ensure accurate 

electrostatic modeling. This task was completed using the CHARMM program.79 K+ ions 

were positioned symmetrically between stacked guanine tetrads by using the averaged 

coordinates of guanine carbonyl oxygen (O6) atoms in the consecutive tetrads. This method 

was applied to form 1 with two bound K+ ions added between the guanine containing tetrad 

core prior to simulation. This method is a standardized practice within the system 

construction of all-guanine tetrad containing GQs; however, core cation occupancy is not 

yet well characterized for mixed tetrad configurations. As a result, simulation systems were 

prepared with only one K+ ion positioned between the all-guanine tetrads 1 and 2 in PIM-

1:Form 2 (see below).  

 

Equilibration and Unrestrained MD Simulations 

All systems were initially prepared using the additive CHARMM36 nucleic acid 

FF.80 The fully constructed PIM-1 GQ systems, including the manually constructed core 

ions, were centered in cubic unit cells. Each unit cell was constructed to maintain a box-

solute distance of 10 Å and was solvated with CHARMM-compatible TIP3P water 

molecules and KCl in 150 mM concentration, including neutralizing counterions. This 
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concentration was utilized as it has previously been demonstrated to simulate proper 

natural GQ folding and behaviors and is representative of the standard eukaryotic cellular 

KCl concentration. Following this construction process, the solvated systems were then 

subjected to relaxation through an energy minimization process in CHARMM. This 

process includes 500 steps of the steepest descent minimization, as well as 500 steps of 

adopted-basis Newton-Raphson minimization.  

Following minimization, the systems underwent equilibration in NAMD.81 The 

equilibration was carried out for 1 ns under NPT conditions while position restraints were 

applied to all heavy, non-hydrogen atoms within the GQ, including the core cations. The 

surrounding solvent molecules, water and KCl ions, were unrestrained and free to move 

throughout the simulation box. The NPT conditions were upheld through use of the 

Langevin thermostat at 298 K with a friction coefficient of 5 ps-1. Additionally, a Langevin 

piston method was utilized to maintain a pressure of 1 atm.82 Periodic boundary conditions 

were applied throughout all system dimensions. Short-range van der Waals forces were 

smoothly switched to zero from 10 – 12 Å and neighbor lists were maintained within 14 

Å. Electrostatic forces were calculated with the particle mesh Ewald (PME) method,83 with 

a real-space cutoff of 12 Å and a Fourier grid spacing of ~1 Å. Four replicate simulations 

were performed for both PIM-1 GQs, starting from different, random initial velocities 

during equilibration.  

To prepare for production, each equilibrated additive system was converted to a 

Drude polarizable model in CHARMM. This conversion step applies additional Drude 

oscillators to all non-hydrogen atoms. Additionally, for full compatibility with the Drude 

polarizable force field, lone pairs must be added, as well as Drude oscillators to all non-

hydrogen atoms within the system. The additive water model was also then converted to 

the polarizable SWM4-NDP model.84 The Drude-2017 FF parameters44,45 were applied to 

the nucleic acid structure, as well as the ions within the simulation box. Further preparation 

for production simulations included the relaxation of the Drude oscillator positions by 

steepest descent minimization in CHARMM. The same harmonic restraints described 

above were applied in this NPT equilibration process. For the Drude systems, an integration 

time step was limited to 1-fs due to the high-frequency vibrations and a “hard-wall” 

constraint of a 0.2 Å maximum Drude-atom bond length was applied to avoid polarization 

catastrophe. Each replicate system was then subjected to unrestrained MD simulations in 

OpenMM.85 Each replicate system was run until a simulation time of 1.5 μs was reached, 

unless otherwise specified. Some replicates were extended due to lack of convergence 

(described below). The same NPT ensemble described above was applied throughout the 

production runs, with the application of a Monte Carlo barostat instead of the Langevin 

method in NAMD. 

 

QM Core Ion Interactions 

To better understand the energetics of ion coordination behaviors in the GQ core in 

the presence of various mixed tetrad configurations, symmetry-adapted perturbation theory 

(SAPT) calculations106,107 were performed using the Psi4 software package.108 This method 

determines the noncovalent interaction energy between two molecules and can be further 

analyzed to gather information regarding the various contributing components. We 

employed SAPT0 calculations, which omit intramolecular electron correlation effects but 

allow for a decomposition of interaction energies in terms of electrostatic, exchange, 
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induction, and dispersion components. The SAPT0 calculations applied the jun-cc-pVDZ 

basis set to all elements except the K+ ions, which used the 6-311G(2df,2pd) basis set. 

To calculate the interaction energies between a positively charged K+ ion and the 

core GQ bases, we considered the passage of one K+ ion through both “slipped” and “non-

slipped” mixed tetrad configurations of the PIM-1 GQ core, with or without a second K+ 

ion present. Thus, we considered three energy surfaces for each of the two tetrad 

geometries. In the “1 ion” system, we considered a single K+ ion translating along the entire 

GQ tetrad core. In the “2 ions, top” system, one K+ ion enters from above tetrad 1 and 

coordinates between tetrads 1 and 2 with a second ion fixed between tetrad 2 and the mixed 

tetrad. In the “2 ions, bottom” system, one K+ translated from below the mixed tetrad to 

coordinate between tetrad 2 and the mixed tetrad, with a second ion fixed between tetrads 

1 and 2. The coordinates for the GQ core with a non-slipped mixed tetrad were taken from 

PDB:7CV4 and the slipped mixed tetrad coordinates were taken from a snapshot from the 

MD simulations described below (Replicate 1, ~710 ns). The tetrad coordinates were 

aligned such that the GQ core axis was coincident with the z-axis and the K+ ion was 

translated along the axis in 0.5-Å intervals using the CHARMM program.79 

 

GaMD Enhanced Sampling Simulations 

The process by which the PIM-1 GQ forms interconvert is unknown. Therefore, 

capturing conformational changes and quantifying the free energies associated with the 

different conformations of these GQs are of particular importance when considering GQs 

as potential drug targets. The enhanced sampling method, Gaussian-accelerated MD 

(GaMD)109 was applied to both PIM-1 GQs, form 1 and 2. GaMD is an enhanced sampling 

method that works by applying an overall boost to increase the potential energy of a system 

to overcome free energy barriers. When a system has insufficient energy to overcome these 

barriers, it may become energetically trapped and may be unable to sample all relevant 

conformations in a practical amount of simulation time.  

The “dual-boost” GaMD approach, in which boost potentials are applied to the 

dihedral and total potential energy terms, was applied to unequilibrated, Drude-converted 

starting structures. Five GaMD simulations were conducted, each combining 2 ns 

conventional MD, 50 ns GaMD equilibration, and 500 ns GaMD production in NAMD, 

with the first 10 ns of the GaMD production period discarded as additional equilibration 

time. The threshold energy, E, was set to serve as the lower bound for the simulations. 

Therefore, E=Vmax, or the maximum of both potential and dihedral energies. All other 

default simulation parameters were maintained, unless otherwise stated. Statistical 

averaging of potential energies and boost recalculations were set to occur every 400 ps 

throughout both equilibration and production simulation time. Prior to beginning 

production, GaMD equilibration was assessed for convergence through the evaluation of 

k0 and the threshold energy, E, during equilibration. Once convergence was confirmed, 

production simulations were started from the exact state (including velocities) calculated 

in the final step of equilibration. The GaMD production simulations were reweighted to 

recover the potential mean of force (PMF) profiles by specifying collective variables and 

applying the cumulant expansion to the second order within the PyReweighting toolkit.109 

For the highly dynamic PIM-1:Form 2 GQ, eRMSD and a pseudodihedral defined by 

several key bases (described below) were selected to serve as collective variables for the 
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reweighting process. Due to minimal conformational sampling, the reweighting process 

was not conducted for PIM-1:Form 1 at this time.  

 

SILCS Simulations 

 Here, the established SILCS-RNA protocol65 was extended to be compatible with 

DNA GQ structures and Virginia Tech Advanced Research Computing architecture. As in 

the unrestrained MD simulations, both form 1 and form 2 of the PIM-1 GQ were generated 

using a minimized structure file containing only the GQ and the core cations as the starting 

structures. Twenty independent SILCS systems were then generated for both systems: ten 

with the neutral SILCS solutes (benzene, propane, methanol, formamide, and imidazole) 

and ten with the charged SILCS solutes (acetate and methylammonium). The GQs were 

centered in a simulation box 15 Å from the edge, and the solutes were placed randomly 

around the GQ at an initial concentration of ~0.25 M. Water was also present within the 

box at ~55 M. Following the initial setup, Grand Canonical Monte Carlo (GCMC) refilling 

was employed to first remove all solutes and water from around the structure, and then re-

insert them. This refilling process allows for larger fragments to fill in buried pockets on 

the GQ surface prior to supplementing the box with the smaller solute fragments and water. 

Once desired concentrations were reached for all solutes, steepest descent minimization of 

5000-steps was followed by 100 ps of equilibration prior to beginning production runs for 

all systems. Production runs consist of 100 cycles of GCMC-MD with GCMC sampling, 

minimization, equilibration, and 1 ns of production MD for each system. These systems 

employed weak restraints of 50.208 kJ/mol/nm2 on C1’ and N3 (pyrimidines) or N1 

(purines) atoms to prevent large conformational changes from occurring, as well as 

restraints of 67873.8 kJ/mol/nm2 on the K+ ions to maintain their occupancy of the GQ 

core, as this force constant overcomes the core cation repulsion in the GQ. All simulations 

were conducted with the CHARMM36 FF80 and performed using GROMACS 2022.586 

and the SilcsBio package, version 2023.1. 

 Following the completion of production runs, a solute probability density map 

indicating the interacting locations for each of the solutes for each of the 10 systems was 

generated, known as a FragMap. These generated FragMaps were then combined in a two-

step process to obtain a single map file that represents the regions of interaction for each 

solute across all SILCS systems. The process combines the maps generated for runs 1-5, 

as well as those generated for runs 6-10 for each solute. By comparing the resulting maps, 

overlap coefficients were calculated to assess convergence between the runs, an overlap 

coefficient ≥ 0.75 indicates well-converged solute activity across the runs. The maps were 

then all combined to obtain a single map file representative of regions of affinity for each 

solute. These maps were then visualized in PyMOL using a specified Grid Free Energy 

(GFE) threshold, as this value serves as an estimate of ligand binding affinity.  

 

Polarizable SILCS Simulations with Drude FF 

 Following the completion of the PIM-1 GQ additive SILCS production runs with 

the CHARMM36 FF80, the newly developed polarizable SILCS workflow was employed 

on the systems by using OpenMM 7.7.085 with the Drude-2017 FF.46 One in every 10 

frames from each of the 10 equilibrated, nonpolarizable systems was selected to serve as 

the starting point for the polarizable systems, resulting in 100 systems. The neutral solutes 

and charged solutes remained separate with 100 systems for each set, resulting in a 
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combined 200 systems for both PIM-1 GQs. Then, using the CHARMM program, each of 

the starting systems were prepared for the polarizable production by the addition of lone 

pairs to hydrogen bond acceptors and Drude oscillator atoms to all heavy atoms in the 

system. A brief minimization process was also then performed, followed by an 

equilibration of 1 ns prior to the initiation of the production runs. Each production run 

consists of 20 ns of production MD, resulting in a combined total simulation time of 2 μs 

for all systems. The same weak harmonic restraints for the nucleobases used in the additive 

SILCS systems described above were applied in the polarizable production runs. However, 

no restraints were necessary on the core K+ ions when implementing Drude. This provides 

sufficient sampling time in relation to the additive SILCS systems given the 1 fs timestep 

and slower kinetics associated with the Drude FF. Following the completion of the 

production runs, FragMaps were then generated in the same manner as the additive 

systems. 

 

3.3 Results and Discussion 

 

Here, we discuss various structural and electronic implications of a mixed tetrad 

presence in a GQ-duplex hybrid structure. As described previously, the sequence of the 

PIM-1 promoter region has been shown to form two distinct GQs, and by investigating 

their dynamics and interactions we sought to observe details that could provide insight into 

the potential pathways of interconversion. This information can also be used for computer-

aided drug design efforts to selectively target each of the two forms. 

 

3.3.1 Conventional Molecular Dynamics Simulations of the PIM-1:Form 1 GQ 

 

 As PIM-1:Form 1 is the major conformation adopted by this GQ-forming promoter 

sequence, we first sought to characterize any structural features and behaviors that may 

inform future drug development efforts. Additionally, as this structure has many features 

of a typical GQ structure, the analysis performed here provides us with details that are 

necessary to adequately describe the implications of the mixed tetrad in the secondary GQ 

conformation that we will investigate later in the chapter.  

 

Structural Dynamics 

 First, we explored the overall structural dynamics of the PIM-1:Form1 GQ and 

sought to confirm that this GQ-duplex hybrid behaves in a manner similar to what has been 

previously observed in other GQs. Therefore, through root-mean-squared deviation 

(RMSD) and root-mean-squared fluctuation (RMSF) analysis, we confirmed our initial 

hypothesis that due to the topology of the structure, various regions demonstrated distinct 

structural characteristics. For example, we observed that across all four replicates, the GQ 

tetrad core in the PIM-1:Form 1 system exhibited an average RMSD value of 

approximately 1 Å, while the solvent-exposed duplex region displayed a higher RMSD 

value, likely due to the contribution of bases in the intervening loop that are not involved 

in the base pairing (Figure 3.3).  

Our RMSF analysis showed that, as anticipated, the bases involved in the GQ core 

exhibited less flexibility than bases located in solvent-accessible regions throughout the 

GQ structure (Figure 3.3). Additionally, despite being present in the loop region, the bases 
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engaged in Watson-Crick base pairs in the duplex region below the GQ core exhibited low 

levels of flexibility as well, with minimal deviation across replicates. This observation 

confirms that the hydrogen bonds that these bases participate in serve as stabilizing factors 

for these nucleotides. The 5’-terminal Gua1 base was free to interact with solvent 

throughout the simulation time, and therefore manifested an RMSF value of approximately 

2 Å, while the RMSF value calculated for the 3’-terminal Gua27 base was approximately 

0.5 Å across the replicates. This low RMSF value is due to the stabilizing nature of the 

Hoogsteen hydrogen bonds in which Gua27 engaged, as this base remained an integral 

component of tetrad 3 throughout the duration of the simulations. We observed high levels 

of flexibility among various other bases in the GQ that are not involved in additional 

stabilizing interactions, such as bulges and loop bases at the top and bottom of the structure 

(Figure 3.2). Overall, these findings suggest that the PIM-1:Form 1 GQ behaves in a 

manner similar to other GQ systems that have been characterized.  

 

 
Figure 3.3 Average RMSD and RMSF values across four replicate simulations for PIM-

1:Form 1 GQ. Error bars represent the standard deviation of the averages. Nucleotides in 
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the GQ tetrad core are indicated by the grey shaded regions. Bases involved in base-pairs 

in the DNA duplex loop are shown in the blue shaded regions.  

PIM-1:Form 1 Base Electrostatic Properties 

Previous work has shown that the electronic properties of bases present in GQs 

differ from that of conventional double-stranded B-form DNA due to the distinct hydrogen-

bonding and stacking interactions of the GQs.48,110 Therefore, we aimed to characterize the 

electronic properties of the PIM-1 GQs, and provide a comparison between the two forms. 

Unique electronic properties contribute to the overall stability and structural properties of 

these GQs, as well as their interactions with ions and potential ligands. We explored our 

hypothesis that there would be observable differences between the PIM-1:Form 1 GQ and 

the PIM-1:Form 2 GQ by calculating the base dipole moment of all bases across the 

structure and calculating the average dipole moment of the bases based on their position 

within the structure. In the PIM-1:Form 1 GQ, we observed increased guanine dipole 

moments that are distinct from those found in canonical B-form DNA (Figure 3.4). 

Additionally, due to the interaction of tetrad 2 with the two core K+ ions in this GQ, we 

observed the largest increase in dipole moment within these bases.  

  

 
Figure 3.4 Base dipole moment distributions in the PIM-1 GQs. Guanine and cytosine 

bases involved in various regions of GQ structure are plotted and compared to canonical 

double-stranded B-form DNA. 

 

Ion Dynamics and Coordination 

 Investigations into GQ ion dynamics typically identify ion binding sites in the 

solvent-exposed regions above and below the tetrad core. In our simulations of the PIM-

1:Form 1 GQ, we observed a region with affinity for an ion directly below tetrad 3, with 

some replicates maintaining an K+ ion in that location for extended periods of simulation 

time. We performed an ion occupancy analysis to identify regions along the GQ structure 

that ions are present for ≥1% of the total 4 μs of simulation time. These ion occupancy 

maps revealed that, as hypothesized, the PIM-1:Form 1 GQ has ion binding sites at the 

solvent-accessible faces of the tetrad core (Supporting Information, Figure S3.1). This 

finding is particularly useful for informing drug design investigations, as it is predicted that 

drugs may have to compete with ions in these accessible regions to bind to the GQ. This 

property is discussed in more detail below.  
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 Our analysis of the PIM-1:Form 1 GQ confirms that this GQ behaves in a manner 

expected by typical GQs in the overall patterns of dynamics and ion maintenance in the 

GQ core. Therefore, we will refer to these analyses as we discuss differences in the two 

PIM-1 GQs throughout the chapter, especially as we further investigate the implications of 

a mixed tetrad present in the form 2 GQ. 

 

3.3.2 Conventional Molecular Dynamics Simulations of the PIM-1:Form 2 GQ with a 

Mixed Guanine-Cytosine Tetrad 

 

While ion coordination of conventional GQ structures has been widely investigated 

and characterized, ion interactions in structures containing mixed tetrads are comparatively 

under-studied. Previous investigations have shown that mixed tetrads in GQs can adopt 

multiple geometries that are stabilized by different interactions, such as a direct and a 

slipped configuration, thus differing in hydrogen bonding and cation coordination.18,32 

Therefore, to observe and analyze how these mixed tetrads interconvert between the two 

geometries, we performed four replicate simulations of the PIM-1:Form 2 GQ, which 

contains a direct mixed tetrad and only one core cation coordinated by all-guanine tetrads 

1 and 2 as described above.  

 Given the uncertainty regarding the positioning of an ion between all-guanine tetrad 

2 and mixed tetrad 3, we monitored the diffusion of K+ ions during the simulation to 

determine if any ions would partition into the GQ core between these two tetrads. Among 

the four replicate simulations, we observed such ion partitioning in two replicates, whereas 

two replicates manifested no core ion coordination involving the mixed tetrad. Due to this 

variation in ion behavior (described in detail below), we extended the simulation time of 

all four replicates. We anticipated that additional time might allow the systems to overcome 

any energy barriers to gain more robust insights into the GQ dynamics and ion coordination 

of these systems. We extended all replicates to a total length of 1.5 μs, with an additional 

extension to 2 μs for replicate 3, for reasons discussed below.  At the completion of our 

extended simulation time, replicate 1 exhibited bulk ion coordination of K+ ions present in 

solution and replicate 3 demonstrated an unusual mechanism of ion partitioning within the 

electronegative core arising from the displacement of the ion initially placed between 

tetrads 1 and 2. Replicates 2 and 4 maintained the initially placed core K+ ion and 

manifested no further ion coordination or ion dynamics of the GQ core (Supporting 

Information, Figure S3.2). As such, the remainder of the analysis on our conventional MD 

simulations will primarily focus on replicates 1 and 3 and characterizing the observations 

in the mixed tetrad. 

 

PIM-1:Form 2 Base Electrostatic Properties 

As with the PIM-1:Form 1 GQ, we investigated the base dipole moment properties, 

with an additional emphasis in the PIM-1:Form 2 GQ on cytosine bases given the presence 

of the mixed tetrad 3 in this structure. We observed that when involved in the mixed tetrad, 

the cytosine bases exhibited an increased dipole moment when compared to the cytosines 

present throughout other regions of the structure, as well as cytosines present within the 

canonical PIM-1:Form 1 GQ (Figure 3.4). Additionally, we observed an overall decrease 

in the dipole moment of the guanine bases in the mixed tetrad compared to those present 

within the GQ tetrad core of both PIM-1 GQs. We observed that in the PIM-1:Form 2 GQ, 
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guanine bases in tetrad 2 were also depolarized when compared to tetrad 2 of the PIM-

1:Form 1 GQ. This outcome is likely due to the variable core cation activity across the 

replicates of PIM-1:Form 2 GQ that will be discussed later.  

 

Bulk Ion Partitioning and Tetrad Slippage in Replicate 1 

The favorability of a K+ ion to be coordinated by the mixed tetrad is largely 

unknown. We hypothesized that in our simulations of the PIM-1:Form 2 GQ with only one 

core cation placed in the GQ core, some ion partitioning from bulk solvent would take 

place, as has been observed in many prior GQ simulations.48,111 In replicate 1, the PIM-

1:Form 2 GQ behaved as hypothesized, retaining the core K+ ion coordinated by all-

guanine tetrads 1 and 2, as well as attracting a separate K+ ion from bulk solvent at 

approximately 705 ns (Figure 3.5). Coordination of these two K+ ions was maintained for 

the remainder of the simulation.  

 

 

Figure 3.5 Mechanism of K+ ion partitioning in replicate 1. Time stamps are located below 

each image. "HETA" label corresponds to the core K+ ion placed within the GQ core, and 

"POT" labels correspond to K+ ions from bulk solvent. 

Mixed tetrads adopt distinct conformations depending on the hydrogen-bonding 

pattern in the tetrad.18 As we observed this motif in the GQ to be dynamic and contribute 

to ion coordination, we sought to quantify the interactions that the mixed tetrad was 

involved in throughout the simulations. First, we calculated the RMSD values of various 

regions throughout the structure to determine the regions that contribute the most to 

conformational change. We calculated the RMSD of all heavy atoms of the nucleotides in 

various regions of the PIM-1:Form 2 GQ including the duplex region, the all-guanine 

tetrads 1 and 2, as well as the mixed tetrad guanine and cytosine bases (Figure 3.6A).  

The duplex loop region had the highest RMSD values due to the frequency of 

solvent interactions resulting in base dynamics observed in the nucleotides not involved in 

Watson-Crick base-pairs. Additionally, as hypothesized, the ion behaviors of replicate 1 

appeared to rely on large structural changes in the mixed tetrad, which can be observed 

here as well, as the mixed tetrad exhibited an average RMSD of 1.6 ± 0.4 Å in replicate 1. 

These findings confirm our hypothesis that some degree of conformational change must 

occur to allow ion partitioning across the mixed tetrad, confirming that it is likely that a 

conversion from a direct tetrad configuration to a slipped tetrad configuration may be 

observed within these replicates that coordinate ions due to interactions with the mixed 

tetrad.  
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Figure 3.6 Characterization of the PIM-1:Form 2 mixed tetrad in replicate 1. (A) RMSD 

over time for all heavy atoms contained in distinct regions of the overall GQ structure. (B) 

Mixed tetrad hydrogen bonding distances. An approximate hydrogen bonding distance is 

below 3.5 Å (green shaded region). The distance data series in panels (A) and (B) are shown 

as 100-point (1-ns) running averages. (C) Hydrogen bonding patterns in the mixed tetrad. 

Watson-Crick Gua1:Cyt26 and Gua17:Cyt8 hydrogen bonds are shown in various shades 

of grey and purple, respectively. Bifurcated hydrogen bonds between Cyt8 and Cyt26 N4 

and Gua O6 or N7 atoms are shown in shades of red and blue, respectively.  

To characterize if such slippage was occurring within the mixed tetrad, we 

characterized the hydrogen-bonding patterns involving those bases, as these interactions 

distinguish between the two geometries. As described above, the mixed tetrad forms due 

to additional interactions occurring between two Watson-Crick base pairs. When 

additional, bifurcated hydrogen bonds form between these two base pairs, the mixed tetrad 

is engaged in a “direct” conformation (Figure 3.6C). Therefore, we calculated the distance 

between the guanine O6, N1, and N2 atoms and the cytosine N4, N3, and O2 atoms, 

respectively. Using a hydrogen bond distance threshold of 3.5 Å between the heavy atoms, 

we confirmed that, as hypothesized, the Watson-Crick base pairs remained intact 

throughout the entirety of the simulation time (Figure 3.6B).  

Next, to test our hypothesis that the loss of the cross-tetrad bifurcated bonds can be 

observed at points of ion partitioning into the GQ core resulting from conformational 

changes, we quantified these hydrogen bonds, as well. For this analysis, the distances 

between the cytosine N4 atoms and the guanine O6 and N7 atoms were calculated. We 
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confirmed the initial presence of the direct mixed tetrad configuration, as all bifurcated 

hydrogen bonds were initially present at the start of the simulations (Figure 3.6B). 

Replicates 2 and 4 also maintained all four bifurcated bonds from the beginning of the 

simulation (Supporting Information, Figure S3.3). As hypothesized, the results of this 

analysis indicate the loss of the bifurcated hydrogen bonds in replicate 1 at approximately 

705 ns. At this time, a K+ ion from bulk solvent interacted with the guanine O6 atoms at a 

distance of approximately 2-3 Å and remained there for the rest of the simulation (Figure 

3.7). These results suggest that a conformational transition from a direct to a slipped mixed 

tetrad configuration in replicate 1 occurred following bulk K+ ion coordination. The 

destabilization of these hydrogen bonds corresponded to the coordination of a K+ ion from 

bulk solvent (Figure 3.7). The increase of all four bifurcated hydrogen-bond distances to 

approximately 6-8 Å, values that persisted for the remainder of the simulation, further 

suggest that the mixed tetrad adopted a slipped conformation following the coordination of 

a second K+ ion into the GQ core. 

 

 
Figure 3.7 Ion coordination and mixed tetrad configuration throughout replicate 1. The top 

plot shows the minimum distances between a K+ ion and Gua1 and Gua17 O6 atoms, and 

the bottom graph shows the Gua1-Cyt8-Gua17 base COM angle. Colored regions of the 

graphs correspond to distinct simulation snapshots and mixed tetrad configurations shown 

here, with the starting mixed tetrad arrangement shown in grey. 

The conformational shift from the direct tetrad configuration to the slipped tetrad 

configuration is primarily characterized by the coordination of a stabilizing cation between 

the mixed tetrad and the all-guanine tetrad 2. Additionally, as described above, when this 

cation was present, the bifurcated bonds in the GQ tetrad core were broken as that space 

became occupied by the ion. The Watson-Crick base pairs further shifted to orient the 

guanine bases in the most favorable position to interact with the cation directly. As we have 

shown, it is reasonable to hypothesize that the conformational conversion to the slipped 

tetrad configuration occurred in replicate 1 due to the position of the coordinating K+ ion. 

To further characterize the transition from the direct to the slipped conformations within 

the mixed tetrad, we investigated both the distance of the K+ ion from Gua1 and Gua17 O6 

atoms and the angle formed by the centers-of-mass of the Gua1, Cyt8, and Gua17 bases to 
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better visualize the slippage of the Watson-Crick pairs. Monitoring the angle is a more 

direct metric of the slipping behavior, as in a square-planar arrangement, this value should 

be ~90ᵒ but would become acute upon slipping. In addition to visualizing features of the 

conformational interconversion of the mixed tetrad, this analysis also provides details on 

the dynamics of both bulk and the core cations. The ion partitioning event corresponded to 

a sudden decrease in the angle of the mixed tetrad bases. As expected, the angle formed by 

the bases shifted from ~90ᵒ to ~60ᵒ upon conversion to the slipped conformation (Figure 

3.7). Given that the slippage of the mixed tetrad results from the re-orientation of guanine 

bases to adopt more favorable interactions, this transition will result in a direct interaction 

between the guanine O6 atom and the K+ ion, as seen in the all-guanine tetrads of GQs.  

 

Ion and Mixed Tetrad Dynamics in Replicate 3 

While the results of the simulation from replicate 1 supported our initial hypothesis 

of ion coordination between tetrad 2 and the mixed tetrad (discussed above), in replicate 3 

we observed ion dynamics that were unprecedented in previous studies of GQ structures. 

The K+ ion initially placed between tetrads 1 and 2 fluctuated within the GQ core, sampling 

the locations between all three tetrads, including the mixed tetrad. For the first 900 ns of 

this simulation, the core K+ ion remained between tetrads 1 and 2 (Figure 3.8). However, 

from 900ns – 1 μs, the core K+ ion shifted positions throughout the GQ and sampled 

locations among all tetrads, favoring a co-planar coordination with tetrad 2. 

 

 
Figure 3.8 Mechanism of K+ ion partitioning in replicate 3. Time stamps are located below 

each image. "HETA" label corresponds to the core K+ ion placed within the GQ core, and 

"POT" labels correspond to K+ ions from bulk solvent.  

 Upon the extension of the simulation, we observed unusual behaviors of the core 

ion and the tetrad core itself. Following the core cation engagement with the entire GQ 

core, we observed that the GQ core became increasingly dynamic as noted by increases in 

RMSD for all tetrads (Figure 3.9A), allowing for the core K+ ion to diffuse into the bulk 

solvent, leaving the GQ core unoccupied from 1160.59 ns to 1180 ns. According to 

previous studies, the coordination of core cations is vital to overall GQ stability, therefore 

this finding indicates that the PIM-1:Form 2 GQ may have somewhat more plasticity than 

other GQs. At 1180 ns, the PIM-1:Form 2 GQ coordinated a K+ ion from bulk solvent that 
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interacted with various positions in the entire core. When a second bulk K+ ion partitioned 

into the core, the two ions briefly interacted with the mixed tetrad bases due to the solvent-

accessible state of the tetrads, prior to one ion shifting upwards in the GQ core between 

tetrads 1 and 2, shown at approximately 1195 ns (Figure 3.8). The GQ then underwent a 

conformation change, resulting in the retention of only one cation in the GQ core, with this 

ion sampling various locations prior to establishing a preference for the coordination 

between tetrad 2 and the mixed tetrad. These findings indicate that the PIM-1:Form 2 GQ 

contains additional features that contribute to the stability of the overall fold, as well as 

demonstrating that there may be a strong affinity for the core K+ ions within the mixed 

tetrad, but only after some degree of opening by disrupting hydrogen bonds.  

 For replicate 3, we performed the same analysis of the dynamics in the mixed tetrad 

that we described above for replicate 1 to fully characterize the behaviors of the mixed 

tetrad. Throughout replicate 3, the PIM-1:Form 2 GQ underwent large conformation 

changes that influenced ion dynamics, so our analysis of this system aimed to better capture 

the features of this GQ that contribute to these large changes. Starting with our RMSD 

analysis, we determined that the overall trends found in replicate 1 persisted with replicate 

3, including the higher RMSD that we can observed in the freely solvent-accessible duplex 

loop, as well as the lower RMSD values in the remainder of the GQ core (Figure 3.9A). In 

this replicate, the mixed tetrad had an average RMSD of 1.7 ± 0.6 Å. This higher RMSD 

value corresponds to the more prominent dynamical behavior present in this motif relative 

to replicate 1. Additionally, we observed that at approximately 900 ns, a large increase in 

the RMSD values occurred for both the mixed tetrad as well as the other two all-guanine 

tetrads in the GQ core. This increase corresponds to the largely distorted state that this GQ 

adopts throughout much of the rest of the simulation due to this GQ remaining highly 

dynamic through the core and mixed tetrad specifically. 
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Figure 3.9 Characterization of the PIM-1:Form 2 mixed tetrad in replicate 3. (A) RMSD 

over time for all heavy atoms contained in distinct regions of the overall GQ structure. (B) 

Mixed tetrad hydrogen bonding distances. As in Figure 3.6, an approximate hydrogen 

bonding distance threshold of 3.5 Å is shown in the green shaded region. The distance data 

series in panels (A) and (B) are shown as 100-point (1-ns) running averages. (C) Hydrogen 

bonding patterns in the mixed tetrad using the same color scheme as in Figure 3.6.  

We then investigated the hydrogen bonding network of the mixed tetrad of replicate 

3. We confirmed that the Watson-Crick base pairs were maintained within hydrogen 

bonding distance, aside from a small fluctuation of Cyt26 out of plane at approximately 

1489 ns and lasting for only ~2 ns. When investigating the pattern of the formation of the 

cross-tetrad bifurcated bonds within replicate 3, we observed similar shifts in the distances 

between the atoms as described in replicate 1. At the beginning of the simulation, we 

observed that all four of the hydrogen bonds were within hydrogen-bonding distance, with 

slight variations attributable to thermal fluctuation (Figure 3.9B,C). In replicate 3, the PIM-

1:Form 2 GQ maintained these bifurcated hydrogen bonds until approximately 900 ns, 

corresponding to the time during which the core K+ ion was sampling the entire GQ core. 

These ion dynamics likely resulted in the loss of some of the bifurcated hydrogen bonds, 

as the ion interacted with the mixed tetrad bases directly at this time. Additionally, at 

approximately 1 μs, we observed that the bifurcated hydrogen-bonding network was 

disrupted, with all interatomic distances increasing to 5 Å or higher, indicating a complete 

loss of this bifurcation network. The increased distances among the bases correspond to 

the increase in the RMSD of the mixed tetrad at this point in the simulation (Figure 3.9A). 

As shown in the snapshots provided in Figure 3.8, the PIM-1:Form 2 GQ existed in a 
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distorted state, such that these bifurcated hydrogen bonds were broken, contributing to the 

high RMSD. Additionally, the distances between the bases decreased and some bifurcated 

hydrogen bonds were reformed at approximately 1.4 μs, which corresponds to the collapse 

of the GQ tetrad core (Figures 3.8 and 3.9B). These findings confirm that the dynamics we 

observed within the mixed tetrad, supported by RMSD analysis, correspond to considerable 

conformational variability in this region. However, we observed that the GQ in this 

replicate did not adopt the proposed slipped conformation observed in replicate 1, as no 

ion was coordinated by the mixed tetrad directly.  

 
Figure 3.10 Ion coordination and mixed tetrad configuration throughout replicate 3. The 

top plot shows the minimum distances between a K+ ion and Gua1 and Gua17 O6 atoms, 

and the bottom graphs shows the Gua1-Cyt8-Gua17 base COM angle. Colored regions of 

the graphs correspond to distinct simulation snapshots and mixed tetrad configurations 

shown here, with the starting mixed tetrad arrangement shown in grey. 

We conducted the same geometric analysis as in the case of replicate 1 regarding 

K+ distance to Gua1 and Gua17 O6 atoms, and the mixed tetrad center-of-mass angle to 

further characterize the conformational dynamics observed in replicate 3 and their 

implications on ion dynamics. First, the ion minimum distance analysis clearly 

demonstrates the distinct behaviors of the core K+ ion we observed throughout the 

simulation (Figure 3.10). At approximately 900 ns, the core cation interacted with the bases 

in the mixed tetrad, demonstrating the downward shift from coordination by tetrads 1 and 

2 to coordination by tetrad 2 and the mixed tetrad 3. As discussed above, this behavior 

indicates some degree of affinity for this region of the GQ core. Additionally, the distance 

analysis shows that this ion was expelled from the GQ core at approximately 1175 ns, 

following the distortion of the tetrads and the diffusion of the core K+ ion into the bulk 

solvent, shown in the snapshots provided in Figure 3.8. Simultaneously, the distance 

between these guanine O6 atoms and bulk K+ ions decreased, confirming the ion 

coordination within the GQ core from a bulk ion partitioning in. The core cation remained 
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solvated for the duration of the simulation and never returned to the GQ core, as indicated 

by the large distance from the GQ core. Additionally, following the initial ion coordination, 

the GQ core remained occupied by at least one K+ ion from bulk solvent. The “distorted” 

GQ state was further characterized by observing the base angle of the mixed tetrad from 

1100 - 1400 ns. The decrease in the angle, although similar to that of the slipped tetrad 

geometry, does not correspond to this state. Rather, as the GQ core “opened,” the terminal 

Watson-Crick base pairs adopted a more acute angle. Additionally, following ion 

coordination from bulk solvent and the “reformation” of the overall GQ core, the angle 

returned to a value similar to that of the native structure. Overall, these results confirm that 

replicate 3 yielded distinct conformations of the GQ as well, despite the mixed tetrad never 

fully adopting the slipped geometry. These findings demonstrate different regions of 

affinity for cations throughout the GQ core, and a favorability for the GQ core to remain 

occupied by only one cation, at least on the time scale of these simulations. 

 Across the conventional MD simulations, our replicates exhibited a wide variety in 

the behaviors and structural dynamics of the GQ core. Two replicates (2 and 4) displayed 

minimal structural or ion dynamics within the GQ core, demonstrating the preference for 

one core K+ ion to remain between tetrads 1 and 2. However, replicate 1 exhibited the 

partitioning of a K+ ion through the slippage of the bottom mixed tetrad. This finding 

indicates that this GQ maintains some preference for coordinating two core cations, as long 

as a slipped configuration is adopted by the mixed tetrad. Replicate 3 displayed the highest 

level of structural and ion dynamics of the GQ core. This replicate displayed that ion 

modulation associated with various states of the GQ. Overall, these findings suggest that 

the dynamics and broad conformational ensemble associated with the PIM-1:Form 2 GQ 

may present new insights into the potential challenges with targeting this form in vivo, and 

may also explain why it is the minor form of the promoter GQ given the comparative 

rigidity of Form 1. 

 

Ion Interaction Energy Calculations 

The SAPT0 calculations of the non-slipped mixed tetrad systems revealed the 

expected energy minima between tetrads 1 and 2, and tetrad 2 and the mixed tetrad. Minima 

existed at equidistant points between the coordinating tetrads at z  1.8 Å (positions 

relative to tetrad 2). In the “1 ion” system, these minima were of roughly equal magnitude, 

suggesting that a K+ ion could be stably bound between tetrad 2 and a non-slipped mixed 

tetrad. However, there is a large energy barrier coincident with the location of the mixed 

tetrad that indicates it is essentially impossible for a K+ ion to adopt this coordination if 

partitioning from the bulk solvent (Figure 3.11). The positioning of the mixed tetrad 

directly below tetrad 2 in a non-slipped configuration leads to steric repulsion as the ion 

moves along the tetrad axis. Even if the bases in the mixed tetrad were shifted relative to 

the tetrad axis, the ion would encounter similar repulsion with tetrad 2. Thus, any 

partitioning from below the mixed tetrad would require major rearrangement of the atoms 

in this configuration. In both “2 ion” systems, the positions of the minima are the same as 

in the “1 ion” system but shifted upward, reflecting some repulsion between the ions, but 

that both ions are favorably accommodated in the expected coordination geometries. The 

barrier to partitioning from the bulk solvent remains in the same location. Together, these 

quantum mechanical results indicate that a K+ ion can be accommodated between tetrad 2 

and the mixed tetrad in a non-slipped geometry, but this ion would have to partition into 
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the GQ core from outside of tetrad 1, prior to the entry of a K+ ion that would be coordinated 

between tetrads 1 and 2.  

 In the slipped tetrad systems, the SAPT0 energy surface changes dramatically. The 

energy minimum between tetrads 1 and 2 remains at the same location and magnitude in 

the “1 ion” and “2 ions, top” systems, but the energy minimum between tetrad 2 and the 

mixed tetrad shifts slightly in the direction of the mixed tetrad (Figure 3.11). This result 

implies that the reconfiguration of the hydrogen bonding within the mixed tetrad leads to 

a favorable coordination geometry that is slightly closer to the mixed tetrad than in the case 

of the non-slipped mixed tetrad system. Further, the barrier to partitioning into the GQ core 

from below the mixed tetrad is abolished in this system. In fact, in the slipped mixed tetrad 

system, ion partitioning is essentially barrierless in either direction, suggesting that the 

rearrangement of hydrogen bonding interactions makes K+ partitioning into the GQ core 

more favorable across the entire structure. Therefore, slipping of the mixed tetrad 

fundamentally alters the electrostatic properties of the GQ core. As in the non-slipped 

mixed tetrad system, the energy profiles of the “2 ions, top” and “2 ions, bottom” systems 

are systematically shifted upward relative to the “1 ion” system, but the barriers to 

partitioning and the locations and magnitudes of the energy minima are essentially 

unchanged. 

 
Figure 3.11 Energetics of K+ partitioning through the GQ cores with non-slipped and 

slipped mixed tetrads, for each of the three ion coordination states indicated. In the images 

along the top, tetrad 1 is shown in red, tetrad 2 in blue, and the mixed tetrad in green. K+ 

ions are shown as orange spheres with the directions of movement along the tetrad axis 

shown as arrows. 

 These findings support our observations from the conventional MD simulations, as 

we observed the coordinated K+ ion placed between tetrads 1 and 2 to appear to prefer a 

position between tetrad 2 and the mixed tetrad in replicate 3, shown through the movement 
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throughout the GQ tetrad core. While this replicate adopted a non-slipped configuration of 

the mixed tetrad, this observation validates the findings here demonstrating that this 

partitioning would need to result from a downward movement from tetrad 1 due to steric 

occlusion. Additionally, as we observed the slipped tetrad conformation in replicate 1, we 

can confirm that the partitioning of a K+ from below the GQ core was accessible from bulk 

solution, as this behavior is likely due to the low energy barriers associated with ion 

partitioning when this geometry is adopted.  

 

3.3.3 Enhanced Sampling of PIM-1:Form 2 with GaMD 

 

 Due to the variable ion coordination behaviors and distinct differences across the 

replicates of our conventional MD simulations for the PIM-1:Form 2 GQ, we suspected 

that the GQs might be kinetically trapped in several different conformations across the free 

energy landscape. That is, that each of the replicate simulations may be representing a low-

energy state, without the ability to sample additional conformations that may be separated 

by large energy barriers. This behavior is made even more likely from the inherently 

slower, but more realistic, kinetics of Drude polarizable simulations compared to 

nonpolarizable simulations. Therefore, we performed Gaussian-accelerated molecular 

dynamics (GaMD) simulations,109 to more exhaustively sample the conformational 

landscape of these PIM-1 GQs. We performed these enhanced sampling simulations 

starting from four different structures arising from our conventional MD simulations. For 

example, as we previously mentioned, the terminal base pairs involved in the mixed tetrad 

of PIM-1:Form 2 were highly dynamic, resulting in the overall instability of the GQ tetrad 

core. Therefore, we identified various frames of the simulations that were most 

representative of the “distorted” and “reformed” conformations of the GQ following these 

conformational changes observed in replicate 3 of the conventional MD simulations. In 

addition to these representative starting points obtained from replicate 3 of conventional 

MD, we also simulated the PIM-1: Form 2 GQ, with both one and two core K+ ions, by 

using the unequilibrated Drude structures from our conventional simulation setup (Figure 

3.12).  

 
Figure 3.12 Starting structures for GaMD simulations of the PIM-1:Form 2 GQ. Four PIM-

1:Form 2 GaMD systems were simulated in total. 

 As this study is one of the first applications of GaMD with the Drude polarizable 

FF, we first assessed our systems for convergence following the equilibration process. To 

do so, we analyzed the k0 and E values that define the overall boost applied to the system. 

We observed that all the GaMD systems achieved convergence during the initial 50 ns of 
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equilibration time (Supporting Information, Figure S3.4). Having confirmed that the 

systems had converged, we began 500 ns of GaMD production simulation time in each 

system. For analysis, the first 10 ns of production time was discarded as additional 

equilibration time for the system to obtain a relaxed starting point for simulation time, 

therefore for GaMD production, we will be discussing our observations from the results of 

490 ns of simulation time. 

 The rationale for performing enhanced sampling simulations rests on the highly 

dynamic behaviors that we observed in our conventional MD simulations. We 

hypothesized that the conformational changes in the PIM-1:Form 2 GQ correspond to 

different thermodynamically accessible states and by boosting potential energy in GaMD 

simulations, we would be able to capture more of the conformational ensemble of these 

PIM-1 GQ systems. First, we observed the structural dynamics of the GaMD systems and 

aimed to characterize any distinguishable features that differ from the observations made 

in conventional MD simulations.  

 Across all GaMD replicates of the PIM-1:Form 2 GQ, we observed similar 

dynamics in the Watson-Crick base pairs that comprise the mixed tetrad as those observed 

in the conventional MD. Specifically, in all simulations in which there was no K+ ion 

initially placed between tetrad 2 and the mixed tetrad, we observed that the terminal bases, 

Gua1 and Cyt26, interacted with the bulk solvent and thus resulted in an “open” 

conformation that allowed for the GQ core to remain accessible for additional cation 

coordination. This outcome aligns with the observations from replicate 3 of the 

conventional MD simulations. To characterize this behavior, we conducted both an 

eRMSD and a pseudo-dihedral analysis to better understand this swinging motion that the 

GQs are engaged in.  

 eRMSD is a metric that reflects the variation in the nucleobase orientations 

throughout a structure.112 Thus, while providing a similar comparison from distinct time 

points in the MD trajectory to the initial starting structure as standard RMSD calculations, 

this measurement aims to provide a more specific analysis associated with the internal 

geometries of nucleic acid structures. The analysis of eRMSD values across the GaMD 

simulations revealed some distinction between replicates. Overall, all eRMSD values 

across all GaMD trajectories fell within the range of 0.6 to 1.6 (Figure 3.13A). eRMSD 

values ≤1.0 serve as a threshold, below which the structures are typically considered very 

similar. Therefore, we observed both the PIM-1:Form 2 (cMD) and PIM-1:Form 2 (Two 

K+) GQs remained above this threshold for the entirety of the simulation time. It is likely 

that this result is due to a conformational change in the mixed tetrad as it adopts the 

“slipped” configuration over time, as we observed in both of these trajectories. 

Additionally, the PIM-1:Form 2 (Reformed) and PIM-1:Form 2 (Distorted) GQs exhibited 

low eRMSD values for approximately half of the simulation time prior to reaching steady, 

larger eRMSD values. At the beginning of the simulation, the PIM-1:Form 2 (Distorted) 

GQ remains highly dynamic with an unoccupied core and flexible terminal bases, 

properties that largely aligns with the observations made in the conventional MD, strongly 

resembling with the overall structure provided as the reference for this replicate. 

Additionally, the same behavior was observed in the PIM-1:Form 2 (Reformed) GQ system 

as this structure remained in that conformation prior to the opening of the mixed tetrad to 

coordinate an additional core K+ ion. Therefore, as these replicates coordinated those 
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additional ions into the GQ core, the nucleobase interaction networks become changed, 

resulting in the higher observed eRMSD values.  

 In addition to the eRMSD analysis, we also calculated a pseudodihedral to 

characterize the overall structural dynamics of the systems (Figure 3.13B). The pseudo 

dihedral angle was calculated from the centers-of-mass of the Gua1, Cyt8, Gua7, and Gua3 

bases (Figure 3.13C), allowing us to characterize the overall “swinging” motion of the 

terminal bases that facilitates ion coordination observed across the replicates. We observed 

that these bases adopted a smaller pseudodihedral angle (≤ 45ᵒ) concomitant with the 

“opening” or “distortion” of the GQ core, whereas a larger angle was sampled when the 

GQ core adopted the more stable, “closed” conformation (Figure 3.13B). In particular, in 

the PIM-1:Form2 (Distorted) GQ, we observed fluctuations of smaller angles when this 

replicate remained highly dynamic and distorted, with a large increase in dihedral angle 

when this replicate coordinated bulk K+ ions and adopted a more conventional GQ 

structure. The same pattern was observed in the PIM-1:Form 2 (Reformed) GQ, as this 

system exhibited a larger pseudodihedral angle prior to the “opening” of the GQ core, a 

behavior that corresponds to the large decrease in the angle at approximately 150 and 250 

ns, prior to the coordination of a second core K+. Additionally, in the PIM-1:Form 2 (cMD) 

and PIM-1:Form 2 (Two K+) replicates, we observed only small variation in the 

pseudodihedral angle. Despite maintaining the value that is more indicative of the “open 

conformation,” it is likely this configuration is due to the slipped-tetrad conformational 

change that we have ascribed to the binding of a second K+. 
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Figure 3.13 eRMSD (A) and Gua1-Cyt8-Gua7-Gua3 pseudodihedral value (B) time series 

for all GaMD replicate systems. (C) Bases used to calculate pseduodihedral angle are 

shown. Pseudodihedral values are shown as 1-ns running averages.  

 Ion dynamics in the GaMD simulation differed from those of the conventional MD 

simulations. The GaMD simulations confirmed that the PIM-1:Form 2 (Two K+) GQ 

remained structurally stable, as noted above regarding the lack of structural perturbations 

in this system. Additionally, this system maintained both K+ ions present in the core, and 

it is likely that this result corresponds to a more favorable conformation with the core 

cations providing additional stability. In both systems that began with one K+ ion within 

the core, the PIM-1:Form 2 (cMD) and PIM-1:Form 2 (Reformed) GQ conformations, we 

observed similar core-sampling behaviors of the one cation as we saw in the conventional 

simulations. Additionally, this singular core K+ ion appeared to prefer the position between 

tetrad 2 and the mixed tetrad in the GQ core, corresponding to our observations described 

in the QM analysis above. We observed that both replicates manifested an “opening” of 

the GQ core that resulted in the coordination of a second core K+ ion from bulk solution at 

approximately 351 ns and 309 ns for the cMD and the Reformed GQ, respectively (Figure 

3.14A,B).  

 In the PIM-1:Form 2 (Distorted) GQ system, we observed behaviors that largely 

resembled replicate 3 of the conventional MD simulations. As this simulation was initiated 

without K+ ions present in the GQ core, we observed that the distorted nature of the core 

persisted as the swinging of the terminal Gua1:Cyt26 base pair resulted in a highly dynamic 
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system (Supporting Information, Figure S3.5). The GQ core remained devoid of K+ ions 

and dynamic until approximately 408 ns, when a K+ ion partitioned into the core from the 

bulk solution and sampled the GQ core in its entirety prior to diffusing back into the bulk 

solution at 417 ns. This GQ then returned to the “open” conformation as the unoccupied 

core allowed for increased structural dynamics until two K+ ions from bulk solution were 

coordinated at 480 ns and 499 ns (Figure 3.14C). Two K+ ions partitioned into the tetrad 

core in all GaMD replicates of the PIM-1:Form 2 GQ, indicating that such partitioning may 

be strongly favorable but may depend on the adoption of transient states that are more 

easily accessible in the GaMD simulations. These simulations further verified the findings 

from the QM ion interaction energy calculations, as all of the replicates had to undergo 

some degree of conformational rearrangement to allow ion partitioning through the mixed 

tetrad from the bulk solution, as indicated by the adoption of an “open” conformation, 

given that none of these replicates were initiated with a slipped tetrad configuration.  
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Figure 3.14 Ion dynamics for the PIM-1:Form 2 GQ GaMD replicates that partitioned K+ 

ions into the tetrad core. Trajectory snapshots and time stamps are provided for (A) cMD, 

(B) Reformed, and (C) Distorted systems.  
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Defining the Conformational Free Energy Surface of the PIM-1:Form 2 GQ 

 To determine how the observations we made throughout the GaMD replicate 

simulations correspond to the thermodynamics associated with the various conformational 

states, we conducted a two-dimensional reweighting process to capture the free energy 

landscape associated with the various states. Reweighting is a process in which collective 

variables (CVs) that describe characteristic properties of a system are used to calculate the 

original free energy surface via unbiased probabilities. The CVs that we utilized for the 

reweighting process are the pseudo-dihedral and eRMSD values described in the previous 

section. These CVs were selected as they provide for the clearest differentiation between 

conformational states, while other possible CVs that we considered have more ambiguity 

across the conformational landscapes and are more complex for analysis purposes. For 

example, as we discussed in detail following the analysis of our conventional MD 

simulations, the angle of the bases within the mixed tetrad can shift as a result of two 

distinct conformations, thus leading to degeneracy in the analysis, and would likely not 

serve as an effective CV. Therefore, to maintain a high level of confidence in our 

reweighting assessment, we determined to use the stated CVs. Specifically, the pseudo-

dihedral and eRMSD values directly correspond to the degree of “distortion” in the GQ 

associated with the “open” conformation we discussed above.  

Across all GaMD replicates, we observed that the GQ coordinated two core 

stabilizing K+ ions, confirming the hypothesis that the acquisition of ions from the aqueous 

solvent likely reflects a favorable behavior of the system and thus a low energy state or an 

intermediate that leads to a low free energy state. The enhanced sampling of these systems 

resulted in the coordination and preference for two K+ ions within the GQ core, which 

differed from the observed preference for one core cation that was observed across the 

conventional MD systems. These observations are also aligned with our findings from the 

ion interaction energy calculations. When the GQ can access rare states, the energy barriers 

shift and the partitioning of ions into the GQ core can occur along alternate routes beyond 

just the tetrad axis. 

 Following our observations and descriptions of the GaMD replicates, we visualized 

the free energy landscape of replicates that behaved similarly, to obtain values from 

different sampled regions of the surface. Thus, we concatenated and visualized the PIM-

1:Form 2 cMD, Two K+, and Reformed GaMD replicates together on one surface, while 

analyzing the more dynamic, Distorted replicate independently. By doing so, we obtained 

several local minima for the PIM-1:Form 2 GQ as a whole. We observed enriched 

conformational sampling in the PIM-1:Form 2 (Distorted) replicate, as expected due to the 

large observable structural dynamics of this system. In terms of favorable states, we can 

confirm that in this replicate with the largest conformational ensemble, the minimum exists 

at an eRMSD of 0.50 and a pseudodihedral angle of 40ᵒ, which corresponds to an “open” 

and distorted GQ conformation described in detail above (Figure 3.15B). Additionally, 

when analyzing the less dynamic replicates together, the system displayed a global 

minimum at an eRMSD of approximately 0.75 and a pseudodihedral angle of 90ᵒ. These 

geometric properties correspond to a representation from the Reformed replicate in which 

a single core K+ ion interacts with the mixed tetrad, resulting in the adoption of the slipped 

tetrad conformation (Figure 3.15A). Additionally, a local minimum was sampled in the 

Two K+ system, indicating that this is also a highly favorable conformation for this PIM-

1:Form 2 GQ. 
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Figure 3.15 Two-dimensional reweighted free energy surface for the PIM-1:Form 2 GQ 

GaMD runs (A) concatenated replicates (cMD, Two K+, and Reformed) and (B) PIM-

1:Form 2 (Distorted) GQ. Global and local minima are marked and corresponding 

trajectory snapshots are provided with time stamps. 

 As shown in the free energy surfaces from the GaMD simulations, only low free 

energy barriers (~2 kcal mol-1) exist between distinct states of the PIM-1:Form 2 GQ. These 

findings, in addition to our observations from the conventional MD simulations, provide 

insights into the plasticity of this GQ. We observed that this GQ sampled many distinct 

states and we can now attribute this level of structural plasticity to the low free energy 

barriers between these states. Additionally, this finding may further rationalize the 

preference for Form 1 over Form 2 of the PIM-1 GQ, as there is likely some degree of 

unfavorability associated with the highly dynamic Form 2 GQ.  

 

3.3.3 Mixed Solvent Simulations of PIM-1 GQs with SILCS 

 

As discussed above, previous efforts to target GQs have proven to be largely 

unsuccessful due to limited selectivity by the ligands. GQs are commonly targeted at 

solvent-accessible tetrad faces, and if no other aspects of the structure are targeted to confer 

specificity, the compounds will likely bind to many GQs. Here, we performed SILCS 

simulations of the two PIM-1 GQ conformations to determine if compounds might 

selectively bind to one or the other. As discussed above, the PIM-1 gene encodes a serine-

threonine kinase that is commonly implicated in cancers and can result in pro-tumorigenic 

downstream effects. It is hypothesized that targeting these GQs with stabilizing ligands can 

serve as an alternative chemotherapeutic approach by inhibiting gene expression at the 

transcriptional level. It is important to note that Forms 1 and 2 of the PIM-1 GQ coexist at 

equilibrium, and well-informed drug design efforts are necessary to determine how to 

preferentially target the desired GQ given which form is present. Therefore, this study 
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serves as a preliminary investigation to gain insights into advantageous function group 

patterns that can better inform future drug-design efforts by identifying structural aspects 

of the GQs that may be exploited in the drug design process. Here, we applied both additive 

and polarizable SILCS workflows to the PIM-1 GQs to determine the role of electronic 

polarization in the sampling patterns obtained and to identify potential ligand binding 

regions on the surfaces of these GQs. 

 

 
Figure 3.16 Comparison of additive and polarizable SILCS FragMaps for PIM-1:Form 1 

GQ. The maps were generated from specific atoms of the SILCS solutes. Apolar maps 

represent benzene (C), propane (C), and imidazole (HC); hydrogen bond donor maps 

include formamide (N) and imidazole (NH); hydrogen bond acceptor maps include 

formamide (O), dimethylether (O), and imidazole (N). The GFE values used as a threshold 

to render the maps are provided. 
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Figure 3.17 Comparison of additive and polarizable SILCS FragMaps for the PIM-1:Form 

2 GQ. The maps were generated from specific atoms of the SILCS solutes. Apolar maps 

represent benzene (C), propane (C), and imidazole (HC); hydrogen bond donor maps 

include formamide (N) and imidazole (NH); hydrogen bond acceptor maps include 

formamide (O), dimethylether (O), and imidazole (N). The GFE values used as a threshold 

to render the maps are provided. 

 The SILCS simulations are typically analyzed in terms of FragMaps, which 

represent the probability that a given probe molecule will occupy a discretized region of 

space. As such, FragMaps serve as a representation for general features of the SILCS 

solutes, which are also common features of drug-like compounds. Therefore, the apolar 

map is generated from the coordinates of benzene (C), propane (C), and imidazole (HC). 

The hydrogen bond donor map includes contributions from: formamide (N) and imidazole 

(NH). The hydrogen bond acceptor map includes: formamide (O), dimethylether (O), and 

imidazole (N). These solute occupancies are then transformed into calculate a Grid Free 

Energy (GFE) score, which is a quantitative measure of affinity of the functional groups 

for that location. In comparing the additive and polarizable SILCS FragMaps, it is evident 
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that the Drude polarizable FF led to increased solute sampling around the GQ structures at 

equivalent GFE cutoff values. This outcome is particularly evident in the case of hydrogen 

bond donors and acceptors (Figures 3.16 and 3.17). As such, it appears that the inclusion 

of polarization by use of the Drude SILCS workflow allows for greater and more diverse 

probe sampling around the GQ surfaces for both PIM-1 systems, similar to the VEGF 

systems.  

 While the polarizable SILCS FragMaps show considerably more solute 

accumulation around the GQ, the overall patterns of fragment affinity are similar across all 

systems. For example, we observed apolar and hydrogen bond donor and acceptor 

functional groups exhibit favorable sampling throughout most of the GQ structure, 

particularly in regions that are more solvent-accessible, including the duplex loop and the 

top loop bases above tetrad 1. Additionally, as hypothesized, the polyanionic backbone of 

the GQ attracted high concentrations of the positively charged methylammonium solute at 

strongly favorable GFE thresholds. This binding was nonspecific and led to the entire 

phosphodiester backbone being coated within the probe molecules. Additionally, we 

observed that the polarizable SILCS FragMaps exhibited sampling of the negatively 

charged acetate solute in the duplex and top loop regions of both the PIM-1 GQs. These 

anionic species are known to interact strongly with some nucleotides, such as guanine,88 

and Gua11 can be found in the outer-most location in the loop region. The most notable 

differences between the additive and polarizable FragMaps are focused surrounding the 

duplex region, which we hypothesize can serve as a potential region of specificity for 

ligand binding. The overall increase in solute sampling in this region in the polarizable 

systems is a vital consideration for drug development as designing molecules that bind in 

this region may result in improved pharmacophore models and therefore, drug candidates. 
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Figure 3.18 Comparison of common ligand-targeting regions from polarizable SILCS 

FragMaps of form 1 and form 2 of the PIM-1 promoter GQ. The maps were generated from 

specific atoms of the SILCS solutes. Apolar maps represent benzene (C), propane (C), and 

imidazole (HC); hydrogen bond donor maps include formamide (N) and imidazole (NH); 

hydrogen bond acceptor maps include formamide (O), dimethylether (O), and imidazole 

(N). The GFE values used as a threshold to render the maps are provided. 

Next, we sought to explore the differences between the SILCS FragMaps of the two 

PIM-1 GQs at accessible locations that may serve as regions of enhanced specificity for 

ligand-binding. As explained in earlier analysis of the SILCS FragMaps, due to the 

enhanced sampling observed in the polarizable SILCS systems, the analysis in these 

regions will rely on these FragMaps (Figure 3.18). We hypothesized that the presence of 

the mixed tetrad in the PIM-1:Form 2 GQ would yield different properties of putative 

ligands at the GQ-duplex junction relative to the PIM-1:Form 1 GQ, which has an all-

guanine tetrad present at this location. We observed that additional apolar and hydrogen 

bond donor and acceptor occupancy was present at the GQ-duplex junction in the PIM-

1:Form 1 GQ, in contrast to limited solute sampling in this region in the PIM-1:Form 2 

GQ. Therefore, small molecules that have these chemical properties may be the basis for 

designing ligands to preferentially target the PIM-1 GQ at this junction. 

 When we analyzed the region above tetrad 1, which serves as a common ligand 

binding site in GQs, we observed similar solute sampling in both GQ systems. 

Interestingly, favorable sampling of the negatively charged acetate can be observed in this 

region in both GQ systems. Specifically, it is likely that the anionic sampling in this 

location is a result of the presence of Gua1 nucleotide within the loop. As previously 

described, it is known that acetate interacts with guanine nucleobases with a relatively high 
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affinity. Therefore, while this region may be useful to design ligands that bind selectively 

to both PIM-1 GQs, it is unlikely the targeting in this region will provide the ability to 

design preferentially binding ligands that distinguish between the two forms.  

 

3.4 Conclusions 

 

 In this study, we analyzed the topologically diverse PIM-1 promoter GQs. These 

GQs exist in equilibrium with one another and gaining insight into how to preferentially 

target these structures serves as the first step in the drug design process. Here, we explored 

the electrostatics and structural dynamics of these GQs, primarily focusing on any changes 

to their properties that occurred as a result of the presence of the mixed cytosine-guanine 

tetrad in the PIM-1:Form 2 GQ. Overall, we observed that this mixed tetrad can adopt 

distinct conformations that modulate cation coordination in the GQ core, a feature that has 

proven to have implications on electrostatics and overall structural stability in the system. 

Across our conventional and enhanced sampling simulations, we identified a wide variety 

of conformations accessible to the PIM-1:Form 2 GQ, and confirmed this finding through 

the reconstruction of its free energy landscape. Low free energy barriers exist between 

these states, and therefore, these dynamic changes were accessible in both conventional 

MD and GaMD simulations. While our simulations of the PIM-1:Form 1 GQ confirmed 

that this structure behaves as a “prototypical” GQ system, it is likely that, when considering 

these findings collectively, these results may help rationalize the strong prevalence for the 

Form 1 GQ in vitro relative to Form 2, which is more polymorphic and therefore less likely 

to be adopted frequently.  

As the primary goal of this initiative was to inform future drug design efforts, we 

also performed SILCS simulations to provide insights into the different structural motifs 

of the PIM-1 GQs that may be exploited for preferential ligand design in the future. Our 

findings suggest that the GQ-duplex junction of the PIM-1:Form 1 GQ, the biologically 

dominant form, may be a suitable structural motif for the design of new small molecules. 

Additionally, this study served as an initial comparison between the polarizable and non-

polarizable SILCS workflows in GQ drug design, and we found enhanced solute sampling 

in the polarizable systems, especially when capturing sampling of the negatively charged 

acetate solute. Thus, future efforts should be dedicated to confirming whether this 

improved sampling in the Drude SILCS simulations result in more detailed pharmacophore 

models, which in turn may improve the selectivity and efficacy of future drug candidates. 
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3.6 Supporting Information 

 

 
Figure S3.1 Ion Occupancy Maps for PIM-1:Form 1 GQ. Brown regions indicate positions 

occupied by K+ ions for at least 1% of total simulation time across all four replicates per 

system (4 μs total). Tetrads are colored (1 – red, 2 – blue, 3 – green). 

 
Figure S3.2. Trajectory snapshots for the PIM-1:Form 2 GQ replicates without further ion 

partitioning into the GQ core, these time stamps are representative of the comformation 

maintained throughout the entire simulation duration of 1 μs. 
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Figure S3.3 Mixed tetrad hydrogen bonding distances for (A) replicate 2 and (B) replicate 

4. An approximate hydrogen bonding distance threshold of 3.5 Å is shown by the green 

shaded region. Watson-Crick base pair and bifurcated hydrogen bonds within the mixed 

tetrad are shown. (C) Watson-Crick Gua1:Cyt26 and Gua17:Cyt8 hydrogen bonds are 

shown in various shades of grey and purple, respectively. Bifurcated hydrogen bonds 

between Cyt8 and Cyt26 N4 and Gua O6 or N7 atoms are shown in shades of red and blue, 

respectively. The distance data series are shown as 100-point (1-ns) running averages. 
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Figure S3.4 Assessing for equilibration statistics to confirm convergence in GaMD PIM-

1:Form 2 GQ replicates (A) cMD, (B) Two K+, (C) Reformed, and (D) Distorted. Top 

panels show k0 for total (red) and dihedral (black) potential energies. Bottom panels show 

threshold energy, E, for the systems. 
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Figure S3.5 Base and backbone RMSF values for GaMD replicates of PIM-1:Form 1 (A) 

cMD, (B) Two K+, (C) Reformed, and (D) Distorted GQ systems.  
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Chapter 4. Future Directions  

 

This study provides a systematic investigation into the structural and electrostatic 

behaviors of two promoter GQ structures that regulate the transcription of oncogenes. It 

has been shown that both the VEGF and PIM-1 GQs, when folded, result in the stalling of 

transcription of the oncogenes under their control. Therefore, interest in using these 

structures as targets to regulate gene expression on the genomic level has emerged as a 

method of chemotherapeutic treatment. This study provides foundational data that are 

necessary to inform future drug design efforts for these GQs.  

Specifically, in our investigation of the VEGF GQ, we explored both the wild-type 

and the experimentally resolved mutant structures. The experimental structure serves as a 

model system for many GQ-targeting studies, therefore identifying any potential 

limitations that arise due to the thymine mutations is important context for further drug 

design efforts. Our investigation verified that, despite largely similar dynamics and 

behaviors across the two GQ systems, the VEGF-WT and VEGF-T12T13 GQs have some 

distinct properties that may impact future investigations. For example, we found that due 

to differences in base sizes, the accessibility of the commonly targeted region above tetrad 

1 varies depending on the sequence. When the nucleotides at positions 12 and 13 are 

mutated to thymine, an additional binding site between Thy13 and Gua2 emerges. 

Additionally, we confirmed that this binding pocket may attract different functional groups 

through our SILCS analysis. Therefore, it is likely that the use of the mutant GQ in drug 

design investigations likely would result in compounds that are incompatible with the 

biologically relevant wild-type GQ. Thus, the next steps in this project would revolve 

around testing this hypothesis; by using our results from the SILCS analysis, we could 

conduct pharmacophore modeling and subsequent docking and derivatization of small 

molecules that complement the probe molecule features that we identified via SILCS. 

Additionally, once candidate small molecules demonstrate promise in our computational 

investigations, we would further validate our results through experimental techniques, such 

as circular dichroism (CD) and Förster resonance energy transfer melting (FRET-melting) 

experiments, to identify compounds with high affinity for the GQs.  

 Our analysis of the PIM-1 GQs provided details of the effects of a mixed tetrad in 

the GQ structure. While many other GQs have recently been found to contain mixed tetrad 

configurations, this study serves as the first to provide insights into the implications of 

mixed tetrads on GQ structural dynamics and electrostatics. Therefore, the future direction 

of this project would primarily aim to further characterize this mixed tetrad configuration. 

Our simulations uncovered various conformation changes and smaller rearrangements that 

led to the coordination of K+ ions from bulk solution. Therefore, further clustering analysis 

may prove beneficial to more rigorously characterize distinct conformations within this 

system and identify the most populated conformations of the PIM-1 GQs. Additionally, as 

distinct ion coordination was observed across replicates, further simulations with various 

cationic species could provide insights on possible mixed tetrad contributions to ion 

preference of the GQs. We observed an enhanced structural stability that results from the 

presence of the mixed tetrad in both conventional and biased MD simulations. The stability 

of the overall GQ fold was retained despite the lack of coordinating cations in the GQ core. 

Therefore, further investigations into the stabilizing forces would prove to be beneficial to 

understanding the biological role of the mixed tetrad configuration and how it may 
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influence the overall PIM-1 GQ architecture. Similarly, while we captured the free energy 

landscapes of the PIM-1:Form 2 GQ from the enhanced GaMD simulations, further 

comparison of those generated from various other enhanced sampling techniques could be 

useful, and are now feasible given the identification of appropriate CVs in this initial 

investigation. In addition to the structural and electrostatic properties that we analyzed in 

this structure, we also conducted the initial fragment screening for future drug design 

studies. Therefore, as in the case of the VEGF GQ, these insights rely on the further 

assessment of pharmacophore models and screens, as well as the experimental validation 

of our computational drug design findings.  
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