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Abstract

Understanding the efficacy of and creating delivery mechanisms for therapeutic nucleic acids 

requires understanding structural and kinetic properties which allow these polymers to promote the 

death of cancerous cells. One molecule of interest is a 10mer of FdUMP (5-fluoro-2′-

deoxyuridine-5′-O-monophosphate) – also called F10. Here we investigate the structural and 

kinetic behavior of F10 in intracellular and extracellular solvent conditions along with non-

biological conditions that may be efficacious in in vitro preparations of F10 delivery systems. 

From our all-atom Molecular Dynamics simulations totaling 80 microseconds, we predict that 

F10’s phosphate groups form close-range interactions with calcium and zinc ions, with calcium 

having the highest affinity of the five ions investigated. We also predict that F10’s interactions 

with magnesium, potassium and sodium are almost exclusively long-range interactions. In terms 

of intramolecular interactions, we find that F10 is least structured (in terms of hydrogen bonds 

among bases) in the 150mM NaCl (extracellular-like solvent conditions) and most structured in 

150mM ZnCl2. Kinetically, we see that F10 is unstable in the presence of magnesium, sodium or 

potassium, finding stable kinetic traps in the presence of calcium or zinc.

1 Introduction

DNA polymers have a tendency for intra-molecular repulsion due to the negative charges on 

the oxygens in the phosphodiester backbone’s phosphate groups. However, environmental 

factors – such as the presence of positive metal ions in solution with DNA – can spur the 

formation of secondary structures. Electrostatic interactions between metal ions and the 

phosphodiester’s bond can replace interactions between the phosphate groups and oxygens 

in the water. Alternatively, complexes of metal ions interacting with water molecules can 

form hydrogen bonds with the phosphate group’s oxygens. 1–4
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Our previous work focused on the effects of MgCl2 and ZnCl2 on a polymer of 5-fluoro-2′-

deoxyuridine-5′-O-monophosphate (FdUMP, Figure 1) which has been found efficacious in 

cytotoxic chemotherapy. 5–12 We found this 10mer – F10 for short – formed stable short-

range interactions with magnesium and zinc ions in certain solvation and protonation 

conditions. 13 Given these results, we were curious about the effects of varying the type of 

ion present in solution with F10. For comparison and elaboration, we have used the data 

from our previous study on F10 in zinc-rich and magnesium-rich solvent conditions 13 along 

with novel simulation data of F10 in calcium-rich, sodium-rich and potassium-rich 

environments.

This curiosity is not merely academic, however, as understanding the interactions of various 

metal ions with nucleic acids has been of much recent interest. 14–27 Additionally, the 

proposed mechanism(s) for F10’s cytotoxic effects indicates that preventing degradation of 

F10 to FdU monomers prior to cellular uptake will increase its efficacy as an anti-cancer 

therapeutic. 5,6,28,29 Preventing such breakdown of oligonucleotides is likewise a topic of 

general recent interest. 30 Understanding the structural and kinetic behaviors of F10 caused 

by both biologically relevant and laboratory preparation solvent conditions will aid in 

rational development of delivery systems for F10.

We found the particular counterion used changes the type, frequency and lifetime of 

secondary structures. In the presence of calcium, F10 consistently formed highly stable 

structures lasting up to 5 microseconds at a time. We observed a similarly stable structure 

emerging in the presence of zinc. Additionally, potassium induces F10 to form more 

extended structures than the other metal ions while calcium induces F10 to form more 

compact structures.

2 Methods

2.1 Simulation configuration

All-atom molecular dynamics simulations were performed under the canonical ensemble 

(NVT) using ACEMD 31 on Metrocubo GPU workstations. The simulations were run with 

Langevin thermostat at a temperature of 300K, 4fs timestep (using hydrogen mass 

repartitioning), 9-angstrom cutoff for switching VdW and electrostatic forces (with a switch 

distance of 7.5 angstroms). Long range electrostatics were calculated using a smooth particle 

mesh Ewald method. 32,33 Prior to production runs, 1,000 steps of conjugate gradient 

minimization was performed.

The CHARMM27 forcefield was used, supplemented with F10 parameters, 34,35 which have 

been previously validated 35,36 and implemented for Molecular Dynamics simulations, 35 an 

increasingly powerful and popular tool in drug discovery. 37,38 F10 was solvated in a 50-

angstrom cubic water box and the concentration of each counter ion was set to 150mM of 

the given salt using VMD’s 39 “Add Solvation Box” and “Add Ions” tools with salt 

concentrations set using the “Neutralize and set” option.

The forcefield parameters used here have been previously validated for FdU systems in the 

presence of zinc and magnesium in computational and experimental studies. 34–36 The 
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validation of these two divalent metal ions is particularly important given that divalent ion 

MD simulations have been shown less reliable than simulations of monovalent ions. 40–42 

The other ions investigated here have not yet been experimentally validated with FdU; 

however, they have been applied in a variety of other studies of nucleic acids in the presence 

of various ions of which we cite a few examples. 43–45 Obviously, the results for these ions 

are only as valid as the input forcefield parameters. In recent years, there has been much 

discussion of the limitations of and work on improving MD forcefields – especially with 

respect to metal ions – of which we cite a few examples. 44,46–50

2.2 Processing and analysis

For each F10-ion system, a one-microsecond and three five-microsecond simulations were 

run, resulting in a total of 16 microseconds of data for each system. All simulations were 

strided to one frame per nanosecond, resulting in 16,000 frames in each of the final 5 

trajectories used for analysis. Prior to analysis we also removed the water molecules and 

chlorine ions from the systems, leaving F10 and the metal ion of interest in each trajectory.

To determine the relative stability of each system and to define structural macrostates, we 

used HDBSCAN 51,52 clustering, which has been demonstrated particularly effective with 

molecular dynamics trajectories. 53 This is a density-based method that results in a 

hierarchical clustering. However, HDBSCAN differs from other hierarchical techniques in 

that it does not cut the final dendrogram at one point but rather selects clusters from multiple 

levels of the tree. The only parameter for HDBSCAN that a user need set is minimum 

cluster membership, which we set at two – meaning that any singleton clusters will be 

labeled as noise. For HDBSCAN, we used as input features all heavy-atom Cartesian 

coordinates.

Treating these HDBSCAN clusters as structural macrostates (and under the assumption that 

the systems are Markovian – memoryless – with respect to each 1ns time step), we created a 

Markov chain of transitions between macrostates. From this chain, we constructed a Markov 

rate matrix, indicating the transition rates between all pairs of states. We then exponentiated 

this matrix to natural number values and recorded the likelihood that a transition occurs 

between states at various timescales. Whenever a transition was more than 50% likely, we 

considered that transition to have occurred. In this fashion, we simulated transition pathways 

among macrostates, as seen in Figure 3.

We calculated a Pearson correlated motion matrix of C1′ atoms. We performed Principal 

Component Analysis (PCA), reducing the number of coordinates from 3 × number of atoms 

to just a few components capturing a large portion of dynamic variance in the simulations. 

Projecting the individual system trajectories onto eigenvectors representing the two highest-

variance principal components, binning the projections with two-dimensional histograms, 

and calculating free energy values with

(1)
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(where k is Boltzmann’s constant, T is temperature (300K), P is the population of a bin and 

P0 is the population of the most populated bin), we estimate a free energy landscape for the 

polymer’s dynamics. For comparison across systems, we first calculated principal 

components for the concatenated trajectory of all 5 systems to create a common basis set. 

We then projected coordinates from each system individually, producing a free energy 

landscape for each of the five solvent conditions in a common space. For these calculations, 

atomic coordinates were read into Matlab using MatDCD. * Plots were produced with in-

house Matlab scripts, which we have made available online via figshare. 54

To quantify ion interactions with F10, we used the “Radial Pair Distribution Function g(r)” 

plugin in VMD, setting “delta r” (the radial step size) and “max r” (the maximum radius) set 

to 0.1 and 35 angstroms respectively. To plot radial distribution functions, we used Grace, a 

WYSIWYG 2D plotting tool for the X Window System. For determining base-base 

interactions we employed DSSR, a new component of the 3DNA suite of software 

programs. 55–57

To determine the flexibility and compactness of F10 with respect to the type metal ion 

present in solution, we calculated the worm-like chain persistence length and distributions of 

radius of gyrations (RGYR) of F10 when solvated with each respective salt. Persistence 

length is calculated using

(2)

where P is persistence length, R is end-to-end distance and l is contour length – 55Å for F10.

2.3 Visualizing ensembles

We produced all structure images in VMD and Tachyon. 58 For indicating uncertainty using 

shadows, 59 we rendered the representative (solid) structure and each frame in the shadows 

separately. We then layered the output image files using Pillow, a fork of the Python Image 

Library. These images provide a representative conformation for the cluster as solid with 

shadows showing the full width of the ensemble distribution. The representative structure in 

each visualization is that with the smallest RMSD from the average of all structures in the 

cluster. We have previously detailed this visualization style and the statistical rationale 

thereof. 59 Scripts for rendering such images are available online via figshare. 60

3 Results

3.1 Clustering

Clustering with HDBSCAN labeled 87.78% of frames from simulations solvated in 150mM 

KCl as noise. The vast majority of the MgCl-solvated and NaCl-solvated simulations were 

likewise labeled noise – 82.14% and 77.72% respectively. Of the system solvated with 

*www.ks.uiuc.edu/Development/MDTools/matdcd/

Melvin et al. Page 4

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



150mM ZnCl2, 37.73% of the frames were labeled with noise along with 5.11% of the 

simulation solvated with 150mM CaCl2.

In the calcium-rich simulations of F10, HDBSCAN also found three preferred structural 

states respectively making up 31.08%, 30.24% and 23.61% of all frames from F10 solvated 

with 150mM CaCl2. Likewise, in the simulation of F10 solvated with 150mM ZnCl2, 

HDBSCAN found one preferred state making up 18.88% of the zinc-rich simulation frames. 

Visualizing these states (Figure 2) reveals that most of the structural variation in these states 

comes from the bases, with little variance difference among the frames coming from the 

phosphodiester backbone. HDBSCAN also revealed additional states lasting for a few 

nanoseconds at a time (Supplementary Information Figure 1).

Markov analysis of these clusters (see Methods) indicates each system has one or two 

kinetic traps (Figure 3) on microsecond timescales. Across all systems, these traps tend to be 

compact. Visualizing the ensembles of conformations comprising these traps indicates most 

of the variance within these traps comes from motion of the phosphodiester backbone rather 

than the nucleosides.

3.2 Persistence length

Persistence length calculations indicate that F10 tends to form relatively flexible, compact 

structures in the presence of calcium while forming rigid, relatively extended structures in 

the presence of potassium (Table 1). The lowest observed persistence length of F10 comes 

from simulations of the polymer in 150mM CaCl2. The largest observed persistence length 

occurs in simulations of F10 solvated in 150mM KCl. We see a similar pattern of 

compactness in terms of distributions of RGYR values, as seen in Supplementary 

Information Figure 2.

3.3 Correlated motions

Calculating correlation matrices for F10 C1′ atoms (Figure 4) reveals little intramolecular 

communication in the form of highly correlated or anti-correlated motions in simulations 

solvated with KCl, NaCl and MgCl2. However, F10 solvated in ZnCl2 does show some off-

diagonal correlated motion (Figure 4e). More and stronger instances of off-diagonal 

correlation occurs in the simulation of F10 solvated in CaCl2 (Figure 4c).

3.4 PCA

Projecting each system’s trajectory onto a common basis set (Figure 5 reveals much 

structural and kinetic overlap among simulations of F10 solvated with 150mM KCl(Figure 

5a), 150mM NaCl (Figure 5b) and 150mM MgCl2 (Figure 5d). These projections also 

indicate that F10 solvated in 150mM CaCl2 explores a portion of the same space as the other 

systems but also ventures into its own unique region of principal component 1–2 space.

Additionally, ZnCl2 seems to stabilize regions explored by the other systems. Note that the 

area of PCA1-2 space explored by the systems rich in zinc, potassium, sodium and 

magnesium fall roughly in the same region of the principal component space. However, the 

Melvin et al. Page 5

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



latter three system projections are each one wide well. The zinc system, however, is 

relatively shallow in most of the space but has a few regions of much lower free energy.

3.5 Base-base interactions

Analysis of base-base interactions revealed that F10 is least likely to form base-base 

interactions (hydrogen bonds among two or more bases) in 150mM NaCl and most likely to 

form base-base interactions in 150mM ZnCl2 (Figure 6). F10 solvated in 150mM NaCl 

formed at least one base-base interaction in only 10.5% of trajectory frames. When solvated 

in 150mM ZnCl2, F10 formed at least one base-base interaction in 28.4% of trajectory 

frames. The distribution of number of base-base interactions formed in each solvent 

condition is include in Supplemental Information Figure 3.

3.6 Radial distribution functions

The radial distribution function of F10 to each of the solvent ions investigated reveals that 

calcium and zinc tend to form short-range interactions with F10 while magnesium, 

potassium and sodium tend to form long-range interactions (Figure 7a–b). The highest peak 

in the radial distribution function of any F10 atom to any calcium atom is 52.5 and occurs at 

a radius of 2.15Å. The highest peak in the radial distribution function of any F10 atom to 

any zinc atom is 36.8 and occurs at a radius of 1.95Å.

All metal ions prefer interacting with F10’s backbone to F10’s nucleic bases. This 

phenomenon is seen by comparing the radial distribution function of metal ions to 

phosphorous atoms, which are located in F10’s backbone, with that of metal ions to fluorine 

atoms, which are located in F10’s bases (Figure 7c–f).

The radial distribution function of F10’s phosphorous atoms to calcium ions indicates a 

strong affinity between these two sets of atoms. Among the five ions investigated, calcium 

shows the highest affinity for F10 overall (Figure 7) and F10’s phosphorous atoms (Figure 

7c–d). The highest peak in the radial distribution function of any F10 phosphorous atom to 

any calcium atom is 553.4 and occurs at a radius of 3.55Å.

Zinc also shows a relatively high affinity for F10 and its phosphate groups. The highest peak 

in the radial distribution function of any F10 phosphorous atom to any calcium atom is 334.9 

and occurs at a radius of 3.45Å. The peaks in radial distribution functions of magnesium, 

potassium and sodium to F10 and the phosphorous atoms on its backbone are an order of 

magnitude lower than those of calcium and zinc (Figure 7).

3.7 Visualizing ion interactions

Visual inspection of ion positions relative to F10 atoms (Figure 8) shows close range 

interactions between calcium and zinc ions with F10 phosphate groups, commensurate with 

radial distribution function analysis (Figure 7). In two of the three stable, high population 

states seen in calcium simulations, calcium ions mediate interactions between bases (Figure 

8b–c). These phosphate-calcium-phosphate interactions appear to be stabilizing hairpin-like 

structures.
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These metal-ion-mediated phosphate interactions do not appear in the stable, high 

population state observed in a zinc-rich simulation (Figure 8d). Rather, in this stable state, 

zinc interactions and the F10 conformation they induce appear similar to the representative 

structure of HDBSCAN cluster 4 (Figure 8a) from the calcium-rich simulations.

4 Discussion

4.1 High-population structural states

From HDBSCAN clustering of F10 structures from each solvent condition, we see that 

calcium and zinc induce consistently preferred structures (Figure 2) with lifespans of up to a 

few microseconds (Supplemental Figure 1). These structures are compact, as seen visually 

and confirmed with both worm-like chain persistence length (Table 1) and RGYR 

(Supplemental Figure 2) calculations. Previous experimental results have shown that 

calcium chloride is particularly effective at reducing the worm-like chain persistence length 

of single-stranded DNA, 26 consistent with our specific predictions for calcium and F10 

presented here. Additionally, sodium chloride has been experimentally shown to induce the 

larger persistence lengths in single-stranded DNA, 16,26 again consistent with the predictions 

of our simulations of F10.

In the case of calcium-rich simulations, the formation of stable states corresponds to more 

and stronger correlated motions than observed in any other solvent condition (Figure 4). 

That is, along with the stability of these high-population states comes increased 

intramolecular communication in the form of correlated motions. However, these calcium-

induced structures are relatively less structured than those in other solvation conditions, as 

only the sodium-rich simulations showed a lower likelihood of forming base-base 

interactions than the calcium-rich simulations (Figure 6).

A similar, though less stark, increase in off-diagonal correlated motions emerged in zinc-rich 

simulations (Figure 4), accompanying a high population structural state (Figure 2d). When 

solvated in 150mM ZnCl2, we also saw that F10 was most likely to form at least one base-

base interaction (Figure 6), indicating zinc-induced states are more structured (in terms of 

hydrogen bonds involving two or more bases) while having less correlated motion than 

calcium-rich simulations.

From PCA projections onto a common basis set, we see that calcium induces F10 to explore 

a unique portion of principal component 1–2 space not explored when in solution with other 

metal ions (Figure 5). Zinc, on the other hand, stabilizes particular structures that are 

explored when in solution with potassium, magnesium or sodium (Figure 5e).

From our molecular dynamics simulations, we predict that calcium induces F10 to form 

unique, stable – relatively unstructured – states that exhibit higher levels of correlated 

motion than the other metal ions investigated. Therefore, if one wants to induce kinetically 

stable (on a microsecond timescale) states of F10, we recommend preparation of the 

polymer in a calcium-rich environment. However, induce the formation of hydrogen bonds 

among F10 bases, we recommend preparation of the polymer in a zinc-rich environment.
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Various effects of metal ions with respective to nucleic acid structural and thermodynamic 

stability have been experimentally observed. 14–17,19,20,22,26,27,61 Here we predict specific 

interactions with F10, namely that both calcium and zinc induce stable states with calcium 

inducing the most stable states and zinc inducing the most structured states.

4.2 Metal ion interactions

From the analysis of metal ion and nucleic acid interactions with radial distribution 

functions, we see that calcium and zinc prefer to form close-range (around 2Å) interactions 

with F10 whole magnesium, potassium and sodium form longer range interactions in more 

of a diffuse ion cloud, a typical type of ion interaction that has been experimentally 

observed. 26,50,62

Close-range interactions of F10 and zinc (Figures 7 and 8d) have been predicted with first 

principle calculations and confirmed experimentally. 34 However, the experimentally 

confirmed interactions were with F10’s nitrogenous base, not the phosphodiester backbone. 

We have resolved this apparent conflict with molecular-dynamics-based predictions of F10 

and zinc interactions elsewhere, 13 showing a mechanism of complexation that involves 

zinc-induced deprotonation of F10. In this previous study, we used the same forcefield 

parameters used here (see Methods) to reproduce experimental the results of Ghosh et al., 
2011. 34 Such interactions of F10 and zinc are of particular interest in drug discovery, as 

both are cytotoxic, and zinc has been demonstrated efficacious for selectively treating 

prostatic adenocarcinoma. 63,64

Close-range interactions of F10 and calcium have not previously been observed or 

specifically predicted. However, the effects of calcium on nucleic acids has been a topic of 

interest for several decades. 65–72 From our simulations, we predict that calcium has the 

highest affinity for F10 of any of the ions tested (Figure 7a–b). Additionally, we predict that 

short-range calcium interactions are primarily with F10’s phosphate groups (Figures 7c–f 

and 8a–c). The F10-calcium interactions predicted by our simulations may indicate a 

potential avenue of investigation for F10 delivery, as calcium increases the likelihood of 

cellular uptake of extracellular DNA by means of endocytosis. 65,67,73

We have discussed in previous work the interactions of F10 and magnesium. 13 Our work 

and other computational and experimental studies indicate that a hemiprotonated state (every 

other N3 atom deprotonated) is necessary for close-range interactions between F10 and 

Magnesium. 13,34

4.3 Cellular transport

While other metal ions are present, the dominant intracellular ions are K+, and the dominant 

extracellular ions are Na+. Therefore, comparing the predictions of our simulations of F10 in 

150mM KCl with those of F10 in 150mM NaCl may provide insights about the behavior of 

the polymer with respect to drug delivery systems.

Unfortunately, as indicated by HDBSCAN clustering, F10 does not assume a single stable 

structure in either the potassium-rich or sodium-rich simulated solvent conditions, so we 

cannot predict a structure for F10 in these conditions. However, there are general structural 
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and kinetic properties we can predict from these results. The most obvious property is that 

F10 is structurally unstable in both solvent conditions – having no single conformation that 

exists for more than a few nanoseconds (Supplemental Figure 1).

From the persistence lengths calculated in Table 1, our simulations indicate that F10 is 

overall more compact and flexible in a sodium-rich environment. This assertion – with 

regards to compactness – is backed up by a a narrowing of the distribution of F10 RGYR 

values in 150mM NaCl compared to 150mM KCl (Supplemental Figure 2). Therefore, we 

would predict that as F10 moves into a cell, it would become more elongated and rigid than 

it would be outside of the cell.

The percentage of frames observed to have base-base interactions in various solvent 

conditions (Figure 6) indicates that F10 is least structured in 150mM NaCl. Therefore, we 

would predict that as F10 moves into a cell it would becomes more structured, having more 

hydrogen bonds form among bases.

5 Conclusions

Based on a total of 80 microseconds of all-atom molecular dynamics data, we predict that 

F10’s phosphate groups have a relatively high affinity for calcium and zinc ions, being most 

attracted to calcium of the five ions investigated here. We find that the primary interactions 

of F10 with calcium and zinc are close-range (2Å) while the interactions with magnesium, 

sodium and potassium are long-range. Interactions of F10 and zinc have been investigated in 

other computational 13,34 and experimental studies, 34 parameters from which were used in 

simulations performed here. However, F10’s interactions with calcium have not been 

previously been investigated. These interactions deserve further investigation, as they may 

indicate a avenues of investigation for F10 delivery systems.

Given the prevalence of sodium ions in in vivo extracellular environments and that of 

potassium in intracellular environments, our respective simulations rich in these ions provide 

insight into F10’s behavior with regards to cellular transport. Our simulations predict that 

F10 would be more compact and flexible in an extracellular environment. Additionally, they 

predict that F10 would form more base-base interactions in an intracellular environment.

The concentrations of NaCl and KCl in our computational studies mimic those in 

extracellular and intracellular environments respectively. However, concentrations of the 

other ions investigated are much higher than physiological concentrations. We intend the 

results from these studies to inform laboratory preparation of F10 in various in vitro 
environments.

F10 has strong activities in multiple pre-clinical models of cancer and is more efficacious 

and better tolerated 5–12 than 5-fluorouracil (5-FU). 74,75 Given the oligonucleotide’s 

demonstrated promise as an anti-cancer therapeutic, we hope that the metal-ion-dependent 

behavior of F10 predicted here encourages and informs future work into F10 delivery 

systems.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
To produce 5-fluoro-2′-deoxyuridine-5′-O-monophosphate in silico, we substitute fluorine 

for a methyl group on a thymidine monophosphate. The sugar numbering, base numbering 

and atom coloring shown here are adopted throughout this paper.
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Fig. 2. 
The three stable structures that emerged in the simulation of F10 solvated in 150mM CaCl2 

(a–c) are all partially folded, compact structures. From the shadows showing the width of the 

distribution of conformations, we see that the phosphodiester backbone is stable across all 

frames in each cluster, with the variations coming from nucleobases. Similarly, the stable 

structure that emerges in the second 5-microsecond simulation of F10 solvated in 150mM 

ZnCl2 is compact, but unlike those from the calcium-rich simulation the structure from the 

zinc-solvated simulation is relatively unstructured. Cluster numbering corresponds to 

Supplementary Information Figure 1.

Melvin et al. Page 14

Phys Chem Chem Phys. Author manuscript; available in PMC 2018 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Calculating transitions between structural macrostates using Markov analysis (see Methods) 

indicates each system has one or two kinetic traps on a microsecond timescale. The 

conformational ensemble comprising the longest-lived one or two states. For systems where 

two states are visualized in this figure, the ensemble is placed closest (vertical distance) to 

line on the plot representing that state. The plots of Macrostate vs Timestep were 

constructed by simulating a system starting from each macrostate (y-tick value) directly 

from a Markov Rate Matrix. The rate matrix made using a lag time of 1ns is exponentiated 

over natural number values, and whenever a transition becomes more than 50%, that 

transition is considered to have occurred. Vertical dotted lines represent the point at which a 

transition occurs. The color of each vertical line corresponds to its starting state.
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Fig. 4. 
C1′ correlation matrices of each system indicates little communication occurring between 

nucleic bases in simulations of F10 solvated in 150mM KCl(a), NaCl (b) or MgCl2 (d). 

However, off-diagonal correlation and anti-correlation emerges most prominently in 

simulations solvated in 150mM CaCl2 (c) or ZnCl2 (e). The particularly strong correlation in 

the calcium-rich simulations is expected based on the structured conformations seen in 

Figure 2.
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Fig. 5. 
Projecting each system (a–e) onto a common basis (f) reveals that the simulations with F10 

solvated in 150mM KCl(a), NaCl(b) or MgCl2 (d) overlap with one another in terms of the 

portion of PC1-2 space explored. F10 solvated in 150mM CaCl2 explores a portion of this 

same space but ventures into its own region of principal component space, unexplored by 

F10 in any other solvation condition. The narrow wells appearing in the projection of the 

ZnCl2-solvated system (e) indicates that zinc stabilizes regions of the other four systems.
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Fig. 6. 
Calculating the percent of frames with at least one base-base interaction in each system 

shows that F10 solvated in 150mM NaCl is the least structured in terms of hydrogen bonds 

involving two or more bases. Zinc-rich simulations of F10 had the highest percentage of 

frames with at least one base-base interaction. Here we see that the higher level of kinetic 

stability seen in simulations of F10 solvated in zinc chloride (Figure 1) is due to hydrogen 

bonds between bases. However, the relatively lower percentage of base-base interactions in 

calcium-rich simulations indicates that the high level of stability seen in calcium-chloride-

solvated simulations is not due to more frequent or long-lasting hydrogen bonds between 

bases.
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Fig. 7. 
The radial distribution functions of nucleic atoms and metal ions for each system implicates 

short-range interactions with metal ions as responsible for the relatively higher level of 

stability observed in calcium-rich and zinc-rich simulations of F10 (a–b). Additionally, 

comparing radial distribution functions for phosphorous atoms – found only on the nucleic 

backbone – and metal ions (c–d) with radial distribution functions for fluorine atoms – found 

only on nucleic bases – suggests it is backbone interactions with zinc and calcium rather 

than nitrogenous base interactions with the metal ions that are responsible for this stability.
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Fig. 8. 
Visual inspection confirms that calcium (a–c) and zinc (d) form close-range interactions with 

the most stable conformations of F10. In both systems, we see instances of both single and 

multiple phosphate groups interacting with the metal ions. The cluster representatives shown 

here correspond to those in Figure 2. F10 is visualized with both New Ribbons and CPK 

representations from VMD. In the ribbons, F10 is colored by segment. Calcium is shown as 

blue, and zinc as gray in VDW representation.
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Table 1

Calculating persistence length based on the worm-like chain model reveals that F10 in the presence of 

potassium exhibits the most local stability while F10 in calcium chloride exhibits the least. Since F10’s 

persistence length is smaller when solvated in 150mM NaCl than in 150mM KCl, we predict that a strand of 

F10 would less compact inside of a cell than outside. We also predict that a calcium-rich environment would 

induce the most compact structures of F10 while a potassium-rich one would induce the least compact.

Solvent ion Persistence length (Å)

Ca 3.31

K 4.24

Mg 3.77

Na 3.67

Zn 3.55
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