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Abstract

We develop a new statistical mechanical model to predict the molecular crowding effects in ion-

RNA interactions. By considering discrete distributions of the crowders, the model can treat the 

main crowder-induced effects, such as the competition with ions for RNA binding, changes of the 

electrostatic interaction due to crowder-induced changes in the dielectric environment, and 

changes in the nonpolar hydration state of the crowder-RNA system. To enhance the 

computational efficiency, we sample the crowder distribution using a hybrid approach: for 

crowders in the close vicinity of RNA surface, we sample their discrete distributions; for crowders 

in the bulk solvent away from the RNA surface, we use a continuous mean-field distribution for 

the crowders. Moreover, using the Tightly Bound Ion (TBI) model, the model accounts for ion 

fluctuation and correlation effects in the calculation for ion-RNA interactions. Applications of the 

model to a variety of simple RNA structures such as RNA helices show a crowder-induced 

increase in free energy and decrease in ion binding. Such crowding effects tend to contribute to the 

destabilization of RNA structure. Further analysis indicates that these effects are associated with 

the crowder-ion competition in RNA binding and the effective decrease in the dielectric constant. 

This simple ion effect model may serve as a useful framework for modeling more realistic 

crowders with larger, more complex RNA structures.
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Figures S1 and S2 show the dependence of the free energy and the total crowder number on the crowder volume fraction. Figure S3 
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the dependence of the total free energy on the volume fraction and the ISB box width for the different crowder sizes. Figure S6 shows 
the dependence of the total free energy on the ISB box width for four representative RNAs: tRNA, mRNA, BWYV, and 12-bp RNA.
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Introduction

In vivo cellular environment is highly crowded.1, 2 The crowding agents can occupy up to 

30% by volume fraction,3, 4 and can influence the cell chemical activity, physical structures 

and in vivo functions of biological molecules including RNAs.2, 4, 5 For example, crowders 

can increase the oligomerization and aggregation of proteins,2 diminish the diffusion of 

small molecules and macromolecules, and strongly restrict the mobility of larger particles 

and organelles.6, 7

Previous studies showed that crowding molecules can significantly affect RNA structure, 

folding stability, and dynamics.8–17 One of the important crowding effects is on the ion-

RNA interactions. Crowding molecules (crowders) may influence the ion distribution around 

the RNA and ion-mediated RNA stability through three main effects: (a) crowder volume 

exclusion which causes competition with ions for RNA binding,2 (b) crowder-induced 

changes in the effective dielectric environment,8 and (c) changes in RNA hydration energy 

due to crowder-RNA binding.2

Because an RNA carries a significant amount of negative charges on the backbone, ion 

binding is critical for the stabilization of an RNA structure.18, 19 Most bound ions 

accumulate in the major and minor grooves (distance within 8 Å from the helix axis) and the 

surface region (10 to 15 Å from the axis). 20–23 The presence of crowders, which can occupy 

the space around RNA surface, may cause an exclusion of ions from RNA binding28 and 

hence lower the number of bound ions. Furthermore, crowders may have a lower effective 

dielectric constant than water, thus can enhance phosphate-phosphate repulsion and cation-

RNA attraction, resulting in a change in the total electrostatic free energy. The above 

crowder-induced changes are dependent on the overall crowder volume fraction24 as well as 

the discrete spatial distribution of the crowders.

In addition to the effect on electrostatic interactions, crowders can also influence RNA 

folding through non-electrostatic effects. For example, the excluded volume of the crowders 

can impose a significant restriction on the conformational space of the RNA, especially for 

the unfolded state.2, 10 Such non-electrostatic effects, together with the electrostatic effects, 

can cause the shift in the equilibrium for the ion-RNA system and result in a new 

equilibrium for the ion-crowder-RNA system.

Yu et al. Page 2

J Phys Chem B. Author manuscript; available in PMC 2017 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recently, the crowding effect has received increasing attention both in theoretical and 

experimental studies.1, 2 Regarding the crowding effect in RNA folding, there have been two 

main conclusions about the crowding effects. First, it was found that crowders can stabilize 

the folded state of an RNA. For example, neutral cosolutes have been found to stabilize the 

tertiary structure of hammerhead ribozyme as indicated by the enhanced ribozyme activity.25 

Consistent with the experimental findings, coarse-grained computer simulations showed that 

crowders can enhance pseudoknots stability relative to hairpins.26 Physically, this is because 

the volume exclusion from the crowder can reduce RNA conformational entropy, and the 

effect is more pronounced for the extended conformations than for the compact 

conformations, which causes a stabilization of the compact state.27 Second, it was found that 

crowders can induce destabilization of RNA secondary structure due to the preferential base-

crowder (osmolyte) interaction in the unfolded state, where bases are solvent (osmolyte) 

accessible.28 In contrast, for tertiary structure, the competition between the favorable base-

osmolyte (over water-osmolyte) contact and the unfavorable backbone-osmolyte (over 

water-osmolyte) contact can lead to a much more complicated, structure and ion-dependent 

crowding effects on RNA folding stability.28 These results highlight the necessity to develop 

a quantitative model for the various synergistic or competitive effects.

In parallel to experimental studies,29–37 several theories have been developed to model the 

crowding effect in ion-RNA interactions.2, 8, 38 For example, without considering the 

discrete crowder distributions and crowder excluded volume, a Poisson-Boltzmann equation-

based model with an effective crowder volume has been developed to study the crowding 

effect on protein solubility.8 Molecular dynamics simulations have the advantage to 

explicitly account for the atomistic interactions between the crowders and the 

macromolecules (proteins and RNAs),38 however, the application of the method to treat 

crowding systems is limited by the exceedingly large sampling space of the crowder and ion 

distributions. We need a new approach for the sampling of discrete spatial distributions of 

the crowders and ions.

In this paper, we report a new model for predicting the crowding effect in ion-RNA 

electrostatic interactions. To efficiently sample the crowder distribution, we divide the space 

around the RNA according to the strength of crowding effect. For crowders in the region 

close to the RNA surface, whose excluded volume and dielectric effects may significantly 

affect ion-RNA interactions, we consider discrete distributions for the crowders. For 

crowders further away from the RNA surface, we account for the crowder’s electrostatic 

effect using a crowder volume fraction-dependent dielectric constant. Such a model allows 

us to treat ion-crowder competitions in RNA binding. Moreover, we can estimate the non-

polar hydration energy of RNA from the change of solvent accessible surface area (SASA).

Crowding model for an ion-crowder-RNA system

We first sample crowder distributions, then for each crowder distribution, we sample ion 
distributions, from which we compute the electrostatic free energy and predict ion binding 

properties. Finally, ensemble average over all the possible crowder distributions gives the 

crowding effects in the ion-crowder-RNA system.
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1. Sampling of the crowder distributions

We use a 12-base pair (bp) RNA helix to illustrate the approach. In the experimental studies, 

polyethylene glycol (PEG) has been widely used to mimic crowding agent in biomolecular 

systems.29, 39, 40 A PEG polymer is quite flexible and its conformational state can be 

modelled with self-avoiding random walk. The “average structure” of PEG600 may be 

treated as a globular shape with radius of gyration equal to 7.0 Å.39, 40 The low electron 

density of PEG (compared to water) makes it useful for data collection and analysis. In 

addition, PEG molecular can be treated as an inert polymer, which has weak surface 

interactions with RNA. This property allows us to ignore specific chemical interactions 

between crowders and RNA. Following the experimental studies,29, 39, 40 we use PEG600 as 

the crowding agent. To further simplify the system, we simulate the crowders as spheres (see 

Figure 1) with dielectric constant εc of 20.0 and radius 7.0 Å (the radius of gyration for 

PEG600).24, 29, 40

In the sampling of discrete crowder distribution, in order to minimize the boundary effect, 

we set a large sampling box around the RNA (see Figure 1). For a box of 140 Å × 140 Å × 

140 Å surrounding the 12-bp RNA helix, there are about 200 crowding spheres for a volume 

fraction fc equal to 20%. We randomly place the 200 spheres on the different grid sites using 

(uniform) Monte Carlo sampling. We model the crowders as hard spheres and disallow 

overlapping between crowders, ions, and RNA (due to the excluded volume effect). The 

sampling process leads to a large ensemble of crowder distributions. The complete sampling 

for the crowder distribution is prohibited by the exceedingly long computational time. To 

circumvent this problem, we develop a hybrid model, which accounts for discrete crowder 

distributions in the “important” region (near the RNA surface) and mean-field distributions 

in other regions (far away from the RNA).

Because the bound ions are distributed in the close vicinity of the RNA, crowders around the 

RNA surface (the “important region”) can have strong influence on ion-RNA interactions. 

Mathematically, we highlight such important regions using an “Inner Sampling Box” (ISB) 

around the RNA (see Figure 1). The boundary of the ISB is defined as the normal distance 

(“ISB width” or box width) measured from the RNA surface into the solution. Because the 

diameter of the crowder is assumed to be 14 Å, regardless of the RNA structure, the 

minimum ISB width should always larger than 14 Å. Our tests indicate that the results 

predicted by the model would be robust for the ISB width larger than a parameter that is 

weakly dependent on the RNA structure (see the section “Estimation of the optimal ISB 

width” below).

Inside the ISB, we sample discrete crowder distributions. Outside the ISB, we model the the 

crowder effects using uniform crowder distribution with an effective dielectric constant εeff:8

(1)

where εw (=78) is the dielectric constant of the crowder-free solution, εc (=20) is the 

dielectric constant of the crowder, and fc is the volume fraction of the crowder.
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2. Ion-RNA electrostatic interaction model (for a given crowder distribution)

Ions, especially multivalent ions around the RNA, can involve high local concentration (~ 

several molar concentration) and can thus become strongly correlated. To account for the ion 

correlation and fluctuation effects, we use the previously developed Tightly Bound Ion (TBI) 

model.41–43 The basic idea of the TBI model is to consider correlated ion distributions by 

enumerating discrete, many-body ion distributions. Mathematically, this is achieved by 

distinguishing two different regions: the tightly bound (TB) and the diffusely bound (DB) 

regions, corresponding to the regions of ions with strong and weak Coulomb correlations, 

respectively. Depending on the ion concentration, the tightly bound (TB) region is usually a 

thin layer surrounding the RNA and the diffusely bound (DB) region covers the rest region 

(in the bulk solution away from the RNA surface). The correlation effect for monovalent 

ions (e.g., K+ and Na+) is negligible unless for very high ion concentrations (e.g., several 

molar concentration). In contrast, the correlation for multivalent ions (e.g., Mg2+) around the 

RNA surface can be strong even for submillimolar bulk concentrations. The diffuse ions are 

described by a continuous distribution determined by the Poisson-Boltzmann (PB) equation 

while the TB ions are treated with discrete ion distributions. To enumerate the distribution of 

the TB ions, TB ions are placed into the different ”cells” where each cell is a region around 

a phosphate. The ensemble of TB ion distributions is generated by the different ways to 

assign the TB ions to the different cells. We call each such ion distribution M as an “ion 

binding mode”.

The presence of the crowders can hinder the placement of the TB ions. Moreover, the 

crowders, as dielectric spheres, can influence the dielectric environment in the ISB. 

Therefore, the boundary of the TB region, the available ion binding modes, and the 

electrostatic energy for each ion binding model are all dependent on the crowder distribution 

C . For a given crowder distribution C and ion binding mode M, the electrostatic energy for 

the electric charges in the TB region can be computed as the sum of the self-energy, the 

polarization energy, and the Coulomb energy of the charges:41–43

(2)

(3)

(4)

Yu et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2017 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(5)

where εin (~20) and εw (~78) are the dielectric constants of the RNA-crowder system and 

water, respectively, BP is the Born radius of backbone phosphate, Bi is the Born radius of the 

ion, and  is the Born radius of an isolated ion far away from the RNA, qP and qj are the 

charges of phosphate and ion, respectively, rmn is the distance between the m-th and the n-th 

charges.

The electrostatic free energy for a given ion binding mode M is equal to the sum of the 

above free energy  for the TB ions and the free energy  for the diffuse ions and 

the interaction between the TB ions and the diffuse ions (solved from PB).41–43 Ensemble 

average over all the different modes M gives the mean electrostatic free energy  for a 

given crowder distribution C:

The nonpolar solvation energy for a given crowder distribution C is calculated from the 

change of the solvent accessible surface area Δσ(C):44–46

where the surface tension coefficient λ is equal to 0.0054 kcal/(mol·Å2) and G0 is equal to 

0.92 kcal/mol.47–49 The change in the solvent accessible surface area Δσ(C) for a given 

crowder distribution C is defined as:

(6)

where  is the solvent accessible surface area of RNA-crowders complex, i.e., the 

crowder-RNA system, σRNA and  are the surface areas of the separated RNA and 

crowders, respectively.

3. Ensemble average over crowder distributions

The ensemble average over the crowder distribution C gives the total mean free energies:
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(7)

Here the P(C) is the probability function for the crowder distribution. The total free energy 

ΔGtot is the sum of the electric and the non-electric hydration energies:

(8)

4. Estimation of the optimal ISB width

One of the important issues in the model is the selection of the ISB width. Ideally, to 

enhance the sampling efficiency, a smaller ISB is desirable. However, to ensure the 

robustness and accuracy of model, ideally the ISB should be large enough such that the 

theoretical predictions would be insensitive to the choice of the ISB width. Physically, such 

a robustness suggests that on the boundary, the effect of discrete crowder distribution can 

smoothly match that of the uniform continuous distribution. To find the optimal choices of 

the ISB width, we test the sensitivity of the electrostatic free energy to the ISB width (see 

Figure 2). For a 12-bp RNA helix in a solution at 25°C with 0.1M NaCl, 0.01M MgCl2, and 

20% volume fraction of crowder, we find that for box width less than 20 Å, the free energy 

is sensitive to the box width, indicating a strong dependence of the dielectric and excluded 

volume effects on the discrete crowder distributions around the ISB boundary. As the box 

size increases, the crowding spheres on the ISB boundary is relatively distant from the RNA, 

thus, the crowding effect on ion-RNA interaction, which predominantly occurs around the 

RNA surface, is less sensitive to the discrete crowder distribution. Indeed, we find that the 

free energy converges to a stable result for large sampling boxes. In the test system, the 

diameter of the spheres is 14 Å. Thus, in order to minimize the boundary effect of the 

sampling box, we allow sufficient ISB space to accommodate at least two crowder spheres 

between the RNA surface and the boundary of the sampling box. This estimation sets an 

acceptable minimum box width of 28 Å. In our calculation, we choose box width 30 Å. For 

box width larger than 30 Å, the total free energy and the free energy components become 

stable against the variation of the box width (see Figure 3).

We also examine the box width for the different volume fractions of the crowder. As shown 

in Figure S1, the total free energy increases quickly with the volume fraction and converges 

faster for larger volume fraction. For volume fractions 0.10 and 0.15, the ideal box widths 

are 40 Å and 32 Å, respectively. We further calculate the number of crowders in the ISB and 

find there must exist at least 50 crowders in the box (see Figure S2) in order for the 

predicted results to be stable.
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Crowding effects on ion-RNA interaction

As a dielectric medium, a crowder is assumed to have a lower dielectric constant (εc = 20.0) 

than water (εw = 78.0). Therefore, crowders tend to lower the effective dielectric screening 

effect and hence strengthen the charge-charge interactions. As a result, crowders can 

enhance the backbone charge repulsion and cause an increase of the electrostatic energy. 

Moreover, crowders can further reduce ion binding, especially in the major/minor grooves, 

through crowder-ion volume exclusion. The major groove in RNA helix is narrow (typical 

width ~ 4–5 Å). For example, for a series of RNAs with the different sequence lengths, 12-

bp RNA helix, BWYV pseudoknot (PDB ID: 437D), T2 pseudoknot (PDB ID: 2TPK) and 

yeast phenylalanine tRNA (PDB ID: 1TRA), our calculation shows a major groove width in 

the range from 4 Å to 7 Å. Therefore, crowders (radius = 7 Å) are too bulky to enter the 

major groove. However, crowders can be distributed around the groove entrance and to 

impede ion binding. As shown in Figure S3, crowders only appear around the RNA surface 

or in the bulk solution. The combination of the above two effects lead to an increase in the 

total free energy of the system. Such an crowding effect is confirmed by the computational 

results for a 12-bp helix (Figure 3). We find that for the 12-bp RNA helix with fc = 20% 

volume fraction of the crowders, the crowders cause an increase in the total free energy by 

8.0 kcal/mol compared to the crowder-free system.8, 50

The effect of discrete crowder distribution

As a test, for the 12-bp helix in a solution of 20% volume fraction of crowder and 0.1 M 

NaCl and 10 mM MgCl2, we replace the discrete crowder distributions with the uniform 

crowder concentration and find a reduction of 3 kcal/mol in the crowder-induced free energy 

increase (see Figure 3). The result suggests the importance of considering the discrete 

positions of the crowders. Physically, only discrete crowder distributions can account for the 

crowder-ion volume exclusion and the crowder dielectric effect is sensitive to the discrete 

crowder distribution, especially in the close vicinity of RNA surface.

The effect of crowders on the free energy

As shown in Figure 4, the electrostatic free energy ΔGele and the total free energy ΔGtot 

increase with the volume fraction fc of the crowder. In calculation, we choose 30 Å as the 

box width. The increase is mainly caused by the decrease in the overall effective dielectric 

constant and the displacement of bound ions by crowders. In the Generalized Born model 

(GB)-based calculation, the Born radii of the phosphates increase, resulting in an increase in 

the polarization energy as shown in our previous study.42 The hydration energy slowly 

decreases with fc because a larger number of crowders emerging around the RNA surface 

would enhance the decrease in the solvent accessible surface area Δσ (Eq. 6). These results 

suggest that a higher fc tends to contribute an destabilizing force to the RNA helices.28

The overall crowding effect on ion binding

Detailed analysis indicates that crowders have distinctive effects on monovalent Na+ ions 

and divalent Mg2+ ion binding (Figure 4b). For Na+ ion, we find a notable decrease in ion 

binding fraction from 0.34 for the crowder-free system (fc = 0) to 0.07 for the crowded 

system with fc = 0.25. Such a sharp drop in monovalent ion binding would reduce charge 

Yu et al. Page 8

J Phys Chem B. Author manuscript; available in PMC 2017 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neutralization and weaken RNA stability. The reduction in Na+ ion binding is mainly caused 

by the volume exclusion from the crowders.

Accompanying the decrease in Na+ binding, for fc ≤ 0.2, Mg2+ ions, which have higher 

efficiency in ion binding than the monovalent Na+, show slight increase in ion binding from 

0.22 in the crowder-free system (fc = 0) to 0.29 in the crowded system with fc = 0.20. The 

increase in Mg2+ binding may arise from the stronger ion-RNA attraction in a (low 

dielectric) crowder environment. Such an enhancement in electrostatic attraction is more 

pronounced for divalent Mg2+ ions than for monovalent Na+ ions. This different trends of 

ion binding for Na+ and Mg2+ suggest that Mg2+ ion may be more competitive than Na+ 

against the perturbations from the crowders.

As a result of the rapid decrease in Na+ ion binding (due to ion-crowder competition) and 

the relatively slow increase in Mg2+ ion binding (due to the crowder-induced dielectric 

change) (shown in Figure 4b), our calculation shows a crowder-induced net decrease in the 

effective charge of a nucleotide from −0.225 e (no crowder) to −0.325 e (20% crowder 

volume fraction). Here −e is the electronic charge.

Dependence of ion binding on crowder volume fraction

For a highly crowded system with fc > 0.20, the strong crowder-ion volume exclusion out 

competes the RNA-ion Coulomb attraction, resulting in an decrease in Mg2+ binding. For 

example, the number of crowders in the ISB can reach to 69 when the volume fraction 

reaches 0.25. The large amount crowder can occupy the positions around the RNA surface 

that could otherwise be occupied by Mg2+ ions. From our calculation and the above 

analysis, we can conclude that the crowder-modulated ion binding gives the maximum Mg2+ 

binding around fc = 0.20. For fc > 0.20, the combination of the decreasing Mg2+ and Na+ ion 

binding in the high fc regime results in a rapid increase in the free energy (see Figure 4b).

Effect of crowder size

The crowder size can also influence the ion-crowder volume exclusion and the spatial 

dielectric distribution of the system. For a polymeric crowder molecule, the radius mimic the 

radius of gyration of the chain. To the lowest order, the different crowding agents can be 

represented by their different sizes.

As shown in Figure S4, for the same volume fraction, the small size crowders can cause a 

much stronger crowding effect than the more bulky crowders. This is because small 

crowders can better fit in RNA grooves to exclude ions from binding to the RNA and to 

lower the effective dielectric constant. Moreover, the small crowders of radius 3–4 Å have 

the similar size as the (hydrated) ions and can therefore displace the bound ions more 

efficiently. These reasons combined together leads to a notable increase in the free energy 

with a reducing size of the crowders. In contrast, for bulky crowders larger than 8 Å, the free 

energy change with the crowder size is much weaker. Although small crowders cause larger 

free energy increase, we find that the optimal ISB width is around 30 Å for crowders with 

radius from 3.0 Å to 12.0 Å (see Figure S5).
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Combining the crowder size and the volume fraction effects, we conclude that free energy of 

the RNA-ion-crowder solution increases with the volume fraction and the free energy 

increase is more pronounced for smaller crowders. The result suggests that smaller crowders 

are ideal candidates for controlling the crowder-mediated RNA-ion interactions.

Applications to the different RNA structures

In the preceding sections, for the purpose of the illustration, we have been focused on the 

simple RNA helix structure. In this section, to investigate the crowding effect for more 

general RNA structures, we compute the free energy and ion binding fractions for three 

representative RNAs: tRNA (76 nucleotides, PDB ID: 1TRA), a mRNA fragment (36 

nucleotides, PDB ID: 2TPK), and the BWYV RNA (27 nucleotides, PDB ID: 437D).

Crowder-induced free energy change

Similar to the results for the helix, Figure S6 shows that a box width larger than 30 Å can 

give reliable predictions for the energies. Moreover, as shown in Figure 5a, with the ISB 

width of 30 Å, the crowders cause a free energy increase (volume fraction fc = 0.2 vs. 

crowder-free system fc = 0). This conclusion is similar to that drawn from the helix. Figure 

5a also shows that the crowder-induced total free energy change ΔΔGtot = ΔGtot (fc = 0.2) −. 

ΔGtot (fc = 0) scales roughly linearly with RNA sequence length NRNA: ΔΔGtot = 0.50·NRNA 

− 5.11 kcal/mol, equivalently, the crowder-induced energy change ΔΔGtot increases roughly 

0.5 kcal/mol for each added nucleotide for crowder volume fraction of 0.2. Physically, the 

longer sequence corresponds to a larger number of phosphate charges on the RNA backbone, 

thus gives “amplified” crowding effects.

Crowder-induced changes in ion binding

The free energy increase of the crowder-induced system is related to the change in ion 

binding. Figure 5b shows the crowder-induced change in Na+ and Mg2+ binding fractions as 

a function of the RNA chain length. We find that monovalent ions (Na+) and divalent ions 

(Mg2+) show different behaviors. First, crowders cause a increase in Mg2+ binding and a 

decrease in Na+ binding. Second, the increase in the binding fraction for Mg2+ (about equal 

to 0.06 for the different sequence lengths tested) is much smaller than the decrease in the 

binding fraction for Na+. Such a Mg2+-Na+ difference in the crowding effect is more 

pronounced for shorter RNAs. Small size RNAs such as the 12-bp RNA in the test case 

involves greater decrease in the Na+ binding than the larger tRNA. Compared to the free 

energy changes in Figure 5a, the sequence length-dependence of the crowding effect on ion 

binding fractions in Figure 5b is less pronounced. This is because for longer sequences, the 

compact structure draws more bound ions and the stronger charge neutralization makes the 

change in the average number of bound ions per nucleotide less pronounced than the change 

of the total free energy. The crowder-induced overall net reduction of ion binding fraction 

results in the free energy increase.

As shown in Figure 5b, the reduction in Na+ ion binding fraction (i.e., the average number of 

the bound ions per nucleotide) caused by the crowders varies nonlinearly with the number of 

the nucleotides. As a result, the total number of bound ions for an RNA would decrease 
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faster than the increase of the RNA sequence length. This behavior may be caused by the 

larger ratio between the crowder excluded volume and the RNA size for smaller RNAs, and 

hence the relatively stronger crowder excluded volume effects in ion-RNA interactions (for 

smaller RNAs). For Mg2+ ions, the excluded volume effect is damped by the crowder-

induced enhancement in the ion-RNA Coulomb attraction, resulting in a nearly constant 

change (increase) in the ion binding fraction as a function of the RNA sequence length.

Crowding effect on Mg2+-purine riboswitch binding

Structural and thermodynamic experiments have shown that for a purine riboswitch RNA 

(PDB: 1Y26), ligand can enhance Mg2+ ion binding.51, 52 The ligand interacts with the 

purine riboswitch in two ways. First, a ligand can bind to the specific binding pocket in the 

three way junction region (specific binding). The specific binding may enhance the ion 

binding possibly through the ligand-induced RNA structural changes.51 Second, ligands can 

randomly distributed around the riboswitch and act as crowders. According to our analysis 

above, such nonspecific crowder distribution could impact ion binding through the dielectric 

environment changes around the RNA and the ligand-ion competition in RNA binding.

The crowding model developed here accounts for the nonspecific ligand binding effect. To 

discern the impact of the nonspecific and the specific ligand binding effects for the purine 

riboswitch system, we apply our model to calculate the impact of the ligands as crowders on 

the Mg2+-riboswitch interaction. We use the same solution condition as the one used in the 

experiment, which contains 250 μM DAP (2,6-diaminopurine).51 According to the size of 

the 3D structure of the DAP molecule, we use a sphere of radius 7 Å to represent the DAP 

crowder. As shown in Figure 6, the nonspecific distribution of the crowder causes negligible 

changes in Mg2+ ion binding for a solution with 250 μM DAP and 50 mM K+ at 20 °C. The 

result suggests that under crowder concentration as low as 250 μ;M , which corresponds to a 

low crowder volume fraction of fc=0.3%, the nonspecific crowding effect is outperformed by 

the specific ligand-RNA interaction. As a result, the enhanced Mg2+ ion binding is more 

likely from the specific ligand binding effect such as the ligand-induced structure change of 

the RNA.

Conclusions

Ion-RNA interactions are critical for RNA structure formation and folding stability. The ion-

RNA interactions can be influenced by the crowders in the solution through a variety of 

effects such as the changes in the dielectric environment, the solvent accessible surface area 

and hydration energy, and the crowder-ion excluded volume repulsion. These crowding 

effects can be sensitive to discrete crowder distribution. Through explicit sampling of the 

discrete crowder distributions around RNA, we develop a new crowding model that can 

provide quantitative predictions for the crowding effect on ion-RNA interactions. To 

enhance the sampling efficiency, we develop a hybrid approach which samples discrete 

distributions for crowders in the most important region (around the close vicinity of the 

RNA) and use an effective uniform distribution for crowders that are distributed further 

away from the RNA. Consistent with the experimental findings, the model predicts a 
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decrease and increase in ion binding for monovalent and divalent ions, respectively, and an 

increase in the free energy by the crowders.

The current model may serve as a starting framework for an ultimately more complete 

crowding for the ion effects for RNAs. The current model has several important limitations. 

For example, crowders are modelled as dielectric spheres in the model. Further development 

of the model should include the all-atom structures of the crowders. For a general all-atom 

nonspherical crowder molecule, sampling the rotational configuration of the crowders may 

require an additional step to further enhance the sampling efficiency. Moreover, the current 

model account for only the non-specific crowding effects. A future model should also 

include the possible specific (chemical) interactions between the crowder and the RNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A schematic illustration of crowding molecules (yellow spheres) surrounding an RNA helix 

and a snapshot of discrete crowder distribution in the Inner Sampling Box (ISB).
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Figure 2. 
The numbers of crowders inside the ISB and the free energy changes calculated with the 

different box widths. (a) The number of crowding spheres in the ISB for the different box 

widths. The results for calculated for a 12-bp RNA helix in a solution of crowders with 

(fixed) volume fraction (fc = .2) and ions with 0.1M NaCl and 0.01M MgCl2. (b) The 

predicted hydration energy ΔGsurface (gray), electrostatic energy ΔGele (red), and the total 

energy ΔGtot (blue) for the same system as in (a).
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Figure 3. 
The predicted total free energy ΔGtot of a 12-bp RNA helix structure as a function of the ISB 

box width in a solution with (blue) crowders (volume fraction fc = 20%) and (gray) no 

crowders (fc = 0). Also shown in the figure is the result (red) with a uniform dielectric 

constant εeff equal to 66.4 (Eq. 1) for the solution (without considering the discrete crowder 

distributions). For all the three cases, the solution contains 0.1M NaCl and 0.01M MgCl2.
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Figure 4. 
Free energies ΔGele and ΔGtot (a) and ion binding fraction (average number of bound ions 

per nucleotide) (b) as a function of the crowder volume fraction. The gray dashed line in (b) 

shows the result for the average net charge for the two types of bound ions per nucleotide. 

The predictions are for a 12-bp RNA helix in a crowded solution with 0.1M NaCl and 

0.01M MgCl2.
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Figure 5. 
Crowder-induced changes in (a) the total free energy ΔGtot and (b) the ion binding fraction 

for four representative RNAs: 12-bp RNA, BWYV (PDB ID: 437D), mRNA (PDB ID: 

2TPK) and tRNA (PDB ID: 1TRA). The crowder-induced changes are calculated as the 

differences of the results between the crowded solution with volume fraction fc = 20% and 

the crowder-free system with fc = 0. In our calculations, we use ISB box width 30 Å. The 

gray dash line in (a) is the plot for the following equation: ΔΔGtotal = 0.50·lRNA − 5.11.
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Figure 6. 
Comparison between our model prediction (solid black line) and the experimental data 

(black and gray squares connected by dotted lines) for the number of Mg2+ ions bound to a 

purine riboswitch (PDB ID: 1Y26) as a function of the bulk Mg2+ ion concentration in a 

solution with 250 μM DAP (2,6-diaminopurine) and 50 mM K+ background at 20°C.51 The 

black squares show the experimental data reported in Leipply & Draper (2011). The gray 

squares show the experimental data modified by a (80%) correction factor that might be 

necessary for the data (D.E. Draper, private communication).
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