Copyright © 2015 Ryan Hayes All Rights Reserved.

ABSTRACT

Towards a Simplified Model of the RNA Free Energy Landscape and its Mg2+
Dependence

by

Ryan Lee Hayes

RNA is highly sensitive to the ionic environment due to its negative charge, and
typically requires Mg2+ to form compact structures. Consequently, Mg2+ is crucial
for the structure and function of RNA systems, and has a profound eﬀect on their
stability and kinetics. This thesis describes the development of simplified models
incorporating ionic and electrostatic eﬀects that can provide detailed insight into the
functional dynamics of RNA.
In the first part, we characterize Mg2+ -RNA interactions in long explicit solvent
simulations of the SAM-I riboswitch. We find the majority of associated Mg2+ ions
are coordinated with the RNA via outer sphere contacts, challenging the previous
paradigm of a few chelated ions surrounded by a continuum of diﬀuse ions. The
coupling to RNA dynamics, slowed diﬀusion, and distributions of the outer-sphere
layer of Mg2+ are explored.
In the second part, we design models of the Mg2+ dependence of the RNA free
energy landscape informed by the explicit solvent results. Two electrostatic models
are added to a structure-based model of RNA, which captures the energetic drive
toward a native structure that many RNA systems possess. The models are tested
against experimental measurements of the excess Mg2+ associated with the RNA,

Γ2+ , because Γ2+ is directly related to the Mg2+ -RNA interaction free energy.
The first model assumes every Mg2+ ion drives oﬀ two condensed K+ ions, and
rescales the RNA charge by the remaining amount of condensed KCl. The model
shows good agreement with experimental measurements of Γ2+ for the adenine riboswitch, but contains one system specific fitting parameter and thus is not transferable. The second model extends Manning condensation to deal with arbitrary RNA
conformations, non-limiting KCl concentrations, and the ion inaccessible volume of
RNA. The excellent agreement with experiment for several systems and a wide range
of ionic concentrations demonstrates the model captures the ionic dependence of the
RNA free energy landscape.
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Chapter 1
The Mg2+ Dependence of the RNA Free Energy
Landscape
There is a growing realization that many biological functions are carried out by RNA.
While some RNAs such as miRNA [10] carry out their function primarily through
base pairing, many form complex tertiary structures, or even competing tertiary
structures, such as the ribosome [11, 12], tRNA [13], riboswitches [14, 15], frameshifting pseudoknots [16, 17], the spliceosome [18], ribozymes [19], and long noncoding
RNA [20]. Due to its negative charge, the ability of RNA to fold into a native
structure and the relative stability of competing tertiary structures are highly sensitive
to Mg2+ , as are kinetics and function after folding. Molecular dynamics simulations of
simplified models of RNA can provide the insight necessary to understand the atomic
details of how various RNA molecules perform biological function.
A model of RNA can be described in terms of its energy landscape, where low
energy basins of attraction correspond to stable structural ensembles. For RNA to fold
to a native structure in biological time scales, the energy landscape must be smooth,
or devoid of energetic traps, and funneled, with an energetic bias towards the native
state [21]. A structure-based model is an ideal first order approximation of such
a landscape, because native interactions are stabilizing and nonnative interactions
are neglected. Accordingly, structure-based models have provided insight into the
function of several RNA systems [11, 22, 23].
The RNA energy landscape is highly sensitive to Mg2+ , as varying Mg2+ concen-
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trations can shift RNA completely from one basin of attraction to another [8, 24].
Structure-based models account for electrostatic interactions at a particular salt concentration in terms of eﬀective interactions between native contacts. For some applications this is more than adequate, but in other applications, a model of the Mg2+
dependence of the RNA energy landscape is required. Such applications include when
electrostatic interactions perturb unfolded or partially ordered basins, when accurate
free energy profiles are needed, when probing the sensitivity of stability or function
to ionic concentration, or when exploring the mechanism of ionic eﬀects. This thesis focuses on the development of a model of the Mg2+ dependence of free energy
landscape in order to meet these needs.

1.1

Mg2+ -RNA Interactions

RNA is strongly negatively charged, and yet frequently folds into compact structures
[25, 26]. An “atmosphere” of associated positive counterions are required by balance
the negative charge of RNA and stabilize these structures. As a result, RNA is
sensitive to the concentrations of various counterions. In vivo, most RNA charge is
balanced by a local excess of Mg2+ and K+ , together with a local depletion of anions,
though Na+ is frequently used in vitro. Mg2+ in particular plays a ubiquitous role
in RNA stability, and much RNA tertiary structure will not form in the absence of
Mg2+ [26]. Almost every property of RNA is sensitive to Mg2+ , including stability
[13, 26, 27], kinetics [28], catalysis [19, 29], competition between conformational states
[8, 24], riboswitch function [30], and ribosomal proofreading [31].
Mg2+ interacts strongly with RNA in part because it is divalent. There is an
entropic cost for an ion to associate with RNA that goes like the log of the concentration. Since only half as many divalent ions as monovalent ions are required to balance
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the RNA charge, twice the entropic cost may be paid per divalent ion [27, 32]. Under
physiological conditions, this enables Mg2+ present in low concentrations (≈1 mM)
to compete eﬀectively with K+ present in much higher concentrations (≈100 mM) in
order to associate with RNA. Furthermore, RNA processes involving the uptake of
Mg2+ are entropically driven because they allow the release of localized K+ [32].
Mg2+ also interacts strongly with RNA because it is small. Smaller counterions
have been frequently noted to associate more strongly with RNA because of their high
charge density [9, 33–35]. From an energetic perspective, smaller ions approach the
RNA more closely and interact more strongly. From an entropic perspective, smaller
counterions can access more space near RNA, resulting in a larger localization volume,
and a slightly lower entropic cost. Mg2+ associates with RNA more strongly than
Ca2+ in part due to size, but also because Ca2+ concentrations are much lower due to
active export by Ca2+ pumps, and because as a softer (more polarizable) ion, Ca2+
does not bind as strongly to the harder phosphate oxygens [36].
Mg2+ strongly favors compact RNA conformations [26], by inducing eﬀective attraction between otherwise repulsive phosphates. While monovalent ions can also
stabilize compact states [37], Mg2+ is able to do so more eﬀectively. It has been
noted that when Mg2+ associates with a phosphate, the resulting positive charge can
attract other phosphates through monopole interactions, whereas a monovalent ion
associated with a phosphate produces a weaker dipole field [27]. Mg2+ also stabilizes
compact RNA structures through bridging interactions [38, 39], and by paying the
substantial dehydration cost to bury phosphates [40].
The ability of Mg2+ to stabilize compact RNA structures has profound eﬀects on
RNA. Mg2+ stabilizes compact structures [27], and increasing Mg2+ concentrations
can drive RNA to increasingly compact competing conformational states [8, 30, 41],
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sometimes in cooperation with ligands. In ribosomal accommodation, Mg2+ can speed
up kinetics by favoring the more compact accommodated state [31]; however, Mg2+
can also markedly slow kinetics by disfavoring more extended transition states [28].
The ion atmosphere may be quantified by the number of excess ions Γi of each
species i that associate with the RNA [42]. The sum of the charges of the excess ions
exactly balances the RNA charge,
�
i

zi Γi = |QRNA | ,

(1.1)

where zi is the ionic charge. The excess ions of each species depend heavily on the
available concentrations of each ion [43]. In the presence of much higher concentrations of monovalent salt, the excess Mg2+ (Γ2+ ) is directly related to the Mg2+ -RNA
interaction free energy (∆GMg2+ ) by
∆GMg2+ =

�

c2+

Γ2+ d ln c2+ � ,

(1.2)

0

where c2+ is the Mg2+ concentration [42]. The excess Mg2+ can be measured experimentally through various techniques [8, 24, 41, 42, 44], and is easy to compute
within simulations. As a result, the excess Mg2+ is an ideal quantity for testing the
energetics of various models of Mg2+ -RNA interactions.

1.2

Models of RNA Electrostatics

Since the purpose of this thesis is to model the Mg2+ dependence of the RNA free
energy landscape, it is helpful to understand existing models of RNA electrostatics.
The simplest model of electrostatics in ionic solutions is Debye-Hückel electrostatics, in which the ion density is given by the linearized Boltzmann distribution, and
dielectric heterogeneity and ion accessibility are neglected. Coarse-grained models of
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RNA have used a Debye-Hückel treatment of KCl [45, 46]. Such a treatment is not
ideal for Mg2+ because the linearized Boltzmann distribution is a poor approximation
for strong Mg2+ -RNA interactions near RNA. In addition, Debye-Hückel is unable to
produce the eﬀective attraction between phosphates that Mg2+ can induce.
Nonlinear Poisson-Boltzmann (NLPB) electrostatics [47–49] removes several of the
Debye-Hückel approximations at greater computational expense. NLPB is a mean
field treatment, and neglects ion-ion correlations [50, 51] and ion size eﬀects [50].
Recent work has sought to account for ion size eﬀects [52–54], but ion-ion correlations
have not been addressed. For monovalent ions where these correlations are weak,
NLPB performs well, but is less accurate for divalent Mg2+ [53, 55].
Manning counterion condensation is a simple analytical theory of the ion distribution around an extended polymer in low salt conditions [32, 37]. In Manning
condensation, the ion distribution is divided into two populations. One population
is a screening population, which allows phosphate interactions to be treated in terms
of Debye-Hückel interactions. At low concentration the screening ion density is low
and varies on the Debye length scale lD , which is large. The other population is the
condensed ions, which are localized near the RNA, and eﬀectively rescale the RNA
charge. The condensed ion density is high and varies on the short Bjerrum length
scale lB , which is approximately 7.1 Å in water.
Manning condensation is controlled by a competition between the unfavorable
mixing entropy to localize the ions near the RNA, and the corresponding favorable
mitigation of phosphate-phosphate repulsion. For a long straight line of charge, both
terms diverge in the low concentration limit, and the condensation is constant and
independent of concentration. Classical Manning condensation breaks down for RNA
under physiological conditions where the RNA is not extended but compact, and
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where ions are present at intermediate concentrations, but still provides a useful conceptual framework. Coarse grained simulations have used a simple model of Manning
condensation to improve their agreement with experiment [56].
Explicit solvent simulations, using forcefields such as AMBER [57] or CHARMM
[58], have been used extensively in the study of RNA [11, 12, 59–63]. While development of these forcefields for RNA is ongoing [64], especially with regard to appropriate ion parameters [65–68], simulations can provide valuable insights into the
atomic details of ion-RNA interactions. Explicit solvent simulation have been used
to characterize the ion atmosphere around RNA for monovalent ions [9] as well as
Mg2+ [69].
The tightly bound ion model [51, 70] is the only model which has been shown
to reproduce the ion atmosphere with quantitative accuracy. Ions near the RNA are
treated by Monte Carlo sampling, which accounts for ion-ion correlations, while more
distant ions are represented implicitly in terms of their screening eﬀects. The TBI
model has not yet been adapted for use in molecular dynamics simulation.
Almost all of these models play a role in this thesis. Explicit solvent simulations
provide a molecular understanding of Mg2+ -RNA interactions. While NLPB calculations lack quantitative accuracy in capturing the competition between Mg2+ and K+
association, they can provide valuable qualitative insights into Mg2+ -RNA interactions. Debye-Hückel electrostatics are appealing because of their simplicity, and are
used in modeling ion distributions far from the RNA. Closer to the RNA, deviations
from Debye-Hückel electrostatics are captured by Manning counterion condensation
theory. While the tightly bound ion model captures RNA electrostatics of a static
conformation with high accuracy, we seek to capture RNA electrostatics with a dynamical model that responds to RNA conformation in molecular dynamics simulation.
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1.3

Funneled Energy Landscapes

The thermodynamics and kinetics of biological macromolecules like RNA and proteins
can be described by energy landscape theory. In an energy landscape description, each
highly populated configuration of the system corresponds to a basin of attraction on
the energy landscape. Various features of the landscape explain diﬀerent processes.
Macromolecular folding requires a native energetic bias to guide the search for the
native basin in order to overcome Levinthal’s paradox and fold on biological time
scales [21, 71, 72]. This native bias implies the free energy of a structure is determined
largely by its similarity to the native structure. Such a landscape is well described
by the principle of minimal frustration: native contacts are energetically stabilizing,
and other contacts are less energetically significant [21].
Function occurs on the same landscape as folding, but frequently there are multiple basins of attraction within, and occasionally outside, the broader folded basin. To
capture this functional frustration [73], inclusion of contacts and other information
from these multiple basins is required [74]. In some cases, the roughness of the landscape due to nonnative interactions is an important perturbation to the native-biased
landscape [75, 76]. Nonspecific interactions, including electrostatics, are a source of
frustration because they stabilize interactions between both native and nonnative
contacts. In proteins, electrostatic interactions can modulate the unfolded ensemble [77] and explain diﬀerences in thermodynamics and kinetics between homologous
sequences [78]. While a minimally frustrated landscape is an apt baseline approximation for RNA with a native structure [79], frustration likely plays an even more
important role in RNA than in proteins [80, 81], including frustration and trapping
that arise from electrostatic interactions [38, 82]. Indeed, the RNA energy landscape
is quite electrostatically sensitive to the ionic environment [25, 26], as the species and
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concentrations of ions in the ionic environment modulate the stability of competing
structures.
A structure-based model (SBM) is an ideal way to represent a minimally frustrated
landscape. In the simplest form, only native contacts are stabilized energetically, resulting in a smooth, native-biased landscape. The usefulness of this approximation
is shown by the ability of such models to capture many aspects of protein [74, 83–86]
and RNA [11, 23, 45, 46, 87, 88] folding and function. SBMs are also attractive from
a modeling perspective due to their simplicity and rapid sampling. Smoother landscapes, together with underdamping [89], result in enhanced sampling approximately
104 times faster than explicit solvent simulations [90, 91]. In a pure SBM, electrostatic interactions and ions are only represented implicitly by their contribution to
eﬀective interactions of native contacts, and there is no ionic concentration dependence. However, the simplicity of SBM means the eﬀects of energetic perturbations
like electrostatics to the overall native bias can be modeled and understood.
In this thesis, the structure-based potential used to model RNA is a united atom
model, which includes all heavy atoms. The contact map is determined by the shadow
algorithm [92]. Such models may be easily obtained by uploading a crystal structure
to smog.rice.edu [93]. The potential is given by
VSBM =

bonds
�
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impropers
planars

�

angles
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(1.4)
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where the geometric parameters ri0 , θi0 , φi0 , σi0 , are determined from the crystal
structure. The energetic parameter values and reduced units are described in Section 3.9.1.

1.4

Systems of Interest

Several RNA systems are studied throughout this work. We focus on systems which
are small enough to be relatively inexpensive to simulate, but are complex enough to
possess the rich tertiary interactions susceptible to Mg2+ .
Riboswitches are a unique class of RNA regulatory element, frequently found in
bacteria [14, 15]. Riboswitches are found in the 5’ untranslated region of mRNA.
Riboswitches possess two domains, the aptamer domain, which responds to the presence of a particular metabolite, and the expression platform, which modulates gene
expression in response to the aptamer domain. Riboswitches use a wide variety of
regulation strategies, and stabilize their functional states using both thermodynamic
and kinetic control [94].
The SAM-I riboswitch (Figure 1.1) responds to the metabolize S-adenosyl methionine (SAM). SAM stabilizes the non-local P1 helix of the aptamer domain by
docking it against the P3 helix, preventing strand invasion of P1 by the competing
antiterminator helix of the expression platform. Consequently, the terminator helix
stalls the RNA polymerase and turns gene expression oﬀ, whereas in the absence
of SAM, the antiterminator helix forms instead, and the gene remains on [4]. Either SAM or Mg2+ can stabilize similar partially folded states of the aptamer, but
they act cooperatively to stabilize the aptamer domain of the SAM-I riboswitch [30].
Elucidating the molecular details of this Mg2+ dependence of SAM-I stability is of
great interest. The SAM-I riboswitch has been extensively studied experimentally
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[30, 95, 96] and computationally [23, 59, 63], and there are multiple crystal structures
available [4, 97].
The adenine riboswitch (Figure 1.2) responds to the adenine ligand. Adenine
binds to the loops between helices P1, P2, and P3 of the aptamer domain, stabilizing
P1, and together with Mg2+ stabilizing the docking between helices P2 and P3 [98].
The adenine riboswitch is of particular interest, because the ion atmosphere has
been experimentally characterized [8], and these measurements can be used to test
electrostatic models.
The beet western yellow virus (BWYV) psuedoknot (Figure 1.3) is a regulatory
element within viral mRNA. It functions by inducing ribosomal frameshifting at a slippery sequence, eﬀectively allowing the same mRNA to code for two diﬀerent proteins
[16]. The kinetic unfolding of the pseudoknot is tuned to express the two proteins with
the desired relative abundance. The pseudoknot contains several unfolding intermedi-
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ates, making it an ideal candidate for tuning RNA structure-based model parameters.
Measurements of the ion atmosphere are available for testing electrostatic models as
well [41].
Finally, we study a ribosomal RNA fragment (Figure 1.4). This fragment has
received much attention because it can form two competing structures. One structure
is strongly stabilized by Mg2+ , contains many buried phosphates, and a monovalent
ion binding site [7, 40, 99]. The two competing structures make this an ideal system
for testing Mg2+ dependence of dual-basin structure-based models of RNA, but we
focus on this system as a test of our electrostatic models using ion atmosphere data
[24].

1.5

Summary of Important Results

Chapter 2 describes the results of explicit solvent simulations of the SAM-I riboswitch.
These simulations reveal the essential properties a model of the RNA ion atmosphere
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must capture. Strong correlations between Mg2+ ion association and RNA fluctuations are observed, together with slower fluctuations in the presence of Mg2+ . Almost
all Mg2+ ions are seen to be in the outer sphere regime, separated from the RNA by a
single hydration layer. The diﬀusion of these ions is seen to be at least two orders of
magnitude lower than free Mg2+ . Three factors which control the Mg2+ distribution
are noted: association with electronegative atoms, hydrations layers, and a preference
for the major groove.
In Chapter 3, we design a model to capture the relevant eﬀects discovered in
Chapter 2. Native basin fluctuations of the RNA are captured using a structure-based
model. Explicit Mg2+ ions are included to account for correlations between Mg2+
association and RNA conformation, as well as ion-ion correlations. KCl is modeled
implicitly by Debye-Hückel electrostatics. The model reveals that it is necessary to
account for the competition between condensed Mg2+ and KCl, in addition to the
screening KCl accounted for by Debye-Hückel electrostatics. Therefore, a simple
model of implicit KCl condensation fit to experimental data for the native basin
was introduced in which an RNA charge scaling factor that accounts for condensed
KCl. Consequently, the model is limited in scope to single conformational basins of
experimentally characterized RNAs.
In Chapter 4 we build on recognition of the importance of competition between
Mg2+ and KCl to design a model of KCl condensation that is applicable between conformational basins, and transferable to uncharacterized RNA systems. The model is
based on a generalization of Manning counterion condensation theory. Classical Manning condensation does not account for the compact and irregular structures of RNA,
nor the intermediate ionic concentrations RNA typically encounters. We generalize
Manning condensation to account for these eﬀects by treating the condensation on
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each phosphate independently, accounting for the mixing entropy of screening ions,
and enforcing the ion inaccessible volume of the RNA. With these modifications,
the model captures the RNA ion atmosphere over a wide range of Mg2+ and KCl
concentrations for several RNA molecules.
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Chapter 2
Characterizing Mg2+-RNA Interactions:
Magnesium Fluctuations Modulate RNA
Dynamics in the SAM-I Riboswitch
2.1

Abstract

Experiments demonstrate that Mg2+ is crucial for the structure and function of RNA
systems, yet the detailed molecular mechanism of Mg2+ action on RNA is not well
understood. In this study, we investigate the interplay between RNA and Mg2+ at
atomic resolution through ten 2 µs explicit solvent molecular dynamics simulations of
the SAM-I riboswitch with varying ion concentrations. Simulations reveal that transiently bound outer sphere coordinated Mg2+ ions fluctuate on the same time scale
as the folded RNA, and that their dynamics couple. Locally, Mg2+ association aﬀects
RNA conformation through tertiary bridging interactions, while globally, increasing
Mg2+ concentration slows RNA fluctuations. The outer sphere Mg2+ ions responsible
for these eﬀects account for 80% of the Mg2+ in our simulations. Outer sphere Mg2+
are by definition separated from the RNA by a single hydration shell, so they occupy
a thin layer 3 to 5 Å from the RNA between chelated and diﬀuse regimes. Distribution functions reveal outer sphere Mg2+ are positioned by electronegative atoms,
Adapted with permission from Journal of the American Chemical Society, (2012), Hayes, Noel,
Mohanty, Whitford, Hennelly, Onuchic, & Sanbonmatsu. Copyright 2012 American Chemical Society.
Original article available at http://pubs.acs.org/doi/abs/10.1021/ja301454u
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hydration layers, and a preference for the major groove. Diﬀusion analysis suggests
transient outer sphere Mg2+ dynamics are glassy. While we focus on the SAM-I riboswitch, our findings should generalize to other RNA systems. Since outer sphere
Mg2+ accounts for most of the Mg2+ in our simulations, they completely change the
paradigm of Mg2+ -RNA interactions. Rather than a few chelated ions anchoring the
RNA structure surrounded by a continuum of diﬀuse ions, we observe a transient
layer of outer sphere coordinated Mg2+ strongly coupled to the RNA.

2.2

Introduction

Magnesium (Mg2+ ) has a profound eﬀect on RNA structure and function [100,
101]. This is not surprising in light of the high negative charge density along the
RNA backbone. Although the importance of Mg2+ is experimentally undeniable,
the molecular mechanism by which Mg2+ acts on RNA is not well understood in
atomistic detail. Some Mg2+ eﬀects can be explained by site-specific interactions
[29, 59, 99] (e.g., Mg2+ mediated tertiary contacts), yet there is also evidence that
Mg2+ acts collectively on the RNA [70, 102, 103]. Mg2+ -RNA interactions have been
previously categorized in terms of hydration layers in the pioneering works of Draper
and co-workers [25, 26]. Chelated ions in contact with the RNA engage in site-specific
interactions, while diﬀuse ions further from the RNA are thought to be responsible
for the collective action on RNA. Molecular dynamics simulations are ideally suited
for further elucidating the mechanism of Mg2+ -RNA interactions in atomic detail.
Riboswitches constitute a suitable class of RNAs for studying the eﬀect of Mg2+
by simulation. These RNAs are suﬃciently large to possess the intricate tertiary
structures required for complex interactions with Mg2+ , yet suﬃciently small to be
tractable for systematic studies (typically 50-100 nucleotides). Since many RNA sys-
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tems, including ribozymes, the spliceosome, and the ribosome, contain tertiary interactions and Mg2+ -dependent eﬀects, the molecular mechanisms of Mg2+ interaction
we discuss here should be widely relevant to other RNA systems.
Riboswitch RNAs control gene expression with high precision in response to the
presence of specific metabolites [14, 15]. Riboswitches occupy the 5’ untranslated
region of mRNA and contain two partially overlapping domains: the aptamer, which
binds to the metabolite; and the expression platform, which controls gene expression. The S-adenosylmethionine riboswitch I (SAM-I) controls SAM synthetase, a
key player in sulfur metabolism (Figure 2.1). In the absence of SAM, a long antiterminator helix is formed, which allows gene expression to proceed. In the presence
of SAM, a compact aptamer is formed at the expense of the anti-terminator helix,
allowing the competing terminator helix to form and stall RNA polymerase [4]. As
one of the first riboswitches discovered, the SAM-I riboswitch is well studied and is
an excellent model system [95]. In this chapter, we use SAM-I to examine the eﬀect
of the ionic environment, and specifically Mg2+ , on RNA.
RNA is strongly charged, so the ionic environment is of crucial importance in
attenuating electrostatic repulsion as the tertiary structure of RNA packs it into
a small volume [25, 26]. In order to balance its strong negative charge and maintain electroneutrality, RNA will attract positive ions out of bulk solution and repel
negative ions. The number of excess ions an RNA molecule attracts into its local
environment, (Γi for a species i), is a thermodynamic quantity that depends strongly
on available ionic concentrations [43]. Local enrichment of Mg2+ and K+ , along with
a local depletion of anions, are responsible for balancing most of the RNA charge in
vivo.
Mg2+ is especially important because RNA rarely forms tertiary structure in the
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absence of Mg2+ [26]. First, it is entropically cheaper to balance the charge with
divalent Mg2+ because it requires only half as many condensed ions as monovalent
ions to balance the charge. Furthermore, since Mg2+ is divalent, it can attract multiple
phosphates at once, which results in attractive bridging interactions between what
would otherwise be repulsive phosphates [38, 39]. Lastly, due to its small size, Mg2+ is
able to get closer to RNA, which enables it to outcompete other divalent ions [34, 35].
The treatment of ions in theoretical models of RNA is an active area of research.
Continuum approximations range from simple Debye-Hückel [45] to more sophisticated Manning counterion condensation theory [32, 104] and non-linear PoissonBoltzmann (NLPB) approaches [24, 47, 48]. These reduced description treatments
are necessary in implicit solvent simulations or when atomistic theoretical calculations are impractical. Since these models treat the ionic environment as a continuum,
molecular details of the ionic environment are necessarily lost, including ion-ion correlations and discrete ion eﬀects [70]. The importance of these discrete ion eﬀects on
the molecules with which they interact is an open question. In Manning counterion
condensation theory, when the linear charge density of a polyelectrolyte chain is high
enough, as it normally is in RNA, ions condense from aqueous solution to shield the
phosphate backbone, eﬀectively renormalizing its charge [32]. If the distance between
these Manning condensed counterions is less than or equal to the Debye screening
length (both are approximately 6.5 Å in our simulations), these counterions strongly
interact with each other and behave as a strongly correlated ionic liquid or glass [105].
Here we carefully examine the interaction between RNA and its ionic environment
through molecular dynamics simulations. We observe a previously underappreciated
class of transient, outer sphere coordinated Mg2+ with glassy dynamics, which couples
to and modulates RNA kinetics. Outer sphere ions are by far the largest group
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observed in our simulations (80%), and the focus of this chapter. This class of Mg2+
is poorly represented by the continuum approaches we have outlined. While the
thermodynamics of this class are captured with varying degrees of accuracy, these
models are incapable of capturing the rich internal dynamics or the control over RNA
kinetics by outer sphere Mg2+ .
Outer sphere Mg2+ ions comprise one of four regimes of Mg2+ behavior we observe
in our simulations. These regimes are largely delineated by the distance from the
RNA, and are divided into the following classes: inner sphere, outer sphere, diﬀuse,
and free. Inner sphere ions, which include chelated ions as a subset, shed part of their
hydration shell and bind directly to the RNA via inner sphere contacts. Outer sphere
ions are coordinated with the RNA via outer sphere contacts, and interact through
a single hydration shell. Diﬀuse ions have multiple hydration shells and are poorly
ordered, but are enriched above bulk concentration. Beyond the diﬀuse ions are the
free ions, where the enrichment of ions ceases and the RNA charge has been screened
out.
Our results show that outer sphere Mg2+ local density fluctuations, residence
times, and RNA fluctuations occupy similar timescales and kinetically couple. We
observe that Mg2+ alters RNA kinetics in two ways. First, increased Mg2+ concentration tends to slow the kinetics of RNA fluctuations, and second, local Mg2+ density
changes due to individual ion association events are correlated with RNA conformation. In order to better understand Mg2+ interactions, we characterize the behavior of
Mg2+ in the presence of RNA. The Mg2+ distribution is controlled by electronegative
RNA atoms, hydration shells, and a preference for the major groove. The diﬀering
distance classes of Mg2+ have diﬀerent diﬀusive behavior, and careful analysis of the
diﬀusion data suggests that the outer sphere Mg2+ near RNA behaves like a super-
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cooled strong ionic liquid. Because outer sphere Mg2+ ions account for 80% of excess
Mg2+ in our simulations, and because of their rich dynamics, they completely change
the paradigm of Mg2+ -RNA interactions. Rather than a few chelated ions anchoring
the RNA structure surrounded by a continuum of diﬀuse ions, our results reveal a
layer of outer sphere coordinated Mg2+ strongly coupled to the RNA.

2.3
2.3.1

Model and Methods
Simulation Details

Molecular dynamics simulations of the SAM-I riboswitch were performed with and
without SAM in the presence of five varying Mg2+ concentrations. Individual simulations were 2 µs, for a total of 20 µs of sampling. Simulations were carried out using
the Gromacs v4.5.1 molecular dynamics package [106]. The Amber 99 forcefield [57]
was used, with modified K+ ion parameters to prevent crystal formation [65, 107].
Because of its importance for stability, we parameterized the SAM metabolite for
AMBER. In order to parameterize the SAM, we used GAMESS quantum mechanics
software [108] and the RED software package [109] to compute the charges on each
atom using the Restrained ElectroStatic Potential method [110, 111]. The remaining
forcefield parameters were taken from GAFF (the Generalized Amber ForceField)
[112]. Simulations were run with a time step of 2 fs and bond lengths for hydrogen
atoms were fixed using LINCS [113]. Particle mesh Ewald electrostatics [114] were
used with an Ewald radius of 15 Å, and a Van der Waals cutoﬀ of 15 Å.
Since the maximum linear dimension of the SAM-I aptamer is 70.7 Å, a water box
of 100 Å was used to allow a careful examination of the ionic environment. Simulations
contained approximately 98,000 atoms. The simulations had target concentrations
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of 100 mM KCl, and 0, 0† , 1, 6, and 10 mM MgCl2 in bulk. The 0 mM Mg2+
simulation contained no Mg2+ ions, while the 0† simulation contained a single poorly
resolved Mg2+ ion taken from the crystal structure which we predict to be chelated
(see Sections 2.4.2 and 2.8.11 for details). The presence of a Mg2+ near this predicted
chelation site has been suggested to be important for stability [59, 115]. The chelated
Mg2+ was included in all remaining simulations. Since the RNA is strongly charged, it
balances this charge by attracting Mg2+ and K+ ions into and repelling Cl− ions from
its local environment. These excess ions do not count towards the bulk concentration.
Therefore, the ions in a simulation are a combination of excess ions (Γ) which balance
the RNA charge and bulk ions. Each bulk ion contributes 1.7 mM for our box
size. Since excess ions vary with concentration, several preliminary equilibrations
were run to determine the correct number of ions to include so that the desired
concentrations would remain in bulk. For example, in the 10 mM simulation, 1
chelated and 32 hydrated Mg2+ ions were included, but 27 of these were excess ions
and only 6 contributed to the bulk concentration. See Table 2.1 for more details.
2.3.2

Equilibration

Equilibration began from the crystal structure (Protein Data Bank accession code
2GIS [4]), using our well-established protocol [116, 117]. The RNA was frozen and
placed in a waterless box. Ions were placed randomly with larger Van der Waals radii
to prevent them from condensing onto the RNA without an appropriate hydration
shell. For the sole purpose of establishing the starting configuration of ions for explicit solvent simulations, the ions were equilibrated using stochastic dynamics and
a dielectric constant of 80 to mimic water for 10 ns until the electrostatic energy
converged. Then water was added to the box, and annealed to 300 K over 200 ps
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with the RNA and ions frozen. The ions were released and allowed to equilibrate at
constant volume for 2 ns. Then the RNA was gradually released over 10 ns, spending
2 ns each with position restraints of 1000, 100, 10, 1, and 0 kcal/mol/nm2 , at constant
pressure. This amounted to 10 ns of waterless equilibration followed by 12.2 ns of
explicit solvent equilibration. From this point on, unrestrained explicit solvent simulations were performed including explicit solvent and explicit ions with full particle
mesh Ewald electrostatics.
Upon the addition of water, the bulk concentration and the radial distribution
functions of the K+ and Cl− ions converged quickly, on a time scale of approximately
0.5 ns. The K+ distribution function changed due to a few K+ ions partially shedding
their hydration shells, which was not allowed before the addition of water. Since
the equilibration was much longer than 0.5 ns, K+ and Cl− were well equilibrated.
Post simulation analysis of relevant time scales, (see Section 2.4.1), validated that
equilibration was reasonable for Mg2+ as well. While some Mg2+ sites had association
times in excess of the simulation time, the largest density fluctuation times for Mg2+
of these sites were approximately 20 ns, and bulk Mg2+ concentration fluctuated with
a time scale between 5 and 8 ns depending on the Mg2+ abundance. These time
scales are all less than or comparable to the 12.2 ns of explicit solvent equilibration.
Thus, this equilibration procedure allowed the RNA to equilibrate with the ionic
environment while keeping it close to the crystal structure.

2.4

Results and Discussion

In Section 2.4.1, the simulations of the SAM-I riboswitch show that outer sphere Mg2+
and RNA fluctuate on the same time scales and couple. Both collective eﬀects (the
bulk concentration of Mg2+ ) and local eﬀects (individual Mg2+ association events)
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Figure 2.2 : Mg2+ aﬀects RNA kinetics. (a) The distribution of autocorrelation times
(ACT) for the MD trajectories projected onto the lowest 50 normal modes. The
time scales of RNA fluctuations increase with Mg2+ concentration in accordance with
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compact conformations. (b) The distribution of ACTs for the local Mg2+ density
around several association sites. The time scales of RNA fluctuations are comparable
to the time scale of the RNA fluctuations, which allows them to kinetically couple.
(c) The residence time for the association sites.

aﬀect RNA dynamics. In Section 2.4.2, characterization of the Mg2+ diﬀusion and
distribution reveals molecular mechanisms by which Mg2+ influences RNA: a layer
of Mg2+ ions separated from the RNA by a single hydration layer constitutes the
majority of the excess Mg2+ (Γ2+ ). Ions in this layer are positioned by electronegative
RNA atoms, hydrations shells, and a preference for the major groove.
2.4.1

Mg2+ -RNA Interactions and Time Scales

Global RNA Dynamics
In our simulations, the Mg2+ concentration has a measurable eﬀect on global fluctuations (Figure 2.2a). To characterize the global dynamics of the RNA, global coordinates are needed. The explicit solvent molecular dynamics simulation trajectories
were projected onto normal modes [118–120]. In this context, normal mode analysis
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is advantageous relative to principal component analysis [121] because normal mode
analysis produces a consistent measure between all simulations (see Section 2.8.2
for more details). A structure-based potential [23, 93] was used to compute normal
modes, rather than the typical Tirion potential [122]. This is the first time this
potential has been used for normal modes to our knowledge.
In order to determine time scales of RNA motion, trajectories were projected onto
the first 50 normal modes. After subtracting a linear fit to remove drift along unstable
normal modes, autocorrelations were computed as a function of time (Equation (2.6)).
The autocorrelations generally had long non-exponential tails, suggesting the presence
of multiple time scales. This is to be expected because processes in RNA range over
many orders of magnitude, up to ligand dissociation or complete unfolding which
are too slow to observe in the simulations. To obtain the dominant time scale for
each normal mode, the time when the autocorrelation fell below 1/e was taken. This
dominant time scale represents the duration of the largest structural changes that
occur within the 2 µs simulation. The peak of the distribution of times changes with
Mg2+ concentration. The median time scale of the autocorrelations increased from
2.03 ns for 0† mM Mg2+ to 3.55 ns for 10 mM Mg2+ , showing that increasing Mg2+
concentration slows structural fluctuations.
It has been shown that while Mg2+ is much more eﬀective than K+ at stabilizing
RNA, Mg2+ also tends to slow transition rates by reducing the entropy of transition
state ensembles [28, 38]. The observed lengthening of autocorrelation time scales for
RNA fluctuations in the presence of Mg2+ provides a mechanism for such a slowing
in the presence of Mg2+ . The Mg2+ stabilizes the compact structure, so the RNA
must wait longer before a suﬃciently large fluctuation occurs to induce a transition.
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Local Mg2+ Dynamics
Before it is possible to quantify the eﬀects of individual Mg2+ association events on
RNA, it is necessary to identify sites where Mg2+ associates with RNA. Association
sites were identified by finding the average position of a Mg2+ ion with respect to the
RNA between times when its diﬀusion fell below 10 µm2 /s and rose back above 100
µm2 /s. (The experimental diﬀusion of aqueous MgCl2 is 1100 µm2 /s.) Diﬀusion as a
function of time was computed by fitting �x2 � = 6Dt to the mean squared deviation
of Mg2+ positions (fitted to the RNA structure). We identified 223 sites where Mg2+
associates with RNA. Mg2+ dwell times in these sites ranged from a few ns to several
hundred ns.
To quantify Mg2+ association with RNA, Mg2+ density near these association sites
was computed as a function of time by counting the number of Mg2+ within a cutoﬀ
distance of the site. The cutoﬀ used was typically 10 Å, which is large enough to
accommodate two or three Mg2+ , but values of 8 Å, 6 Å, and 4 Å were also tried
with similar results. This density measure showed whether an association site was
eﬀectively occupied or unoccupied at any given time.
In order to determine the time scales of local Mg2+ density fluctuations, autocorrelations of the local Mg2+ density time traces were computed (Equation (2.6)). Most
of the local density autocorrelations were generally exponential. Characteristic times
were taken from when the autocorrelation crossed 1/e, and binned (Figure 2.2b).
Nearly all sites have fluctuation times between 1 and 10 ns. A site may tend to be
occupied for much longer, but in that case the fluctuation times correspond to transient periods when the site is empty, and these unoccupied times are generally less
than 10 ns. Shell sizes other than 10 Å give comparable timescales (Figure 2.10),
even though a 4 Å shell just captures if a Mg2+ is in that site, and 10 Å captures a
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broader picture of the local density.
Since residence times need not correspond with local Mg2+ density fluctuation
times, it is informative to examine residence times as well. To determine residence
times for each site, a modified autocorrelation approach was used. For each site and
each Mg2+ a time-dependent boolean variable was assigned to one if the Mg2+ ion
was within 4 Å of the association site, and zero otherwise. 4 Å was chosen to ensure only ions in that association site were considered associated, rather than ions in
neighboring sites or more transient ions which might come within 10 Å. This boolean
variable was then autocorrelated without subtracting the mean. These autocorrelations represent how long the same ion remains associated rather than how long a
density fluctuation from the mean lasts. For each association site, the averages in
(Equation (2.6)) were taken over time and over all Mg2+ ions. Due to the noisy tails of
the autocorrelation functions, residence times were taken from when autocorrelations
fell below 1/e.
Residence times occupy a much broader range, including 8 that are longer than
the simulation time (Figure 2.2c). Residence times correlate well with the 4 Å shell
density fluctuation times (Figure 2.10). Sites with longer residence times tend have
longer fluctuations, though the fluctuations are generally fast compared with the
residence time. 10 Å density fluctuation times correlate poorly with the residence
times due to the presence of faster ions further out in the shell. It is likely that
long term outer sphere association sites such as the 8 identified here (Figure 2.3c)
contribute substantially to the enhanced stability of RNA in the presence of Mg2+ , and
modulate kinetics by anchoring their local RNA environments against fluctuations for
long times while associated.
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Local Mg2+ Events Aﬀect Global Dynamics
Since RNA fluctuations occupy the same time scales as Mg2+ density fluctuations
and Mg2+ residence times, they can couple. We now show that Mg2+ association
in particular sites aﬀects SAM-I conformation and dynamics. Mg2+ bridging interactions, in which a single Mg2+ mutually attracts phosphates, have been suggested
as a mechanism for Mg2+ stabilization of tertiary structure [38]. Temporal correlations (Equation (2.8)) between individual Mg2+ association events and phosphatephosphate (P-P) distances in the simulations provide evidence for this mechanism
(Figure 2.4). Mg2+ association events were modeled by the local ion density about
association sites using 10 Å shells as described above.
Correlating time traces of P-P distances with time-dependent local Mg2+ densities
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Figure 2.4 : Locally, individual Mg2+ association events pull phosphates together
by bridging interactions. (a) The correlations between phosphate-phosphate (P-P)
distance and the local Mg2+ density at the most strongly correlated association site
(10 mM simulation). The pairs in panels (c) and (d) are circled. (b) The same plot
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shows several regions are especially susceptible to Mg2+ binding. Mg2+ binding within
the P4 major groove (C8 to G82 phosphates) shows substantial correlation. When
Mg2+ enters the P4 major groove, the groove partially closes (Figure 2.4c), resulting in
negative (red) correlations between Mg2+ density within the groove and P-P distance.
Several other regions also show strong correlations (Figure 2.4a), including the P3
groove (C41 to G55 phosphates) (Figure 2.4d), demonstrating that individual Mg2+
association events aﬀect local RNA conformation.
The K+ correlations in Figure 2.4b provide a control for the conclusions drawn
from the Mg2+ correlations in Figure 2.4a. K+ fluctuates more than an order of
magnitude more quickly than Mg2+ , so K+ cannot couple eﬀectively with RNA motion. The observed correlations between local K+ density (at the Mg2+ sites) and P-P
distances are indeed weaker than for Mg2+ . They represent K+ passively responding to the RNA conformation rather than actively modulating it through bridging
interactions as Mg2+ does.
The eﬀect of Mg2+ association events on local RNA conformation in turn affects the global conformation. Correlations were computed between the local density
around association sites and the first 25 normal modes. The presence or absence of
Mg2+ can account for 30% to 40% of RNA fluctuations along many normal modes
(Figure 2.5a). Several of the lowest and most correlated normal modes are shown
with the directions of motion along the normal mode. Normal mode 1 responds to
bridging interactions in the P4 major groove (Figure 2.5b). When Mg2+ enters the
blue region (positive correlation), progress along that coordinate increases, and the
major groove of P4 surrounding those phosphates closes. (Correlations are opposite
from Figure 2.4c because positive motion along the structural reaction coordinate is
in opposite directions.) Normal mode 4 responds to competition between bridging
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interactions in the P3 and P4 major grooves (Figure 2.12c). Positive motion along
normal mode 4 opens the P4 major groove and closes the P3 major groove, and the
resulting correlations are as expected. Normal mode 8 responds to competing bridging interactions on opposite ends of the P4 major groove (Figure 2.12d). In normal
mode 8, the P4 major groove opens on the loop end while closing on the P1 end.
Correlations with the association sites in this groove reflect that diﬀerence: the loop
end displays negative correlations; the P1 end shows positive correlations. Our results show that individual Mg2+ association events aﬀect the global conformation by
changing local conformation through bridging interactions between phosphates.
2.4.2

Characterization of Outer Sphere Mg2+

Ionic Concentrations and Excess Ions
Since RNA is strongly charged, it attracts excess ions to balance its charge. The
excess number of each species of ion i that an RNA molecule attracts into its local environment is given by Γi [43]. Excess ions are of interest because they are
experimentally measurable [123], and allow connection between the simulations and
experiment. Electroneutrality requires the excess ions to balance the net RNA charge
�
according to Z =
qi Γi , where Z is the magnitude of the RNA charge and qi is the
charge of each ionic species i [42, 124]. Within this constraint, Γi for each species can
vary with bulk ionic concentrations due to the availability of various ions.
Simulations were run at several varying concentrations. Table 2.1 shows the number of ions included in simulations as well as the concentrations and excess ions (Γi )
for each species i. The number of ions in the box is the sum of ions contributing
to the concentration and the excess ions Γ. Since Γi varies with concentration, the
number of ions in the box had to be chosen by trial and error to obtain the desired
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Mg2+ a
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�
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a

Raw concentration

b

Corrected concentration ∝ N − Γ

Table 2.1 : Contains (from top to bottom) number of ions in each simulation, raw
concentrations determined 20 Å beyond RNA (asterisk), concentrations corrected
with a small potential perturbation approximation, and excess ions (Γ) obtained
from the corrected concentrations.
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bulk concentrations. Concentrations as a function of time are computed by counting
the number of ”bulk” ions BMg2+ and water molecules BH2 O more than 20 Å from any
RNA atom and taking their ratio. While this technically gives the molality rather
than the molarity, we use it as a proxy for molarity because molarity and molality are
very close for low ionic concentrations in water, and computing the mass of solvent
by counting particles is much simpler than computing the volume of the irregularly
shaped space more than 20 Å from the RNA. The concentration of an ionic species
is given by the time average of the ratio of these molecule counts multiplied by the
molarity of pure water
�

Mg2+

�∗

= 55.51 M

BMg2+
.
B H2 O

(2.1)

Since only 95% of the charge is balanced out by 20 Å in 100 mM KCl, the computed
concentrations will not sum to zero because some charge density must remain in the
rest of the box to balance the residual RNA charge. However, unlike the case near the
RNA where ions interact diﬀerently with the RNA due to large electrostatic potentials, at 20 Å, the electrostatic potential is a smooth, small perturbation. Ion densities
in a small potential well will respond linearly with their concentration, charge, and
the well depth. The corrected bulk concentrations (which must be electroneutral) are
given by

�

zj [j]∗

j

[i] = [i]∗ − zi [i]∗ �

zj 2 [j]∗

(2.2)

j

�

Mg

�
2+

�

= Mg

�
2+ ∗

� 2+ �∗ � + �∗ � − �∗
�
2
Mg
+ K
− Cl
∗
� 2+ �∗ � + �∗ � − �∗ ,
− 2 Mg2+
4 Mg
+ K
+ Cl
�

(2.3)

where zi is the charge, [i]∗ denotes the raw concentration, and [i] denotes the corrected
concentration. If the arbitrary definition of bulk ions as more than 20 Å from the
RNA is varied, the corrected concentrations converge much more quickly than the
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raw concentrations. Once corrected concentrations are obtained, the excess ions (Γ)
may be computed, which are the ions in excess of the amount expected from the
corrected concentration
Γ2+ = NMg2+

�

�
Mg2+
− NH 2 O
,
55.51 M

(2.4)

where NMg2+ is the total number of Mg2+ ions and NH2 O is the total number of water
molecules.
Excess ions (Γ) are experimentally measurable [123]. For a purine riboswitch with
72 residues at 1 mM Mg2+ and 50 mM K+ , the excess Mg2+ (Γ2+ ) varies from 13 to
18, depending on mutations and the switch state [8, 124]. We observe a Γ2+ of 10.5 at
this Mg2+ concentration. A lower prediction is expected in the simulation since it has
twice as much K+ competing to balance the RNA charge. There are additional factors
that complicate the comparison between experiment and simulation. NMR experiments generally show nearly all K+ remains fully hydrated, while in most molecular
dynamics simulations (including ours) approximately half of the excess K+ partially
dehydrates and contacts RNA directly [125]. Our simulations show 40% to 50% of
the excess K+ (Γ+ ) is partially dehydrated (Figure 2.18). Whether this layer of K+ is
an artifact of molecular dynamics forcefields is unclear. Removal of inner sphere K+
and a proportional increase of the outer sphere and diﬀuse K+ as well as excess Mg2+
to restore electroneutrality would raise Γ2+ for 1 mM Mg2+ from 10.5 to 14.7. A
factor of less importance is that forcefield limitations do not allow exchange between
hexahydrated outer sphere Mg2+ and partially dehydrated inner sphere Mg2+ . While
very few sites in RNA of this size can pay Mg2+ ’s sizable dehydration cost [26, 126],
it is possible one or two more chelation sites in addition to the explicitly included
chelation site may exist and contribute to Γ2+ . One or two additional chelation sites
are unlikely to change our finding that most of the Mg2+ contributing to Γ2+ is in
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Γ2+

1 mM

6 mM

10 mM

10.5

18.7

27.2

Number of Mg2+
a

Inner Sphere

1.0

1.0

1.0

Outer Sphere

8.6

16.0

22.3

Diﬀuse

0.9

1.7

3.9

Percent of Γ2+
Inner Sphere

9.5

5.4

3.7

Outer Sphere

81.8

85.8

81.8

Diﬀuse

8.7

8.9

14.5

a

This inner sphere ion is chelated

Table 2.2 : The number and percentage of ions in the distance classes in Figure 2.6.
Chelated ions are a subset of the inner sphere class. Note that the outer sphere
population contains 80% to 85% of the excess Mg2+ ions Γ2+ .

the outer sphere layer of ions, between the inner sphere and diﬀuse regimes.
Distance Classes and Diﬀusion of Mg2+ Ions
Mg2+ ions can be divided into classes based on distance from RNA [25, 26] (Figure 2.6a). Inner sphere ions are the closest and make direct contact with the RNA.
Mg2+ typically has an octahedral geometry and coordinates with six waters. Each
inner sphere contact with RNA replaces one of these waters. Inner sphere ions can
be further divided into monodentate and chelated ions based on whether they make

37

Linear Density [Åï ]

a

1

0.1

0.01
0

5

10
15
20
Distance to RNA [Å]

25

1000
2+
2
0J'LIIXVLRQ>ѥPV@

b

P0
P0
P0

10

100
Inner Sphere
Outer Sphere
Diffuse
Free
Median Diffusion

10

1
0

5

10
15
20
Distance to RNA [Å]

25

Figure 2.6 : Four classes of Mg2+ based on RNA distance emerged during our analysis:
inner sphere (black) at 2 Å, which includes the chelated Mg2+ , outer sphere (red) at 3
to 5 Å, and diﬀuse (green) at 5 to 15 Å, blending into free (blue). (a) The population
of Mg2+ as a function of distance from the RNA. The outer sphere population, which
has previously received little attention, composes 80% to 85% of ΓMg2+ (Table 2.2). (b)
The diﬀusion of Mg2+ as a function of distance from the RNA. Closer Mg2+ ions show
decreased values of mobility. Bars reflect the variance of instantaneous diﬀusion above
and below the mean. The uncertainty from bootstrap analysis averages approximately
3%. The median instantaneous diﬀusion is plotted as a dashed line. While the median
is comparable to the mean in most regimes, it is substantially below the mean for
outer sphere Mg2+ because rare dissociation events dominate the mean. Values are
from the 10 mM simulation.
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one or multiple inner sphere contacts with RNA. The inner sphere Mg2+ in our simulations is chelated, but monodentate Mg2+ have also been observed in other systems
[127]. The next layer is outer sphere. These Mg2+ retain all their inner sphere waters,
and are only separated from the RNA by this single hydration layer. This layer accounts for most of the Mg2+ in our simulations, 80% to 85% of Γ2+ (Table 2.2). Ions
in this layer fluctuate on time scales comparable with RNA fluctuations, and couple to the RNA. Because Mg2+ ions cannot condense closer than this layer without
paying substantial dehydration costs, these ions roughly correspond to the Manning
condensed counterions [32] which condense and renormalize RNA charge in Manning
counterion condensation theory. There are several hints that this layer behaves as an
ionic glass (Section 2.4.2). The next layer is diﬀuse. Diﬀuse ions are separated from
RNA by two or more hydration shells, are poorly ordered, and are well described by
continuum models. The furthest group of ions is free. The divide between diﬀuse
and free ions is ambiguous. For the present analysis we simply subtract inner sphere
and outer sphere ions from Γ2+ . Population enrichment (Figure 2.6a) and reduced
diﬀusion (Figure 2.6b) suggest between 10 and 20 Å as a reasonable boundary for
these two classes.
Diﬀuse ions are well represented by NLPB distributions due to their low density
and rapid dynamics. In contrast, outer sphere ions may be more reminiscent of
Manning counterions that condense as close to the RNA as possible and screen its
charge. They are dense, have internal correlations, and couple strongly with the
RNA. Reasonable thermodynamic agreement with experiment has been obtained by
combining a few chelated sites with a NLPB representation of diﬀuse ions [102, 103,
128]. The Tightly Bound Ion method treats outer sphere ions thermodynamically
resulting in improved calculations of stability [70]. Our results show that Mg2+ also
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exerts substantial kinetic control, which these models cannot capture. In contexts
where RNA kinetics are of interest, the kinetic eﬀects of outer sphere Mg2+ must be
carefully considered.
The kinetic eﬀects are highlighted by the diﬀerent diﬀusive behavior between
Mg2+ distance classes (Figure 2.6b). The diﬀusion of Mg2+ ions was computed as
follows. The RNA was first fit to a reference structure, because otherwise the lower
Mg2+ diﬀusion values were washed out by the bulk RNA diﬀusion, which was on
the order of 10 µm2 /s. The distance to the nearest RNA heavy atom was found for
every frame. The squared displacement for 2 ns periods starting every 200 ps was
computed, and then averaged within bins based on starting distance from the RNA.
The mean squared displacement was then fit within each distance bin to �x2 � = 6Dt
to obtain diﬀusion. Instantaneous diﬀusion could be determined by fitting the mean
squared displacement before averaging within distance bins.
The chelated Mg2+ in the inner sphere class has the lowest diﬀusion. This ion
does not move relative to the RNA during the simulation so its diﬀusion is nearly
zero, and the plotted value of 1 µm2 /s indicates our method’s precision. The outer
sphere Mg2+ ions have a diﬀusion coeﬃcient (20 to 30 µm2 /s) roughly two orders of
magnitude below bulk. As mentioned before, outer sphere ions account for most of the
Mg2+ associated with the RNA. Depending on the site, they can remain associated
from a few ns to several thousand ns. Due to heterogenous sites, glassy dynamics,
and escape to regions with higher diﬀusion, the diﬀusion of the inner sphere regime
is complex. Rare escape events dominate the average diﬀusion, while the median of
the instantaneous diﬀusion is nearly an order of magnitude lower than the average.
A very steep increase in diﬀusion occurs between the outer sphere and diﬀuse
regimes. The diﬀuse Mg2+ helps with charge balancing, but its diﬀusion is higher
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because it is not associated very strongly with any particular site. Values for the
free Mg2+ come close to the experimental value of 1100 µm2 /s for MgCl2 diﬀusion.
The disconnect between diﬀusion rates emphasizes the uniqueness of the outer sphere
regime, which occupies a region of low mobility between the essentially immobile
chelated Mg2+ and the more rapidly diﬀusing diﬀuse regime.
Chelated Mg2+
In the X-ray structure, there is density near A10 and U64 assigned to a Mg2+ ion. Due
to the resolution of this structure, it is diﬃcult to assign certainty to this density,
much less ascertain its chelation state. Our starting initial configuration includes
this ion, which we call inner sphere due to its close proximity to the RNA. (See
Section 2.8.11 for further details.) We note that the use of the term inner sphere itself
is approximate due to the resolution of the X-ray structure. In our simulations, the
inner sphere Mg2+ ion connects the partially buried nonbridging phosphate oxygens
of residues A10 and U64 for the duration of the simulation, suggesting that the ion
may be chelated. The chelation site is consistent with the crystal structure, and has
been suggested to be important for stability [59, 115]. Our prediction that this ion
is chelated is also based on the need for a positive ion to bridge the repulsion of two
phosphate oxygens separated by 4.24 Å, the need to oﬀset the cost of partial burial
of the phosphate on U64, and the destabilization and disordering of the riboswitch,
especially the P4 helix, in simulations lacking an ion in this position. Whether we
are correct about Mg2+ chelation at this site remains to be seen experimentally.
In bulk solution, Mg2+ ions exchange their inner shell contacts on a time scale of
1.5 µs [129, 130], so we did not expect this Mg2+ to unbind from the RNA. However,
during the course of our simulations, none of the Mg2+ exchanged any of their waters,
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whereas we would have expected each of them to exchange on average one of their
six waters, indicating Mg2+ in AMBER exchanges water on much slower time scales
than in experiment. As a result, there is no exchange between inner sphere Mg2+
and outer sphere Mg2+ in our simulations. Since classical forcefields like AMBER do
not capture the quantum character and geometry of inner sphere contacts [131], it
is preferable that the forcefield keeps Mg2+ ions hydrated where the forcefield is well
parameterized. This is less of a limitation than might be expected since dehydration
of Mg2+ is energetically costly [26], and RNAs of this size have few electrostatic wells
deep enough to pay the substantial dehydration cost for Mg2+ . Such sites, which
frequently occur at buried backbone phosphates, are more common in larger RNAs.
For RNAs of this size at physiological concentrations, inner sphere Mg2+ is likely only
a small contributor to the excess Mg2+ (ΓMg2+ ) or energetic stabilization (∆GMg2+ )
compared to outer sphere and diﬀuse Mg2+ [99].
Spatial Characterization of Outer Sphere Mg2+
The distribution functions of Mg2+ about the RNA reveal three molecular principles
of Mg2+ -RNA association. First, Mg2+ shows a strong preference for the backbone
and major groove. Second, Mg2+ is positioned by hydration layers. Finally, Mg2+ is
positioned by an attraction for the most electronegative RNA atoms: non-bridging
phosphate oxygens (NBPOs), and atoms Purine N7, Uridine O4, and Guanine O6 of
the nucleotide bases.
Radial distribution functions (RDF) reveal where Mg2+ resides during the simulations (Figure 2.7). The top panel shows the RDF for the central phosphorous of
the phosphate group. The inner peak at 3.2 Å is the distance for the aforementioned
chelated (partially dehydrated inner sphere) Mg2+ ion which did not exchange. The
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Figure 2.7 : Plotted are several radial distribution functions for Mg2+ . (a) The
RDF with the phosphorous atom at several concentrations. The dual peak at 5 Å
indicates substructure. This substructure is clarified in (b) the RDF with several
electronegative RNA atoms (10 mM simulation), including the phosphate oxygens.
See Figure 2.8b for a 3D representation of electronegative atoms.

43
double peak near 5 Å corresponds to hydrated, outer sphere ions. The double peak
suggests there is anisotropic substructure unexplained by this RDF. Most of the ions
in the second and third hydration peaks are more closely associated with other phosphates. The substructure of the outer sphere layer can be attributed to interactions
with electronegative atoms of the RNA, in particular, nitrogenous base atoms Purine
N7, Uridine O4, Guanine O6, and especially the non-bridging phosphate oxygens
(NBPO) (Figure 2.7b). All of these RDFs have a single peak at 4.2 Å from the first
hydration layer, revealing it is the electronegative atoms, not the phosphate centers,
which control the Mg2+ distribution.
These radial distributions are consistent with previous results. A previously computed phosphate RDF averaged over four phosphates [132] shows qualitative agreement with the phosphate RDF and double peak. The RDF about specific electronegative atoms that explains this double peak has not been previously computed, but
shows reasonable similarity to the RDF of water about Mg2+ [133, 134]. The main
diﬀerence is that the inner sphere peak in Figure 2.7b is much lower than the inner
sphere peak for water due to the high free energy cost of dehydrating Mg2+ ions.
The spatial distribution functions (SDF) provide a more detailed picture of the
Mg2+ distribution and corroborate the three principles controlling it (Figure 2.8).
As noted in previous crystallographic studies [135], the SDFs show that Mg2+ has a
strong preference for the major groove.
Figure 2.8a shows the average SDF around phosphate groups. The SDF about
the single phosphate shows two lobes (i) around the NBPOs as would be expected
from Figure 2.7b. (The dual peak in Figure 2.7a arises because diﬀerent parts of these
lobes are diﬀerent distances from the central phosphorus.) These lobes are modulated
in density by preference for the major groove and by other electronegative atoms. As
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Figure 2.8 : Spatial distribution functions (SDF) of Mg2+ about SAM-I. In our study,
simulations were performed with 0, 1, 6, and 10 mM Mg2+ concentrations. Here, we
show Mg2+ density isosurfaces from the 10 mM simulation with SAM, displaying
localized regions of high Mg2+ concentration. Specifically, Mg2+ density surfaces of
1.4 M and 7 M are shown in transparent white and solid green respectively. The
density of the outer sphere Mg2+ distribution is expressed in molarity to highlight
the more than 700-fold enrichment of Mg2+ above the bulk concentration of 10 mM.
See Section 2.8.7 for more details. (a) The average Mg2+ SDF about a phosphate
(red). A representative backbone is shown for reference. Several hydration layers and
a preference for the major groove are visible. Regions (i) and (ii) correspond to the
two peaks in Figure 2.7a (b) The Mg2+ SDF about helix P1. Electronegative atoms
controlling the distribution are labeled and shown in brown. Sites occur along the
backbone (i&ii) or within the major groove near the brown electronegative atoms
(iii).
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a result, the belt (ii) joining the lobes is particularly strong, as is the lobe around
the major groove NBPO. The lobe around the minor groove NBPO is weaker, and
polarized towards the 3’ terminus, due to the major groove NBPO of the neighboring
residue. Secondary shells separated by two and three hydration layers are visible
where Mg2+ can interact more closely with other electronegative atoms, especially
the nitrogenous bases in the major groove.
Figure 2.8b (the P1 helix) shows typical ways that Mg2+ associates with helices.
Again the preference for the major groove is strongly visible. There are sites along
the backbone where Mg2+ sits in the belt (ii) between two NBPOs or in a notch (i)
between neighboring phosphates, as suggested by Figure 2.8a. Several association
sites within the major groove where Mg2+ interacts with the nitrogenous bases are
visible. Electronegative atoms are again key in positioning these sites. One particularly strong site (iii) is at the G·U wobble pictured at the top of this helix. G·U
wobbles have been previously noted to form Mg2+ association sites [29, 135]. The
molecular basis for this is immediately apparent: the G·U wobble forms a depression
in the major groove surrounded by an N7 and an O6 on the guanine and an O4 on the
uracil. The canonical base pairs only have two of these three electronegative atoms.
Glassy Character of Outer Sphere Mg2+
Outer sphere Mg2+ ions not quite not bound and not quite unbound. These ions are
localized to the RNA, but hop from site to site in a glass-like manner. That is, the
energy landscape for these ions exhibits a high degree of frustration, where one site
of localization for a Mg2+ ion may be as favorable as another site, causing the ion to
migrate from site to site, without being trapped in one specific site. Our measured
diﬀusion and distributions of the outer sphere Mg2+ suggest they behave in a glassy
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manner.
The presence of several ordered peaks in the RDF between Mg2+ and NBPOs in
the major and the minor grooves of the RNA (Figure 2.7b) is consistent with glasslike behavior. Furthermore, the RDF between Mg2+ and the phosphorous atoms
(Figure 2.7a) indicates a split peak at 4.2 Å and 5.1 Å, that is followed by peaks at
7.5 Å and 9.5 Å, and a lack of noticeable peaks for distances larger than 14 Å. Our
results indicate that the system is locally amorphous, and likely an ionic glass (or
possibly an ionic supercooled liquid) [136].
If the distance between these outer sphere ions is less than or equal to the Debye
screening length, these counterions strongly interact with each other and behave as
a strongly correlated ionic liquid [105], with corresponding diﬀusion and shear properties [137]. In our simulations the average distance between outer sphere ions in on
the same order as the Debye length (both are approximately 6.5 Å ), suggesting the
ions are strongly correlated. Last, the diﬀusion coeﬃcient of the outer sphere ions
is around hundred fold smaller than the diﬀusion coeﬃcient of the free ions (Figure 2.6b), also indicating that these ions have the properties of a strongly-coupled
liquid consistent with glass-like behavior.

2.5

Conclusion

Mg2+ has a strong eﬀect on RNA stability and dynamics. Through molecular dynamics simulation of a folded RNA riboswitch, we demonstrated that the dynamics
of Mg2+ and RNA can couple because Mg2+ and RNA fluctuations occur on the same
time scale. This coupling was substantiated by the correlation of the RNA’s motion
with Mg2+ association events. Increasing Mg2+ concentration was shown to slow fluctuations of the RNA. In fact, preliminary results suggest outer sphere Mg2+ behaves
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in a glassy manner. Because Mg2+ couples to the RNA, phase changes in the glassy
Mg2+ ions may result in changes in RNA kinetics. Further work is needed to fully
characterize the glassy dynamics of outer sphere Mg2+ ions.
To form a deeper physical understanding of the molecular basis for Mg2+ -RNA
interactions, we have focused on the spatial distribution and diﬀusion of Mg2+ itself.
Over 80% of excess Mg2+ ions are in the outer sphere regime, separated from the
RNA by a single hydration layer, rather than in the diﬀuse or chelated regimes.
These outer sphere ions are positioned by electronegative RNA atoms, hydration
layers, and a preference for the major groove. The 100-fold slower kinetics within the
outer sphere regime demonstrates how diﬀerent the ions within this regime are from
the canonical diﬀuse Mg2+ . The outer sphere Mg2+ occupy a region of intermediate
mobility between chelated and diﬀuse, which allows them to couple to the RNA.
Previously, the interplay between Mg2+ and RNA has frequently been modeled
by chelation sites and a diﬀuse ion cloud. Diﬀuse ions are well represented by NLPB
distributions due to their low density and rapid dynamics. In contrast, outer sphere
ions are more reminiscent of Manning counterions that condense as close to the RNA
as possible. While NLPB begins to capture the energetic stabilization of these ions,
it cannot capture the discrete ion eﬀects, internal correlations, or kinetic coupling
between outer sphere Mg2+ and the RNA. Since outer sphere Mg2+ are the dominant
population and have a substantial eﬀect on RNA dynamics, we propose a new view
of Mg2+ -RNA interactions where the outer sphere Mg2+ class, with potentially glassy
internal correlations, both thermodynamically stabilizes and exerts kinetic control on
RNA. Future simplified treatments of Mg2+ -RNA interactions need to consider the
importance of the inherently discrete ion eﬀects of the outer sphere Mg2+ .
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2.6

Significance

This study has several important consequences for our attempts to model Mg2+ -RNA
interactions in the next two chapters. Because of the kinetic eﬀects of Mg2+ , as well
as ion-ion correlations of the outer sphere Mg2+ , we chose to represent Mg2+ ions
explicitly rather than with a mean field or implicit treatment. The finding that most
excess Mg2+ occupies the outer sphere regime further enabled us to focus on capturing
this population as a first order approximation, without having to treat the complex
energetics of inner sphere ions. The positioning of Mg2+ by electronegative atoms
motivated the inclusion of all-atom RNA charges in Chapter 3, but we were able
to relax this requirement and use phosphate centered charges in Chapter 4 without
compromising accuracy.
The study also revealed two potential avenues for future research. First, we were
unable to quantify the glassiness of Mg2+ as thoroughly as we would have liked, to
discriminate between supercooled ionic liquid and glass phases, or between strong
and fragile glasses. Such quantitation would require extensive sampling over a range
of temperatures, which is most easily achieved using simplified models. Subsequent
studies have suggested that Mg2+ may be glassy [82], and connecting with such studies
is of great interest. Second, while explicit solvent principal components and structurebased model normal modes both captured the global dynamics, there was some disagreement over the largest amplitude modes. It may be that long range electrostatic
eﬀects are quenching modes in the explicit solvent simulations that are free to fluctuate in the structure-based model due to the absence of explicit electrostatics. If
so, then accounting for electrostatics will be much more important in structure-based
models of RNA than it was in proteins.

49

2.7

Acknowledgements

R.L.H. thanks Dr. Ulrich Müller for helpful discussion on RNA secondary structure
representation, and Dr. Andrea Vaiana, Dr. Kim Baldridge, and Dr. Ross Walker
for help parameterizing the SAM ligand for AMBER. This work was supported by
the Center for Theoretical Biological Physics and by LANL Laboratory Research and
Development. Work at the Center for Theoretical Biological Physics was sponsored
by the National Science Foundation (NSF Grants PHY-0822283 and MCB-1051438).
J.N.O. is a CPRIT Scholar in Cancer Research sponsored by the Cancer Prevention
and Research Institute of Texas. We are grateful for the support of LANL Institutional Computing for computing resources.

2.8
2.8.1

Additional Details
Correlations and Autocorrelations

To determine the characteristic times for fluctuations of normal modes fluctuations
in density, or residence times, autocorrelations were computed. For some quantity q
of interest, the normalized autocorrelation AC(∆t) is given by
q̃(t) = q(t) − �q�
AC(∆t) =

�q̃(t)q̃(t + ∆t)�t
,
�q̃ 2 �

(2.5)
(2.6)

where the averages �� are computed over time. For a given ∆t, autocorrelation values
close to unity indicate the system is unlikely to have changed, while autocorrelations
near zero indicate that the system has little memory over this time interval. The
autocorrelation provides a measure of the duration of fluctuations of the system. A
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representative time for fluctuations can be obtained by performing the integral
� ∞
τ=
AC(t)dt .
(2.7)
0

For an exponentially decaying autocorrelation, Equation (2.7) gives the time constant
of the exponential. In the case that the data is noisy or has an unreliable tail, this time
constant can alternatively be obtained from the time interval for the autocorrelation
to fall to 1/e.
Correlations were computed to establish connections between Mg2+ dynamics and
RNA dynamics. For two time-varying quantities p and q of interest, the correlation
is given by
�p̃(t)q̃(t)�
C=�
,
�p̃2 � �q̃ 2 �

(2.8)

where p̃ and q̃ have had had their means subtracted.
2.8.2

Normal Modes

As outlined earlier, global coordinates are needed to characterize the global dynamics
of the RNA. We demonstrate that both normal modes [118–120] and principal components [121] capture the global dynamics, but normal modes are used because they
provide a consistent measure between all simulations. To compute normal modes,
we used a structure-based potential [23, 93], rather than the typical Tirion potential
[122]. The mass weighted Hessian matrix Hij of second derivatives of the potential
about the minimum was computed
Hij = √

1
∂ ∂
U.
mi mj ∂xi ∂xj

(2.9)

This matrix was diagonalized to produce the eigenfrequencies and modes of the system, with the lower frequency modes corresponding to the larger global motions of
the RNA.
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Normal modes are typically computed in proteins with the Tirion potential. The
Tirion potential is an ultra-simple forcefield based on the geometry of the Cα atoms.
Tirion’s original paper [122] demonstrated that it was the geometry of the protein
which controlled the lowest frequency normal modes, and not the details of the potential, so the Tirion potential gave good agreement with normal modes obtained from
more detailed potentials. It is unclear how to apply the Tirion potential for proteins
to an RNA system, and whether one should include one, three, or many beads per
residue to adequately capture the geometry of RNA, due to its larger residues. In the
present case, an established all atom structure-based potential is used for computing
normal modes. While this potential is substantially more accurate than the Tirion
potential, the primary motivation to use it is that it is simpler to apply to RNA.
Principle components, also known as essential dynamics, are another possible
global coordinate [121]. Principle components are computed by diagonalizing the
mass weighted covariance matrix
Cij =

�√

mi (xi (t) − �xi �)

√

�
mj (xj (t) − �xj �) .

(2.10)

Since the covariance matrix is dependent on the trajectory, principal components
are dependent on the degree of sampling and are not necessarily consistent between
simulations.
Normal modes and principal components are both global coordinates of the system. They are related in that for simulations at very low temperatures, they will
coincide because there will not be enough thermal energy to explore the landscape
beyond where the harmonic approximation implicit in the Hessian matrix breaks
down. At higher temperatures normal modes are advantageous because there is no
need to wait for convergence, but principal components are advantageous because
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Figure 2.9 : The subspace overlap between each principal component and the subspace
of the first 50 normal modes. The first 10 principal components are well represented,
so normal modes are able to represent these most important motions of the RNA.

they capture the global motions of the system beyond the harmonic basin of attraction.
Because of the need to compare global motions between simulations, we use normal modes. We compare the subspace overlap between normal modes and principle
components to more precisely relate normal modes to principal components (Figure 2.9). A subspace overlap Ci determines what portion of a given mode can is
captured by a linear combination of modes of another basis
Ci =

50
�
j=1

(�pi · �qj )2 .

(2.11)

Here we look at how completely a given principal component p�i is represented within
the subspace of the first 50 normal modes �qj . The first 10 principal components are
well represented, after that the overlap begins to decline. Thus, normal modes are
able to represent the first 10 principal components, which give the most important
motions of the RNA.
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Figure 2.10 : Mg2+ aﬀects RNA kinetics. (a) The distribution of autocorrelation
times for the MD trajectories projected onto the lowest 50 normal modes. The inset
shows the autocorrelation averaged over all normal modes. The time scales of RNA
fluctuations increase with Mg2+ concentration in accordance with experiment. This
occurs because Mg2+ tightens RNA tertiary contacts and stabilizes compact conformations. (b) The distribution of autocorrelation times for the local Mg2+ density
around several association sites. The inset shows the mean of the autocorrelation of
the local Mg density averaged over all sites. The time scales of RNA fluctuations are
comparable to the time scale of the RNA fluctuations, which allows them to kinetically couple. (c) The residence time for the association sites. The inset shows the
comparison between residence time and autocorrelation time for each site.

2.8.3

Time Scales

Further time scale details omitted in Figure 2.2 are shown in Figure 2.10. The normal
mode autocorrelations were averaged together over the first 50 normal modes, to
simplify presentation of the data (Figure 2.10a, inset). These curves show the long
non-exponential tails of the autocorrelation, and also reflect the slowing of RNA
fluctuations with increasing Mg2+ . Integration of these curves (Equation (2.7)) biases
longer time scales, and gave time scales that increased from 6.8 ns for 0† mM to 12.7
ns for 10 mM. Likewise, the association site local density autocorrelations were also
averaged together (Figure 2.10b, inset). The resulting autocorrelation curves are
much more exponential in character. The time scale of local density fluctuations is
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3.7 ns with the 10 Å shell and 3.4 ns with the 4 Å shell. Thus, both 10 Å and 4 Å have
comparable time scales, even though a 4 Å shell just captures if a Mg2+ is in that site,
and 10 Å captures a slightly broader picture of the local density. Comparison was
made between density fluctuation times from panel b and residence times in panel c
(Figure 2.10c, inset), and correspondence was found for 4 Å spheres, as mentioned in
Section 2.4.1.
2.8.4

Local Mg2+ Events Aﬀect Local Dynamics

Local densities were computed within a 10 Å shell of the electronegative backbone
atoms. These local densities were correlated with P-P distance to give a degree of
correlation as a function of sequence along the RNA. While this method had some
advantages over the analysis employed in Figure 2.4, it was eventually abandoned
because spurious correlations were arising. The electronegative atoms around which
the local density was computed were registering changes in local density as the atoms
moved with respect to more fixed association sites. In this figure, both P-P distance
and Mg density were smoothed with a 1 ns long moving average. Such smoothing
was not necessary for the calculations within Figure 2.4.
2.8.5

Local Mg2+ Events Aﬀect Global Dynamics

Figure 2.12 shows additional data omitted from Figure 2.5 for clarity. Figure 2.12a
shows the first 50 normal modes whereas Figure 2.5a only shows the first 25. Twenty
[138] to thirty [122] normal modes is generally considered enough, but we include
50 here for completeness and consistency with the 50 normal modes considered in
previous sections. Figure 2.12c&d are referenced in the main text, but were omitted
for space considerations. They are included here for completeness and to demonstrate
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Figure 2.13 : Diﬀusion as a function of distance for the three non-zero Mg2+ concentrations.

that the eﬀect of Mg2+ bridging interactions tugging on normal modes is not unique
to a single normal mode.
2.8.6

Diﬀusion of Mg2+ Ions

The diﬀusion eﬀects mentioned in the main text are robust with respect to concentration (Figure 2.13). The diﬀerent Mg2+ concentrations show the same diﬀusion in all
but the outer sphere regime. The 1 mM Mg2+ simulation shows slighly lower values
of diﬀusion in the outer sphere regime because Mg2+ is more scarce and fills longer
lived association sites first, resulting in lower average diﬀusion.
2.8.7

Spatial Characterization of Transient Surface Mg2+

For computation of SDFs in Figures 2.8 and 2.15, each frame of the trajectory was
fitted to each of the 93 phosphates, to the P1 helix, or to the whole riboswitch, and
the magnesium locations were binned. Bin sizes were 0.5 Å for the phosphate SDF
and 1.0 Å for the helix and riboswitch SDFs. The resulting probability density can be
expressed as molarity (1 M = 0.6022 nm−3 ). Regions of 1.4 M and 7 M were plotted
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Å.

Figure 2.15 : Spatial distribution functions (SDF) of Mg2+ about SAM-I. Mg2+ density surfaces of 1.4 M and 7 M are shown in transparent white and solid green respectively (10 mM simulation with SAM). The Mg2+ distribution around the whole
riboswitch is shown here. More localized distributions can be found in Figure 2.8 of
the main text.
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in VMD using isosurfaces [139]. We express these values in molarity to emphasize the
immense enrichment of 700-fold for outer sphere Mg2+ over bulk Mg2+ concentrations.
Figure 2.15 shows the Mg2+ about the entire riboswitch. The sites in Figure 2.8b
are visible on the back side of this view. There is a preference for the backbones
and major grooves, along with the central regions where there is more negative RNA
charge to balance.
On the order of 25 regions of Mg2+ enrichment exceeding 7 M concentration
are visible. These regions are connected by regions of lower enrichment. From the
Table 2.2 in the main text, 22.3 of the Mg2+ ions are in the inner sphere regime on
average, so on average most of these regions will b occupied. We expect a similar
occupation pattern would apply at lower concentration, with the exception that longer
lived sites should fill up preferentially. That is, the bluer regions of Figure 2.3b should
be more full. Thus the 8.6 outer sphere Mg2+ in 1 mM Mg, should preferentially fill
up the P1 to P4 major groove and the aptamer core.
2.8.8

Mg2+ Concentration Aﬀects RMSF

As crude proxy for stability, we checked the changes in root mean squared fluctuations
of the phosphates as a function of Mg2+ concentration. Results show that some regions
display enhanced fluctuations, and others quenched fluctuations in the presence of
Mg2+ (Figure 2.16). Residues near 15 and 33 (the kink turn break between helices
P2a and P2b) show enhanced fluctuation in the presence of Mg2+ because there is
a binding region that Mg2+ pops in and out of, resulting in greater fluctuations at
the base of the P2 helix. On the contrary, residues 50-53 (tip of P3 helix) and 79-82
(base of P4 helix) show decreased fluctuations because Mg2+ association enhances
RNA stability and keeps these regions anchored down.
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Figure 2.16 : Shown are the root mean square fluctuations by residue of each phosphate in the riboswitch. Fluctuations are especially high in the kink turn (residues 15
and 33) and in the loop regions of P3 and P4 (G50 to A53 and G74 to A77), though
magnesium concentration has varying eﬀects on these regions.

2.8.9

Higher Mg2+ Concentration Quenches Normal Mode Fluctuations

Analysis of the normal modes shows that Mg2+ quenches global fluctuations of the
RNA. Figure 2.17 shows the variance of the normal modes (dots) plotted by the
normal mode index. The variances are also sorted by magnitude (lines) to ease
comparison between varying concentrations. The variances are about twice as large
in the 0 mM Mg2+ simulation as in the 10 mM Mg2+ simulation. Removal of the inner
sphere bound magnesium that connects A9 and U63 causes and additional factor of
two increase in the variances. This destabilization is almost as great as the removal
of SAM, which also results in nearly a factor of two increase in variance within the
10 mM simulations. These simulations are not long enough for unfolding to occur
to compare relative free energies, but the changes in fluctuations hint at changes in
stability because of increased attempt rates reflected by larger variances.
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Figure 2.17 : Plotted are the variances of the normal modes. Dots represent the
variance along a particular normal mode, plotted by the index of the normal mode;
while lines represent the variances sorted by magnitude. The red, green, cyan, and
blue lines correspond to the 0, 0† , 1, and 10 mM Mg2+ simulations, respectively. It
is of note that the removal of all bulk magnesium (green line) aﬀects the stability as
much as the removal of the SAM ligand (dashed blue line).

2.8.10

K+ Controls

The populations of K+ (Figure 2.18 and Table 2.3) are much more uniform between
regimes than the populations of Mg2+ (Table 2.2). The substantial enrichment of the
outer sphere population is a feature unique to Mg2+ .
2.8.11

The Chelated Mg2+ Ion

We identify from the crystal structure a site which is likely a Mg2+ chelation site.
Two bound Mg2+ ions appear in the 2GIS crystal structure. Both have abnormal geometries. Inner sphere Mg2+ contacts must be 2.0 Å long in an octahedral
arrangement. Outer sphere contacts average about 4.0 Å, but can be as short as 3.0
Å.
One Mg2+ ion (PDB 2GIS, residue number 206) is easily dismissed. It sits on
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in each hydration layer from Figure 2.18.
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the backbone of the P4 helix in the notch between two phosphate. Except for A84
O5’, The contact distances (A84 OP1 2.71 Å, A84 O5’ 1.93 Å, A84 O3’ 2.35 Å, and
A85 OP2 2.46 Å) are all abnormal and intermediate between inner sphere and outer
sphere, and the geometry in not remotely octahedral. When this Mg2+ was included in
preliminary simulations, water broke two of the four RNA contacts, pulled it partially
out of the notch, and kinked the backbone unnaturally. For this reason we omitted
this Mg2+ entirely.
The other Mg2+ ion shows more promise. While its distances are just as noncanonical (A9 O3’ 3.26 Å, A10 OP2 2.88 Å, U63 O3’ 2.87 Å, U64 OP2 2.41 Å), in
this case it bridges between two backbones which come abnormally close, J1/2 and
J3/4, which are junctions between the labelled helices. The centers of phosphates
10 and 64 are just 5.23 Å apart, with a distance of just 4.24 Å between the closest
phosphate oxygens, which are nearly touching.
We suspect this is a chelation site for several reasons. First, chelation sites often
occur at buried backbone phosphates such as this partially buried chain crossing. It
has been proposed that chelation helps pay the energetic penalty for dehydrating and
burying a phosphate [99]. Furthermore, there must be some positive ion strongly
bound in the region to stabilize the highly repulsive backbones. This site has been
noted in a previous molecular dynamics study as being important [59]. Their shorter
study only included an outer sphere Mg2+ here, but still noted its importance in
ameliorating repulsion between the junction regions and modulating the nearby nonadjacent dinucleotide stack of A9 and U63. We observe that the distances, especially
2.41 Å, are closer to inner sphere distances than to outer sphere distances.
During our equilibration we enforced chelation of the Mg2+ . While the RNA was
being released with position restraints decreasing between 1000 and 1 kcal/mol/nm2 ,
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the Mg2+ ion was tethered to A10 OP2 and U64 OP2 with a 2 Å harmonic bond of
2500 kcal/mol/nm2 . This resulted in inner sphere contacts on adjacent vertices of the
octahedral geometry, with outer sphere contacts with the remaining nearby phosphate
oxygens A9 O3’ and U63 O3’. A survey of site bound Mg2+ in the large ribosomal
subunit [127] classifies this arrangement as IIa, and notes it is more common than
IIb, where two inner sphere contacts occupy opposite octahedral vertices.
While we observe a IIb geometry, we do not make a prediction between IIa and IIb
chelation geometries due to forcefield limitations. In the survey, the IIb geometry with
chelation sites on opposite vertices is observed to link residues distant in sequence
[127], like A10 and U64 in this riboswitch. Other prominent model systems like a
58mer rRNA fragment contain IIb sites [99]. Yet this system diﬀers from the rRNA
fragment in that the phosphate of U64 is only half buried, with one side solvent
exposed, and the other side packing against the neighboring phosphates and sugars.
The chelation site lies on the border between these two regions, so for a chelation
site of this type, it is possible that water would pull it into a IIa arrangement where
the phosphate oxygens are adjacent on the buried side to better satisfy the hydrogen
bonding needs of the 4 inner sphere waters on the solvent exposed side.
The results of our simulations suggest that this ion is chelated in the real system,
because it remains chelated the entire time, and its absence substantially increases
normal mode fluctuations (Figure 2.17).
2.8.12

Box Size Controls
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Table 2.4 : Dependence of corrected concentrations and preferential interaction coefficients on simulation periodic box size. Following Chen, et al. [9], we have performed
simulations with diﬀerent box sizes. In this test study, we performed 100 ns simulations. We note that our other simulations described in this paper were 2000 ns
trajectories.
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Chapter 3
A Simple Model of Mg2+-RNA Interactions:
Reduced Model Captures Mg2+-RNA Interaction
Free Energy of Riboswitches
3.1

Abstract

The stability of RNA tertiary structures depends heavily on Mg2+ . The Mg2+ -RNA
interaction free energy that stabilizes an RNA structure can be computed experimentally through fluorescence-based assays that measure Γ2+ , the number of excess
Mg2+ associated with an RNA molecule. Previous explicit solvent simulations predict
that the majority of excess Mg2+ ions interact closely and strongly with the RNA,
unlike monovalent ions such as K+ , suggesting that an explicit treatment of Mg2+
is important for capturing RNA dynamics. Here we present a reduced model that
accurately reproduces the thermodynamics of Mg2+ -RNA interactions. This model
is able to characterize long timescale RNA dynamics coupled to Mg2+ through the
explicit representation of Mg2+ ions. KCl is described by Debye-Hückel screening
and a Manning condensation parameter, which represents condensed K+ and models
its competition with condensed Mg2+ . The model contains one fitted parameter, the
number of condensed K+ ions in the absence of Mg2+ . Values of Γ2+ computed from
Adapted with permission from Biophysical Journal, (2014), by Hayes, Noel, Whitford, Mohanty,
Sanbonmatsu, & Onuchic. Copyright 2014 The Biophysical Society.
Original article available at http://dx.doi.org/10.1016/j.bpj.2014.01.042
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molecular dynamics simulations using the model show excellent agreement with both
experimental data on the adenine riboswitch and previous explicit solvent simulations
of the SAM-I riboswitch. This agreement confirms the thermodynamic accuracy of
the model via the direct relation of Γ2+ to the Mg2+ -RNA interaction free energy,
and provides further support for the predictions from explicit solvent calculations.
This reduced model will be useful for future studies of the interplay between Mg2+
and RNA dynamics.

3.2

Introduction

The thermodynamics and kinetics of biological macromolecules like RNA and proteins
can be described by energy landscape theory. In an energy landscape description, each
highly populated configuration of the system corresponds to a basin of attraction on
the energy landscape. Various features of the landscape explain diﬀerent processes.
Macromolecular folding requires a native energetic bias to guide the search for the
native basin in order to overcome Levinthal’s paradox and fold on biological time
scales [21, 71, 72]. This native bias implies the free energy of a structure is determined
largely by its similarity to the native structure. Such a landscape is well described
by the principle of minimal frustration: native contacts are energetically stabilizing,
and other contacts are less energetically significant [21].
Function occurs on the same landscape as folding, but frequently there are multiple basins of attraction within, and occasionally outside, the broader folded basin. To
capture this functional frustration [73], inclusion of contacts and other information
from these multiple basins is required [74]. In some cases, the roughness of the landscape due to nonnative interactions is an important perturbation to the native-biased
landscape [75, 76]. Nonspecific interactions, including electrostatics, are a source of
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frustration because they stabilize interactions between both native and nonnative
contacts. In proteins, electrostatic interactions can modulate the unfolded ensemble [77] and explain diﬀerences in thermodynamics and kinetics between homologous
sequences [78]. While a minimally frustrated landscape is an apt baseline approximation for RNA with a native structure [79], frustration likely plays an even more
important role in RNA than in proteins [80, 81], including frustration and trapping
that arise from electrostatic interactions [38, 82]. Indeed, the RNA energy landscape
is quite electrostatically sensitive to the ionic environment [25, 26], as the species and
concentrations of ions in the ionic environment modulate the stability of competing
structures. Modeling the ionic dependence of the RNA energy landscape is the focus
of this chapter.
RNA is sensitive to the ionic environment because it is strongly negatively charged.
In order for RNAs, such as riboswitches and ribosomal RNAs, to form compact structures that carry out biological function, counterbalancing RNA charge with cations
such as Mg2+ , K+ , and Na+ is essential. Mg2+ is especially eﬀective in competing
with other ions to balance RNA charge because it is divalent and small. Although
monovalent ions are generally present in much greater concentrations, only half as
many Mg2+ ions as monovalent ions need to be localized to the region surrounding
the RNA, which leads to a comparable entropic cost for localization. The small size
of Mg2+ allows it to outcompete and displace larger divalent ions by approaching the
RNA more closely [27, 33, 35].
Mg2+ plays a ubiquitous role in RNA stability and dynamics, and exhibits many
complex behaviors in the vicinity of RNA. A description of the ionic dependence of
the landscape should encompass these features. Mg2+ is particularly eﬀective at stabilizing compact RNA structures by inducing eﬀective attraction between otherwise
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repulsive phosphates [27, 38], and as a result, plays a dramatic role in energetically
stabilizing RNA tertiary structure [26]. In turn, higher concentrations of Mg2+ tend
to slow RNA kinetics by stabilizing compact structures [28, 82]. Explicit solvent studies have suggested Mg2+ fluctuations may couple with RNA dynamics (Chapter 2).
This study also found that most Mg2+ associated with RNA is in the outer sphere
regime, separated from the RNA by one hydration layer. Ion-ion correlations in the
dense outer sphere regime are important for obtaining accurate free energies [70]. Recent experimental studies of the SAM-I riboswitch have revealed a complex interplay
between Mg2+ and SAM in stabilizing the SAM-I riboswitch [30]. Modeling these
features requires a more detailed representation of Mg2+ than of other ions. In this
chapter, we focus on extending a minimally frustrated description of the landscape
to include electrostatic frustration and ionic eﬀects with an explicit representation of
Mg2+ . The resulting model is able to accurately reproduce the thermodynamics of
Mg2+ -RNA interaction.
A structure-based model (SBM) is an ideal way to represent a minimally frustrated
landscape. In the simplest form, only native contacts are stabilized energetically, resulting in a smooth, native-biased landscape. The usefulness of this approximation
is shown by the ability of such models to capture many aspects of protein [74, 83–86]
and RNA [11, 23, 45, 46, 87, 88] folding and function. SBMs are also attractive from
a modeling perspective due to their simplicity and rapid sampling. Smoother landscapes, together with underdamping [89], result in enhanced sampling approximately
104 times faster than explicit solvent simulations [90, 91]. The simplicity of SBM
means the eﬀects of energetic perturbations like electrostatics to the overall native
bias can be modeled and understood. In a pure SBM, electrostatic interactions and
ions are only represented implicitly by their contribution to eﬀective interactions of
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native contacts, and there is no ionic concentration dependence. To model the eﬀects
of ionic concentration dependence and of Mg2+ behavior in investigations of long-time
dynamics of RNA, we design a SBM with explicit Mg2+ ions and an eﬀective potential
that implicitly represents KCl.
The energetic stabilization by Mg2+ is quantified by the Mg2+ -RNA interaction
free energy, ∆GMg2+ . Theoretical calculations have shown that in the presence of
excess KCl, ∆GMg2+ is related to the excess Mg2+ (Γ2+ ) according to
� c2+
∆GMg2+ = −kB T
Γ2+ d ln c�2+ ,

(3.1)

0

where both ∆GMg2+ and Γ2+ are functions of the Mg2+ concentration (c2+ ) [42]. The
excess ions of an ionic species i per RNA molecule is a thermodynamic quantity denoted by Γi [42], which varies with the ionic concentrations. Ionic subscripts i of
2+, +, and - refer to Mg2+ , K+ , and Cl− , respectively. The charge of excess cations
and depleted anions associated with the RNA must balance the RNA charge. Diﬀerences in ∆GMg2+ between conformational ensembles (∆∆GMg2+ ) reveal preferential
structural stabilization by Mg2+ that can be modulated by Mg2+ concentration.
Experimental curves for Γ2+ have been obtained using the fluorescent dye 8hydroxyquinoline-5-sulfonic acid (HQS) for several systems [42]. With these measurements, one can measure ∆∆GMg2+ between conformational ensembles [8, 124],
or characterize chelated Mg2+ binding in a specific site [99]. Γ2+ has also been computed from microsecond timescale explicit solvent molecular dynamics simulations
(Chapter 2). Because the excess Mg2+ can be measured both experimentally and
computationally, Γ2+ presents a powerful metric for uniting theory and experiment
to build models of Mg2+ -RNA interactions. Furthermore, because of the relation between Γ2+ and ∆GMg2+ , such models will be well parameterized thermodynamically.
In the present study, we focus on two well characterized riboswitches in order to
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Figure 3.1 : The secondary and tertiary structure of the two riboswitches used in
this study. Mg2+ further stabilizes tertiary interactions induced by the metabolites.
Metabolites are shown in magenta, and binding pockets are shaded. (A) Secondary
and (B) tertiary structure of the adenine riboswitch aptamer. The adenine metabolite
stabilizes the tertiary interaction between the P2 and P3 helices. (C) Secondary and
(D) tertiary structure of the SAM-I riboswitch aptamer. The S-adenosyl methionine
metabolite stabilizes the tertiary interaction between the P3 helix and the nonlocal
P1 helix, stabilizing the P1 helix and preventing strand invasion by the competing
antiterminator helix in the expression platform.
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calibrate the model. Riboswitches are attractive systems for the study of Mg2+ -RNA
interactions because they are small and relatively simple, but still possess many of
the rich Mg2+ -sensitive tertiary interactions seen in larger systems (Figure 3.1B&D).
Riboswitches are responsible for regulating a wide range of metabolic pathways in bacteria. These noncoding RNAs reside in the 5’ untranslated region and often control
transcription of their mRNA by binding metabolites directly related to their protein
product. Riboswitches have proved to be excellent systems to investigate RNA structure, function, and dynamics using a wide range of experimental [30, 140–142] and
computational techniques [1, 22, 23, 60–63]. The adenine riboswitch (Figure 3.1A&B)
has been extensively studied experimentally [5, 8, 98, 143], and Γ2+ data obtained
by HQS titrations are available for Mg2+ concentrations ranging from 1 µM to 1
mM [8]. The SAM-I riboswitch (Figure 3.1C&D) binds the S-adenosyl methionine
metabolite, and has been extensively studied experimentally [4, 30, 96] and computationally [1, 23, 59]. Γ2+ for the SAM-I riboswitch has been computed in explicit
solvent studies (Chapter 2).
Using thermodynamic data from these previous studies as a guide, we develop a
model that incorporates ionic eﬀects into SBMs. The model includes explicit Mg2+
ions which interact with the RNA through a Debye-Hückel potential, while KCl is
represented implicitly through the screening length and a Mg2+ -dependent Manning
condensation factor that scales RNA charge. We calibrate the model to accurately
reproduce the excess Mg2+ Γ2+ and the related Mg2+ interaction free energy ∆GMg2+
in the native basin of these two riboswitches. The predictions for Γ2+ are consistent
with experimental HQS measurements of the adenine riboswitch [8] and simulation
results of the SAM-I riboswitch (Chapter 2). With this hybrid structure-based model
in hand, we are poised to address more sophisticated questions about the interplay
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of Mg2+ , ligands, and RNA during folding and function.

3.3
3.3.1

Model and Methods
Structure-Based Models

Structure-based models (SBM) have been used extensively in studies of proteins
[83, 84, 93], and in several studies of RNA [11, 22, 23, 45]. Previous studies have
included electrostatic eﬀects in SBM of RNA. The simplest models utilize a repulsive
Debye-Hückel interaction between phosphates [45, 46]. In these models all ions are
implicit. We utilize Debye-Hückel interactions and include explicit Mg2+ ions, because explicit counterions are required for Debye-Hückel interactions to produce the
attractive eﬀective phosphate-phosphate interactions that Mg2+ induces.
While still lacking explicit counterions, more recent SBMs with electrostatics have
added a scaling of RNA charge to Debye-Hückel interactions to account for Manning
condensed ions [56]. Manning counterion condensation is a useful theoretical tool
for understanding behavior of polyelectrolyte chains like RNA in solution [32, 37].
Manning counterion condensation theory was originally conceived as the low concentration limiting behavior of an infinite line of charge in solution. If the linear
charge spacing b is shorter than the Bjerrum length lB , the length scale where the
electrostatic and thermal energy scale cross (see Equation (3.10)), ions will condense
out of solution onto the RNA that eﬀectively rescale the charge. While the Manning
condensation was assumed to be constant in previous SBMs [56], we have developed
a model of Manning condensation that can vary with ionic concentrations and allows
separation of the condensed populations of Mg2+ and K+ . This separation is critical
for capturing Mg2+ concentration eﬀects since condensed Mg2+ replaces condensed
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K+ , and hence the eﬀective rescaling of RNA charge induced by K+ diminishes as
Mg2+ concentration increases.
The competition between condensed Mg2+ and KCl provides the interface between discrete and continuum treatments, and if it is modeled well, treating Mg2+ as
discrete ions and KCl as a continuum inducing an eﬀective potential is a reasonable
approximation. Continuum models can capture KCl behavior well, but cannot capture Mg2+ behavior because ion-ion correlations become important [53]. Continuum
approaches break down when the electrostatic coupling parameter [144] approaches
unity (Section 3.9.3). The electrostatic coupling parameter varies like the surface
charge density and the ion valency squared. Thus, the coupling parameter is 4 times
higher for Mg2+ than for K+ . While the surface charge density of RNA is hard to
estimate, the success of continuum models with KCl and their failure with Mg2+ suggests RNA is in the intermediate regime where the electrostatic coupling parameter
of Mg2+ is greater than one, while for K+ it is smaller than one. This is the regime
to which a discrete Mg2+ and continuum KCl model is best suited.
We modify an all-atom SBM [23, 93], which explicitly includes all heavy atoms,
to include explicit Mg2+ ions and electrostatic interactions. Explicit Mg2+ ions are
included in order to properly represent Mg2+ -induced phosphate attraction, Mg2+ Mg2+ correlation, and the dense outer sphere Mg2+ population. KCl screening is
represented by a Debye-Hückel potential with a Mg2+ -dependent KCl Manning condensation factor. The functional form of the potential is
V = VSBM + VMg-Size + VES ,

(3.2)

where VSBM is the all-atom SBM potential containing the minimally frustrated native
bias, VMg-Size controls the size of the explicit Mg2+ ions, and VES contains the eﬀective
electrostatic interactions. Simulation input files can be obtained at http://smog-
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server.org/forcefields. VSBM is given by
VSBM =
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�
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(3.3)

where
FD (φ) = (1 − cos φ) +

1
(1 − cos 3φ) .
2

(3.4)

Geometric parameters (r0i , θ0i , χ0i , φ0i , and σij ) are set by their values in a crystal
structure, so that the crystal structure is the global minimum in energy. Energetic
parameters have been calibrated [23, 93] and are listed in Section 3.9.1. The shadow
method [92] was used to obtain the contact map for the sum over contacts. The final
term controls the excluded volume and enforces steric constraints. Excluded volume
parameters are given by σNC = 1.7 Å and �NC = �R , where �R = 1.5 kB T is the
reduced energy unit (see Section 3.9.1), and T is the simulation temperature of 300
K.
The excluded volume of the Mg2+ ions is controlled by VMg-Size , which is given by
Mg-RNA

VMg-Size =

�

�MgRNA

ij

�

σMgRNA
rij

�12

Mg-Mg

+

�
ij

�MgMg

�

σMgMg
rij

�12

.

(3.5)

Parameters are calibrated in Section 3.4.1. For �MgRNA = �MgMg = �R , it is determined
σMgRNA = 3.4 Å and σMgMg = 5.6 Å.
The electrostatic potential is given by
Mg-RNA
Mg-Mg

VES =

�
ij

�
�
1 α i qi α j qj
rij
exp −
,
4π�0 � rij
lD

(3.6)
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where the dielectric constant � = 80 mimics water, �0 is the permittivity of free
space, lD is the Debye length (excluding Mg2+ screening), and α is the Manning
condensation prefactor that rescales the charges q due to the presence of implicit
condensed K+ . Note the sum includes only Mg2+ -RNA and Mg2+ -Mg2+ interactions.
Since the SBM already implicitly includes native RNA-RNA interactions in VSBM ,
such as hydrogen bonding and base pairing interactions, RNA-RNA electrostatic
interactions were excluded to avoid double counting. Since RNA-RNA electrostatic
interactions are excluded, the model can only capture the indirect eﬀect of KCl upon
the Mg2+ dependence of the RNA energy landscape. This model is most appropriate
at intermediate KCl concentrations where the native basin is stabilized by KCl. A
diﬀerent model of RNA-RNA electrostatic interactions that can overcome the native
bias of VSBM (such as the model presented in Chapter 4) would be required to capture
the full KCl dependence of the energy landscape, such as unfolding under low salt
conditions.
Previous studies have shown the Mg2+ distribution is controlled by many negatively charged atoms on the RNA, as opposed to only the phosphates [1, 127]. Since
hydrogens are not represented in the SBM, united atom charges were placed on every
heavy atom to reproduce the electrostatic potential and resultant Mg2+ distribution. United atom charges were obtained from Amber 99 [57] by adding all hydrogen
charges to the nearest heavy atom. This approximation does not alter the charge of
any atoms that interact strongly with Mg2+ , with the possible exception of OH2’,
which interacts moderately (Chapter 2).
The Debye length in VES is given by
�
lD =

�� k T
�0 B2 ,
i z i ci

(3.7)

where ci and zi are the number density and charge of ionic species i, and kB is
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Boltzmann’s constant. To compute lD for VES , Mg2+ is excluded from the sum over
ionic species i because Mg2+ is accounted for explicitly. The Manning condensation
prefactor is given by
αi =



 1 − θ+ i = RNA

 1

.

(3.8)

i = Mg2+

θ+ is the number of Manning condensed K+ per phosphate, which is explained in
Section 3.4.2. Thus, α rescales the RNA charge due to the presence of implicit
condensed K+ , while leaving the Mg2+ charge unchanged. Since SBM use reduced
units, VES is multiplied by the conversion factor in Equation (3.17) to convert from
kJ/mol to reduced energy units. The conversion factor was determined by noting that
a temperature of 80 TR in simulation units corresponded to 300 K, and then equating
thermal energy scales. This conversion resulted in an ionic distribution appropriate
to 300 K within our simulations. See Section 3.9.1 for more details.
3.3.2

Molecular Dynamics Simulations

Simulations were run using the Gromacs-4.6.1 molecular dynamics package [106].
Langevin dynamics in the underdamped limit were used as a thermostat (see Section 3.9.1 for details). Implicit KCl concentrations of 50 mM (adenine riboswitch)
and 100 mM (SAM-I riboswitch) were chosen for direct comparison with previous
experiments [8] and simulations (Chapter 2) on these systems. Simulations were run
at varying concentrations of explicit Mg2+ . Cubic boxes were chosen such that the
box was at least 500 Å on a side, but also such that there were a minimum of 200
bulk Mg2+ ions in the box, in addition to the Γ2+ Mg2+ ions associated with the
RNA. For the most dilute simulations (10−6 M Mg2+ ), this resulted in boxes 7000
Å on a side. Such low Mg2+ concentrations are completely inaccessible with explicit
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solvent simulations, but have little eﬀect on the computational expense of this model.
Production simulations at each Mg2+ concentration were run for 2.5 × 108 time steps.
3.3.3

Nonlinear Poisson-Boltzmann Calculations

Two theoretical models have been used extensively in studies of RNA: nonlinear
Poisson-Boltzmann (NLPB) theory [47, 48] and Manning counterion condensation
theory [32, 104]. Poisson-Boltzmann methods have played a critical role in understanding RNA electrostatics. These methods have been advanced by the seminal
contribution of Baker and co-workers, whose methods have enabled rapid calculation
of electrostatic potentials for very large molecules [49, 145, 146]. NLPB treats ions in
a mean field manner which neglects ion-ion correlations [51, 70] and ion size eﬀects
[52–54]. NLPB has been successfully applied to many systems [48, 126], and predicts
∆∆GMg2+ within computational uncertainty [24, 41]. While NLPB accurately predicts ∆∆GMg2+ , values for Γ2+ and ∆GMg2+ are systematically low by about 25%.
We choose not to use NLPB directly in our SBM partly because removing the double
counting of RNA-RNA electrostatic interactions implicitly represented in the contact
terms is not straightforward with NLPB, and partly because of the systematically low
values of Γ2+ and ∆GMg2+ given by NLPB calculations. NLPB calculations are used
to corroborate the model and parameters obtained for Manning condensed K+ in Section 3.4.2. NLPB calculations were performed using the adaptive Poisson-Boltzmann
solver (APBS) [49], with parameters listed in Section 3.9.2.
The NLPB equation determines the potential by assuming the mean ionic density
fields are governed by the Boltzmann distribution. The linearized Poisson-Boltzmann
(LPB) equation is obtained by linearizing the Boltzmann distribution around zero
potential. The Debye-Hückel (DH) approximation is further obtained by neglecting
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the solute’s dielectric constant and ionic accessibility. Both LPB and DH are described
by homogenous diﬀerential equations, and thus the solution may be multiplied by a
�
coeﬃcient α. By Gauss’ law, α = 1 − i zi θi , where zi is the valence and θi is the
Manning condensed fraction per phosphate of the ionic species i. This implies the

excess ions Γi may be split into a population that screens and a population that
condenses.
The total condensed charge

�

i z i θi

may be obtained by fitting either LBP or

DH to NLPB far from the RNA where the potential is small and the linearized
Boltzmann distribution is valid. In the present case, fitting was performed at a set
of points within a 240 Å box but outside a 120 Å box centered on the RNA. The
condensed ions obtained by LPB and DH fits are identical at low concentration, but
begin to diﬀer near the 50 mM concentrations used in this study. Fitting to DebyeHückel is used because that is more appropriate to the form of the potential used in
Equation (3.6), but fits to both are shown in Figure 3.7 for completeness.
To partition the Manning condensed ions by species, ion densities were computed
from the full NLPB and scaled DH potentials. The diﬀerence in ion densities integrated over all space gives the condensed ions for that species. At high ionic concentrations, this also results in a non-zero condensation of Cl− . This occurs because
the linearized potential predicts a non-physical negative density in regions of strong
potential, but NLPB gives approximately zero density.
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3.4
3.4.1

Results
Calibration of Mg2+ Ion Size

Previous studies have shown the aﬃnity between an ion and RNA is strongly dependent on ion size [27, 33, 35, 147]. Given �MgRNA = �MgMg = �R , the eﬀective size
of Mg2+ is controlled by σMgRNA and σMgMg in the excluded volume term. Because
the ionic aﬃnity for RNA is sensitive to ion size, these parameters must be carefully
calibrated to accurately predict Γ2+ .
Explicit solvent simulations have shown most excess Mg2+ resides in the outer
sphere peak between 3.5 and 5 Å from the the RNA, separated by a single hydration
layer (Chapter 2). In this model, the position of this peak is controlled by the values
of σMgRNA in the excluded volume term (Equation (3.5)) and by the electrostatic
potential (Equation (3.6)). To deconvolute the calibration of the Mg2+ excluded
volume from the calibration of implicit Manning condensed KCl, excluded volume
calibrations were performed in the high Mg2+ concentration regime (10 mM Mg2+
vs. 100 mM K+ ) where negligible KCl is condensed, and therefore α = 1. Within
trial simulations, two metrics for the position of the peak were used: the position
of the maximum of the peak and the the weighted average position between 3 and
5 Å. For �MgRNA = �R , both metrics suggest σMgRNA = 3.4 Å yields a distribution
most consistent with the outer sphere peak observed in explicit solvent simulations
(Figure 3.2).
To calibrate the Mg2+ -Mg2+ excluded volume, the Mg2+ -Mg2+ radial distribution
function was used (Figure 3.3). The radial distribution function rises sharply between
5 and 7 Å, and plateaus beyond this. σMgMg = 5.6 Å was found to most closely
reproduce the midpoint of this rise.

Mg 2+ Probability [1/Å]
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Figure 3.2 : Comparison of the Mg2+ distribution about the SAM-I riboswitch in
SBM and explicit solvent Amber simulations. Distances to the closest RNA heavy
atom were computed and binned. The SBM captures well the general shape of the
distribution, but misses the more subtle hydration features. The chelated ion at
2 Å could have been included in the SBM, but was omitted for simplicity. These
curves were used to calibrate the excluded volume between Mg2+ and RNA atoms.
The position of the maximum of the peak as well as the weighted average position
between 3 and 5 Å both suggest σMgRNA = 3.4 Å.
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Figure 3.3 : The Mg2+ -Mg2+ radial distribution function (RDF) used to calibrate
σMgMg , the parameter controlling Mg2+ -Mg2+ excluded volume. In explicit solvent
Amber simulations, the RDF rises between 5 Å and 7 Å, and plateaus thereafter
with hydration fluctuations. σMgMg = 5.6 Å was found to most closely reproduce the
midpoint of this rise.
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Figure 3.4 : NLPB calculations of Manning condensation for the adenine riboswitch.
(A) The Manning condensed ions obtained from NLPB in the absence of Mg2+ over
a wide range of KCl concentrations. The Manning condensed fraction is not constant
with concentration as predicted by Manning theory for an infinite line of charge. (B)
The Manning condensed ions partitioned into the three ionic species. The Debye
length is held constant at the value for 50 mM KCl while the Mg2+ level is increased.
θ2+ increases with increasing Mg2+ concentration. (C) Competition between condensed Mg2+ and condensed K+ . Manning condensed ions from NLPB calculations
are plotted along with fits to Equation (3.13). Cl− is a nonnegligible portion of the
condensed fraction. The fit to Equation (3.13) is better if Cl− is ignored (green), but
subtracting it from θ+ (black) is more appropriate so that the eﬀect of condensed
Cl− will be included in the eﬀective electrostatic potential. A schematic of the A = 0
assumption (Equation (3.14)) is plotted as a dashed line.

3.4.2

Competition Between Manning Condensed Mg2+ and K+ Modulates the Eﬀective Electrostatic Potential

The Debye-Hückel potential assumes a linearized dependence of the Boltzmann distribution of ions on the electrostatic potential. Such an assumption is good far from the
RNA, but breaks down near the RNA where the potential is large. Equation (3.6)
uses Manning counterion condensation to account for the nonlinear eﬀects in this
region so that the far field potential is correct. The additional ions near the RNA deviating from linearity may be regarded as the Manning condensed counterions. Thus,
the excess ions Γ may be split into a diﬀuse screening population and a condensed
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population close to the RNA.
Manning counterion condensation theory was originally derived for an infinite line
of charge under limiting law conditions: as the salt concentration approaches zero
while taking the thermodynamic limit. If the linear charge spacing b is shorter than
the Bjerrum length lB , (the length scale where the electrostatic and thermal energy
scales cross), ions will condense out of solution onto the RNA. For an infinite line of
charge, the number of ions per phosphate θ that condense is given by
�
�
1
1
θ=
1−
,
z
zξ

(3.9)

where z is the valency of the counterion, ξ = lB /b, and
lB =

1
.
4π�0 �kB T

(3.10)

Grouping phosphate and condensed counterion charges together results in an eﬀective
rescaling of phosphate charges by α = 1 − zθ.
If explicit ions are used, bare RNA charges should be used because condensation
is captured by the ions. However, if ions are only represented implicitly through an
eﬀective potential, eﬀective RNA charges that are rescaled by α must be used to
account for Manning condensation. Because Mg2+ in the model is explicit and KCl is
implicit, the condensed K+ per phosphate (θ+ ) and condensed Mg2+ per phosphate
(θ2+ ) must be separated so that θ+ can be included in the eﬀective potential VES . θ2+
and θ+ can be separated by the solution of the system of equations [148]
�
�
�
�
θ2+ e
θ+ e
ln
= 2 ln
c2+ V
c+ V
�
�
θ+ e
ln
= (1 − θ+ − 2θ2+ ) F,
c+ V

(3.11)
(3.12)

where e is Euler’s number. Equation (3.11) balances the entropic cost of localizing one
Mg2+ ion with the cost of localizing two K+ ions. V is the eﬀective volume into which a
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condensed ion is localized, and together with the K+ and Mg2+ concentrations c+ and
c2+ , determines the entropic cost of localization. Equation (3.12) balances the entropic
cost of localizing a condensed ion with the energy benefit. kB T F is the free energy per
phosphate to assemble the phosphate charges from infinity to the native geometry,
originally approximated as an infinite line, and thus depends on screening length lD
and RNA geometry. Computing F for an infinite line of charge (Equation (3.25))
and taking the appropriate limits in Equation (3.11) and Equation (3.12) returns
Equation (3.9). The condensation is constant over a wide range of concentrations
because both the entropic cost and F go like ln(c).
Manning counterion condensation may be applied to finite systems with the caveat
that while the entropic cost of condensation goes like ln(c), F does not. Thus, as
concentration goes to zero, so does the condensation, and the condensation is not
constant over a wide range of concentrations as it is for an infinite line of charge
(Figure 3.4A). Equation (3.12) can be reexpressed as
� �
1
θ+
θ2+ = (θ0 − θ+ ) − A ln
,
2
θ0

(3.13)

where θ0 is the number of condensed K+ per phosphate in the absence of Mg2+ and
A is 1/2F . θ0 and A in principle depend on RNA geometry, lD , and c+ through their
dependence on F . Note that in the region where K+ and Mg2+ compete, c+ >> c2+ .
Thus, for constant c+ , lD is also approximately constant. Since our simulations remain
in the native basin, RNA geometry is also constant, and θ0 and A are constant as c2+
varies at a fixed KCl concentration.
Due to the diﬃculty of computing F , θ0 and A are treated as fitting parameters, leaving only θ+ and θ2+ free to vary with c2+ . NLPB calculations at fixed lD
corroborate the form of Equation (3.13), however, there is also a nonnegligible population of condensed Cl− (Figure 3.4B&C). This occurs because Debye-Hückel predicts
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a nonphysical negative concentration of Cl− near the RNA. To account for their effect on electrostatic interactions, these condensed Cl− must be subtracted from θ+
in Equation (3.6). Even if these condensed Cl− ions θ− are subtracted from θ+ the
fit with Equation (3.13) is still quite good. A can be estimated by fits to NLPB
calculations (Figure 3.4C), but for the present work, A = 0 is assumed for simplicity. Equation (3.13) then has the intuitive meaning that each additional condensed
Mg2+ displaces two condensed K+ . The eﬀect of this assumption is most pronounced
between medium and high c2+ , near θ2+ = θ0 /2.
To compute θ+ in Equation (3.6), an estimate of θ2+ is required. For nearly all
the Mg2+ and K+ concentrations considered, c+ >> c2+ . Thus, the screening is
almost exclusively due to K+ and Cl− . Since the excess Mg2+ can be divided into a
screening population, which is approximately zero, and a condensed population, any
excess Mg2+ is condensed. This means Γ2+ is approximately equal to θ2+ , (when both
are expressed in units of ions per phosphate), and


 θ0 − 2Γ2+ Γ2+ < 1 θ0
2
θ+ =

 0
Γ2+ > 12 θ0 .

(3.14)

The approximate equality of Γ2+ and θ2+ is evidenced by the large population of
Mg2+ in the outer sphere regime, and the near absence of diﬀuse Mg2+ observed in
previous studies, even with a relatively high Mg2+ concentration [1].
To determine θ+ for a particular Mg2+ concentration, an iterative, self-consistent
approach is used. A value for θ0 is chosen. After an initial guess for Γ2+ and subsequent calculation of θ+ with Equation (3.14), the simulation is run and Γ2+ is
computed from the Mg2+ distribution and updated. The process is repeated until
Γ2+ converges. The single remaining adjustable parameter, θ0 , was used to fit the
experimental data for the adenine riboswitch and was estimated from NLPB methods
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Figure 3.5 : The excess Mg2+ associated with the adenine riboswitch at 50 mM KCl
obtained for several choices of θ0 , compared with experimental data. While NLPB
estimates suggest θ0 = 28.4 ions, θ0 = 20 ions provides a closer fit to the experimental
data. Manning condensed K+ cannot be neglected, as seen by the data for θ0 = 0.

for the SAM-I riboswitch.
3.4.3

Structure-Based Models Capture Excess Mg2+ and Mg2+ -RNA Interaction Free Energy

With the Mg2+ excluded volume calibrated and with a method for including Manning
condensed KCl, we can compute excess Mg2+ and interaction free energies from simulation. The agreement with previous experimental data [8] and explicit solvent data
(Chapter 2) is quite close (Figure 3.6), and suggests the model is well parameterized
thermodynamically.
For the adenine riboswitch, Leipply and Draper performed fluorescence measurements down to very low Mg2+ concentrations [8], where Mg2+ competition with K+
condensation is important. If condensed K+ is neglected in our model, the fit to
experimental data is good for high Mg2+ concentration where θ+ = 0, but poor for
low Mg2+ concentration (Figure 3.5). NLPB calculations estimate θ0 = 28.4 ions for
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Figure 3.6 : Excess Mg2+ (Γ2+ ) and Mg2+ -RNA interaction free energy (∆GMg2+ )
in the hybrid SBM with explicit Mg2+ agree with previous experimental and computational findings. Uncertainties from bootstrap analysis are plotted as error bars,
but are too small to see in most cases. (A) Comparison between Γ2+ for the adenine
riboswitch obtained in the present study with SBM and a previous experimental fluorescence study [8]. The 71 base RNA has a net charge of -70. KCl is present at 50
mM. Even at comparatively low concentrations, Mg2+ is able to eﬀectively compete
with K+ and Cl− . (B) The Mg2+ interaction free energy (∆GMg2+ ) obtained from
Equation (3.1) by integrating Γ2+ . Agreement between the two curves suggests that
SBM with explicit Mg2+ are capable of capturing the energetic stabilization due to
Mg2+ . (C) Comparison between Γ2+ for the SAM-I riboswitch obtained in the present
study with SBM and a previous Amber 99 molecular dynamics study (Chapter 2).
The 94 base RNA has a net charge of -92. KCl is present at 100 mM. Since θ0 is 18
ions, all values of Γ2+ above 9 ions are unaﬀected by K+ condensation. (D) Predicted
∆GMg2+ obtained by integrating Γ2+ of SAM-I. No data exists for comparison.

88
the adenine riboswitch in 50 mM KCl. We find that θ0 = 20 ions (0.29 ions per phosphate) produces a much closer fit (Figure 3.5). With this fitted K+ condensation, it
can be seen that the Mg2+ -RNA interaction free energy is within 8% at 1 mM Mg2+ ,
compared to the 25% typically observed with NLPB theory [24, 41].
It is unclear whether the NLPB estimation and experimental fit of θ0 disagree
because the approximations or parameters of NLPB break down or because the fit of
θ0 is compensating for other neglected eﬀects, such as hydration or non-uniform K+
displacement. In either case, these discrepancies likely exist in the SAM-I system as
well. Therefore, as an initial approximation, the NLPB estimated θ0 for the SAM-I
riboswitch (25.7 ions) was scaled by the same ratio of 70% as observed in the adenine
riboswitch to obtain θ0 = 18 ions (0.20 ions per phosphate).
An estimate of θ0 was required for the SAM-I riboswitch because previous explicit
solvent simulations could only be performed in a high Mg2+ concentration range (110 mM) where Mg2+ completely outcompetes K+ condensation (i.e. θ+ = 0). Since
θ0 < Γ2+ for all three simulations, θ0 cannot be constrained by a fit or adjusted to
improve the fit. The agreement with previous explicit solvent results for Γ2+ for these
high Mg2+ concentrations is quite close. The KCl condensation and choice of θ0 is of
importance for low Mg2+ concentrations and for the computation of the free energy.
While no data exists for comparison, it would be useful to devise new experiments to
test predictions and constrain θ0 . It should be noted there is a chelated ion in SAM-I
which was neglected in the present study. This ion would likely raise Γ2+ near 10−5
M, and raise ∆GMg2+ by a few kB T .
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3.5
3.5.1

Discussion
Model Captures Outer Sphere Mg2+ and can be Extended for Chelated
Mg2+

While the outer sphere population accounts for the majority of excess Mg2+ (Chapter 2), Mg2+ chelation sites can have an eﬀect on Γ2+ and ∆GMg2+ . A chelated Mg2+
ion raises Γ2+ by nearly one ion at low Mg2+ concentrations, due to the typically high
aﬃnity of chelation sites. At higher Mg2+ concentrations, an absent chelated ion is
largely replaced by less tightly associated ions, and Γ2+ is independent of the presence
of the chelated ion. A chelated ion aﬀects ∆GMg2+ over all concentrations, because the
integral over Γ2+ includes the lower concentrations, but the eﬀect is generally small.
For example, in one study, a chelation site became occupied near 2 µM, and was
shown to contribute several kB T to ∆GMg2+ [99]. This contribution was only a small
fraction of ∆GMg2+ . Since most of ∆GMg2+ is due to outer sphere Mg2+ , accurately
representing outer sphere Mg2+ is essential for a model of Mg2+ -RNA interactions.
While sometimes important, especially for ∆∆GMg2+ , energetic contributions from
chelated ions are a perturbation in comparison.
The current model focuses on modeling outer sphere and diﬀuse Mg2+ . Chapter 2
demonstrated that for the SAM-I riboswitch, and likely for other RNAs of similar
size, the outer sphere population is dominant.That result is underscored here by the
ability of this model to capture ∆GMg2+ and Γ2+ without chelated ions. For larger
systems [127] or highly compact systems with buried phosphates [40] chelated ions are
more important. Chelated ions have been included with harmonic restraints in SBM
without electrostatics [11]. These techniques can be easily extended to this charged
model by adding charge to the Mg2+ ion, and are quite adequate for native basin
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fluctuations. Further extensions to allow unbinding will be required for fluctuations
outside the native basin or computation of ∆GMg2+ in systems where chelated Mg2+
is important.
3.5.2

Mg2+ -RNA Interactions are Sensitive to Manning Condensed KCl

Manning theory, as formulated for an infinite line of charge, suggests that condensation is constant over a wide range of concentrations. While this is correct for infinite
lines of charge, the riboswitch systems considered in the present work show substantial variation of the Manning condensed ions over the small range of physiologically
relevant KCl concentrations (Figure 3.4A). As a result, θ0 varies with the KCl concentration and RNA geometry. The excess Mg2+ , and hence ∆GMg2+ , are sensitive to
θ0 (Figure 3.5). Thus, accurate methods for estimating θ0 for the structures and concentrations of interest are critical for the accuracy of the hybrid SBM. Two methods
were used to estimate θ0 : a fitting of the experimental HQS data and NLPB calculations. These methods disagree by 8 ions, which is about 10% of the RNA charge. As
mentioned in Section 3.4.3, the reasons for this disagreement are unclear, but likely
stem from either approximations or parameter choices in the NLPB calculation or
from the θ0 fit compensating for other eﬀects neglected by the SBM.
It could be that NLPB does not capture θ0 well because of the parameters used in
the calculations, specifically the K+ radius. Previous studies [24, 41] have shown that
standard NLPB parameters underestimate Γ2+ , and from our experimental fit seem to
overestimate θ0 . This suggests RNA aﬃnity for K+ may be too high with these NLPB
parameters. The K+ aﬃnity can be lowered by increasing the radius of K+ . Indeed,
in NLPB theory, the ion radius is sometimes used as a fitting parameter [149]. In the
current parameterization, Mg2+ and K+ have the same radius of 2.0 Å. For Mg2+ ,
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this captures the hexahydrated size of Mg2+ well, but for K+ this is larger than the
bare radius, and smaller than the hydrated radius. Other standard NLPB parameters
use a larger K+ radius that corresponds to hydrated K+ , and argue against using a
smaller radius because NLPB can not capture several eﬀects relevant to dehydrated
ions [50]. Simulations have shown that some K+ dehydrates to associate with RNA
[149], but this may be a forcefield artifact since NMR experiments suggest K+ does
not dehydrate in the presence of RNA [125]. As a result, it is unclear what K+ radius
is appropriate for NLPB calculations, but a larger radius may improve agreement
with the fitted value for θ0 .
It is also possible that NLPB estimates of θ0 and the experimental fit diﬀer because
the θ0 fit compensates for other eﬀects neglected by the hybrid SBM. θ0 weakens Mg2+ RNA interactions at low Mg2+ concentrations. Thus, if the hybrid SBM underpredicts
Mg2+ -RNA aﬃnity, especially at low Mg2+ concentrations, it will also underpredict
θ0 to compensate. Hydration is one possible neglected eﬀect. In Figure 3.2, the
outer sphere peak at 4 Å is higher for the explicit solvent simulation (which includes
hydration eﬀects), than for the SBM. While the area under the curves are nearly
equal due to compensation by the width and height of the peak, the SBM slightly
underpredicts Mg2+ -RNA aﬃnity at high concentration as seen in Figure 3.6A&C).
If this trend continues to low concentrations, the model will underpredict θ0 to compensate. Another possible neglected eﬀect is the non-uniform displacement of K+ . In
the proposed SBM, condensed Mg2+ displaces K+ uniformly by lowering θ+ , whereas
in reality the K+ is instead likely displaced from the immediate neighborhood of a
Mg2+ ion, which could allow stronger interactions with the nearby phosphates.
The transferability of the model to other RNAs, other KCl concentrations, or
other ionic species is of great interest. The form of the model is transferable, but
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results are sensitive to the specific value of the parameter θ0 . Transfer to other ionic
species may be as simple as adjusting θ0 for monovalent ions and σMgRNA and σMgMg
for divalent ions (Section 3.9.6). A systematic way of predicting θ0 is required to
generalize the model to other KCl concentrations or other RNA systems where no
experimental data exists for fitting. In the present study, θ0 could not be directly fit
to experimental data for the SAM-I riboswitch. Since the experimental fit value for
the adenine riboswitch was 70% of the NLPB estimate, the NLPB estimate of θ0 was
scaled by 70% in the SAM-I riboswitch as well. Explicit solvent simulations could not
confirm or refute the choice of θ0 because the low Mg2+ concentrations involved are
inaccessible. Thus, SBM simulations of several systems must be compared with HQS
fluorescence measurements to learn how to predict θ0 . NLPB estimates may turn
out to be the best method for estimating θ0 . NLPB estimates might be improved
by adjusting the NLPB K+ radius, or else the KCl concentration dependence NLPB
estimate scaling factor, 70% here, could be probed. The tightly bound ion model [70]
may give better results than NLPB. Alternatively, developing methods to compute
the free energy F in Equation (3.12) rather than fitting it may be fruitful. Models of
θ0 should be tested against fluorescent HQS titrations at several KCl concentrations.
Such data already exist for an rRNA 58-mer [24], but new HQS titrations of other
systems are of great interest.
3.5.3

Generalizing and Applying the Model

With the present model of Mg2+ -RNA interactions corroborated by previous experimental and computational studies, one can investigate the eﬀects of Mg2+ upon
the RNA energy landscape. Such models can explore the relative stability of various
basins on the energy landscape as a function of ionic concentration, from the interme-
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diates of riboswitch folding to functional transitions in the ribosome. In this study we
have computed ∆GMg2+ as a first step toward computing the diﬀerential Mg2+ -RNA
interaction free energy between two ensembles, ∆∆GMg2+ . ∆∆GMg2+ is the relevant
biological quantity because it determines the Mg2+ -dependent free energy diﬀerence
between the two ensembles and thus the thermodynamic change in occupation probability as the ionic concentration changes. Several previous studies [24, 41] have sought
to compute ∆∆GMg2+ with NLPB, but the precision of these calculations is limited
by large uncertainties in the partially unfolded ensemble, which was represented by
a few static structural models. With the SBM approach, one can more fully sample the partially unfolded ensemble and probe how the ensemble changes with Mg2+
concentration, removing a large source of uncertainty in the NLPB approach.
As we move towards probing ∆∆GMg2+ between interconverting ensembles, care
must be taken to ensure that the K+ condensation θ+ does not radically change between ensembles. Since we only examine ensembles close to the crystal structure, the
current investigation is only able to check the θ+ dependence on Mg2+ concentration.
However, as expressed in Equation (3.13), θ+ can also depend on Mg2+ condensation
for which concentration is a proxy, and on geometry and screening length lD through
the parameters A and θ0 . Fortunately, changes in θ0 and θ2+ due to structural changes
will have opposite eﬀects on θ+ and may largely cancel. If it turns out that K+ condensation depends radically on structure, θ+ can be made a time dependent function
of structural order parameters, likely through calculation of F in Equation (3.12).
While this is undesirable from a modeling perspective, it is valid since the relaxation
time of the K+ condensation is much faster than the Mg2+ dynamics.
The hybrid SBM will be a useful tool for addressing questions beyond ∆∆GMg2+ .
Cooperativity in Mg2+ -induced transitions can be quantified, and changes to transi-
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tion states can be identified. Mg2+ is known to have a strong eﬀect on RNA kinetics.
This is due at least in part to higher barriers between states, but may also result from
changes in diﬀusion due to coupling between Mg2+ and RNA dynamics. Extensive
sampling of an SBM can partition the eﬀect of Mg2+ on RNA kinetics into changing
barrier height and diﬀusion. These eﬀects will be quite interesting to examine in
future investigations.

3.6

Conclusion

Structure-based models provide a baseline representation of the minimally frustrated
landscape predicted by energy landscape theory. Roughness, frustration, and nonspecific interactions such as electrostatics may be added to this baseline to determine
their eﬀects on RNA folding and function. To account for the ionic sensitivity and
highly charged nature of RNA, we have extended an all-atom structure-based model
to include electrostatic interactions with explicit Mg2+ and implicit KCl.
The excess Mg2+ is a powerful metric, which allows the coupling of SBM with
fluorescence measurements and explicit solvent simulations. The model was extensively parameterized and tested against previous explicit solvent simulations and HQS
fluorescence measurements of excess Mg2+ . Because of the close connection between
excess Mg2+ and Mg2+ -RNA interaction free energy, the agreement of the model with
experiment suggests that the model is well parameterized to capture Mg2+ -RNA interaction free energies. The success of the hybrid SBM model, which is designed to
capture the dynamics of the outer sphere Mg2+ population, further corroborates the
dominance of this population suggested by explicit solvent simulations.
NLPB calculations suggest that for compact RNA structures, Manning condensed
ions are not constant over a wide range of ionic concentrations as they are for lone
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RNA helices approximated by infinite lines of charge. Manning counterion condensation and competition between condensed populations is seen to be a critical correction
to the Debye-Hückel approximation implemented here. A model of Mg2+ -RNA interactions must account for the eﬀect of Manning condensed KCl.
The hybrid SBM opens up concentration regimes and time scales inaccessible to
explicit solvent simulation. With these models one can explore the relative stability
of basins of the energy landscape as a function of ion concentration. The eﬀects of
ions on kinetics through barrier height, transition states, and diﬀusion can also be
investigated. SBMs are now poised to address complex questions about the interplay
of Mg2+ , ligands, and RNA in folding and function.

3.7

Significance

The model presented in this study has several limitations, several of which have been
thoroughly discussed in Section 3.5, but the study also provided important lessons
that enabled the development of the more transferable model presented in Chapter 4.
The approximations made in Equations (3.13) and (3.14) limit the model to a single conformational basin, while the unexplained disagreement between experimental
fits and NLPB calculations of θ0 further limits the model to RNA systems and KCl
concentrations where experimental data is available for fitting. More fundamentally,
the fact that the KCl condensation varies with Mg2+ concentration, but is constant
within a simulation means the model can predict ∆GMg2+ correctly through Equation (3.1), but does not represent ∆GMg2+ correctly within a simulation. This occurs
because for constant θ+ , the first few Mg2+ bind much more strongly than they would
if K+ could fluctuate, overrepresenting ∆GMg2+ for the folded basin. Conversely, using θ+ fitted for the folded basin in the unfolded basin underrepresents Γ2+ and hence

96
∆GMg2+ in the unfolded basin. Consequently, due to the assumption of constant θ+ ,
the model overrepresents the Mg2+ -induced thermodynamic stabilization ∆∆GMg2+
between basins, even though it can correctly predict ∆GMg2+ within a single basin.
However, these limitations are not essential to the whole electrostatic model, but
arise because of the simple static model of competition between condensed Mg2+ and
condensed KCl.
This study demonstrates that an explicit Mg2+ and implicit KCl approach is
viable. To accurately capture the ion atmosphere a model of this type must not only
account for the screening eﬀects of the implicit ions, but also for the competition
between implicit and explicit condensed ions. For simplicity, this study treated KCl
condensation at a given Mg2+ concentration as a constant determined by a fit to
experiment. The need for experimental data limits the transferability of the model,
and the assumption of constant condensation compromises the thermodynamics of the
model. These limitations arise primarily from the simplicity of the KCl condensation
model within an otherwise viable framework, so in Chapter 4 we aim to overcome these
limitations by developing a dynamical model of KCl condensation that is calculable
from first principles. This study also points to the excess Mg2+ as a powerful metric
for testing the thermodynamics of electrostatic models, which is an approach we
continue to pursue in Chapter 4.
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3.9
3.9.1

Additional Details
Reduced Units and Model Parameters

The all-atom structure-based model [23, 93] makes extensive use of reduced units.
Reduced units for time, mass, energy, and temperature are defined as
τR = 2 ps

(3.15)

µR = 15 amu

(3.16)

�R = 3.75 kJ/mol

(3.17)

TR = 3.75 K

(3.18)

Through a comparison of root mean square fluctuations of the SAM-I riboswitch
between the standard SBM and explicit solvent simulations, it was determined that
a temperature of 80 TR in simulation units corresponds to 300 K. We also note
that at slightly higher temperatures, the dissociation of adenine from the adenine
riboswitch becomes fast compared to the simulation length. The Boltzmann constant
is given the same numerical value in kJ/mol/K and �R /TR . This constrains the energy
scale conversion as well. The electrostatic energy VES was multiplied by this energy
conversion factor so that simulations run at 80 TR would possess an ionic distribution
appropriate to 300 K. This further implies that if a diﬀerent temperature conversion
is necessary to capture a diﬀerent feature of RNA dynamics, such as folding, both
VMg-Size and VES will have to be scaled proportionally to maintain the same ionic
distribution.
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Heavy atoms (with a mass of about 15 amu) are given a reduced mass of 1 µR .
Since a Mg2+ ion is hexahydrated and carries its waters with it, its eﬀective mass of
132 amu corresponds to a reduced mass of about 9 µR . To speed up sampling, Mg2+
was given a reduced mass of 1 µR .
The unit conversions for energy and mass constrain the time unit conversion.
Simulations were run using stochastic dynamics, in the underdamped limit with a
damping coeﬃcient of 0.5 τR −1 (0.25 ps−1 ). Water has a damping coeﬃcient of 60
ps−1 . A time step of 0.001 τR , double the normal value, was used. In the ballistic
limit, 1 τR = 2 ps as in Equation (3.15), but because of underdamping, together with
the smoothness of the energy landscape of structure-based models, diﬀusive sampling
can be up to 10,000 times faster [91].
Energetic parameters have been previously defined and calibrated [23, 93]. Bond
and angle strengths were doubled in the present study so that a time step of 0.001
τR could be used. Without this change, the timestep must be 0.0005 τR to maintain
numerical stability of the integrator. Thus, the parameters are
�r = 40000 �R nm−2

(3.19)

�θ = 80 �R rad−2

(3.20)

�χ(improper) = 10 �R rad−2

(3.21)

�χ(planar) = 40 �R rad−2

(3.22)

proper
dihedrals
�

(3.23)

i

proper
dihedrals
�
i

contacts
1 �
�φ =
�C
2 ij

�φ +

contacts
�
ij

�C = N � R

(3.24)
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where N is the number of RNA heavy atoms in the system. When the dihedral of a
bond between two atoms can be defined by multiple quadruplets, the energy of the
dihedral is divided evenly between all of them.
3.9.2

Nonlinear Poisson-Boltzmann Calculations

NLPB calculations were performed using the adaptive Poisson-Boltzmann solver
(APBS) [49]. The united atom Amber charges described in the main text were used
for NLPB calculations, as well as united atom sizes of 1.88 Å (C), 1.64 Å (N), 1.42
Å (O), 1.871 Å (P), and 1.77 Å (S) [57, 150]. Ionic sizes of 2 Å were used, with dielectric constants of 2 and 80 for the RNA and solvent. NLPB computations should
be independent of boundary conditions. Focussing calculations were performed with
a constant grid size of 128 and initial box sizes of 1920 Å, halving in size for each
round of focussing down to 120 Å, to ensure that zero and Debye-Huc̈kel boundary
conditions agreed on Manning condensation to within half an ion.
For the adenine riboswitch, we obtain 28.4 and 37.5 condensed K+ at 50 mM
KCl, for the DH and LPB fits, respectively (Figure 3.7A). Furthermore, in contrast
to conventional Manning Condensation theory for an infinite line of charge, the K+
condensation is not constant, but rather depends on KCl concentration, and tends to
0 at the limit of 0 mM KCl.
Since the Manning model of ion condensation in Equation (3.11) and Equation (3.12) does not include Cl− condensation, three approaches were tried. (1) It
could be ignored, (2) it can be subtracted from the K+ condensation, or (3) it can be
subtracted from the K+ and Mg2+ condensations in proportion to the relative abundance of the ions. The second approach is most appropriate for our purposes since we
need to include K+ and Cl− condensation implicitly in the potential, while separating
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Figure 3.7 : The results of selected NLPB calculations on the adenine riboswitch,
shown in Figure 3.4, including extra data from fits to the linearized PoissonBoltzmann equation. Condensed ions are expressed in units of total ions, divided
by QRNA to obtain ions per phosphate. (A) The Manning condensed ions obtained
from NLPB over a wide range of KCl concentrations. Note the Manning condensed
fraction is not constant with concentration as predicted by Manning theory for an
infinite line of charge. The Debye-Hückel and LPB definitions diverge at higher concentrations. The DH results are more appropriate for the present study because a
Debye-Hückel potential form is used. (B) The Manning condensed ions partitioned
into the three ionic species. The Debye length is held constant at the value for 50
mM KCl while the Mg2+ level is increased. Accordingly, θ2+ increases with increasing Mg2+ concentration. (C) Competition between condensed Mg2+ and condensed
K+ . Debye-Hückel definitions of Manning ions are plotted along with fits to Equation (3.13). Cl− is a substantial portion of the condensed fraction. If it is ignored,
one fit results (green). If it is included, either all in θ+ or in both θ+ and θ2+ proportionally with the cation concentration, a diﬀerent fit results (black). The A = 0
assumption (Equation (3.14)) used in the SBM is plotted as a dashed line.

Mg2+ condensation because it is included explicitly in the condensed ions. Both the
second and third options give approximately the same fit to Equation (3.13).
3.9.3

The Applicability of NLPB calculations

There is an additional length scale that appears when nucleic acid interacts with
divalent ions from added salt. Divalent counterions can form a strongly correlated
two-dimensional ionic liquid [151] near the surface of a highly charged polyanion
such as RNA. In this case, NLPB fails, since for a highly correlated ionic liquid, the
electrostatic coupling parameter [144] is much larger than unity. The electrostatic
coupling parameter is z 2 lB /lGC where z is the counterion valency and lGC is the
Gouy-Chapman (GC) length. lGC is the distance of a counterion from a charged
surface at which the potential energy balances thermal energy. NLPB is a much
poorer approximation for Mg2+ than for K+ because of the presence of the valency
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squared in the numerator of the electrostatic coupling parameter. Thus, while the
error in predicting excess Mg2+ with NLPB is on the order of 30% [24, 41], predictions
of θ0 , which only involve KCl, are likely better. Such considerations further motivate
explicit treatment of Mg2+ ions in the hybrid SBM. The SBM presented here is most
appropriate in the regime where a mean field description of Mg2+ has broken down,
but a mean field description of KCl has not.
With this hybrid SBM, the nature of eﬀective electrostatic interactions and fluctuations between RNA and the mobile charges in an aqueous solution can be explored
in regimes where simpler approaches fail and Mg2+ acts as a highly correlated ionic
liquid, i.e. when lGC /lD < 1 and lB /lGC > 1.
3.9.4

Computation of Excess Mg2+

Excess Mg2+ was computed from SBM simulations by counting the number of Mg2+
atoms within 3 Debye lengths of the RNA (30 or 45 Å for 100 mM or 50 mM KCl).
The volume of this region was computed with gromacs’ solvent accessible surface
area (SASA) routine [152] (which also returns the volume) using appropriately large
solvent radii. A second Mg2+ inaccessible volume, the volume within 3 Å of any RNA
atom, was computed and subtracted from the first volume. The volume diﬀerence
times the Mg2+ concentration gives the number of Mg2+ expected near the RNA in
the absence of any interactions, and was subtracted from the observed number of
Mg2+ , and then averaged over time to obtain the excess Mg2+ Γ2+ .
Uncertainties in Γ2+ were computed by dividing trajectories into 6 equal segments.
The first two were discarded for equilibration. The error bars for the present study
are obtained from the uncertainty of the mean given the standard deviation of the
� �4
2
i=1 (xi −x̄)
mean in the remaining four segments (i.e.
).
(N −1)2
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3.9.5

Manning counterion condensation

For an infinite line of charge
F = −2ξ ln (1 − exp (−κb)) ,

(3.25)

where lD = κ−1 , and together with Equation (3.11) and Equation (3.12), one can
obtain Equation (3.9) in the low concentration limit.
This is done by first letting either θ1 or θ2 go to zero so only a single counterion
and a single equation remains. lD can then be expressed in terms of concentrations
with Equation (3.7). After taking the limit of very small ci , the natural logs on both
sides can be split into a term which diverges like ln ci and implies Equation (3.9), and
a term which is independent of concentration and implies V = 4πeb3 (ξ − 1/zi )(zi + 1)
if Cl− is the coion to the counterion. As in Section 3.4.2, e is Euler’s number, b is the
linear spacing of the charges, ξ = lB /b, and zi is the valence of the counterion.
3.9.6

Other Ion Species

Generalizing the model to other ionic species could be relatively straightforward, but
will require experimental data to ensure results are reasonable. NaCl has a higher
aﬃnity for RNA [147] so most likely only θ0 will be higher, but choosing an appropriate
value for θ0 at present requires comparison to experiment. Generalizing from Mg2+
to other divalent ions will involve changing the parameters σMgRNA and σMgMg , since
Mn2+ is 0.1 larger than Mg2+ , and Ca2+ is 0.3 Å larger than Mg2+ . This may be
adequate in the case of Ca2+ , where at 1 mM in the adenine riboswitch, increasing
σMgRNA by 0.3 Å (while neglecting the corresponding 0.6 Å increase in σMgMg ) lowers
Γ2+ by approximately one ion (Figure 3.8). Including an appropriate change in σMgMg
should lower Γ2+ further, and depending on the σ-dependency of Γ2+ at other divalent
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Figure 3.8 : The σMgRNA dependence of Γ2+ of the adenine riboswitch at 1 mM Mg2+ .
A 0.6 Å change in the radius of Mg2+ interacting with RNA changes the excess ions
by approximately 2. A corresponding change in σMgMg would further change Γ2+ .

ion concentrations, may fully capture the lower aﬃnity of Ca2+ for RNA. Mn2+ is only
0.1 Å larger than Mg2+ , and its lower aﬃnity for RNA may not be fully explainable
in terms of a diﬀerent excluded volume. The larger size also makes it softer, more
polarizable, and makes it prefer binding to softer ligands, such as nitrogen or sulfur
rather than oxygen [36], and may require the addition of dispersion terms (which
will also perturb θ0 ) to fully capture. In any case, testing such models would require
further experimental and simulation data for comparison.
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Chapter 4
A Dynamic Model of Mg2+-RNA Interactions:
Generalized Manning Condensation Model
Captures the RNA Ion Atmosphere
4.1

Abstract

RNA is highly sensitive to the ionic environment, and typically requires Mg2+ to form
compact structures. There is a need for models capable of describing the ion atmosphere surrounding RNA with quantitative accuracy. We present a model of RNA
electrostatics and apply it within coarse-grained molecular dynamics simulation. The
model treats Mg2+ ions explicitly to account for ion-ion correlations neglected by
mean field theories. Since mean-field theories capture KCl well, it is treated implicitly by a generalized Manning counterion condensation model. The model extends
Manning condensation to deal with arbitrary RNA conformations, non-limiting KCl
concentrations, and the ion inaccessible volume of RNA. The model is tested against
experimental measurements of the excess Mg2+ associated with the RNA, Γ2+ , because Γ2+ is directly related to the Mg2+ -RNA interaction free energy. The excellent
agreement with experiment demonstrates the model captures the ionic dependence of
the RNA free energy landscape.
In review at Physical Review Letters, (2015), by Hayes, Noel, Mandic, Whitford, Sanbonmatsu,
Mohanty, & Onuchic.

106

4.2

Introduction

RNA is sensitive to the ionic environment because it is strongly negatively charged
and yet frequently folds into compact configurations. Such compact configurations
require positive counterions to balance RNA charge. Mg2+ is especially eﬀective in
stabilizing compact configurations as most RNA tertiary structure will not form in
the absence of Mg2+ [26]. Simplified or coarse-grained molecular dynamics simulations are an ideal tool for studying the molecular details of slow processes in RNA
[11, 153–156]; however, their accuracy is limited at present by the lack of accurate
and computationally eﬃcient descriptions of the atmosphere of ions associated with
RNA. We generalize the theory of Manning counterion condensation [32] to arbitrary
geometries and concentrations, making it applicable to compact RNA structures, and
show this model accurately represents the ion atmosphere around RNA.
The ubiquity of Mg2+ in RNA structure and dynamics arises because Mg2+ is small
and divalent. The small size of Mg2+ allows it to interact more closely with RNA than
larger ions [33, 35]. Because Mg2+ is divalent, only half as many Mg2+ as monovalent
ions must be localized around RNA to balance its charge, allowing twice the entropic
cost to be paid per ion [27, 32]. Consequently, Mg2+ can outcompete monovalent ions
present at much higher concentrations to associate with RNA. The divalence of Mg2+
also allows it to induce eﬀective attraction between otherwise repulsive phosphates
[27, 38, 39]. As a result, Mg2+ strongly favors compact RNA conformations [27],
and can slow kinetics by raising the free energy of less compact transition states
[28]. In many cases, changing Mg2+ concentration can switch stability between two
conformational basins [8, 24, 30, 41]. Electrostatic models capable of describing Mg2+ RNA interactions are needed to connect with these experiments and to describe the
RNA energy landscape.

107
The simplest model of electrostatics in ionic solutions is Debye-Hückel electrostatics, in which the ion density is given by the linearized Boltzmann distribution, and
dielectric heterogeneity and ion accessibility are neglected. Coarse-grained models of
RNA have used a Debye-Hückel treatment of KCl [45, 46]. Such a treatment is not
ideal for Mg2+ because the linearized Boltzmann distribution is a poor approximation
for strong Mg2+ -RNA interactions near RNA. In addition, Debye-Hückel is unable to
produce the eﬀective attraction between phosphates that Mg2+ can induce.
Nonlinear Poisson-Boltzmann (NLPB) electrostatics [47–49] removes most of the
Debye-Hückel approximations at greater computational expense. NLPB is a mean
field treatment, and neglects ion-ion correlations [50, 51] and ion size eﬀects [52–54].
For monovalent ions where these correlations are weak, NLPB performs well, but is
less accurate for divalent Mg2+ [53, 55]. The tightly bound ion model [51, 70] accounts
for ion-ion correlations, and captures the ionic atmosphere well, but is a Monte Carlo
technique, and has not yet been adapted for molecular dynamics. Manning counterion
condensation theory [32, 37, 56] can describe nonlinear eﬀects near the RNA, but is
typically limited to low concentrations and linear or helical RNA geometry. A recent
coarse-grained model with explicit Mg2+ and implicit KCl revealed the importance
of accounting for competition between Mg2+ and condensed KCl (Chapter 3). As
a first approximation, KCl condensation was treated as a constant and fit to native
basin experimental data, but KCl condensation can vary with RNA conformation, so
the model was only valid for native basin fluctuations of experimentally characterized
RNA.
In this chapter, we introduce a generalized Manning counterion condensation
model that describes folded RNA at physiological ionic concentrations. Mg2+ is
treated explicitly to account for ion-ion correlations, while KCl condensation is de-
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scribed by the generalized Manning model. We add the electrostatic model to a
coarse-grained model of RNA to capture native basin fluctuations. The coarse-grained
model is an all heavy atom structure-based model [23, 83] (Chapter 3) with a theoretical base in the energy landscape theory of protein folding [21, 71, 72]. The model
is in good agreement with experimental measurements of the ion atmosphere within
the native basin for several compact RNA molecules at varying KCl and Mg2+ concentrations. The model is also applicable beyond the native basin, and the implicit
treatment of KCl makes the model computationally inexpensive.

4.3

Methods

Classical Manning counterion condensation [32] occurs on an infinite line of charge in
the low concentration limit due to competition between mixing entropy and electrostatic energy. The mixing free energy per phosphate to condense θ ions per phosphate
is given by
GMix = kB T θ ln

�

θ
ecV

�

,

(4.1)

where kB is Boltzmann’s constant, T is the temperature, c is the bulk concentration of
the counterion, V is the volume per phosphate into which the counterions condense,
and e is Euler’s number. The condensed ions eﬀectively rescale the charge of the
phosphates by 1 − zθ, so the electrostatic energy per phosphate is given by
GE = kB T (1 − zθ)2 F ,

(4.2)

where z is the charge of the counterion and F is the Debye-Hückel energy of the
bare polyelectrolyte charges per phosphate in units of kB T . For an infinite line of
charge at low concentration, GMix and GE (through F ) both diverge like ln c, so the
condensation is constant over a wide range of counterion concentrations [32].
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Condensation on RNA under physiological conditions diﬀers from classical Manning condensation in two important regards. First, folded RNA is not a line of charge,
so F does not diverge like ln c, and condensation is not constant over wide concentration ranges. Folded RNA rather forms compact and irregular structures, so a model
allowing varying condensation on each phosphate is required to account for the electrostatic heterogeneity of the phosphates. This is easily accomplished by making F
a dynamical function of phosphate coordinates and adding appropriate phosphate
indices to Equations (4.1) and (4.2). Second, salts are present at intermediate concentrations. As a result, there is a large population of screening ions near the RNA
in addition to the condensed ions that contribute to the mixing free energy. Many of
these implicit screening ions occupy the ion inaccessible volume of the RNA and must
be removed. Accounting for screening ions and ion inaccessible volume requires more
substantial extensions to Manning counterion condensation that we outline below.
The K+ and Cl− distributions may be divided into screening ions and Manning
condensed ions. The screening ion density is given by a linearized Poisson-Boltzmann
distribution, while the condensed ion density captures deviations of the distribution
from linearity near RNA. In Debye-Hückel theory, screening ions of species s have a
local density
nDH,s (�r) = cs

�

zs Φ0 (�r)
1−
kB T

�

(4.3)

that varies linearly with the electrostatic potential Φ0 , where cs and zs are the concentration and charge of ionic species s. For strong potentials, non-physical negative
concentrations are possible, as frequently occurs for Cl− near RNA. These negative
concentrations must be corrected by a corresponding positive concentration of condensed ions. Consequently, it is necessary to account for both condensed K+ and Cl−
to avoid negative local concentrations of Cl− .
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In the present work, the density of Manning condensed ions is modeled as the sum
of two normalized Gaussian distributions P (r, σ) centered on the position of every
charge
nµ,s (�r) =

�
i

nη,s (�r) =

�
i

µis P (|�r − �ri | , σµ )

(4.4)

ηis P (|�r − �ri | , ση ) .

(4.5)

The total density of ions is then nDH,s + nµ,s + nη,s . The mixing Gaussian controls
mixing free energy and the size σµ = 0.7 nm is set to the Bjerrum length. The hole
Gaussian enforces the ion accessibility by oﬀsetting any ions too close to the RNA
and the size ση = 0.34 nm is set approximately to the closest approach of a hydrated
ion to RNA. The sensitivity of the results to the two free parameters σµ and ση is
shown in Section 4.8.1, Figure 4.4. The Manning condensed ions of species s at a
charged atom i are then given by θis = µis + ηis . In the model, K+ and Cl− only
condense on phosphates or RNA charges, so µis = ηis = 0 at explicit Mg2+ charges.
The electrostatic free energy of the RNA and the condensed ions can be given in
terms of Debye-Hückel interactions
φ (rij , 0) = kB T

lB
exp (−κrij )
rij

�
�
� −1 lB
1 2 2
φ (rij , σ) = kB T
exp
κ σ + κarij
2
ar
2
ij
a=±1
�
�
��
arij + κσ 2
√
× 1 − erf
,
σ 2

(4.6)

(4.7)

where rij is the distance between particles i and j, κ is the inverse Debye length,
and lB is the Bjerrum length (approximately 7 Å in water at 300 K). The interaction
between two point charges is φ(rij , 0), while the interaction between a point and a
Gaussian of variance σ 2 is φ(rij , σ), and the interaction between two Gaussians of
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variance σm 2 and σn 2 is φ(rij ,

√

σm 2 + σn 2 ). The total electrostatic free energy GE

and electrostatic potential Φ are then
� �
�
1 ��
2
2
GE =
qm,i qn,j φ rij , σm + σn
2 ij mn
Φm (�r) =

��
j

n

�
�
�
2
2
qn,j φ �r − �rj , σm + σn ,

(4.8)

(4.9)

where the sum on indices m and n runs over the three labels {0, µ, η}, denoting points,
mixing Gaussians, and hole Gaussians, respectively; and the sum on i and j runs over
all charged atoms including i = j (except when m = n = 0) so that condensed ions can
interact with their own phosphate. For points, σ0 = 0 nm, and q0,i denotes the charge
�
�
of particle i, while the condensed ion charges are qµ,i = s zs µis and qη,i = s zs ηis .
The actual potential is Φ0 , while Φµ and Φη are the average of the potential over the
Gaussian regions.
At intermediate salt, the mixing free energy in Equation (4.1) must be reformulated to include screening ions. The substitution n = θ/V allows the mixing free
energy to be expressed in terms of local ion density and condensation volume. The
local density nMix,is can be approximated by averaging nDH,s over the mixing Gaussian, and adding nµ,s
nMix,is = cs

�

zs Φµ (�ri )
1−
kB T

�

+ nµ,s (�ri ) .

(4.10)

The eﬀective volume a Gaussian occupies can be estimated as the inverse of the local
Gaussian density
Vm,i = 1/

�

P (rij , σm ) ,

(4.11)

j

where the sum on j runs over all phosphates. The density of holes nη,s (�ri ) is omitted from Equation (4.10) because this term serves primarily to make the ion density
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average to zero within the hole volume Vη,i , consequently this empty volume is subtracted oﬀ the mixing volume Vµ,i giving Vµ,i − Vη,i . The mixing free energy is then
approximately
GMix =

��
i

s

kB T nMix,is (Vµ,i − Vη,i ) ln (nMix,is /ecs ) .

(4.12)

The potential ensures nMix,is ≥ 0, so any nonphysical negative concentration of screening ions will be balanced by a positive concentration of condensed ions.
The electrostatic and mixing free energy of the screening ions are typically ignored
because they cancel each other for weak potentials. Since the mixing free energy of
the screening ions within the volume Vµ,i − Vη,i has been included in the free energy,
the electrostatic free energy of the screening ions in this region must be included as
well. This free energy is given by
GES

�
�
1 ��
zs Φµ (�ri )
=
z s cs 1 −
(Vµ,i − Vη,i ) Φµ (�ri ) .
2 i s
kB T

(4.13)

With generalizations for the electrostatic free energy GE and mixing free energy
GMix +GES , it is necessary to enforce ion accessibility near the RNA. The concentration
of each ionic species nHole,is within the excluded volume of polyelectrolyte particle i
is
nHole,is = cs

�

zs Φη (�ri )
1−
kB T

�

+ nµ,s (�ri ) + nη,s (�ri ) ,

(4.14)

where the screening ions have been averaged over the hole Gaussian. Since ions are
excluded from this volume, nHole,is = 0. Rather than using constraints, a strong
harmonic restraint
��
1
GHole = kHole
nHole,is 2
2
s
i

(4.15)

is added to the potential to keep η within 0.01 ions of the correct value. Furthermore,
to maintain stability and avoid overfitting the ion distribution, µis and ηis are weakly
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harmonically restrained to nµ,s (�ri )Vµ,i and nη,s (�ri )Vη,i , respectively by a term GRest .
Together with the Mg2+ and RNA positions, the four condensation variables for each
phosphate (µi+ , µi− , ηi+ , and ηi− ) are treated as coordinates that evolve by Langevin
dynamics on the potential GE + GMix + GES + GHole + GRest . Parameter values and
other simulation details may be found in the Section 4.8.

4.4

Results

The ion atmosphere can be quantified by the number of excess ions of each species
which associate with an RNA. The number of excess ions of a particular ionic species
varies with concentration, but the total charge of all excess ions must balance the
RNA charge. At fixed KCl concentration, with c+ � c2+ , the Mg2+ -RNA interaction
free energy
∆G

Mg2+

= −kB T

�

c2+

Γ2+ d ln c2+

(4.16)

0

is directly related to the excess Mg2+ , Γ2+ , as a function of Mg2+ concentration
[42]. Γ2+ can be measured experimentally with HQS fluorescence [8, 24, 41, 42] or
other techniques [44], and can be calculated from simulations [1, 2]. Because Γ2+
bridges between simulation and experiment and is directly related to the Mg2+ -RNA
interaction free energy, it is an ideal quantity for testing models of RNA electrostatics.
The model is able to reproduce Γ2+ for the adenine riboswitch at 50 mM KCl
and for a 58 nucleotide fragment of the ribosome at several KCl concentrations (Figure 4.1). Experimental data for the adenine riboswitch and ribosomal fragment are
taken from reference [8] and [24], respectively. The transferability of the model to several KCl concentrations in Figure 4.1B bolsters the model, as simpler models lacking
RNA excluded volume in Equation (4.15) can be fit at a single KCl concentration, but
break down when applied to multiple KCl concentrations (data not shown). Lower
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Figure 4.1 : The model captures excess Mg2+ over a wide range of concentrations for
both (A) the adenine riboswitch at 50 mM KCl, and (B) a 58 nucleotide ribosomal
fragment. Experimental results are plotted as lines and simulation results are plotted
as dots.

115
6

4

0.16
0.12

3
0.08

2

0.04

1
0

т2+ [ions/PO4]

т2+ [ions]

5

0.2
54 mM KCl
79 mM KCl
Simulation
Rigid Simulation
Experiment

10-5 2+
10-4
Mg concentration [M]

0
10-3

Figure 4.2 : Predictions of the model are too high for the beet western yellow virus
pseudoknot in the rigid simulation where the RNA is fixed in the crystal structure.
The agreement with experiment is quite close if native basin fluctuations are included.

Mg2+ concentrations were not explored for the ribosomal fragment because the system
undergoes a conformational change we did not wish to model near the inflection point
in the experimental data. With further calibration of the underlying coarse-grained
model, the generalized Manning condensation model could be used to probe the electrostatic eﬀects driving the conformational transition. The excellent agreement over
a wide range of Mg2+ and KCl concentrations suggests the model is capturing the
electrostatic free energy quite well.
Native basin fluctuations can have a notable eﬀect on Γ2+ . For the beet western
yellow virus pseudoknot the number of excess Mg2+ has been measured [41]. In the
generalized Manning condensation model, the excess Mg2+ is overestimated if the
RNA is frozen in the crystal structure, but can be corrected by allowing the RNA to
fluctuate (Figure 4.2). This occurs because the crystal structure contains a negatively
charged pocket between the 5’ triphosphate tail and the rest of the pseudoknot where
Mg2+ binds nonspecifically. This pocket is not stable in solution due to phosphatephosphate repulsion, resulting in accurate Γ2+ predictions when RNA dynamics are
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Figure 4.3 : Several predictions of the excess Mg2+ about the SAM-I riboswitch in
the absence of experimental data. NLPB consistently underpredicts Γ2+ when compared with experimental measurements. Explicit solvent simulations are in reasonable
agreement with NLPB predictions suggesting they also underpredict Γ2+ . Predictions from the generalized Manning model are plausible because they are higher than
NLPB.

Explicit solvent simulations may underpredict the excess Mg2+ for the SAM-I riboswitch (Figure 4.3). While no experimental measurements of Γ2+ exist for this
system, three diﬀerent predictions are available. Figure 4.3 brings together predictions of the excess ions from Chapter 2, NLPB techniques used in Chapter 3, and the
predictions of the model presented Chapter 4. The generalized Manning condensation model predicts more excess Mg2+ than previous explicit solvent simulations of
the SAM-I riboswitch (Chapter 2). NLPB can discriminate between the two predictions because NLPB predictions of Γ2+ are generally systematically low [24, 41, 44],
suggesting that explicit solvent also underpredicts the excess Mg2+ . This is likely because explicit solvent parameters allow K+ to dehydrate and come in direct contact
with the RNA, while NMR measurements suggest K+ remains hydrated [125]. The
ability of KCl to dehydrate lowers the RNA excluded volume, and is equivalent to
decreasing ση in our model. This allows K+ to associate with RNA more eﬀectively,
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and drive Γ2+ down. Many ion parameters have been proposed for explicit solvent
simulation [65–68], and while ion parameters certainly aﬀect predictions of the excess ions, the agreement between explicit solvent simulations and NLPB calculations
has been observed with other parameters [69, 149]. The diﬃculty of parameterizing
Mg2+ for explicit solvent simulations is well known, but this result suggests that KCl
parameterization is also critical for accurately capturing Mg2+ behavior in explicit
solvent simulations. The excess Mg2+ is a sensitive measure of RNA electrostatics
that may be useful in future calibration of explicit solvent ion parameters.

4.5

Discussion and Conclusion

The generalized Manning model provides a more accurate description of the ion
atmosphere than the conventional descriptions of Debye-Hückel, nonlinear PoissonBoltzmann equation, classical Manning counterion condensation, and possibly even
explicit solvent simulation. This success is due in part to the explicit treatment of
Mg2+ that accounts for ion-ion correlations [51] absent from mean field treatments.
The implicit treatment of KCl makes the model computationally inexpensive, both
by significantly reducing the number of particles in the large boxes required for a
bath of free Mg2+ , and by allowing the use of the short range Debye-Hückel potential
rather than the long range Coulomb potential.
In the present model, the potential is in terms of atomic coordinates, which allows
calculation of forces between phosphates, and makes it applicable beyond the native
basin. Consequently, this model provides a description of the electrostatic features
of the full RNA free energy landscape. With this electrostatic model, coarse-grained
RNA models can capture the ionic sensitivity of competing conformational basins
and elucidate the molecular details of ionic eﬀects.
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4.6

Significance

The electrostatic model presented in this chapter is a major advance over the model
presented in Chapter 3. K+ condensation can vary dynamically, which makes the
model transferable and removes the thermodynamic issues mentioned in Section 3.7.
Since the model can capture the ion atmosphere around several RNA systems at
widely varying Mg2+ and K+ concentrations, the model can likely be transferred
to other systems without the need for experimental calibration. The model in this
chapter is much more computationally eﬃcient than the previous model, because
only phosphate charges are used, drastically reducing the number of atoms for which
intermediate range Debye-Hückel interactions with long cutoﬀs of 30 Å to 45 Å must
be calculated.
Since only phosphates are charged, RNA-RNA electrostatic interactions can be
included with less double counting than when united atom charges are used. While
phosphate-phosphate electrostatic interactions may introduce a minimal amount of
double counting, it is important to include them because they play a significant role in
the real free energy landscape, and partially counteract the stabilization of compact
structures by Mg2+ . Consequently, at native salt conditions, the stability of folded
structures is not substantially changed from a pure structure-based model, but as
the salt conditions change, Mg2+ can enhance stabilization, or phosphate-phosphate
repulsion can drive destabilization.
This model of the Mg2+ dependence of the RNA free energy landscape required
a comprehensive perspective on the problem, obtained from explicit solvent simulations, experimental results, established and novel theoretical approaches, insights
from the energy landscape theory of protein folding, and simplified models. The resulting model is simple, eﬃcient, and accurate; and can in principle capture the ionic
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stabilization of competing conformational basins observed in many systems [8, 24, 41].
Consequently, this model can be used to study a host of biologically interesting RNA
systems to address questions relating to the sensitivity of function to ionic conditions
or the role ions play in function or frustration. Furthermore, this model will also be
useful whenever an accurate representation of RNA electrostatics is needed.
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4.8

Additional Details

The parallel code used to simulate the potential is available for download at
http://smog.rice.edu/SBMextension.html.
4.8.1

Sensitivity Analysis of Adjustable Parameters

The model has two adjustable parameters, but choosing the most sensible values for
these parameters yields a good fit. σµ describes the enrichment of condensed ions
near the RNA, and should be on the order of the Bjerrum length (7 Å), which is
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Figure 4.4 : The sensitivity of Γ2+ to σµ and ση for both (A) the adenine riboswitch
at 50 mM KCl, and (B) a 58 nucleotide ribosomal fragment.

the value used. ση describes the excluded volume of the RNA which monovalent ions
cannot access, and should be approximately the ionic radius plus the diameter of a
water. Neglected eﬀects may also be swept into this fitting parameter, but the value
of 3.4 Å we use is quite close to the expected value. The predictions of the model are
more sensitive to ση , and less sensitive to σµ (Figure 4.4).
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4.8.2

Details of Electrostatic Model

Stability
In order to keep ηis within 0.01 ions of the correct value, the spring constant kHole of
the hole potential (Equation (4.15)) is set to
kHole = kS /P (0, ση )2

(4.17)

kS = 104 kB T .

(4.18)

The mixing free energy (Equation (4.12)) for a local concentration nµ,s of zero is
thermally accessible, even though the derivative diverges and prevents negative concentrations from being accessible. Unfortunately, in a molecular dynamics simulation
where variables take discrete steps, the local concentration can bypass this singularity
and crash the simulation. To circumvent this diﬃculty, the f (x) = x ln x − x term in
the potential is replaced with


 x ln (x) − x
f (x, xc ) =

 1 x2 + (ln(xc ) − 1) x −
2xc

x ≥ xc
xc
2

,

(4.19)

x < xc

with xc = kB T /kS . The negative domain is replaced by a very steep potential which
prevents substantial negative concentrations, but keeps the simulation from crashing.
As was mentioned in the main text, µis and ηis are weakly harmonically tethered
to nµ,s (�ri )Vµ,i and nη,s (�ri )Vη,i , respectively to prevent overfitting. This is because
nm,s (�ri )Vm,i is eﬀectively the value for µis or ηis at phosphate i, averaged over the
neighboring sites. The tethering is achieved by a potential of the form
��
1
GRest = kW
(µis − nµ,s (�ri )Vµ,i )2
2
s
i
�
�
1
+ kW
(ηis − nη,s (�ri )Vη,i )2 .
2
s
i

(4.20)
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A weak spring constant of kW = kB T is chosen which allows for variation of up to
one ion in µis and ηis . If too strong a spring constant is used, nearby sites will tend
to have the same values for µis and ηis , even if they are in very diﬀerent electrostatic
environments. If kW = 0 is used, the simulation is unstable, because the potential
primarily exerts restoring forces on µis and ηis via forces on nm,s (�ri ). µis and ηis
diﬀuse to unphysically large values due to equal and opposite changes at nearby sites,
until instabilities due to the force cutoﬀ begin driving the growth of µis and ηis .
The potential GRest could be omitted entirely from the potential if nµ,s (�ri ) and
nη,s (�ri ) were replaced with µis /Vµ,i and ηis /Vη,i , respectively, in Equations (4.10)
and (4.14). In practice this was not possible because the form of the mixing free
energy is only valid when the number of ions is large, as it is in Equation (4.1).
When the number of ions is small as it is for the individual sites in Equation (4.12),
thermal fluctuations can lead to incorrect ensemble averages. For example, for several
noninteracting sites, the thermally averaged number of ions is higher than it should
be for a given concentration, even though the minimum free energy is at the correct
value. The use of local densities nµ,s (�ri ) and nη,s (�ri ) largely corrects this artifact
because fluctuations in µis and ηis aﬀect the mixing free energy at many phosphates
so fluctuations cannot be too large. A better treatment of the mixing free energy is
desirable, but would introduce substantially more complexity into the model.
Charge Density of Implicit Ion Bath
The charge densities of the explicit and implicit ion baths must cancel to preserve
electroneutrality, but need not be zero. Throughout the text, it was assumed that
c2+ � c+ , so that the approximation c+ ≈ c− could be used. This assumption breaks
down when the concentration of explicit Mg2+ becomes large. Consequently, the
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charge density of implicit ions is no longer neutral because
c− = c+ + 2c2+ .

(4.21)

Complicating the situation is the fact that the explicit Mg2+ ions carry an excess of
Cl− and a deficiency of K+ with them beyond the bath concentration which contribute
to the total concentration of implicit ions. (This is not a problem for the RNA because
we assume we are in the dilute limit). In order to deal with this, a bath concentration
c∗ is introduced for each ionic species, such that the bath is neutral, and the additional
ions associated with explicit Mg2+ add with the bath to the real concentrations. When
only K+ and Cl− are present, this means c+ ∗ = c− ∗ . The bath concentration is
cs ∗ = cs +

z2+ c2+ zs cs
.
z + 2 c+ + z − 2 c−

(4.22)

Most terms in the potential still depend on the real concentrations cs , however, the
ion density (Equation (4.3)) is now given by
nDH,s (�r) = cs ∗ −

zs cs Φ0 (�r)
.
kB T

(4.23)

Equations (4.10), (4.14), and (4.13) are likewise adjusted to be
�

�
zs cs Φµ (�ri )
nMix,is = cs −
+ nµ,s (�ri )
kB T
�
�
zs cs Φη (�ri )
∗
nHole,is = cs −
+ nµ,s (�ri ) + nη,s (�ri )
kB T
�
�
1 ��
zs cs Φµ (�ri )
∗
GES =
z s cs −
(Vµ,i − Vη,i ) Φµ (�ri ) .
2 i s
kB T
∗

(4.24)
(4.25)
(4.26)

Debye-Hückel interactions between Gaussians
The normalized Gaussian distribution P (r, σ) is given by
�
�−3/2
�
�
P (r, σ) = 2πσ 2
exp −r2 /2σ 2 .

(4.27)
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The Debye-Hückel interaction between a point charge and a Gaussian in Equation (4.7) can be derived by integrating the point charge Debye-Hückel interaction in
Equation (4.6) with a Gaussian
φ (rij , σ) =

�

d3�rk φ (|�rk − �rj | , 0) P (|�rk − �ri | , σ) .

(4.28)

Explicit Mg2+
Excluded volume between atoms was treated with an r−12 potential according to
GExclVol = �NC

�

σij
rij

�12

,

(4.29)

where �NC = (4/3)kB T , and σij = 1.7 nm for RNA-RNA, σij = 3.4 nm for Mg2+ RNA, and σij = 5.6 nm for Mg2+ -Mg2+ interactions [2].
Cutoﬀs
Force cutoﬀs of 5/κ were used for the electrostatic force calculation. A slightly shorter
cutoﬀ should still be stable. Force cutoﬀs of 7 Å, 10.2 Å, and 15 Å were used for
the nonbonded interactions between RNA-RNA, Mg2+ -RNA, and Mg2+ -Mg2+ respectively.
Structures
The structure of the RNA was critically important for the electrostatic calculations.
Crystal structures for the adenine riboswitch, the ribosomal fragment, the beet western yellow virus pseudoknot, and the SAM-I riboswitch were obtained from the PDB,
accession codes 1Y26 [5], 1HC8 [7], 437D [6], and 2GIS [4], respectively. RNA was held
rigid in simulations of the adenine riboswitch, the ribosomal fragment, and the SAM-I
riboswitch. The 5’ terminal phosphate was truncated from the SAM-I riboswitch for
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consistency with reference [2], where it was truncated because of AMBER forcefield
[57] residue definitions. The 5’ terminal triphosphates were retained in the ribosomal
fragment and the pseudoknot, and played a notable role in the excess Mg2+ .
Charges
Mg2+ was given a charge of +2. Negative charges of −1 were placed on every phosphate. In the triphosphate tail, Pα and Pβ were given charges of −1, while Pγ was
given a charge of −2. In the pseudoknot, it has been noted that the N3 of C8 is
protonated [41], so this atom was given a +1 charge in our simulations. No lone 5’
phosphates were present in our simulations, but if the were, they would have been
given a charge of −2 corresponding to the fully deprotonated state.
Dynamics of µis and ηis
Particle positions, as well as µis and ηis were simulated using Langevin dynamics [157].
A time step of 0.002 τR was used. Underdamped dynamics were used to allow rapid
sampling of the energy landscape. Particles were given a mass of 1 µR and a drag
coeﬃcient of 1 τR −1 in accordance with previous treatments [2, 23, 83]. Condensation
coordinates µis and ηis are given a ”mass” of 15 µR nm2 and a drag coeﬃcient of 0.05
nm2 /τR . (The ”mass” has units of mass × length2 because the coordinates, which
typically have units of length, are dimensionless.) The reduced units τR and µR are
defined later.
Generalization to Other Ionic Species
The model presented in this chapter should be applicable to other ionic species with
a few adjustments. Generalizing the divalent ion from Mg2+ to other ions will require
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using a diﬀerent excluded volume radius σij in Equation (4.29) for ion-RNA and
ion-ion interactions. For ion-RNA interactions, σij should increase by the diﬀerence
in ionic radii between the divalent ion and Mg2+ , while for ion-ion interactions, the
change should be twice the diﬀerence. Generalizing to other species of monovalent
ions will require changing ση the size of the Gaussian holes accounting for RNA
excluded volume. This parameter depends on the size of the monovalent ion, but also
on how easily the ion may be dehydrated to make inner sphere contacts with RNA.
For example K+ and Na+ are approximately the same size, but Na+ has a higher
aﬃnity for RNA [147]. This is likely because it is easier to dehydrate Na+ in the
presence of RNA, resulting in more entropy for associated Na+ . This can be modeled
by using a smaller ση for Na+ . Na+ -K+ data found in reference [44] would be ideal
for calibrating these parameters.
4.8.3

Details of the Structure-Based Model

Units
The structure based potential uses reduced units [2]. Matching folding temperatures
and native basin fluctuations suggests the conversions for these units are approximately
τR = 2 ps

(4.30)

µR = 15 amu

(4.31)

�R = 3.75 kJ/mol

(4.32)

TR = 3.75 K .

(4.33)
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Structure-Based Potential
The coarse-grained potential used to model native basin fluctuations is a structurebased model. In order for a macromolecule to fold on biological time scales, the
energy landscape must be funneled, with an energetic bias guiding the search for the
native state, and smooth, so the system does not get trapped [21, 71, 72]. As a result,
native contacts must be on average more stabilizing than nonnative contacts. Such
a landscape is well described by a structure-based model where the energy minimum
of the model is explicitly designed to be the crystal structure. The structure based
potential has already been defined in Sections 3.3.1 and 3.9.1.
While the structure-based potential for proteins has been extensively tested, ongoing research to be published separately suggests that the structure-based potential
used for RNA needs further calibration. All contacts between residues i and i + 1 or
i + 2 that were not base stacking contacts were deleted after normalization by Equations (3.23) and (3.24). This decreases the total stabilizing energy, and consequently
has an eﬀect on the unit conversions in Equations (3.17) and (3.18). Simulations with
RNA dynamics included were run at a temperature of 70 TR corresponding to 300 K.
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Epilogue: Ongoing Work and Potential
Applications

With an accurate and transferable model of RNA electrostatics, we are in a position
to begin to address questions that were previously inaccessible.
Work on the BWYV pseudoknot has shown that the current parameter sets do
not produce the correct folding intermediates or order of events [16], and must be
recalibrated from their default values for proteins. The BWYV pseudoknot provides
an exciting opportunity to appropriately balance the energetics of backbone stiﬀness,
base stacking, base pairing, and other tertiary interactions. Preliminary results suggest the balance of these terms may determine the order of events, while electrostatics
may stabilize intermediates once the order of events is established.
Direct coupling analysis of coevolving residues has provided great insights into
protein structure [158, 159]. Work to apply coevolutionary analysis to RNA folding
and structure prediction is underway. Direct coupling analysis easily identifies secondary and tertiary base pairs, but our electrostatic model is also needed to capture
non-specific packing eﬀects that govern other tertiary contacts.
We are working towards exploring the role of Mg2+ in biological function. Cooperativity between Mg2+ and the SAM ligand has been observed in the SAM-I riboswitch
[30], this model holds promise to reveal the molecular mechanisms of this cooperativity. Mg2+ can have a marked eﬀect on accommodation and proofreading in the
ribosome [31], and exploring how electrostatics aﬀect the results of previous studies
of the ribosome [11, 160] is of great interest.

129

Bibliography

[1] R. L. Hayes, J. K. Noel, U. Mohanty, P. C. Whitford, S. P. Hennelly, J. N.
Onuchic, and K. Y. Sanbonmatsu, “Magnesium fluctuations modulate RNA
dynamics in the SAM-I riboswitch,” Journal of the American Chemical Society,
vol. 134, pp. 12043–12053, 2012.
[2] R. L. Hayes, J. K. Noel, P. C. Whitford, U. Mohanty, K. Y. Sanbonmatsu, and
J. N. Onuchic, “Reduced model captures Mg2+ -RNA interaction free energy of
riboswitches,” Biophysical Journal, vol. 106, pp. 1508–1519, 2014.
[3] R. L. Hayes, J. K. Noel, A. Mandic, P. C. Whitford, K. Y. Sanbonmatsu,
U. Mohanty, and J. N. Onuchic, “Generalized Manning condensation model
captures the RNA ion atmosphere,” Physical Review Letters - In Review, 2015.
[4] R. K. Montange and R. T. Batey, “Structure of the S-adenosylmethionine riboswitch regulatory mRNA element,” Nature, vol. 441, pp. 1172–1175, 2006.
[5] A. Serganov, Y.-R. Yuan, O. Pikovskaya, A. Polonskaia, L. Malinina, A. T.
Phan, C. Hobartner, R. Micura, R. R. Breaker, and D. J. Patel, “Structural
basis for discriminative regulation of gene expression by adenine- and guaninesensing mRNAs,” Chemistry and Biology, vol. 11, pp. 1729–1741, 2004.
[6] L. Su, L. Chen, M. Egli, J. M. Berger, and A. Rich, “Minor groove RNA triplex
in the crystal structure of a ribosomal frameshifting viral pseudoknot,” Nature
Structural Biology, vol. 6, pp. 285–292, 1999.

130
[7] G. L. Conn, A. G. Gittis, E. E. Lattman, V. K. Misra, and D. E. Draper,
“A compact RNA tertiary structure contains a buried backbone-K+ complex,”
Journal of Molecular Biology, vol. 318, pp. 963–973, 2002.
[8] D. Leipply and D. E. Draper, “Eﬀects of Mg2+ on the free energy landscape for
folding a purine riboswitch RNA,” Biochemistry, vol. 50, pp. 2790–2799, 2011.
[9] A. A. Chen, D. E. Draper, and R. V. Pappu, “Molecular simulation studies
of monovalent counterion-mediated interactions in a model RNA kissing loop,”
Journal of Molecular Biology, vol. 390, pp. 805–819, 2009.
[10] D. P. Bartel, “MicroRNAs: Target recognition and regulatory functions,” Cell,
vol. 136, pp. 215–233, 2009.
[11] P. C. Whitford, P. Geggier, R. B. Altman, S. C. Blanchard, J. N. Onuchic, and
K. Y. Sanbonmatsu, “Accommodation of aminoacyl-tRNA into the ribosome
involves reversible excursions along multiple pathways,” RNA: A Publication of
the RNA Society, vol. 16, pp. 1196–1204, 2010.
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