
ABSTRACT

PAN, FENG. Structure, Stability, and Dynamics of Select DNA and RNA Double Helices:
Trinucleotide Repeats and Ion Distributions. (Under the direction of Dr. Celeste Sagui
and Dr. Christopher Roland.)

Trinucleotide repeats (TRs) belong to the family of simple sequence repeats (SSRs),

that comprises all sequences with core motifs of 1 to 6 (and even 12) nucleotides that

are repeated up to 30 times (and more for pathological cases). SSRs exhibit “dynamic

mutations” that do not follow Mendelian inheritance (which asserts that mutations in

a single gene are stably transmitted between generations). To date, approximately 30

DNA expandable SSR diseases have been identified and the list is expected to grow. In

particular, the dynamic mutations in human genes associated with TRs cause severe

neurodegenerative and neuromuscular disorders, known as Trinucleotide (or Triplet)

Repeat Expansion Diseases (TREDs). This thesis focuses on the computational study of

DNA/RNA duplexes which are directly related with TREDs. Molecular dynamic (MD)

simulations can show the atomic structure in details as well as the dynamic properties

of those duplexes in microsecond time scale. In addition, the investigation of the Free

Energy (FE) landscape can find the global minimum of different structures.

First, we studied the ion atmosphere around nucleic acids. We used large-scale

MD simulations to perform a comparative study of the ion distribution around (5’-

CGCGCGCGCGCG-3’)2 dodecamers in solution in B-DNA, A-RNA, Z-DNA and Z-RNA

forms. Our results quantitatively describe the characteristics of the ionic distributions for

different structures at varying ionic strengths as well as several binding pockets with rather

long ion residence times. Besides, We explored the use of a fast laser melting simulation

approach combined with atomistic molecular dynamics simulations in order to determine

the melting and healing responses of B-DNA and Z-DNA (5’-CGCGCGCGCGCG-3’)2

dodecamers. The frequency of the laser pulse is specifically tuned to disrupt Watson-Crick

hydrogen bonds, thus inducing melting of the DNA duplexes. Subsequently, the structures

relax and partially refold, depending on the field strength. In addition to the inherent

interest of the nonequilibrium melting process, we propose that fast melting by an infrared

laser pulse could be used as a technique for a fast comparison of relative stabilities of

same-sequence oligonucleotides with different secondary structures with full atomistic

detail of the structures and solvent.



Then we targeted on the DNR/RNA duplexed with TRs, which include CAG/GAC,

CCG/GCC and CGG/GGC repeats. CAG TRs are known to cause ten late-onset pro-

gressive neurodegenerative disorders as the repeats expand beyond a threshold, while

GAC repeats are associated with skeletal dysplasias and expand from the normal 5 to

a maximum of 7 repeats. Expansions of both GGC and GCC sequences also lead to a

number of expandable, TR neurodegenerative diseases. We have carried out free energy

and molecular dynamics studies to determine the preferred conformations of the A-A

non-canonical pairs in (CAG)n and (GAC)n TRs (n=1, 4), C-C or G-G non-canonical

pairs in (GCC)n and (GCC)n, and the consequent changes in the overall structure of

the RNA and DNA duplexes. We find that the global free energy minimum corresponds

to A-A pairs stacked inside the core of the helix with anti-anti conformations in RNA

and (high-anti)-(high-anti) conformations in DNA. For (GGC)n and (GCC)n, each TR

has two reading frames, which results in eight non-equivalent DNA/RNA homoduplexes,

characterized by CpG or GpC steps between the Watson-Crick basepairs. Free energy

maps for the eight homoduplexes indicate the C-mismatches prefer anti-anti conformations

while G-mismatches prefer anti-syn conformations. Besides, the cytosine mismatches in

C-rich homoduplexes are weakly bonded for TRs as well as hexanucleotide repeats (HRs)

Those cytosines may flip out of the helix core to form e-motif structure. We have performed

molecular dynamics simulations of C-rich TR and HR DNA homoduplexes in order to

characterize the conformations, stability and dynamics of formation of the e-motif, where

the mismatched cytosines symmetrically flip out in the minor groove, pointing their base

moieties towards the 5’-direction in each strand.
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Chapter 1
Introduction

Nucleic acids including DNA and RNA, are some of the most important macromolecules

central to life itself in biophysical research. DNA is the carrier of genes and RNA plays an

important role in coding, decoding, regulation and expression of genes. DNA and RNA

research has mainly targeted the sequence, structure, dynamics and the interactions of

these molecules with others such like DNA-binding protein. The most common structure for

nucleic acids is double helix, which is formed by two complementary strands held together

by Watson-Crick (WC) pairs [1]. However, nucleic acids can also form other secondary

or tertiary structures such as stem-loop structures [2], pseudoknots [3], tetraloop [4],

quadruplex [5], etc. Since nucleic acids are polyanionic in nature, water and counterions

are crucial for their stability. In a recent study, counterions are known to play important

roles in regulate genome packing [6, 7], ribozyme activity [8], RNA folding [9–11], and

aid in mediating DNA-protein interactions [12]. Besides of regular DNA structure with

WC pairs, atypical secondary structures with non-WC mismatches have been found

associated with expansion in trinucleotide repeats (TRs) and hexanucleotide repeast

(HRs) sequences that underlie approximately 30 expandable simple sequence repeats

(SSRs) diseases [13–15]. It is recognized the stable atypical DNA secondary structure

in the expanded repeats is “a common and causative factor for expansion in human

disease” [13]. In addition, mutant transcripts also contribute to the pathogenesis of

Trinucleotide (or Triplet) Repeat Expansion Diseases (TREDs) through toxic RNA gain-

of-function [15–21]. In this mechanism, the RNA TRs sequester proteins that are generally

involved in pre-mRNA splicing and regulation. Thus, the understanding of these diseases

involves the structural characterization of the atypical DNA and RNA structures.
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In this thesis, related studies of DNA and RNA are presented including (1) the ion

distribution around left- and right-handed DNA and RNA duplexes; (2) the application

of a new fast laser melting on the relative stability of B-DNA and Z-DNA; (3) structure

and dynamics of atypical DNA and RNA duplexes of trinucleotide repeats: CAG, CCG

and CGG; (4) e-motif formed by extrahelical cytosine bases in atypical structures.

1.1 Ion distributions around left- and right-handed

DNA and RNA duplexes

Helices formed by natural amino acids and nucleotides are predominantly right-handed,

while left-handed forms, such as PPII helices in proteins and Z-DNA and Z-RNA duplexes,

are relatively rare. A left-handed, double-helix DNA with two antiparallel chains joined by

Watson-Crick (WC) base pairs was first revealed by a crystal structure of d(CGCGCG)2 in

1979 [22]. The term “Z-DNA” was coined for this structure because the sugar-phosphate

backbone displays a characteristic zig-zag pattern. Z-DNA is formed by dinucleotide

repeats, and is a characteristic of sequences that alternate purines and pyrimidines, mainly

CG or GC. These kinds of base pairs give rise to an anti-syn alternation, which is due to

rotation of the guanine residue around its glycosidic bond, resulting in a syn conformation,

while the cytosine retains its anti configuration [23,24]. A high density of base sequences

favoring Z-DNA is found near transcription start sites [25], where Z-DNA is stabilized

by negative supercoiling of DNA [24,26]. Z-DNA is induced by a set of binding proteins

near promoter regions, which boosts the transcription of downstream genes [27]. Z-DNA

is highly immunogenic, and antibodies against it [28–30] are used to find locations prone

to Z-DNA conformations. The current view is that Z-DNA formation plays a role in gene

expression, regulation and recombination [24,27,31–37].

Since the right-handed form is DNA’s dominant duplex conformation, research has

focused on the microscopic mechanisms behind the B-Z DNA transition and controversial

models have ensued [38]. Proposed transition mechanisms include: base-pair opening

before base-pair plane and phosphate backbone angle rotation within the core of the

helix [22]; successive flipping of base-pair planes, without any disruption of the WC

pairs [39]; models with intermediate structure [40–44], such as one with two A-DNA-

like intermediates [41]; extrusion of bases, as observed in the crystal structure of a B-Z

junction [44], followed by propagation and reformation of the pairs. Recent molecular
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dynamics (MD) simulations indicate that the transition is governed by a complex free

energy landscape which allows for the coexistence of several competing mechanisms so

that the transition is better described in terms of a reaction path ensemble [45].

After the discovery of Z-DNA, it was found that the right-handed A-RNA double

helix made of CG repeats may also be transformed into a left-handed double helix or

Z-RNA [46–50] under conditions of high ionic strength or high pressure [51]. The first

detailed structure of Z-RNA of natural sequence, r(CGCGCG)2, was described in an NMR

study at high ionic strength in 2004 [50]. However, in contrast to Z-DNA, considerably

less is known about Z-RNA and what role it may play in terms of biological functions.

Recent experiments – based on binding to the RNA-editing enzyme ADAR1 – have probed

the structure of Z-RNA under physiological ionic strength conditions, and provided some

evidence that there may even be more than one type of Z-RNA present, either in vitro or

in vivo [52].

An important structural determinant of nucleic acids is that they are polyanionic in

nature, and water and counterions are crucial for their stability. In solution, counterions

surround the nucleic acid structures and neutralize the nucleic acid anionic phosphates. In

addition, they can establish water-mediated contacts and less frequent direct contacts with

the electronegative groups. These counterions affect both the structure and stability of the

nucleic acid conformations, and therefore their biological function. Specifically, counterions

can help regulate genome packing [6,7], ribozyme activity [8], RNA folding [9–11], and

aid in mediating DNA-protein interactions [12]. In fact, due to the highly charged nature

of DNA and RNA, it is unlikely that these could be packaged into their compact cellular

forms in the absence of counterions [6]. Ions also perform an important role in the

transition between the right-handed forms at low salt concentrations, and the left-handed

forms at high salt concentrations. In solution, the cations move close to the nucleic acid

molecule, finding their way into the major and minor grooves, and backbone oxygens.

Given the dynamical nature of the system, the cations generally become localized for

relatively short periods of time before drifting away and being replaced by other cations

from the solution. Similarly, the mobile anions are likely to be excluded from the near

nucleic acid region due to electrostatic repulsion. However, nucleotide electropositive edges

have been shown to exhibit specific anion binding sites that also turn out to be good

locations for the binding of the negatively charged aspartic and glutamic amino acids and

negatively charged groups of other ligands [53].
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Considering the importance of the ion distribution in stabilizing nucleic acid structure,

it is not surprising that this issue has received intense scrutiny over the past three

decades. Although the ions are mobile, some of them can be localized long enough

(especially divalent cations) to show up as bound ions in X-ray diffraction studies [54–65],

although different atomic resolution crystal structures of equal sequences may differ on the

presence of bound ions [66,67]. Additional improvements have become possible through

a combination of anomalous small-angle X-ray scattering (ASAXS) [68–70] and atomic

emission spectroscopy (AES) [71]. With these techniques, it has been possible to count

explicitly the number of ions in a given region, and thereby provide information as to

their time-averaged distributions. NMR studies have also been used to study nucleic acid

structure and surrounding ions, especially when precision is improved by the addition of

residual dipolar couplings. Thus, for instance, NMR studies have found bound monovalent

ions in either the major or minor groove of DNA [56,61,72–77].

However, it is still difficult to obtain true spatial resolution and dynamical information

with these experimental techniques. This is where classical MD simulations are extremely

useful, as they make it possible to explicitly track the motion of ions around the nucleic

acids in order to quantify their locations and effect on structure. In fact, MD simulation

of the ion atmosphere around nucleic acids have been around for decades [53,74,78–93],

especially since the correct treatment of electrostatics [94–98] led to stable, reliable

trajectories [95]. With some exceptions, the majority of the work has focused on B-DNA.

Only recently have more systematic studies on A-RNA emerged [99–103]. In addition, much

effort in the refinement of nucleic acid fields has taken place in the last decade [93,104–106],

leading to more accurate results in the relatively long-time simulations that are required

for the equilibration of the ion distribution.

In Chapter 2, we report on a large-scale MD study of the ion distribution around

individual (5’-CGCGCGCGCGCG-3’)2 dodecamers in solution in B-DNA, A-RNA, Z-

DNA and Z-RNA forms. The duplexes are immersed in rather large water boxes to account

for the fact that ionic distribution functions need to be calculated to approximately 30 Å.

The study involves 20 simulations lasting 120 ns each. We chose this sequence because

we wanted to carry out a comparative study of ion distribution, and the CG sequence is

crucial for the left-handed forms. A fair comparison between the different structures needs

the same sequence, as previous simulations have shown that the ion distributions exhibit

sequence-dependent features. From a chemical point of view, a comparison between RNA
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and DNA structures only involves the presence or absence of the 2’-OH group in the

sugar (and avoids the extra T/U change associated with AT sequences). The regularity

of the sequence also allows for much more “clear-cut” results and conclusions about

distribution around CG pairs. Salt effects in this sequence have been studied in 2000, via

2.5 ns long simulations involving the distribution of the K+ ion [84]; and more recently

in simulations that studied the effect of force fields, water model and salt concentration

on the structure of A-RNA [99, 101] (these studies did not report results on the ionic

distribution itself). Other than that, most of the recent simulations on the ion atmosphere

around right-handed nucleic acid duplexes employ sequences that are relatively rich in A

and T or U nucleotides. Although in vitro the transition from the right-handed forms to

the left-handed forms can be triggered with the addition of salt at high concentrations [50],

the Z-forms also exist under physiological ionic strength [52]. Simulations allow us to

stabilize the left-handed forms and then to slowly increase the concentration of salt in

order to discern how ion binding is linked to the structure of the duplex.

In terms of ions, we investigated the distribution of the monovalent Na+ and K+,

and divalent Mg2+ ions around these structures, with various concentration values of

their chloride salts. The cations most frequently found around nucleic acids are K+

(approximately 0.14 M inside the cell) and Mg2+, while the Na+ ion is most frequently

found in extracellular fluids [90]. Since most studies of monovalent ions around nucleic

acids involve the Na+ ion, it is of interest to study the differences in binding between Na+

and K+. In this work, we carry out a comparative study of the distributions of each of

these cations around each of the four possible duplexes, and discuss in detail the sources

of the various, important observed differences.

1.2 A new fast laser melting method and its applica-

tion on B-DNA and Z-DNA

Recently, free electron lasers have been used for melting biomolecular complexes [107–111].

Kawasaki and coworkers [109–111] have developed a mid-infrared free electron laser with

highly specific oscillation characteristics having a high photon density, a picosecond pulse

structure, and a range of tunable frequencies. To date, such a laser pulse with frequencies

tuned to the amide I bands has been used in experiments to dissociate amyloid-like fibrils

of lyzozyme into its native forms [109], convert insulin fibrils into soluble monomers [110],
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and dissociate a short human thyroid hormone peptide [111]. A simulated laser pulse

has also been used in atomistic molecular dynamics simulations to dissociate amyloid

fibrils [112], and to study the break-up of a peptide-based nanotube [113]. Aside from

investigating the dissociation of selected biomolecules, in this work we propose that the

application of a simulated laser pulse could provide for new computational opportunities to

probe the relative response and, quite possibly, the relative stability of similar structures,

such as nucleic acids with the same sequence but with different secondary structures.

A crucial aspect for the understanding of nucleic acid structures and their function

is the relative stability of different competing structures that are involved in cellular

processes. The discernment of the relative structural stabilities of different nucleic acid

structures, both in vitro and in silico, is rather challenging. A time honored technique

to address this issue is to carry out a thermal denaturation experiments [114], where a

sample is heated beyond the melting point. This causes a conformational transition in the

molecule that is measured by recording a specific variable as a function of temperature.

Typical experiments include the recording of the absorbance at 260 nm in a UV-visible

spectrophotometer [115]; circular dichroism spectra [116,117]; fluorescence spectra [118];

Raman signals [119,120]; or NMR measurements [121,122].

Thermal denaturing experiments can also be carried out computationally, but fully

atomistic melting simulations are extremely expensive. Instead, simplified models have been

introduced for estimating the melting temperature of DNA duplexes, based on empirical

or statistical thermodynamics models [123–139] that predict the stability of nucleic

acid secondary structure, including RNA [127, 140–153]. Unfortunately, these models

are still empirical and can fail to capture subtle sequence-dependent effects, or unusual

conformations different from A and B duplexes, or conformations with noncanonical or

mismatched base pairs, etc. A state-of-the-art web-based tool for predicting fluorescent

high-resolution DNA melting curves and denaturation profiles of PCR products is the

software package uMELT [154]. This tool, however, can only be applied to standard DNA

duplexes. Since secondary structures other than B-DNA can play crucial roles in processes

such as gene expression, extending the computational predictive capacity to these unusual

structures is a desirable goal.

In Chapter 3, we use fast melting by an infrared laser pulse of B-DNA and Z-DNA

duplexes with sequence d(5’-CGCGCGCGCGCG-3’)2 in order to compare the melting

and healing response of the duplexes and to explore whether this response reflects their
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relative stability. The left-handed, double-helix Z-DNA with two antiparallel chains joined

by Watson-Crick (WC) base pairs was first crystallized in 1979 [22]. Z-DNA is favored by

sequences that alternate purines and pyrimidines, mainly CG or GC. The left-handed

helix is thinner and more rigid than B-DNA, and while the pyrimidine-purine base pairs

are in anti -anti conformation in B-DNA, the guanine rotates around its glycosidic bond

in Z-DNA, resulting in an anti -syn configuration [23, 24]. As a consequence of these

rotations, the phosphate groups become closer in Z-DNA; the sugar-phosphate backbone

displays the characteristic zig-zag pattern that gave rise to the name Z-DNA; and the

CpG and GpC steps stack differently, causing a dinucleotide step to be the repeating unit

in Z-DNA. A high density of base sequences favoring Z-DNA is found near transcription

start sites [25], where Z-DNA is stabilized by negative supercoiling of DNA [23,24,26].

In the cell, Z-DNA is induced by a set of binding proteins near promoter regions, which

boosts the transcription of downstream genes [27]. Z-DNA is highly immunogenic, and

antibodies against it [28–30] are used to find locations prone to Z-DNA conformations.

The current view is that Z-DNA formation plays a role in gene expression, regulation and

recombination [24,27,31–37].

B-DNA is more stable than Z-DNA under physiological ionic strength and pH condi-

tions. While in the cell Z-DNA can be stabilized by the negative supercoiling [23,24,26]

that, for instance, arises from the relocation of the RNA polymerase during transcription,

and through binding with highly specific Z-DNA binding proteins such as ADAR1, E3L

and PKZ [155–158], in vitro inducers and stabilizers are needed for Z-DNA, such as

high ionic concentrations, base chemical modifications, organic solvents, divalent cations

and transition metal complexes, small molecular complexes, etc. (these are reviewed in

Ref. [159]). Computationally, the determination of the relative stability of B-DNA and

Z-DNA is not trivial. Existing predictive tools do not have provisions for this alternative

structure, and therefore one has to resort to very long time simulations or careful theo-

retical and statistical modeling. Considerable insight has been obtained by studying the

microscopics behind the B-Z DNA transition [22,38–44,160–163], and the ion distribution

around these nucleic acid structures [164]. Recent molecular dynamics (MD) simulations

indicate that the transition is governed by a complex free energy landscape which allows

for the coexistence of several competing mechanisms so that the transition is better

described in terms of a reaction path ensemble [163].

We choose B-DNA and Z-DNA duplexes with sequence d(5’-CGCGCGCGCGCG-3’)2
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to test their behavior when exposed to fast melting by an infrared laser pulse. In addition

to the intrinsic interest of the melting and healing process, we propose that this technique

could be used as a relatively inexpensive tool to determine relative stability in fully

solvated, atomically accurate nucleic acid structures. Naturally, a laser pulse implies

a nonequilibrium process and the results cannot be used to construct an equilibrium

melting curve, and therefore the ensuing free energy estimates cannot be obtained either.

The perturbation, however, can map out the responses of the structures for the entire

range of applied fields, covering extremely small perturbations all the way to complete

melting. The response can be measured by a wide range of variables including normalized

handedness, base stacking, Watson-Crick hydrogen bonds, etc. A systematic trend in all

these variables (in this case that Z-DNA is more “melted” than B-DNA) for all strengths

of the field is interpreted as being indicative of the greater stability of B-DNA under the

solvation conditions in the simulations. A traditional equilibrium molecular dynamics

simulation not only is orders of magnitude more expensive but also faces additional

challenges. Since B-DNA is more prone to fray at the ends than Z-DNA, the melting of

short B-DNA oligomers is more susceptible to length effects than Z-DNA, a difficulty

that can be partially bypassed with the laser melting technique. In addition, Z-DNA is

believed to be stabilized by higher temperatures [40, 165–167], which complicates the

interpretation of the traditional melting experiments.

1.3 Structure and Dynamics of DNA and RNA Dou-

ble Helices of Trinucleotide Repeats: CAG, CCG

and CGG

Trinucleotide repeats (TRs) belong to the family of simple sequence repeats (SSRs), that

comprises all sequences with core motifs of 1 to 6 (and even 12) nucleotides that are

repeated up to 30 times (and more for pathological cases) [168]. SSRs exhibit “dynamic

mutations” that do not follow Mendelian inheritance (which asserts that mutations

in a single gene are stably transmitted between generations). In the 1990’s scientists

discovered that inherited neurological disorders known as “anticipation diseases”, where

the age of the onset of the disease decreased and its severity increased, were caused

by the intergenerational expansion of SSRs [169–172]. After a certain threshold in the
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length of the repeated sequence, the probability of further expansion and the severity

of the disease increase with the length of the repeat. To date, approximately 30 DNA

expandable SSR diseases have been identified and the list is expected to grow [14, 15].

In particular, the dynamic mutations in human genes associated with TRs cause severe

neurodegenerative and neuromuscular disorders, known as Trinucleotide (or Triplet)

Repeat Expansion Diseases (TREDs) [170, 173–175]. The expansion is believed to be

primarily caused by some sort of slippage during DNA replication, repair, recombination

or transcription [14, 15, 172, 176–180]. Cell toxicity and death have been linked to the

atypical conformation and functional changes of the transcripts and, when TRs are present

in exons, of the translated proteins [15–21, 181–184]. The expanded RNA transcripts

exhibit secondary structures that sequester regulatory proteins and cause abnormal nuclear

foci [185–188]. Contributing to the complexity of the pathological mechanisms, there is

also evidence that antisense transcripts of the expansion, i.e., expanded repeats resulting

from the bidirectional transcription of the DNA TR expansions, can also form nuclear

RNA foci that contribute to toxicity, and that both sense and antisense expansions can

trigger protein translation in the absence of the start ATG codon, giving rise to the

unconventional repeat-associated non-ATG (RAN) translation [189].

CAG/GAC Trinucleotide Repeats

Of all the TRs, CAG repeats give rise to the largest group of neurodegenerative diseases.

CAG repeats in the 5’-UTR of the gene PPP2R2B cause spinocerebellar ataxia type

12 (SCA12), while CAG repeats in the exon part of various genes cause other nine

late-onset, progressive neurodegenerative disorders, including Huntington’s disease (HD),

dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar muscular atrophy

(SBMA) and several spinocerebellar ataxia (SCAs). These disorders are also known as

polyglutamine (polyQ) diseases [190], because although CAG repeats could likely encode

three different amino acid repeats depending on the reading frame (codons CAG, AGC

and GCA would code for polyQ, polyS and polyA, respectively), the CAG expansions

in these genes only lead to polyQ expansions. These polyQ diseases, like other TREDs,

are caused by expansions greater than a given threshold [190]. For instance, in HD, the

normal polyQ (or CAG repeat) length is 10-34 repeats, and pathological lengths are

36-250 repeats. Although each disease has a different pathology, they all share a common

feature: the formation of polyQ aggregates [191], where the mature fibrils display cross-β
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conformations [192–198]; and the eventual neuronal death.

Interestingly, after the discovery of the CAG repeats and their relation to neurological

disease, it was found that the GAC trinucleotide is also involved in a completely different

class of diseases from the known TREDs. These diseases are caused by a very small

change in the repeat number, and therefore do not qualify as TREDs. In particular, the

human gene for cartilage oligomeric matrix protein exhibits a (GAC)5 repeat. Expansion

by one repeat causes multiple epiphyseal dysplasia, while expansion by two repeats or,

alternatively, deletion by one repeat causes pseudoachondroplasia [199]. The structure

of the various duplexes seem to strongly depend on the pH of the solution and the ionic

strength [200]. While the CAG trinucleotide leads to expansion, the GAC trinucleotide

does not (except for at most two extra repeats).

Although the mechanisms underlying TREDs are believed to be extremely complex,

simple and robust trends beyond the repeat threshold have been identified, such as

the correlation between the repeat length and the probability of further expansion and

increased severity of the disease. Another important breakthrough has been the recognition

that stable atypical DNA secondary structure in the expanded repeats is “a common and

causative factor for expansion in human disease” [13]. In addition, mutant transcripts also

contribute to the pathogenesis of TREDs through toxic RNA gain-of-function [15–21]. In

this mechanism, the RNA TRs sequester proteins that are generally involved in pre-mRNA

splicing and regulation. Thus, a first step towards the understanding of these diseases

involves the structural characterization of the atypical DNA and RNA structures. Since

there is experimental consensus that the most typical DNA and RNA TR secondary

structures, at least in the initial stages of expansion, are hairpins whose stem lengths can

wildly vary [21,201–203], a characterization of the mismatched helical duplexes forming

the stems provides a foundation towards a structural understanding of the TR atypical

secondary structures.

At present, little is known about the atomic structure and associated dynamics of

trinucleotide CAG and GAC repeats. To date, experimental investigations have only

considered CAG repeats in RNA; there are no experimental studies with atomic resolution

of GAC repeats – not for DNA or RNA; and, perhaps most importantly, there are no

experimental atomic resolution experiments of CAG repeats in DNA. Given that the

expansions that characterize TRs originate at the DNA level, a structural understanding

of these repeats at the atomic level in DNA is particularly important. Also, as described
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above, GAC repeats and CAG repeats behave in radically different ways in a biological

context, and teasing out the structural differences between these two repeats both in

the RNA and DNA context may help in the elucidation of their different behavior with

respect to expansion diseases.

Here we briefly review the experimental results for CAG repeats in RNA. The X-ray

RNA-CAG duplex crystal structures include the following sequences: the sequence r(5’-

GG-(CAG)2-CC)2 [204], and the sequence r(5’-UUGGGC-(CAG)3-GUCC)2 [205, 206].

This last sequence was also analyzed via NMR [206]. The first study found that the

duplexes favor the A-RNA form and that the A-A non-canonical pairs are in the anti-anti

conformation. In the second sequence, both anti-anti and syn-anti A-A conformations were

observed: the A-A pairs in the internal CAG always displayed the anti-anti conformation,

while one [206] or two [205] of the terminal A-A pairs displayed the anti-syn conformation.

These results are in general agreement with the complementary molecular dynamics (MD)

simulations [205]. Thus, while the anti-anti conformation (with fluctuations) for an internal

A-A pair in a TR is common to the three studies, the nature of the anti-syn conformations

is not clearly established. This is because these conformations occur in the terminal A-A

pairs of r(5’-UUGGGC-(CAG)3-GUCC)2, where the A-A pairs are flanked by CC/GG

steps. Using high level ab initio calculations, it has been shown that CC/GG steps are the

least stable of the ten dinucleotide steps, with well-separated energies [207] from the other

dinucleotide steps. Since these steps are never present in a genuine (CAG)n TR (which

only exhibits GpC steps), it is clear that their presence could bias the conformation of

the adjacent A-A pairs.

In addition to these RNA-CAG studies there is one MD study for CAG repeats in

DNA [208]. This study uses a sequence that is more relevant to the expanded disease,

mainly d(CAG)6. According to the conclusions of this study, the A-A mismatch in DNA

behaves in exactly the opposite way than its RNA counterpart: it disfavors the anti-anti

and the anti-(+syn) conformations and adopts the (-syn)-(-syn) conformations, resulting

in a local Z-form around the mismatch [208]. These results are intriguing and raise

questions as to the true nature of the A-A mismatches in DNA-CAG.

In Chapter 4, we present a unified and comparative description of the nucleic acid

duplexes for both DNA and RNA for both CAG and GAC trinucleotide repeats based

on MD simulations and free energy calculations. A review of the field of MD simulations

of nucleic acids is beyond the scope of this work, and the reader is referred to the
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authoritative reviews presented in Refs. [93,209,210]. Out of the four possible DNA/RNA

CAG/GAC cases, there is experimental data only for RNA-CAG. We therefore begin by

making the connection with this experimental data through an explicit investigation of

a specific sequence employed in these studies and then move on to a four-trinucleotide

repeat duplex. After that we consider the other three cases –specifically RNA-GAC,

DNA-CAG and DNA-GAC. In particular, we present results corresponding to both free

energy calculations and regular 1 µs MD simulations of a single mismatch duplexes

(5’-CCG-CAG-CGG-3’)2 and (5’-GGC-GAC-GCC-3’)2 both for RNA and DNA, and for

regular 1 µs MD simulations of four-trinucleotide repeat duplexes (5’-(CAG)4-3’)2 and

(5’-(GAC)4-3’)2. For each of the four duplexes, the free energy calculations involve two

maps, each computed with a different pair of collective variables. The eight resulting free

energy maps allow us to identify and rank the minima corresponding to the different A-A

mismatch conformations. We also identify mechanisms of transition of the A-A mismatches

towards the global free energy minimum, and link these mechanisms to paths over the

free energy maps. We complete the work with a characterization of the neutralizing Na+

ion distributions around the mismatches. Strictly speaking, the non-canonical A-A pairs

in RNA are not “mismatches” since RNA is not necessarily self-complementary. However,

since we are considering both DNA and RNA in their duplex form, we will call these

non-canonical base pairs mismatches for simplicity.

CCG,CGG Trinucleotide Repeats and an associated e-motif struc-

ture

In Chapter 5 and Chapter 6 we are interested in CGG and CCG TRs, which are overex-

pressed in the exons of the human genome: CGG TRs are found in the 5’-untranslated

region (5’-UTR) of the fragile X mental retardation gene (FMR1) [211], while CCGs are

found both in the 5’-UTR and translated regions of more than one gene. The normal range

of the CGG TRs in the population is 5-54, with the last ten repeats increasing the proba-

bility of disease in descendants [212,213]. TRs of 55-200 CGGs constitute premutations

associated with fragile X-associated tremor ataxia syndrome (FXTAS) in males [214] and

premature ovarian failure in females [215]. TRs longer than 200 CGG cause the inherited

fragile X mental retardation syndrome [216]. CCG TRs are related to three TREDs: the

longest expansion occurs in the FRM2 gene giving rise to chromosome X-linked mental

retardation (FRAXE) [217], and they also seem to play a role in Huntington’s disease [218],
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and myotonic dystrophy type 1 [219].

For the atypical DNA and RNA structures, various experimental methods in vitro, such

as CD, UV absorbance, NMR, electrophoretic mobility assay, and chemical or enzymatic

digestion [220], show a general trend to formation of duplexes and hairpins, depending

on the sequence length and environment conditions. Among these secondary structures,

those formed by CGG expansions seem to be the most stable.

Crystallographic studies for short RNA duplexes provide valuable atomic detail. For the

CGG expansion, two crystallographic studies using unmodified sequences 5’-G-(CGG)2-

C-3’ (PDB ID 3R1C, Ref. [221]) and 5’-UU-GGGC-(CGG)3-GUCC-3’ (PDB ID 3JS2,

Ref. [222]) found that the RNA helices have the A-form, with some variations, with the

G-G pairs in a typical anti-syn conformation, with two hydrogen bonds between the

Watson-Crick edge of Ganti and the Hoogsteen edge of Gsyn. For the CCG sequence, there

is one crystallographic RNA duplex with an unmodified sequence 5’-G-(CCG)2-C-3’ (PDB

ID 4E59, Ref. [223]), and one solution NMR DNA duplex 5’-(CCG)2-3’ (PDB ID 1NOQ,

Ref. [224,225]). The C-rich structures are less conclusive because they involve only two

repeats, which results in the slipping of one strand with respect to the other. In the RNA

crystal structure, this dislocation and the stacking of the oligomers along the c-axis in the

crystal results in a single C·C pair effectively surrounded by four C-G Watson-Crick pairs

(with two overhanging C’s). Thus, it is not clear whether this structural environment

for the single “mismatch” can reproduce the one that would occur in the cell for longer

(CCG)n sequences, where each C·C pair may (or may not) be surrounded by only two

Watson-Crick pairs. The C·C pair surrounded by four Watson-Crick C-G base pairs as

shown in the RNA crystal might be overconstrained with respect to that in a real CCG

expansion.

Another important issue when considering possible TR conformations is the nature

of the Watson-Crick pairs that surround the mismatches [226, 227]: sequences of the

form 5’-(CGG)n-3’ and 5’-(CCG)n-3’ (without slipping) exhibit GpC steps between the

Watson-Crick base pairs, while sequences of the form 5’-(GGC)n-3’ and 5’-(GCC)n-3’

(without slipping) exhibit CpG steps between the Watson-Crick base pairs. The two RNA

G-rich crystal structures [221, 222] involve GpC steps; terminal mismatches in 5’-UU-

GGGC-(CGG)3-GUCC-3’ in Ref. [222] are surrounded by CC/GG steps, not present

in a (CGG)n expansion. Indeed, with the use of high level ab initio calculations, it has

been shown that CC/GG steps are the least stable of the ten dinucleotide steps, with
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well-separated energies [207] from the other dinucleotide steps. The slipping of strands

with respect to each other in the (CCG) sequences results in GpC steps for the RNA

crystal [223] and in CpG steps for the DNA NMR structure [224] (as opposed to the GpC

steps that would result if the DNA strands were paired at the ends).

The work presented here is part of our effort to achieve a unified and comparative

description of the nucleic acid duplexes obtained from SSRs for both DNA and RNA,

considering all the possible reading frames that result in CpG or GpC steps between

the Watson-Crick base pairs. Our previous work includes a characterization of the four

helical duplexes obtained from the CAG (GpC steps) and GAC (CpG steps) TRs for both

RNA and DNA [228]; and of the twelve helical duplexes derived from the (GGGGCC)

hexanucleotide repeat (HR) expansion in the C9ORF72 gene, and its associated antisense

(GGCCCC) expansion [229]. CAG TRs are known to cause ten late-onset progressive

neurodegenerative diseases, including spinocerebellar ataxia type 12 (SCA12), Hunting-

ton’s disease (HD), dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar

muscular atrophy (SBMA) and several other spinocerebellar ataxia (SCA) diseases [190].

On the other hand, GAC repeats behave quite differently: expansion by one repeat in

the human gene for cartilage oligomeric matrix protein, which exhibits a (GAC)5 repeat,

causes multiple epiphyseal dysplasia, while expansion by two repeats or, alternatively,

deletion by one repeat causes pseudoachondroplasia [199]. A (GGGGCC) HR expansion

in the first intron of the C9ORF72 gene has been shown to be the major cause behind

frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) [230,231]. While

the unaffected population carries fewer than 20 repeats (generally no more than a couple),

large expansions greater than 70 repeats and usually encompassing 250-1600 repeats

have been found in C9FTD and ALS patients. The twelve duplexes that we studied

result from the three different reading frames in sense and antisense HRs for both DNA

and RNA. These duplexes display atypical structures relevant not only for a molecular

level understanding of these diseases but also for enlarging the repertoire of nucleic-acid

structural motifs.

In Chapter 5, we present results for molecular dynamics (MD) simulations and free

energy calculations for both CCG and GGC trinucleotide repeats, with either CpG or

GpC steps, for both RNA and DNA. This results in eight different non-equivalent helical

duplexes. We compare results with the one case, G-rich RNA with GpC steps, which is

well characterized experimentally. The good agreement with the experimental structures
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helps validate our results for the other seven cases. In addition to the free energy maps,

we identify mechanisms of transition of the mismatches towards the global free energy

minimum, and link these mechanisms to paths over the free energy maps. We complete

the work with a characterization of the neutralizing Na+ ion distributions around the

mismatches. Strictly speaking, the non-canonical C·C and G·G pairs in RNA are not

“mismatches” since RNA is not necessarily self-complementary. However, since we are

considering both DNA and RNA in their duplex form, we will call these non-canonical

base pairs mismatches for simplicity.

In the DNA duplex, the slipping of the strands leaves the two 5’-C terminal unpaired,

and a single central C·C mismatch surrounded by two Watson-Crick pairs. This gives

rise to the “e-motif”, where the C bases (i residue) in a mismatch symmetrically flip out

in the minor groove, pointing their base moieties in the direction of the i − 2 residue

(i.e., towards the 5’ direction in each strand). In Chapter 6, we carried out the study on

e-motif structures for TRs as well as haxanucleotide repeats. This e-motif was seen in

a solution NMR DNA antiparallel duplex where each strand consisted of two repeats,

5’-(CCG)2-3’ (PDB ID 1NOQ). By contrast, this e-motif has not been observed in RNA.

In the only crystallographic structure available for RNA with unmodified CCG sequences,

the antiparallel RNA duplex 5’-G-(CCG)2-C-3’ (PDB ID 4E59, Ref. [223]), the two short

strands also slip with respect to each other. This dislocation and the stacking of the

oligomers along the c-axis in the crystal results in a single C·C pair effectively surrounded

by four C-G Watson-Crick pairs (with two overhanging C’s). However, the C·C pair

remains inside the helix, and no e-motif is observed.

Remarkably, since the initial publication of the NMR DNA 5’-(CCG)2-3’duplex results

(1995), there has been no other direct structural observation of the e-motif, reflecting

the difficulty of experimental observation of flexible DNA duplexes, made probably more

flexible by the presence of the mismatches. However, there has been indirect observations

that support the presence of e-motifs in DNA homoduplexes and hairpins of various

lengths. The two most important results in this direction were obtained by chemical

modification of the bases followed by subsequent cleavage. These studies also provided

indirect evidence to the proposition that d(GCC)n homoduplexes or hairpin stems exhibit

an extended e-motif formed by consecutive extrahelical C·C mismatches. Finally, notice

that the GCC alignment in these duplexes is different from the CCG alignment in the

NMR DNA duplex. However, since the short strands slip with respect to each other in the
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two-repeat duplex, the NMR structure also exhibits CpG steps between the Watson-Crick

pairs.

In Chapter 6 we present results from molecular dynamics simulations that provide a

detailed structural and dynamical characterization of the e-motif. We first encountered an

e-motif in our study of the hexanucleotide repeats behind ALS and C9FTD diseases [229].

Here we extend this study and add the C-rich trinucleotide repeats in order to determine

what sequences give rise to the e-motif, how stable it is and what are the mechanisms of

the transition from internal C·C mismatch to e-motif.

As the author of this thesis, Feng Pan did the main work of production, analysis and

part of writing for the papers included in Chapter 2, Chapter 4, Chapter 5 and Chapter

6. For the paper included in Chapter 3 Feng Pan did part of the production, analysis and

writing.
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energies of ten unique dinucleotide steps in A-RNA and B-DNA duplexes. Can we
determine correct order of stability by quantum-chemical calculations? J. Phys.
Chem. B, 114(2):1191–203, 2010.

[208] Noorain Khan, Narendar Kolimi, and Thenmalarchelvi Rathinavelan. Twisting
right to left: A...a mismatch in a cag trinucleotide repeat overexpansion provokes
left-handed z-dna conformation. PLoS Comput Biol., 11(4):e1004162, 2015.

[209] Thomas Cheatham III and David Case. Twenty five years of nucleic acid simulations.
Biopolymers, 99:969, 2013.

[210] Jiri Sponer and Miroslav Krepl and Pavel Banas and Petra Kuhrova and Marie
Zgarboba and Petr Jurecka and Marek Havrila and Michal Otyepka. How to
understand atomistic molecular dynamics simulations of RNA and protein-RNA
complexes? WIREs RNA, 8, 2017.

[211] Ying-Hui Fu, Derek P.A. Kuhl, Antonio Pizzuti, Maura Pieretti, James S. Sutcliffe,
Stephen Richards, Annemieke J.M.H. Verkert, Jeanette J.A. Holden, Raymond
G. Fenwick Jr., Stephen T. Warren, Ben A. Oostra, David L. Nelson, and C.Thomas
Caskey. Variation of the CGG repeat at the fragile X site results in genetic instability:
Resolution of the Sherman paradox. Cell, 67(6):1047–1058, 1991.

[212] Nan Zhong, Weina Ju, James Pietrofesa, Daowen Wang, Carl Dobkin, and W. Ted
Brown. Fragile X ”gray zone” alleles: AGG patterns, expansion risks, and associated
haplotypes. Am J Med Genet., 64(2):261–5, 1996.
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ABSTRACT

The ion atmosphere around nucleic acids is an in-
tegral part of their solvated structure. However, de-
tailed aspects of the ionic distribution are difficult to
probe experimentally, and comparative studies for
different structures of the same sequence are al-
most non-existent. Here, we have used large-scale
molecular dynamics simulations to perform a com-
parative study of the ion distribution around (5′-
CGCGCGCGCGCG-3′)2 dodecamers in solution in B-
DNA, A-RNA, Z-DNA and Z-RNA forms. The CG se-
quence is very sensitive to ionic strength and it al-
lows the comparison with the rare but important left-
handed forms. The ions investigated include Na+,
K+ and Mg2 +, with various concentrations of their
chloride salts. Our results quantitatively describe the
characteristics of the ionic distributions for different
structures at varying ionic strengths, tracing these
differences to nucleic acid structure and ion type.
Several binding pockets with rather long ion resi-
dence times are described, both for the monovalent
ions and for the hexahydrated Mg[(H2O)6]2+ ion. The
conformations of these binding pockets include di-
rect binding through desolvated ion bridges in the
GpC steps in B-DNA and A-RNA; direct binding to
backbone oxygens; binding of Mg[(H2O)6]2+ to dis-
tant phosphates, resulting in acute bending of A-
RNA; tight ‘ion traps’ in Z-RNA between C-O2 and
the C-O2′ atoms in GpC steps; and others.

INTRODUCTION

Helices formed by natural amino acids and nucleotides
are predominantly right-handed, while left-handed forms,
such as PPII helices in proteins and Z-DNA and Z-RNA
duplexes, are relatively rare. A left-handed, double-helix
DNA with two antiparallel chains joined by Watson-Crick
(WC) base pairs was first revealed by a crystal structure of
d(CGCGCG)2 in 1979 (1). The term ‘Z-DNA’ was coined

for this structure because the sugar-phosphate backbone
displays a characteristic zig-zag pattern. Z-DNA is formed
by dinucleotide repeats, and is a characteristic of sequences
that alternate purines and pyrimidines, mainly CG or GC.
These kinds of base pairs give rise to an anti–syn alterna-
tion, which is due to rotation of the guanine residue around
its glycosidic bond, resulting in a syn conformation, while
the cytosine retains its anti configuration (2,3). A high den-
sity of base sequences favoring Z-DNA is found near tran-
scription start sites (4), where Z-DNA is stabilized by nega-
tive supercoiling of DNA (3,5). Z-DNA is induced by a set
of binding proteins near promoter regions, which boosts the
transcription of downstream genes (6). Z-DNA is highly im-
munogenic, and antibodies against it (7–9) are used to find
locations prone to Z-DNA conformations. The current view
is that Z-DNA formation plays a role in gene expression,
regulation and recombination (3,6,10–16).

Since the right-handed form is DNA’s dominant du-
plex conformation, research has focused on the microscopic
mechanisms behind the B-Z DNA transition and controver-
sial models have ensued (17). Proposed transition mecha-
nisms include: base-pair opening before base-pair plane and
phosphate backbone angle rotation within the core of the
helix (1); successive flipping of base-pair planes, without any
disruption of the WC pairs (18); models with intermediate
structure (19–23), such as one with two A-DNA-like inter-
mediates (20); extrusion of bases, as observed in the crystal
structure of a B-Z junction (23), followed by propagation
and reformation of the pairs. Recent molecular dynamics
(MD) simulations indicate that the transition is governed by
a complex free energy landscape which allows for the coex-
istence of several competing mechanisms so that the transi-
tion is better described in terms of a reaction path ensemble
(24).

After the discovery of Z-DNA, it was found that the
right-handed A-RNA double helix made of CG repeats may
also be transformed into a left-handed double helix or Z-
RNA (25–29) under conditions of high ionic strength or
high pressure (30). The first detailed structure of Z-RNA of
natural sequence, r(CGCGCG)2, was described in a nuclear
magnetic resonance (NMR) study at high ionic strength in
2004 (29). However, in contrast to Z-DNA, considerably
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less is known about Z-RNA and what role it may play in
terms of biological functions. Recent experiments––based
on binding to the RNA-editing enzyme ADAR1––have
probed the structure of Z-RNA under physiological ionic
strength conditions, and provided some evidence that there
may even be more than one type of Z-RNA present, either
in vitro or in vivo (31).

An important structural determinant of nucleic acids is
that they are polyanionic in nature, and water and coun-
terions are crucial for their stability. In solution, counte-
rions surround the nucleic acid structures and neutralize
the nucleic acid anionic phosphates. In addition, they can
establish water-mediated contacts and less frequent direct
contacts with the electronegative groups. These counteri-
ons affect both the structure and stability of the nucleic
acid conformations, and therefore their biological function.
Specifically, counterions can help regulate genome pack-
ing (32,33), ribozyme activity (34), RNA folding (35–37),
and aid in mediating DNA–protein interactions (38). In
fact, due to the highly charged nature of DNA and RNA,
it is unlikely that these could be packaged into their com-
pact cellular forms in the absence of counterions (32). Ions
also perform an important role in the transition between
the right-handed forms at low salt concentrations, and the
left-handed forms at high salt concentrations. In solution,
the cations move close to the nucleic acid molecule, find-
ing their way into the major and minor grooves, and back-
bone oxygens. Given the dynamical nature of the system, the
cations generally become localized for relatively short peri-
ods of time before drifting away and being replaced by other
cations from the solution. Similarly, the mobile anions are
likely to be excluded from the near nucleic acid region due
to electrostatic repulsion. However, nucleotide electroposi-
tive edges have been shown to exhibit specific anion binding
sites that also turn out to be good locations for the binding
of the negatively charged aspartic and glutamic amino acids
and negatively charged groups of other ligands (39).

Considering the importance of the ion distribution in sta-
bilizing nucleic acid structure, it is not surprising that this is-
sue has received intense scrutiny over the past three decades.
Although the ions are mobile, some of them can be local-
ized long enough (especially divalent cations) to show up as
bound ions in X-ray diffraction studies (40–51), although
different atomic resolution crystal structures of equal se-
quences may differ on the presence of bound ions (52,53).
Additional improvements have become possible through
a combination of anomalous small-angle X-ray scattering
(54–56) and atomic emission spectroscopy (57). With these
techniques, it has been possible to count explicitly the num-
ber of ions in a given region, and thereby provide informa-
tion as to their time-averaged distributions. NMR studies
have also been used to study nucleic acid structure and sur-
rounding ions, especially when precision is improved by the
addition of residual dipolar couplings. Thus, for instance,
NMR studies have found bound monovalent ions in either
the major or minor groove of DNA (42,47,58–63).

However, it is still difficult to obtain true spatial reso-
lution and dynamical information with these experimental
techniques. This is where classical MD simulations are ex-
tremely useful, as they make it possible to explicitly track
the motion of ions around the nucleic acids in order to

quantify their locations and effect on structure. In fact, MD
simulation of the ion atmosphere around nucleic acids has
been around for decades (39,64–79), especially since the cor-
rect treatment of electrostatics (80–84) led to stable, reliable
trajectories (81). With some exceptions, the majority of the
work has focused on B-DNA. Only recently have more sys-
tematic studies on A-RNA emerged (85–89). In addition,
much effort in the refinement of nucleic acid fields has taken
place in the last decade (79,90–92), leading to more accu-
rate results in the relatively long-time simulations that are
required for the equilibration of the ion distribution.

In this article, we report on a large-scale MD
study of the ion distribution around individual (5′-
CGCGCGCGCGCG-3′)2 dodecamers in solution in
B-DNA, A-RNA, Z-DNA and Z-RNA forms. The du-
plexes are immersed in rather large water boxes to account
for the fact that ionic distribution functions need to be cal-
culated to ∼30 Å. The study involves 20 simulations lasting
120 ns each. We chose this sequence because we wanted to
carry out a comparative study of ion distribution, and the
CG sequence is crucial for the left-handed forms. A fair
comparison between the different structures needs the same
sequence, as previous simulations have shown that the ion
distributions exhibit sequence-dependent features. From a
chemical point of view, a comparison between RNA and
DNA structures only involves the presence or absence of
the 2′-OH group in the sugar (and avoids the extra T/U
change associated with AT sequences). The regularity of
the sequence also allows for much more ‘clear-cut’ results
and conclusions about distribution around CG pairs. Salt
effects in this sequence have been studied in 2000, via 2.5-ns
long simulations involving the distribution of the K+ ion
(70); and more recently in simulations that studied the effect
of force fields, water model and salt concentration on the
structure of A-RNA (85,87) (these studies did not report re-
sults on the ionic distribution itself). Other than that, most
of the recent simulations on the ion atmosphere around
right-handed nucleic acid duplexes employ sequences that
are relatively rich in A and T or U nucleotides. Although
in vitro the transition from the right-handed forms to the
left-handed forms can be triggered with the addition of
salt at high concentrations (29), the Z-forms also exist
under physiological ionic strength (31). Simulations allow
us to stabilize the left-handed forms and then to slowly
increase the concentration of salt in order to discern how
ion binding is linked to the structure of the duplex.

In terms of ions, we investigated the distribution of the
monovalent Na+ and K+, and divalent Mg2+ ions around
these structures, with various concentration values of their
chloride salts. The cations most frequently found around
nucleic acids are K+ (∼0.14 M inside the cell) and Mg2+,
while the Na+ ion is most frequently found in extracellular
fluids (76). Since most studies of monovalent ions around
nucleic acids involve the Na+ ion, it is of interest to study the
differences in binding between Na+ and K+. In this work,
we carry out a comparative study of the distributions of
each of these cations around each of the four possible du-
plexes and discuss in detail the sources of the various, im-
portant observed differences.
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MATERIALS AND METHODS

Much effort in the refinement of nucleic acid force fields
has taken place in the last decade (79), including quite re-
cent reparameterizations in the AMBER force field (90–92).
In this work, large-scale MD simulations were used to ex-
plore the ion distribution around DNA and RNA sequences
(CG)6 (a shorthand for (5′-CGCGCGCGCGCG-3′)2) in an
explicit solvent environment. The simulations were carried
out using the PMEMD module of the AMBER 12 (93)
software package with the ff12SB force field with parame-
ters ff99BSC0 (90) for DNA and ff99BSC0+� OL3 (87,91,92)
for RNA. The TIP3P model (94) was used for the water
molecules. The duplexes were placed in cubic box of ∼82
Å side, filled with a suitable number of water molecules.
Such a large box is necessary, since cylindrical distribution
functions (CDFs) need to be calculated to a distance of at
least 30 Å. Simulation details and the equilibration process,
which took longer than 1.5 ns, are given in the Supporting
Information (SI) associated with this paper. The equilibra-
tion process was followed by 120 ns of constant pressure and
temperature production runs. A system of oligonucleotides,
water and ions takes long to reach full equilibrium, and the
motion of ions is the rate-determining step for convergence
(72). Indeed, for a palindromic sequence of a DNA dode-
camer, it has been shown that convergence of the ion dis-
tribution in each strand (so that it reflects the symmetry of
the sequence) takes ∼100 ns (73) (although internal struc-
tural parameters can take shorter times, anywhere between
10 and 50 ns (87)). Thus, equilibrium data were collected
from only the last 100 ns of these runs, since a minimum of
20 ns is required in order to stabilize the ion distribution.

Five simulations were carried out for each duplex with
the following ions: (i) 22 neutralizing Na+, no excess salt;
(ii) 22 neutralizing Na+ and 0.4-M NaCl; (iii) 22 neutraliz-
ing K+ and 0.4-M KCl; (iv) 11 neutralizing Mg2+ and 0.2-M
MgCl2; and (v) 22 neutralizing Na+ and 4.0-M NaCl. Here,
the ‘salt’ molarity is used to indicate ‘excess’ salt (over the
neutralizing ions). Thus, we will refer to the case (i) above
as ‘zero salt’, although it has 0.06-M Na+, due to the neu-
tralizing ions. Ions parameters are given in the SI.

Our analysis was focused on calculating the distribution
of the mobile ions around the nucleic acid structures. To that
end, we calculated the diffusion coefficients for the ions, the
cylindrical and radial distribution functions (RDFs), and
carried out an analysis of the efficacy of different sites in
localizing the ions. The definitions for these quantities are
standard, and their details are given in the SI section.

In terms of an analysis of a potential binding site, a Na+

(K+) ion was considered to be ‘bound’ to or localized next to
a specific atom on the duplex if its distance to that atom was
less than 3 Å (3.5 Å) for direct binding, or less than 6 Å when
mediated by intervening water molecules. The direct bind-
ing distance corresponds to a minimum in the RDF around
the electronegative nucleic acid atoms, which separates the
first solvation shell from the second solvation shell. Both
base and backbone sites were considered when calculat-
ing the occupancies. Occupancy was defined as the percent-
age of time that at least one ion was bound to a given du-
plex atom during the data collection time of the simulation
(last 100 ns). An ion can potentially contribute to the oc-

Figure 1. Atomic depiction of a CG Watson–Crick pair. Green and blue
atoms represent the important major and minor groove atoms responsi-
ble for ion localization. The oxygen O2′ atom in RNA is marked in red.
Hydrogen atoms are omitted for clarity.

cupancy of more than one atom in the duplex. For B-DNA
and A-RNA, C(O2,N1) and G(N2,N3,N9) belong to the
minor groove and C(N4) and G(O6,N7) belong to the ma-
jor groove (Figure 1). The situation is less clear for the left-
handed forms. For instance, in Z-DNA the minor groove
is clearly discernible, while the major groove becomes flat.
Here, we will use the same atomic conventions for the ma-
jor and minor grooves as for the right-handed forms, as this
convention has been used previously in the literature for Z-
DNA (1) and for Z-RNA (29). For the backbone, we con-
sider the phosphate oxygens, OP1 and OP2, the phosphate
esteric oxygens, O5′ and O3′, the sugar-ring oxygen, O4′,
and for the RNA structures the 2′-OH oxygen, O2′ (we will
refer to these collectively as the O′ oxygens).

The interaction between duplex sites and ions is, of
course, a dynamical affair. Thus, an ion at a given binding
site may drift away and then, after a period of time, be re-
placed by a new ion. Hence, to quantify how long an ion
stays in a given binding site, we define a residence time τR
by means of a standard time correlation function C(t)i for
binding site i:

C(t)i =
∑

to

∑

t

pi (to)pi (to + t),

where pi(t) is unity if the site is occupied by an ion within
3 Å for Na+ and 3.5 Å for K+, and zero otherwise. Typi-
cally, this function takes the form of a decaying exponential
and so C(t)i ∼ exp(−t/τR) which in turn defines the resi-
dence time τR as a time constant. In our simulations, C(t)i
were measured over time intervals of 10 ps to 1 ns, with an
increasing step of 10 ps.

RESULTS

Cylindrical distribution functions

Figures 2 and 3 illustrate the CDFs for the different du-
plex structures at low and high salt concentrations, respec-
tively. Figure 2 shows convergence of the CDFs, which oc-
curs around 20 ns in the left-handed forms and after 40 ns
in the right-handed forms. At zero-salt concentration (with
only neutralizing Na+; Figure 2), the peaks associated with
the RNA structures are higher than those for the corre-
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Figure 2. CDFs for Na+ ions at zero salt. These plots also illustrate the
convergence of these CDFs over time with different colors indicating ever
increasing time intervals: black (20–30 ns), red (20–40 ns), blue (20–50 ns),
magenta (20–60 ns) and green (20–70 ns).

Figure 3. Converged CDFs at high salt concentrations. CDFs are shown
for the three cations: Na+ (red), K+ (blue), Mg2+ (green); and negative
ions: Cl− (black) for NaCl and KCl, and Cl− (orange) for MgCl2. Results
are under conditions of high salt concentration: 0.4 M for NaCl/KCl and
0.2 M for MgCl2 (plus the corresponding neutralizing cations). Results for
Cl− ions for NaCl/KCl are virtually identical, and so these are not color
differentiated.

sponding DNA structures, indicating that the number of
ions localized around the RNA structures is larger than that
for the DNA counterparts. In addition, the peaks associated
with the left-handed structures are higher than those for the
corresponding right-handed structures, pointing to higher
localization of ions around the left-handed structures. The
fall-off from the first peak differs considerably between the
structures. For B-DNA, this is characterized by a set of min-
ima and maxima between 7 and 14 Å, followed by a smooth
decay to approximately zero (<0.05 M, which is the concen-
tration of 22 Na+ ions in the given box) at ∼28 Å. By con-
trast, Z-DNA has a single secondary maximum between 6
and 8 Å followed by a smooth decay to ∼0 at ∼23 Å. For
A-RNA, there are a few, shallow oscillations after the initial

peak, and it takes ∼26 Å to decay to zero. Likewise, a set of
very shallow minima and maxima characterizes the Z-RNA
fall-off, followed by a smooth decay to zero at ∼25 Å.

Turning to the results for high salt ( 22 Na+ ions + 0.4-
M NaCl; 22 K+ ions + 0.4-M KCl; 11 Mg2+ ions + 0.2-
M MgCl2) in Figure 3, B-DNA now has a number of well
discernible peaks associated with each of the three cations,
Na+, K+ and Mg2+. By comparison to the zero-salt dis-
tribution of Na+ ions in Figure 2, there are now several
lower peaks for Na+ before the distribution smoothly de-
cays to the bulk concentration value. The distributions for
the three cations around B-DNA indicate the presence of
two equally important ‘binding shells’ (more diffuse in the
case of Na+). The second binding shell is also present in Z-
DNA, although its peak is considerably lower than the first
peak. Distributions for Na+ and K+ ions are similar for Z-
DNA, but the first peak is much more prominent for K+

than Na+ ions in B-DNA and A-RNA, while the first Na+

peak is higher than the K+ one for Z-RNA. In the RNA
duplexes, the ions can become very close to the central axis.
The peaks associated with the Mg2+ ions are shifted out-
ward, in comparison to the peaks associated with the mono-
valent cations (except for A-RNA where the peaks for Na+

and Mg2+ ions are centered at approximately the same dis-
tance).

The total ionic charge (both co-ions and counterions)
accumulated as a function of radial distance from the he-
lical axis is shown in Figure 4. The charge is normalized
with respect to the total charge of the nucleic acid duplex
(−22e). For any given distance before the asymptotic value,
A-RNA is more screened than B-DNA. For regions close to
the axis, A-RNA localizes more Na+ and K+ ions than both
B-DNA and Z-DNA, and more Mg2+ ions than the three
other forms. At intermediate distances, charge neutraliza-
tion works better in the left-handed forms (which are com-
parable). The Mg2+ ion distribution is considerably more
localized than the Na+ ion distribution, which in turn is
slightly more localized than the K+ ion distribution.

Radial distribution functions

Figures 5–9 display RDFs of the Na+ and Mg2+ ions with
respect to different DNA/RNA atoms. Within the major
groove, there are qualitative similarities for Na+ binding be-
tween B-DNA and A-RNA in Figure 5. The first peak of the
electronegative O6 atom occurs at 2.4 Å for both B-DNA
and A-RNA. The bulky, hydrated Mg2+ (Figure 6) is dis-
placed outward with binding distances with respect to O6
of 4.1 Å (B-DNA) and 4.3 Å (A-RNA). For the left-handed
forms, differences in Na+ binding are considerable. In par-
ticular, Z-RNA displays far stronger binding than Z-DNA,
characterized by very strong O2 binding (at 2.3 Å), while Z-
DNA has relatively little direct binding to O2 at 2.4 Å and
a second more important, indirect binding peak at 4.6 Å.
The distributions of Mg2+ for the Z forms seem to indicate
mainly indirect binding and are qualitatively more similar.

Figure 7–9 show the RDFs between the ions and the oxy-
gen atoms in the backbone. Figure 7 for the Na+ ion shows
a qualitative similarity between the B-DNA and A-RNA
binding, with additional binding by the O2′ atom in RNA.
The left-handed forms, on the other hand, show striking
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Figure 4. Accumulation of total ionic charge (counterions + co-ions) as
a function of radial distance from the central axis of the duplex. The val-
ues are normalized with respect to the net charge of the duplex sequence
(−22e). Different colors represent different structures: B-DNA (black); Z-
DNA (red); A-RNA (green); Z-RNA (blue). (a) Na+ at 0.4-M NaCl; (b)
K+ at 0.4-M KCl; (c) Mg2+ at 0.2-M MgCl2.

Figure 5. RDFs for Na+ with respect to major or minor groove atoms at
0.4-M salt concentration. For B-DNA and A-RNA, the colors indicate
RDFs with respect to atoms in the major groove: O6 (red), N7 (blue) and
N4 (black). For Z-DNA and Z-RNA, the colors indicate RDFs with re-
spect to atoms in the minor groove: O2 (black), N2 (red) and N3 (blue).

Figure 6. RDFs for Mg2+ with respect to major or minor groove atoms
at 0.2-M salt concentration. For B-DNA and A-RNA, the colors indicate
RDFs with respect to atoms in the major groove: O6 (red), N7 (blue) and
N4 (black). For Z-DNA and Z-RNA, the colors indicate RDFs with re-
spect to atoms in the minor groove: O2 (black), N2 (red) and N3 (blue).

Figure 7. RDFs for Na+ with respect to O′ backbone oxygens at 0.4-M
salt concentration. Colors indicate: O2′ (green), O3′ (black), O4′ (red) and
O5′ (blue).

differences. Z-DNA has a strong peak for O3′ at 2.6 Å
and important secondary binding at 4.7 Å for O3′ and at
4.2 Å for O5′. Z-RNA has important indirect binding for
O3′ at 4.2 Å but in addition it presents a dominant peak
for O2′ at 2.4 Å. For Mg2+, the distributions are relatively
more similar (with stronger binding for the RNA forms;
Figure 8) except, of course, for the binding to O2′ in the
RNA forms. The RDFs for binding with the phosphate oxy-
gens (OP1,OP2) are shown in Figure 9. For a given ion, the
RDFs for the different structures all resemble each other
closely, with stronger binding in the Z forms. For Na+, OP1
binding is preferred over OP2, especially in the Z forms. Di-
rect binding of Na+ to the four duplexes takes place at ∼2.3
Å, and a weaker, secondary binding occurs at 4.5 Å. For
Mg2+ ions, the binding is all indirect (alternatively, it is di-
rect binding of the hexahydrated Mg[(H2O)6]2+ ion). The
RDFs for K+ ions are given in the SI section. In general,
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Figure 8. RDFs for Mg2+ with respect to O′ backbone oxygens at 0.2-M
salt concentration. Colors indicate: O2′ (green), O3′ (black), O4′ (red) and
O5′ (blue).

Figure 9. RDFs for Na+ (solid lines, 0.4-M salt concentration) and Mg2+

(dashed lines, 0.2-M salt concentration) with respect to phosphate oxygens.
Colors indicate: OP1 (black) and OP2 (red).

K+ seems to be more tightly bound than Na+ in the right-
handed forms, and comparably in the Z forms (except for a
large peak for binding of Na+ to O2 in Z-RNA).

Ion binding as a function of sequence

In addition to the RDFs, we have investigated ion binding
to specific DNA/RNA atoms in a number of ways. Figures
10 and 11 plot the ion occupancy of each nucleotide in the
sequence: the top part describes the 5′–3′ strand from left
to right, while the lower part gives the occupancy of the
other strand in reverse order (i.e. also in the 5′–3′ from left to
right). This way of displaying the information should show
mirror symmetry with respect to the horizontal axis upon
ion distribution convergence. Figure 10 plots the occupancy
results for Na+ ions close to the nucleotides (i.e. within 3 Å)
for zero salt concentration (just neutralizing Na+ ions). Fig-
ure 11 shows similar results for ion occupancies within 6 Å,
and therefore includes not only the so-called direct bind-

Figure 10. Na+ ion occupancies within 3 Å as a function of sequence
for zero salt concentration. Colors represent: major groove (black), minor
groove (red), O′ oxygen atoms on backbone (blue) and phosphate oxygens
(green).

Figure 11. Na+ ion occupancies within 6 Å as a function of sequence
for zero salt concentration. Colors represent: major groove (black), minor
groove (red), O′ oxygen atoms on backbone (blue) and phosphate oxygens
(green).

ings but also the Na+ ion bindings mediated by approxi-
mately a single water molecule. In terms of the direct bind-
ing results, Figure 10 shows that for B-DNA most of the
ion binding with ∼25% occupancy is associated with three
central G nucleotides of the major groove, while the mi-
nor groove and backbone O binding are either very small
or negligible. For A-RNA, the major groove binding be-
comes distributed among all the G nucleotides with occu-
pancies of ∼15%; and the binding with the phosphate oxy-
gens, in the 10–15% range, is distributed more or less uni-
formly along the backbone. By contrast, the phosphate oxy-
gen binding in Z-DNA is strongly centered on the Gs with
populations around 50–60%; binding to the O′ oxygens is
also important, in the range 20–40%, and centered on the
Cs; and binding to the major and minor grooves is negli-
gible. Z-RNA also presents binding to the phosphate oxy-
gens on the Gs and to the O′ oxygens on the Cs, but their
relative importance is reversed compared to Z-DNA: with
ranges 20–40% for the phosphate oxygens and ranges 60–
80% for the O′ oxygens. Binding to the minor groove along
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Figure 12. Na+ ion occupancies with respect to specific atoms at zero salt
concentration. Occupations for direct and indirect binding are indicated
with red (3 Å) and blue (6 Å). The results represent average values with
respect to the entire duplex. Letters on top of the bars represent different
nucleic acid regions: M (major groove), m (minor groove), O (O′ oxygen
atoms on backbone) and P (phosphate oxygens).

the Cs in Z-RNA is also very important, with ranges 50–
70%. The net effect of including ion binding all the way to
6 Å is illustrated in Figure 11. Naturally, the occupancy be-
comes much larger and more uniform. Results for the high
salt concentration (NaCl and KCl) and Mg2+ ions are pre-
sented in the SI section.

In addition to the different distribution functions already
discussed, it is possible to further characterize the localiza-
tion of ions due to particular atoms in the nucleic acid du-
plexes. Figure 12 gives bar plots for the Na+ ion occupancies
for direct (≤3 Å) and indirect (≤6 Å) binding with respect
to specific atoms at zero salt. In agreement with the CDFs
and RDFs presented before, there is similarity between the
right-handed structures for the Na+ ions, with the O6 atom
contributing more to direct binding (the OP oxygens have
a comparable contribution for A-RNA). The left-handed
structures, on the other hand, differ considerably with re-
spect to each other and with respect to their right-handed
counterparts. Figure 12 shows that most direct binding in
Z-DNA occurs at OP1 with secondary contributions from
OP2 and O3′. By contrast, in Z-RNA there is a big contri-
bution to binding by O2 (see also Figure 5), followed by O2′
and, to a lesser degree, the phosphate oxygens and O3′. Fig-
ure 13 compares direct binding for K+ and Na+ (for 0.4-M
salt concentration). In general, K+ exhibits larger ion occu-
pancy, especially in the major groove for the right-handed
forms (and part of the minor groove for B-DNA). The only
exception to this observation occurs at atom O2 in Z-RNA,
where Na+ exhibits higher ion occupancy. Comparing di-
rect binding for Na+ in Figure 12 (zero salt) and Figure 13
(0.4-M salt concentration), one can see that there are only
relatively small changes in the ion occupancies, indicating
that these sites are primarily saturated at low concentra-
tions.
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Figure 13. Ion occupancies with respect to specific atoms at 0.4-M salt
concentration within the direct binding region. Colors represent ion type:
Na+ (red) and K+ (green). The results represent average values with respect
to the entire duplex. Letters on top of the bars represent different nucleic
acid regions: M (major groove), m (minor groove), O (O′ oxygen atoms on
backbone) and P (phosphate oxygens).

Anion distribution

The aim of this work is to characterize the cation distribu-
tion around the four types of duplexes. However, we also
checked whether the Cl− anions had contacts with the nu-
cleic acids. We found that, indeed, there were short-lived
contacts. For instance, a contact close to C-N4 was seen
in all four duplexes, but its occupation was extremely low.
In addition, we found low-population bindings to the O2′
sugar groups for the RNA duplexes, and to G-N2 in B-
DNA and A-RNA. So indeed, it is possible for the anion
to intrude the first hydration shell of nucleic acids (39), but
these events are too rare to be statistically significant. The
CDFs in Figure 3 show that the behavior of the Cl− anion
distribution is similar in all cases: it is close to zero next to
the helical axis with a smooth increase out to its bulk value.
For the DNA structures, values of the Cl− distribution start
to rise before 10 Å, while for the RNA structures the values
start to rise only after 10 Å: Cl− anions generally are not
allowed near the duplexes, and this repulsion is stronger for
the RNA structures.

Structural interpretation of ion occupation

Table 1,3 gives the residence times for the three ions, and
Table 2 gives the average distances of the monovalent ions
to the nucleotide atoms. Figure 14 illustrates some typical
binding pockets for the Na+ ion in the different nucleic acid
structures. Figure 14a and b gives a snapshot of the bind-
ing of the Na+ ion by O6 in B-DNA and A-RNA. The ion
is directly bound to the O6 atoms and also close to the N4
atoms of the major groove. This binding pocket is shown
in more detail in Figure S8, where the hydrogen atoms co-
valently linked to the N4 atoms and four bound waters
are depicted explicitly. In this conformation, the Na+ ion is
strongly bound by the G-O6 atoms, and given the geometry
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Figure 14. Atomistic details of some direct binding sites of Na+ for differ-
ent nucleic acid structures. (a) Binding to G-O6 (and proximity to C-N4)
in B-DNA; (b) binding to G-O6 (and proximity to C-N4) in A-RNA; (c)
binding to G-OP1, G-OP2 and C-O3′ in Z-DNA; (d) binding to C-O2 and
C-O2′ in Z-RNA. The configurations shown are just a snapshot at a given
time obtained from the MD simulations. Details of (a) are also provided
in Figure S8.

of the GpC steps, the ion manages to position itself rela-
tively close to the N4 atoms by avoiding the electropositive
N4 hydrogen atoms, which point away from the ion. In the
process, the ion loses two of the waters in its binding shell.
In A-RNA, the distance to the N4 atoms decreases slightly,
as shown in Table 2. This is particularly true for K+, which
shows a residence time of 2.4 ns for N4. In the four cases
(B-DNA/A-RNA combined with Na+/K+), the configura-
tions can be described as ion bridges, without intervening
waters between the ions and the O6 and N4 atoms. In ad-
dition, K+ exhibits long residence times for O2 and N2 in
the minor groove of B-DNA. Figure 14c shows the direct
binding of Na+ to the phosphate oxygens in a CpG step
in Z-DNA and Figure 14d shows the binding of Na+ to

O2 and O2′ in Z-RNA. In Z-DNA, the binding of Na+ to
G-OP1 is direct, with the longest residence time (∼2.3 ns)
and a short binding distance of ∼2.4 Å. Instead, the OP1 in
the C nucleotide points outside the helical core in Z-DNA,
and therefore its residence time is only ∼0.43 ns. With re-
spect to the OP2 atoms in Z-DNA, the residence time of
Na+ is ∼0.35 ns in C-OP2 and 0.65 ns in G-OP2. For the
Z-RNA conformation shown in Figure 14d, the cation is
localized by four atoms: two each of O2 and O2′ all situ-
ated in the C nucleotides. These atoms are relatively close
to the cation, with distances in the 2.3–2.5 Å range. This il-
lustrates how Z-RNA is much more efficient in localizing or
trapping cations, and is reflected in the residence times given
in Table 1. The times associated with Z-RNA O2 in C and
O2′ in C are very high: 8.6 ns and 7.8 ns, respectively. These
residence times are so much longer than the times associ-
ated with other binding sites that ions making their way into
these positions in Z-RNA are effectively trapped there for a
very long time. We have also examined the characteristics of
the OP1 and OP2 binding for Z-RNA, which qualitatively
resemble those of Z-DNA.

Residence times associated with K+ are considerably
longer than those for Na+, except for Z-RNA where Na+

has longer residence time for the O2 and O2′ in C. The
binding distances for K+ tend to be longer than those for
Na+, reflecting the larger size of the K+ ion (for which we
considered distances ≤3.5 Å as direct binding). An excep-
tion to this is seen in cytosine O3′ in Z-DNA which dis-
plays direct binding for K+ (residence time of 2.1 ns) but
not for Na+. Smaller fluctuations in the binding distances
shown in Table 2 correlate with stronger, direct binding,
while larger fluctuations correlate with higher mobility and
indirect binding.

Table 3 also gives the characteristic residence times for
the hexahydrated Mg[(H2O)6]2+ ions. Figure 15a shows
Mg[(H2O)6]2+ localization in the major groove of B-DNA,
with the hexahydrated ion bound to G-O6 (with a very large
residence time of 9.4 ns) and G-N7 (and also in proximity
of C-N4) in the GpC steps. The same binding can be found
in A-RNA (see Figure S9a), with residence times of 2.4 ns
(O6) and 2.2 ns (N4). These two cases are quite similar to
those described for Na+ in Figure 14a and b and Figure
S8. In addition, the ion can display long-time binding to
the phosphate oxygens in A-RNA with equivalent residence
times (2.1–2.3 ns). This occurs, for instance, in the bridge be-
tween distant phosphate groups as shown in Figure 15b and
c. The latter results in high bending of the duplex, and in this
way the Mg[(H2O)6]2+ ion completely closes access of other
ions to the middle of the duplex. Z-DNA shows strong lo-
calization at the phosphate oxygens, with residence times of
7 ns (G-OP1) and 5.6 ns (G-OP2). This can be seen in Fig-
ure S9b, where the OP oxygens are pointing outward, away
from the core of the helix, and in Figure S9c, where the ion
is in the minor groove of Z-DNA. Z-RNA displays several
binding sites: G-OP1 (7.6 ns), G-OP2 (5 ns), C-O2 (1.9 ns),
C-O2′ (6 ns) and C-O3′ (4.9 ns). Figure 15d shows binding
in the minor groove of Z-RNA.
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Table 1. Residence time (in ns) of Na+ and K+ for different atoms in the nucleic acid structures

Na+(K+) residence times (ns)

B-DNA N4 O2 O6 N2 N3 N7 O3′ O4′ OP1 OP2
0.83(1.74) –(1.82) 1.01(2.03) –(1.84) –(1.48) 0.25(1.37) 0.38(0.41) –(1.74) 0.39(0.86) 0.35(0.80)

Z-DNA O2 O6 N7 O3′(C) O3′(G) OP1(C) OP1(G) OP2(C) OP2(G)
–(0.30) –(0.62) –(0.68) 1.25(2.12) –(0.51) 0.43(1.18) 2.26(4.75) 0.35(0.86) 0.65(1.84)

A-RNA N4 O2 O6 N7 O2′ OP1 OP2
0.43(2.45) –(0.38) 0.54(1.47) 0.35(0.85) –(0.52) 0.42(1.58) 0.47(1.56)

Z-RNA O2 O6 O2′(C) O2′(G) O3′(C) O3′(G) OP1(C) OP1(G) OP2(C) OP2(G)
7.83(2.79) –(0.91) 8.56(5.42) –(0.71) 1.10(1.43) –(0.67) 0.43(0.99) 1.21(1.92) 0.36(0.76) 0.60(1.82)

These results are for 0.4-M salt concentration.

Table 2. Distance from ions to specific nucleic acid atoms for direct binding

Na+(K+) distances (Å)

B-DNA O6(G6) O6(G18) N4(C7) N4(C19)
2.38 ± 0.13(2.78 ± 0.17) 2.40 ± 0.14(2.80 ± 0.19) 3.72 ± 0.50(3.87 ± 0.56) 3.58 ± 0.54(4.06 ± 0.61)

Z-DNA OP1(G8) OP1(G20) OP2(G8) OP2(G20) O3′(C7) O3′(C19)
2.39 ± 0.15(2.82 ± 0.20) 2.36 ± 0.13(2.80 ± 0.19) 3.86 ± 0.36(4.11 ± 0.39) 4.12 ± 0.30(4.13 ± 0.41) 3.96 ± 0.26(3.39 ± 0.54) 3.97 ± 0.27(3.37 ± 0.52)

A-RNA O6(G6) O6(G18) N4(C7) N4(C19)
2.36 ± 0.11(2.79 ± 0.17) 2.39 ± 0.14(2.78 ± 0.18) 3.13 ± 0.52(3.54 ± 0.36) 3.59 ± 0.38(3.66 ± 0.40)

Z-RNA O2(C7) O2(C19) O2′(C7) O2′(C19)
2.39 ± 0.13(2.83 ± 0.21) 2.39 ± 0.12(2.79 ± 0.18) 2.43 ± 0.13(2.80 ± 0.15) 2.44 ± 0.13(2.77 ± 0.14)

The labels in the parenthesis refer to the residues to which the atoms belong. Usually four to six atoms act to form a single ion trap in the middle part of a duplex, as shown in
Figure 14. The distances are averages and are based on the last 10 ns of MD simulations.

Table 3. Residence time (in ns) of Mg2+ for different atoms in the nucleic acid structures

Mg2+ residence times (ns)

B-DNA N4 O6 N7 O3′ O5′ OP1 OP2
2.04 9.43 2.21 0.79 0.52 1.20 0.93

Z-DNA O2 O6 N2 N7 O3′(C) O3′(G) O5′(C) O5′(G) OP1(C) OP1(G) OP2(C) OP2(G)
1.08 0.57 1.04 0.59 2.61 0.56 1.37 1.15 2.15 7.00 1.24 5.62

A-RNA N4 O6 N7 O2′ O3′ O5′ OP1 OP2
2.20 2.42 1.13 0.42 0.75 0.82 2.25 2.10

Z-RNA N4 O2 O6 N2 N7 O2′(C) O2′(G) O3′(C) O3′(G) O5′(C) O5′(G) OP1(C) OP1(G) OP2(C) OP2(G)
0.71 1.89 0.90 1.02 0.96 6.04 0.57 4.93 0.48 0.96 0.95 1.73 7.61 0.85 4.99

These results are for 0.2-M salt concentration, using a cutoff of 5 Å.

Nucleic acid structure as a function of salt concentration

We have checked whether the structure of the duplexes
changes as a function of salt concentration. We consider the
case for Na+ ion with 0-M, 0.4-M and 4.0-M excess NaCl
salt. All the structures show typical alternating, periodic
features in the various parameters that reflect the regular,
alternating sequence pattern. Once the left-handed struc-
tures are equilibrated, they show no measurable sensitivity
(within the statistical errors) to the salt concentration. B-
DNA shows no sensitivity up to 0.4-M NaCl. However, for
4.0 M, some localized changes at base pairs 7–9 can prob-
ably be attributed to the high salt concentration. In partic-
ular, the sugar pucker of base G8 in B-DNA changes from
its predominantly C2′-endo conformation to C1′-endo and
some C2′-exo (Figure S10a). This affects other parameters
around this base, such as the step twist shown in Figure
S10b and the glycosidic angle, that changes from −112◦ at
0 M and 0.4 M to −58◦ at 4.0 M, effectively switching from

an anti conformation to a ‘syn’ conformation. These local
changes may indicate the onset of an instability due to the
high salt concentration. On the other hand, A-RNA is the
structure that shows most sensitivity to salt concentration
globally. This is quite apparent in helical and step parame-
ters. Two such examples are given in Figure S10c and d. Al-
though the figures shown in Figure S10 are only averaged
over the last 10 ns of the simulations, they give a good idea
of the general trends. Inclination, step roll, helical and step
twist and x-displacement all increase with salt concentra-
tion while helical and step rise, and propeller decrease with
salt concentration. In other words, the structure becomes
more compact and more A-like, an observation that has
been reported before (85,87). For instance, we measure the
average helical inclination and roll step parameter (during
the last 10 ns) as � 10◦ and � 6◦, respectively, for zero excess
salt, and ∼17◦ and � 10◦, respectively, for 4.0-M NaCl.
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Figure 15. Atomistic details of binding sites of hexahydrated Mg2+ (green)
for different nucleic acid structures. (a) Binding to G-O6 (red) and G-N7
(blue) (C-N4 is shown in cyan) in B-DNA; (b) binding to phosphate oxy-
gens (orange) in A-RNA; (c) overall view of (b) along the duplex; (d) bind-
ing to G-OP1 (red), G-OP2 (pink), C-O2′ (yellow) and C-O3′ (violet) in
Z-RNA in a similar arrangement as that shown in Figure 14c. The config-
urations shown are just a snapshot at a given time obtained from the MD
simulations.

DISCUSSION AND CONCLUSIONS

Role of the ion type

With MD simulations, we have calculated the distribution
of the K+, Na+ and Mg2+ cations (and the Cl− anions)
around right-handed B-DNA and A-RNA, and left-handed
Z-DNA and Z-RNA. As previously pointed out (76), differ-
ences in binding between the Na+ and K+ cations are impor-
tant because while K+ cations dominate in the intracellular
fluids (at ∼0.14 M), most studies have been carried out with
the Na+ cation, which is mainly present in extracellular flu-
ids. In fact, K+ cations are important for activating RNA
systems, and for ribosome structure that can otherwise un-
fold in their absence (76,95,96). In solution, positive cations
attract water molecules that form a ‘solvation shell’ around
them. Large angle X-ray scattering and double difference
infrared spectroscopy have determined (97) the bond dis-
tance between the cation and the first-shell water oxygen as
2.43 Å for Na+ and 2.81 Å for K+. This bond distance in
Mg2+ is ∼2.00–2.15 Å (98). For the same average distance,
we measure 2.44 Å for Na+, 2.89 Å for K+ and 2.00 Å for
Mg2+, which provides for a good validation of the ion pa-
rameters being used.

The cations are naturally attracted to the electronegative
sites around the nucleic acid duplexes, and both direct and
water-mediated binding are seen. Many of the results can
be understood by the fact that the ionic radius of each K+,
Na+ and Mg2+ decreases in that order, while the strength
of the first solvation shell around a metal cation decreases
with its radius and increases with its charge. Thus, Mg2+

maintains its first solvation shell during the entire length
of the simulations, and effectively acts as a hexahydrated
cation, Mg[(H2O)6]2+. On the other hand, both monova-
lent cations can become partially dehydrated, but K+ (hav-
ing a larger radius than Na+) can shed some of its first sol-
vation waters with more ease and therefore penetrate deeper
into smaller nucleic acid pockets. In fact, the hydration en-
thalpy of K+ has been measured experimentally to be ∼17
kcal/mol higher than that of Na+ (99,100). The Na+ ion can
crystallize with full hydration shell with large low-symmetry
counterions, while the inability of K+ to form well-defined
hydrated structures in the solid state is a sign of its weak
hydration (97).

Divalent ions are known to play an important role in
the folding of biomolecules, especially RNA systems, and
MD simulations have contributed to elucidate the role
of cations in oligonucleotide systems. (35,57,101–107,102–
107). In particular, Mg2+ cations are the most important di-
valent ions for the formation of RNA structures and their
functional role in the cell. The fact that Mg2+ is very re-
sistant to dehydration is reflected in crystallography, where
Mg2+ in high-resolution crystal structures were observed to
be fully hydrated (40,49). It has been seen that in crystal-
lography, where concentrations are higher than physiolog-
ical levels, Mg[(H2O)6]2+ can bind to sites that they would
not normally do under physiological conditions, where they
would wander off and be replaced by partially dehydrated
monovalent cations (76). From the point of view of the sim-
ulations, it is known that accurate descriptions of divalent
ions such as Mg2+ require the use of polarizable force fields
(108), and the first simulations of DNA in explicit solvent
with a fully polarizable force field (109–111) (applied to all
atoms) showed that even a very simple representation of the
atomic polarizability can improve the accuracy of the sim-
ulations. In spite of this, the parameters used in the present
simulations (see SI) are known to give good qualitative in-
sights into ion binding sites.

We have also looked at the distribution of the Cl− anions
and found that there were short-lived contacts, including
contacts close to C-N4 in all four duplexes, to the O2′ sugar
groups for the RNA duplexes, and to G-N2 in B-DNA and
A-RNA, which confirms that it is possible for the anion to
intrude upon the first hydration shell of nucleic acids (39).
However, these events are quite rare and are not statisti-
cally significant. The CDFs (Figure 3) show that Cl− anions
generally are not allowed near the duplexes, particularly in
the RNA structures. It is, however, possible that our sim-
ulations underestimate the contacts due to the absence of
polarization. Studies on ion interface solvation (112–117)
show that halide anions (all but fluoride) prefer surface sol-
vation versus bulk solvation, and thus––in absence of other
competing forces, such as those due to the presence of other
ions––the halide ion would naturally migrate, for instance,
to a biomolecule–water interface. The driving force for sur-
face solvation is the polarizability of water. Thus, the inclu-
sion of polarization in the force field could result in larger
probabilities for closer contacts between co-ions and nucleic
acids.

We have also tracked the diffusion constants for the dif-
ferent ions in the presence of different duplexes, and the re-
sults are presented in the SI.
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Comparison between different ions for B-DNA and A-RNA

Results for our sequence, (5′-CGCGCGCGCGCG-3′)2,
show both similarities to and differences from other recent
extensive simulations of ion distributions (74,73,78,86); the
differences mainly due to the fact that the sequences em-
ployed in these other simulations are relatively rich in A and
T or U nucleotides.

At zero excess salt, most Na+ direct binding to B-DNA
occurs in the major groove, especially in the three central
Gs in the GpC steps. For A-RNA, the Na+ direct bind-
ing is spread more evenly among all the Gs in the GpC
steps of the major groove and is comparable to the bind-
ing to phosphate oxygens in the backbone. Direct binding
to the major groove is saturated so that when the excess
salt content increases to 0.4 M, direct binding to the major
groove barely increases (direct binding to the phosphates
increases slightly). For both duplexes and both salt concen-
trations, direct binding of Na+ in the minor groove is neg-
ligible. By contrast, more favorable binding of Na+ in mi-
nor grooves has been found in A-tract DNA or ApT steps
both in NMR studies (61,62) and simulations (73,78). Nat-
urally, the population of water-mediated Na+ contacts at
6 Å is much larger for each nucleotide than that for direct
binding. Still, the occupation of the major groove in these
water-mediated contacts is larger than the occupation of the
minor groove, especially for A-RNA. For K+, direct bind-
ing is qualitatively similar to that of Na+, except that pop-
ulation in the major groove associated with the Gs in GpC
steps is considerably increased, and there is a non-negligible
population in the minor groove for B-DNA. On the other
hand, minor groove occupation is almost non-existent for
A-RNA (Figure 13). Preferred binding of K+ in the major
groove has been observed experimentally (47,63).

Other general differences between B-DNA and A-RNA
can be observed in the CDFs and RDFs presented in Fig-
ures 2,3,5–8. In B-DNA water-mediated binding of cations
is more evenly distributed: while the majority resides in the
major groove with occupancy varying between 40 and 56%
for Na+ (Figure 12), the minor groove and backbone oxy-
gens have non-negligible, comparable occupations around
20%. In A-RNA even water-mediated cations are more lo-
calized: occupancy in the major groove reaches up to 70%,
it is very small for the minor groove, and rises again for
the phosphate oxygens (Figures 12 and 13). Thus A-RNA
exhibits a stronger localization of counterions, which is re-
flected in the higher peaks and faster decay in the CDFs
in Figures 2 and 3. In A-RNA most of the cation density
lies in the major groove along the cylindrical axis of the he-
lix, a consequence of the structure of the helix whose base-
pair planes are not perpendicular to the helix axis (as in B-
DNA) but tilted toward the axis, thus leaving the core of
the helix more exposed. This penetration of the ions into
the open core of the helix is ‘complete’ for K+ at high salt
(Figure 3), but even Mg[(H2O)6]2+ is very close to the helix
axis (here calculated as the global z-axis with 3DNA, as in
SCHNAaP (118), defined by vectors that are a combination
of C1′ and G-N9/C-N4 atoms along the same strand, as de-
veloped by Rosenberg et al. (119)). Interestingly, a compari-
son with the Na+ CDFs for A-RNA for a different sequence
with high content of A and U nucleotides (86) shows impor-

tant sequence-dependent effects. For instance, the CDF for
Na+ at 0.4-M NaCl in Figure 3, (86), shows several ‘binding
regions’ with the maximum peak at ∼10 Å. For our CG se-
quence, the peak near the origin completely dominates the
distribution of Na+ (an effect that is even larger for K+).
This can be understood in terms of the perfect regularity
of the pure CG sequence where the GpC steps strongly en-
courage binding to the major groove.

Particularly noticeable in our systems is the direct bind-
ing of the monovalent ions by G-O6 in the GpC steps, which
has been observed before (70,74). A K+ ‘ion bridge’ of the
monovalent cation joining the two electronegative G-O6 on
different strands (Figure 14a,b) was observed both in DNA
and RNA (70). In our results, this ion bridge also extends
to the C-N4 atom in the corresponding GpC steps for both
Na+ and K+, and for both B-DNA and A-RNA. Binding to
C-N7 is also important (Figures 12 and 13), but with shorter
residence times. This can be explained by the geometry of
the steps. A cation between G-O6 and C-N7 will also be at-
tracted by the backbone oxygens, and therefore its motion
will be more diffusive, less localized. The absence of binding
to the CpG steps was attributed to the protruding of the two
electropositive cytosine amino groups in the CpG steps (70),
which is consistent with our observations. Finally, with re-
spect to the backbone oxygens, there is direct binding to O3′
and water-mediated binding to both O3′ and O5′. Naturally,
A-RNA also shows binding to O2′, although this is not as
strong as for O3′ and O5′ (Figure 7). Both phosphate oxy-
gens have comparable binding in both forms, B-DNA and
A-RNA, and for both Na+ and K+ (Figures 9 and 13). Res-
idence times are considerably longer for K+ than for Na+.
Long residence times near the phosphates have been also
observed in some recent B-DNA simulations (74).

The Mg2+ cation has quite different binding properties
from its monovalent counterparts, due to its tightly bound
first solvation shell. In the CDFs at 0.2-M excess salt con-
centration in Figure 3, we observe two clearly defined bind-
ing regions for both B-DNA and A-RNA (and a very
small intermediate peak for A-RNA). In agreement with
the RDFs and CDFs, Figure 4 shows that the distribution
of Mg2+ cations is more localized than those for Na+/K+

for all four duplexes. This strong localization of Mg2+ ions
around A-RNA was observed recently (86), where it oc-
curs not only in the presence of MgCl2 but also in mix-
tures with NaCl salt. The RDFs in Figure 6 show strong
Mg[(H2O)6]2+ binding in the major groove to G-O6 at 4.1
Å (B-DNA) and 4.3 Å (A-RNA), with a much higher peak
in B-DNA, and a second important peak further away for
C-N4. An example of this binding geometry is given in Fig-
ure 15 a and Figure S8, where the residence times for G-O6
are 9.4 ns for B-DNA and 2.4 ns for A-RNA. The closest
backbone oxygen bindings occur at O3′ and O5′ with a more
distant peak for O2′ in A-RNA. Binding to the two phos-
phate oxygens is very strong, with the first peak strongly
centered at 4.1 Å. An interesting case occurs when the hex-
ahydrated ion binds phosphate pairs belonging to distant
base pairs as shown for A-RNA in Figure 15b and c result-
ing in acute bending of the duplex and the prevention of
access of other ions to the middle of the duplex. Binding to
the minor groove is negligible, considerably less than that of
Na+ or K+ at 6 Å. Binding of Mg[(H2O)6]2+ to the guanines
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in the major grooves has been measured previously (86) and
has been seen experimentally (45,50,120,121).

With respect to the dependence of the right-handed forms
on the salt concentration, we found that B-DNA is less
sensitive than A-RNA. There are no structural changes in
B-DNA at 0.4-M NaCl and only at the high concentra-
tion of 4.0-M NaCl excess salt, we see what can be inter-
preted as the start of a salt-induced instability in base G8.
This is manifested as a flipping of G8 from the ‘anti’ to
the ‘syn’ conformation. By contrast, A-RNA is quite sen-
sitive to salt concentration, exhibiting global changes even
at 0.4-M NaCl. The nature of these changes is in complete
agreement with previous findings (85,87). Mainly, the struc-
ture becomes more compact and switches more to the A-
form as salt concentration increases. This is seen in an in-
crease of inclination, step roll, helical and step twist, and
x-displacement with salt concentration, accompanied by a
decrease of helical and step rise, and propeller. These trends
are coupled, as an increase in helical inclination leads to a
larger base pair roll (which follows the same pattern as Fig-
ure S9d), narrowing of the major groove and to a reduc-
tion of helical rise. It is not clear whether this is an effect
of the force field (which at present is the most accurate one
for the description of nucleic acids (87)), but it has been ob-
served (87) that a different water model (SPC/E) can result
in an even more compact A-RNA structure. Unfortunately,
the existing experimental data includes a wide span of com-
pactness for A-RNA duplexes, which precludes determin-
ing whether this trend toward compactness with increasing
NaCl salt is real or not. The trend would seem counter-
intuitive as a high increase in salt is expected to lead to a
change in handedness, and thus one would expect a decrease
of both helical and step twist, an increase of rise, etc. with
salt concentration. Experimentally, however, the transition
has been achieved under different conditions, such as chem-
ical modification of the bases (122); high pressure (30) or
different salt conditions, such as 6.0-M NaClO4 (29).

Comparison for different ion distributions between the left-
handed and the right-handed forms

There are similarities but also strong differences in ion dis-
tributions around the left-handed forms. These differences
are measured not only when comparing to the right-handed
forms but also when comparing between Z-DNA and Z-
RNA.

Since ion distribution is a function of the duplex struc-
ture, we briefly review Z-DNA and Z-RNA structures. Both
duplexes, formed by antiparallel strands with WC base-
pairing, are characterized by the typical zig-zag pattern of
the sugar-phosphate backbone, and a dinucleotide repeat
unit. In Z-DNA the major and minor grooves are very sim-
ilar in width, while in Z-RNA the base pairs are closer to the
helix axis (with smaller x- and y-displacements) and both a
deep, narrow minor groove and the major groove are well-
defined. In addition to handedness, other major differences
with the right-handed forms include the glycosyl angle: it is
‘anti’ for both G and C in the right-handed duplexes, but in
the left-handed forms it is ‘syn’ for G and ‘anti’ for C. Both
handedness and glycosyl angles have been used as highly
discriminating order parameters for the description of the

structural transition between B-DNA and Z-DNA, leading
to a complex free energy landscape which allows for the co-
existence of several competing mechanisms (24). The pre-
dominant sugar pucker (C2′-endo in B-DNA; C3′-endo in
A-RNA) is C2′-endo for C and C3′-endo for G in the Z
forms. Twist angles of 33◦ to 38◦ for B-DNA and 29◦ to
34◦ for A-RNA also change drastically. The Z forms have
higher negative values for the GpC steps, and smaller val-
ues for the CpG steps. Both forms have intra-strand stack-
ing for GpC steps and inter-strand stacking for CpG steps,
as observed experimentally in Z-DNA (1), and in Z-RNA
at low ionic strengths (31). In Z-RNA, the C-O2′ groups are
deeply buried in the narrow minor groove, while the G-O2′
and the phosphate oxygens reside on the outer helix surface.
We have maintained the atomic definition of major and mi-
nor grooves (as shown in Figure 1) to follow the conven-
tion in the literature for Z-DNA (1) and for Z-RNA (29),
although from a geometrical point of view, the role of these
grooves appears to be inverted for the left-handed forms.

CDFs in Figure 2,3 show that: (i) the ion distributions
converge faster in the left-handed forms than in the right-
handed forms; (ii) the maximum peaks are closer to the he-
lical axis in the right-handed forms than in the left-handed
forms; (iii) the relative height of the maximum peaks de-
pends on the cation type. For Na+, first and second binding
shells (when present) are higher in the Z forms than in the
right-handed forms and, for each handedness, first peaks
are higher for the RNA duplexes than for the DNA du-
plexes. While the K+ first peaks are considerably higher than
those for the other two cations in the right-handed forms,
they are equal to or lower than those of Na+ in the left-
handed forms. Figure 4 shows that for any given distance
before the asymptotic value, A-RNA is more screened than
B-DNA. For regions close to the axis, A-RNA localizes
more Na+ and K+ ions than both B-DNA and Z-DNA, and
more Mg2+ ions than the three other forms. At intermedi-
ate distances, charge neutralization works better in the left-
handed forms (which are comparable). For all duplexes, the
Mg2+ ion distribution is considerably more localized than
the Na+ ion distribution, which in turn is slightly more lo-
calized than the K+ ion distribution.

Binding to major and minor grooves changes dramat-
ically when handedness changes (the role of the minor
groove in the Z forms being closer to the role of the ma-
jor groove in the right-handed forms). RDFs in Figure 5–9
show that (i) Na+ binding in the major groove for both B-
DNA and A-RNA is similar, driven mainly by binding to
G-O6, with localization also close to C-N4, followed by C-
N7 in the GpC steps. (ii) Na+ binding in the minor groove
of Z-DNA and Z-RNA is very different. Z-RNA has a very
large peak for O2 at 2.3 Å and a second peak for N2 at
3.7 Å. Z-DNA has almost no binding at these short dis-
tances, with the first non-negligible peak for O2 at 4.6 Å.
(iii) While Mg2+ binding in the major groove is stronger for
B-DNA than A-RNA, its binding in the minor groove of Z-
RNA is stronger than in Z-DNA. Binding to C-O2 shows
two clearly defined bindings shells at 4.4 and 6.5 Å, which
correspond to a direct binding to Mg[(H2O)6]2+ and bind-
ing with one intermediate water molecule to Mg[(H2O)6]2+.
(iv) The O2′ in RNA naturally provides a source of binding
differences between DNA and RNA. For Na+ the patterns
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of binding to O3′ and O5′ (and to less extent O4′) are rel-
atively similar between B-DNA and A-RNA, with binding
to O2′ less important than to O3′ and O5′. Instead, an im-
portant binding peak to O3′ at 2.5 Å in Z-DNA becomes
minor in Z-RNA, while binding to O2′ at the same distance
dominates. Similarly, for Mg2+ the patterns of binding to
the O′ oxygens are similar between B-DNA and A-RNA,
except for O2′ in A-RNA, which is not dominant. For Mg2+

in Z-RNA, the first binding peak to O3′ increases in Z-RNA
with respect to Z-DNA, and the O2′ peak at 4.2 Å is also
very important. (v) Binding of Na+ to the OP2 oxygens is
similar for the four duplexes, while binding to OP1 increases
for the Z forms. For Mg2+ , these bindings are comparable
for the four duplexes.

Figure 10–13 show sequence-specific features. Both for
zero and high salt concentration, Na+ direct binding to the
major groove is small (K+ exhibits slightly more binding in
the major groove) for both Z-DNA and Z-RNA. Indirect
binding to the major groove increases the population (cen-
tered at the G’s). The left-handed forms have distinct pat-
terns of strong direct binding to the phosphate oxygens in
the Gs (larger in Z-DNA than Z-RNA) and to the O′ oxy-
gens in the Cs (larger in Z-RNA due to binding to O2′).
With respect to the minor groove, direct binding of Na+ and
K+ is quite different for Z-DNA and Z-RNA: in Z-DNA the
ions do not bind directly to the minor groove, but they do so,
with large occupation numbers, through intermediate wa-
ters; in Z-RNA direct binding to the minor groove is quite
high, mainly due to C-O2. Mg2+ binding at 6 Å follows a
similar pattern: not much binding in the major groove, with
slightly more binding in the minor groove (but certainly not
as high as for Na+ at 6 Å), preferential binding to the phos-
phate oxygens in the Gs, and to the O′ oxygens in the Cs.

In Z-DNA, the longest residence times for monovalent
ions occur for G-OP1 (2.3 ns for Na+ and 4.7 ns for K+)
with a second longest residence time at C-O3′ . Thus, in the
5′-3′ direction the ion binds to the O3′ of the sugar ring of
a cytosine and to the two phosphates G-OP1 and G-OP2
immediately following C-O3′. This, with the equivalent set
of atoms one CpG step ahead in the opposite strand, forms
a pocket, as illustrated in Figure 14 c for Na+ in Z-DNA.
Table 2 indicates that for Na+, G-OP1 is a site of direct bind-
ing while G-OP2 and C-O3′ are sites of indirect binding. On
the other hand, K+ finds itself in a tighter pocket, with di-
rect binding to both G-OP1 and C-O3′, and indirect binding
to G-OP2, which explains the longer residence times for K+

associated with these positions. Z-RNA seems to provide
the best ‘ion trap’ with direct binding to the C-O2 and the
C-O2′ atoms in a GpC step in one strand and the same set
of atoms belonging to the same GpC step in the opposite
strand (see example in Figure 14d). Bound to four RNA
atoms, the ion only retains two of its first solvation shell
waters. This ion bridge has been observed experimentally
at physiological ionic strengths (31) . These Z-RNA atoms
exhibit the largest residence times for monovalent ions ob-
served in our simulations: 7.8 ns (2.8 ns) for Na+ (K+) in
C-O2 and 8.6 ns (5.4 ns) for Na+ (K+) in C-O2′. Finally,
the hexahydrated Mg[(H2O)6]2+ ion also finds strong bind-
ing pockets in both Z-DNA and Z-RNA, specially when
the phosphate oxygens are involved. Typical binding pock-

ets are shown in Figure 15d and Figure S9b and c. Long
residence times in Z-DNA include 7 ns for G-OP1 and 5.6
ns for G-OP2. Long residence times in Z-RNA include 6.0
ns in C-O2′, 4.9 ns in C-O3′, 7.6 ns in G-OP1 and 5.0 ns in
G-OP2.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGMENTS

We thank the NC State HPC Center for extensive compu-
tational support.

FUNDING

National Science Foundation [NSF-1021883, NSF-
1148144]. Funding for open access charge: National
Science Foundation [NSF-1021883, NSF-1148144].
Conflict of interest statement. None declared.

REFERENCES
1. Wang,A.H., Quigley,G.J., Kolpak,F.J., Crawford,J.L., van

Boom,J.H., van der Marel,G. and Rich,A. (1979) Molecular
structure of a left-handed double helical DNA fragment at atomic
resolution. Nature, 282, 680–686.

2. Nordheim,A. and Rich,A. (1983) The sequence (dC − dA)n.(dG −
dT)n forms left-handed Z-DNA in negatively supercoiled plasmids.
Proc. Natl Acad. Sci. U.S.A., 80, 1821.

3. Rich,A., Nordheim,A. and Wang,A.H. (1984) The chemistry and
biology of left-handed Z-DNA. Ann. Rev. Phys. Chem., 53, 791–846.

4. Schroth,G., Chou,P. and Ho,P.J. (1992) Mapping Z-DNA in the
human genome–computer-aided mapping revelas a nonrandom
distribution of potential Z-DNA forming sequences in human
genes. J. Biol. Chem., 267, 11846.

5. Liu,L.F. and Wang,J.C. (1987) Supercoiling of the DNA template
during transcription. Proc. Natl Acad. Sci. U.S.A., 84, 7024–7027.

6. Oh,D., Kim,Y. and Rich,A. (2002) Z-DNA binding proteins can act
as potent effectors of gene expression in vivo. Proc. Natl Acad. Sci.
U.S.A., 99, 16666.

7. Lipps,H.J. (1983) Antibodies against Z-DNA react with the
macronucleus but not the micronucleus of the hypotrichous ciliate
stylonychia mytilus. Cell, 32, 435–441.

8. Lancillotti,F., Lopez,M., Alonso,C. and Stollar,B. (1985) Locations
of Z-DNA in polytene chromosomes. J. Cell Biol., 100, 1759.

9. Herbert,A. and Rich,A. (1999) Left-handed Z-DNA: structure and
function. Genetica, 106, 37.

10. Kmiec,E., Angelides,K. and Holloman,W. (1985) Left-handed DNA
and the synaptic pairing reaction promoted by ustilago rec1 protein.
Cell, 40, 139.

11. Blaho,J. and Wells,R. (1987) Left-handed Z-DNA binding by the
reca protein of escherichia-coli. J. Biol. Chem., 262, 6082.

12. Jaworski,A., Hsieh,W., Blaho,J., Larson,J. and Wells,R. (1987)
Left-handed DNA in vivo. Science, 238, 773.

13. Schwartz,T., Rould,M., Lowenhaupt,K., Herbert,A. and Rich,A.
(1999) Crystal structure of the Z alpha domain of the human editing
enzyme ADAR1 bound to left-handed Z-DNA. Science, 284, 1841.

14. Vinogradov,A. (2003) DNA helix: the importance of being GC-rich.
Nucleic Acids Res., 31, 1838.

15. Champ,P., Maurice,S., Vargason,J., Champ,T. and Ho,P. (2004)
Distributions of Z-DNA and nuclear factor I in human
chromosome 22; a model for coupled transcriptional regulation.
Nucleic Acids Res., 32, 6501.

16. Wang,G., Christensen,L. and Vasquez,K. (2006) Z-DNA-forming
sequences generate large-scale deletions in mammalian cells. Proc.
Natl Acad. Sci. U.S.A., 103, 2677.

49



13994 Nucleic Acids Research, 2014, Vol. 42, No. 22

17. Fuertes,M.A., Cepeda,V., Alonso,C. and Pérez,J.M. (2006)
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We explore the use of a fast laser melting simulation approach combined with atomistic molecular
dynamics simulations in order to determine the melting and healing responses of B-DNA and
Z-DNA dodecamers with the same d(5′-CGCGCGCGCGCG-3′)2 sequence. The frequency of the
laser pulse is specifically tuned to disrupt Watson-Crick hydrogen bonds, thus inducing melting of
the DNA duplexes. Subsequently, the structures relax and partially refold, depending on the field
strength. In addition to the inherent interest of the nonequilibrium melting process, we propose
that fast melting by an infrared laser pulse could be used as a technique for a fast comparison of
relative stabilities of same-sequence oligonucleotides with different secondary structures with full
atomistic detail of the structures and solvent. This could be particularly useful for nonstandard
secondary structures involving non-canonical base pairs, mismatches, etc. C 2016 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4945340]

I. INTRODUCTION

Recently, free electron lasers have been used for melting
biomolecular complexes.1–5 Kawasaki and co-workers3–5 have
developed a mid-infrared free electron laser with highly
specific oscillation characteristics having a high photon
density, a picosecond pulse structure, and a range of tunable
frequencies. To date, such a laser pulse with frequencies tuned
to the amide I bands has been used in experiments to dissociate
amyloid-like fibrils of lyzozyme into its native forms,3 convert
insulin fibrils into soluble monomers,4 and dissociate a short
human thyroid hormone peptide.5 A simulated laser pulse has
also been used in atomistic molecular dynamics simulations to
dissociate amyloid fibrils6 and viruses7 and to study the break-
up of a peptide-based nanotube.8 Aside from investigating the
dissociation of selected biomolecules, in this work we propose
that the application of a simulated laser pulse could provide
for new computational opportunities to probe the relative
response and, quite possibly, the relative stability of similar
structures, such as nucleic acids with the same sequence but
with different secondary structures.

A crucial aspect for the understanding of nucleic acid
structures and their function is the relative stability of
different competing structures that are involved in cellular
processes. The discernment of the relative structural stabilities
of different nucleic acid structures, both in vitro and in silico,
is rather challenging. A time honored technique to address
this issue is to carry out a thermal denaturation experiments,9

where a sample is heated beyond the melting point. This
causes a conformational transition in the molecule that is
measured by recording a specific variable as a function of
temperature. Typical experiments include the recording of the
absorbance at 260 nm in a UV-visible spectrophotometer;10

a)Email: sagui@ncsu.edu
b)Email: cmroland@ncsu.edu

circular dichroism spectra;11,12 fluorescence spectra;13 Raman
signals;14,15 or NMR measurements.16,17

Thermal denaturing experiments can also be carried out
computationally, but fully atomistic melting simulations are
extremely expensive. Instead, simplified models have been
introduced for estimating the melting temperature of DNA
duplexes, based on empirical or statistical thermodynamics
models18–34 that predict the stability of nucleic acid secondary
structure, including RNA.22,35–48 Unfortunately, these models
are still empirical and can fail to capture subtle sequence-
dependent effects, or unusual conformations different from
A and B duplexes, or conformations with noncanonical or
mismatched base pairs, etc. A state-of-the-art web-based tool
for predicting fluorescent high-resolution DNA melting curves
and denaturation profiles of PCR products is the software
package uMELT.49 This tool, however, can only be applied
to standard DNA duplexes. Since secondary structures other
than B-DNA can play crucial roles in processes such as gene
expression, extending the computational predictive capacity
to these unusual structures is a desirable goal.

In this work, we use fast melting by an infrared
laser pulse of B-DNA and Z-DNA duplexes with sequence
d(5′-CGCGCGCGCGCG-3′)2 in order to compare the melting
and healing response of the duplexes and to explore whether
this response reflects their relative stability. The left-handed,
double-helix Z-DNA with two antiparallel chains joined by
Watson-Crick (WC) base pairs was first crystallized in 1979.50

Z-DNA is favored by sequences that alternate purines and
pyrimidines, mainly CG or GC. The left-handed helix is
thinner and more rigid than B-DNA, and while the pyrimidine-
purine base pairs are in anti-anti conformation in B-DNA, the
guanine rotates around its glycosidic bond in Z-DNA, resulting
in an anti-syn configuration.51,52 As a consequence of these
rotations, the phosphate groups become closer in Z-DNA; the
sugar-phosphate backbone displays the characteristic zig-zag
pattern that gave rise to the name Z-DNA; and the CpG
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and GpC steps stack differently, causing a dinucleotide step
to be the repeating unit in Z-DNA. A high density of base
sequences favoring Z-DNA is found near transcription start
sites,53 where Z-DNA is stabilized by negative supercoiling of
DNA.51,52,54 In the cell, Z-DNA is induced by a set of binding
proteins near promoter regions, which boosts the transcription
of downstream genes.55 Z-DNA is highly immunogenic, and
antibodies against it56–58 are used to find locations prone
to Z-DNA conformations. The current view is that Z-DNA
formation plays a role in gene expression, regulation, and
recombination.52,55,59–65

B-DNA is more stable than Z-DNA under physiological
ionic strength and pH conditions. While in the cell Z-DNA
can be stabilized by the negative supercoiling51,52,54 that, for
instance, arises from the relocation of the RNA polymerase
during transcription, and through binding with highly
specific Z-DNA binding proteins such as ADAR1, E3L,
and PKZ,66–69 in vitro inducers and stabilizers are needed
for Z-DNA, such as high ionic concentrations, base chemical
modifications, organic solvents, divalent cations and transition
metal complexes, and small molecular complexes. (these are
reviewed in Ref. 70). Computationally, the determination of
the relative stability of B-DNA and Z-DNA is not trivial.
Existing predictive tools do not have provisions for this
alternative structure, and therefore one has to resort to very
long time simulations or careful theoretical and statistical
modeling. Considerable insight has been obtained by studying
the microscopics behind the B-Z DNA transition,50,71–81 and
the ion distribution around these nucleic acid structures.82

Recent molecular dynamics (MD) simulations indicate that
the transition is governed by a complex free energy landscape
which allows for the coexistence of several competing
mechanisms so that the transition is better described in terms
of a reaction path ensemble.81

In this work, we choose B-DNA and Z-DNA duplexes
with sequence d(5′-CGCGCGCGCGCG-3′)2 to test their
behavior when exposed to fast melting by an infrared laser
pulse. In addition to the intrinsic interest of the melting and
healing process, we propose that this technique could be used
as a relatively inexpensive tool to determine relative stability
in fully solvated, atomically accurate nucleic acid structures.
Naturally, a laser pulse implies a nonequilibrium process and
the results cannot be used to construct an equilibrium melting
curve, and therefore the ensuing free energy estimates cannot
be obtained either. The perturbation, however, can map out
the responses of the structures for the entire range of applied
fields, covering extremely small perturbations all the way to
complete melting. The response can be measured by a wide
range of variables including normalized handedness, base
stacking, Watson-Crick hydrogen bonds, etc. A systematic
trend in all these variables (in this case that Z-DNA is
more “melted” than B-DNA) for all strengths of the field
is interpreted as being indicative of the greater stability of
B-DNA under the solvation conditions in the simulations.
A traditional equilibrium molecular dynamics simulation not
only is orders of magnitude more expensive but also faces
additional challenges. Since B-DNA is more prone to fray at
the ends than Z-DNA, the melting of short B-DNA oligomers
is more susceptible to length effects than Z-DNA, a difficulty

that can be partially bypassed with the laser melting technique.
In addition, Z-DNA is believed to be stabilized by higher
temperatures,73,83–85 which complicates the interpretation of
the traditional melting experiments.

II. MATERIALS AND METHODS

A. Simulation details

Simulations of B-DNA and Z-DNA duplexes with
sequence (5′-CGCGCGCGCGCG-3′)2 in TIP3P waters86 were
carried out using the GROMACS 4.5.5 package87 with
the AMBER99SB-ILDN force field and DNA parameters
ff99BSCO.88 The initial DNA configurations were taken from
our previous studies.81,82 For each DNA (B-DNA or Z-DNA)
structure, we performed simulations at five different NaCl salt
concentrations: 0, 1.0, 2.5, 3.0, and 4.0M, with ion parameters
by Joung and Cheatham.89 Specifically, 22 Na+ neutralizing
ions were added, followed by an additional number of Na+

and Cl−.
Ions to make up the specified NaCl salt concentration.

The DNA was placed in an octahedral box containing about
7050 water molecules with a 1 nm distance from the solute to
the box boundary, resulting in a box size and volume of 6.6 nm
and 200 nm3, respectively. Periodic boundary conditions
were imposed with a 1 nm cutoff for the van der Waals
and electrostatic interactions. The long-range electrostatic
interactions were computed with the Particle-Mesh Ewald
summation method,90 and the non-bonded interaction pair list
updated every 10 fs. The covalent bonds were constrained
using the LINCS algorithm91 with a relative geometrical
tolerance of 10−4. The simulations were primarily NPT and
made use of the Berendsen pressure coupling method92 to
model the barostat (pressure was kept at 1 atm). To ensure
stability, a time step of 0.2 fs was used, and the equations
of motion were integrated using the Leapfrog method.93 To
control the temperature, we used a V-rescaling temperature
coupling scheme based on rescaling the velocity with a
stochastic term.94 Since a laser pulse was applied to DNA, only
the solvent molecules were coupled to the heat bath which
was kept at 310 K, with a temperature coupling constant of
0.1 ps. Experimentally, the DNA samples would be immersed
in an effectively “infinite” reservoir of solvent (perhaps even
with added flow). However, the simulations are limited in
terms of the sizes the one can deal with, even with current
supercomputers necessitating the use of a thermostat in order
to damp out the thermal fluctuations of the solvent.

The laser pulse was modeled by the following equation:

E(t) = E0 exp

− (t − t0)2

2σ2


cos[cω(t − t0)],

with E0 denoting the amplitude of the electric field, σ the
pulse width, t the time, t0 the time when the pulse is maximal,
ω the frequency, and c the velocity of light. An important
issue that needs consideration is the direction of the laser
pulse with respect to the orientation of the DNA molecule.
While a given laser beam is polarized in a specified direction,
the free electron laser experiments typically take place in
an unpolarized environment. This is important, because the
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applied laser pulse will be most efficient in exciting a given
bond if the direction of the electric field is along the direction
of the bond. In this study, the native hydrogen bonds (H-bonds)
(as listed in supplementary material Table S2) connecting the
C–G base pairs (corresponding to bond indices 14 to 33 in
supplementary material Table S1) are targeted, which are
oriented almost perpendicular to the DNA axis.101 If the
direction of the laser pulse (LPD) is parallel to the DNA
axis, the laser pulse will have only a minimal effect on these
bonds, even when the correct resonant frequency is used.
Moreover, during the course of the simulation, the orientation
of the DNA molecule may shift. To solve this issue, we
used the following averaging procedure. For the simulations
scanning the different frequencies, ten different LPDs were
set and the results averaged. Specifically, the LPDs were set
in parallel to the ten internal vectors C1′i − C1′25−i, with i
representing the base index as shown in Fig. 1, and C1′i the
C1′ atom of the ith base of the starting configuration. For the
laser melting simulation, averaging was performed as follows.
First, the average vector (AV) of the ten C1′i − C1′25−i was
calculated. Then, the angle between this AV vector and a
given C1′i − C1′25−i was divided into four equal parts, thereby
defining five different directions. Given the ten different
C1′ − C1′25−i vectors, this defines a total of fifty different
LPDs. Simulations were performed for each of these directions
and the results were then averaged.

For this project we carried out three kinds of
simulations: equilibration, frequency scanning, and laser
melting simulations. To equilibrate the solvated DNA (both

with and without salt), we carried out NPT simulations at
310 K for 30 ns. From these simulations, 100 independent
conformations were selected at random from the last 10 ns.
These configurations provided us with initial configurations
for the subsequent simulations. Following equilibration, we
carried out laser scanning simulations in order to select the best
frequency for the laser melting simulations. These simulations
were carried out for both B- and Z-DNA in the absence of
excess salt with laser parameters E0, t0 and σ set, respectively,
to 1 V/nm, 10 ps, and 3 ps. The frequency ω was varied
between 1600 to 1935 cm−1, with frequency steps set to
5 cm−1. The latter was lowered to 1 cm−1 around the observed
resonant peaks in order to provide for a better resolution. In
total, 94 different frequencies were scanned. For eachω value,
ten 30 ps simulations with different initial conditions selected
from the 100 conformations in the equilibration step were then
carried out, and the results averaged. From the mathematical
expression of the laser pulse, we see that there are four
parameters. Since the frequency ω is a property of the system,
we actually have three parameters. For these simulations we
chose two pulse widths, σ = 3 ps and σ = 6 ps and the two
sets of simulations had the following parameters: (i) σ = 3 ps,
t0 = 10 ps, E0 = (3.0, 4.0, 4.6, 5.0, 5.5, 6.0 and 6.5) V/nm,
and total time for each run of 40 ps; (ii) σ = 6 ps, t0 = 20 ps,
E0 = (3.0, 3.5, 4.0, 4.5 and 5.0) V/nm, and total time for
each run of 100 ps. For each value of E0, 50 simulations were
carried out using different initial structures selected from the
equilibration step. The values of the electric field used in
our simulation range from about 6.0-20.0 J/cm2 (depending

FIG. 1. DNA sequence (left) and struc-
ture of a CG pair (right). Bases in
the sequence are numbered. In the CG
base pair, the indices for the bond type
are given as purple numbers, while the
atomic labels are given in black. Details
of the different bond types are given in
Table S1 in supplementary material.101

56



145101-4 Man et al. J. Chem. Phys. 144, 145101 (2016)

on how one estimates the pulse shape), which is about 100
times higher than the current experimental values. Choosing
such a high laser intensity is necessitated by the fact that
experimentally a very large number of pulses are delivered
over a relatively long period of time (microseconds). However,
MD simulations are plagued by the so-called time scale
problem, which precludes simulations over such long time
scales. Here, we have chosen to add all the energy over a
relatively short period of time.

The laser melting of the DNA structures was characterized
in a number of standard ways. The DNA structure is held
together by Watson-Crick H-bonds, so that their number
represents a reasonable measure of the native structure. For
both B- and Z-DNA, there are three H-bonds for each CG pair,
giving a total of thirty-six H-bonds for the entire structure.
Throughout the simulation, we tracked the percentage of the
Watson-Crick H-bonds (WCHBs) as a function of time. As a
further refinement, we also considered the base pair opening
probability (BPOP), which represents the probability that a
given base pair H-bond is broken.

Since the two major determinants of the stability of a
helical duplex are the base-pair H-bonds and the base stacking
energy, we have also defined a base-stacking index through
the following procedure. A base is represented by a convex
pentagon determined by five base atoms. In a C(G) base, these
atoms are O2(O6), N4(N2), C5(N9), C6(C8), and N1(N7)
(see Fig. 1). Given the stacking index (st) between two bases
i and j (sti, j), the base-stacking index (BSI) was calculated
via the following equations:

sti, j =
Soverlap

r2
i, j

,

Vi = sti, i+1 + sti,N−i + stN+1−i, i+1 + stN+1−i,N−i,

BSI =
1

N − 2
×

(N−2)/2

i=1

Vi.

In these equations, Soverlap is the overlapping area between
successive bases, given by the projection of each pentagon
plane on the next ones along the chain, ri, j is the distance
between the centers of mass of the two pentagons, and N is
the total number of bases. Note that the choice of subindexes
allows for the projection of each base pentagon onto both next
ones.

Another useful measure of the duplex structure is given
by its handedness (H).95 Handedness is a natural choice
here, since B- and Z-DNA are right-handed and left-handed
helical structures. Our working definition of H is based on
our previous work on polyproline peptides95 and extended to
transitions between B- and Z-DNA.81 It discriminates between
left- (H < 0) and right-handed (H > 0) helical structures. For
the DNA double helix, the position of the phosphorus (P)
atoms of the backbone phosphate group was found to be a
good choice for the definition of H .81 In brief, the definition of
H for a portion of DNA between the base pairs n and m makes
use of a sequence of P atoms: P1

n, P2
n, P1

n+1, P2
n+1, . . . ,P

1
m, P2

m,
where the upper index indicates the strand number (1 or 2)
and the lower index indicates the base-pair number labeled in
the 5′ → 3′ direction of strand 1. Note that this definition of
H is independent of the labeling of the strands. Since the 5′

terminal is missing the backbone phosphate group, the first
and last elements of the sequence are ignored in the definition
of H . Therefore, the sequence used in the definition starts
from P2

1 instead of P1
1 and ends with P1

N instead of P2
N (N

being the total number of bases). The position of these P
atoms then defines H via

H(P1P2P3 . . . PN) =
N−3

i=1

H(PiPi+1Pi+2Pi+3),

in which each Pi is a point in the sequence discussed above,
and

H(ABCD) =
−−→
AB

|−−→AB|
×
−−→
CD

|−−→CD|
·
−−→
EF

|−−→EF |
.

In this last equation, the points A,B,C,D define the vectors−−→
AB and

−−→
CD and the midpoints of these vectors, called E and

F, in turn form the vector
−−→
EF.

III. RESULTS

A. Laser frequency scanning

The results of the laser frequency scans for DNA are
shown in Fig. 2, which displays the percent fluctuation of all
the different bond types for both B- and Z-DNA, as well as
the change in energy ∆E, all as a function of the frequency.
The fluctuations of the 34 different bond types (details of
which are given in Table S2 in supplementary material)101

were computed as the average of the fluctuations of a given
bond over a 6 ps time frame centered around the laser pulse
maximum. This was then compared to the average fluctuation
of the same bond in an equilibrium simulation in the absence of
any laser pulse. The ∆E the system at a given laser frequency
was defined to be the total energy difference (highest value)
for a system with the laser minus the total energy of an
equilibrium system. The ∆E spectrum displays a complex
structure of approximately 7 peaks of varying height, which
coincide with high levels of bond fluctuations. Both in terms of
the bond fluctuations and ∆E, the spectrum for B- and Z-DNA
track each other quite well, with only relatively small shifts.
Table I lists the peak frequencies and the associated bond types
for the DNA structures. Notably, the two highest peaks are
at ω = 1659, 1870 cm−1 and the associated fluctuating bond
types are 22, 24, and 27 (former), and 22, 25, 26, 27, 28, and
29 for the latter. Clearly, the latter is associated with a larger
number of bonds that are fluctuating. Moreover, bond type
28 is directly associated with a Watson-Crick H-bond. Given
that ω = 1870 cm−1 targets this important bond and that peak
height for both B- and Z-DNA are almost identical, we chose
to conduct our laser melting simulations at this frequency.

B. Laser melting of the DNA helices

We now turn to the laser melting of the DNA helices. Both
sets of simulations with pulse width σ = 3 ps and σ = 6 ps
gave systematically consistent results, and here we report on
the results obtained with the wider pulse. Selected results for
σ = 3 ps are given in supplementary material.101
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FIG. 2. Results of the laser frequency scan. The middle panel shows the maximum energy adsorption ∆E (kJ/mol) as a function of frequency ω (cm−1) for
B-DNA (green line) and Z-DNA (orange line). The dashed blue line indicates the location of the peak associated with ω = 1870 cm−1, which is the frequency
chosen for the melting simulations. The top (bottom) panels indicate the fluctuations of the different bond types as a function of frequency for B-DNA (Z-DNA),
respectively.

TABLE I. Absorption spectroscopy of B- and Z-DNA. RAS indicates relative absorption strength.

B-DNA Z-DNA

ω (cm−1) RAS Excited bonds RAS Excited bonds

1615 Weak C4–N3 Weak The same as B-DNA
1630 Weak N9–C4 None
1659 Strong N1–C2, C2–N3, C5–C6, N7–C5 Strong The same as B-DNA
1700 (1710) Medium C2–O2, C4–N3 Medium The same as B-DNA
1745 Medium N1–C2, N3–C4, C5–C4, C6–N1 Medium The same as B-DNA
1800 Strong Almost base bonds Strong Almost base bonds
1870 Strong N1–C2, N3–C4, C5–C4, C5–C6, C6–O6, C6–N1 Strong The same as B-DNA
1885 (1890) Medium C5–C6 Medium The same as B-DNA
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Thus, Fig. 3 shows the time evolution of the laser pulse
with σ = 6 ps and t0 = 20 ps, for two intensities of the
field, E0 = 3.0 V/nm and 4.5 V/nm. For both field values,
the energy absorption by B-DNA and Z-DNA is exactly the
same (except for noise), and the total energy shows a small
lag (about 2 ps) of the duplex response with respect to the
perturbation. Fig. 4 shows snapshots of both DNA structures
following the application of the laser pulse. The duplexes
stay almost intact immediately following the application of
the laser pulse (which reaches its maximum at 20 ps). This
is quickly followed by melting and considerable disruption
of the H-bonds of the structure. After the pulse dies out at
approximately 40 ps, the structures continue struggling with
the unfolding provoked by the laser.

Fig. 5 shows two quantitative measures of the laser
melting process: the percentage of Watson-Crick H-bonds
(WCHBs, top panels) and base-pair RMSDs (bottom panels)
taken with respect to the initial structure, for various electric
field amplitudes. These quantities start to show the effect of
the pulse at about 11-12 ps, with a subsequent sharp drop
in the number of H-bonds and a sharp increase in the base-
pair RSMDs that signal the disruption of the structure. The
disruption becomes maximum at about 24-25 ps. After that,
the duplex partially reforms, depending on the magnitude
of the field. After about 40 ps, most of the rapid changes
are over and there are only small changes. Naturally, the
amount of unfolding depends on the applied field strength,
which varies from E0 = 3.0 V/nm, where the duplexes almost
completely recover, to E0 ≥ 5.0 V/nm, where the duplexes
are denatured. Thus, for E0 = 4.0 V/nm, about 43% of the
H-bonds reform for B-DNA, and about 28% for Z-DNA; for
E0 = 4.5 V/nm, this drops to about 20% for B-DNA and 10%

for Z-DNA. Note that in this regime, the percent WCHBs is
always higher and the RMSD is smaller for B-DNA than for
Z-DNA, reflecting the greater stability of the B-DNA structure
(in zero or smaller fields B-DNA exhibits more end fraying
than Z-DNA). These curves were averaged over 50 runs; we
extended these simulations for up to 1 ns for only 10 of
those 50 runs for each value of the electrical field (data not
shown) and we found that essentially the values obtained at
100 ps remain constant or show a very slight increase. Thus,
we can say that about 100 ps the system reaches a long-
lived plateau. The WC hydrogen bond probabilities for each
hydrogen bond as function of time for different magnitudes
of the electric field at zero excess salt are shown in Figures
S3 and S4 for B-DNA and Z-DNA, respectively, while the
equilibrium distribution for various salts is shown in Figure
S2.101 The terminal fraying of B-DNA both in equilibrium and
at small fields is apparent. In both duplexes, the disruption
of the bonds at around 20 ps for E0 = 3.0, 3.5 V/nm is
followed by the re-formation of the bonds, but this re-
bonding quickly degrades as the magnitude of the field
increases.

Fig. 6 shows the base-stacking index for B-DNA and
Z-DNA at zero and 4M NaCl (in addition to the 22 neutralizing
Na+). The initial base-stacking index is higher for B-DNA
(0.25) than Z-DNA (0.15) reflecting the more stable base
stacking of the right-handed duplex. This more favorable
base stacking of B-DNA is maintained for all field strengths.
Notice that the addition of 4M NaCl decreases base stacking
for B-DNA while increasing it for Z-DNA. Finally, Fig. 7
shows the normalized handedness (nHDN) and BPOP of
both DNA structures as a function of time for different field
strengths at zero excess salt. The BPOP looks approximately

FIG. 3. Time dependence of the external electric field
(ω = 1870 cm−1) (a) and energy absorption of B-DNA
and Z-DNA duplexes (b) during a laser melting simula-
tion. Panel (a) shows laser pulses with E0= 3.0 (red) and
4.5 (blue) V/nm.
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FIG. 4. Snapshots of typical confor-
mational changes in B- and Z-DNA
(zero excess salt) upon application of
the laser pulse. Laser parameters are
ω = 1870 cm−1 and E0= 5.0 V/nm, re-
spectively.

as the mirror image of the WCHB images since, as the base
pairs open, their WC H-bonds break. Lower values of BPOPs
reflect higher stability of B-DNA with respect to Z-DNA.
The nHDN is even more sensitive to the melting process, and

is powerful to visually identify the more unwinded structure
(the absolute value is shown here; handedness is positive
for B-DNA and negative for Z-DNA). Fig. 8 gives a plot
of the normalized handedness and base stacking index as

FIG. 5. Time evolution of the Watson-
Crick H-bond (WCHB) percentage
and base-pair RMSD of B-DNA and
Z-DNA under the application of a laser
pulse at zero excess salt. B-DNA is
shown in (a) and (c), and Z-DNA in
(b) and (d). Here, different colors repre-
sent different values of the electric field
amplitude E0 in V/nm: 3.0 (red); 3.5
(magenta); 4.0 (green); 4.5 (blue); and
5.0 (orange), respectively. The base-
pair RMSD is taken with respect to the
initial structure and represents an aver-
age over the ten middle base pairs of
each DNA sequence. Data are averaged
over 50 trajectories and E0 is given in
V/nm.
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FIG. 6. Time evolution of the base-
stacking index of B-DNA and Z-DNA
under the application of a laser pulse
at zero and 4M excess salt. Data are
averaged over 50 trajectories and E0 is
given in V/nm. Color scheme for differ-
ent values of E0 is same as in Fig. 5.

a function of the magnitude of the electric field. B-DNA
exhibits more favorable stacking throughout the entire range
of electric field magnitudes, and B-DNA is considerably
more resistant to unwinding by the laser pulse than
Z-DNA.

We have also examined the behavior of all of these
different structural measures as a function of excess salt
concentration, as shown in Fig. 9. It is well known that
increasing the salt concentration stabilizes the DNA duplexes,
but stabilization is stronger in Z-DNA. Fig. 9 display this

FIG. 7. Time evolution of the normal-
ized handedness (nHDN) and base-pair
opening probability (BPOP) of B-DNA
and Z-DNA under the application of a
laser pulse at zero excess salt. B-DNA
is shown in (a) and (c), and Z-DNA in
(b) and (d). Data is averaged over 50
trajectories and E0 is given in V/nm.
Color scheme for different values of E0
is same as in Fig. 5.
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FIG. 8. Dependence of the normal-
ized handedness ((a) and (b)) and base-
stacking index ((c) and (d)) on the mag-
nitude of the electric field E0. The left
((a) and (c)) and right ((b) and (d)) pan-
els are the data points averaged over the
42sd ps and last 5 ps of the 100 ps
simulations with zero excess salt.

general trend, with the curves growing or decaying (depending
on the quantity) towards more stability and exhibiting a greater
slope for Z-DNA.

Finally, how was the running time chosen? Clearly, after
the perturbation is gone the structures would tend to fold back
if enough time (very long time if they need to completely
refold) has elapsed. We find that for each magnitude of
the field, the quantities characterizing the structures reach

a plateau somewhere between 60 and 100 ps, depending
on the quantity, as shown in Figs. 3, 5, 6, and 7. These
figures were computed as an average over 50 runs for each
field magnitude. We extended simulations for only 10 of
each set of 50 runs up to 1 ns, and indeed the values at
100 ps are the same or extremely close to the values at 1 ns.
Therefore, the run times were chosen in the first segment of
the plateau, which is indicative of much slower dynamics.

FIG. 9. Salt dependence of the WCHB
percentages and the base-pair RMSD.
Left panels: B-DNA; Right panels:
Z-DNA. Data points are averaged over
the last 5 ps of the 100 ps laser melting
simulations. Color scheme for different
values of E0 is the same as in Fig. 5.
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Thus, to build a comparative figure such as those in Fig. 8 one
can choose the time where the pulse effectively goes to zero
(at approximately 40 ps for σ = 6 ps) and add the “lag” in the
molecular response (≃2 ps, such that quantities are compared
at 42 ps). Alternatively, one could choose values somewhere
in the plateau, say at 100 ps. In both cases, the same trends
are observed, as shown in Fig. 8.

IV. DISCUSSION

A. Infrared laser pulse melting as a tool for discerning
structural healing and correlated stabilities

The classical laser pulse simulated in this work is typical
of a free-electron based laser,1–5 with specific oscillation
characteristics of a picosecond pulse structure, tunable
wavelengths within the infrared regime, and a high photon
density. Using this laser pulse, it has been possible to target
specific bonds within a given structure and thereby study the
unfolding of the structure. Specifically, this method was used
to investigate the dissociation of amyloid fibrils into soluble
monomers,3–6 the break-up of a peptide-based nanotube,8

and the dissociation of viruses.7 Comparing healing and,
possibly, relative stability of different structures via laser
induced melting is clearly not a universal technique. Key
to the application of the technique is the fact that the
perturbation must affect both structures in the same way
(i.e., the damage to the structures must be the same). As an
example, we have used this technique previously to compare
the responses of polyasparagine and polyglutamine amyloid
aggregates. In this case, the results of the laser frequency
scanning simulations resulted in an optimum frequency of
ω = 1671 cm−1 that targeted the C==O main-chain bonds
equally in both aggregates, thereby destabilizing the β
sheets.96

To find out the relative stability of two DNA (or RNA)
structures with the same sequence but with different secondary
structure can be quite expensive computationally. In this work,
we set out to determine what can be inferred about the relative
stability of two duplexes with exactly the same sequence,
d(5′-CGCGCGCGCGCG-3′)2 but with two very different
structures, right-handed B-DNA and left-handed Z-DNA, that
are subject to a laser pulse. A meaningful comparison can be
carried out because it is possible to find a laser pulse frequency,
mainly ω = 1870 cm−1, that generates the same resonant peak
affecting the same bonds, especially bond C6–O6 involving a
Watson-Crick H-bond, for both structures (Fig. 2). This results
in exactly the same energy absorption pattern for both B-DNA
and Z-DNA (Fig. 3). The perturbation is tuned to vary from
minor disruption at small field strength to complete melting at
high field strength, which allows for an extensive comparison
of the responses of the two duplexes. Since a laser pulse is
by definition a nonequilibrium process, its results cannot be
translated into an equilibrium melting curve with the ensuing
free energy estimates. However, in all cases, Z-DNA lags
behind B-DNA in the recovery process. Although this can
be associated with the kinetics of refolding, we believe that
because this occurs in the whole range of field strengths, from
small perturbations to complete melting, the process actually

reflects the lower stability of Z-DNA with respect to B-DNA
under the solvation conditions employed in these simulations.
In that sense, Fig. 8 can be interpreted as the corresponding
non-equilibrium melting curves of the duplexes.

Finally, it should be noted that we explore the partial
melting and subsequent healing of DNA strands by means
of MD techniques. Given the time scale problem and the
necessity of simulating relatively small system size, this
requires the use of high electric field intensities and a
temperature rescaling of the solvent. However, even if it
were currently feasible to simulate much larger systems over
very much longer periods of time, we believe that the system
would still very much follow similar generic behavior of the
kind that we have uncovered with our simulations.

B. Relative stability of B-DNA and Z-DNA

Aside from uncovering the response of a biomolecular
system to a fast, high intensity laser pulse, our simulations can
viewed as representing a methodology in its own right, whose
aim is to provide for a fast and cheap way of determining the
relative stability of different DNA conformations. B-DNA is
more stable than Z-DNA under physiological ionic strength
and pH conditions. Experimentally, after a high nucleation
barrier in a B- to Z-DNA transition, the propagation free
energy of Z-DNA has been measured to be 0.66 kcal/mol per
CG repeat at 0.1 NaCl,97 and in general less than 2 kcal/mol
per dinucleotide repeat.98 Simulations of the base-extrusion
zipper mechanism at 0.1M salt concentration in explicit water
obtained 0.93 kcal/mol per dinucleotide,80 while free energy
maps with only neutralizing ions (no excess salt) resulted in
1.5 kcal/mol per dinucleotide.81 The computational measures
required enhanced sampling techniques, with definition of
reaction coordinates.

A melting experiment is conceptually more straight-
forward, but it faces some challenges. First, B-DNA is
more flexible than Z-DNA, and the configurational entropy
difference is important in stabilizing B-DNA.99 However,
due to its inherent flexibility, B-DNA is more prone to
terminal fraying (Fig. S5)101 than more rigid Z-DNA,
therefore B-DNA temperature melting is more susceptible
to length effects than Z-DNA. While this does not affect
long sequences, it could be a problem for relatively short
oligomers. This is not an issue in vivo, where short DNA
duplexes with four free ends are not encountered but could
present a challenge for thermal stability measurements in
vitro and in silico. Second, there is an evidence that
Z-DNA is stabilized by higher temperature,73,83–85 which
complicates the interpretation of the traditional melting
experiments. In addition, traditional melting simulations can
be extremely taxing on the computational resources. We
ran some tests to probe this. The melting temperature for
d(5′-CGCGCGCGCGCG-3′)2 in B-DNA form at 0.1M NaCl
is estimated to be 331 K and 333 K by uMELT49 and
OligoCalc,100 respectively. Preliminary tests show that well
above 1 µs would be required to obtain the melting products
for each temperature around the melting temperature, and
because of noise, one needs tens of runs at each temperature
interval to obtain a reliable value.
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The nonequilibrium results presented here also lend
themselves to the interpretation that B-DNA is more stable
than Z-DNA. Some quantities are better than others to quantify
this difference. Thus, for small fields the WC H-bonds, or the
related variable, base-pair opening, might seem to slightly
favor Z-DNA. This is because near equilibrium B-DNA frays
more than Z-DNA, as shown in the equilibrium (zero field)
fraying probability in Fig. S3.101 However, slightly larger
values of the field definitely disrupt the H-bonds more in
Z-DNA than in B-DNA. Since stacking interactions play such
a significant role in polynucleotide stability, the base-stacking
index defined in this paper is a better measurement of stability,
as it captures the favorable stacking of B-DNA compared to
Z-DNA, from zero applied field all the way to the maximum
value of the field. Also, the normalized handedness is related
to the normalized helicity that some experiments and codes
measure. Fig. 7 shows that the application of the laser pulse
unwinds Z-DNA (reflected in the loss of absolute handedness)
considerably more than B-DNA.

In summary, we have explored a novel, infrared laser pulse
melting technique that is suitable for melting polynucleotides
is a very fast time. In addition to the intrinsic interest of
the melting and healing process, this technique could be
used to qualitatively compare relative stabilities of different
polynucleotide structures, especially considering that the
reduced number of building blocks of nucleotides can readily
give common paths for the application of the pulse. The
nonequilibrium process does not give such quantities as
relative free energies. Rather, it provides one with a “more-or-
less” (stable) comparison. This, however, could be extremely
useful for stability rankings in competing candidate structures
that cannot be easily predicted with other tools, including
non-standard secondary structures with noncanonical base
pairs and mismatches. In addition, the method applies to
very realistic, fully solvated, fully atomistic systems that, in
principle, can faithfully reproduce experimental setups.
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ABSTRACT CAG trinucleotide repeats are known to cause 10 late-onset progressive neurodegenerative disorders as the re-
peats expand beyond a threshold, whereas GAC repeats are associated with skeletal dysplasias and expand from the normal
five to a maximum of seven repeats. The TR secondary structure is believed to play a role in CAG expansions. We have carried
out free energy and molecular dynamics studies to determine the preferred conformations of the A-A noncanonical pairs in
(CAG)n and (GAC)n trinucleotide repeats (n ¼ 1, 4) and the consequent changes in the overall structure of the RNA and
DNA duplexes. We find that the global free energy minimum corresponds to A-A pairs stacked inside the core of the helix
with anti-anti conformations in RNA and (high-anti)-(high-anti) conformations in DNA. The next minimum corresponds to anti-
syn conformations, whereas syn-syn conformations are higher in energy. Transition rates of the A-A conformations are higher
for RNA than DNA. Mechanisms for these various transitions are identified. Additional structural and dynamical aspects of the
helical conformations are explored, with a focus on contrasting CAG and GAC duplexes. The neutralizing ion distribution around
the noncanonical pairs is described.

INTRODUCTION

Trinucleotide repeats (TRs) belong to the family of simple
sequence repeats (SSRs), that comprises all sequences
with core motifs of one to six (and even 12) nucleotides
that are repeated up to 30 times (and more for pathological
cases) (1). SSRs exhibit dynamic mutations that do not
follow Mendelian inheritance (which asserts that mutations
in a single gene are stably transmitted between generations).
In the 1990s, scientists discovered that inherited neurolog-
ical disorders known as ‘‘anticipation diseases’’, where the
age of the onset of the disease decreased and its severity
increased, were caused by the intergenerational expansion
of SSRs (2–5). After a certain threshold in the length of
the repeated sequence, the probability of further expansion
and the severity of the disease increases with the length of
the repeat. To date, �30 DNA expandable SSR diseases
have been identified and the list is expected to grow (6,7).
In particular, the dynamic mutations in human genes associ-
ated with TRs cause severe neurodegenerative and neuro-
muscular disorders, known as trinucleotide (or triplet)
repeat expansion diseases (TREDs) (3,8–10). The expansion
is believed to be primarily caused by some sort of slippage

during DNA replication, repair, recombination, or transcrip-
tion (5–7,11–15). Cell toxicity and death have been linked
to the atypical conformation and functional changes of the
transcripts and, when TRs are present in exons, of the trans-
lated proteins (6,16–25).

Of all the TRs, CAG repeats give rise to the largest group
of neurodegenerative diseases. CAG repeats in the 50-UTR
of the gene PPP2R2B cause spinocerebellar ataxia type 12,
whereas CAG repeats in the exon part of various genes
cause another nine late-onset, progressive neurodegenera-
tive disorders, including Huntington’s disease, dentatoru-
bral-pallidoluysian atrophy, spinal and bulbar muscular
atrophy, and several spinocerebellar ataxias. These disor-
ders are also known as polyglutamine (polyQ) diseases
(26), because although CAG repeats could likely encode
three different amino acid repeats depending on the reading
frame (codons CAG, AGC, and GCA would code for
polyQ, polyS, and polyA, respectively), the CAG expan-
sions in these genes only lead to polyQ expansions. These
polyQ diseases, like other TREDs, are caused by expan-
sions greater than a given threshold (26). For instance, in
Huntington’s disease, the normal polyQ (or CAG repeat)
length is 10–34 repeats, and pathological lengths are 36–
250 repeats. Although each disease has a different pathol-
ogy, they all share a common feature: the formation of
polyQ aggregates (27), where the mature fibrils display
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cross-b conformations (28–34); and the eventual neuronal
death.

Interestingly, after the discovery of the CAG repeats and
their relation to neurological disease, it was found that the
GAC trinucleotide is also involved in a completely different
class of diseases from the known TREDs. These diseases are
caused by a very small change in the repeat number, and
therefore do not qualify as TREDs. In particular, the human
gene for cartilage oligomeric matrix protein exhibits a
(GAC)5 repeat. Expansion by one repeat causes multiple
epiphyseal dysplasia, whereas expansion by two repeats
or, alternatively, deletion by one repeat, causes pseudoa-
chondroplasia (35). The structure of the various duplexes
seems to strongly depend on the pH of the solution and
the ionic strength (36). Whereas the CAG trinucleotide leads
to expansion, the GAC trinucleotide does not (except for, at
most, two extra repeats).

Although the mechanisms underlying TREDs are
believed to be extremely complex, simple and robust trends
beyond the repeat threshold have been identified, such as the
correlation between the repeat length and the probability of
further expansion and increased severity of the disease.
Another important breakthrough has been the recognition
that stable atypical DNA secondary structure in the
expanded repeats is ‘‘a common and causative factor for
expansion in human disease’’ (37). In addition, mutant
transcripts also contribute to the pathogenesis of TREDs
through toxic RNA gain-of-function (6,16–21). In this
mechanism, the RNATRs sequester proteins that are gener-
ally involved in pre-mRNA splicing and regulation. Thus, a
first step toward the understanding of these diseases involves
the structural characterization of the atypical DNA and RNA
structures. Because there is experimental consensus that the
most typical DNA and RNA TR secondary structures, at
least in the initial stages of expansion, are hairpins whose
stem lengths can wildly vary (21,38–40), a characterization
of the mismatched helical duplexes forming the stems pro-
vides a foundation toward a structural understanding of
the TR atypical secondary structures.

At present, little is known about the atomic structure
and associated dynamics of trinucleotide CAG and GAC
repeats. To date, experimental investigations have only
considered CAG repeats in RNA; there are no experimental
studies with atomic resolution of GAC repeats for DNA or
RNA; and, perhaps most importantly, there are no experi-
mental atomic resolution experiments of CAG repeats in
DNA. Given that the expansions that characterize TRs orig-
inate at the DNA level, a structural understanding of these
repeats at the atomic level in DNA is particularly important.
Also, as described above, GAC repeats and CAG repeats
behave in radically different ways in a biological context,
and teasing out the structural differences between these
two repeats both in the RNA and DNA context may help
in the elucidation of their different behaviors with respect
to expansion diseases.

Here we briefly review the experimental results for
CAG repeats in RNA. The x-ray RNA-CAG duplex crystal
structures include the following sequences: the sequence
r(50-GG-(CAG)2-CC)2 (41), and the sequence r(50-UUG
GGC-(CAG)3-GUCC)2 (42,43). This last sequence was
also analyzed via NMR (43). The first study found that
the duplexes favor the A-RNA form and that the A-A non-
canonical pairs are in the anti-anti conformation. In
the second sequence, both anti-anti and syn-anti A-A
conformations were observed: the A-A pairs in the inter-
nal CAG always displayed the anti-anti conformation,
whereas one (43) or two (42) of the terminal A-A pairs
displayed the anti-syn conformation. These results are in
general agreement with the complementary molecular dy-
namics (MD) simulations (42). Thus, whereas the anti-anti
conformation (with fluctuations) for an internal A-A pair
in a TR is common to the three studies, the nature of the
anti-syn conformations is not clearly established. This is
because these conformations occur in the terminal A-A
pairs of r(50-UUGGGC-(CAG)3-GUCC)2, where the A-A
pairs are flanked by CC/GG steps. Using high-level ab
initio calculations, it has been shown that CC/GG steps
are the least stable of the 10 dinucleotide steps, with
well-separated energies (44) from the other dinucleotide
steps. Because these steps are never present in a genuine
(CAG)n TR (which only exhibits GpC steps), it is clear
that their presence could bias the conformation of the adja-
cent A-A pairs.

In addition to these RNA-CAG studies, there is one
molecular dynamics study for CAG repeats in DNA (45).
This study uses a sequence that is more relevant to the
expanded disease, mainly d(CAG)6. According to the con-
clusions of this study, the A-A mismatch in DNA behaves
in exactly the opposite way than its RNA counterpart: it dis-
favors the anti-anti and the anti-(þsyn) conformations and
adopts the (�syn)-(�syn) conformations, resulting in a
local Z-form around the mismatch (45). These results are
intriguing and raise questions as to the true nature of the
A-A mismatches in DNA-CAG.

In this work, we present a unified and comparative
description of the nucleic acid duplexes for both DNA
and RNA for both CAG and GAC trinucleotide repeats
based on MD simulations and free energy calculations. A
review of the field of MD simulations of nucleic acids is
beyond the scope of this work, and the reader is referred
to the authoritative reviews presented in the literature
(46–48). Out of the four possible DNA/RNA CAG/GAC
cases, there is experimental data only for RNA-CAG. We
therefore begin by making the connection with this exper-
imental data through an explicit investigation of a specific
sequence employed in these studies and then move on to a
four-trinucleotide repeat duplex. After that, we consider the
other three cases—specifically RNA-GAC, DNA-CAG,
and DNA-GAC. In particular, we present results corre-
sponding to both free energy calculations and regular
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1 ms MD simulations of single mismatch duplexes (50-
CCG-CAG-CGG-30)2 and (50-GGC-GAC-GCC-30)2 both
for RNA and DNA, and for regular 1-ms MD simulations
of four-trinucleotide repeat duplexes (50-(CAG)4-30)2 and
(50-(GAC)4-30)2. For each of the four duplexes, the free en-
ergy calculations involve two maps, each computed with a
different pair of collective variables. The eight resulting
free energy maps allow us to identify and rank the minima
corresponding to the different A-A mismatch conforma-
tions. We also identify mechanisms of transition of the
A-A mismatches toward the global free energy minimum,
and link these mechanisms to paths over the free energy
maps. We complete the work with a characterization of
the neutralizing Naþ ion distributions around the mis-
matches. Strictly speaking, the noncanonical A-A pairs
in RNA are not ‘‘mismatches’’, because RNA is not
necessarily self-complementary. However, because we are
considering both DNA and RNA in their duplex form,
we will call these noncanonical basepairs ‘‘mismatches’’
for simplicity.

MATERIALS AND METHODS

The sequences we investigated are shown in Fig. 1. For both DNA and

RNA, we ran regular MD simulations for the four sequences (with various

combinations of c-angles for the mismatches) up to 1 mm. We used the se-

quences with a single mismatch, (50-CCG-CAG-CGG)2 (‘‘CAG’’ for short),
and the complementary sequence (50-GGC-GAC-GCC)2 (‘‘GAC’’ for short)
to determine the most favorable A-A mismatch conformation via the

computation of free energy maps is described below. The initial conforma-

tions for the regular 1 ms MD simulations for the trinucleotide repeats (50-
(CAG)4-3

0)2 (short-hand notation (CAG)4) and (50-(GAC)4-30)2 (short-hand
notation (GAC)4) made use of the four possible combinations of A-A con-

formations, as described below.

The simulations were carried out using the PMEMD module of the

AMBER v.14 (49) software package with the ff12SB force field with pa-

rameters ff99BSC0 (50) for DNA and ff99BSC0þYildirim’s c-modifica-

tion (51) for RNA. The TIP3P model (52) was used for the water

molecules, along with the standard parameters for ions as in the AMBER

force fields (53). The long-range Coulomb interaction was evaluated by

means of the particle-mesh Ewald method (54) with a 9 Å cutoff and an

Ewald coefficient of 0.30768. Similarly, the van der Waals interactions

were calculated by means of a 9 Å atom-based nonbonded list, with a

continuous correction applied to the long-range part of the interaction.

The production runs were generated using the leap-frog algorithm with a

1 fs timestep with Langevin dynamics, and a collision frequency of

1 ps�1. Conformations were saved every picosecond of the simulation.

The SHAKE algorithm was applied to all bonds involving hydrogen atoms.

We also emphasize here that our study is based on classical MD, and quan-

tum effects are not accounted for. For instance, recent quantum chemistry

investigations point to a possible transition of the A-base into a rare imino

tautomeric form based on a double proton transfer giving rise to local

wobbling between hydrogen bonds, which in turn can influence the disso-

ciation rate of the mismatch (55,56).

To calculate the free energy maps, we made use of the adaptively biased

molecular dynamics (ABMD) method (57,58), which has been imple-

mented for PMEMD in AMBER v.16 (59). ABMD is a proven, elegant,

nonequilibrium MD method that belongs to the general category of um-

brella sampling methods with a history-dependent biasing potential, a

method that, in the long-time limit, reproduces the negative of free energy.

The free energy—or potential of mean force—is calculated as a function of

one or more collective variables, which must be carefully chosen to reflect

the underlying physics of the problem. ABMD has been implemented with

multiple walkers (both noninteracting (60) and interacting walkers, with the

latter interacting by means of selection algorithm (61)), replica exchange

molecular dynamics (62), and well-tempered extensions (63). It is now a

mature method that has been applied to a variety of biomolecular systems

including small peptides (57,58), sugar puckering (64), polyproline systems

(65–69), polyglutamine systems (70), DNA systems (71), and others.

We computed free energy maps for a single mismatch in the CAG and

GAC sequences for both DNA and RNA. The free energy of these mis-

matches was calculated as function of three main collective variables, cho-

sen to reflect the structure of the mismatches and to make direct contact

with a previous study of RNA-CAG (42). We define 1): U as the center-

of-mass pseudodihedral angle, which is defined using the centers-of-mass

of four atom groups: G6(C10, C20, C30, C40, O40), C13(C10, C20, C30, C40,
O40), G15(C10, C20, C30, C40, O40), and A14(N1, C2, N3, C4, C5, C6,

N6, N7, C8, N9). This variable describes the base unstacking of A with

respect to the helical axis 2); c5 as the glycosyl torsion angle c of A5,

namely the dihedral angle O40-C10-N9-C4; and 3) c14, which represents

the c-angle of A14. A schematic view of these collective variables is shown

in Fig. 1. With these variables, we constructed two phase diagrams, (U, c14)

and (c5, c14). For the first diagram, we found that if we choose c5 in the anti

range, A5 stays in its anti conformation for all calculations, so the first

diagram explores anti-anti and anti-syn conformations, and also whether

they are stacked inside the helical core. By construction, therefore, the first

FIGURE 1 (a) Shown here are the sequences considered in this study (for

both DNA and RNA). (b) Shown here is the schematic view of the center-

of-mass pseudodihedral angle U (for A14 in CAG) and c14. (c) Given here

is the view of c5 and c14. To see this figure in color, go online.
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diagram cannot explore syn-syn conformations. The (c5, c14) diagram, on

the other hand, can explore all options of c (anti-anti, anti-syn, syn-anti, and

syn-syn) but is degenerate with respect to U, i.e., it cannot tell whether the

bases are inside the helix or have flipped out. A given free energy landscape

was deemed to have converged when both the position and differences in

the free energy values of the minima remain approximately constant as

further ABMD cycles are performed. For the RNA (DNA), �150 ns

(180 ns) are required for each of the (c5, c14) maps; the DNA (U, c14)

are much harder to converge, and results are shown simply after �220 ns.

Initial conformations for both MD and free energy calculations were ob-

tained as follows. We first solvated the initial structures and then followed

this up with a sequence of ABMD runs of ever finer resolution. The details

are as follows. First, we created the duplexes with the four possible combi-

nations of c-angle for the A-A mismatch: anti-anti, anti-syn, syn-anti, and

syn-syn. These were then solvated in an octahedral box with 16 neutralizing

Naþ ions as in previous work (72), with a distance of at least 10 Å between

the duplexes and walls of the box. The box was then filled with a suitable

number of waters. The system was then minimized: first keeping the nucleic

acid and ions fixed; then, allowing them to move. Subsequently, the temper-

ature was gradually raised using constant volume simulations from 0 to

300 K over 50 ps, followed by a further 50 ps run. Then a 100 ps run at con-

stant volume was used to gradually reduce the restraining harmonic con-

stants for nucleic acids and ions. This was followed by a 1.0 ns constant

pressure run, with the c-angles of A5 and A14 slightly restrained so that

these retain their initial anti- or syn- conformation. We took random confor-

mations from the last 200 ps of these runs as the initial conformations for

both the ABMD and MD runs. In particular, for the (U, c14) phase diagrams

(where the collective variables are angles associated with A14), we picked

four structures from A5(anti)-A14(anti) and four from A5(anti)–A14(syn),

because the point of this calculation was to assess the anti-syn flipping of

A14 (which is completely equivalent to A5). Because DNA is less stable

than RNA, a small restraint was applied to c5 for the (U, c14) phase dia-

gram. For the (c5, c14) phase diagrams, we picked two structures from

each of the four runs (anti-anti, anti-syn, syn-anti, and syn-syn).

Multiple walker ABMD runs at constant volume and 300 K were carried

out with eight replicas. The first ABMD simulation was for 20.0 ns with pa-

rameters tF ¼ 1 ps and 4Dx ¼ 0.5 radians. This simulation provided for a

rough estimate of the free energy landscape over the relevant parameter

space. We then followed this up with a finer 100-ns well-tempered

ABMD simulation (parameters tF ¼ 1 ps, 4Dx ¼ 0.2 radians, pseudo-tem-

perature 10,000 K). For these runs, the total number of hydrogen bonds in

neighboring CG Watson-Crick basepairs were slightly restrained to be six

using a 1.0 kcal/mol harmonic constraint. This was used to avoid the

large-scale twisting of the whole structure during the long simulations.

This constraint, however, was chosen to be flexible enough so as to readily

allow for the relevant anti-syn transitions. Finally, a slower and smoother

flooding to refine the landscapes was carried out with parameters tF ¼
5 ps, 4Dx ¼ 0.2 radians, and pseudo-temperature 10,000 K.

Although the above protocol was sufficient for RNA, the DNA duplexes

proved to bemuchmore flexible and theA-Amismatches readily became en-

tangled with nucleotide backbone or formed short-lived stacking structures.

To avoid these conformations, all the heavy atoms in theDNAduplex, except

for the A-A mismatch and neighboring Watson-Crick pairs, were restrained

using a very small harmonic constraint of 0.1 kcal/mol for the initial equili-

bration. ForDNA, this constraint was large enough as to preserve the general

shape of the structure, although readily allowing for transitions within the

A-A mismatch. This small constraint was eliminated for the production

runs. We also added a small plane-plane distance restraint between the

A-A mismatch and the neighboring CG pairs, which prevents A-A stacking.

RESULTS

The sequences we investigated are shown in Fig. 1. We
begin our discussion with a consideration of the single-

mismatch sequence CAG and GAC. For each model CAG/
GAC and RNA/DNA, we computed two free energy land-
scapes: one asymmetric map using the variables U and c14
for A14 (although A5 stays in the anti conformation; see
Materials and Methods), and one symmetric map using
the variables c5 for A5 and c14 for A14. Positive values of
U represent well-stacked bases inside the helix core whereas
negative values of U represent bases that had flipped out of
the helix core. Values of c between 90� and 270� (or, equiv-
alently, between 90� and 180� and between �180+ and
�90+) are considered anti conformations; the other half
ranges –90� –90� (or, equivalently 270�–360� and 0�–90�),
which corresponds to syn conformations. These free energy
landscapes display several stable minima. We have set the
deepest minimum in each free energy map as the zero level
of the free energy. On the diagrams, we have labeled the
more prominent minima with letters that correspond to con-
formations shown in Fig. 2. For these structures, we have
marked the most important hydrogen bonds. These are in
good agreement with those obtained from quantum chemis-
try calculations of unsolvated DNA bases (73,74). The loca-
tion and values of these minima are given in Table 1.

Fig. 3, a and b, shows the (U, c14) free energy maps for
RNA-CAG and RNA-GAC. These figures share some gen-
eral features: 1) the deeper minima with U > 0 correspond
to well-stacked bases inside the helix core; 2) the shallower
minima with U < 0 correspond to bases that have approxi-
mately flipped out of the helix core; and 3) the deepest min-
imum A1 corresponds to anti-anti conformation (because
A5 is in anti conformation). The differences in free energies
between the absolute minimum in A1 (stacked bases,
anti-anti) and the next minimum in B1 or B2 (stacked bases,
anti-syn) is �1.2 kcal/mol for RNA-CAG, but it is
5.6 kcal/mol in RNA-GAC. We have computed least free en-
ergy paths on the (U, c14) free energy landscapes in Fig. 3,
and examined the corresponding profiles. Sample free en-
ergies along these paths are presented in Fig. S3. The paths
are relatively similar for the different maps with barriers
in the 5–11 kcal/mol range for the B / A transition. The
lowest values correspond to RNA-GAC, which therefore
exhibits a larger transition rate for the B / A reaction.

Fig. 3, c and d, shows the (c5, c14) free energy maps for
RNA-CAG and RNA-GAC. Because the two A-bases of the
mismatch are completely equivalent, one can expect the free
energy maps to show mirror symmetry across the diagonal,
a feature that can generally be observed in these phase dia-
grams. The deepest minimum A1 is at (�168, �168) in
RNA-CAG and �(�163, �163) in RNA-GAC, correspond-
ing in both cases to anti-anti conformations. In these maps,
primed letters indicate minima related by mirror symmetry
(e.g., B indicating anti-syn and B0 indicating syn-anti).
These minima are degenerate with respect to the base-stack-
ing parameter U. In RNA-CAG, the three anti-anti minima
A1, A2, and A3 are degenerate in the phase diagram, all
ending in the same position (the same happens with the
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B and B0 minima, and C minima in RNA-CAG and RNA-
GAC; see Fig. 1).

Fig. 4 shows the free energy maps for DNA-CAG, and
DNA-GAC. Although there are clear similarities between
these free energy maps and their RNA counterparts, differ-
ences arise because of the greater flexibility of the DNA
sugar ring, which slows down the convergence of the
DNA free energy maps. For instance, consider the confor-
mation in Fig. 2 D1. Here, both sugar rings are twisted to
lie in the same plane as the A-A mismatch, leading to a
(�syn)-(�syn) combination that shows a marked similarity
with that in Fig. 2 A1). The (U, c14) free energies are the

landscapes most affected by this convergence issue. On
these maps, the anti-anti and the anti-syn DNA minima
are 0.5 kcal/mol apart, which is within the error of the calcu-
lation. Thus the (U, c14) maps cannot truly distinguish
the free energy difference between these two minima.
This issue, however, is resolved by the (c5, c14) free energy
maps, which clearly identify the anti-anti conformation as
the global minimum structure. Because the (c5, c14) maps
are degenerate with respect to the stacking variable U, we
inspected all the conformations corresponding to this mini-
mum and found that in all cases the bases are stacked inside
the helical core.

FIGURE 2 Given here are the A-A mismatch

conformations for the main minima associated

with the free energy landscapes. The letters denote

different conformations: A, anti-anti; B, syn-anti;

and C, syn-syn. Here D1 is a special case, because

the c-angle corresponds to syn-syn, but the base

conformation looks like anti-anti due to the

twisting of the sugar rings that become parallel

to the bases. Note also that the hydrogen bonds

associated with each of the conformations are

also marked. To see this figure in color, go online.
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Finally we note that the values of c for RNA in anti
conformation correspond to �180–200�, which is properly
anti, whereas the equivalent values for DNA correspond to
�230–260�, which corresponds to high anti. This difference
can be explained by the presence of the hydroxyl group at
the 20 position in the sugar ring of RNA, as shown in
Fig. 5. This hydroxyl interacts with the RNA backbone,
especially the phosphate oxygens (or the other bases) pull-
ing the sugar ring at one end and causing a twist at the other
end, which results in an overall decrease of the c-angle.

To gain further insight into the single A-A mismatches,
we have followed up these calculations with regular, 1-ms
MD simulations. Initial conformations for these single
mismatch runs were chosen to be anti-anti, anti-syn, and
syn-syn, respectively. The RMSD of the A-A mismatches
with respect to the initial A-A conformations is shown in
Fig. S2. A summary of these results is as follows. RNA-

CAGwas found to be stable in the initial anti-anti conforma-
tion (global minimum), making occasional excursions from
anti-anti A1 to anti-anti A2/A3 (Fig. 2). However, when
started in the anti-syn conformation B1, it did not find
the global minimum in the 1-ms simulation. On the other
hand, when RNA-CAG was started in the initial syn-syn
conformation, it quickly transitioned to the anti-syn B1
conformation using the mechanism depicted in Fig. 9 a.
RNA-GAC, which starts its trajectory in either anti-anti or
anti-syn conformations, transitioned readily to its global
minimum conformation A1. However, when it was started
in the syn-syn conformation, it did not find its way back
to the global minimum in the 1-ms timescale. With respect
to DNA there is no major change in the symmetry of the
c-angle for either CAG and GAC sequences and all the
runs explored only neighboring minima (e.g., runs that start
in the anti-anti A1 conformation transitioned to the A2/A3

TABLE 1 Main Minima for All the Free Energy Maps

Local Minimum A1 A2 A3 B1 B2 B3 C1 C2 D1

A-A Form Anti-Anti Anti-Syn Syn-Syn

Main H-Bond

N1-H2,

H61-N1

N7-H61,

H62-N1 N3-H62 N7-H61

N7-H2,

H62-N1

H61-N1,

N1-H61

N7-H62,

N6-H61

N7-H61,

H62-N1

N1-H2,

H61-N1

RNA-CAG approximate

location (U, c14)

(75,195) (�35, 190) — (50,45) — (�35, 60) — — —

relative free

energy (kcal/mol)

0 3.5 5 0.1 — 1.2 5 0.2 — 5.4 5 0.4 — — —

approximate

location (c5, c14)

(�168, �168) (�165, 55) for B, (58, �165) for B0 (55,55) —

relative free

energy (kcal/mol)

0 2.7 5 0.2 10.3 5 0.3 —

DNA-CAG approximate

location (U, c14)

(40, 250) — — (61,40) (23,43) — — — —

relative free

energy (kcal/mol)

0 — — 0.2 5 0.3 2.9 5 0.3 — — — —

approximate

location (c5, c14)

(�110, �110) — — (�100, 40) for B,

(45,�100) for B0
— — (45,45) — (�50, �50)

relative free

energy (kcal/mol)

0 — — 2.0 5 1.0 — — 2.2 5 0.5 — 5.4 5 0.6

RNA-GAC approximate

location (U, c14)

(70, 195) (�35, 190) — (78,50) (50,40) (�3, 52) — — —

relative free

energy (kcal/mol)

0 5.9 5 0.1 — 5.6 5 0.1 5.5 5 0.1 5.9 5 0.1 — — —

approximate

location (c5, c14)

(�163, �163) — — (�165, 46) for B, (44, �162) for B0 (44,78) —

relative free

energy (kcal/mol)

0 — — 4.7 5 0.2 9.8 5 0.1 —

DNA-GAC approximate

location (U, c14)

(40, 255) — — (78,43) (61,52) — — — —

relative free

energy (kcal/mol)

0 — — 0.6 5 0.4 0.2 5 0.2 — — — —

approximate

location (c5, c14)

(�101, �101) — — (�140,50) for B,

(50, �140) for B0
— (50,50) — (�46, �46)

relative free

energy (kcal/mol)

0 — — 0.9 5 0.5 — 0.9 5 0.2 — 2.4 5 0.1

The mirror images of B(B1,B2,B3), B0(B10,B20,B30), are not shown. The free energy values in the B columns are the average of B and B0. All the values and
errors are calculated based on the last 20 ns of the ABMD simulations.
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conformations, runs that start in the anti-syn B1 conforma-
tion transitioned to the B2 conformation, etc.)

We also ran 1-ms simulations of the TRs (CAG)4 and
(GAC)4. Figs. 6 and 7 show the RMSD of the inner mis-
matches A5–A20 and A8–A17 as a function of time. RNA

duplexes starting in the anti-anti A1 global minimum confor-
mation (Fig. 6) were observed to occasionally transition to
the anti-anti A2/A3 conformations in RNA-(CAG)4, but not
inRNA-(GAC)4,where they remain locked in the globalmin-
imum position. RNA duplexes that started in the anti-syn B1

FIGURE 3 Free energy maps for single mis-

matches in RNA-CAG (r(50-CCG-CAG-CGG)2)
and RNA-GAC (r(50-GGC-GAC-GCC)2). (a) (U,
c14) map for RNA-CAG; (b) (U, c14) map for

RNA-GAC; (c) (c5, c14) map for RNA-CAG;

and (d) (c5, c14) map for RNA-GAC. The letters

represent the local minima, with associated struc-

tures as shown in Fig. 2 and free energy values

given in Table 1. The primed letters represent

minima that are mirror images of minima labeled

with the corresponding unprimed letters. The solid

lines (black, red and green) describe three possible

transition paths from B1 to A1. To see this figure

in color, go online.

FIGURE 4 Given here are free energy maps

for single mismatches in DNA-CAG (d(50-CCG-
CAG-CGG)2) and DNA-GAC (d(50-GGC-GAC-
GCC)2). (a) Shown here are: (U, c14) map for

DNA-CAG; (b) (U, c14) map for DNA-GAC; (c)

(c5, c14) map for DNA-CAG; and (d) (c5, c14)

map for DNA-GAC. The letters represent the local

minima, with associated structures as shown in

Fig. 2 and free energy values given in Table 1.

The primed letters represent minima that are

mirror images of minima labeled with the corre-

sponding unprimed letters. To see this figure in

color, go online.
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conformation first sampled a few intermediate conformations
like B2 and B3, before transitioning to the global minimum
conformation A1 (with some A2/A3 in RNA-(CAG)4 and
almost none in RNA-(GAC)4). Notice that the transition
to the global minimum was not observed for the single-
mismatch sequence RNA-(CAG). Presumably, this is
because the adjacent Watson-Crick pairs in the single
mismatch sequence constrain the motion of the mismatched
bases. Correspondingly, the extra mismatches in RNA-
(CAG)4 seem to loosen the double helix, allowing for the ro-
tations that lead to theminimum free energy. Also, our calcu-
lated free energy barrier in the B/A transition is smaller by

1.7 kcal/mol in RNA-GAC than in RNA-CAG, which helps
account for the faster transition of the mismatch in RNA-
(GAC)4 over RNA-(CAG)4. These simulations also allowed
us to identify two different transition mechanisms (to be
described below) from the major groove in RNA-(CAG)4
(see Fig. 8), whereas only a single mechanism was observed
from the major groove (see Fig. 8 a) for RNA-(GAC)4. The
corresponding increase in the entropy of the transition for
RNA-(CAG)4 may be the cause of the slightly higher free
energy barrier in RNA-(CAG)4. Finally, simulations in the
initial syn-syn conformation were initially observed to oscil-
late between C1 and C2. In RNA-(CAG)4 one of the internal
mismatches managed to transition to anti-syn B1 using the
mechanism depicted in Fig. 9 b, whereas the other remained
trapped in the syn-syn conformation. InRNA-(GAC)4, one of
the mismatches transitions to the global minimum A1 (with
some mixed A3), whereas the other transitions to the anti-
syn conformations B1/B2, both according to the mechanism
depicted in Fig. 9 c with a typical stacking conformation.
DNA duplexes (Fig. 7), on the other hand, stayed in their
initial geometry without major transitions over the 1 ms time-
scale. Thus, anti-anti conformations were observed to remain
in A1, with a few transitions to A2/A3. Anti-syn conforma-
tions B1 stay anti-syn, with a few transitions to anti-syn
B2, and syn-syn conformations stay syn-syn, with a few tran-
sitions from C1 to C2.

The slower transition rate of DNA with respect to RNA
as exemplified by these MD simulations may be qualita-
tively understood as follows. A c-rotation of an A-base
can be clockwise or counterclockwise. Clockwise rotations
(that would take the A-base along the path 50� / 0� /
�110�) are hindered both for RNA and DNA due to steric
clashes with neighboring bases. Fig. S4 shows how this
clash would occur when the transition is attempted from
the major groove in a clockwise rotation. Counterclockwise
rotations (50� / 180� / �165�) are free from these

FIGURE 5 For the anti-anti conformations, the value of c for DNA cor-

responds to high anti (230–260�) whereas for RNA, its value corresponds to
just anti (180–200�). This difference is caused by the hydroxyl group at the
20 position in the RNA sugar, which interacts with the backbone or other

bases. (Blue lines) DNA; (red lines) RNA. The c-torsion angle is indicated

by green atoms. There is a strong direct interaction between the HO02 atom
and the O2P atom. To see this figure in color, go online.

FIGURE 6 Given here is the RMSD for the in-

ternal mismatches in RNA-(CAG)4 and RNA-

(GAC)4 as obtained from 1-ms MD simulations.

In each panel, the upper row shows the RMSD

for A5–A20 and the lower row for A8–A17. Con-

formations are color-coded to agree with the

mismatch conformations in Fig. 2. Initial confor-

mations for each of the three panels in a column

are as follows: (top) anti-anti (conformation A1

in Fig. 2); (middle) anti-syn (B1); and (bottom)

syn-syn (C1). (Right panels) Shown here is the dis-

tribution of the observed conformations. (Gray)

Here we show irregular structures observed during

the transition. To see this figure in color, go online.
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clashes. For an RNA A-base, which is in an anti conforma-
tion, the counterclockwise rotation is also the shorter path to
achieve a B/ A (anti-syn to anti-anti) transition. However,
for the DNA A-base that is in a high anti conformation, the
shorter path is the clockwise rotation, which is strongly
hindered. Thus the DNA-A mismatch is forced to rotate
through a considerably longer path than the RNA mismatch,
presumably resulting in a higher free energy barrier. In addi-
tion, both the bending and the hollow core that accompany
A-RNA give more breathing space for the base to rotate as
compared to B-DNA.

Now we consider the atomic mechanisms involved in
various transitions. Fig. 8 shows two different mechanisms

involved in an anti-syn to anti-anti conformational transi-
tion. In the top row the transition occurs through syn-to-
anti base flipping in the major groove. The initial mismatch
is in the B1 form. Then one of the A-bases rotates toward the
major groove, breaking the N7-H61 hydrogen bond in the
process. Its glycosyl angle c twists and eventually rotates
to anti, bringing the conformation to the A3 form, which
can easily transition to A1. This corresponds to the green
path in Fig. 3. The bottom row illustrates another mecha-
nism where the transition occurs through the minor groove.
In this case, one of the mismatched bases in syn conforma-
tion rotates toward the minor groove, allowing a transition
from B1 to B2 and then B3. At this point the base may rotate

FIGURE 7 Given here is the RMSD for the in-

ternal mismatches in DNA-(CAG)4 and DNA-

(GAC)4 as obtained from 1-ms MD simulations.

In each panel, the upper row shows the RMSD

for A5–A20 and the lower row for A8–A17. Con-

formations are color-coded to agree with the

mismatch conformations in Fig. 2. Initial confor-

mations for each of the three panels in a column

are as follows: (top) anti-anti (conformation A1

in Fig. 2); (middle) anti-syn (B1); and (bottom)

syn-syn (C1). (Right panels) Shown here is the dis-

tribution of the observed conformations. To see

this figure in color, go online.

FIGURE 8 Two mechanisms associated with

the transition from the anti-syn conformation to

the anti-anti conformation. (a) The transition oc-

curs through base flipping in the major groove.

The structure goes from B1 to A3 to A1. (b) The

transition occurs through base flipping in the mi-

nor groove. The insets show the A-A conformation

in the vertical direction. See detailed descriptions

in the text. To see this figure in color, go online.
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back to the B1 form or interact with the backbone or neigh-
boring bases, forming an irregular structure. This is shown
as gray shading in Fig. 6 for A5–A10 in RNA-(CAG)4.
The irregular structure may last �10 ns. In all cases, the
transition is completed when the rotated base flips to the
anti form, going to conformation A3 and then A1. This
mechanism corresponds to the black path in Fig. 3.

Fig. 9 shows three mechanisms involved in syn-syn to
anti-syn conformation. Fig. 9 a shows the transition path
through the minor groove. First one mismatched base rotates
toward the minor groove side, leading to a C2 form. Then it
flips out, generally interacting with the backbone, and then it
quickly flips back and changes to the anti B1 form. Fig. 9 b
shows the transition path through the major groove. One
A-base starts the transition by rotating from C1 to C2.
Then the two A-bases separate and one of the bases flips
to anti. This results in an unstacked anti-syn mismatch
(not often observed in the simulations), as shown in the sec-
ond graph of Fig. 9 b. The presence of hydrogen bonds in
this uncommon anti-syn form makes it relatively stable,
and the conformation lasts for�100 ns, after which it finally
transitions to the B1 form where it remains. Finally Fig. 9 c

shows a relatively rare mechanism where the two syn A-ba-
ses first become stacked and then one base changes to anti.
After this, the bases become unstacked and transition to
conformation B1 and then B2.

To elucidate to what extent the mismatches distort the
initial A-RNA and B-DNA forms, we have carried out
a principal component analysis (75) (PCA) on the backbone
of the duplexes. Figs. 10 and 11 show the time evolution of
the first and second eigenvalues as well as the distribution of
conformations projected onto the first principal component
for the backbone of (CAG)4 and (GAC)4 for RNA and
DNA. Only considered for this analysis are the internal res-
idues that encompass internal mismatches, mainly residues
4–9 on one strand and 16–21 on the other. For RNA the ei-
genvalues stay relatively constant, and the projection of the
conformations onto the first principal component results in
a stable Gaussian distribution. The only exception is the
RNA-(GAC)4 duplex that starts in a syn-syn conformation,
where a transition in the backbone conformation takes place
at�200 ns, after which the backbone remains stable. On the
other hand, the DNA duplexes are stable when they start
in anti-syn and syn-syn conformations, but they undergo

FIGURE 9 Three mechanisms associated with

the transition from the syn-syn conformation to

the anti-syn conformation. (a) The transition oc-

curs through base flipping in the minor groove,

following a path C1 / C2 / B1. (b) Shown

here is the transition that occurs through base flip-

ping in the major groove. (c) The two syn bases

first stack on each other, one of them rotates while

stacked, and then they become unstacked adopting

anti-syn conformations. The insets show the A-A

conformation in the vertical direction. See detailed

descriptions in the text. To see this figure in color,

go online.
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considerable reaccommodation when they start in anti-anti
conformations, both in the (CAG)4 and (GAC)4 forms.
Conformational fluctuations along the direction of the first
PCA eigenvector in the DNA-(CAG)4, and DNA-(GAC)4
duplexes with initial anti-anti conformations are shown in
Fig. 12. This figure shows that the first eigenvector corre-
sponds to the simultaneous coupling of unbending and un-
winding modes.

To further quantify this unwinding, we show the simple
twist based on C10 atoms (see definition in the Supporting
Material) in Fig. 13 for the middle eight steps for DNA
and RNAwith initial mismatches in anti-anti conformation.
The green bars show the initial, constant twist correspond-
ing to ideal B-DNA with a value of 36�, and ideal A-RNA
with a value of 31.5�. Immediately after equilibration,
the twist has already acquired sequence-dependent values
(data not shown). The blue bars in the figure show the

average value of twist for the last 200 ns of the 1 ms simu-
lations. Notice that the final conformations display a mirror
symmetry around the central step (step 6) that reflects
the inversion symmetry of the sequences. Both DNA and
RNA experience some degree of unwinding, but this is
considerably more marked for DNA. Although both
CAG and GAC sequences show a general decrease of twist,
they do not share the same pattern of twist decrease. We take
the general definition of Watson-Crick steps as GpC ¼
GC/GC and CpG ¼ CG/CG. In addition, we define steps
containing mismatches as m1 ¼ AG/CA ¼ CA/AG and
m2 ¼ AC/GA ¼ GA/AC. Thus, the pattern of steps for
(CAG)4 is m1m1-GpC-m1m1-GpC-m1m1-GpC-m1m1, and
for (GAC)4 it is m2m2-CpG-m2m2-CpG-m2m2-CpG-m2m2.
Fig. 13 shows that DNA-(CAG)4 experiences most unwind-
ing in the m1 steps surrounding the central GpC step (with
a considerable decrease of twist) whereas DNA-(GAC)4

FIGURE 10 Given here are time plots of the

PCA first- and second eigenvalues and distribution

of the projections of the conformations onto the

first principal component axis for the backbone

corresponding to internal mismatches in RNA.

Considered here are the residues 4–9 on one strand

and the complementary residues 16–21 on the

other. (Left column) DNA-(CAG)4; (right column)

DNA-(GAC)4. (Black) First eigenvalue; (red) sec-

ond eigenvalue. Initial conformations for the MD

runs are (a) anti-anti, (b) anti-syn, and (c) syn-

syn. To see this figure in color, go online.

FIGURE 11 Given here are time plots of the

PCA first- and second eigenvalues and distribution

of the projections of the conformations onto the

first principal component axis for the backbone

corresponding to internal mismatches in DNA.

Considered here are the residues 4–9 on one strand

and the complementary residues 16–21 on the

other. (Left column) DNA-(CAG)4; (right col-

umn) DNA-(GAC)4. (Black) First eigenvalue;

(red) second eigenvalue. Initial conformations

for the MD runs are as follows: (a) anti-anti, (b)

anti-syn, and (c) syn-syn. To see this figure in

color, go online.
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experiences most unwinding at the CpG steps. The twist of
RNA-(CAG)4 barely decreases and it is not much affected
by the sequence, the structure staying quite close to ideal
A-RNA. The twist of RNA-(GAC)4 decays at the mis-
matches, and stays almost the same or even increases at
the CpG steps. We also considered the twist for the duplexes
starting in initial mismatch conformations other than anti-
anti. The RNA duplexes are evolving toward the global
minimum with transitions taking place at different times
(Fig. 6), and therefore it is enough to consider the anti-
anti mismatch conformations, as done in Fig. 13. The
DNA duplexes, on the other hand, get stuck in their initial
mismatch conformations (Fig. 7). While in these nonequi-
librium conformations, DNA does not experience unwind-
ing (see Fig. S5). The unwinding of the anti-anti DNA
duplexes can also be illustrated using the concept of handed-
ness, defined in the Supporting Material and shown in Figs.
S6–S8. In these figures, positive values of handedness mean
a right-handed helix, zero stands for a duplex with no helic-
ity, and negative values of handedness represent a left-
handed helix. On Figs. S6 and S8, we see a clear decay of
the positive, right-handed values for DNA sequences start-
ing in the anti-anti mismatch conformation. Temporarily,
different local turns can show zero or negative handedness
for both sequences. The total handedness for the middle
basepairs exhibits an oscillatory nature in DNA-(CAG)4
(with a cycle of �200 ns), whereas in addition DNA-
(CAG)4 experiences sudden zero handedness (parallel
strands) for �200 ns, and then it also recovers suddenly, re-
initiating the smoothly oscillatory behavior. Naturally, when
the helix unwinds, its radius of gyration increases, as shown
in Fig. S9. This is in agreement with the PCA analysis,
where the first mode is seen as a coupling of (un)winding
and (un)bending. As shown, on average the helix stays
slightly unwound but still right-handed, even at the local
level (Fig. S8). By contrast, the RNA handedness stays con-
stant throughout the simulation (Fig. S7). This analysis indi-
cates that the global minimum A1 (anti-anti) corresponds to

a fairly stable helix in RNA (with relatively small fluctua-
tions), and a very dynamical helix for DNA (with rather
large fluctuations). For RNA, in contrast to DNA, it is there-
fore possible to select from the simulation data a helix that is
close to the free energy minimum as being representative
of these structures. The duplexes corresponding to RNA-
(CAG)4 and RNA-(CAG)4 are shown in Fig. S10. The
widths of the major and minor grooves, and the inclination
angles, are given in Table S1 for the duplexes close to the
global minimum A1 and for the duplexes close to the next
minimum (anti-syn). Results for anti-anti RNA-(CAG)4
are in general agreement with those observed previously
(43): there is a wider major groove and a substantial
decrease of the inclination angle with respect to the canon-
ical A-RNA form. Notably, the next minimum (anti-syn) is
quite close to the canonical A-RNA form, with a narrower

FIGURE 12 Shown here are fluctuations of duplex conformations around

the first eigenvector direction, based on the PCA analysis of the backbone.

(a) DNA-(CAG)4; (b) DNA-(GAC)4. Both duplexes have an initial anti-anti

conformation. (Blue line) Most bending conformation; (red line) most un-

winding conformation. To see this figure in color, go online.

FIGURE 13 Shown here is a simple twist based on the C10 atoms for the

middle eight basepairs of the duplexes starting in anti-anti mismatch con-

formations. (A1) DNA-(CAG)4; (A2) DNA-(GAC)4; (B1) RNA-(CAG)4;

and (B2) RNA-(GAC)4. Green bars show the initial value of ideal

B-DNA (36�) and ideal A-RNA (31.5�). Blue bars show the final average

values taken from the final 200 ns of the 1 ms simulations. To see this figure

in color, go online.
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major groove and larger inclination angles compared to A1.
Our results indicate that the RNA-(GAC)4 structures follow
similar trends.

Now we consider the distribution of the neutralizing Naþ

ions. Fig. S11 shows the distance betweenNaþ ions to the cen-
ter of mass of the A-A single mismatch in RNA and DNA.
Different colors represent different ions to show the single-
ion binding time for separate ions. Ions within a distance of
5 Å always have direct interactions with the bases in the
mismatch. From the figures we see that the binding time for
any single ion in RNA-(GAC) is very short. Both DNA du-
plexes have slightly longer (and comparable) binding times.
RNA-(CAG), on the other hand, has the longest binding times,
especially for initial anti-syn and syn-syn conformations.
Fig. 14 shows the (any) ion occupancy of the A-A single
mismatch in RNA and DNA. If the A-A mismatches stayed
in the initial anti-anti or syn-syn conformations, ion distribu-
tions around A5 (red) should be the same as ion distribution
around A14 (blue) due to the inversion symmetry of the sin-
gle-mismatch duplexes (which is not present in the initial
anti-syn conformations). Both DNA duplexes display this
symmetry for initial anti-anti and syn-syn conformations.
RNA-(CAG) with initial syn-syn conformation does not
show this symmetry because it transitions to anti-syn. For
the anti-syn conformations there is a large peak of ion occupa-
tion at atomN7 in base A5, which is in the anti conformation.

Some typical Naþ ion binding conformations are shown
in Fig. 15. In an anti-anti conformation, a typical binding
site involves the A-N7 atoms (Fig. 15 a). In DNA the ion
may also interact directly with the OP2 atom in the back-
bone, but not in RNA, where distances between bases and
backbone are increased by the duplex bending (in this
case, the ion interacts through intermediate waters with
A-N6 or OP2). However, the ion occupancy of N7 is higher
in RNA than in DNA. Fig. 15 b shows binding of Naþ by
A-N3 and A-O40 in the minor groove. This binding site
has only been observed in DNA-CAG. For anti-syn confor-
mations, a strong ion bridge is observed where the Naþ ion
forms a bridge between the A-N7 (A in anti conformation)
and the G-N7 and G-O6 atoms in the neighboring G-base
in the major groove (Fig. 15 c). This ion bridge has highest
occupancy and binding time for RNA-CAG (Fig. 14). A
similar ion bridge was observed in Gacy et al. (39). For other
structures, this bridge is also observed but not as strong
as in RNA-CAG. In particular, in GAC sequences the
A-mismatch in anti conformation has a weaker stacking
with the neighboring G-base, increasing the distances of
the atoms that would contribute to trapping the Naþ ion.
Ion binding in the minor groove can also connect
the A-N1 atom (A in syn conformation) and atoms in a
C-G Watson-Crick basepair: C-N4 and G-O6 in CAG se-
quences (Fig. 15 d), and C-N4 and G-N7 in GAC sequences

FIGURE 14 Given here is the ion occupancy

around a single A-A mismatch in RNA and

DNA. (Red) Base A5; (blue) base A14. RNA-

CAG: (a1) anti-anti; (a2) anti-syn; and (a3) syn-

syn. RNA-GAC: (b1) anti-anti; (b2) anti-syn; and

(b3) syn-syn. DNA-CAG: (c1) anti-anti; (c2)

anti-syn; and (c3) syn-syn. DNA-GAC: (d1) anti-

anti; (d2) anti-syn; and (d3) syn-syn. To see this

figure in color, go online.
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(Fig. 15 e). Finally ion binding to syn-syn mismatches also
exhibits a large peak in A-N7 in RNA-CAG, but not in the
three other sequences. Other than this, the next important
binding site in the bases is A-N1, which engages in binding
similar to that described in Fig. 15, d and e.

DISCUSSION

Although the mechanisms underlying TREDs are believed
to be extremely complex, an important breakthrough has
been the recognition that stable atypical DNA secondary
structure in the expanded repeats is ‘‘a common and causa-
tive factor for expansion in human disease’’ (37). In addi-
tion, mutant transcripts also contribute to the pathogenesis
of TREDs through toxic RNA gain-of-function (6,16–21).
Thus, a first step toward the understanding of these diseases
involves the structural characterization of the atypical DNA
and RNA structures.

As stated in the Introduction, experimental investigations
with atomic resolution have only considered CAG repeats
in RNA; there are no experimental studies with atomic
resolution of GAC repeats—not for DNA or RNA; and,
perhaps most importantly, there are no experimental atomic
resolution experiments of CAG repeats in DNA. The x-ray
RNA-CAG duplex crystal structures include the following
sequences: the sequence r(50-GG-(CAG)2-CC)2 (41), and
the sequence r(50-UUGGGC-(CAG)3-GUCC)2 (42,43),

which was also analyzed via NMR (43). The first study
found that the duplexes favor the A-RNA form and that
the A-A noncanonical pairs are in the anti-anti conforma-
tion. In the second sequence, both anti-anti and syn-anti
A-A conformations were observed: the A-A pairs in the in-
ternal CAG always displayed the anti-anti conformation,
whereas one (43) or two (42) of the terminal A-A pairs dis-
played the anti-syn conformation. These results are in gen-
eral agreement with the complementary MD simulations
(42). In this work, the authors computed an (U, c14) phase
diagram for r(50-CCG-CAG-CGG)2; i.e., for RNA-CAG
(the existence of this phase diagram is why we chose the
sequences for the single mismatches). Our results for
the (U, c14) RNA-CAG phase diagram are in very good
agreement with these previous results, identifying the
same set of minima with very similar free energy differences
(�1 kcal/mol between the second minimum anti-syn at B1
and the deepest minimum anti-anti at A1). This in turn gives
us confidence about the results obtained for the other seven
free energy maps not previously investigated.

The other study is for DNA (45) and uses a sequence
with a single CAG mismatch inserted in the middle of
an otherwise complementary CAG, CTG B-DNA, and a
sequence that is more relevant to the expanded disease,
mainly d(CAG)6. According to the conclusions of this study,
the A-A mismatch in DNA behaves in exactly the opposite
way than its RNA counterpart: it disfavors the anti-anti and

FIGURE 15 Given here are some typical Naþ

ion binding sites. A-A mismatches are highlighted

in cyan and Naþ ions are represented by orange

spheres. (a) In an anti-anti conformation, a typical

binding site involves the A-N7 atoms. In DNA, the

ion may also interact with the OP2 atom in the

backbone, but not in RNA. (b) Shown here is

the ion binding by A-N3 and A-O40 in the minor

groove. This binding site has only been observed

in DNA-CAG. (c) For anti-syn conformations, a

strong ion bridge is observed where the Naþ ion

forms a bridge between the A-N7 (A in anti

conformation) and the G-N7 and G-O6 atoms in

the neighboring G-base in the major groove. (d)

Shown here is the ion binding in the minor groove

involving the A-N1 atom (A in syn conformation)

and G-O6 and C-N4 in neighboring bases, as it oc-

curs in CAG sequences. (e) Shown here is the ion

binding in the minor groove involving A-N1 (A in

syn conformation) and C-N4 and G-N7 in neigh-

boring bases, as it occurs in GAC sequences. To

see this figure in color, go online.

Pan et al.

32 Biophysical Journal 113, 19–36, July 11, 2017

80



the anti-(þsyn) conformations and adopts the (�syn)-
(�syn) conformations, resulting in a local Z-form around
the mismatch (45). Our results, which are based on careful
free energy calculations, contradict these conclusions. First,
the (U, c14) RNA-CAG free energy map precludes the
exploration of syn-syn conformations because one of the
mismatched bases always remains in an anti conformation.
However, the (c5, c14) landscapes do probe these conforma-
tions. Our results are unequivocal: the global minimum for
all possible combinations of CAG/GAC RNA/DNA is al-
ways anti-anti, followed by anti-syn. We speculate that the
observed difference in the previous study may well be due
to convergence issues (the lack of convergence of the simu-
lations can be observed, for instance, in the figures that show
twist; see Figs. S8 and S15 in the Supporting Information of
(40)), which certainly do not reflect the inversion symmetry
of the sequences) because the study only reports on 300-ns
DNA simulations (45). Having said this, we also notice that
difference between ‘‘high anti’’ in our case (250�255�)
and the ‘‘�syn’’ reported previously in Khan et al. (45)
(270�300�) may not be so large.

In this work, we have carried out free energy calculations
and MD studies to determine the preferred conformations of
the A-A mismatches in (CAG)n and (GAC)n trinucleotide
repeats (n ¼ 1 or 4) and the way in which these mismatch
conformations affect the overall structure of RNA and
DNA duplexes. Our main findings are the following.

1) The global minimum (A1) of the various free energy
maps corresponds to A-A mismatches stacked inside
the core of the helix with anti-anti conformations in
the RNA sequences and (high-anti)-(high-anti) confor-
mations in the DNA sequences. In terms of the free
energy, the next higher minimum corresponds to anti-
syn conformations, whereas syn-syn conformations are
even higher.

2) DNA helices near the global minimum are very dynamic,
exhibiting large fluctuations. RNA helices still fluctuate,
but with considerably lesser amplitude than DNA. Fluc-
tuations of the DNA helix around the first eigenvector di-
rection in the PCA of the backbone shows a coupling of
bending and unwinding modes. On the other hand, the
anti-anti RNA helices close to the global free energy
minimum are very stable. They exhibit a wider major
groove and a substantial decrease of the inclination angle
with respect to the canonical A-RNA form. RNA helices
close to the next anti-syn minimum, on the other hand,
are quite close to the canonical A-RNA form.

3) Free energy barriers between minima corresponding to
different states of the glycosyl torsion angle c are rather
high, which results in low transition rates during regular
MD. The systems can readily transition between confor-
mations within the same c-range (say, A1, A2, and A3
for anti-anti; B1, B2, and B3 for anti-syn; and C1 and
C2 for syn-syn (see Fig. 2)) because these categories

represent minima that are quite close in phase space.
However, transitions between different c categories are
much slower.

4) Rates of MD transitions of the A-mismatches between
different c-categories are higher for RNA than DNA.
The i20 hydroxyl group in the sugar ring of RNA inter-
acts with the backbone, keeping the corresponding value
at a lower c-value (just anti) with respect to DNA, whose
sugar ring adopts a high anti conformation. This results
in a shorter path for the RNA ring to rotate from syn to
anti, as compared to that for DNA. This, in addition to
the hollow core and bending of the A form in RNA, re-
sults in a higher transition rate for the syn/ anti c-rota-
tion in RNA. In the 1-ms RNA-(CAG)4 and RNA-(GAC)4
simulations, initial conformations starting in anti-anti
and in anti-syn all end up in the global minimum,
whereas all mismatches except one in RNA-(CAG)4
manage to transition from syn-syn to anti-syn. Instead,
the DNA sequences remain in the initial conformations
during the 1-ms simulations (except for transitions to
neighboring local minima).

5) Several mechanisms for the transitions anti-syn / anti-
anti and syn-syn / anti-syn have been identified
both through the major and minor grooves. These are
identified in Figs. 8 and 9, and all involve intermediate
conformations (a transition from syn-syn / anti-anti
is achieved through intermediate transitions steps: syn-
syn / anti-syn and anti-syn / anti-anti). These transi-
tions involve local distortions of the helical duplexes
in the regions surrounding the mismatch. We note that
quantum chemistry calculations for the anti-syn /
anti-anti transition for isolated A,A mismatched
bases (without the sugar ring) have recently been pub-
lished (76).

6) DNA-(CAG)4 and DNA-(GAC)4 duplexes in anti-anti
conformations experience some degree of unwinding.
DNA-(CAG)4 unwinds at the mismatches surrounding
the GpC steps and DNA-(GAC)4 unwinds at the CpG
steps. Except for some instantaneous local oscillations,
none of the sequences becomes left-handed, and there
is no local Z-DNA structure (in addition, the mismatches
remain in anti-anti conformations). We notice that the
duplex structure seems to strongly depend on the pH of
the solution and the ionic strength (36). In particular,
CD and UV absorption spectroscopy experiments reveal
the presence of GAC (but not CAG) Z-DNA under con-
ditions of low alkaline pH, high NaCl salt, and various
divalent ions.

7) Under conditions of neutral pH and only neutralizing
ions, the main distinctions between CAG and GAC
RNA sequences is given by the difference in free
energy between the second minimum anti-syn B1 and
the first minimum anti-anti A1. This difference is
�1 kcal/mol for RNA-CAG but �5 kcal/mol for RNA-
GAC in the (U, c14) map. In addition, the transition rates
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B1 / A1 are higher for RNA-GAC than RNA-CAG.
Taken together, this means that given the proper envi-
ronment, the mismatches in CAG-rich RNA can easily
adopt, and remain relatively stable in, the anti-syn
conformation with long lifetimes, whereas those in
GAC-rich RNA are less stable in the anti-syn conforma-
tion and would evolve more readily toward the global
anti-anti minimum.

8) Under conditions of neutral pH and only neutralizing
ions, the main distinctions between CAG and GAC
DNA sequences are given by 1) the difference in
the pattern of unwinding described in point 5 above;
and 2) the presence of a unique minimum D1 in DNA-
GAC that corresponds to a (�syn)-(�syn) conformation
quite similar to the anti-anti A1 conformation due to
twisting of the sugar rings. D1 is also present in CAG-
rich DNA but at higher free energies, and is absent in
RNA. On the (c5, c14) phase diagram the situation is in-
verted as compared to RNA: the differences between the
second and first minima are 2.2 kcal/mol for DNA-CAG
and 1.1 kcal/mol for DNA-GAC.

9) We have characterized the neutralizing Naþ ion distribu-
tion around the A-A mismatches. The mismatches in
RNA-CAG and RNA-GAC have the longest and shortest
single-ion binding times, respectively. A-N7 represents a
major binding site for all three RNA-CAG geometries,
for RNA-GAC anti-anti, and to a lesser extent in RNA-
GAC anti-syn and DNA-CAG anti-syn. The other impor-
tant binding site is A-N1, which contributes to important
ion bridges between the A-mismatches and adjacent G-C
pairs.

We finish with two more comments. First, a comparison
between the two homopurine mismatches A-A in trinucleo-
tide repeats (CAG)n and (GAC)n and the G-G mismatches in
trinucleotide repeats (GGC)n and hexanucleotide repeats
(GGGGCC)n shows that they prefer different conforma-
tions: A-A favor anti-anti whereas G-G favors anti-syn
(77–79). Second, as stated in the Introduction, CAG expan-
sions cause late-onset, progressive neurodegenerative disor-
ders after the expansions become greater than a given
threshold (26). In diseases like Huntington’s disease they
can reach up to 250 repeats. GAC repeats, on the other
hand, lead to rare skeletal dysplasias but do not expand
by more than two repeats (from five normal repeats to a
maximum of seven pathological repeats), therefore GAC
diseases do not belong to the family of TREDs. Although
the duplexes formed by GAC repeats seem to strongly
depend on pH and ionic strength, it is interesting to check
whether these results (under neutral pH and only neutral-
izing ions) reflect some differences between the two se-
quences. The main differences are summarized in points 6
and 7 above. We hope that our future studies under different
pH and ionic conditions will help elucidate further differ-
ences between the CAG and GAC secondary structures.

SUPPORTING MATERIAL

Supporting Materials and Methods, eleven figures, and one table are avail-

able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(17)

30610-0.
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ABSTRACT

Expansions of both GGC and GCC sequences lead to a number of expandable, trinucleotide

repeat (TR) neurodegenerative diseases. Understanding of these diseases involves, among

other things, the structural characterization of the atypical DNA and RNA secondary

structures. We have performed molecular dynamics simulations of (GGC)n and (GCC)n

homoduplexes in order to characterize their conformations, stability and dynamics. Each

TR has two reading frames, which results in eight non-equivalent RNA/DNA homodu-

plexes, characterized by CpG or GpC steps between the Watson-Crick basepairs. Free

energy maps for the eight homoduplexes indicate the C-mismatches prefer anti-anti con-

formations while G-mismatches prefer anti-syn conformations. Comparison between three

modifications for DNA of the AMBER force field shows good agreement for the mismatch

free energy maps. The mismatches in DNA GCC (but not CCG) are extra-helical forming

an extended e-motif. The mismatched duplexes exhibit characteristic sequence-dependent

patterns where the disparities among the step twists are more pronounced in the G-rich

sequences, which undergo some local unwinding. We have characterized the distribution

of the neutralizing ions around the homoduplexes.

5.1 Introduction

Trinucleotide repeats (TRs) belong to the microsatellite family of simple sequence repeats

(SSRs), that comprises all sequences with core motifs of 1 to 6 (and even 12) nucleotides

that are repeated up to 30 times in the human genome, both in genetic and intergenic

regions [1]. The length of these repeats varies greatly among people and the fact that

they are over-represented in genes indicates that they may have played an important

role in evolution and gene regulation [1]. SSRs exhibit “dynamic mutations” that do not

follow Mendelian inheritance (which asserts that mutations in a single gene are stably

transmitted between generations). Intergenerational expansion of SSRs is behind inherited

neurological disorders known as “anticipation diseases”, where the age of the onset of the

disease decreases and its severity increases with each successive generation [2–5]. After

a certain threshold in the length of the repeated sequence, the probability of further

expansion and the severity of the disease increase with the length of the repeat. To

date, approximately 30 DNA expandable SSR diseases have been identified and the
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list is expected to grow [6, 7]. In particular, the dynamic mutations in human genes

associated with TRs cause severe neurodegenerative and neuromuscular disorders, known

as Trinucleotide (or Triplet) Repeat Expansion Diseases (TREDs) [3,8–10]. The expansion

is believed to be primarily caused by some sort of slippage during DNA replication,

repair, recombination or transcription [5–15]. Cell toxicity and death have been linked

to the atypical conformation and functional changes of the RNA transcripts, of DNA

itself [6, 16] and, when TRs are present in exons, of the translated proteins [6, 17–26].

The expanded RNA transcripts exhibit secondary structures that sequester regulatory

proteins and cause abnormal nuclear foci [27–30]. Contributing to the complexity of

the pathological mechanisms, there is also evidence that antisense transcripts of the

expansion, i.e., expanded repeats resulting from the bidirectional transcription of the

DNA TR expansions, can also form nuclear RNA foci that contribute to toxicity, and

that both sense and antisense expansions can trigger protein translation in the absence

of the start ATG codon, giving rise to the unconventional repeat-associated non-ATG

(RAN) translation [31].

In this work we are interested in CGG and CCG TRs, which are overexpressed in the

exons of the human genome: CGG TRs are found in the 5’-untranslated region (5’-UTR)

of the fragile X mental retardation gene (FMR1) [32], while CCGs are found both in the

5’-UTR and translated regions of more than one gene. The normal range of the CGG TRs

in the population is 5-54, with the last ten repeats increasing the probability of disease in

descendants [33, 34]. TRs of 55-200 CGGs constitute premutations associated with fragile

X-associated tremor ataxia syndrome (FXTAS) in males [35] and premature ovarian failure

in females [36]. TRs longer than 200 CGG cause the inherited fragile X mental retardation

syndrome [37]. CCG TRs are related to three TREDs: the longest expansion occurs in

the FRM2 gene giving rise to chromosome X-linked mental retardation (FRAXE) [38],

and they also seem to play a role in Huntington’s disease [39], and myotonic dystrophy

type 1 [40].

An important breakthrough in the understanding of TREDs has been the recognition

that stable atypical DNA secondary structure in the expanded repeats is “a common and

causative factor for expansion in human disease” [41]. This atypical secondary structure

forms when the parental DNA strands are separated freeing single-stranded DNA, which

can occur during the processes of replication, translation, recombination and repair. In

addition, mutant transcripts also contribute to the pathogenesis of TREDs through toxic
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RNA gain-of-function [6, 17–22]. Thus, a first step towards the understanding of these

diseases involves the structural characterization of the atypical DNA and RNA structures.

Various experimental methods in vitro, such as CD, UV absorbance, NMR, electrophoretic

mobility assay, and chemical or enzymatic digestion [42], show a general trend to formation

of duplexes and hairpins, depending on the sequence length and environment conditions.

Among these secondary structures, those formed by CGG expansions seem to be the most

stable.

Crystallographic studies for short RNA duplexes provide valuable atomic detail. For the

CGG expansion, two crystallographic studies using unmodified sequences 5’-G-(CGG)2-

C-3’ (PDB ID 3R1C, Ref. [43]) and 5’-UU-GGGC-(CGG)3-GUCC-3’ (PDB ID 3JS2,

Ref. [44]) found that the RNA helices have the A-form, with some variations, with the

G-G pairs in a typical anti-syn conformation, with two hydrogen bonds between the

Watson-Crick edge of Ganti and the Hoogsteen edge of Gsyn. For the CCG sequence, there

is one crystallographic RNA duplex with an unmodified sequence 5’-G-(CCG)2-C-3’ (PDB

ID 4E59, Ref. [45]), and one solution NMR DNA duplex 5’-(CCG)2-3’ (PDB ID 1NOQ,

Ref. [46, 47]). The C-rich structures are less conclusive because they involve only two

repeats, which results in the slipping of one strand with respect to the other. In the RNA

crystal structure, this dislocation and the stacking of the oligomers along the c-axis in the

crystal results in a single C·C pair effectively surrounded by four C-G Watson-Crick pairs

(with two overhanging C’s). Thus, it is not clear whether this structural environment

for the single “mismatch” can reproduce the one that would occur in the cell for longer

(CCG)n sequences, where each C·C pair may (or may not) be surrounded by only two

Watson-Crick pairs. The C·C pair surrounded by four Watson-Crick C-G base pairs as

shown in the RNA crystal might be overconstrained with respect to that in a real CCG

expansion. In the DNA duplex, the slipping of the strands leaves the two 5’-C terminal

unpaired, and a single central C·C mismatch surrounded by two Watson-Crick pairs. This

gives rise to the “e-motif”, where the C bases (i residue) in a mismatch symmetrically flip

out in the minor groove, pointing their base moieties in the direction of the i− 2 residue

(i.e., towards the 5’ direction in each strand).

Another important issue when considering possible TR conformations is the nature

of the Watson-Crick pairs that surround the mismatches [48,49]: sequences of the form

5’-(CGG)n-3’ and 5’-(CCG)n-3’ (without slipping) exhibit GpC steps between the Watson-

Crick base pairs, while sequences of the form 5’-(GGC)n-3’ and 5’-(GCC)n-3’ (without
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slipping) exhibit CpG steps between the Watson-Crick base pairs. The two RNA G-rich

crystal structures [43, 44] involve GpC steps; terminal mismatches in 5’-UU-GGGC-

(CGG)3-GUCC-3’ in Ref. [44] are surrounded by CC/GG steps, not present in a (CGG)n

expansion. Indeed, with the use of high level ab initio calculations, it has been shown

that CC/GG steps are the least stable of the ten dinucleotide steps, with well-separated

energies [50] from the other dinucleotide steps. The slipping of strands with respect to

each other in the (CCG) sequences results in GpC steps for the RNA crystal [45] and in

CpG steps for the DNA NMR structure [46] (as opposed to the GpC steps that would

result if the DNA strands were paired at the ends).

The work presented here is part of our effort to achieve a unified and comparative

description of the nucleic acid duplexes obtained from SSRs for both DNA and RNA,

considering all the possible reading frames that result in CpG or GpC steps between

the Watson-Crick base pairs. Our previous work includes a characterization of the four

helical duplexes obtained from the CAG (GpC steps) and GAC (CpG steps) TRs for

both RNA and DNA [51]; and of the twelve helical duplexes derived from the (GGGGCC)

hexanucleotide repeat (HR) expansion in the C9ORF72 gene, and its associated antisense

(GGCCCC) expansion [52]. CAG TRs are known to cause ten late-onset progressive

neurodegenerative diseases, including spinocerebellar ataxia type 12 (SCA12), Hunting-

ton’s disease (HD), dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar

muscular atrophy (SBMA) and several other spinocerebellar ataxia (SCA) diseases [53].

On the other hand, GAC repeats behave quite differently: expansion by one repeat in

the human gene for cartilage oligomeric matrix protein, which exhibits a (GAC)5 repeat,

causes multiple epiphyseal dysplasia, while expansion by two repeats or, alternatively,

deletion by one repeat causes pseudoachondroplasia [54]. A (GGGGCC) HR expansion

in the first intron of the C9ORF72 gene has been shown to be the major cause behind

frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) [55,56]. While

the unaffected population carries fewer than 20 repeats (generally no more than a couple),

large expansions greater than 70 repeats and usually encompassing 250-1600 repeats

have been found in C9FTD and ALS patients. The twelve duplexes that we studied

result from the three different reading frames in sense and antisense HRs for both DNA

and RNA. These duplexes display atypical structures relevant not only for a molecular

level understanding of these diseases but also for enlarging the repertoire of nucleic-acid

structural motifs.

89



In this work, we present results for molecular dynamics (MD) simulations and free

energy calculations for both CCG and GGC trinucleotide repeats, with either CpG or

GpC steps, for both RNA and DNA. This results in eight different non-equivalent helical

duplexes. We compare results with the one case, G-rich RNA with GpC steps, which is

well characterized experimentally. The good agreement with the experimental structures

helps validate our results for the other seven cases. In addition to the free energy maps,

we identify mechanisms of transition of the mismatches towards the global free energy

minimum, and link these mechanisms to paths over the free energy maps. We complete

the work with a characterization of the neutralizing Na+ ion distributions around the

mismatches. Strictly speaking, the non-canonical C·C and G·G pairs in RNA are not

“mismatches” since RNA is not necessarily self-complementary. However, since we are

considering both DNA and RNA in their duplex form, we will call these non-canonical

base pairs mismatches for simplicity.

5.2 Materials and Methods

Molecular Dynamics. The sequences employed in this work are shown in Fig. 6.1. The

simulations were carried out using the PMEMD module of the AMBER v.16 [57] software

package with force fields ff99 BSC1 [58] for DNA and ff99 BSC0 [59]+χOL3 modifi-

cation [60] for RNA. In addition we have used the BSC0 and OL15 [61] to compute

and compare various free energy maps for single mismatch DNA, and have run regular

MD for the DNA C-rich four-repeat sequences both with BSC0 and BSC1. The TIP3P

model [62] was used for the water molecules, along with the standard parameters for

ions in the AMBER force fields [63]. The long-range Coulomb interaction was evaluated

by means of the Particle-Mesh Ewald (PME) method [64] with a 9 Å cutoff and an

Ewald coefficient of 0.30768. Similarly, the van der Waals interaction were calculated

by means of a 9 Å atom-based nonbonded list, with a continuous correction applied to

the long-range part. The production runs for MD were generated using the leap-frog

algorithm with a 2 fs timestep with Langevin dynamics with a collision frequency of 1

ps−1. Conformations were saved every picosecond. The SHAKE algorithm was applied to

all bonds involving hydrogen atoms. Regular MD was run for all sequences, starting with

different conformations of the χ angle up to 1 µs.

Free energy maps. The sequences with a single mismatch, CCG, GCC, CGG and GGC,
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were used to find the conformation of the mismatch that minimizes the free energy.

To calculate the free energy maps, we made use of the Adaptively Biased Molecular

Dynamics (ABMD) method [65,66] which has been implemented for PMEMD in AMBER

v.16 [57]. The free energy – or potential of mean force (PMF) – is calculated as a function

of one or more collective variables, which must carefully be chosen as to reflect the

underlying physics of the problem. ABMD has been implemented with multiple walkers

(both noninteracting [67] and interacting walkers, with the latter interacting by means of

selection algorithm [68]), Replica Exchange Molecular Dynamics (REMD) [69] and ‘Well

Tempered’ (WT) extensions [70]. The free energy of these mismatches was calculated as

function of two main collective variables. We define: (1) χ5 as the glycosyl torsion angle

χ of C5 or G5, namely the dihedral angle O4’-C1’-N1-C2 for C and O4’-C1’-N9-C4 for

G; and (2) χ14 which represents the χ angle of C14 or G14. With these variables, we

constructed the 2-dimensional phase diagrams, (χ5,χ14), which can explore all options of

χ (anti-anti, anti-syn, syn-anti, syn-syn). A given free energy landscape is deemed to have

converged when both the position and differences in the free energy values of the minima

remain approximately constant as further ABMD cycles are performed. For both DNA

and RNA, at least 270 ns simulations are performed for each of the (χ5, χ14) maps; for

some sequences, runs needed to be extended up to 600 ns to reach a better convergence.

After the initial conformations were set up as explained below, multiple walker ABMD

runs at constant volume and 300 K were carried out with 8 replicas. The first ABMD

simulation was for 30.0 ns with parameters τF = 1 ps and 4∆ξ = 0.5 radians. This

simulation provided for a rough estimate of the free energy landscape over the relevant

parameter space. We then followed this up with a finer 120 ns WT-ABMD simulation

(parameters τF = 1 ps, 4∆ξ = 0.2 radians, pseudo-temperature 10,000 K). For these

runs, the total number of hydrogen bonds in neighboring CG Watson-Crick base pairs

were slightly restrained to be six using a 1.0 kcal/mol harmonic constraint. This was

used in order to avoid the large-scale twisting of the whole structure during the long

simulations. This constraint, however, was chosen to be flexible enough so as to readily

allow for the relevant anti-syn transitions. Finally, a slower and smoother flooding in

order to refine the landscapes was carried out with parameters τF = 2 ps, 4∆ξ = 0.2

radians, and pseudo-temperature 10,000 K. The final biasing potential was processed by

the nfe-umbrella-slice tool [57] to get the two-dimensional free energy.

Initial conformations. Initial conformations for one and three repeat sequences were
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created as follows. First, we created the duplexes with the four possible combinations

of χ angle for the C·C or G·G mismatches: anti-anti, anti-syn, syn-anti and syn-syn.

These were then solvated in an octahedral box with neutralizing Na+ ions as in previous

work [71], with a distance of at least 10 Å between the duplexes and walls of the box. The

box was then filled with a suitable number of waters. The system was then minimized:

first keeping the nucleic acid and ions fixed; then, allowing them to move. Subsequently,

the temperature was gradually raised using constant volume simulations from 0 to 300 K

over 50 ps, followed by a further 50 ps run. Then a 100 ps run at constant volume was

used to gradually reduce the restraining harmonic constants for nucleic acids and ions.

This was followed by a 1.0 ns constant pressure run, with the χ angles of the mismatches

slightly restrained so that these retain their initial anti- or syn- conformation. We took

random conformations from the last 200 ps of these runs as the initial conformations

for both the ABMD and MD runs. That means, we picked two structures from each of

the four runs (anti-anti, anti-syn, syn-anti and syn-syn). For the four repeats, (CCG)4,

(GCC)4, CGG)4 and (GGC)4, the initial mismatch conformation was chosen as the one

that minimizes the free energy, and two 1 µs simulations were run at 310K: one starting

from an ideal A form and one starting from an ideal B form.

5.3 Results

In this section we discuss our results. The sequences considered in this study are shown in

Fig. 6.1. Unless otherwise stated, results for DNA are shown for the BSC1 modification

of the force field.

A. Free energy maps. We begin our discussion with a consideration of the free energy

maps for the single-mismatch sequences CCG1, GCC1, CGG1 and GGC1. As described in

the Methods section, we use as collective variables the dihedral angles χ5 for C5 (G5) and

χ14 for C14 (G14). Values of χ between 90◦ and 270◦ (or, equivalently, between 90◦ and

180◦ and between -180◦ and -90◦) are considered anti conformations; the other half range,

-90◦ to 90◦ (or, equivalently 270◦ to 360◦ and 0◦ to 90◦), corresponds to syn conformations.

These free energy landscapes display several stable minima. We have set the deepest

minimum in each free energy map as the zero level of the free energy. Because the two

bases of the mismatch are completely equivalent, one can expect the free energy maps to

show mirror symmetry across the diagonal once the maps have converged, a feature that
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can generally be observed in these phase diagrams.

Table 5.1 gives the position of the principal minima in the phase diagram and their

relative free energy value. Fig. 5.2 shows the (χ5,χ14) free energy maps for the C-rich

duplexes. For RNA, the deepest minimum is located at χ = −163◦ for both mismatches

and both sequences, and for DNA, the deepest minimum is located between χ = −122◦

and χ = −125◦ for both sequences. These χ values correspond to anti-anti conformations.

For all duplexes, the next minima correspond to anti-syn conformations, while syn-syn

conformations are considerably higher in energy. For RNA, the anti-syn minima are closer

in value to the absolute anti-anti minimum than for DNA.

Fig. 5.3 shows the (χ5,χ14) free energy maps for the G-rich duplexes. For all duplexes

but RNA-CGG1, the absolute minimum corresponds to anti-syn conformations. In RNA-

CGG1, the anti-anti and anti-syn minima have the same value within the error of the

calculation. We believe the inability of the free energy calculation to pin down the anti-syn

conformation as absolute minimum is due to a strong triple G-base stacking not present

in the GGC repeat. Fig. 5.9 shows this stacking. Notice also that the hydrogen bonds

G14-N2 and G15-O6 also contribute to the stacking stability of RNA-CGG. For DNA,

the anti-syn minima are located at (-96◦,73◦) and mirror image (73◦,-96◦) for CGG1; and

(-113◦,70◦) and mirror image (70◦,-113◦) for GGC1. For RNA, the anti-syn minima are

located at (-160◦,40◦) and mirror image (40◦,-158◦) for CGG1; and (-160◦,40◦) and mirror

image (40◦,-160◦) for GGC1.

Recently, several improved force fields have been introduced for DNA. A comparison

of free energy maps computed with different force fields BSC0, BSC1 and OL15 is shown

in Fig. S0 for two of the DNA sequences. The free energy maps are relatively similar:

All force fields predict the absolute minimum to be anti-anti for the C·C mismatches

and anti-syn for the G·G mismatches. The positions of the minima are similar, especially

for the G-rich duplexes. The main difference is that the minima are deeper in BSC1

and OL15 providing for a more rigid mismatched DNA duplex with respect to that in

BSC0. In addition, in the C-rich duplexes, the anti-syn minima are closer in depth to the

anti-anti absolute minimum in BSC0 than in the other two fields; OL15 seems to be an

intermediate case in this respect.

B. MD simulations for one- and three-mismatch sequences. To gain further

insight into the dynamics of the mismatches, we have followed these calculations up with

regular, 1 µs MD simulations, both for the one- and three-mismatch sequences, starting
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from the four possible combinations for the mismatches: anti-anti, anti-syn, syn-anti, and

syn-syn. Figs. S1 to S16 show the χ5 and χ14 torsion angles, the hydrogen bond number

(hbond) between the mismatches, and the distance between the centers of mass of the

bases in the mismatch, as a function of time. For the C-rich sequences, general observations

are: (i) sequences starting in anti-anti conformations are stable; (ii) sequences starting in

anti-syn quickly transition to anti-anti in DNA; (iii) sequences starting in anti-syn take

several hundred nanoseconds (close to the 1µs time scale) to transition to anti-anti in RNA

with one mismatch, but transition quickly in the looser three-mismatch sequence; (iv)

sequences starting in syn-syn transition to either the absolute anti-anti minimum or the

intermediate anti-syn minimum. For the G-rich sequences, general observations (ignoring

the ambivalence in the anti/syn definition when χ = ±90◦) are: (i) sequences starting

in anti-anti relative minimum remain in anti-anti in the 1µs time scale; (ii) sequences

starting in the anti-syn absolute minimum remain in this minimum; (iii) RNA sequences

starting in syn-syn quickly transition to anti-syn (one repeat) or stay in syn-syn in the 1µs

time scale (three repeats); while DNA sequences remain around χ = +90◦. For sequences

starting in the (rather artificial) syn-syn conformations, long-lived stacking among the

bases can be observed in a few runs. Although RNA does not display an e-motif, extrusion

of a C base is observed in RNA-GCC1 (anti-syn) and RNA-CCG3 (syn-syn), probably

caused by the duplex seeking a transition path towards the anti-anti global minimum.

The hydrogen bond populations during the 1 µs regular MD for the single mismatch

sequences are shown in Table 5.2. First, we consider the C·C mismatch conformations

shown in Fig. 5.4(a)(b). For the DNA BSC1 force field correction, there is no e-motif

formation in the 1µs time scale, thus the hydrogen bonds described here correspond

to an intra-helical C·C mismatch. For the anti-anti conformations the main hydrogen

bonds are N3-H41 and H41-N4 with an additional important contribution by H41-O3

in RNA-CCG. For the anti-syn conformations, the hydrogen bond H42(syn)-N3(anti) is

present in all RNA and DNA duplexes; the hydrogen bond H41(anti)-N4(syn) is present in

all duplexes but RNA-CCG; and the hydrogen bond H42(syn)-O2(anti) is present in DNA

duplexes only. The presence of three, relatively stable hydrogen bonds in DNA results

in shorter C·C mismatch distances. Next, we consider the G·G mismatch conformations

shown in Fig. 5.4(c)(d). For the anti-anti conformations the main hydrogen bonds are

N2H21/H22-O6 and N1H1-N2, while for the anti-syn conformations the main hydrogen

bonds are N1H1-O6 and N2H21-N7 for both RNA and DNA; the RNA duplexes also have
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an important contribution from N2H22-OP2; and there is a smaller contribution from

N7-H1. Notice the very good agreement in the populations for the anti-syn and syn-anti

conformations, which are expected to be equivalent due to the symmetry of the sequences.

For either of the mismatch types, syn-syn conformations cannot form hydrogen bonds.

C. MD simulations for four-mismatch sequences. For the sequences with four TRs,

we carry out MD simulations with initial mismatch conformations corresponding to the

absolute minimum of the free energy, i.e., anti-anti for the C·C mismatches and anti-syn

for the G·G mismatches. For each sequence, two runs were performed: one with the initial

duplex in ideal A form and one with the initial duplex in ideal B form. The two simulations

quickly converge. Convergence and stability of these runs is displayed in Figs. S17 to S20,

that present results for the dihedral angles of the internal mismatches, the number of

hydrogen bonds and the C1’–C1’ distances. Structural features of the resulting duplexes

are presented in Fig. 5.5 and Fig. 5.6. These figures show the distribution of the four TR

sequences grouped by double helix handedness, C
′
1–C

′
1 distance, and χ6 and χ23 dihedral

angles (see Fig. 1). Handedness (defined in the SI) has values of 5.1 and 6.1 for ideal

A and B helices. First, we consider the C-rich sequences: (i) For RNA, there is almost

no difference between the CCG4 and GCC4 sequences, with both sequences resulting

in duplexes distributed around the ideal A-form, and dihedral angle χ distributions

corresponding to anti -ap conformations; (ii) The DNA duplexes slightly unwind from

the initial B-form, and end in forms intermediate between the A- and B-forms: GCC

is more B- like, while CCG is more A- like; in other words, DNA duplexes with GpC

steps unwind more. This conformational difference is seen both in the handedness and

C1’–C1’ distances, that are considerably shorter than those for regular double helices;

both sequences have the same χ distribution centered at χ ' −120◦ and corresponding

to anti -ac conformations. Now we consider the results for the G-rich sequences presented

in Fig. 5.6: (i) Except for RNA GGC4, the other three duplexes experience some degree

of unwinding, with DNA CGG4 closer to the A-form than DNA GGC4 (in other words,

duplexes with GpC steps between the Watson-Crick base pairs tend to unwind slightly

more than duplexes with CpG steps); (ii) syn χ values are centered around 40◦ for RNA

and 72◦ for DNA, while anti χ values are centered around -161◦ for RNA and -104◦ for

DNA GGC4 and -90◦ for DNA CGG4.

To further quantify these structures, we show the “simple twist” based on C1’ atoms

(see definition in the Supporting Material of Chapter 4) in Fig.5.7 for the middle steps
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for DNA and RNA. For reference, ideal B-DNA has a twist with a value of 36◦, and

ideal A-RNA with a value of 31.5◦. Immediately after equilibration, the twist quickly

acquires sequence-dependent values. Convergence of the simulations is confirmed by the

mirror symmetry of the twist around the central step (step 7) that reflects the inversion

symmetry of the sequences. To describe the twist, we name the step types, starting with

the general definition of Watson-Crick steps as L=GpC=GC/GC and M=CpG=CG/CG.

In addition, we define “steps” containing mismatches as MC=CG/CC=CC/CG (like

a CpG step M but containing C mismatches) and LC=GC/CC=CC/GC (like a GpC

step L containing C mismatches). Thus, the pattern of steps (4-5-6-7-8-9-10) in Fig.

5.7 for (CCG)4 is L-MC-MC-L-MC-MC-L, and for (GCC)4 it is M-LC-LC-M-LC-LC-M.

Proceeding in a similar manner for the G-rich sequences, we define MG=CG/GG=GG/CG

(like CpG step M with GG mismatches) and LG=GC/GG=GG/GC (like a GpC step L

containing GG mimatches). Thus, the pattern of steps (4-5-6-7-8-9-10) in Fig. 5.7 for

(CGG)4 is L-MG-MG-L-MG-MG-L, and for (GGC)4 it is M-LG-LG-M-LG-LG-M. In the

C-rich sequences, the twist is more uniform along the sequence, especially for the (GCC)4

sequences with step pattern M-LC-LC-M-LC-LC-M. Sequences CCG4 experience increased

twist at steps 5 and 9 (MC step types) with twist decrease in the other steps both for RNA

and DNA (although the differences are more marked for RNA). G-rich sequences, on the

other hand, experience dramatic variation on the sequence-dependent twist, accompanied

by some local unwinding. The GGC4 sequences experience a considerable decrease of

twist at mismatch steps 6 and 8 (LG step type) surrounding the central CpG step, with

the twist in the other steps either staying close to the initial value or increasing. In CGG4

sequences, the decrease of twist at steps 6 and 8 (MG step type) surrounding the central

GpC step is even more pronounced, particularly for DNA. This is agreement with the twist

behavior observed in DNA-(CAG)4, where the most unwinding occurs in the mismatch

steps surrounding the central GpC step [72].

To elucidate to what extent the mismatches distort the initial A-RNA and B-DNA

forms we have carried out a principal component analysis [73] (PCA) on the backbone of

the duplexes. Fig. 5.8 shows the distribution of conformations projected onto the first

principal component for the backbone of the eight four-mismatch duplexes. This figure

shows that the first eigenvector corresponds to the simultaneous coupling of bending and

unwinding modes.

D. E-motif in DNA GCC. In a parallel paper [72] we present results about the
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conformations, stability and dynamics of formation of the e-motif in DNA homoduplexes

of TRs and hexanucleotide repeats (HRs). In an e-motif, the mismatched cytosines

symmetrically flip out in the minor groove, pointing their base moieties towards the

5’-direction in each strand. E-motifs are not observed in RNA homoduplexes (at least

not in sequences with chemically unmodified repeat sequences solvated in simple water

solutions). Trinucleotide repeats have two reading frames, (GCC)n and (CCG)n; while

HRs have three: (CCCGGC)n, (CGGCCC)n, (CCCCGG)n. We have defined three types

of pseudo basepair steps related to the mismatches and show that the e-motif is only stable

in (GCC)n and (CCCGGC)n homoduplexes due to the favorable stacking of pseudo GpC

steps (whose nature depends on whether TRs or HRs are involved) and the formation of

hydrogen bonds between the mismatched cytosine at position i and the cytosine (TRs) or

guanine (HRs) at position i− 2 along the same strand. In the complementary paper [72],

we showed that the e-motif is stable under the three modifications of the DNA force

field, mainly BSC0, BSC1 and OL15. In Fig. S0 in the present work, we show that

free energy maps for these three force fields all share the same free energy minima (in

terms of the dihedral angles χ) for the mismatch conformations. The main difference

is that barriers between these minima are lowest for BSC0 and largest for BSC1, with

OL15 providing some intermediate barriers. This suggests that BSC1 is perhaps “more

rigid” in the description of mismatch conformations. Thus, transitions between mismatch

conformations corresponding to different global and relative minima statistically will

happen faster in BSC0 than in BSC1. Indeed, in this work we see spontaneous formation

of e-motifs during regular molecular dynamics in a few hundreds of nanoseconds in

trinucleotide repeats (GCC4) under the BSC0 force field (these also showed up for the

HRs under the BSC0 force field).

Thus, the analysis in this paper and in the complementary paper indicate that

the results under the BSC1 force field presented so far for the eight non-equivalent

homoduplexes correspond to the equilibrium conformations, except for DNA GCC. For

this particular sequence the intrahelical C·C mismatches under the BSC1 force field

represent a metastable or transient conformation, while extrahelical e-motifs characterize

the stable conformation. In Fig. 6.13 and Fig. 6.14 we show an extended e-motif studied

in our previous work. The extrahelical C·C mismatches in an extended e-motif are

stabilized by (i) pseudo GpC steps formed by the Watson-Crick basepairs adjacent to the

mismatches; (ii) hydrogen bonds between the extruded C bases at a given position and
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C bases belonging to Watson-Crick base pairs a few positions away from that; and (iii)

by the stacking of the extruded C bases themselves. The pattern of stabilizing hydrogen

bonds for GCC4 with an extended e-motif depends on the force field: OL15 displays

consistently intra-strand Ci(N4)-C(i−2)(O2) bonding, BSC0 shows a mix of intra- and

inter-strand bonding, and BSC1 shows inter-strand bondings between the N4 atom of the

Ci mismatched base in one strand and the O4’ atom of the second Watson-Crick paired

C in the opposite strand (i.e., C6-C27, C9-C24, etc.) [72].

E. Distribution of the neutralizing Na+ ions. Now we consider the distribution of

the neutralizing Na+ ions. Figs. S21 to S28 show the distance between Na+ ions to the

center of mass of single mismatches. Different colors represent different ions in order to

show the single-ion binding time for separate ions. Ions within a distance of 5 Å always

have direct interactions with the bases in the mismatch. For the C·C mismatches, there

is a larger presence of ions around RNA than around DNA. These figures indicate that

the binding time for any single ion is short (except for the non-equilibrium DNA-GCC1

starting in syn-syn). For both RNA and DNA, there is more population of Na+ ions

around the G·G mismatches. Interestingly, for the equilibrium anti-syn sequences, ion

binding in the GGC sequences is much longer than ion binding in the CGG sequences.

The most important difference between the single-mismatch sequences in S21-S24 and the

inner mismatches in the three-mismatch sequences, is that the latter do not display long-

time ion binding for any of the conformations, a fact that we attribute to the enhanced

flexibility of the multiple mismatches.

Fig.5.10 and Fig. 5.11 show the (any) ion occupancy of the single mismatches in RNA

and DNA. If the mismatches stayed in the initial anti-anti or syn-syn conformations,

ion distributions around C5/G5 (blue) should be the same as ion distribution around

C14/G14 (red) due to the inversion symmetry of the single-mismatch duplexes (which is

not present in the initial anti-syn conformations). For all the C-rich sequences, this clearly

seen in the initial anti-anti conformations (that correspond to the minimum of the free

energy) but not in the conformations that start in syn-syn, as these transition as explained

above. In fact, deviations from this symmetry such as in Fig. 5.11 (c1) for DNA CGG1

starting in anti-anti correspond to “unhappy” conformations that are transitioning to

the global equilibrium; in this case, anti-syn. For the C-rich conformations corresponding

to equilibrium (anti-anti) the major binding sites are O2 and N3 for both RNA and

DNA, with DNA displaying much stronger binding at these sites. For G-rich sequences
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corresponding to the global minimum (anti-syn), considerable binding is seen at N7 and

O6, the latter becoming a stronger attractor of Na+ ions in the GGC sequences.

Some typical Na+ ion binding conformations are shown in Fig. 5.12. Fig. 5.12(a) shows

the binding to O2 and N3 atoms in the minor groove for a C·C mismatch in anti-anti

conformation. This binding is found both in DNA and RNA, and is particularly high

in DNA (with occupancy near 100%). Fig. 5.12(b) shows the binding of Na+ to atoms

O2, N3, O5’ and OP2 in the C-base(syn) in the major groove of RNA-CCG in anti-syn

conformation. This a highly populated conformation (see (a2) in Fig. 5.10); it may involve

the four atoms as shown here or just two or three of those. For RNA-GCC there is a

similar binding site, but closer to the backbone with less binding to N3. By contrast, the

Na+ ion binding to anti-syn DNA-CCG shown in Fig. 5.12(c) occurs in the minor groove

and involves the O2 atom of the C base(anti) in the mismatch and a neighboring O2 atom

of the C base belonging to an adjacent Watson-Crick basepair. Fig. 5.12(d) shows that in

RNA-CGG and RNA-GGC, Na+ binds to the N7 and O6 atoms in the major groove. This

binding is very close to the backbone and always includes the neighboring OP2 atoms.

Fig. 5.12(e) shows a particular high binding site comprised of N3, O6 and O4’ atoms in

the minor groove of DNA-CGG in anti-anti conformation. This is a very stable binding

that also involves the O2 and N2 atoms of the neighboring Watson-Crick basepair and

precludes the transition to the global minimum (anti-syn). This binding is only found in

DNA-CCG because of its B-form shape and the way neighboring bases stack. Fig. 5.12(f)

shows binding to the O6 atoms in the major groove for both RNA-CGG and DNA-CGG

in anti-syn, while (g) shows a similar binding to (f), but as it occurs in GGC. The binding

occupancy in GGC is much higher because Na+ also binds a third G-O6 atom.

Figs. 5.13 and Fig. 5.14 show the ion cloud densities around the C·C and G·G
mismatched duplexes, respectively. First, we consider the C-rich sequences. For RNA-

CCG4 and RNA-GCC4, the main ion binding occurs in the major groove, although

the cyan surfaces in the major groove are not directly connected to the mismatches. In

RNA-CCG4, there are also some cyan surfaces in the minor groove near the mismatches,

which correspond to the binding site in Fig. 5.12(a). For DNA-CCG4 and DNA-GCC4,

these minor groove binding sites, as shown in Fig. 5.12(a), are more localized and obvious.

DNA-CCG4 in (c) and DNA-GCC4 in (d) show an ion density highly localized around

the mismatches. Pink surfaces with low ion densities are observed in Watson-Crick GpC

steps (c), a behavior that is also observed in regular B-DNA. Next, we consider the G-rich
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sequences. For all four structures, binding mainly occurs in the major groove, which

corresponds to the binding site in Fig. 5.12(f)(g). Ion binding in RNA-GGC4 is more

localized than in RNA-CGG4 because of the binding conformation in Fig. 5.12(g). This

also explains why for DNA-GGC4, the cyan surfaces are more stretched in the direction

of central axis than in DNA-CGG4. DNA also shows binding with lower density in the

minor groove. For all but RNA-CGG4, ion binding reaches its highest density around the

mismatches.

5.4 Discussion

As discussed in the introduction, sequences of the form d(CGG)·d(CCG) are overexpressed

in the exons of the human genome. Expansions of CGG sequences lead to FXTAS in

males [35], premature ovarian failure in females [36], and the inherited fragile X mental

retardation syndrome [37]. CCG are related to FRAXE [38], Huntington’s disease [39],

and myotonic dystrophy type 1 [40]. In order to understand the mechanisms underlying

sequence expansion, it is crucial to elucidate the secondary structure adopted by the the

TR sequences both in DNA, where expansion originally occurs [41]; and in RNA, where

the expansion leads to toxic RNA gain-of-function [6,17–22]. Thus, a first step towards

the understanding of these diseases involves the structural characterization of the atypical

DNA and RNA structures.

The work presented here is part of our effort to achieve a unified and comparative

description of the nucleic acid duplexes obtained from SSRs for both DNA and RNA,

considering all the possible reading frames that result in CpG or GpC steps between the

Watson-Crick base pairs, as shown in Fig. 6.1. The importance of the steps has been

pointed out before. In the scheme introduced by Darlow and Leach [48, 49], hairpins were

classified according to the alignment of the sides of the hairpins and the presence of an

odd or even number of unpaired bases in the loop: “frame 1” corresponds to GpC steps

between the Watson-Crick basepairs in the hairpin stem, while “frame 2” corresponds

to CpG steps between the Watson-Crick basepairs in the stem (a “frame 3” presented

not a single Watson-Crick basepair, which would therefore correspond to a considerably

less stable structure). We have presented results for MD simulations and free energy

calculations for both CCG and GGC trinucleotide repeats, with either CpG or GpC steps,

for both RNA and DNA. This results in eight different non-equivalent helical duplexes.
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Our main results are as follows.

1. The global minimum of the free energy maps associated with C·C mis-

matches in the four duplexes RNA/DNA CCG/GCC correspond to anti-anti

conformations: anti -ap in the RNA duplexes and anti -ac in the DNA du-

plexes. In terms of the free energy, the next higher minimum corresponds to anti-syn

conformations, while syn-syn conformations are even higher in energy. Anti-anti confor-

mations are also observed in the extruded mismatches in the DNA e-motifs. Typical

hydrogen bond conformations for the mismatches are given in Table II and Fig. 5.4 and

Fig. 6.9.

2. The global minimum of the free energy maps associated with G·G mis-

matches in the four duplexes RNA/DNA GGC/CGG correspond to anti-syn

conformations. In terms of the free energy, the next higher minimum corresponds to

anti-anti conformations, while syn-syn conformations are even higher in free energy. The

only exception for this is the phase diagram obtained for RNA-CGG, which includes only

one repeat (sequence CGG1 in Fig. 6.1). In this case the anti-anti minimum is comparable

to the anti-syn minima due to the stacking of three consecutive G’s, rendered more stable

by the considerable clamping exerted by the three G-C Watson-Crick basepairs on each

side of the CGG sequence. Less constrained G-G mismatches in RNA-CGG4 exhibit

the preferred anti-syn conformation during the 1µs regular MD. Typical hydrogen bond

conformations for the mismatches are given in Table II and Fig. 5.4.

3. For DNA, the force fields BSC0, BSC1 and OL15 give similar free energy

maps for the mismatch configurations. The three force fields predict the absolute

minimum of the free energy maps in terms of the mismatch bases’ χ angle to be anti-anti

for the C·C mismatches and anti-syn for the G·G mismatches. The main difference is that

the minima are deeper in BSC1 and OL15 providing for a more rigid DNA duplex with

respect to that in BSC0. In addition, in the C-rich duplexes, the anti-syn minima are

closer in depth to the anti-anti absolute minimum in BSC0 than in the other two fields;

OL15 seems to be an intermediate case in this respect.

4. DNA duplexes in the GCC reading frame, with CpG steps between the

Watson-Crick basepairs, exhibit the e-motif. In an e-motif, the C bases (i residue)

in a mismatch symmetrically flip out in the minor groove, pointing their base moieties

towards the 5’ direction in each strand. The phase diagrams based on the torsion angle

χ are degenerate with respect to the intra- or extra-helical position of the mismatches.
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Careful study of all the conformations obtained for both free energy maps and various

MD simulations indicate that occasionally the C bases can be temporarily extruded

as non-equilibrium duplexes (such as those started in syn-syn conformations) seek the

global minimum. However, the only duplexes where the e-motif is stable under the

three force fields [72] correspond to DNA GCC (paired) sequences. This corresponds

to CpG steps between the Watson-Crick bonded basepairs and to pseudo GpC steps

when the mismatches stack on the helix as the result of the C bases extrusion. The

latter is the crucial factor in the stability of the e-motif: the pseudo GpC steps maximize

helical stacking. The extruded C bases at position i further stabilize the helix by forming

hydrogen bonds with Watson-Crick basepaired C bases in the 5’ direction (position (i− 2)

along the same strand for BSC0 and OL15, and position (i− 4) across strands for BSC1).

5. When mismatches are initially placed in non-equilibrium conformations,

intra-helical C·C mismatches make the transition towards the global minimum

faster than G·G mismatches. The G bases tend to form non-equilibrium stacking

interactions that can considerably slow their evolution towards the equilibrium anti-syn

conformation. On the other hand, the extrusion of the C mismatches in DNA GCC

homoduplexes to form an e-motif can take from a few hundred of nanoseconds (BSC0) to

microseconds or more (BSC1).

6. The mismatched duplexes exhibit characteristic sequence-dependent pat-

terns where the disparities among the step twists are more pronounced in the

G-rich sequences. Twist for all the helical duplexes are shown in Fig. 5.7. In the results

section, we introduced the following notation: L=GpC=GC/GC; LC=GC/CC=CC/GC

and LG=GC/GG=GG/GC (pseudo GpC step L containing either C or G mismatches);

M=CpG=CG/CG; MC=CG/CC=CC/CG and MG=CG/GG=GG/CG (pseudo CpG step

M containing either C or G mismatches). Thus, for steps (4-5-6-7-8-9-10) in Fig. 5.7,

the step types are the following: (CCG)4, L-MC-MC-L-MC-MC-L; (GCC)4, M-LC-LC-M-

LC-LC-M; (CGG)4, L-MG-MG-L-MG-MG-L; and (GGC)4, M-LG-LG-M-LG-LG-M. In the

C-rich sequences, the twist is more uniform along the sequence. G-rich sequences, on the

other hand, experience dramatic variation on the sequence-dependent twist, accompanied

by some local unwinding. Both G-rich sequences for both DNA and RNA experience a

considerable decrease of twist at mismatch steps 6 and 8, altough the decrease in CGG4

is more pronounced for the MG steps surrounding the central GpC step than in GGC4

for the LG step surrounding the central CpG step. This is agreement with the twist
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behavior observed in DNA-(CAG)4, where the most unwinding occurs in the mismatch

steps surrounding the central GpC step [72]. The resulting unwinding of the DNA duplexes

can also be observed in the handedness function shown in Fig. 5.6, where both CGG4 and

GGC4 decrease their handedness with respect to the ideal B-DNA, but CGG4 becomes

closer to A-DNA than GGC4.
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Table 5.1 Main minima of the free energy maps for the single mismatch models.

A-A form anti-anti anti-syn syn-syn

RNA-CCG1

approximate location (χ5,χ14) (-163,-163) (-160,65) (70,-163) (63,60)

relative free energy (kcal/mol) 0.0 5.9±0.1 4.6±0.1 10.4±0.1

main H-bond N3-H41,N4-H41 N3-H42

DNA-CCG1

approximate location (χ5,χ14) (-122,-125) (-128,70) (70,-125) (73,73)

relative free energy (kcal/mol) 0.0 7.8±0.1 7.0±0.1 10.7±0.1

main H-bond N3-H41,N4-H41 N3-H42

RNA-GCC1

approximate location (χ5,χ14) (-163,-163) (-160,60) (65,-160) (63,61)

relative free energy (kcal/mol) 0.0 5.8±0.3 5.0±0.1 9.0±0.6

main H-bond N3-H41,N4-H41 N3-H42

DNA-GCC1

approximate location (χ5,χ14) (-122,-125) (-142,64) (64,-137) (61,58)

relative free energy (kcal/mol) 0.0 7.4±0.1 7.0±0.4 10.8±0.6

main H-bond N3-H41,N4-H41 N3-H42

RNA-CGG1

approximate location (χ5,χ14) (-165,-165) (-160,40) (40,-158) (45,45)

relative free energy (kcal/mol) 0.0 0.2±1.0 0.0±0.7 9.8±0.2

main H-bond O6-H21 O6-H1,N7-H21,OP2-H22

DNA-CGG1

approximate location (χ5,χ14) (-99,-105) (-96,73) (73,-96) (67,67)

relative free energy (kcal/mol) 2.7±0.1 0.0 1.4±0.3 5.6±0.2

main H-bond O6-H22 O6-H1,N7-H21

RNA-GGC1

approximate location (χ5,χ14) (-165,-155) (-160,40) (40,-160) (61,63)

relative free energy (kcal/mol) 3.1±0.8 0.0 1.5±0.8 4.0±0.4

main H-bond O6-H21 O6-H1,N7-H21,OP2-H22

DNA-GGC1

approximate location (χ5,χ14) (-116,-90) (-113,70) (70,-113) (75,73)

relative free energy (kcal/mol) 4.9±0.2 0.0 0.4±0.2 9.9±0.4

main H-bond O6-H21 O6-H1,N7-H21

104



Table 5.2 H-bond percentage for the different conformations in the single mismatch sequences.
AA stands for anti-anti and AS(SA) for anti-syn(syn-anti). The mismatch (Fig. 1) is B5-B14 (B
is G or C base). For AA, the value represents the total H-bond. For AS or SA, the values in

brackets correspond to B14(N3)-B5(H41) and outside the bracket to the complementarys
B5(N3)-B14(H41). All the calculations use a 3.5 Å distance cutoff and a 135 degrees angle

cutoff. Percentages less than 2% are not shown.

H-bond percentage(%)
RNA-CCG RNA-GCC DNA-CCG DNA-GCC
AA AS AA AS AA AS AA AS

N3-H41 50.5 - 47.8 - 95.5 - 87.9 -
O3-H41 28.5 - 6.2 - 12.7 - 9.0 -
N4-H41 20.7 - 35 (9.9) 16.1 (15) 33.2 (25.1)
N3-H42 - 7.3 - 20.0 - 43.4 - 67.6
O2-H42 - - - - - 8.2 - 17.1

H-bond percentage(%)
RNA-CGG RNA-GGC DNA-CGG DNA-GGC

AA AS SA AA AS SA AA AS SA AA AS SA
O6-H21 18.4 (28.9) 29.0 34.8 - - - (14.8) 17.8 52.3 - -
O6-H22 6.8 - - 17.0 - - 70.0 - - 10.2 - -
N2-H1 11.7 - - - - - - - - 21.8 - -
O6-H1 - (86.5) 88.0 14.5 (65.4) 70.1 - (87.0) 88.9 7.0 (79.1) 80.4

OP2-H22 - (92.4) 92.0 - (96.4) 96.3 - (11.3) 8.8 - (9.3) 10.1
N7-H21 - (67.0) 67.8 - (97.4) 97.4 - (84.5) 81.4 - (97.1) 96.7
N7-H1 - - - - (34.5) 31.1 - (11.8) 9.1 - (24.1) 23.0
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Figure 5.1 Nucleic acid sequences considered in this study.
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Figure 5.2 (χ5, χ14) free energy maps for single mismatches in DNA-CCG (a), DNA-GCC
(b), RNA-CCG (c) and RNA-GCC (d).
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Figure 5.3 (χ5, χ14) free energy maps for single mismatches in DNA-CGG (a), DNA-GGC
(b), RNA-CGG (c) and RNA-GGC (d).
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Figure 5.4 Atomic structures showing the main H-bonds for (a) CC mismatch (anti-anti)
(b) CC mismatch (anti-syn) (c) GG mismatch (anti-anti) (d) GG mismatch (anti-syn). Anti
bases are shown in blue and syn bases are shown in red.
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Figure 5.5 This graph shows the distribution of four TR helical duplexes CCG4 and GCC4
grouped by handedness, C

′
1–C

′
1 distance, and χ6 and χ20 dihedral angles (see Fig. 1). Handed-

ness was calculated for the two central TRs. The curves are based on data from the last 800
ns of the two simulations for each sequence.
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Figure 5.6 This graph shows the distribution of four TR helical duplexes CGG4 and GGC4
grouped by handedness, C

′
1–C

′
1 distance, and χ6 and χ20 dihedral angles (see Fig. 1). Handed-

ness was calculated for the two central TRs. The curves are based on data from the last 800
ns of the two simulations for each sequence.

111



4 5 6 7 8 9 10

step index

20

25

30

35

40

45

50

T
w

is
t 

(d
eg

re
e)

CCG4-DNA
GCC4-DNA

4 5 6 7 8 9 10

step index

20

25

30

35

40

45

50

T
w

is
t 

(d
eg

re
e)

CCG4-RNA
GCC4-RNA

4 5 6 7 8 9 10

step index

20

25

30

35

40

45

50

T
w

is
t 

(d
eg

re
e)

CGG4-DNA
GGC4-DNA

4 5 6 7 8 9 10

step index

20

25

30

35

40

45

50

T
w

is
t 

(d
eg

re
e)

CGG4-RNA
GGC4-RNA

Figure 5.7 Simple twist in the four-mismatch homoduplexes. The data averaged over the
last 800 ns of the two runs for each duplex.
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Figure 5.8 Conformational fluctuations around the first eigenvector direction based on the
PCA analysis of the backbone of the four-mismatch homoduplexes.
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Figure 5.9 (a) Triple G stacking in DCGG(similar in RCGG). G5-G14 bases in red, G6
base in yellow and G15 base in blue. (b) Showing the H-bond between G14-N2 and G15-O6.
G15-C4 WC pairs in blue and G14 base in red.
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Figure 5.10 Ion occupancy around the single C-C mismatch in RNA and DNA. Blue: base
C5. Red: base C14. RNA-CCG1: (a1) anti-anti; (a2) anti-syn (first 900ns); (a3) syn-syn.
RNA-GCC1: (b1) anti-anti; (b2) anti-syn (first 700ns); (b3) syn-syn. DNA-CCG1: (c1) anti-
anti; (c2) anti-syn; (c3) syn-syn. DNA-GCC1: (d1) anti-anti; (d2) anti-syn (first 150ns); (d3)
syn-syn (first 450ns).
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Figure 5.11 Ion occupancy around the single G-G mismatch in RNA and DNA. Blue: base
G5. Red: base G14. RNA-CGG1: (a1) anti-anti; (a2) anti-syn; (a3) syn-syn. RNA-GGC1: (b1)
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Figure 5.12 Some typical Na+ ion binding sites. C-C or G-G mismatches are highlighted in
cyan color and Na+ ions are represented by orange spheres. (a) Binding to O2 and N3 atoms
in minor groove for a C·C mismatch in anti-anti conformation, for both RNA and DNA. (b)
Binding to O2, N3, O5’ and OP2 of C-base(syn) in the major groove of RNA-CCG in anti-
syn conformation. (c) Typical binding for DNA-CCG in anti-syn, that occurs in the minor
groove. It involves the O2 atom of a mismatched C base(anti) and the neighboring O2 atom
of a Watson-Crick C base. (d) For RNA-CGG and RNA-GGC, Na+ binds to the N7 and O6
atoms in the major groove and the OP2 backbone atoms. (e) Binding to N3, O6 and O4’ in
the minor groove of DNA-CGG in anti-anti conformation. Binding also involves the O2 and
N2 atoms of the neighboring Watson-Crick basepair. (f) Binding to O6 atoms in the major
groove for both RNA-CGG and DNA-CGG in anti-syn. (g) Similar binding to (f), but in
GGC. The binding occupancy in GGC is much higher because Na+ also binds a third G-O6
atom.
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Figure 5.13 Ion cloud densities around the C·C mismatched duplexes. (a) RNA-CCG4; (b)
RNA-GCC4; (c) DNA-CCG4; (d) DNA-GCC4. All the C·C mismatches (shown in green) are
in anti-anti form. The cyan surface shows a high ion density and the pink surface shows a low
ion density.
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Figure 5.14 Ion cloud densities around the G·G mismatched duplexes. (a) RNA-CGG4; (b)
RNA-GGC4; (c) DNA-CGG4; (d) DNA-GGC4. All G·G mismatches (shown in green) are in
anti-syn form. The cyan surface shows a high ion density and the pink surface shows a low
ion density.
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Figure 5.15 The scanning of frequency over different bonds in C-base and G-base of DNA-
CCG. This shows the frequency of 1870 Hz gives a largest fluctuation of G-base bonds as well
as a medium fluctuation to C-base and was chosen to be the one to do laser-melting.
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ABSTRACT

Atypical DNA secondary structures play an important role in expandable trinucleotide

repeat (TR) and hexanucleotide repeat (HR) diseases. The cytosine mismatches in C-rich

homoduplexes and hairpin stems are weakly bonded; experiments show that for certain

sequences these may flip out of the helix core, forming an unusual structure termed

an “e-motif”. We have performed molecular dynamics simulations of C-rich TR and HR

DNA homoduplexes in order to characterize the conformations, stability and dynamics

of formation of the e-motif, where the mismatched cytosines symmetrically flip out in

the minor groove, pointing their base moieties towards the 5’-direction in each strand.

TRs have two non-equivalent reading frames, (GCC)n and (CCG)n; while HRs have three:

(CCCGGC)n, (CGGCCC)n, (CCCCGG)n. We define three types of pseudo basepair

steps related to the mismatches and show that the e-motif is only stable in (GCC)n and

(CCCGGC)n homoduplexes due to the favorable stacking of pseudo GpC steps (whose

nature depends on whether TRs or HRs are involved) and the formation of hydrogen

bonds between the mismatched cytosine at position i and the cytosine (TRs) or guanine

(HRs) at position i− 2 along the same strand. We also characterize the extended e-motif,

where all mismatched cytosines are extruded, their extra-helical stacking additionally

stabilizing the homoduplexes.

6.1 Introduction

Atypical DNA secondary structures have been identified as a common and causative

factor for expansion in trinucleotide and hexanucleotide repeat sequences that underlie

approximately 30 DNA expandable simple sequence repeat (SSR) diseases [1–3]. SSRs

exhibit “dynamic mutations” that do not follow Mendelian inheritance: intergenerational

expansion of SSRs is behind inherited neurodegenerative and neuromuscular disorders

known as “anticipation diseases”, where the age of the onset of the disease decreases and

its severity increases with each successive generation [4–10]. After a certain threshold in

the length of the repeated sequence, the probability of further expansion and the severity

of the disease increase with the length of the repeat. The expansion is believed to be

primarily caused by some sort of slippage during DNA replication, repair, recombination or

transcription [2,3,7–15], that involves transient separation of complementary DNA strands
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or exposure of a single DNA strand. This, in turn, can lead to the formation of hairpins

and other secondary structures in the exposed strand. Cell toxicity and death have been

linked to the atypical conformation and functional changes of the RNA transcripts, of

DNA itself [3,16] and, when TRs are present in exons, of the translated proteins [3,17–26].

In particular, sequences of the form d(CGG)·d(CCG) are overexpressed in the exons

of the human genome: CGG SSRs are found in the 5’-untranslated region (5’-UTR) of the

fragile X mental retardation gene (FMR1) [27], while CCGs are found both in the 5’-UTR

and translated regions of more than one gene. The normal range of the CGG SSRs in

the population is 5-54, with the last ten repeats increasing the probability of disease in

descendants [28,29]. SSRs of 55-200 CGGs constitute premutations associated with fragile

X-associated tremor ataxia syndrome (FXTAS) in males [30] and premature ovarian

failure in females [31]. SSRs longer than 200 CGG cause the inherited fragile X mental

retardation syndrome [32]. CCG SSRs are related to three SSR diseases: the longest

expansion occurs in the FRM2 gene giving rise to chromosome X-linked mental retardation

(FRAXE) [33], and they also seem to play a role in Huntington’s disease [34], and myotonic

dystrophy type 1 [35]. More recently, it has been found that a d(GGGGCC)·d(GGCCCC)

SSR in the first intron of the C9ORF72 gene leads to a hexanucleotide repeat expansion

identified as the major cause behind frontotemporal dementia (FTD) and amyotrophic

lateral sclerosis (ALS) [36, 37]. While the unaffected population carries fewer than 20

repeats (generally no more than a couple), large expansions greater than 70 repeats and

usually encompassing 250-1600 repeats have been found in C9FTD and ALS patients.

In this work, we are interested in the C-rich repeat sequences. In order to understand

the mechanisms underlying sequence expansion, gene hypermethylation, and folate-induced

chromosomal fragile sites, it is crucial to elucidate the secondary structure adopted by

the C-rich sequences d(CCG)n of various repeat length n. These sequences attracted

considerable interest over 20 years ago, when it was found that the homoduplexes

d(CCG)·d(CCG) (i.e., duplexes formed by the same CCG SSR strands) exhibited an

unusual DNA secondary structure termed the “e-motif” [38,39]. This motif was seen in

a solution NMR DNA antiparallel duplex where each strand consisted of two repeats,

5’-(CCG)2-3’ (PDB ID 1NOQ). In this helical duplex, the slipping of the strands leaves
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the two 5’-C terminal unpaired, and a single central C·C mismatch surrounded by two

Watson-Crick pairs. The central mismatch gave rise to the “e-motif”, where the C bases

in the mismatch symmetrically flip out in the minor groove, pointing their base moieties

towards the 5’ direction in each strand.

Remarkably, since the initial publication of the NMR DNA 5’-(CCG)2-3’duplex results

in 1995, there has been no other direct structural observation of the e-motif, reflecting the

difficulty of experimental observation of flexible DNA duplexes, made probably more labile

by the presence of the mismatches. However, there has been indirect observations that

support the presence of e-motifs in DNA homoduplexes and hairpins of various lengths.

The two most important results in this direction were obtained by chemical modification

of the bases followed by subsequent cleavage [40,41]. These studies also provided indirect

evidence to the proposition that d(GCC)n homoduplexes or hairpin stems exhibit an

extended e-motif formed by consecutive extrahelical C·C mismatches. Finally, notice that

the GCC alignment in these duplexes is different from the CCG alignment in the NMR

DNA duplex. However, since the short strands slip with respect to each other in the

two-repeat duplex, the NMR structure also exhibits CpG steps between the Watson-Crick

pairs.

In this work we present results from molecular dynamics simulations that provide a

detailed structural and dynamical characterization of the e-motif. We first encountered an

e-motif in our study of the hexanucleotide repeats behind ALS and C9FTD diseases [42].

Here, we extend this study and add the C-rich trinucleotide repeats in order to determine

which sequences give rise to the e-motif, how stable they are, and what are the transistion

mechanisms which transform the internal C·C mismatch to an e-motif.

6.2 Materials and Methods

Molecular Dynamics (MD). The sequences employed in this work are shown in Fig. 6.1.

The simulations were carried out using the PMEMD module of the AMBER v.16 [43]

software package with force fields ff99 BSC1 [44], ff99 BSC0 [45], and OL15 [46] used in

different cases. A summary of the sequences and force fields used is presented in Table 1.

All the C·C mismatches are initially chosen in the anti-anti conformation, which represents

the minimum free energy conformation of the mismatches in the phase space mapped out

by the torsion angle conformations.
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The TIP3P model [47] was used for the water molecules, along with the standard

parameters for ions in the AMBER force fields [48]. The long-range Coulomb interaction

was evaluated by means of the Particle-Mesh Ewald (PME) method [49] with a 9 Å

cutoff and an Ewald coefficient of 0.30768. Similarly, the van der Waals interaction were

calculated by means of a 9 Å atom-based nonbonded list, with a continuous correction

applied to the long-range part. The production runs for MD were generated using the leap-

frog algorithm with a 2 fs timestep with Langevin dynamics with a collision frequency of 1

ps−1. Conformations were saved every picosecond. The SHAKE algorithm was applied to

all bonds involving hydrogen atoms. Regular MD was run for all sequences, for times that

vary between 1 µs and 2 µs. For completion, we discuss results related to hexanucleotides

repeats DC-1, DC-2 and SC-3, previously presented in Ref. [42], which are revisited in

order to find the common denominator behind the e-motif formation. These simulations

are extended in the present work in order to include DC-1-MUT, and DC-2emotif as

specified in Table 1. DC-1-MUT is obtained from sequence DC-1 by mutating bases G5,

G16 to C’s and bases C9, C20 to G’s. These changes enable one to probe the stability of

e-motif structures in DC-1 HRs when the mismatched cytosines form hydrogen bonds

between C’s rather than G’s. In addition, the DC-1-MUT and DC-2emotif structures were

constructed with an initial e-motif as shown in Fig.1.

6.3 Results

The duplexes considered in this study are shown in Fig. 6.1, and the main features of each

duplex simulation are listed in Table 1. An important issue when considering possible

SSR conformations is the nature of the Watson-Crick pairs that surround the mismatches:

sequences of the form 5’-(CCG)n-3’ and 5’-(GCC)n-3’ (without slipping such that strand

ends are paired) exhibit Watson-Crick base pairs with GpC and CpG steps, respectively.

In order to facilitate the discussion of our results, we have labeled the standard steps

as L=GpC=GC/GC, M=CpG=CG/CG, and N=GG/CC; and defined three classes of

pseudo steps, as listed in Table 2. With this notation, the step patterns, before and after

e-motif formation, are given in Table 3. In the following we present our main results.

A. Spontaneous formation of e-motif in regular molecular dynamics. We carried

out regular, unconstrained MD simulations for sequences GCC4 and CCG4 shown in Fig.

6.1(a), (b) with force fields BSC0 and BSC1 for 1 µs. Two initial conformations were
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chosen: ideal A-DNA and ideal B-DNA. For each force field, the two initial conformations

quickly converge. For the GCC4 sequence (but not for CCG4), spontaneous formation

of an e-motif occurs in the BSC0 force field. With respect to the hexanucleotides, we

previously presented results corresponding to two sets of 1 µs regular MD with the BSC0

force field for the sequences DC-1, DC-2, SC-3 , Fig. 6.1 (g,h,i). The DC-1 CCCGGC

sequence showed spontaneous formation of the e-motif. These transitions are shown in

Movie S1 for GCC4 (residues 10th to 14th, and complementary) where the e-motif forms

at approximately 600 ns, and Movie S2 for CCCGGC in DC-1 (residues 4th to 9th, and

complementary) where the e-motif forms around 300 ns and is stable for the remaining

700ns of the simulation.

B. Description and characterization of the e-motif. In the e-motif, the C bases (i

residue) in a mismatch symmetrically flip out in the minor groove, pointing their base

moieties in the direction of the i− 2 residue (i.e., towards the 5’ direction in each strand).

Figure 6.2 shows initial and late conformations for GCC4 and DC-1, which form an

e-motif, and CCG4 and DC-2, which do not form an e-motif. Several quantities can be

defined to clearly describe the transition from an intra-helical C·C mismatch to an e-motif.

In Fig. 6.3 we show some of these quantities for the formation of an e-motif in GCC4

(compared to CCG4, which does not exhibit an e-motif). In the figure we can see clear

transitions for the mismatch in GCC4, involving some intermediate transition states,

between well defined initial and final average values. Shown are the partial handedness [50]

of the C12-C17 mismatch (from 0.5 to -0.5); the pseudodihedral angle (Ω12) that describes

the base unstacking of C12 with respect to the helical axis [51] (from ∼ 60◦ to ∼ −100◦);

the center-of-mass distance (ep-distance) between basepairs adjacent to the mismatch,

in this case basepairs 11-16 and 13-18 (from 7 Å to 4 Å); and the “e-motif distance”

(ec-distance), defined as the distance between the N4 atom of C12 and the O2 atom of

C10 in GCC4 or the N3 atom of G10 in CCG4 (from 7.5 Å to 4 Å). Since the spontaneous

transition did not happen in the BSC1 and OL15 force fields in this time scale, the values

of these quantities stay consistently near the initial values, as shown for instance in Fig.

S1. In our work with the hexanucleotides [42] we showed that the backbone torsion angles

α and γ (that normally display an anticorrelation such that their sum stays constant)

behave such that α + γ corresponding to a mismatched base decreases approximately by

100◦ when the base flips into the minor groove. Thus, intrahelical C mismatches have

α + γ ' 340◦ while C mismatches flipped out into the minor groove have α + γ ' 240◦,
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as shown in Fig. 6.5 and Fig. 6.8. Hydrogen bonding for the e-motif is discussed below.

C. The e-motif is stable under the three force fields. Since the time scale for

the spontaneous formation of the e-motif under the force fields BSC1 and OL15 can

potentially be rather large, we decided to check the stability of an initial, built-in e-motif.

Thus, we have built a (GCC)5 duplex with an internal e-motif Fig. 6.1 (c) and checked

for stability. Results for GCC5emotif under the three force fields are shown in Fig. S3 and

Fig. S4 in the SI. Fig. S3 shows the RMSD of the middle 14 residues around the e-motif

(R5-R11 and R20-R26), while Fig. S4 shows the RMSD of the bases participating in the

pseudo GpC step (bases G7, C9, G22, and C24). Up to 1 µs, the e-motif is stable in

the three force fields; the only change occurs in BSC0 where there are fluctuations in

the e-motif in the interval 200-300 ns, after which the e-motif stabilizes again. One final

observation: the e-motif in our simulations is stable for four and five trinucleotide repeats.

The NMR study showed that two repeats can also form an e-motif, so we additionally

ran 1 µs simulations of a single trinucleotide surrounded by one G-C Watson-Crick base

pair at the end. For the single trinucleotide, the e-motif unraveled in our simulations.

D. A single e-motif is partially stabilized by the formation of hydrogen bonds

between the C bases (i residue) in a mismatch and the i − 2 bases: these

are C bases in the case of (GCC), and G bases in the case of (CCCGGC)

in DC-1. A hydrogen bond analysis for the e-motif in GCC5emotif and CCG5emotif is

shown in Fig. 6.4. The most important hydrogen bonds stabilizing the extruded bases

in GCC5emotif are C8(N4)-C6(O2) and its equivalent C23(N4)-C21(O2) for both BSC0

and OL15; and C8(N4)-C26(O3’) and its equivalent C23(N4)-C11(O3’) for BSC1, which

–unlike the previous bond– represents hydrogen bonding across strands. We notice that

in the experimental NMR duplex (PDB ID 1NOQ) the hydrogen bonds are of the type

C8(N4)-C6(O2) and its equivalent C23(N4)-C21(O2), validating the results for BSC0 and

OL15. For CCG5emotif the only hydrogen bonds that have any measurable presence are

C8(N4)-G6(N3) and its equivalent on the other strand, C23(N4)-G21(N3). Now we turn

to the hexanucleotides. Figure 6.7 shows the time evolution of the number of hydrogen

bonds for the hexanucleotides. The top panel shows the data for DC-1, where the initial

mismatches are all intra-helical. Before 100 ns, the mismatch C7-C18 is still intrahelical.

After the flipping out of the mismatched bases C7 and C18 into the minor groove is

completed, C7 forms hydrogen bonds with G5 and C18 does so with G16. Of these

bonds, the most important are C7(N4)-G5(N3) and its equivalent on the other strand,
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C18(N4)-G16(N3).

E. The e-motif occurs in paired-end homoduplexes of (GCC) and (CCCGGC)

SSRs, but not in the other reading frames. First, we discuss the trinucleotide repeat

results. For none of the three force fields did the CCG4 duplexes spontaneously formed

an e-motif. To further check the stability of the e-motif in CCG sequences, we built a

(CCG)5 duplex with an internal e-motif Fig. 6.1 (d) and probed its stability. Results for

the CCG5emotif under the three force fields are shown in Fig. S5 and Fig. S6 in the SI.

Figure S5 shows the RMSD of the middle 14 residues around the e-motif (R5-R11 and

R20-R26), while Fig. S6 shows the RMSD of the bases participating in the pseudo CpG

step (bases C7, G9, C22, and G24). The e-motif quickly unravels and the mismatched C

bases become intrahelical for both BSC1 and OL15. This transition is shown in Movie S3

(residues 6th to 10th, and complementary) for force field BSC1. The transition for these

two force fields can be identified by the sum of the backbone torsion angles α + γ, as

shown in Fig. 6.5 which goes from ' 240◦ to ' 340◦ as the mismatched bases become

intrahelical. For BSC0 the mismatched bases continue being extrahelical in the 1 µs of

the simulation, but their characteristic hydrogen bond pattern decays with time as shown

in Fig. 6.6.

Now we turn to the hexanucleotides. In previous work [42], we showed that the

sequence in DC-1 led to the formation of an e-motif, that forms around 300 ns and is

stable for the remaining 700 ns of the simulation. By contrast, sequences in DC-2 and

SC-3 did not form an e-motif. In DC-2, the bases of a mismatch alternate between the

minor and major grooves, while SC-3 is unstable and either unfolds or converts to the

more stable DC-1 duplex. To dispel the possibility that DC-2 may not have formed an

e-motif because the simulation was not long enough, we have extended this work by

choosing as initial conformation for DC-2 one with an e-motif. A movie showing the time

evolution of this duplex is shown in Movie S4. The initial e-motif unravels at different

times for each of the force fields (Table 1), lasting longer for BSC0, where it is stable

for about 350 ns. However after that, the bases turn back into the helix. They also push

the bases in the flanking mismatch into the major and minor grooves occasionally, but

none of the mismatches formed an e-motif again. In fact, the dynamical configurations

are the same as those observed for DC-2 in our previous work. Finally, the time evolution

of the mutated case in DC-1-MUT (which does not belong to any SSR) is shown in Movie

S5. The initial e-motif also unravels at different times for each of the force fields (Table
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1), lasting longer for BSC0, where it is stable for about 250 ns, but then the bases turn

towards the inner helix, with the base C7 flipping in and out of the helix, and affecting

with its motion the base C6 in the flanking mismatch. The unraveling of the e-motif is

quantified in the middle and bottom panels of Fig. 6.7 and in Fig. 6.8, and in Fig. 6.10.

In Fig. 6.7, duplex DC-1 starts with no e-motif but forms one at mismatch C7-C18 at

about 300 ns. Both DC-1-MUT and DC-2emotif start with an e-motif at C7-C18 and

hydrogen bonds between mismatched bases at position i and those at i−2, i.e., C7-C5 and

C18-C16, which disappear as the system evolves. Figure 6.8 shows the α+ γ jump of 100◦

as the e-motif is formed in DC-1 (negative jump), and as the initial e-motif disappears in

DC-1-MUT and DC-2emotif (positive jump).

F. Creation of the e-motif is favored by the formation of pseudo GpC steps

when the bases in the C·C mismatches are extruded. Figure 6.9 shows the G-G

stacking that occurs in a pseudo GpC step after the C mismatches have been extruded

(LL in our notation) in a GCC sequence, whose consequence is a better overall stacking of

the helix. This fact explains why in homoduplexes with paired ends, the e-motif occurs

in GCC sequences (formation of LL steps after extrusion) but not in CCG sequences

(formation of MM steps after extrusion). Fig. S7 shows the overlap areas of the basepair

ring atoms of the pseudo GpC step for for GCC5emotif ; the distribution functions have a

peak at around 2.6 Å2. For the hexanucleotide repeats, the step nature becomes slightly

more complicated. In DC-1, the extrusion of the bases in an e-motif leads to a pseudo

GpC (LLC) step, such that the new step pattern around the intra-helical mismatch (the

one that was not extruded) is N-LC-LLC-N. By contrast, flipping of the bases of the

C7-C18 mismatch in DC-2 results in a pseudo CpG (MMC) step, such that the new step

pattern around the intra-helical mismatch is N-MC-MMC-N, and therefore the e-motif is

not favored. Figure S8 shows the overlapping for steps LLC and MMC for DC-1 and DC-2

respectively, for an almost perfect e-motif in C7-C18. While there is good overlap in LLC

in DC-1, there is almost no overlap for the MMC step in DC-2. This trend is reinforced

by the previous steps (not shown): LC in DC-1 has good overlap, but MC in DC-2 does

not. Finally, in the mutated case DC-1-MUT, flipping of the C7-C18 bases leads to a step

pattern L-MC-LLC-M, which cannot completely stabilize the e-motif. Figure 6.10 shows

the overlap areas of the basepair ring atoms of the pseudo GpC steps (LLC) of DC-1 and

DC-1-MUT, as well as the overlap areas of the pseudo CpG steps (MMC) of DC-2emotif

as a function of time for the 1 µs run.
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G. The extended e-motif is stabilized by highly cooperative interactions. Fi-

nally, we have considered the stability and structural characteristics of the extended

e-motif, when all the C·C mismatches are extruded in e-motifs. In order to characterize

this motif, we have considered the duplexes GCC4extended and CCG4extended shown in

Fig. 6.1 (e) and (f), with four consecutive e-motifs. In addition to the favorable stacking

afforded by pseudo GpC steps, the extended e-motif is further stabilized by the stacking of

the extruded C bases themselves (see Figs. 6.13 and 6.14). Figure 6.11 shows the RMSD

of the central section (residues 4-12,18-26) of the duplexes GCC4extended and CCG4extended

with respect to the initial frame in a 2 µs MD simulation for the three force fields. These

figures suggest that GCC4extended is stable in the 2 µs time scale, while CCG4extended

start to deviate from the initial structure at late times: the duplex in BSC1 shows a

considerable increase of RMSD at approximately 1.6 µs, the OL15 RMSD shows a smaller

jump at approximately the same time, while the average RMSDs for the BSC0 duplexes

increases slowly and monotonically from an “early” value of 1.4 Å at 10 ns to a value

of 2.7 Å at 2 µs. Figure S9 shows the time behavior of the first principal component of

internal nucleotides (nucleotides 4-12, 18-26) as obtained from a principal component

analysis (PCA). GCC4extended is characterized by regular fluctuations in the three force

fields, while CCG4extended displays a breaking of symmetry around the zero eigenvalue

in both BSC1 and OL15, signaling a conformational transition. Figure 6.12 shows the

hydrogen bonds with highest percentage in GCC4extended associated with the extruded

C6, C9, C12 bases and the symmetric ones on the other strand. Notice that while OL15

displays consistently intra-strand Ci(N4)-C(i−2)(O2) bonding, BSC0 shows two of these

(for C6 and C12) and one inter-strand bonding [C9(N4)-C24(O3’)], and BSC1 shows three

inter-strand bondings Ci(N4)-C(33−i)(O4’). Finally, Figs. 6.13 and 6.14 show the stacking

of the extruded C bases themselves for the BSC1 and OL15 force fields, respectively. The

inter-strand hydrogen bonding in BSC1 leads to better C-C stacking than the inter-strand

bonding in OL15.

6.4 Discussion

In this work, we have presented results from MD simulations that provide a detailed

structural and dynamical characterization of the e-motif, along with the factors that

stabilize it. The initial duplex with an e-motif as revealed by an NMR study by Gao et al.
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in 1995 [38] supplied the first evidence that the C·C mismatch pairs were flexible enough

to produce a significant conformational change within a DNA double helix. After that,

two important studies [40,41] provided indirect evidence of the presence of e-motifs. These

studies employed chemical modification of the bases followed by subsequent cleavage.

The modifications involved guanine and cytosine chemical modifications in DNA hairpins

with DMS and hydroxylamine respectively [40], and by mechlorethamine crosslinking

reaction in DNA homoduplexes of the form d(GCC)n·d(GCC)n [41]. Both studies found

that the helical part (standard duplex or hairpin stem) contains CpG steps between the

Watson-Crick pairs and that the C·C mismatches are extrahelical. It is important to

note that although the mechanisms of chemical modification probably occurred after the

extrusion of the mismatched C bases, one cannot ultimately exclude the possibility that

the chemical process itself could induce the extrahelical cytosine conformations. Given that

the C·C mismatch is the least stable mismatch pair, these can easily become unstacked

from the core helix, flipping outside the helix depending on their local environment. These

studies also provided indirect evidence to the proposition that d(GCC)n homoduplexes

or hairpin stems exhibit an extended e-motif formed by consecutive extrahelical C·C
mismatches, something that could not be achieved in the short sequence employed by the

NMR study. Based on their indirect evidence, Yu et al. [40] proposed a schematic of an

extended e-motif that is in remarkable agreement with the atomic structures presented in

this work.

An important issue when considering possible SSR conformations is the nature of the

Watson-Crick pairs that surround the mismatches: sequences of the form 5’-(CCG)n-3’ and

5’-(GCC)n-3’ (without slipping such that strand ends are paired) exhibit Watson-Crick

base pairs with GpC and CpG steps, respectively. The slipping of strands with respect

to each other in the (CCG) DNA NMR structure 5’-(CCG)2-3’ (PDB ID 1NOQ) [38]

results in CpG steps (as opposed to the GpC steps that would result if the DNA strands

were paired at the ends). The importance of the steps has been pointed out before. In

the scheme introduced by Darlow and Leach [52, 53], hairpins were classified according to

the alignment of the sides of the hairpins and the presence of an odd or even number of

unpaired bases in the loop: “frame 1” corresponds to GpC steps between the Watson-Crick

basepairs in the hairpin stem, while “frame 2” corresponds to CpG steps between the

Watson-Crick basepairs in the stem (a “frame 3” corresponds to alignment CGC that lacks

Watson-Crick basepairs, and therefore corresponds to a considerably less stable structure).
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For the hexanucleotides, there are three possible alignments for the C-rich sequences: DC-1

and DC-2 combine neighboring Double C·C mismatches separated by four Watson-Crick

basepairs; DC-1 combines CC/GG and CpG steps; DC-2 combines GG/CC and GpC

steps. The third alignment is SC-3, that combines Single C·C mismatches separated

by two Watson-Crick basepairs. This duplex only contains CC/GG steps. In order to

facilitate the discussion, we introduced a notation for pseudo steps in Tables 2 and 3. In

the following we discuss our main results.

A. The e-motif is stable under the three force fields. In a related context, we have

calculated the various free energy maps for the mismatch conformations in CCG, GCC,

GGC and CGG trinucleotide repeats, and show that the force fields BSC0, BSC1 and

OL15 all share the same minima for the mismatch conformations. The main difference is

that barriers between these minima are lowest for BSC0 and largest for BSC1, with OL15

providing for intermediate barriers. Thus, transitions between mismatch conformations

corresponding to different global and relative minima statistically will happen faster in

BSC0 than in BSC1. Indeed, we see spontaneous formation of e-motifs during regular MD

in a few hundreds of nanoseconds both in trinucleotide repeats (GCC4) and hexanucleotide

repeats (DC-1) under the BSC0 force field. The slower transitions in BSC1 could easily

put the e-motif formation completely out of range for the current computer capabilities

available. Instead, we built a (GCC)5 duplex with an internal e-motif Fig. 6.1 (c) and

checked its stability. Up to 1 µs, the e-motif is stable in the three force fields. This is

of course no proof that the e-motif is a minimum in the free energy map, but strongly

supports this when considered with the rest of the results and the experimental data.

Incidentally, our study for the single e-motif also seems to indicate that OL15 is perhaps

most suited for the description of mismatches. Both BSC1 and OL15 were created as an

attempt to correct deficiencies in BSC0. The e-motif is formed readily under the BSC0

force field. BSC1 has relatively high free energy barriers between relative minima that

correspond to labile mismatch conformations observed experimentally (i.e., BSC1 seems

to be too rigid for mismatches) and it does not reproduce the hydrogen bond pattern of

the NMR structure 1NOQ. OL15, on the other hand, behaves properly as far as formation

of the e-motif and hydrogen bond patterns (compared to the only experimental structure

that provides atomic detail). However, for the extended e-motif, for which there is no

experimental structural data, the stacking of the extruded C bases is optimized for BSC1

(across strands).
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B. Description and characterization of the e-motif. In the e-motif, the C bases

(i residue) in a mismatch symmetrically flip out in the minor groove, pointing their

base moieties in the direction of the i− 2 residue (i.e., towards the 5’ direction in each

strand). This is seen in Fig. 6.2 for GCC4 and DC-1. The transition from an intra-

helical C·C mismatch to an e-motif can be described quite distinctly by several quantities

that involve some intermediate transition states between well defined initial and final

average values that are very different, as described in the Results section. These quantities

(shown for trinucleotides in Figs. 6.3, 6.5 and 6.8) include (i) partial handedness of

the e-motif; (ii) pseudodihedral angles describing the mismatched base unstacking with

respect to the helical axis; (iii) the center-of-mass distance (ep-distance) between the

basepairs surrounding the mismatch; (iv) the “e-motif distance” (ec-distance), defined as

the distance between the N4 atom of a mismatched C base at position i and the O2 atom

of the C base at position i− 2 in GCC4 or the N3 atom of G base at position i− 2 in

CCG4; and (v) the sum of backbone torsion angles α + γ that decreases approximately

by 100◦ when the mismatched base flips into the minor groove.

C. Creation of the e-motif is favored by the formation of pseudo GpC steps

when the bases in the C·C mismatches are extruded. Consequently, the e-

motif is stable in paired-end homoduplexes of (GCC) and (CCCGGC) SSRs,

but not in the other reading frames. In trinucleotide repeats, the extrusion of the C

mismatches results in a pseudo GpC step LL in a pair-ended GCC sequence, which leads

to G-G stacking in the adjacent basepairs (Fig. 6.9) and a better overall stacking of the

helix. This fact explains why in homoduplexes with paired ends, the e-motif is favored in

GCC sequences (formation of LL pseudo steps after extrusion) but not in CCG sequences

(formation of MM pseudo steps after extrusion, see Table 3). Indeed, the simulations

presented here show spontaneous formation of e-motif in GCC4 but not in CCG4. They

also show stability in the three force fields of the initial e-motif in GCC5emotif (Figs.

6.4, and S2 and S3 in the SI), but not for CCG5emotif (Figs. 6.5, and S4 and S5 in the

SI). In the latter case, the e-motif quickly unravels and the mismatched C bases become

intrahelical for both BSC1 and OL15. For BSC0 the mismatched bases continue being

extrahelical in the 1 µs of the simulation, but their characteristic hydrogen bond pattern

decays with time as shown in Fig. 6.6.

For the hexanucleotide repeats, this argument still holds, even though the presence

of two mismatches makes the helix less stable and introduces some additional nuances.
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First, we notice that due to the symmetry of the DC-1 and DC-2 sequences, the bases

of either of the two mismatches, C7-C18 or C6-C19, can be extruded to form equivalent

e-motifs. In DC-1, the extrusion of the bases in an e-motif leads to a pseudo GpC (LLC)

step, such that the new step pattern around the intra-helical mismatch (the one that was

not extruded) is N-LC-LLC-N. By contrast, flipping of the bases of the C7-C18 mismatch

in DC-2 results in a pseudo CpG (MMC) step, such that the new step pattern around

the intra-helical mismatch is N-MC-MMC-N, and therefore the e-motif is not favored.

Finally, in the mutated case DC-1-MUT, flipping of the C7-C18 bases leads to a step

pattern L-MC-LLC-M, which cannot completely stabilize the e-motif. The overlap areas of

the pseudo steps (Figs. S8 and 6.10) reflect the stability of the helical stacking as DC-1

forms an e-motif and DC-1-MUT and DC-2emotif lose their initial e-motif. Notice that

the extruded bases in DC-1 at position i form hydrogen bonds C(N4)-G(N3) with the G

bases at position i− 2. Instead, both DC-1-MUT and DC-2 form C(N4)-C(O2) hydrogen

bonds with C bases at position i − 2. Given that the O2-H-N4 hydrogen bonds are in

principle stronger than the N3-H-N4 hydrogen bonds, but that C(N4)-C(O2) cannot

stabilize either DC-1-MUT or DC-2emotif , it is clear that the favorable stacking of the

overall helix afforded by the GpC pseudo steps is the predominant factor for the formation

of e-motifs.

D. The single e-motif is partially stabilized by the formation of hydrogen

bonds between the C bases (i residue) in a mismatch and the i−2 bases: these

are C bases in the case of (GCC), and G bases in the case of (CCCGGC) in

DC-1. The most important hydrogen bonds stabilizing the extruded bases in GCC

sequences are Ci,mismatch(N4)–C(i−2),WatsonCrick(O2) for both BSC0 and OL15, as well as

for the experimental NMR duplex in 1NOQ (Fig. 6.4). On the other hand, BSC1 finds an

inter-strand hydrogen bond between the N4 atom of the mismatched C base in one strand,

and the O3’ atom of the next mismatched C in the opposite strand. For the (CCCGGC)

hexanucleotide the most important hydrogen bond is Ci(N4)–G(i−2)(N3) (Fig. 6.7).

E. The mismatched C bases in an e-motif are always in the minor groove. This

property is directly linked to point (C) above: from Fig. 6.1 it is clear that a GpC pseudo

step LL in a GCC trinucleotide repeat means that the extruded C basis is preceded (in the

5’ direction) by a G basis, while in a CpG pseudo step MM in a CGG trinucleotide repeat

it is followed (in the 3’ direction) by a G basis. The step arrangements have immediate

consequences on the rotation paths followed by the extruded bases. A mismatched C
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preceded by a G in the 5’ direction favors a rotation path towards the minor groove such

that the sum of backbone torsion angles α+ γ decreases approximately by 100◦ when the

base flips into the minor groove. On the other hand, a mismatched C followed by a G in

the 3’ direction favors a rotation path towards the major groove such that the difference

of backbone torsion angles ε − ζ increases approximately by 290◦ when the basis flips

into the major groove, as we have shown in our previous work [42]. Once the base has

flipped into the minor groove, it finds it easier to form hydrogen bonds with bases in the

5’ direction due to the narrower space. Instead bases extruded into the major groove find

themselves in a wider space and flip back and forth, unable to stably anchor themselves

to another base. The same argument applies to the hexanucleotides, except that in this

case it is the double mismatches that must be preceded by a G in the 5’ direction in

order for one of them to flip into the minor groove (as stated before, both mismatches are

completely equivalent). Thus DC-1 favors e-motifs but DC-2 does not. SC-3 is a special

case as it is less stable than the other two. Topologically it is also more different as single

mismatches are intercalated every two Watson-Crick basepairs. In our previous work, we

found that in 1µs run, the duplex unraveled and in another 1µs run, one strand slipped

and the duplex adopted a DC-1 conformation. However longer repeats might be more

stable, in which case mismatches like C7-C18 would favor e-motif which may help to

stabilize the helix (but not C4-C22 or C10-C16).

F. The extended e-motif is stabilized by highly cooperative interactions. In

addition to the favorable stacking afforded by pseudo GpC steps, either LL in trinucleotides

or LC-LLC in hexanucleotides, and the hydrogen bonds between the mismatched bases

and other nucleotides, the extended e-motif is further stabilized by the stacking of

the extruded C bases themselves (Figs. 6.13 and 6.14). The net result is a very stable

anomalous secondary structure. Our simulations suggest that GCC4extended is stable in

the 2 µs time scale, while CCG4extended start to deviate from the initial structure at late

times. The pattern of stabilizing hydrogen bonds for GCC4extended depend on the force

field: OL15 displays consistently intra-strand Ci(N4)-C(i−2)(O2) bonding, BSC0 shows

two of these (for C6 and C12) and one inter-strand bonding [C9(N4)-C24(O3’)], and

BSC1 shows three inter-strand bondings between the N4 atom of the Ci mismatched

base in one strand and the O4’ atom of the next Watson-Crick paired C in the opposite

strand. It is clear that the additional cooperativity provided by the C-stacking enormously

extends the time scale to probe the stability of the extended e-motif. The results presented
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here are only indicative that the e-motifs in GCC4extended are stable and that those

in CCG4extended may eventually unravel and become intra-helical mismatches. Finally,

there is the question of whether cytosines may be protonated and how that might affect

our results. Experimentally, C protonation seems to depend (not surprisingly) on the

environment. Of the two studies that proposed an extended e-motif, one [40] reported

that some C mismatches are protonated, but the other [41] did not, mainly the N3 are

used for crosslinking with mechlorethamine (see Fig. 2B in Ref. [41]). Moreover, the NMR

structure by Gao et al. does not contain protonated cytosines (but the sequence is very

short with only one e-motif). Our simulations were carried out with unprotonated Cs, but

we make the following observations. If the Cs were initially protonated (before they form

e-motif) they would tend to stabilize intrahelical mismatches by an additional hydrogen

bond, as has been reported, for instance, in parallel DNA helices, and they would not

favor the formation of the e-motif. Once the C bases are extruded, they can probably

protonate. However, that would not make an important difference in the results presented

here: the main driving force behind the formation of the e-motif is the stacking provided

by the pseudo GpC steps of various forms, because it stabilizes the helical duplex, both

for single an extended e-motif. In addition, observation of the extended e-motif indicates

that due to spatial constraints, the stacking of extruded C bases can only take two forms:

either intra-strand as obtained with OL15, or inter-strand as obtained with BSC1 (of

course, along the duplex there could be an assortment of these, as shown by BSC0). Thus

protonated Cs will not find a “third” form of extruded-cytosine stacking, although they

might favor one form versus the other.

G. Biological implications. As discussed in the introduction, the first step in the

expansion of SSR is the formation of atypical secondary structures in single-stranded

DNA. To date, there is no complete understanding of how exactly this happens or why

there is a critical threshold length that makes the repeating tract unstable and triggers

the onset of pathology. The initial intuitive explanation [3,14,54–58] was that it is the

minimal length at which the DNA atypical secondary structure becomes stable. However,

as discussed by Lee and McMurray [59], small-sized loops can be stable. Instead, in

single strand breaks or on Okazaki fragments during replication, there is a competition

between duplex reconstitution (no mutation) and secondary structure formation in the

single strand (leading to a premutation). If the gap filling synthesis cannot prevent or

runs past a relatively stable self-pairing in the strand, then the excess bases initiate
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folding into secondary structure in the SSR strand. The details of this atypical DNA

secondary structure are important for a complete understanding of sequence expansion;

gene hypermethylation; interactions with proteins involved in transcription coupled repair

(TCR) nucleotide excision repair (NER), flap endonuclease 1 (FEN1), DNA mismatch

repair (MMR, especially MutSβ, whose abnormal binding to SSR hairpins has been linked

to SSR expansion), and others.
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Table 6.1 Summary of molecular dynamics simulation results for the different DNA helical
duplexes considered.

Label Sequence
Initial

E-motif
Force
Field

Time
(ns)

E-motif Status

GCC4 C-(GCC)4-G no
BSC0,
BSC1

1000
e-motif formation at

600 ns in BSC0

CCG4 G-(CCG)4-C no
BSC0,
BSC1

1000 no e-motif transition

DC-1 (CCCGGC)2 no
BSC0,
BSC1,
OL15

1000
e-motif formation at

300 ns in BSC0

DC-2 (CGGCCC)2 no
BSC0,
BSC1,
OL15

1000 no e-motif transition

SC-3 (CCCCGG)2, slipped no BSC0 1000 no e-motif transition

GCC5emotif (GCC)5 yes
BSC0,
BSC1,
OL15

1000 stable

CCG5emotif (CCG)5 yes
BSC0,
BSC1,
OL15

1000

mismatches become
intra-helical for BSC1
& OL15; e-motif in
BSC0 loses H-bonds

GCC4extended C-(GCC)4-G
yes,

extended
e-motif

BSC0,
BSC1,
OL15

2000
stable extended

e-motif for all three
force fields

CCG4extended C-(GCC)4-G
yes,

extended
e-motif

BSC0,
BSC1,
OL15

2000

unstable e-motif for
BSC1 and OL15;
RMSD around

e-motif increases for
BSC0

DC-1-MUT 5’(CCCGCCCCGGGC)3’
3’(CGGCGCCGCCCC)5’

yes
BSC0,
BSC1,
OL15

1200

e-motif lost at 250 ns
in BSC0, at 170 ns in

BSC1, at 35 ns in
OL15

DC-2emotif (CGGCCC)2 yes
BSC0,
BSC1,
OL15

1200

e-motif lost at 350 ns
in BSC0, at 60 ns in

BSC1, at 32 ns in
OL15
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Table 6.2 Steps and pseudo steps exhibited by the homoduplexes with mismatches.

Nomenclature Description

L=GpC=GC/GC
M=CpG=CG/CG

N=GG/CC=CC/GG
standard basepair step

LC=GC/CC=CC/GC
MC=CG/CC=CC/CG

W=CC/CC

pseudo GpC step L containing intrahelical C mismatches
pseudo CpG step M containing intrahelical C mismatches

pseudo step containing two intrahelical C mismatches

LL=GC//GC
MM=CG//CG

pseudo steps where the two basepairs of the step are
simply stacked on top of each other but not covalently

linked along the backbone (because Cs have been
extruded)

LLC=GC//CC=CC//GC
MMC=CG//CC=CC//CG

pseudo steps like LC and MC , but the G-C or C-G
basepairs are not covalently linked to the C intrahelical
mismatches (because one of the two C·C mismatches has

been extruded)
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Table 6.3 Step changes for different DNA homoduplexes before and after e-motif formation.

Label Steps without e-motif Steps after e-motif formation

GCC4 M-LC-LC-M-LC-LC-M-. . . M-LL-M-LL-M. . .

CCG4 L-MC-MC-L-MC-MC-L-. . . L-MM -L-MM -L. . .

DC-1 LC-N-M-N-LC-W-LC-N-M-N-LC LC-N-M-N-LC-LLC-N-M-N-LC

DC-2 MC-N-L-N-MC-W-MC-N-L-N-MC

MC-N-L-N-MC-MMC-N-L-N-
MC

DC-1-MUT LC-N-M-L-MC-W-LC-M-N-N-LC LC-N-M-L-MC-LLC-M-N-N-LC
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Figure 6.1 Schematics of the initial DNA helical duplexes considered in this study. The C
mismatched bases are marked by solid green circles. Nucleotide indexes are labeled by blue
numbers. Hydrogen bonds are indicated by dashed red lines. More details about the duplexes
and the corresponding simulation results are provided in Table 1.
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Figure 6.2 Initial (left) and final (right) structures for (a) GCC4, (b) CCG4, (c) DC-1,
and (d) DC-2 structures obtained from the molecular dynamics simulations. The bases in the
C·C mismatches that form an e-motif are shown in red. Those flipped out of the inner helix
but not forming an e-motif are shown in green.
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Figure 6.3 Time dependence of quantities characterizing the transition to an e-motif. Re-
sults for duplexes CCG4 and GCC4 are shown in black and red, respectively. (a) Partial
handedness of the C12-C17 mismatch; (b) pseudodihedral angle (Ω12) describing the base
unstacking of C12 with respect to the helical axis; (c) center-of-mass distance (ep-distance)
between basepairs 11-16 and 13-18; (d) “e-motif distance” (ec-distance), defined as the dis-
tance between the N4 atom of C12 and the O2 atom of C10 in GCC4 or the N3 atom of G10

in CCG4.
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Figure 6.4 Hydrogen bond population for 1 µs simulation of GCC5emotif as obtained form
the three force fields: (a) BSC0; (b) BSC1; (c) OL15. The x-axis indicates the hydrogen bond,
while the y-axis gives its percentage over the duration of the simulation. Cyan color shows
the percentage of the hydrogen bond on one strand and the red color shows the symmetric
bond on the other strand. Blue and orange bars show hydrogen bonds for CCG5emotif .

152



Figure 6.5 Backbone torsion angles (α+ γ) for trinucleotide repeats. Sum of torsion angles
(α+γ) for bases 6–10 (black) and 21–25 (red) as a function of time for CCG5emotif as obtained
from the different force fields. The rectangle with dashed lines indicates the transition in
BSC1 and OL15.
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Figure 6.6 Hydrogen bond population versus time for CCG5emotif as obtained from BSC0
simulations. Black: C8(N4)-G6(N3); red: C23(N4)-G21(N3).
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Figure 6.7 For hexanucleotide repeats, number of hydrogen bonds between mismatched
bases at position i and nucleotides along the same strand at position i − 2. Left: Number
of total hydrogen bonds between C7 and nucleotide 5 (black); and C18 and nucleotide 16
(red). Right: Number of most important hydrogen bonds, in black: C7(N4)-G5(N3) for DC-
1; C7(N4)-C5(O2) for DC-1-MUT and DC-2emotif ; and between equivalent positions in the
other strand (C18 and G16 or C16) in red. Data is averaged every 250 ps.
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Figure 6.8 Backbone torsion angles (α+γ) for hexanucleotide repeats. Sum of torsion angles
(α+ γ) for bases 4–6 (black) and 16–21 (red) as a function of time for DC-1 (left), DC-1-MUT
(middle) and DC-2emotif (right).
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Figure 6.9 Pseudo GpC stacking LL in GCC trinucleotide repeats. (a) G-G stacking of the
hexagon part on the base for the pseudo GpC step LL; (b) Most populated hydrogen bond
O2-N4 for the BSC0 and OL15 force fields; (c) Most populated hydrogen bond O3’-N4 for
BSC1 results.
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Figure 6.10 Overlap areas of the basepair ring atoms of pseudo steps in hexanucleotides.
Specifically, bases 6 and 8; and 17 and 19 in Fig. 1 (g), (j), (k) are considered. Here, we show
results for (a) pseudo GpC step LLC in DC-1; (b) pseudo GpC step LLC in DC-1-MUT; (c)
pseudo CpG step MMC in DC-2emotif .
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Figure 6.11 RMSD of the extended e-motif in trinucleotide repeats. RMSD of the central
section of the extended e-motif (residues 4-12,18-26) with respect to the initial frame in a 2
µs MD simulation. Different colors are used to represent different force field results. Results
are shown for: (a) GCC4extended (b) CGG4extended.
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Figure 6.12 Hydrogen bonds in extended e-motif GCC duplexes. Hydrogen bonds with
highest percentage in GCC4extended associated with the extruded C6, C9, C12 bases and the
symmetric ones on the other strand. Cyan color shows the percentage of the labeled hydrogen
bonds and red color shows the symmetric ones on the other strand. Results are given for the
different force fields: (a) BSC0; (b) BSC1; (c) OL15.
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Figure 6.13 CC stacking pattern for the GCC4extended duplex for the BSC1 results. Left
figure shows the stacking of C6-C26 and C12-C20, right figure shows the stacking of C8-C23
after a rotation around the central axis. The inset in the middle shows the close view of C12-
C20 stacking.
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Figure 6.14 CC stacking pattern for the GCC4extended duplex for the OL15 results. Left
figure shows the stacking of C6-C26 and C12-C20, right figure shows the stacking of C8-C23
after a rotation around the central axis. The stacking is not as strong as in BSC1 because the
extruded C bases have hydrogen bonds with bases along the same strand. Hydrogen bonds
are shown in purple inside the circles. The inset in the middle shows the close view of C12-
C20 stacking.
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Chapter 7
Conclusions

This thesis presents a study focused on the structure and dynamics of atypical DNA

and RNA double helices related with trinucleotide repeats, include CAG, CCG and

CGG repeats. Before the study of atypical structures, we have the investigation of ion

atmosphere and a new fast laser melting method on regular duplexes. Besides, the study

of e-motif structure that induced by the extrahelical C bases in atypical structures is

presented as an individual chapter.

In Chapter 2, a comparative study of ion distributions was carried out on four kinds of

duplexes. The ions investigated include Na+, K+, and Mg2+, with various concentrations

of their chloride salts. Our results quantitatively describe the characteristics of the ionic

distributions for different structures at varying ionic strengths, tracing these differences to

nucleic acid structure and ion type. Several binding pockets with rather long ion residence

times are described, both for the monovalent ions and for the hexahydrated Mg[(H2O)6]
2+

ion. The conformations of these binding pockets include direct binding through desolvated

ion bridges in the GpC steps in B-DNA and A-RNA; direct binding to backbone oxygens;

binding of Mg[(H2O)6]
2+ to distant phosphates, resulting in acute bending of A-RNA;

tight “ion traps” in Z-RNA between C-O2 and the C-O2’ atoms in GpC steps; and others.

In Chapter 3, we use the classical laser pulse, which is typical a free-electron based

laser [1–5], with specific oscillation characteristics to target specific bonds within a given

structure and thereby study the unfolding of the structure. Specifically, this method

was used to investigate the dissociation of amyloid fibrils into soluble monomers [3–6],

and the break-up of a peptide-based nanotube [7]. Comparing healing and, possibly,

relative stability of different structures via laser induced melting is clearly not a universal
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technique. Key to the application of the technique is the fact that the perturbation

must affect both structures in the same way (i.e., the damage to the structures must be

the same). Our study is targeted on the melting of B-DNA and Z-DNA with the same

sequence. Quantitative interpretations shoe that B-DNA is more stable than Z-DNA.

This is consistent with former experimental results [8, 9] and related simulations [10,11].

In summary, this laser melting process does not give such quantities as relative free

energies. Rather, it provides one with a “more-or-less” (stable) comparison. This, however,

could be extremely useful for stability rankings in competing candidate structures that

cannot be easily predicted with other tools, including non-standard secondary structures

with noncanonical base pairs and mismatches. In addition, the method applies to very

realistic, fully solvated, fully atomistic systems, that in principle can faithfully reproduce

experimental setups.

In Chapter 4, 5 and 6, we present the studies of different kinds of trinucleotide repeats.

Chapter 4 shows free energy calculations and MD studies to determine the preferred

conformations of the A-A mismatches in (CAG)n and (GAC)n trinucleotide repeats (n=1

or 4) and the way in which these mismatch conformations affect the overall structure of

RNA and DNA duplexes. The main findings are following: 1) The global minimum (A1)

of the various free energy maps corresponds to A-A mismatches stacked inside the core of

the helix with anti-anti conformations in the RNA sequences and (high-anti)-(high-anti)

conformations in the DNA sequences. In terms of the free energy, the next higher minimum

corresponds to anti-syn conformations, while syn-syn conformations are even higher. 2)

DNA helices near the global minimum are very dynamic exhibiting large fluctuations. RNA

helices still fluctuate, but with considerably lesser amplitude than DNA. 3) Free energy

barriers between minima corresponding to different states of the glycosyl torsion angle χ

are rather high, which results in low transition rates during regular MD. 4) Rates of MD

transitions of the A mismatches between different χ categories are higher for RNA than

DNA. 5) Several mechanisms for the transitions anti-syn → anti-anti and syn-syn → anti-

syn have been identified both through the major and minor grooves. 6) DNA-(CAG)4 and

DNA-(GAC)4 duplexes in anti-anti conformations experience some degree of unwinding. In

Chapter 5, we have presented results for MD simulations and free energy calculations for

both CCG and GGC trinucleotide repeats, with either CpG or GpC steps, for both RNA

and DNA. The global minimum of the free energy maps associated with C·C mismatches

in the four duplexes RNA/DNA CCG/GCC correspond to anti-anti conformations, and
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G·G mismatches in the four duplexes RNA/DNA GGC/CGG correspond to anti-syn

conformations. For DNA, the force fields BSC0, BSC1 and OL15 give similar free energy

maps for the mismatch configurations. The main difference is that the minima are deeper

in BSC1 and OL15 providing for a more rigid DNA duplex with respect to that in BSC0.

When mismatches are initially placed in non-equilibrium conformations, intra-helical C·C
mismatches make the transition towards the global minimum faster than G·G mismatches.

DNA duplexes in the GCC reading frame, with CpG steps between the Watson-Crick

basepairs, exhibit the e-motif. This e-motif is individually discussed in Chapter 6, together

with the homoduplexes of hexanucleotide repeats. In that chapter, a comparative study is

carried out based on different force fields and different structures, leading to the following

conclusions: 1) The e-motif transition can be observed under BSC0 force field and it can

remain stable under BSC0, BSC1 and OL15 force fields. 2) In the e-motif, the C bases (i

residue) in a mismatch symmetrically flip out in the minor groove, pointing their base

moieties in the direction of the i− 2 residue (i.e., towards the 5’ direction in each strand).

Also, it is partially stabilized by the formation of hydrogen bonds between the C bases

(i residue) in a mismatch and the i − 2 bases 3) Creation of the e-motif is favored by

the formation of pseudo GpC steps when the bases in the C·C mismatches are extruded.

Consequently, the e-motif is stable in paired-end homoduplexes of (GCC) and (CCCGGC)

SSRs, but not in the other reading frames. 4) The extended e-motif is stabilized by highly

cooperative interactions, including the stacking of pseudo GpC steps, the hydrogen bonds

between the mismatched bases and other nucleotides, and the stacking of the extruded C

bases themselves.

Near term future extensions of this thesis fall into two parts: 1) The study of CTG

(CUG in RNA) repeats, which are directly related with myotonic dystrophy type 1 (DM1)

and spinocerebellar ataxias type 8 (SCA8). Once the expansion of CTG repeats in DNA

are transcribed, they form RNA hairpins with the UU mismatches in the stem part. These

loops attract muscleblind-like 1 (MBNL1) protein leading to the disease. Similarly, as the

completed work, one can obtain the free energy landscape of the UU or TT mismatches

using the ABMD method from duplexes with single mismatches. In addition, the regular

MD simulation will be used to investigate the structural properties, transition mechanisms,

ion atmosphere and other characteristics. Currently, we have finished some work on the

RNA duplexes with CUG repeats. The free energy maps show similar results with another

simulation using umbrella sampling [12], with the anti-anti as the global minimum. There
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are also some observed transitions from anti-syn to anti-anti in regular MD simulation.

Furthermore, a more comparative study needs to be carried out, covering the DNA

duplexes with CTG repeats. 2) So far, our research has been focused on the double helices

with mismatches. However, there is experimental consensus that the most typical DNA

and RNA TR secondary structures in the initial stages of expansion are hairpins with

stem-loop structure [13–16]. Therefore, it is more essential to study the structure and

dynamics of hairpins with TR. In the scheme introduced by Darlow and Leach [17,18],

hairpins were classified according to the alignment of the sides of the hairpins and the

presence of an odd or even number of unpaired bases in the loop. For example, the single

strand with CAG repeats may form two kinds of hairpins: odd number of repeats leads to

triloops with CAG sequence in the loop; even number of repeats leads to tetraloops with

AGCA sequence in the loop. So far, there has been experimental researches on different

kinds of loops like for RNA tetraloops [19–22], RNA triloop [23] and DNA tetraloop [24],

as well as simulations with umbrella sampling to get the free energy maps [25,26]. However,

very little research has targeted the hairpins with TR sequences. So studies of hairpins

with TR represent an important research direction for the future. Currently, we have

finished some preliminary simulations with CAG repeat hairpins. Both the hairpins with

odd and even number of repeats appear to be stable and the one with AGCA sequence in

the loop is potentially the most stable. Based on this, more work will be carried out on

the structural conformations of the loops, specifically as a function of salt concentrations

and different force fields.
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1 Materials and Methods

Large-scale MD simulations were used to explore the ion distribution around DNA and RNA sequences

(CG)6 in an explicit solvent environment. The simulations were carried out using the PMEMD module

of the AMBER 12 [1] software package with the ff12SB force field with parameters ff99BSC0 [2] for DNA

and ff99BSC0+χOL3 [3, 4] for RNA. The TIP3P model [5] was used for the water molecules. The ion

parameters are relatively standard and offered in the AMBER force field employed. The monovalent ion

parameters for Ewald and TIP3P waters are from Ref. [6], while the the Mg2+ parameters were taken

from from Aqvist’s work [7].

Table 1. Force field parameters for different ions

radius(Å) mass(u) epsilon(kcal/mol)
Na+ 1.369 22.99 0.0874393
K+ 1.705 39.10 0.1936829

Mg2+ 0.7926 24.305 0.8947
Cl− 2.513 35.45 0.0355910

The long-range Coulomb interaction was evaluated by means of the Particle-Mesh Ewald (PME)

method [8] with a 9 Å cutoff and an Ewald coefficient of 0.30768. Similarly, the van der Waals interaction

were calculated by means of a 9 Å atom-based nonbonded list, with a continuous correction applied to

the long-range part of the interaction. The production runs were generated using the leap-frog algorithm

with a 1 fs timestep with Langevin dynamics with a collision frequency of 1 ps−1. Data was saved

every picosecond of the simulation. The SHAKE algorithm was applied to all bonds involving hydrogen

atoms. The nucleic acid structures generated by means of these constant temperature (T = 300K) and

pressure (1 atm) runs were analyzed by means of the 3DNA (v2.1) package [9] and the PTRAJ package
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in AMBERTOOLS [1].

The initial coordinates of the nucleic acid structures were generated as follows. The usual right-handed

B-DNA and A-RNA structures were generated using the NAB package in AMBERTOOLS (ver.12) in

Arnott’s conformation [10, 11], while the left-handed Z-DNA structure was available from our previous

investigations [12]. For the Z-RNA structure, we first generated the (CG)3 structure of Z-DNA, and then

modified it to generate the corresponding RNA structure. The resulting structure was then equilibrated

for 10 ns in an explicit solvent environment with a neutralizing number of Na+ ions. The average structure

was then analyzed using 3DNA and compared to the NMR-based Z-RNA structure found in the PDB

data bank (PDB id: 1T4X) [13]. Since the local base-pair and step parameters of this equilibrated

structure were found to be quite close to the experimental structure, we simply replicated the (CG)3

structure to generate the initial (CG)6 Z-RNA duplex. The duplexes were first equilibrated in a smaller

water box (with neutralizing ions) and then placed in a larger cubic box of ∼ 82 Å side, filled with a

suitable number of water molecules. Such a large box is necessary, since cylindral distribution functions

need to be calculated to a distance of at least 30 Å. To achieve electroneutrality, 22 water molecules

were replaced by Na+ cations. For simulations involving high salt concentrations, the number of water

molecules replaced by salt anions and cations was dictated by the system size and density. In order to

minimize any correlation effects on the initial distribution of the ions, these were placed at random at a

distance of 10 Å away from each other and the duplex structure.

Five simulations were carried out for each duplex with the following ions: (i) 22 neutralizing Na+,

no excess salt; (ii) 22 neutralizing Na+, and 0.4 M NaCl; (iii) 22 neutralizing K+, and 0.4 M KCl; (iv)

11 neutralizing Mg2+ and 0.2 M MgCl2; and (v) 22 neutralizing Na+, and 4.0 M NaCl. Here, the “salt”

molarity is used to indicate excess salt (over the neutralizing ions). Thus, we will refer to the case (i)

above as “zero salt”, although it has 0.06M Na+, due to the neutralizing ions.

The energy of each final system of oligonucleotide, waters and ions was then minimized with the nucleic

acid and ions fixed, followed by further minimization where atomic motion was allowed. Subsequently,

the temperature was gradually raised at constant volume from zero to 300 K over a period of 50 ps, with

the DNA/RNA structure and ions restrained with a harmonic constant of 50 kcal/mol. The resulting

structure was then further equilibrated at 300 K for 100 ps. The restraints on the duplex atoms and

ions were then gradually reduced by decreasing the restraining harmonic constant in 5 steps during

equal intervals of time. The final configuration was then used for a 1 ns constant pressure simulation

178



3

which was completely unrestrained, thereby adjusting the box size so as to achieve a system density of

approximately 1 g/ml. This was then followed by 120 ns of constant pressure and temperature production

runs. Equilibrium data was collected from only the last 100 ns of these runs, since a minimum of 20 ns

is required in order to stabilize the ion distribution.

Our analysis was focused on calculating the distribution of the mobile ions around the nucleic acid

structures. To that end, we calculated the diffusion coefficients for the ions, the cylindrical and radial

distribution functions, and carried out an analysis of the efficacy of different sites to localize the ions.

The diffusion coefficient (D) for the ions was obtained by conventional means:

D =
〈
|�r(t) − �r(0)|2

〉
/(6Δt), (1)

i.e., D is obtained by calculating the slope of the mean-square displacement as a function of time. We

calculated this quantity over a 10 ns time interval, taking data every 10 ps, and averaging the result over

all the ions. Turning to the radial distribution function (RDF), this is defined in terms of the distance r

of an atom B from a central atom A:

gAB(r) =
ρB(r | rA = 0)

ρB
, (2)

where ρB is the bulk density of B and ρB(r | rA = 0) is the conditional distance-dependent density of

atoms of type B a distance r from central site A. In practice the RDF is calculated as:

gAB(r) =

(
V

NB

)
NB(r,Δ)

VB(r,Δ)
=

(
V

NB

)
NB(r,Δ)

4πr2Δ
(3)

where NB(r,Δ) is the average number of atoms of type B located between distances r − 1
2Δ and r+ 1

2Δ

from central atom A, and VB(r,Δ) is the volume of the spherical slice between r− 1
2Δ and r+ 1

2Δ. RDFs

are particularly useful for investigating the binding properties between specific atoms such as negatively

charged nitrogens and oxygens on the duplexes and positively charged ions. In these RDFs the location

of the peaks reveals the typical binding distances. In the results presented here, the RDFs between two

atom types were computed as an average over all the equivalent atom pairs along the duplex. An ion can

be attracted to more than one atom in the duplex, and thus it can contribute to the RDFs of different

atom types in the duplex. A particularly useful variant of RDFs involves the cylindrical distribution
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functions, which track the ion concentration measured radially outwards from the central axis of the

duplex. The calculation of these functions is the same as for the RDFs, except that r is measured on

the plane perpendicular to the duplex axis and VB(r,Δ) now represents the volume of a cylindrical slice

between r−Δ/2 and r+Δ/2 from the chosen central axis. In our analysis, the global z-axis was calculated

by the package 3DNA, as in SCHNAaP [14]. The vectors used to define the axis are a combination of

C1’ and G-N9/C-N4 atoms along the same strand, as developed by Rosenberg et al. [15]. Calculating

the cylindrical distribution function not only gives insight into the properties of the ion distribution, but

also provides for a good check for the convergence of the simulation.

2 Results

Diffusion Constants. Table 2 summarizes the calculated diffusion coefficients for cations in the presence

of the different duplexes. Generally speaking, these results are in good agreement with values obtained

in B-DNA studies [16]. First, we consider the results for the Na+ ion. At low ion concentration, the

diffusion coefficients for the right-handed structures are higher than for the corresponding left-handed

structures. For comparison, the calculated diffusion coefficient for 22 free Na+ ions in TIP3P waters

is 1.56 × 10−9m2/s, which is higher than the experimental value of 1.33 × 10−9m2/s for ions in pure

water [17]. The reduced values for Z-DNA/Z-RNA are indicative of a reduced mobility, due to more

binding to the nucleic acids. At high salt concentrations (0.4 M), the diffusion coefficients increase for

all structures, and their values are comparable to that of the free ion. Here, the number of mobile

ions overwhelms the number of localized ions, giving rise to increased values of the diffusion coefficients.

Table 2 also presents the diffusion coefficients for K+ at 0.4 M KCl and for Mg2+ at 0.2 M MgCl2. As

a percentage of their bulk values (computed in TIP3P waters) the Mg2+ ion has the smallest value,

indicating that it is in general more localized.

180



5

Table 2. Diffusion coefficient of cations (in units of 10−9m2/s) for the four different nucleic
acid structures. Coefficients are given for a duplex system without excess salt, and for the high excess
salt cases. For comparison, the calculated diffusion coefficient in TIP3P waters is 1.56±0.14 for Na+

ions, 2.59±0.14 for K+ ions and 1.07±0.11 for Mg2+ ions.

Structure Na+ (no salt) Na+ (0.4M) K+ (0.4M) Mg2+ (0.2M)

B-DNA 1.40±0.15 1.48±0.08 2.28±0.17 0.90±0.10
Z-DNA 0.98±0.13 1.44±0.03 2.16±0.11 0.89±0.09

A-RNA 1.28±0.19 1.45±0.10 2.26±0.13 0.92±0.10
Z-RNA 1.04±0.14 1.48±0.10 2.38±0.12 0.90±0.09
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Comparison with the solution of the linear Poisson-Boltzmann equation. Over the years,

a number of continuum-based theories have been proposed to model the concentration profile of ions

away from charged biomolecules. Two particularly prominent examples include the so-called Manning

condensation theory [18], and theories based on various versions of the Poisson-Boltzmann equation. At

short distances near the duplexes, these theories are expected to fail because the atomic details matter [19].

However at larger distances, continuum theories can work. To probe this point, we considered a simple

model consisting of two concentric cylinders (inner cylinder radius r=a; outer cylinder, r=b), with a

constant charge density embedded on the inner cylinder and the electric field vanishing on the outer

cylinder. The potential generated by such a model may be solved analytically using the linearized

Poisson-Boltzmann equation [20]. The application of this model to our systems gives excellent results at

larger distances. For example, SI Fig.11 shows results for 0.4 M Na+ (radii a=12.0 Å and b=29.5 Å )

and shows that this simple continuum model well represents the cylindrical ion distribution for distances

larger than about 12.0 Å (RNA) and 14.0 Å (DNA).
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Supplementary Figure 1. RDFs for K+ with respect to major and minor groove atoms at
0.4 M salt concentration. For B-DNA and A-RNA, the colors indicate RDFs with respect to atoms
in the major groove: O6 (red), N7 (blue), N4 (black). For Z-DNA and Z-RNA, the colors indicate
RDFs with respect to atoms in the minor groove: O2 (black), N2 (red) and N3 (blue).
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Supplementary Figure 2. RDFs for K+ with respect to O’ backbone oxygens at 0.4 M salt
concentration. Colors indicate: O2’ (green), O3’ (black), O4’ (red), and O5’ (blue).
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Supplementary Figure 3. RDFs for K+ with respect to phosphate oxygens at 0.4 M salt
concentration. Colors indicate: OP1 (black), OP2 (red). The maximum for the four duplexes occurs
approximately at 2.8 Å.
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Supplementary Figure 4. Na+ ion occupancies within 3 Å as function of sequence for
0.4M salt concentration. Colors represent: major groove (black), minor groove (red), O’ oxygen
atoms on backbone (blue), and phosphate oxygens (green).
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Supplementary Figure 5. Na+ ion occupancies within 6 Å as function of sequence for
0.4M salt concentration. Colors represent: major groove (black), minor groove (red), O’ oxygen
atoms on backbone (blue), and phosphate oxygens (green).
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Supplementary Figure 6. K+ ion occupancies within 3.5 Å as function of sequence for
0.4M salt concentration. Colors represent: major groove (black), minor groove (red), O’ oxygen
atoms on backbone (blue), and phosphate oxygens (green).
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Supplementary Figure 7. Mg2+ ion occupancies within 6 Å as function of sequence for
0.2 M MgCl2 salt concentration. Colors represent: major groove (black), minor groove (red), O’
oxygen atoms on backbone (blue), and phosphate oxygens (green).
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Supplementary Figure 8. Atomic details of direct binding of monoatomic ions in a “G-O6
– C-N4” configuration. These snapshots correspond to configurations similar to those in the main
text, Fig. 14 a,b. Color representations: O6 (red), N4 (blue), N4-H (tan), water molecules (cyan) and
ion (green). (a) Na+ and (b) K+, both in B-DNA at 0.4 M salt concentration. The nearby water
molecules are within 3.5Å for Na+ and 4.0Å for K+.

190



15

Supplementary Figure 9. Atomistic details of binding sites of hexahydrated Mg2+ (green)
for different nucleic acid structures. (a) Binding to G-O6 (red) in A-RNA (C-N4 atoms are in
cyan); (b) binding to phosphate oxygens OP1 (red) and OP2 (pink) in Z-DNA; (c) binding to G-OP1
(red), G-OP2 (pink) and C-O3’(violet) in a CpG step in Z-DNA. The configurations shown are just a
snapshot at a given time obtained from the MD simulations.
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Supplementary Figure 10. Variation of some nucleic acid parameters for different NaCl
excess salt concentrations. Zero excess salt (black), 0.4 M (red), 4 M (green). The top panels are for
B-DNA and the bottom panels for A-RNA. (a) sugar phase angle φ1 of B-DNA; (b) step twist of
B-DNA; (c) helical rise of A-RNA; (d) helical inclination of A-RNA.
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Table S1: Bond types index. XX letter indicates heavy atoms.

Bond types index standrad length (Å) atom 1 atom 2 location

1 1.480 P O1P-O2P backbond

2 1.610 P O5’ backbond

3 1.526 C5’ C4’ backbond

4 1.526 C4’ C3’ backbond

5 1.526 C3’ C2’ backbond

6 1.526 C1’ C2’ backbond

7 1.410 C3’ O3’ backbond

8 1.410 O4’ C1’ backbond

9 1.410 C4’ O4’ backbond

10 1.410 O5’ C5’ backbond

11 1.610 O3’ P backbond

12 1.475 C1’ N1 Join C

13 1.475 C1’ N9 Join G

14 1.383 N1 C2 C base

15 1.229 C2 O2 C base

16 1.358 N3 C2 C base

17 1.339 C4 N3 C base

18 1.340 C4 N4 C base

19 1.433 C5 C4 C base

20 1.350 C6 C5 C base

21 1.365 N1 C6 C base

22 1.381 N1 C2 G base

23 1.340 C2 N2 G base

Continued on next page

S2

198



Table S1 – Continued from previous page

Bond types index standard length (Å) atom 1 atom 2 location

24 1.339 C2 N3 G base

25 1.354 N3 C4 G base

26 1.370 C5 C4 G base

27 1.419 C5 C6 G base

28 1.229 C6 O6 G base

29 1.388 C6 N1 G base

30 1.374 N9 C4 G base

31 1.391 N7 C5 G base

32 1.304 C8 N7 G base

33 1.371 N9 C8 G base

34 0.96-1.09 H XX all
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Table S2: native Hbonds index.

native Hbonds index acceptor group donor group

atom base index atom base index

1 O2 1 N2(H21/H22) 24

2 N3 1 N1(H1) 24

3 O6 24 N4(H41/H42) 1

4 O2 23 N2(H21/H22) 2

5 N3 23 N1(H1) 2

6 O6 2 N4(H41/H42) 23

7 O2 3 N2(H21/H22) 22

8 N3 3 N1(H1) 22

9 O6 22 N4(H41/H42) 3

10 O2 21 N2(H21/H22) 4

11 N3 21 N1(H1) 4

12 O6 4 N4(H41/H42) 21

13 O2 5 N2(H21/H22) 20

14 N3 5 N1(H1) 20

15 O6 20 N4(H41/H42) 5

16 O2 19 N2(H21/H22) 6

17 N3 19 N1(H1) 6

18 O6 6 N4(H41/H42) 19

19 O2 7 N2(H21/H22) 18

20 N3 7 N1(H1) 18

21 O6 18 N4(H41/H42) 7

22 O2 17 N2(H21/H22) 8

Continued on next page
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Table S2 – Continued from previous page

native Hbonds index acceptor group donor group

atom base index atom base index

23 N3 17 N1(H1) 8

24 O6 8 N4(H41/H42) 17

25 O2 9 N2(H21/H22) 16

26 N3 9 N1(H1) 16

27 O6 16 N4(H41/H42) 9

28 O2 15 N2(H21/H22) 10

29 N3 15 N1(H1) 10

30 O6 10 N4(H41/H42) 15

31 O2 11 N2(H21/H22) 14

32 N3 11 N1(H1) 14

32 O6 14 N4(H41/H42) 11

34 O2 13 N2(H21/H22) 12

35 N3 13 N1(H1) 12

36 O6 12 N4(H41/H42) 13

S5

201



Equilibrium quantities
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Fig. S1: Time dependence of RMSD of B-DNA (top) and Z-DNA (bottom). The duplexes are
in equilibrium with no applied field. The labels denote NaCl salt concentration at 0, 1, 2.5, 3 and
4 M, respectively. RMSDs are taken with respect to average structures.
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Fig. S2: Time dependence of the native Watson-Crick hydrogen bond probability. The labels
denote NaCl salt concentration at 0, 1, 2.5, 3 and 4 M, respectively. White gaps separate the
different H-bonds. H-bonds are numbered along the residue indices (see Table S2). Terminal
H-bonds therefore are 1, 2, 3 corresponding to C1–G24, and 34, 35, 36 corresponding to C13–G12.
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Non-equilibrium quantities

Fig. S3: Time dependence of the native Watson-Crick hydrogen bond probability in B-DNA
at zero salt excess. White gaps separate the different H-bonds. The unit of E0 is V/nm. The
probability is computed over 50 trajectories. The laser pulse parameters, t0 = 20 ps and σ = 6 ps.
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Fig. S4: Time dependence of the native Watson-Crick hydrogen bond probability in Z-DNA
at zero salt excess. White gaps separate the different H-bonds. The unit of E0 is V/nm. The
probability is computed over 50 trajectories. The laser pulse parameters, t0 = 20 ps and σ = 6 ps.
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Fig. S5: Terminal base-pairs in B-DNA and Z-DNA strands. B-DNA is shown in (a,b) while Z-
DNA is shown in (c,d). Parallel view to the helical axes are shown in (a) and (c), and perpendicular
views in (b) and (d). The 1-24, 2-23 and 3-22 base-pairs are shown in green, blue and orange sticks,
respectively. The red balls indicate the O4’ atoms labeled by iO4’, in which i is the base index. The
light of 1O4’ to base2 and 23O4’ to base24 are marked in light cyan color. The difference between
the terminal pairs of B-DNA and Z-DNA is that the projection of the 1O4’ (23O4’) atom on the
base2 (base24) ring plane is inside the base2 (base24) ring area in Z-DNA, which does not exist in
B-DNA. This difference contributes to the larger fraying of B-DNA with respect to Z-DNA.
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Fig. S6: Time evolution of the Watson-Crick H-bond (WCHB) percentage and base-pair
RMSD of B-DNA and Z-DNA under the application of a laser pulse at zero excess salt. B-
DNA is shown in (a) and (b), and Z-DNA in (c) and (d). Here, different colors represent different
values of the electric field amplitude Eo: 3.0 (red); 4.0 (magenta); 4.6 (green); 5.0 (blue); 5.5
(orange); 6.0 (brown); and 6.5 (cyan), respectively. The base-pair RMSD is taken with respect to
the initial structure and represents an average over the ten middle base pairs of each DNA sequence.
Data is averaged over 50 trajectories and E0 is given in V/nm. The laser pulse parameters, t0 = 10
ps and σ = 3 ps.
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1 Definitions of twist and handedness

We use the 3DNA software package(1, 2) to calculate the twist angle of the duplexes. Since non-Watson-

Crick base pairs are our main object, we choose the “simple” step parameters, which are “intuitive”

for non-Watson-Crick base pairs and were introduced into 3DNA as of v2.3-2016jan01. The regular z-

axis defined in 3DNA is used here, which is the average of two base normals, taking into consideration

the M-N vs M+N base-pair classification. The “simple” inter-base-pair step parameter calculation uses

consecutive C1’-C1’ vectors. Since the A-A mismatches may have a anti-syn or syn-syn conformation,

the z-axis turns out opposite to the normal one. Thus, one must add 180 degrees to the twist angles

involving A(anti)-A(syn) and A(syn)-A(syn) mismatches.

Handedness is a natural choice for investigating left- (H < 0) and right-handed (H > 0)) helical

structures, based on a former investigation of the B-Z DNA transition(3). For the double helix, the

position of the phosphorus (P) atoms of the backbone phosphate groups was found to be a good choice

for the definition of handedness. In brief, the definition of handedness for a portion of DNA/RNA between

the base pairs n and m makes use of a sequence of P atoms: P 1
n ,P

2
n ,P

1
n+1,P

2
n+1,...,P

1
m,P 2

m, where the upper

index indicates the strand number (1 or 2, labeled arbitrarily) and the lower index indicates the base-pair

number labeled in the 5 → 3 direction of strand 1. Note that this definition of handedness is independent

of the labeling of the strands. Supplementary Fig. S1 (right) shows the P atoms involved in the definition

of handedness of a DNA segment between base pairs n and m; the red and purple balls in this figure are

the first and last elements in the sequence. The position of these P atoms then defines the handedness

via

H(p1p2p3...pn) =

−−→
AB

|−−→AB|
×

−−→
CD

|−−→CD|
·

−−→
EF

|−−→EF |
, (1)

in which each pi is a point in the sequence discussed above, and

H(ABCD) =

n−3∑

i=1

H(pipi+1pi+2pi+3). (2)

In this last equation, the points A, B, C, D define the vectors
−−→
AB and

−−→
CD and the midpoints of these

vectors, called E and F , in turn form the vector
−−→
EF . Supplementary Fig. S1 illustrates this definition

for the first term of the sum in the relation (Eq. (1)). The cross product of the unit vectors of
−−→
AB and

2
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−−→
CD defines the (purple) vector whose dot product with the unit vector of

−−→
EF forms the first term of the

sum in the definition of handedness.

Figure S1: Definition of handedness
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Figure S2: RMSD for the single internal mismatch A5-A14 during 1 µs simulations. (I) RNA-
CAG (II) RNA-GAC (III) DNA-CAG (IV) DNA-GAC Conformations are color coded to agree with the
mismatch conformations in Fig. 2. Initial conformations for each of the three panels in a column are as
follows. Top: anti-anti (conformation A1 in Fig. 2); Middle: anti-syn (B1); Bottom: syn-syn (C1).
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Figure S4: syn→ anti rotation in a clockwise direction. This rotation results in a clash betwen A14
and the pink G13.
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syn mismatch conformations. (A1) anti-syn (CAG)4; (A2) syn-syn (CAG)4; (B1) anti-syn (GAC)4;
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Figure S6: Handedness of the middle six basepairs in DNA with initial anti-anti mismatch
conformations. Top: (CAG)4; Bottom: (GAC)4. The left column shows local handedness, with
different colors representing different turns. The right column shows the total handedness.
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Figure S7: Handedness of the middle six basepairs in RNA with initial anti-anti mismatch
conformations. Top: (CAG)4; Bottom: (GAC)4. The left column shows local handedness, with
different colors representing different turns. The right column shows the total handedness.
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Figure S8: Average local handedness of the middle six basepairs in DNA with initial anti-anti
mismatch conformations. (a) (CAG)4; (b) (GAC)4. Green bars show initial values taken from the
first 10ns. Blue bars show average values taken from the final 200ns. Orange bars show the minimum
value throughout the run. The index is specified by the P atoms of different residues, and acts as a sliding
window through successive four residues. Thus, the first index is defined by P3P16P4P15 using Eq. (1)
where the lower number represents residue index, the second is defined by P16P4P15P5, etc.
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Figure S9: Radius of gyration during 1 µs simulations Considered here are the residues 4-9 on
one strand and the complementary residues 16-21 on the other. Left column: DNA-(CAG)4; Right
column: DNA-(GAC)4. Top: anti-anti; Middle: anti-syn; Bottom: syn-syn. The red lines show the total
handedness as comparison, with its scale shown on the right side.
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Figure S10: Comparison between RNA-(CAG)4, RNA-(GAC)4 and standard B-DNA, A-
RNA helices in ball model. The RNA-(CAG)4 and RNA-(GAC)4 structures are determined by
choosing the lowest combined RMSD value of the middle two AA mismatches, with respect to the anti-
anti minimum A1.
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Figure S11: Distance between Na+ ions and the center of mass of the A-A mismatches. The
single mismatch duplexes are: (A) RNA-CAG (top) and RNA-GAC (bottom); (B) DNA-CAG (top) and
DNA-GAC (bottom). For each duplex, the initial conformations for the top, middle and bottom panels
are anti-anti, anti-syn, and syn-syn respectively. Different colors represent different ions to show the
binding time for individual ions.
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RNA-(CAG)4(anti-anti) RNA-(CAG)4(anti-syn) RNA-(GAC)4(anti-anti) RNA-(GAC)4(anti-syn) A-RNA B-DNA

major groove width (Å)
(direct PP distance)

23.1±1.8 16.9±1.2 24.8±1.9 18.8±3.1 15.2 17.3

minor groove width (Å)
(direct PP distance)

16.6±0.6 18.1±0.5 16.3±0.6 19.0±1.0 18.8 11.5

inclination (degree) 5.6±4.5 14.4±3.7 4.6±5.0 16.3±4.6 19.0 -5.5

Table S1: Major/minor groove width and basepair inclination for RNA-(CAG)4, RNA-
(GAC)4 and standard B-DNA, A-RNA. The results of RNA-(CAG)4 and RNA-(GAC)4 are taken
from the middle five base pairs and averaged through 50ns.
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Appendix D
Structure and dynamics of DNA and RNA

double helices obtained from the CCG and

GGC trinucleotide repeats - Supporting

information
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Figure D.0 (χ5, χ14) free energy maps for single mismatches in DNA-GCC (left panels),
DNA-GGC (right panels) for BSC0(a), BSC1(b) and OL15(c) force fields.

224



-180

-90

0

90

180

χ
5 (

de
gr

ee
)

-180

-90

0

90

180

χ
14

 (
de

gr
ee

)

0

1

2

3

hb
on

d

3
6
9

12
15

di
st

an
ce

 (
Å

)

-180

-90

0

90

180

χ
5 (

de
gr

ee
)

-180

-90

0

90

180

χ
14

 (
de

gr
ee

)

0

1

2

3

hb
on

d

3
6
9

12
15

di
st

an
ce

(Å
)

-180

-90

0

90

180

χ
5 (

de
gr

ee
)

-180

-90

0

90

180

χ
14

 (
de

gr
ee

)

0 200 400 600 800 1000
time (ns)

0

1

2

3

hb
on

d

0 200 400 600 800 1000
time (ns)

3
6
9

12
15

di
st

an
ce

(Å
)

an
ti-

an
ti

an
ti-

sy
n

sy
n-

sy
n

Figure D.1 Characterization of the single C·C mismatch in RNA-CCG1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.2 Characterization of the single C·C mismatch in DNA-CCG1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.3 Characterization of the single C·C mismatch in RNA-GCC1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.4 Characterization of the single C·C mismatch in DNA-GCC1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.5 Characterization of the single G·G mismatch in RNA-CGG1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.6 Characterization of the single G·G mismatch in DNA-CGG1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.7 Characterization of the single G·G mismatch in RNA-GGC1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.8 Characterization of the single G·G mismatch in DNA-GGC1. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.9 Characterization of the internal C·C mismatch in RNA-CCG3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.10 Characterization of the internal C·C mismatch in DNA-CCG3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.11 Characterization of the internal C·C mismatch in RNA-GCC3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.12 Characterization of the internal C·C mismatch in DNA-GCC3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.13 Characterization of the internal G·G mismatch in RNA-CGG3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.14 Characterization of the internal G·G mismatch in DNA-CGG3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.15 Characterization of the internal G·G mismatch in RNA-GGC3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.16 Characterization of the internal G·G mismatch in DNA-GGC3. Shown are the
torsion χ angles, the hydrogen bond number (hbond) and the distance between the centers of
mass of the bases in the mismatch. In the χ5 and χ14 plots, anti and syn conformations are
drawn in black and red colors, respectively. The data was averaged for every 100 ps.
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Figure D.17 Time dependence of χ6, χ9, χ20, χ23, hydrogen bond and the distance between
the centers of mass of the mismatch bases in the DNA four C-C mismatch models.
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Figure D.18 Time dependence of χ6, χ9, χ20, χ23, hydrogen bond and the distance between
the centers of mass of the mismatch bases in the RNA four C-C mismatch models.
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Figure D.19 Time dependence of χ6, χ9, χ20, χ23, hydrogen bond and distance between the
centers of mass of the mismatch bases in the DNA four G-G mismatch models.
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Figure D.20 Time dependence of χ6, χ9, χ20, χ23, hydrogen bond and distance between the
centers of mass of the mismatch bases in the RNA four G-G mismatch models.

244



Figure D.21 Distance between Na+ ions and the center of mass of the C-C mismatches.
The single mismatch duplexes are RNA-CCG1 (top) and RNA-GCC1 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.22 Distance between Na+ ions and the center of mass of the C-C mismatches.
The single mismatch duplexes are DNA-CCG1 (top) and DNA-GCC1 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.23 Distance between Na+ ions and the center of mass of the G-G mismatches.
The single mismatch duplexes are RNA-CGG1 (top) and RNA-GGC1 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.24 Distance between Na+ ions and the center of mass of the G-G mismatches.
The single mismatch duplexes are DNA-CGG1 (top) and DNA-GGC1 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.25 Distance between Na+ ions and the center of mass of the C-C mismatches.
The three mismatch duplexes are RNA-CCG3 (top) and RNA-GCC3 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.26 Distance between Na+ ions and the center of mass of the C-C mismatches.
The three mismatch duplexes are DNA-CCG3 (top) and DNA-GCC3 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.27 Distance between Na+ ions and the center of mass of the G-G mismatches.
The three mismatch duplexes are RNA-CGG3 (top) and RNA-GGC3 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Figure D.28 Distance between Na+ ions and the center of mass of the G-G mismatches.
The three mismatch duplexes are DNA-CGG3 (top) and DNA-GGC3 (bottom) For each
duplex, the initial conformations for the top, middle and bottom panels are anti-anti, anti-
syn, and syn-syn respectively. Different colors represent different ions to show the binding
time for individual ions.
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Appendix E
E-motif formed by extrahelical cytosine bases

in DNA homoduplexes of trinucleotide and

hexanucleotide repeats - Supporting

information
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Figure E.1 Time dependence of quantities characterizing the transition to an e-motif. This
shows 1 µs simulation under the BSC1 force field for duplexes CCG4 (black) and GCC4 (red).
(a) Partial handedness of the C12-C17 mismatch; (b) pseudodihedral angle (Ω12) describing
the base unstacking of C12 with respect to the helical axis; (c) center-of-mass distance (ep-
distance) between basepairs 11-16 and 13-18; (d) “e-motif distance” (ec-distance), defined as
the distance between the N4 atom of C12 and the O2 atom of C10 in GCC4 or the N3 atom
of G10 in CCG4.

254



Figure E.2 Time dependence of quantities characterizing the transition to an e-motif. This
shows 1 µs simulation under the OL15 force field for duplexes CCG4 (black) and GCC4 (red).
(a) Partial handedness of the C12-C17 mismatch; (b) pseudodihedral angle (Ω12) describing
the base unstacking of C12 with respect to the helical axis; (c) center-of-mass distance (ep-
distance) between basepairs 11-16 and 13-18; (d) “e-motif distance” (ec-distance), defined as
the distance between the N4 atom of C12 and the O2 atom of C10 in GCC4 or the N3 atom
of G10 in CCG4.
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Figure E.3 RMSD of the middle 14 residues around the e-motif (R5-R11 and R20-R26) for
the GCC5emotif duplex (Fig.1 (c)) under the three force fields.
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Figure E.4 RMSD of the bases participating in the pseudo GpC step for the GCC5emotif

duplex (Fig.1 (c)) under the three force fields.
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Figure E.5 RMSD of the middle 14 residues around the e-motif (R5-R11 and R20-R26) for
the CCG5emotif duplex (Fig.1 (d)) under the three force fields.
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Figure E.6 RMSD of the bases participating in the pseudo CpG step for the CCG5emotif

duplex (Fig.1 (d)) under the three force fields.
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Figure E.7 Overlap areas of the basepair ring atoms of the pseudo GpC step for 1 mi-
crosecond run of GCC5emotif in three force fields. (a) BSC0 (black); (b) BSC1 (red); (c)
OL15 (green). The subfigures on the right side show the distribution functions.
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Figure E.8 Pseudo step stacking in an e-motif for hexanucleotide repeats. (a) LLC step in
DC-1; (b) MMC step in DC-2emotif . Different bases are drawn in different colors, consistent
with the colors in the sequence below. Extra-helical C bases are in green. Left and right
subfigures show views perpendicular and parallel to the helical axis, respectively.
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Figure E.9 Projection along the direction of the first eigenvector from a PCA analysis of
the middle nucleotides (residues 4-12,18-26). (a) GCC4extended (b) CCG4extended. Different
colors represent different force fields: BSC0 (black); BSC1(red); OL15 (green). (a) shows
ordinary fluctuations in all three force fields while (b) shows that there are conformational
transitions in BSC1 and OL15.
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