
ABSTRACT

FAKHARZADEH, ASHKAN. Structure, Stability, and Dynamics of Select Nucleic Acids Associated
with Neurodegenerative Diseases. (Under the direction of Christopher Roland and Celeste
Sagui).

Atypical DNA secondary structures have been identified as a common and causative

factor for simple sequence repeat expansion, which underpins approximately fifty DNA

trinucleotide repeat (TR) neurodegenerative and neuromuscular diseases. These types of

triplets are the most common type of simple sequence repeat found in all known eukary-

otic genomes’ exomes. TRs may cause defects in a protein encoded by a gene, alter gene

expression regulation, produce toxic RNA, or cause chromosome instability, depending on

their location. Intergenerational repeat expansions exhibit genetic anticipation, whereas

somatic expansions are causing disease progression. Although it is well known that repeat

length and atypical non-B DNA stable secondary structures are two main factors behind

TR disorders, less is known about the molecular details of the atypical structures. In this

thesis, we have used classical molecular dynamics simulations, with state-of-the-art force

fields and sampling methods to study conformational characteristics and the free energy

landscape of several alternative nucleic acid structures.

First, we studied DNA triplexes and RNA/DNA hybrids associated with GAA/TTC trin-

ucleotide repeats found in the first intron of the frataxin (FXN) gene causing Friedreich’s

ataxia (FRDA). Using large scale molecular dynamics simulations, we have explored the

16 possible DNA triplexes that can be formed from these GAA/TTC repeats, as well as the

two hybrid RNA:DNA helical duplexes and three possible DNA.DNA:RNA triplexes that can

form a collapsed R-loop. We explored the stability of these triplex structures and found

for TTC.GAA:TTC triple helices, the third TTC strand in parallel alignment with bases in

an anti conformation is the most stable; for GAA.GAA:TTC triple helices, the GAA third

strand in parallel alignment with bases in an anti conformation along with two protonated

cases are the most stable. With regards to hybrid RNA:DNA helices, our structural analysis

indicates that r(GAA):d(TTC) is more stable and closer to A-RNA than d(GAA):r(UUC) which

directly impacts the stability of the resulting triplex, i.e. d(TTC+)·d(GAA):r(UUC) is unsta-

ble while d(GAA)·r(GAA):d(TTC) and d(GA+A)·r(GAA):d(TTC) are stable. We expanded our

study to all possible triplexes that form by attaching a third RNA strand to an RNA:RNA or

DNA:DNA duplex assembled from GAA and TTC or UUC sequences. For both new triplexes



results are similar. For a pyrimidine UUC+ third strand, the parallel orientation is stable

while its antiparallel counterpart is unstable. For a neutral GAA third strand, the parallel

conformation is stable. A protonated GA+A third strand is stable in both parallel and an-

tiparallel orientations. We have also investigated Na+ and Mg2+ ion distributions around

the triplexes.

Then, we targeted DNA duplexes with GGC and CGG sequence with GG mismatches

TRs in Z-form and DNA/RNA duplexes with CTG/CUG and GTC/GUC repeats in B-from

as well as CAG:CTG (or CUG), CUG:CTG, and GUC:GTC hybrid double helices. Extended

repeats of CGG/GGC TRs in the pathological range leads to male fragile X-associated

tremor ataxia syndrome (FXTAS), premature ovarian failure, inherited fragile X mental

retardation syndrome as well as Baratela-Scott syndrome. The experiments were not able

to reveal the actual molecular conformation of this yet unknown CGG TR motif. Therefore,

using molecular dynamics simulations, we set out to investigate a wide collection of DNA

helices that combine either CpG or GpC Watson-Crick steps in Z-DNA form with different

conformations for the GG mismatches. We characterized the conformations and relative

stability of these helices and uncovered evidence for a new structural motif, which we term

extruded-G Z-DNA or an eGZ-motif. We found out this new motif, with both GpC and CpG

steps, is the most stable structure and believe that it may be an important motif behind

CGG TRs.

Abnormal expansion of CTG repeats results in Myotonic Dystrophy 1 genetic disorder.

When CTG transcribed, these repeats form RNA hairpins with UU mismatches. On the

other hand, co-transcriptional formation of stable RNA·DNA hybrids can also enhance

the instability of repeat tracts and generate slipped duplexes, which may be associated

with increased illness severity. We have carried out free energy and molecular dynamics

studies to determine the preferred conformations of the UU and TT non-canonical pairs

in RNA-CUGn (GUCn ) and DNA-CTGn (GTCn ) TRs, as well as U-T, A-T, A-U hybrids pairs

in RNA-(CUGn ):DNA-CTGn (RNA-GUCn :DNA-GTCn ), RNA-CAGn :DNA-CTGn and RNA-

CUGn :DNA-CAGn (n=1, 4). We have recognized that U-U and T-T pairs are dynamic, and

prefer anti-anti conformation stacked inside the core of the helix, followed by anti-syn and

syn-syn conformations. The U-T hybrid mismatches form loose pairs similar to the U-U

pairs, but A-T and A-U pairs form two stable Watson-Crick hydrogen bonds. We have also

discussed other structural and dynamical properties of helices.

Finally, we focused on another aspect of DNA duplexes, conformational flexibility.

We have introduced a new bending restraining method based on orientation quaternion



collective variables and used diverse statistical and computational methods such as Steered

MD, ABMD, and Umbrella Sampling to extract bending free energy, and characterize the

bending of: (i) short length canonical DNA in A-, B-, and Z-form, (ii) C- and G-rich TRs.

In agreement with experiments and previous computational studies, we have shown that

the free energy curve varies quadratically with the bending angle for moderate bending,

while beyond this point the variation becomes linear. Strong bending generally leads to

local kinks. We have also observed that CCG, GCC, CGG, GGC TRs tend to be bent more

and have lower bending free energies in comparison to canonical DNAs.
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CHAPTER

1

INTRODUCTION

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are probably the most important

molecules in living cells. DNA transmits genetic information from parent to offspring and

codes for production of proteins; RNA plays an important role in coding, decoding, regula-

tion and expression of genes Phillips et al. (2009). DNA and RNA are nucleic acids made of

sugars, phosphates and bases. There are five primary nucleobases that are divided into two

groups: purines, and pyrimidine. Purines include adenine (A), and guanine (G), pyrimidines

are cytosine (C), thymine (T, DNA only) and uracil (U, RNA only). These nucleobases form

hydrogen bonds. The most common type of hydrogen bonds base pairing is Watson-Crick

Watson and Crick (1953) (WC) where A and T in DNA or A and U in RNA as well as G and C

pair. The repetition of base pairs generates helical structures such as double helix, triplex

Felsenfeld et al. (1957), parallel-stranded Szabat and Kierzek (2017), stem loop Svoboda

and Di Cara (2006), tetraloop Woese et al. (1990), quadruplex Batey et al. (2004), etc.

The most common structure, the double helix, is divided into families based on geo-

metrical characteristics. The three major families of DNA double helices are A-, B-, and

Z-DNA. The B-DNA is the most well known and common form of DNA at neutral pH and

physiological salt concentrations. A-form can form within certain purine stretches (e.g.

1



GAGGGA). This type of helix is slightly wider and more rigid than B-DNA (and also Z-DNA),

owing to the fact that base pairs stack nearly on top of each other in B-DNA, but slightly

off-center in the A-conformation, resulting in less stability of the A-form in comparison to

B-form Ussery (2002). Because of the extra OH group on the ribose sugar, which cannot

fit easily into the tight space allotted to it in B-DNA, an A-helix is the most common form

for DNA-RNA hybrids, triplexes, and double-stranded RNA Ussery (2002). In contrast to

A- and B-form, Z-DNA is left handed double helix with a pronounced zig-zag (hence the

name) pattern in the phosphodiester backbone and favored by alternating pyrimidine–

purine steps (e.g. CGCGCG) especially when methylated Wang et al. (1979). The Z-helix

is narrower than the A- and B-helixes. In general, adopting a conformation is influenced

by a variety of factors, including sequence, ionic or hydration environment, and protein

binding. Furthermore, transition between conformations is possible as well Phillips et al.

(2009).

Aside from regular DNA structures with WC pairs, atypical secondary structures with

non-WC mismatches have been linked to expansion in trinucleotide repeats (TRs) se-

quences, which underlying more than 50 simple sequence repeats (SSRs) genetic diseases

McMurray (1999); Mirkin (2006); Pearson et al. (2005) and their number is expected to grow

Ranum and Cooper (2006). Figure 1.1 shows a schematic of some of the most common SSRs.

SSRs are nucleotide sequences that contain 1-6, sometimes even 12, base-pairs that are

repeated several to many times. They account for roughly 3% of the entire human genome

sequence Subramanian et al. (2003). TRs are the most common type of SSR found in all

known eukaryotic genomes’ exomes. TRs have ‘dynamic mutations’, which defy Mendelian

inheritance. SSRs, based on their incidence rate and position, play a vital role in genome

evolution, but their downside is that they can cause genetic disorders. Trinucleotide repeat

expansion disorders (TREDs) Pearson et al. (2005); Mirkin, S. (2007); Kovtun and McMurray

(2008); McMurray, C.T. (2010); Usdin et al. (2015); Paulson, H. (2018); Khristich and Mirkin

(2020) are a set of genetic disorders caused by some trinucleotide repeats in certain genes

exceeding the normal, stable, threshold range which differs per gene. TREDs exhibit antici-

pation, where the age of the onset of the disease typically decreases and the severity of the

disease phenotype typically increases in each subsequent generation. Furthermore, the

repeats increase their length in somatic cells over the course of the affected person’s life.

Figure 1.1 shows a schematic of some of the most common SSRs. The mechanism under-

lying TREDs are complex, but in the majority of cases, non-B DNA conformations play a

central role Moore et al. (1999); McMurray (1999); Wells et al. (2005); Usdin et al. (2015). As
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a likely scenario TRs can be seen as a consequence of strand slippage during DNA repair,

replication, recombination, or transcription. For example, during the replication process,

the DNA polymerase may slip on a unit, resulting in the formation of a hairpin. In the next

round of replication, the hairpin will be replicated in the DNA with a longer expansion. This

process can be repeated indefinitely, resulting in the emergence of a disease. The fact that

antisense transcripts of the expansions which result from the bidirectional transcription of

the DNA TRs can also form nuclear RNA foci complicates these pathological mechanisms

even more. Table 1 contains some of the most common TRs and related disorders, as well

as the normal and diseased range of repeats and the most common molecular mechanism

behind the disease. There are mainly two kinds of TREDs, polyQ diseases and non-poly

Q diseases. A polyQ disease is caused by an abnormal expansion of CAG repeats which

give rise to a long range of glutamine units, and the accumulation of polyQ proteins dam-

ages key cellular functions such as the ubiquitin-proteasome system, on the other hand,

non-polyQ diseases are caused by other TRs. The progressive degeneration of nerve cells is

a common symptom of polyQ diseases, which usually affects people later in life. Unlike

PolyQ diseases, non-PolyQ diseases do not share any specific symptoms. For instance, for

Fragile X syndrome, the pathology is caused by lack of the normal function of the protein

encoded by the affected gene, but for Myotonic Dystrophy Type 1, the pathology is caused

by a change in protein expression or function, which is mediated by changes in messenger

RNA produced by the affected gene’s expression Orr and Zoghbi (2007).

A first step towards understanding these neurodegenerative and neuromuscular dis-

orders involves structural and dynamical characterization of the atypical DNA and RNA

structures. In this thesis, we investigate some of the atypical structures using large-scale

atomistic simulations and enhanced sampling methods. Atomistic molecular dynamics

(MD) is a valuable tool for investigating the conformations and dynamics of both DNA

and RNA, with different types of steps, in different environments, their associated free

energies, and the various transition mechanisms associated with these repeats. In Chapter

2, we study DNA-based triple helices and R-loops formed by GAA sequences associated

with Friedreich ataxia. We expand our investigation to RNA–RNA and RNA–DNA triplexes

in Chapter 3. Chapter 4 explores CGG and GGC sequences in Z-form causing Fragile X

syndrome, Fragile X-associated tremor/ataxia syndrome, and Baratela-Scott syndrome. In

Chapter 5, we explore structure and dynamics of DNA/RNA double helices from CTG/CUG

and associated RNA/DNA hybrids behind Myotonic dystrophy type 1. Chapter 6 is a more

comprehensive study based on several different non-equilibrium enhanced sampling to
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examine the bendability of canonical DNAs and C-/G-rich TRs.

1.1 Triple helices and R-loops

Triple helices have received a lot of interest in recent years because of their potential in

gene therapy Duca et al. (2008). In Chapter 2 and 3, we present our published results related

to the atypical structures associated with GAA/TTC and GAA/UUC TRs. GAA expansion in

the first intron of the frataxin (FXG) gene results in silencing this gene and thereby diminish

frataxin protein levels which is known as Friedreich’s ataxia, an inherited disorder that

affects some of the body’s nerves. GAA repeats have been discovered to form triplexes or

R-loops. Triplex is a non-canonical three-stranded structure made up of Watson-Crick

pairs in antiparallel helical duplex with a third strand that attaches to the duplex’s major

groove through Hoogsteen or reversed Hoogsteen hydrogen bonds. There are two types of

triple helix DNA: intermolecular triple helix DNA and intramolecular triple helix DNA. A

Watson-Crick DNA duplex and a sequence of Triplex-forming oligonucleotides generate

the intermolecular triple helix, whereas one strand of duplex folds back and forms a triple

helix with the duplex part in the intramolecular triple helix Jain et al. (2008); Fox (2000).

These triplexes can cause transcriptional repression as well as site-specific mutagenesis

or recombination in either case. GAA/TTC sequences, which represent pure purine and

pure pyrimidine strands, have been found to form purine·purine:pyrimidine (‘:’ for duplex

and ‘.’ for third strand) as well as pyrimidine·purine:purine triplexes Grabczyk and Usdin

(2000); Sakamoto et al. (2001); Potaman et al. (2004).

An R-loop is a three-stranded nucleic acid made up of a hybrid RNA:DNA duplex and a

single-strand of non-template DNA Sollier and Cimprich (2015); Allison and Wang (2019).

While all sequences generate temporary R-loops in the presence of RNA polymerase II

(RNAPII), loops formed in regions with asymmetric purine-rich and pyrimidine-rich strands

are susceptible to forming stable, long-lived hybrids Belotserkovskii et al. (2013). In addi-

tion, the hybrid duplexes can form in either of the two DNA strands due to bidirectional

transcription. GAA and TTC strands are perfect candidates for R-loops a fact enhanced by

bidirectional transcription Reddy et al. (2010); Groh et al. (2014); Loomis et al. (2014). It is

thought that in TRs, the unpaired strand may join the hybrid to form a hybrid triple helix

(or collapsed R-loop), which clogs the transcription process even more.

In Chapter 2, we model 16 distinct triple helix DNA GAA/TTC sequences and provide
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simulation results from classical atomistic molecular dynamics simulations. The models

are designed in such a way that enables us to investigate all conceivable structures with the

maximum number of hydrogen bonds. In addition, we provide findings for the RNA:DNA

hybrids helical duplexes, as well as three potential DNA.DNA:RNA hybrid triplexes that can

create a collapsed R-loop.

In Chapter 3, we broaden our investigation to RNA triplexes, namely pure RNA triplexes

and RNA-DNA hybrid triplexes. The most common type of RNA–DNA hybrid triplex is

RNA·DNA:DNA, with standard Watson–Crick (WC) base pairing in the DNA duplex and the

RNA strand binding to the major-groove of the DNA duplex via Hoogsteen (or Hoogsteen-

like) hydrogen bonds. We design and concentrate on 16 non-equivalent RNA·RNA:RNA and

RNA ·DNA:DNA triplexes assembled from GAA and TTC or UUC sequences. Our MD results

provide detailed insight into the conformations and stability of the triplexe, contributing

to a better understanding of trinucleotide repeats and the unique structures that cause

expansion.

1.2 eGZ-motif

CGG TRs and GCC TRs are prevalent pathogenic mutations responsible for several in-

tellectual disability or neurodegenerative disorder such as Fragile X, Fragile X-associated

tremor/ataxia syndrome, and Baratela-Scott syndrome. CGG TRs are found in 5’-untranslated

region (5’-UTR) of the fragile X mental retardation gene (FMR1) Fu et al. (1991). The usual

range of CGG TRs repeats in a normal population is 5-54, which may be interrupted by AGG

repeats. Expansion of CGG over the aforementioned threshold silences the FMR1 gene,

resulting in a deficit of the resulting protein (FMRP). Repetitions between 55 and 200 cause

male fragile X-associated tremor ataxia syndrome (FXTAS) Hagerman et al. (2001) and

female premature ovarian failure Sherman (2000), whereas repeats more than 200 cause

inherited fragile X mental retardation syndrome Glass (1991). A GGC repeat expansion and

methylation of exon 1 in the XYLT1 gene are linked to the Baratela-Scott syndrome LaCroix

et al. (2019). GG and GGC have been shown in experiments to form hairpins Bansal et al.

(2022), quadruplexes Renciuk et al. (2009), and tetraplexes Fojtik et al. (2004), etc. depending

on the sequence length and environmental circumstances. Our previous research indicates

that CGG and GGC in B-DNA form prefer GG mismatches inside the helical core in an

anti-syn conformation Pan et al. (2018). According to a new CD spectroscopic experiment,
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when exposed to high salt concentrations, CGG runs adopt a non-B DNA conformation-a

left-handed Z-DNA, whose likelihood of formation increases with increasing number of

repeats Renciuk et al. (2011).

Z-DNA is often a transient structure that is produced by biological activity and then

disappears (mainly transits to B-DNA) Moradi et al. (2013). Normally, high salt concentra-

tions are required to stabilize Z-DNA in vitro, although other physiological circumstances,

including cytosine methylation, aid in Z-DNA formation Phillips et al. (2009).

In this study, we set out to construct and study through MD simulations a wide collection

of DNA helices that combine either CpG or GpC WC steps in Z-DNA form with different

conformations of the GG mismatches, which we set as either intrahelical or extrahelical;

and either in local B-DNA conformations (thus, forming a series of BZ junctions Ha et al.

(2005)) or in local Z-DNA conformations (thus, forming a series of ZZ junctions Johnston

et al. (1991)). We also carry out free energy calculations to evaluate the energetic cost of

base flipping, particularly in BZ and ZZ junction and low and high salt concentrations. We

compare three BSC0, BSC1, OL15 state-of-art AMBER force fields for better description

of Z-DNA, and analyze the conformations and relative stability of the helices via various

methods such as overall left-handedness, and compactenss, melting temperature and

stretching. We propose a novel motif, which we call the extruded-G Z-DNA motif, or eGZ-

motif, for simplicity. The eGZ-motif consists of extruded Gs in an alternating fashion in a

left-handed Z-DNA helix with both GpC and CpG steps. We believe this new motif is the

most stable structure and probably the main motif behind CGG TRs.

1.3 CUG/GUC, CTG/GTC TRs and associated hybrids

The most common form of muscular dystrophy that begins in adulthood is Myotonic dystro-

phy Meola and Cardani (2015). Myotonic dystrophy is another example of a TRED, which in

this case is associated with an abnormal expansion of CTG (myotonic dystrophy type 1) and

CCTG (myotonic dystrophy type 2). The number of repeats in healthy individuals ranges

between 5 and 38, while those with between 39 and 50 repeats are considered permutation

alleles Pettersson et al. (2015). Clinically affected individuals carry more than 50 repeats

Shaw et al. (1993). The CTG TRs are located in the 3’-UTR of the dystrophia myotonica

protein kinase gene while the CCTG repeats are found in the zinc finger 9 (ZNF9) gene

Brook et al. (1992). When transcribed, these sequences form toxic RNA with CUG/CCUG

6



(sense) and CAG/CAGG (antisense) repeats. The sense transcriptions fold into RNA hairpins

which draw in cytoplasmic multi protein complexes such as muscleblind-like 1 (MBNL1)

Davis et al. (1997) which in turn cause muscle chloride channel dysfunction and abnormal

insulin receptor regulation. The antisense transcripts also represent a group of neurological

disorders, including Huntington’s disease Tawani and Kumar (2015), and several kinds of

spinocerebellar ataxia (SCAs) Mykowska, A. and Sobczak, K. and Wojciechowska, M. and

Kozlowski, P. and Krzyzosiak, W. (2011). In addition, co-transcriptional R-loops can cause

DNA damage and genome instability.

In our previous study, we have explored CAG/GAC-based repeats Pan et al. (2017). In

Chapter 5, we focus on duplexes based on DNA/RNA structures based on CTG/CUG and

GTC/GUC repeats and associated hybrids. Several experimental evidence demonstrated

that UU/TT mismatches sandwiched between CpG and/or GpC steps form loose wobble

base pairs, with a variety of secondary structures Michalowski et al. (1999); Sato et al. (2004);

Mooers et al. (2005); Kumar et al. (2011). Furthermore, CNG (N for nucleotide) repeats are

susceptible to form stable, long-lived R-loops due to the high thermal stability of rG/dC and

rC/dG nucleotide pairs relative to dG/dC pairs Roy et al. (2008). Repeat tracts CTG and CAG,

in particular, can be bidirectionally transcribed, allowing for single- and double-R-loop

configurations in which either or both DNA strands can be RNA-bound Reddy et al. (2011,

2014). This type of R-loop most likely increases the lifetime of single-stranded repeat DNA,

allowing more non-B DNA secondary structures to develop and boosting repeat instability

Reddy et al. (2014).

We present a unified and comparative description of the structural and dynamical

characteristics of the nucleic acid duplexes for both DNA and RNA based on CTG/CUG

and GTC/GUC repeats as well as hybrid double helices in the form CAG:CTG (or CUG),

CUG:CTG, and GUC:GTC. We carry out free energy and MD simulations to determine the

preferred conformations of the U-U (T-T) non-canonical pair in RNA-(CUG)n ((GUC)n ),

DNA-(CTG)n ((GTC)n ) and RNA.DNA hybrids RNA-(CUGn ):DNA-CTGn (RNA-GUCn :DNA-

GTCn ), RNA-CAGn :DNA-CTGn , and RNA-CUGn :DNA-CAGn (n=1, 4) and characterize their

conformations, stability, and dynamics.

7



1.4 DNA bendability using orientation quaternion based en-

hanced sampling techniques

The structural flexibility of DNA plays an important role in many biological functions,

such as gene replication and expression, DNA-protein recognition, DNA repair and gene

regulation Vilar and Saiz (2005); Modrich (2006). Essentially, DNA bending is thought to

facilitate the initial recognition of the mismatched base for repair Gorman et al. (2007).

However, bend DNAs are non-equilibrium conformations that in the absence of protein

can arise only transiently and are thus difficult to study. MD is, in principle, limited by

sampling. The use of biasing techniques can considerably improve sampling. Enhanced

sampling free energy calculations have been used to investigate DNA bending Curuksu

et al. (2008, 2009); Sharma et al. (2013); Ma and van der Vaart (2016, 2017).

In Chapter 6, we offer a unique method-based orientation quaternion technique to

induce bending. Orientation quaternion collective variables (CVs) are a powerful tool for

inducing rotational transformations or constraining the orientation of certain domains

in a molecular system Moradi et al. (2015). Our CVs enable continuous DNA bending

while still allowing for full conformational flexibility. We first compare the bending free

energy obtained through steered MD (SMD) Izrailev et al. (1998); Park et al. (2003) to that

obtained through umbrella sampling (US) Torrie and Valleau (1977) and adaptively biased

MD (ABMD) Babin et al. (2008, 2009). After validating our approach, the bendability of

several different DNAs, including regular CG15 in A-, B-, and Z-form and CCG, GCC, CGG,

and GGC TRs in various lengths, is investigated using SMD methods. According to our

calculations, canonical matches have the highest energy cost, whereas mismatches have

lower bending free energies which points out the studied TRs are less rigid than regular

DNAs.
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Table 1.1: Table summarizing most common SSRs and associated diseases.

SSR Associated Diseases NRR PRR Mechanism
CAG Huntington’s Disease (HD) 6-35 36-250 polyQ

spinal and bulbar atrophy (SBMA) 4-34 35-72 polyQ
dentatorubal-pallidolysian atrophy (DRPLA) 6-35 49-88 polyQ

spinocellular ataxia 1 (SCA1) 6-35 35-72 polyQ
SCA2 14-32 33-77 polyQ
SCA3 12-40 55-86 polyQ
SCA6 4-18 21-30 polyQ
SCA7 7-17 38-120 polyQ

SCA12 7-41 43-51 polyQ
SCA17 25-42 47-63 polyQ

GAC epiphyseal dysplasia 5 6 impaired transcription
pseuodoachondroplasis 5 4 or 7 impaired transcription

GAA Friedreich’s ataxia (FRDA) 7-34 100+ impaired transcription
CTG Myotonic dystrophy Type 1 (DM1) 5-34 50+ RNA-based

Spinocerebellar ataxia Type 8 (SCA8) 16-37 110-250 RNA-based
CGG fragile X mental retardation (FRAXA) 6-60 230+ abnormal methylation

fragile X tremor ataxia syndrome (FXTAS) 6-53 55-200 increased expression
CCG X-linked mental retardation (FRAXE) 6-39 200+ abnormal methylation
GGC Baratela-Scott syndrome 6-35 200+ abnormal methylation

Figure 1.1: Schematic illustrating the occurrence of some of the most common SSRs, as
well as abbreviations for the most common diseases that they cause.
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ABSTRACT

Expansion of the GAA/TTC repeats in the first in-
tron of the FXN gene causes Friedreich’s ataxia. Non-
canonical structures are linked to this expansion.
DNA triplexes and R-loops are believed to arrest tran-
scription, which results in frataxin deficiency and
eventual neurodegeneration. We present a system-
atic in silico characterization of the possible DNA
triplexes that could be assembled with GAA and
TTC strands; the two hybrid duplexes [r(GAA):d(TTC)
and d(GAA):r(UUC)] in an R-loop; and three hy-
brid triplexes that could form during bidirectional
transcription when the non-template DNA strand
bonds with the hybrid duplex (collapsed R-loops,
where the two DNA strands remain antiparallel). For
both Y·R:Y and R·R:Y DNA triplexes, the parallel
third strand orientation is more stable; both parallel
and antiparallel protonated d(GA+A)·d(GAA):d(TTC)
triplexes are stable. Apparent contradictions in the
literature about the R·R:Y triplex stability is proba-
bly due to lack of molecular resolution, since shift-
ing the third strand by a single nucleotide alters the
stability ranking. In the collapsed R-loops, antiparal-
lel d(TTC+)·d(GAA):r(UUC) is unstable, while parallel
d(GAA)·r(GAA):d(TTC) and d(GA+A)·r(GAA):d(TTC)
are stable. In addition to providing new structural
perspectives for specific therapeutic aims, our re-
sults contribute to a systematic structural basis for
the emerging field of quantitative R-loop biology.

INTRODUCTION

Trinucleotide repeats (TRs) exhibit ‘dynamic mutations’
that cause them to expand. After crossing a critical thresh-
old length, the expansion gives rise to trinucleotide repeat
expansion disorders (TREDs) (1–7). These are inherited

neurological disorders that exhibit a phenomenon known
as ‘anticipation’, where the age of the onset of the disease
typically decreases and the severity of the disease pheno-
type typically increases in each subsequent generation (4,8–
11). Longer repeat tracts become progressively more dele-
terious and constitute the major molecular determinant of
anticipation in a significant number of diseases, with other
genetic modifiers and environmental factors accounting for
the remainder of the effect (11,12). The expansion of mi-
crosatellite repeats is behind 50 neurodegenerative and neu-
romuscular disorders (11,13–17). The repetitive, sequential
structure of TRs causes slippage during DNA replication,
repair, transcription and/or recombination (10–14,18–22)
leading to expansion and high mutation rates.

Although the mechanisms underlying TREDs are under-
stood to be extremely complex, an important breakthrough
has been the recognition that the critical step in all mod-
els of repeat instability is the transient formation of atypi-
cal, non-B DNA stable secondary structures in the expand-
able repeats (17,18,23–25). Indeed, expandable repeats have
been shown to display atypical structural characteristics, in-
cluding single-stranded hairpins, Z-DNA, triple helices, G-
quartets, slipped-stranded duplexes and R-loops. Interest-
ingly, the quest to understand the molecular mechanisms
behind these diseases has also opened a window into the
understanding of the less known atypical secondary struc-
tures of nucleic acids, thus contributing to the basic field of
nucleic acids research.

In this work, we present results related to the atypi-
cal structures associated with GAA/TTC TRs. Friedre-
ich’s ataxia (FRDA) is caused by a GAA expansion in
the first intron of the frataxin (FXN) gene (the conven-
tion is that the repeat on the coding strand is consid-
ered the disease-causing repeat for a specific locus). Ex-
perimentally, GAA/TTC repeats have been found to form
either triplexes or R-loops. A DNA triplex (also known
as H-DNA or triple-stranded DNA) was first reported in
1957 (26). This is a non-canonical three-stranded structure
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consisting of a Watson–Crick paired helical duplex and a
third strand that binds to this duplex via Hoogsteen or
reversed Hoogsteen hydrogen bonds. In the most general
case, DNA triplexes can occur in the cell naturally in the
form of intramolecular triplexes formed at endogenous mir-
ror repeats of oligopyrimidine/oligopurine sequences or by
applying an exogenous oligonucleotide, generally known
as TFO––triplex-forming oligonucleotide (27,28). In ei-
ther case, these triplexes can induce transcriptional repres-
sion and site-specific mutagenesis or recombination (27). In
particular, TFOs can bind to sequence specific DNA du-
plexes and thus present enormous gene therapeutical po-
tential (28). GAA/TTC sequences, representing pure purine
and pure pyrimidine strands, are thus excellent candidates
for triplex formation. Using the standard notation (29)
where R represents a pure purine strand (not to be confused
with the ‘R’ in an ‘R-loop’) and Y represents a pure pyrimi-
dine strand, such that R:Y is the usual B-DNA duplex, then
both R·R:Y (purine third strand) and Y·R:Y (pyrimidine
third strand) triplexes have been found in GAA/TTC se-
quences (30–38).

An R-loop is a three-stranded nucleic acid structures
consisting of a hybrid RNA:DNA duplex formed by the
template DNA and the RNA strands, along with the dis-
placed, non-template, single-strand DNA. They were ini-
tially observed in DNA replication, and are also observed
during transcription. R-loops can regulate cellular pro-
cesses such as gene expression, DNA replication and re-
pair, and immunoglobulin class-switch recombination, and
as such they have been intensively studied (39,40). They
can also cause DNA damage and genome instability, and re-
cently, they have been linked to neurodegenerative diseases
such as Friedreich’s Ataxia (41). While all sequences make
temporary R-loops behind RNA polymerase II (RNAPII),
loops created in regions with asymmetric purine-rich and
pyrimidine-rich strands are susceptible to form stable, long-
lived hybrids (42). The all-purine GAA and all-pyrimidine
TTC strands are perfect candidates for R-loops (41,43,44),
and the hybrid duplexes can form in either of the two DNA
strands due to bidirectional transcription (45–47). In par-
ticular, increased expression of the FXN Antisense Tran-
script 1 (FAST-1) has been shown to cause heterochro-
matin formation and transcriptional silencing of the FXN
gene (48). An intriguing possibility is the formation of
a hybrid triple helix, where the ssDNA left behind by
RNAPII is no longer ‘loose’ but attaches through Hoog-
steen or reversed Hoogsteen hydrogen bonds to the hybrid
DNA:RNA helix, thus forming a hybrid triplex (or ‘col-
lapsed R-loop’ (49)).

In this work, we report simulation results about atypi-
cal secondary structures associated with GAA/TTC TRs,
obtained via classical atomistic molecular dynamics (MD)
simulations. Atomistic MD tools have proved extremely
valuable as they possess the ability to determine molecular
structures, dynamics and mechanisms at the atomic level,
which are often beyond the resolution of experiments. Our
recent characterization of homoduplexes, quadruplexes and
hairpins conformations corresponding to the most com-
mon TRs and to several hexanucleotide repeats is an ex-
ample of that (50–56), as these simulations sample both
DNA and RNA sequences of different lengths, different

non-equivalent nucleotide arrangements (such as (GCC)n
and (CCG)n homoduplexes, with CpG and GpC steps be-
tween the C–C mismatches); provide free energies, dynam-
ics of conformational transitions etc. These conformation
studies do not address the formation of the atypical struc-
tures: In the cell, in order for these atypical structures to be
formed, it is necessary to cross a free energy barrier that is
sequence and repeat-length dependent. One of the advan-
tages of MD is that simulations can start in any minimum
of the free energy. Thus, one can simply study the resulting
structure after its nucleation has taken place (similarly to
studying a folded protein after folding has taken place), and
the length-dependence for the nucleation becomes irrele-
vant. In this sense, MD studies are the same as the (relatively
scarce) X-ray and NMR studies (generally with very few re-
peats) that report on the already formed atypical structures
of TRs. In this work, we explore the structure and stabil-
ity of DNA triplexes by studying 16 geometrically different
GAA/TTC triplexes; we present results with respect to the
two hybrid RNA:DNA helical duplexes; and results related
to the three possible DNA·DNA:RNA hybrid triplexes that
can form a collapsed R-loop. Even though the formation
and stability of DNA triplexes has been reported experi-
mentally (30–38), a search of the Protein Data Bank re-
veals no molecular structure for the GAA/TTC triplexes.
Our work provides a systematic characterization of these
structures and their relative stability, the particular hydro-
gen bond patterns and the symmetry correlation between
various triplexes. In particular, we show that apparent con-
tradictions in the literature about the stability of R·R:Y
triplexes is probably due to lack of molecular resolution,
since shifting the third strand by a single nucleotide alters
the stability ranking. We also probe collapsed R-loops, that
have not been studied before, and rate their stability. Our
work contributes to the understanding of the atypical struc-
tures related to GAA/TTC expansions. In addition, the def-
inition of R-loops has recently been extended to include a
large class of non-canonical structures suggesting a novel
level of biological complexity (57). There is, however, scarce
experimental data with molecular resolution for these struc-
tures. Our work contributes to widen the structural knowl-
edge of the R-loop repertoire. The fact that several of the
structures presented here are stable strongly suggests that
they may either coexist or compete in the transcriptional
R-loop.

MATERIALS AND METHODS

There are two parts to the work presented here: the ini-
tial construction of the atypical secondary structures and
the subsequent MD simulations based on the initial model
triple helices. The initial structures for the triple helices were
constructed de novo using single strands with three repeats
(nine nucleotides) each; the process involves both the care-
ful determination of the relevant hydrogen bonds between
the third strand and the canonical duplex, and the assembly
of the three strands. The modeling process and the resulting
initial structures are described in the next section.

The MD simulations were carried out with the Amber18
package (58) with force field BSC1 (59) (DNA part) and
BSC0 (60) + OL3 (61) (RNA part) for different atypical
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structures combined with the protonated AMBER force
field (62). The protonation was completed with tleap (58).
The simulations for the pyrimidine third strand were carried
both with and without protonation for the cytosine. The
TIP3P water model (63) was used for the explicit solvent
simulations under periodic boundary conditions in trun-
cated octahedron water boxes. The appropriate number of
Na+ ions (parameters in (64)) was used for neutralization
of the nucleic acid charges. Additional simulations were run
with Mg2 + ions (parameters in (65)) in a 0.20M concentra-
tion, with Cl− ions added for neutralization. One run, apR
was additionally run with 40 and 80 mM concentrations.

Electrostatics were handled by the Particle Mesh Ewald
method (66), with a direct space cutoff of 9 Å. The cutoff for
van der Waals interactions was set as 9 Å. We used Langevin
dynamics with a coupling parameter 1.0 ps−1. The SHAKE
algorithm (67) was applied to all bonds involving hydrogen
atoms. Hydrogen bonds were identified by cpptraj as sup-
plied by ambertools18 (58) with a distance cutoff of 3.5 Å
and an angle cutoff of 140◦.

Starting conformations for MD calculations were ob-
tained as follows. We first minimized the energy for the ini-
tial conformations obtained by modeling: first, by keeping
the nucleic acid and ions fixed; then, by allowing them to
move. Subsequently, the temperature was gradually raised
using constant volume simulations from 0 to 300 K over
50 ps runs with a 1 fs time step. Then a 100 ps run at con-
stant volume was used to gradually reduce the restraining
harmonic constants for nucleic acids and ions. After we ob-
tained the starting conformations, we performed MD runs
for 1 �s with a 2 fs time step under a constant pressure of
1 atm. Conformations were saved every 20 ps. In the MD
runs, weak constraints of 1kcal/mol on hydrogen bonds for
the ending bases were added to the system in order to reduce
artificial fraying at the ends.

We also performed a test run with the same method and
procedure as mentioned above for an experimentally ob-
tained structure of DNA triple helix with protonated cyto-
sine whose PDB ID is 1BWG (68). After a 1 �s MD simu-
lation, we found that the triplex was stable and very close to
the experimental conformation. To further investigate the
stability of selected structures, we also performed MD runs
under higher temperatures with all other computational set-
tings being the same as above.

RESULTS

Initial modeling of the DNA triple helices

The triplexes consist of a regular B-DNA GAA/TTC he-
lix with standard Watson–Crick basepairing, and a third all
purine (R) GAA or all pyrimidine (Y) TTC strand, that is
placed in the major groove of the B-DNA helix, as steric
clashes would prevent its placement in the minor groove.
This allows for 8 possible triple helices as shown in Fig-
ure 1, where the terms parallel or antiparallel refer to the
orientation of the third strand with respect to the GAA
strand of the GAA:TTC B-DNA duplex. The assumption
that the third strand bonds with the purines of the heli-
cal duplex is based on the traditional Hoogsteen base tri-
ads (69), where the middle base in the triad is always a
purine, as this maximizes the number of hydrogen bonds.

For the TTC·GAA:TTC triplex, we considered both pro-
tonated and unprotonated cytosines in the third strand.
We found that the unprotonated antiparallel case (apY
in the notation described below) was completely unstable
(Supplementary Figure S6); and the parallel case (pY) was
marginally stable (Supplementary Figure S7), certainly less
stable than its protonated case. Clearly, the protonation of
the cytosine allows for the formation of hydrogen bonds
with the guanines of the GAA strand in the B-DNA duplex.
From now on, we will only discuss the protonated cases. The
protonation of the cytosines is supported by experimental
evidence (35,69–72), both for a parallel or antiparallel cy-
tosine third basis. This results in two cases that can form
hydrogen bonds: the protonated pyrimidine third strand in
either parallel or antiparallel direction (the latter shifted by
one base). For the all-purine third strand GAA·GAA:TTC
triplex there are 6 cases. The GAA third strand can be par-
allel or antiparallel, and can be shifted as shown in Figure
1. In addition, the adenine can be protonated, as it has been
noticed that the protonated adenine can form good hydro-
gen bonding structure with the G:C base pair (73). Thus,
we proposed two semi-protonated mismatched R·R:Y triple
sequences (purine-parallel-protonated-shifted and purine-
antiparallel-protonated) to investigate the potential stabil-
ity and structure of the mismatched triplex sequences. This
gives a total of 8 different structures, as shown in Figure 1.
For each of the triplexes in Figure 1, we considered two con-
formations for the third strand, which differ in the value of
the glycosidic angle, such that the nucleotides in the third
strand are all in an anti or all in a syn conformation. The
rationale behind this is that syn conformations are found in
mismatches of trinucleotide repeats (50,52,54,74–78). Thus,
we have a total of 16 different initial conformations. In order
to refer to them, we introduce the following notation. When
the third strand is TTC or GAA we use the notation Y or
R. The C’s in the TTC third strand are always protonated,
as discussed above (so no need of extra notation). On the
other hand, one of the A’s in the GAA third strand can be
neutral or protonated in order to form A+ ·G–C triple base
planes with the G–C Watson–Crick pairs of the B-DNA du-
plex. In this case, we use the R(+) notation when A’s in the
GAA third strand are protonated. For parallel and antipar-
allel third strands, we precede the Y, R notation by ‘p’ or
‘ap’, while if the strand is shifted, the notation ends with ‘-
S’. Finally, the anti or syn conformations of the glycosidic
angle are denoted by (a) or (s). Thus, a triple helix where the
third strand GAA is parallel and shifted, and every first A in
GAA is protonated, with all the bases in anti conformation,
is abbreviated as pR(+)-S(a).

The 16 triplexes involve hydrogen bond patterns that
have traditionally been identified as Hoogsteen or reverse
Hoogsteen hydrogen bonds, and patterns that have not
been reported previously which we identify as similar to
those reported. Thus, we define ‘type H’ hydrogen bonds
as those bonds that represent traditional Hoogsteen bonds
or Hoogsteen-like hydrogen bonds, and ‘type RH’ hydro-
gen bonds as those bonds that represent traditional reverse
Hoogsteen bonds or reverse-Hoogsteen-like bonds. These
are displayed in Figure 2 and Table 1.

To better understand the relation between these hydro-
gen bond patterns, we can define pairs of triple helices that
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Figure 1. Scheme of the non-equivalent triplexes simulated in this work. Watson–Crick duplexes are highlighted in blue boxes, pyrimidine third strands in
yellow boxes, and purine third strands in green boxes. Top row: eight pure DNA triplexes (for each cartoon, two triplexes were studied, with the third strand
either in all anti or in all syn conformations). Bottom row: hybrid RNA/DNA triplex with the RNA strand (red) forming part of a hybrid Watson–Crick
duplex. The labeling notation is shown below each triplex.

are related by certain symmetries. We define two triplexes
as being conformational counterparts when they share the
same triple base steps but the third strand has the opposite
direction and the glycosidic angles of its bases are flipped,
such as pY(a) and apY(s) triplexes (notice that the pyrim-
idine antiparallel strands are shifted in order to hydrogen
bond with the B-DNA duplex). Such conformational coun-
terparts share the same initial hydrogen bond pattern. This
can be understood by considering Figure 2. As an example,
consider the middle T·A:T base triplet in the case of pY(a).
Flipping the direction of the third strand without changing
the glycosidic angle, destroys the T–O4 hydrogen bond be-
cause the O4 atom in the third-strand T shifts away from the
N6 atom of the A basis that belongs to the B-DNA duplex.
However, by rotating the basis by 180◦ toward the syn con-
formation brings back the O4 atom and restores the hydro-
gen bond. Thus, the simultaneous operations of inverting
the third strand direction and flipping the glycosidic angles
of its bases by 180◦ leaves both the H-type and HR-type
bonds unchanged. In addition, we define two triplexes as

being directional counterparts when one of them is type H
and the other is type RH. Thus, changing only the direction
of the third strand in the pY(a) destroys the T-O4 and A-N6
hydrogen bond, but a new T–O2 and A–N6 hydrogen bond
(type RH) forms; pY(a) and apY(a) are directional coun-
terparts.

The initial triple helices were built starting with a stan-
dard B-DNA GAA/TTC duplex. For the third strand, we
built another B-DNA duplex containing the sequence of the
third strand, which in turn was isolated as a single strand as
shown in Supplementary Figure S1. This third strand was
then moved into the major groove of the GAA/TTC he-
lix using the molecular editor Avogadro (79). Finally, for
the syn conformations, we rotated the bases on the third
strand by 180◦. These primitive models required adjust-
ments that were achieved via MD with constraints through
a 1 kcal/mol harmonic potential enforcing the hydrogen
bond patterns described above (Figure 2 and Table 1) dur-
ing equilibration. These constraints were eliminated at the
start of the regular constant pressure MD simulations. A
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Figure 2. Initial hydrogen bond patterns for all the triple helix sequences.

few hundred nanoseconds into the regular MD, some struc-
tures maintained the hydrogen bond patterns, while oth-
ers evolved to form different hydrogen bond patterns that
proved to be stable, and others just became unstable.

Initial modeling of the hybrid triple helices

For the DNA·RNA:DNA hybrid triplexes, we only con-
sider the three most probable cases for the simplest ge-
ometry of the R-loop (without folding back of the single
strands). First, notice that the third strand will still form
hydrogen bonds with the purine strand (DNA or RNA)
of the hybrid duplex, for the same reasons as explained
before. Second, we will assume that the two strands of
DNA in the R-loop continue being antiparallel (i.e. dis-
card possible folding back events), and therefore the two
DNA strands in the DNA·RNA:DNA triplex are antipar-
allel. That leaves only two cases: if the template DNA
strand is GAA or TTC, then the third DNA strand is

TTC antiparallel (to the DNA GAA purine strand), or
GAA parallel (to the RNA GAA purine strand). They
can be denoted as d(TTC+) ·d(GAA):r(UUC) (apY) and
d(GAA)·r(GAA):d(TTC) (pR). We consider the C’s in the
third TTC DNA strand to be protonated. In addition, we
consider a third case where one of the A’s of the GAA
third strand is protonated in order to form A+–G pairs with
the RNA G’s in the hybrid duplex. This gives rise to the
pR(+)-S case, according to our previous notation. Finally,
we only consider anti conformations for the bases in the hy-
brid triplex.

The initial hydrogen bond patterns for the hybrid triple
helices are exactly the same as the corresponding ones for
pure DNA triple helices. For each triplex we consider two
initial conformations: one where the hybrid RNA:DNA du-
plex starts from an ideal B-DNA conformation, and the
third DNA strand is also added in B-DNA conformation;
and one where both the hybrid duplex and third strand are
in A-DNA conformation.
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Table 1. Summary of nucleotide triplets and their corresponding confor-
mational counterparts

Triple step type Corresponding triple sequence

H-type C+·G:C pY(a) apY(s)
RH-type C+·G:C pY(s) apY(a)
H-type G·G:C pR(a) apR-S(s)
RH-type G·G:C pR(s) apR-S(a)
H-type A·G:C pR-S(a) apR(s)
RH-type A·G:C pR-S(s) apR(a)
H-type A+·G:C pR(+)-S(a) apR(+)(s)
RH-type A+·G:C pR(+)-S(s) apR(+)(a)
H-type T·A:T pY(a) apY(s)
RH-type T·A:T pY(s) apY(a)
H-type G·A:T pR-S(a) pR(+)-S(a)

apR(s) apR(+)(s)
RH-type G·A:T pR-S(s) pR(+)-S(s)

apR(a) apR(+)(a)
H-type A·A:T pR(a) pR-S(a)

pR(+)-S(a) apR(s)
apR-S(s) apR(+)(s)

RH-type A·A:T pR(s) pR-S(s)
apR(+)-S(s) apR(a)
apR-S(a) apR(+)(a)

New metrics for the stability analysis of the triple helices

During the simulations, we observed that the GAA/TTC
DNA duplex part of the triplex is very stable at 300 K in all
cases, and therefore measuring the triplex stability simply
comes down to quantifying the stability of the third strand
with respect to the helical duplex. We define new quantities
to better characterize the presence of the third strand. From
the structural point of view, the two most important quan-
tities to stabilize the third strand are the hydrogen bonds
that it forms with the B-DNA duplex and the �–� stacking
interaction between the bases of the third strand. Simply
counting the total number of hydrogen bonds that the third
strand forms with the duplex does not result in an accu-
rate characterization of the triplex stability. As Supplemen-
tary Figure S2.a shows, one can conceive of cases with a
high number of hydrogen bonds that link bases on different
planes, which do not, however, result in an increased triplex
stability. We therefore define the hydrogen bond number for
a third strand in a triple helix as:

Heff = �Heff
i (1)

where Heff
i is the number of hydrogen bonds that a base on

the third strand forms with the bases of the duplex on the
same plane, as shown in Supplementary Figure S2.c. This
avoids counting inter-plane hydrogen bonds that destabilize
the triplex geometry.

Compared to the simple definition of hydrogen bonds,
quantifying the �–� stacking interaction is far more com-
plex (80). One popular way to quantify it is to calculate
the value of overlap area between the adjacent bases as ap-
plied by 3DNA (81). However, for the third strand in the
triple helix this method may not work so well, as shown in
the extreme example of Supplementary Figure S2.b, where
all bases are perfectly stacked but not linked to the du-
plex. We notice that according to first principles calcula-
tions, the stacking of DNA bases is not the sandwich stack-
ing presumed by the maximum overlap area, but a parallel-

displaced stacking whose stacking interaction is influenced
by relative shift and twist (82,83). Also, it is noted that
there exists an inter-strand stacking interaction, which is
as important as intra-strand although it needs no overlap
area (84). As the stacking mechanism of DNA bases is
quite complicated, we propose a mean-field approximation
method to roughly quantify the �–� stacking interactions
of the third strand in a triplex. First, we calculate the effec-
tive area of each step in the third strand:

Aeff
i = A0

i (cos αi − sin αi ) (2)

where A0
i is the area of the aromatic ring(s) of the ith third-

strand base in the triplex (based on their molecular struc-
ture, A0 is estimated to be 4.95 Å2 for T and C, and 8.29
Å2 for A and G) and �i is the angle between the normal
vector of the third-strand base and the normal vector of
the Watson–Crick base pair at the ith step. The cos � rep-
resents the effect of the parallel stacking as it projects the
aromatic ring area onto the horizontal plane of the B-DNA
Watson–Crick base pairs while the subtracting sin � term
penalizes the T-shape stacking (strongly disliked by DNA),
as it projects the ring area onto the vertical plane. We set
the cutoff value for �i to 45◦, if �i > 45◦, then Aeff

i is set to
be zero. In addition, because of the essential role of hydro-
gen bonds in the �-� stacking of base pairs (85), we force
Aeff

i to be zero if Heff
i is detected to be zero. This procedure

ensures that the base flipping observed in Supplementary
Figure S2.b does not contribute to the effective stacking in-
teraction of our algorithm. After we get the values of the
effective area of each step, the effective stacking interaction
between the ith and the (i + 1)th step is calculated as:

Seff
i =

√
Aeff

i · Aeff
i+1 (3)

The effective total stacking area is given by:

Seff = �Seff
i (4)

A schematic procedure of our algorithm is shown in the
right panel of Supplementary Figure S2.c.

Molecular dynamics of the DNA triple helices

Figure 3 shows a snapshot of the final structures obtained
after 1 �s MD runs for all the 16 triplex cases proposed.
We colored the Watson–Crick duplex part as light green
while the third strand is colored either blue (pyrimidine)
or red (purine). The side view allows us to see the attach-
ment (or lack thereof) of the third strand to the B-DNA du-
plex through intra-step hydrogen bonds, while the top view
gives an idea of the base stacking. The conformations after
1�s clearly show the structures that are unstable, as indi-
cated by the detachment of the third strand. The first row
in the figure shows that both the pY(a) triplex and its con-
formational counterpart, the apY(s) triplex are stable, with
a well preserved triple helix structure after 1�s MD simu-
lations. It is well known that in the syn conformation the
nucleotide bears a strong torsion because of the steric re-
pulsion associated with the sugar ring. However, the struc-
ture of the apY(s) triplex is stable after 1 �s due to the sta-
bilization from hydrogen bonds and stacking interactions
that overcome the destabilization caused by the � torsion
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Figure 3. Snapshot of the conformations of the 16 pure DNA triplexes at 1 �s. The third strand of the triplex is colored either blue (pyrimidine) or red
(purine) while the duplex part is colored green.

at a temperature of 300 K. This is not the case for the pY(s)
triplex, whose final structure is severely deformed. Its con-
formational counterpart, the apY(a) triplex, looks stable
with some small deformation.

There are 12 cases with purine as the third strand (the
R·R:Y triplexes). Figure 3 shows clearly unstable cases; the
four stable cases seem to be pR(a), pR(+)-S(a), apR-S(a),
and apR(+)(a). To get a better statistical description that
goes beyond the final structures, we plot in Figure 4 the ef-
fective stacking area versus the number of hydrogen bonds
as defined in the previous section. The distributions have
been computed over the last 800 ns. More stable triplexes
have higher values in both functions, and therefore better
distributions tend to be located in the upper right quad-
rant. This statistical analysis agrees with the qualitative de-
scription provided by the final triplexes. For Y·R:Y, all but
the pY(s) triplex seem to have comparable stability. Re-
sults for R·R:Y confirm what the final structures suggested:
the more stable cases are pR(a), pR(+)-S(a), apR-S(a) and
apR(+)(a).

As the triplexes evolve, initial hydrogen bond patterns
tend to change as shown for the inner steps in the triplexes in
Supplementary Figures S3–S5, where dynamically coexist-

ing hydrogen bonds are displayed. Figures 5 and 6 show the
most commonly observed hydrogen-bond patterns that are
different from the initial patterns for the inner base triplets
in the most stable triplexes. The Y·R:Y (Figure 5) cases are
simpler. For the conformational type H counterparts, pY(a)
and apY(s) triplexes, the initial hydrogen bond patterns are
preserved. The type RH apY(a) triplex shows fluctuations
on the fourth plane (Supplementary Figure S3) with the ini-
tial pattern being more populated; the 5th plane remains the
same, and the 6th plane loses one hydrogen bond.

For the stable R·R:Y triplexes we observe more variations
in the hydrogen bond patterns (Figure 6). To describe the
change in hydrogen bonds, we define a notation such that
the first atom in the bond belongs to the third strand while
the second atom belongs to the B-DNA duplex. First con-
sider the pR(a) triplex: on the fourth plane G·G:C the sta-
ble hydrogen bond pattern is different from our initial guess.
The initial N1(G)–O6(G) and N2(G)–N7(G) bonds are re-
placed by O6(G)–N4(C) and N1(G)–O6(G) which coexists
with a more stable bifurcated version [N1(G)–O6(G) and
N2(G)–O6(G)]. On the fifth and sixth planes, the most sta-
ble hydrogen bond pattern corresponds to the adenine in the
third chain re-orienting itself so as to form hydrogen bonds
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Figure 4. Two-dimensional histograms of the effective stacking area versus the effective hydrogen bond number as obtained from the last 800 ns of the
MD simulations for the 16 DNA triplexes.

with both the A and T bases in the B-DNA duplex [N6(A)–
O4(T) and N1(A)–N6(A)]; this pattern coexists with slightly
fewer stable patterns where one of those bonds is broken
(Supplementary Figure S4).

Now consider the pR(+)-S(a) case (type H). The stable
structure of the 4th plane is different from our initial guess,
as the N1(A+)–N7(G) is replaced by N1(A+)–O6(G). How-
ever, our initial guess is still present as one of the coexist-
ing patterns, while the other coexisting pattern loses the
N6(A+)–O6(G) initial bond (Supplementary Figure S4).
For the fifth plane, the more stable structure differs from
our initial guess as the N6(A)–N7(A) and N7(A)–N6(A)
bonds are replaced by an N1(A)–N6(A) bond; for the other
important coexisting structure the hydrogen bonds link the
two bases in the B-DNA duplex: N1(A)–N6(A) and N6(A)–
O4(T) bonds. For the 6th plane, our initial guess still holds
as a coexisting structure; in the most stable structure the
original N1(G)–N7(A) bond becomes a more stable, bifur-
cated bond with the addition of an N2(G)–N7(A) bond.

The next case to discuss is apR-S(a) (type RH, Figure 6
and Supplementary Figure S5. Our guess structure is the fi-
nal stable structure for its fourth and fifth planes. The most
common alternative structure of fourth plane is given by
the substitution of N2(G)–O6(G) by N2(G)–N7(G) while

that of the fifth plane is simply the vanishing of all hydro-
gen bonds. For the sixth plane, our initial guess is one of
the most common coexisting structures. The most stable hy-
drogen bonding structure displays only one hydrogen bond,
N6(A)–O4(T), which may be due to a base stacking effect.
Similarly to the fifth plane, the loss of all hydrogen bonds
also results in a coexisting pattern on the 6th plane.

Finally, we consider the apR(+)(a) case (type RH, Fig-
ure 6 and Supplementary Figure S5). For the 4th plane, our
initial guess is also the most stable structure, which coex-
ists with two other patterns: one loses the N1(A+)–O6(G)
hydrogen bond, while the other forms the N1(A+)–N7(G)
bond in place of the N1(A+)–O6(G) bond. The fifth plane
preserves our initial guess. On the sixth plane, the most sta-
ble pattern augments the initial O6(G)–N6(A) bond with
two additional hydrogen bonds, N7(G)–O4(T) and N2(G)–
O4(T), which make the pattern more energetically favored.
In the most important coexisting structure, one of these
bonds is absent.

In order to determine the conformations that are proba-
bilistically more stable, we consider again the possible can-
didates. Out of the three Y·R:Y cases that show stabil-
ity, we believe that the case where the pyrimidines in the
third strand are in syn conformation represents a long-lived
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Figure 5. Dominant hydrogen bond patterns for the middle base planes of stable Y·R:Y triplexes.

Figure 6. Dominant hydrogen bond patterns for the middle base planes of stable R·R:Y triplexes.
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metastable state where the unfavorable � torsion is stabi-
lized by an initial configuration that maximizes hydrogen
bonds and stacking interactions (in other words, if such
a state could be set up experimentally, the resulting con-
formation would also prove to be long-lived). Discarding
such configuration leaves two candidates that show stabil-
ity in the 1�s time scale: the pY(a) and the apY(a). None
of the R·R:Y cases shows stability for the syn conforma-
tions in the third strand. As a further test of stability, we
carried out higher-temperature MD simulations. Final con-
figurations at 300K were chosen as a start for these 1�s
simulations which entail 0-400 ns at 320 K, 401–1000 ns at
340 K and 1001–1400 ns at 360 K. We obtained an aver-
age structure based on the late conformations at 300 K and
calculated the RMSD of the higher-temperature runs with
respect to the average 300 K conformations, as shown in
Supplementary Figure S8. The difference between the two
pyrimidine directional counterparts is appreciable: the con-
formations for the apY(a) triplex seem to undergo more
fluctuations and perhaps some conformational instability
compared to pY(a) as the temperature increases. With re-
spect to the purine case, the RMSD results for the higher-
temperature simulations indicate possible lower stability for
apR-S(a), and comparable stability for pR(a), and the two
protonated cases: pR(+)–S(a) and apR(+)(a).

Finally, these triplex simulations were run under the pres-
ence of Mg2 + ions in the solution. In experiments, Mg2 +

ions play two roles: first, they lower the free energy barri-
ers for the assembly of secondary structures; and second,
they stabilize the newly formed secondary structures. Since
our simulations start with triplexes already formed as initial
conditions, the first role of the ion is irrelevant, but the pres-
ence of the Mg2 + ions could induce changes in stability. In
these new simulations we used a concentration of 200 mM,
which is approximately 10 times or more the physiological
concentration. We found that the presence of Mg2 + ions
preserves the relative stability of the triplexes as described
above with only Na+ ions (with minor variations in the sta-
tistical graphs) except for the apR(a) triplex, that was un-
stable in absence of the Mg2 + ions but becomes stable in
their presence (Figure S9 in Supplementary). So, this partic-
ular triplex was simulated again under 40 mM MgCl2 and
80 mM MgCl2 concentrations, which are still considerably
larger than physiological concentrations. We found that un-
der these reduced Mg2 + concentrations, the triplex is only
marginally stable (after careful equilibration, some runs re-
main stable but the structure unravels in other runs). There-
fore, once the triplexes are formed, the presence of Mg2 +

ions does not affect the stability results obtained with only
Na+ ions, unless extremely high divalent concentration are
used.

Next, we briefly describe some other structural features of
the triplexes. A triple helix has three grooves whose widths
are mainly determined by the nature and orientation of the
third chain and the hydrogen bond patterns. Charged or
neutral bases do not alter the widths of the grooves. For the
parallel chains, the narrowest groove takes place between
the parallel third strand and the GAA strand of the duplex.
This is followed in order of increasing width by the origi-
nal minor groove in the duplex, and last by the groove be-
tween the third chain and TTC chain in the duplex (the lat-

ter is wider for the Y-third strand than for R-third strand).
For the antiparallel third strand, the narrowest groove is be-
tween the antiparallel third chain and the TTC strand of the
duplex. The groove between the third strand and the GAA
strand of the duplex and the original minor groove of the
duplex are wider and approximately the same. With respect
to ion distributions, the Na+ ion density in these simulations
is relatively small. Supplementary Figure S10 shows the ion
distribution for the pY and pR triplexes for the last 200 ns.
As it can be seen in the figures, most ions concentrate in
the very electronegative, narrow groove between the third
strand and the GAA strand of the duplex. There are con-
siderably fewer ions in the groove between the third strand
and the duplex TTC strand, and extremely few in the origi-
nal minor groove of the B-DNA duplex. Typical parameters
for DNA duplexes that form part of the triplexes pY and
pR(+)-S are shown in Supplementary Figure S11. Average
values for the last 200 ns of the simulations for twist, roll, he-
lical rise, inclination, slide, and Zp for the Watson–Crick du-
plex part of the pR, pY, pR(+)-S and apR(+) triplexes are:
twist, 31.3◦, 30.9◦, 31.1◦, 33.2◦; roll, 1.24◦, 1.49◦, 2.52◦ and
2.89◦; helical rise, 3.35, 3.28, 3.24, 3.28 Å; inclination, 2.41◦,
2.62◦, 4.44◦, 4.98◦; slide, –1.21, –1.18, –1.33, –0.90 Å; and
Zp, 0.32, 0.13, 0.43, 0.00 Å. We see in these values a mixture
of B- and A-DNA features. Twist values show that attach-
ing a third strand to the GAA/TTC duplex slightly unwinds
it, especially with the third strand in parallel position, mak-
ing the duplex more A-DNA as far as twist goes. Average
inclination values all assume small positive values, closer to
B-form. Helical rise and small values of roll put the duplex
closer to B-form, while the negative slide is more charac-
teristic of the A-DNA. Finally, Zp values less than 0.5 put
these duplexes into the B-DNA camp.

Molecular dynamics of the hybrid helical duplexes

There are two types of hybrid duplexes that are not equiva-
lent: RU=d(GAA):r(UUC) and DT=r(GAA):d(TTC). For
each of these hybrids, we started the simulations with ideal
B-DNA and A-RNA conformations. Convergence of the
simulations is confirmed by the convergence of these ini-
tial duplexes to a final duplex that is independent of the
initial conditions. This convergence can be appreciated in
the analysis of structural parameters presented in Figure 7,
which also make evident the periodicity of the three differ-
ent steps of the sequence. Supplementary Figure S12 shows
the RMSD of the four hybrid duplexes. Clearly these du-
plexes are somewhere between A-RNA and B-DNA, but
closer to A-RNA. In particular, the average RMSD over
the last 200 ns of the simulations are: for RU, about 1.97Å
with respect to A-RNA and 2.57 Å with respect to B-
DNA; and for DT, about 1.56 Å with respect to A-RNA
and 1.92 Å with respect to B-DNA. Thus, DT is closer
to both A-RNA and B-DNA than RU is to either form.
Two main factors contributes to relative stability: hydro-
gen bonds and stacking area. With respect to the hydro-
gen bonds, the most important difference is given by the
d(A):r(U) basepair that is extremely weak (86). With respect
to the stacking area of the base steps, we used 3DNA (87)
in order to compute the total stacking area of inner steps 2
to 8 and found this to be �48 Å2 for DT and �43 Å2 for
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Figure 7. Average basepair inclination, and basepair-step twist, roll, helical rise, slide and Zp of double helices. Red: d(GAA):d(TTC) (B-DNA); or-
ange: r(GAA):r(UUC) (A-RNA); blue and green: r(GAA):d(TTC) starting from ideal B-DNA (blue) or ideal A-RNA (green); yellow and purple:
d(GAA):r(UUC) starting from ideal B-DNA (yellow) or ideal A-RNA (purple). Data was averaged over the last 200 ns. ‘X’ in the x-axis labels stands
for either T or U, according to the sequence.

RU. Thus, DT displays better stability than its RU counter-
part. Interestingly DT=r(GAA):d(TTC) seems to achieve
this stability by combining stabilizing features from A- and
B-forms: rise, inclination, and roll, among other parame-
ters, are closer to B-DNA than A-RNA, while the weaker
RU=d(GAA):r(UUC) duplex is closer to A-RNA as mea-
sured by these parameters. Instead, the more discrimina-
tory parameters (88) slide and the Zp parameter, defined as
the mean z-coordinates of the backbone phosphorus atoms
with respect to individual dimer reference frames (89), are
closer to A-RNA, as shown in Figure 7.

Molecular dynamics of the hybrid triple helices

As discussed in the Initial Modeling section, the sim-
plest collapsed R-loop (without back-folding of the single
strands) can only form three hybrid triplexes. Our simula-
tions start with either an ideal B-DNA conformation or an
ideal A-DNA one. In real life, one expects the duplex part of
the triplex, like the hybrid helical duplexes described above,
to be somewhere in the spectrum between these two ideal
structures. In the ideal A-DNA triplex, the third strand ends
further away from the duplex than in the ideal B-DNA con-
formation, and therefore the initial fully A-DNA confor-
mation in the pR triplex (but not in the pR(+)-S triplex) is

unstable because the third strand detaches before the duplex
has time to equilibrate. Therefore, we ran an initial equili-
bration step where the third strand is constrained to remain
attached to the duplex while it equilibrates, and this became
the new A-like initial conformation. Final conformations
for the six cases are shown in Figure 8 (where bases that
have flipped out are colored in black). The statistical anal-
ysis based on the effective hydrogen bonds and the effective
stacking areas is shown in Figure 9. The results shown in
these figures indicate that when the DNA third strand is
formed by the pyrimidines, the resulting apY triplexes are
unstable: bases are flipping out not only in the third strand
but also in the RNA strand that forms the hybrid duplex.
On the other hand, the pR and pR(+)-S triplexes are sta-
ble and their initial A- and B-forms converge to the same
structure as the statistical analysis in Figure 9 clearly shows,
with a strong distribution in the upper right quadrant
for pR.

Next, we examine the primary hydrogen bond patterns
for the three stable cases. These are shown in Supplemen-
tary Figures S13 and S14. For a given sequence, hydrogen
bond patterns for the hybrid triplex are the same as those for
the pure DNA triplex except for the fifth plane of the pR(+)-
S triplex where a new bond between the N6 atom of DNA
adenine and the O4 atom of DNA thymine is the dominant
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Figure 8. Snapshot of the conformations of the 6 hybrid DNA/RNA triplexes at 1 �s. The RNA strand of the triplex is colored either pink (pyrimidine) or
violet (purine) while the DNA strands are colored light orange. Bases that have lost all hydrogen bonds or are flipping out are indicated in black shadow.

Figure 9. Two-dimensional histograms of the effective stacking area versus the effective hydrogen bond number as obtained from the last 800 ns of the
MD simulations for the six hybrid DNA/RNA triplexes.

isomer in the hybrid triplex and a less populated isomer in
the pure DNA triplex. The statistical analysis shows that
the pR(+)-S conformations are less stable for the hybrid
triplexes than for the pure DNA triplexes: in the 2D his-
tograms, the distributions in the RNA-containing triplexes
are displaced downwards and towards the left compared to
their counterpart in the pure DNA triplexes. While the pR
triplexes settle quickly into their final hydrogen bond pat-
terns, the pR(+)-S conformations show some coexisting iso-
mers after 200 ns, as shown in Supplementary Figure S14.

The Na+ ion distribution for the hybrid pR triplex for
the last 200 ns is shown in Supplementary Figure S10. In
both the pure DNA and hybrid pR triplexes, most of the
ion distribution sits in the very narrow groove between the

third chain and the GAA strand of the duplex, with negli-
gible distribution in the original minor groove of the du-
plex. The difference between the two triplexes is that the
pure DNA triplex still carries ions in the groove between the
third strand and the TTC strand of the duplexes, while for
the hybrid triplex these ions almost disappear and most of
the distribution is concentrated in the narrow groove. Pa-
rameters for the hybrid duplexes r(GAA):d(TTC) as they
describe a free-standing hybrid duplex or a duplex part of a
triplex are shown in Supplementary Figure S15. These fig-
ures as well as the values of the Zp parameter calculated as
0.32Å for pR and 0.43Å for pR(+)-S show that the hybrid
duplexes that form part of a triplex are more B-like than
A-like in comparison to their free-standing counterparts.
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DISCUSSION

One common characteristic underlying all TREDs is the
transient formation of atypical, non-B DNA stable sec-
ondary structures in the expandable repeats (17,18,23–25).
Although knowledge of these structures per se is not nearly
enough to understand these diseases, it certainly helps to
understand the interaction of the TRs with the relevant pro-
teins as one tries to decipher the molecular mechanisms
behind the diseases. The GAA/TTC TRs associated with
Friedreich’s ataxia are unable to form the hairpins that char-
acterize other TRs: GAA/TTC repeats form DNA triplexes
(30–38), traditional R-loops (41–44) or, possibly, collapsed
R-loops, i.e. hybrid DNA·RNA:DNA triplexes, which have
not been directly measured. In the simplest triplex DNA
models, the strand that appears twice in a triplex does so
via a single turn, so that it ends antiparallel to itself. This
would imply that Y·R:Y triplexes can only be parallel (pY)
while R·R:Y triplexes can only be antiparallel (apR or apR-
S). However, the other two types of triplexes, apY and pR
(or pR-S), are important not only in the context of TFO
therapies but also as a natural possibility, as it is increas-
ingly becoming clear that more complicated entities can
form at R-loops (57). Supplementary Figure S16 shows an
example of pR formation that could happen either intra-
or inter-molecularly, as has been proposed to occur, for in-
stance, in plasmids (90). Since one of the driving forces of
non-B-DNA formation in the cell is negative supercoiling,
these simulations, like FRET, gel electrophoresis, circular
dichroism, UV melting, UV absorption and other experi-
ments that use short oligonucleotides, ultimately cannot re-
flect the structural constrains related to non-B-DNA for-
mation. For instance, a number of experiments using GAA-
containing supercoiled plasmids report formation of Y·R:Y
DNA triplexes only (32,91–94), but other plasmid experi-
ments suggest the presence of R·R:Y triplexes, in particu-
lar as precursors to ‘sticky DNA’ (30,31,90,95–98). Inter-
estingly, R·R:Y triplexes have been proposed to act dur-
ing DNA replication: Fork reversal could occur at paus-
ing forks when triplex formation occurs between two GAA
strands and one TTC strand (99,100) Here we discuss our
main results.

Hydrogen bond patterns and their symmetry; measuring hy-
drogen bonds and stacking for the third strand

We extended definitions of Hoogsteen and reverse Hoog-
steen hydrogen bond pattern to encompass other similar
patterns classified as ‘H’ and ‘RH’ in Figure 2 and Table
1. These definitions facilitate the visualization of symmetry
properties of the triple helix: conformational counterparts
share the same triple base steps but the third strand has
the opposite direction and the glycosidic angles of its bases
are flipped, such as pY(a) and apY(s) triplexes (notice that
the pyrimidine antiparallel strands are shifted in order to
hydrogen bond with the B-DNA duplex). Conformational
counterparts belong to the same ‘type’: the simultaneous
operations of inverting the third strand direction and flip-
ping the glycosidic angles of its bases by 180◦ leaves both
the H-type and RH-type bonds unchanged. In directional
counterpart pairs, on the other hand, one triplex is type H

and the other is type RH, such as pY(a) and apY(a). In or-
der to characterize these triplexes and their stability we no-
ticed that standard ways of characterizing hydrogen bonds
and base stacking fail to give a true measure when applied to
the third strand. Thus, we provided a new protocol to count
the hydrogen bonds and new definitions of base stacking
that explicitly consider the triplex geometry provided by the
third strand. Analysis of final conformations and statistical
two-dimensional histograms of the effective base stacking
versus the effective number of hydrogen bonds for the third
strand allowed us to pick the triplexes that are more sta-
ble. In all unstable triplexes but one, instability shows up
in the detachment of the third strand while the helical du-
plex remains stable. In the d(TTC+)·d(GAA):r(UUC) hy-
brid triplex, the detachment of the third strand also dis-
rupts the duplex. Plots of the effective base stacking versus
the effective number of hydrogen bonds for the third strand
capture the instability in both cases: the only circumstance
where this description would fail corresponds to the highly
improbable case where the Watson–Crick base pairs break
but the third strand forms a duplex with the purine strand
with H/HR hydrogen bonding.

Sixteen non-equivalent DNA triple helices can be assembled
from GAA and TTC strands

We have provided physical arguments to figure out all pos-
sible triplexes that can be formed with three DNA strands
composed of either GAA or TTC repeats. There are 8 re-
sulting triplexes depicted in Figure 1, a number that doubles
to 16 if one allows for the possibility of bases on the third
strand to be in syn conformation, a state of the glycosidic
bond that has been observed in other TRs (50,52,54,74–
78). For the TTC·GAA:TTC triplex, protonated cytosines
(69–72) in the third strand allow the formation of hydro-
gen bonds with the guanines of the GAA strand in the B-
DNA duplex. This results in only two cases that can form
hydrogen bonds plus their syn counterparts. For the all-
purine third strand GAA·GAA:TTC triplex, there are six
cases (plus the six syn counterparts): the GAA third strand
can be parallel or antiparallel, can be shifted or not, and
can have completely unprotonated adenines or up to one
protonated adenine (73) per repeat in order to form good
hydrogen bonding structure with the G:C base pair of the
B-DNA duplex (Figure 1). The final conformations and the
statistical two-dimensional histograms of the effective base
stacking versus the effective number of hydrogen bonds for
the third strand leads to the stability ranking of the triplexes.

DNA TTC·GAA:TTC triple helices: the TTC third strand in
parallel alignment, pY(a), is most stable

For the TTC·GAA:TTC triplexes both parallel and an-
tiparallel conformations show good stability when the third
strand bases are in anti conformation. Interestingly, the
apY(s) triplex also shows stability even though the pyrimi-
dine bases of the third strand are in syn conformation (al-
though less common, pyrimidine bases can be found in syn
conformations (74)). In this case, the stabilization from hy-
drogen bonds and stacking interactions overcome the desta-
bilization caused by the � torsion at a temperature of 300 K.
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We believe that this is a metastable state facilitated by the
good stacking of the initial conformation. Under progres-
sive higher-temperature simulations, the parallel pyrimidine
pY(a) triplex is seen as more stable than its directional coun-
terpart, apY(a), in agreement with experiments (33).

With respect to the hydrogen bonds, the original guesses
in Figure 2 for the Y·R:Y triplexes are on cue; the most com-
mon variation is the formation of hydrogen bonds between
bases belonging to the two pyrimidine strands. These cases,
however, are less populated, generally because the new pat-
tern results in the same or fewer number of hydrogen bonds
than the original pattern.

Our results agree with experiments. Cytosines need to be
protonated in order to form stable triplexes, which generally
occurs under low pKa (28). However, cytosines buried in the
major groove can be protonated even under pKa as high as
8 (101,102). Results of a smFRET study (36) show that the
Y·R:Y DNA triplex is stable even under neutral pH, with
pY being the most stable pyrimidine triplex, a result that
confirms previous findings (33–35).

DNA GAA·GAA:TTC triple helices: the GAA third strand in
parallel alignment, pR(a), as well as the two protonated cases,
pR(+)-S(a) and apR(+)(a), are most stable

For the GAA·GAA:TTC triplexes, analysis of final confor-
mations and statistical 2D histograms of the effective base
stacking versus the effective number of hydrogen bonds
for the third strand, Figure 4, reveals four possibly stable
structures out of the 12 initial possibilities. The candidates
are pR(a), pR(+)-S(a) and apR(+)(a) and, to a lesser de-
gree, apR-S(a) with a central distribution (not in the up-
per right quadrant). Under progressive higher-temperature
simulations, pR(a) shows better stability than apR-S(a), in
agreement with experiments (36). Both protonated variants,
pR(+)-S(a) and apR(+)(a) show good stability. In addition,
a comparison of the statistical graphs suggests the parallel-
purine third strand pR triplex is more stable than its pyrim-
idine counterpart, the pY triplex.

With respect to the hydrogen bonds, the original guesses
in Figure 2 for the R·R:Y triplexes, depart more from the
original patterns than the Y·R:Y triplexes. In particular,
out of the four candidates, the antiparallel triplexes apR-
S(a) and apR(+)(a) preserve the original type RH hydro-
gen bonds shown in Figure 2 with a small variation on
the sixth plane. However, the two parallel stable candidates,
pR(a) and pR(+)-S(a), which are both type H, seem to un-
dergo considerable re-arrangement of their hydrogen bonds
(compare Figures 2 and 6). Additional stability in pR(a) is
gained through the formation of hydrogen bonds that join
the purine in the third strand not only to the purine but also
to the pyrimidine of the B-DNA duplex. With respect to the
triplex geometry, the widths of the three grooves are mainly
determined by the orientation of the third chain and the hy-
drogen bond patterns. For the parallel chains, the narrow-
est groove takes place between the parallel third strand and
the GAA strand of the duplex, followed by the original mi-
nor groove in the duplex, and last by the widest groove be-
tween the third chain and TTC chain in the duplex. For the
antiparallel third strand, the narrowest groove is between

the antiparallel third chain and the TTC strand of the du-
plex, and the other two wider grooves are approximately
the same. The very narrow groove in the parallel triplexes
strongly attracts Na+ ions, with most (but not all) of the
cation density localized there (Supplementary Figure S10),
and almost no ions in the original minor groove of the du-
plex. Typical parameters for Watson–Crick duplexes that
form part of the triplexes display a mixture of B- and A-
DNA features. Attaching a third strand to the GAA/TTC
duplex slightly unwinds it, especially with the third strand
in parallel position, making the duplex more A-DNA as far
as twist goes. Average inclination, helical rise and roll de-
part from ideal B-DNA values, but still are closer to B- than
A-DNA. Negative average slides are more characteristic of
A-DNA, but Zp values <0.5 put these duplexes into the B-
DNA camp.

Experimental findings with respect to R·R:Y triplexes are
not unanimous. Thermal melting analysis and sedimenta-
tion equilibrium analysis (34) as well as smFRET experi-
ments (36) found the parallel GAA-third strand as the most
likely conformation. In the first study (34), the complemen-
tary repeating regions were linked on the same oligonu-
cleotide (to avoid concentration effects) and the loops flank-
ing the triplex stems may have also played a role in the sta-
bility of the triplexes. This study found the parallel Y·R:Y
triplex to be more stable than the parallel R·R:Y triplex
while the smFRET study suggested that the parallel R·R:Y
triplex is more stable than the parallel Y·R:Y triplex. Other
experiments involving UV-melting temperature and circu-
lar dichroic spectra found that the GAA third strand in an-
tiparallel configuration is more stable (37,38).

The important issue to notice is that although car-
toons are presented in experimental studies, showing for in-
stance (36) pY, apY, pR and apR-S conformations (using
the notation introduced in our scheme in Figure 1), the fact
is that these experiments do not have the resolution to dif-
ferentiate between pR as reported in their cartoon or pR-
S (protonated or not); and apR-S as reported in their car-
toons or apR (protonated or not). Both the links between
the strands and the insertion of donors/acceptors in the sm-
FRET experiments could allow or force the third strand
to slip by just one base to change the alignment. The re-
sults of our simulations, which considered all possible com-
binations, are consistent with these experimental findings.
For the Y·R:Y triplex, pY is more stable than apY. For the
R·R:Y triplex, we showed that pR is more stable than apR-S
and apR. Also, considering that shifting of putative general
acid adenine and cytosine pKa’s toward neutrality has been
observed within a molecular context (103,104), we have in-
cluded protonated adenines in the triplexes, and found that
both pR(+)-S and apR(+) triplexes display very good stabil-
ity. Comparison between the stability of Y·R:Y and R·R:Y
triplexes would require to know the state of protonation
of the third chain; the base overlap favors the purine third
strand and the pR triplex would be more stable than the
pY triplex, according to the statistical analysis in Figure 4,
which is in line with the smFRET experiments (36). No-
tice that the apparent contradiction in experimental results
about whether the GAA third strand is more stable in paral-
lel or antiparallel conformation may be more a lack of res-
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olution of the structure of the triplex than a contradiction:
pR is more stable than apR-S or apR but pR-S is less stable
than the two antiparallel versions.

Hybrid RNA:DNA helices: structural analysis indicates that
r(GAA):d(TTC) is more stable and closer to the A-RNA than
d(GAA):r(UUC)

We presented results for both possible hybrids, mainly
DT=r(GAA):d(TTC) and RU=d(GAA):r(UUC). DT is
more stable than RU because of the known fact that the
d(A):r(U) basepair is extremely weak (86), and because the
average stacking area of the base steps is larger in DT than
in RU (∼6.0 Å2 versus 5.4 Å2 computed with 3DNA). Both
hybrids combine A- and B-form features. In particular, in
DT rise, inclination, and roll, among other parameters, are
closer to B-DNA than A-RNA, while the weaker RU duplex
is closer to A-RNA as measured by these parameters (Sup-
plementary Figure S15). However, these parameters per se
are not enough to determine whether a duplex is closer
to A- or B-forms. A survey of high-resolution A and B-
DNA oligonucleotides without any modifications showed
that of all the parameters used to characterize the structure
of double helical DNA, very few have clear discriminating
power (88) between A- and B-forms. Slide is one of them,
with slide <–0.8 Å in most A-DNA dimer steps and >–0.8
Å in the majority of B-forms. Another parameter (89) is Zp
that is given by the mean z-coordinates of the backbone
phosphorus atoms with respect to individual dimer refer-
ence frames: Zp is >1.5 Å for A-RNA and <0.5 Å for B-
DNA steps. Thus, these discriminatory parameters shown
in Figure 7 along with the RMSDs in Supplementary Fig-
ure S12 indicate that the duplexes, especially DT, are closer
to A-RNA.

These hybrid duplexes can form part of an R-loop or
serve as a basis for the DNA·RNA:DNA triplexes. In-
deed, the all-purine GAA and all-pyrimidine TTC strands
are perfect candidates for R-loops (41,43,44) and, as we
have shown, for hybrid triplexes, that can form during bidi-
rectional transcription (45–48). Unlike their triple helical
counterparts, hybrid duplexes and their role in R-loops have
been more extensively studied in the literature (39,40). Ther-
modynamic analysis shows that the most stable hybrids
form between a purine-rich RNA transcript and the com-
plementary pyrimidine-rich DNA template, and that RNA
duplexes are more stable than RNA(R-rich):DNA(Y-rich)
hybrid duplexes, which in turn are more stable than DNA
duplexes and DNA(R-rich):RNA(Y-rich) hybrid duplexes
(42,105–107) (which of the last two is more stable depends
on the sequence). Our structural analysis is consistent with
this. There is one crystal structure in the PDB for the se-
quence r(GAA-GAA-GAG):d(CTC-TTC-TTC) (108). Pa-
rameters reported for this structure are compatible with
those presented in Figure 7, with small differences that can
be attributed to the different third nucleotide and crys-
tal packing interactions (the authors claim that abutting
interactions dominate the packing, with a d(C1):r(G18)
pair lying close to the minor groove of a symmetry-related
molecule with different abutting interactions to the TTC
structure). In this sense, we believe that our simulations pro-
vide a better description of both the DT hybrid duplex and

the RU hybrid duplex in solution (for the latter, we found
no reported structure).

A rare hybrid DNA·RNA:DNA triple helix (collapsed
R-loop): d(TTC+)·d(GAA):r(UUC) is unstable while
d(GAA)·r(GAA):d(TTC) and d(GA+A)·r(GAA):d(TTC) are
stable

In an R-loop, the hybrid duplex formed by the messen-
ger RNA and the template DNA strand can further hy-
drogen bond with the third, non-template DNA strand to
form a hybrid DNA·RNA:DNA triplex, as shown in the
cartoon in Figure 10. If one assumes that during tran-
scription the two strands of DNA in the R-loop con-
tinue being antiparallel (i.e. discard possible folding back
events), then the two DNA strands in the DNA·RNA:DNA
triplex are antiparallel, which limits the number of possi-
ble triplexes to three. These are d(TTC+)·d(GAA):r(UUC)
(apY, that could form during antisense transcription); and
d(GAA)·r(GAA):d(TTC) (pR), and the protonated version
d(GA+A)·r(GAA):d(TTC) (pR(+)-S), both of which can
form during sense transcription, shown in Figure 1. In all
cases, the third DNA strand mainly bonds with the purine
strand (DNA or RNA) of the hybrid duplex. Both the final
conformations in Figure 8 and the statistical analysis based
on the effective hydrogen bonds and the effective stacking
areas in Figure 9 indicate that the apY triplexes are unstable.
Compared to its pure DNA apY triplex counterpart that is
relatively stable, what makes this hybrid triplex so unsta-
ble? Clearly, both triplexes have the same antiparallel DNA
third strand and only differ in the hybrid duplex. It has
been pointed out before that the stability of triplex DNA
is affected by the stability of the underlying duplex (109).
We believe that this observation extends to the underlying
duplex independent of its DNA/RNA nature: in our case,
the d(GAA):d(TTC) DNA duplex is more stable than the
d(GAA):r(UUC) hybrid duplex, directly impacting the sta-
bility of the resulting triplex with the same third strand. The
pR and pR(+)-S triplexes are stable, with their initial A-like
and B-like forms converging to the same structures. The bet-
ter stability of the purine-rich triplexes with respect to the
apY ones can be explained in a similar fashion. First, as ex-
plained in (E) above, the r(GAA):d(TTC) hybrid duplex is
more stable than the d(GAA):r(UUC) duplex. Second, the
contribution to stability of the ‘RH’ hydrogen bonds and
of the stacking energy of the pyrimidine third chain in the
apY case is lower than that for the ‘H’ hydrogen bonds and
stacking in the pR cases. In these triplexes, almost all the
Na+ ion distribution sits in the very narrow groove between
the third chain and the GAA strand of the duplex. Param-
eters for the hybrid duplexes r(GAA):d(TTC) as they de-
scribe a free-standing hybrid duplex or a duplex part of a
triplex show that the hybrid duplexes that form part of a
triplex are more B-like than A-like in comparison to their
free-standing counterparts; a pure A-like form would lead
to detachment of the third strand.

The formation of a hybrid triple helix, where the ssDNA
left behind by RNAPII during transcription is no longer
‘loose’ but attaches through Hoogsteen or reversed Hoog-
steen hydrogen bonds to the hybrid DNA:RNA helix, as
shown in Figure 10D, was proposed for a different but
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Figure 10. Schematic for the transient formation of non-canonical structures during transcription that results in the stalling of the RNA polymerase (green
ellipse). Red strand is template DNA; blue strand is non-template DNA; and yellow strand is mRNA. In the usual physiological transcription, the blue
strand would be the coding (GAA) strand, but transcription could also occur bidirectionally in trinucleotide repeats. (A) The negative supercoiling wave
behind RNAPII opens the transcription bubble giving rise to several possible scenarios. (B) The non-template strand could fold back on the DNA duplex
and relax the negative supercoiling by winding around the duplex and forming a DNA triplex. (C) The mRNA forms a hybrid RNA:DNA duplex with the
template DNA strand, while the non-template ssDNA remains unattached in an R-loop. This situation could compete or be in dynamic equilibrium with
(D): the ssDNA folds back onto the hybrid duplex winding around it to form a hybrid DNA·RNA:DNA triplex or collapsed R-loop. (E) Alternatively,
the mRNA strand could wind around the DNA duplex to form a hybrid RNA·DNA:DNA triplex. Depending on the extent of the transcription bubble,
some of these structures could coexist.

similar sequence by results of gel electrophoresis experi-
ments (49). The authors of this work called this structure
‘collapsed R-loop’, and gave arguments to support its exis-
tence, in spite of direct evidence. In this work, we show that
the collapsed R-loop is stable and therefore relevant to the
taxonomy of atypical secondary structures related to trinu-
cleotide repeat diseases. Notice that this hybrid triplex is of
the form R·R:Y. Earlier studies claimed that RNA strands
were excluded from an R·R:Y triple helix for any combi-
nation of RNA strands––in other words, out of the eight
possible combinations, only the pure DNA triplex could ex-
ist (110). These studies were carried out with a very limited
set of sequences (only one for the reference cited). In spite
of its appeal, this generalization does not hold true. Later
bioinformatics and gel electrophoresis studies looking at an
RNA third strand binding to a DNA duplex gave a far more
nuanced understanding where sequence-dependent effects
play a major role (111,112). Indeed, ∼51% of RNA triple
forming sequences comprise pure purine (G,A) or mixed
motifs (U,G) that bind to R/Y rich duplex DNA (111). This
type of hybrid triplex, shown in Figure 10.e, can also form
during transcription.

Biological relevance

Formation of non-canonical structures in the first intron
of the frataxin gene interfere with its transcription, dras-

tically reducing the levels of the protein frataxin and caus-
ing the pathology associated with Friedreich’s ataxia. A car-
toon showing how some of these non-canonical structures
can form during transcription is shown in Figure 10, which
is a generalization of a scheme previously introduced to
interpret results from gel electrophoresis experiments (41).
The standing wave of negative supercoiling that follows the
RNA polymerase unwinds the two strands of DNA at the
transcription bubble (Figure 10A). As proposed before (41),
this can free the non-template strand to fall back onto
the DNA duplex to form a DNA triplex (Figure 10B). Si-
multaneously or alternatively, the template strand can be
exposed to form a hybrid with the nascent RNA giving
rise to the more traditional R-loop (Figure 10C) or to a
DNA·RNA:DNA hybrid triplex (Figure 10D), where the
two DNA strands remain antiparallel if the transcription
bubble is not too large. Alternatively, the nascent RNA
could anneal as the third strand in a RNA·DNA:DNA hy-
brid triplex (Figure 10E). In our work, we showed all the
possible structures that a GAA/TTC DNA triplex can have,
as well as the probable structures for the rarer collapsed
R-loop, DNA·RNA:DNA hybrid triplex. A simple, tradi-
tional R-loop formed by a r(GAA):d(TTC) hybrid duplex
and the d(TTC) single strand could compete with a parallel
d(GAA)·r(GAA):d(TTC) hybrid triplex, shown in our work
to be stable, but the less stable d(GAA):r(UUC) hybrid du-
plex cannot form an antiparallel d(TTC+)·d(GAA):r(UUC)
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triplex, as the latter is not stable. Knowledge of these non-
canonical structures and their relative stability can help
guide the application of triple-specific antibodies, which
have been found to bind triplexes inside the nucleus and
to exhibit a higher affinity for RNA–DNA triplexes than
for DNA triplexes (38). Recently, a quantitative model
of R-loop-forming sequences (RLFS) predicted �660 000
RLFS (57), where the meaning of ‘R-loop’ is extended
to encompass a whole variety of non-canonical secondary
structures that can form when the DNA strands are sep-
arated. The authors intended the study to provide a ‘ra-
tionale for the discovery and characterization of the non-
B DNA regulatory structures involved in the formation of
the RNA:DNA interactome’. However, experimental data
with molecular resolution for these non-B DNA structures
is noticeably scarce. We believe that structural studies such
as ours can meaningfully contribute in the creation of such
a roadmap.
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ABSTRACT: Friedreich’s ataxia is associated with noncanonical
nucleic acid structures that emerge when GAA:TTC repeats in the
first intron of the FXN gene expand beyond a critical number of
repeats. Specifically, the noncanonical repeats are associated with
both triplexes and R-loops. Here, we present an in silico
investigation of all possible triplexes that form by attaching a
third RNA strand to an RNA:RNA or DNA:DNA duplex,
complementing previous DNA-based triplex studies. For both
new triplexes results are similar. For a pyridimine UUC+ third
strand, the parallel orientation is stable while its antiparallel
counterpart is unstable. For a neutral GAA third strand, the parallel
conformation is stable. A protonated GA+A third strand is stable in
both parallel and antiparallel orientations. We have also
investigated Na+ and Mg2+ ion distributions around the triplexes. The presence of Mg2+ ions helps stabilize neutral, antiparallel
GAA triplexes. These results (along with previous DNA-based studies) allow for the emergence of a complete picture of the stability
and structural characteristics of triplexes based on the GAA and TTC/UUC sequences, thereby contributing to the field of
trinucleotide repeats and the associated unusual structures that trigger expansion.

■ INTRODUCTION
RNA plays a crucial role in fundamental biological process
such as coding, decoding, regulation, and gene expression.1−4

Consequently, there are many types of RNAs: messenger RNA
(mRNA) is used by cellular organisms to convey genetic
information that directs protein synthesis;5 transfer RNA
(tRNA) delivers amino acids to ribosomes for protein
synthesis;6 ribosomal RNA (rRNA) links amino acids together
to form coded proteins;5 transfer-messenger RNA(tmRNA)
tags proteins encoded by mRNAs that lack stop codons for
degradation and prevents the ribosome from stalling;7 small
nuclear RNA (snRNA) is another type of RNA, whose primary
function is the processing of premessenger RNA in the
nucleus.8 Given the number of different types of RNA and
their flexibility, it is not surprising that there exists a variety of
RNA secondary structures.9 Examples of rather simple motifs
that can form include the following: an RNA single strand can
fold back on itself and form an RNA hairpin;10 two
complementary RNA strands can come together and form an
A-RNA11 or a Z-RNA helix;12 three RNA strands with the
proper complementary sequence can form an RNA triplex;13

while four stranded C- and G-rich RNA can form either an i-
motif14 or a G-quadruplex RNA.15 RNA can bind to
proteins,16,16,17 DNA,18,19 and drug molecules.20,21 It is
believed that the complex biological functions undertaken by
RNA are related to its binding, and so many investigations of

complex biological functions and pathological biological
mechanisms22−26 focus on this important aspect.

In this work, we present results about RNA as a major-
groove ligand in DNA and RNA helical duplexes, which results
in pure RNA triplexes or in RNA−DNA hybrid triplexes. In
particular, we study triplexes formed by the GAA/TTC(UUC)
trinucleotide repeats whose expansion is behind Friedreich’s
ataxia (FRDA) disease. FRDA is caused by a GAA expansion
in the first intron of the frataxin (FXN) gene, and is a member
of the so-called trinucleotide repeat expansion diseases
(TREDs).27−32 TREDS are caused by the expansion of
trinucleotide repeats (TRs), which gives rise to pathological
disorders after the expansion goes beyond a critical threshold
in the length of the repeat. TREDs are typically inherited
neurological disorders that exhibit a phenomenon known as
“anticipation”, where the age of the onset of the disease
typically decreases and the severity of the disease phenotype
increases with each successive generation.30,33−36 Longer
repeat tracts become progressively more deleterious and
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constitute the dominant molecular determinant of anticipation
in a significant number of diseases, with other genetic modifiers
and environmental factors accounting for the remainder of the
effects.36,37 The critical step in all models of repeat instabilities
is the transient formation of atypical, stable secondary
structures in the expandable repeats.38−42 Expandable repeats
can lead to atypical structures such as single-stranded hairpins,
Z-DNA/RNA, triple helices, G-quadruplexes, i-motifs, slipped-
stranded duplexes, and R-loops. As may be anticipated, the
quest to understand the mechanisms behind these diseases has
also led to a better understanding of the lesser known nucleic
acid structures, thereby contributing to the basic science of
nucleic acid research.

A wide variety of triple helices may be formed by combining
RNA and DNA strands. The triplex itself consists of an
antiparallel helical duplex, where the bases of the two
antiparallel strands form traditional Watson−Crick base pairs,
and a third strand in the major groove of the duplex attached
via Hoogsteen (or Hoogsteen-like) hydrogen bonds to the
purine strand of the duplex. In principle, using the notation “:”
for a double helix and “·” for the third strand attached to the
double helix, a first classification of these triplexes includes
DNA·DNA:DNA and RNA·RNA:RNA (pure DNA and RNA
triplexes); RNA·DNA:DNA and DNA·RNA:RNA (where the
duplex is formed by the same nucleic acid type and the third
strand belongs to the other nucleic acid type); and DNA·
DNA:RNA and RNA·DNA:RNA (where the duplex itself is a
hybrid, formed by Watson−Crick base pairs between DNA
and RNA). In turn, each of these classes comprises a family of
different, potential triplexes (not all of which are stable, as we
showed in our previous work43). Following standard
notation,44 the double helix in the triplex can be written as
R:Y, where R represents the purine-rich strand (not to be
confused with the “R” in “R-loops”) and Y the pyrimidine-rich
strand, respectively. For the chosen sequences, R = GAA and Y
= TTC (DNA) or Y = UUC (RNA). Thus, in each family, the
duplex is always R:Y and the third strand can be either R or Y.
The next step for building the potential triplex is the choice of
orientation of the third strand. By convention, in a “parallel”
(“antiparallel”) triplex, the third strand is parallel (antiparallel)
to the R strand in the duplex. Other important decisions for
building the triplex involve the protonation state of bases in the
third strand (for instance, unprotonated C in the third Y strand
results in an unstable triplex, while one of the As in the R =
GAA, third strand can be protonated or unprotonated), and
the alignment of the third strand with respect to the duplex,
since shifting it results in different sets of steps.

In our previous work,43 we reported on a systematic
characterization of eight possible pure DNA triplexes that
could be assembled with GAA and TTC strands. We also
presented results about the two hybrid duplexes [r(GAA):d-
(TTC) and d(GAA):r(UUC)] that could form in an R-loop
with bidirectional transcription. An R-loop is a three-stranded
nucleic acid structure consisting of a hybrid RNA:DNA duplex
formed by the template DNA and the RNA strands, along with
a displaced, nontemplate, single-strand DNA. Finally, we also
studied the three hybrid triplexes that could form during
bidirectional transcription when the nontemplate DNA strand
bonds with the hybrid duplex (a collapsed R-loop, DNA·
DNA:RNA, where the two DNA strands are antiparallel). We
found that for both Y·R:Y and R·R:Y DNA triplexes, the
parallel third strand orientation is more stable, while both
parallel and antiparallel protonated d(GA+A)·d(GAA):d-

(TTC) triplexes are stable. Apparent contradictions in the
literature about the R·R:Y triplex stability are probably due to
the lack of experimental molecular resolution, since shifting the
third strand by one or two nucleotides alters the stability of the
triplex. Among the collapsed R-loops, antiparallel d(TTC+)·
d(GAA):r(UUC) is unstable, while parallel d(GAA)·r-
(GAA):d(TTC) and d(GA+A)·r(GAA):d(TTC) are stable.

In this work, we present results for pure RNA triplexes and
for hybrid triplexes of the form RNA·DNA:DNA. Naturally
occurring RNA triplexes play important roles in many
biological functions.45−49 For example, RNA triplexes have
been detected in telomerase RNAs,50−54 metabolite-sensing
riboswitches,55−62 −1 ribosomal frameshift-inducing mRNA
pseudoknots,63−67 long noncoding RNAs,68−71 group I
introns,72−74 group II introns,75 and rRNAs.76−78 Since it is
known that the minor-groove RNA triplexes are usually not
stable in isolation, we do not consider such structures in this
work, and focus only on the more stable major-groove RNA
triplexes.79

The most common RNA−DNA hybrid triplex is RNA·
DNA:DNA, with standard Watson−Crick (WC) base pairing
in the DNA duplex and the RNA strand binding to the major-
groove of the DNA duplex via Hoogsteen (or Hoogsteen-like)
hydrogen bonds.80 It has been reported that this RNA−DNA
hybrid triplex can be formed by long noncoding RNA in
vivo.80 Recent studies show that this kind of RNA−DNA
hybrid triplex is related to the TGF-β pathway gene81 and
participates in the regulation of the β-globin locus.82 Although
a few pure RNA and RNA·DNA:DNA hybrid triplexes have
been determined experimentally, the molecular structures for
the GAA and TTC(UUC) sequences are largely unknown.
The aim of our work is to provide a systematic characterization
of these structures and their relative stability. To that end, we
employ classical molecular dynamics (MD) simulations as our
main investigative tool. MD simulations have proven
themselves to be extremely valuable as they possess the ability
to probe molecular structures, dynamics, and mechanisms at
the atomic level, which are often beyond the resolution of
current experiment. Our recent characterization of homo-
duplexes, quadruplexes and hairpins conformations corre-
sponding to the most common TRs and to several
hexanucleotide repeats is an example of this,43,83−90 as these
simulations sample both DNA and RNA sequences of different
lengths, different nonequivalent nucleotide arrangements (such
as (GCC)n and (CCG)n homoduplexes, with CpG and GpC
steps between the C−C mismatches); provide free energies,
dynamics of conformational transitions, etc. These conforma-
tion studies do not address the formation of the given atypical
structures: In order for these atypical structures to nucleate, it
is necessary to cross a free energy barrier that is both sequence
and repeat-length dependent. One of the advantages of MD
simulations is one can start the structure in any minimum of
the free energy landscape. Thus, one can simply study the
resulting structure after its nucleation has taken place (similarly
to studying a folded protein after the folding has taken place),
and the length-dependence for the nucleation becomes
irrelevant. We expect the present study of RNA triplexes to
contribute to the widening knowledge of RNA-based atypical
structures.

■ METHODS
Here, we briefly discuss three aspects of this work: the initial
construction of the RNA-based triplexes, the subsequent MD
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simulations, and the analysis. The initial structures for these
RNA triplexes are based on well-equilibrated DNA triplexes as
reported in our previous work.43 We then mutated the sugar
rings and bases to obtain the RNA sequences used in this
study. Although the initial duplex generated in this form is in
B-DNA form, crossover to the A-RNA form occurs relatively
fast. Indeed, in our previous work, we showed that full
convergence between different initial ideal B- and A-forms in
hybrid duplexes and triplexes is achieved quite early in the
simulations. The initial structures are further described in the
next section.

The MD simulations of the triplexes were carried out with
the Amber18 package91 with force field BSC192 for the DNA
and BSC093 + OL394 RNA parts, respectively. Protonation as
needed was accomplished with the protonated AMBER force
field95 using tleap.91 The TIP3P water model96 was used for
the explicit solvent. Periodic boundary conditions were
implemented in a truncated octahedron water box and the
appropriate number of Na+ ions (parameters in ref 97) were
added in order to neutralize the nucleic acid charges.
Electrostatics were handled by the Particle Mesh Ewald
Method98 with a direct space cutoff of 9 Å; the same cutoff was
used for the van der Waals interaction. We used Langevin
dynamics to control the temperature with a coupling parameter
of 1.0 ps−1. The SHAKE algorithm99 was applied to all bonds
involving hydrogen atoms.

In addition, we ran simulations in the presence of Mg2+ ions,
motivated by their physiological importance and experiments
showing that these ions help promote triplex formation.100,101

We therefore added 14 Mg2+ ions (concentration of 280 mM
with parameters given in ref 102) randomly to the water box,
but not closer to 3.5 Å to the nucleic acids. Quickly, the cations
became hexahydrated forming complex Mg[(H2O)6]2+ ions
and remained in that hydration state during the length of the
simulations. The necessary Cl− ions97 were also added and
carefully equilibrated.

The initial conformations for the MD simulations were
obtained as follows. After mutating the DNA to RNA, MD
runs with a constraint of 20 kcal/mol on the triplex hydrogen
bonds were performed in order to ensure initial structural
stability up to 20 ns. These triplexes were then considered as
starting conformations and we carried out a full equilibration
procedure on them, starting with energy minimization.
Subsequently, the temperature of the system was gradually
raised using conditions of constant volume from zero to 300 K
over 50 ps runs with a 1 fs time step. Then, 100 ps runs at
constant volume were employed to gradually reduce the
harmonic restraining force for the nucleic acids and ions.
During the equilibration runs, a weak constraint of 1 kcal/mol
was placed on the hydrogen bonds of the end bases in order to
reduce any artificial fraying effects. The MD production runs
were performed over 1 μs with a 2 fs time step under
conditions of 1 atm constant pressure. For analysis,
conformations were saved every 20 ps. Typically, a few
hundred nanoseconds into the MD simulations, some
structures maintained a stable hydrogen-bond pattern, while
others evolved to form different stable structures, or simply
became unstable.

Turning to the analysis, we note that from a structural point
of view, the two most important quantities stabilizing the third
nucleic acid strand are the hydrogen bonds with the R strand
of the antiparallel double helix and the π−π stacking
interaction between the bases of the third strand. In the

analysis, hydrogen bonds were identified using Cptraj as
supplied by Ambertools18,91 with a distance cutoff of 3.5 Å and
an angular cutoff of 140°. Base-pair stacking was conveniently
analyzed using a heuristic method described in our previous
publication on DNA triplexes43 and summarized in the
Supporting Information .

Additionally, we found it convenient to introduce two other
structural parameters�distance d and angle ϕ�which help
reveal geometrical aspects of the triplexes. These are shown in
Figure 1.

The parameter d is defined as the distance between the N9
atom of purine or the N1 atom of pyrimidine on the third
strand and the average position of the corresponding N atoms
of the WC base pairs in the duplex. The angle ϕ is defined as
the left angle between the line connecting the N9 or N1 atoms
of the third strand and the line connecting the average position
of the corresponding N atoms of the WC base pairs. These
structural parameters characterize the distance from the third
strand to the WC base pair in the duplex. A positive correlation
with ϕ > 90° indicates that the third strand is closer to the
pyrimidine base, most likely with enhanced hydrogen bonding,
while ϕ < 90° indicates that the third strand is closer to the
purine base. The presence of more than one cluster on the ϕ−
d diagram signals the presence of more than one hydrogen-
bond pattern for the third strand.

■ RESULTS
Structure of the Initial RNA·RNA:RNA and RNA·

DNA:DNA Triplexes. The triple helices investigated consist
of a pure DNA or pure RNA antiparallel double helix with WC
base pairs, with a single RNA strand binding to the major
groove of the duplex. The third RNA strand may be either a
pyrimidine or a purine, and these may be either parallel or
antiparallel to the purine strand of the duplex. For the case of a
pyrimidine third strand, we only considered the case of
protonated cytosines, as supported by experimental evi-
dence.103−107 This results in two cases where the third strand
can form hydrogen bonds with the duplex: the protonated
pyrimidine third strand in either a parallel or antiparallel
direction, with the latter shifted by a single base. For the purine
third strand, we considered the strand in either parallel and

Figure 1. Schematic illustrating the definition of parameters ϕ and d.
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antiparallel orientation. We also consider the case where the
trinucleotides of the third strand are perfectly aligned with
those of the duplex and where the third strand is shifted with
respect to the duplex. We also included two protonated cases,
since protonated adenines can form stable hydrogen bonds
with G:C base pairs.108 This leads to 16 different structures,
which are shown in Figure 2.

For discussion purposes, it is convenient to introduce the
following notation for the different triplexes. When the third
strand is UUC or GAA, we use the notation Y or R,
respectively. The C’s in the third UUC are always protonated,
so this need not be indicated by extra notation. On the other
hand, the first A in the GAA third strand can be either neutral
or protonated in order to form A+·G-C triple base planes with
G-C WC pairs of the helical duplex. In this case, we use the
R(+) notation. In order to indicate the parallel or antiparallel
nature of the third strand, we precede the Y or R by p or ap. If
the strand is shifted, we end the notation with “-S”. If we are
dealing with a pure RNA (DNA) triplex, we place an “RNA-”
(“DNA-”) before the structural notation; likewise we use the
prefix “RD-” to indicate a mixed triplex in which an RNA third
strand is combined with a B-DNA double helix. For example,
“RD-pR(+)-S” refers to a hybrid RNA·DNA:DNA triplex with
a parallel purine third strand formed by GA+A TRs shifted with
respect to the trinucleotides in the helical duplex. Finally, we
note that structures with a DNA third strand placed in the
major groove of an RNA double helix (DNA·RNA:RNA) have

not been reported in the literature, and it is not clear whether
they are biologically relevant.

The initial hydrogen-bond pattern of these structures is
similar to those of the DNA triplexes previously considered.43

The hydrogen-bond patterns include traditional Hoogsteen
(H) and reverse Hoogsteen (RH) patterns, as well as new
patterns. These hydrogen bonds are shown in Figure 3, while
Table 1 gives the notation of each structure along with the
corresponding hydrogen bond type.
MD Results for RNA·RNA:RNA and RNA·DNA:DNA

Triplexes. In this section, we present the MD results for pure
RNA and hybrid triplexes in the presence of neutralizing Na+

ions. Figure 4 shows the final pure RNA triplex structures
obtained after 1 μs MD runs. The top view allows for a visual
appreciation of the third-strand attachment (or lack thereof),
while the side view gives an idea of the base stacking. Clearly,
not all configurations are stable as evidenced by the
detachment of the third strand from the triplex structure.
Visually, only RNA-pY (pyrimidine third strand) and RNA-pR
and RNA-apR(+) (purine cases) appear to be stable, while
RNA-pR(+)-S and RNA-apR-S appear to be marginally stable.
In order to obtain a quantitative, statistical assessment of the
structural stability, we computed the effective stacking area
versus the number of hydrogen bonds, as defined in the
previous section (Figure 5), over the last 800 ns of the
simulations. The most stable triplexes are characterized by
more hydrogen bonds and larger stacking areas, which

Figure 2. Schematic illustrating all the nonequivalent triplexes investigated. WC bonded structures are encased in blue boxes; the pyrimidine and
purine third strands are in yellow and green boxes, respectively. Top row indicates the eight RNA−DNA triplexes, while the bottom row indicates
the pure RNA triplexes. RNA and DNA bases are written in red and black, respectively. We note that we only consider the third strand nucleic
bases to be in their anti conformation, as the syn is always higher energy and less stable.43
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corresponds to distributions in the upper right quadrant of
these plots.

In terms of stability, the graphs indicate RNA-apR(+) >
RNA-pY > RNA-pR ≃ RNA-pR(+)-S. Thus, RNA-pY is the
only stable pyrimidine structure and RNA-apR(+) is the most

stable purine case. Note that RNA structures apY, pR-S, and
apR are quite unstable, registering close to zero stacking and
hydrogen bond number; the third strand peels off from the
duplex during the first 300 ns of the simulation. Figures 6 and
7 show the same analysis for the RNA·DNA:DNA hybrid

Figure 3. Initial hydrogen-bond pattern for all triplexes.
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triplexes. Combining information from the final configurations
in Figure 6 and the statistical analysis in Figure 7, the stability
ranking is RD-apR(+) > RD-pR(+)-S > RD-pY > RD-pR ≃
RD-apR-S.

We now turn to an examination of the dominant hydrogen-
bond patterns associated with these stable structures. For
descriptive purposes, we use the following notation to describe
a hydrogen bond: A(N)-B(M), where A and B represent the
donor and acceptor atoms, and N and M are the bases
containing atoms A and B. The initial hydrogen-bond pattern
evolves with time. Figure 8 shows the dominant hydrogen
bonds for the inner three steps only (to avoid edge effects).

Hydrogen bond patterns are as follows. (i) RNA-pY: Two
hydrogen bonds on the fourth plane, N4(C+)-O6(G) and
N3(C+)-N7(G), and two hydrogen bonds on the fifth and
sixth planes, N6(A)-O(U) and N3(U)-N7(A), are very stable
throughout the simulation. (ii) RNA-pR: A pattern of three
hydrogen bonds on the fourth plane, N4(C)-O6(G), N1(G)-

O6(G), and N2(G)-O6(G), coexists with a pattern of only one
bond, N2(G)-O6(G), or none. On the fifth and sixth planes,
the dominant hydrogen-bond pattern, N6(A)-O4(U) and
N6(A)-N1(A), fluctuates with only one of these bonds, and
the other is absent. On the sixth plane, occasionally there are
no hydrogen bonds present. (iii) RNA-pR(+)-S: On the fourth
plane, the dominant hydrogen bonds, N1(A+)-O6(G) and
N6(A+)-O6(G), coexist with a pattern in which N1(A+)-
O6(G) is replaced by N1(A+)-N7(G). On the fifth plane, the
hydrogen bonds are N6(A)-N1(A) and N6(A)-O4(U); while
on the sixth plane they are N2(G)-N7(A), N1(G)-N7(A) and
N6(A)-O6(G). (iv) RNA-apR-S: On the fourth plane, the
dominant hydrogen bonds, N1(G)-N7(G) and N2(G)-
O6(G), coexist with a similar pattern, N1(G)-N7(G) and
N2(G)-N7(G), and with only one-bond pattern, N2(G)-
O6(G). On the fifth and sixth planes, the dominant hydrogen-
bond pattern is N6(A)-N1(A) and N6(A)-N1(A). On the fifth
plane, hydrogen bonds can also disappear, and different
stacking effects are observed as the position and orientation of
the third-chain base changes. On the sixth plane, an alternative
pattern, only N2(A)-O4(U), was observed. (v) RNA-apR(+):
On the fourth plane, there is only one hydrogen-bond pattern,
N1(A+)-O6(G) and N6(A+)-G(N7). On the fifth plane, the
dominant hydrogen-bond pattern, N6(A)-N1(A) and N6(A)-
N7(A), alternates with a single N6(A)-O4(U) bond. On the
sixth plane, the dominant pattern, N2(G)-O4(U), N1(G)-
O4(U) and N6(A)-O6(G), alternates with the hydrogen-bond
pattern N2(G)-N7(A) and N1(G)-N7(A).

Similar hydrogen-bond patterns were observed for the mixed
RNA·DNA:DNA hybrid triplexes (with T replacing U in DNA,
of course). These are discussed in the SI (see Figure S2). All
the major hydrogen bonds for the stable cases are exactly the
same as the initial hydrogen-bond patterns; in turn, these are
the same as the hydrogen-bond patterns of the corresponding
DNA triplexes covered in our previous work.43

To further characterize the geometry of the RNA triple
helices, we plotted the ϕ-d diagrams (Figure 9) for the three
innermost planes of the triplexes.

There is little variation of the distributions from layer to
layer. For all the three planes, ϕ < 90°, indicating that the third
strand is closer to the purine strand of the RNA duplex. For the
pY triplex, the three planes have an average ϕ around 50° and
an average d around 9 Å. For the purine third strand, both ϕ

Table 1. Summary of Nucleotide Triplets for Both Pure and
Hybrid RNA Triplexes

triple step type corresponding triple sequence

H-type C+·G:C pY
RH-type C+·G:C apY
H-type G·G:C pR
RH-type G·G:C apR-S
H-type A·G:C pR-S
RH-type A·G:C apR
H-type A+·G:C pR(+)-S
RH-type A+·G:C apR(+)
H-type U·A:T(U) pY
RH-type U·A:T(U) apY
H-type G·A:T(U) pR-S

pR(+)-S
RH-type G·A:T(U) apR

apR(+)
H-type A·A:T(U) pR

pR-S
pR(+)-S

RH-type A·A:T(U) apR
apR-S
apR(+)-S

Figure 4. Final conformations of the RNA triplexes after 1μs MD simulations. The RNA WC antiparallel helix is colored light green, while the third
RNA strand is colored blue (pyrimidine) or red (purine).
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and d tend to have larger values than for the pyrimidine strand,
which still indicates a closer proximity to the purine strand of
the duplex, but less pronounced than for the pyrimidine case.
For pR, all three planes have a value ϕ around 80° and a d
around 10 Å. For the pR(+)-S case, the fourth and fifth planes
have a ϕ near 70° and a d around 10 Å. The distribution of the
sixth plane is shifted a bit toward the left, with an average ϕ
around 60° and d around 10.5 Å. For apR-S, the fourth plane
has d ≃ 10 Å and ϕ ≃ 65°, while the fifth plane has an average
ϕ ≃ 75° and d ≃ 9.5 Å. While the fourth and the fifth planes’
distribution indicate a third strand preference for the purine

RNA strand, the sixth plane is characterized by two clusters.
The major one is very similar to that of the fifth plane with a
slight shift to the right, while the minor distribution shows a
positive correlation. Finally for apR(+), the average ϕ for the
fourth plane is 80° and the average d is slightly above 9 Å. The
major distribution on the fifth plane has an average ϕ ≃ 75°
and an average d ≃ 9.5 Å. The sixth plane has ϕ ≃ 90° and d ≃
10 Å. The results for the hybrid triplex closely resemble those
for the pure RNA triplex and are shown in Figure S3.

We looked at the conformations of the Watson−Crick
helical duplexes that form part of the triplex, and compared

Figure 5. Effective stacking area versus effective hydrogen bond number of RNA triplexes.

Figure 6. Final conformations of the RNA·DNA:DNA hybrid triplexes after 1 μs MD simulations. The DNA WC antiparallel helix is colored light
green, while the third RNA strand is colored blue (pyrimidine) or red (purine).

Figure 7. Effective stacking area versus effective hydrogen bond number for the RNA−DNA hybrid triplex structures.
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them to the corresponding free-standing B-DNA and A-RNA
helices of the same sequence. First, we consider the DNA
helical duplexes that belong to pure DNA triplexes (Figure
S12) and to the hybrid RNA·DNA:DNA triplexes (Figure
S13). The attachment of the third strand changes the
conformations of these DNA duplexes with respect to the
corresponding B-DNA free helix. For the helical twist, the
values of both DNA and RD triplex cases are distributed
between 25° and 40°, spanning values between B-DNA and A-
RNA. Inclination angles are distributed between −5° and 10°,
closer to B-DNA values. Roll angles are distributed between
−5° and 5°, and helical rise varies between 3.0 Å to 3.7 Å; both
parameters are also closer to B-DNA values. Slide varies
between −2 and 0 Å spanning values between B-DNA and A-
RNA. Of the different parameters, Zp is considered to have the
most discriminating power between A- and B- forms.109 Zp is
given by the mean z-coordinates of the backbone phosphorus
atoms with respect to individual dimer reference frames.
Typically, Zp is greater than 1.5 Å for A-RNA and less than 0.5
Å for B-DNA. For the considered DNA duplexes, − 0.5 Å ≤ Zp≤ 0.5 Å, which is quite close to B-DNA.

Results for the RNA helical duplex belonging to a pure RNA
triplex are shown in S14. As with the DNA counterparts, twist
angles vary between 25 and 40°, spanning values between B-
DNA and A-RNA. Inclination angles are distributed between 0
and 20°, roll angles are distributed between 0 and 10°, and
helical rise varies between 2.5 Å to 3.7 Å; the three parameters
span values between B-DNA and A-RNA. As for slide, its
values run from −2 Å to −1 Å, the pyrimidine third strand case
is closer to B-DNA while the purine third strand cases are
closer to A-RNA. Finally, 0 Å ≤ Zp ≤ 2 Å; the values of the
pyrimidine third strand case are closer to the B-DNA, while the
purine third strand cases are closer to the A-RNA. Clearly, the
presence of the RNA third strand affects the structure of the
RNA duplex part, which exhibits features with large variations
between B-DNA and A-RNA. Finally, the large peaks observed
for some steps in some of the parameters are due to the
presence of close Na+ ions. For the RNA-pY case, the large
population of Na+ ions around the OP2 and O4 atoms of A5
and U13 causes larger roll and inclination values in the AA/
UU steps. For the RNA apR(+) case, the presence of Na+ ions

Figure 8. Dominant hydrogen-bond pattern for RNA triple helices during the last 800 ns of the MD simulation.

Figure 9. (ϕ, d) diagram for the RNA triplexes.
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around the N7 atom of A(+)24 on the fourth layer contributes
to a high helical rise in the GC/AU step.
Ion Distributions and Interactions. We have charac-

terized the ion distribution around the triple helices, with a
focus on the neutralizing Na+ and Mg2+ ions. For the former,
we focus primarily on the distributions around the most stable
structures: RNA-pY and RNA-apR(+), and the corresponding
mixed RD counterparts. The labeling of the atomic structures
is given in Figure S11. The ion occupancy for the middle three
planes of these structures is shown in Figures 10 and 11.

Naturally, the ions interact significantly with the OP1 and
OP2 oxygen atoms in the phosphate backbone, where the ion
occupancy is consistent with other studies on mismatched
nucleic acids.83,110,111 Certain bases display very large ion
occupancy in OP2, such as C+22 and A5 in RNA-pY; and
A+22, A5, A6, and U13 in RNA-apR(+). Other significant sites
include the O4 in U13 in RNA-pY; and N7 in A+24, and O2′
in A23. The results for the mixed RNA−DNA triple helices
show similar trends, and are shown as Figures S6 and S7.
Important differences are the occupation of OP2 only reaches
large values for A5 both in RD-pY and RD-apR(+), otherwise
OP1 has equal or larger occupation values; and T13 lacks a
peak on O4. A visual representation of the ion cloud density
around selected triplex structures is shown in Figures S8 and
S9. Some typical binding sites are shown in Figure 12a for RD-

pY; and in Figure 12b for RD-apR(+), which shows the
binding of Na+ to O2′ and N7 of A+24.

The importance of the interactions between Mg2+ ions and
nucleic acids is well documented,112−119 and experiments show
that these divalent ions helps the formation of RNA-based
triplexes.100,101 To address this issue theoretically, we carried
out 1 μs simulations of each of the triplex structures in the
presence of hydrated Mg2+ ions. The Mg cations retained their
solvation shell in the form of Mg[(H2O)6]2+ ions, as
expected.110 Figures S10 and S11 show ion cloud densities

Figure 10. Na+ occupancy for the middle three planes of the RNA-pY triplex.

Figure 11. Na+ occupancy for the middle three planes of the RNA-apR(+) triplex.

Figure 12. Schematic illustrating some typical Na+ binding sites for
(a) RD-pY, and (b) RD-apR(+). Ion binding distances are indicated
in angstroms.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04358
ACS Omega XXXX, XXX, XXX−XXX

I

39



around the different triplex structures. These figures show that
in contrast to the Na+ ions, the majority of the hydrated Mg
ions are localized toward the outside of the triplex structures,
with the majority to be found near the groove formed by the
third strand and the purine strand of the duplex. In contrast to

the Na+ results, the hydrated Mg ions do not appear to bind or
associate with any specific atom on the nucleic acid structure.

Figure 13 shows the final configurations of the different
RNA based triplexes. From the figure, it is clear that structures
apY and pR-S are unstable for both kinds of triplexes; all the

Figure 13. Final conformations of RNA·DNA:DNA hybrid triplexes and RNA·RNA:RNA triplexes as obtained after 1 μs simulations with hydrated
Mg2+ ions.

Figure 14. Effective stacking area versus effective hydrogen bond number for the RNA−DNA hybrid and pure RNA triplexes in the presence of
hydrated Mg2+.
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rest of the structures are stable over the duration of the
simulation.

To quantify these results, we show in Figure 14 histograms
of the effective stacking area and hydrogen bond number for
the triplexes. For the most part, these results are quite similar
to results obtained in the absence of Mg2+ ions (see Figures 7
and 9).

The main difference with respect to the simulations with
Na+ ions is that the previously very unstable apR case gains
stability in the presence of the Mg[(H2O)6]2+ ions, which
rearrange the hydrogen bond pattern. Figure 15 shows that the
presence of a hydrated Mg ion exchanges the N3−N7 bond in
the RH A·G:C pattern in Figure 3 with an N1−N4 bond that
stabilizes the apR triplex, making it similar to previous results
for pure DNA-based triplexes.43

■ DISCUSSION
Many Nonequivalent RNA·RNA:RNA and RNA·DNA:D-

NA Triplexes Can Be Assembled from GAA and UUC or
TTC Strands. Schemes of 16 triplexes are shown in Figure 2.
In contrast to our previous DNA triplex investigations, we
focus only on structures with glycosidic torsion angles in anti
conformation, since the syn conformations are energetically
unfavorable.43 These triplexes consist of antiparallel, helical
RNA:RNA and DNA:DNA duplexes with WC base pairing
with a single RNA strand binding to the major groove of the
duplex. The third RNA strand may be either a pyrimidine or a
purine, and these may be either parallel or antiparallel to the
purine strand of the duplex. For the case of a pyrimidine third
strand, we only considered the case of protonated cytosines, as
supported by experimental evidence.103−107 This results in two
cases where the third strand can form hydrogen bonds with the
duplex: the protonated pyrimidine third strand in either a
parallel or antiparallel direction, with the latter shifted by a
single base. For the purine third strand, we considered the
strand in either parallel and antiparallel orientation. We
considered both cases where the trinucleotides of the third
strand are perfectly aligned with those of the duplex and where
the third strand is shifted with respect to the duplex. We also
included two protonated cases, since protonated adenines can
form stable hydrogen bonds with G:C base pairs.108

Stability of Pure RNA and Hybrid RNA−DNA
Triplexes Is Determined by the Stacking of the Bases
of the Third Strand and by the Hydrogen Bonds

between the Third Strand Base and the Duplex WC
Bases on the Same Plane. To characterize the hydrogen
bonds, we have extended the definitions of Hoogsteen (H) and
reverse Hoogsteen (RH) hydrogen-bond patterns as shown in
Figure 3 and Table 1. These definitions are similar to those for
DNA triplexes, and are simply taken over here. We previously
noted that standard ways of characterizing hydrogen bonds
and base stacking fail to give a good measure when applied to
the third strand. Hence, we extended the standard protocols
explicitly taking into account the third strand, and successfully
used this approach to characterize DNA triple helices. Details
of this approach are provided in the Supporting Information.
The same analysis applies to the RNA triplexes, so that two-
dimensional histograms of the effective base stacking versus
hydrogen bond number provide for a good measure of the
stability of a given triplex. The histogram results are completely
in line with the visual observations of the structures: for all
unstable triplexes, the third strand peels off, often over a 300 ns
time frame, while leaving the duplex structure intact.

We have also found it convenient to examine the (ϕ, d)
histograms for each three-base plane, which serves to quickly
reveal the position and orientation of the third base with
respect to the WC bases. Values of ϕ less than (greater than)
90° indicate a preference of the third strand to be closer to the
duplex purine (pyrimidine) strand. Almost universally, the
third strand is closer to the purine strand of the duplex. In
addition, these histograms also provide for a measure of the
fluctuations that the third strand undergoes, given by the
spread associated with each cluster. For the most part, the data
for stable or nearly stable triplexes point to single, relatively
compact clusters. In a small number of cases (RNA-apR-S,
sixth plane), the data is split into two clusters. These clusters
are associated with two different hydrogen bond conforma-
tions for that particular plane.
For Both Pure RNA and Mixed RNA−DNA Triple

Helices, the Pyrimidine UUC+ Third Strand in Its Parallel
Alignment, RNA-pY and RD-pY, Is Stable, while Its apY
Antiparallel Counterpart is Unstable. Both parallel and
antiparallel configurations for r(UUC+)·r(GAA):r(UUC) and
r(UUC+)·d(GAA):d(TTC) triplexes were studied, and it was
found that only the parallel pY triplexes are stable. The
antiparallel UUC+ third strand cannot form stable hydrogen
bonds with either the RNA−RNA or the RNA−DNA helix
because of steric hindrance. On the other hand, the parallel
UUC+ third strand forms two hydrogen bonds with the WC

Figure 15. Stabilization by Mg2+ ions. (a) Rearrangement of hydrogen bonds on the A·G:C plane. (b) Binding of the hydrated Mg2+ ion to the first
groove of the RNA-apR triplex.
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base pair of the duplex on each plane, U·A:T or U·A:U and C+·
G:C, in a similar pattern as the pY DNA triplex reported
previously.43 For pure DNA triplexes, the pY conformation is
the most stable; however, the apY conformation is also stable at
room temperature, unlike the pure RNA triplex and the hybrid
triplex r(UUC+)·d(GAA):d(TTC) studied here, where the
apY conformation is totally unstable. We also note that the
other hybrid triplex studied previously, the antiparallel
d(TTC+)·d(GAA):r(UUC) collapsed R-loop, is completely
unstable. This instability could be traced to the reduced
stability of the hybrid d(GAA):r(UUC) duplex, that although
stable on its own, is not stable enough to carry the third
strand.43 When comparing the DNA third strand with the
RNA third strand, we notice that the absence of the methyl
group in the U base of the third strand effectively reduces its
area compared to the T base, which in turns makes the
stacking of the bases of the third strand slightly weaker, and the
U bases more likely to rotate and turn away from the duplex. In
the parallel case, the presence of the two hydrogen bonds
anchors the third strand, but the reduced number of hydrogen
bonds already manifested in the antiparallel DNA triplex makes
the antiparallel RNA third strand completely unstable.
For Both Pure RNA and RNA−DNA Triplexes, When

the Purine GAA Third Strand is Unprotonated, the Most
Stable Conformations Are Parallel, Mainly RNA-pR and
RD-pR; When It Is Protonated, the Most Stable
Conformations Are Antiparallel, Mainly RNA-apR(+)
and RD-apR(+), Which Are the Most Stable Triplexes
for the Purine Third Strand. The stacking area and
hydrogen bond analysis presented in Figures 5 and 7 gives a
good idea of the triplex stability. The distributions pick the
apR(+) conformations as the most stable for both pure RNA
and RNA−DNA triplexes. For the parallel cases, the pR and
pR(+)-S conformations are more stable−although slightly less
than the apR(+) conformations. These results agree with those
obtained for the pure DNA triplexes.43 A comparison of the
distributions for the two types of triplexes, pure RNA and
RNA−DNA, shows that the distributions are more shifted to
the upper right panels in the hybrid RNA−DNA cases,
suggesting that the RNA·DNA:DNA triplexes are more stable
than the RNA·RNA:RNA triplexes. Indeed, the RD-apR-S
triplex is relatively stable, while the RNA-apR-S one is
unstable.
Distribution of Na+ and Mg2+ Ions around the

Triplexes. Neutralizing Na+ ions, not surprisingly, concentrate
around the backbone OP1 and OP2 sites, and O2′ in some
bases. There are three grooves associated with a given triplex:
the groove formed between the third strand and purine strand
of the helical duplex (first groove); the original minor groove
of the duplex (second groove); and the groove formed
between the third strand and pyrimidine strand of the helical
duplex (third groove). For the RNA-pY triplex, most of the
Na+ ions are associated with the backbone and found in the
first and third groove, with considerably fewer ions in the
second groove. Notable binding sites include the O4 site in a U
base in the third groove of the RNA-pY triplex. For RNA-
apR(+), Na+ ions are mainly found in the first and third
grooves. Notable binding sites include the N7 site in A bases in
the first groove. Turning to the RNA−DNA triplexes, the Na+

ions around RD-pY triplexes are primarily found in the first
and second grooves (the third groove is almost empty), while
for the RD-apR(+) case the three grooves exhibit a roughly
equal ion distribution. Na+ ions found in the first groove are

associated with OP1, OP2 and N7 on the protonated A+.
These ion distributions are illustrated in the Supporting
Information. We note that in previous work,43 we examined
the Na+ distribution associated with pure DNA triplex
structures. For DNA-pY, most of the ions were found in the
first groove, with fewer ions in the second groove, and almost
no ions in the third groove; for DNA-apR(+), there is
considerable ion presence in all of the grooves.

The Mg2+ ions are found in their hexahydrated state and do
not appear to be directly associated with any specific atoms on
the nucleic acids; rather they stay outside of the triplex
structure and are found primarily in the first groove. The
biggest change with respect to the Na+ ions is that the
hexahydrated Mg2+ ions help stabilize the apR triplexes (both
pure RNA and RNA−DNA) through a change in the hydrogen
bond pattern on the A·G:C planes.
Watson−Crick Helical Duplex in the Triplex Under-

goes More Conformational Variations than the Corre-
sponding Free-Standing Helix of the Same Sequence;
DNA Duplexes Stay Closer to the Free B-DNA Helix,
While the RNA Duplexes Tend to Stray Further from
the Free A-RNA Helix. The structure of the helical duplex in
a triplex is modified by the third strand. Some helical base step
parameters for the different duplexes are shown in Figures
S12−S14, which indicate that the duplexes are neither B-form
or A-form, but display features of both forms. We first consider
results for the DNA duplexes from stable pure DNA triplexes
(Figures S12) and from mixed RNA−DNA triplexes (Figures
S13). In both cases, the duplexes clearly stay closer to B-DNA
except for twist and slide, whose values fall evenly between
those of the B-DNA and A-RNA. The Zp parameter is
considered to have the most discriminating power between A-
and B-forms.109 Typically, Zp is greater than 1.5 Å for A-RNA
and less than 0.5 Å for B-DNA. Measured values for Zp for
these duplexes are in the range −0.5 Å ≤ Zp ≤ 0.5 Å, which is
quite close to B-DNA. Next, we consider the pure RNA
triplexes, shown in Figure S14. The corresponding duplexes
present larger fluctuations, with a wider distribution of values,
spanning both A- and B-forms. The measured values for Zp of
the RNA duplex are mostly between 1.0 to 2.0 Å, characteristic
of A-RNA values, especially for the purine third strand
triplexes.

■ SUMMARY
In this work, we have studied the RNA and hybrid RNA−DNA
triplexes that can be constructed from GAA and UUC or TTC
sequences. This investigation is motivated by the fact that
these noncanonical nucleic acid structures are associated with
Friedreich’s ataxia when the first intron of the FXN gene
expands beyond a critical number of repeats; the study also
complements previous investigations of DNA-based triplexes
for the GAA/TTC sequence, thereby allowing a more
complete picture of these triplexes to emerge. All in all, 16
nonequivalent RNA·RNA:RNA and RNA·DNA:DNA triplexes
were considered; for the most part, results for the pure RNA
triplexes and hybrid RNA−DNA triplexes are similar. Based on
an analysis of the hydrogen-bond patterns and stacking of
bases in the third strand, we found that the pyrimidine UUC+

third strand in its parallel arrangement is stable, while (in
contrast to DNA results) its antiparallel counterpart is
unstable. For the GAA purine third strand, the parallel
arrangements pR and pR(+)-S and the antiparallel apR(+) are
stable, with the latter being the most stable structure. We have
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also characterized the distribution of neutralizing Na+ ions, as
well as hydrated Mg2+ ions, around the triplexes. The results
reported here provide c meticulous insight into the
conformations and stability of the triplexes that can be
assembled from GAA and TTC or UUC sequences, thereby
contributing to further understanding of trinucleotide repeats
and the associated unusual structures that trigger expansion.
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ABSTRACT

The expansion of d(CGG) trinucleotide repeats (TRs)
lies behind several important neurodegenerative dis-
eases. Atypical DNA secondary structures have been
shown to trigger TR expansion: their characteriza-
tion is important for a molecular understanding of
TR disease. CD spectroscopy experiments in the last
decade have unequivocally demonstrated that CGG
runs adopt a left-handed Z-DNA conformation, whose
features remain uncertain because it entails accom-
modating GG mismatches. In order to find this miss-
ing motif, we have carried out molecular dynamics
(MD) simulations to explore all the possible Z-DNA
helices that potentially form after the transition from
B- to Z-DNA. Such helices combine either CpG or
GpC Watson-Crick steps in Z-DNA form with GG-
mismatch conformations set as either intrahelical or
extrahelical; and participating in BZ or ZZ junctions
or in alternately extruded conformations. Character-
ization of the stability and structural features (es-
pecially overall left-handedness, higher-temperature
and steered MD simulations) identified two novel Z-
DNA helices: the most stable one displays alternately
extruded Gs, and is followed by a helix with symmet-
rically extruded ZZ junctions. The G-extrusion favors
a seamless stacking of the Watson-Crick base pairs;
extruded Gs favor syn conformations and display
hydrogen-bonding and stacking interactions. Such
conformations could have the potential to hijack the
MMR complex, thus triggering further expansion.

INTRODUCTION

The comparison of genome sequences indicates that the ex-
pansion of simple sequence repeats (SSRs) represents a so-
phisticated evolutionary device. The incidence of specific
sorts of SSRs and their position in genes varies greatly
between different genomes, underscoring the vital role of

SSRs in genome evolution (1,2). It has been estimated that
the rate of repeat number mutations in some SSRs is about
105 times higher than that of a point mutation (3). This
can lead to frequent polymorphism in the genes that aids
natural selection by rapidly generating new alleles. Unfor-
tunately the expansion phenomena that plays such essen-
tial role in the evolution of eukaryotic genomes comes at
a price, as SSRs––and in particular, trinucleotide repeats
(TRs)––are associated with 50 expandable SSR diseases (4–
18). Many of these belong to the category of ‘genetic an-
ticipation’ diseases, caused by the intergenerational expan-
sion of SSRs: After a certain threshold in repeat number, the
probability of further expansion and the severity of the dis-
ease increase with the repeat number. In particular, the dy-
namic mutations in human genes associated with most TRs
(but not all) cause severe neurodegenerative and neuromus-
cular disorders, known as Trinucleotide (or triplet) repeat
expansion diseases (TREDs) (13–19).

The mechanisms underlying TREDs are extremely com-
plex, and in many ways particular to each disease. Yet, there
seems to be a universal trigger behind the expansion re-
flected in the recognition that the pivotal step in all models
of repeat instability is the transient formation of atypical,
non-B DNA stable secondary structures in the expandable
repeats (17,20–23). In this work, we explore new atypical
structures for the CGG TRs, which––along with the com-
plementary sequence CCG TRs––are overexpressed in the
exons of the human genome. In particular, CGG TRs are
present in the 5′-untranslated region (5′-UTR) of the fragile
X mental retardation gene (FMR1) (24). In a normal pop-
ulation, the typical range of the CGG TRs repeats is 5-54
(25,26); repeats in the range of 55–200 leads to male fragile
X-associated tremor ataxia syndrome (FXTAS) (27), and
female premature ovarian failure (28); and repeats in excess
of 200 result in the inherited fragile X mental retardation
syndrome (29). In addition, a GGC repeat expansion and
methylation of exon 1 in the XYLT1 gene are a common
pathogenic variant in the Baratela-Scott syndrome (30).

Experimentally, considerable information about the SSR
structures is obtained in an indirect manner, through in
vitro experiments such as CD, UV absorbance, NMR, elec-
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trophoretic mobility assay, and chemical or enzymatic di-
gestion (31). The results show a general trend to forma-
tion of duplexes and hairpins, depending on the sequence
length and environmental conditions. An important con-
sideration regarding possible TR conformations is the na-
ture of the Watson-Crick (WC) pairs that surround the mis-
matches (32,33): homoduplexes of sequences 5′-(CGG)n-3′
(paired ends, without strand slipping) exhibit GpC steps be-
tween the WC base pairs, while homoduplexes of sequence
5′-(GGC)n-3′ (without strand slipping) exhibit CpG steps
between the WC base pairs. In addition to the above experi-
mental approaches, crystallographic studies for short RNA
duplexes provide valuable atomic detail, but these studies
generally are limited to RNA and to only one type of step.
In this sense, atomistic molecular dynamics (MD) repre-
sent an invaluable tool to explore the conformations and
dynamics of both DNA and RNA, with different type of
steps, in different environments, their associated free ener-
gies as well as the different transition mechanisms associ-
ated with these repeats. This is particularly crucial for DNA,
where the original expansion arises. In our previous studies,
we have focused on DNA and RNA homoduplexes, hybrid
duplexes, triplexes, quadruplexes and hairpins conforma-
tions associated with the most common TRs (CAG, GAC,
CGG, CCG, GAA, TTC) and with hexanucleotide repeats
(GGGGCC, GGCCCC and GGGCCT) (34–40). In partic-
ular, the complementary coupling of smFRET experiments
and MD provided new insights on the roles of sequence par-
ity and trinucleotide interrupts on the dynamics of DNA
CAG hairpins (39).

G-rich and C-rich DNA SSRs have been found to display
a wealth of secondary structures, including homoduplexes
(35,38), e-motifs (35,37), i-motifs (41) and G-quadruplexes
(36,42), with the resulting structure depending very much
on the environment. This dependence has been documented
for RNA, where experiments involving CD, optical melting
and 1D 1H NMR spectroscopy, combined with chemical
and enzymatic probing of an r(GGGGCC) repeat expan-
sion point to a general scenario where the repeat expansion
adopts a hairpin structure with GG mismatches in equilib-
rium with a quadruplex structure (43,44). The equilibrium
is temperature dependent, and controlled by the type of ions
involved, and their ionic strength, with the larger K+ ions
favoring G-quadruplexes and the smaller Na+ ions favor-
ing hairpins (43). In low salt solution, CGG and GGC se-
quences can form hairpins and homoduplexes that gener-
ally exhibit a B-DNA conformation (32,33) (in the stems,
in the case of the hairpins), with the G·G mismatches in-
side the helical core in anti–syn conformation, and with
some unwinding in CG/GG steps in CGG sequences and
in GC/GG steps in GGC sequences (38).

Under high salt concentration, on the other hand,
CD spectroscopy experiments (45,46) unequivocally
demonstrated that CGG runs adopt a non-B DNA
conformation––a left-handed Z-DNA (47), whose likeli-
hood of formation increases with increasing number of
repeats. The authors of this work also showed that CGG
repeats only form quadruplexes at low pH, in the presence
of high concentrations of KCl and other non-physiological
conditions (45,48). In addition, the ability to form quadru-
plexes dramatically decreased with the number of repeats;

and the presence of AGG interrupts, known to discourage
expansions, actually increased the stability of quadruplexes
(48). Thus, the authors concluded that a quadruplex cannot
be the structure responsible for the expansion of CGG
sequences. Although high salt concentrations are used to
stabilize Z-DNA in vitro, Z-DNA formation can occur
under physiological conditions: mainly by cytosine methy-
lation in CpG islands, by superhelical stress, or by organic
solvents that simulate the crowded cell environment. This
leaves hairpins as the only viable secondary structure
motif, with stems either in B-DNA form as studied in our
previous work (38); or in Z-DNA form which is the focus
of the present study, given that the combination of CD
spectroscopy, UV absorbance and electrophoretic mobility
assay cannot reveal the actual molecular conformation of
this as yet unknown CGG TR motif. Thus, we set out to
construct and study through MD simulations a wide collec-
tion of DNA helices that combine either CpG or GpC WC
steps in Z-DNA form with different conformations of the
GG mismatches, which we set as either intrahelical or ex-
trahelical; and either in local B-DNA conformations (thus,
forming a series of BZ junctions (49)) or in local Z-DNA
conformations (thus, forming a series of ZZ junctions
(50,51)). We characterized the conformations and relative
stability of these helices, and found evidence for a new
structural motif, which for simplicity we term extruded-G
Z-DNA motif, or eGZ-motif. Essentially, the eGZ-motif
consists of extruded Gs in a left-handed Z-DNA helix. As
will be discussed in the text, there are actually two ways
in which mismatched Gs extrude out of the Z-DNA core:
in the most stable helix, the Gs extrude in an alternating
fashion; in the second most stable helix, Gs belonging
to the same mismatch extrude symmetrically out of the
helical core. These novel extruded motifs are somewhat
reminiscent of the so-called e-motif previously identified
experimentally (52,53) and theoretically (37) in d(GCC)n
trinucleotide repeat homoduplexes; and in d(CCCGGC)n
hexanucleotide repeat (HR) homoduplexes (35,37). These
homoduplexes correspond to right-handed, B-like DNA
helices, where the mismatched cytosines symmetrically
flip out in the minor groove, pointing their base moieties
towards the 5′-direction in each strand. Out of the two non-
equivalent d(GCC)n and d(CCG)n TR homoduplexes and
the three non-equivalent d(CCCGGC)n, d(CGGCCC)n,
d(CCCCGG)n HR homoduplexes, the e-motif is only stable
in d(GCC)n (with CpG WC base steps) and d(CCCGGC)n
homoduplexes due to the favorable stacking of pseudo GpC
steps 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 extended e-motif, where all mismatched cytosines are
extruded, their extra-helical stacking additionally stabilizes
the homoduplexes.

The present conformation studies do not address the
transition from B-DNA to Z-DNA, a study that we have
carried out in detail in the past for CG repeats (54). This
transition involves crossing a free energy barrier that is se-
quence and repeat-length dependent. Experimentally, the
transitions reported on Refs. (45,46) took hours to days.
One of the advantages of MD is that simulations can start in
any minimum of the free energy, independently of the com-
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plexity of the transition that took the molecule there. Fi-
nally, a word with respect to our notation: the TR behind
the pathological expansion is generally denoted as CGG.
Since CGG strands can slip with respect to each other, they
can give rise to either GpC steps (called frame 1 in the nota-
tion of Darlow and Leach (32,33)) or CpG steps (frame 2 in
the same notation). For simplicity, we denote as CGG the
(non-slipped) homoduplex helices that are in frame 1 and
GGC those that are in frame 2.

MATERIALS AND METHODS

Normally, left-handed Z-DNA is formed by dinucleotide
repeats and occurs in sequences that alternate a purine-
pyrimidine repeat, mainly CG (or GC). The anti–syn alter-
nation of these base pairs underlies the zig-zag backbone
pattern (that gives Z-DNA its name) and is due to the ro-
tation of the guanine residue around its glycosidic bond re-
sulting in a syn conformation while the cysteine residue re-
tains its anti conformation. The challenge here is how to ac-
commodate the GG mismatches in CGG/GGC sequences.

Molecular dynamics for DNA helices: BZ junctions, ZZ junc-
tions and alternately extruded guanines

We carried out regular Molecular Dynamics (MD) for ho-
moduplexes with a varying number of TRs. In all cases, the
initial G-C WC base pairs were built in a Z-DNA form. The
GG mismatches were in either B-form or Z-form, such that
the resulting helical duplexes encompass a series of DNA
BZ or ZZ junctions; or added in alternately extruded con-
formations. These simulations included (i) GGC sequences
(CpG WC steps) with 4 or 8 repeats in BZ- or ZZ-junction
conformations, with the GG mismatches starting all in or
all out; (ii) CGG sequences (GpC WC steps) with 4 repeats,
in full Z-DNA form, and with the GG mismatches starting
all in or all out; and (iii) GGC (=CGG) sequences with 4
repeats, in full Z-DNA form with alternately extruded Gs
in each GGC(=CGG) unit. A summary of the sequences,
force fields (FF), and main results of the simulations is pre-
sented in Table 1. A schematic of the sequences and the
in/out nature of the mismatches is shown in Figure 1.

The initial structures for (i) and (ii) were obtained by us-
ing the BIOVIA Discovery Studio (55) v. 2019 software to
create the initial structures. First, we created a short d(5′-
CG-3′) duplex for GGC sequences ( or a d(5′-GC-3′) du-
plex for CGG sequences ) in Z-DNA form. We then added
a middle CG or GC WC base pair in either B-DNA or Z-
DNA conformation, and then added the final d(5′-CG-3′)
(or d(5′-GC-3′)) Z-DNA helix. If the middle base pair is in
Z-DNA conformation, we have a fully Z-DNA helix; if it
is in B-DNA conformation we have to adjust the backbone
angles using the Discovery Studio in order to create two BZ
junctions due to the mismatch. Finally, we mutated the C in
the CG or GC middle WC base pair to G in order to obtain
the GG mismatch. The resulting helix was then elongated
in this fashion until the desired length was reached. In the
GGC helices, the terminal WC base pairs were cut. The ini-
tial extruded motif was constructed from the previous he-
lices via the Steered MD (SMD) (56) protocol discussed in
detail in SI.

Finally, for case (iii) corresponding to the GGCZZ, alt he-
lix (Figure 1), we built a standard Z-DNA segment of four
periodic repeat units by using the Discovery Studio pack-
age; we then cut the O–P–O bonds at the desired locations
for the insertion of the additional G bases. These were in-
serted by enlarging the distance between the oxygen and
phosphate atoms and appropriately adjusting the position
of the G or C residues in the Z-DNA segment. Finally,
we connected the new G residues to the broken Z-DNA
segment by adjusting the atomic distances of the related
residues within a pseudo GpC or CpG step and then recon-
necting the backbones.

The simulations were carried out using the PMEMD
module of the AMBER v.20 (57) software package with FF
ff99 BSC0 (58), BSC1 (59) and OL15 (60). The TIP3P wa-
ter model (61) was used for the explicit waters. The simu-
lations were performed with periodic boundary conditions
in a truncated octahedron water box. To neutralize the nu-
cleic acid charges, an appropriate number of Na+ ions were
added with standard ion parameters (62). In addition, both
150 mM and 5 M NaCl salt were added, and some runs
were also performed with 0.20 M NaCl and 20 mM NiCl2
excess salt. Electrostatic interactions were computed with
the PME method (63) with a 9 Å cutoff. The cutoff for van
der Waals interactions was set as 9 Å as well. Production
runs used Langevin dynamics with a coupling parameter
1.0 ps−1. The SHAKE algorithm (64) was applied to all
bonds involving hydrogen atoms. Starting conformations
for MD calculations were obtained as follows. We first min-
imized the energy for the initial conformations obtained
after modeling: first, by keeping the nucleic acid and ions
fixed; then, by allowing them to move. Subsequently, the
temperature was gradually raised using constant volume
simulations from 0 to 300 K over 200 ps runs with a 1 fs time
step, followed by another 200 ps run at constant volume at
300K. Then a 600 ps run was used to gradually reduce the
restraining harmonic constants for nucleic acids and ions.
During the above minimization and equilibrium steps the
hydrogen bonds in the WC base pairs , and the � values
were restrained. After we obtained the starting conforma-
tions, we performed MD runs for times that vary between
1 and 3 �s with a 2 fs time step. The pressure of the system
was maintained at 1 bar using the Berendsen barostat, with
isotropic position scaling and relaxation time of 1 ps. Con-
formations were saved every 10 ps. In the MD runs, only
weak constraints of 1 kcal/mol on hydrogen bonds for the
end bases were used in order to reduce artificial. To obtain
fully equilibrated results, we used MD results from BSC0
(after around 1 �s MD) as starting configurations for BSC1
and OL15 FFs.

Free energy maps for a single GGC trinucleotide repeat

To investigate the most favorable mismatch conformations,
we investigated sequences of the form 5′-GC-(GGC)-GC-3′
which contain a single GG mismatch within a single GGC
TR. The initial GG mismatch was set either in the B- or Z-
form, giving rise to two BZ junctions or two ZZ junctions;
the guanine mismatches were set to be either inside in or
outside out of the helical core. The state of the glycosyl �
dihedral angle was carefully chosen as to preserve the sym-
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Table 1. Summary of main MD results for the different DNA helices considered. All WC base pairs are in Z-DNA form. Considering the TRs, these
sequences describe homoduplexes, except for the terminal bases (when present) that are bonded to their WC counterpart. For example, the sequence 5′-
C(GGC)4G-3′ has as complementary strand, 5′-C(GGC)4G-3′. The ‘ZZ’ or ‘BZ’ subindices in the structural labels indicate that that GG mismatches are
in Z-DNA form, i.e., forming ZZ junctions; or in B-DNA form, i.e, forming BZ junctions with the adjacent WC pairs. ‘Ribbon’-DNA indicates a DNA
that is unwinding such that its strands become nearly parallel, as it would occur in a B-to-Z DNA transition. All simulations results presented here were
obtained in a 5M NaCl salt environment. Additional low salt (0M and 150mM) simulations were all unstable, and are not explicitly noted here. Interaction
notation: base-stacking ‘::’, Hbonds between Gs in the same mismatch ‘·’, and Hbonds between mismatched Gs in different pairs ‘:’

Label Sequence Force fields Stability Long-lived stackings

GGC4BZ, in,
GGC4ZZ, in

C(GGC)4G BSC0, BSC1 Unstable. Ribbon-DNA forms very fast

GGC4BZ, out C(GGC)4G BSC0 Stable
GGC4ZZ, out C(GGC)4G BSC0, BSC1,

OL15
BSC0 and OL15 stable, BSC1 unstable

GGC8BZ, out (GGC)8 BSC0, BSC1,
OL15

Stable. Mismatches remain out for all three FFs. All
(BSC0) or many (BSC1, OL15) mismatches align
towards their 5′-end, sometimes forming H-bonds
with the backbone

BSC1: G35:G8,
G35::G38; OL15:
G14::G17, G14::G41,
G14::G38::G41,
G11::G35

GGC8ZZ, out (GGC)8 BSC0, BSC1,
OL15

Stable. Many mismatches align towards their 5′-end,
sometimes forming H-bonds with the backbone.
G11·G38 flipped inside the core in BSC1

BSC1: G20::G32;
G17::G26; G38::G41

GGC8BZ, in (GGC)8 BSC0, BSC1,
OL15

Unstable. Bent structures lose helical shape and
deform

GGC8ZZ, in (GGC)8 BSC0, BSC1,
OL15

Semi-stable. All the mismatched GG residues stay
inside the helical core, helices tend to bend.
Ribbon-DNA forms: Bases show half a turn (180◦)
after 24 base pairs, i.e. ∼7.5◦ twist per base pair

CGG4ZZ, in G(CGG)4C BSC0, BSC1,
OL15

Stable. All the mismatched GG residues stay inside the
helical core, G9·G20 flip out in BSC1

CGG4ZZ, out G(CGG)4C BSC0, BSC1,
OL15

Unstable, various bases flip back in, a trend that
increases with simulation time

GGC4ZZ, alt (GGC)4G BSC0, BSC1,
OL15

Stable. All the single Gs remain extruded far enough
so that the whole become symmetric and stable

BSC1: G8::G24; OL15:
G8::G24

Figure 1. Left: Sequence maps for the initial Z-DNA helices considered in
this study, with G mismatched bases in red. The ‘XX’ subindex indicates
either BZ or ZZ junction. The GGC4 sequences are not shown. Right:
The glycosidic torsion angle � , O4′-C1′-N9-C4, characterizes the relative
base/sugar orientation, and the center-of-mass pseudo-dihedral angle �,
as defined by the centers of mass of four atom groups, quantifies the base
unstacking of a mismatched G.

metry of the sequence and the constraints associated with
Z-DNA (i.e. for each WC base pair, G is in syn and C in an
anti conformation).

We then calculated the free energy of the mismatch us-
ing the Adaptively Biased Molecular Dynamics (ABMD)
method (65,66), which is a nonequilibrium MD method
that belongs to the general category of umbrella sam-
pling methods with a history-dependent biasing potential.
ABMD calculates free energy landscapes (or more correctly
the potential of mean force) as a function of a set of col-
lective variables or reaction coordinates that were carefully
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 a selection algorithm (68)), replica
exchange molecular dynamics (REMD) (69), and ‘well tem-
pered’ (WT) extensions (70). We choosed WT metadynam-
ics as an enhanced sampling technique due to its effective-
ness and ability to assess convergence of sampling. WT
metadynamics is widely used to reconstruct the free energies
during simulations (71–76). The collective variables chosen
were the glycosyl torsion angle � and the center-of-mass
pseudo-dihedral angle �, as illustrated in Figure 1. The �
angle enables the flipping of the mismatch in and out of the
helical core. Specifically, we define �4 (for mismatch G4) as
given by the centers-of-mass of four atom groups: C12 (C1′,
C2′, C3′, C4′, O4′), G3 (C1′, C2′, C3′, C4′, O4′), C5 (C1′,
C2′, C3′, C4′, O4′), and G4 (N9 C8 N7 C5 C6 N1 C2 N3
C4); and �11 (for mismatch G11) as given by the center-of-
mass of four atom groups: G3 (C1′, C2′, C3′, C4′, O4′), C12
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(C1′, C2′, C3′, C4′, O4′), G10 (C1′, C2′, C3′, C4′, O4′), and
G11 (N9 C8 N7 C5 C6 N1 C2 N3 C4). The � angle, which
specifies the base sugar orientation of the mismatches, is de-
fined as the dihedral angle, O4′-C1′-N9-C4, for residues G4
(� 4) and G11 (� 11). The rest of the technical details of the
simulations are given in the SI.

Steered molecular dynamics for selected helices

In order to investigate the relative stabilities of the
GGC4ZZ, out, GGC4ZZ, alt and CGG4ZZ, in structures, we
used an SMD (56) pulling protocol. Essentially, we steered
the average structure as obtained from the last 200 ns of the
MD simulations to a final ‘straight’ structure with the two
strands almost parallel to each other. During this process,
we monitored the cumulative work performed by pulling the
duplexes from their equilibrium configurations to their fi-
nal stretched state. The amount of work needed to stretch
and deform the helices is indicative of the relative structural
stability. For the steering process, we used the end-to-end
distance dend as the collective variable in such a way that the
atomic center-of-mass of the terminus base pair remained
fixed, while the center-of-mass of the other terminus was
stretched via a biasing potential of the form U = 1

2 k(dend −
dc)2, where k = 100 kcal/(mol/Å2) and dc are the force con-
stant and the harmonic center. The harmonic center dc was
gradually increased by ∼17 Å(from original length of he-
lices), which represents the longest distance that the short-
est helix, i.e. GGC4ZZ, alt can be stretched without break-
ing. The SMD runs were carried out at a constant volume
with explicit waters with both neutralizing sodium cations
and 150 mM of additional salt (NaCl) at 300 K. Each sim-
ulation lasted 20 ns and was repeated 20 times. The aver-
age cumulative work performed <W > by pulling the du-
plexes from their initial equilibrium configurations to their
final stretched state was given by: < W >=<

∫ t
0 dt �V · �F >,

where <> represents average over the 20 independent sim-
ulations, �F is the pulling force, and �V ∼ 17 Å/20ns is the
pulling speed.

RESULTS

Free energy maps for a single GGC TR

Before embarking on extended MD simulations, we ex-
plored the conformational free energy landscape available
to a single GG mismatch. To this end, we considered a Z-
DNA homoduplex sequence d(5′-GC-GGC-GC-3′), with
every base WC paired except for the single GG mismatch;
in this structure all WC G’s were in a syn and C’s in an
anti conformation. In this short homoduplex, the GG mis-
match is more restricted than in the extended TR sequences
used in the MD simulations, as it is sandwiched on both
sides by three strong WC base pairs and––in contrast to
the case of extruded G’s in a long TR sequence––there are
no other extruded G’s that could potential interact with the
mismatched G’s. Thus, we do not expect the relative depth
of the conformational minima of the GG mismatches to be
necessarily the same, but we would expect the minima ob-
served in the short sequence with one TR to still be present
in the multiple TR sequence d(5′-(GGC)n-3′), and the min-

Figure 2. Two-dimensional free energy maps for a single G4–G11 mis-
match, and two sample conformations. The capital letters on the maps
identify the local minima, listed in Table 2. Top panels show free energy
landscapes as a function of the center-of-mass pseudo-dihedral angle �

with mismatches in (A) B-form and rr Z-form. For an inner base, � falls
between 30◦ and 60◦, and for an extruded base it falls between 120◦ and
180◦. Panel (D) shows sample conformations at the minima A,A′ (inner
bases) and (B) (extruded bases) of the �4–�11 ZZ map. The mismatched
Gs and WC bases are colored gold and green, respectively. Panel (C) shows
the free energy map as a function of glycosidic � angles, with both G4 and
G11 bases restrained to the inside of the helix.

ima not observed in a single GG mismatch to be of higher
energy (when present) in multiple GG mismatches.

As described in the Methods section, we used the angles
(�4, �11) and (� 4, � 11) as collective variables. Values of �
between −75◦ to 75◦ are considered to be inside the heli-
cal core, while larger magnitudes are outside. Values of �
in the range of of −90◦ to +90◦ are referred to as syn con-
formations, with the rest corresponding to anti conforma-
tions. Free energy maps are presented in Figure 2 and Sup-
plementary Figures S1–S3. On these maps, the global min-
imum is set to zero and the free energy of others are quoted
relative to this value; the most prominent minima are la-
beled with capital letters. Since the two mismatched bases
are completely equivalent, one can expect fully converged
free energy landscapes to display mirror symmetry across
the diagonal. This feature is generally observed. Note that
labels of symmetry related minima are primed.

For the (�4, �11) free energy map, the dihedral � angles
of the mismatches were restrained to syn–syn, anti–anti or
anti–syn conformations. Figure 2, obtained for anti–anti
conformations, shows that both in and out GG conforma-
tions are possible, whether the GG mismatch is in B-form
(Figure 2 A) or Z-form (Figure 2 B). The in conformations
are ∼6 kcal/mol (GG in B form) and 5 kcal/mol (GG in Z
form) more stable than the extruded conformations (Table
2). Additional free energy diagrams for initial anti–syn and
syn–syn B-form conformations are included in Supplemen-
tary Figure S1. These landscapes closely resemble those in
Figure 2 and confirm an absolute in minimum and an ac-
cessible out minimum, very close to the ones displayed in
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Table 2. Summary of main minima identified on the (�4, �11) and (� 4,
� 11) (in degrees) free energy landscapes (in kcal/mol) for a short sequence
with a single mismatch. Relative energies are measured with respect to the
identified global minimum on each map

(�4, �11)
BZ junction

(�4, �11)
ZZ junction

(� 4, � 11)
OL15 FF

Approximate location
of (A)

(45, 60) (38, 56) (60, –118)

Relative energy 0.0 0.0 0.0
Approximate location
of (A′)

(60, 41) (56, 41) (–114, 63)

Relative energy 0.18 0.22 0.0
Approximate location
of (B)

(147, 136) (125, 114) (63, 63)

Relative energy 6.27 5.42 4.06

Figure 2. It is interesting that in this single-mismatch du-
plex sandwiched between three strong Watson-Crick base
pairs on each side, there is still an out relative minimum of
accessible energy. Such conformations could be expected to
become more prominent as the number of mismatches in-
creases. Sample conformations corresponding to in and out
minima for the ZZ junction are shown in Figure 2(D).

Further insight into the in/out states can be obtained
by computing the free energy barrier to transition from
an inner conformation to an extruded conformation. With
this aim, we carried out a simple experiment to see how
barriers are affected by salt concentration. In this calcu-
lation, we used the sequence (GGC)8 with inner ZZ junc-
tions (GGC8ZZ, in in Table 1). For this sequence, we kept
all bases restrained inside the helical core and used a
one-dimensional collective variable (1D-CV), the center-of-
mass dihedral angle, to flip out a middle base. The results
are shown in Supplementary Figure S2. In spite of con-
straining the other mismatches to the interior of the helix,
and of having only one CV, the minimum for the extruded
base around 160◦ with respect to the inner base at 0◦ is lower
than those computed in the previous sequence: 3.5 kcal/mol
at 0.15 M NaCl or 1 kcal/mol at 5 M NaCl. The transition
occurs through base flipping toward the minor groove, in a
two-step process that involves a 3.5 kcal/mol (0.15 M) or
2 kcal/mol (5 M) barrier for the first minimum at ∼40◦,
which represents breaking the hydrogen bonds between
mismatches and loosening the base stacking; and then a
2.5 kcal/mol (0.15 M) or 1.5 kcal/mol (5 M) barrier. We
should note that this calculation most probably overesti-
mates the free energy barriers due to hidden degrees of free-
dom orthogonal to the single reaction coordinate. For ex-
ample, in the particular case of base flipping, it was clearly
shown that 2D-CV biasing results in lower free energy bar-
riers than those obtained with 1D CVs (77). Thus, our 1D
results clearly suggest that there are no major constraints
against base extrusion at high salt concentration, a result
that is confirmed by our unbiased MD simulations, where
we occasionally see a base flipping in or out of the helical
core.

To explore GG conformations when the mismatches are
restrained to remain inside the helical core, we calculated
the (� 4, � 11) free energy landscape (when the mismatches
are extruded they can rotate more freely and thus vary the
value of their angle � ). Results for the OL15 FF are shown

in Figure 2C, while the corresponding map for BSC1 FF
is given in the Supplementary Figure S3; numerical values
of the relative free energies are given in Table 2. The results
indicate that the anti–syn (marked A,A’) minima is the deep-
est, followed by the syn–syn minima (marked B) and lastly
the anti–anti (marked C,C’) minima. In terms of structure,
the OL15 anti–syn conformations are characterized by two
hydrogen bonds (N1–O6) while the syn–syn and anti–anti
conformations have only a single hydrogen bond––(N1/N2-
O6) and (N2/N7), respectively. Schematics of these struc-
tures are shown in Supplementary Figure S4.

General MD results and relative stability

We focus on (GGC)n and (CGG)n homoduplexes, where the
number of TRs n is either 4 or 8. The GG mismatches are
initialized as all inside or all outside the helical core. The
timing of individual runs varied between 1 �s and 3 �s
(after 1 ns of minimization and equilibrium). The BSC0,
BSC1 and OL15 AMBER FFs were used with varying salt
concentrations. As described in the Methods section, all the
WC base pairs have a Z-DNA form; the GG mismatches are
initially prepared in either a B-DNA or Z-DNA form such
that the resulting helix consists of a series of BZ or ZZ junc-
tions. In addition, we considered a configuration in which
the Gs are alternatingly extruding out of a Z-DNA helix
(Figure 1). We note that full B-DNA CGG and GGC helices
have been previously described and characterized (38); here,
we are specifically interested in exploring the experimental
findings that suggest that GGC repeats can form Z-DNA
helices with GG mismatches (46) under various experimen-
tal conditions.

First, we ran various duplexes C(GGC)4G without salt
and with 150 mM NaCl (FFs BSC0, BSC1; results not
shown), and we found that they were all unstable. The fact
that these Z-DNA homoduplexes are not stable at zero
or low salt environments is not surprising; previous stud-
ies show that CGG and GGC homoduplexes are stable in
B-DNA form under these conditions. In general, the left-
handed Z-DNA requires a higher salt concentrations for
stability, and for structures with mismatches that is very
much the case. This is in agreement with experimental work
(46). In many simulations, we added 20 mM NiCl2 (used
in some of the experiments (46)). However, we observed
that this salt appeared not to make a difference in the
DNA structure. This is perhaps due to an inadequate Ni2 +

parametrization (78), or perhaps because the action of this
salt is to primarily decrease the transition barriers between
B- and Z-DNA. Given that our simulations already begin
with a Z-DNA conformation, we believe that this salt is not
explicitly required. The remainder of the simulations, un-
less otherwise specified, were therefore carried out with a
salt concentration of 5 M NaCl.

Table 1 summarizes the main results of our MD simu-
lations and Figures 3 and 4 show final conformations for
the various sequences and FFs. In addition, Supplemen-
tary Figures S5–S9 show the RMSD of backbone atoms
with respect to the average frame of the last 200 ns. Conver-
gence of the simulations is confirmed by explicitly checking
that the results from different time windows coincide. Re-
sults are different according to whether we consider GGC
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Figure 3. Snapshot of final conformations of the GGC8 helices. The mis-
matched Gs and WC bases are colored gold and green, respectively.

Figure 4. Snapshot of final conformations of CGG4ZZ, in and GGC4ZZ, alt
helices. The mismatched Gs and WC bases are colored gold and green,
respectively.

sequences (with CpG steps between the WC base pairs)
or CGG sequences (with GpC steps between the WC base
pairs). The GG mismatches, especially when inside the he-
lical core, affect the base stacking of adjacent WC bases.
Also, the repeating helical unit is not two base pairs, as in
regular Z-DNA, but the 3 base pairs in one GGC or CGG
TR. For the GGC sequences, we find that four TRs, GGC4,
with inner mismatches are not stable; and GGC4 with mis-
matches symmetrically flipped outwards are stable for BSC0
and OL15, but not for BSC1. This indicates that four TRs
are perhaps not enough to stabilize either the BZ- or ZZ-
junction helices. Hence, we doubled the number of TRs and

found that GGC8 sequences with mismatches outside the
helix core are stable, whether the helices are of a BZ or ZZ
junction form. GGC8 helices with mismatches inside the he-
lical core tend to be unstable (BZ junction), or long-lived
(ZZ junction) as the strands of the helices slowly unwind
and become ribbon-like. For the CGG sequences, we found
that the BZ junctions are not stable (results not shown), but
that four TRs are enough to stabilize the Z-DNA helix when
the mismatches are inside the helical core; they are, however,
unstable even with the BSC0 FF, if the mismatches are ex-
truded. Interestingly, they tend to flip back inside the helical
core and the strands unwind to form a ribbon structure.

In summary, GGC sequences can stabilize either the BZ
junctions or ZZ junctions, and favor mismatches outside the
helical core; CGG sequences can stabilize ZZ junctions as
long as the mismatches are inside the helical core. The al-
ternating GGC/CGG sequences, where the Gs are extruded
in an alternate fashion, are also remarkably stable: the Gs
are completely extruded so that the helix becomes an ef-
fective classical Z-DNA helix, with alternating GpC and
CpG steps. We note that both CGG and GGC sequences,
which result in different WC steps when the mismatches are
symmetrically flipped out, converge to the same helix when
the Gs are extruded in alternating fashion as shown in the
sketch in Figure 1.

GG mismatches outside the helical core tend to stack for
long times and thus bend the helices. To characterize the
helices independently of these persistent stackings and the
associated bending, as well as of end effects, we carried out
the rest of our analysis (unless otherwise specified) for the
inner four TRs of the GGC8 helices, while we make use
the full GGC4 and CGG4 helices. Note that we have car-
ried out simulations of two extruded, ZZ-junction DNA
helices: GGC4ZZ, out and GGC8ZZ, out, which only differ in
the number of residues. GGC4ZZ, out did not seem very sta-
ble in BSC1 and in order to compare structural features for
all FFs, we use the inner residues of GGC8ZZ, out (which
are structurally consistent with GGC4ZZ, out). After deter-
mining that OL15 is the best FF for the description of the
helices, we use GGC4ZZ, out for the melting simulations be-
cause it is of the same length as the other two helices em-
ployed.

Quantification of the left-handedness and compactness of the
helices

Collective variables such as handedness and radius of gyra-
tion as introduced in (54) represent a useful way to inves-
tigate Z-DNA structures. Handedness (whose definition is
given in the SI, see Supplementary Figure S10) is by con-
struction positive for right-handed helices and negative for
left-handed helices. The overall handness of a helix is length
dependent and involves summing over all the turns of a
given helix. Hence, a fair comparison of the handedness be-
tween different helices requires the same number of helical
turns. In the computation of handedness special care must
be given to the treatment of mismatches.

In particular, as the sketch in Figure 5 shows, if the mis-
matches are fully outside the helical core, they do not con-
tribute to handedness: the mathematical computation of
handedness gives zero for their contribution. This is the case
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Figure 5. (A) Distribution of handedness for the different helices, with
data taken from the last 1 �s of the simulations. Red: GGC8BZ, out;
blue: GGC8ZZ, out; green: GGC8ZZ, in; purple CGG4ZZ, in; orange:
GGC4ZZ, alt; black: GC6Z-DNA. Solid and dashed lines denote OL15 and
BSC1 FFs respectively. The data is based on results taken from the middle
residues: mismatches out of the helical core are ignored and inner mis-
matches are considered; the number of turns in the definition of handed-
ness is the same (11) for all helices. (B) Snapshot of the two cases where
mismatches contribute zero to handedness: a fully extruded mismatch
(left), and inner mismatches in locally parallel strands (right). Phosphorous
atoms are shown as grey spheres. Red and blue arrows represent the vectors
involved in definition of handedness. The cross product of these vectors is
zero as they are parallel and thus do not contribute to handedness. See the
SI for more details on the definition and calculation of handedness.

for the fully alternatingly extruded G helices GGC4ZZ, alt, as
observed in Figures 5B and 6. In addition, if the backbone
is locally unwound (i.e. parallel strands) at the inner mis-
matches, then their contribution is also zero. Since exactly
the same number of terms in the definition of handedness
must be considered, the completely extruded mismatches in
well stacked helices should not be counted, as they do not
participate in the helical structure (this can be assessed by
using Figure 6 and comparing with the corresponding heli-
cal conformations). In the opposite case, when mismatches
are fully inside the helical core, they must be considered
in the calculation as they represent another base-pair step
in the helix. Figure 5 shows the distribution of handedness
during the last 1 �s of MD simulations. For comparison, a
simple CG Z-DNA with the same number of turns (11 terms
in Eq. 1 in SI) is included. The overall handedness stays

Figure 6. Two-dimensional histograms of handedness including mis-
matches versus handedness excluding mismatches. The data are based on
calculations obtained from the middle residues during the last 1 �s simu-
lation time for each helix. The total number of considered residues is con-
stant for all calculations, which means that handedness with mismatches
includes a larger number of terms (19) than handedness calculation with-
out any mismatches (11).

negative for all helices during the entire simulation time in-
dicating the structures remain left-handed. The following
clear tendencies are observed: The GGC8ZZ, in DNA he-
lices have the smallest magnitude of handedness for both
BSC1 and OL15 FFs, as these helices are unwinding and
becoming more ribbon-like. When mismatches are excluded
from the calculation, both the BZ and ZZ GGC8 junctions
have almost the same handedness, with the OL15 helices
more left-handed than the BSC1 ones. In Figure 5A, we ob-
serve that both CGG4ZZ, in and GGC4ZZ, alt have compara-
ble or even larger handedness than regular GC Z-DNA. The
rather large left-handedness observed in BSC1 CGG4ZZ, in
is due to the fact that the pair G9-G20 in BSC1 are flipped
out causing a temporary increase in the magnitude of the
left-handedness for the inner residues of the helix. Figure 6
shows the distribution of handedness computed with and
without the GG mismatches during the final 1 �s of MD
simulations for the OL15 and some of the BSC1 helices
(the remainder for BSC1 are included in the Supplemen-
tary Figure S11). In order to compute the distribution, the
same number of internal base pairs (10 in number) where
used for all the helices (C9–G40 to C18–G31 in all GGC8
structures; C2–G27 to C11–G18 in CGG4ZZ, in; and C3–
G25 to C12–G16 in GGC4ZZ, alt). Excluding the GG mis-
matches resulted in 11 terms, while including them resulted
in 19 terms in the definition. For extruded bases, this plot
provides an indirect way of quantifying the effects of bases
flipping out. Figure 6 shows that for GGC4ZZ, alt helices,
as explained above, the alternately extruded Gs contribute
zero to handedness, which clearly indicates that the G’s are
completely extruded from the new helix. The opposite situ-
ation is given by GGC8ZZ, in. Since the mismatches are now
inside the core of the helix, this means that there is local
unwinding at the GG mismatches and thus they are not
contributing to helicity but are resulting in parallel strands.
This is consistent with the ribbon-like DNA observed in
the conformations. For the other three cases, including the
GG mismatches in the calculation increases the value of
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Figure 7. Average twist angle as obtained from the last 200 ns of the sim-
ulations with the OL15 FF. Considered here are nucleotides 6–19 on one
strand and the complementary nucleotides 30–43 on the other in GGC8
helices; and all residues in the shorter CGG4ZZ, in and GGCZZ, alt helices.
Below each figure, a sequence map specifically identifies the steps consid-
ered in the corresponding figure. As the map indicates, the twist has been
computed without the mismatches in the extruded cases in the upper pan-
els, and with the inner mismatches on the lower panels. In the upper panels,
GpC are pseudo-steps for both GGC8BZ, out and GGC8ZZ, out; and both
CpG and GpC are pseudo-steps for GGC4ZZ, alt. The black line represents
the twist of standard Z-DNA helix based on a sequence of GC repeats.

handedness. For the two extruded cases GGC8BZ, out and
GGC8ZZ, out, this also implies that the mismatches are not
fully extruded and their backbones are therefore contribut-
ing to the overall helical structure. Not surprisingly, this ef-
fect is larger for the ZZ case. Locating the center of the dis-
tributions and dividing by the number of terms, one obtains
an average measure of the contribution of each turn to the
handedness of the structures. For regular Z-DNA: –3.4/11
(x-axis) � –5.7/19 (y-axis) � –0.30. For GGC4ZZ, alt (Gs
completely extruded, only x-axis should be considered) –
4.0/11 � –0.36. For GGC8ZZ, in (Gs completely inside the
core, only y-axis should be considered) –1.5/19 � –0.08. For
GGC8BZ, out: –2.9/11 (x-axis) � –5.0/19 (y-axis) � –0.26.
For GGC8ZZ, out: –2.8/11 (x-axis) � –0.25 and –5.6/19 (y-
axis) � –0.29. Finally, for CGG4ZZ, in (only y-axis) –5.7/19
� –0.30. Thus, a quick ‘rating’ of left-handedness (for
OL15) gives: GGC4ZZ, alt (–0.36) > CGG4ZZ, in � Z-DNA
(–0.30) > GGC8ZZ, out � GGC8BZ, out (–0.26) > GGC8ZZ, in
(–0.08).

Related to global handedness is the local twist step pa-
rameter. Figure 7 shows the average twist angle during the
last 200 ns of the simulations for the OL15 FF. The fig-
ure shows all the steps for the CGG4ZZ, in and GGCZZ, alt
helices and the inner steps for the GGC8 helices, with the
corresponding sequence that identifies the step mapped be-
low each panel. The twist has been computed without the
mismatches in the extruded cases in the upper panels, and
with the inner mismatches on the lower panels. In the up-
per panels, GpC are pseudo-steps for both GGC8BZ, out and

GGC8ZZ, out; the omission of the GG mismatches leads to
the apparently larger value of twist (compared to regular Z-
DNA) at the GpC pseudo-steps. The twist for GGC4ZZ, alt,
where both CpG and GpC are pseudo-steps, is remarkably
close to that of regular Z-DNA, and is consistent with the
large value of handedness for this helix. For the internal G’s,
the twist parameter reflects the TR unit. In agreement with
the small values of handedness, GGC8ZZ, in displays rather
small values of twist. Finally, CGG4ZZ, in has a twist profile
remarkably similar to that of regular Z-DNA, in spite of the
three-step periodicity.

The radius of gyration is used as a global measure to de-
termine the compactness of polymers. Supplementary Table
S1 compares the initial, final, and average radius of gyra-
tion of the helices during the simulations. Not surprisingly,
helices with inner mismatches display larger radii of gyra-
tion. In the extruded cases, if one base flips inside (as in
BSC1 GGC8ZZ, out) then the corresponding radius of gy-
ration increases. A local measure of compactness is given
by the step rise parameter. Table 3 lists the average rise val-
ues for the different steps and the corresponding van der
Waals energies. Although there are many components to
the final free energy of the helix, the van der Waals ener-
gies for the steps provide a measure of the stacking between
these steps. For the GGC8out helices, both in BZ and ZZ
junctions, CpG steps are standard WC steps while GpC are
pseudo-steps formed by the stacking of the helix upon ex-
trusion of the mismatches. For GGC4ZZ, alt, CpG are also
pseudo-steps. The GpC pseudo-steps in the junctions have
equal or slightly smaller rise than the real CpG steps (except
BSC1 GGC8ZZ, out, where one base pair flips back inside the
helix), which indicates good helix stacking. For the extruded
cases, GpC pseudo-steps have higher van der Waals ener-
gies than the CpG WC steps (or CpG pseudo-steps in the
case of GGC4ZZ, alt). The stacking energies in the GG/GC
and GC/GG steps in GGC8ZZ, in are so much larger than
those of the CpG steps that they drive the unwinding of the
helix, as the stacking involving the GGs is maximized. In-
stead, for CGG4ZZ, in, the van der Waals energy of the GpC
steps is larger than that of the CG/GG and GG/CG steps,
which better enables the helical conformation. In a regu-
lar, ideal helix the stacking energy also has the periodicity
of the sequence, and thus for the dinucleotide step in reg-
ular Z-DNA, the ratio of the energies for CpG and GpC
steps should be constant on average. For regular Z-DNA
this ratio is about 0.73 for both OL15 and BSC1 FFs (Table
3). For the BZ junction, GGC8BZ, out, and the ZZ junction,
GGC8ZZ, out, the OL15 ratios are 0.72 and 0.71 respectively,
for the alternately extruded helix it is 0.74; the three of them
are in remarkable agreement with Z-DNA. In the two in-
trahelical cases three steps, instead of two, come into play.
While consecutive ratios of the stacking energies of CpG
and GpC steps in regular Z-DNA give (0.73, 1.37), consec-
utive ratios of the step van der Waals energies give (1.08,
0.84, 1.10) for CGG4ZZ, in and (1.0, 2.0, 0.5) for GGC8ZZ, in,
which are rather different from those of Z-DNA. Finally,
GGC4ZZ, alt shows a series of alternating pseudo GpC and
CpG steps with the smallest rise giving rise to the most com-
pact of all the helices.
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Table 3. Average van der Waals energy (kcal/mol) and rise (Å) in the GpC, CpG, CG/GG, GG/CG, GG/GC, GC/GG steps measured over last 200ns
of the simulations. For each structure, the top and bottom rows represent the average van der Waals energy and the rise between the steps in a given helix,
respectively. Numbers in black (blue) represent data obtained from OL15 (BSC1) FF calculations

Structure GpC CpG CG/GG GG/CG GG/GC GC/GG

GGC8BZ, out –6.99, –7.19 –5.06, –4.73 – – – –
3.52, 3.35 3.53, 3.81 – – – –

GGC8ZZ, out –7.18, –5.46 –5.07, –5.07 – – – –
3.45, 3.90 3.46, 3.84 – – – –

GGC8ZZ, in – –4.89, –4.66 – – –9.36, –9.29 –9.35, –9.31
– 4.31, 4.41 – – 3.16, 3.19 3.15, 3.18

CGG4ZZ, in –7.84, –8.15 – –7.08, –6.38 –6.56, –6.50 – –
3.11, 3.47 – 3.49, 2.68 3.52, 2.73 – –

GGC4ZZ, alt –6.38, –6.44 –4.75, –4.75 – – – –
3.02, 3.72 3.37, 2.95 – – – –

GC6Z-DNA –7.22,–7.55 –5.29, –5.54 – – – –
3.25, 3.29 3.70, 3.82 – – – –

Figure 8. Average � (P–O5′–C5′–C4’) backbone angle for (A) inner-
GGC8, (B) CGG4ZZ, in, and (C) GGC4ZZ, alt. Red: GGC8BZ, out;
blue: GGC8ZZ, out; green: GGC8ZZ, in; purple CGG4ZZ, in; orange:
GGC4ZZ, alt. Solid and dashed lines specify OL15 and BSC1 FFs respec-
tively. The curves are based on data taken from the last 200 ns of the sim-
ulations for each helix.

Other structural parameters

Torsion backbone angles such as �, �, � , �, � and 	 differ in
purine and pyrimidine bases indicating the zig-zag pattern
of the Z-DNA backbone. For instance, Figure 8 shows the
conformational parameter � for the different helices, clearly
highlighting the three nucleotide periodicity. Next, we con-
sider the glycosidic torsion angle � that characterizes the
relative base/sugar orientation. The WC C–G base pairs are
generally in anti–syn or anti-(high-syn) conformations, ex-
cept for some terminal G’s that tend to fluctuate more. How-
ever, some BSC1 helices have some G’s in WC base pairs
falling in the anti range. The RMSD of WC bases has been
compared with a standard WC Z-DNA (not shown), and
indeed all the WC base pairs remain in Z-form, with 2–3 hy-
drogen bonds. The � angle distribution of the mismatches
is shown in SI, Supplementary Figures S12–S16. The � an-
gles of extruded mismatches vary greatly due to the fact
that these residues tend to bond to the backbone or stack
on each other. In BSC1 GGC8BZ, out, two GG pairs are
anti–syn and two pairs are syn–syn; in OL15 GGC8BZ, out,
all mismatched pairs are syn–syn or on the boundary at �

= −90◦. In BSC1 GGC8ZZ, out, one pair is anti–anti, one
anti–syn, and two pairs are syn–syn; in OL15 GGC8ZZ, out,
three mismatched pairs are syn–syn (or at the boundary �
= −90◦) and one pair is anti–syn. In BSC1 GGC8ZZ, in, �
ranges between 60◦ and 120◦ with an average around 80◦.
In OL15 GGC8ZZ, in, all pairs display syn–syn symmetry
with an average � angle around 60◦. In CGG4ZZ, in, all pairs
are syn–syn (or at the boundary � = ±90◦) except for one
G in BSC1 that takes occasional anti values. Finally, for
GGC4ZZ, altanti–syn conformations prevail in BSC1, while
syn–syn conformations are present in OL15. Notice that
the syn–syn minimum for internal mismatches is the second
minimum in the phase diagram for a single mismatch sur-
rounded by three WC G–C base pairs on either side. The
MD results for OL15 show that when there are multiple mis-
matches in a helix, they prefer the syn–syn conformation, as
it recovers the original symmetry of the sequence.

Dynamical characterization and mismatched G interactions

In order to identify the major conformational changes and
atomic displacements of the helices we have used principal
components analysis (PCA) (79), as applied to the back-
bone atoms over the last 200 ns. The contribution of the
first eigenvector corresponds to the largest positional fluc-
tuations of the helices and accounts for more than 45%
(BSC1) and 30% (OL15) of the motions in GGC8BZ, out;
35% (BSC1) and 25% (OL15) in GGC8ZZ, out; 50% (BSC1)
and 60% (OL15) in GGC8ZZ, in; 35% (BSC1) and 45%
(OL15) in CGG4ZZ, in; and finally 34% (BSC1) and 33%
(OL15) in GGC4ZZ, alt. Visual examination of trajectories
created by PCA finds that the dominant dynamic modes
in GGC8BZ, out and GGC8ZZ, out are bending and twist-
ing; while in GGC8ZZ, in they correspond to bending and
stretching, which causes helical deformation. The BSC1
CGG4ZZ, in helix shows twisting, mostly due to motions
at the termini, and the corresponding OL15 helix shows
bending and stretching motions with smaller amplitude
than those in inner-GGC8ZZ, in (4 inner TRs). The BSC1
GGC4ZZ, alt helix also exhibits bending and twisting mo-
tions, while OL15 GGC4ZZ, alt primarily displays twisting,
especially at the terminating bases. Porcupine plots of these
motions are shown in Figure 9. The normalized histograms
of motions projected onto the first principal component are
given in Supplementary Figures S17 and S18.
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Figure 9. Porcupine plot of first principal component for: (A) BSC1
inner-GGC8BZ, out, (B) OL15 inner-GGC8BZ, out, (C) BSC1 inner-
GGC8ZZ, out, (D) OL15 inner-GGC8ZZ, out, (E) BSC1 GGC8ZZ, in, (F)
OL15 GGC8ZZ, in, (G) BSC1 CGG4ZZ, in, (H) OL15 CGG4ZZ, in, (I) BSC1
GGC4ZZ, alt and (J) OL15 GGC4ZZ, alt. Only movements of heavy back-
bone atoms, i.e. P,O3′,O5′, are shown. The helices have different number
of residues and are not shown to scale.

Transitions between in and out states have been observed,
especially in the less stable helices, e.g. the pair G11–G38
flipped inside the helical core in the GGC8ZZ, out BSC1 he-
lix; and in the CGG4ZZ, out helices the initially extruded
bases flip inside the helical core (Table 1). The cooperative
effect of mismatches impacts interactions and bonding. In
particular, we considered the hydrogen bond interactions
associated with mismatched Gs between a polar hydrogen
atom and a nearby (<3.0 Å) acceptor atom.

We have observed five types of interactions for the mis-
matched residues, which are listed in full detail in Supple-
mentary Tables S3–S6. (i) Hydrogen bonds within a mis-
match pair inside the helical core. This type of interaction is
shown in Figure 10A where the mismatches are in anti–syn
conformation and form two H-bonds (only in CGG4ZZ, in),
and Figure 10B where mismatches are in syn–syn confor-
mation and form a single H-bond (both in CGG4ZZ, in and
GGC8ZZ, in); (ii) hydrogen bonding with the backbone of
closest cytosine in the 5′ direction outside the helical core of
GGC8ZZ, out and GGC8BZ, out helices, as shown in Figure 10
C; (iii) long-lived base stacking outside the helical core as
shown in Figure 10 D, examples of which with their cor-
responding van der Waals energies are given in Supplemen-
tary Table S2; (iv) hydrogen bonding with other mismatches
outside the helical core, either on the same strand (intra-
strand, short-lived, not shown) or on the other strand (inter-
strand, as shown in Figure 10E and F), (iv) short-life inter-
actions with ions (major or minor groove atoms: O6,N7,N3
and Na+) as well as salt bridges (not shown). In particular,
the OL15 GGC4ZZ, out, GGC8ZZ, out and GGC4ZZ, alt he-
lices tend to make inter-strand, diagonal hydrogen bonds,
and also long-lived inter-strand stacking between extruded
Gs and occasional intra-strand stackings.

Force field comparison

Empirical FF for nucleic acids are constantly under revi-
sion and new refinements are periodically introduced. In
this work we have used three AMBER FFs: an older force

Figure 10. Snapshots of mismatches interacting via hydrogen bonds or
base stacking. (A) Hbonds between O6 and N1/N2 when mismatches are
inside the helical core in anti–syn conformations; (B) syn–syn conforma-
tion; (C) Hbonds between Gi:N1/N2 and C(i − 2):(phosphate group); (D)
base stacking by two mismatches; (E) inter-strand Hbonds between two
mismatched bases; (F) inter-strand Hbonds between two mismatches via
N1:OP1. O, N, C and H atoms are shown in red, blue, cyan, and white
colors, respectively.

field BSC0 (58) and two new FFs, BSC1 (59) and OL15
(ff99bsc0-�	 OL1� OL4�OL1) (60) that are considered state-of-
the-art. OL15 has been shown to significantly improve the
overall description of sugar-phosphate backbone equilib-
ria, particularly in Z-DNA molecules (60,80). Moreover, the
BSC1 FF can exhibit different behavior than OL15, as has
been reported previously (81). Encouragingly, in our sim-
ulations the three FF gave primarily the same results with
respect to the relative stability of the various homoduplexes
although they differed in the particulars. We also found
that OL15 performs better than BSC1. In particular, we ob-
served some G’s in the BSC1 FF switch from syn to anti even
though they are part of WC base pairs (see for instance Sup-
plementary Figure S19). This problem probably arises due
to imbalances in the ZI/ZII parameters and other backbone
substates (60) in BSC1. We quantified important differences
in the results between OL15 and BSC1 through carefully ob-
tained free energy maps, as shown for OL15 in Figure 2 and
for BSC1 in Supplementary Figure S3. The (A, A′) deepest
minima in the BSC1 map correspond to (105◦, −90◦) and
(−90◦, 105◦), which resemble anti–syn configurations, but
are different from the clearly anti–syn configurations in the
equivalent positions on the OL15 map. Moreover, there are
also other spurious minima that break the diagonal sym-
metry. The pairs (C,C′), (D,D′) and (B,B′) (the latter on the
diagonal itself) in the BSC1 free energy map display an in-
version symmetry with respect to origin (0,0). This suggests
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that the � ’s are strongly correlated, and it is very costly to
deviate from this correlation. The syn–syn configurations
reflected in points (B, B′) are close to ±90 and have higher
free energy value than the corresponding configuration B
in OL15. The minima C′ and D′ correspond to the anti–anti
configurations that are 1–2 kcal/mol higher in energy. These
type of anti–anti configurations form two hydrogen bonds,
and exhibit different sugar-phosphate backbone torsion an-
gles, particularly � angles, which leads to different � . The
C and D minima form a single hydrogen bond in anti–syn
configurations again 1–2 kcal/mol higher in energy.

Comparison of stability for the CGG4ZZ, in, GGC4ZZ, out and
GGC4ZZ, alt helices

The experimental results from CD spectroscopy (46) found
strong left-handedness in the generic CGG sequences. Of all
the extruded cases that we considered, GGC4ZZ, alt proved
to be the one with better left-handedness, stacking interac-
tions and compactness. The GGC4ZZ, out helices were sta-
ble for BSC0 and OL15 FFs, but unstable for BSC1 FF. In-
creasing the number of repeats stabilize the GGC sequences
with extruded mismatches for all three BSC0, BSC1, and
OL15 FFs. For the inner mismatches, the only stable helix is
CGG4ZZ, in as the GGC counterpart tends to unwind. Thus,
we set out to compare the relative stability of these three
helices by employing an assortment of methods and simu-
lations, detailed below. All the results in this section corre-
spond to OL15, the best performing FF according to our
previous discussion.

(i) Higher-temperature MD at lower salt: As a first test of
stability, we carried out higher-temperature MD simu-
lations at low salt (neutralizing Na+ ions and 200 mM
NaCl salt). Final configurations at 303 K were cho-
sen as a start for these 1�s simulations which entail
0–200 ns at 303 K, 201–400 ns at 323 K, 401–600 ns
at 343 K and 6001–1000 ns at 363 K. Interestingly,
all three duplexes were stable under low salt condi-
tion up to 363 K when they began to melt. Supple-
mentary Figures S20 and S21 show the RMSD of
the backbone atoms for the higher temperatures with
respect to the initial 303 K conformations, and the
percentage of WC hydrogen bonds versus time. The
CGG4ZZ, in duplex seems to undergo more fluctuations
and perhaps some conformational instability compared
to GGC4ZZ, alt and GGC4ZZ, out as the temperature in-
creases. With respect to the extruded mismatches, the
RMSD and the percentage of WC hydrogen bonds re-
sults for the higher-temperature simulations indicate
comparable stability for GGC4ZZ, alt and GGC4ZZ, out.

(ii) Work Function: We also performed constant velocity
pulling simulations for GGC4ZZ, alt, GGC4ZZ, out and
CGG4ZZ, in using the SMD (56) simulation proto-
col (described in the Materials and Methods section).
According to the Jarzynski equality (82), the non-
equilibrium work performed on the system during the
SMD simulation can be related to the free energy dif-
ference, exp(− ��F) = <exp( − �W)>. SMD is partic-
ularly useful for examining select pathways and mecha-
nisms between two equilibrium states (83,84), as well as

Figure 11. Average cumulative work required to stretch the helices as a
function of the end-to-end distance. A snapshot of the final stretched he-
lices is shown on the right.

estimating the transition rates for these reactions (85–
87). Since our purpose was to compare the relative sta-
bilities of the GGC4ZZ, alt, GGC4ZZ, out and CGG4ZZ, in
helices, we simply calculated the average cumulative
work to stretch the duplexes up to the breaking point.
Figure 11 shows the average cumulative work versus the
extension length. The difference between the three du-
plexes is appreciable and confirms the results from the
higher-temperature MD. The average cumulative works
to stretch both GGC4ZZ, alt and GGC4ZZ, out helices
are larger than for CGG4ZZ, in by about 14 kcal/mol
and 8 kcal/mol respectively. The work required to
stretch either GGC4ZZ, alt and GGC4ZZ, out not only is
larger than that for CGG4ZZ, in, but also almost lin-
early increases, while the one for CGG4ZZ, in is almost
zero up to 4 Å. In other words, the GGC4ZZ, alt and
GGC4ZZ, out duplexes generate significantly more dissi-
pative work than CGG4ZZ, in, which indicates they are
more difficult to stretch and therefore more stable. With
respect to the relative stability between GGC4ZZ, alt and
GGC4ZZ, out, we note that GGC4ZZ, alt needs around
6 kcal/mol more work than GGC4ZZ, out, while its se-
quence has two fewer residues, thus these calculations
indicate that the GGC4ZZ, alt DNA duplex is more sta-
ble than the GGC4ZZ, out one.

In summary, these results indicate a better stability for the
extruded mismatches, especially for the DNA eGZ-motif
motif, GGC4ZZ, alt, particularly at higher salt concentra-
tion.

DISCUSSION

Experimental background and motivation

Experimental work (45,46) based on CD spectroscopy, UV
absorbance and electrophoretic mobility assays unequivo-
cally demonstrate that CGG runs adopt a non-B DNA con-
formation – a left-handed Z-DNA, whose likelihood of for-
mation increases with increasing number of repeats. The au-
thors discarded a G-quadruplex as the motif behind CGG
expansion because it only forms at low pH, in the presence
of high concentrations of KCl and other non-physiological
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conditions (45,48). Furthermore, these quadruplexes gain
additional stability in the presence of AGG interrupts that
are supposed to destabilize the expansion by destabilizing
the secondary motifs associated with it. Instead, the AGG
interrupts destabilize the left-handed hairpins. Although
high salt concentrations are used to stabilize Z-DNA in
vitro, Z-DNA formation can occur under physiological con-
ditions: mainly by cytosine methylation in CpG islands, by
superhelical stress, or by mimicry of a crowded cell envi-
ronment. CD spectroscopy is extremely sensitive to the for-
mation of Z-DNA: after formation of Z-DNA the typical
B-DNA CD spectrum is flipped into a nearly inverse curve
(45). Indeed, the left-handed form of DNA was identified
(88) nearly a decade before its crystal structure (47).

Previous experiments carried by the same group on CAG
and GAC expansions (89) showed that homoduplexes and
hairpins associated with GAC repeats that only display
CpG WC steps can form Z-DNA, while CAG repeats (with
GpC steps) cannot form Z-DNA. Thus, the authors con-
cluded that the CGG sequences can form DNA when in
frame 2 (32,33), i.e., when the two strands are aligned such
that only CpG steps are present. The authors speculated
that the resulting Z-DNA might contain a non-canonical,
intrahelical Gsyn·Ganti pair or the GG mismatches might be
extruded in symmetric pairs. We notice that the evidence for
the CpG steps is indirect, made by analogy with GAC and
CAG repeats and by the evidence that indeed CG repeats
form Z-DNA at shorter lengths than GC repeats. Com-
pared to CAG/GAC, the CGG/GGC sequences are ‘de-
generate’ in the sense that slipping between the strands can
result in either CpG or GpC steps between the mismatches.
Thus, before this work, the exact conformation of these left-
handed duplexes was still unknown. Interestingly, an older
NMR study of (CGG)3 homoduplexes at low-salt concen-
trations (0.1M NaCl) reported right-handed helices with
highly mobile mismatched Gs that do not appear to form
stable base pairs (53). Moreover, the authors found that the
strands of the homoduplexes slipped with respect to each
other in such a way that the resulting helix was clearly in
frame 2.

MD simulations setup and goals

In order to identify this missing motif, we set out to con-
struct and study through MD simulations an exhaustive col-
lection of DNA helices with Z-DNA WC base pairs. The
experiments nucleated Z-DNA by jumping over high free-
energy barriers with very slow kinetics: to achieve the char-
acteristic Z-DNA spectra took several hours, and even days,
in solution with 5M NaCl and additional NiCl2 salt to fa-
cilitate the barrier crossing. Our studies do not consider the
transition between B-DNA and Z-DNA (which we have ex-
tensively studied in the past (54)) but focus on all possible
left-handed helices that could result from such a transition.
Such helices combine either CpG or GpC WC steps in Z-
DNA form with different conformations of the GG mis-
matches, which we set as either intrahelical or extrahelical;
and participating in (i) BZ junctions; (ii) ZZ junctions or
(iii) alternately extruded conformations. These structures
were unstable at low salt (0 and 150mM NaCl), and for
most simulations we used the same high salt concentration

as experiments (5 M). We used three AMBER FF: an older
FF BSC0 (58) and two new FF, BSC1 (59) and OL15 (60),
considered state-of-the-art. Encouragingly, the main results
of our simulations were consistent with the three FF, al-
though they differed in the particulars. Through carefully
mapping free energies and through structural analysis of
Z-DNA (especially the more standard WC base pairs) we
found that OL15 performs better than BSC1. This is in
agreement with systematic, focused studies that have shown
that OL15 significantly improves the overall description
of sugar-phosphate backbone equilibria, particularly in Z-
DNA molecules (60,80).

DNA BZ and ZZ junctions

The BZ junctions were constructed as a ‘thought’ experi-
ment. Although BZ junctions can be obtained experimen-
tally (49), from the point of view of free energies, neither
Z-DNA nor B-DNA favor the nucleation of a pair of op-
posite handedness in the middle of a duplex (54). However,
a base pair disruption can result in a nucleation event. In-
deed, an experimentally observed BZ junction displays two
bases extruded at the junction that favor the stacking of the
B- and Z-DNA helices (49). In good agreement with these
results, we observed that the series of BZ junctions (where
only the GG mismatches are in B-DNA form) for GGC se-
quences (CpG WC steps) were not stable when inside the
helix, but resulted in an stable helix when the mismatches
were located outside of its core. The effect was also length-
dependent, with (GGC)4 being unstable but (GGC)8 being
stable. Of course, the nucleation of consecutive BZ junctions
is highly improbable: this thought experiment was carried
out to check how the helix can readjust in order to maximize
stacking, with the symmetric extrusion of the mismatches
turning out to be the favored helical conformation.

Next, we moved to ZZ junctions: a ZZ junction is formed
when the characteristic purine-pyrimidine dinucleotide re-
peat of Z-DNA is interrupted by insertions (in our case,
the GG mismatches) or deletions that bring the neighbor-
ing helices out of phase (50,51,90,91). The conformations
of ZZ junctions depend on the environment around the
helix. Thus, two studies, one involving chemical probing
and modeling (50) and the other based on NMR (51), sug-
gested that the mismatches remain intrahelical. Another
study based on fluorescence spectroscopy with fluorescent
modified bases at the junction indicated that the bases are
extruded (90). Yet, another study where the DNA molecule
is bound by Z�, the Z-DNA binding domain of the RNA
editing enzyme ADAR1, showed limited extrusion of one
of the bases in the mismatch, and non-continuous stack-
ing between the two helices (91). Our simulations reflect this
pool of conformations. First, we found that GGC sequences
(CpG WC base pairs) favor extruded mismatches, forming
well stacked helices with measures of left-handedness, rise
and van der Waals energies between steps very close to that
of Z-DNA. On the contrary, GGC helices with internal mis-
matches tend to unwind and become ribbon-like, in a slow
process reminiscent of the stretch-collapse mechanism in a
Z- to B-DNA transition (54). The main reason for this un-
winding is the strong stacking due to GG/GC and GC/GG
steps, which completely overwhelms the CpG steps. Ex-
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actly the inverse situation happened with CGG sequences
(GpC WC base pairs): helices with extruded mismatches
were unstable, flipping back in as the simulation progressed,
while helices with intrahelical mismatches were stable, with
comparable handedness to Z-DNA. This is interesting be-
cause these helices contain GpC WC steps: experiments
with CAG TRs cannot reproduce the Z-form (89). We be-
lieve that this is partly due to large nucleation barriers in
the experiments that our system do not need to cross, as
the helices are already started in the Z-form. In addition,
the interplay between the GpC steps and the CG/GG and
GG/CG steps favors rise and van der Waals energies be-
tween steps (Table 3) and a twist profile (Figure 7) very close
to that of regular Z-DNA. Ultimately, the complementary
simulations carried out on these helices showed them to be
less stable than the extruded G counterparts.

Alternately extruded Gs

Finally, we considered the case of alternately extruded Gs,
GGC4ZZ, alt, where the Gs are completely extruded in an
alternating fashion, so that the helix becomes an effec-
tive classical Z-DNA helix, with alternating GpC and CpG
steps. Notice that both CGG and GGC sequences, which
result in different WC steps when the mismatches are sym-
metrically extruded, converge to the same helix when the
Gs are extruded in alternating fashion, as shown in the
sketch in Figure 1. Structural analysis for GGC4ZZ, alt re-
vealed that this helix has strong left-handedness, stacking
interactions, and compactness, similarly to GGC4ZZ, out.
This motif as well as the consecutive ZZ-junction motif are
new. We have found in the literature two cases which re-
semble the alternately extruded motif. The use of two GC-
selective intercalator actinomycin D molecules in the GG
mismatches causes DNA rearrangements resulting in either
a right-handed Z-DNA structure with a sharp kink in a
d(TTGGCGAA) duplex (92); or a sharp bend with a lo-
cal left-handed twist in a d(ATGCGGCAT) duplex (93),
with unwinding of the helix. In both cases, the Gs are ex-
truded towards the minor groove, almost perpendicularly
to the long axis of the flanking WC base pairs, and point-
ing slightly in the 5′ direction. These helical structures are
induced by the intercalation of the ActD molecules and by
mutual stacking interactions with the flipped Gs of other
symmetry-equivalent duplexes in the crystal, and do not re-
sult in left-handed Z-DNA. However, they still lend encour-
agement to the existence of the motifs found here.

Comparison between the most stable DNA duplexes,
CGG4ZZ, in, GGC4ZZ, out and GGC4ZZ, alt helices

The experimental results from CD spectroscopy (46) found
very strong left-handedness in the generic CGG sequences.
Thus, a structural analysis seeking to quantify this par-
ticular conformational feature can readily select DNA he-
lices that satisfy the experimental findings. As explained
in the Results section, we originally started with nine pos-
sible non-equivalent helices, but MD simulations quickly
identified unstable helices. After that, a geometrical defi-
nition of global left-handedness both visually and numer-
ically provided a rating of helical duplexes in terms of de-
creasing left-handedness: GGC4ZZ, alt (–0.36) > CGG4ZZ, in

� Z-DNA (-0.30) > GGC8ZZ, out � GGC8BZ, out (–0.26) >
GGC8ZZ, in (–0.08). These findings are consistent with the
local definition of step twist, as shown in Figure 7. Discard-
ing the unlikely BZ junctions, these measurements reduce
the number of possible helices from nine to three candi-
dates: CGG4ZZ, in, GGC4ZZ, out and GGC4ZZ, alt. In addi-
tion to twist and handedness, one can consider other quan-
tities, such as the average van der Waals energies for the
different steps in a helix, which gives a measure of stack-
ing for those steps. In a regular, ideal helix the stacking en-
ergy also has the periodicity of the sequence, and thus for
the dinucleotide step in regular (CG) Z-DNA, the ratio of
the energies for CpG and GpC steps should be constant
on average. For regular (CG) Z-DNA this ratio is about
0.73 for both OL15 and BSC1 FFs (Table 3). For the BZ
junction, GGC8BZ, out, and the ZZ junction, GGC8ZZ, out,
the OL15 ratios are 0.72 and 0.71 respectively, for the al-
ternately extruded helix it is 0.74; the three of them are in
remarkable agreement with Z-DNA. The comparison be-
comes less clear for the intrahelical CGG4ZZ, in case because
three steps, instead of two, come into play.

The sturdiness of the three candidate helices was fur-
ther tested with simulations at both higher temperature and
lower salt, and the three helices proved quite robust with
CGG4ZZ, in undergoing more degradation at 363K. Finally,
we employed SMD simulations to calculate the average cu-
mulative work to stretch the duplexes. We found that the
average cumulative work to stretch both GGC4ZZ, alt and
GGC4ZZ, out helices is larger than for CGG4ZZ, in by about
14 kcal/mol and 8 kcal/mol respectively (Figure 11). The
work required to stretch CGG4ZZ, in not only is smaller
than that for GGC4ZZ, alt and GGC4ZZ, out, but also is non-
linear in shape, since it is almost zero up to 4 Å. In other
words, the GGC4ZZ, alt and GGC4ZZ, out duplexes gener-
ate significantly more dissipation work than CGG4ZZ, in,
which indicates they are more difficult to stretch and there-
fore more stable. In spite of its sequence being a base
pair shorter, GGC4ZZ, alt needs around 6 kcal/mol more
work than GGC4ZZ, out in order to be stretched to the
same length. Gathering all these results, the evidence in-
dicates that GGC4ZZ, alt DNA duplex is more stable than
the GGC4ZZ, out duplex, and both of them are more sta-
ble than the CGG4ZZ, in duplex. Finally, a word about
some common structural features. In the OL15 FF, the
extruded guanines in both GGC4ZZ, out (or GGC8ZZ, out)
and GGC4ZZ, alt statistically favor syn conformations (or
are at the boundary of � = −90◦); are extruded towards
the minor groove slightly in the 5′ direction and display
a host of interactions, involving inter-strand hydrogen-
bonding (with both base and backbone atoms), diagonal
inter-strand stacking, and occasional intra-strand stacking.

In summary, our results have led us to identify two novel
secondary structure motifs for GCC/CCG TRs. These are
left-handed Z-DNA helices with standard WC base pairs
alternating with extruded GG mismatches. The most sta-
ble helix corresponds to the alternately extruded eGZ-
motif, GGC4ZZ, alt. This is closely followed by the other ex-
truded case, the symmetrically extruded ZZ junction. The
CD experiments that inspired this work showed that cy-
tosine methylation further stabilized the left-handed sig-
nature of the repeats (46). Perhaps one of the most in-
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teresting recent developments towards the understanding
of TREDs has been the recognition that the DNA mis-
match repair (MMR) protein complex is the major driv-
ing force of disease-associated repeat expansions. Under
normal circumstances, DNA MMR recognizes and repairs
erroneous insertion, deletion, and base mismatches that
arise during DNA replication and recombination. How-
ever, mammalian MMR has been found to trigger the ex-
pansion of TRs (94,95). This was initially shown for the
expansion mutations of disease-associated (CAG)·(CTG)
TRs (96), but more recently it has been found that MMR
(particularly MSH2 and MSH3) also triggers expansion of
(CGG)·(CCG) TRs, in spite of the fact that single GG mis-
matches are recognized with high efficiency by MMR (97).
As stated by Schmidt and Pearson (95): ‘These findings re-
inforce the need to examine unusual structures formed by
(CGG)·(CCG)...(and other)... expanded repeats, and the
ability for MMR, and other proteins to process these struc-
tures, and their combined effects on repeat instability ...’ It
is our belief that the structural study presented here will fur-
ther the understanding of these complex issues.
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Abstract

Myotonic dystrophy type 1 is the most frequent form of muscular dystrophy in

adults caused by an abnormal expansion of the CTG trinucleotide. This expanded

DNA, yields an expanded CUG RNA transcript that can fold into hairpin struc-

tures with pathogenic downstream effects. Co-transcriptional formation of stable

RNA·DNA hybrids can also enhance the instability of repeat tracts and generate

slipped duplexes, which may be associated with increased illness severity. We have

performed molecular dynamics simulations of duplexes associated with these struc-

tures, i.e. RNA-(CUG)n ((GUC)n), DNA-(CTG)n ((GTC)n), and RNA.DNA hybrids
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RNA-(CUGn):DNA-CTGn (RNA-GUCn:DNA-GTCn), RNA-CAGn:DNA-CTGn, and

RNA-CUGn:DNA-CAGn, and characterize their conformations, stability, and dynam-

ics. We found that the U-U and T-T pairs are dynamic, and prefer anti-anti conforma-

tion stacked inside the core of the helix, followed by anti-syn and syn-syn conformations.

The U-T hybrid mismatches form loose pairs similar to the U-U pairs, but A-T and

A-U pairs form two stable Watson-Crick hydrogen bonds. Additional structural and

dynamical properties of helical conformations are explored with a focus on contrasting

the CUG/CTC and GUC/GTC duplexes. The neutralizing ion distribution around

the noncanonical pairs is also described.

Introduction

Simple sequence repeats (SSRs) consist of a set of core nucleotide motifs, consisting typi-

cally of 1 to 6 (and even 12) nucleotides, that are repeated up to about 30 times (and more

for pathological cases).1 Of all the many different possible SSRs, the family of trinucleotide

repeats (TRs) represents a particularly important class of SSRs. One of the important fea-

tures of SSRs is that they are characterized by “dynamic mutations” that do not follow

Mendelian inheritance (which asserts that mutations in a single gene are stably transmit-

ted between generations). About twenty five years ago, 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.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, approximately 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 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 pri-

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

67



transcription.5–7,11–15 Cell toxicity and death have been linked to the atypical conforma-

tion and functional changes of the transcripts and, when TRs are present in exons, of the

translated proteins.6,16–25

Myotonic dystrophy belongs to a group of inherited neuromuscular disorders called mus-

cular dystrophies that typically begins in adulthood, affects about one in 8000 people. The

disease is characterized by the progressive wasting and weakening of the muscles; patients

with this disorder often have prolonged myotonia or muscles contractions which they are

not able to relax after use.26,27 Myotonic distrophy is an important example of a TRED,

which in this case is associated with an abnormal expansion of CTG (myotonic dystro-

phy type 1) and CCTG (myotonic dystrophy type 2). The number of repeats in healthy

individuals ranges between 5 and 38, while those with between 39 and 50 repeats are consid-

ered permutation alleles.28 Clinically affected individuals carry more than 50 repeats.29 The

CTG TRs are located in the 3’-UTR of the dystrophia myotonica protein kinase gene while

the CCTG repeats are found in the zinc finger 9 (ZNF9) gene.26,27,30 When transcribed,

these form toxic RNA with CUG/CCUG (sense) and CAG/CAGG (antisense) repeats.31

The sense transcirptions fold into RNA hairpins which draw in cytoplasmic multiprotein

complexes such as muscleblind-like 1 (MBNL1) which in turn cause muscle chloride channel

dysfunction and abnormal insulin receptor regulation.30,32–35 The antisense transcriptions

also represent a group of neurological disorders, including Huntington’s disease, and several

kinds of spinocerebellar ataxis (SCAs).20,36 Co-transcriptional R-loops (a hybrid RNA:DNA

duplex formed by the template DNA and the RNA strands) can cause DNA damage and

genome instability.37–39

Although the mechanisms underlying muscular dystrophy (and other TREDs) are be-

lieved to be extremely complex, an important breakthrough has been the recognition that

stable atypical DNA secondary structure is “ a common and causative factor for expansion

in human disease”.40 In the case of muscular dystrophy, the expanded repeats are located

in the noncoding regions, so that in this particular case, the disease is associated with toxic

68



RNA gain-of-function. A first step towards understanding this disease therefore involves a

structural and dynamical characterization of the atypical DNA and RNA structures (which

in this case are hairpin loops), as well as hybrid duplexes (in an R-loop). For instance,

consider double stranded DNA based on (CAG).(CTG) and (GAC).(GTC). During repli-

cation, each strand may separate initially forming a cruciform structure with the upper

portion consisting of a (CAG) (or (GAC)) hairpin while the lower portion consists of a

(CTG) (or GTC)) hairpin which may or may not separate and travel apart via a soliton-like

rollamers. Given that stem lengths of these hairpins can cary considerably, the characteri-

zation of the mismatched helical duplexes forming the stems provides a convenient starting

point for this endeavor. Our focus will be on duplexes based on DNA/RNA structures based

on CTG/CUG and GTC/GUC repeats since CAG/GAC-based repeats have already been

previously explored.41

Experimental evidence demonstrate that RNA-CUG (DNA-CTG) microsatellites form

hairpins with a variety of secondary structures.42–62 The A-form geometry provided by the

C·G and G·C canonical drives RNA CUG TRs stability,63,64 whereas U-U pairs are quite

loose, which has been termed a “stretched U-U wobble”.65 These mismatches are character-

ized by a hydrogen bond number ranging from zero to two, as well as structures in which

the U nucleotides are flipped out of the RNA helix altogether. Wobble structures have

been observed in T-T pairs as well.66–68 Experiments measuring the melting temperature of

oligonucleotides made of different numbers of CAG or CTG hairpins revealed, however, that

CTG hairpins are more stable than CAG hairpins.69 Electrophoresis experiments show that

RNA CUG repeats form “slippery” hairpins,70 which slip dynamically like CAG hairpins.71

On the other hand, CNG (N for nucleotide) repeats are susceptible to form stable, long-

lived R-loops due to the high thermal stability of rG/dC and rC/dG nucleotide pairs relative

to dG/dC pairs.72,73 An R-loop is a three-stranded nucleic acid structure made up of a hy-

brid RNA:DNA duplex created by the template DNA and RNA strands, as well as displaced,

non-template, single-strand DNA. They were first detected during DNA replication and are
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also observed during transcription. R-loops have been extensively investigated because they

can govern biological processes including as gene expression, DNA replication and repair,

and immunoglobulin class-switch recombination.74,75 They may also damage DNA and create

genetic instability, and they have recently been linked to neurological diseases, most likely by

increasing the lifetime of single-stranded repeat DNA, allowing more non-B DNA secondary

structures to develop and boosting repeat instability.37 Repeat tracts (CTG)n and (CAG)n,

in particular, can be bidirectionally transcribed, allowing for single- and double-R-loop con-

figurations in which either or both DNA strands can be RNA-bound.37–39 The determinants

of trinucleotide R-loop formation are unknown, but the formation of stable RNA·DNA hy-

brids enhances the instability of CTG·CAG repeat tracts through aberrant processing, or via

slipped-DNA formation following RNA removal and its subsequent aberrant processing.39

Given the connection between neurodegenerative diseases and the associated secondary

structures, the focus of this paper is to present a unified and comparative description of the

structural and dynamical characteristics of the nucleic acid duplexes for both DNA and RNA

based on CTG/CUG and GTC/GUC repeats (since RNA replaces thymine with uracil), as

well as hybrid double helices in the form CAG:CTG (or CUG), CUG:CTG, and GUC:GTC.

The main tool of investigation will be molecular dynamics (MD) simulations complemented

with the Adaptively Biased Molecular Dynamics (ABMD) method76 to calculate the free

energy landscapes associated with U-U (T-T) mismatches for RNA (DNA), thereby eluci-

dating their behavior. We note that strictly speaking, the non-canonical U·U pairs in RNA

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

are considering both DNA and RNA in their duplex form, we refer to these non-canonical

basepairs mismatches for ease of reference. The study presented here is aimed at achiev-

ing a unified and comparative description of the nucleic acid duplexes of SSRs from all

the possible reading frames. This work forms part of endeavor to characterize the atypical

secondary structures of nucleic acids associated with TREDs. Previously, we focused on

DNA and RNA homoduplexes, hybrid duplexes, triplexes, quadruplexes, Z-DNA and hair-
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pins associated with the most common TRs (CAG, GAC, CGG, CCG, GAA, TTC) and the

hexonucleotide repeats (GGGGCC, GGCCCC, and GGGCCT).41,71,77–82 In particular, the

complementary role played by smFRET experiments and MD simulations provided for new

insights into the role of sequence parity and TR interrupts on the dynamics of DNA CAG

hairpins.71 Finally, we note that the mismatch structure based on RNA CUG has previously

been explored theoretically,83 and our results are in good agreement with that work.

Materials and Methods

Molecular Dynamics Simulations. The pure RNA/DNA sequences investigated are

shown in Fig.1. We initially considered sequences with a single mismatch (5’-CCG-CUG-

CCG-3’ and 5’-GGC-GUC-GGC-3’ for RNA termed rCUG and rGUC for short, and 5’-

CCG-CTG-CCG-3’ and 5’-GGC-GTC-GGC-3’ for DNA termed dCTG and dGTC for short)

in order to determine the most favorable U-U mismatch conformations for RNA and T-T

mismatch conformations for DNA, as well as their corresponding relative free energies via the

Adaptively Biased Molecular Dynamics (ABMD) method.76 In addition, we ran regular MD

simulations for the sequences with various combinations of the χ angles for the mismatched

sequences up to 1 µsec. We extended these MD runs to the trinucleotide repeats 5’-(CUG)4-3’

and 5’-(GUC)4-3’ for RNA (termed r(CUG)4 and r(GUC)4 for short) and 5’-(CTG)4-3’ and

5’-(GTC)4-3’ for DNA (termed d(CTG)4 and d(GTC)4 for short) with various mismatch

combinations. Stable A-RNA and B-DNA conformations from the above TRs were used

to build hybrid duplexes with rU-dT bases: r(5’-CUG4-3’):d(5’-CTG4-3’) and r(5’-GUC4-

3’):d(5’-GTC4-3’) (termed r(CUG)4:d(CTG)4 and r(GUC)4:d(GTC)4 for short). We also

included CAG4·CTG4 hybrids, i.e. r(5’-CAG4-3’):d(5’-CTG4-3’) and r(5’-CTG4-3’):d(5’-

CAG4-3’) (termed r(CAG)4:d(CTG)4 and r(CTG)4:d(CAG)4 which were constructed using

the ideal B-DNA and A-RNA conformations.

The simulations were carried out using the PMEMD module of the AMBER v.1884
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software package using the ff99 BSC185 for DNA ff99 BSC086 + χOL3 modification for

RNA.87 The TIP3P model88 was used for the water molecules, along with the standard

parameters for ions as in the AMBER force fields.89 The long-range Coulomb interaction

was evaluated by means of the Particle-Mesh Ewald (PME) method90 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 2 fs timestep in NPT ensemble. Langevin thermostat with a collision

frequency of 1 ps−1 and Monte Carlo barostat are used. The SHAKE algorithm was applied

to all bonds involving hydrogen atoms. The MD simulations were 1 µs long and typically

involved different initial values for the χ glycosyl torsion angles, with configurations saved

very picosecond.

Free Energy Maps. The sequences with a single mismatch, rCUG, dCTG, rGUC,

dGTC were used to identify the mismatch conformation that minimizes the free energy. To

calculate the free energy maps, we made use of the ABMD method76,91 which has been

implemented for PMEMD in AMBER v.18.84 ABMD is a proven, elegant, non-equilibrium

MD method that belongs to the general category of umbrella sampling methods with a

history-dependent biasing potential, that in the long-time limit reproduces the negative of

free energy. 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 under-

lying physics of the problem. ABMD has been implemented with multiple walkers (both

noninteracting92 and interacting walkers, with the latter interacting by means of selection

algorithm93), Replica Exchange Molecular Dynamics (REMD)94 and ‘Well Tempered’ (WT)

extensions.95 It is now a mature method that has been applied to a variety of biomolecular

systems including small peptides,76,91 sugar puckering,96 polyproline systems,97–101 polyg-

lutamine systems,102 as well as DNA and RNA trinucleotide repeat systems.41,79,103 The

free energy maps of these mismatches was calculated as a function of two main collective
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variables carefully chosen to reflect possible mismatch structure and to make contact and

comparisons with previous trinucleotide repeat investigations.41,79 Specifically, we consid-

ered collective variables based on the following torsion angles: (1) Ω14 as the center-of-mass

(COM) pseudodihedral angle, which is defined using the COMs of four atom groups: G6(C1’,

C2’, C3’, C4’, O4’), C13(C1’, C2’, C3’, C4’, O4’), G15(C1’, C2’, C3’, C4’, O4’), and U14(N1,

C2, O2, N3, C4, O4, C5, C6) for RNA and similar T14 for DNA. Likewise, Ω5 is similarly

defined for U5 for RNA and T5 for DNA. This variable describes the base unstacking of U

(RNA) or T (DNA) with respect to the helical axis; (2) χ5 as the glycosyl torsion angle χ

of U5 or T5, namely the dihedral angle O4’-C1’-N1-C2; and (3) χ14 which represents the χ

angle of U14 or T14. These collective variables probe the mismatch conformations inside

the helical core. A schematic view of these collective variables is shown in Fig.1.

With these variables, we constructed three free energy landscapes, (Ω14, χ14), (χ5, χ14)

and (Ω5,Ω14). For the first combination, we found that if we choose χ5 in the anti range, U5

(or T5) stays in its anti conformation for all calculations, so this free energy map explores

anti-anti and anti-syn conformations, and whether they remain stacked in the helical core

or not. By contruction, this diagram cannot explore syn-syn conformations. The (χ5,χ14)

diagram, on the other hand, can explore all options of χ (anti-anti, anti-syn, syn-anti, syn-

syn) but is degenerate with respect to Ω, i.e., it cannot tell whether the bases are inside the

helix or have flipped out. Finally, the (Ω5,Ω14) combination tests whether both bases flip

out. After the initial conformations were set up as explained below, multple-walker ABMD

runs with 8 walkers at 300 K in the NVT ensemble. A sequence of three different runs

were used in order to successively refine the free energy maps. First, a 200 ns WT-ABMD

simulation with parameters τF = 1 ps, 4∆ξ = 0.5 radians and pseudo-temperature 10,000 K

provides for a rough picture of the map. This was followed up with an intermediate resolution

run of 300 ns duration (parameters τF= 1 ps, 4∆ξ = 0.2 radians and pseudo-temperature

10,000). The final production run lasted at least for 200 ns with parameters similar to the

intermediate runs but with a flooding time scale of τF = 5 ps. For these runs, the total
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number of hydrogen bonds in neighboring CG Watson–Crick (WC) base pairs as well as

root-mean-squared deviation of phosphate atoms of CG W-C base pair were restrained in

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

Additionally, the distance between center of mass of adjacent bases was slightly constrained

to provide the required room for the rotation of UU/TT bases. These constraints, however,

were chosen to be flexible enough so as to readily allow for the probing of the single mismatch

conformations. 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 RNA (DNA), about 700 ns (1500 ns)

are required for each of the (χ5, χ14) maps; the DNA (Ω, χ14) are much harder to converge

because of the greater flexibility of DNA.

Initial Conformations. Initial conformations for one- and four-repeat sequences were

created 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 combinations of χ angle for the mismatches: anti-anti,

anti-syn, syn-anti and syn-syn. These were then solvated in an octahedral box with an

appropriate number of neutralizing Na+ ions as well as 0.15 M salt as in previous work,41,79,104

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 U5 and U14 (or T5 and T14) slightly restrained

so that these retain their initial anti- or syn- conformation. We took random conformations

from the last 100 ps of these runs as the initial conformations for both the ABMD and

MD runs. In particular, for the (Ω14,χ14) phase diagrams (where the collective variables are
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angles associated with U14 or T14), we picked four structures from U5(anti)-U14(anti) (or

T5(anti)-T14(anti)) and four from U5(anti)-U14(syn) (or T5(anti)-T14(syn)), since the aim

is to assess the anti-syn flipping of U14 (or T14), which is completely equivalent to U5 (or

T5). Since DNA is less stable than RNA, a small restraint was applied to χ5 for the (Ω14,χ14)

DNA diagram. For the (χ5,χ14) diagrams, we picked two structures from each of the four

runs (anti-anti, anti-syn, syn-anti and syn-syn). For the four repeats, r(CUG)4, d(CTG)4,

r(GUC)4, and d(GTC)4, we considered four configurations anti-anti, anti-syn, syn-anti and

syn-syn with mismatches all inside the helical core, followed the same minimization and

equilibrium steps described above and then 1 µs simulations were run at 303 K. Finally,

we used the stable conformations of the four repeats to build hybrids: r(CUG)4:d(CTG)4

and r(GUC)4:d(GTC)4 by replacing either of the strands to A-RNA or B-DNA form, which

resulted in four hybrid duplexes in anti-anti conformation. The r(CAG)4:d(CTG)4 and

r(CTG)4:d(CAG)4 hybrids started from ideal A-RNA and B-DNA, then either of strands

were replaced by B-DNA or A-RNA, so again four duplexes. After equilibration, a total of

1 µs of MD was run at 303 K for each hybrids.

Results

Free energy maps for single mismatches

We begin our discussion with a consideration of the single-mismatch rCUG/rGUC and

dCTG/dGTC sequences shown in Fig.1. For each, we computed three free energy land-

scapes using the collective variables based on the Ω and χ torsion angles used in previous

studies;41,83 the (Ω14, χ14) landscape is “asymmetric”, while the (χ5, χ14) and (Ω5,Ω14) maps

are symmetric. Values of Ω around -45 to 100 degrees represent well stacked bases inside

the helix core, while angles beyond these values indicate bases that have flipped out. Pos-

itive (negative) values here correspond to a flipping to the major (minor) groove direction,

respectively. Values of χ between -180◦ to -90◦ (likewise between 90◦ to 180◦) are considered
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anti conformation, while the other half range -90◦ to 90◦ correspond to syn conformations.

These free energy landscapes are characterized by several stable minima. We have set the

deepest minimum value to zero, and have marked the most prominent ones with letters that

correspond to the conformations shown in Fig.2 (Fig.3) for rCUG (dCTG). The location and

values of these minima are summarized in Table.1.

Figure 4 (5) gives all the calculated free energy maps for rCUG (rGUC) (top row -

a,b,c) and dCTG (dGTC) (bottom row - d,e,f). Note that all the corresponding landscapes

resemble each other and share common features. Considering the the (Ω14, χ14) landscapes,

the deeper minima are associated with Ω > 0 which correspond to well-stacked bases inside

the helical core; ; minima associated with Ω < 0 correspond to bases that have flipped out,

and these are considerably more shallow. For all cases, the deepest minima A1 (for RNAs

and A for DNAs) correspond to an anti-anti conformation with two hydrogen bonds as

shown in Fig.2 and Fig.3. We note that the anti-anti minimum associated on the (Ω14, χ14)

landscape of rCUG is somewhat broader than the corresponding dCTG anti-anti valley. This

is due to the presence of two additional rCUG anti-anti structures shown in Fig.2, which are

characterized by one and no hydrogen bonds, respectively. As expected, the latter anti-anti

structure is slightly higher in energy by about 0.5 kcal/mol. Another feature is that for

rCUG/rGUC, the anti-anti valley is located primarily in the ∼ 180◦ − 205◦ range, which is

proper anti-anti, while for dCTG it runs from ∼ 220◦ − 270◦ which is associated with a high

anti range. Such a feature was also noted in a recent study on CAG and GAC trinucleotide

repeat structures41 and can be explained by the presence of the additional hydroxyl group

at the 2’ position in the sugar ring of RNA (structure shown in Ref.41). The effect of this

hydroxyl group is to interact with the RNA backbone pulling the sugar ring at one end and

giving rise to a twist at the other. All in all, this results in an overall decrease in the χ-angle

associated with rCUG. Transitions between syn-anti (B) and anti-anti (A,A1,A2) take place

either by a direct change in the χ angle with the nucleotide remaining inside the helical core,

or via a flipping of the nucleotide either towards the major or minor groove and then flipping
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back towards the inner core with a changed χ angle. Similar results are also observed for

the corresponding rGUC and dGTC results shown in Fig.5(a),(d).

The (χ5, χ14) free energy maps are shown in Fig.4,5(b),(e). As expected, these particular

free energy map displays mirror symmetry across the diagonal. Primed letters indicate

minima related by mirror symmetry (e.g., B denotes a anti-syn configuration and B’ the

corresponding syn-anti configuration). Note that we have identified two anti-syn minima B1

and B2 on the (Ω14, χ14) map, with structures as shown in Figs.2 and 3. On this χ-only

based map, these structures are degenerate.

Examining the (χ5, χ14) free energy landscape, we readily see that the anti-anti configura-

tion corresponds to the deepest mininima, followed by anti-syn and then the syn-syn config-

uration. The fact that dCTG and dGTC are associated with a high anti-anti configurations

over the anti-anti rCUG and rGUC is visually particularly evident here. The rCUG/rGUC

minima are closer together (in terms of their numerical value) than their dCTG/dGTC coun-

terparts. The same is true for the associated transition barriers. These features are due to

the greater flexibility of the DNA sugar ring, which allows the system to explore a somewhat

larger range of configurations. Unfortunately, this feature also slows down the numerical

convergence of the DNA free energy maps, which makes these harder to calculate.

To investigate the correlation between the stacking and unstacking of the rCUG/rGUC

and dCTG/dGTC mismatches, we calculated the (Ω5,Ω14) free energy landscape shown in

Figs.4,5 (c),(f) As expected, these free energy maps show mirror symmetry. The important

characteristics of both of these maps is that there are two broad channels that, roughly

speaking form a ‘cross’. The two channels are located for Ω5 (Ω14) varying between about 0

to 90◦ while Ω14 (Ω5) runs from -180 to 180◦. Basically, this means that unstacking of each

uridine (thymidine) is anti correlated: when one uridine (thymidine) begins to unstack, the

other will tend to stay put inside the helical core, and visa versa. Also evident on this free

energy map are the minima associated with the anti-anti configurations. For rCUG/rGUC,

these form two narrow ‘valleys’ offset at an angle with respect the diagonal which intersect
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at the A3 minimum. The minima A1 (A1’) and A2 (A2’) (which are characterized by

two or one set of hydrogen bonds, respectively as shown in Fig.2) are well away from the

A3 minima. The configurations A1 (A1’) and A2 (A2’) are indistinguishable within limits

of ABMD sampling,105,106 however they are separated by a small, but distinct free energy

barrier running along the diagonal separating the unprimed and primed configurations. Using

the reweighting technique,107 we estimate the single hydrogen bond conformations have the

lowest free energy, while zero and double hydrogen bonds are higher around 0.2 kcal/mol,

and 0.9 kcal/mol respectively. These results are in line with previous reports (including an

Umbrella Sampling investigation of rCUG structure)83,108,109 that zero and single hydrogen

bonds are preferred to double hydrogen bonds, most likely due to the smaller size of UU

pairs compared to WC pairs. Roughly speaking, dCTG/dGTC maps display similar features

as rCUG/rGUC. However, in this case there is no ‘long valley’ associated with the different

anti-anti configurations as for rCUG/rGUC. Rather, its simply two merged minima slightly

offset from the diagonal towards the higher values of Ω variables. Thus, there appears to be

only a single anti-anti configuration configuration for the T-T mismatch with two hydrogen

bonds as shown in Fig.3. Other anti-anti configurations, say with a single hydrogen bonds,

are simply too close to preclude an unambiguous identification.

MD simulations of DNA/RNA duplexes

To gain further insight into the behavior of the double helices with the mismatches, we

carried out regular 1 µ MD simulations for structures with a single and four mismatches

as shown schematically in Fig.1a. The UU/TT mismatches were initialized as being all in-

side the helical core with anti-anti, anti-syn, or syn-syn conformations. For single mismatch

structures, we observed that mismatches in anti-anti remain as such throughout the dura-

tion of the simulation, reflecting the fact that is is the lowest free energy structure. For

other conformations, we recognized transition to anti-anti conformation within the simula-

tion timeframe. For example, Fig. SI S2.a shows such transitions for the rCUG mismatches
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started in the syn-syn and syn-anti conformations. While not all simulated structures were

observed to transition to their anti-anti conformation, we ultimately expect all to end up

there given enough simulation time. Similarly, Fig. S2.b shows time traces of the hydrogen

bond number for the different mismatches: these vary from two to zero reflecting the dif-

ferent conformations shown in Fig.2 and provides for a visual appreciation of their relative

population. The plots of glycosidic torsion angle, χ, and hydrogen bond number as function

of time for some of the other single mismatched double helices are shown in SI Figs. S3.

We now turn to the mismatch behavior in the TRs r(CUG)4 (r(GUC)4) and d(CTG)4

(d(GTC)4), as shown in Fig.6 and SI Figs. S5-S10. For all these double helices, the anti-

anti structures were found to be the most stable, as expected. The simulations of all the

other structures showed evidence of transitions to the anti-anti state to varying degrees.

Again, given enough simulation time, we expect all helices to end up in their anti-anti

conformation. Here, we give a qualitative summary of the observed transitions. First, Fig.S4

shows the RMSD of all atoms in the helices with repect to the initial frame as a function

of time. The r(CUG)4 anti-anti exhibits a relatively large local and global conformational

fluctuations; r(GUC)4 is also pretty flexible, although to a lesser extent. For DNA helices,

d(CTG)4, d(GTC)4, still fluctuate, but with considerably lesser amplitude than RNA. The

main source of fluctuations in r(CUG)4 was found to be related to transtions between the A1

and A2 conformations; Fig.6 shows time traces for the χ and angles and number of hydrogen

bonds, with similar plots for the other structures being relegated to SI Figs.S5-S10. While

all duplexes initialized in their anti-anti conformation remained locked, transitions were

observed for structures initialy in their anti-syn and syn-syn conformations. For r(CUG)4

in initially syn-syn conformation, three base-pairs transitioned to anti-anti and one moved

to anti-syn after approximately 500 ns. The initially anti-syn conformation showed some

instability, with some base-pairs, including WC ones, losing hydrogen bonding and stacking.

For r(GUC)4 in an initial syn-syn conformation, we observed three mismatches transitioning

to anti-syn and one to anti-anti after around 300 ns; in contrast the helix in the initial anti-
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syn conformation quickly lost its helical form and displayed some unwinding and stretching,

ultimately transitioning to anti-anti. For d(CTG)4 in an initial syn-syn conformation, we

observed two mismatches transitioning to anti-anti in under 40 ns, and two others to anti-

syn after around 400 ns, with some mismatches opening up. Likewise for d(CTG)4 in initial

anti-syn, three mismatches transitioned to anti-ani (two in under 50 ns and one after 750

ns). Similarly, for d(GTC)4 initialy in syn-syn, we noticed three transitions to anti-syn,

causing a sharp helical bend. Notably, no χ transitions were observed for d(GTC)4 helices

initially in their anti-syn conformation. In terms of hydrogen bonds analysis, the results

were found to be qualitatively similar to the helices with a single mismatch. For both RNA

helicies in the initial anti-anti conformation, the system primarily wobbled between the two

A1 and A2 conformations shown in Fig.2, while the DNA structures formed two relatively

stable hydrogen bond structures resulting in a shorter T-T mismatch distance which in turn

is reflected in the RMSD shown in Fig.S4.

Structural characteristics, dynamical fluctuations and the Principal Component

Analysis (PCA)

We now turn to the dynamical fluctuations of the different helices, which were analyzed

in terms of the PCA. Our initial focus will be on the PCA analysis of single mismatch

systems, as these contain the key dynamical features inherent in the multi-mismatch helices.

PCA results for the UU (TT) mismatch of rCUG (rGUC) and dCTG (dGTC) systems are

shown in Figs.7 (SI Fig.S11) and 8 (SI Fig.S12). The results are based on the 1µs MD runs

with the mismatches in the anti-anti conformation. We find that the contribution of the

first two eigenvectors correspond to the mismatch base fluctuations and account for more

than 79% (rCUG), 45% (dCTG) and 78% (both rGUC and dGTC); projections of these

eigenvectors for rCUG and dCTG are shown in the figures. For rCUG, the projection of

the first eigenvector is rather broad and flat without any obvious peaks. A check of the

trajectories verifies that these fluctuations are mostly due to a shearing and opening of the
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U-U mismatch. By comparison, the projection of the second eigenvector (also describing a

shearing and opening of the mismatch) displays two distinct peaks on either the positive and

negative side. As shown in Fig. 7(b), the two peaks represent the (A1, A2) and their mirror

image conformations in Fig. 2. Two subpeaks can also be observed on the positive side that

represent fluctuations between the A1 and A2 conformations; these two subpeaks seem to

coalesce together on the negative side. For dCTG, the projection on the first eigenvector

gives two peaks, which represents the fluctuations of sugar ring of T5 base (Fig. 8(b)). This

results in large fluctuations of the δ, ǫ and ζ backbone torsion angles of T5, as well as a

fluctuation of the sugar pucker which oscillates between C2’-endo and C3’-endo. Similarly,

the projection of displacements along the first and second eigenvector for rGUC are bimodal

and unimodal, respectively (SI Fig.S11). The peaks in the first eigenvector represent the

(A1,A2) conformations where the omega angle (opening) changes in two different directions,

while the single peak associated with the second eigenvector plot corresponds to in the

mismatch opening towards the same direction. As may be expected, similar results are

observed for dGTC (see SI Fig.S12).

Having understood the PCA behavior of single mismatch systems, we turn to the double

helices with multiple mismatches. We applied the PCA method to the backbone atoms of

r(CUG)4, r(GUC)4, d(CTG)4 and d(GTC)4 helices in their initial anti-anti conformations

with results averaged over the last 200 ns. Our results show that the dynamical fluctuations

associated with the r(CUG)4 double helix is slightly simpler in nature, insofar as the first

three PC account for more than 80% of the variance; by contrast five PCs are required for the

same level of variance for d(CTG)4. The dynamical fluctuations of r(GUC)4 and d(GTC)4

appear to be rather similar with the first three PCs accounting for 78% of the fluctuations. A

visual examination of the trajectories created by the PCA shows that the primary essential

movements correspond to a bending/unbending and winding/unwinding of the helices, which

are related to changes in the roll, tilt (and twist as these motions are correlated) as well as an

inclination of the mismatched steps. Figure 9 illustrates the aforementioned conformational
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fluctuations along the direction of the first PCA eigenvector. Scatter plot of PC1 and PC2

for the duplexes shown in SI Fig. S13 indicates that both RNA helices, especially r(CUG)4,

undergo more pronounced motions (sample more regions) as compared to the DNA helices,

which is also in agreement with the RMSD results.

The conformational changes undergone by the mismatch duplexes can also be quantified

using the notion of Handedness (defined in the SI) and the radius of gyration. By definition,

Handedness is positive for right-handed helices such as B-DNA and A-RNA, zero for a

straight duplex and negative for left-handed helices such as Z-DNA. As such, it is closely

related to the “helical twist” (which combines the structural parameters of twist and bending

angle) when shift and slide are negligible for a particular step. The radius of gyration

characterizes the compactness of the helix and is comparable to the “ helical rise” of a step.

These quantities are given in the SI: SI Fig.S14, we see that the Handedness for both r(CUG)4

and d(CTG)4 are somewhat reduced so that these helices are somewhat unwound when

compared to duplexes without mismatches. We note that the population peak associated

with r(CUG)4 is quite broad when compared to that of the other helices, again reflecting the

associated PCA results. Similar results are obtained for radius of gyration plots (bottom, SI

Fig.S14). In contrast, the d(CTG)4 radius of gyration remains relatively constant throughout

the duration of the simulation. The results for r(GUC)4 and d(GTC)4 are relatively similar

and shown in SI Fig.S15.

To characterize the structural aspects of the mismatched helices, we used the program

3DNA110 with data taken from the last 200 ns of the simulations; only the mismatched bases

and middle seven base-pair steps were considered. Results are given in Table 2 and Fig. 10.

Generally speaking, short nucleic acid strands are are not as rigid as an infinitely long ones

and the appearance of the mismatches causes significant distortions.111 Our result suggests

that among different structural parameters, shear, stretch, stagger, as well as opening vary

the most when matched base pairs A · U and A · T are replaced by mismatches U-U and

T-T, which is in agreement with the PCA analysis. The base-pair step parameters shown
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in Fig.10 and demonstrate the periodicity of the three different steps. The results for the

r(CUG)4 have a minimum or maximum at the middle GpC step, and are symmetric with

respect to this step. The parameters for d(CTG)4 present similar pattern, except twist,

slide, and Zp which have a ‘point’ symmetry with respect to the value of the middle GpC

step. Twist and helical rise seem to be distorted the most and are correlated in r(CUG)4.

The average twist for r(CUG)4 drops to 27.1◦, while the average helical rise increases to 3.4

Å. These changes, combined with an increase in the major groove width (21.4 Å), are the

characteristics of an unwound and stretched helical structure. The r(GUC)4 exhibits similar,

but less pronounced, behavior. On the other hand, d(CTG)4 and d(GTC)4 are closer to that

of a standard B-DNA helix, except that some of the mismatched steps are a bit distorted.

Roll and twist have been found to be inversely correlated.112,113 Furthermore, tilt pri-

marily fluctuates with values close to zero. These two parameteres, i.e. roll and tilt, may

conveniently be combined to form the local bend angle (=
√
tilt2 + roll2) as a probe of the

bending and unbending of the duplexes. According to this parameter, both r(CUG)4 and

d(CTG)4 are slightly less bent than A-RNA and B-RNA without mismatches. The average

total bending angle (in degrees) of the structures was obtained using the curvilinear heli-

cal axis from the software Curves+114 as follow: r(CUG)4: 21.5±10.3, d(CTG)4:15.6±8.2,

r(GUC)4:18.1±9.3, and d(GTC)4:15.6±8.4. Thus, both RNA helices are characterized by a

slight bending and stretching. We can expect the bending angle to increase as the length of

the structures increases.109 We note that the base-pair steps with mismatches systematically

have lower inclination in comparison to A-RNA and B-DNA without mismatches. The glyco-

sidic torsion angle χ remained in the anti-anti range throughout of simulation, with average

values close to the free energy results. The WC C–G base pairs also generally fell into the

anti range, except for some terminal bases which tended to display large fluctuations.
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Distribution of neutralizing ions around the mismatched helices

An important structural aspect of nucleic acids is their polyanionic nature such that water

and counterions are crucial for their stabilty. In solution, counterions surround the nucleic

acid structure and neutralize the helices’ anionic phosphates. They can also establish water

mediated contacts and also, albeit less frequently, direct contacts with the electronegative

groups. Hence, the counterion distribution are a key part of the structure and stability

of the nucleic acid conformations. To that end, we have carried out an investigation of

the neutralizing Na+ ion distribution around the mismatched helices under consideration

here. To that end, Figs.S16, S17 show the distance between the Na+ ions to the center of

mass of the single mismatches. Here, the different colors represent different ions in order to

visually bring out the single-ion binding time. Ions within a distance of 5Å always have a

direct interaction with the base mismatches. Visual observations show that for rCUG and

rGUC, the time an ion spends around a U-U mismatch given the different conformations

of the mismatches are roughly similar. The exception is for the syn-syn conformation of

rGUC, where the time appears to be somewhat longer. Interestingly, a similar observation

was previously found to be a characteristic of syn-syn C-C mismatches for B-DNA GCC

structures.79 Likewise, time distributions for T-T mismatches in dCTC and dGTC appear

to be very similar; roughly speaking, such times for T-T mismatches appear to slightly longer

than those for the U-U mismatches.

Figures 10, 12 show the ion occupancy for a single U-U mismatch for RNA and T-T

mismatch for DNA. Considering the U-U mismatches in an anti-anti conformation, the ions

are primarily associated with the major groove O4 atoms; this binding site may also involve

the O6 atom of the neighboring G base, and is illustrated in Fig.13. This ionic interactions

does not disturb the base/sugar orientation of the uridines, so that these always remain in

their anti-anti conformations. In addition, there are considerably smaller ion occupancies

associated with O2 and the backbone phosphates OP1 and OP2. For U-U mismatches in

the anti-syn (or syn-anti) and syn-syn conformations, we observe substantial O4 binding
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but also considerably more at the O2 site. Roughly speaking, there is inversion symmetry

between the contributions from the U bases in the anti-syn and syn-anti conformations. The

two binding sites in major groove of the anti-syn conformation have also been previously

reported.83 This type of binding appears to slow down the transition to the equilibrium

glucosidic conformation. We also note that the high occupancy binding associated with syn-

syn is not a stable conformation and that those kinds of binding sites appear to be largely

transient. Finally, we note that Fig.11 compares the binding around U-U mismatches for

CUG and GUG based helices. For the most part, these are qualitatively quite similar,

with differences due to the fact that differing steps – i.e., GpC versus CpG – surround the

mismatches. Finally, SI Fig. S19 gives a visual presentation of the most prominent ion

density around the U-U mismatches.

Turning to dCTG helices, Fig.12 shows that the most prominent ion binding site is

associated with O2, whose atomic configuration is shown in Fig.13. This is true for all com-

binations of initial conditions for the mismatches. As with the U-U mismatches, the T-T

mismatches also show contributions from the backbone OP1 and OP2 sites. Comparing the

CTG and GTC results, we see that while the binding sites for the anti-anti configurations

roughly correspond, the O4 contributions for the anti-syn and syn-syn for GTC is consider-

ably more substantial over that of CTG. Again, this is most probably due to the different

steps surrounding the mismatches. A visual representation of the corresponding ion densities

is shown in SI Fig.S20.

MD investigations of hybrid duplexes

We now turn to the dynamical and structural properties of mixed RNA/DNA helices which

are characteristics of R-loops. The specific hybrids studied are: r(CUG)4:d(CTG)4, r(GUC)4

:d(GTC)4 with mismatched rU-dT bases, as well as r(CAG)4:d(CTG)4, r(CUG)4:d(CAG)4

with hybrid bases that are matched. None of these hybrids are equivalent since they consist

of different step types, schematics of which are listed in Table 3. The initial hybrid structures
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with mismatches were formed from combinations of A-RNA (CUG:CUG, GUC:GUC) and

B-DNA (CTG:CTG , GTC:GTC); for hybrids with no mismatches, these were constructed

from ideal A-RNA and B-DNA all with anti-anti glycosidic angles. Each of the mixed

structures were run for 1 µs, and all converge to a final duplex structure that is independent

of the initial conditions. Figures S21 and S22 plots the RMSD for these different runs, and

confirms their stability. RMSD values over the last 200 ns of these runs along with spreads

are given in Table 3. A cursory examination of this data shows that these duplexes have

characteristics intermediate to A-RNA and B-DNA (as expected), although they appear

to be somewhat closer to A-RNA. In particular, the RMSD values of r(CUG)4:d(CTG)4

and r(CUG)4:d(CAG)4 formed from A-RNA fluctuate less than those formed from initial

B-DNA conformations. In other words, both r(CUG)4:d(CTG)4 and r(CUG)4:d(CAG)4 are

more similar to A-RNA, while r(GUC)4:d(GTC)4 and r(CAG)4:d(CTG)4 are more in between

A-RNA and B-DNA.

A PCA analysis of these hybrid duplexes (SI Figs.S23,S24) indicates the hybrid duplexes

are somewhat closer to their A-RNA form and reveals that the dominant dynamical modes

for all is a coupling of bending/unbending and winding/unwinding. With regards to the

mismatched bases, shear and opening are predominate, with an average opening angle of:

7.8 and 9.21 degrees for r(CUG)4:d(CTG)4 and r(GUC)4:d(GTC)4 both initially in A-RNA

form, respectively. A histogram of these displacements and their fluctuations along the first

eigenvector are shown in SI Fig.S25. The fluctuations in r(CUG)4:d(CTG)4 are character-

ized by hydrogen bonds rU N3:H3-dT O2, rU O4-dT N3:H3, shown in SI Fig. S26, while

rU-dT in r(GUC)4:d(GTC)4 fluctuate between two conformations with either the aforemen-

tioned hydrogen bonds or rU O2:dT N3:H3, dT O4:rU N3:H3. The number of hydrogen

bonds between rU-dT bases varies between zero to two, similar to UU mismatches. The

hybrid matched bases rA.dT and rU.dA form two Watson-Crick (WC) type hydrogen bonds

(rA N1:dT N3:H3, rA N6:H61-dT O4 and rU O4-dA N6:H61, rU N3:H3-dA N1), shown in

SI Fig. S27. We did not observed Hoogsteen type hydrogen bond type.
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All the hybrids are similar in terms of total average stacking area and hydrogen bond

number. However, for the matched hybrids the total nonbonded energy (which includes

the van der Waals and electrostatic interactions) is negative. For hybrid duplexes with

mismatches, this energy is positive. The primary reason for this difference may be traced

from a reduced electrostatic interaction energy, which is due to enhanced hydrogen bonds

and better π-stacking interactions in rU.dA and rA.dT. The total overlap area, number of

hydrogen bonds, and nonbonded energies are given in Table 4. We note that rA.dT has lower

nonbonded energy than rU.dA, which is in agreement with previous experimental results.115

In addition, the mutation free energy U → A (T.A → T.U) is around 3.7 kcal/mol.116

A summary of the analysis of the structural parameters of the hybrid duplexes are given

in Fig.14. As expected, the structural properties are intermediate between those of A-

RNA and B-DNA, giving the structures greater flexibility than pure RNA/DNA duplexes.

Roughly speaking, the twist and helical rise are similar for the hybrids, while inclination

and bend angles show larger deviations and vary significantly between base pair steps and

appear to be negatively correlated with the helical rise. The properties of slide and Zp are

two discriminatory parameters: slide smaller than –0.8 Å corresponds to A-form helices,

while values larger than –0.8 Å are related to B-forms; for Zp, values larger than 1.5

Å corresponded to A-form helices, while values smaller than 0.5 Å is indicative of B-

form helices.117 These two parameters show that the hybrids are closer to their A-form.

We also note that the mismatched hybrids, r(CUG)4:d(CTG)4 appears to be capable of

eliminating distortions by combining stabilizing features from both A-RNA and B-DNA,

while r(GUC)4:d(GTC)4 hybrids are much more distorted which is probably due to a weaker

stacking associated with the CpG steps.

We have also examined the ion distribution around the most stable hybrid structures, i.e.,

those formed from initial A-form helices. Some of the most prominent bind sites are shown

in SI Fig.S28. Binding sites close to the six middle base-pairs involve dT O4 (with time

fraction ∼ 12%), rA N7 (∼ 25%), dA N7 (∼ 12%), rU O4 (∼ 24%) in matched hybrids; and
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dT O4 ( ∼ 20%), rU O4 (∼ 10%) in r(CUG)4:d(CTG)4, dT O4 ( ∼ 75%), rU O4 (∼ 24%)

in r(GUC)4:d(GTC)4 as well as weaker (less than 10%) binding sites including O2, OP1,

OP2 atoms. The bindings usually inculdes a neighboring O6 atoms of G base belonging

to an adjacent WC base pair. It is interesting to note that, unlike pure DNA/RNA, the

predominant binding site for both dT and rU occurs in the major groove (O4). In the GC

hybrids bases, we observed the typical ionic interaction with major groove (O6) of G and

close distance to C N4, pretty similar to ionic interaction in B-DNA and A-RNA.104

Discussion

Although the mechanisms behind TREDs are complex and depend on many factors, in

the majority of cases non-B-DNA conformations play a major role.40 Furthermore, mu-

tant transcripts also contribute to the pathogenesis of TREDs through toxic RNA gain-

of-function.6,16,17 Thus, characterization of the pathogenic transcript secondary structure is

important for understanding the DM pathogenic pathway.

Here, we report on an extensive MD investigation of (CUG), (GUC), (CTG) and (GTC)

duplexes that are associated with DM1 diseases in the form of RNA/DNA, and corresponding

hybrids in all possible reading frames. We have determined the preferred conformations of the

U-U and T-T mismatches for these TR structures, and investigated how these mismatches

influence the overall structure of the duplexes. We also probed the ability of sequences

with U-T or A.T/A.U bases, as well as CpG and GpC steps to form stable hybrids in both

transcription directions, and have characterized their structural and dynamical features. Our

chief findings are as follows:

1. The global free energy minimum associated with the U-U mismatch in the r(CUG) and

r(GUC) correspond to anti-anti (-ac) conformations stacked inside the helical core. Our

results indicate that the U-U mismatches are very dynamic, exhibiting large fluctuation

and can form a variety of structures characterized by zero to two hydrogen bonds.
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Next, in terms of free energy are anti-syn and syn-anti configurations which are about

6 kcal/mol above the global minima. Finally, syn-syn conformations have an even

higher free energy. Typical hydrogen bond conformations for the mismatches are given

in Table 1 and Figure 2 for intrahelical mismatches.

2. The global minimum of the free energy maps associated with T-T in the d(CTG) and

d(GTC) also correspond to anti-anti (-ap) conformations stacked inside the helical

core. The structure of the T-T mismatch is also quite dynamic, although variations

in amplitude are somewhat less than the corresponding U-U mismatches. The ranking

of the different structures is similar to that of the U-U mismatches, with anti-syn

structures followed by syn-syn conformations. The free energy differences and the

separating barriers for d(GTC) are less than those for d(CTG), which results in faster

transitions as oberved in the MD simulations. There is evidence for anti-anti minima

with extruded mismatches and pseudo GpC steps for d(GTC). Table 1 and Figure 3

show typical hydrogen bond conformations for the mismatches.

3. We have carried out extensive MD simulations of all the mismatched duplexes starting

from different mismatch configurations. Within the time of these 1µs simulations, the

mismatched duplexes remained stable in their initial anti-anti conformations. Duplexes

with intial anti-syn or syn-syn conformations transitioned towards the anti-anti confor-

mations, although not all duplexes reached their global ground state in the simulation

timeframe.

4. The U-U and T-T mismatches can flex between multiple conformations without signif-

icantly altering the global conformations of the helices. Fluctuations of helices around

the first eigenvector direction in the PCA of the backbone shows a coupling between

bending and unwinding modes with movements more intense in RNA over DNA based

duplexes. On a local level, opening, shear, and stretching are the most dominent dy-

namical modes impacting the base-pair structure within the plane perpendicular to the
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helices. The RNA repeats are also stretched due to the widening of the major groove

widths and its undertwisting. The duplexes also exhibit a decrease in the inclination

angle with respect to the canonical A-RNA or B-DNA structures.

5. We have characterized the neutralizing Na+ ion distribution surrounding the U-U and

T-T mismatches. For U, the O4 atom is associated with the key binding site for all

r(CUG) conformations, as well as for the r(GUC) anti-anti conformations. The other

important ion binding site is associated with O2, which is observed in all configura-

tions as having a high (relative) occupancy except for the anti-anti conformation. For

d(CTG) and d(GTC), O2 represents the primary ion binding site, except for anti-syn

and syn-syn in d(GTC) for which the O4 site dominates. For all duplexes, there is also

ion binding associated with the backbone phosphate groups.

6. Our non-equilibrium free energy as well as general MD results including RMSD, PCA,

and base/step parameters indicate a better stability for CTG4 in comparison GTC4

which is in line with experimental data from low salt, electrophoretic mobility and UV

absorbance melting profiles.118The decrease in GTC4 stability (compared to CTG4)

can be explained by lower inter-strand stacking energies. However, we speculate CUG4

and GUC4 are similarly stable.

7. We have also extended our investigations to cover the important cases of mixed RNA

/DNA hybrids that can be formed from single strands of the duplexes investigated here.

Specifically, we considred r(CUG)4:d(CTG)4, r(GUC)4:d(GTC)4, and r(CUG)4:d(CAG)4,

r(CAG)4:d(CTG)4 duplexes. We carried out 1 µs MD simulations of theses structures,

with results showing that these hybrids are stable in their anti-anti conformations.

These hybrid duplexes are quite flexible and structurally are intermediate between

pure A and B forms. Generally though, they are somewhat closer to the A-form,

which may be attributed to the enhanced rigidity of the RNA strand over the DNA.

This result are consistent with previous experimental and computational studies.119–122
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Turning to the characteristics of the matched versus mismatched pairs in these hy-

drids, we noted that the matched rA·dT and rU·dA base pairs form two WC type

of hydrogen bonds which are more stable than the mismatched rU-dT hybrid base

pairs. Thermodynamic analysis shows that the general trend in decreasing stability

for the 5’-closing WC pair is: rG·dC > rC·dG > rA·dT > rU·dA. The stability trend

for the single internal mismatches is: rG·dG > rU·dT > rA·dA > rC·dC.123,124 The

rU-dT form a wobble base-pair with 0 to 2 hydrogen bonds similar to pure RNA rU-

rU bases-pair, although with less fluctuations. The r(CUG)4:d(CTG)4 appears more

stable than r(GUC)4:d(GTC)4, probably due to weaker stacking of the CpG steps in

comparison to the GpC steps. A detailed analysis of the helical and base-pair pa-

rameters indicate that the interplay inclination and bend angle contribute to hybrids

stretching and twist-stretch coupling (bending and unwinding movements). Slide and

Zp are probably the best parameters to discriminate between the A and B-forms of the

hybrid structures. According to our findings shown in Fig.16 as well as the RMSDs in

SI Figs.S21,S22, the hybrid duplexes are somewhat closer to their A-RNA form.

Summary and Conclusions

The most prevalent kind of muscular dystrophy, myotonic dystrophy, may be caused by

an abnormal expansion of the CTG repeat. In the present contribution, we used non-

equilibrium and regular MD to study RNA CUG/GUC and DNA CTG/GTC duplexes, as

well as hybrids of the form CAG:CTG (or CUG), CUG:CTG, and GUC:GTC. Our investiga-

tions indicate that RNA U-U mismatches stay well stacked inside the helical corex, but are

somewhat dynamic consisting of zero to two hydrogen bonds in an anti-anti conformation.

This conformation is nearly 6 kcal/mol more favorable than the anti-syn conformation. For

DNA, the T-T mismatches act in a similar manner. The free energy differences between

the conformations in GTC are lower than those of CTG. Carrying out MD simulations of
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various duplex conformations, we observe that duplexes with mismatches in their anti-anti

conformation remain stable, while those with anti-syn or syn-syn conformations transition

to the lower state anti-anti conformations, as expected. The U-U and T-T mismatches also

have an impact on the surrounding CG/GC base-pairs via their bending, stretching and

unwinding; however, they do not significantly affect the overall global conformaton of the

helices. Our results indicate increased stability for CTG structures over GTC, while CUG

and GUC appear to be more or less similar in stability. In terms of the hybrids, we found

that co-transcriptional hybrids are also stable, i.e., r(CUG)4:d(CTG)4, r(GUC)4:d(GTC)4,

as well as r(CUG)4:d(CAG)4, r(CAG)4:d(CTG)4 were all found to be stable in their anti-anti

conformation. The investigated hybrids were found to be quite flexible and to be structurally

intermediate between A- or B-duplex forms, although mostly somewhat closer to the A-form.

The matched rA.dT and rU.dA form two stable structures with WC hydrogen bonds, while

rU-dT forms wobble base structures similar to U-U. In terms of stablity, r(CAG):d(CTG)

and r(GUC):d(GTC) are the most and least stable structures, respectively. We have also

characterized the distribution of neutralizing Na+ ions around the mismatched duplexes and

hybrids, and note that these ionic sites could be the target for small molecule binding. The

results presented here provide for a detailed description of the conformations of CTG/GTC

(DNA) and CUG/GUC (RNA) duplexes, thereby adding to our knowledge of nucleic acid

TRs associated with TREDs.
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Table 1: Main minima for all the free energy maps. The prime represents the mirror
images. All the values and errors are calculated based on the last 100 ns of the ABMD
simulations.

local minimum A1 A2 A3 B1 B2 C

mismatch form anti-anti anti-syn syn-syn

main H-bond N3:H3-O2,O4-N3:H3 O4-N3:H3 - N3:H3-O4 - -

rCUG

Approximate location (Ω14,χ14) (68,200) for A, (16,194) for A’ (50,196) (33,50) (-50,65) -

Relative free energy (kcal/mol) 0 for A, 0.3±0.1 for A’ 0.5±0.1 6.1±0.2 7.9±0.2 -

Approximate location (χ5,χ14) (-160,-162) (-157,49) for B, (49,-154) for B’ (58,58)

Relative free energy (kcal/mol) 0 5.8±0.2 for B, 5.8±0.1 for B’ 11.2±0.2

Approximate location (Ω5,Ω14) (6,49) for A, (49,9) for A’ (70,70) - - -

Relative free energy (kcal/mol) 0 for A, 0.1±0.4 for A’ 0.2±0.4 - - -

local minimum A B1 B2 C

mismatch form anti-anti anti-syn syn-syn

main H-bond N3:H3-O2,O4-N3:H3 N3:H3-O4 - -

dCTG

Approximate location (Ω14,χ14) (70,226) for A, (51,225) for A’ (39,68) (108,65) -

Relative free energy (kcal/mol) 0 for A, 0±0.2 for A’ 7.0±0.2 8.4±0.1 -

Approximate location (χ5,χ14) (-124,-110) (-122,67) for B, (67,-119) for B’ (69,64)

Relative free energy (kcal/mol) 0 6.4±0.6 for B, 7.1±0.2 for B’ 12.3±0.5

Approximate location (Ω5,Ω14) (49,76) for A, (77,51) for A’ - - -

Relative free energy (kcal/mol) 0 for A, 0±0.2 for A’ - - -

local minimum A1 A2 A3 B1 B2 C

mismatch form anti-anti anti-syn syn-syn

main H-bond N3:H3-O2,O4-N3:H3 O4-N3:H3 - N3:H3-O4 - -

rGUC

Approximate location (Ω14,χ14) (64,205) for A1, (27,202) for A1’ (34,212) (42,53) (-56,67) -

Relative free energy (kcal/mol) 0 for A1, 0.3±0.4 for A1’ 0.8±0.3 5.0±0.5 7.7±1.1 -

Approximate location (χ5,χ14) (-158,-158) (53,-154) for B, (-158,71) for B’ (56,67)

Relative free energy (kcal/mol) 0 5.5±0.2 for B, 6.0±0.7 for B’ 11.1±0.2

Approximate location (Ω5,Ω14) (27,64) for A, (64,35) for A’ (71,71) -

Relative free energy (kcal/mol) 0 for A, 0.2±0.2 for A’ 1.0±0.3 -

local minimum A B1 B2 C

mismatch form anti-anti anti-syn syn-syn

main H-bond N3:H3-O2,O4-N3:H3 N3:H3-O4 - -

dGTC

Approximate location (Ω14,χ14) (39,238) for A, (56,220) for A’ (44,56) (99,61) -

Relative free energy (kcal/mol) 0 for A, 0.6±0.2 for A’ 1.82±0.92 4.05±0.83 -

Approximate location (χ5,χ14) (-136,-136) (-136,49) for B, (35,-140) for B’ (49,49)

Relative free energy (kcal/mol) 0 3.4±0.2 for B, 3.5±0.3 for B’ 7.1±0.4

Approximate location (Ω5,Ω14) (45,85) for A, (82,45) for A’ - - -

Relative free energy (kcal/mol) 0 for A, 0.6±0.1 for A’ - - -
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Table 2: Average structural parameters of mismatches

Opening Net Non-planarity Shear Stretch Stagger χ

U-U (r(CUG)4) 5.38 14.55 1.71 0.55 0.14 -158.2

T-T (d(CTG)4) 9.35 13.2 2.86 0.96 0.46 -120.05

U-U (r(GUC)4) 5.21 13.97 1.39 1.06 0.18 -155.96

T-T (d(GTC)4) 4.40 12.37 2.43 1.07 0.24 -124.2

A-U (r(CUG:CAG)4) 0.92 13.1 0.10 0.02 0.06 –

A-T (d(CTG:CAG)4) 0.86 10.92 0.01 0.07 0.09 –

Average structural paramteres as obtained from the last 200 ns of the simulations. All the
angles, i.e. opening, net non-planarity, and χ, are given in degrees and all displacements,
i.e. shear, stretch, stagger, are given in terms of Angstroms. The net non-planarity angle is
defined as square root of the buckle squared plus propeller squared. As shear, stretch, and
stagger accept both positive and negative values their root mean square value was used.
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Table 3: Hybrid duplexes considered: their steps and average RMSD

Steps Average RMSD

r(CUG):d(CTG), initially A-RNA CU/TG+UG/CT+GpC 2.31 (0.42)

r(CUG):d(CTG), initially B-DNA CU/TG+UG/CT+GpC 6.69 (0.62)

r(GUC):d(GTC), initially A-RNA GT/UC+TC/GU+CpG 2.38 (0.40)

r(GUC):d(GTC), initially B-DNA GT/UC+TC/GU+CpG 2.51 (0.45)

r(CUG):d(CAG), initially A-RNA CA/UG+AG/CU+CpG 1.77 (0.33)

r(CUG):d(CAG), initially B-DNA CA/UG+AG/CU+CpG 3.02 (0.46)

r(CAG):d(CTG), initially A-RNA CA/TG+AG/CT+CpG 1.96 (0.50)

r(CAG):d(CTG), initially B-DNA CA/TG+AG/CT+CpG 1.48 (0.39)

The base pair steps formed by the hybrid duplexes, as well as average RMSD as
obtained from the last 200 ns of a 1 µs simulation. For each case, the RMSD is
measured with respect to the initial structure, e.g. for r(CUG):d(CTG) initially
in its A-RNA form, the RMSD is measured with respect to the initial A-RNA
structure, etc. Values in parantheses are the standard deviations of the RMSD
distributions.

Table 4: Average overlap area, number of hydrogen bonds (H-bonds), and non-bonded
energies of the hybrid duplexes

Overlap Area Number of H-bonds van der Waals Energy electrostatic Energy

r(CUG):d(CTG) 22.83 (3.12) 23.40 (2.69) -399.9 (8.35) 702.5 (75.25)

r(GUC):d(GTC) 21.62 (4.28) 22.14 (2.65) -397 (8.64) 616.6 (92.44)

r(CUG):d(CAG) 24.78 (2.73) 22.99 (2.77) -403.9 (8.01) -270.7 (60.64)

r(CAG):d(CTG) 23.44 (2.55) 23.27 (2.75) -413.9 (8.11) -505 (52.75)

All quoted values were obtained by averaging the quantities over the last 200 ns of the simulations.
Only results for structures initially in the A-RNA form are quoted. The overlap area (in Å2) is defined
as the overlap area between the polygons formed by the sugar rings on successive bases as computed via
the 3DNA program. Only hydrogen bonds between complementary bases, e.g. 1-24, 2-23, were counted.
The nonbonded van der Waals and electrostatic energies (both in kcal/mol) were obtained from the
CPPTRAJ program via the ‘energy’ command.
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Figure 1: (a) Schematic of sequences considered in this study (for both DNA and RNA):
RNA-CUG, RNA-CUG4, DNA-CTG and DNA-CTG4. Structures for RNA-GUC and DNA-
GTC are similar, and may be obtained by interchanging G and C in the illustrated sequences.
(b) The χ angle of U base: dihedral of O4’-C1’-N1-C2 (similar for T in DNA). (c) The
schematic view of the center-of-mass pseudodihedral angle Ω (for U14 in rCUG).
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Figure 2: Different conformations of U-U mismatches in the local minima of rCUG free
energy landscape. Here, A1,A2,A3 are all anti-anti conformations, while B1,B2 represent
anti-syn and C the syn-syn conformation. The H-bonds are also shown.
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Figure 3: Different conformations of T-T mismatches in the local minima of dCTG free
energy landscape. Here, A represents the anti-anti conformation, B1,B2 the anti-syn and C
the syn-syn conformations. Observed H-bonds are shown.
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rCUG

dCTG

Figure 4: Free energy map for single mismatches in rCUG(a,b,c) and dCTG(d,e,f) with
different choices of collective variables. (a)(d):(Ω14,χ14); (b)(e):(χ5,χ14); (c)(f):(Ω5,Ω14).
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rGUC

dGTC

Figure 5: Free energy map for single mismatches in rGUC(a,b,c) and dGTC(d,e,f) with
different choices of collective variables. (a)(d):(Ω14,χ14); (b)(e):(χ5,χ14); (c)(f):(Ω5,Ω14).
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Figure 6: Results from 1 µs MD simulation for RNA (CUG)4 helices. Shown are
angle χ (left) and number of number of hydrogen bonds (right) associated with the internal
mismatches of the helices. For the left panel, upper row displays χ5 (black) and χ20 (red);
for lower rows, χ8 (black) and χ17 (red). For the right panels, upper row shows results for
U5-U20 and lower row for U8-U17. Different colors represent a differing number of hydrogen
bonds (0,1, or 2). Initial configurations for each panels (top to bottom) are (a) anti-anti; (b)
anti-syn; and (c) syn-syn.
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(a)

(b)

Figure 7: The results of PCA analysis for the U-U mismatch in an anti-anti
conformation for rCUG. (a) The histogram of projections on the first (cyan) and second
(grey) eigenvectors. (b) The fluctuations of conformation along the second eigenvector. Cyan
and red structures highlight the A1 and A1’ (mirror image of A1) structures as in Fig. 2.
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(a)

(b)

Figure 8: The results of PCA analysis for the T-T mismatch in an anti-anti
conformation for dCTG. (a) The histogram of projections on the first (cyan) and second
(grey) eigenvectors. (b) The fluctuations of conformation along the first eigenvector. Cyan
and red structure show the two conformations with the largest RMSD.
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(a) CUG4 (b) CTG4

Figure 9: Conformational fluctuations around the first eigenvector direction based
on the PCA analysis of the backbone of (a) r(CUG)4 and (b) d(CTG)4.
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Figure 10: Structural characteristics of double helices, with or with-
out mismatches compared: average base-pair twist, inclination (base-pair),

bend (=
√
tilt2 + roll2), rise, slide, and Zp for middle base-pair steps of

pure RNA/DNA r(CUG)4, r(GUC)4, d(CTG)4, d(GTC)4, r(CUG:CAG)4,
r(GUC:GAC)4, d(CTG:CAG)4, and d(GTC:GAC)4 with mismatches in an all
anti-anti conformation. We label: (a) Red: d(CTG:CAG)4; Orange: r(CUG:CAG)4;
Blue: d(CTG)4; Green: r(CUG)4; and (b) Red: d(GTC:GAC)4; Orange: r(GUC:GAC)4;
Blue: d(GTC)4; Green: r(GUC)4. Data was averaged over the last 200 ns. Here, ‘X’ in the
horizontal label indicates either T, U, or A, depending on the sequence being considered.
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Figure 11: Average ion occupancy around U-U mismatches in rCUG4 (left) or
rGUC4 (right). Blue: bases in the first strand. Red: bases in the second strand. Different
sub-panels represent different duplex conformations. rCUG4: (a1) anti-anti; (a2) anti-syn;
(a3) syn-syn. rGUC4: (b1) anti-anti; (b2) anti-syn; (b3) syn-syn. The averages are based
on data taken from the last 200 ns of the simulations.
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Figure 12: Average ion occupancy around T-T mismatches in dCTG4 (left) or
dGTC4 (right). Blue: bases in the first strand. Red: bases in the second strand. Different
sub-panels represent different conformations. dCTG4: (a1) anti-anti; (a2) anti-syn; (a3)
syn-syn. dGTC4: (b1) anti-anti; (b2) anti-syn; (b3) syn-syn. The averages are based on
data taken from the last 200 ns of the simulations.
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Figure 13: An illustration of the two main Na+ ion binding sites for U-U and
T-T mismatches. U-U/T-T mismatches are highlighted in cyan color and Na+ ions are
represented by orange spheres. (a) In anti-anti conformation for rCUG, one binding site exit
in major groove. For either of anti U, one Na+ ion binds to O4 atom and the neighboring
G:O6 atom. (b) In anti-anti conformation for dCTG, one binding site of Na+ to T14:O2 and
neighboring G15:N3 was observed in minor groove.
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Figure 14: Structural characteristics of hybrid mixed RNA/DNA duplexes (struc-
tures with mismatches and matched hydrids are considered). These include

the average base-pair twist, inclination (base-pair), bend (=
√
tilt2 + roll2),

rise, slide, and Zp for middle base-pair steps of hybrids r(CUG)4:d(CTG)4,
r(CUG)4:d(CAG)4, and r(CAG)4:d(CTG)4 all anti-anti conformation. (a) Red:
d(CTG:CAG)4; Orange: r(CUG:CAG)4; Blue: r(CUG)4:d(CTG)4 initially B-DNA; Green:
r(CUG)4:d(CTG)4 initially A-RNA. (b) Red: d(CTG:CAG)4; Orange: r(CUG:CAG)4; Blue:
r(CUG)4:d(CAG)4 initially B-DNA; Green: r(CUG)4:d(CAG)4 initially A-RNA; Yellow:
r(CAG)4:d(CTG)4 initially B-DNA; Purple: r(CAG)4:d(CTG)4 initially A-RNA. Data was
averaged over the last 200 ns. ‘X’ in the x-axis labels stands for either T, U, or A, according
to the sequence.
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Abstract

Many biological functions rely on DNA’s structural flexibility, including gene repli-

cation and expression, DNA-protein recognition, DNA repair, and gene regulation.

We investigate the bending free energy of short DNA fragments such as GC15 in A-,

B-, and Z-form, as well as C- and G-rich trinucleotide repeats, using the orientation

quaternion technique with enhanced sampling methods. The orientation quaternion

technique provides an effective method to induce rotational transformations, or to

restrain the orientation of certain domains in a molecular system. This technique,

in conjunction with the Steered Molecular Dynamics (SMD) implementation of the

Jarzynski equality, allows for an efficient and accurate estimation of the free energy as

a function of bending angle and the direction. The results are validated by compar-

ing them to those obtained using the Umbrella Sampling (US) and Adaptively Biased

Molecular Dynamics (ABMD) methods. In agreement with previous experimental and
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computational studies, we show that, apart from the sequence, the free energy curve

varies quadratically with the bending angle for moderate bending, but becomes linear

beyond this point. Z-DNA has the highest rigidity of any of the canonical DNA forms.

The duplexes exhibit high flexibility in the presence of CC and GG mismatches, par-

ticularly CGG and GGC TRs in Z-form which have the lowest bending free energies.

These calculations ultimately provide new insight into the mechanics of global confor-

mational flexibility of DNA molecules by quantifying the energetic cost and preferred

directions of bending.

Introduction

The structural flexibility of DNA plays an important role in many biological functions, such

as gene replication, expression, regulation, DNA-repair, protein-DNA recognition, and fitting

inside the cell.1 For instance, protein-DNA recognition often involves substantial bending

which has an important consequence for the binding thermodynamics.2 Moreover, DNA

bending is believed to be a key feature to facilitate the initial mismatch recognition and/or

the repair process by reducing the energetic barriers for base flipping.3

The worm-like chain (WLC) model4 is probably the most successful model for describing

the flexibility of DNA on a large scale (150 base-pairs).5 However, the model’s ability on short

length scales is open to question.6–9 There is also debate over the conformational changes, se-

quence dependence, and physical explanations for short scale DNA bending. Different types

of deformations have been observed in bent DNA structures, including flipped-out bases,10

local bubbles,11 and kinked structures.12,13 Sharp kinking of DNA was first proposed by Crick

and Klug in 1975.14 At high curvature positions, two types of kinks have been proposed. A

so-called type I kink is distinguished by significant bending at a single base pair (very high

roll angle) with little disturbance of neighboring pairs. The type II kink is characterized by

the localized melting of DNA. Three successive base pairs are involved in this type of kink in

which the central base pair is broken and its bases are stacked onto the 5’ directions of the
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corresponding strand.14 Structures of DNA containing type I and type II kinks, taken from

crystal structures of protein-DNA complexes, are shown in Supporting Information (SI) Fig.

S2. Controlling the direction of bending through a pulling experiment, on the other hand, is

difficult. Statistical analysis of DNA and protein-DNA structures indicates that the majority

of bending is caused by roll angles, with contradictory results for the favorability of bending

towards minor/major grooves.15 In terms of the physical explanation of bending, two major

forces that contribute to DNA stiffness are electrostatic repulsion between the backbone’s

phosphate groups and stacking energy between base pairs,16 which can be modulated by

sequence and salt.16

Bent and kinked DNA are transient non-equilibrium conformations that are difficult to

study. Furthermore, measuring DNA curvature has never been simple.17 While molecular

dynamics simulations are well suited to studying DNA deformations in principle, they are

limited by the sampling problem. Sampling can be significantly improved by the use of

biasing techniques, which allows for crossing the energy barriers and sampling of high energy

conformations. Curkusu et al.18 used a screw axis restraint to induce continuous bending

on several DNA structures, including regular CG B-DNA, A(adenine)-tract, and DNAs with

mismatches or abasic sites, and discovered that while moderate bending occurs primarily via

coupled base pair step roll, strong bending results in local type II bending. Furthermore, they

suggested a greater variety of bent structures and directions for C:C and G:A mismatches in

comparison to regular B-DNA. Sharma et al.19 also investigated the bending of DNA with

different single mismatches, where the angle between the centers of mass of heavy atoms in

three regions of DNA was biased using umbrella sampling (US)20 method. Their analysis

revealed various bending free energies that correlated with base flipping. In a recent study,

Ma et al.21 examined the bending preference of regular B-DNA towards minor/major grooves

and the effects of salt on bending orientation using roll, tilt, and twist angles as the order

parameters. While previous research has focused on bending in regular B-DNA and/or single

mismatches, in this study we explore the impact of helical forms and repeat expansions on
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DNA bendability.

To examine the impact of helical form on bendability, we choose to study the dodecamer

d(5’-CGCGCGCGCGCGCGC-3’)2 (CG15 for short). This sequence is known to produce

Z-DNA,22 so it allows for a comparison between all three forms: A-, B-, and Z-DNA. Natu-

ral amino acids and nucleotides create helices that are mainly right-handed, in either A- or

B-from. While B-DNA being the most common form at neutral pH and physiological salt

concentrations, A-DNA is similar to B-DNA but it is wider and denser along its axis.23 On

the other hand, Z-DNA is a left-handed, double-helix with two antiparallel chains joined by

Watson-Crick (WC) base pairs. First crystallized in 1979,22 this left-handed helix is thinner

and more rigid than B-DNA, and while the pyrimidine-purine base pairs in B-DNA are in

their anti-anti form, the guanine in Z-DNA rotates around its glycosidic angle, resulting in

an anti-syn configuration with closer phosphate groups which gives the backbone a zig-zag

pattern. Z-DNA formation plays an important role in gene expression regulation and re-

combination.24–26 Fig. SI S3 illustrates structural differences of A-, B- and Z-DNA, whereas

Table SI S1 gives average values of six common structural characteristics. To investigate

the effect of sequence and repeat expansion, we also examined C- and G-rich Trinucleotide

Repeats (TRs) in the form of (CCG)n and (GGC)n (where n is the number of repeats) as

are associated with Trinucleotide Repeat Expansion Diseases (TREDs).27–33 TREDs are a

set of genetic disorders caused by some trinucleotide repeats in certain genes exceeding the

normal, stable, threshold range which differs per gene. Trinucleotide, or triplet, repeats

consist of three nucleotides consecutively repeated with atypical DNA secondary structures.

We restrict our study to TRs closest to CG, i.e., CCG, GCC, CGG, and GGC. It is well

known these C- and G-rich DNA TRs display a wealth of secondary structures including

homoduplexes, e-motifs, i-motifs, G-quadruplexes, and Z-DNA depending on the environ-

ment.34–36 CGGs found in the 5’-untranslated region of the fragile X mental retardation gene

(FMR1),37 while CCGs have been located in both the 5’-UTR and translated regions of sev-

eral genes. Extended repeats of these CGG TRs in the pathological range leads to male
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fragile X-associated tremor ataxia syndrome (FXTAS), premature ovarian failure,38 and

inherited fragile X mental retardation syndrome.39 In addition, a CGG repeat expansion

and methylation of exon 1 in the XYLT1 gene is a common variant in the Baratela-Scott

syndrome.40 The CCG TRs are connected to three TREDs. Specifically, the longest ex-

pansion occurs in the FRM2 gene which leads to chromosome X-linked mental retardation

(FRAXE).41 The CCG TRs also play a role in Huntington’s disease and myotonic dystrophy

of type 1.42 In prior investigations,34–36 we characterized the structure and dynamics of the

aforementioned repeats: CCG forms stable B-DNA with CC mismatches inside the helical

core, in anti-anti conformations, that are surrounded by GpC steps between WC base pairs;

The other reading frame with CC mismatches, GCC, exhibits CpG steps between WC base

pairs. The mismatched C-bases flip out symmetrically from the minor groove, pointing their

base moieties in the 5’ direction in each strand, resulting in a ”e-motif”.34 The formation of

the e-motif favors the stacking of pseudo GpC steps and the formation of hydrogen bonds

along the same strand between the mismatched cytosine at position i and the cytosine at

position i-2. GGC and CGG with GG mismatches exhibit CpG and GpC steps between

WC base pairs, respectively, and can adopt both B- and Z-form. In B-form, GG mismatches

prefer anti-syn conformations inside the helix for both GGC and CGG reading frames. On

the other hand, in Z-form, GG mismatches are extruded in GGC reading frame, but stable

inside the helical core with syn-syn conformation in CGG reading frame. In addition, we

realized that all these sequences create remarkable bent structures, which are the focus of

this chapter.

Since spontaneous DNA bending in the absence of protein is uncommon, we use enhanced

sampling methods based on quaternion-based collective variables (CVs) to induce bending.

Non-conventional orientation quaternion CVs are an effective way for inducing rotational

transformation or restricting the orientation of a specific domain in a molecular system.43

We recently implemented several orientation quaternion-based CVs in the AMBER package’s

non-equilibrium free energy suite.44 The orientation quaternion CVs in conjugation with
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enhanced sampling techniques, such as US,20 Steered MD (SMD),45,46 and Adaptively Biased

MD (ABMD),47,48 allows for an efficient and accurate estimation of the free energy in terms

of bending angle.

The current study has two goals. First, we induce bending on a regular CG15 A-, B-,

and Z-DNA with our designed CVs and compare three sampling methods: US, SMD, and

ABMD. Previous studies comparing the US and SMD methods found that the SMD can

provide comparable results to the US for an accurate estimate of the potential of mean

force (PMF, or free energy profile), depending on the velocity used for moving harmonic

potential.46 In this contribution, we examine the validity of SMD (at various velocities) and

ABMD using the US profile as the benchmark for the true free energy profile. Our second

objective is to examine the effects of CC and GG mismatches in C- and G-rich TRs on the

bending and distortion of the DNA models.

Material and Methods

A number of ways have been proposed as a measure of bending angle18,19,49–51 . In principle,

the bending angle of a duplex can be defined as a simple geometric angle formed by the

mass centers of three groups of atoms, which we will refer to as bottom, middle and top

domains for convenience. Similarly the arc cosine of the dot product of the principal axes

(i.e., the long axis) of two groups of atoms, bottom and top domains, can be used to define

the bending angle. Unfortunately, using a simple three-domain definition of an angle to

induce a bending often results in undesired deformations of the duplex. Using the principal

axes has its own set of technological challenges; for example, the three principal axes may

interchange or be ill-defined during the simulation due to conformational changes. We define

the bending angle of a duplex as the orientational changes of the top segment of the helix

from an initial (equilibrated) one, while the bottom segment is restrained. We will employ the

orientation quaternion technique which has been shown43,52 to be a well-behaved, versatile
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way for constructing system-specific CVs, specifically aimed at inducing orientational changes

or restraining the orientation of certain domains. In the following, we briefly discuss this

technique:

To explain orientation quaternion technique, we first need to define quaternions. Quater-

nions are an extension of complex numbers, and we define them as a four-component vectors

with the formula q0 + q1î + q2ĵ + q3k̂ where q0, q1, q2, and q3 are real numbers; and i, j,

and k are the basic quaternions (i2 = j2 = k2 = ijk = −1). q0 and q1î + q2ĵ + q3k̂ are

called scalar and vector part, respectively. Unit quaternions (q20 + q21 + q22 + q23 = 1), pro-

vide a convenient mathematical notation for representing 3-dimensional space orientations

and rotations. A rotation in 3-dimensional space can be specified using two parameters:

a unit vector that defines an axis of rotation; and an angle θ describing the magnitude

of the rotation about that axis. In this manner, a unit quaternion, q̂, may be viewed as
(
cos(θ/2), sin(θ/2)û

)
where θ is the rotation angle and û is a unit vector associated with

the axis of rotation. For example, a rotation of 90◦ around the z-axis (0, 0, 1) is expressed

as (cos(90◦/2), 0.0, 0.0, sin(90◦/2)) = (
√
2/2, 0, 0,

√
2/2). It is known for the 3-dimensional

vector r′ obtained by a rotation of the vector r, we have r′ = q̂rq̂∗, where q∗ is the con-

jugate of q and ||q||2 = q∗q = 1. Thus, q̂ is equivalent to the popular three Euler-angle

rotations α, β, and γ around coordinate axes, however, unlike the Euler angles, quaternion

parametrization of rotations does not suffer from coordinate singularities.53 The CVs in the

orientation quaternion formalism, are all derived from an ”optimal superposition” between a

set of reference coordinates X0k (1 ≤ k ≤ N ; for N atoms) and the set of target coordinates

Xk. After shifting the coordinates (optimum translation), the optimal rotation can be pa-

rameterized by a unit quaternion, q̂ = (q0, q1, q2, q3), which minimizes < ||q̂X0kq̂
∗ −Xk|| >,

where < . > denotes an average over k, under the constraint ||q||2 = q∗q = 1. The above

orthogonal problem is solved using the singular value decomposition of matrix R = X0X
T .53

Alternatively, the orientation quaternion, q̂, satisfies the eigenvalue equation Sq̂ = λq̂, where

S is a 4× 4 symmetric, traceless matrix, made of R. The explicit form of matrix S in terms
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of the matrix elements of R, is

S =




R11 +R22 +R33 R23 −R32 R31 −R13 R12 −R21

R23 −R32 R11 −R22 −R33 R12 +R21 R13 +R31

R31 −R13 R12 +R21 −R11 +R22 −R33 R23 +R32

R12 −R21 R13 +R31 R23 +R32 −R11 −R22 +R33




(1)

Given the eigenvalues λ0 > λ1 > λ2 > λ3 and the corresponding four-dimensional eigenvec-

tors (q̂0, q̂1, q̂2, q̂3) of this matrix, the leading eigenvector q̂0 is a unit quaternion that describes

the optimal rotation between the current and the reference coordinates. We further deter-

mine the gradient of the orientation quaternion. Differentiating both sides of the eigenvalue

equation Sq̂0 = λ0q̂0, we have:

∂S

∂xl
q̂0 + S

∂q̂0
∂xl

=
∂λ0

∂xl
q̂0 + λ0

∂q̂0
∂xl

(2)

Using the orthogonality property between eigenvectors we obtain:

∂λ0

∂xl
= q̂0.

∂S

∂xl
q̂0

∂q̂0
∂xl

= Σ4
α=2

1

λα − λ0

(
q̂α.

∂S

∂xl

)
q̂α (3)

The orientation quaterion, as a class of CV, may be used to not only monitor rotational

changes, but also to apply force (which is proportional to the gradient provided in equ. 3)

to a system in order to induce the desired rotational changes. Several orientation quater-

nion based CVs have been implemented in the non-equilibrium free energy suite of AM-
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BER version 20.0,44 such as: Orientation (QUATERNION0,...,QUATERNION3), ORIEN-

TATION ANGLE, ORIENTATION PROJ, SPINANGLE, and TITL. All the CVs in orien-

tation class measure a quantity with respect to a set of reference coordinates, so they are

similar to root mean square deviation (RMSD) CV in this sense. In this chapter, we mainly

use the ORIENTATION ANGLE and the SPINANGLE. The ORIENTATION ANGLE,

: 2 cos−1(q0), and ORIENTATION PROJ (the cosine of ORIENTATION ANGLE) use only

the first component of q̂0, i.e. q0, thus they represent the amplitude of the full rotation,

regardless of the direction of its axis. A slightly more complete parametrization is achieved

by decomposing the full rotation into the two parameters, TILT and SPINANGLE. These

quantify the amplitudes of two independent sub-rotations away from a certain axis ê, and

around the same axis ê, respectively. The axis ê is chosen by the user. The SPINANGLE

explicitly is given by, : 2 tan−1(q.e/q0), where q is the vector part of quaternion q̂0.

Now suppose that we want to induce a certain rotation - provided by a target angle of

rotation θtarget on the top segment of the DNA helix via ORIENTATION ANGLE CV, q0,

while the bottom section is fixed. This can be accomplished by employing a time-dependent

harmonic potential, similar to SMD in spirit:

UB(q0(X), t) =
1

2
KΩ2(q0(X), qc0(t)) (4)

in which, q0(X) is the first component of optimum orientation quaternion, q̂0, to superimpose

X, the coordinates of top section, on a fixed reference set X0, the coordinates of top section

in the initial frame. qc0(t) = cos(θ(t))/2, the center of the harmonic potential at time t

(0 ≤ t ≤ T ), is varied externally. Noting that the reference is the same as the initial frame,

θ(0) and θ(T ) are set to 0 and θtarget. Thus, we have qc0(0) = 1 and qc0(T ) = cos(θtarget)/2

and can use a linear interpolation method to determine qc0(t). For restraining the bottom

section of DNA, qc0 is time-independent, i.e. θ = 0 and qc0 = 1 during the whole simulation

time.
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We have specifically constructed two CVs based on the formalism of orientation quater-

nion as an effective method to induce DNA bending:

i) Free bending (Orientation Angle): This order parameter measures the relative orien-

tation from a reference frame and it is defined by the geometric angle formed by the mass

centers of two groups of atoms (reference and current ones). For atom groups, P atoms

from four base pairs in the terminal pieces were employed. After reaching equilibrium, we

restricted the mass center of P atoms in bottom terminus, residues 12-15 and 17-20, to the

reference frame while allowing the mass center of P atoms in the other terminus, residues 2-5

and 27-30, to rotate with respect to the initial frame (equilibrium). Given that the bottom

segment is restricted, the angle formed between the rotated and the reference frames of the

top segment defines the bend angle of the whole DNA. The bending direction is unknown

in this procedure. A schematic representation of this CV is shown in Fig. 1, where the

orientation of mass center of the top section of DNA is altered by θ degrees relative to the

initial frame (gray color).

ii) Directional bending (Spin Angle): A precise directed bending can be achieved by

confining the rotation to a specific axis. We employed principal axes of the whole duplex for

the axis and P atoms from four termini base pairs for the atom groups. In a manner similar

to the free bending, the mass center of P atoms in bottom terminus, residues 12-15 and

17-20, was kept in its equilibrium configuration, while the mass center of P atoms in the top

terminus, residues 2-5 and 27-30, was rotated with respect to the initial frame (equilibrium)

using an axis of rotation. The angle around the rotation axis between the rotated and the

reference frames of the top segment defines the directed bending angle. A schematic view of

these CVs is shown Fig. 1. Rotation around the yaw axis yields in bending toward DNA’s

groove, while rotation around pitch axis results in bending toward the phosphate groups in

the 5’ or 3’ end of DNA. Unwinding results from a rotation around the roll axis.

The CVs used here have two major benefits over earlier CVs given in the literature:18,19,21,50
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(i) They bias just a few atoms (mass center of 16 P atoms at most), allowing the majority

of base pairs and steps to adopt their preferred conformations; (ii) CVs definitions are inde-

pendent of base pair formation. In other words, in the event of melting, base flipping, and

extruded bases the present CVs are well-defined.

We carried out non-equilibrium MD for oligonucleotide duplexes and trinucleotide repeats

in A-, B-, and Z-form as shown in Table 1. The initial DNA configurations were either

taken from our previous studies34–36 or built via 3DNA parameters.54 The simulations were

carried out using the PMEMD module of the AMBER v.20 software package with OL1555

force field as this force field is known to significantly improve the overall description of the

sugar-phosphate backbone equilibria, particularly in Z-DNA.36,56,57

The TIP3P water model58 was used for the explicit waters. The simulations were per-

formed with periodic boundary conditions in a truncated octahedron water box. To neutral-

ize the nucleic acid charges, an appropriate number of Na+ ions were added with standard

ion parameters.59 A 150 mM extra NaCl salt was also added to mimic the physiological con-

ditions. Additional amount of salt was considered for some simulations according to Table

1. Electrostatic interactions were computed with the PME method60 with a 9Å cutoff. The

cutoff for van der Waals interactions was set as 9Å as well. Production runs used Langevin

dynamics with a coupling parameter 1.0 ps−1 was used. The SHAKE algorithm61 was ap-

plied to all bonds involving hydrogen atoms. Starting conformations for non-equilibrium

MD calculations were obtained as follows. We first minimized the energy for the initial con-

formations: first, by keeping the nucleic acid and ions fixed; then, by allowing them to move.

Subsequently, the temperature was gradually raised using constant volume simulations from

0 to 300 K over 200 ps runs with a 1 fs time step, followed by another 200 ps run at constant

volume at 300K. Then a 600 ps run was used to gradually reduce the restraining harmonic

constants for nucleic acids and ions. During the above minimization and equilibrium steps

the hydrogen bonds in the WC base pairs were restrained. To obtain fully equilibrated re-

sults, we performed additional MD runs for times that vary between 100 ns and 1 µs with a
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2 fs time step. The initial configurations for non-equilibrium simulations randomly selected

from the last 10% of MD simulations.

Free energy calculations

Streed MD Simulation

Steered MD,45,46 (SMD) is a non-equilibrium driven method that makes use of a time-

dependent biasing potential. The SMD is very effective for investigating specific paths and

processes between two equilibrium states. The non-equilibrium work (path-dependent) per-

formed on the system during the SMD simulation can be related to the free energy difference

(state function) using the Jarzynski equality:62

exp(−β∆F ) = 〈exp(−βW )〉 (5)

where β is 1
kβT

and angular brackets denote an average over all possible realizations of an

external process that takes the system from its initial equilibrium state to a nonequilibrium

state under the same external conditions as that of the final equilibrium state. Thus, ∆F

can be estimated using N finite-time non-equilibrium simulations:

∆F =
1

β
ln

[
1

N

N∑

i

eβWi

]
(6)

The Jarzynsky equality may suffer from inadequate sampling and the dissipated work. The

average of the exponential function is dominated by infrequently occurring small work values.

However, using modifications based on the maximum likelihood estimator63,64 (MLE) and

Bennett’s acceptance ratio65 (BAR) (which are equivalent) it is feasible to increase the esti-

mations of the calculated free energy differences. In practice, in order to calculate potential
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mean force F (ξ), a restraining harmonic potential is added to the potential energy:

USMD(ξ) =
K

2
[ξ(r)− σ]2 (7)

i.e., a spring that constrains ξ to be near σ. This harmonic potential should be evaluated

in the stiff-spring limit, with K ≥ Umax/(∆ξ)2 where Umax is the largest PMF barrier to be

examined and ∆ξ specifies the precision in ξ. The stiff-spring approximation assures that

the PMF of the unbiased original system is well represented by the free energy of the system

with the harmonic restraint. For the SMD simulations, we computed the work as follows.

Starting from the equilibrated models, we used the CVs introduced earlier to perform one-

dimensional SMD simulations. To benchmark the SMD simulation, we carried out three sets

of simulation at different pulling velocities: 100 simulations lasting 10ns (fast), 20 lasting

50ns (slow), and 10 lasting 100ns (slowest). For each simulation, the bending angle was

changed from θ = 0◦ to θ = 150◦ at a constant volume with explicit waters with both

neutralizing sodium cations and additional salt (NaCl) at 300 K, with a harmonic constant

set to 100 kcal/mol. For the comparative section, we carried out the simulations using the

‘slow’ condition.

Umbrella sampling

The umbrella sampling20 (US) method uses a biasing potential to sample different windows

along a coordinate pathway of interest. Similar to SMD, US often uses a harmonic constraint

potential, but instead of moving the constraint, it maintains the system inside the required

window. Assuming that all windows along a path are well covered, it is feasible to reweight

the probability densities of occupying the various windows along a path and obtaining a

PMF for this path. In practice, implementing US necessitates a time-consuming trial and

error approach to determine the best simulation window spacing and corresponding force

constants for the biasing potential. For our umbrella sampling simulation, bending was
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induced by adding a quadratic biasing potential along the CV (Orientation Angle) with a

force constant of 1 kcal/mol degree. Windows were sampled every 2◦ from 0◦ to 150◦. Each

window was sampled for 7 ns (while the first 2 ns was ignored in the final calculations). The

free energy profile was constructed via the weighted histogram analysis method66 (WHAM).

Adaptively biased molecular dynamics

Adaptively Biased MD47,48 (ABMD) method is a non-equilibrium MD method that belongs

to the general category of umbrella sampling methods with a history-dependent biasing

potential. ABMD calculates potential of mean force as a function of a set of CVs. The

ABMD method is formulated in terms of the following equations:

ma
d2ra

dt2
= F a −

∂

∂a
U
[
t|σ],

∂U(t|ξ)
∂t

=
kβT

τF
G
[
ξ − σ

] (8)

where the first equation contains the Newton’s equations as well as an extra force coming

from the time-dependent biasing potential U(t|ξ) whose time evolution is given by the sec-

ond equation. The τF and G(ξ) are referred to as flooding timescale and kernel (positive

definite and symmetric) respectively. For large enough τF and small enough kernel width,

the biasing potential U(t|ξ) converges towards −f(ξ) as t −→ ∞. ABMD has been im-

plemented with multiple walkers (both non-interacting67 and interacting walkers, with the

latter interacting by means of a selection algorithm68), replica exchange MD (REMD),69

and “well tempered”(WT) extensions.70 We choose multiple walker WT flavor due to its

effectiveness and ability to assess convergence of sampling. The CVs chosen were the free

bending (Orientation Angle) for the one-dimensional map and directional bending with pitch

and yaw axes (Fig. 1) for two-dimensional maps. Multiple walker ABMD runs at constant

volume and 300 K were carried out with eight replicas. The first ABMD simulation was

for 100.0 ns with parameters τF = 1 ps, 4∆ξ = 20 degrees, and pseudo-temperature 30,000
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K. This simulation provided for a rough estimate of the free energy landscape over the rel-

evant parameter space. We then followed this up with a at least 400 ns ABMD simulation

with parameters τF = 1 ps, 4∆ξ = 4 degrees, and gradually reduced pseudo-temperature to

10,000 K. Finally, a slower and smoother flooding to refine the landscapes was carried out

for another 100 ns with parameters τF = 5 ps, 4∆ξ = 4 degrees, and pseudo-temperature

10,000 K.

The mean values and the error analysis were calculated from the PMFs generated by

bootstrapping as discussed in SI. Conformations and trajectories were analyzed using CPP-

TRAJ71 program of the AMBER simulation package and VMD.72 Helical parameters were

examined using the 3DNA54 software as well as CPPTRAJ. Averaging of the parameters

was done after bias elimination using Boltzman averaging. However, it should be noted that

in the stiff-spring approximation, unweighted estimator might be more efficient.73

Results and Discution

A comparison of Bending Results

The free energy changes associated with ‘free bending’ (Orientation Angle) of CG15 B-DNA

using SMD at various speeds, US, and ABMD is shown in Figure 2. Table 3 presents the

overall free energy changes up to 150◦ for the aforementioned approaches. We use free

energy obtained from the US run as a baseline and compare the SMD and ABMD results

to it. The overlap of distributions in consecutive windows was thoroughly examined (SI

Fig. S4) and the convergence of the US simulation was confirmed. Similar to the previous

studies,18,19,21,74 the overall shape of the free energy curve is quadratic up to around 50◦.

Beyond that, the curve flattens out to an almost linear increase in free energy with bending

angle. The global free energy minimum occurs at 15◦. Bending up to 50◦ requires an overall

free energy change of 5 kcal/mol, which is consistent with experimental results from Atomic

Force Microscopy measurements.7 For bending up to 150, an overall free energy change
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of 21 kcal/mol was calculated, which is approximately 8 kcal/mol higher than the value

obtained by Curksu et al. using a different CV on CG15 parmBSC075 force field. It should

be noted that free bending (Orientation Angle) evaluates the bending angle in relation to a

reference configuration (similar to a RMSD CV); In this case, the reference coordinate is the

equilibrated configuration. The free energy associated with 0◦ (the reference configuration)

is around 5 kcal/mol (non-zero). There is a large entropy reduction associated with angles

close to 0 degrees that increases their free energy. On the other hand, the minimum free

energy at about 15 degrees is associated with numerous configurations (large entropy). In

addition, the quadratic shape of the free energy curve denotes the DNA bending/unbending

mode.

According to Fig. 2, all SMD and ABMD simulations show comparable free energy

curves, with a global minimum at 15◦. In fact, the curves are nearly identical up to about

30◦. However, when the bending angle rises, the fast SMD (v=15 deg./ns) produces more

dissipative work and overestimates the free energy difference between the minimum and 150◦

by about 5.5 kcal/mol. The SMD simulations in the fast domain do not effectively generate

US result for high bending angles, and we do not speculate that increasing the number of

simulations improve free energy calculation. The PMF profile improves when we interpret

the slow (v=3 deg./ns) and slowest (v=1.5 deg./ns) simulations. The slow and the slowest

regimes converge to US for bending angles up to 100◦. For angles above 100◦, we notice

the best consistency in the slowest domain. The ABMD result is likewise quite similar with

the US. However, noting that ABMD includes both bending and unbending, we observed

hysteresis due to base pair disruption in high bending angles (over 100◦).

From the preceding discussion, it is clear that SMD simulations in the slow/slowest range

can effectively reproduce the PMF. We utilize the SMD in the slow regime for the rest of this

study since it is simpler and reduces overall computational resources required. In addition,

the SMD does not require the systems to equilibrate before obtaining the free energy profile

and allows us to explore more complicated reaction coordinates and different paths.
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Comparing CG15 A-, B-, and Z-form in terms of bending angles

To investigate how bending impacts DNA structure, we first performed and examined our

bending techniques on three CG15 double helices in the A-, B-, and Z-form.

Free Enregy Profiles. The free energy profile associated with free bending (Orientation

Angle) is given in Fig. 3. Figure 4 shows snapshots of double helices at various bending

degrees. Looking at the free energy curves, we can see that a quadratic function can be fit

around the minimum, whilst the curves for large bending angles are almost linear. When

A-, B-, and Z-form free bending are compared, they all have a minimum of roughly 15◦.

Furthermore, the energy cost of bending up to 50◦ is similar, at 4 kcal/mol. The majority

of A- and B-form helices are bent towards major groove, and the free energy profiles are

essentially identical. Z-DNA, on the other hand, produces more dissipative work, especially

above 100◦. After this point the Z-DNA curve shows a smoother slope. Unwinding is the

common phenomenon in this region. Bending up to 150◦ requires a free energy change of

around 2 kcal/mol greater for Z-DNA than for the A-, B-DNA. In other words, the Z-DNA

has a slightly different bending direction and lower bendability than the A- and B-DNA, at

least for large bending angles.

Directed Bending. We employed directed bending to control bending in a certain

direction (Spin Angle). Rotation along the yaw of principal axis allows to distinguish bending

toward minor and major grooves, when bending toward the roll and pitch axis are restrained.

Figures 5 and 6 demonstrate the free energy profiles for restraint bending towards minor

and major grooves from equilibrium configuration, respectively. The free energy curves in

bending toward the minor groove for A- and B-DNA are quite similar. They are linear,

and have a minimum at around zero degrees. Curves for bending toward major groove, on

the other hand, are nearly quadratic up to 75 degrees. Up to about 25 degrees, the free

energies are quite small, with an absolute minimum at 15 degrees. B-DNA produces more

dissipative work than A-DNA in bending toward major groove direction. When comparing

the two directions of bending, A- and B- prefer bending toward major groove at least up to
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75 degrees, whereas bending toward minor groove needs less work at higher angles. Z-DNA

takes more energy than both A- or B-DNA and has no preference for bending in either

direction. The reason behind this is that the minor groove in Z-form is deep and narrow,

but the major groove is nearly nonexistent. Furthermore, the easier bending of the A- and

B-forms toward the major groove may contribute indirectly to minor groove-binding protein

identification.

Variations in Helical Paramters. We analyzed the molecular origin of bending in

terms of local helical properties of the bend DNA structures. Only the 8 middle base-pairs

in the regime of moderate (10◦-30◦), high (80◦-100◦), and severe (110◦-130◦) bending angles

were considered. The results for restrained bending towards the major and minor directions

are shown in Fig. 7 and SI Fig. S5. The overall pattern seen for bending towards the

major groove suggests that the collapse of major groove width might be a mechanical trigger

for bending, particularly for the A- and B- forms, as previously reported.76 On the other

hand, undertwisting and expansion are the prevalent phenomenon at severe bending angles

for Z-forms, especially in free bending. Generally, bending perturbs the intra-base-pair and

inter-base-pair step parameters of the middle bases, but the effects on the other bases are

negligible. Twist, tilt, and roll can describe the relative orientation of steps. The average

twist decreases when DNAs bend, indicating helical unwinding. Tilt angle is also disrupted,

particularly in A- and B-DNA, but the changes are less pronounced in Z-DNA. Bending

toward the major groove can also be signified by positive roll, while bending toward the

minor groove is associated with negative roll. Interestingly, the central steps of A- and B-

from show at least a substantial positive roll, suggesting discontinuous bending or kinks (type

I). The significant roll deformation normally happens in CpG steps, while stronger GpC steps

are more resistant to the bending. The high positive roll is connected with narrow minor

grooves.77 Notably, we found no significant change in backbone torsion angles during bending,

which indicates that backbone dihedral angles are stable under the bending stress. The

conformational changes that occur during bending may also be assessed using the concept
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of Handedness (whose definition is given in the SI) and the Radius of Gyration, particularly

when base-pairs undergo severe disruptions. By definition, Handedness is positive for right-

handed A-DNA and B-DNA, zero for a straight duplex, and negative for Z-DNA. As such, it

is comparable to the ‘helical twist’ when shift and slide are insignificant for a given step. The

Radius of Gyration describes the helix’s compactness and is analogous to a step’s ‘helical

rise’. The histograms of these quantities versus work are given in: Figs. 9, 8, (bending

toward major groove), and SI S7 and S8 (bending toward minor groove). We see an increase

in Radius of Gyration for all forms, especially for configurations with lower amount of work.

In other words, the middle section of DNA expands as it bends. Although, the two ends of

DNA get closer and the total Radius of Gyration decreases (not shown). While all forms

unwind, Z-DNA undergoes more apparent untwisting and bending because it produces more

work for a given quantity of handedness and/or radius of gyration.

Strong Bending and Base Pair Kinking. As bending angle increases, the van der

Waals energies and total number of hydrogen bonds decrease for all duplexes, particularly

in Z-DNA. The average van der Waals energy as a measure of stacking for the middle

step and total number of hydrogen bonds for the middle base-pairs in the low and strong

bending regimes are given in Table 4. Bending clearly reduces the bases’ ability to form

preferred stacking energy and hydrogen bonds. Generally speaking, bending up to 100

degrees is often considered smooth; nevertheless, above this threshold, localized kinks (one

or two steps), wobbling/melting (a series of successive steps), flipped-out bases, or other

disruptions were seen in different locations of duplexes. Figure 10 depicts several of these

kinks of configurations. Type I kinks, are associated with large roll, unstacking a single base-

pair with little disruption of nearby bases and usually happens in interaction with proteins;78

Type II involves three successive base-pairs with extremely high propeller twist and stagger

which can cause local melting and base flipping.78 We found both type I and type II kinks

in the A- and B-forms in the strong region of bending, but type I kinks were uncommon in

the Z-form. The most common type of deformation in Z-DNA, on the other hand, was base
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flipping and opening, although smooth curvature was observed as well.

Ionic Distribution. We also investigated the ion distribution around bent CG15 DNAs

and found that as DNAs bend, cations (Na+) from the surrounding solution gather on

the concave side, screening the repulsion between phosphate groups and reducing resistance

to further DNA bending, which is consistent with previous research.78 O2, N3, N2 (minor

grooves), O6 (major grooves), and backbone atoms OP1,OP2 in A- and B-form and OP1,OP2

atoms in Z-form are the principal binding sites in agreement with previous study23 (SI Fig.

S6). Figure 11 gives a visual representation of the ion densities in moderate (20◦) and high

(120◦) bending angles toward major groove. The free energy profile of Z-DNA restrained

bending toward major groove with and without 0.2 M additional salt is shown in Fig. 12.

The free energy is roughly 2-3 kcal/mol, and 5-7 kcal/mol higher in the low and moderate

bending regions in the absence of additional salt. Our data in the high bending range is too

noisy to draw any firm conclusions. As a result, we hypothesize that covering the phosphate

repulsion by cations (Na+) will enhance DNA flexibility, although the impact seems to be

smaller than the stacking energy, hydrogen bonds, and water at least up to 120◦.

Bendability of CCG and GGC trinucleotide repeats

We now examine the effects of bending on DNA strands with CC and GG mismatches

in trinucleotide duplexes. Six trinucleotides, CCG15 and GCC15 B-form, and CGG15 and

GGC15 B- and Z-form were studied and compared to their canonical counterparts.

Free Energy Profiles. We begin by comparing the free bending of sequences. The

free energy profiles are given in Figs 13, 14, and 15. As a general observation, we see free

energy profiles adopt similar shape, i.e. quadratic up to around 50◦ (or further depends on

the location of minimum) and then almost linear. This form of free energy curves appears

to be sequence independent. However, the profiles corresponding to mismatches are lower

and less smooth in comparison to ideal sequences and the error bars are larger indicating

that TRs are less stable as well. Furthermore, we observed that bending toward the major
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groove is dominated direction for B-from TRs.

Bendability of C-Rich B-DNA Duplexes. The impact of CC mismatches on the

free energy bending profile is seen in Fig. 13. The GCC15 from an e-motif structure with

CC mismatches symmetrically flipped-out in the minor groove, while CCG15 is stable with

the mismatches inside the helical core. In comparison to CG15, the minimum free energy for

GCC15 and CCG15 occurs at 20◦ and 32◦, respectively, demonstrating that the equilibrated

configuration of these sequences, particularly CCG15, bends more than the canonical B-

DNA. Bending up to 150◦ requires almost the same amount of free energy for both reading

frames and around 4 kcal/mol less than the ideal B-DNA. The free energy curve of CGG15

is typically lower than the profile of GCC15, whereas the profile of GCC15 is more similar

to CG15 up to roughly 90◦. This is most likely owing to the fact that by extruding CC

mismatches in GCC15, the structure forms CpG and GpC steps identical to those seen in

canonical B-DNA. Examining the high bending angle, we see that at around 100◦, the slope

of the free energy curve changes for both CCG15 and GCC15, revealing that the helices are

deformed above this angle.

Bendability of G-Rich B-DNA Duplexes. Figure 14 shows the impact of GG mis-

matches on the free energy profile of free bending in CGG15 and GGC15 B-form. GG mis-

matches are bulky, but they are more stable than CC mismatches35 and tend to stay within

the helical core for both CGG and GGC reading frames in B-form. Presence of these type of

mismatches causes duplexes to bend as the minimum free energy of CGG15 and GGC15 hap-

pen at 42◦ and 28◦, respectively. Both reading frames have a comparable free energy profile,

with a total free energy difference of 3 kcal/mol and 5 kcal/mol less than ideal B-DNA for

bending up to 150◦. Comparing CC and GG mismatches, we note that CCG15 and CGG15

have similar and lower free energy profile than their other reading frames.

Bendability of G-Rich Z-DNA Duplexes. CGG and GGC sequences can also adopt

Z-form.36,79 In the CGG reading frame, the GG mismatches remain inside the helical core,

but the helical core is stretched. GGC likewise forms Ribbon-like helices, however they are

146



less stretched than CGG and have GG mismatches outside the helical core. It should be

noted that we investigated the bendability of GGC sequences with longer lengths than the

rest of the sequences because this sequence is only stable when mismatched G’s are extruded,

which results in the formation of pseudo GpC steps and, eventually, the compactness of the

entire helix. The lowest free energy is found at 22 degrees for both CGG15 and GGC24

Z-DNA. The free energy required to bend up to 150 degrees for CGG15 and GGC24 is 13

kcal/mol and 16 kcal/mol, respectively, which is around 13 kcal/mol and 10 kcal/mol less

than for regular Z-DNA. Furthermore, the CGG in any reading frame takes less free energy

to bend in Z-form than in B-form, indicating that the B-form of these sequences are stiffer

than the Z-form.

Directed Bending. Using the restrained bending protocol, we explore the preferred

direction of bending and the relative stability of CCG15, GCC15, CGG15, and GGC15 struc-

tures. First, it should be noted several distinct bending processes were seen, with some

structures losing their helical shape and melting. Figure 16 depicts free energy profiles of

GCC15 and CCG15 for restrained bending toward minor and major grooves. The total free

energy required to bend CCG15 up to 150◦ toward major groove is smaller than that one for

bending it toward minor groove; The same is true for GCC15. In other words, both read-

ing frames CCG15 and GCC15 produce less work for bending toward major groove. CGG15

shows nearly zero free energy for bending toward major groove up to 60◦, while this is only

true for up to 30◦ for GCC15. GCC15 necessitates more work to bend toward major groove

than CCG15 up to around 100◦. Nevertheless, the total free energy for bending duplexes up

to 150◦ toward major groove is almost equal. The direcited bending free energy profiles for

CGG15 and GGC15 is given in Fig. 17. The CGG15 has no considerable difference in free

energy when bent in either direction and is generally stable when bent up to 150◦. GGC15,

on the other hand, demonstrated stability for bending in either direction up to 65◦, although

bending toward major groove resulted in some deformation. The Z-form TRs, as expected,

show no preference for major or minor groove directions (Fig. 18). Both CGG15 and GGC24
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require the same amount of free energy for directed bending; however, because GGC24 is

longer, it is in principle easier to bend than CGG15.

Coupling of Bending Deformations to Helical and Other Global Paramters in

Presence of Mismatches. Bending, as mentioned in the regular DNA section, disrupts

helical base-pair and step characteristics, as well as the capacity of bases to form hydrogen

bonds and stacking. To examine the mechanism of bending in presence of mismatches, we

analyze helical parameters change during bending. It should be noted that the base-pair step

parameters are primarily intended for ‘equilibrated’ configurations of typical WC pairings

and are well-defined when base pairs form. Helical parameters analysis obtained from non-

equilibrium simulations in presence of mismatches are even more speculative. Nevertheless,

we confine ourselves to intermediate bending angles (80-100 degrees), where the majority

of bases still form hydrogen bonds and stack inside the helical core. A summary of the

analysis of the structural parameters is given in Figs. 21 and 22 for B- and Z-form sequences,

respectively. The figures show all the middle steps for the TRs, except the one with extruded

Gs in GGC24 Z-DNA which results in pseudo GpC steps in this case. As expected, bending

toward major groove causes minor groove width to expand, major groove width to compress,

positive roll, tilt to fluctuate, and twist to decrease in all TRs B-form duplexes. The similar

characteristics are observed for Z-form TRs, except that they show zig-zag pattern in their

major grooves width. In other words, no completely new or different bending mechanism is

seen in TRs, although the fluctuations and disruption are pretty large. CCG15 has consistent

twist values in the middle steps (6-9), but experience increased twist in the mismatched steps

(5,6). Except for steps 4 and 11, tilt has a good correlation with twist. Interestingly, none

of the B-form mismatches exhibit the substantial negative tilt that was characteristic of

regular B-DNA bending. All steps except 4 have a positive roll, and step 8 has a pick.

GCC15 patterns are similar to CCG15 patterns, but with smaller twist values. Furthermore,

the pick in roll is moved to step 7. CGG15 and GGC15 B-form both have lower twist

than GCC15 and CCG15, particularly in the middle steps (6-9). Except for step 5, the tilt
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angle in CGG15 varies around zero. GCC15, in contrast hand, exhibits tilt angle change

in the intermediate mismatched steps (7-8). The largest roll angle expansion occurs in the

same steps for both CGG15 and GGC15. The parameters have been computed without the

mismatches in GGC24 Z-form as the mismatches are extruded almost all the time. The

omission of the GG mismatches in this sequence leads to the apparently large value of twist

in GpC pseudo-steps. Notably, GGC24 shows a pick roll for GpC pseudo-steps 7, while the

roll angle for CGG15 is uniformly positive.

As hypothesized, global parameters such as Handedness and Radius of Gyration exhibit

overall tendencies of decreasing and increasing with bending, albeit with significant fluc-

tuations. These fluctuations may be seen in the two-dimensional histogram of handedness

versus work, which is provided in SI Fig. S9. CCG15, for example, displays a general trend

of decreased handedness and increased work by bending, but the these quantities vary be-

tween 2.07-4.32 and 10-34 kcal/mol, respectively, in the range of strong bending, which again

suggests qualitatively the same bending mechanism, but with multiple procedures.

Conformational Space Sampled at High Bending Angles. We grouped the con-

formations sampled during simulations at high bending angles (110◦-130◦) to describe the

different conformations visited during bending. We focused on the analysis of the middle

base pairs -2 to +2 around the central mismatched pair in B-DNA TRs, and CGG15 Z-DNA

as well as the middle base pairs -2 to +2 around the central CpG step in GGC15 Z-DNA.

Figures 19 and 20 show the centroids of the clusters as exemplary structures along with their

relative occurrences. For most of the B-DNA TRs, we observed that type II kinks are found

at high bending angles. Majority of type II kinks were associated with high positive roll

and rise as well as base opening and staggering, although unstacking and local melting were

seen as well. Base flipping was pretty common in CGG Z-DNA, while the CpG step in the

middle of GGC Z-DNA was pretty stable. We speculate the extruded Gs in GGC Z-DNA

provide extra flexibility to the structure in such a way that bending is often continuous.

Hydrogen Bonding and Backbone Torsion Angles. The hydrogen bonds are mostly
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preserved in weakly bent DNA. However, as the bending angle exceeds 120◦, many of the

hydrogen bonds are significantly weakened. Table 4 shows the general trend of decreasing

average van der Waals and number of hydrogen bonds in different bending regions. We

examined the number of hydrogen bonds in all bending simulations, but the data was too

noisy to draw any helpful conclusions. As result, we limit ourselves to simulations that

corresponded to the least amount of work and further assess the stability of the central

mismatched base-pairs in B-form TRs (SI Fig. S10) and CGG Z-DNA as well as the middle

WC base pairs in GGC Z-DNA TRs (SI Fig. S11). An interesting case is observed for C-C

in GCC, which initially forms an e-motif but the bases flip back inside by strong bending.

The loss of hydrogen bonds and stacking energy in TRs, such as in canonical DNAs, are

major contributors to the bending free energy. We further analyzed the DNA backbone

by calculating glycosidic torsion angles (SI Figs. S10, S11). Despite minor changes, the

mismatched bases C(anti):C(anti), G(anti):G(syn) in B-DNA, and WC in Z-DNA (anti-syn)

maintained in their preferred configurations, with no transitions seen.

Summary and Conclusions

Bending in nucleic acids, especially in DNA has an important role in many biological func-

tions. In this chapter, we focused on the flexibility and rigidity of several DNAs in terms of

bending. A new restraint to induce DNA bending, based on orientation quaternion collective

variables, was introduced and free energy of bending a short CG15 B-DNA was calculated

through three sampling methods: US, ABMD, and SMD. Validating our results obtained

from SMD, we were able to calculate the bending free energy of regular CG15 DNA duplexes

in A-, B-, and Z-form as we as C- and G-rich TRs: CCG, CGG in B- and Z- form and both

reading frames. The results were analyzed in conformational detail and lead to a better

understanding of bending mechanisms.

The current definition of DNA bending, which is based on the use of orientation quater-
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nion CVs associated with two ends of DNA, allows for continuous bending of DNA while

also allowing for full conformational flexibility. The new designed CVs have the benefit of

allowing the majority of base pairs and steps to adopt their preferred conformations during

bending while also being well-defined for broken base pairs or mismatches. We validated

non-equilibrium SMD enhanced sampling method against ABMD and US using orientation

quaternion. In agreement with previous experiments and computational studies, we found

that the PMF associated with free bending obtained via all three sampling approach follows

quadratic curves for small bending angles but increases linearly for large bending angles.

The SMD method is not only simpler and reduces overall computational, but also enabled

us to explore various different bending paths and procedures, and therefore sample more

space. Through free bending (Orientation Angle) and directed bending (Spin Angle) proce-

dures, we were able to compute the bending free energy of canonical CG15 in A-, B-, and

Z-form. In the regime of weak bending, the PMF profiles associated with free bending follow

quadratic curves, demonstrating the bending mode of duplexes. The slope of free energy as

a function of bending angle decreases for larger bending angles, however the large bending

is still not a spontaneous process. Bending curves for A-, B-DNA are pretty similar, while

Z-DNA shows more rigidity in high bending angle (> 90◦), produces more dissipative work,

and tends to unwinds. Bending for A- and B-DNA is anisotropic, as they kinetically prefer to

bend toward major groove (angles less than 75 degrees), while the total free energy required

for bending 150◦ toward minor groove is smaller than the one for bending toward major

groove. On the other hand, Z-DNA does not differentiate between minor and major grooves

bending. Despite the fact that B-DNA is more stable than Z-DNA,80 our PMF results from

both free and directed bending show that Z-DNA is less flexible (more rigid) than both A-

and B-DNA in high bending angles. The overall pattern seen in bend structures suggests

that the collapse of major/minor grooves width might be a mechanical trigger for bending,

especially for A- and B-forms, but undertwisting is a prevalent phenomenon in Z-DNA. The

structural investigation of duplexes reveals that curvature is spread evenly over the whole
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structure for moderate bending angles. Duplexes create distinct kinks and local distortions

depending on their form during significant bending. We observed both Type I and Type

II kinks in our simulations. Type I kink, with a high roll angle in a single base-pair, was

mostly seen in A- and B-DNA, while base opening and flipping, type II kink, were more

common in Z-DNA bending. The free energies associated with the bending of TRs are lower

than those associated with duplexes with canonical base pairs, indicating that these types of

sequences are more flexible. For B-form mismatched sequences, we noticed that CCG15 has

less rigidity than GCC15, particularly for restraint bending towards minor groove and major

groove (45◦-100◦), implying that C-rich (GpC) is less flexible than C-rich (CpG). GGC15 is

less flexible than CGG for restraint bending towards minor groove in almost all angles except

small angles (> 45◦) GGC15 is also more rigid than CGG15 for bending at least up to 120

degrees towards the major groove. Considering both directions of bending, we conclude G-

rich (CpG) is more rigid than G-rich (GpC). The CGG15 and GGC24 TRs in Z-form are the

most easily bendable TRs studied here, where the latter one shows more flexibility than the

former one. Base flipping and local melting (Type II kinks) are common types of distortion

in TRs with high bending angles. In conclusion, this study provides significant new insights

into the energetics of DNA bending, which is critical to a wide range of life processes.
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Table 1: A list of the DNA models studied

Model Form Salt (NaCl) concentation (M)

CG15 A, B, Z 0.2

CG15 Z 0*

CCG15 B 0.2

GCC15 B 0.2

CGG15 B 0.2

GGC15 B 0.2

CGG15 Z 5.0

GGC24 Z 5.0

*All models are neutralized by addition of NaCl.
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Table 2: List of simulations run for comparing non-equlibrium methods. CG15 was used as
the model for running the simulations, with N the number of simulation repeats, walkers,
sampling windows for SMD, ABMD, and US respectively; k is the spring constant.

Method N Speed (deg ns−1) k (kcal mol−1 deg−1) t (ns)

SMD

10 1.5

100

100

20 3 50

100 15 10

ABMD 8 - - 500

US 75 - 1 7

CG15 was used as the model for running the simulations. N is
the number of simulation repeats, walkers, sampling windows for
SMD, ABMD, and US respectively, k is the spring constant and t
is simulation time for each run.

Table 3: Overall change in the free energy of bending as obtained from different non-
equlibrium simulation method

Method ∆Fmin→150◦ (kcal mol−1) Type

SMD

27.17±1.2 Fast

23.69±0.8 Slow

20.05±1.4 Slower

ABMD 20.23±0.8 -

US 21.61±0.4 -
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(a) (b)

(c) (d)

θ

(a)

Figure 1: The schematic view of CVs used in this study. The bending angle, θ, is the angle
between mass center of P atoms in the top segment of DNA (residues 2-5, and 27-30) in the
reference frame and the rotated frame. Mass center of P atoms in the bottom segment of
DNA (residues 12-15, and 17-20) is restrained. The P atoms are shown with spheres (red and
gray). The drawn axes represent the principal axes: pitch (orange), roll (yellow), and yaw
(green). (a) Equilibrated start DNA structure (gray), and a bent one (cyan), (b) rotation of
the DNA’s top section around positive direction (clockwise) of yaw axis, (c) rotation of the
DNA’s top section around negative direction (counterclockwise) of roll axis, and (d) rotation
of the DNA’s top section around positive direction (clockwise) of pitch axis.
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Figure 2: Comparison of the US, SMD, and ABMD techniques for estimating the free
energy of bending for CG15 B-DNA using ‘Orientation Angle’ as the CV. The bars show the
standard error.
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Figure 3: Comparison of bending free energy of CG15 in A-, B-, Z-from using the ‘Orientation
Angle’ as the CV. The bars show the standard deviation.
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Table 4: Average van der Waals energy (kcal/mol) and number of hydrogen bonds of the
middle bases in low and high bending regions of the DNA strands. The van der Waals
energy is given with a positive sign. Bending is restrained toward the major groove. For
each model, top and bottom rows correspond to low bending (10◦-30◦) and high bending
(110◦-130◦), respectively. Considered bases here are 6-10 on one strand and 21-25 on the
other one for all duplexes and 11-16 on one strand and 37-42 on the other one for GGC24

Z-DNA.

Model van der Waal (kcal/mol) Number of hydrogen bonds

CG15 A-DNA
146.36±6.29 11.56±1.88

126.66±8.19 10.71±2.21

CG15 B-DNA
144.90±5.73 11.57±1.82

133.06±8.03 10.35±2.03

CG15 Z-DNA
159.07±5.78 11.68±1.84

119.18±7.78 6.67±2.38

CCG15 B-DNA
145.40±5.94 9.95±1.72

132.92±6.66 9.11±1.77

CCG15 B-DNA
145.40±5.94 9.95±1.72

132.92±6.66 9.11±1.77

GCC15 B-DNA
142.98±6.81 8.75±1.74

134.29±7.83 6.94±2.11

CGG15 B-DNA
151.39±5.74 10.0±1.85

140.93±7.05 9.41±2.12

GGC15 B-DNA
140.74±5.76 8.83±1.72

128.14±7.08 8.10±1.83

CGG15 Z-DNA
153.97±5.76 7.76±1.73

146.91±6.51 5.12±2.09

GGC24 Z-DNA
162.07±7.59 9.21±1.68

158.07±6.51 8.88±1.69
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Figure 4: Sample configurations of bent CG15 in A-, B-, Z-from using the ‘Orientation
Angle’ as the CV. Top and side views are shown.
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Figure 5: Directed bending of CG15 in A-, B-, Z-form using the positive direction of the
yaw principal axis as the axis of rotation. A clockwise rotation around yaw axis leads to a
bending toward the minor groove. The bars show the standard deviation.
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Figure 6: Directed bending of CG15 in A-, B-, Z-form using the negative direction yaw
principal axis as the axis of rotation. A counterclockwise rotation along the yaw axis leads
to bending toward the major groove. The bars show the standard deviation.
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Figure 7: Structural characteristics of double helices: average twist, tilt, roll, major and
minor grooves width for the middle base-pair steps of CG15 in A-, B-, and Z-form for three
bending angle regions (weak: 10◦-30◦ (black color), medium: 80◦-100◦ (blue color), and
strong: 110◦-130◦ (red color)). All bending is restricted toward the major groove. Considered
here are nucleotides 4 to 12 on one strand and the complementary nucleotides 19 to 27 on
the other, corresponding to steps 4 to 11 with a pattern of GpC, CpG.
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for bending toward the major groove in the three regions (weak: 10◦-30◦, medium: 80◦-
100◦, and strong: 110◦-130◦). Considered here are nucleotides 6–10 on one strand and the
complementary nucleotides 21–25 on the other.
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Figure 9: Handedness versus Work for the middle bases CG15 in A-, B-, and Z-form for
bending toward major groove in three regions (weak: 10◦-30◦, medium: 80◦-100◦, and strong:
110◦-130◦). Considered here are nucleotides 6–10 on one strand and the complementary
nucleotides 21–25 on the other. Handedness is given with positive sign for all duplexes.
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Figure 10: Representative structures for the middle bases of CG15 in A-, B-, and Z-form.
The middle bases correspond to residues 7-9 on one strand and complementary residues 22-
24 on the other strand. The percentages indicate the occurrence of the conformations that
are represented by the representative structures at high range of bending angle (110◦-130◦)
toward major groove.
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A-DNA B-DNA Z-DNA

Figure 11: Ion cloud densities around the CG15 duplexes in two region of bending: (a) weak
(20◦ toward major groove, top), (b) strong (120◦ toward major groove, bottom). The blue
surface shows a high ion density and the red surface shows a low ion density.
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Figure 12: A comparison the PMF of the bending of the CG15 Z-DNA toward the major
groove for two different salt concentration. The bars show the standard deviation.
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Figure 13: Bending free energy profile of GCC15, CCG15, and CG15 B-from using the
‘Orientation Angle’ as the CV (free bending). The bars show the standard deviation.
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Figure 14: Bending free energy profile of GGC15, CGG15, and CG15 B-from using the
‘Orientation Angle’ as the CV (free bending). The bars show the standard deviation.
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Figure 15: Bending free energy profile of GGC15, CGG15, and CG15 Z-from using the
‘Orientation Angle’ as the CV (free bending). The bars show the standard deviation.

 0

 5

 10

 15

 20

 25

 30

 35

 40

 0  15  30  45  60  75  90  105  120  135  150

P
M

F
 (

k
ca

l/
m

o
l)

Bending (°) − Spin Angle

CCG15 bending toward minor groove
CCG15 bending toward major groove
GCC15 bending toward minor groove
GCC15 bending toward major groove

Figure 16: GCC15, CCG15 free energy profile associated with restrained bending toward the
major and minor grooves. The bars show the standard deviation.
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Figure 17: GGC15, CGG15 free energy profile associated with restrained bending toward
the major and minor grooves. The bars show the standard deviation.
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Figure 18: CGG15, GGC24 in Z-form free energy profile associated with restrained bending
toward the major and minor grooves. The bars show the standard deviation.
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Figure 19: Representative structures for clusters of CC and GG mismatches in the middle
bases of CCG15, GCC15, CGG15, and GGC15 all in B-form. The middle bases correspond
to residues 7-9 on one strand and complementary residues 22-24 on the other strand. The
mismatched bases are marked by a black circle. The percentages indicate the occurrence of
the conformations that are represented by the representative structures at the high range of
bending angle (110◦-130◦) toward major groove. The numbers have not been reweighted.
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Figure 20: Representative structures for clusters of GG mismatches and CpG steps in the
middle bases of CGG15 and GGC24 in Z-form. The middle bases correspond to residues
7-9 on one strand and complementary residues 22-24 on the other strand in CGG15; and
residues 12-13 on one strand and complementary bases 36-37 on the other in GGC24. The
mismatched bases in CGG sequence are marked by a black circle. The percentages indicate
the occurrence of the conformations that are represented by the representative structures at
high range of bending angle (110◦-130◦) toward major groove. The numbers have not been
reweighted.
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Figure 21: Helical parameter comparison between middle part of B-form duplexes with CC
and GG mismatches at around 90◦. Left panel: CCG15 (blue), GCC15 (red); Right panel:
CGG15 (blue), GGC15 (red). Considered here are nucleotides 4–11 on one strand and the
complementary nucleotides 20–27 on the other, associated with steps 4 to 11 with the pattern
of: CC/CG, CG/CC, GpC in CCG15; GC/CC, CC/GC, CpG in GCC15; CG/GG, GG/CG,
GpC in CGG15; and GG/GC, GC/GG, CpG in GGC15.
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Figure 22: Helical parameter of middle part of Z-form duplexes with CC and GG mismatches
at arourn 90◦. Left panel: CCG15; Right panel: GGC24. Considered here are nucleotides
4–11 on one strand and the complementary nucleotides 20–27 on the other, associated with
steps 4 to 11 with the pattern of CG/GG, GG/CG, GpC in CGG15; and residues 5-18 on one
strand and complementary bases 31-44 on the other, associated with CpG steps and GpC
pseudo steps (excluding mismatches) in GGC24.
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CHAPTER

7

CONCLUSIONS

This work presents an extensive study of structure and dynamics of short atypical DNA, RNA,

hybrid double and triple helices related to trinucleotide repeats including GAA, CGG, and

CTG repeats. To this end, we carried out molecular dynamics simulations with enhanced

sampling techniques such as ABMD, SMD, and US. In addition, we introduced a novel

method based on orientation quaternion to induce bending on duplexes.

In Chapter 2 and 3, we studied triple helices and hybrids assembled from GAA, TTC,

and UUC repeats. GAA/TTC (UUC) trinucleotide repeats found in the first intron of the

frataxin gene cause Friedreich’s ataxia. We successfully modeled and simulated: 16 possible

DNA triplexes that can be formed from GAA/TTC repeats; 16 nonequivalent RNA and

hybrid RNA–DNA constructed from GAA and UUC or TTC; two hybrids r(GAA):d(TTC),

d(GAA):r(UUC) helical duplexes, and three possible DNA.DNA:RNA triplexes that can form

a collapsed R-loop. The stability of these triplex structures is investigated using a new,

computationally fast "mean field" metric based on the number of hydrogen bonds and

the pi-pi stacking interactions of the third strand in a given triplex. In agreement with

experimental results, the third TTC strand in parallel alignment with bases in an anti

conformation is the most stable for DNA TTC.GAA:TTC triple helices; for GAA.GAA:TTC
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triple helices, the GAA third strand in parallel alignment with bases in an anti conformation,

as well as the two protonated cases discussed, are the most stable. Our findings help to

resolve apparent contradictions in the experimental literature regarding triplex stability, by

noting that the shifting of the third strand by a single nucleotide alters the stability ranking.

The results for pure RNA triplexes and hybrid RNA-DNA triplexes are similar. We realized

that the pyrimidine UUC+ third strand in its parallel arrangement is stable, whereas its

antiparallel counterpart is unstable, based on an analysis of hydrogen-bond patterns and

base stacking in the third strand. For the GAA purine third strand, the antiparallel protonated

adenine is the most stable structure. Concerning hybrid RNA:DNA helices, our structural

analysis indicates the hybrids are somewhere between A-RNA and B-DNA, but closer to

A-RNA. Analyzing hydrogen bonding and stacking area revealed that r(GAA):d(TTC) is

more stable and closer to A-RNA than d(GAA):r(UUC) which directly impacts the stability

of the resulting triplex, in a way that antiparallel pyrimidine d(TTC+)·d(GAA):r(UUC) is

unstable, but parallel purine d(GAA)·r(GAA):d(TTC) and its protonated version are stable.

Knowledge of these non-canonical structures and their relative stability allows one to

speculate on how these structures form during transcription and guide the use of triple-

specific antibodies, which are known to bind triplexes inside the nucleus with a higher

affinity for RNA-DNA triplexes as opposed to DNA triplexes. Furthermore, our findings

contribute to the understanding of lesser-known nucleic acid structures, particularly in the

emerging field of quantitative R-loop biology.

In Chapter 4, our work was focused on elucidating the atypical structures associated

with CGG trinucleotide repeats (TRs) found in the 5’-untranslated region of the fragile

X mental retardation gene (FMR1). Extended repeats of these TRs in the pathological

range leads to a range of diseases such as fragile X-associated tremor ataxia syndrome,

fragile X mental retardation syndrome, and Baratela-Scott syndrome. Inspired by a recent

experimental study, we constructed and studied through MD simulations an exhaustive

collection of DNA helices with Z-DNA WC base pairs and various conformations for the

GG mismatches either intrahelical or extrahelical; and participating in (i) BZ junctions;

(ii) ZZ junctions or (iii) alternately extruded conformations. We found that the structures

were unstable at low salt (0 and 150mM NaCl), thus for most simulations we used high

salt concentration (5 M). We used three AMBER force fields: an older FF BSC0, and two

newer ones, BSC1 and OL15, considered state-of-the-art. Encouragingly, the main results

of our simulations were consistent with the three force fields, although they differed in the

particulars. Through carefully mapping free energies and through structural analysis of
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Z-DNA (especially the more standard WC base pairs) we found that OL15 performs better

than BSC1. We compared the amount of free energy required to flip a single GG pair outside

the helical in BZ junction and ZZ junction as well as in low and high salt concentrations. Our

results pointed out that there is no significant difference between BZ and ZZ junction, but a

high amount of salt facilitates the base flipping process. Our MD simulations identified that

short GGC sequences with 4 mismatches inside the helical core are either unstable or form

ribbon-like DNA. Increasing the number of mismatches and initially putting the outside

the helical core, on the other hand, resulted in stable, but somehow deformed and bent

helices. We observed the exact opposite for CGG sequences in a way that CGG sequences

were stable with mismatches inside the helical core, but the helices were unwinded. In

terms of alternately extruded conformations, with both CpG and GpC steps, the structures

were stable because all single G’s remain extruded far enough that the entire helices were

symmetric and stable. Characterization of the stability and structural features, especially

overall left-handedness, higher-temperature and stretching via steered MD simulations,

clarified two novel Z-DNA helices: the most stable one displays alternately extruded Gs, and

is followed by a helix with symmetrically extruded ZZ junctions. The G-extrusion favors a

seamless stacking of the Watson-Crick base pairs and becomes more stable by interactions

such as pi-pi stacking or hydrogen bonding outside the helical core. We speculate that the

expansion of CGG repeats is driven by the stabilization of the left-handed eGZ-motif which

can become hypermethylated and hinder transcription within the cell.

In Chapter 5, we studied a different kind of trinucleotide repeats, DNA-CTG (GTC),

RNA-CUG (GUC), and hybrids CAG:CTG (or CUG), CUG:CTG, and GUC:GTC that are

linked to myotonic dystrophy type 1. Our molecular dynamics simulations and free energy

calculations revealed that U-U mismatches in CUG/GUC RNA are somewhat dynamic,

consisting of zero to two hydrogen bonds in an anti-anti conformation. T-T mismatches

have a similar effect on CTG/GTC DNAs. The free energy differences between the confor-

mations in GTC are lower than those of CTG. The U-U and T-T mismatches disturb the

surrounding CG/GC base-pairsthrough bending, stretching and unwinding; however, they

have little effect on the overall global conformation of the helices. Our structural results

demonstrated that CTG structures are more stable than GTC structures, whereas CUG

and GUC appear to be more or less similar in stability. With regards to the hybrids, we

found that co-transcriptional hybrids are also stable, in other words, r(CUG)4:d(CTG)4,

r(GUC)4:d(GTC)4, as well as r(CUG)4:d(CAG)4, r(CAG)4:d(CTG)4 were all found to be stable

in their anti-anti conformations. These hybrid duplexes similar to GAA hybrids are some-
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where between A- or B-duplex forms, but somewhat closer to the A-form. The matched

rA.dT and rU.dA form stable bases with Watson-Crick hydrogen bonds type, while rU-dT

forms wobble bases similar to U-U. We found r(CAG)4:d(CTG)4 and r(GUC)4:d(GTC)4 the

most and least stable hybrids structures, respectively. Finally, we identified several ionic

sites for the aforementioned repeats which could be the target for small molecule binding.

Apart from secondary structure of DNAs, their tertiary structures plays an important

role in many biological functions. We focused on the flexibility and rigidity of several

DNAs in terms of bending in Chapter 6 of this thesis. To induce bending, we developed

a novel way-based orientation quaternion. We were able to induce continuous bending

while maintaining full conformational flexibility using this bending restraining method.

We used three enhanced sampling methods to calculate free energy of bending for a short

regular B-DNA: umbrella sampling, steered MD, and adaptively biased MD, and validated

the results from steered MD against the others. The steered MD is not only simpler and

reduces overall computational resources, but it also allows us to experiment with various

bending paths and procedures. In the rest of this contribution, we compared the free energy

profile, preferred direction, and molecular origin of bending different forms A-, B-, Z-DNA

as well as C- and G-rich trinucleotide repeats. In agreement with previous experiments and

computational studies, we found that the potential of mean force profiles associated with

free bending follows quadratic curves for small bending angles but increases linearly for

large bending angles. During significant bending, duplexes create distinct kinks and local

distortions depending on their shape. Z-DNA is less flexible (more rigid) than both A- and

B-DNA in high bending angles. The overall pattern observed in bend structures suggests

that the collapse of major/minor groove width could be a mechanical trigger for bending,

particularly in A- and B-forms, but undertwisting is a common phenomenon in Z-DNA.

The free energies associated with the bending of C- and G-rich TRs are lower than those

associated with duplexes with canonical base pairs, indicating that the studied TRs are less

rigid. The TRs in Z-form and the ones with CpG steps are the most easily bendable. Base

flipping and local melting (Type II kinks) are common types of distortion in TRs with high

bending angles.

In the near future, we plan to expand our bendiability research to other types of TRs,

particularly those with AA, UU, and TT mismatches. In addition, we are attempting to

develop a set of collective variables that will allow us to investigate bending and control

orientation in multiple directions (rather than one-dimensional variables), e.g. simulta-

neous rotation around the yaw and pitch axes or without considering any particular axis.
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We speculate ‘ORIENTATION’ colvars, which are best-Fit rotation and expressed as a unit

quaternion, combined with adaptively biased molecular dynamics allows us to sample all

configurations efficiently, especially since such a set of colvars is essentially continuous

everywhere, despite the fact that a grid for the energy (scalar function) is a bit complex for

a three-dimensional quaternion.

Another work, in preparation is studying the structure and dynamics of GC-rich three-

way junctions (3WJ), particularly those formed by CAG (with mismatches) and CTG se-

quences. There are ten known "CAG" diseases, with Huntington’s being the most common.

These are also known as polyglutamine (polyQ) diseases because CAG expansions result

in polyglutamine expansions. 3WJ structures are branched structures made up of three

single nucleic acid strands. According to a recent Forster resonance energy transfer study

Toulmin et al. (2017), CAG/CTG can form 3WJ with two-state behavior that is dependent

on the sequence at the junction and the length of the third arm. Furthermore, the overall

geometry of the conformation can be flat or pyramid-like, and the branchpoint can move,

resulting in conformational rearrangement and strand exchange. We have created several

CAG/CTG 3WJ models with and without hairpin strands (CAG strand) and ran equilibrium

molecular dynamics simulations on them. Our findings show that the structures are highly

dynamic, with strand exchanges occurring in the junction area. During our simulation, we

also observed pyramid-like conformations. To investigate the dynamical changes further,

we intend to carry non-equilibrium simulations to study the preferred base-pairing in the

junction area, the overall orientation of the strands, and the impact of ions on the overall

conformation.
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1. Initial structures and statistical structural analysis of the molec-

ular dynamics trajectories

Figure S1: Schematic illustrating the initial construction of the triple helices.

Figure S2: Cartoon illustrating the calculation of the effective number of hydrogen bonds and

the effective stacking area for the third strand. Shown are: (a) a configuration illustrating

that simply counting hydrogen bonds is not a good measure for structural stability; (b)

extreme example of configuration where all bases are stacked but there is no overlap; and

(c) details of how to calculate the effective number of hydrogen bonds and stacking area.

Note that hydrogen bonds here are indicated by dashed red lines, bases by blue and yellow

squares, and normals by blue arrows. Please see text for a more detailed discussion.
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2. Coexisting Hydrogen Bond (HB) Conformations of Select Mid-

dle Steps in Triplexes

Figure S3: Coexisting HBs for stable antiparallel TTC·GAA:TTC DNA triplexes (there are

no changes from the initial guess for the stable parallel TTC·GAA:TTC DNA triplexes).

Figure S4: Coexisting HBs for stable parallel GAA·GAA:TTC DNA triplexes.

Figure S5: Coexisting HBs for stable antiparallel GAA·GAA:TTC DNA triplexes.

Figure S13: Coexisting HBs for stable parallel d(GA+A)·r(GAA):d(TTC) (shifted) hybrid

triplexes.

Figure S14: Dominant HBs for stable parallel d(GAA)·r(GAA):d(TTC) and d(GA+A)·r(GAA):d(TTC)

(shifted) hybrid triplexes.

3. Non-protonated pY(a) and apY(a)

Figure S6: Final structure and the hydrogen bond and stacking analysis of non-protonated

apY(a).

Figure S7: Final structure; hydrogen bond and stacking analysis; stable hydrogen bond of

middle steps; and coexisting hydrogen bond patterns of non-protonated pY(a).

4. Higher temperature MD simulations and Ion Distributions

Figure S8: Time evolution of the RMSD of the most stable triplexes as selected by the

conformational analysis for the 1 µs simulations at 300K. Yellow, orange and red boxes

correspond to temperatures at 320K, 340K, 360K, respectively.

Figure S9: The final configuration of the apR(a) simulation in the presence of 0.2M Mg2+

ions (upper left panel), the effective stacking area versus effective hydrogen bond number

of apR(a) under 0.2M Mg2+ (upper right panel), the corresponding hydrogen bond patterns

for the middle a base planes (lower left panel) and the coexisting hydrogen bond pattern for

the middle step (lower right panel).
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Figure S10: Ion cloud densities around the pY, pR and hybrid pR triplexes. The cyan

surfaces denote regions of higher ion density and the grey areas denote regions of lower ion

density.

5. Structural Characterization of Hybrid Duplexes and Triplexes

To calculate the basepair and step parameters of double helices (either free-standing helices

or belonging to a triplex) we used the 3DNA software package.1,2 The regular z-axis defined

in 3DNA was used, which is the average of two base normals, taking into consideration the

M-N vs M+N basepair classification. The RMSD in Fig. S12 was computed with the cpptraj

software,3 where the reference set of coordinates are from the 800th frame (ns).

Figure S11: Examples of average basepair inclination and basepair-step twist, roll and helical

rise for the DNA duplexes that form part of the pY and pR(+)-S triplexes.

Figure S12: RMSD as function of time (ns) (left) and RMSD distribution (right) for the four

different hybrid double helices.

Figure S15: Average basepair inclination and basepair-step twist, roll and helical rise for

the hybrid duplexes r(GAA):d(TTC) either as free-standing duplexes or as part of the

DNA·RNA:DNA triplex.

6. Other

Figure S16: Cartoon illustrating the possible formation of parallel DNA R·R:Y triplexes.
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Figure S1: Schematic illustrating the initial construction of the triple helices.

199



Figure S2: Cartoon illustrating the calculation of the effective number of hydrogen bonds and
the effective stacking area for the third strand. Shown are: (a) a configuration illustrating
that simply counting hydrogen bonds is not a good measure for structural stability; (b)
extreme example of configuration where all bases are stacked but there is no overlap; and
(c) details of how to calculate the effective number of hydrogen bonds and stacking area.
Note that hydrogen bonds here are indicated by dashed red lines, bases by blue and yellow
squares, and normals by blue arrows. Please see text for a more detailed discussion.
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Figure S3: Coexisting hydrogen bonds for the middle steps of the stable Y·R:Y triplexes.

Figure S4: Coexisting hydrogen bonds for the middle steps of the stable parallel R·R:Y
triplexes.
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Figure S5: Coexisting hydrogen bonds for the middle steps of the stable antiparallel R·R:Y
triplexes.

Figure S6: The final MD structure of the non-protonated apY(a) (left panel) and the
corresponding stability diagram based on the effective stacking area and hydrogen bond
number (right panel).
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Figure S7: The final structure of the non-protonated pY(a) (upper left panel), the corre-
sponding stability diagram based on the effective stacking area versus hydrogen bond number
(upper right panel), the dominant hydrogen bond patterns for the middle base planes of non-
protonated pY(a) (lower left panels) and the coexisting hydrogen bond pattern for the middle
step for non-protonated pY(a)(lower right panels).
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Time

Figure S8: The time evolution of the RMSD of the most stable triplexes as selected by
the conformational analysis for the 1 µs simulations at 300K. Yellow, orange and red boxes
correspond to 320K, 340K and 380K, respectively.
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Figure S9: The final configuration of the apR(a) simulation in the presence of 0.2M Mg2+

ions (left upper panel), the effective stacking area versus effective hydrogen bond number
of apR(a) under 0.2M Mg2+ (right upper panel), the corresponding hydrogen bond patterns
for the middle base planes (left lower panel) and the coexisting hydrogen bond pattern for
the middle step (right lower panel).
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Figure S10: Ion cloud densities around the pY, pR and hybrid pR triplexes. The cyan
surfaces denote regions of higher ion density, and the grey surfaces denote regions of lower
ion density. Colors as follows: Red, third strand; blue, GAA strand of the duplex; green,
TTC strand of the duplex.
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Figure S11: Average basepair inclination and basepair-step twist, roll and helical rise for
the DNA duplexes that form part of the pY (blue) and pR(+)-S (red) triplexes. Data was
averaged over the last 200ns.
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Figure S12: RMSD as function of time (ns) with respect to the 800th frame (left) and
RMSD distribution (right) for the four different hybrid double helices.
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Figure S13: Coexisting hydrogen bonds for the middle steps of the pR(+)-S hybrid triplex.
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Figure S14: Dominant hydrogen bond patterns for the middle base planes of the stable
hybrid DNA/RNA triplexes.
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Figure S15: Average basepair inclination and basepair-step twist, roll and helical rise for
the hybrid duplexes r(GAA):d(TTC) either as free-standing duplexes (blue) or as part of
the DNA·RNA:DNA triplex (red). Data was averaged over the last 200ns.
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Figure S16: Cartoons illustrating possible pathways for the formation of parallel DNA
GAA·GAA:TTC triplexes. Red: GAA DNA coding strand; Blue: TTC DNA template
strand; Green: mRNA. Once the two strands are separated in an R-loop, the GAA strand
can form a parallel triplex with a segment of duplex DNA either intermolecularly (omitting
dotted lines in cartoon, e.g. in plasmids) or intramolecularly (with dotted lines in cartoon).
In the intermolecular case, a segment of a second duplex approaches the GAA strand with
the right orientation in (a) or (b). In the intramolecular case, a duplex turns more than once
(a) to approach the GAA single strand. In (b), negative supercoiling causes a rotation at
the base of the GAA sstrand, and a single turn of the duplex is enough to bring it in parallel
alignment with the GAA sstrand.
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RNA as a major-groove ligand: RNA-RNA and

RNA-DNA triplexes formed by GAA and UUC or TTC

sequences

Jiahui Zhang, Ashkan Fakharzadeh, Christopher Roland, and Celeste Sagui∗

Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA

E-mail: sagui@ncsu.edu

Stability Analysis of the Triple Helices

While investigating DNA triplexes, we found that the effective hydrogen bond number and effec-

tive π-π stacking provide for a good measure of the stability of these structures.? Here, we briefly

describe the analysis. As shown in Figure S1.a, the hydrogen bonds formed by the third strand and

the polypurine/polypyrimidine duplex can serve as an indicator of the stability of the triplex. We

therefore define the effective hydrogen bond number for a third strand in a triple helix as:

He f f = ΣHe f f
i (1)

where He f f
i is the number of hydrogen bonds that a base on the third strand forms with the bases of

the duplex on the same plane, as shown in Figure S1c. This avoids counting inter-plane hydrogen

bonds that destabilize the triplex geometry.

We applied a mean field method in calculating the effective π-π stacking area in the algorithm,

which will not take the flipping-out stacking into consideration as shown in Figure S1b. First, we

*To whom correspondence should be addressed
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calculate the effective area of each step in the third strand:

Ae f f
i = A0

i (cos αi − sin αi) (2)

where A0
i is the area of the aromatic ring(s) of the ith third-strand base in the triplex (based on

their molecular structure, A0 is estimated to be 4.95 Å
2

for T and C, and 8.29 Å
2

for A and G)

and αi is the angle between the normal vector of the third-strand base and the normal vector of the

Watson-Crick base pair at the ith step. The detailed explanation of this equation can be found in our

previous work.? After we get the values of the effective area of each step, the effective stacking

interaction between the ith and the (i+1)th step is calculated as:

Se f f
i =

√
Ae f f

i ·Ae f f
i+1 (3)

The effective total stacking area is given by:

Se f f = ΣSe f f
i (4)

A schematic procedure of our algorithm is shown in the right panel of Figure S1c.

MD runs for pure RNA and RNA-DNA hybrid triplexes

We now give a description of the dominant hydrogen bond patterns for the most stable hybrid

triplexes.

(i) DR-pY: This case is dominated by two hydrogen bonds in the 4th plane, N4(C+)-O6(G) and

N3(C+)-N7(G), as shown in Figure S2. For the 5th and 6th plane, there are also two hydrogen

bonds: N6(A)-O(U) and N3(U)-N7(A). This bond pattern appears to be very stable throughout the

simulation, and no alternate bond patterns were observed.

(ii) DR-pR: Here, hydrogen bonds for the 4th plane are N4(C)-O6(G), N1(G)-O6(G), and N2(G)-

O6(G). The 5th and 6th plane have the same dominant hydrogen bond pattern, with bonds N6(A)-
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O4(T) and N6(A)-N1(A).

(iii) DR-pR(+)-S: In the 4th plane, there are two dominant hydrogen bonds: N1(A+)-O6(G) and

N6(A+)-O6(G). For the 5th plane, there are two dominant hydrogen bonds observed: N6(A)-

N1(A) and N6(A)-O4(T). The dominant hydrogen bonds for 6th plane of pR(+)-S are N2(G)-

N7(A), N1(G)-N7(A) and N6(A)-O6(G).

(iv) DR-apR-S: Two dominant hydrogen bonds are observed in the 4th plane: N1(G)-N7(G) and

N2(G)-O6(G). The dominant hydrogen bond pattern of the 5th and 6th plane are the same, and

consist of two hydrogen bonds, N6(A)-N1(A) and N6(A)-N1(A).

(v) DR-apR(+): The dominant hydrogen bond pattern of the 4th plane has two hydrogen bonds:

N1(A+)-O6(G) and N6(A+)-G(N7). the dominant hydrogen bond pattern is composed of two

hydrogen bonds: N6(A)-N1(A) and N6(A)-N7(A). For the 6th plane, three bonds are observed:

N2(G)-O4(T), N1(G)-O4(T) and N6(A)-O6(G).

To further characterize the geometry of the RNA-DNA triple helices, we plotted the φ -d dia-

grams as shown in Figure S3 for the three inner most planes of the structure. A visual examination

shows that the clusters are very similar for most of the planes for each triplex. For the pY case,

the three planes behave similarly with an average φ around 50◦ and an average d around 9Å. For

all the three planes, φ is negatively correlated with respect to 90◦, indicating that the third strand

is closer to purine strand of the DNA duplex. Similarly, φ -d diagrams for pure DNA triplexes are

given in Fig. Figure S4.

Turning to ion distributions, Fig. Figure S5 shows the atomic details of the nucleotides for

labeling purposes, while Figs. Figure S6 and Figure S7 present results for Na+ cations near the

selected hybrid RD structures. Figures Figure S8 and Figure S9 show the corresponding Na+ ion

cloud distributions around the triplex structures; Figs. Figure S10 and Figure S11 show corre-

sponding ion cloud distributions for Mg2+ ions.

Figure S12 to Figure S14 present a structural analysis of the different Watson-Crick duplexes

within a triplex.
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Figure S1: Schematic illustrating the calculation of the effective number of hydrogen bonds and
the effective stacking area for the third strand. Shown are: (a) a configuration illustrating that
simply counting hydrogen bonds is not a good measure for structural stability; (b) extreme example
of configuration where all bases are stacked but there is no overlap; and (c) details of how to
calculate the effective number of hydrogen bonds and stacking area. Note that hydrogen bonds
here are indicated by dashed red lines, bases by blue and green rectangles, and normals by blue
arrows. Please see text for a more detailed discussion.

Figure S2: Dominant hydrogen bond patterns for the RNA-DNA hybrid triplexes as observed over
last 800 ns of the MD simulations.
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Figure S3: (φ ,d) diagram for the middle three planes for stable RNA-DNA hybrid triplexes as
observed over last 800 ns of the MD simulations.

Figure S4: The (φ ,d) diagram for the middle three planes for stable DNA triplexes as observed
over last 800 ns of the MD simulations.
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Figure S5: Atomic depiction of the CG and AT WC pairs, with major atoms involved in hydrogen
bonding and Na+ ion binding marked and labeled in green. The oxygen O2’ atom of RNA is
marked in red.
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Figure S6: Na+ occupancy for the middle three planes of the RD-pY triplex.

Figure S7: Na+ occupancy for the middle three planes of the RD-apR(+) triplex.
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Figure S8: Ion cloud density around selected RNA triplexes. Cyan (white) marks regions of high
(low) ion density.
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Figure S9: Ion cloud density around selected RNA-DNA hybrid triplexes. Cyan (white) marks
regions of high (low) ion density.
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Figure S10: Hydrated Mg2+ ion cloud density around selected RNA triplexes. Purple (white)
marks regions of high (low) ion density.
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Figure S11: Hydrated Mg2+ ion cloud density around selected RNA-DNA hybrid triplexes. Purple
(white) marks regions of high (low) ion density.
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Figure S12: Helical parameter comparison between the duplex part of DNA triplexes and B-DNA
and A-RNA helices.

Figure S13: Helical parameter comparison between the duplex part of RD triplexes and B-DNA
and A-RNA helices.
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Figure S14: Helical parameter comparison between the duplex part of RNA triplexes and B-DNA
and A-RNA helices.
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Novel eGZ-motif formed by regularly extruded

guanine bases in a left-handed Z-DNA helix as a

major motif behind CGG trinucleotide repeats:

Supporting Information

Ashkan Fakharzadeh, Jiahui Zhang, Christopher Roland, and Celeste Sagui∗

Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA

E-mail: sagui@ncsu.edu

Biased molecular dynamics simulation details

Here, we further outline our simulation protocols for obtaining free energy landscales via

the Adaptively Biased Molecular Dynamics (ABMD) method1,2 and the work from Steered

Molecular Dynamics (SMD)3 simulations. The initial coordinates for the 5’-GC-(GGC)-

GC-3’ mismatched DNA helices obtained via BIOVIA Discovery Studio were minimized

and equilibrated according to the following protocol. First, we minimized the energy of

the initial conformations at zero temperature. Subsequently, the temperature was gradually

raised from 0 to 300 K over 50 ps run with a 1 fs time step, followed by another 50 ps run

where the temperature was still at 300 K. Then a 300 ps run was used to gradually reduce

the restraining harmonic constants on the DNA helix. In addition to the hydrogen bonds in

the Watson-Crick base pairs, the χ (and φ dihedrals in relevent simulations) were restrained

to preserve the initial conformations. In order to speed up the biased simulation, we first

used the generalized Born4,5 implicit solvent model (PBrandii mbondi) with the OL156 and
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BSC17 AMBER force fields with a collision frequency of 1 ps−1 along with a 999 Å cutoff

for the nonbonded interactions. After equilibration, SMD8 runs were used to flip the GG

mismatches outside of the helical core. These runs made use of a steering force constant

of 200 kcal/mol(rad2) over 200 ns runs using the (φ4, φ11) pair as collective variables. For

the free energy calculations, we randomly selected 8 configurations, equilibrated and used

them as the initial configurations for the ABMD runs. The ABMD runs made use of the

Multiple Walker algorithm9,10 with 8 walkers and the Well-Tempered (WT) algorithm11 with

a 0.2 radian resolution for the reaction coordinates, a pseudo temperature of 10,000 K and a

flooding timescale of 2 ps, all at 300 K. Each run lasted at least for 1 µs. During the above

SMD and ABMD steps, in addition to the χ restrains, constraints of 1 kcal/mol on hydrogen

bonds of W-C base pair, as well as root-mean-squared deviation of phosphate atoms of CG

W-C base pair were used to avoid large-scale twisting of the whole structure during the long

simulations. These simulations provided a rough estimate of the biasing potential. We then

followed this up with at least 300 ns WT-simulation (parameters τf = 1 ps, 4∆ξ = 0.2

rad (∼10◦), pseudotemperature 10,000 K) at constant volume explicit solvent and 300 K.

Convergance of free energy landscapes were confirmed by noting that both the position and

differences in the free energy values of the minima remain approximately constant as further

ABMD cycles are performed. The final biasing potential was processed by the nfe-umbrella-

slice tool of AmberTools12 to obtain the two-dimensional free energy landscapes.

The free energy for flipping a single base in GGC8ZZ,in was calculated again using well

tempered ABMD in low (0.15 M), and high (5 M) salt concentration. A 1-dimensional

center-of-mass pseudo-dihedral angle, CPD,13 was chosen as a collective variable defined by

the center of mass of two flanking base pairs, the flanking sugar groups, and the five-member

ring of the flipping G. The choice of this CV was crucial in calculating free barriers and their

convergence.13 The initial structure came from the final structure of GGC8ZZ,in equilibrium

molecular dynamics using OL15 FF, which was employed throughout this ABMD as well.

The ABMD runs made use of parameters 4∆ξ = 0.2 radian, T ′ = 10, 000 K and τ = 2 ps for
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a total simulation length of at least 700 ns per system at constant volume explicit solvent and

300 K.The 1-dimensional free energy profile was reconstructed by inverting biasing potential

energy via nfe-umbrella-slice tool. The estimated free energies are relatively accurate but

the absolute values may be associated with inaccuracies given the typical force field and

sampling imperfections.

Definition of handedness

Handedness (H) represents a useful way to investigate left- and right-handed helical struc-

tures. The definition of handedness is based on a former investigation of the B-Z DNA

transition.14 Handedness in right-handed helical turns is positive, and in left-handed helical

turns it is negative. The overall handednesss of a helix is obtained by summing over all

turns and quantitatively quite close to the overall helical twist. 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. S10 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(p1, p2, p3, ..., pn) =
n−3∑

i=1

H(pipi+1pi+2pi+3) (1)
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in which each pi is a point in the sequence discussed above, and

H(ABCD) =

−→
AB

|−→AB|
×

−−→
CD

|−−→CD|
·
−→
EF
−−→|EF |

(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 Figure S10 left

illustrates this definition for the first term of the sum in the above relation. The cross product

of the unit vectors of
−→
AB and

−−→
CD defines the (purple) vector (direction of handedness) whose

dot product with the unit vector of
−→
EF forms the first term of the sum in the definition of

handedness.

Hydrogen Bond Analysis

Hydrogen bond (Hbond) analysis was performed using the CPPTRAJ program of the AM-

BER simulation package. A 3Å distance and a 135◦ angle cutoff were considered for the

calculations. The Tables S3 to S6 list the observed Hbonds between the mismatches; bonds

with fractions less than 10% are not listed. The last column for the out configurations

indicates the type of Hbond.

References

(1) Babin, V.; Roland, C.; Sagui, C. Adaptively Biased Molecular Dynamics for Free Energy

Calculations. Journal of Chemical Physics 2008, 128, 134101.

(2) Babin, V.; Karpusenka, V.; Moradi, M.; Roland, C.; Sagui, C. Adaptively biased molec-

ular dynamics: an umbrella sampling method with a time dependent potential. Inter.

J. Quantum Chem. 2009, 109, 3666–3678.

(3) Izrailev, S.; Stepaniants, S.; Isralewitz, B.; Kosztin, D.; Lu, H.; Molnar, F.; Wrig-

231



gers, W.; Schulten, K. Steered molecular dynamics. Computational Molecular Dynam-

ics: Challenges, Methods, Ideas ; Springer-Verlag: Berlin, Germany, 1998; pp 39–65.

(4) Onufriev, A.; Bashford, D.; Case, D. A. Exploring protein native states and large-scale

conformational changes with a modified generalized born model. Proteins 2004, 55,

383–394.

(5) Onufriev, A.; Bashford, D.; Case, D. A. Modification of the Generalized Born Model

Suitable for Macromolecules. The Journal of Physical Chemistry B 2000, 104, 3712–

3720.
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Table S1: Summary of the radius of gyration
data for the different helical duplexes

Structure Initial Final Average (SD)

GGC8BZ,out OL15 20.34 19.64 20.29(0.64)

GGC8BZ,out BSC1 19.93 20.10 19.70(0.52)

GGC8ZZ,out OL15 25.66 19.18 19.64(0.63)

GGC8ZZ,out BSC1 22.73 25.94 25.15(1.0)

GGC8ZZ,in OL15 31.11 30.59 30.41(0.45)

GGC8ZZ,in BSC1 29.46 30.27 29.91(0.70)

CGG4ZZ,in OL15 15.08 18.68 17.87(0.65)

CGG4ZZ,in BSC1 15.84 15.02 15.29(0.61)

GGC4ZZ,alt BSC1 11.56 11.89 11.88(0.15)

GGC4ZZ,alt OL15 11.71 12.03 11.90(0.22)

All values given are in Å. The radius of gyration has
been measured using P atoms. The initial, final, and
average values correspond to the last 1 µs of simulation
time, and SD the standard deviation.
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Table S2: π-π stacking parameters between the stacked mismatches over the last 200ns

Structure Force Field Residues Ave. Distance (Å) Ave. Angle(◦) Ave. VDW Energy (kcal/mol)

GGC8BZ,out OL15 G14::G41 5.41(0.90) 38.59(46.36) -3.14(1.03)

GGC8ZZ,out BSC1 G20::G32 4.35(0.71) 21.22(49.10) -4.45(1.07)

GGC8ZZ,out BSC1 G17::G26 4.15(0.62) 28.08(38.18) -3.65(1.24)

GGC4ZZ,alt BSC1 G8::G24 3.56(0.16) 7.35(6.08) -5.34(0.56)

GGC4ZZ,alt OL15 G8::G24 4.00(0.48) 14.37(59.12) -5.37(0.69)

GGC4ZZ,alt OL15 G15::G18 3.88(0.35) 15.29(13.97) -3.75(0.78)

The numbers represent the average distance, angle, and Van der Waals energy between π − π stacked bases of
the mismatches for the different GGCout and GGCalt helices. All the calculations were obtained from the last
200 ns of the simulations.

Table S3: H-bonds formed by the mismatches in the inner-GGC8 out configurations

Structure Acceptor Donor Fraction Type

GGC8BZ,out BSC1 C 15:OP1 G 17:N2 0.92 Backbone with the closest cytosine

C 15:OP1 G 17:N1 0.15

C 30:OP1 G 32:N2 0.52

C 30:OP2 G 32:N1 0.40

C 30:OP1 G 32:N1 0.18

C 30:OP2 G 32:N2 0.18

C 36:OP1 G 38:N2 0.46

C 36:OP1 G 38:N1 0.32

G 35:N7 G 8:N1 0.24 Mismatches from two strands

G 14:O3’ G 17:N1 0.20 Backbone with another mismatch

G 38:N7 G 35:N2 0.12 Mismatches from the same strand (weak, disappears)

GGC8BZ,out OL15 C 6:OP1 G 8:N1 0.55 Backbone with the closest cytosine

C 6:OP2 G 8:N2 0.45

C 6:OP2 G 8:N1 0.26
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C 15:OP2 G 17:N1 0.92

G 14:O3’ G 17:N2 0.55

C 30:OP1 G 32:N1 0.44

C 30:OP2 G 32:N1 0.41

C 30:OP2 G 32:N2 0.35

C 39:OP2 G 41:N2 0.35

C 39:OP2 G 41:N1 0.27

G 11:O6 G 35:N2 0.22 Mismatches from two strands

G 14:O3’ G 17:N2 0.55 Backbone with another mismatch

G 17:OP1 G 38:N2 0.12 Backbone with a mismatch from the other strand (last 200ns)

G 14:O5’ G 41:N1 0.12 Base stacking (backbone, last 200ns)

G 38:O3’ G 14:N1 0.18 Base stacking (backbone, 200ns-800ns)

GGC8ZZ,out BSC1 C 6:OP2 G 8:N1 0.50 Backbone with the closest cytosine

C 6:OP2 G 8:N2 0.41

C 6:OP1 G 8:N2 0.19

C 6:OP1 G 8:N1 0.12

C 12:OP2 G 14:N1 0.35

C 12:OP2 G 14:N2 0.18

C 33:OP2 G 35:N1 0.38

C 33:O5’ G 35:N2 0.36

C 33:OP1 G 35:N1 0.25

C 33:OP1 G 35:N2 0.10

C 39:OP1 G 41:N1 0.33

C 39:OP1 G 41:N2 0.31

C 39:OP2 G 41:N1 0.30

C 39:O5’ G 41:N2 0.26

C 39:OP2 G 41:N2 0.11
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G 11:O6 G 38:N1 0.47 Flipped in

G 11:O6 G 38:N2 0.21

G 35:OP1 G 21:N2 0.24 Base stacking (backbone)

G 35:OP1 G 21:N1 0.20

G 21:OP1 G 35:N2 0.23

GGC8ZZ,out OL15 C 9:O2 G 11:N1 0.37 Backbone with the closest cytosine

C 9:O2 G 11:N2 0.24

C 39:OP2 G 14:N1 0.20 Backbone with a cytosine from the other strand

C 39:OP1 G 14:N2 0.12

G 41:OP1 G 14:N2 0.11 Backbone with a mismatch from the other strand

G 17:OP1 G 14:N2 0.11 Backbone with another mismatch

Table S4: H-bonds formed by the mismatches for the inner-GGC8 in configurations

Structure Acceptor Donor Fraction

GGC8ZZ,in BSC1 G 41:O6 G 8:N1 0.38

G 41:O6 G 8:N2 0.23

G 8:O6 G 41:N1 0.36

G 8:O6 G 41:N2 0.22

G 38:O6 G 11:N1 0.46

G 38:O6 G 11:N2 0.28

G 11:O6 G 38:N1 0.28

G 11:O6 G 38:N2 0.17

G 35:O6 G 14:N1 0.28

G 35:O6 G 14:N2 0.17

G 14:O6 G 35:N1 0.45

G 14:O6 G 35:N2 0.27

G 32:O6 G 17:N1 0.28
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G 32:O6 G 17:N2 0.17

G 17:O6 G 32:N1 0.46

G 17:O6 G 32:N2 0.28

GGC8ZZ,in OL15 G 41:O6 G 8:N1 0.46

G 41:O6 G 8:N2 0.25

G 8:O6 G 41:N1 0.30

G 8:O6 G 41:N2 0.16

G 38:O6 G 11:N1 0.28

G 38:O6 G 11:N2 0.15

G 11:O6 G 38:N1 0.47

G 11:O6 G 38:N2 0.26

G 35:O6 G 14:N1 0.40

G 35:O6 G 14:N2 0.21

G 14:O6 G 35:N1 0.35

G 14:O6 G 35:N2 0.19

G 32:O6 G 17:N1 0.37

G 32:O6 G 17:N2 0.20

G 17:O6 G 32:N1 0.38

G 17:O6 G 32:N2 0.20

Table S5: H-bonds formed by the mismatches in the CGG4ZZ,in configurations

Structure Acceptor Donor Fraction

CGG4ZZ,in BSC1 G 3:O6 G 26:N1 0.62

G 3:O6 G 26:N2 0.48

G 6:O6 G 23:N1 0.66

G 6:O6 G 23:N2 0.39

G 12:O6 G 17:N1 0.62
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G 12:O6 G 17:N2 0.47

CGG4ZZ,in OL15 G 3:O6 G 26:N1 0.53

G 3:O6 G 26:N2 0.32

G 23:O6 G 6:N2 0.22

G 6:O6 G 23:N2 0.11

G 20:O6 G 9:N2 0.21

G 9:O6 G 20:N2 0.18

G 9:O6 G 20:N2 0.18

G 17:O6 G 12:N2 0.15

G 12:O6 G 17:N2 0.20

Table S6: H-bonds formed by single guanines in the GGC4ZZ,alt configurations

Structure Acceptor Donor Fraction Type

GGC4ZZ,alt BSC1 G 24:O4’ G 8:N2 0.13 Base stacking (backbone)

GGC4ZZ,alt OL15 G 24:O5’ G 8:N1 0.18

G 24:OP2 G 8:N2 0.17

G 24:OP1 G 8:N2 0.14

G 18:OP2 G 15:N1 0.77

G 18:O5’ G 15:N2 0.75

G 13:OP1 G 21:N2 0.78 Backbone with a guanine from the other strand

C 12:OP2 G 21:N2 0.31 Backbone with a cytosine from the other strand

C 12:OP2 G 21:N1 0.17

C 12:OP1 G 21:N1 0.15
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Figure S1: Two-dimensional free energy maps for a single GG mismatch with the center-
of-mass pseudo-dihedral angle Φ as collective variables for both residues 4 and 11. The GG
mismatches are in B-form (thus, it is a BZ-junction) and restrained to anti-syn (left) and
syn-syn (right) conformations. The simulations used the BSC1 force field in water using the
GB/SA solvation model. The letters (A, B, C) represent the local minima.
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Figure S2: Free energy for the base flipping of single mismatched G in GGC8ZZ,in in low
(0.15 M, purple) and high (5 M, green) NaCl salt concentration. The collective variable
is the modified center-of-mass pseudo-dihedral angle, CPD,13 where positive and negative
values reflect flipping into the major and minor grooves, respectively. The area between gray
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Figure S4: Hydrogen bonds for the single mismatched GG in the homoduplex d(5’-GC-
GGC-GC-3’). (a) Two bonds for the anti-syn conformation, O6...N1 or O6...N2; (b) Single
bond for the syn-syn conformation, O6...N1 or O6...N2; (c) Single bond for the rare anti-anti
conformation (not a minimum), N2...N7. Anti bases are shaded blue, and syn bases, red.
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Figure S5: RMSD as a function of time, and a snapshot of GGC8BZ,out. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 µs is shown. (b, left) A snapshot of GGC8BZ,out BSC1 after 2 µs, and (b, right)
a snapshot of GGC8BZ,out OL15 after 2 µs, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S6: RMSD as a function of time, and a snapshot of GGC8ZZ,out. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 µs is shown. (b, left) A snapshot of GGC8ZZ,out BSC1 after 1.2 µs, and (b, right)
a snapshot of GGC8ZZ,out OL15 after 1 µs, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S7: RMSD as a function of time, and a snapshot of GGC8ZZ,in. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 µs is shown. (b, left) A snapshot of GGC8ZZ,in BSC1 after 1 µs, and (b, right)
a snapshot of GGC8ZZ,in OL15 after 1 µs, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S8: RMSD as a function of time, and a snapshot of CGG4ZZ,in. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 µs is shown. ,(b, left) A snapshot of CGG4ZZ,in BSC1 after 1 µs, and (b, right)
a snapshot of CGG4ZZ,in OL15 after 1 µs, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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Figure S9: RMSD as a function of time, and a snapshot of GGC4ZZ,alt. (a) RMSD as
function of time (ns) with respect to the average frame over the last 200 ns; only data for
the last 1 µs is shown. (b, left) A snapshot of GGC4ZZ,alt BSC1 after 1.2 µs, and (b, right)
a snapshot of GGC4ZZ,alt OL15 after 1.2 µs, The mismatches, WC bases, and backbone are
shown by colors brown, green, and yellow respectively.
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3'

3'
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5'

Figure S10: Phosphorus atoms (shown as grey spheres) used to define the collective variable
of handedness (H) for a segment between two DNA base pairs n and m. Here, Pi

j represents
the phosporus atom of the backbone phosphate group of the jth base pair of strand i.
Labeling of the base pairs is in the 5′ → 3′ direction for strand 1, and the opposite direction
for strand 2. This labeling of the helices is of course arbitrary, and may be interchanged,
leaving H unchanged. Red, blue, and green arrows on the right represent the vectors involved
in the definition of the first term of the sum in Eq. (1). The arrows on the left represent
the unit vectors corresponding to those on the right. On the left, the cross product of the
red and blue vectors gives the purple vector whose dot product with the green vector gives
the first term of the sum (which is positive in this example corresponding to a right-handed
turn).
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Frequency

Figure S11: Two-dimensional histogram of handedness including mismatches versus hand-
edness excluding mismatches. The data are based on calculations obtained from the middle
residues during the last 1 µ simulation time for each helix. The total number of consid-
ered residues is constant for all calculations, which means that handedness with mismatches
includes a larger number of terms (19) than handedness without mismatches (11).
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Figure S12: Time series of χ dihedral angles of middle GG mismatches in GGC8BZ,out. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.

251



-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

8
--

G
4
1

-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
1
--

G
3
8

-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
4
--

G
3
5

-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
7
--

G
3
2

-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

8
--

G
4
1

-180
-90

 0
 90

 180

 800  900  1000

Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
1
--

G
3
8

-180
-90

 0
 90

 180

 800  900  1000Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
4
--

G
3
5

-180
-90

 0
 90

 180

 800  900  1000Time (ns) Time (ns)Frequency Frequency

χ
 (

°)
 G

1
7
--

G
3
2

Figure S13: Time series of χ dihedral angles of middle GG mismatches in GGC8ZZ,out. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S14: Time series of χ dihedral angles of middle GG mismatches in GGC8ZZ,in. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S15: Time series of χ dihedral angles of middle GG mismatches in CGG4ZZ,in. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S16: Time series of χ dihedral angles of middle GG mismatches in GGC4ZZ,alt. Top
four panels represent BSC1, and bottom OL15. The first strand is shown by purple, and the
second one by green color.
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Figure S17: Principal component analysis (PCA) of inner-GGC8BZ,out, inner-GGC8ZZ,out,
and GGC4ZZ,alt. (a) Plot of first ten principal components (PCs). (b) Displacement along
the direction of the first eigenvector over last 200 ns.
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Figure S18: PCA of inner-GGC8ZZ,out, and CGG4ZZ,in. (a) Plot of first ten PCs. (b)
Displacement along the direction of the first eigenvector over last 200 ns.
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Figure S19: Histogram of χ dihedral angles W-C bases in CGG4ZZ,in (top) BSC1, and
(bottom) OL15. The guanine are shown by dot lines, and cytosine are shown by solid lines.
Different colors represent different base pairs. The data obtained from the last 200 ns of
simulations.
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Figure S20: The time evolution of the RMSD of the most stable duplexes with respect
to the first frame versus time. The temperature gradually increased up to 363K where the
duplexes started to melt under low salt (200 mMol) conditions. The data obtain from a 1µs
simulation.
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Figure S21: Percentage of hydrogen bonds of WC bases of the most stable duplexes as
the simulation temperature is increased (at low 200mM salt concentration). At 363K the
duplexes start to melt. The data was obtained from 1µs simulations, where the number of
hydrogen bonds were averaged over a 100 step window.
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Structure and Dynamics of DNA/RNA Double

Helices Obtained from CTG/CUG and

GTC/GUC Trinucleotide Repeats and Associated

RNA/DNA Hybrids: Supporting Information

Ashkan Fakharzadeh,† Jing Qu,† Feng Pan,‡ Celeste Sagui,† and Christopher

Roland∗,†

Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA,

and Department of Statistics, Florida State University, Tallahassee, FL 32306, USA

E-mail: cmroland@ncsu.edu

Analysis:

Conformations and trajectories were analyzed using CPPTRAJ1 program of the AMBER

simulation package, VMD,2 as well as UCSF Chimera.3 A 3.5 Å distance and a 135 degree

cutoff were used for the hydrogen bond analysis.

Helical parameters were examined using the 3DNA4 software. Since non-Watson-Crick

base pairs are our primary goal, we choose the “simple” step parameters, which are “intu-

itive” for non-Watson-Crick base pairs and were included to 3DNA as of v2.3. The regular

z-axis defined in 3DNA is employed here, which is the average of two base normals, taking

∗To whom correspondence should be addressed
†Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA
‡Department of Statistics, Florida State University, Tallahassee, FL 32306, USA
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into consideration the M-N vs M+N base-pair classification. The calculation of the “simple”

inter-base-pair step parameter employs consecutive C1’-C1’ vectors.

CPPTRAJ was used to perform PCA. For the UU/TT bases in single mismatched and

for the backbone in multiple mismatched duplexes the position of all the heavy atoms and

backbone atoms were considered over the last 200 ns of the simulations. Before analy-

sis, each trajectory was aligned with the positions from the average structure to eliminate

translational movements. A covariance matrix of atomic positions was constructed using the

displacement information acquired in the previous stage. PCs were obtained by diagonalizing

the covariance matrix.

Handedness (H) represents a useful way to study helicity of structures. The definition

of handedness in this context is based on a former investigation of the B-Z DNA tran-

sition.5 Handedness is positive in right-handed helical turns and negative in left-handed

helical turns. The overall handedness of a helix is derived by adding all turns together and

is quantitatively quite close to the total helical twist. The location of the phosphorus (P)

atoms of the backbone phosphate groups in the double helix was found to be a reasonable

choice for the definition of handedness. In brief, the definition of handedness for a seg-

ment 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. It should be noted this definition of handedness is independent of the

labeling of the strands. Supplementary Fig. S1 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(p1, p2, p3, ..., pn) =
n−3∑

i=1

H(pipi+1pi+2pi+3) (1)
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in which each pi is a point in the sequence discussed above, and

H(ABCD) =

−→
AB

|−→AB|
×

−−→
CD

|−−→CD|
·
−→
EF
−−→|EF |

(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 Figure S1 left

illustrates this definition for the first term of the sum in the above relation. The cross product

of the unit vectors of
−→
AB and

−−→
CD defines the (purple) vector (direction of handedness) whose

dot product with the unit vector of
−→
EF forms the first term of the sum in the definition of

handedness.
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Figure S1: Phosphorus atoms (shown as balls) used to define the collective variable of
handedness (H) for a segment between two DNA base pairs n and m. Here, Pi

j represents the
phosporus atom of the backbone phosphate group of the jth base pair of strand i. Labeling
of the base pairs is in the 5′ → 3′ direction for strand 1, and the opposite direction for strand
2. This labeling of the helices is of course arbitrary, and may be interchanged, leaving H
unchanged. Red, blue, and green arrows on the right represent the vectors involved in the
definition of the first term of the sum in Eq. (1). The arrows on the left represent the unit
vectors corresponding to those on the right. On the left, the cross product of the red and
blue vectors gives the purple vector whose dot product with the green vector gives the first
term of the sum (which is positive in this example corresponding to a right-handed turn).
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Figure S2: Simulations with single mismatch: rCUG. χ (top) and number of hydrogen
bonds (H-bonds) (bottom) versus time for U-U in rCUG. In the top plot, χ5(black) and
χ14(red), and for the bottom one different colors represent different number of H-bonds: 0,
1 or 2. Different initial conformations for subplots:(a) anti-anti; (b) anti-syn; (c) syn-anti;
(d) syn-syn.
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Figure S3: Simulations with single mismatch: dCTG. χ (top) and number of hydrogen
bonds (H-bonds) (bottom) versus time for T-T in dCTG. In the top plot, χ5(black) and
χ14(red), and for the bottom one different colors represent different number of H-bonds: 0,
1 or 2. Different initial conformations for subplots:(a) anti-anti; (b) anti-syn; (c) syn-anti;
(d) syn-syn.
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Figure S4: RMSD as a function of time for the mismatched duplexes, as well as
their final distributions. The RMSD as a function of time (ns) with respect to initial
frame for r(CUG)4, d(CTG)4, r(GUC)4, and d(GTC)4, respectively.
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Figure S5: MD simulation results for d(CTG)4: χ angle versus time. χ for the
internal mismatches in d(CTG)4 as obtained from 1 µs MD simulations. In each panel, the
upper row shows χ5(black) and χ20(red) and the lower row for χ8(black) and χ17(red). Initial
conformations for each of the three panels in a column are as follows. Top: anti-anti; Middle:
anti-syn; Bottom: syn-syn.
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Figure S6: MD simulation results for d(CTG)4: hydrogen bond (H-bond) number
versus time. The number of H-bonds for the internal mismatches in d(CTG)4 as obtained
from 1 µs MD simulations. In each panel, the upper row shows T5-T20 and the lower row for
T8-T17. Initial conformations for each of the three panels in a column are as follows. Top:
anti-anti; Middle: anti-syn; Bottom: syn-syn. Different colors represent different number of
H-bonds: 0, 1 or 2.
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Figure S7: MD simulation results for r(GUC)4: χ angle versus time. χ for the
internal mismatches in d(GUC)4 as obtained from 1 µs MD simulations. In each panel, the
upper row shows χ5(black) and χ20(red) and the lower row for χ8(black) and χ17(red). Initial
conformations for each of the three panels in a column are as follows. Top: anti-anti; Middle:
anti-syn; Bottom: syn-syn.
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Figure S8: MD simulation results for r(GUC)4: number of hydrogen bonds (H-
bonds) versus time. The number of H-bonds for the internal mismatches in d(GUC)4 as
obtained from 1 µs MD simulations. In each panel, the upper row shows U5-U20 and the
lower row for U8-U17. Initial conformations for each of the three panels in a column are
as follows. Top: anti-anti; Middle: anti-syn; Bottom: syn-syn. Different colors represent
different number of h-bonds: 0, 1 or 2.
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Figure S9: MD simulation results for d(GTC)4: χ angle versus time. χ for the
internal mismatches in d(GTC)4 as obtained from 1 µs MD simulations. In each panel, the
upper row shows χ5(black) and χ20(red) and the lower row for χ8(black) and χ17(red). Initial
conformations for each of the three panels in a column are as follows. Top: anti-anti; Middle:
anti-syn; Bottom: syn-syn.
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Figure S10: MD simulation results for d(GTC)4: number of hydrogen bonds (H-
bonds) versus time. The number of H-bonds for the internal mismatches in d(GTC)4 as
obtained from 1 µs MD simulations. In each panel, the upper row shows T5-T20 and the
lower row for T8-T17. Initial conformations for each of the three panels in a column are
as follows. Top: anti-anti; Middle: anti-syn; Bottom: syn-syn. Different colors represent
different number of H-bonds: 0, 1 or 2.
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Figure S11: PCA analysis results for the UU mismatch in an anti-anti conformation for
rGUC. (a) The histogram of projections of the first (cyan) and second (grey) eigenvectors.
(b) The fluctuations of the conformations along the first eigenvector.
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Figure S12: PCA analysis results for the TT mismatch of anti-anti conformation in dGTC.
(a) The histogram of projections on the first (cyan) and second (grey) eigenvectors. (b) The
fluctuations of the conformation along the first eigenvector.

276



100

50

0

50

100

P
C
2

r(CUG)4 d(CTG)4

100 50 0 50 100

PC1

100

50

0

50

100

P
C
2

r(GUC)4

100 50 0 50 100

PC1

d(GTC)4

Figure S13: Histograms of PC1 and PC2 of backbone atoms in pure RNA and DNA with
UU and TT mismatches as obtained from the last 200 ns of the MD simulation.

277



 0

 0.01

 0.02

 0.03

 5  6  7  8  9  10

P
op

ul
at

io
n

Handedness (°)

 13

 14

 15

 16

 0  50  100  150  200

R
ad

iu
s 

of
 G

yr
at

io
n 

(Å
)

Time (ns)

Figure S14: (Top) Distribution of handedness for the different helices, (Bottom) Radius of
gyration as function of time (ns), with data taken from the last 200 ns of the simulations.
Red: d(CAG:CTG)4; orange: r(CAG:CUG)4; blue: d(CTG)4; green: r(CUG)4.
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Figure S15: (Top) Distribution of handedness for the different helices, (Bottom) Radius of
gyration as function of time (ns), with data taken from the last 200 ns of the simulations.
Blue: d(GTC)4; green: r(GUC)4.
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Figure S16: Distance between Na+ ions and the center of mass of the U-U/T-T mismatch in
rCUG (top), and dCTG (bottom). The initial conformations for different panels are (a)anti-
anti (b)anti-syn (c)syn-anti and (d)syn-syn respectively. Different colors represent different
ions to show the binding time for individual ions.
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Figure S17: Distance between Na+ ions and the center of mass of the U-U/T-T mismatch in
rGUC (top), and dGTC (bottom). The initial conformations for different panels are (a)anti-
anti (b)anti-syn (c)syn-anti and (d)syn-syn respectively. Different colors represent different
ions to show the binding time for individual ions.
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(b) T for d(CTG)4 and d(GTC)4

(a) U for r(CUG)4 and r(GUC)4

Figure S18: Atomic depiction of the UU and TT mismatches. Major atoms involved
in hydrogen bonding and Na+ ion binding site marked and labeled. Green and blue atoms
represent the important major and minor groove atoms responsible for ion localization.
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(a) r(CUG)4 (b) r(GUC)4

Figure S19: Ion cloud densities around the RNA duplexes with mismatches. All
mismatches are shown in green. The cyan surface shows a high ion density and the magenta
surface shows a low ion density. The orange circles indicate the high density clouds in major
groove, corresponding to the binding site in Fig.13(a). Fig. S18 shows the atomic details
of the nucleotides for labeling purpose. The rGUC4 shows higher density with binding sites
which inculde neighborings O6 atoms of G bases.
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Figure S20: Ion cloud densities around the DNA duplexes with mismatches. All
mismatches are shown in green. The cyan surface shows a high ion density and the magenta
surface shows a low ion density. The orange circles indicate the high density clouds in minor
groove, corresponding to the binding site in Fig.13(b). Fig. S18 shows the atomic details of
the nucleotides for labeling purpose. The dGTC4 shows O4 as the second binding site.
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Figure S21: RMSD as function of time (ns) with respect to the initial frame (left) and
RMSD distribution (right) for the four different hybrid double helices.
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Figure S22: RMSD as function of time (ns) with respect to the initial frame (left) and
RMSD distribution (right) for the four different hybrid double helices.
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Figure S23: Histograms of PC1 and PC2 of backbone atoms of r(CUG)4:d(CTG)4 or
r(GUC)4:d(GTC)4 hybrids as obtained from last 200 ns of the MD simulations.
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Figure S24: Histogram of PC1 and PC2 of backbond atoms of r(CUG)4:d(CAG)4 or
r(CAG)4:d(GTC)4 hybrids as obtained from last 200 ns of 1 microsecond MD simulation.
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Figure S25: The results of PCA analysis for the middle rU-dT mismatches in
r(CUG)4:d(CTG)4 or r(GUC)4:d(GTC)4 hybrids. (a) The fluctuations of conformation along
the first eigenvector in r(CUG)4:d(CTG)4, (b) r(GUC)4:d(GTC)4; (c) Histogram of pro-
jections along the first eigenvectors in U5-T20, (d) U8-T17 where r(CUG)4:d(CTG)4 and
r(GUC)4:d(GTC)4 are shown with purple and green, respectively. The histograms were
normalized so that the sum over all bins equals unity.
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Figure S26: Hydrogen bonds for rU-dT hybrid mismatches in hybrids r(CUG)4:d(CTG)4 or
r(GUC)4:d(GTC)4 in their anti-anti conformation.
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Figure S27: Hydrogen bonds for (top) rA.dT in hybrids r(CAG)4:d(CTG)4, (bottom) rU.dA
r(CUG):d(CAG) in their anti-anti conformation.

290



d

d rU:O4

rG:O6

rG:O6

rG:O6

dC:N4

dC:N4

dT:O4

dG:O6

(a) (b)

(c) (��

Figure S28: Some typical Na+ ion binding sites as observed in the different hybrids duplexes.
U/T hybrids are highlighted in cyan color and Na+ ions are represented by orange spheres.
Ion binding distances are indicated in Angstroms (a) Binding to dA-N7 and the neighboring
dG-O6; (b) binding to rU-O4 and the neighboring rG-O6; (c) binding to dT-O4 and the
neighboring dG-O6; (d) Binding to rG-O6, dG-O6 (and proximity to dC-N4,rC-N4).
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Calculating bending free energies of different

DNA forms using orientation quaternion based

enhanced sampling techniques: Supporting

Information

Ashkan Fakharzadeh,† Mahmoud Moradi,‡ Celeste Sagui,† and Christopher

Roland∗,†

Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA,

and Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville,

Arkansas 72701, USA

E-mail: cmroland@ncsu.edu

Analysis:

Non-parametric bootstrapping method1 was used to estimate free energy and error as follow:

we first calculate the average from all the data points, then take new means by repeatedly

sampling sets of 500 points with replacement from the data and calculating new means.

Standard deviations (square root of variances) were calculated via

var(Ā) =
var(A)

500/g
(1)

∗To whom correspondence should be addressed
†Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA
‡Department of Chemistry and Biochemistry, University of Arkansas, Fayetteville, Arkansas 72701, USA
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where var(A) is the variance of the bootstrapped averages, and g = 1 + 2τac/τlag is the

statistical inefficiency in which τac is the autocorrelation time and τlag is the lag time between

the data points used in the is the analysis.2

Handedness (H) represents a useful way to study helicity of structures. The definition

of handedness in this context is based on a former investigation of the B-Z DNA tran-

sition.3 Handedness is positive in right-handed helical turns and negative in left-handed

helical turns. The overall handedness of a helix is derived by adding all turns together and

is quantitatively quite close to the total helical twist. The location of the phosphorus (P)

atoms of the backbone phosphate groups in the double helix was found to be a reasonable

choice for the definition of handedness. In brief, the definition of handedness for a seg-

ment 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. It should be noted this definition of handedness is independent of the

labeling of the strands. Supplementary Fig. S1 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(p1, p2, p3, ..., pn) =
n−3∑

i=1

H(pipi+1pi+2pi+3) (2)

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

H(ABCD) =

−→
AB

|−→AB|
×

−−→
CD

|−−→CD|
·
−→
EF
−−→|EF |

(3)

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 Figure S1 left

illustrates this definition for the first term of the sum in the above relation. The cross product
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of the unit vectors of
−→
AB and

−−→
CD defines the (purple) vector (direction of handedness) whose

dot product with the unit vector of
−→
EF forms the first term of the sum in the definition of

handedness.
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Table S1: Step parameters for different CG15 DNA conformations

CG15 conformation rise (Å) tilt (◦) roll (◦) twist (◦) major groove width (Å) minor groove width (Å)

A 3.3 0.0 12.4 30.0 15.2 16.7

B 3.4 0.0 1.7 35.8 17.2 11.7

Z 3.6 0.0 -0.3 -32.0 22.4 9.9

Minor and major groove widths are based on the direct P-P distances.
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Figure S1: Phosphorus atoms (shown as balls) used to define the collective variable of
handedness (H) for a segment between two DNA base pairs n and m. Here, Pi

j represents the
phosporus atom of the backbone phosphate group of the jth base pair of strand i. Labeling
of the base pairs is in the 5′ → 3′ direction for strand 1, and the opposite direction for strand
2. This labeling of the helices is of course arbitrary, and may be interchanged, leaving H
unchanged. Red, blue, and green arrows on the right represent the vectors involved in the
definition of the first term of the sum in Eq. (2). The arrows on the left represent the unit
vectors corresponding to those on the right. On the left, the cross product of the red and
blue vectors gives the purple vector whose dot product with the green vector gives the first
term of the sum (which is positive in this example corresponding to a right-handed turn).
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Type I kink Type II kink

(a) (b)

(c) (d)

Figure S2: Structure of type I and type II kinks in DNA as seen in protien-DNA crystal
structures (a,b); Snapshots of type I and type II kinks observed in our simulation (c,d). (a)
Type I kinks in DNA bound to a dimer of LAC repressor (PDB code 2KEI), (b) type II
kink in DNA bound to human 8-oxoguanine DNA glycosylase (PDB code 1EBM); (c) Type
I kink with large roll angle, (d) type II kink with distortion of base pairs. Bound protiens
are not shown for clarity.
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(a) (b) (c)

Figure S3: Structural differences of A-, B- and Z-DNA conformations. Side and top views
of (a) an ideal A-DNA, (b) an ideal B-DNA, and (c) an ideal Z-DNA. Hydrogen atoms are
not shown.
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Figure S4: The probability distribution of the bending angles for all umbrella sampling
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Figure S5: Structural characteristics of double helices: average twist, tilt, roll, major and
minor grooves width for middle base-pair steps of CG15 in A-, B-, and Z-form for three
bending angle regions (weak: 10◦-30◦ (black color), medium: 80◦-100◦ (blue color), and
strong: 110◦-130◦ (red color)). All bending are restricted toward minor grooves.
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Figure S6: Radius of gyration versus work for the middle bases CG15 in A-, B-, and Z-form
for bending toward minor grooves in three regions (weak: 10◦-30◦, medium: 80◦-100◦, and
strong: 110◦-130◦).
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Figure S7: Handedness versus work for the middle bases CG15 in A-, B-, and Z-form
for bending toward minor grooves in three regions (weak: 10◦-30◦, medium: 80◦-100◦, and
strong: 110◦-130◦). Handedness is given with positive sign for all duplexes.
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Figure S8: Handedness versus work for the middle bases CCG15, GCC15, CGG15, and GGC15

for bending toward major grooves in three regions (weak: 10◦-30◦, medium: 80◦-100◦, and
strong: 110◦-130◦).
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Figure S9: Number of hydrogen bonds (left) and chi angle (right) of B-DNA TRs at different
bending angles for the minimum work-path. Considred here are middle mismatched residues
8 and 23. For the left panel, different colors represent different number of hydrogen bonds;
for the right panel red and black colors correspond to χ8, and χ23, respectively.

304



N
u

m
b

er
 o

f 
H

-b
o

n
d

s

Χ
 a

n
g

le
 (

°)

Bending angle (°) Bending angle (°)

CGG

0

1

2

0

1

2

0

1

2

0 30 60 90 120 150

−90

0

90

−90

0

90

−90

0

90

0 30 60 90 120 150

GGC

GGC

Figure S10: Number of hydrogen bonds (left) and chi angle (right) of Z-DNA TRs at different
bending angles for the minimum work-path. Considered here are middle mismatched residues
8 and 23 for CGG15 and middle WC residues 12-37 and 13-36 for GGC24. For the left panel,
different colors represent different number of hydrogen bonds; for the right panel red and
black colors correspond to χ12 and χ37 (middle), χ13 and χ36 (bottom), respectively.

305


	List of Tables
	List of Figures
	INTRODUCTION
	Triple helices and R-loops
	eGZ-motif
	CUG/GUC, CTG/GTC TRs and associated hybrids
	DNA bendability using orientation quaternion based enhanced sampling techniques

	Atypical structures of GAA/TTC trinucleotide repeats underlying Friedreich’s ataxia: DNA triplexes and RNA/DNA hybrids
	RNA as a Major-Groove Ligand: RNA–RNA and RNA–DNA Triplexes Formed by GAA and UUC or TTC Sequences
	Novel eGZ-motif formed by regularly extruded guanine bases in a left-handed Z-DNA helix as a major motif behind CGG trinucleotide repeats
	Structure and Dynamics of DNA/RNA Double Helices from CTG/CUG and GTC/GUC Trinucleotide Repeats and Associated RNA/DNA Hybrids
	Calculating bending free energies of different DNA forms using orientation quaternion based enhanced sampling techniques
	CONCLUSIONS
	References
	APPENDICES
	Atypical structures of GAA/TTC trinucleotide repeats underlying Friedreich’s Ataxia: DNA triplexes and RNA/DNA hybrids: Supporting Information
	RNA as a major-groove ligand: RNA-RNA and RNA-DNA triplexes formed by GAA and UUC or TTC sequences
	Novel eGZ-motif formed by regularly extruded guanine bases in a left-handed Z-DNA helix as a major motif behind CGG trinucleotide repeats: Supporting Information
	Structure and Dynamics of DNA/RNA Double Helices Obtained from CTG/CUG and GTC/GUC Trinucleotide Repeats and Associated RNA/DNA Hybrids: Supporting Information
	Calculating bending free energies of different DNA forms using orientation quaternion based enhanced sampling techniques: Supporting Information

