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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 antiparalle]l orientations. We have also
investigated Na* and Mg** ion distributions around the triplexes.

- 02
< 50 [RNA-
\\ g 375 [pY <
) Global structure ‘é, 25 1: 012
£ 12s
< -
v 0.04
\ S 0 5 10 15 20
Number of Hbonds o
— 04
U)o
“ N6 .0
JNNS S N
’ ” Local structure O H N HNSANS,
NN
JTAY o
N
\’ ~L

The presence of Mg** 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.

Bl INTRODUCTION

RNA plays a crucial role in fundamental biological process
such as coding, decoding, regulation, and gene expression.]_4
Consequently, there are many types of RNAs: messenger RNA
(mRNA) is used by cellular organisms to convey genetic
information that directs protein synthesis;’ transfer RNA
(tRNA) delivers amino acids to ribosomes for protein
synthesis; ribosomal RNA (rRNA) links amino acids together
to form coded proteins;’ transfer-messenger RNA(tmRNA)
tags proteins encoded by mRNAs that lack stop codons for
degradation and prevents the ribosome from stalling;” small
nuclear RNA (snRNA) is another type of RNA, whose primary
function is the processing of premessenger RNA in the
nucleus.® Given the number of different types of RNA and
their flexibility, it is not surprising that there exists a variety of
RNA secondary structures.” 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;'® two
complementary RNA strands can come together and form an
A-RNA'' or a Z-RNA helix;'* three RNA strands with the
proper complementary sequence can form an RNA triplex;"”
while four stranded C- and G-rich RNA can form either an i-
motif'* or a G-quadruplex RNA."”> RNA can bind to
proteins,lé’lé’17 DNA,'*" and drug molecules.””?! It is
believed that the complex biological functions undertaken by
RNA are related to its binding, and so many investigations of
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complex biological functions and pathological biological
mechanisms*>~*® 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).””~** 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.m’g"g_36 Longer
repeat tracts become progressively more deleterious and

Received: July 10, 2022
Accepted: October 4, 2022
Published: October 24, 2022

https://doi.org/10.1021/acsomega.2c04358
ACS Omega 2022, 7, 38728—-38743


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahui+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashkan+Fakharzadeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Roland"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Celeste+Sagui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c04358&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04358?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04358?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04358?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04358?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04358?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
https://pubs.acs.org/toc/acsodf/7/43?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c04358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

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.*®”” The critical step in all models of repeat instabilities
is the transient formation of atygpical, stable secondary
structures in the expandable repeats.”” ** 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 work®). Following standard
notation,™* 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,* 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.” ™ For example, RNA triplexes have
been detected in telomerase RNAs,>°~>* metabolite-sensing
riboswitches,”> %> —1 ribosomal frameshift-inducing mRNA
pseudoknots,”*~®” long noncoding RNAs,°*""" group I
introns,72_74 group II introns,75 and rRNAs.”“""® 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.””

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.* It has been reported that this RNA—DNA
hybrid triplex can be formed by long noncoding RNA in
vivo.*” Recent studies show that this kind of RNA—DNA
hybrid triplex is related to the TGF-B pathway gene®' and
participates in the regulation of the f-globin locus.”” 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,***7%° as these
simulations sample both DNA and RNA sequences of different
lengths, different nonequivalent nucleotide arrangements (such
as (GCC), and (CCG), 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.

B 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."””> 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 package” with force field BSC1°* for the DNA
and BSC0™ + OL3” RNA parts, respectively. Protonation as
needed was accom)plished with the protonated AMBER force
field”® using tleap.”' The TIP3P water model’® 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
Method”® with a direct space cutoff of 9 A; 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™.. The SHAKE algorithm” 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.'*”'"’
We therefore added 14 Mg** ions (concentration of 280 mM
with parameters given in ref 102) randomly to the water box,
but not closer to 3.5 A to the nucleic acids. Quickly, the cations
became hexahydrated forming complex Mg[(H,0)4]*" ions
and remained in that hydration state during the length of the
simulations. The necessary Cl~ ions”’ 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 us 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 z—x stacking
interaction between the bases of the third strand. In the

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

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

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 ¢ 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 ¢ > 90° indicates that the third strand is closer to the
pyrimidine base, most likely with enhanced hydrogen bonding,
while ¢ < 90° indicates that the third strand is closer to the
purine base. The presence of more than one cluster on the ¢—
d diagram signals the presence of more than one hydrogen-
bond pattern for the third strand.

B 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.'”™""” 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
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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.*

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.'”® 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
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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.*’
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 us 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 S5), over the last 800 ns of the
simulations. The most stable triplexes are characterized by
more hydrogen bonds and larger stacking areas, which
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Figure 3. Initial hydrogen-bond pattern for all triplexes.

A-G:C A -G:C

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
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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
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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

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*)-06(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)-06(G), N1(G)-

06(G), and N2(G)-06(G), coexists with a pattern of only one
bond, N2(G)-06(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*)-06(G), coexist with a pattern in which N1(A*)-
06(G) is replaced by N1(A*)-N7(G). On the fifth plane, the
hydrogen bonds are N6(A)-N1(A) and N6(A)-04(U); while
on the sixth plane they are N2(G)-N7(A), N1(G)-N7(A) and
N6(A)-06(G). (iv) RNA-apR-S: On the fourth plane, the
dominant hydrogen bonds, N1(G)-N7(G) and N2(G)-
06(G), coexist with a similar pattern, N1(G)-N7(G) and
N2(G)-N7(G), and with only one-bond pattern, N2(G)-
06(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*)-06(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)-04(U), N1(G)-
04(U) and N6(A)-06(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."

To further characterize the geometry of the RNA triple
helices, we plotted the ¢)-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, ¢ < 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 ¢ around 50° and
an average d around 9 A. For the purine third strand, both ¢

4

., 2
b 1/{‘\ -9 i ¢ W
3 > ',1’5',
RNA-pY RNA-pR
Spp 4\ ;\ ;
-9
RNA-apY RNA-apR

Figure 4. Final conformations of the RNA triplexes after 1us MD simulations.

RNA strand is colored blue (pyrimidine) or red (purine).
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The RNA WC antiparallel helix is colored light green, while the third
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Figure S. Effective stacking area versus effective hydrogen bond number of RNA triplexes.

0.2
50 [RNA- RNA- | RNA- RNA- i
o 3s Y pR i pR-S PR(D-S 0.16
[
= . F .
12.5 . e ‘
8 ] gmme T 0.12
e 0 | - H
< 50 RNA
RNA- RNA- - RNA-
o)) )
€ 375 |apY apR apR-S apR(+) -. 0.08
i‘, 25 -
8 25 .' 0.04
Voo I :
0 510 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0

- . 2 o .
: 3 v

RD-pR
< ,
RD-apY RD-apR

RD-pR-S

Ny

RD-apR-S

RS

RD-pR(+)-S

RD-apR(+)

£ (Row,
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Figure 7. Effective stacking area versus effective hydrogen bond number for the RNA—DNA hybrid triplex structures.

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 ¢ around 80° and a d
around 10 A. For the pR(+)-S case, the fourth and fifth planes
have a ¢ near 70° and a d around 10 A. The distribution of the
sixth plane is shifted a bit toward the left, with an average ¢
around 60° and d around 10.5 A. For apR-S, the fourth plane
has d =~ 10 A and ¢ ~ 65°, while the fifth plane has an average
¢ =~ 75° and d ~ 9.5 A. While the fourth and the fifth planes’

distribution indicate a third strand preference for the purine
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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 ¢ for the
fourth plane is 80° and the average d is slightly above 9 A. The
major distribution on the fifth plane has an average ¢ ~ 75°
and an average d ~ 9.5 A. The sixth plane has ¢ ~ 90° and d =~
10 A. 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
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¢
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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 A to 3.7 A; both
parameters are also closer to B-DNA values. Slide varies
between —2 and 0 A spanning values between B-DNA and A-
RNA. Of the different parameters, Z, is considered to have the
most discriminating power between A- and B- forms.'" Z, is
given by the mean z-coordinates of the backbone phosphorus
atoms with respect to individual dimer reference frames.
Typically, Z, is greater than 1.5 A for A-RNA and less than 0.5
A for B-DNA. For the considered DNA duplexes, — 0.5 A< ZP
< 0.5 A, which is quite close to B-DNA.
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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 A to 3.7 A; the three parameters
span values between B-DNA and A-RNA. As for slide, its
values run from —2 A to —1 A, the pyrimidine third strand case
is closer to B-DNA while the purine third strand cases are
closer to A-RNA. Finally, 0 A< Zp < 2 A; 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 AS
and U13 causes larger roll and inclination values in the AA/
UU steps. For the RNA apR(+) case, the presence of Na* ions
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Figure 10. Na* occupancy for the middle three planes of the RNA-pY triplex.
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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.

lon 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.*>"'%""" Certain bases display very large ion
occupancy in OP2, such as C*22 and AS in RNA-pY; and
A*22, AS, 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 AS 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-
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pY; and in Figure 12b for RD-apR(+), which shows the
binding of Na* to 02’ and N7 of A"24.

Na‘
oP1
232

Na*
Na* 02
223 241 & VA
. Na+ 248
or2

(a) (b)

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

The importance of the interactions between Mg** ions and
nucleic acids is well documented,''”~""” and experiments show
that these divalent ions helps the formation of RNA-based
triplexes.'°”'?" To address this issue theoretically, we carried
out 1 us simulations of each of the triplex structures in the
presence of hydrated Mg®" ions. The Mg cations retained their
solvation shell in the form of Mg[(H,0)s]*" ions, as
expected.''” Figures S10 and S11 show ion cloud densities
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Mg** ions.
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Figure 14. Effective stacking area versus effective hydrogen bond number for the RNA—DNA hybrid and pure RNA triplexes in the presence of
hydrated Mg*".

around the different triplex structures. These figures show that the Na* results, the hydrated Mg ions do not appear to bind or

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

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
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(a)

RNA-apR
(b)

Figure 185. Stabilization by Mg®* ions. (a) Rearrangement of hydrogen bonds on the A-G:C plane. (b) Binding of the hydrated Mg ion to the first

groove of the RNA-apR triplex.

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 Mg’* 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[(H,0)¢]*" 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.*’

B 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.” 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.'” ™' 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.'*®

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 (¢, 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 ¢ 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
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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.”’ 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.”’ 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.”” 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 Mg?' lons 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* ijons 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,* 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 Mg*" 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 Mg** 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
S$13). 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 Z, parameter is
considered to have the most discriminating power between A-
and B-forms."” Typically, Z, is greater than 1.5 A for A-RNA
and less than 0.5 A for B-DNA. Measured values for Z, for
these duplexes are in the range —0.5 A < Z, < 0.5 A, 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 Z, of
the RNA duplex are mostly between 1.0 to 2.0 A, characteristic
of A-RNA values, especially for the purine third strand
triplexes.

B 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 Mg®" 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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