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All RNA molecules possess a ‘propensity’ to fold into complex secondary and
tertiary structures. Although they are composed of only four types of nucleotides,
they show an enormous structural richness which reflects their diverse functions
in the cell. However, in some cases the folding of RNA can have deleterious con-
sequences. Aberrantly expanded, repeated RNA sequences can exhibit gain-of-
function abnormalities and become pathogenic, giving rise to many incurable
neurological diseases. Most RNA repeats form long hairpin structures whose
stem consists of noncanonical base pairs interspersed among Watson-Crick
pairs. The expanded hairpins have an ability to sequester important proteins and
form insoluble nuclear foci. The RNA pathology, common to many repeat disor-
ders, has drawn attention to the structures of the RNA repeats. In this review, we
summarize secondary structure probing and crystallographic studies of disease-
related RNA repeat sequences. We discuss the unique structural features which
can contribute to the pathogenic properties of the repeated runs. In addition, we
present the newest reports concerning structural data linked to therapeutic
approaches. © 2017 Wiley Periodicals, Inc.
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MICROSATELLITES: TINY REPEATS
WITH LARGE-SCALE EFFECTS

Microsatellites are tandem repeated tracts of 1-6
nucleotides, known also as ‘Short Tandem Repeats’
(STR). They are a specific type of repetitive DNA
which constitutes of a major part of genomes
(ca 50% in humans).! Microsatellite DNA is ubiqui-
tous in Procaryota and Eucaryota and is found in
coding and noncoding regions of their genomes.>* A
characteristic feature of microsatellites is their insta-
bility which leads to length polymorphism of the
repeated tracts. It is thought that they are one of the
sources of genetic variation that drives genome evo-
lution.*> Although the function of microsatellites is
not well understood, they possess a ‘dark side’
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which was revealed in recent years. They are causa-
tive agents in the development of incurable repeat
expansion disorders, such as Huntington’s disease
(HD), fragile X-associated tremor ataxia syndrome
(FXTAS), myotonic dystrophies (MD), spinocerebel-
lar ataxias (SCA), and many others.°” A majority
of microsatellites associated with diseases are trinu-
cleotide CNG repeats (N is one of the four natural
nucleotides) but also tetra-, penta-, and hexanucleo-
tide repeats belong to this group.®” Although each
disease shows characteristic symptoms they all start
when an abnormal amplification of repeated units
exceeds a specific threshold.!®'" The number of
expanded repeats correlates with disease symptoms:
the more repeats, the earlier the disease appears and
the greater its severity. Pathologies of repeat associated
disorders are diverse and depend on the localization of
repeated runs in the gene. If the expansion occurs in
an open reading frame the repeats are translated into
toxic proteins containing homopolymeric tracts of
amino acids (glutamine or alanine). This is observed in
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polyQ diseases such as HD and several SCAs.'*'*
This pathologic protein gain-of-function can affect spe-
cific metabolic pathways as well as induce toxic pro-
tein aggregates which lead to cell dysfunction. When
expanded tracts of microsatellites are present in the
noncoding parts of genes (5’ or 3’ untranslated regions
or introns), the RNA is toxic. In transcripts, repeated
runs fold into defined secondary structures (mostly
long hairpins) gaining new functions. They seques-
ter important cellular factors and form insoluble
foci (e.g., MD type 1 and 2, HD-like 2).”:15:1¢ If
sequestration concerns splicing factors such as
MBNL1 (Muscleblind-like protein 1) aberrantly
spliced transcripts are produced.®”>!'” Recently,
other coexisting pathways were discovered: repeat-
associated non-AUG (RAN) translation and bidirec-
tional transcription which added complexity to the
existing protein and RNA gain-of-function mechan-
isms. RAN translation is a noncanonical translation
initiation which occurs without the need of the AUG
codon.'®' As a result, homopolymeric peptides are
translated that can exhibit toxicity, similar to polyQ
diseases. It is suggested that one of the triggers of
RAN translation is the structure formed by expanded
repeats.'” Bidirectional transcription of repeated
regions results in antisense RNA which can hybridize
to sense RNA and form double-stranded structures.
They can be processed into small interfering RNA
(siRNA), activating a silencing mechanism.*%*!
Although many pathogenic pathways can occur
simultaneously, still the RNA and protein-mediated

pathogenesis are believed to be the major
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mechanisms. The RNA pathology is common to
many repeat associated disorders which has drawn
attention to the study of their structures. Earliest
work was focused on probing the secondary struc-
ture, but in recent years also crystallography and
NMR have been employed. The structural features of
expanded RNA repeats are unique among RNA
structures found within the cell. Most of the repeats
form hairpins whose major part is a stem formed by
many repeated blocks consisting of Watson—Crick
pairs punctuated by noncanonical base pairs
(Figure 1(a)). These systems seem simple, but are able
in fact to sequester a variety of proteins. Moreover,
the three-dimensional structures of RNA repeats dis-
play unique structural features that add to our gen-
eral  structural knowledge concerning RNA
molecules. Thus, the structures of repeats reflect and
extend the structural richness of the RNA world.

SECONDARY STRUCTURE OF RNA
REPEATS

Determination of secondary structures formed by
RNA repeats is an important step in understanding the
roles of toxic RNAs in the development of neurode-
generative disorders. The folding and structural stabil-
ity of repeated runs has been investigated with a range
of probing techniques including classic (nucleases, Pb**
ions) and modern (SHAPE) approaches as well as bio-
physical methods [ultra-violet (UV) melting, circular
dichroism (CD) spectroscopy]. Although the secondary
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FIGURE 1 | (a) Base pair arrangements in RNA repeats (green) used in structural studies. Hairpin stems consist of noncanonical base pairs

flanked by canonical Watson—Crick pairs. In the case of CNG repeats N denotes one of the four natural nucleotides (A, C, U, or G). The GGGGCC
repeats show an alternative quadruplex structure. (b) Constructs used in crystallographic studies. In most cases, the crystallized RNA were
oligomers composed of pure repeats (left). To facilitate crystallization, flanking sequences (gray) have been added in some cases (middle) or RNA
repeats were crystallized as a part of GAAA tetraloop/receptor (right, gray). Secondary structures were generated using RNA structure and VARNA
software.?>%3
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structure of RNA repeats has been studied extensively,
most of the results describe RNA molecules having a
number of repeats within their normal range and sur-
rounded by relatively short flanking sequences.

Structure of CNG Repeats

Structural analyses of pure CNG runs composed of
up to 20 triplets revealed that all of them form rela-
tively stable hairpin structures. The stems of such
hairpins consist of G-C and C-G Watson—-Crick base
pairs separated by noncanonical N-N pairs***
(Figure 1(a)). Thermodynamic studies have shown
that CNG hairpins have comparable stabilities, with
CGG being the most stable, followed by CAG, CUG,
and CCG repeats.?>*® It turned out that RNA com-
posed of pure CAG, CUG, and CCG, but not CGG,
repeats are prone to form slippery structures resulting
in alternative alignments of the hairpins which, was
evident from nuclease mapping and electrophoresis
under nondenaturing conditions.?* This micro-
heterogeneity can be overcome by adding artificial G-
C clamps at the hairpin base. This modification
helped to establish that the only difference in the
hairpin structure formed by the investigated CNGs
was the hairpin loop size (from 3 nt for CUG or
CGG repeats to 7 nt for CAG or CCG repeats).”*
Moreover, the loop size varied according to whether
the number of CNG repeats is odd or even. This sug-
gested that the structure and stability of CNG repeats
could be affected not only by their sequence but also
by natural flanking sequences. In this view, structural
studies performed on RNA oligomers composed of
pure CNG repeats were insufficient to address com-
pletely their potential role in pathogenesis.

In vitro secondary structure probing of CNG
repeats situated in the context of natural flanking
regions was performed for the majority of disease-
related transcripts (Table 1). The results identified
not only factors influencing the structure and stability
of CNG repeats but also characterized for the first
time the folding of RNA having pathological
lengths.?”° In many cases, the CNG hairpin stabil-
ity is influenced by direct pairing of 5" and 3’ flanking
sequences. This interaction leads also to the struc-
tural isolation of the CNG hairpin from its surround-
ings. For example, hairpins formed by a normal
number of CAG repeats in CACNA1A and ATXN1
transcripts implicated in SCA6 and SCAI1, respec-
tively, are stabilized by G-C-rich flanking sequences
which increase the length of the hairpin stem
(Figure 2(a) and (b)).>'*? Importantly, the same
interaction is formed in the ATXNT1 transcript con-
taining a pathogenic number of CAG repeats.’>
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Flanking sequences can also interact with CNG runs,
which was observed for CGG repeats in FMR1 tran-
script related to FXTAS.?? In this case, the base of an
CGG hairpin is stabilized via an interaction of the 5’
part of the repeated region and the downstream nat-
ural sequence (Figure 2(c)).

An interesting type of interaction between
repeated runs and flanking sequences occurs in AR
(androgen receptor) and HTT (huntingtin) transcripts
(implicated in spinal and bulbar muscular atrophy
and HD, respectively) which beside potentially path-
ogenic CAG repeats contain three adjacent CUG
(AR) or seven CCG (HTT) runs (Figure 2(d) and
(e)).>* In the HTT mRNA, the expandable region is
separated from downstream CCG repeats by
12 nucleotides of a natural sequence. Secondary
structure probing of HTT transcripts containing the
normal or mutated number of CAG repeats revealed
direct interaction between CAG and CCG repeats
within the base of the hairpin stem (Figure 2(e)). The
CAG/CGG interaction forms a double-stranded
region with noncanonical A-C pairs. This is followed
by a region of interaction between CAG repeats and
the 12 nt of natural sequence, and the apical part of
the hairpin composed of only CAG repeats.>* In AR
mRNA CUG repeats, which directly precede the
expandable region, base pair with the last three CAG
repeats forming an ideal double-stranded region at
the hairpin base, also in the mutated transcript (Fig-
ure 2(d)).>*

In contrast to the aforementioned examples, in
some transcripts flanking sequences revealed no con-
tribution to the folding of CNG hairpin structure
and their stability. Chemical and enzymatic probing
of CUG tracts in DMPK mRNA (related to myotonic
dystrophy type 1), and CAG tracts in ATXN2 and
ATN1  transcripts (related to SCA2 and
dentatorubral-pallidoluysian atrophy, respectively)
revealed that sequences adjacent to CNG repeats are
folded into separate autonomous structures or
remain single-stranded (Figure 3(a)—(c)).>"*>3¢ This
is probably because those regions are rather AU-rich
which may not interact with the repeated, GC-rich
regions. As a result, slippery hairpins are formed
even when transcripts contain an expanded number
of repeats.’’>>® In one case (ATXN3 mRNA
related to SCA3), although base pairing between
CAG repeats and 5’ flanking sequence was observed
it did not increase the stability of the hairpin since
slippery structures formed even when 65 CAG
repeats were present in the RNA molecule
(Figure 3(d)).*!

Normally, a number of genes associated with
neurodegenerative  disorders  contain  specific
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TABLE 1 | RNA Repeats Used for Secondary Structure Probing Experiments

wires.wiley.com/rna

Number of repeats
used in secondary

Repeat structure probing Effect of flanking Effect of

type Gene Localization  experiments sequences interruptions Disease Refs.

CAG CACNATA  Coding 414 Stabilization — Spinocerebellar 3

region (pairing) ataxia 6 (SCA6)

CAG ATXNT Coding 53-54 (pure) Stabilization CAU interruptions  Spinocerebellar 3

region 27-34 (CAU (pairing) induce presence ataxia 1 (SCA1)
interrupted) of large apical
loop, internal
loops, or
branched
structures
CAG AR Coding 9-46 Stabilization — Spinal and bulbar 34
region (pairing). CUG muscular
repeats present atrophy (SBMA)
in 5 flanking
sequence
CAG HTT Coding 17-70 Stabilization — Huntington's 3437
region (pairing). CCG disease (HD)
repeats present
in 3’ flanking
sequence
CAG ATXN2 Coding 36-37 (pure) Slippery structures ~ CAA interruptions ~ Spinocerebellar 36
region 14-29 (CAA (no interaction) induce presence ataxia 2 (SCA2)
interrupted) of branched
structures
CAG ATN1 Coding 6-15 Slippery structures ~ — Dentatorubral- 3
region (no interaction) pallidoluysian
atrophy (DRPLA)

CAG ATXN3 Coding 15-65 Slippery structures — — Spinocerebellar 3

region (no interaction) ataxia 3 (SCA3)

CGG FMR1 5'UTR 19-97 (pure) Slippery structures  AGG interruptions  Fragile X- 2833

23-47 (AGG (no interaction) induce presence associated
interrupted) of large apical tremor ataxia
loop or syndrome
branched (FXTAS)
structures
CUG DMPK 3'UTR 11-140 Slippery structures ~ — Myotonic 30.35
(no interaction) dystrophy type
1 (DM1)
ccuG ZNF9 Intron 14-17 Slippery structures ~ — Myotonic 4
(no interaction) dystrophy type
2 (DM2)

AUUCU  ATXN70 Intron 9-17 Unknown — Spinocerebellar 38
ataxia
10 (SCA10)

GGGGCC  CY90rf72  Intron 4-8 Unknown — Amyotrophic 3940
lateral sclerosis/
frontotemporal
dementia
(ALS/FTD)
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FIGURE 2 | stabilization effect of flanking sequences on hairpin structures formed by CNG repeats. (a) CAG repeats in CACNATA mRNA,*'

(b) CAG repeats in ATXN1 mRNA,32 (c) CGG repeats in FMR1 mRNA,*® (d) CAG repeats in AR mRNA,3* (e and f) CAG repeats in HTT mRNA. Three
secondary structures are shown: (e) Reprinted with permission from Ref 34. Copyright 2011 Oxford University Press (f) Reprinted with permission
from Ref 37. Copyright 2013 Oxford University Press. CNG repeats are depicted in green while flanking sequences in gray. Adjacent CUG repeats
in AR mRNA and CCG repeats in HTT mRNA are orange. Brackets denote the number of CNG repeats used in secondary structure probing
experiments. Secondary structures were generated using RNAstructure and VARNA software.2223

interruptions (single nucleotide substitutions) located  the interruptions were conducted for ATXN1 (CAG
in CNG repeats regions. Importantly, mutated alleles  repeats with CAU interruptions), ATXN2 (CAG
are deprived of those interruptions forming long  repeats with CAA interruptions), and FMR1 (CGG
homogenous tracts. Structural studies of the role of  repeats with AGG interruptions) transcripts.>>333¢

Volume 8, July/August 2017 © 2017 Wiley Periodicals, Inc. 5 of 25



Overview

(a) (b)

clg clg
¢ T [ 56,
U U u U 3 £
¢—¢ c—¢ ¢—¢
G—C G—C G—C
Jd u Jg u A A
¢—¢ c—G ¢—6
G—C =0 G—C
Jd u Jy u A A
¢—¢ c—¢ ¢—¢
6—GC 6—¢ 6—GC
UC éj L;'C GU AC GA
E—¢ —P &-& 6—¢
U b e— g 1 A A
¢—¢ c—G e &6
G—C G—C Uty G—C
J U g u A C A A
¢—¢ c—6 F=q.
&% &0 | 11140 W= £
J 1 U 1= A=l A R
c—G C—G ¢—G C—G
G—C G—C cU—A &—¢
J U g U c A A A
¢—¢ &% Ce—d %
G—C G—C g G—C
J u Jy u G—¢ A A
C—G C—G G—C C—G
G-C-U-G-C-U-G—C-U U-G—C-U-G-C-U-G-C-U G—C-C-A-G—C-
(c) (d)
GC,
A A
C—G
G—C
A C
b—g &l
o c c
A
c—G “g—¢
G—C ¢—6
A A G—U
[ =
5 : c—G
[A. A:|6-15 A
cC—G i
G—C =G
g A—yh
&—& A—U
A A A—U
C—G G—¢
C-A-A:C-A-G-C-A-A-C-A:-G—C-A-G-C-A-G-C-A-G-C-A-C-G—C

!

@
3]

A
c—¢
A’G_Ch
A £ -C
c—G cC Ve
G—C c c
A A C, u
t—6 5—¢
G—¢ G—C
A A 6—U
=
A A Y
C—G 3 f
6—¢ %
A_C_GA A—U A
&—¢& A=
A A A—U
c—¢ 6—¢
C-A-A-CA-G:C-A-A-C-A-G—C-A-U-C-A-C-G—C

wires.wiley.com/rna

A A
¢—6
A
b—g
G6—C
A A
C—G
5 &—¢&
G C 3 z
c ¢ [A'c GA 3637
C—G =
X 7 —’ L&
&—¢ 6—¢
i A_A
é—¢ Gy I T
L ey g—c
G—6 A T A A
A—U c—G  t—¢ :
c—G C C 4g=¢ ;
&L A=y A A &
| A ¢—¢ &—@ &
A—U-A cU—A G—C c—G
L > W A A -
c—G c / c—G C—G
S—U, ¢¢ &-¢ gc §°¢
A ¢ G—C¢ A A A A AU
c—G 6—¢ t—@ t—6 ¢—G
A-G-C-A-G—C G—C-C-A-G—C-A-G—C-A-G—C-C-A-A-U-G-U-C-C-G-C
chg
A ¢ T
CAG
% g
Sl s
=
A A -
¢—G A A
6—¢& t—¢
A A P
c—G A A [15-65
&—& [t—c
A A S
c—¢ A %
G—C C—G
A A Gt
¢—¢ A A
Fa ¢—G
¢—¢ A A
G—C c—G
A A o
¢—¢ A °)q
A-G—C A.
¢ p A-c—g
A. G)“ s—¢
Ac—¢ A B
G—C . c—6
A GA +— 6—¢
A
&— aATTN
a6—§ [
A “¢—¢
Ao P §—&
- A A
g—¢ c—¢
A A —G—C
¢—¢ (A CACTg
~c-A-G—% !
A’A A‘A
A “A-G-y—a
o J—A
A-G-y—A §—C¢
U—4 U—A
s U—§ i
& C—G
c c A T
A. ! N
U—6 J—G
¢—G ¢—6
% § %%
G—C ¢—C
G—C G—C

FIGURE 3 | In several CNG-containing transcripts, flanking sequences revealed no contribution to folding and stability of the hairpin structure,
and the structures show strand slippage. (a) CUG repeats in DMPK mRNA,*® (b) CAG repeats in ATXN2 mRNA, % (c) CAG repeats in ATN1
mRNA,?" (d) CAG repeats in ATXN3 mRNA.3" In each panel, alternative structural arrangement of CNG hairpin is shown. CNG repeats are depicted
in green while flanking sequences in gray. Brackets denote the number of CNG repeats used in secondary structure probing experiments.

Secondary structures were generated using RNAstructure and VARNA software.

It turned out that the presence of interruptions in
normal alleles had a profound effect on the struc-
ture of repeated runs. The presence of even a sin-
gle interruption leads to perturbations of CNG
hairpin folding. Depending on the location and

6 of 25 © 2017 Wiley

22,23

number of interruptions they can introduce an
enlargement of the apical loop, incorporation of
internal loops along the hairpin stem and forma-
tion of branched (Y-shaped) structures composed
of shorter hairpins (Figure 4(a)-(c)). It was
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suggested that the destabilization effect of interrup-
tions may prevent the formation of long single
hairpins in some premutation carriers and thus
attenuate disease symptoms.>’

Folding of the full length mRNAs in vivo can be
modulated by environmental conditions and proteins.
The information gathered from secondary structure
probing of CNG repeats suggests that at least in some

Structures of RNA repeats

transcripts flanking sequences can influence the struc-
ture and stability of CNG hairpins. However, the sec-
ondary structures of the majority of CNG repeats
were determined only in in vitro conditions and for
transcripts bearing relatively short flanking sequences.
Their folding in full length transcripts remains
unknown. The only exception is the structure of
15 CAG repeats present in the full length ATXN3
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FIGURE 4 | Effect of interruptions on the structure of CNG repeats. (a) CAG repeats in ATXNT mRNA,3? (b) CAG repeats in ATXN2 mRNA,*®
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Brackets denote the number of CNG repeats used in secondary structure probing experiments. Secondary structures were generated using RNA

structure and VARNA software.?223
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mRNA. The study confirmed the presence of a hairpin
structure similar to shorter RNA transcripts.>! In
another study, a nuclease mapping was performed of
CAG repeats (with CAU interruptions) in ATXN1
mRNA in whole-cell extract from human fibro-
blasts.>* It turned out that its secondary structure
closely resembled the structure obtained under in vitro
conditions, which suggested that similar structures of
CAG and perhaps other CNG repeats can be formed
in vivo. On the other hand, a recent study from the
Weeks laboratory determined that flanking regions
had a greater impact on CNG hairpin structure than
previously anticipated.” Using the SHAPE approach
they investigated the secondary structure of normal
and mutated CAG repeats from HTT mRNA in the
context of long natural sequences (entire exon 1 and
c.a. 100 nucleotides of 3’ flanking sequence, including
CCG polyproline repeats). In transcripts containing
the normal number of repeats (17 or 23) the CAG
hairpin was absent or very short (Figure 2(f)). This
was due to extensive pairing of CAG repeats with the
3’ flanking region. The CAG hairpin became evident
only when the mutant number of CAG repeats was
introduced into the transcript (Figure 2(f)). This sug-
gest a potential role of allele-specific drugs with an
ability to discriminate between healthy and mutated
transcripts. Moreover, it emphasized a need for struc-
tural studies of CNG and other repeats in the context
of their full length mRNAs.

Secondary Structure of Other RNA Repeats
Associated with Diseases

Besides the extensively studied trinucleotide repeats,
longer microsatellites are also implicated in neurode-
generative diseases. However, their structural studies
are currently limited to a small number of examples.
Tetranucleotide CCUG repeats are located in intron
1 of ZNF9 pre-mRNA and their expansion (usually
above 40 repeats) is implicated in myotonic dystrophy
type 2.'” The secondary structure of CCUG repeats
has been analyzed only for transcripts containing less
than 20 repeats and without any flanking sequences.**
The CCUG repeats fold into hairpins very similar to
those of CNG repeats (Figure 1(a)). The difference is
the presence of two noncanonical C-U pairs along the
hairpin stem and a larger (6 or 10 nucleotides) apical
loop. This is manifested by lower predicted thermody-
namic stability of the CCUG hairpin than of the CUG
repeats.24 Similar to CAG, CUG, and CCG repeats,
pure CCUG repeats form slippery hairpins. The penta-
meric AUUCU repeats are located in intron 9 of
ATXN10 pre-mRNA and are associated with spino-
cerebellar ataxia type 10 (SCA10).*' The secondary
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structure of AUUCU repeats (up to 17 repeats) was
investigated using S1 and V1 nucleases as well as CD
spectroscopy and NMR.*® The pattern of S1 nuclease
cleavages and NMR analysis indicates that at low tem-
perature (20°C) the AUUCU repeats are folded into a
hairpin structure (Figure 1(a)). The stem of the hairpin
is composed of a symmetric 3-nucleotide internal loop
§5-UCU-3'/3'-UCU-§" separated by two A-U pairs.
However, the AUUCU hairpin seems to be unstable
since the pattern of nuclease cleavages and CD spectra
revealed that AUUCU repeats are unstructured at tem-
peratures above 37°C. Hexanucleotide repeats
GGGGCC are present in intron 1 of C9orf72 pre-
mRNA and normal alleles contain less than 25 repeats
(usually 2). Large expansion (up to 1600 repeats) of
the GGGGCC repeats has been linked to ALS (amyo-
trophic lateral sclerosis) and FID (frontotemporal
dementia) via the formation of nuclear foci and induc-
tion of RAN translation.*? An initial study showed
that GGGGCC runs formed highly stable quadru-
plexes.*? Next, the secondary structure of GGGGCC
repeats was investigated and revealed that they formed
a mixture of hairpins and quadruplexes. Based on
DMS and T1 nuclease mapping it was proposed that
the repeated unit in hairpin stem formed two G-C and
two C-G base pairs separated by noncanonical G-G
pairs®>*° (Figure 1(a)). The apical loop of GGGGCC
hairpin contains seven nucleotides. The formation of
the hairpin was promoted by low annealing tempera-
ture (heating at 37°C followed by slow cooling and
equilibration at room temperature) or lack of KCI.
However, in the presence of KCl and higher annealing
temperature a quadruplex is a preferable structure.

WHAT WE HAVE LEARNED FROM
CRYSTALLOGRAPHIC AND NMR
STUDIES?

In the last decade a number of crystal structures of
RNA associated with repeat expansion disorders has
been solved (Table 2). In most cases the sequences of
the crystallized RNA contained several repeats. They
formed self-complementary duplexes representing the
hairpin stem (Figure 1(b)). In some cases the crystal-
lized oligomer had additional flanking sequences to
facilitate crystallization or was attached to the hair-
pin of GAAA tetraloop/receptor (Figure 1(b)). All the
obtained crystallographic structures of repeats
formed helices showing A-RNA character. Interest-
ingly, the CCG, CCUG, and CCCCGG repeats
formed slippery duplexes with dangling nucleotides
at one end of each strand. According to the second-
ary structure probing the helices formed by CNG
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Overview

repeats have C-G and G-C pairs interrupted by single
noncanonical base pairs. The CCUG repeats have
two C-U and U-C noncanonical base pairs. In the
case of CCCCGG repeats (the antisense sequence of
GGGGCC repeats in C9orf72 pre-mRNA) the
duplex has two C-C pairs flanked by two C-G and
two G-C pairs (Figure 1(a)).

Noncanonical Base Pairs of Repeated Runs
The most interesting part of the RNA runs are the
noncanonical N-N pairs: the factor differentiating
the features of RNA repeats structures. Except for
RNA containing AUUCU repeats, all N-N pairs are
located in a specific structural context. They are sur-
rounded by stable Watson—Crick C-G and G-C pairs
which dominate the structure. The noncanonical
pairs consist of the same type of nucleotide residues,
namely either two interacting pyrimidines or two lar-
ger purines.

Noncanonical U-U Pairs

The CUG repeats are the most studied type of
repeated sequences. In the PDB repository there are
seven different crystal structures (see Table 2).***®
Three of them contain pure CUG repeats while the
others have additional sequences to facilitate
crystallization.

Most of the U-U pairs form one hydrogen bond
between the N3 atom of one uridine residue and the
04 carbonyl atom of the second U, which is inclined
toward the minor groove (Figure 5(b)) (PDB code:
3GLP, 3GM7, 3SZX, 4E48, 4FNJ).*>*® The degree
of inclination is indicated by the A angle determined
between the line connecting the C1'-C1’ atoms and
the N-glycosidic bond (Figure S(a)). For Watson—
Crick base pairs, the A angle is around 55°, while for
the inclined uridine it is only 31°. The distance
between the C1' atoms of the paired uridines is
10.5 A, similar to that of canonical base pairs
(10.6 A). Owing to the specific conformation of the
inclined uridine this type of noncanonical pair was
named stretched U-U wobble. According to Leontis—
Westhof nomenclature this would be defined as cis
Watson—Crick/Watson—Crick pair (U-U ¢cWW).6%63
Such pairing is unique among the other known RNA
structures. Only tRNA-GIn and one pair in 16S rRNA
shows the stretched U-U wobble while in other RNA
structures the uridine residues form two hydrogen
bonds and are only 8.6 A apart (C1'-C1’ distance).*’

In the structures of CUG repeats, two other con-
formations of U-U pairs are observed. In one, the uri-
dine residues are aligned vis-g-vis and do not form
any H-bonds (five examples) (Figure 5(c)). This
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conformation was named symmetric H-nonbonded
U-U ¢cWW pair (PDB code: 3SYW, 3SZX, 4E48).%¢:47
It is suggested that this conformation is an intermedi-
ate state between the two alternative conformations
of the stretched U-U pair. Perhaps the inclination of
uridine is not fixed and the U residue can swap
between inclined and noninclined states. The second
alternative conformation is the common U-U ¢cWW pair
with two hydrogen bonds (three examples) (Figure 5(d))
(PDB code: 3SYW, 4FN]J). Although the U-U pairs can
adopt different conformations, the stretched U-U
wobble is predominantly observed within the CUG
repeats structures (20 of 28 observed unique
pairs).**=*® This is also confirmed by NMR studies
followed by molecular dynamics calculations where
76.5% species exhibited one H-bond.*®

Noncanonical A-A Pairs

The CAG repeats are represented by four crystallo-
graphic models.**~' Two of them are structures of
pure repeats while the other two contain flanking
sequences.

In the two native models (PDB code: 3NJ6,
3NJ7), where one is an atomic resolution structure
(0.95 A), both adenosine residues are in anti confor-
mation and form one weak H-bond between C-H: - -N
atoms (A-A ¢WW pair) (Figure 6(a)).*” This type of
interaction is weak because a carbon atom is a poorer
proton donor than oxygen or nitrogen atoms which
form most inter- and intramolecular H-bonding inter-
actions. The C1’-C1’ distance between the adenine
residues is 11 A. Both adenosines are inclined toward
the major groove. The A values are 64° and 87°.

In two other independent studies, authors crys-
tallized the same oligomer containing three CAG
repeats with additional flanking sequences on both
sides of the duplex (Figure 6) (PDB code: 4 J50,
4YNG6).>%! In the first study the authors observed
that the two closing A-A pairs located at the ends of
the duplex show a syn—anti conformation. According
to Leontis—Westhof nomenclature this would be
defined as cis Watson—Crick/Hoogsteen pair (A-A
c¢WH). The A-A pairs form one H-bond between the
exo-amino group of A(syn) and N1 atom of A(anti)
(Figure 6(b) and (f)).>® Moreover, the N1 atom of A
(syn) probably interacts with the 2’OH group of a
disordered uridine residue of the flanking sequence
that is tucked in the major groove. The second group
interpreted nearly the same electron density map in a
different way. They concluded that one of the closing
A-A pairs showed similar syn—anti conformation
while the second one had anti-anti conformation with
no H-bonds (A-A ¢WW pair) (Figure 6(c) and (g)).>'
In both models a noncanonical pair located in the
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(a)

Major groove

10.6-10.7A

Minor groove

FIGURE 5 | The Watson—Crick G-C (a) and noncanonical U-U
pairs (b—d). The G-C pair interacts by three hydrogen bonds (dashed
lines). The distance between the C1’-C1’ atoms (black line) and the A
angle are indicated. In the CUG repeats most of the U-U pairs form
the stretched U-U cis Watson—Crick/Watson—Crick pair (c(WW) wobble
with one hydrogen bond (b). U-U c(WW pairs with zero (c) or two H-
bonds (d) have also been observed. The 2F,-F. electron density map is
light blue, contoured at 1o level. Red spheres are water molecules.

The presented base pairs were derived from the following PDB entries:

(b) code 3GLP* (resolution 1.23 A, RIRqee = 14.7/18.4%), (c) code
4E48% (resolution 2.5 A, RIRyee = 20.3/27.9%), (d) code 4FNJ*®
(resolution 1.95 A, RIRyee = 20.8/26.6%).
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middle of duplex shows anti-anti conformation (A-
A cWW) (Figure 6(d) and (e)). In the first study the
authors claim that the central A-A pair forms one
H-bond while in the second study the adenosines do
not interact. The reason for the differences between
these models can rise from poor and ambiguous
electron density maps of most adenosine residues,
compared to the atomic resolution structure
(Figure 6). The calculated electron density maps of
both structures indicate that A-A pairs show static
(two or more equally plausible conformations) or
dynamic (thermally induced motion of residues) dis-
order. Thus, the conformation of the A-A pair
within these two models remains unclear. The ques-
tion if the A-A pair can have different conforma-
tions within CAG repeats remains open.

Noncanonical G-G Pairs
In the case of CGG repeats there are four known
crystal structures. One is a native structure contain-
ing two repeats (PDB code: 3R1C).>> Two contain
one modified guanosine residue with substituted bro-
mine atom at position 8 in the base ring (PDB code:
3R1D, 3R1E).°> The last is a structure (PDB code:
3SJ2) having three CGG repeats and flanking
sequences similar to the structure of CUG repeats
(PDB code: 3SYW, 352X).>

All crystal structures present the same conforma-
tion of G-G pairs (Figure 7). One guanosine residue is
in the syn conformation while the second remains
anti. The pair forms two hydrogen bonds between the
Watson—Crick edge of G(anti) and the Hoogsteen
edge of G(syn): O6---N1H and N7---N2H (G-G
c¢WH pair). In addition, an intramolecular bond is
observed between the exo-amino group and the phos-
phate group of the G(syn) residue. The average
distance between the C1’ atoms of the guanosines is
11.3 A. This type of G-G pair is widely observed in
many RNA structures obtained by crystallography or
NMR and it seems to be preferred in helical regions of
RNA. The characteristic feature of the G-G pair is the
alternation from syn-anti to anti-syn orientation. This
static disorder (two possible base pairing geometries)
is observed in two crystal structures and also under
conditions present during NMR measurements.’>*

Noncanonical C-C Pairs

Among all noncanonical base pairs of the CNG
repeats, the C-C pairs show the most variability in
conformation. In the two crystallographic models of
CCG repeats three different C-C ¢WW pairs are
observed characterized by unique pairing (PDB code:
4ES58, 4E59).°* One of the C-C pairs does not form
H-bonds (Figure 8(a)). In another C-C pair, the
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FIGURE 6 | The A-A cis Watson—Crick/Watson—Crick pair (c(WW) wobble pair at atomic resolution (a) and in lower resolution structures
analyzed by Yildrim et al. (b, d, f)*° and Tawani and Kumar (c, e, g).>' On the left is a secondary structure of the crystallized duplex containing
CAG repeats (green) and flanking sequences (gray). The 2f,-F. electron density map (blue) is contoured at 16 level. Red spheres are water
molecules. The presented base pairs were derived from the following PDB entries: (a) code 3NJ6* (resolution 0.95 A, R/Riee = 10.6%/NA), (b, d,
f) code 4J50°° (resolution 1.65 A, R/Ryee = 16.9/18.0%), (c, €, g) code 4YN6°" (resolution 2.3 A, RiRgee = 21.7/26.1%).

cytosine residues probably form one weak interaction
between the exo-amino group and the N3 atom
(3.6 A) (Figure 8(b)). In the third case, the C-C con-
formation is similar to the stretched U-U wobble
pair. One of the cytosines is inclined toward the
minor groove (A = 31°) and one H-bond is formed
between N4H- - -N3 atoms (Figure 8(c)). In all cases
the exo-amino groups of the paired cytosines are rel-
atively close but they avoid clashing by twisting the
bases relative to each other.”* Despite the different
conformational arrangement of the C-C pairs the
C1'-C1’ distances are about 10.8 A.

Other examples of C-C ¢WW pairs are found
in two similar models (r.m.s.d. 0.28 A) of RNA
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containing hexanucleotide CCCCGG repeats of the
CYorf72 antisense RNA (PDB code: S5SEWA4,
SEW?7).>° In each duplex six independent C-C pairs
are observed. The conformation of the C-C pairs
and the hydrogen bond orientation is described as
‘consistent and reproducible’ but detailed analysis of
the deposited structures indicated some conforma-
tional variability of the noncanonical pairs. Each C-
C pair forms at least one hydrogen bond but the
number of H-bonds and the functional groups
involved in the interactions differ (Figure 8(d)). Also
the A angle of both cytosine residues varies as well
as the distance between the C1’ atoms of the
paired C.
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(b) Ca? _

FIGURE 7 | G-G cWH pairs interacting with a sulfate anion (a) or
with a Ca?* cation (b) bound in the major groove. In G(syn) the 05'-
C5' bond is flipped (purple) (c). The 2F,-F. electron density map (blue)
is contoured at 1o level. Red spheres are water molecules. The
presented base pairs were derived from the following PDB entries:

(a) code 3R1C*2 (resolution 2.05 A, RIRiee = 23.2/27.0%), (b) code
3R1D? (resolution 0.97 A, RiRsee = 13.7%/NA).

Noncanonical C-U Pairs

Noncanonical C-U pairs are present in the structures
of CCUG repeats.*®” One of the available models
contains three CCUG repeats adjacent to GAAA tetra-
loop/receptor motifs (PDB code: 4 K27).%° In the struc-
ture, six independent C-U ¢WW pairs are observed.
Two interact by one hydrogen bond between N4H
(C) and O4(U) (Figure 9(a)). Both residues are inclined
toward the minor groove and the C1’-C1’ distance
between them is 11.6 A. In addition, in the minor
groove a bridging water molecule interacts with
Watson—Crick edges of C and U residues. In the other
four noncanonical base pairs, the C and U residues are
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much closer than the Watson—Crick base pairs
(Figure 9(b)). The average C1’-C1’ distance between
them is only 8.6 A. These C-U pairs form two hydro-
gen bonds: one between the exo-amino group of C and
04 carbonyl atom of U, and the second between the
N3-imino atom of C and the amino N3H group of
U. The carbonyl oxygen atoms of cytosine and uracil
are in close proximity, at an average distance of 3.2 A.
This is explained as a result of H-bond formed
between the N3 atoms that overcame the repulsive
interaction between the carbonyl O atoms.*®

In another study two structures containing pure
CCUG repeats were obtained (4XWO0, 4XW1).””
Three independent C-U ¢WW pairs show similar con-
formations having the Watson—Crick edges aligned
vis-a-vis. The nucleotide residues interact by three
hydrogen bonds (Figure 9(c)). One is formed between
the N4 exo-amino group and the O4 carbonyl atom,
and the second between the N3-imino group and the
N3-amino group. The third H-bond is observed
between two carbonyl O2 atoms (distance between
the atoms is 2.9-3.0 A). This suggests that one of the
carbonyl groups becomes a proton donor due to pro-
tonation or tautomerization. Thus, the C-U forms a
C(enol+)-U or C(imino)-U(enol) or C(imino+)-U(enol)
pair (Figure 9(d)). It is possible that the same effect
occurs in the structure of CCUG repeats obtained by
Childs-Disney et al.’® If this is the case, most of the
observed C-U pairs would have three H-bonds.

The Structure of AUUCU Repeats

In the PDB repository there is a crystal structure
of AUUCU repeats embedded within the GAAA tetra-
loop/receptor motifs (PDB code: SBTM).*® In the crystal
asymmetric unit, two independent molecules are
observed. The AUUCU repeats form a duplex that con-
sists of two canonical A-U and U-A pairs followed by
noncanonical U-U, C-C, and U-U pairs (Figure 1(a)). It is
likely that the uridines interact by two hydrogen bonds,
forming the most common U-U ¢WW pair (Figure 10
(a)). The cytosine residues are in close proximity (the
C1’-C1’ distance is 7.9 A) and form one hydrogen
bond (C-C ¢cWW pair) (Figure 10(b)). As indicated
by the authors, the ends of the hairpins, which com-
prise the AUUCU repeats, show dynamic disorder. In
consequence, the electron density map is poor, and
only one and a half of a repeat (AUUCUAUU
sequence) could be modeled unambiguously.

Accommodation of N-N Pairs Within The
A-RNA Helix

It is assumed that the observed RNA structures repre-
sent free energy minima. Thus, in the structure of the
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FIGURE 8 | Noncanonical C-C cis Watson—Crick/Watson—Crick pair (c(WW) pairs observed in CCG (a-c) and CCCCGG repeats (d and e). The C-
C pairs in the CCCCGG repeats show a large variety of conformation, the number of hydrogen bonds and values of the A angles and C1’-C1’
distance (d). One of the noncanonical C-C pairs forms a bifurcated H-bond (e). The 2F,-F. electron density map (blue) is contoured at 1c level. The
presented base pairs were derived from the following PDB entries: (a, ¢) code 4E58°* (resolution 1.95 A, R/Riee = 25.8/30.1%), (b) code 4E59*
(resolution 1.54 A, RIRyee = 25.5/30.3%), (e) code SEW4>> (resolution 1.47 A, RIRee = 21.5/23.9%).
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FIGURE 9 | C-U cis Watson—Crick/Watson—Crick pair (CWW) pairs observed in CCUG repeats analyzed by Childs-Disney et al.>® (a and b) and
Rypniewski et al. (c).>” Standard and tautomeric or protonated forms within the C-U pairs are shown on panel d. Water molecules (red spheres)
are located in the minor groove. Distance in A between the 02 atoms is indicated in panel b. The 2F,—F. electron density map (blue) is contoured
at 1o level. Red spheres are water molecules. The presented base pairs were derived from the following PDB entries: (a, b) code 4K27°° (resolution
2.35 A, RiRyee = 19.4124.0%), () code 4XW1°7 (resolution 2.3 A, RlRyee = 19.1/21.3%).
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FIGURE 10 | Noncanonical U-U cWW (a) and C-C cWW (b) base
pairs in the structure of AUUCU repeats. H-bonds are indicated as
they were interpreted by the authors.>® The 2F,—F. electron density
map (blue) is contoured at 1o level. The presented base pairs were
derived from PDB entry 5BTM*® (resolution 2.78 A, RiRee = 17.6/22.4%).

repeats, the mode of pairing of the noncanonical base
pairs show a balance between optimizing the H-
bonding interactions and responding to constraints
imposed by the A-RNA form maintained by the
canonical C-G and G-C pairs. Thus, each of the N-N
pairs shows a specific mode of accommodation
within the RNA helix. The double-helical structure
of the RNA restricts the possible conformations of
the noncanonical pairs, as reflected in the distance
between the C1’-C1’ atoms of paired nucleotide resi-
dues (approximately 10.5-10.8 A). Most of the non-
canonical base pairs approximately maintain this
distance as they fit within the double-stranded region
between Watson—Crick base pairs (Table 2). They do
not form bulges or cause a significant deformation of
the sugar-phosphate backbone.

The G-G ¢WH and A-A ¢WW pairs consist of
two bulky purine rings. Although the available space
for them in the A-RNA is relatively small both the
noncanonical pairs have the distance between the
C1’-C1’ atoms only slightly larger than for the G-C
and C-G pairs. Nevertheless, the A-A and G-G pairs
show a different manner of adjustment into the A-
RNA structure. In the G-G pair one of the guano-
sines assumes the syn conformation and positions
itself above the ribose ring, thus making space for the
second G which remains in the anti conformation
(Figure 7).°>°3 In addition, the O5-C5’ dihedral
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angle of G(syn) is rotated to allow for a local
>straightening’ of the sugar-phosphate backbone
(Figure 7(c)). This conformation seems to be neces-
sary for forming the internucleotide bond between
the exo-amino group of G(syn) and the phosphate O
atom. In the A-A pair of the best resolved structure
both residues present the anti conformation and form
cWW pair (Figure 6(a)).*” They are accommodated
by a shift toward the major groove. One A is more
inclined, which enables formation of a H-bond. In
other structures of CAG repeats the conformation of
A-A pairs is difficult to determine due to ambiguous
electron density maps.

The uracil ring is less bulky than the purine
base and if two uridine residues were aligned vis-a-
vis at 10.4 A apart, they would not form any
H-bonds (Figure 5(c)). However, the unique confor-
mation of the stretched U-U ¢WW enables H-bond
formation because one of the uridine residues is
inclined toward the minor groove (Figure 5(b)). This
reduces the distance between the H-bonding func-
tional groups of the uracil rings. In the case of the
U-U ¢WW pair with two H-bonds the residues are
closer, approximately 8.8 A apart, which causes
narrowing of the helix. Interestingly, all the observed
U-U pairs with two H-bonds are located at the ends
of duplexes. Perhaps the local distortion of the width
of the helix can only be accommodated at this
position.

Accommodation of C-C ¢cWW and C-U cWW
pairs within the A-helix is different than for the other
noncanonical base pairs. Instead of the expected
base pairing we observe duplexes with dangling
nucleotides. The strand slippage causes a reduction
of the number of noncanonical C-C and C-U base
pairs while the number of Watson—Crick base pairs
is maximized. This suggests that structures with dan-
gling nucleotides are thermodynamically favored
over structures with additional C-C or C-U pairs. If
noncanonical C-C pairs are formed, they do not pos-
sess one predominant conformation (like U-U or G-G
pairs) (Figure 8). Nevertheless, they mostly maintain
the C1’-C1’ distance typical of A-RNA (Table 2). In
the case of C-U pairs the available data suggest that
a majority of the noncanonical pairs form (due to
protonation or tautomerization) three H-bonds, and
with the C1-C1’ distance shorter than for the
Watson—Crick base pairs®®*” (Figure 9(c)).

In the structures of CUG repeats, despite the
presence of two paired pyrimidines, strand slippage
is not observed.*»*>*” The main difference between
C and U is the substitution of the exo-amino group
of cytosine, which is bulkier than the carbonyl group
of uridine. The thermodynamic data show that CCG
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and CCUG repeats are less stable than the CUG
repeats.?°”®> This could explain why the presence
of C-C or C-U pairs is associated with strand

slippage.

Impact of Noncanonical Base Pairs on The
Global Structure of A-RNA

Although the C-G and G-C pairs dominate in most
of the structures containing RNA repeats, the nonca-
nonical base pairs can also affect the shape of the
RNA helix, distorting it from A-form. This is evident
for CGG and CAG repeats, both of which have
bulky N-N pairs (Figure 11). Each duplex contains
residues showing flipped O5'-C5’ bond. The flipping
can be defined in terms of the o and y dihedral angles
(Figure 7(c)). a is almost half a turn from the typical
value of -68° while y deviates ca 120° from the
standard value of 58°.°® This unusual backbone con-
formation is correlated with a reduction of the helical
twist. For the CGG repeats this effect is local and is
compensated in other parts of the structure. Thus,
the overall helical twist (31°) is only slightly lower
than for A-RNA (32.7°). In the case of CAG repeats
the effect is global. The helix unwinds and the major
groove extends and opens up (>20 A) (Figure 11).
The average helical twist for CAG repeats is
only 28.4°.

The C-C cWW pairs affect the structure mostly
by inducing a strand slippage. The values of helical
parameters are similar to A-RNA form, which is also
observed for the CUG repeats. The helical twist is

wires.wiley.com/rna

33° for both CCG and CUG and 31.6° for CCCCGG
repeats. The roll, buckle, or propeller values vary to
some extent but the changes are local and limited to
regions with noncanonical base pairs. The C-U cWW
pairs also cause strand slippage. In addition, they are
responsible for narrowing and bending of the helix
compared to a canonical A-RNA (Figure 11). In con-
sequence, the alignment of C-shaped molecules into a
pseudo-infinite helix amounts to supercoiling. The
bending is accompanied by shrinking of the rise
parameter (2.3 versus 2.8 A in A-RNA) and closing
of the major groove. On balance the duplex opens
up at the ends. The C-U pairs seem to have the big-
gest effect on the RNA structure (PDB code: 4XWO,
4XW1), perhaps because, as the only noncanonical
base pairs, they are in equal number with the
Watson—Crick base pairs.

Interactions With Solvent Molecules
Interactions with the solvent molecules can provide
information about the properties of the RNA struc-
ture. In addition, it can serve as a guide for designing
molecules to target the RNA.

In RNA repeats the way of pairing of most
noncanonical base pairs does not saturate their H-
bonding capacity. Functional groups located at the
Watson—Crick edges of the base rings show the high-
est potential for interaction. In the canonical base
pairs these groups are involved in H-bonding. In the
stretched U-U ¢WW pair the inclined uridine exposes
the Watson—Crick edge toward the minor groove.

CGG CAG CCG
Twist (°)  31.0 28.4 326
Rise (A) 2.9 2.8 2.4
Major
groove, 18 24 15
width (A)

CUG CCCCGG CCUG
33.2 316 31.8
2.6 26 2.3
13 13 Variable

FIGURE 11 | All the crystallized RNA repeats fold into the A-RNA form. The presence of G-G cWH and A-A cis Watson—Crick/Watson—Crick pair
(CWW) pairs is accompanied by unwinding of the helix and widening of the major groove. The helix of CCUG repeats is bent and twisted, which
amounts to supercoiling. The presented helices were derived from the following PDB entries: 3R1C,>% 3NJ6,* 4E59,>* 4E48,*7 SEW4,> 4XW1.>
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Moreover, both the carbonyl groups of the second U
are also exposed. The U-U pair fulfills its binding
potential by interacting with two water molecules
(Figure 5(b)). One is located in the minor groove and
is H-bonded to the N3 amino group of the inclined
U and to the O2 carbonyl atom of the other U. The
second water molecule is found in the major groove.
It interacts with the carbonyl O4 atoms of each uri-
dine residues. The C-C ¢WW pairs can interact with
a water molecule bound in the minor groove. Simi-
larly to the ‘U-U water’ it interacts with the N3 and
02 atoms of the inclined C and the O2 carbonyl
atom of the second C. In addition, in the structures
of CCCCGG repeats one of the inclined cytosine resi-
dues interacts with the Sr** or Ba>* ions located in
the minor groove (Figure 8(e)). The O2 carbonyl
atom forms an inner complex with the cation. In the
major groove of C-C pairs no characteristic solvent
molecules are observed. In the case of the C-U ¢cWW
pairs with three H-bonds, a water molecule is present
in the minor groove (Figure 9(c)). It is H-bonded to
both the O2 carbonyl atoms. When a C-U pair forms
one H-bond, the water molecule is wedged between
C and U and interacts with the N1 and O2 atoms of
each residue (Figure 9(a)).

In the G-G ¢WH pair one guanosine residue is
in the syn conformation, exposing its Watson—Crick
edge toward the major groove. The binding capacity
of G(syn) is fulfilled by the interaction with the sul-
fate anion which seems to fit well in terms of the geo-
metric and chemical properties (Figure 7(a)). Oxygen
atoms of the sulfate ion are good proton acceptors
and the distance between them corresponds to the
distance between the two amino groups of a guano-
sine residue. The G-G pair can also interact with a
Ca®* ion in the major groove (Figure 7(b)). Cation
interacts with the O6 carbonyl group of the G(anti)
residue. When a suitable ligand is not present in the
medium it is replaced by interactions with water
molecules.

Adenosine residues of the A-A ¢WW pairs
interact with the sulfate ion located in the major
groove (Figure 6(a)). The anion is wedged between A
residues and forms one hydrogen bond with the exo-
amino group of the less inclined A and two hydrogen
bonds with the N1-imino and exo-amino group of
the second adenosine. Similar to G-G pairs, when a
sulfate ion is not present, a water molecule is bound.
In the minor groove of the A-A pair two characteris-
tic water molecules are observed (Figure 6(a)). Each
of them interacts with the N3 atom of one A. Similar
hydration can be observed for canonical base pairs
but in the case of A-A pairs these interactions seem
to be more specific.

Volume 8, July/August 2017

© 2017 Wiley Periodicals, Inc.

Structures of RNA repeats

Biological Aspects of RNA Repeats
The length polymorphism of microsatellite sequences
is an important source of genetic variability. How-
ever in certain cases, when a repeated region expands
abnormally, it folds into aberrant RNA structures, a
prerequisite for pathogenesis. Although structural
studies have been conducted on short RNA oligo-
mers, the majority of structures of RNA repeats
resemble the stem of a long hairpin composed of
expanded runs. In the crystal lattice, neighboring
duplexes interact by stacking (blunt-ended duplexes)
or form Watson—Crick base pairs between dangling
residues. As a result, unwinding of the ends of the
duplexes is not observed and RNA molecules stack
end-to-end forming pseudo-infinitive helices. The best
example is the native crystal structure of CGG
repeats.’” In the asymmetric unit there are 18 independ-
ent duplexes which can be arrange into a 32-repeat
long helix giving a snapshot how three-dimensional
structure of mutated RNA runs can look like i vivo.
An exception from the stacking rule are only AUUCU
repeats. In the crystal structure the ends of the mole-
cule are not visible due to dynamic disorder which
suggest lower stability of the repeats.”® This is sup-
ported by the biochemical data showing that the
AUUCU runs form a hairpin structure only at 20°C.>®

Some of the crystallized CNG repeats have addi-
tional base pairs included to facilitate crystallization,
stabilizing the ends of the duplexes and inducing stack-
ing interactions between molecules in the crystal. How-
ever, one could ask how these structures are relevant to
the biological structures in the living cell. A comparison
between the known RNA models with or without
flanking sequences shows that the A-helical conforma-
tion is maintained but interactions within the noncano-
nical pairs can be affected.*>>! Sometimes, adding
flanking sequences is advisable because natural ‘clamps’
occur also in native RNA (see section Secondary struc-
ture of RNA repeats). Crystal lattice contacts do not
seem to have much effect on the structure; same RNA
oligomers crystallized in different crystal forms are simi-
lar. Crystallization conditions are certainly different
from in vivo but one should note that crystals of biolog-
ical molecules usually have a solvent content of around
50%. The nucleic acids in the crystal are highly sol-
vated and most of their surface is surrounded by
ordered solvent molecules. In fact, crystallography is by
far the best method to observe the detailed interactions
with the solvent (water, ions, small ligands), which can
be related to conditions in the cell.

Secondary structure probing and crystallographic
studies suggest that most of the RNA repeats form
hairpins. In the case of CGG and GGGGCC repeats
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tetraplex structures have been proposed.****”~"° How-
ever, crystallographic data clearly show that CGG
repeats form duplexes.”>*> Even an introduction of
8-bromoguanosine into the CGG repeats, which is
suggested to promote tetraplex folding, resulted in
crystals of the duplex.’* These observations indicate
that hairpin is the primary structure for CGG repeats.
The association of CGG duplexes into tetraplex cannot
be ruled out but this could require specific conditions.
In the case of GGGGCC repeats, the three-dimensional
structure is not known and the question concerning
structural arrangement remains open.

So far the reasons why structures of RNA repeats
have the ability to sequester so many proteins are elu-
sive. Regardless of particular scenarios the structural
features of hairpins composed of repeated tracts can be
important in RNA-driven pathogenesis. First, unusually
long A-RNA like stem, common to most of the
expanded RNA repeats, can serve as a platform for
excessive RNA/protein interactions. Second, the repeti-
tive, noncanonical base pairs of the long hairpin stem
have unsaturated binding capacity that can attract the
protein ligands. The N-N pairs correspond also to
unique character of each repeat. For example, one of
the proteins sequestered by RNA repeats is MBNL1
which was shown to bind CUG, CAG, and CCG but
not CGG repeats.”' > In all three types of repeats the
noncanonical base pairs usually have only one H-bond
which can be crucial for MBNL1 recognition. This
hypothesis is supported by a recent observation that
MBNLI1 binds single-stranded RNA.”*”° In that case,
unwinding of CUG, CAG, and CCG helices would be
easier than for CGG repeats. Although this needs to be
verified experimentally, it points to a future research
direction: structural studies of RNA repeats/protein
complexes which will be important in understanding
the pathogenic properties of RNA runs.

TOWARDS A THERAPY AGAINST
PATHOGENIC RNA REPEATS

Diseases associated with expanding RNA repeats are
neurodegenerative, progressive, and incurable. The
current treatment aims only to minimize the secondary
characteristics associated with the disorder. Thus,
many ongoing studies are devoted to development of
effective therapies. For targeting expanded RNA mole-
cules two main approaches were employed. In the first
the goal is to degrade RNA molecules using antisense
oligomers or site-specific RNA endonucleases.”*™®* In
the second approach, pathogenic properties of RNA
are blocked by interactions with small molecules or
antisense oligonucleotides.”®%4~°

20 of 25

© 2017 Wiley Periodicals, Inc.

wires.wiley.com/rna

Although a number of biochemical and chemical
studied has been carried out on a therapy of repeat
associated disorders most of them are not supplemen-
ted by structural data. One of the few exceptions is
the structure of CUG repeats having uridine residues
replaced by pseudouridine (¥) (PDB code: 4PCJ).>’ It
was shown that the introduction of ¥ stabilizes the
double-stranded or helical structure formed by CUG
repeats. In consequence, the pseudouridine-enriched
CUG repeats increase the thermal stability which
results in a reduced affinity for MBNL1 protein,
sequestered by CUG runs in myotonic dystrophy type
1. In the crystal structure, the noncanonical ¥-U
cWW pair, similar to U-U ¢WW pair, have a stretched
wobble conformation with one H-bond (Figure 12(a)).
The C1’-C1’ distance is larger (11.0 A) than for the
native U-U pair (10.5 A). In the major groove a water
molecule is present that interacts with the O6 carbonyl
group of U and with the N1 amine group of ¥.
Molecular dynamics simulation revealed that ¥-¥ pair
requires more energy to open than a native pair.’’
Moreover, the bridging water molecule found in the
major groove adds two hydrogen bonds to the ¥-U
pair which probably stabilizes its conformation and
the overall RNA structure.

The next example are crystal structures of
CUG and CAG repeats in complex with their anti-
sense PNA oligomers as well as the structure of
PNA-PNA duplex having CTG repeats (PDB code:
SEME, SEMF, SEMG).®® PNA (peptide nucleic
acid) is a homolog of a nucleic acid having the
sugar-phosphate backbone replaced by a peptide
backbone.”! The study was aimed to see how PNA
antisense oligomers recognize RNA repeats and to
understand PNA’s outstanding sequence selectivity.
The two obtained structures of RNA-PNA com-
plexes turned out to be isomorphic. Despite different
sequences, they form identical helices with fully
complementary Watson—Crick base pairs. The heli-
ces have the A-from, but some helical parameters
show deviations from the canonical values. For
example, the helical twist (26°) and rise (2.4 A) are
low. The structure of PNA-PNA duplex contains C-
G and G-C pairs and two non-Watson—Crick T-T
pairs. The T-T ¢WW pairs have two hydrogen
bonds between N3 and O4 and O2 and N3 atoms
(Figure 12(b)). One of T residues is inclined toward
the minor groove more than the other. The distance
between T-T is 9.0 A (10.7 A for neighboring
Watson—Crick base pairs). The PNA-PNA duplex has
the P-PNA form with a low helical twist (19.7°) and
very high helical rise (3.9 A) indicating different con-
formational preferences of PNA from RNA. The data
show that the RNA-PNA helix is an intermediate of
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RNA-PNA PNA—-PNA

FIGURE 12 | The noncanonical W-U pair inserted into CUG repeats (a) and T-T pair found in a PNA-PNA duplex (b). Comparison of the
overall structure of a mixed RNA-PNA duplex against RNA-RNA and PNA-PNA (c). Red sphere is a water molecule. The presented base pairs and
helices were derived from the following PDB entries: (a) code 4PCJ,> (b) code 5EMG,° (c) code 3GLP,*> 5EME,® 5EMG.

the A-RNA and P-PNA structures (Figure 12(c)). Both
the RNA and PNA molecules adapt to one another to
form a fully-complementary duplex. Formation of
mismatches in RNA-PNA helix would require addi-
tional conformational changes which seem to be diffi-
cult to overcome.

CONCLUSION

Herein we presented all the known structures
linked to RNA repeat diseases. Our intention was
to perform a comprehensive analysis of the availa-
ble models. The obtained data provide informa-
tion about the unique and characteristic features
of RNA repeats. Their structural profile have been
generated and can serve as a guide in a drug
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