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ABSTRACT: Myotonic dystrophy type 1 (DM1) is a
microsatellite expansion disorder caused by the aberrant
expansion of CTG repeats in the 3′-untranslated region of
the DMPK gene. When transcribed, the toxic RNA CUG
repeats sequester RNA binding proteins, which leads to disease
symptoms. The expanded CUG repeats can adopt a double-
stranded structure, and targeting this helix is a therapeutic
strategy for DM1. To improve our understanding of the
5′CUG/3′GUC motif and how it may interact with proteins
and small molecules, we designed a short CUG helix attached
to a GAAA tetraloop/receptor to facilitate crystal packing. Here we report the highest-resolution structure (1.95 Å) to date of a
GAAA tetraloop/receptor and the CUG helix it was used to crystallize. Within the CUG helix, we identify two different forms of
noncanonical U-U pairs and reconfirm that CUG repeats are essentially A-form. An analysis of all noncanonical U-U pairs in the
context of CUG repeats revealed six different classes of conformations that the noncanonical U-U pairs are able to adopt.

Microsatellite expansion diseases are the result of aberrant
expansion of short repeating segments of DNA

(between 1 and 10 bases).1 These expansions can occur either
in coding regions where they result in abnormal proteins2 or in
noncoding regions of the genome where they, upon tran-
scription, act through a toxic RNA gain-of-function mecha-
nism.3,4 Myotonic dystrophy (DM), which is the most common
form of adult onset muscular dystrophy, affecting ∼1 in 8000
individuals, is the result of microsatellite expansions (reviewed
in refs 1, 3, and 5). DM type 1 (DM1) is caused by a CTG
expansion in the 3′-untranslated region in the DMPK gene.6

When transcribed to RNA, these CUG repeats sequester RNA
binding proteins within nuclear foci.7,8 Members of one family
of sequestered proteins that colocalizes with expanded CUG
repeats, the Muscleblind-like (MBNL) proteins, are regulators
of alternative splicing, resulting in the missplicing of target
transcripts, which leads to disease symptoms.9−14 A related
disease, myotonic dystrophy type 2 (DM2), is very similar to
DM1, except instead of a trinucleotide repeat, it is a
tetranucleotide repeat (CCTG) in the first intron of the
ZNF9 gene.15

The expanded toxic CUG repeat RNA can form stable
stem−loop structures,16 and a handful of CUG repeat
structures have been published demonstrating an essentially
A-form structure, with the noncanonical U-U pairs forming
only one hydrogen bond without distorting the backbone.17−19

However, two of these structures contained some degree of
disorder, and all of the structures had very tight crystal packing,
leaving little to no potential room for cocrystallization with
ligands (either small molecules or short peptides). To
overcome these issues, we decided to use an RNA
crystallization motif to design specific intermolecular contacts

and minimize close packing and introduce “free spaces” within
the crystal.
We chose the GAAA tetraloop and its conserved 11-

nucleotide receptor as the core for the crystal contacts. This
tetraloop/receptor was initially identified as a tertiary motif in
group I and II self-splicing introns.20−22 The three adenosines
in the loop flip outward and form specific hydrogen bonds with
the 11-nucleotide receptor,22 making it an ideal candidate for
engineering crystal contacts. This motif has been utilized to aid
in the crystallization of larger RNA constructs, such as the
hepatitis delta virus, among others.23,24 Here, we utilized the
tetraloop/receptor to crystallize a short RNA helix composed of
CUG repeats, allowing us to obtain crystals that diffracted to
high resolution. Additionally, we were able to use the previously
determined structure of the tetraloop/receptor as our search
model, allowing us to quickly and easily determine the structure
using molecular replacement.

■ MATERIALS AND METHODS

Purification of RNA. RNA was purchased from Dharmacon
and desalted per the manufacturer's instructions. RNA was then
resuspended in 1× denaturing dye [25% (w/w) formamide, 1×
TBE, 0.1% bromophenol blue, and 0.1% xylene cyanol] and run
on a denaturing 8% polyacrylamide (19:1) gel with 7 M urea.
RNA was located using UV shadowing, excised, and eluted
overnight using the Elutrap Electroelution System (Whatman)
in 1× TBE. RNA was then ethanol precipitated and
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resuspended in ddH2O and desalted using a Micro Bio-Spin
column with Bio-Gel P2 Gel (Bio-Rad). RNA was brought to a
final concentration of 0.5 mM in a solution of 15 mM NaCl, 5
mM Tris (pH 7.5), and 5 mM MgCl2.
RNA Crystallization. The RNAs were annealed by being

heated to 70 °C for 5 min and rapidly cooled to 4 °C. RNAs
were screened for crystallization using the Mosquito nanoliter
high-throughput robot (TTP labtech) and the Natrix screen
(Hampton Research) by the hanging drop vapor diffusion
method at room temperature. Promising hits were screened in
4 μL hanging drops. The best crystals of trCUG-3 were grown
from a mixture of 2 μL of RNA solution and 2 μL of well
solution containing 4 mM MgSO4, 50 mM Tris (pH 8.5), and
30% (w/v) 1,6-hexanediol. Crystals appeared in approximately
1 week.
Data Collection. Crystals of at least 0.02 mm in the

smallest dimension were mounted in rayon loops and flash-
frozen in liquid nitrogen. Experimental data were collected at
Advanced Light Source BL 5.0.1 under a cryostream. The X-ray
data were integrated, merged, and scaled using the HKL-2000
program suite25 and converted to structure factors using the
CCP4i GUI26 for the CCP4 program suite.27 Data collection
statistics are listed in Table 1.

Structure Determination. The structure was determined
using the molecular replacement method in molrep,28 a part of
the CCP4 program suite,27 with the tetraloop/receptor from
Protein Data Bank (PDB) entry 1GID, the structure of the
tetraloop/receptor of the group I ribozyme domain,22 as the
search model. The 11-nucleotide receptor and the four-
nucleotide loop (plus the two adjacent base pairs) were
successfully used as our search model. The model was manually
rebuilt using Coot29 and refined with refmac.30 Coot and
PyMOL31 were used to generate figures. Refinement statistics
are listed in Table 1. Simulated annealing omit maps were
created using CNS32 by deleting all four uridines in the CUG
portion of the structure while all other nucleotides remained

fixed during annealing. The structure was deposited in the PDB
as entry 4FNJ. Structural parameters were calculated using
3DNA.33

■ RESULTS
Design of RNA Constructs for Crystallization. To

overcome crystallographic disorder present in previous CUG
repeat structures,17,18 we designed 10 different constructs
utilizing the GAAA tetraloop/receptor to facilitate intermo-
lecular contacts (Figure 1). Each construct contained either
four or six CUG repeats, one or two stabilizing base pairs, the
receptor, a short upper helix, and the GAAA tetraloop. The
upper helix was kept short to favor intermolecular rather than
intramolecular interactions. Only trCUG-8 failed to form any
crystals, possibly because of the 3′ overhanging nucleotide. Of
the remaining constructs, only trCUG-2, -3, -6, and -10 grew
crystals of sufficient size to mount. Neither trCUG-2 nor
trCUG-10 diffracted to better than 10 Å. Both trCUG-3 and
trCUG-6 diffracted to better than 3 Å resolution; however, the
3′ overhanging G of trCUG-6 was disordered, rendering the
models essentially the same.

Structure Determination Using the Tetraloop/Recep-
tor as a Model for Molecular Replacement. Because the
sequence, and presumably the structure, of the tetraloop/
receptor in trCUG-3 was the same as that of the tetraloop/
receptor in the group I ribozyme domain structure determined
by Cate et al.22 (with the exception of the first base pair, which
was reversed), this portion of their structure was successfully
used for molecular replacement. The unmodeled base pairs
were clearly visible in the maps, and the nucleotides were easily
modeled into the density (Figure 2A). Five peaks were
observed in the maps that were unlikely to be waters because
of geometric considerations. On the basis of previous structures
of the tetraloop/receptor22,34,35 and their proximity to the
phosphate backbone, we modeled the peaks as magnesium ions
(Figure 2B). The final model has 35 nucleotides, 44 water
molecules, and five magnesium ions with Rwork and Rfree values
of 0.208 and 0.266, respectively.

Structure of trCUG-3. The 35-nucleotide trCUG-3 RNA
crystallized in space group R3. As designed, the RNA formed a
hairpin with a GAAA tetraloop, a short 5 bp stem, the
tetraloop/receptor, and an 8 bp CUG-containing stem (Figure
2B). The upper stem begins and ends with a G·U wobble base
pair. The lower stem contains two different noncanonical U-U
pairs (Figure 2C), while the G-C base pairs formed Watson−
Crick interactions. Each RNA makes specific crystal contacts
with four other RNAs: two of these interactions were predicted
tetraloop/receptor interactions, and the other two were the
unanticipated stacking of the base of the helices against the
opposite sides of the receptors of the symmetry mates (Figure
2D).
Within the CUG-containing stem, two different conforma-

tions of the noncanonical U-U pair were observed (Figure 2C).
The lower U2-U34 noncanonical pair formed two hydrogen
bonds, which resulted in a shorter C1′−C1′ distance (8.6 Å)
compared to that of the upper U5-U31 noncanonical pair,
which formed one hydrogen bond and had a C1′−C1′ distance
of 10.6 Å (Table 1 of the Supporting Information). Both
noncanonical pairs were inclined toward the minor groove (λ1
< 54°) and, as a result, do not appear to stack with the
preceding C. The incline was more severe in the U5-U31
noncanonical pair, which is most likely a result of the single
hydrogen bond. B factors for the atoms that composed these

Table 1. Summary of Data Collection and Refinement
Statistics

space group R3
unit cell dimensions

a, b, c (Å) 70.34, 70.34, 68.24
α, β, γ (deg) 90, 90, 120

resolution range (Å) 22.75−1.95
total no. of reflections 98787
no. of unique reflections 8621
average redundancy 5.5
completeness (%) 99.3 (98.9)a

I/σI 37.0 (2.2)a

Rmerge
b 0.068 (0.60)a

average B factor (no. of atoms)
nucleotide 54.58 (744)a

solvent 60.53 (44)a

Rfree
c 0.266

Rwork
c 0.208

aValues in parentheses represent those for the highest-resolution shell.
bRmerge = (∑|I − ⟨I⟩|)/(∑⟨I⟩), where I is the observed intensity and
⟨I⟩ is the average of intensities obtained from multiple observations of
symmetry-related reflections. cRfactor = (∑||Fo| − |Fc||)/(∑|Fo|), where
Fo and Fc are the observed and calculated structure factor amplitudes,
respectively.
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pairs were not noticeably different from those of other atoms
within the structure.
Examining the overall structure of the CUG portion of the

lower helix [hereafter termed (CUG)2] revealed that it is
primarily an A-form helix. The average helical rise of (CUG)2 is
2.39 Å (Table 2 of the Supporting Information), which is closer
to an A-form conformation (2.83 Å) than a B-form
conformation (3.29 Å).36 The average helical twist is 35.9°,
which is greater than the expected twist of 32.5° for A-form,
and not much less than the expected twist of 36.5° for B-form.
Base pairs in (CUG)2 are also steeply inclined (18.6°), as is
expected for A-form helices. Local dimer step parameters,
including roll, twist, slide, and most importantly zP and zP(h),
also match well with average A-form values (Table 2 of the
Supporting Information). Interestingly, the structure did not
seem to be affected, beyond the first CU/UG step, by the
crystal packing interaction that occurred at the base of the helix
(Figure 2D). This base pair step was strongly tipped (20.6°),
tilted (−11.3°), and rolled (19.4°) as compared to the other
base pairs in the structure.
Within the structure, five suspected magnesium ions were

identified. Two were near the GAAA tetraloop; two more
flanked the 11-nucleotide receptor, and the final magnesium
ion was near the center of the CUG portion of the lower helix
(Figure 2B). Only the third and fourth magnesium ions were
close enough to the RNA to make direct contacts: the rest
interacted via water molecules. None of the suspected
magnesium ions appeared to be fully coordinated, and the
first and second magnesium ions near the loop interacted with
four water molecules.

■ DISCUSSION
Comparison to Other CUG Helices. To date, four other

crystal structures of CUG repeat RNA crystal structures have
been published.17−19 The first, and longest, to be crystallized
was a (CUG)6 duplex.

17 Unfortunately, this construct crystal-
lized with 2-fold translational disorder, complicating analysis.
The next structure to be released was another duplex,
G(CUG)2C.

18 This structure contained three different duplexes

within the same unit cell: the A+B duplex, the C+D duplex, and
the E+E* duplex, which were related to one another by
crystallographic symmetry. The authors of this publication also
detwinned the data from Mooers et al. The final two structures
are different conformations of a third duplex, UUGGGC-
(CUG)3UCC.

19 Using 3DNA, we compared the helical
parameters of (CUG)2 to the (5′CUG/3′GUC)x portions of
these six different helices observed in four separate crystal
structures. [For the sake of simplicity, the detwinned (CUG)6
data were used.]
Overall, all seven CUG helices appeared to be more similar

to an A-form helix than a B-form helix, especially when
parameters that demonstrate the greatest distinction between
A-form and B-form are considered [roll, slide, inclination, x-
displacement, zP, and zP(h)] (Table 2 of the Supporting
Information). Although (CUG)2 from trCUG-3 has the
greatest helical twist of all the published CUG helices
(35.9°), it also has the smallest helical rise (2.39 Å). In
general, it appears that the (CUG)2 model is consistent with
existing models.

Noncanonical U-U Pairs Are Dynamic. In addition to
comparing helical parameters of other CUG structures, we also
examined all the noncanonical U-U pairs, in the context of
CUG repeats that were available (Figure 3 and Table 1 of the
Supporting Information). Noncanonical U-U pairs from all the
CUG crystal structures17−19 and an NMR structure37 were
compared. Examining these pairs revealed that the non-
canonical U-U pair in the 5′CUG/3′GUC motif is dynamic,
and at least six unique conformations have been captured in the
structures. These six conformations were determined by
considering the potential number of hydrogen bonds and the
direction of inclination (toward the major or minor groove, or
not inclined). There is one other potential type of noncanonical
U-U pair that has not been observed in the currently available
data, which is a noncanonical pair with no hydrogen bonds
inclined toward the minor groove. It is likely that this type of
noncanonical pair occurs in the context of CUG repeats (as a
counterpart to type VI, which also forms no hydrogen bonds

Figure 1. Sequence and predicted secondary structure of RNAs containing the CUG repeats and the tetraloop/receptor. Each RNA construct
consists of four or six CUG repeats (highlighted in blue), the 11-nucleotide receptor, a short upper stem, and the GAAA tetraloop. Below each
sequence is a representative picture of how well each RNA crystallized. The only sizable trCUG-6 crystal grew off a fiber.
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but is inclined toward the major groove) and has simply not
been observed to date.
Within the trCUG-3 structure, we found two of the six types:

type I and type II (Figure 3 and Table 1 of the Supporting
Information). The type I noncanonical pair forms two
hydrogen bonds, shortening the C1′−C1′ distance, and is
inclined toward the minor groove. One other type I
noncanonical pair has been observed, in UUGGGC-
(CUG)3UCC (Figure 3E),19 suggesting this conformation is
not simply caused by potential distortion of the helix of
(CUG)2 due to the crystal packing at the base of the trCUG-3
helix. The other noncanonical pair we observed was a type II
noncanonical pair, the second most frequent type of non-
canonical U-U pair. The type II noncanonical pair is also
inclined toward the minor groove but forms only one hydrogen
bond. It was observed twice in (CUG)6 (Figure 3B), twice in
the G(CUG)2C A+B duplex, and once in the E+E* duplex
(Figure 3D). The most commonly observed noncanonical pair,
type IV, is the counterpart to type II and forms one hydrogen
bond while being inclined toward the major groove. It was
found four times in (CUG)6 (Figure 3B), in the NMR
structures (Figure 3C), twice in the G(CUG)2C C+D duplex,

once in the E+E* duplex (Figure 3D), and once in the
UUGGGC(CUG)3UCC duplex (Figure 3F). Of course, in
solution, it is probable that the noncanonical U-U pairs found
in the 5′CUG/3′GUC motif sample all these conformations,
and that these “types” of noncanonical U-U pairs are not
discrete but are rather found in a continuum of different states.
These data are consistent with the flexibility of the non-
canonical U-U pairs observed in the NMR structure of the
CCGCUGCGG duplex (Figure 3C), where the pairs have the
ability to sample various conformations without disrupting the
structure of the surrounding nucleotides.37

Our findings confirm the observation by Kumar et al. that the
U-U pairs found in the 5′CUG/3′GUC motif sample more
conformations than the two forms of “stretched U-U wobble”
(a noncanonical U-U pair characterized by one hydrogen bond
interaction between the uridines) identified by Kiliszek et al.
However, our analysis suggests that the most common U-U
interaction found in the 5′CUG/3′GUC motif is most likely of
the stretched U-U wobble variety. This is in contrast to the
work of Kumar et al., who conclude that the zero-hydrogen
bond conformation is predominant. The difference between
our analysis and Kumar’s is the use of the detwinned (CUG)6

Figure 2. Structure and crystal packing of trCUG-3. (A) Molecular replacement solution and 2Fo − Fc map (contoured at 1.5σ) after one round of
refinement. The density of the base pairs not yet modeled, both between the tetraloop/receptor and directly below the receptor, can clearly be
observed in the density (red arrows). (B) Tertiary structure of trCUG-3. The (CUG)2 region, containing four CUG repeats at the base of the
hairpin, is denoted by a bracket. Magnesium ions are represented as numbered gray spheres. Waters are not shown. (C) Simulated annealing omit
map (Fo − Fc) of both noncanonical U-U pairs contoured at 5σ. (D) Crystal packing (or quaternary structure) of trCUG-3. Each RNA interacts with
four other RNAs in the structure: at the loop, at the receptor, on the opposite side of the receptor, and at the bottom of the helix. The tetraloop and
receptor are denoted by lighter colors. The inset gives a closer view of each interaction.
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Figure 3. Comparison of noncanonical U-U pairs in the context of CUG repeats. (A) Lower and upper noncanonical U-U pairs of trCUG-3. The
upper U5-U31 noncanonical pair forms the more typical (in the context of CUG repeats) number of hydrogen bonds (one), while the lower U2-
U34 noncanonical pair forms two hydrogen bonds, shortening the C1′−C1′ distance. (B) Noncanonical U-U pairs of the detwinned (CUG)6
structure. All noncanonical U-U pairs in this structure form one hydrogen bond, maintaining the C1′−C1′ distance typical of a Watson−Crick
interaction. (C) Noncanonical U-U pairs from the NMR structure of CCGCUGCGG, forming zero, one, or two hydrogen bonds. (D) Noncanonical
U-U pairs from the G(CUG)2C crystal structure. The first column contains the noncanonical U-U pairs in duplex A+B, the second column C+D,
and the third column E+E*. Every noncanonical pair within the G(CUG)2C crystal structure forms one hydrogen bond. (E and F) Noncanonical U-
U pairs from UUGGGC(CUG)3CUCC of PDB entries 3SYW (E) and 3SZX (F).
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data18 versus the original twinned data modeled at half-
occupancy.17 In the original model, five of the six U-U pairs
formed zero hydrogen bonds and the final pair was a stretched
U-U wobble, while in the detwinned model, all the U-U pairs
were stretched U-U wobbles. The higher proportion of
stretched U-U wobbles is consistent with the molecular
dynamics simulations performed by Parkesh et al. in which
they found 76.5% of noncanonical U-U pairs in the 5′CUG/
3′GUC motif formed one hydrogen bond.37 Interestingly, our
structure is the first crystal structure to contain a stretched U-U
wobble as well as a U-U pair that forms two hydrogen bonds.
Metal Ions in the Structure. Within the trCUG-3 crystal

structure, we identified five potential magnesium ions. It is
unsurprising that magnesium ions would be identified within
the structure, especially the tetraloop/receptor region, because
it has previously been shown that the tetraloop/receptor
interaction is dependent on magnesium38 or other divalent
metal ions.39 Several other structures of the GAAA tetraloop/
receptor have been published, so we compared our structure
and metal ion sites with several previously published structures
(Figure 1 of the Supporting Information). Comparing trCUG-3
and PDB entry 1GID,22 we observed our first three magnesium
ions were in a similar location as compared to the cobalt
hexamine ion which was found to contact the GAAA loop
(Figure 1B of the Supporting Information). Our fourth
magnesium ion near the receptor has a nearby counterpart in
PDB entry 1GID. When compared to PDB entry 1HR234

(Figure 1C of the Supporting Information), we observed a
similar scenario: our first three magnesium ions were near one
magnesium ion contacting the loop. The second, third, and
fourth magnesium ions had counterparts in the structure of
PDB entry 1HR2. The additional ions observed in our structure
may be due to the proximity of our tetraloop and receptor as
compared to that in either PDB entry 1GID or PDB entry
1HR2, or it could simply be that the magnesium ions are

important for electrostatic screening, allowing close contact
between RNA strands.40

Engineered RNA Contacts as a Strategy for Crystal-
lization. It is clear that utilizing the GAAA tetraloop/receptor
was a successful strategy for crystallizing a short helix and
prevents the pseudosymmetry problems associated with duplex
RNA. Additionally, examining the crystal packing of this
particular construct, we observed a large “open” space in the
crystal lattice (Figure 4), which could potentially allow for
cocrystallization of small molecules, short peptoids, and
possibly small zinc-finger domains in complex with the CUG
stem. This open space is unique to our tetraloop/receptor
construct as compared to other CUG repeat-containing crystal
structures:17−19 these structures all crystallized in pseudoinfin-
ite helices with very tight packing between helices, leaving little
to no room for cocrystallization of an additional molecule.
This GAAA tetraloop/receptor framework can also be

utilized to crystallize other short repeat RNA stems, such as
the CCUG repeats responsible for DM2,8,15 CAG repeats
responsible for Huntington’s disease and several spinocerebellar
ataxias, and CGG repeats responsible for fragile X-associated
tremor ataxia syndrome, among many others (reviewed in ref
41). We have already crystallized a CCUG helix utilizing the
tetraloop/receptor construct, which diffracted to a resolution of
better than 3 Å (data not shown).
We have crystallized a CUG-containing RNA construct that

has captured two different orientations of the clearly mobile
noncanonical U-U pair. Via examination of other crystal and
NMR structures, it is clear that noncanonical U-U pairs, in the
context of CUG repeats, can flex between many different
conformations, from fully paired with one another, to only
sharing a single hydrogen bond, to being too distant to interact
with one another (Figure 3). Additionally, these noncanonical
U-U pairs can go from being inclined toward the minor groove,
through no inclination, all the way to being inclined toward the

Figure 4. Structure and 2Fo − Fc map contoured at 1.5σ near the CUG repeat stem. The yellow area highlights the large open space near the minor
groove of the (CUG)2 stem.
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major groove. In our interpretation, this conformational
heterogeneity suggests a weak interaction caused by an
apparent reduction in the level of hydrogen bonding (averaged
over all potential U-U pair conformations) and, more
importantly, less efficient base stacking compared to the
stacking of the GC/GC steps within the helix (Figure 2 of the
Supporting Information). The weak interaction between the
uridines and neighboring bases may play an important role in
MBNL proteins gaining access to single-stranded CUG repeats
to bind the Watson−Crick face of the GC dinucleotide as
found in the MBNL1-RNA crystal structure (PDB entry
3D2S).42 Interestingly, a recently published structure of CCG
repeats shows that the noncanonical C-C base pair appears to
adopt fewer conformations than the U-U pair does (zero or one
hydrogen bond in comparison to zero to two hydrogen bonds
in the case of U-U).43 Because of the arrangement of hydrogen
bond donors and acceptors on the Watson−Crick face of
cytosine, it is hard to envision the C-C pair adopting some of
the conformations observed with the U-U pairs, but the C−C
pairs do show similarly poor base stacking43 and similar
thermodynamic stability in the context of the CNG helix.44

Additionally, in the context of DM2, we predict that the
noncanonical C-U pairs of the 5′CCUG/3′GUCC motif will
have similarly weak and/or dynamic interactions as compared
to the noncanonical U-U pairs found in the CUG helix, again
allowing MBNL proteins to gain access to the Watson−Crick
faces of the GC dinucleotide.

■ ASSOCIATED CONTENT
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Tables of noncanonical U-U pair structural parameters and
helical parameters, a figure showing the comparison of the
trCUG-3 tetraloop/receptor and previously crystallized tetra-
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of the three different base steps in the 5′CUG/3′GUC motif.
This material is available free of charge via the Internet at
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