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Abstract

RNA repeat expansions cause a host of incurable, genetically defined diseases. The most common 

class of RNA repeats consists of trinucleotide repeats. These long, repeating transcripts fold into 

hairpins containing 1 × 1 internal loops that can mediate disease via a variety of mechanism(s) in 

which RNA is the central player. Two of these disorders are Huntington’s disease and myotonic 

dystrophy type 1, which are caused by r(CAG) and r(CUG) repeats, respectively. We report the 

structures of two RNA constructs containing three copies of a r(CAG) [r(3×CAG)] or r(CUG) 

[r(3×CUG)] motif that were modeled with nuclear magnetic resonance spectroscopy and simulated 

annealing with restrained molecular dynamics. The 1 × 1 internal loops of r(3×CAG) are stabilized 

by one-hydrogen bond (cis Watson–Crick/Watson–Crick) AA pairs, while those of r(3×CUG) 

prefer one- or two-hydrogen bond (cis Watson–Crick/Watson–Crick) UU pairs. Assigned chemical 

shifts for the residues depended on the identity of neighbors or next nearest neighbors. Additional 

insights into the dynamics of these RNA constructs were gained by molecular dynamics 

simulations and a discrete path sampling method. Results indicate that the global structures of the 

RNA are A-form and that the loop regions are dynamic. The results will be useful for 

understanding the dynamic trajectory of these RNA repeats but also may aid in the development of 

therapeutics.
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RNA structure is involved in many cellular processes, such as catalyzing reactions,(1) 

synthesizing proteins,(2, 3) guiding chemical modifications of RNA,(4) and regulating gene 

expression.(5) RNA structure is also important in diseases, including cancers,(6) viral 

diseases,(7, 8) and neurodegenerative diseases.(9, 10) Long, tandem RNA repeats fold into 

hairpins that may undergo expansions and cause neurological diseases.(11) r(CAG) repeat 

expansions [r(CAG)exp], located in exon 1 of the HD gene, are translated into polyglutamine 

tracts that form toxic aggregates in neurons in Huntington’s disease.(12–15) The progression 

of these diseases may also be caused by RNA toxicity, such as mechanisms by which 

r(CAG)exp sequesters SRSF6, causing aberrant splicing in the HD gene.(16) r(CUG) repeat 

expansions [r(CUG)exp] located in the 3′ UTR of the DMPK gene(17–19) sequester 

MBNL1 or CUGBP1, causing aberrant splicing of genes such as the insulin receptor (IR) 

and cardiac troponin T (cTNT) in myotonic dystrophy type 1 (DM1).(20–23) r(CAG)exp 

and/or r(CUG)exp is also associated with several types of spinocerebellar ataxias (SCAs).

(24–27) Targeting these repeat expansions with therapeutics may restore normal splicing and 

reverse the pathogenesis of these diseases.

Current treatments for diseases caused by r(CAG)exp or r(CUG)exp consist of symptom 

management.(28–31) As potential drugs, antisense oligonucleotides (ASOs) have had 

problems with efficacy, off-target effects, delivery, and side effects, in addition to enhanced 

toxicity from generation of small RNAs that target other repeat-containing transcripts.(32, 

33) Furthermore, many mRNAs are not accessible to ASOs because they are highly 

structured or bound to proteins.(34) An alternative class of drugs consists of small molecules 

that bind to repeat expansions. Kumar et al.(35) identified a compound that inhibited 

formation of the MBNL1–r(CAG)exp complex with micromolar potency. Pushechnikov et al.

(36) and Childs-Disney et al.(37) reported dimeric and trimeric derivatives of Hoechst 33258 

on peptoid backbones that selectively bound to r(CUG)exp with nanomolar affinity and 

inhibited MBNL1 binding in vitro. In vivo activities of multimers of this compound on 

optimized scaffolds were later demonstrated.(38, 39) A chemical similarity search for 

compounds with improved bioactivity led to compound H1, which displaced MBNL1 from 

r(CUG)exp with 20-fold improvement over that of Hoechst 33258.(40) Subsequently, 

Rzuczek et al.(41) reported small molecule modules that catalyze synthesis of a multivalent 

compound at adjacent sites in r(CUG)exp for enhanced potency. Other compounds that target 

r(CUG)exp include actinomycin D, aminoglycosides, and triaminotriazine derivatives.(42–

46) Knowledge of the detailed structure and dynamics of these RNA repeats may assist with 

structure- or ligand-based design of drugs against these RNAs.(47)
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Structures of r(CAG)exp and r(CUG)exp refined by X-ray crystallography and/or molecular 

dynamics simulations were previously reported. Kiliszek et al.(48) reported a crystal 

structure of an RNA duplex with two r(CAG) motifs, where each AA pair is anti–anti and 

forms one hydrogen bond. In a structure of an RNA construct with three copies of r(CAG), 

Yildirim et al.(49) found anti–anti AA pairs in the central r(CAG) motif and syn–anti AA 

pairs in the terminal r(CAG) motifs, flanked by Watson–Crick GC pairs. In comparison, 

several crystal structures of r(CUG) repeats have been reported. Mooers et al. reported an A-

form r(CUG)6 crystal structure with no direct hydrogen bonds within the UU loops and poor 

stacking with closing base pairs.(50) Kiliszek et al.(51) identified one hydrogen bond, 

“stretched UU wobble” base pairs, in detwinned crystal structures of r(CUG)6. Coonrod et 

al.(52) utilized a GAAA tetraloop and receptor interaction to facilitate crystal packing of 

RNAs with r(CUG)2, where the “stretched UU wobble” pair also predominated. Kumar et al.

(53) developed crystals of RNA constructs with r(CUG)3 and observed one- or two-

hydrogen bond UU pairs depending on the orientation of the 5′ UU dangling ends. 

Molecular dynamics simulations on this construct indicated that the UU loops prefer one- or 

two-hydrogen bond states to a no-hydrogen bond state.(54)

Even though X-ray structures of r(CAG)exp and r(CUG)exp were previously reported, crystal 

packing forces may influence X-ray structures of RNAs.(1, 48, 52, 55) Furthermore, X-ray 

structures would represent the frozen state of RNA where dynamic properties would be 

missing. An alternative method for obtaining three-dimensional structures of these RNAs is 

nuclear magnetic resonance (NMR) spectroscopy. A solid state NMR study of a construct 

with 97 r(CUG) repeats revealed A-form geometry with C3′-endo geometry and an anti 
glycosidic torsion angle (χ).(56) NMR spectroscopy can also provide information about 

dynamics, which may be used to design therapeutics to target these RNA repeats.(57) 

Although conformations of RNAs in solution would not be influenced by crystal packing, 

signal overlap may complicate full assignment of resonances. Previously, NMR analysis of 

an RNA construct with one r(CUG) motif found the one- and two-hydrogen bond states to 

be preferred.(58) However, no NMR structures of r(CAG)exp or r(CUG)exp have yet been 

reported.

Herein, we report NMR structures of RNAs with three copies of r(CAG) or r(CUG). 

Furthermore, we utilized molecular dynamics (MD) simulations and a discrete path 

sampling (DPS) method to predict atomistic details of structure and dynamics of these 

model RNA systems. Results indicate that 5′CAG/3′GAC and 5′CUG/3′GUC loops 

interconvert between multiple states, but that the one-hydrogen bond state was preferred for 

the former and one- and two-hydrogen bond states were preferred for the latter. Furthermore, 

we discovered the NMR chemical shift data of RNA 5′CAG/3′GAC and 5′CUG/3′GUC 

mimicking the corresponding repeat expansions that can be used to design NMR 

experiments to study binding of small molecules to RNA repeat expansions in solutions. The 

results might be also applied to other challenging aspects of RNA repeats such as MBNL1–

RNA 5′CAG/3′GAC and 5′CUG/3′GUC binding.
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Methods

Preparation of Samples

The following RNA sequences were purchased from GE Dharmacon, Inc., and deprotected 

and desalted according to the manufacturer’s recommended protocol: 

r(GACCAGCAGCAGGUC)2[r(3×CAG)], r(GACCUGCUGCUGGUC)2 [r(3×CUG)], 

r(GACCU5FGCUGCUGGUC)2, r(GACCUGCUGCU5FGGUC)2, 

r(GACCU5FGCU5FGCUGGUC)2, and r(GACCU5FGCUGCU5FGGUC)2. Desalted RNAs 

were then dissolved in NMR buffer [5 mM KH2PO4/K2HPO4 and 0.25 mM EDTA (pH 6.0)] 

and reannealed by being heated to 70 °C for 3 min and then slowly cooled to room 

temperature.

NMR Spectroscopy

NMR spectra of samples in Shigemi tubes (Shigemi, Inc.) were acquired on Bruker Avance 

III 700 and 850 MHz spectrometers. For samples in H2O, one- and two-dimensional spectra 

were acquired with excitation sculpting to suppress the water signal.(59) Two-dimensional 

(2D) NOESY spectra with different mixing times were acquired at 25 and 3 °C or 5 °C for 

both constructs. Proton chemical shifts were referenced to the frequency of water. 2D NMR 

spectra were processed with Bruker BioSpin 3.2 and NMRPipe,(60) and resonances were 

assigned with SPARKY.(61)

Methods for Obtaining Distance and Dihedral Restraints

Distance restraints for pairs of hydrogen atoms were obtained by integrating nuclear 

Overhauser effect (NOE) volumes with SPARKY(61) or manually assigned to a range of 

distances based on the relative intensities of the NOEs. NOE volumes were referenced to 

volumes from fixed distances: H2′–H1′ (2.75 Å) and cytosine or uracil H5–H6 (2.45 Å).

(62) Hydrogen bonds in canonical base pairs were assigned to distances of 2.1 ± 0.3 Å. The 

NOE intensities between the H1′ and H6/H8 base protons indicated that all nucleotides 

adopted an anti conformation. Therefore, the χ dihedral angle was constrained between 170° 

and 340° (anti) for all residues except the terminal residues and loop adenines or uridines.

Modeling Methods

Structures were calculated with a simulated annealing protocol(63, 64) on a starting 

structure generated with Nucleic Acid Builder.(65) The RNA was solvated with the 

generalized Born implicit solvent model and 0.1 M NaCl.(66) The system was heated from 0 

to 3000 K in 5000 steps for 5 ps, cooled to 100 K in 93000 steps for 93 ps, and then cooled 

to 0 K in 2000 steps for 2 ps. Force constants were 20 kcal mol−1 Å−2 for NOE distance 

restraints and 20 kcal mol−1 rad−2 for dihedral angle restraints. Restrained molecular 

dynamics simulations were performed with AMBER(67)using the parm99χ_YIL force 

field.(68) The simulated annealing procedure was repeated with different initial velocities to 

generate an ensemble of 40 structures for r(3×CAG) and r(3×CUG). The 35 r(3×CAG) 

structures with no distance violations of >0.1 Å and all 40 r(3×CUG) structures were refined 

with the same simulated annealing procedure except that they were heated to 600 K. Force 

constants were 30 kcal mol−1 Å−2 for NOE distance restraints and 30 kcal mol−1 rad−2 for 
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dihedral angle restraints. The 20 lowest-energy structures that agreed with NMR 

experimental restraints were selected as the final ensemble of structures. Structures were 

analyzed with PyMOL, X3DNA, and DSSR.(69–71) Root-mean-square deviations (RMSDs) 

of the ensemble of structures were calculated with VMD.(72) Images for publication were 

generated with Discovery Studio Visualizer.(73)

Molecular Dynamics (MD) Simulations

Preparation of Model Systems—Model systems of r(GACCUGCUGCUGGUC) 

[r(3×CAG)] and r(GACCUGCUGCUGGUC) [r(3×CUG)] were prepared for MD 

simulations using the nucgen module of AMBER 16.(67) Initial structures were first 

minimized by restraining only the heavy atoms in Watson–Crick base pairs. The systems 

were then neutralized with 28 Na+ ions(74) and solvated with 8813 TIP3P(75) water 

molecules in a truncated octahedral box. The Na+ concentrations in both systems were 0.17 

M once they had reached equilibration. The AMBER force field(76) with revised χ(68) and 

α/γ(77)torsional parameters was used in the MD simulations.

Molecular Dynamics Simulations—The structures were first minimized and then 

equilibrated each in two steps as described previously.(49, 78) After minimization and 

equilibration, a 1 μs MD simulation with a 2 ps time step was run for each system using 

NPT dynamics with isotropic positional scaling. The reference pressure was set to 1 atm 

with a pressure relaxation time of 2 ps. SHAKE was turned on for constraining bonds 

involving hydrogen atoms.(79) An atom-based long-range hard cutoff of 8.0 Å was used in 

the production runs. The reference temperature was set to 300 K.

Discrete Path Sampling—We previously utilized the discrete path sampling (DPS)(80, 

81) method to study the energy landscape of 1 × 1 UU internal loops in r(CUG)exp.(54) DPS 

is an approach to scanning configurational space efficiently to discover global and local 

minimum states of RNA systems, and transformation pathways that cannot be accessed with 

regular MD simulations. In the work presented here, DPS was applied to study the 1 × 1 AA 

internal loops. For the DPS calculations, initial conformations were extracted from the MD 

trajectory of r(3×CAG). The middle 1 × 1 AA internal loop region of r(3×CAG), (5′-

G6C7A8G9C10-3′)2, was extracted from the MD trajectory at intervals of 200 ps, yielding 

5000 conformations. A modified version of the LBFGS algorithm(82)was used to build the 

initial database with a convergence criterion of 10−6 kcal mol−1 for the root-mean-square 

gradient. Between each minimum, connection attempts were made in a pairwise fashion. A 

disconnectivity graph(83–85) analysis was performed at the end that displayed the stable 

conformational states. The UNTRAP scheme(86) was utilized to further refine the database. 

For all these calculations, the OPTIM and PATHSAMPLE software was used (see Table S1 

for sample input files). The final stationary point database contains −35K minima and −48K 

transition states. Free energies were estimated from the database by employing the harmonic 

superposition approximation.(87)

Analysis—The ptraj module of AMBER 16(67) was used for root-mean-square deviation 

(RMSD) and cluster analyses. X3DNA(70, 88) was used to extract global structural 

properties of RNA duplexes from the MD trajectories. A disconnectivity graph(83, 84) was 

Chen et al. Page 5

Biochemistry. Author manuscript; available in PMC 2018 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



plotted to visualize the free energy landscapes for RNA 1 × 1 AA internal loops.(85, 89) The 

disconnectivity graph was constructed from the stationary point databases using the 

disconnectionDPS code (https://wikis.ch.cam.ac.uk/ro-walesdocs/wiki/index.php/

DisconnectionDPS)(90) (see Table S1 for a sample input file).

Results

NMR Analysis of the r(3×CAG) Duplex

Nonexchangeable protons were assigned with NOESY spectra recorded in D2O. A 

sequential H6/H8–H1′ walk through all residues of r(3×CAG) is shown (Figure 1 and 

Figure S1) as well as interresidue NOEs between H6/H8 and H2′, indicative of an A-form 

structure.(91) Key NOEs between the adenine H2 protons and nearby H1′ protons provided 

valuable information about the structure of r(3×CAG). Specifically, NOEs were observed 

from A2H2 to C3H1′ and C15H1′, A5H2 and A11H2 to G6H1′ and G12H1′, and A8H2 to 

G9H1′ (Figure 1 and Figure S1). Altogether, these NOEs suggest the helix adopts A-form 

geometry with stacking among the 5′CAG/3′GAC bases. Intra- and interresidue NOEs 

between equivalent H6/H8 and H1′ protons within each r(CAG) motif overlap are 

consistent with the three r(CAG)s having a repetitive structure.

The exchangeable proton assignments were made using NOESY spectra collected in a 95% 

H2O/5% D2O solvent. All imino proton resonances were observed with imino–amino NOEs 

present for all internal GC pairs (Figures S2 and S3). NOEs from G1H1 to one of the C15 

amino protons and from A2H2 to U14H3 were also observed and used to assign and confirm 

amino and imino resonances. Intrastrand and interstrand guanine H1–3′ H1′ NOEs were 

observed for guanines in each r(CAG) motif. Specifically, NOEs were observed from G6H1 

to C7H1′ and A11H1′, G9H1 to C10H1′ and A8H1′, and G12H1 to G13H1′ and A5H1′. 

These NOEs were valuable in defining the base pairing and the structural features of the 

r(CAG) triplet repeats.

NMR Analysis of the r(3×CUG) Duplex

NOEs corresponding to H1′–H6 and H5–H6 of U5, U8, U11, and C4 significantly overlap 

in the NOESY spectra of r(3×CUG) in D2O. Nevertheless, a sequential H6/H8–H1′ walk 

was assigned through all nucleotides except C4 with the assistance of sequential aromatic 

base–base proton NOEs (Figure 2 and Figure S4). Same- and cross-strand NOEs exist 

between A2H2 and C3H1′ and C15H1′. As seen for r(3×CAG), intra- and interresidue 

NOEs between equivalent H6/H8 and H1′ protons of each r(CUG) motif overlap, indicating 

that all r(CUG)s have very similar structures. The NOEs and their intensities in the NOESY 

spectra clearly indicate an A-form RNA-like helix.

The NOESY spectrum recorded in a 95% H2O/5% D2O solvent shows imino proton 

resonances and imino–amino NOEs for all Watson–Crick base pairs (Figures S5 and S6). 

Additionally, NOEs from G1H1 to the C15 amino protons and A2H2 to U14H3 were 

observed. The G6, G9, and G13 imino proton resonances overlap. The two upfield imino 

proton peaks between 10.21 and 10.28 ppm (Figure 3) are consistent with UU base pairs.

(58, 92, 93) The broader resonance at 10.28 ppm was assigned to the U5 and U8 imino 
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protons, with the U11 imino proton at 10.21 ppm. These peaks are broad, indicating 

exchange with solvent, and may be dynamic. NOEs from these U imino protons to G12H1′, 

G6H1′, and G9H1′ were observed, supporting stacking of the r(CUG) bases and providing 

important information for positioning the UU mismatch base pair.

The uridine imino proton resonance assignments were validated by systematically 

substituting uridines with 5-fluorouridine (U5F). The electronegativity of the 5-fluorine atom 

is expected to lower the pKa of the UH3 proton and increase its rate of exchange with the 

solvent, thus broadening its resonance.(94, 95) In the 1D spectra shown in Figure 3, single 

U5F substitutions at U5 and U11 result in the loss of the peak at 10.21 ppm and the 

appearance of a peak at 9.88 ppm. U5Fsubstitution at both U5 and U8 results in the loss of 

the 10.28 and 10.21 ppm peaks and the appearance of a peak at 9.88 ppm. Having U5F 

substitutions at U5 and U11 results in the loss of the resonance at 10.21 ppm, with the 

resonance at 10.28 ppm remaining. On the basis of the data and peak areas mentioned above, 

U11H3 is at 10.21 ppm, and the broader and larger resonance at 10.28 ppm must be U8 and 

U5. The resonances between 12.6 and 13.6 ppm are sensitive to the U5F substitution at U5 

and, to a lesser extent, U11 and U8. The remaining imino proton assignments were 

confirmed by NOEs observed in the 2D NOESY spectra, where NOEs from U11H3 to 

G12H1′ and G6H1′ were observed for r(3×CUG) with U5F substituted at U5 and U8 

(Figure S7) and an NOE from U8H3 to G9H1′ was observed for r(3×CUG) with U5F 

substituted at U5 and U11 (Figure S8).

NMR Analysis of a Second Conformation for r(3×CAG) and r(3×CUG)

Additional cross-peaks were observed in the r(3×CAG) and r(3×CUG) NOESY spectra 

(Figures S2 and S4). Because of overlapping resonances and weak cross-peaks, the only 

protons that were assigned in these minor conformations were the aromatic protons of G1, 

A2, and C3, and H1 and H3 for r(3×CUG) and H6/H8 to H1′ and some H2′ protons of G1–

G6, A11, and G13–C15 for r(3×CAG) (Figure S2). From this limited set of NMR data, the 

minor conformation in both repeats appears to be in slow exchange with the major 

conformation due to the absence of exchange cross-peaks between resonances in the spectra. 

Both systems have the same complementary ends, 5′GACC/3′CUGG, which could form a 

stem–loop structure with a four-nucleotide stem and a seven-nucleotide loop. On the basis of 

the limited set of NMR data, the second conformation in both systems may be a stem–loop 

structure. Evidence of a stem–loop structure is clearer for r(3×CUG) in that the imino proton 

resonances for U5 and U11 exhibit an NOE to each other, with one of the U imino protons 

exhibiting an NOE to an adjacent base pair amino proton, while the U8 imino proton at 

11.58 ppm is extremely weak and exhibits no observable NOEs to adjacent nucleotides 

(Figure S5). If the minor conformation was a duplex, one would expect the U5, U8, and U11 

imino protons to have similar chemical shift values and intensities, which the minor 

conformation lacks. The difference in chemical shift values for the U5, U8, and U11 imino 

protons and the weak U8 imino proton suggests that U5 and U11 are interacting with each 

other and U8 is most likely oriented externally at the top of the loop. Thus, a stem–loop 

structure is plausible. From the limited NOESY data given above and the lack of proton 

assignments for the loop nucleotides, the existence of a stem–loop structure can only be 
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hypothesized. Therefore, only the NMR results for the duplex conformation will be 

discussed further.

Modeling Study of r(3×CAG)

The simulated annealing procedure provided structures consistent with the NMR data 

(Figure S9). The average RMSD for the top 20 lowest-energy structures is 1.34 Å (Table 1), 

indicating good convergence. The average helical rise is 2.7 Å, and the helical twist is 30.6°, 

slightly less compressed than average for A-form RNA (2.8 Å and −32°).(96, 97) In the 

ensemble of the 20 lowest-free energy structures of r(3×CAG), the conformationally stable 

AA mismatches adopt cisWatson–Crick/Watson–Crick pairs(98) flanked by canonical GC 

pairs (Figure 4). All nucleotides in the structure adopt anti χ torsion angles, which is 

consistent with the presence of H6/H8–H1′ sequential NOE connectivity through all 

residues, without large H6/H8–H1′ NOEs that are found in the syn orientation. Some 

stacking of AA pairs on the neighboring GC pairs was observed, typical for an A-form helix 

(Figure 5).

The helix is unwound at either the 5′CA/GA or 5′AG/AC steps for all of the 5′CAG/

3′GAC motifs, with helical twist values of less than −25°. In all of the structures, the 

average C1′–C1′ distance for the AA pairs is 12.2–12.4 Å. For typical A-form RNA, the 

C1′–C1′ distance is −10.5 Å.(58) The increased C1′–C1′ distance corresponds to an 

increased helical radius of ≳10 Å from −9.2 Å for A-form RNA.(71, 99) Near the internal 

5′CAG/3′GAC motif, the major groove is the widest, at >20 Å on average, and the minor 

groove is the narrowest, at <16 Å on average. The AA pairs are characterized by large 

propeller twists (up to an average of −18.6°) from rotation approximately around the AN1–

AN6 bond. The closing GC pairs of the central r(CAG) motif were buckled more (8.4° and 

−8.6°) than those of either of the outer r(CAG) motifs. These nonplanarities may enhance 

intrastrand base stacking of the mismatch adenines on neighboring bases.(100, 101)Taken 

together, the AA pairs induce distortions in the A-form helix.

Modeling Study of r(3×CUG)

From the simulated annealing calculations, 26 of the 40 structures adopt A-form helices and 

agreed with the NMR data (Figure S10). The average RMSD for all heavy atom 

superposition of the ensemble of structures is 1.51 Å (Table 1), again indicating good 

convergence. Similar to the case for r(3×CAG), the average helical rise is 2.7 Å and the 

average helical twist is 30.8°. In the ensemble of the 20 lowest-potential energy structures 

that agree with the NMR data, all of the UU mismatches contain cis Watson–Crick/Watson–

Crick UU base pairs(98) closed by Watson–Crick GC pairs (Figure 6). The average number 

of hydrogen bonds in all of the UU base pairs is 1.5 ± 0.5. Although the UO4–UH3 

distances in all of the UU pairs are 1.8–1.9 Å, the UO2–UH3 distances vary to a greater 

extent (Figure 7). Among the 20 lowest-potential energy structures, UO2–UH3 distances are 

<2.5 Å in 40% of UU pairs, between 2.5 and 3.4 Å in 40% of UU pairs, and >3.4 Å in the 

remaining 20%. The GC pairs adjacent to the internal r(CUG) motif are not buckled more 

than other base pair steps toward the end of the helix, but they have standard deviations for 

buckle larger than the deviations of those outside of the external r(CUG) motifs. Some 

stacking of one- and two-hydrogen bond UU pairs on neighboring GC pairs was observed.
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Shorter C1′–C1′ distances were observed for UU pairs with shorter UO2–UH3 distances. 

For example, in one structure with UO2–UH3 distances of 2.10, 2.85, and 3.56 Å, the C1′–

C1′ distances were 9.10, 10.10, and 10.79 Å, respectively. The helix is underwound at either 

the 5′CU/GU or 5′UG/UC steps of the 5′CUG/3′GUC motifs. A greater range of twist 

angles was observed in the 5′CU/3′GU and 5′UG/3′UC steps of r(3×CUG) than in the 

5′CA/3′GA and 5′AG/3′AC steps of r(3×CAG), with larger standard deviations for each of 

those steps in r(3×CUG) than for equivalent steps in r(3×CAG). The major groove widens 

between the outer r(CUG) motifs, although not to the extent seen in r(3×CAG). Propeller 

twisting in the UU pairs, around the UN3–UO4 bond, is not as significant as in AA pairs of 

r(3×CAG). The helical radius for r(3×CUG) is typically ≳10 Å, similar to that of r(3×CAG). 

Altogether, the UU pairs induce distortions in the helix and have greater flexibility than AA 

pairs.

Molecular Dynamics Results

Figure 8 displays the RMSD analyses of 1 × 1 internal loops with respect to zero-, one, and 

two hydrogen bond states for r(3×CAG) and r(3×CUG) extracted from the MD trajectories. 

It was observed that 1 × 1 AA internal loops sampled the one- and zero-hydrogen bond 

states 37 and 47% of the time, respectively (Figure 8A–C), values similar to those previously 

reported.(49)Comparison of the terminal and middle 1 × 1 AA internal loops did not show 

any significant differences. As a result of this, the GC/CG Watson–Crick base pairs 

neighboring the AA mismatch are relatively flexible compared to GC pairs beyond the 

r(CAG) repeats.

On the other hand, the 1 × 1 UU internal loops sampled from the MD trajectory exhibited 

one-, two-, and zero-hydrogen bond states 44, 33, and 18% of the time, respectively, with the 

middle 1 × 1 UU internal loop sampling the two-hydrogen bond state 42% of the time 

(Figure 8D–F). When 1 × 1 UU internal loops preferred the two-hydrogen bond states, the 

neighboring GC Watson–Crick base pairs were observed to be distorted. Similar results were 

previously seen.(54) These results indicate that in r(CUG)exp, 2 × 2 GC/CG base pairs 

between 1 × 1 UU internal loops can deform because of the formation of UU loops with 

two-hydrogen bond states. We should note, however, that the predictions might not be 

physical and that further testing of the force field will improve the prediction of mismatched 

base pairs.

We also performed base pair step analyses on these two systems (Figures S11 and S12). As 

expected, because of 1 × 1 AA and UU internal loops preferring more than one state, the 

loop regions are flexible. This behavior causes the loop regions to have large standard 

deviations compared to those of the Watson–Crick regions (see error bars in Figures S11 and 

S12). Specifically, analyses of slide and twist show that the loop regions have both high 

fluctuations and values, which are relatively slipped compared to the Watson–Crick regions 

(Figures S11 and S12). Nevertheless, combined with the groove width data, these results 

indicate both r(3×CAG) and r(3×CUG) systems have predominantly A-form structures with 

dynamic 1 × 1 internal loops, which correlate well with the observed dynamics in the NMR 

data.
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Thermodynamic Properties of 1 × 1 AA Internal Loops

Utilizing a DPS approach, a disconnectivity graph that represents the hyperdimensional free 

energy landscape of 1 × 1 AA internal loops in r(CAG)exp was generated (Figure 9). Figure 

9displays both the global minima and local minimum states of 1 × 1 AA internal loops. This 

corresponds well with the NMR structures that indicate the one-hydrogen bond states are the 

global minima while the zero-hydrogen bond state is a local minimum with a 0.45 kcal mol
−1 less favorable free energy (Figure 9). Because this system is symmetric, both one-

hydrogen bond states are observed (Figure 9). The transformation from the one-hydrogen 

bond state to a symmetric one-hydrogen bond state passes through the zero-hydrogen bond 

state (Movie S1). Similar results were predicted previously, which utilized MD and umbrella 

sampling calculations in the study of r(CAG)exp.(49)

Discussion

NMR Chemical Shifts of Triplet Repeat Regions

There have been a number of studies that describe the use of proton chemical values to 

validate and help determine the structure of RNA.(102–106) Analysis of the chemical shifts 

of the r(3×CAG) and r(3×CUG) constructs indicates that the triplet repeat structure is 

repetitive. In r(3×CAG), C7 and C10 have very similar chemical shift values for their 

nonexchangeable H1′ (Δ0.001 ppm), H2′ (Δ0.002 ppm), H5 (Δ0.005 ppm), H6 (Δ0.006 

ppm), and exchangeable amino protons (Figure 1 and Table S2). Nonexchangeable and 

imino proton resonances of the guanines to which they are base paired, G6 and G9, are also 

similar. For example, the H8 chemical shifts of G6 and G9 differ by <0.01 ppm, while their 

H1′ resonances have a slightly larger difference of 0.04 ppm. The nonexchangeable and 

exchangeable proton resonances of C4 and G12 differ because they are within a different 

sequence of triplets: 5′CCA/3′GGA for C4 and 5′AGC/3′ACG for G12. The proton 

chemical shifts for the adenines in all three triplets are also very similar: H1′ (Δ0.007 ppm), 

H2′ (Δ0.04 ppm), H2 (Δ0.04 ppm), and H8 (Δ0.03 ppm), indicating that they are located in 

nearly identical structural environments.

The repeating chemical shift values for the protons in these triplet repeats can be attributed 

to repetitive sequence-dependent stacking and/or electrostatic interactions, where G6 and 

C7, and G9 and C10, are located within the same triplet of base pairs.(102, 103, 105, 106) 

These triplets are 5′GCW/3′CGW for cytidines, 5′CWG/3′GWC for adenosines or 

uridines, and 5′WGC/3′WCG for the guanosines, where W is A or U. However, slight 

differences among chemical shifts of nucleotides within the same triplets may result from 

next nearest neighbor effects. Considering that the identity of the next nearest neighbors of 

each 5′CAG/3′GAC or 5′CUG/3′GUC motif are different in the modeled RNAs, the NMR 

chemical shifts, and to a larger extent the structure, of the central 5′CAG/3′GAC or 

5′CUG/3′GUC motif may be the best approximation of those observed in repeat expansion 

diseases.

Comparison to Other r(CAG) Structures

Two RNA structures with r(CAG) repeats have been examined by X-ray crystallography and 

molecular dynamics modeling.(48, 49) Hydrogens were added to the structure of Kiliszek et 
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al. with REDUCE,(107) and helical parameters for both structures were calculated with 

X3DNA.(70)In the structure of Kiliszek et al., the AA pairs were anti–anti and stabilized by 

a single hydrogen bond from C2H2 to N1, but the AH6–AN1 distances were too long (3.4–

3.5 Å) to form hydrogen bonds.(48) The distances between AC2 and AN1 in r(3×CAG) 

were similar to that reported by Kiliszek et al. (3.41 Å),(48) but the adenines were tilted to 

allow AH6 and AN1 in r(3×CAG) to be close enough to form a hydrogen bond. However, 

carbon is a poor hydrogen bond donor, so the N6–N1 hydrogen bonds likely stabilize the 

AA pairs more in r(3×CAG).

The average helical twist of the structures of Kiliszek et al.(48) and Yildirim et al.(49) are 

28.6° and 27.7°, respectively, in close agreement with those of r(3×CAG). Helical rise is also 

consistent among the structures, in the range of 2.8–3.0 Å. Undertwisting around the AA 

pairs was observed in all of the structures. In the structure of Yildirim et al., syn–anti AA 

pairs in the terminal r(CAG) motifs formed from interactions of the amino and 2′-OH 

groups of the adenines with dangling uridines, which were included to crystallize the RNAs. 

Little stacking on closing base pairs was observed for each type of AA pair. The backbone 

of closing GC pairs of the r(CAG) motifs was flexible in the MD simulations of Yildirim et 

al. of an RNA with three r(CAG) motifs, likely facilitating syn–anti transitions of the loop 

adenines.(49) This flexibility was not observed in the RNA constructs with single r(CAG) 

motifs. Additionally, the 5′CG/GC and 5′GC/CG steps on either side of the internal r(CAG) 

motif are buckled more than either step outside of the other two r(CAG) motifs. Thus, the 

internal r(CAG) motif of r(3×CAG) is likely a better approximation of r(CAG)exp.

Analyses of the MD trajectory of r(3×CAG) display dynamics in the 1 × 1 AA internal 

loops. One- and zero-hydrogen bond states are the most frequent structures observed in the 

MD simulation, while 10% of the structures were in other forms (Figure 8A–C). DPS results 

verify this prediction, too, where the one-hydrogen bond state is 0.45 kcal mol−1 more 

favorable than the zero-hydrogen bond state (Figure 9). The 1 × 1 AA internal loops in 

r(CAG)exp are symmetric. Thus, there are constant transformations from a one-hydrogen 

bond state to its symmetric version through the zero-hydrogen bond state (Movie S1 and 

Figure 8A–C). These motions, thus, create fluctuations in the base pair steps observed in the 

analyses (Figure S11). Despite these motions, the neighboring GC base pairs of 1 × 1 AA 

internal loops are not distorted as much as in r(CUG) repeats. This might be due to the 

favored π–π stacking observed between the adenosine and GC base pairs, which causes the 

system to be less affected by the fluctuations.

Comparison to Other r(CUG) Structures

In comparison to the model of r(3×CAG), the internal loops of r(3×CUG) are dynamic. The 

first crystal structure of r(CUG) repeats was reported by Mooers et al. in 2005.(50) The 

group reported that the UU pairs form water-mediated hydrogen bonds in the minor and 

major grooves. In their r(CUG)6, the UU pairs adopt conformations to stabilize the helix by 

maximizing 5′GC/CG stacking and minimizing their own distortion, preventing formation 

of direct hydrogen bonding interactions. At the same time, 5′CU/GU stacking is minimized. 

Kiliszek et al. detwinned the X-ray data of r(CUG)6 from the Berglund group and found that 

the UU pairs formed single-hydrogen bond “stretched UU wobble” base pairs, stabilized by 
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water molecules in the major and minor grooves.(51) In the r(3×CUG) structure, the 

5′GC/CG step maintains relatively large intrastrand stacking like in A-form RNA. The one-

hydrogen bond UU pairs observed in r(3×CUG) may be similar to the “stretched UU 

wobble”, although no explicit water molecules were used in the simulated annealing. 

Alternatively, water-mediated hydrogen bonding in one-hydrogen bond UU pairs may occur 

only in the minor groove.(93) In the UU pair with two hydrogen bonds, one uracil favors 

stacking on the cross-strand guanine rather than its adjacent cytosine while the other favors 

intrastrand stacking on its 5′-cytosine (Figures 6 and 7). There appears to be no correlation 

between the overlap area of the uracils on adjacent bases and the number of hydrogen bonds 

in the UU pairs. No UU pairs with an enol tautomeric form of an uridine were observed,(93, 

108)although formation of this type of base pair may depend on the sequence.(93, 108)

The average helical rise twist of r(3×CUG) is consistent with those of previously published 

structures.(53, 58) Similar to the NMR structures, the two-hydrogen bond structure that 

Kumar et al. reported has a shorter C1′–C1′ distance (8.8 Å), which was attributed to 

widening of the adjacent major groove by the dangling UU residues, although this type of 

base pair observed in the crystal structure of Kumar et al. contains the same distortion of the 

residues as in the NMR structures.(53) C1′–C1′ distances of the structures with one or zero 

hydrogen bonds ranged from 10.0 to 10.5 Å in the crystal structure, consistent with one-

hydrogen bond UU pairs in the NMR-refined structure. In the NMR structures of r(CUG) of 

Parkesh et al., the C1′–C1′ distance was also shorter in the two-hydrogen bond UU pair 

(8.9 Å) than in the one-hydrogen bond UU pair (10.6 Å).(58) Consistent with observations 

in r(3×CUG), this indicates that structures with a stronger hydrogen bond between UO2 and 

UH3 have greater distortion in the helix. The results from our overlap area analysis show our 

structures are in agreement with the reported crystal structures, with 5′CU/GU and 

5′UG/UC steps of the r(CUG) motifs having considerably less overlap than the 5′GC/CG 

steps (Supporting Information). Altogether, these data support a model of r(3×CUG) that 

favors one- and two-hydrogen bond states, with dynamic UU pairs closed by structurally 

stable GC pairs.

A similar result was observed in the MD simulation of r(3×CUG). One- and two-hydrogen 

bond states of the noncanonical UU base pairs were the most frequent states observed in the 

MD trajectory, while the zero-hydrogen bond state was the least frequent (Figure 8C–E). 

Furthermore, the formation of the two-hydrogen bond state of the UU base pairs appears to 

induce a distortion of the neighboring GC base pairs to accommodate the less flexible UU 

base pair. The competition between base stacking (π–π interaction) and hydrogen bond 

formation (Coulomb interaction) is probably the main reason why we see dynamic behavior 

in 1 × 1 UU internal loops. Even though the general shape of r(3×CUG) is A-form, the local 

properties around 1 × 1 UU internal loops will direct how drugs, ligands, and proteins 

interact with the r(CUG) repeats. As an example, if the neighboring 2 × 2 GC base pairs next 

to 1 × 1 UU internal loops in r(CUG)exp are less stable than regular Watson–Crick GC base 

pairs, it might be possible that when a protein such as MBNL1 binds to r(CUG)exp or 

r(CAG)exp, it distorts the neighboring GC base pairs to enhance its binding. The same results 

were observed in the disconnectivity graph of a model 1 × 1 UU internal loop (Figures S13 

and S14).(54) This observation, however, needs to be experimentally tested in detail.
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Conclusion

In summary, r(3×CAG) forms relatively stable single-hydrogen bond base pairs. On the 

other hand, the UU pairs of r(3×CUG) are dynamic and exchange between one- and two-

hydrogen bond states. The AA and UU pairs induce distortions to A-form RNA of their 

helices. These results provide insight into the structure and dynamics of r(CAG)exp and 

r(CUG)exp and may be used to design therapeutics that reverse the symptoms of DM1, HD, 

or the SCAs that involve r(CAG)expand/or r(CUG)exp repeats. Furthermore, we discovered 

the NMR chemical shifts of 5′CAG/3′GAC and 5′CUG/3′GUC regions, which mimic the 

corresponding RNA repeat expansions in solution. Combined with NMR experiments, the 

NMR chemical shift data of r(CAG) and r(CUG) motifs can be utilized to design 

experiments to investigate how small molecules and ligands interact with RNA repeats. 

Finally, the results might be applied to future studies such as how disease-associated proteins 

interact with r(CAG)exp and r(CUG)exp and yield invaluable information about the binding 

mechanism.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ID one-dimensional

2D two-dimensional

ASO antisense oligonucleotide

cTNT cardiac troponin T

CUGBP1 CUG-binding protein 1

DM1 myotonic dystrophy type 1

DMPK dystrophia myotonica protein kinase

DPS discrete path sampling

HD Huntington’s disease
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IR insulin receptor

MBNL1 muscleblind-like 1 protein

MD molecular dynamics

NMR nuclear magnetic resonance

NOESY nuclear Overhauser effect spectroscopy

RMSD root-mean-square deviation

SCA spinocerebellar ataxia

SRSF6 serine and arginine rich splicing factor 6
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Figure 1. 
H1′–H6/H8 region of a 2D proton NOESY spectrum of r(3×CAG) showing a sequential 

proton walk with blue lines. H1′–H6/H8 walk NOEs are labeled in blue. Adenine H2 signals 

are labeled with red dashed hnes. H1′–adenine H2 NOEs are labeled in red with only the 

label of the residue for H1′.
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Figure 2. 
H1′–H6/H8 region of a 2D proton NOESY spectrum of r(3×CUG) showing a sequential 

proton walk with blue lines. H1′–H6/H8 walk NOEs are labeled in blue. Adenine H2 signals 

are labeled with red dashed lines. H1′–adenine H2 NOEs are labeled in red with only the 

label of the residue for H1′. Cross-peaks from C4H1′ to C4H6 and U5H6 were not 

observed in the spectrum.
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Figure 3. 
NMR spectra of unsubstituted and U5F-substituted r(3×CUG) RNAs. Spectra were recorded 

at 3 °C. The UU pair imino protons are at 10.2–10.3 ppm: (bottom) unmodified RNA with 

no U5F, (middle) U5F at positions 5 and 8, and (top) U5F at positions 5 and 11. Peaks labeled 

1–5 correspond to the minor conformation in solution: (1) U14, (2) G12, (3) U5 or U11, (4) 

U8, and (5) U5 or U11.
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Figure 4. 
5′CAG/3′GAC motif from r(3×CAG).
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Figure 5. 
Stacking diagrams for an AA pair of r(3×CAG) on a closing GC pair.
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Figure 6. 
5′CUG/3′GUC motifs from r(3×CUG). (a) One-hydrogen bond UU loop. (b) Two-hydrogen 

bond UU loop.
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Figure 7. 
Stacking diagrams for UU pairs of r(3×CUG) on dosing GC pairs. (a) One-hydrogen bond 

UU loop. (b) Two-hydrogen bond UU loop.
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Figure 8. 
Structures observed in the 1 μs MD trajectories of r(3×CAG) and r(3×CUG). Time vs 

RMSD plots of the (A) first, (B) second, and (C) third loop regions of r(3×CAG) and the (D) 

first, (E) second, and (F) third loop regions of r(3×CUG) were prepared to display the 

dynamics (see the inset in each plot for details). Color notation was used to highlight the 

one-hydrogen bond (black), zero-hydrogen bond (red), and two-hydrogen bond (cyan) states. 

Green represents other conformations observed in the r(3×CAG) trajectory.
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Figure 9. 
Disconnectivity graph showing the free energy landscape of RNA 1×1 AA internal loops in 

r(CAG)exp. Structures below the minima display the conformation of a 1 × 1 AA internal 

loop. Note that the system is symmetric and that the global minimum represents the one-

hydrogen bond state of a 1 × 1 AA pair, while the zero-hydrogen bond state is a local 

minimum.
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Table 1

Structural Refinement Statistics of r(3×CAG) and r(3×CUG) for the Average of 20 Structures of Each RNA 

Construct

r(3×CAG) (PDB ID 5VH7) r(3×CUG) (PDB ID 5VH8)

no. of restraints

 all distance restraints, including hydrogen bonds 254 218

 all NOE restraints 220 184

 intraresidue 131 72

 sequential residues 78 96

 long-range 10 16

 hydrogen bond 34 34

 dihedral restraints 140 140

RMSD of experimental restraints

 distances (Å) 1.0 × 10−3 9.1 × 10−4

 dihedral angles (deg) 1.5 0.2

RMSD of structures for heavy atoms (Å)

 all residues 1.37 ± 0.30 1.55 ± 0.36

 helices (excluding AA or UU loops) 1.32 ± 0.32 1.48 ± 0.39

 outer helices (residues 1–3 and 13–15) 1.18 ± 0.36 1.31 ± 0.40

 AA or UU loops 1.29 ± 0.26 1.45 ± 0.20

 triplet repeats (residues 4–12) 1.13 ± 0.22 1.18 ± 0.18

Biochemistry. Author manuscript; available in PMC 2018 July 11.


	Abstract
	Graphical Abstract
	Methods
	Preparation of Samples
	NMR Spectroscopy
	Methods for Obtaining Distance and Dihedral Restraints
	Modeling Methods
	Molecular Dynamics (MD) Simulations
	Preparation of Model Systems
	Molecular Dynamics Simulations
	Discrete Path Sampling
	Analysis


	Results
	NMR Analysis of the r(3×CAG) Duplex
	NMR Analysis of the r(3×CUG) Duplex
	NMR Analysis of a Second Conformation for r(3×CAG) and r(3×CUG)
	Modeling Study of r(3×CAG)
	Modeling Study of r(3×CUG)
	Molecular Dynamics Results
	Thermodynamic Properties of 1 × 1 AA Internal Loops

	Discussion
	NMR Chemical Shifts of Triplet Repeat Regions
	Comparison to Other r(CAG) Structures
	Comparison to Other r(CUG) Structures

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Table 1

