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Abstract

RNA thermodynamics play an important role in determining the 2D and 3D structures of RNA.
Internal loops of the sequence, 5’-GMNU/3’-UNMG, are relatively unstable thermodynamically.
Here, five GU flanked 2x2 nucleotide internal loops were structurally investigated in order to
reveal determinants for their instability. The internal loops investigated are: 5’-GCAU/3’-UACG,
5’-UUCG/3’-GCUU, 5’-GCUU/3’-UUCG, 5’-GUCU/3’-UCUG, and 5’-GCCU/3’-UCCG. Two-
dimensional NMR spectra indicate the absence of GU wobble base pairing in 5’-GCUU/3’-
UUCG, 5’-GUCU/3’-UCUG and 5’-GCCU/3’-UCCG. The 5’-GCUU/3’-UUCG loop has an
unusual conformation of the GU base pairs, in which U’s O2 carbonyl forms a bifurcated
hydrogen bond with G’s amino and imino protons. The internal loop of 5’-GUCU/3’-UCUG
displays a shifted configuration in which GC pairs flank a U-U pair and several U’s are in fast
exchange between positions inside and outside the helix. In contrast, 5’-GCAU/3-UACG and 5’-
UUCG/3’-GCUU both have the expected GU wobble base pairs flanking the internal loop.
Evidently, GU base pairs flanking internal loops are more likely to display atypical structures
relative to Watson-Crick base pairs flanking internal loops. This appears to be more likely when
the G of the GU pair is 5’ to the loop. Such unusual structures could serve as recognition elements
for biological function and as benchmarks for structure prediction methods.
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INTRODUCTION

Improved prediction of RNA 3D structure depends on appropriate experimentally
determined structures to test the validity of predicted structures. In general, de novo
prediction of 3D RNA structure lags far behind the accuracy of predicting 3D protein
structure.! In part, this is due to inaccuracies within non-canonical regions.! In contrast to
Watson-Crick interactions, which are handled with remarkable accuracy, the physics of hon-
canonical interactions is not perfectly understood. The sheer diversity? of non-canonical
regions makes their prediction especially difficult and a more comprehensive understanding
of these regions would facilitate better predictions of 3D structure and dynamics.

RNA thermodynamics inform the understanding of both secondary structure and individual
base-base interactions. Many non-canonical secondary structure elements have
experimentally determined thermodynamics. For common secondary structure elements,
such as two by two nucleotide (2x2 nt) internal loops, the thermodynamics are sequence
dependent.3~" The stability of 2x2 nt internal loops is dependent upon both the identity of
the non-canonical base pairs and interactions between loop and canonical flanking pairs.
When a 2x2 nt internal loops is flanked by GU base pairs, it tends to be less stable than the
same internal loop flanked by AU/UA or GC/CG base pairs.* ’

GU base pairs are ubiquitous in RNA structure.8: ® They are, by far, the most common non-
Watson-Crick base pair. The most common orientation of the GU base pair is the cis wobble
base pair, in which the Watson-Crick edge of both the G and U interact with one another,
forming two inter-base hydrogen bonds (Figure 1A).8 The importance of GU wobble pairs in
biology is well documented.® For example, a GU pair plays an important role in self-
cleavage of the HDV ribozyme.19: 11 However, the common wobble is not the only
conformation that a GU base pair can adopt (Figure 1). Bifurcated GU pairs have been
observed in several instances.12: 13 In these pairs, U’s O2 carbonyl inserts itself between the
G amino and imino protons (Figure 1B). Similarly, another type of bifurcated GU pair has
also been observed in crystal and NMR structures, in which U’s O4 carbony! inserts itself
between the G amino and G imino protons (Figure 1C). These possible GU conformations
illustrate the plasticity of G-U pairing. Due to their rarity in reported structures, not much is
known about the thermodynamics or sequence context for these non-wobble GU pairings.

Here, the structures of duplexes containing 2x2 nt internal loops flanked by GU pairs were
examined with NMR in order to determine reasons for their instability. Internal loops studied
are: 5’-GCAU/3’-UACG, 5’-UUCG/3’-GCUU, 5’-GCUU/3’-UUCG, 5’-GUCU/3’-UCUG,
and 5’-GCCU/3’-UCCG. Measured nearest neighbor parameters for the examined internal
loops range between 3.58 and 5.37 kcal/mol at 37 °C.* 7 The 2x2 nt internal loops discussed
here are all considered category one internal loops, i.e. loops that are unlikely to have a non-
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canonical pair with two strong hydrogen bonds between the bases.1® Two-dimensional NMR
revealed GU pairs bordering the internal loops that deviated from the expected GU wobble
structure for 5’-GCUU/3’-UUCG, 5’-GUCU/3’-UCUG, and 5’-GCCU/3’-UCCG. The 5’-
UUCG/3’-GCUU and 5’-GCAU/3’-UACG loops both exhibited the expected wobble GU
pairing flanking the internal loop, showing that not all GU pairs flanking category one
internal loops fail to form a wobble pairing. The altered interaction patterns of many GU
pairs flanking their respective internal loop helps explain previous thermodynamic
measurements and may aid in the determination of where non-wobble GU pairs are more
likely to occur.

MATERIALS AND METHODS
RNA preparation

Sequences were chosen from previous melting experiments.* 7 RNA oligonucleotides were
purchased from Dharmacon. Sequences were: ((5-CGGGCAUCCG),, GCAU for short), (5°-
CGCAUUCGACGC/3’-GCGUGCUUUGCG, UUCG for short), (5’-
CGCAGCUUACGC/3’-GCGUUUCGUGCG, GCUU for short), (5’-
CGCAGUCUACGC/3’-GCGUUCUGUGCG, GUCU for short), and (5°-
CGCAGCCUACGC/3’-GCGUUCCGUGCG, GCCU for short). RNAs were dissolved in an
NMR buffer composed of 80 mM NaCl, 50 mM NaH,PQOy, and 0.05 mM Na,EDTA
(pH=6.1-6.4). Exchange to D,0 was accomplished by lyophilization. Non-self
complementary and self complementary duplexes each used a duplex concentration of
approximately 1 mM (thus individual strands in a non-self complementary duplex were
about 1 mM each and the total strand concentration was roughly 2 mM). Samples for spectra
in which Mg?* was present were created by adding MgCl, to yield a final Mg2*
concentration of 2mM (see Figures S1-3).

NMR Spectroscopy

NMR spectra were collected on 500 or 600 MHz Varian Inova spectrometers. One-
dimensional spectra were obtained with a 1-1-spin-echo water suppression pulse.18 Two-
dimensional spectra in H,O were acquired using a WATERGATE pulse with flipback for
water suppression.1”: 18 A typical set of experiments for each sequence involved NOESY
experiments with mixing times of 50, 175, and 400 ms, along with a TOCSY experiment
with a mixing time of 32 ms. For (5’-CGGGCAUCCG), and 5’-CGCAGCUUACGC/3’-
GCGUUUCGUGCG, 13C-1H sensitivity enhanced HSQC (at natural abundance) and 31P-1H
HETCOR spectra were collected in order to help assign sugar residues. Two-dimensional
data were processed with NMRPipe.1® NMRFAM-SPARKY was used to display and assign
protons in the 2D data sets.2? Proton assignment was accomplished by previously described
methods.2! Chemical shift/assignment tables are available in supporting information (Table
S1-5).

Restraint generation

Restraints were generated from assigned NOE resonances at mixing times of 50 ms or 175
ms. When possible, NOE distances were determined using the 1/r® NOE volume relationship
with cytosine and uracil H5-H6 cross-peak volumes as reference distance (2.45 A). The
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sum-over-box integration method in NMRFAM-SPARKY was used in calculating NOE
volumes.20 However, spectral overlap prevented measurement of many such peaks, and so a
majority of NOE volumes were binned into 4 categories: strong (1.5 A - 2.7 A), medium
(2.0A-35A), weak (2 A - 4.7 A), and very weak (typically used for spin diffusion peaks,
2.5 A -6 A). Dihedral angles were restrained to typical A-form RNA values where the data
indicated canonical pairs, and for angles with direct scalar-coupling evidence.2? Tables S6-8
contain restraints used in simulated annealing.

Simulated Annealing

A-form RNA starting structures were obtained using NUCGEN.23 Structures were generated
with NMR restraints in Generalized Born implicit solvent.2 The simulated annealing
algorithm used 3 phases over 100 ps. First, the RNA was held at 3,000 K for 5,000 steps (5
ps). Next, the RNA was linearly ramped down to 100 K over 93,000 equal temperature steps
(93 ps). Lastly, the RNA was held at 0 K for 2,000 steps (2 ps). Force constants used for
distance and dihedral restraints were 30 kcal/(mol*A2) and 30 kcal/(mol*rad?), respectively.
Weights applied to the restraints were 0.1 for the first simulated annealing phase and 1.0 for
the two final phases. Once a set of structures was generated, the structures were sorted by
restraint energy. From the set of structures with no distance violations > 0.1 A, the 20
structures with lowest restraint energy were retained in the final ensemble. Pymol was used
in analyzing and creating figures based upon the ensembles of structures.2® Structural
statistics for the three modeled internal loop structures can be seen in Table S9.

3D Structure Prediction with ROSIE

RESULTS

Three-dimensional structures were predicted with the ROSIE server’s FARFAR (RNA De
Novo) protocol.26-29 Structures were predicted for which an NMR based structure was
determined: (5’-CGGGCAUCCG),, 5’-CGCAUUCGACGC/3’-GCGUGCUUUGCG, and
5’-CGCAGCUUACGC/3’-GCGUUUCGUGCG. Runs were performed with and without the
chemical shifts for non-exchangeable protons included. In each run, the secondary structure
was provided and the GU pairs were notated as being a part of the loop. The two options
“Allow Bulge”and “Use Updated (2012) Force Field” were turned on for each individual
run. For 5’-CGCAGCUUACGC/3’-GCGUUUCGUGCG, 1000 structures were calculated
within each run. For the other two sequences, 200 structures were calculated in each
individual run. Lowest energy structures from ROSIE were compared with those from
simulated annealing by calculating RMSD values using the lowest energy NMR derived
model (the 8 residues of the internal loop only) as the reference.

GCAU Self-Complementary Duplex

The GCAU duplex, (5’-CGGGCAUCCG),, is self-complementary with GU base pairs
flanking two CA pairs (Figure 2A). The imino proton spectrum for GCAU has four
individual resonances (Figure 2A). The resonances at 12.67 and 12.74 ppm are assigned to
the G imino protons of stem GC pairs (Figure 3), G2-C9* and G3-C8*, respectively, where *
represents the other strand. G4’s imino proton (11.09 ppm) was assigned by a large cross-
peak to the G4 amino and cross-peaks to C5H1” and C8*H1’. The U7 imino proton (Figure
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3) is extremely broad and thus likely to be heavily influenced by exchange with water. The
diagonal peak for U7 within the 50 ms NOESY spectrum is very weak, but its cross-peak
with G4 is stronger (Figure 3). The latter cross-peak is consistent with a G4-U7* wobble
pair.30 The proximity of this pair to the internal loop may allow momentary opening of the
helix, allowing the U7 imino proton to exchange with water.

Structures of the CA pairs are established by several NOEs (Figure S4) in a 75 ms NOESY
spectrum. The C5 amino protons, C5H41 and C5H42, both show NOEs to A6*H2 and the
A6* amino group. The adenine amino resonances are identified by an NOE (likely due to
spin diffusion) to A6H2. The modeled duplex (Figure 4A) has a CA pair with a single
hydrogen bond between the C5 amino and A6N1 (Figure 4B). If the cytosine aminos were
free to rotate rapidly and were not hydrogen bonded, then there would be only one C5 amino
resonance. Thus, this hydrogen bond is further confirmed by the two C5 amino resonances.
In contrast, the A6 aminos have only one resonance, indicating that they are not hydrogen
bonded. This is reflected in the modeled structure of the CA pair (Figure 4B).

UUCG Non-Self-Complementary Duplex

The UUCG duplex, (5’-CGCAUUCGACGC/3’-GCGUGCUUUGCG), is non-self-
complementary with a 5’-UUCG/3’-GCUU internal loop (Figures 2B and 5A). The 1D
imino proton spectrum has chemical shifts similar to the other non-self-complementary
duplexes containing a similar stem (Figure 2B-E). Evidently, the duplexes in Figure 2B-E
have similar stem structures, as expected based upon their sequences. Unlike GCAU (Figure
3), GU wobble pairs adjacent to the internal loop displayed strong imino diagonal peaks as
well as strong cross-peaks (U5H3-G20H1 and U17H3-G8H1, Figure 5B). The NMR
restrained model accurately recreates the hydrogen bonding of the GU wobble pairs, as can
be seen in Figure 6A.

The UUCG internal loop contains two UC pairs. Both internal loop cytosines, C7 and C19,
have two amino resonances, with each having a cross-peak to its own CH5 (Figure 5C). The
number of C7 and C19 resonances implies these aminos are hydrogen bonded, as seen in
other UC pairings.3L 32 Canonical A-form cross-peaks are seen for all residues within the
loop and near it, indicating that the loop residues are within the helix and in an A-form like
conformation. However, despite indication that the UC pairs form, no imino resonance is
observed for U6 or U18 in the 1D spectrum (Figure 5B). Evidently, the U imino protons
within the loop readily exchange with water. Modeling of this pair (Figure 6B) produced a
more closed configuration of the UC pairs than has been previously modeled3! or seen.32
Specifically, the hydrogen bond between U6/U18 H3 and C19/C7 N3 in Figure 6B is
missing or replaced by a bridging water.31: 32 In the absence of explicit water during
modeling, the UC pair cannot be mediated by a bridging water as is seen in the Holbrook et
al. crystal structure.32 The crystal structure, however, does not preclude the existence of UC
pairing with two hydrogen bonds (Figure 6B). It is possible that the pair is in dynamic
equilibrium in solution between the two possible CU pair structures. The modeled UUCG
structure has U6/U18 O4 - C19/7 amino hydrogen bonds, consistent with the other
structures,3L: 32 even though that hydrogen bond was not constrained. It is important to note,
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however, the lack of interbase NOEs between C7/C19 and U18/U6 when considering the
modeled structure.

GCUU Non-Self-Complementary Duplex

Figure 2C shows the predicted secondary structure and 1D imino proton spectrum for the
non-self-complementary duplex, GCUU, containing the 5’-GCUU/3’-UUCG internal loop.
A majority of the stem forms as expected, with GC/AU base pairs displaying the expected
canonical set of NOEs (Figure 7A and B). Noticeably absent from the 2D spectra, however,
are peaks corresponding to GU wobbles for G5/U20 and G17/U8 (Figure 7B). None of the
broad peaks below 12 ppm in the 1D spectrum (Figure 2C) yield an imino-imino cross-peak.
These broad peaks are not observed in 2D spectra until temperatures below 15 °C, at which
point all peaks become extremely broad. Thus no definitive assignment of these broad imino
peaks could be made. At higher temperatures (Figure S5), the duplex begins melting and no
new peaks emerge.

Despite the lack of a GU wobble cross-peak, G5 amino cross-peaks provide some indication
of the pairing scheme for the GU pairs. In a 400 ms NOESY spectrum, the G5 amino shows
NOEs to C6H1’, U21H1’, and U20H1’ (Figure 7A and C). In GU waobble pairs and similar
structures,14: 33. 34 the G amino and H1’ of the paired U are < 5 A apart so can yield an
NOE. In previous NMR spectra3® 36 and in the UUCG duplex (Figure 2B), this potential
NOE is very weak or nonexistent. Thus, the absence of a G5-U20 imino-imino NOE reveals
that the G5-U20 pair is likely not in a wobble pair, but the G5 amino to U20H1” NOE
implies a conformation similar to a wobble. Unfortunately, the corresponding G17 amino to
G8H1’ NOE could not be located.

Some GU wobble-like structures (Figure 1B) are associated with a narrowed minor groove
for residues surrounding the GU pair.1# 33 This narrowing in certain GU pairs was predicted
in molecular dynamics simulations of the 5’-GAGU/3’UGAG internal loop.33 Narrowing of
the minor groove brings H1’ protons of nearby residues close that would normally be greater
than 5 A apart. More specifically, if the minor groove is narrowed in the GCUU duplex, then
H1’ atoms are expected to be within 5 A of one another for C6/U20, U7/U19, and U8/C18.
In D,O, C6H1’-U20H1" and U8H1’-C18H1" NOEs can be clearly seen (Figure 7D) and
differentiated from other peaks within the H1’ to H1’ walk. A potential U7H1’-U19H1’
cross-peak cannot be seen due to overlap of the H1’ chemical shifts, as expected due to the
pseudo-symmetry of the CU pairs. Similar cross-strand H1” to H1’ NOEs were not observed
in the 5’-GCAU/3’-UACG or 5’-UUCG/3’-GCUU duplexes.

Interestingly, the expected symmetry of the GU pairs is lacking. U8’s sugar has 30-40% C2’
endo character, as indicated by a 3.5 Hz scalar-coupling between H1” and H2’. This
contrasts with U20, where the weaker H1’-H2’ coupling is 2.0 Hz. Further evidence of
asymmetry in the loop region is provided by a small U7H1’-A9H8 NOE, indicating that U8
can occasionally flip out from the helix. A corresponding peak indicating U20 can flip out,
however, is missing. This information, together with the fact that the G17 amino is not
observed while G5 is, indicates that the two GU pairs are not equivalent. One possible
reason for this could be the underlying sequence surrounding each GU pair. U20 is in the
middle of a long stretch of pyrmidines (C18-U19-U20-U21), whereas U8 has an adjacent
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purine (C6-U7-U8-A9). Differential stacking interactions may exist for the two GU pairs
bordering the internal loop, due to the differences in surrounding sequence.

Modeling of the GCUU duplex (Figure 8A) yielded structures with bifurcated GU pairs
similar to those observed in the GAGU minor structure and the ribosome (Figure 1B and
8B).14:33 The minor groove was narrowed in the modeled structures due to distance
restraints placed on C6H1’-U20H1’ and U8H1’-C18H1’ (restrained with a lower bound of 3
A and an upper bound of 5 A). The average distances for C6H1’-U20H1’ and U8H1’-
C18H1’ in the final structural ensemble are 4.1 A and 4.2 A, respectively (Figure 8B). These
distances contrast with the values in the stem where similar H1’-H1’ distances average 6.4 A
for the lower stem (G2H1’-G24H1’, C3H1’-C23H1’, and A4H1’-G22H1’) and 6.7 A for the
upper stem (C10H1’-U16H1’, G11H1’-G15H1’, C12H1’-C14H1’). G5H1’-U21H1’ and
A9H1’-G17H1’ have values intermediate between those seen for the stems and loop
(5.3+0.6 A and 5.5+0.4 A, respectively), showing that these residues may be where the
deviation of the groove begins. Small NOEs are seen that may be due to the narrow groove
in this intermediate width (G5H1’-U21H1" and A9H1’-G17H1’, Figure 7D).

Modeling revealed CU pairs oriented with the U7 and U19 H3 imino protons hydrogen
bonded to the C18 and C6 N3 atoms, respectively (Figure 8D). Much like the UC pairs in
UUCG (Figure 5B), it is likely that the actual structure of the CU pairs is more open than
that observed in the GCUU model. A lack of identifiable resonances due to U7 or U19 H3
indicate that the imino protons exchange with water. The crystal structure by Holbrook et al.
shows UC pairing mediated by a water between the U H3 and C N3, which is consistent
with U7 and U19 being able to readily exchange with water.32 Additionally, a hydrogen
bond occurs between the C18/C6 amino protons and the U7/U19 carbonyl (O4) (Figure 8D)
as seen in other CU pairs.3L: 32 Despite a lack of NOE data regarding the U7-C18 and C6-
U19 pairs, the force field creates a UC pair that is similar to previously observed UC pairs.

Modeling also shows that there may be a weak H-bond between the G5 amino and U20
sugar’s 02’ (Figure 8C). The average acceptor-donor distance across the 20 models was 3.8
A, indicating the presence of a weak H-bond.3” This orientation is supported by the
existence of the G5 amino to U20H1” NOE, which brings G5’s amino spatially close to
U20’s sugar. The model has U20’s O2” involved in the potential hydrogen bond, but U20’s
hydroxyl proton could not be identified unequivocally.

GUCU Non-Self-Complementary Duplex

The non-self-complementary GUCU duplex, (5’-CGCAGUCUACGC/3’-
GCGUUCUGUGCG, Figure 2D), was assigned in the usual manner. The 1D spectrum
(Figure 2D) implies the duplex has a stem structure similar those with the same stem
sequence (Figure 2B-E). Except for the A4-U21 pair, the GC and AU stem components
formed. As with the 5’-GCUU/3’-UUCG internal loop, NMR spectra for 5’- GUCU/3’-
UCUG did not show an imino-imino cross-peak expected for GU wobble pairs (Figure 9A).
The 1D spectrum for the GUCU duplex (Figure 2D) at 10 °C lacked resonances from the
loop region (G5, U6, U8, G17, U18, and U20). Evidently, these resonances were too broad
to be observed.
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In the GUCU duplex, there is evidence that U8 is sometimes flipped out of the helix. A
direct NOE is observed between C7H1" and A9H8 in a 400 ms NOESY spectrum (Figure
9B). This peak is accompanied by the expected canonical peak between U8H1’ and A9H8
(Figure 9B). The H1’-H2’ scalar-coupling for U8 is 4 Hz, indicating that the sugar is
dynamic with about 40% C2’ endo character. Also observed is an NOE between C7H2’ and
U8H6, which is a canonical A-form peak that would not be expected if U8 was always
flipped out.38 Since U8 has only one set of resonances, there is fast exchange between
conformations with U8 in and out of the helix. If the C7TH1’-A9H8 NOE is only present
when U8 flips out and if C7TH1’-A9H8 has a similar distance to most sequential Watson-
Crick stem nH1’-(n+1)H6/H8 cross-peaks, then an approximate percentage of the flipped
out structure can be obtained by dividing the NOE volume of the C7TH1’-A9H8 by an
average of the volumes from Watson-Crick stem nH1’-(n+1)H6/H8 NOEs. With these
assumptions, U8 is flipped out approximately 40% of the time.

Based on the pseudo-symmetry of the duplex, it would seem likely for U20 to flip out as
well. However, a potential NOE between C19H1’ and U21H6 cannot be observed due to
overlap. Interestingly, a small NOE cross-peak between U20H1” and G22H8 is observed,
consistent with U21 flipping out of the duplex some of the time (Figure S6). This is
unexpected, because the predicted secondary structure has an A4-U21 base pair. The ability
of U21 to flip out is also supported by lack of a U21 imino resonance expected for an A4-
U21 base pair (Figure 2D).

The chemical shifts of C7 and C19 amino groups are reminiscent of cytosine aminos in
Watson-Crick GC pairs (see Tables 1 and S4). Within the 1D imino proton spectrum (Figure
2D), there is no evidence for additional GC base pairs, but this could be due to imino proton
exchange with water within a dynamic internal loop. This observation left two possible
secondary structures for the duplex (Figure 9C and D): (a) one in which two UC pairs are
flanked by GU pairs, and/or (b) a duplex with two unexpected GC pairs flanking a central
U6-U18 pair, where U8, U20 and U21 all have the ability to flip out of the duplex.

To differentiate between the two possibilities, a self-complementary duplex (GUCC), (5’-
GCAGUCCUGCA),, was designed that contains Watson-Crick GC base pairs flanking a UC
tandem mismatch (Figure 9E). Placing GC pairs next to the UC tandem mismatch forces
formation of tandem UC pairs while retaining a G 5’ of the U. This allows for chemical shift
comparisons between cytosine aminos in a UC pair in 5’-GUCC/3’-CCUG (Figure 9E) and
in 5’-GUCU/3’-UCUG. The C of the UC pair in 5’-GUCC/3’-CCUG displays amino H41
resonances that differ by = 0.8 ppm from the resonances of the internal loop C H41 aminos
in 5’-GUCU/3’-UCUG (Table 1). The cytosine amino chemical shifts in 5’-GUCC/3’-
CCUG are closer to those for 5’-UUCG/3’-GCUU where stable UC pairs form (C7H41 is
6.52 ppm and C19H41 is 6.61 ppm, see Table S2). Additionally, the U H1’, H2’, and H5
chemical shifts of 5’-GUCC/3’-CCUG do not compare favorably with the chemical shifts
observed for 5’-GUCU/3’-UCUG (Table 2). An additional duplex (GUC, Figure 9F), (5*-
GCAGUCUGCA),, was designed to measure the chemical shifts of a UU pair flanked by
GC pairs as postulated for the possible structure shown in Figure 9D. Chemical shift
comparisons between the U in the GUC duplex and U6/U18 in the GUCU duplex showed
astonishing similarity (Table 2). Furthermore, a —1°C imino proton spectrum of GUCU
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revealed a small peak at 10.36 ppm, equivalent to the shift for U5 in GUC (Figure S7).
Together, these model duplexes point towards a high population of an internal loop with GC
pairs surrounding a central U-U pair, as in Figure 9D, with dynamic flanking U residues
(U8/U20/U21) that are flipped out approximately 40% of the time.

GCCU Non-Self-Complementary Duplex

Figure 2E shows the predicted secondary structure and the 1D imino proton spectrum of the
non-self-complementary-duplex, GCCU, containing the 5’-GCCU/3’-UCCG internal loop.
As with GCUU (Figure 2C) and GUCU (Figure 2D), resonances for the expected Watson-
Crick pairs are present, but no GU wobble imino NOE peaks were observed in a 2D
spectrum (Figure S8).

Two dimensional NMR spectra reveal that the GCCU duplex exists in an equilibrium
between minor self-complementary duplexes and the major non-self complementary duplex
(Figure S9).” The minor duplex structures cannot be titrated out of solution by addition of
the designed non-self-complementary strand (Figure S10). These minor duplexes consitute <
15% combined of total strand concentration, but complicate analysis of the designed 2x2 nt
internal loop because a large number of peaks are present in the 2D NMR spectra. Though
the percentage of minor duplexes is small, their resonances can be comparable in NOE
volume because they are self-complementary duplexes. Thus, their NOE volumes are
doubled relative to the volumes for the major non-self-complementary duplex. These minor
conformations and extensive chemical shift overlap prevented assignment of many of the
H1’ resonances in the GCCU non-self-complementary duplex (Table S5). The stability of
these alternative conformations has been previously noted,” with both having a melting
temperature similar to that of the non-self-complementary duplex.

Addition of 2mM MgCl, to the GCUU, GUCU, and GCCU duplexes does not change
chemical shifts of imino proton resonances

GU pairs can sometimes bind cations.39-41 To see if Mg?* could affect the GU pairing in the
GCUU, GUCU, and GCCU duplexes, 1D NMR spectra were taken in the presence of 2 mM
MgCl, (Figures S1-S3). No significant changes were detected.

3D Structure Prediction with ROSIE and Comparison to NMR Derived Models

For the GCAU, UUCG, and GCUU duplexes, comparisons were made between structures
modeled by simulated annealing and the FARFAR protocol in RosettaZ: 22 without and with
the aid of chemical shifts.28 For all three duplexes, lowest energy predictions derived from
chemical shifts agreed with the non-canonical base-base interactions from simulated
annealing (Table 3). For 5’-GCUU/3’-UUCG, even the narrowed minor groove (Figure 8)
was reflected in the predictions with and without chemical shifts. For 5’-UUCG/3’-GCUU
the predictions displayed a narrow minor groove with all loop cross-strand H1’-H1’
distances between 5.0 and 6.0A. No H1’-H1’ cross strand NOEs were detected in this
region, consistent with the prediction of limited narrowing. For the GCUU duplex (Figure
2C), the lowest energy structure in the absence of chemical shifts showed an unusual G5-
U20 pairing in which the imino protons of G5 and U20 pointed directly at one another
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(Figure S11). Adding chemical shifts changed this pairing to be intermediate between a
bifurcated (Figure 1B) and a wobble (Figure 1A) pair.

DISCUSSION

GU pairs (Figure 1) are frequently observed in RNA structure and are the third most
common base pair.#2-44 GU pairs are so common that they are often considered the third
canonical pairing in RNA. More specifically, for 2x2 nt internal loops, at least one GU pair
is flanking the loop approximately 25% of the time.> The thermodynamic stability of nearest
neighbor combinations with one GU base pair are similar to nearest neighbor combinations
with one AU pair.*> However, despite their apparent thermodynamic stability when adjacent
to Watson-Crick pairs, 2x2 nt internal loops with a (5’-GMNU), motif are less
thermodynamically stable than category one 2x2 nt internal loops with a (5’-AMNU), motif.
715 Therefore, three dimensional structures of (5’-GMNU), internal loops can be
informative about causes for destabilization of this class of internal loops. The duplexes
investigated here reveal several non-wobble pairing schemes for GU “pairs” flanking 2x2 nt
internal loops. Such unusual structures could provide recognition elements for biological
function and benchmarks for testing methods for de novo predictions of 3D structure.

The 5’-GCAU/3’-UACG internal loop has wobble GU pairs

The GCAU duplex (Figure 2A) contains two CA pairs flanked by two wobble GU pairs. An
NOE between G4H1 and U7H3 is consistent with the GU pairs flanking the internal loop
being in a wobble conformation. However, the signal strength/volume of the U7H3 peak
(Figure 3) suggests that U7 may be strongly affected by exchange with water. The measured
nearest neighbor parameter of 3.7 kcal/mol for (5’-GCAU)5 is similar to that for other
category one 2x2 nt internal loops flanked by GU wobble or AU pairs.3-> 7 The 5°-
GCAU/3’-UACG internal loop contains a pyrimidine-purine pair (Figure 4A), which may
allow more stability because there is minimal backbone distortion.

The 5’-UUCG/3’-GCUU internal loop has wobble GU pairs

The UUCG duplex also has flanking GU wobble pairs closing the 5’-UUCG/3’-GCUU
internal loop (Figures 5B and 6A). The 2D NMR spectra have strong imino-imino NOE
cross-peaks for the two GUs flanking the internal loop: USH3-G20H1 and U17H3-G8H1
(Figure 5B). This was the only internal loop studied here with the U of the GU pair 5” of the
internal loop. At the end of helices, a wobble GU with this orientation has better stacking
interactions with Watson-Crick pairs,*® which may favor the wobble configuration’s
stacking interactions (Figure S12). A database of tandem mismatches from various RNA
secondary structures has the U of GU pairs 5’ of the loop much more often than the G 5’ of
the loop.> With the exception of the 5’-UUCG/3’-GCUU internal loop, which is the least
thermodynamically favorable of all 5’-UMNG/3’-GNMU loops, 5’-UMNG/3’-GMNU loops
are more stable than 5’-GMNU/3’-UNMG loops.” The exception when compared to 5’-
GUCU/3’-UCUG is due to the formation of GC rather than GU pairs (Figure 9D). Evidently,
the orientation of GU pairs flanking internal loops is important for the thermodynamics of
the internal loop and might also be important for determining whether flanking GUs adopt a
wobble conformation.
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The 5’-GCUU/3’-UUCG internal loop has bifurcated GU pairs

The GCUU duplex did not show NOE cross-peaks indicative of GU wobble formation
(Figure 7B). Modeling of the 5’-GCUU/3’-UUCG internal loop revealed that the GU pairs
flanking the internal loop form a bifurcated GU pair (Figures 1B and 8B), accompanied by
local minor groove narrowing (Figure 8C). This narrowing was clearly observed in the form
of abnormal cross strand H1” to H1” NOEs (Figure 7D). H1’-H1” NOEs, combined with a G
amino to U H1” NOE from a potential GU pair, and/or lack of an identifiable imino from U
and/or G could provide an NMR hallmark for identification of similar bifurcated pairs in
other RNAs.

The GU bifurcated pairs are similar to wobble pairs (Figures 1A, 1B and 8C). The major
difference between the two types of base pairs is that in the GU bifurcated pair U O2
carbonyl is bifurcated by a G H1 imino and an amino hydrogen, whereas a GU wobble has a
single hydrogen bond between U O2 carbonyl and G H1 imino proton. Additionally, in the
bifurcated pair, the U H3 imino proton/G O6 carbonyl hydrogen bond is weakened or not
present. The ensemble averaged distance between U N3 (donor) and G O6 (acceptor) in
these pairs was 4.4 A, which would not be considered a hydrogen bond.37 Base pair analysis
using DSSR*” reveals a large pair opening parameter, relative to that seen in typical GU
wobbles. Using this large opening parameter as a structural search criterion in conjunction
with RNA FRABASE,“8 several other potential bifurcated GU pairs were identified within
crystal/NMR structures. Table S10 lists them along with their corresponding base pair
parameters. The crystal data suggest that bifurcated GU pairs can form in contexts other than
flanking loops.

While similar in structure to wobble GU pairs, bifurcated GU pairs have different properties.
The bifurcated pair anchors the G and U bases with H-bonds in three instead of four
locations as with GU wobble pairs. This would likely lead to additional dynamics in a GU
bifurcated pair, which helps explain the lack of an imino resonance observed for the pair.
Furthermore, having one 3-center H-bond instead of two 2-center H-bonds would likely
affect the thermodynamics of pairing.4® The pair has different stacking orientations, as well,
due to the different orientation of the G and U bases. In addition to narrowing the minor
groove, the recognition face for a c WS GU bifurcated pair within the major groove is altered
relative to that of a wobble pairing. In the bifurcated pair, the G carbonyl and U imino
hydrogen are not hydrogen bonded and are displayed within the major groove, providing a
unique recognition interface for interaction with other molecules. For example, the carbonyl
and amino groups in the side chains of Asn and GIn can fit in the major groove of such a
bifurcated GU pair.

The 5’-GUCU/3’-UCUG internal loop forms GC pairs

The GUCU duplex displayed a stark departure from the expected GU pairs because evidence
was found for two GC pairs flanking a central U-U pair (Figure 9D). The altered
configuration within the internal loop is reminiscent of the major structure of the 5°-
GAGU/3’-UGAG “internal loop”, in which the U of the expected GU pairs flip out of the
helix.38 50 This leaves sheared GG pairs flanking a central A-A stack. In order for the
altered configurations in 5’-GAGU/3’-UGAG and 5’-GUCU/3’-UCUG to be present in
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solution, the expected structure containing wobble GU pairs must be relatively unfavorable.
The GUCU internal loop is dramatically different from 5’-UUCG/3’-GCUU, which instead
contains two GU wabble pairs in the reverse orientation. These two duplexes are another
example of the significance of orientation of GU pairs flanking an internal loop.

The 5’-GCCU/3’-UCCG internal loop does not have GC or wobble GU pairs

NMR spectra (Figures 2E, S8-10) for the 5’-GCCU/3’-UCCG internal loop were especially
difficult to interpret due to the existence of small amounts of self-complementary duplexes
in addition to the intended non-self-complementary duplex. However, spectra reveal that GU
waobble pairs do not form, much like 5’-GUCU/3’-UCUG and 5’-GCUU/3’-UUCG.

The loop sequence, 5’-GCCU/3’-UCCG, has the potential to form a conformation similar to
that of 5’-GUCU/3’-UCUG (Figure 9D), with a central pair of C6-C18 flanked by G5-C19
and G17-C7 GC pairs. While no definitive identifications could be made for all four of the C
residues within the internal loop, A9H8 was definitively assigned. There is some NOE
volume consistent with a flipped out U8, but a vast majority of the volume corresponding to
A9H8 was due to the canonical UBH1’-A9H8 peak. Evidently, a majority of the RNA was in
the expected secondary structure and not in an alternative pairing configuration like 5°-
GUCU/3’UCUG. This is likely due to the fact that single U-U pairs are more stable than
single C-C pairs.?1 52

GU pairs with the U 5’ of an internal loop are typically wobble pairs

GU pairs surrounded by Watson-Crick pairs in sequence alignments typically form wobble
structures.: 9 45 When flanking internal loops, however, they have the potential to form
different hydrogen bonds12 14. 33,38, 50 (Figure 8B) and even different pairings (Figure 9D).
Such unexpected structures could provide recognition elements for RNA function. Thus, it is
important to develop rules for predicting proclivity of GU pairs to form wobble or unusual
structures. Although the database of such structures is small,3 it allows proposing working
hypotheses for predicting when GU pairs in aligned sequences will or will not form wobble
pairs, at least for length symmetric internal loops. In general, wobble GU pairs form when
the sequence has the U of a GU pair 5’ to the loop.3: 35 50 54 This could be partially due to
the fact that 5’-wU/3’-cG nearest neighbors are an average of 0.4 kcal/mol more stable at
37 °C than 5’-wG/3’-cU nearest neighbors, where wc represent a Watson-Crick pair.4°

GU pairs with the G 5’ of an internal loop can form non-wobble pairs

Here, the three duplexes without GU wobble pairs have the G 5’ to the internal loop, and
addition of Mg2* did not affect the 1D imino proton spectra (Figure S1-3). All three of these
duplexes also contained an AU pair preceding the GU pair. Previous 1D NMR spectra
provide four additional examples of GU pairs in a 5’-AG-Internal loop/3’-UU-Internal loop
or 5’-UG-Internal loop/3’-AU-Internal loop motif that do not yield GU wobbles.” All these
examples have 5’-AG/3’-UU and/or 5’-UG/3’-AU nearest neighbors, which are the least
stable of nearest neighbor containing a GU next to a Watson-Crick pair.#> Combined, these
results suggest that sequences in a 5’-AG-Internal loop/3’-UU-Internal loop or 5’-UG-
Internal loop/3’-AU-Internal loop motif may be unlikely to form GU waobbles. Furthermore,
it is worth noting that these internal loops are less thermodynamically stable than expected
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from prediction.” Loops of the 5°G orientation are rare in known secondary structures,
perhaps due to their unfavorable stability relative to other loops.®

A particularly interesting internal loop was studied in the duplex: 5’-GAGGAAGGCGA/3’-
PCUCUAAUUGCU, where P represents purine nucleoside.?® The loop is found in group |
self-splicing introns from Candiaa albicans and Candida dubliniensis. In this loop, the GU
with the G 5’ to the (AA), loop does not form a wobble pair and its amino group is likely
involved in a stabilizing H-bond (such as in the pair in Figure 8C). Evidently, an AU pair
preceding a GU with the G 5’ to a loop is not essential to allow formation of a non-wobble
pair. The other GU pair adjacent to the (AA), loop also does not form a stable wobble pair,
but is dynamic. The third GU pair has a wobble conformation. It is not surprising that its
adjacent GU pair is not a wobble. When flanked by Watson-Crick pairs, the 5’-GG/3’-UU
nearest neighbor free energy increment is favorable by only 0.25 kcal/mol at 37 °C.4°
Apparently, the 5’-GAAGG/3’-UAAUU loop can be considered a 3x3 nt loop closed by two
GU pairs with different orientations and structures.

Implications for prediction of RNA secondary structure

In the absence of GU wobble pairing adjacent to internal loops, it is possible to consider the
non-wobble GU pairs as being a part of the loops. NMR and thermodynamic data shown
here (Table 4) give a physical reason for considering non-wobble GU pairs as part of the
internal loop. For the duplexes discussed here, many internal loops flanked by non-wobble
GU pairs have their thermodynamic stabilities at 37 °C more accurately predicted as a 4x4
nt internal loop by current models®: 96 rather than as a 2x2 nt internal loop (Table 4). This is
not surprising because current models use the nearest neighbor parameters measured for
wobble GU pairs.#> As expected, all loops studied here that were flanked by wobble GU
pairs are more accurately predicted as 2x2 nt internal loops. In the current work, the most
dramatic absence of wobble GU pairing was discovered in the GUCU duplex (Figure 9D). In
that case, a considerable fraction of duplexes form two GC pairs and a UU pair, instead of
two GU and two UC pairs. This was accompanied by flipping of two (or possibly three) U’s
outside of the helix instead of forming GU pairs. Presumably, the two unexpected GC pairs
allow formation of a 5’-GUC/3’-CUG motif, which can have a favorable free energy
between —0.5 and —1.8 kcal/mol depending on location in a duplex.® A related motif was
discovered for the major structure of the 5’-GAGU/3’-UGAG internal loop where two GG
pairs form and two U’s are flipped out.38 Evidently, flipping out of the U and alternative
pairing of the G with a loop nucleotide should also be considered when searching for
potentially unusual structures that are more favorable than GU pairs.

3D Structure Prediction Accuracy by ROSIE

The accuracy of the de novo structural predictions by the FARFAR26: 29 algorithm was
remarkable. Nearly all non-canonical interactions were predicted by the lowest energy
structures for 5’-GCAU/3’-UACG, 5’-UUCG/3’-GCUU, and 5’-GCUU/3’-UUCG with or
without chemical shift restraints (Table 3). Introduction of chemical shifts into the
predictions fixed an unusual G5-U20 pairing within 5’-GCUU/3’-UUCG (Figure S11).
Calculations for the GUCU duplex were not attempted because the chemical shifts are
averages of more than one structure.
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The accuracy of 3D predictions within the internal loop region suggests that using chemical
shift based predictions can further validate structures modeled with NMR derived distance
and torsion restraints. Furthermore, the accuracy of the predictions also indicates that
chemical shift based restraints in addition to distance/torsion restraints in modeling could
further aid structural determination from NMR. A weighted combination of distance
restraints from NOEs, angular data from scalar coupling and/or RDCs, and chemical shifts
could help the force field refinement yield more accurate 3D models.

Implications for benchmarking forcefields

Benchmarking the accuracy of RNA force fields is often done primarily using hairpins.57-60
Stable hairpins such as UNCG or GNRA have historically been used to test RNA force
fields because the systems are well defined. However, it is being realized that many RNAs
exist as ensembles of structures.62-63 Moreover, RNA structure and dynamics depend on
subtle competition between hydrogen bonding, stacking, hydration, and electrostatics.50
Thus, benchmarking of RNA force fields requires many different types of systems. The
duplexes discussed here provide several new subjects for testing force fields. For example,
the GUCU duplex provides a particularly challenging system for testing whether force fields
can reproduce the flipping out of U8, U20, and/or U21 while forming G5-C19, G17-C7, and
U6-U18 pairs (Figure 9D).

Potential implications for biological function

Two unexpected pairing schemes were revealed by the NMR spectra: (1) bifurcated GU
pairs couple with a narrow minor groove in the GCUU duplex (Figure 8B and C), and (2)
GC pairs replacing GU pairs in the GUCU duplex (Figure 9). Both provide potential
recognition elements for binding to RNA. While the duplexes studied here have sequence
symmetric internal loops, it is likely that the nearest neighbor interactions drive these
structures. Thus, such structures should be considered at each end of an asymmetric loop,
especially when a potential GU pair has the G 5’ of the loop. One example is the 5’-
GGAAGG/3’-CUAAUU loop from some group | self-splicing introns.>®

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of several different GU base pairs.2 (A) cWW GU wobble pair, (B) cWS GU

bifurcated pair as in the structure of the ribosome (PDB code: 1FFK, residues 966-1002),14
(C) tWH GU bifurcated base pair as in 55 rRNA (PDB code: 364D, residues 74-102),12 (D)
tSW GU pair as in the UUCG hairpin (PDB code: 1HLX, residues 9-12),13 (E) tWw
Reverse wobble pair (PDB code: 1FFK, residues 1966-1970)14. Note: sugars are excluded
from the base pair images despite the involvement of some sugars in hydrogen bonding to a
base.
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Figure 2.
1D NMR spectra of duplexes containing 2x2 internal loops flanked by GU “pairs”.
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Imino 2D NOESY spectrum (50 ms) of GCAU duplex revealing GU wobble pairs (cross-

peaks labeled in red).
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A)

Cytosine 5 Adenine 6*

Figure 4.
(A) Structure of GCAU duplex. Internal loop is shaded cyan and the adjoining stems are

shaded red. (B) Structure of the single H-bond C-A base pair (c(WW). The red dashed line
represents the single hydrogen bond and purple dashed lines represent two of the observed
NOEs.
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(A) The predicted secondary structure of the UUCG duplex. (B) The 2D imino NOESY
spectrum of UUCG duplex, which features two GU wobble peaks shown in red/underline.
Colored NOEs in the NOESY spectrum correspond to imino-imino NOEs shown in the
secondary structure in the corner of panel B. (C) CH5-H42/H41 peaks for the internal loop.
Two resonances can be seen for each amino, likely, due to the presence of a hydrogen bond
in the formation of UC pairs.
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Guanine 20 Uracil 5 Cytosine 19 Uracil 6

Figure 6.
(A) U5-G20 wobble pair in the UUCG duplex. (B) Modeled cWW U6-C19 non-canonical

pair structure. The two potential hydrogen bonds are shown in red dashed lines. (C)
Ensemble of duplex models for the UUCG duplex.
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(A) Predicted structure for GCUU. Arrows in cyan indicate residues that show cross-strand
H1’-H1’ NOESY cross-peaks indicative of bifurcated GU pair formation. (B) 2D imino
spectrum that reveals the structure outside of the internal loop formed as expected, despite
the lack of GU wobble pairing in the loop region. (C) A NOE between G5’s amino and
U20H1’ consistent with bifurcated pair formation. (D) H1’-H1’ walk region for both strands
in red and green. The cross strand H1’-H1’ resonances that result from narrowing of the

minor groove are shown in cyan.
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Figure 8.
(A) Ensemble of duplex models for the GCUU duplex. (B) Ensemble averaged H1’-H1’

distances are listed for the corresponding part of the duplex (color coded to the duplex on the
right side). In the 3D structure, three H1’-H1’ connections are shown with black dashed
lines in the structure on the right. (C) cWS GU Bifurcated pair derived from modeling of
GCUU. Red lines indicate the presence of a H-bond and purple lines indicate an observed
NOE (D) Modeled cWW CU pair of GCUU duplex.
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Figure 9.

(A) 2D NOESY imino region lacking NOEs that would indicate wobble base pairs. (B)
NOEs indicating that U8 is in can flip out from the helix. (C) Predicted structure of GUCU
duplex. (D) Secondary structure model for GUCU duplex. All red U’s may not be flipped
out at the same time. Middle GC pairs may not always be present. (E) & (F) Model duplexes
(GUCC and GUC) created to compare chemical shifts of the internal loop residues with
those of the GUCU duplex.
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Comparison of cytosine internal chemical shifts between GUCU (Figure 9C/9D) and GUCC (Figure 9E).

Sequence | Residue | H1” | H2” | H41 | H42 | H5 H6
GuUCC C6 557 | 455 | 7.23 | 6.95 | 5.60 | 7.66
c7 5.88 | 444 | 820 | 7.14 | 575 | 7.75

GucuU
C19 577 | 432 | 806 | 7.24 | 580 | 7.87
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Table 2.

Comparison of uracil chemical shifts between GUCU (Figure 9C/D), GUC (Figure 9F), and GUCC (Figure
9E).

Sequence | Residue H1’ H2’ H3 H5 H6
GuCC us 5.608 | 4.415 ND? 4915 | 7.551
GuCU ué 5.454 | 4.027 (10.36)b 512 | 7.489

u18 5.397 | 4.166 (10.36)b 5.144 | 7.533
GuUC us 5.384 | 4.143 10.39 5.122 | 7.426

a: .
Resonance is too broad to be measured

The assignment of U6 and U18 imino resonances (shown in parenthesis) is based on a small peak at =1°C (Figure S7).

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biochemistry. Author manuscript; available in PMC 2019 June 11.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Berger et al.

Table 3.

Comparisons between NMR and FARFAR structures for Internal Loops

Sequence [ Chemical shifts restraints? Loop RMSD? (A)

N 0.940
GCAU

Y 0.934

N 1.554
UUCG

Y 1.594

N 1.731
GCUU

Y 1.676

a: . . .
RMSD measurements were taken upon the 2x2 internal loop as well as the flanking GU pairs
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Free energy increments for 2x2 nt internal loops along with whether NMR detected wobble GU pairs are

present.
2x2 2x2 Ax4 Ax4
Measured  Predicted Measured  Predicted
Internal Loop’ AG®3 AG®3 2x2 |AAG] (kcal/mol) AG®3 AG°3 4x4 |AAG] (kcal/mol)  Wobble GU

(kcal/ (kcal/ (kcal/ (kcal/

mol)’ mol)® mol)’ mol)®6
5’-GCAU/3’-UACG 3.6 3.0 0.6 0.0 2.2 2.2 Y
5’-UUCG/3’-GCUU 4.3 3.0 1.3 2.9 3.6 0.7 Y
5’-GCUU/3’-UUCG 5.4 3.0 2.4 4.6 3.6 1.0 N
5’-GUCU/3’-UCUG 4.1 3.0 11 3.4 3.6 0.2 N
5’-GCCU/3’-UCCG 5.1 3.0 2.1 4.4 3.6 0.8 N
5’-GAAU/3’-UAAG 5.4 3.0 2.4 4.5 3.6 0.9 Na
5’-GACU/3’-UCAG 3.6 3.0 0.6 2.8 3.6 0.8 N

& Lack of a GU wobble pairing is inferred from 1D spectra.

7
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