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ABSTRACT: NMR studies provide insights into structural features of internal loops. These insights can be
combined with thermodynamic studies to generate models for predicting structure and energetics. The
tandem mismatch internal loop,3′CUAC5′

5′GUGG3′, has been studied by NMR. The NMR structure reveals an
internal loop with no hydrogen bonding between the loop bases and with the G in the AG mismatch
flipped out of the helix. The sequence of this internal loop is highly conserved in rRNA. The loop is
located in the large ribosomal subunit and is part of a conserved 58-nt fragment that is the binding domain
of ribosomal protein L11. Structural comparisons between variants of this internal loop in crystal structures
of the 58-nt domain complexed with L11 protein and of the large ribosomal subunit (LSU) suggest that
this thermodynamically destabilizing internal loop is partially preorganized for tertiary interactions and
for binding L11. A model for predicting the base pairing and free energy of 2× 2 nucleotide internal
loops with a purine-purine mismatch next to a pyrimidine-pyrimidine mismatch is proposed on the
basis of the present NMR structure and previously reported thermodynamics.

RNA sequences are becoming available at a tremendous
rate, and new functions ranging from catalysis (1, 2) to gene
regulation (3-6) are being discovered. Prediction and
determination of RNA secondary structures is a natural
extension toward application of the enormous amount of
sequence information. Understanding the structural and
functional characteristics of various RNA sequences is a step
toward the correct prediction of secondary and tertiary
structure. Predictions on the basis of free energy minimiza-
tion facilitate determination of secondary structure (7-15).
It is important to understand the sequence dependence of
stability and structure of non-Watson-Crick regions of RNA
secondary structure motifs in order to improve the accuracy
of structure prediction (16).

The thermodynamic stabilities of 2× 2 nucleotide internal
loops are very sequence dependent (17, 18). In order to
predict the thermodynamics of 2× 2 nucleotide sequence
non-symmetric internal loops, the current model uses aver-
ages of the loop free energies of 2× 2 sequence symmetric
internal loops with the same mismatches (19). Thermody-
namics of sequence non-symmetric tandem mismatches (20,

21), however, suggest that differences in base size and
hydrogen bonding of the two mismatches are major factors
in determining stability. This likely reflects the local
backbone distortions required to accommodate the internal
loop. Therefore, it is important to understand the structural
basis for the sequence-specific energetics of sequence non-
symmetric 2× 2 internal loops in order to improve models
for predicting structure and energetics.

A previous NMR study (22) on symmetric tandem AG
mismatches closed by CG base pairs,3′GGAC5′

5′CAGG3′, showed that
the AG mismatches have the imino-hydrogen bonded
conformation shown in Figure 1. Imino proton NMR (18,
23) and X-ray crystal structures (24, 25) show that tandem
UU mismatches also have strong hydrogen bonds involving
imino protons. The3′GA5′

5′AG3′ and 3′UU5′
5′UU3′ motifs are thermody-

namically stabilizing (17, 18, 21, 26), but the 3′CGUC5′
5′GAUG3′ and

3′CUAC5′
5′GUGG3′ internal loops, with two differently sized mis-
matches, are thermodynamically destabilizing (21).

A 1D imino proton NMR spectrum for the internal loop

3′CGUC5′
5′GAUG3′ (21) provided no evidence for hydrogen bonding in
the AG and UU mismatches. Because of severe spectral
overlap in the imino proton region, the structures of the
mismatches in a related motif,3′CUAC5′

5′GUGG3′, could not be
inferred from the 1D spectrum of a duplex model system
(21). To provide additional structure-energetics-function
relationships, this article presents a 2D NMR study of the
internal loop, 3′CUAC5′

5′GUGG3′. Two questions addressed are (a) Is
the structure of the loop consistent with models used for
predicting stabilities of 2× 2 internal loops? (b) Is the
internal loop preorganized for tertiary interactions?
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The 3′UA5′
5′UG3′ motif in 2 × 2 internal loops occurs relatively

often in natural RNA. For example, the3′UA5′
5′UG3′ motif occurs

14 times in 398 RNA secondary structures determined by
sequence comparison (21). Most of the natural occurrences
of the internal loop,3′CUAC5′

5′GUGG3′, are a variant corresponding to
part of helix A of a conserved 58-nt fragment (Figure 2) of
large subunit ribosomal RNA (LSU1 rRNA) that is the
recognition site for ribosomal protein L11 and for thiostrep-
ton antibiotics (27-29). The 58-nt domain contains an
extensive set of RNA tertiary (30-33) and quaternary
interactions with the conserved protein L11 (33, 34).
Presumably, this thermodynamically unfavorable internal
loop motif has been selected during evolution for structural
and functional roles because of a unique arrangement of
hydrogen-bonding groups and backbone conformation re-
quired for tertiary folding and molecular recognition.

In the NMR structure of helix A taken fromEscherichia
coli (Figure 2a), where the natural sequence in the internal
loop is 3′CUAC5′

5′GUUG3′ (35), there is a one-hydrogen bond UU
mismatch flanked by Watson-Crick GC and AU pairs. Two
crystal structures of RNA-protein complexes between the
58-nt rRNA domain and protein L11 have been solved (36,
37). One is theE. coli rRNA domain with a U1061f A
mutation in the internal loop region of helix A (Figure 2a)
complexed with the C-terminal domain of L11 (36), and the
other is theThermotoga maritimarRNA domain without the
mutation, complexed with the whole L11 protein (37). The
structures of the RNA in the two complexes are essentially
the same, and the structures of the corresponding protein

components are also the same and in good agreement with
previous structures of the components (38-40) and with
structures of LSUs (41, 42) and a whole ribosome (43).

The internal loop chosen for this study,3′19CUAC165′
5′4 GUGG73′ ,

occurs in the LSU rRNA ofSulfolobus acidocaldarius
(Figure 2a),Giardia intestinalis, and in mitochondrial rRNA
of Xenopus laeVis andZea mays(44). Its sequence is similar
to the equivalent internal loop in the 58-nt domains ofE.
coli and T. maritima (Figure 2a and b). The structural
information provides a way to understand the basis of the
observed thermodynamics of sequence non-symmetric tan-
dem mismatches and provides insight into the importance
of local interactions in determining three-dimensional struc-
tures.

MATERIALS AND METHODS

Oligoribonucleotide Design, Synthesis, and Purification.
The RNA sequence, 5′GGAGUGGCCGAAAGGCAU-
CUCC3′, was designed to form the hairpin structure shown
in Figure 2d, which contains the 2× 2 internal loop,

3′CUAC5′
5′GUGG3′. The GAAA tetraloop was chosen because it has
been studied by NMR (45, 46), and it helps ensure correct
secondary structure formation. An AU pair was included in
the stem to serve as an NMR reporter for the formation of
the intended stem. The RNA was synthesized on an Applied
Biosystems 392 DNA/RNA synthesizer using standard
phosphoramidite chemistry (47, 48). Base-protecting groups
were removed by incubation in 2 mL ammonia/ethanol
solution (3:1, v/v) at 55°C overnight (49), and the solid
support was removed by filtration. The filtrate was lyophi-
lized, and silyl protecting groups were removed by incubation
in a 9:1 (v/v) TEA-3HF (triethylamine trihydrofluoride)/DMF
(N,N-dimethyl formamide) mixture. RNA was precipitated
with 2-butanol, lyophilized, and desalted using a GE PD-10
Sephadex gel filtration column. The eluted sample was
purified on a preparative denaturing PAGE gel with 8 M
urea and 20% acrylamide. The appropriate band on the gel
was identified by UV shadowing and excised. RNA was
eluted from the gel slice with a Schleicher and Schuel
electroeluter and desalted. The purity of the sample was
confirmed by gel electrophoresis after 5′-32P labeling with
T4 polynucleotide kinase. All the samples were>95% pure.

The 13C and15N labeled samples were prepared with an
Epicenter Ampliscribe T7 Flash transcription kit, labeled
rNTPs (Silantes GmbH, Mu¨nchen, Germany) and synthetic
DNA oligonucleotides (Integrated DNA Technologies, Inc.).
RNA was purified and analyzed for purity with methods
similar to those described above.

NMR Sample Preparation.Sample preparation was similar
to that described in Shankar et al. (50) with minor modifica-
tions. The RNA samples were dialyzed overnight against 1
L of filtered autoclaved water in a Gibco Life Technologies
microdialysis system with a 1000 MWCO Spectro-por
dialysis membrane. After dialysis, the sample was lyophilized
and dissolved in 250-300µL of NMR buffer (80 mM NaCl,
10 mM sodium phosphate, and 0.5 mM Na2EDTA at pH 6).
For exchangeable proton spectra, the sample was reconsti-
tuted in 90% H2O with 10% D2O. For nonexchangeable
proton spectra, D2O exchange was done by three repetitions
of lyophilization with 99.996% D2O as the solvent, and the
sample was finally dissolved in 300µL of D2O from

1 Abbreviations: DQF-COSY, double-quantum-filtered correlation
spectroscopy; HETCOR, heteronuclear correlation; HSQC, hetero-
nuclear single-quantum coherence; LSU, large ribosomal subunit;
MWCO, molecular weight cutoff; N, any nucleotide, i.e., A, C, G, or
U; NMR, nuclear magnetic resonance spectroscopy; NOESY, nuclear
Overhauser spectroscopy; R, any purine, i.e., G or A; RDC, residual
dipolar coupling; TOCSY, total correlation spectroscopy; Y, any
pyrimidine, i.e., U or C.

FIGURE 1: Imino and sheared hydrogen bonded conformations of
GA pairs.
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Cambridge Isotope Laboratories. The hairpin concentration
was approximately 2.5 mM for the unlabeled sample and
0.6 mM for one13C and15N labeled sample.

Residual dipolar couplings (RDCs) were measured with
13C-15N labeled RNA. The sample used for RDC measure-
ments was partially aligned with 6.5% C12E5/hexanol
(r ) 0.96) (51). Buffer conditions and RNA concentrations
were the same before and after addition of alignment media
(0.1 mM13C and15N labeled RNA in 325µL of NMR buffer
at pH 6). The D2O resonance in the aligned RNA sample
showed∼33 Hz splitting at pH 6 and 35°C with a line width
of ∼1.5 Hz.

NMR Spectroscopy.NMR spectra were collected on Varian
Inova 500 and 600 MHz spectrometers. Proton spectra were
referenced to known temperature-dependent chemical shifts
of H2O or HDO relative to 3-(trimethylsilyl) tetradeutero
sodium propionate (TSP). All spectra were processed with
NMRpipe (52), and resonance assignments were made with
Sparky (53).

Distance, Dihedral Angle, and RDC Restraint Generation.
Distance restraints were obtained from 100 and 200 ms

mixing time NOESY spectra at 25 and 35°C and 100 ms
SNOESY spectra at 10 and 25°C. The box integration
method in the Sparky software (53) was used for cross-peak
volume calculation. The volumes were converted to CNS
distance restraint input by a C++ program, using 1/r6 scaling
relative to the average of pyrimidine H5-H6 cross-peak
volumes (2.45 Å) and a two-spin approximation. Error limits
of (30% (100 ms mixing time) and(40% (200 ms mixing
time and SNOESY spectra) were assigned to the NOE-
derived distances to allow for relaxation, spin diffusion,
baseline distortions, water exchange, and noise. Restraints
for overlapped peaks were estimated or discarded in case of
extreme overlap. No restraints were used from H5′ and H5′′
protons. A total of 234 interproton distance restraints and
104 dihedral angle restraints were used to model the 22-
mer hairpin. Consistent with NMR data, the seven Watson-
Crick pairs and the sheared GA pair in the tetraloop were
subjected to 44 hydrogen bond distance restraints (1.8-2.5
Å between hydrogen and acceptor, 2.7-3.5 Å between the
heavy atoms). Weak planarity restraints (5 kcal/mol Å2) were
also applied to the Watson-Crick pairs.

FIGURE 2: (a) Secondary structure of the conserved 58-nt fragment of the large ribosomal subunit (LSU). This region is the binding site
for L11 ribosomal protein and the thiostrepton family of antibiotics.E. coli numbering has been used. The top sequence is fromE. coli.
Conn et al. (36) used a U1061 to A mutation for crystal structure determination. The lower sequence is fromS. acidocaldarius; the highly
conserved internal loop is boxed. (b) Sequence conservation of the internal loop is shown for 55 sequences with 2× 2 nucleotide internal
loops taken from Robin Gutell’s website [http://www.rna.icmb.utexas.edu]. The circled residues and the sequence and orientation of the
closing pairs are highly conserved (30). N is any nucleotide, and Y is a pyrimidine. The G7C16 pair is an AU pair in some organisms. (c)
A heavy atom overlap of internal loops from mutatedE. coli ( 3′1079CUAC10765′

5′1059GUAG10623′ shown in red (36), 3′1079CUAC10765′
5′1059GUUG10623′ shown in green (43)),

Thermotoga maritima( 3′1079CUAC10765′
5′1059GUUG10623′ shown in yellow (37)), andHaloarcula marismortui( 3′1183CCAU11805′

5′1163GUGA11663′ shown in blue (41)). The residues
are numbered as shown in (d), the hairpin studied by NMR.

NMR Structure of an RNA Loop Biochemistry, Vol. 46, No. 44, 200712667



Because of severe overlap in DQF-COSY and HETCOR
spectra, torsion angle restraints were not determined from
the direct measurement of coupling constants but were set
to wide ranges. No torsion angle restraints were used for
the internal loop and the hairpin-loop regions, except forδ
andø. Backbone dihedral angles for the Watson-Crick stem
residues were loosely restrained:R (0 ( 120°), â (180 (
30°), γ (60 ( 30°), δ (85 ( 30°), ε (-140( 40°), andú (0
( 120°). For all residues, the glycosidic torsion angles were
restrained inanti conformation,ø (-120 ( 90°) because
the intensity of the intranucleotide cross-peak between H1′-
H8/H6 was not comparable to the H5-H6 cross-peaks. G6
was also modeled without theø restraint. The resulting
models were not substantially different. H1′-H2′ scalar
couplings in TOCSY (Supporting Information) and DQF-
COSY spectra were used to identify residues in C3′ or C2′
endosugar pucker. U5, G6, A17, and U18 from the internal
loop and all residues of the GAAA tetraloop had weak H1′-
H2′ cross-peaks indicating conformational sampling between
C3′ and C2′ endo sugar puckers. These residues were
restrained to cover both the C3′ and C2′ endoconformation
with δ (122.5 ( 67.5°). The remaining residues were
restrained to be in C3′ endoconformation,δ (85 ( 30°).
See Supporting Information for complete tables of distance,
dihedral angle, and endocyclic sugar torsion angle restraints.

1H-13C couplings were measured in isotropic and partially
aligned samples from 2D1H-13C CT HSQC spectra. Residual
dipolar couplings were determined from the difference in
1H-13C couplings between the isotropic and partially aligned
spectra (Isotropic-Aligned). A total of 33 RDC restraints
were used to model the structure (Supporting Information).
On the basis of two independent individual measurements
of peak positions, the errors for RDC measurements were
estimated to be(2 Hz.

Simulated Annealing and Structure Calculation.Structures
restrained by NOE distances and dihedral restraints were
generated with CNS version 1.1 (54). An updated CNS
version that improves the susceptibility anisotropy (RDC)
protocol was used for the calculation of structures using
experimental RDCs (55). Initial starting structures were built
with Insight II (Biosym). The structures were calculated with
the following protocol using implicit solvent: (1) high-
temperature dynamics at 3000 K in torsion angle space for
4 ps with NOE and dihedral scale factors of 150 kcal/mol
Å2 and 25 kcal/mol rad2, respectively; (2) simulated anneal-
ing in torsion angle space for 37.5 ps with slow cooling from
1000 to 0 K (25,000 steps) with NOE and dihedral scale
factors of 150 kcal/mol Å2 and 200 kcal/mol rad2, respec-
tively; (3) simulated annealing for 37.5 ps in Cartesian space
with slow cooling from 1000 to 0 K (100,000 steps) with
the NOE and dihedral angle scale factors constant at
150 kcal/mol Å2 and 200 kcal/mol rad2, respectively; the
van der Waals factor was linearly increased from 1 to 4;
and (4) Powell energy minimization was applied with van
der Waals and electrostatic scale factors set to 1 for all atoms.
A total of 20 structures were calculated with and without
the RDC restraints, out of which 10 lowest energy structures
without distance and dihedral violations were chosen for
further analysis. Incorporation of RDC restraints in structure
modeling was carried out with a protocol similar to that used
by Lukavsky et al. (56). Initial values of the axial component
(Da) and the rhombicity (R) of the principal alignment tensor

were estimated from analysis of the powder pattern distribu-
tion of measured RDCs. Lowest energy structures calculated
for a pair of Da and R values were then analyzed by PALES
(57, 58) to predict the components of the alignment tensor.
The averages of the predicted Da and R values were then
used to calculate 20 new structures, and this process repeated
until the average values of Da and R in subsequent cycles
varied less than( 0.4 Hz and( 0.02, respectively.

All of the 10 accepted structures agreed with experimen-
tally derived NOE and dihedral restraints within 0.2 Å and
5°, respectively. Pymol (59) was used to visualize and
analyze the structures.

Optical Melting Experiments.The 22-mer oligonucleotide
was lyophilized and dissolved in melt buffer (1.0 M NaCl,
20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 6
and 7), in magnesium buffer (150 mM KCl, 5 mM MgCl2,
and 20 mM sodium cacodylate at pH 7), and in NMR buffer
(80 mM NaCl, 0.5 mM EDTA, and 10 mM phosphate at
pH 6 and 7). Strand concentrations for melting curves in
the buffers ranged from 5µM to 3 mM. Extinction
coefficients were predicted from those of dinucleotide
monophosphates and nucleosides (60, 61). Absorbance versus
temperature melting curves were acquired at 280 nm at
heating rates of 1°C/min with a Beckman Coulter DU640C
spectrophotometer having a Peltier temperature controller
cooled with flowing water. A mutant of the 22-mer,
5′GGAGUIGCCGAAAGGCAUCUCC3′, where G6 is re-
placed by inosine to give an IA mismatch, was also melted
in NMR buffer at 1 mM strand concentration.

RESULTS

Sequence and Structure ConserVation. Analysis of 55
secondary structures of LSUs with 2× 2 nucleotide internal
loops in helix A (44) revealed that this internal loop sequence
is highly conserved (Figure 2a and b). U1060 and A1077
are universally conserved and involved in tertiary interac-
tions. Mutation of either of these bases destabilizes the RNA
tertiary structure and reduces protein binding affinity
(28, 30). Position 1061 (shown as N in Figure 2b) is not
conserved. InE. coli and many other eubacteria, nucleotide
1061 is a U, while in many archaebacteria and most
eukaryotes, there is a G or A atposition 1061 (62, 63). The
closing base pairs and their orientation in these internal loops
are also highly conserved. Moreover, the structure is highly
conserved in crystals. Figure 2c shows structures from the
58-nucleotide domain of LSU rRNA ofE. coli( 3′1079CUAC10765′

5′1059GUAG10623′,

PDB entry 1QA6, with U1061f A mutation),Thermotoga

maritima ( 3′1079CUAC10765′
5′1059GUUG10623′, PDB entry 1MMS) (36, 37), and

from the entire LSU ofE. coli ( 3′1079CUAC10765′
5′1059GUUG10623′, PDB entry

2AWB) and H. marismortui ( 3′1183CCAU11805′
5′1163GUGA11663′, PDB entry

1JJ2) (41, 43). There is no hydrogen bonding between the
bases within the internal loop, but the bases help maintain
the functional structure. It is believed that the L11 ribosomal
protein locks helix A in the peculiar conformation to allow
intercalation of A1088 to pair with U1060. NMR studies of
the 1057-1081 portion of helix A fromE. coli show that
this internal loop forms a UU imino pair and an AU
Watson-Crick pair when not involved in protein contacts
(35). This structure is different from the structure in the
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crystals complexed with L11 protein and supports the role
of L11 in rearranging the base pairing within the internal
loop for A1088 insertion.

NMR Spectra of Exchangeable and Nonexchangeable
Protons. Exchangeable protons for the hairpin shown in
Figure 2d were assigned using 1D (Figure 3), 2D NOESY
from 0 to 25°C with mixing times of 100 and 150 ms using
an S-shaped excitation pulse (64) for water suppression, and
NHSQC spectra. The presence of seven imino proton
resonances between 12 and 14.5 ppm indicates the formation
of seven Watson-Crick base pairs including one AU pair
(Figure 3). The resonance at 10.67 ppm is consistent with
the sheared GA pair in the tetraloop (45). The three broader
resonances between 10 and 12 ppm are from the imino

protons of the two U bases and the G in the internal loop.
Nonexchangeable protons were assigned by standard

procedures (65, 66). NOESY spectra of the sample in D2O
were acquired at 15, 25, and 30°C with mixing times of
100, 200, and 400 ms. The NOESY walk (H8/H6/H2 to H1′/
H5) region of a 100 ms spectrum is shown in Figure 4. The
pyrimidine H5-H6 cross-peaks are easily identified from
their high volume, splitting pattern, and presence in the same
region of DQF-COSY and TOCSY spectra (data not shown).
1H-13C HSQC spectra at 35°C confirmed the H8/H6/H2/
H1′ assignments. Assignments of sugar resonances were
based on NOESY, DQF-COSY, TOCSY, and1H-31P HET-
COR spectra. The AH2 protons were identified from a1H-
13C HSQC spectrum. Proton chemical shift assignments are

FIGURE 3: One-dimensional spectrum of the hairpin (Figure 2d) at 10°C at pH 6. The assignments are shown above the peaks. The
assignments in red are tentative. One-dimensional spectra at temperatures ranging from 5°C to 55°C are shown in the Supporting Information.

FIGURE 4: NOESY walk region (H8/H6 H1′/H5) of the hairpin (Figure 2d) NOESY spectrum at 100 ms mixing time, 35°C, and pH 6.
Black lines trace the NOESY walk for the hairpin; black labels along the horizontal lines mark the H8/H6 resonance for the residue.

NMR Structure of an RNA Loop Biochemistry, Vol. 46, No. 44, 200712669



shown in Supporting Information. Riboses for loop residues
U5, U18, and A17 are primarily in the C3′-endoconforma-
tion with a small population in the C2′-endo form as
exhibited by H1′-H2′ scalar couplings. The G6H1′-H2′
cross-peak has the largest coupling.

Structure Determination with and without Residual Di-
polar Couplings.A total of 20 structures were calculated
with a simulated annealing protocol both with and without
the RDC restraints. Some important distance restraints for
the internal loop are shown in Figure 5. All calculated
structures converged to satisfy the distance and dihedral angle
restraints within 0.2 Å and 5°, respectively. Ten structures
were accepted on the basis of lowest energy and no distance
or dihedral angle violations. Nuchemics (67) was used to
predict chemical shift values for the 10 accepted structures.
The predicted H1′, H5, H6, H8, and H2 chemical shifts for
the loop residues (Supporting Information) agree well with
the observed chemical shifts. To improve the long range
order, the structures were calculated again with 33 experi-
mentally derived RDCs. The axial component (Da ) 21 Hz)
and the rhombicity (R ) 0.44) of the principal alignment
tensor were optimized as described in Materials and Methods.
The experimentally observed RDCs agree well with the
average of calculated RDCs for 10 accepted structures
(Figure 6). The superimposed structures calculated with and
without RDCs show significant improvement of long range
order (Figure 7). Supporting Information lists the RMSD
against an average calculated structure for each residue. The
RMSDs show marked improvements over the structures
calculated without RDC restraints. The two stem regions of
7 Watson-Crick base pairs form two segments of helix close
to A-form. Figure 8 shows the hairpin observed from both
the major and minor grooves. No structure has base pairing

within the internal loop. Forcing a sheared GA or imino GA
base pair resulted in NOE violations. The G6 base shows
conformational dynamics, and its position could not be
restrained on the basis of the experimental data. The chemical
shifts, connectivity pattern, restraints, and structure for the
tetraloop region agree with those previously reported (45,
46).

UV and NMR Denaturation Profiles.As expected, the
oligonucleotide, 5′GGAGUGGCCGAAAGGCAUCUCC3′
(Figure 2d), has concentration independent thermal dena-
turation profiles (data not shown) in all buffers tested (see
Materials and Methods), consistent with hairpin formation.
The curves are biphasic, with the first transition at about
64 °C and the second at about 75°C (Figure 9).

FIGURE 5: Important interstrand and intrastrand NOE restraints for the 2× 2 nucleotide internal loop shown as solid blue arrows. Very
weak NOE restraints (lower limit>3.5 Å and/or upper limit<7 Å) are shown as dotted blue arrows. The typical NOESY walk restraints
and less important hydrogens are omitted for the sake of clarity.

FIGURE 6: Plot of 33 measured RDCs against the average of
calculated RDCs for accepted structures of the hairpin (R2 ) 0.98).
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In NMR melting experiments, the 5′ stem imino proton
resonances disappear at lower temperatures than the hairpin
stem resonances (Supporting Information). Evidently, the
lower and higher temperature transitions correspond to
melting of the 5′ stem and the tetraloop hairpin, respectively.
The temperature for most of the NMR experiments used for
structure determination was 35°C, which is below the
melting temperature of the first transition (Figure 9).

A G6 f inosine substitution has little effect on the UV
melting profile, except to reduce the hyperchromicity (Figure
9). Replacing G by inosine in a tandem GA internal loop
can stabilize a duplex when the G forms an imino-hydrogen
bonded or sheared base pair and presumably results in imino
hydrogen-bonded I-A pairs in both cases (68). Inosine,
however, destabilizes a sheared GA if the sheared conforma-
tion is in a GCAA tetraloop (69). Because the oligonucle-
otides with GA and IA mismatches studied here have
essentially identical melting behavior (Figure 9), the melting
experiments are consistent with the NMR structure, which
shows no hydrogen bonding between G and A.

G6 and A17 Do Not Form any Recognizable Base Pair,
and G6 May Be Flipped Out of the Helix.G6 and A17
residues within the internal loop do not form any recogniz-
able pair in the calculated structures (Figures 8 and 10). The
width and chemical shift of the G6 imino resonance in the
1D spectrum (Figure 3) suggest that the proton is not
involved in strong hydrogen bonding. With one exception,
the NOESY walk extends throughout the molecule, suggest-
ing mostly A-form helix. It is discontinuous in the internal
loop between U5 and G6, suggesting deviation from the
A-form. At 35 °C, the G6H8-U5H1′ peak was only seen at
mixing times longer than 200 ms. In a HETCOR spectrum
(data not shown), the31P chemical shift for G6 (-0.060 ppm)
is outside the∼1 ppm range for the A-form helix. This is
also consistent with the lack of A-form geometry for the G6
residue (70).

The amplitude of G6H8 is low compared to most other
H8 peaks in 1D D2O and13C HSQC spectra. This suggests
line broadening due to conformational sampling. Because
of this line broadening and partial spectral overlap with
A17H8, it is difficult to measure the NOE volumes for G6H8.
All of the peaks associated with G6H8, including G6H8-

G6H2′ and G6H8-G6H3′, are very weak compared to similar
peaks in the spectrum. The G6 H1′-H2′ coupling is larger
than other loop residues, indicating a much greater C2′-endo
population, perhaps as much as 50% (Supporting Informa-
tion). This also indicates dynamics at G6. Base dynamics is
further supported by very weak NOE cross-peaks between
G6H1′ and G6H8 and between G6H1′ and G7H8. In the
calculated models, the G6 base is flipped out of the helix.
The base position, however, could place the Watson-Crick
side of the G facing the minor or major groove. The position
of the G6 base cannot be conclusively modeled because of
the lack of direct cross-peaks to the imino proton. (See the
blue colored G6 base in Figure 8.) The lack of any cross-
peaks to the G6 imino proton could be because no proton is
close enough to show an NOE, or it could be because the
imino proton is exchanging rapidly with water. If G6 were
exclusively in the major groove, then a stronger than
observed A17H2-G6H8 peak would be expected. Complete
major groove positioning of G6 would also increase the
distance between G6H1′ and G7H8, resulting in a minor
distance violation of∼0.1 Å.

The symmetric tandem mismatch motif3′AG5′
5′GA3′ in RNA

has sheared GA pairs (Figure 1) when closed by CG pairs,

3′GAGC5′
5′CGAG3′ (71), and imino GA pairs (Figure 1) when closed
by GC pairs, 3′CAGG5′

5′GGAC3′ (72). In contrast, the 3′GA5′
5′AG3′ motif

cannot form sheared AG pairs because of geometric con-
straints (73). Sheared AG pairs have a short P-P interstrand
distance of 12.5 Å 5′ to the adenine, which is not compatible
with the P-P distance of 17.5 Å required for a Watson-
Crick base pair in an A-form helix. For the internal loop in
this study, 3′CUAC5′

5′GUGG3′, the same geometric constraint on the
AG pair should apply, i.e., the AG mismatch with a CG pair
5′ to the adenine cannot form a sheared conformation. The
lack of a strong cross-strand NOE from A17H2 to G7H1′
(71) and the denaturation study with G-A and I-A
mismatches (Figure 9) supports this conclusion.

There is no severe geometric constraint, however, to
prevent the G6A17 mismatch from forming an imino
hydrogen bonded conformation (22). An imino bonded AG
pair has an imino proton chemical shift at∼12 ppm (22,
72), but the G6 imino proton does not resonate close to that
region. Also, a hydrogen bond between G6 and A17 would
slow the imino-water exchange rate in favor of a cross-
peak between A17H2 and the G6 imino proton (72). Lack
of this or any other cross-peak to the G6 imino proton
suggests that G6 and A17 do not form an imino pair.

An imino G6A17 pair would result in an outward stretched
backbone with a C1′-C1′ distance of∼13 Å between the
AG, compared with∼10.9 Å for a Watson-Crick pair. The
∼13 Å also contrasts with dimensions for a UU pair with
one or two hydrogen bonds between the bases and C1′-C1′
distances of∼10.5 Å and∼9 Å, respectively (24, 25, 35).
Perhaps, forming hydrogen bonds between the two U bases
is unfavorable because the cross-strand distance would lead
to unfavorable steric interactions between the G6 and A17
bases. The C1′-C1′ distance between G6 and A17 is
∼12.5 Å in the average structure calculated from the 10
accepted structures. This suggests that the grooves are wide,
exposing the internal loop to solvent.

Because neither the sheared nor imino-hydrogen bonded
conformations for the AG mismatch has a geometry compat-

FIGURE 7: Ten accepted structures calculated without RDC
restraints (red) and with 33 RDC restraints (blue) are shown with
the top four Watson-Crick pairs superimposed. The RMSD for
each residue against an average structure for both calculations (with
and without RDCs) is listed in Supporting Information.
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ible with both the adjacent Watson-Crick CG base pair and
an adjacent hydrogen-bonded UU pair, the GA and UU are
unlikely to form hydrogen bonded conformations simulta-
neously.

No Base Pairing between U5 and U18 in the Internal
Loop.A strong NOE is seen between U iminos involved in
a UU pair (18, 23, 35). No imino to imino cross-peaks are
observed, however, between U5 and U18, suggesting that
they do not form hydrogen bonds. The imino (UH3) might
be exchanging rapidly with water, thus explaining the lack
of cross-peaks, but rapid exchange also excludes the pos-
sibility of tight hydrogen bonding.

The C1′-C1′ distance between U5 and U18 in the average
model is 13.0 Å, which is wider than the∼10.9 Å distance
for a Watson-Crick pair. Evidently, functional groups of

U5 and U18 are too far away to form hydrogen bonds
involving imino protons, which is consistent with the broad
imino peaks in the exchangeable proton spectrum (Figure
3). U18 also has a much broader H5-H6 cross-peak
compared to other H5-H6 cross-peaks, which suggests
conformational sampling for the pyrimidine ring. A cross-
peak is observed between A17H2 and C19H1′ (distance
restraint 2.8-5.6 Å), when the normal distance between AH2
and (n + 2) H1′ is >7.5 Å. This suggests that the U18 base
is turned away from the U5 base such that the distance
between A17 and C19 is reduced. These observations are
consistent with the lack of hydrogen bonding and stacking
of U18 in the modeled structure. The NMR data suggest that
U18 primarily spends time outside the hydrogen-bonding
distance of U5 but do not rule out the possibility of U18

FIGURE 8: Stereoview of the major groove and the minor groove of the ten accepted structures calculated with RDCs. All structures are
superimposed by the heavy atoms. The backbone and the spheres trace residues of the calculated average structure. The residues are color
coded as shown in the hairpin sequence.
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momentarily forming hydrogen bonds with U5. U5H5-
G4H8 and U5H6-G4H8 cross-peaks suggest that U5
maintains the A-form stacking pattern (Figure 5).

RNA Secondary Structure Prediction.For sequence asym-
metric 2× 2 nucleotide internal loops, models for estimating
stabilities have incorporated averages of relevant sequence
symmetric internal loops (9, 19). The implicit assumption
was that stacking between a closing base pair and a mismatch
would be similar to that in sequence symmetric 2× 2 loops.
The NMR structure of3′CUAC5′

5′GUGG3′ indicates that this is not a
reasonable assumption. NMR spectra of 2× 2 internal loops
with tandem UU (17, 18, 23) or tandem AG pairs (22) reveal
hydrogen bonding within the UU and AG pairs. This pattern
contrasts with the lack of hydrogen bonds within the UU
and AG pairs in the 3′CUAC5′

5′GUGG3′ loop. This suggests that
models for estimating stabilities of sequence asymmetric
2 × 2 internal loops should be reconsidered.

Table 1 lists measured values of free energy increments
at 37°C for sequence asymmetric 2× 2 internal loops closed
on both sides by a GC pair. The values are based on the
experiments of Xia et al. (21) and Burkard et al. (74) and
calculated from equations equivalent to the following:

Here, ∆G°37(3′CUCUACUC5′
5′GAGUGGAG3′) and ∆G°37(3′CUCCUC5′

5′GAGGAG3′) are mea-
sured free energy changes for duplex formation, and∆G°37

(3′CC5′
5′GG3′) is the free energy increment for the3′CC5′

5′GG3′ nearest
neighbor interaction as determined by Xia et al. (75). The
values in Table 1 suggest four categories and approximations
for sequence asymmetric internal loops, as discussed below.

Category 1 (red in Table 1) contains loops unlikely to have
a mismatch with two hydrogen bonds between bases, as
observed for3′CUAC5′

5′GUGG3′. This category includes loops with (a)
a UU pair adjacent to a purine-purine pair as in3′CUAC5′

5′GUGG3′,

(b) a GA or AG pair adjacent to a pyrimidine-pyrimidine
pair, or (c) adjacent AC, UC, CU, CC, CA, or AA pairs.
Seventeen of the 18 such pairs in Table 1 have free energy
increments at 37°C between 0.5 and 2.2 kcal/mol, with an
average of 1.1( 0.5 kcal/mol. The outlier is the3′CCAC5′

5′GCGG3′

loop, which has a free energy increment of-0.6 kcal/mol.
Ten sequence symmetric loops closed by two GC pairs and
with the mismatches listed in criterion (c) have free energy
increments between 0.9 and 2.0 kcal/mol, with an average
of 1.3 ( 0.3 kcal/mol (9). This suggests that a value of 1.2
kcal/mol is a reasonable approximation for 2× 2 loops of
category 1 closed by GC pairs. The value of 1.2 kcal/mol is
close to the average of 1.0 kcal/mol for 2× 2 loops with
UU pairs adjacent to GA, AG, or GG pairs, as listed in Table
1 (21, 74). Unfortunately, these loops were not included in
fitting the parameters currently included in the RNAstructure
program for predicting secondary structure (19).

Category 2 (blue in Table 1) contains loops with two
identically sized pairs likely to have two hydrogen bonds
between the bases. These loops have any combination of
GA and AG pairs or have two adjacent UU pairs. The four
such loops in Table 1 are approximated well by the average
of the relevant sequence symmetric loops. This comparison
suggests that in these cases the structures of the sequence
asymmetric loops may be similar to those of the sequence
symmetric loops.

Category 3 (bolded black in Table 1) contains loops that
are likely to have one pair with two hydrogen bonds between
the bases. These loops have a GA or AG pair adjacent to an
AC, CA, or AA pair, or have a UU pair adjacent to an AC,
CA, or pyrimidine-pyrimidine pair. The assumption is that
such combinations will not require large destabilizing contor-
tions of the backbone. An NMR structure of the loop,

3′AAGC5′
5′UAAG3′, is consistent with this model (50). The 16 such
loops in Table 1 have free energy increments at 37°C
between-1.0 and 0.7 kcal/mol with an average of 0.0(
0.5 kcal/mol.

Category 4 (underlined black in Table 1) contains loops
with a single GG pair not adjacent to a UU pair. The 10
such loops in Table 1 have free energy increments at 37°C
between-0.6 and 0.2 kcal/mol with an average of-0.2 (
0.3 kcal/mol.

Many of the sequence combinations listed in Table 1 have
not been measured. Values predicted from the models
described above are listed in a separate row in Table 1.
Values for several loops listed in Table 1 have been measured
by Bourdelat-Parks and Wartell (20). They report values for
loops closed by two GC pairs and by one AU and one GC
pair. Surprisingly, they see little dependence of stability on
closing base pair, whereas experiments on a wide variety of
other internal loops indicate that each substitution of a closing
GC pair with an AU pair is expected to destabilize an internal
loop by about 0.7 kcal/mol (19, 76, 77). One possible reason
for this difference between measurement and expectation is
that Bourdelat-Parks and Wartell included a GU pair adjacent
to one of the two closing GC pairs but no GU pair in the
duplexes with loops closed on one side with an AU pair.
This may suggest a non-nearest neighbor effect that desta-
bilizes the loops closed by two GC pairs. In general, the
approximations in Table 1 adjusted by 0.7 kcal/mol for a
single AU closing pair make reasonable predictions for the

FIGURE 9: UV melting curves for the hairpin (G-A) and the hairpin
with G6 to inosine (I-A) substitution in NMR buffer, 80 mM NaCl,
0.5 mM EDTA, and 10 mM phosphate at pH 7. The two melting
curves are similar with the first transition at 64°C and the second
transition at 75°C.

∆G°37(3′CUAC5′
5′GUGG3′) ) ∆G°37(3′CUCUACUC5′

5′GAGUGGAG3′) -

∆G°37(3′CUCCUC5′
5′GAGGAG3′) + ∆G°37(3′CC5′

5′GG3′)
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Category 1 loops measured by Bourdelat-Parks and Wartell
(20), with an average absolute difference of 0.5 kcal/mol
between predicted and measured values. For the Category 3
loops, the average absolute differences between predicted
and measured values are 0.8 and 1.6 kcal/mol, respectively,
for loops closed with one and two GC pairs. A non-nearest
neighbor effect from a GU pair could account for much of
the difference observed for loops closed by two GC pairs.
Evidently, there is still much to be discovered about the
sequence dependence of duplexes containing internal loops.

The approximations described above for 2× 2 internal
loops were tested in the RNAstructure 4.5 program, where
loops that have been optically melted are assigned the
experimentally measured stability (17, 18, 21). The predicted
lowest free energy structures were compared against a
database of known RNA secondary structures (9). On
average, the program predicted 71% of known canonical base
pairs for domains of 700 nucleotides or less. This is lower
than the 72.8% reported using the previous approximations
for 2 × 2 loops (19). The difference probably reflects the
fact that the parameters for multibranch loops were only
optimized for the previous approximations.

DISCUSSION

Reliable methods for the prediction of secondary and 3D
structures of RNA would facilitate many applications of
sequence information, including discovery of structure-

function relationships and design of therapeutics. In principle,
various free energy minimization methods can predict
structure. Their success, however, is limited by current
knowledge of the interactions determining RNA structure,
especially in loops. Stabilities and structures of 2× 2
nucleotide internal loops are very sequence dependent (17,
21) and therefore provide good benchmarks for testing
methods to predict local stability and structure.

Structure of the 2× 2 Internal Loop, 3′CUAC5′
5′GUGG3′. The

3′CUAC5′
5′GUGG3′ internal loop studied here shows no hydrogen
bonding within the middle two pairs (Figures 8 and 10),
which is consistent with crystal structures of ribosomal
components having small sequence variations of this loop,
and bound to L11 protein (36, 37, 43). This is surprising
because internal loops with tandem GA or UU pairs exhibit
hydrogen bonding within the internal loop (18, 22, 23, 71,
72). Evidently, the 2× 2 loop is partially preorganized in
its functional structure. This contrasts with results for the
structure of the3′ΑAGC5′

5′UAAG3′ internal loop, which is part of the
L20 protein binding site where the NMR structure of the
isolated loop is very different from the structure in the
ribosome (50).

The A of the 3′CUAC5′
5′GUGG3′ loop is stacked on the neighboring

CG Watson-Crick pair. Because the∆G°37 for a G
5′CA stack

is -1.7 kcal/mol (78), this is consistent with the observation
that bases with a∆G°37 for stacking more favorable than
-0.7 kcal/mol are usually stacked on their adjacent base pair
(79). G6 (Figure 2d) is very dynamic and is flipped out in

FIGURE 10: (Top) Major and minor groove view of the crystal structure of a ribosomal protein complex fromE. coli ( 3′1079CUAC10765′
5′1059GUAG10623′, PDB

entry 1QA6) (36). Residue A1070 (shown in red wireframe) from hairpin A stacks on the flipped out A1061. Residue A1088 (shown in
red wireframe) from helix C forms a reverse Hoogsteen pair with U1060. (Bottom) Major and minor groove view of the average NMR
structure (3′19CUAC165′

5′4 GUGG73′ ). The residues are color coded as in the internal loop sequence shown below.
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most of the structures generated. The experimental restraints,
however, do not conclusively position the G6 base in the
minor or major groove.

Internal Loop Is Partially Preorganized for Tertiary
Interactions.The internal loop, 3′19CUAC165′

5′4 GUGG73′ , has G6 at the
position corresponding to 1061 in the crystals (Figure 2).
The G6 base is bulged out similar to A1061, U1061, or
G1165 in the crystal structures (36, 37, 41-43, 80). Thus,
G6 is somewhat preorganized (Figures 8 and 10).

In the crystal structures, A1088 is in asynconformation
and intercalates into the distorted major groove of the internal
loop of helix A to form a Hoogsteen pair with U1060 (Figure
10). There is a reversal of chain direction at U1060, which
is facilitated by bulging out of the base 1061. This requires
A1077 and U1078 to be unpaired and turned out of the helix
in order to open up the major groove. U1078 then forms a
stack with A1077 and G1062 across the width of the helix,
sharply changing the direction of the helix axis. The NMR
structure of the internal loop3′CUAC5′

5′GUGG3′ has similar character-
istics. The UU mismatch does not pair, A17 protrudes into

the major groove, and U18 is partially stacked on A17 and
turned out of the helix, resulting in an opened major groove.
Therefore, an adenine (A1088) can easily intercalate into the
distorted region to pair with U5. There is no reversal of the
chain direction at U5, however. Evidently, theS. acidocal-
darius internal loop is partially preorganized. This is
somewhat surprising in that the free energy increment for
this loop is unfavorable by 0.9 kcal/mol (Table 1) (21). This
also contrasts with theE. coli loop, 3′1079CUAC10765′

5′1059GUUG10623′, where the
isolated loop has a Watson-Crick AU pair and single
hydrogen bond UU pair (35) that are broken in the complex
with L11 (37).

Lack of Hydrogen Bonding within the Internal Loop May
Be Important for Tertiary Contacts.In the crystal structures,
a highly conserved A1070 base from hairpin A stacks on
the flipped out U1061 base (equivalent to G6) (Figures 2a,
8, and 10). This is called a high five motif (36, 37). The
stacking of U1061 with A1070 is important for the global
folding of the 58-nt fragment. A mutation U1061f A in
the internal loop region of helix A to give3′CUAC5′

5′GUAG3′ (Figure

Table 1: Experimental and Predicted Free Energy Increments at 37°C (kcal/mol) for Internal Loops with Sequence3′CWZC5′
5′GXYG3′ in 1M NaCla

a Data from Xia et al., 1997 (21) are adjusted for Watson-Crick nearest neighbor parameters in Xia et al., 1998 (75). Values for loops with GG
pairs are from Burkard et al., 2001 (74). Values in red are for category 1, loops unlikely to have two hydrogen-bonds between bases within a
mismatch. They have (a) adjacent UU and RR pairs, (b) one GA or AG pair and one YY pair, or (c) adjacent AC, UC, CU, CC, CA, or AA pairs.
Omitting -0.6 of 3′CA5′

5′CG3′, the average of 17 non-sequence symmetric loops is 1.1( 0.5 kcal/mol (range) 0.5 to 2.2 kcal/mol). The average for 10
sequence symmetric loops not likely to base pair with 2 base-base H-bonds is 1.3( 0.3 kcal/mol (range) 0.9 to 2.0) (9). The overall average
for 27 loops) 1.2 ( 0.4 kcal/mol. The values in blue are for category 2, any combination of adjacent GA and AG pairs or adjacent UU pairs. The
predicted∆G°LOOP is the average of relevant sequence symmetric loops as listed by Mathews et al. (9). Bold values not underlined are for category
3, loops without a GG pair and likely to have one mismatch with 2 base-base hydrogen bonds. They have a GA or AG pair adjacent to a CA, AC,
or AA pair, or a UU pair adjacent to a YY or CA or AC pair. The average of 16 loops is 0.0( 0.5 kcal/mol (range) -1.0 to 0.7). The values
underlined are for category 4, loops with a single GG pair not adjacent to a UU pair. The average of 10 cases is-0.2( 0.3 kcal/mol (range) -0.6
to 0.2).
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2a) stabilizes the structure of the mutantE. coli rRNA domain
(36). One reason U1061A and U1061G mutants are more
stable (37, 81, 82) is because stacking a purine ring on A1070
is energetically more favorable than U1061 stacking on
A1070. This stacking interaction probably forces the bulged
base into the minor groove, whereas the NMR data on the
isolated loop allows it to move between the minor and major
grooves.

The NMR structure of 3′CUAC5′
5′GUGG3′ suggests that a second

reason that the U1061f G mutation stabilizes tertiary
structure is the partial preorganization of the loop, which
contrasts with the necessity to break the U1061-A1077 base
pair in E. coli (82). Interestingly, the U1061f purine
mutation is naturally present in some thermophilic Archaea
and presumably provides higher stability (82) for those
organisms in high-temperature environments.

Implications for Tertiary Structure Prediction.The struc-
tures of 3′CYAC5′

5′GUNG3′ loops from LSU rRNA show remarkable
sequence and structure conservation (Figure 2) (36, 37, 41,
43). The NMR structure of the isolated internal loop,

3′CUAC5′
5′GUGG3′, shows that there is no base pairing within the
internal loop and that the structure is similar to the corre-
sponding loop in crystals. Evidently,3′CYAC5′

5′GUNG3′ internal loops
are preorganized to form tertiary interactions by stacking of
a tertiary purine on the N nucleotide and hydrogen bonding
of a tertiary A with the U. This may facilitate the prediction
of tertiary structures and contacts based only on sequence
information. The variability in required sequence remains
to be determined. The∆G°LOOP for 3′CGUC5′

5′GAUG3′ is similar to
that of 3′CUAC5′

5′GUGG3′ (Table 1), and its 1D imino proton spectrum
provides no evidence of hydrogen bonding in the mis-
matches. Thus, it has the potential to also be unstructured.

The fundamental reasons for pre-organization and lack
of hydrogen bonds in the3′CUAC5′

5′GUGG3′ loop are not understood,
which presents a challenge to computational chemists.
Presumably, there is a subtle balance among hydrogen
bonding, stacking, solvation, and backbone distortion that
determines the structure of an isolated internal loop. Success
in parsing these interactions would allow prediction of motifs
likely to be preorganized for tertiary interactions. Under-
standing such interactions may also facilitate the prediction
of dynamics, which could allow for the prediction of loops
that can reorganize for binding such as that observed for

3′AAGC5′
5′UAAG3′ (50).

SUPPORTING INFORMATION AVAILABLE

NMR chemical shift assignments and comparison to
Nuchemics predictions, NOE restraints, RDC restraints,
dihedral restraints, RMSD values for residues in 10 accepted
structures, 1D imino spectra at different temperatures and
TOCSY and HSQC spectra. This material is available free
of charge via the Internet at http://pubs.acs.org
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