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Solution Structure of the CUUG Hairpin Loop: A Novel RNA Tetraloop Motif T+
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ABSTRACT: The solution structure of a uniformly !'3C/!*N-labeled CUUG RNA hairpin loop has been
determined by multidimensional heteronuclear magnetic resonance spectroscopy in combination with
distance geometry and restrained molecular dynamics calculations. The structure of this CUUG tetraloop
represents a novel RNA loop motif where the first and last loop nucleotides form a standard Watson—
Crick C-G base pair and the second loop nucleotide interacts directly with the closing base pair of the
stem by folding into the minor groove. This structure helps explain why the closing base pair is
phylogenetically conserved and indicates a six-nucleotide G(CUNG)C motif for the CUUG RNA tetraloop.
Implications for the function of this CUUG tetraloop in ribosomal RNA and in RNA tertiary interactions

are discussed.

RNA hairpins made up of helix—loop structures are among
the most abundant structural elements in RNA. RNA
tetraloops are a special class of hairpins that were originally
identified because this loop size was found much more
frequently in prokaryotic ribosomal RNA than other loop
sizes (Uhlenbeck, 1990; Woese et al., 1990). Three families
of tetraloops have been identified in rRNA,' the UUCG,
GNRA, and CUUG hairpins (Woese et al., 1990), and
phylogenetic and mutational analysis has shown that one
tetraloop sequence frequently can be replaced by another
tetraloop sequence (Woese et al., 1990; Selinger et al.,
1993b). These frequently occurring tetraloops have a higher
thermodynamic stability than other four-nucleotide loops with
the same stem (Uhlenbeck, 1990; Antao et al., 1991; Antao
& Tinoco, 1992). These tetraloops are thought to carry out
a variety of functions including (i) stabilizing an adjacent
stem by taking advantage of their high thermodynamic
stability (Tuerk et al., 1988; Selinger et al., 1993b), (ii)
providing recognition elements for tertiary interactions with
both RNA and proteins (Michel & Westhof, 1990; Zwieb,
1991, 1992; Selinger et al., 1993a; Jaeger et al., 1994;
Murphy & Cech, 1994), (iii) regulating the activity of a
biological system by shifting the equilibrium between
alternate structures (Nierhaus et al., 1992; Wool et al., 1992;
Glueck et al., 1994), and (iv) providing an initiation point
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FIGURE 1: Sequence of the CUUG RNA hairpin shown in the
secondary structure representation. The loop base pair and the
closing base pair are indicated by arrows.

for the folding of complex RNAs (Uhlenbeck, 1990; Woese
et al., 1990). Three-dimensional structures have been
determined for the UUCG (Cheong et al., 1990; Varani et
al., 1991) and the GNRA tetraloops (Heus & Pardi, 1991b;
Orita et al., 1993; Szewczak et al., 1993; Pley et al., 1994)
and revealed interesting features that help explain the unusual
stability of these tetraloops. Here we used multidimensional
heteronuclear NMR techniques and distance geometry and
molecular dynamics calculations to determine the solution
structure of the uniformly 99% '*C/'>N-labeled oligomer 5’
r(GGCGCUUGCGUC)-3’ (see Figure 1).

The CUUG RNA tetraloop is the preferred sequence for
loop 83 in bacterial 16S rRNA (positions 83 to 86 in
Escherichia coli 16S rRNA) (Woese et al., 1990). This
particular hairpin in 16S rRNA shows a strong preference
for tetraloops where only three tetraloop sequences occur
frequently with the CUUG sequence found in 45% of all
cases, followed by UUCG (36%) and GCAA (13%) (Woese
et al., 1990). The closing base pair is also conserved in loop
83 with the CUUG loop closed by a G-C base pair, the
UUCG loop closed by a C-G base pair, and the GCAA closed
by an A-U base pair. Phylogenetic analysis thus strongly
suggests that each tetraloop motif includes its closing base
pair (Woese et al., 1990). The structure of the CUUG RNA
tetraloop determined here reveals a new type of tetraloop
motif and offers an explanation for the preference of a closing
G-C base pair.
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Structure of the CUUG Hairpin Loop
MATERIALS AND METHODS

Sample Preparation. RNA oligonucleotides were prepared
from DNA oligonucleotide templates by in virro transcription
with T7 RNA polymerase (Milligan, 1987). DNA oligo-
nucleotides were obtained from DNA Express (Macromo-
lecular Resources), CTAATACGACTCACTATAG?) for the
T7 promoter strand and (‘GACGCAAGCGCCTATAGT-
GAGTCGTATTA?) for the template strand. T7 RNA
polymerase was purified from E. coli strain BL21 containing
the plasmid pAR1219 (Davanloo et al., 1984). *C- and °N-
labeled nucleotides were prepared as previously described
(Nikonowicz et al., 1992) by growing E. coli MY 285 on
99% [*Clglucose (Isotec) and 99% ['’Nlammonium sulfate
(Isotec), followed by enzymatic degradation of the ribosomal
RNA to NMPs. After separation over a AG-1-X2 column
(Biorad), the NMPs were enzymatically converted to NTPs
and desalted over a Biorad Affigel 601 column (Nikonowicz
et al., 1992). Transcription reaction mixtures (10—14 mL)
were incubated at 37 °C for 4—8 h [40 mM Tris-HCI (pH
7.6), 35 mM MgCl,, 5 mM DTT, 1 mM spermidine, 0.1%
Triton X-100 (v/v), 200 nM DNA template, and 0.1 mg/mL
T7 RNA polymerase] with 4 mM of each NTP for the
unlabeled RNA and 5 mM ['3C/'N]GTP, 3.4 mM ['*C/'*N]-
CTP, and 1.8 mM ['*C/'*NJUTP for the labeled RNA. The
final product was purified by denaturing 20% polyacrylamide
gel electrophoresis and electroeluted (Schleicher & Schuell)
and dialyzed with a Centricon 3 microconcentrator (Amicon)
into 2.5 mM sodium phosphate (pH 6.8) and 0.1 mM EDTA.
The sequence of the final RNA product was confirmed by
RNA sequencing (Donis-Keller et al., 1977; Donis-Keller,
1980). The lyophilized RNA was dissolved in 600 uL of
99.96% D,0 or 600 4L of 90% H,0/10% D,0O. The final
concentration for all NMR samples was 0.8 mM RNA.

NMR Spectroscopy. NMR experiments were performed
on a 500 MHz Varian VXR-S spectrometer. For samples
in 90% H,0/10% D0, spectra were collected at 5 °C with
a binomial 1331 sequence for solvent suppression (Hore,
1983). Unless noted, all spectra in D,O were collected at
20 °C with presaturation of the residual HDO peak. Quadra-
ture detection during the evolution periods in the multidi-
mensional NMR experiments was achieved with the hyper-
complex method (States, 1982) or the time proportional phase
incrementation—States method (Marion, 1989a). Broad-
band '3C or "N WALTZ decoupling was applied during the
acquisition period for spectra collected on '3C/**N-labeled
RNA. The NMR data were processed on a Sun 4 or a Silicon
Graphics computer with the program FELIX (Biosym).

Two-dimensional (2D) homonuclear (‘'H—'H) and hetero-
nuclear (*'P—'H) NMR experiments were collected on an
unlabeled RNA sample. A 250 ms 2D NOESY experiment
(Macura & Ernst, 1979) in D,O was performed at 5 °C to
compare the spectra to those collected at this temperature in
H,O. The 80 and 400 ms NOESY experiments used for
obtaining resonance assignments and structural constraints
were acquired at 20 °C. DQF-COSY experiments (Rance
et al., 1983) were performed at 5 and 20 °C. In order to
obtain J coupling constants, DQF-COSY spectra were
collected for the sugar proton region with and without 3'P
decoupling in 7, and ». A TOCSY experiment with a 70
ms spin-lock period and a *'P—'H HETCOR experiment
were acquired by standard procedures (Braunschweiler &
Ernst, 1983; Sklenar et al., 1986). The detailed acquisition
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and processing parameters for the homonuclear 2D NMR
experiments are given in Table 1 in the supporting informa-
tion.

Two-dimensional ('>C,'H) and ("*N,'"H) HMQC experi-
ments were acquired in D,O and H>O, respectively (Mueller,
1979; Bax et al., 1983; Redfield, 1987). Both 2D ('H—'H)
and 2D ("H-'3C) and HCCH-COSY, HCCH-RELAY, and
HCCH-TOCSY experiments were acquired as previously
described (Pardi & Nikonowicz, 1992). A DIPSI-2 mixing
scheme was applied during the 25 ms '3C spin—lock period
in the HCCH-TOCSY experiments, and the delays were
optimized to obtain w, methylene-filtered and w> methylene-
selected experiments (Pardi & Nikonowicz, 1992). The
detailed acquisition and processing parameters for the
heteronuclear 2D NMR experiments are given in Table 2 in
the supporting information.

A 3D ('H,"C,'H) NOESY-HMQC experiment optimized
for the aromatic resonances in | and sugar resonances in t,
and #; was acquired with a 150 ms mixing time (Marion et
al., 1989b; Nikonowicz & Pardi, 1993). A 3D ('*C,'H,'H)
HMQC-NOESY experiment optimized for the sugar reso-
nances in # and ¢, and for the aromatic resonances in #; was
acquired with a 400 ms mixing time. A 3D ('H,*C,'H)
NOESY-HMQC experiment optimized for the sugar reso-
nances in all three dimensions was collected with a 400 ms
mixing time. The detailed acquisition and processing
parameters for the heteronuclear 3D NMR experiments are
given in Table 3 in the supporting information.

Structure Calculations and Analysis. Distance geometry
and simulated annealing were performed on a Silicon
Graphics Indigo workstation using the program X-PLOR 3.1
(Briinger, 1992). The in wvacuo molecular dynamics/
simulated annealing calculations were performed with only
slight modifications in the protocol provided with the
program. The molecular mechanics potentials used were
those of Nilsson and Karplus (1986), except that the default
sugar bond angles were modified to match those of Saenger
(1984). Quadratic harmonic potential functions were used
for the bond length and angle energy terms, and the XPLOR
“square well” potential function was used for both the NOE
restraints and the torsion angle restraints with force constants
of 50 kcal/(mol A?) and 10 kcal/(mol rad?), respectively. A
1/R distance dependent dielectric was employed for the
electrostatic function (Briinger, 1992).

NMR-derived distance and torsion angle constraints and
nonexperimental A-form constraints were applied during the
calculations as described below. To analyze the final
structures, the program NEWHEL93 (obtained from R. E.
Dickerson) was used in addition to the program X-PLOR
(Briinger, 1992).

RESULTS

Sample Preparation. The sequence for the CUUG hairpin
in Figure 1 can form a unimolecular hairpin or a bimolecular
duplex, depending upon the temperature and the salt and
oligomer concentration (Jucker Franzusoff, 1995). At the
sample concentration of 0.8 mM RNA in the salt and buffer
conditions employed here, this molecule formed only the
hairpin conformation and no duplex could be detected in the
NMR spectra.

Resonance Assignments. Resonance assignment of the
exchangeable protons was made from 2D and 3D NOESY
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FiGURE 2: Part of the sugar region of the 2D HCCH COSY, 2D HCCH RELAY, and 2D HCCH TOCSY spectra used for assignment of
the sugar proton and carbon resonances. (A) The H2’-H5’ to H1’ regions of the 2D ('H,'H) COSY, RELAY, w, methylene-filtered TOCSY,
and w, methylene-selected TOCSY spectra are shown for nucleotide U6. The methylene-filtered TOCSY spectrum is plotted above the
methylene-selected TOCSY spectrum below. (B) The C2'-C5’ to H1’ regions of the 2D ('*C,'H) COSY, RELAY, and TOCSY spectra are

shown for nucleotide U6.

experiments collected in H>O by standard procedures
(Wiithrich, 1986; Varani & Tinoco, 1991b; Nikonowicz &
Pardi, 1993; Wijmenga et al., 1993). Imino protons in G-C
base pairs were assigned on the basis of their connectivities
to C H5-H6 cross-peaks. The imino protons in the G-U base
pair were assigned on the basis of the strong G imino to U
imino cross-peak, and the identity of each base was readily
determined from the ('"H,'SN) HMQC spectrum collected in
H,0 (data not shown) because the G and U imino nitrogens
resonate at very different chemical shifts (Nikonowicz &
Pardi, 1993). The two-loop U imino protons were not
specifically assigned because no NOE cross-peaks were
observed for those imino protons due to exchange with
solvent H,O; therefore, no structural information could be
obtained for these protons.

Identification of the sugar spin system is an important step
toward complete resonance assignment of RNAs (Patel et
al., 1987; van de Ven & Hilbers, 1988; Varani & Tinoco,
1991b; Nikonowicz & Pardi, 1993; Wijmenga et al., 1993).
Assignment of the sugar resonances was made from 2D

HCCH experiments in a manner similar to that previously
described (Nikonowicz & Pardi, 1993). These HCCH
experiments allow unambiguous sugar resonance assignments
because magnetizatio? is transferred through the large one-
bond coupling constants. Sugar proton resonance assign-
ments were made from 2D ('H,'H) HCCH-COSY, 2D
('H,'"H) HCCH-RELAY, and 2D ('H,'H) HCCH-TOCSY
experiments by examination of the cross-peaks to each H1’
proton as illustrated in Figure 2A. Sugar carbon resonance
assignments were made from 2D (3C,'H) HCCH-COSY, 2D
('*C,'H) HCCH-RELAY, and 2D ("*C,'H) HCCH-TOCSY
experiments by examination of the cross-peaks to each H1’
as illustrated in Figure 2B.

The nonexchangeable base protons and their directly
attached carbons were identified in HMQC experiments
optimized for the aromatic resonances (Nikonowicz & Pardi,
1993). The pyrimidine H5 and H6 protons were identified
in homonuclear 2D DQF-COSY experiments. The sequen-
tial resonance assignments were made from 3D ('*C,'H,'H)
HMQC-NOESY and 3D ('H,"*C,'H) NOESY-HMQC ex-
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FIGURE 3: Sequential walk in the H1’ to aromatic region is
displayed in the 400 ms 2D NOESY spectrum in 90% H,O. The
solid lines connect H1” to H8/H6 NOE cross-peaks observed in
both the 2D and the 3D NOESY experiments. The dashed lines
indicate the sequential walk that was determined from the 3D
NOESY experiments, where the H2” and H3’ resonances were used
to establish the sequential walk. The sequential walk between U7
and G8 is not illustrated in the figure because this H1” to aromatic
cross-peak falls outside the region displayed here.

periments by extending standard 2D homonuclear assignment
methods (Wiithrich, 1986; Varani & Tinoco, 1991b; Wij-
menga et al.,, 1993) into three dimensions as previously
described (Nikonowicz & Pardi, 1993). The sequential
assignments were confirmed in the homonuclear 2D NOESY
experiment shown in Figure 3. The sequential NOEs are
summarized in Figure 4, which shows that sequential
aromatic proton to sugar proton NOEs are observed for most
stem nucleotides, as expected for a helical conformation. For
nucleotides G8 and C9, few sequential NOEs are observed
due to the increased line width of the involved protons and
the sequential NOE pattern is interrupted in the loop between
U6 and U7 due to the unusual conformation for this part of
the loop.

Phosphorus resonance assignments were made from the
(*'P,’H) HETCOR experiment (Sklenar et al., 1986) shown
in Figure 5. The relatively good chemical shift dispersion
and the small size of the RNA allowed for unambiguous
cross-peak assignments. A summary of the 'H, '3C, 1N,
and *'P chemical shifts is given in Table 1.

Obtaining Constraints for Structure Calculations. Dis-
tance and torsion angle constraints were used to define the
structure of the CUUG RNA hairpin. Distance constraints
were extracted from 80, 250, and 400 ms mixing time 2D
('"H,'H) NOESY spectra, 150 and 400 ms mixing time 3D
('"H,"*C,’"H) NOESY-HMQC spectra, and 400 ms mixing
time 3D (**C,'H,'H) HMQC-NOESY spectra (Kumar et al.,
1980; Fesik & Zuiderweg, 1988, 1990; Marion et al.,
1989b; Zuiderweg et al., 1990). The HS to H6 cross-peak
of pyrimidines and the H5" to H5” cross-peaks of the sugars
were used to calibrate the cross-peak size. A qualitative
interpretation classified the cross-peak intensities into three
categories, weak, medium, and strong, which corresponded
to distance bounds of 3.0—5.0, 2.0—4.5, and 1.8—3.5 A,
respectively. The contribution of spin diffusion was evalu-
ated from the 80 ms 2D ('H,'H) NOESY spectrum, with
special care taken for cross-peaks involving the 2" and 3’
sugar protons and the pyrimidine H6 and H5. Exchangeable
protons had distance constraints of 1.8—4.5 A. A list of
distance constraints is given in Table 4 in the supporting
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information. The 14-base pair hydrogen bonds were defined
as 14 distance constraints between the hydrogen and the
hydrogen bond acceptor with distance bounds of 1.4—2.0
A. Three distance constraints were used for each stem, and
loop C-G base pair and two distance constraints were used
for the G-U base pair. In addition, 23 negative distance
constraints, derived from absent cross-peaks, were included
for the loop nucleotides. These negative constraints were
introduced after initial structure calculations resulted in
structures that predicted large NOE cross-peaks involving
the loop nucleotides. Negative constraints were only used
if each of the involved protons showed an observable NOE
to another proton.

To help restrain the torsion angles, J coupling constants
were determined from analysis of the 3'P-coupled and
-decoupled DQF-COSY (Wiithrich, 1986) using standard
procedures (Altona & Sundaralingam, 1972; Altona, 1982;
Varani & Tinoco, 1991b; Wijmenga et al., 1993). In
addition, the multiplet structure of the cross-peaks in the
(*'P,'H) HETCOR spectrum (Sklenar et al., 1986) in Figure
5 was used to estimate the '"H—>'P J coupling constants that
were analyzed using Karplus equations (Haasnoot et al.,
1980, 1981). The torsion angle 8 was restrained to 100—
260° for nucleotides G2, C3, G4, and U11. The torsion angle
y was restrained to 35—65° for G2, C3, Ul1, and C12. The
torsion angle € was restricted to 165—245° for nucleotides
G2, C3, G10, and Ul1. The torsion angle & was used to
define the sugar pucker and was derived from the H1’ to
H2" coupling constant (Saenger, 1984; Wiithrich, 1986;
Varani & Tinoco, 1991b; Wijmenga et al., 1993). The sugar
pucker was restricted to 3" endo (& restrained to 78—98°)
for stem nucleotides G1—G4 and G10—C12 and to 2’ endo
for the loop nucleotides C5—G8 (0 restrained to 110—190°).
A number of carbon and proton resonances for nucleotides
in the loop showed significant line broadening, indicating
that these resonances were in intermediate exchange on the
chemical shift time scale (Jardetzky & Roberts, 1981). The
J coupling constants derived from the (*'P,'H) HETCOR and
the DQF-COSY spectra were generally not consistent with
a single conformation for the loop nucleotides. Therefore,
due to the dynamic nature of the loop, backbone torsion angle
constraints derived from J coupling constants were only
applied to the stem nucleotides. In addition, no backbone
torsion angle restraints were applied to nucleotide C9 due
to the increased line width observed for many C9 resonances.
The only torsion angle constraints used in the four CUUG
loop nucleotides were for the ¢ torsion angle which restricted
the sugar pucker to 2’ endo.

In the initial distance geometry calculations, nonexperi-
mental A-form constraints were applied to the stem nucle-
otides to help restrain the 3, v, 0, and ¢ torsion angles and
the endocyclic sugar torsion angles for nucleotides G1—G4
and G10—Cl12. No nonexperimental A-form constraints
were included for the nucleotides in the loop. These
nonexperimental constraints were only used to generate
starting structures and were not used in the subsequent
molecular dynamics calculations, as described below.

Structure Determination. Distance geometry, molecular
dynamics, and energy minimization were used to determine
the loop structure of the CUUG RNA hairpin. The structure
calculations were divided into two parts. In the first part,
starting structures were built by distance geometry embed-
ding followed by 100 steps of energy minimization, 6 ps of
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FIGURE 4: Sequential NOE constraints used to calculate the structure of the CUUG RNA hairpin indicated on the secondary structure
representation. (A) NOE distance constraints involving nonexchangeable protons. The number of inter-nucleotide NOE constraints are
shown for each nucleotide. (B) NOE distance constraints involving exchangeable protons. The RMSD is given for each nucleotide.
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FIGURE 5: Contour plot of the 2D (*'P,'H) HETCOR spectrum
with assignments of individual cross-peaks.

restrained molecular dynamics at 2000 K, and then 3 ps of
restrained molecular dynamics where the temperature was
decreased from 2000 to 100 K. The X-PLOR repel function
was used for these calculations, and the weighting of various
energy terms was varied, similar to the protocol supplied
with the X-PLOR program (Briinger, 1992). Nonexperi-
mental A-form constraints for the stem, as well as all the
NMR-derived constraints, were included in building starting
structures. These nonexperimental A-form torsion angle
constraints for the stem nucleotides help generate starting
structures that had reasonable helical geometries for the stem
nucleotides. Even though A-form backbone torsion angle
constraints for the stem were used for calculating these
starting structures, the stem still showed substantial structural
variation. Although it is impossible to prove that this
protocol sampled all conformational space consistent with
our experimental data, we believe that this procedure
represented a computationally efficient method for generating
starting structures that sample conformation space consistent
with the experimental NMR constraints. Approximately 50%
of the structures created by this protocol had low energies

and low NOE violations and thus could be used in the
subsequent refinement procedure.

For the second part of the structure calculations, all
nonexperimental A-form constraints were omitted for refine-
ment of the starting structures that involved high-temperature
and room-temperature molecular dynamics followed by
energy minimization as outlined in Figure 6. The refinement
protocol is a higher temperature version of the standard
“gentle refine” protocol provided by X-PLOR (Briinger,
1992). Over 100 starting structures were refined, and all
exhibited the same loop fold. The 13 low-energy structures
were then used for the structural analysis. These structures
fulfilled all NOE and dihedral angle constraints with no NOE
violations >0.15 A and no dihedral angle violations >1°.
This level of violations is somewhat lower than normal and
simply reflects the fact that conservative distance and torsion
angle constraints were used in the calculations due to the
observed dynamics in the molecule.

To analyze these hairpin structures, the program NE-
WHELD93 (R. E. Dickerson) was used in addition to X-PLOR.
An average structure was generated by X-PLOR, followed
by 500 steps of restrained energy minimization. RMSDs
were calculated by the pairwise superimposition of nucle-
otides G1—U6 and G8—C12 onto the average structure, thus
excluding the poorly defined nucleotide U7. The 13 final
structures showed an RMSD to the average structure of 1.3
A. This RMSD is in the range of what can be expected
from NOE data that are interpreted with loose distance
bounds (Metzler et al., 1990), especially given that many
distance and torsion angle constraints for the loop nucleotides
could not be defined due to the dynamics observed in the
loop. A lower RMSD could be achieved by employing
tighter distance constraints or assuming a single conforma-
tion, but given the dynamic behavior of the system under
study, this could lead to inaccurate structures. In Figure 4,
the number of NOEs and the RMSD are given for each
nucleotide. Distance violations were calculated for all
structures, and all possible inter-proton distances were
analyzed for the average structure to ensure that no close
proton—proton distances occurred that are inconsistent with
the NMR data. The torsion angles of the 13 final structures
were analyzed, and even though no torsion angle constraints
were included for the loop nucleotides, all the final structures
had both stem and loop torsion angles that were consistent
with the experimental NMR spectra.
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Table 1: Chemical Shifts of the CUUG RNA Hairpin®
imino . . .
amino aromatic aromatic sugar sugar sugar sugar sugar

residue H1/H3 N1/N3 2/4 8/6 5 I 2 ¥ 4 515" sp

Gl 'H 12.98 8.21 5.89 4.92 4.72 4.60 4.46/4.31
BN/BC 146.33 140.6 9222 7545 7482 8372 6750

G2 'H 11.67 6.34 7.58 5.95 4.75 4.48 4.57 4.51/427 —2.11
BN/13C 143.25 138.6 9334 7545 7323 8246 66.39

C3 'H 8.37/6.94 7.64 543 554 427 4.58 445 4.55/4.12 —1.58
SN/13C 141.0 97.92 94.00 7545 7187 8206 64.46

G4 'H 12.68 5.68 7.64 576 420 472 4.37 4.58/4.11 —2.34
SN/13C 144.69 137.5 93.08 7545 7227 8238 6432

Cs 'H 8.61/7.00 7.50 5.61 5.89 422 472 448 447/402 -2.89
SN/ C 143.1 99.44 89.03 7545 8102 8556 67.50

U6 'H 10.91/11.68* 8.14 6.06 6.16  4.52 460 437 4.22/4.10 —2.34
BN/13C 156.18/157.84% 145.70 105.53 88.97 76.65 8039 87.15 68.14

u7 'H 10.91/11.68? 7.80 5.32 4.92 396 443 4.31 4.12/3.88 —3.60
BN/1'C 156.18/157.84% 145.8 104.15 89.30 77.84 81.02 8540 6845

G8 'H 13.34 8.03 5.62 4.99 4.83 4.45 4.01/3.96 —2.16
BN/13C 146.05 138.9 86.38 7426 77.64 8556 69.89

C9 'H 8.35/6.52 7.54 5.32 5.79 4.85 4.33 462  4.65/432 0.00
SN/13C 143.1 97.80 93.94 7538 74.82 83.81 6997

G10 'H 13.49 8.07/593 7.53 5.83 469 440 454  448/4.18 -—1.87
SN/13C 146.64 137.2 9298 7545 7323 8222 6647

Ull 'H 12.18 7.73 543 5.49 4.11 4.53 4.40 4.54/406 —2.72
SN/13C 157.30 141.7 104.08 9401 7585 7211 8254 64.00

Cl2 'H 8.58/6.84 7.80 5.68 589 402 425 4.13 4.51/4.04 —2.69

BN/13C 144.4 97.98 9222 7744 70.05 8365 65.59

@ All chemical shifts are given in ppm. The imino and amino chemical shifts are given for 5 °C. 'H chemical shifts were referenced to the
internal H,O peak at 5.0 ppm, and the "N shifts were referenced to an external standard of liquid NH; at 0.0 ppm. The aromatic, sugar and proton,
and carbon chemical shifts are given for 20 °C. 'H chemical shifts were referenced relative to the internal HDO peak at 4.85 ppm. The 'C
chemical shifts were referenced relative to external TSP. The *'P chemical shifts are given for 20 °C and were referenced relative to the internal
HPO.>~ resonance at 0.0 ppm. The *'P chemical shift is listed with its 3’ nucleotide ¥NpN?", # The two-loop U-imino protons resonate at 10.91

(‘H)/156.18 (*N) ppm and 11.86 ('"H)/157.84 (**N) ppm and were not assigned to individual imino protons.

[Staning Structures Generated by Distance Geometry |

4

100 Steps Minimization #—————

10 ps Restrained Molecular Dynamics at 1000°K
700 Steps Minimization

10 ps Restrained Molecular Dynamics at 600°K ax

700 Steps Minimization

10 ps Restrained Molecutar Dynamics at
400°K

Y

1000 Steps Minimization

$

Final Structures

FIGURE 6: Flow chart of the structure refinement of the CUUG
hairpin. The protocol is a high-temperature version of the “gentle
refine” protocol provided by the program X-PLOR (Briinger, 1992).

Structure of the CUUG RNA Tetraloop. The structure of
the CUUG RNA hairpin is shown in Figure 7. All the
glycosidic angles in the molecule are in the anti range. The
four CUUG loop nucleotides adopt 2 endo sugar puckers,
whereas the rest of the nucleotides are in 3’ endo conforma-
tion. The first and last nucleotides of the tetraloop form a
Watson—Crick C5-G8 base pair, and the stacking continues
from the stem to the loop C5-G8 base pair. The first U in
the loop, U6, is folded into the minor groove, interacting
with the last stem G4-C9 base pair and the loop C5-G8 base

pair. The second U in the loop, U7, is in the major groove
and is stacked onto the loop C5-G8 base pair in some of the
structures. The last base pair of the stem interacts with the
U6 in the minor groove and thus forms a part of this
structural motif.

DISCUSSION

Characteristic Chemical Shifts of Loop Resonances. All
proton resonances were assigned as described in the previous
section, except the two imino protons of the loop U’s which
showed no NOEs and therefore did not contain any structural
information. The U7H1’ resonance is shifted significantly
upfield from its standard chemical shift, to 4.92 ppm.
Examination of the loop structure reveals that this H1’ is
situated above the purine ring of G8, indicating that the ring
current effect of G8 is causing the unusual upfield shift of
the U7H1" (Wiithrich, 1986).

The chemical shifts of all protonated carbons have been
determined. The most unusual chemical shifts are the C3’
resonances of the CUUG residues in the loop that are shifted
into the region characteristic for the 4’ carbons (see Table
1). These chemical shifts are consistent with the observation
that the sugar carbon chemical shift may be correlated with
sugar pucker (Varani & Tinoco, 1991a) because these
residues have 2’ endo sugar puckers. A similar trend is
observed for the loop CUUG C4’ carbons that are also shifted
slightly downfield from the rest of the C4’ resonances. In
contrast, the C1’ resonances of the CUUG loop nucleotides
appear to be shifted upfield by at least 7 ppm. Although
these trends are intriguing, additional data are needed before
sugar carbon chemical shifts can be reliably correlated with
the sugar pucker.
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FIGURE 7: Stereoview of the structure of the CUUG RNA hairpin. The average structure is shown here. A Watson—Crick C-G base pair
is formed in the loop. and the first loop uridine, U6, is folded into the minor groove.

Phosphorus chemical shifts have been proposed to be
correlated with unusual backbone structures (Roongta et al.,
1990). Two phosphorus resonances in the CUUG loop have
nonstandard chemical shifts. The downfield resonance at
0.0 ppm was assigned to G8pC9, and the upfield shifted
resonance was assigned to U6pU7 (see Figure 5). Although
these phosphates are found in unusual conformations com-
pared to A-form geometry, other loop phosphates are also
found in unusual conformations and do not display unusual
chemical shifts, Given the wide range of phosphorus
chemical shifts observed in other RNAs (Legault & Pardi,
1994), especially tRNA (Salemink et al., 1979), we do not
believe that 3'P chemical shift data can be directly used to
generate structural information in RNA. Therefore, no
structural constraints were derived from the 3'P chemical
shifts.

Loop Dynamics. Chemical exchange processes with
lifetimes of microseconds to milliseconds can lead to
significant broadening of resonance lines (Jardetzky &
Roberts, 1981). Such chemical exchange processes were
observed in the CUUG loop where several of the protons
and carbons showed broad resonance lines as compared to
resonances in the stem. Inspection of a NOESY spectrum
collected at 5 °C in H»O revealed that the G8 imino proton
exists in at least two conformations in slow to intermediate
exchange (Jucker Franzusoff, 1995). A slightly different
pattern of NOE cross-peaks was observed for these two
resonances, indicating that G8 exists as two stable conformers
under these conditions. No evidence was observed for any
resonances being in the slow exchange regime at 20 °C.
However, the increased line widths observed for G8H8 and
for some resonances of U7 and C9 indicated that G8 and
possibly other residues in the loop were undergoing motions
in the intermediate to fast exchange time scale under the
conditions used for acquiring the experimental data.

Due to evidence for dynamic behavior in the intermediate
to fast chemical shift exchange regime for part of the CUUG
loop, the NMR structural data were interpreted very con-
servatively (see Materials and Methods). U7 has a higher
RMSD than other residues (see Table 2) and is poorly defined
by the NOE data. The absence of NOE data combined with
the significant number of resonances in intermediate ex-
change are consistent with extensive dynamics for this
residue.

In contrast, U6 displayed sharp resonance lines, indicating
that this nucleotide exists either as multiple conformers in
fast exchange or as a single conformation. The NOEs

Table 2: Proposed Hydrogen Bonding in the CUUG RNA Hairpin

hydrogen hydrogen bond  hydrogen

hydrogen bond bond distance  angle donor—  bond angle

donor—acceptor? H—A (D—A)  Heeacceptor He-O=C?
G8N2—G8N2H-U602 1.72 A (2.67 A) 156° 91°
G4N2—-G4N2H-U604 2.13 A (2.95 A) 137° 88°
U6N3—-USH3—C902  1.92A (3.11 4) 133° 162°

@ Proposed hydrogen bonds between loop nucleotide U6 and
functional groups in the minor groove. ® The distance between the
hydrogen (H) and the hydrogen bond acceptor (A) is given for the
average structure. The distance between the hydrogen bond donor (D)
and acceptor (A) is given in parentheses. ¢ The hydrogen bond angle
between the hydrogen bond donor atom and the hydrogen and between
the acceptor atom and the hydrogen is given for the average structure.
4The hydrogen bond angle between the hydrogen and the acceptor and
the bond between the hydrogen bond acceptor and the directly attached
carbon is given for the average structure.

observed involving U6 are all consistent with this base being
bound in the minor groove, and it was assumed that U6 exists
in a single conformation in solution.

Structure of the Loop C5-G8 Base Pair. C5 and G8 in
the loop form a base pair and exhibit NOEs characteristic
of a standard Watson—Crick C-G base pair. For example,
the G8 imino proton shows NOEs to the C5 amino protons
and, by spin diffusion, to C5-HS. The G8 imino proton
resonates in the range typical for C-G base pairs, and the
temperature dependence of this imino proton indicates that
it is well-protected from exchange with solvent (data not
shown). All these results are consistent with an imino proton
in a C-G base pair. The NOE sequential walk observed in
D,O is also consistent with a C-G base pair and with
continuation of the base stacking from the helix into the loop.
The NOE pattern typical for helically stacked RNA is
observed from the G4-C9 base pair of stem to the C5-G8
base pair; however, this pattern is interrupted between U6
and U7. In Figure 8A, the C5-G8 base pair is shown in an
overlay of five structures onto the average structure. The
C5-G8 base pair shows variable amounts of buckling. This
variation may be a result of the limited structural constraints
or, alternatively, may represent the dynamics of this base
pair. The buckling of this base pair reduces the U6
phosphate to G8 phosphate distance, which is 12.7 A in the
average structure as compared to 17.5 A in a standard C-G
base pair. This buckling may be required to reduce the
phosphate to phosphate distance so that it can be bridged by
two nucleotides, thus allowing for the characteristic fold of
the CUUG RNA hairpin loop.

Structure of the Loop Uridines. The two loop U’s are
the only nucleotides not involved in base pairs in this hairpin.
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FIGURE §: Stereoview of the superposition of five CUUG loop structures. For clarity, residues C3—G10 are only shown for one structure.
(A) The loop C5-G8 base pair is displayed for the five superimposed structures, and (B) the loop nucleotides U6 and U7 are displayed for

the five superimposed structures.

FIGURE 9: NOE-derived distance constraints that define U6 in the minor groove shown in a stereoview of the CUUG RNA hairpin. In part
A, only nucleotides C5, U6, and U7 are displayed and dashed lines indicate the NOEs that define the position of U6 in the minor groove,
the NOE between U6-H6 and C5-H1’, the NOE between U6-H6 and C5-H4', the NOE between U6-HS and C5-H4, and the NOE between
U6-H2’ and C5-H1’. In part B, the entire loop and nucleotides C3-G10 are displayed in the same orientation as in part A.

Figure 8B shows U6 and U7 in an overlay of five structures
onto the average structure. U6 is well-defined by NOE data
and is folded into the minor groove. Figure 9 shows the
NOEs between U6 and the sugar moiety of C5 that position
U6 into the minor groove. U6-H6 gives a strong NOE to
C5-H1’ and a weak NOE to C5-H4’, whereas U6-H5 shows
no NOE to C5-H1’ but has a strong NOE to C5-H4’. In
addition, a strong NOE is observed between U6-H2’ and C5-
H1’. In the minor groove, U6 is making close contacts with
the loop C5-G8 base pair and the stem G4-C9 base pair,
allowing for van der Waals or hydrogen-bonding interactions.
In Figure 10, the potentially stabilizing hydrogen-bonding
or electrostatic interactions between U6 and the functional
groups in the minor groove are schematically drawn, and
Table 2 lists the hydrogen-bonding distances and angles
involving U6 for the average structure. The U6-O2 can

potentially hydrogen bond with the G8 amino proton of the
loop C5-G8 base pair; the U6-04 is within hydrogen-bonding
distance of the G4 amino proton, and the U6 imino proton
is in proximity of the C9-O2. Thus, the closing G4-C9 base
pair is directly involved in formation of the CUUG tetraloop
motif, and the structure indicates that a six-nucleotide
sequence G(CUUG)C is required for this tetraloop motif.
The second loop uridine, U7, is found in the major groove
but is not well-defined by the NMR data. The U7-H1’ is
positioned over the base of G8, which is consistent with the
upfield shift of the H1’ resonance to 4.92 ppm, due to the
ring current of G8. If U7 were stacked onto G8, typical
NOEs between G8-H8 and the U7 sugar would be expected.
A small NOE is observed between G8-H8 and U7-H2’;
however, many loop protons have broad resonances, and
therefore medium to long inter-proton distances will not give
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FIGURe 10: Schematic representation of the potential hydrogen-
bonding interactions in the minor groove, between U6 and the loop
C5-G8 base pair (between U6-O2 and G8 amino group, and between
U6-04 and G4 amino and between U6) and between U6 and the
closing G4-C9 base pair (between U6-H3 and C9-02). The figure
is not drawn to scale, and is not meant to imply that all the bases
are in the plane.

rise to observable NOE cross-peaks. One NOE was observed
in H>O between the G8 imino proton and U7-HS5, indicating
that U7 is stacked on G8 at least part of the time. However,
since this one NOE distance constraint would force U7 to
stack onto G8, it was not used in the structure calculations;
therefore, U7 is relatively disordered in the final set of
structures. Since U7 does not interact through hydrogen
bonding with other parts of the loop, the structure suggests
that this nucleotide can be replaced by other bases and a
G(CUNG)C sequence motif can be proposed for the CUUG
RNA tetraloop.

Structure of the Stem and the Closing G4-C9 Base Pair.
NOEs characteristic of A-form helices are observed in the
stem. For example, sequential H1” to imino proton connec-
tivities (Heus & Pardi, 1991a) are present for all the stem
base pairs, and sequential imino proton to imino proton NOEs
are observed at long mixing times (400 ms) (Wiithrich, 1986;
Varani & Tinoco, 1991b). Since the second base pair in
the stem is a G-U wobble pair and the closing G4-C9 base
pair is part of the loop motif, interacting with U6, it is not
surprising that some deviations from A-form are observed
in the stem. The minor groove is slightly narrower than
standard A-form (C1’-C1” =~ 10.1 A) and widens at the G4-
C9 base pair to ~10.9 A, to accommodate the loop U6. This
widening of the minor groove is achieved by moving C9
toward the major groove, thus altering the stacking pattern
on the 3" side of the helix.

Sugar Pucker and Glycosidic Angles in the CUUG RNA
Hairpin. The torsion angles of the CUUG RNA hairpin were
analyzed from the 13 final structures, and the results are
given in Table 5 in the supporting information. All the stem
nucleotides and the closing G4-C9 base pair had 3" endo
sugar pucker, whereas the four CUUG loop nucleotides had
H1’-H2’ J coupling constants consistent with 2’ endo sugar
conformations (Wiithrich, 1986; Varani & Tinoco, 1991b).
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In some of the solution structures, U7 exhibited a trend
toward 3’ endo sugar pucker. Unfortunately, the increased
line width of U7-H1’ and a resonance frequency for this
proton close to water make accurate measurement of this
H1’-H2" J coupling constant difficult, and the relative
populations of the two conformers could not be estimated
(Altona & Sundaralingam, 1972). Therefore, the NMR
spectra are consistent with U7 being either in 2" endo
conformation or in exchange between the two puckering
modes.

The glycosidic angle is anti for all stem and loop
nucleotides. U7 showed the largest variations in the glyco-
sidic angle, consistent with the high RMSD of this nucleotide,
and values in the high anti range were found. However, all
U7 glycosidic angles fall within the expected range for 2
endo sugar conformation (Saenger, 1984). The glycosidic
angle for G8 is found in the high anti range, at the high end
of what is usually observed for base-paired 2’ endo purines
(Saenger, 1984). The G8 amino group is interacting with
the U6 carbonyl O2 group, and it has been suggested that
such interactions might shift the glycosidic angle to the high
anti range (Olson, 1973; Yathindra & Sundaralingam, 1973;
Lespinasse, 1976).

Backbone Torsion Angles in the CUUG RNA Hairpin. For
A-form helices, the standard backbone conformation is
gauche™, trans, gauche™, gauche™, trans, and gauche™ for «,
B, v, 6, €, and C, respectively (Saenger, 1984). For the 5
stem nucleotides, including G4 from the closing base pair,
the torsion angles fall within the standard A-form range (see
Table 5 in supporting information), but C9 and G10 on the
3’ strand show slight deviations from standard A-form. The
y torsion angles for these nucleotides are trans, but the two
terminal nucleotides, Ull and C12, again show standard
A-form torsion angles. The altered y torsion angle permits
the base of C9 to move toward the major groove, thus
widening the minor groove to accommodate U6.

In order for the loop nucleotides to bridge the double helix,
the backbone must deviate from standard A-form geometry.
C5a is the first torsion angle in the sequence that diverges
from typical A-form values, thus indicating that the backbone
is changing direction here. There is presently no NMR
method for directly measuring o and & torsion angles in
nucleic acids; instead, these torsion angles are only indirectly
restricted by steric, NOE, or other torsion angle restraints
(Wiithrich, 1986). The phosphate at G45/C5a. is found in
gauche™/trans conformation, and y falls into the trans range,
which gives the only sterically allowed conformation for this
/o range that permits a helical conformation (Sasisekharan
& Pattabiraman, 1978; Saenger, 1984). The C5{/U6a
torsion angles are found in gauche /trans with v in gauche™
conformation. This conformation permits the characteristic
loop structure with the base of U6 folded into the minor
groove. The torsion angles of C5 and U6 are among the
best defined in this hairpin, but high standard deviations are
observed for the U7 torsion angles. Thus, U7 is not well-
defined by the NMR data, and multiple nucleotide conforma-
tions were obtained in the calculations. The nucleotide G8
adopts several conformations in the calculated structures,
with various degrees of base pair buckling for C5-G8. The
G8pC9 phosphate is upfield shifted and appears as a broad
resonance in the NMR spectra, also indicating that this part
of the molecule is undergoing conformational exchange.



Structure of the CUUG Hairpin Loop

Torsion angle deviations are found in a subset of the
structures that do not affect the overall fold of the hairpin.
Such concerted motions of torsion angles have been previ-
ously described (Shakked & Kennard, 1983; Kitamura et al.,
1984; Saenger, 1984). In the CUUG RNA hairpin, devia-
tions in § torsion angles are compensated by changes in the
a, B, and/or € torsion angles and deviations in o torsion
angles are accompanied by changes in 3, y, and/or { torsion
angles. A correlation is observed between Y torsion angles
and the o torsion angle. In helical regions, y is found in
gauche™ conformation, but for nucleotide G4, 7 of the 13
final structures have y torsion angles in the gauche™ range.
All of these structures have gauche™ G4a torsion angles,
instead of the gauche™ a torsion angle found in standard
RNA helices. Such correlations between a and 7 torsion
angles have been observed for 3" endo oligonucleotides
(Shakked & Kennard, 1983). It therefore not only appears
that {/a are closely correlated but also that the torsion angles
o/y are correlated (Kitamura et al., 1984; Saenger, 1984).

Comparison to Other RNA Tetraloops. RNA tetraloops
have been previously classified into three categories, the
UNCG, GNRA, and CUUG families (Woese et al., 1990).
NMR solution structures have been determined for the
UUCG loop (Cheong et al., 1990; Varani et al., 1991), and
NMR (Heus & Pardi, 1991b; Orita et al., 1993; Szewczak
et al., 1993) and X-ray structures (Pley et al., 1994) have
been determined for the GNRA tetraloops. These RNA
tetraloops differ from other four-nucleotide loops because
of their unusuval thermal stability relative to hairpins with
UUUU and AAAA loops (Uhlenbeck, 1990; Antao et al.,
1991; Antao & Tinoco, 1992). Both the UUCG and the
GNRA hairpins gain at least part of their stability by forming
a base pair between the first and the last nucleotide in the
loop (Cheong et al., 1990; Heus & Pardi, 1991b), and the
results here show that this is also true for the CUUG
tetraloop. The initial NMR structure of the UUCG loop had
a reverse wobble U-G base pair with the G nucleotide in
syn conformation (Cheong et al., 1990); however, this
structure has been recently revised where this U-G base pair
does not form a reverse wobble but instead is stabilized by
both base—base and base—sugar hydrogen bonds (Allain &
Varani, 1995). In the GNRA loops, a non-Watson—Crick
G-A base pair is formed [type X in Saenger (1994)] (Heus
& Pardi, 1991b; Orita et al., 1993), and in the CUUG loop,
a Watson—Crick C-G base pair is formed.

In all three tetraloop structures, the loop base pair reduces
the phosphate to phosphate distance by ~5 A, compared to
the distance found for the closing base pair. The phosphate
to phosphate distance in A-form helices is ~17.5 A, which
is too large a gap for two nucleotides to close (Saenger,
1984). In the CUUG and UUCG tetraloops, the loop base
pair is buckled, and in the GNRA tetraloop, a G-A base pair
is formed that reduces the phosphate to phosphate distance,
making it possible for all these loops to be closed by only
two additional nucleotides. Thus, each of these tetraloops
finds a different solution for forming an extra base pair in
the loop while still being able bridge the phosphate backbone
with two nucleotides.

Implications for Tertiary Interactions. Although extensive
base stacking is a characteristic feature of both the UUCG
and GNRA loops, a very different loop architecture is found
in the CUUG loop. Here, the second nucleotide is folded

Biochemistry, Vol. 34, No. 44, 1995 14425

into the minor groove and interacts with functional groups
in the minor groove. In the GNRA and UUCG loops, the
second loop nucleotide is freely accessible on top of the loop
and the third nucleotide stacks in the loop and forms specific
hydrogen bonds across the loop. In the CUUG RNA hairpin,
the third nucleotide is on top of the loop in the major groove
and no hydrogen-bonding interactions are formed across the
loop. Therefore, the third nucleotide in the CUUG box is
similar to the second nucleotide in the GNRA and UUCG
loop. It has been proposed that this unstructured nucleotide
(N) in the GNRA and UNCG hairpins is important for
RINA—protein interactions (Heus & Pardi, 1991b; Monzingo
& Robertus, 1992). A similar role could be ascribed to the
third nucleotide in the CUNG loop. Thus, U7 may serve as
a recognition element in tertiary interactions involving the
CUUG RNA hairpin loop.

A novel tertiary interaction mode can be proposed from
the structure of the CUUG RNA hairpin. The second
nucleotide of the CUUG tetraloop is folded into the minor
groove and is interacting with the functional groups in the
minor groove. This uridine offers an example of how
nucleotides can probe and recognize the minor groove, and
it may be that similar interactions will be found in RNA—
RNA tertiary interactions.

Phylogeny and Structure of the CUUG RNA Hairpin. The
CUUG RNA hairpin loop is a naturally occurring motif that
is found in loop 83 in bacterial 16S ribosomal RNA
(positions 83—86 in E. coli 16S rRNA) (Woese et al., 1990).
Besides the dominant CUUG loop sequence, the UUCG and
the GCAA sequences are also found at this position in 16S
rRNAs (Woese et al., 1990). Thus, the specific architecture
of the CUUG RNA hairpin loop, with its U in the minor
groove, is not required for the function of this particular
hairpin in 16S rRNA. Possibly, the ability of tetraloops to
stabilize adjacent stems may be the selected feature at this
position, or the propensity of these sequences to form hairpins
may be necessary to facilitate the correct folding of the
nascent RNA chain. It is curious, however, that, from all
the GNRA members, only the GCAA sequence occurs at
this position and therefore other constraints must exist on
the sequence of this hairpin loop. Noller and co-workers
applied chemical and enzymatic probing experiments to E.
coli 16S rRNA which has the CUUG hairpin in position 83
(Moazed, 1986). Our NMR solution structure predicts that
the loop C-G base pair and the first loop U would be
protected, whereas the second loop U should be fully
accessible to the chemical probes. The chemical probing
results show that the loop C-G base pair is indeed protected,
with partial protection of the first loop U. Surprisingly, the
second loop U is well-protected in the naked RNA and
becomes partially protected in the 30S subunit. It has also
been proposed that this hairpin is not involved in any tertiary
interactions, on the basis of the variable length of the
underlying helix (Woese et al., 1990). A possible interpreta-
tion of the NMR and chemical probing data is that this
hairpin forms some tertiary interaction involving the second
U of the CUUG loop. This interpretation would explain why
only some tetraloop sequences are tolerated in this hairpin.
Each tetraloop has one nucleotide that is protruding into the
solution, ideal for engaging in tertiary interactions. In the
GCAA and UUCG loops, it is the second nucleotide, and
for the CUUG loops, it is the third nucleotide. In these three
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sequences, the protruding nucleotide is a pyrimidine and the
flexibility of these nucleotides could allow for specific
interactions with a common partner.

Phylogenetic comparison of ribosomal RNA reveals that
tetraloops often have a conserved closing stem base pair
(Woese et al.,, 1990). The CUUG RNA hairpin shows a
strong preference to be closed by a G-C base pair. When a
CUUG tetraloop is replaced by the UUCG loop, the closing
base pair is switched to C-G, the preferred closing base pair
for UUCG loops. The phylogeny therefore suggests that
tetraloops are six-nucleotide motifs. The importance of the
closing base pair has also been observed in thermodynamic
studies on the UUCG hairpin (Antao et al., 1991), where
switching the closing base pair reduced the melting temper-
ature by 10 °C. The solution structure determined here
indicates a six-nucleotide motif G(CUNG)C for the CUUG
RNA hairpin. The C9 carbonyl oxygen and the G4 amino
group are stabilized by hydrogen-bonding or electrostatic
interactions with the uridine in the minor groove. Thus, the
structure of the CUUG RNA hairpin offers an explanation
for why the closing base pair is conserved in this hairpin.

Comparison of the CUUG RNA Hairpin Structure to DNA
Hairpins. Thermodynamic studies on RNA and DNA
hairpins revealed that the UUCG RNA tetraloop has a much
higher melting temperature than its DNA counterpart (TTCG)
(Antao et al., 1991; Antao & Tinoco, 1992). In contrast,
the melting temperatures are similar for the r-CUUG and
the d-CTTG hairpins, and both hairpins show higher
thermodynamic stability compared to the UUUU or TTTT
hairpins with the same stem nucleotides (Blommers, 1989;
Antao & Tinoco, 1992). NMR investigations showed that
in the d-*CTAG hairpin loop (*C = arabinofuranosylcytosine)
a Watson—Crick 2C-G base pair is formed and the loop T is
folded into the minor groove (Pieters et al., 1990). The loop
A is stacked onto the *C, and the loop has a structure very
similar to the RNA CUUG hairpin. NMR and model
building studies suggested a very similar structure for the
d-CTTG hairpin loop (Blommers, 1989; Blommers et al.,
1991). Therefore, for the CUUG/CTTG tetraloop sequence,
both DNA and RNA can adopt a similar loop structure, and
these results are also consistent with the G(CUNG)C loop
motif proposed for the CUUG RNA hairpin.

CONCLUSIONS

The CUUG RNA hairpin displays a novel RNA loop
structure. A Watson—Crick base pair is formed between the
first and last loop nucleotide, and the second nucleotide (U6)
is folded into the minor groove. Both carbonyl oxygens and
the imino proton of this U6 are interacting with minor groove
substituents of the loop C5-G8 base pair and the closing G4-
C9 base pair in the stem. Like the GNRA and UUCG RNA
tetraloops, the CUUG RNA hairpin is thermodynamically
stabilized by the intraloop C-G base pair. The NMR solution
structure of this hairpin explains why the closing base pair
is conserved along with the CUUG loop sequence, therefore
indicating a six-nucleotide G(CUNG)C motif for the CUUG
RNA tetraloop. This CUUG structure provides an example
of how nucleotides can bind specifically in the minor groove,
and it will be interesting to see if this mode of interaction is
found in other inter- or intramolecular RNA—RNA recogni-
tion motifs.
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SUPPORTING INFORMATION AVAILABLE

Five tables giving the detailed acquisition and processing
parameters for the homonuclear 2D NMR experiments, the
heteronuclear 2D NMR experiments, and the heteronuclear
3D NMR experiments, a list of distance constraints for
exchangeable protons, and an analysis of the torsion angles
of the CUUG RNA hairpin from the 13 final structures (5
pages). Ordering information is given on any current
masthead page.
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