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ABSTRACT. We present the solution conformation, determined by NMR spectroscopy, of a five-nucleotide
RNA bulge loop. The bulge interrupts the stem of a 25-nucleotide RNA hairpin, and its sequence and
flanking sequences are those of a conserved bulge from a Group | intron. The secondary structure of the
bulge loop in the hairpin context is that predicted by the secondary structure prediction algorithm of
Zuker. It differs, however, from the secondary structure deduced from sequence covariation of the bulge
in the context of the functionally folded Group | introns and observed in the crystal structure of an
independently folding domain of the Group | intron frohetrahymena thermophilaThis difference
represents an exception to the heierarchical model of RNA folding in which preformed elements of
secondary structure interact to form a tertiary structure. The three-dimensional structure of the bulge
loop is characterized by discontinuous base stacking. Adjacent adenines stack with each other and with
the flanking double helices. However, the position of the central uracil is not well defined by NOE
distance constraints and is a point of discontinuity in the base stacking.

RNA bulge loops, which interrupt one strand of an identities of the extra base and the flanking base pairs as
otherwise continuous double helix, occur frequently in the well as temperature. In the three-nucleotide DNA bulges
secondary structures of large RNAs. Many bulge loops are of 5ATA3’ (Rosenet al, 1992) and 5A33' (Aboul-elaet
phylogenetically conserved, indicating functional importance. al., 1993), the bulge nucleotides have been shown by NMR
In some cases, they have been shown to participate in tertiaryto be intercalated into the helical stack. NMR studies (Puglisi
interactions (Floet al, 1989; Cateet al, 1996) or specific et al, 1992; Aboul-elaet al, 1996) of the three-nucleotide
interactions with RNA binding proteins (Peatteal., 1981; RNA bulge (BUCU3) from the trans-activation response
Romaniuket al, 1987; Wu & Uhlenbeck, 1987; Weeks & (TAR) element of HIV have, in the absence of ligand, shown
Crothers, 1991; Pugligt al, 1992; Aboul-eleet al, 1995).  continuity of stacking between the two Bucleotides in the

NMR?! and crystallographic studies of single-nucleotide bulge and the base-paired nucleotides flanking the bulge at
bulges in RNA (van den Hoogegt al, 1988b) and DNA its 5 side. The 3uracil is partially or transiently extrahelical.
(Hareet al, 1986; Joshua-Toet al, 1988; Kalniket al, On binding argininamide, the bulge loop rearranges to a
1989, 1990; Milleret al,, 1988; Morderet al, 1983, 1990;  conformation in which all of the nucleotides are extrahelical
Nikonowicz et al, 1989; van den Hoogert al, 1988a; (Puglisiet al, 1992; Aboul-elaet al., 1995).

Woodson & Crothers, 1988a,b, 1989) have revealed an

equilibrium between conformations in which the extra base larger bulge loops. Chemical and enzymatic probing of five-

is intercalated into the helical stack or extruded from the nucleotide DNA bulges (Bhattacharyya & Lilley, 1989) and
helix. The position of this equilibrium depends upon the a six-nucleotide RNA bulge from 165 rRNA (Mo'azetjal.,
1986) have suggested conformational complexity and diver-
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Structure of an RNA Bulge Loop
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Ficure 1: (A) Schematic representation of the secondary structure
of the Group | intron fromT. thermophila The conserved five-
nucleotide bulge is shaded, and the catalytic core is outlined. (B
D) Bulge and flanking sequences with alternative secondary
structures. The pairing in B is predicted by sequence covariation
of the bulge in the context of the functionally folded Group | introns
and observed in the crystal structure of an independently folding
domain of the Group | intron fronT. thermophila(Cateet al.,
1996). The pairing in C is predicted by the algorithm of Zuker
(1989).

Covariation of nucleotides between Group | introns from
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FiIGURE 2: Sequence of 25-nucleotide RNA for NMR spectroscopic
study. The secondary structure determined by NMR is shown.

loop of sequence'BAUAA3’. A third plausible pairing
arrangement flanks a bulge sequence’' AL ,AAG3’ by A-U
and GG base pairs (Figure 1D).

We have used NMR spectroscopy to determine the solution
conformation of the conserved five-nucleotide bulge loop
from the self-splicing Group | intron of. thermophilain
the context of a 25-nucleotide RNA hairpin. The hairpin
contains in its stem the five-nucleotide bulge and flanking
sequence from P5a of the Group | intron framthermophila
(Figure 2). Our spectroscopic data clearly define the
secondary structure of the bulge within this context. In
addition, NMR-derived distance and torsion-angle constraints
define, to atomic resolution, the conformational features of
this bulge loop.

MATERIALS AND METHODS

Synthesis and Purification of RNAThe oligoribonucle-
otide BGGGUAAUAAGCUCUUCGGAGUACCC3 was
enzymatically synthesized vitro using T7 RNA polymerase
and a chemically synthesized oligodeoxyribonucleotide
template (Davanloet al., 1984; Wyattet al,, 1991). The
transcription product was purified by denaturing polyacryl-
amide gel electrophoresis [20% (w/v) acrylamide, 29:1 cross-
linking, 7 M urea]. Typical yields of RNA were-48 optical
density units per milliliter of transcription reaction.

UV Absorbance-Monitored Thermal Denaturatiobni-
molecular folding of the oligonucleotide was confirmed by
the concentration independence of the UV absorbaecsus
temperature profile (Marky & Breslauer, 1987; Puglisi &
Tinoco, 1989). Samples were analyzed in 10 mM sodium
phosphate, 50uM EDTA, pH 6.7, at oligonucleotide
concentrations of 5, 62, 304, and 7@81. Data were
recorded at 260 nm on a thermoelectrically controlled Gilford
spectrophotometer. The temperature was increased at the
rate of 1°C/min.

NMR SpectroscopyNMR samples were dialyzed for-21
days against 10 mM sodium phosphate /80 EDTA, pH
6.7, at 4°C. Following dialysis, samples were lyophilized
to dryness. To measure spectra of exchangeable protons,
the sample was dissolved in a 10:1 mixture eOHand BQO.

different species indicates a secondary structure (Figure 1B)To measure spectra of non-exchangeable protons, the sample

in which the five bulged nucleotides are divided into a one-

was dissolved in BO and lyophilized to dryness several

nucleotide bulge and a four-nucleotide bulge separated by atimes before being dissolved in 650 of 99.96% DO

single base pair (Michel & Westhof, 1990). This arrange-

(Aldrich). The concentration of RNA was 2.5 mM. Before

ment is found in the crystal structure, where the base pair each experiment, the sample was warmed to°C0for

that divides the one- and four-nucleotide bulges is a
Hoogsteen AU base pair (adenosine in tlsgnconforma-
tion). This secondary structure differs from that predicted

approximately 1 min and then allowed to cool to room
temperature. All spectra were acquired on either a GE GN-
500 spectrometer operating at 500 MHz proton frequency,

based on nearest-neighbor thermodynamic parameters: tha BRUKER AMX-600 spectrometer operating at 600 MHz

secondary structure predicted by the algorithm of Zuker
(1989) (Figure 1C) has {4 and GU base pairs flanking a

proton frequency, or a BRUKER AMX-300 spectrometer
operating at 300 MHz proton frequency. Spectra were
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acquired at 25C except where otherwise indicated. NMR distance and torsion angle constraints (Wimberly, 1992). The
data were processed and displayed using the program FELIX,UUCG hairpin loop and the terminal -G base pair were
version 2.30 (Biosym Technologies, Inc.). excluded from the calculation. Where a Wats@rick or

One-dimensional exchangeable proton spectra@ #ere G-U base pair was indicated by the observation of an imino
collected with a 1-1 water suppression sequence and a 12%roton resonance, distance constraints were applied to
us delay between pulses. One-dimensional NOE data weremaintain the appropriate hydrogen bonding distances and
collected with a 1331 solvent suppression scheme (Hore,coplanarity of the bases. Four constraints were used for each
1983), the excitation maximum set in the center of the imino Watson-Crick base pair, and five constraints were used for
region of the spectrum. Preirradiation was for 200 ms, and the GU base pair.The distance between imino protons for
a 16K data set was collected for irradiation of each peak. which an NOE was observed was constrained to the range
Reference data were subtracted from data collected following3.0-5.0 or 2.5-4.5 A. NOESY cross-peaks observed
irradiation, and the resulting difference FIDs were apodized between imino and amino protons in® were assigned a
with 2 Hz line broadening prior to Fourier transformation. distance range of 1:85.0 A.

All multidimensional NMR spectra were recorded in the NOE cross-peak intensities were used semiquantitatively
phase-sensitive mode using the TPPI method (Marion & to assign distance ranges to nonexchangeable protons. Cross-
Wilthrich, 1983). A NOESY spectrum of the sample isCH peak intensities were characterized as strong, medium, weak,
was acquired at 10C (600 MHz spectrometer). Water and very weak according to the NOESY mixing times at
suppression was achieved with a 1-1 pulse sequence havingvhich they were observable. Strong cross-peaks, observable
a 150us delay between pulses. 80 scans were taken forwith a mixing time of 60 ms, were assigned the range-1.8
each of 371 FIDs of 1024 complex points. The spectral 3.0 A. Medium-intensity cross-peaks, observable with a
width in both dimensions was 12 500 Hz. In all spectra of NOESY mixing time of 100 ms or longer, were assigned
nonexchangeable protons, the residual HDO resonance washe range 2.64.0 A. Weak cross-peaks, observable with
suppressed by presaturation during a 2.5 s relaxation delaymixing times of 150 ms or longer, were assigned the range
NOESY spectra of the sample in,® were acquired with  2.5-5.0 A. Very weak cross-peaks were only seen in
mixing times of 60, 100, 120, 150, and 400 ms at 25, 20, NOESY spectra with a 400 ms mixing time and were
and 10°C. assigned the range 26.0 A. Some pairs of nonexchange-

A double-quantum filtered COSY spectrum was acquired able protons for which NOESY cross-peaks were unambigu-
with a spectral width of 4000 Hz (500 MHz spectrometer). ously absent were constrained to a distarée0 A.

946 FIDs were collected with 32 scans of 1024 complex The sugar conformations were characterized by the-H1
points for each FID. A high-resolution double-quantum H2' scalar couplings evident in COSY experiments. Resi-
filtered COSY spectrum was acquired by decreasing the dues for which no HE-H2' coupling was observed were
spectral width to 2000 Hz (600 MHz spectrometer). 735 constrained to the C&ndoconformation with the endocyclic
FIDs were collected with 32 scans of 2048 complex points torsion anglesy, v, v2, andvs. Residues for which a small
for each FID. (<5.5 Hz) HI—H2' coupling was observed were constrained

A natural abundance heteronucledd—*C multiple to the range of conformations including ‘@2hdq O4-endq
quantum coherence (HMQC) spectrum was acquired (600and C3-endo Sugars with a large>5.5 Hz) HI—H2
MHz spectrometer) using a standard pulse sequencedBax coupling were constrained to the ‘@hdoconformation.
al., 1983; Varani & Tinoco, 1991a) and the GARP1 sequence The glycosidic torsion angley, was constrained to the
for carbon decoupling during acquisition. The spectral width anti conformation in each stem residue. It was also
was 5000 Hz (8.3 ppm) in thi#H dimension and 7500 Hz  constrained to theanti conformation in the bulge loop
(50 ppm) in the!3C dimension. 84 FIDs were collected with  residues for which the intranucleotide NOE cross-peak
160 scans of 2048 complex points. A proton-detected between Hland aromatic resonances was similar in intensity
heteronucleatH—3'P correlated spectrum was acquired (300 to the intranucleotide NOE cross-peak betweerl Hidd
MHz spectrometer) as proposed by Skleearal. (1986). aromatic resonances in the stem nucleotides. This condition
Spectral widths were 1000 Hz in tAE dimension and 700  was not clearly met for U7 and A8, and the glycosidic torsion
Hz in the3'P dimension. 80 scans of 2048 complex data angles of these residues were not constrained. Backbone
points were collected for each of 160increments. torsion angless, y, €, a, and ¢ were not constrained for

A TOCSY spectrum (Griesinget al., 1988) was acquired  loop nucleotides A5 through A9 and were constrained to
(500 MHz spectrometer) with a compensated MLEV17 A-form values for the stem nucleotideg, vy, ande, were
sequence for mixing (Bagt al, 1985) and GARP decoupling  specified+20°, anda and& were specifiedt30°. Torsion
of 3P, and 48 scans of 2048 complex data points were angle constraints were applied to fix exocyclic amino groups
collected for each of 494 increments. A mixing time of  in the plane of the bases.

60.6 ms was used. A three-dimensional homonuclear The molecular dynamics program XPLOR 2.2 (Biosym
TOCSY—NOESY was acquired (600 MHz spectrometer) as Technologies, Inc.) was used to generate three-dimensional
described previously (Wijmenggt al, 1994). The spectral  structures consistent with the NMR data (Wimberly, 1992).
width in each dimension was 3311 Hz. Eight scans of 512 Forty-two starting structures with randomized backbone
real points were collected for each of 17 740 FIDs. Total torsion angles were created and subjected to a simulated
points acquired for each dimension were 512tfpd 36 for annealing protocol. This stage of structure calculation began
t;, and 128 fort;. A 73 ms TOCSY mixing time and a 175  with 500 cycles of initial energy minimization followed by
ms NOESY mixing time were used. 15 ps of restrained molecular dynamics at 1000 K. Con-

Structure DeterminationThe three-dimensional structure  straints on backbone torsion angles beta, gamma, epsilon,
of the RNA bulge loop was calculated using a restrained alpha, and were omitted from the simulated annealing. The
molecular dynamics protocol incorporating NMR-derived repulsive van der Waals forces were initially turned off so
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A by UV absorbance-monitored thermal denaturation, i$G6
G17 and independent of oligonucleotide concentration under the
Ul12 G2 G10 conditions of the NMR experiment, also consistent with a
G3 unimolecular hairpin conformation (Marky & Breslauer,
G20 1987; Puglisi & Tinoco, 1989). A series of sequential NOEs
U2l U4 between imino protons, starting from the imino proton of
G17 in the hairpin loop, allowed assignment of resonances
U15s due to imino protons of G18, U12, and G20. The chemical
shifts of these protons were consistent with their participation
7 T T in the A-U and GC base pairs anticipated. At chemical
4.0 13.0 12.0 1.0 100 shifts corresponding to imino protons involved in non-
B Watson-Crick base pairing, two imino protons have NOEs
2l to each other as well as to the imino proton of G20 (Figure
3B and 3C). This pattern of NOE connectivities is consistent
with formation of a GU base pair between G10 and U21.
Consecutive NOEs were found between two imino protons
involved in GC base pairs, and those protons were assigned
to G2 and G3, consistent with the formation of stem 1.
NOEs between these protons and the H5 protons of C23 and
C24 (see “Assignment of Nonexchangeable Protons” below),
allowed distinction between the imino proton resonances.
Resonances are not observed for imino protons of G1, U4,
C and U7, presumably due to exchange with solvent. Cross-
G10 peaks due to some amino proton resonances were visible in
the NOESY spectrum in ¥ and could be assigned from
NOEs to imino protons.
The imino proton region of the spectrum did not change
substantially upon addition of Mg&lo a total concentration
of 5 mM. The peaks were broadened, and the resonance
G20 u21 assigned to the imino proton of G2 was shifted downfield
‘ : : W by 0.2 ppm. There was little change, however, in the
14.0 13.0 12.0 11.0 10.0 chemical shifts of any of the other resonances. This result
ppm indicates that the secondary structure does not change in
o response to magnesium ion at this concentration.
Ficure 3: (A) NMR spectrum of imino protons. The peaks are Assignment of Nonexchangeable ProtoRgrimidine H5

labeled according to the assignments described in the text. Condi- d H6 identified by thei
tions were as described in the Materials and Methods section. (B) &1 resonances were identified Dy their strong cross-

One-dimensional NOE difference spectrum with irradiation of the  peaks in the double-quantum filtered COSY spectrum of the
imino proton of U21 at 12.31 ppm. (C) One-dimensional NOE molecule. Cytosines were further distinguished from uridines
difference spectrum with irradiation of the imino proton of G10 at by the chemical shifts of their C5 carbons, determined in a
11.27 ppm. natural abundancéH—13C HMQC (Varani & Tinoco,

1991a). This information provided a starting point for the
that atoms could pass through each other but were gr""d%‘"yassignment of nonexchangeable protons following standard

increased as the system was cooled to 300K. The CaICUIatiorbrocedures based on sequential NOE connectivities and

washconcluded with 1000 cycr:]lesh oflenergy m|n|m|_za|t|o_n. through-bond correlations (Varani & Tinoco, 1991b). NOE
The twenty structures with the lowest NOE violation  -onhectivities were observed in a 400 ms mixing-time

energies were subjected to a refinement protocol. This stagenoESY experiment with identifiable purirepyrimidine
began with 500 cycles of energy minimization followed by aterns leading to the sequential assignment of aromatic
1 pS of restrained molgcular dyn_am|cs at 10.00 K. Backbone and HZI protons for nucleotides G1 through C13 and A19
torsion a_ngle constraints were introduced in two stefs: through C25. The aromatic and Hirotons of U14 through
v, ande first, followed byo and¢. The systemwas cooled 518 \yere assigned by comparison to chemical shifts from
to 300 K, and refinement was concluded with 2000 steps of previous studies of that hairpin loop (Varaati al, 1991).
energy minimization. St_ructures were displayed using the Overlapping H1—H6 cross-peaks were separated in a third
pr'lc.)gram lNShI.GHT Ilk(qusym Technologies, Inc.) on a dimension on the basis of the through-bond correlation of
Silicon Graphics workstation. the H5 and H6 protons in a homonuclear TOGSYOESY
spectrum (Wijmengat al, 1994).
RESULTS . . .
The 2 protons were assigned by their cross-peaks with 1

Assignment of Exchangeable Protons and Secondaryprotons in a short mixing-time (60 ms) NOESY spectrum.
Structure. The imino proton region of the NMR spectrum These proton assignments were confirmed in the bulge loop
of the oligonucleotide is shown in Figure 3. The sharp peaks by cross-peaks in the DQF-COSY spectrum and the TOCSY
at 9.8 ppm and 11.7 ppm and a broad peak at 10.9 ppm arespectrum. The '2assignments in the stems were confirmed
characteristic of the'®UCG3 hairpin structure and can be by sequential H6/H8H2' NOE connectivities in the short
assigned by comparison to previous work (Varanial, mixing-time NOESY spectrum. 'Jrotons were identified
1991). The melting temperature of the structure, measuredfrom a 'H—3'P correlated spectrum and a high-resolution

G20 G10
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Table 1: Chemical Shifts (ppm) of Assigned Protbns

H8/H6 H2/H5 H1 H2' H3' H4' imino® amind
G1 8.14 né& 5.84 4.93 4.72 4.56
G2 7.58 na 5.94 4.74 4.68 4.45 12.88 7.08/8.30
G3 7.22 na 5.80 4.54 4.43 4.48 13.33
u4 7.56 5.14 5.56 4.58 4.36 4.42 na
A5 7.95 6.87 5.73 4.45 4.13 4.58 na
A6 7.74 7.86 5.48 4.08 4.41 4.12 na
u7 7.34 5.33 5.55 4.05 4.40 3.98 na
A8 8.13 7.80 5.80 4.73 4.44 na
A9 8.11 7.99 5.85 4.82 4.65 4.60 na
G10 7.65 na 5.45 4.64 4.50 11.27 6.53
c11 7.81 5.51 5.52 4.30 4.54 na 7.06/8.60
Uiz 8.01 5.45 5.63 4.60 4.45 4.53 14.18 na
C13 7.80 5.67 5.60 4.46 4.33 4.47 na 6.97/8.47
ui4 7.79 5.76 5.55 3.75 4.54 4.36 11.70 na
ui1s 8.03 5.87 6.10 4.66 4.01 4.48 10.92 na
C16 7.68 6.13 5.96 4.09 4.48 3.78 na
G17 7.86 na 5.96 4.85 5.64 4.40 9.83
G18 8.31 na 4.46 12.53 6.34/8.22
A19 7.78 7.58 6.01 4.67 4.50 na 6.65/8.02
G20 7.16 na 5.69 4.42 4.74 4.50 13.63 6.30/8.42
u21 7.71 5.49 5.94 4.43 4.75 12.31 na
A22 8.37 7.36 6.04 4.61 4.27 na
Cc23 7.58 5.21 5.45 4.30 4.40 4.48 na 6.92/8.42
C24 7.80 5.46 5.54 4.28 4.50 4.39 na 6.89/8.52
C25 7.69 5.53 5.78 4.02 4.19 4.16 na 6.55/8.28

a Assignments of nonexchangeable protons are &5\l chemical shifts are reported relative to TSRAssignments of imino protons are at
5 °C. ¢ Assignments of amino protons are at ¥D. ¢ na, not applicablet Assigned during structure calculation.

COSY spectrum. Assignments of H&ere made from of continuous base stacking similar to that in an A-form
COSY 2—3 peaks and sequential H6/H813' NOE con- geometry. The internucleotide NOEs between A6 and U7
nectivities. H4 assignments were made from the'HH2'/ are weak, and the only internucleotide NOE observed
H3/H4'/H5/H5" region of a NOESY spectrum with a between U7 and A8, even with a long mixing time (400 ms),
mixing time of 150 ms. These assignments were confirmed is between H4of U7 and H8 of A8. Thus, base stacking
from the three-dimensional homonuclear TOCSY-NOESY within the bulge loop is discontinuous around U7. Sequential
spectrum and H3-H4' cross-peaks in high-resolution COSY NOE connectivities are resumed between A8 and A9 and
data. continue between A9 and G10, suggesting base stacking
Adenosine H2 resonances were identified by the chemical between these nucleotides.
shifts of bound carbons, determined in a natural abundance The phosphorus spectrum indicates that there are no sharp
H-13C HMQC. Assignments were made for H2 of A5, turns in the backbone except those associated with the UUCG
A19, and A22 on the basis of the standard NOES fardtons hairpin loop. The chemical shift of a phosphorus for which
observed in A-form double helices. Another resonance wasits alpha orZ torsion angle idgransis downfield with respect
assigned to the H2 of A9 based on a strong NOE todil  to the chemical shift of a phosphorus for which those torsion
G10 and a very weak NOE to its own H1Of the remaining angles are bothjauche(Gorenstein, 1981). All but three of
H2 resonances, one had an NOE to thé bfLA9 and no the phosphorus nuclei in the molecule resonate within a range
NOEs were observed for the other. These resonances wer®f approximately 1 ppm. Those three resonances can be
assigned in the course of structure calculation on the basisassigned by comparison to chemical shifts from previous
of consistency with the other experimental constraints. The studies of the UUCG hairpin loop (Varast al., 1991) to
proton assignments are summarized in Table 1. U15, G17, and C16.

Conformational Features of the Bulge Loop Determined  Four of the nucleotides in the bulge loop have significant
by NMR. Stems 1 and 2 are A-form double-helices as judged C2-endo character. HE-H2' cross-peaks in the DQF-
by the relative intensities of internucleotide NOEs at mixing COSY spectrum for A6, U7, A8, and A9 indicate significant
times <150 ms (shown for HE-H8/H6 in Figures 4A and  contributions of the C2endoconformation to the confor-
4B). NOEs consistent with A-form geometry include U4 mational equilibria of those nucleotides. An'HH2' COSY
and A22 in stem 1. Thus, base pairing between U4 and A22 cross-peak is also present for U21. The equilibrium percent-
is suggested, despite the absence of an imino protonage of each of these sugars in the'-€8doconformation
resonance due to U4. NOEs between ,H12', and H6 of was estimated from the magnitude of the-2' scalar
U21 and H8 of A22 are weak (Shown for HAH8/H6 in coupling with the relation proposed by van den Hoogen
Figure 4C), indicating distortion of the helix between those (1988). Table 2 lists the results.
residues and supporting the secondary structure in which G10 = Structure Calculation.Twenty structures were calculated
and U21 are base paired. using 160 torsion angle constraints and 218 distance con-
Within the bulge loop, discontinuous stacking is indicated straints. Of the distance constraints, 157 were internucleotide
by the relative intensities of sequential internucleotide NOEs distances and 61 were intranucleotide distances. Lower
(Figure 4C). The relative intensities of sequential inter- bound constraints of 5.0 A account for 27 of the distance
nucleotide NOEs between U4, A5, and A6 are suggestive constraints. The five nucleotides of the bulge (A5, A6, U7,
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Ficure 4: Portion of the NOESY spectrum showing NOEs between H8/H6/H2-®.8 ppm) and H1H5 (5.4-6.1 ppm) protons. Data

were collected on a GE GN-500 spectrometer. The mixing time was 150 ms. 300 FIDs of 1024 points were collected with a spectral width
of 4000 Hz. 80 scans were averaged for each FID. The data were zero-filled to 1024 real points tfirttension and apodized in both
dimensions with a skewed sine bell function shifte¢ 88d skewed by a factor of 0.7. Labeled NOE cross-peaks indicate NOEs from a
nucleotide aromatic proton to the Hiroton of its own sugar. (A) H8/H6H1' connectivity pathways for stem 1. (B) H8/H&11' connectivity
pathways for stem 2. (C) H8/HE8H1' connectivity pathways within and around the bulge loop. Arrows indicate positions where cross-
peaks between HDbf U7 and H8 of A8 (a) and Hlof U21 and H8 of A22 (b) would appear if present.

Table 2: Summary of Ribose Sugar Conformations

nucleotidé % C3-endo(£10%)
Gl 50
A6 50
u7 25
A8 25
A9 50
[ONES) <10
Cl6 <10
u21 20
C25 50

@ Nucleotides not included in the table ar®0% in the C3endo
conformation P Values were calculated frod—» using the empirical
equation of van den Hoogen (1988): %@&Bdo= 114.9— 14.50:_7).

A8, and A9) and the four nucleotides of the flanking base
pairs (U4, A22, G10, and U21) were constrained with a total
of 69 internucleotide distances, 24 intranucleotide distances

square deviation (RMSD) of 2.1 A.

into two families, distinguished principally by the orientation

buckle from planarity. The RMSD of the structures in family
A alone is 1.3 A, and the RMSD of the structures in family
B alone is 1.0 A. Features of both structural families are
illustrated schematically in Figure 7.
The effect on the structure calculation of constraining G10
and U21 to form a @J base pair was investigated. The
structure was calculated using only distance constraints
derived directly from NOEs for those two nucleotides. No
assumptions about hydrogen bonding of G10 and U21 were
included. Ten structures were calculated starting from ten
different randomized structures. The ten calculated structures
did not differ significantly from the structures of family A
calculated with the @J pair constrained, though they were
determined with less precision (RMSD of 2.1 A). In three
of the ten structures, the-G pair was apparent. In the other
seven structures, G10 and U21 were too far from each other
to imply base pair hydrogen bonds but were oriented with

) 'respect to each other as they would be in a base pair and
and 59 torsion angles. The structures have a root mean

had no other hydrogen bonding partners. The sharp peaks

They can be divided 5y G10 and U21 imino protons in the NMR spectrum

> HOM indicate that those protons are protected from exchange with
of A8 and A9 with reSpeCt to stem 2. In one of the families water by participating in hydrogen bonds1 thus this calcula-
(family A, Figure 5), comprising sixteen of the structures, tion supports the inclusion of restraints to fix thelGbase

A8 and A9 are stacked on each other but bent away from pair in the final structure determination.

stem 2. In the other family (family B, Figure 6), comprising

In addition to stacking of A8 and A9, several features are

four of the structures, A8, A9, and G10 are continuously common to both structural families. A single non-Watson
stacked, making the stack of A8 and A9 colinear with stem Crick hydrogen bond is formed between O2 of U4 (acceptor)
2 but requiring the @J base pair at the end of stem 2 to and N6 of A22 (donor). The average distance between donor
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Stem 1 Stem 1

Stem 1 Stem 1
FiGUrRE 6: Stereoviews of structural family B: (A) four superimposed structures. (B) One representative structure from family B.

and acceptor in all 20 calculated structures is 2.5 A. A5 defined. There is no clear stacking interaction between U7
and A6 are stacked on each other, and A5 is stacked crossand the surrounding nucleotides. In all of the calculated
strand on stem 1 with A22. Few NOEs were observed to structures, the bulge loop induces a bend between the
U7, and the conformation of that nucleotide is not well flanking helices. The range of bend angles is-815°, the
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FiIcure 7: Schematic illustration of base stacking within and around the bulge loop. Rectangles represent the bases of the indicated nucleotides.
Base stacking is indicated by adjacent, parallel rectangles. (A) Structural family A. (B) Structural family B.

mean being 90(standard deviation of 4 Bend angle was  bulge loop from the TAR element in its transition to a
not correlated with calculated energy or structural family. distinct, largely extrahelical, conformation upon forming

functional interactions: tertiary interactions with RNA in the
DISCUSSION intron’s bulge and interactions with peptide ligand in the

Secondary StructureOur NMR data support the second- AR bulge. Hydrogen bonding of bulge nucleotides with
ary structure shown in Figure 1C, in which alGbase pair each other and with flanking nucleotldes_ might be_antlupated
flanks a bulge loop of sequencéABUAA3’. Sequential for large bulge _Ioop_s. Hovyever, we find no evidence _for
internucleotide NOEs and chemical shifts of the observed hydrogen bonding interactions within the five-nucleotide
imino proton resonances are consistent with this structure Pulge studied here.
and rule out the alternative secondary structures shown in The cross-strand stacking of nucleotide A5 on A22 and
Figure 1B and 1D. Though the observed secondary structurethe non-Watson Crick base pair between A22 and U4 are
is predicted by the secondary structure prediction program noteworthy features of this structure. A consequence of this
of Zuker (1989), it is different from the secondary structure arrangement is placement of ASH2 over the aromatic ring
predicted by comparative sequence analysis of the bulge loopsystem of A22. Consistent with the expected shielding of
in the Group | introns (Figure 1B). Crystallographic data that proton by the ring current of A22, the H2 of A5 resonates
for the structural domain comprising stems P4, P5, and P6at a chemical shift (6.87 ppm) in the upfield extreme of the
of the Group | intron fromT. thermophilaconfirm the  typical range for that type of proton. In this structure, the
secondary structure predicted for the bulge by comparative chemical shift of A% H2 is the most upfield of all of the
sequence analysis within the context of that domain (Cate H8, H6, and H2 protons (Table 1). Another consequence
et al, 1996). The insensitivity of the secondary structure Of this arrangement is proximity of AS H2 with A22s H8.
of the bulged hairpin we studied to the presence of The mean distance between these protons in the 20 calculated
magnesium ion indicates that the difference between this Structures is 3.77 A (standard deviation of 0.37 A). A weak
structure and the structure of the bulge in the tertiary domain NOE is observed between these protons in a NOESY
is not due to the presence of magnesium ions required tospectrum with mixing time 400 ms, though due to its
stabilize tertiary structure. Thus, the secondary structure of weakness, this NOE was not used in the structure calculation
the isolated bulged duplex is different from the secondary as the basis of a distance constraint. To the extent that the
structure of the bulge within the context of the higher order bulge loop is flexible, A5 is like a'3langling end. Unpaired
folding of the domain. nucleotides at the' &nds of RNA double helices are known

Loop Conformation.In several of the bulge loops of one  t0 have a stabilizing effect, and the sequence-dependence
to three nucleotides previously studied by NMR, all of the ©f this effect suggests that it is due to stacking of the unpaired
bulged nucleotides are either intercalated into the helical stacknucleotide on the 'Sterminal base of the opposite strand
or extruded from the helix. Within the five-nucleotide bulge (Freieret al, 1985). The cross-strand stacking found in this
studied here, these limiting extremes are both representedstructure is consistent with that suggestion.

The adenosines within the bulge are at least partially stacked The apparent stacking of A5 above A22 and the stacking
on the flanking helical stems, whereas discontinuity of of A22 and U4 on the adjacent base pair would be expected
sequential NOEs around the uridine suggests its extrahelicity.to protect the imino proton of U4 from exchange with water
Discontinuous base stacking characterizes the loop confor-if it were involved in a WatsorCrick hydrogen bond with
mation. The five-nucleotide bulge loop is thus similar to A22. However, in the non-WatserCrick pairing apparent
the three-nucleotide bulge loop from the TAR element of in the calculated structures, this proton is not involved in a
HIV, in which two of the bulged nucleotides are continuously hydrogen bond and is accessible to exchange with solvent.
stacked with the adjacent helix and one bulged nucleotide In fact, the imino proton of U4 is not visible in the NMR

is partially or transiently extrahelical (Aboul-etd al., 1996). spectrum in HO. It is not surprising that no peak could be
The five-nucleotide bulge is also like the three-nucleotide assigned to H6 (amino proton) of A22, because these protons
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are often not observed, even when hydrogen bonded, due to In a hierarchical view of RNA architecture (Westhof &
rotation about the C6N6 bond in adenosine at a rate Michel, 1992), tertiary structure is determined by the
comparable to the NMR time-scale. The molecular forces interactions of pre-formed elements of secondary structure.
that result in a non-WatsefrCrick base pair between A22 The P5a bulge, which alters its secondary structure in
and U4 are not obvious, though destabilization of base pairsresponse to the formation of tertiary interactions, is an
adjacent to bulge loops has been observed previously (Aboul-exception to the hierarchical model. The structure we
ela et al, 1993, 1996). It is likely that the base pair observe for the isolated bulged duplex is thermodynamically
configuration formed allows optimal stacking of A5 on A22 favored in the absence of tertiary interactions, so tertiary
while concurrently allowing a backbone conformation be- interactions must energetically compensate for distortion of
tween U21 and A22 that bridges the bulge loop. that structure. Moreover, the compensating tertiary interac-

The RMSD is not a useful measure of the precision of a tions require the higher energy secondary structure found in
structure arising from only four independent calculations, the functional RNA for their formation. Distortion of the
such as structures of family B. However, the large decreasebulge conformation to that found in the crystal structure of
in RMSD for both structural families when they are the P4-P6 domain allows the formation of specific tertiary
considered separately indicates that the structure calculationinteractions by changing the orientation of nucleotides within
indeed generates two discrete structural families rather thanthe bulge and by changing the orientation of the helices
a continuum between two extremes. Though examples ofsurrounding the bulge. By changing the orientation of
family A were arrived at more frequently by our modeling nucleotides within the bulge, hydrogen bond donors and
protocol, our data do not preferentially support either of the acceptors within the loop are positioned for tertiary interac-
two structures. The significant contribution of both’'€2  tions. By changing the orientation of the helices surrounding
endo and C3-endo sugar puckers to the conformational the bulge from a bent to a co-axial arrangement, hydrogen
equilibria of the bulge loop ribose moieties indicates that bond donors and acceptors remote from the bulge, such as
the bulge conformation is not rigid, and both structural those in the L5b tetraloop (Caét al., 1996), are positioned
families might contribute significantly to the equilibrium for concurrent tertiary interactions.
ensemble of conformations.
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