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Solution Structure of the SL1 RNA of the M1 Double-Stranded RNA Virus
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ABSTRACT The 20-nucleotide SL1 VBS RNA, 5'-GGAGACGC[GAUUC]GCGCUCC (bulged A underlined and loop bases in
brackets), plays a crucial role in viral particle binding to the plus strand and packaging of the RNA. Its structure was
determined by NMR spectroscopy. Structure calculations gave a precisely defined structure, with an average pairwise root
mean square deviation (RMSD) of 1.28 A for the entire molecule, 0.57 A for the loop region (C8-G14), and 0.46 Afor the bulge
region (G4-G7, C15-C17). Base stacking continues for three nucleotides on the 5’ side of the loop. The final structure contains
a single hydrogen bond involving the guanine imino proton and the carbonyl O, of the cytosine between the nucleotides on
the 5’ and 3’ ends of the loop, although they do not form a Watson-Crick base pair. All three pyrimidine bases in the loop point
toward the major groove, which implies that Cap-Pol protein may recognize the major groove of the SL1 loop region. The
bulged A5 residue is stacked in the stem, but nuclear Overhauser enhancements (NOEs) suggest that A5 spends part of the
time in the bulged-out conformation. The rigid conformation of the upper stem and loop regions may allow the SL1 VBS RNA

to interact with Cap-Pol protein without drastically changing its own conformation.

INTRODUCTION

Hairpin loops and bulges are important RNA structural
motifs that serve as sites for protein recognition and binding
(Witherell et al., 1991; Eguchi and Tomizawa, 1991; Jaeger
et al.,, 1994) and for initiating RNA folding (Uhlenbeck,
1990; Woese et al., 1990; Tang and Draper, 1990). NMR
spectroscopy has helped to determine the three-dimensional
structures of a variety of RNA molecules containing small
secondary structural elements, such as hairpin loops, bulges,
internal loops, and pseudoknots (for reviews see Moore,
1993; Feigon et al., 1996). Although Watson-Crick base-
paired stem regions generally adopt an A-form structure,
local perturbations due to sequence or structural context are
common. Individual loop conformations in hairpins are
highly variable. Some small loops have surprisingly well
defined structures (Cheong et al., 1990; Heus and Pardi,
1991; Laing and Hall, 1996), often containing noncanonical
base pairs, and base-phosphate, base-sugar, and sugar-phos-
phate interactions (for reviews see Wyatt and Tinoco, 1993;
Shen et al., 1995). Larger loops tend to exhibit poorly
defined structural features, due to the presence of multiple
conformations or significant dynamics (Jaeger and Tinoco,
1993; Colvin et al., 1993). However, it is not always correct
to correlate the size of the loop with the conformational
flexibility. The conformations of bulged bases also vary
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widely. For single bulges in RNA oligonucleotides, the
conformation usually depends on the nature of the flanking
base pairs (Wimberly et al., 1993; Borer et al., 1995; Green-
baum et al., 1996).

The Cap-Pol fusion protein of Saccharomyces cerevisiae
virus L1 (ScVL1) recognizes a short sequence of the viral
plus strand RNA. This viral binding site (VBS) is respon-
sible for viral particle binding to the plus strand and pack-
aging the RNA (for a review see Wickner, 1996). This
region, which is a minimum of 20 bases long, consists of a
hairpin with a five-nucleotide loop and a stem interrupted
by an internal bulge-loop (Fujimura et al., 1990; Shen and
Bruenn, 1993). ScVLI1 has a single VBS, whereas ScVMI,
a satellite virus of ScVL1, has two VBSs, SL1 and SL2 (Fig.
1) (Shen and Bruenn, 1993). It has been suggested that the
structure, not the sequence, of the stem, the sequences of the
loop, and the bulged A residue are important for binding the
Cap-Pol fusion protein (Shen and Bruenn, 1993; Yao et al.,
1997). ScVM1, which is present in some strains and is
separately packaged in ScV particles provided by the L1
virus, encodes only two proteins: a secreted protein toxin
(the killer toxin) and one conferring immunity to that toxin.
The phenotype of this toxin has been used in the genetic
analysis of the L1 virus system.

The secondary structures of the VBSs of ScVLI1 and
ScVMI (SL1) are similar to that of the coat protein binding
site for the single-stranded RNA bacteriophage R17 (Fig. 1
D) (Romaniuk et al., 1987; Schneider et al., 1992; Stockley
et al., 1995). The crystal structures of the MS2 coat protein-
R17 operator complex have been reported (Valegard et al.,
1994, 1997; Grahn et al., 1999) as well as the solution
structure of the R17 operator fragment (Borer et al., 1995).
Extensive biochemical data on the ScV system have been
reported (Fujimura et al., 1990; Shen and Bruenn, 1993;
Wickner, 1996; Yao et al., 1997). In this study, we report
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FIGURE 1 Sequences and secondary structures of the ScV VBS’s, SL1,

SL2, and L1 RNA (4-C) and a variant R17 operator fragment (D). (4) The
sequence of the 20-nucleotide RNA used for NMR spectroscopic study was
altered from C1-G20 in the wild type to G1-C20 to promote efficient
transcription, and the secondary structures determined by NMR are shown.
(D) A variant of the wild-type sequence studied by NMR is shown.

the conformation of SL1 VBS in solution determined by
NMR spectroscopy and restrained molecular dynamics.

MATERIALS AND METHODS
Preparation of RNA samples

The SL1 VBS oligoribonucleotide, 5'-GGAGACGCGAUUCGCGCUCC-
3’, was enzymatically synthesized in vitro using T7 RNA polymerase and
a chemically synthesized oligodeoxyribonucleotide template (Milligan et
al., 1987; Wyatt et al., 1991). The T7 RNA polymerase was obtained from
a culture of overexpressed Escherichia coli strain BL21 containing the
plasmid pAR1219 carrying the gene for the enzyme (Wyatt et al., 1991).
The transcription product was purified using denaturing 20% polyacryl-
amide gel electrophoresis. The purified oligonucleotide was dialyzed ex-
tensively against 10 mM sodium phosphate, pH 6.5, 0.01 mM EDTA, using
a Centricon-3 concentrator (Amicon). Following dialysis, the sample was
lyophilized to dryness. For experiments involving the nonexchangeable
protons, the sample was exchanged several times with 99.9% D, O and then
resuspended in 400 wl of 99.96% D,O. For experiments involving the
exchangeable protons, the sample was resuspended in 400 wl of 90%
H,0/10% D,O. The RNA concentration was 2 mM.

NMR spectroscopy

All experiments were carried out using a Bruker DMX600 NMR spec-
trometer operating at 600.13 MHz proton frequency. Spectra were acquired
at 20°C unless otherwise stated. NMR data were processed and displayed
using the programs FELIX (Biosym/MSI) and UXNMR (Bruker). One-
dimensional (1D) exchangeable proton spectra were obtained using the
jump-return method (Hore, 1983).

All two-dimensional (2D) NMR spectra were recorded in the phase-
sensitive mode using the TPPI method (Marion and Wiithrich, 1983).
Nuclear Overhauser enhancement spectroscopy (NOESY) spectra of the
sample in H,O were acquired at 5°C, 10°C, and 20°C. Water suppression
was achieved using a jump-return pulse with a 150-us delay between the
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observed pulses (Sklenar and Bax, 1987). Forty-eight scans were averaged
for each free induction decay (FID), with a 2.0-s relaxation delay between
scans. Approximately 512 FIDs of 2000 complex points were collected.
The mixing times used were 100 and 400 ms. The spectral width in both
dimensions was 12,000 Hz. The spectra were zero-filled to 2000 complex
points in the #; dimension and apodized with a 45-60° phase-shifted
squared sine bell function in both dimensions. NOESY spectra of the
sample in D,O were acquired with mixing times of 50, 100, 150, 200, and
400 ms at primarily 20°C, and at 10°C and 30°C to resolve overlapping
resonances. A relaxation delay of 1.8 s was used for all experiments.

A double-quantum-filtered COSY (DQF-COSY) spectrum was ac-
quired with a spectral width of 4800 Hz, using the standard pulse sequence
(Miiller et al., 1986). A high-resolution, phosphorus-decoupled DQEF-
COSY spectrum was also acquired with a spectral width of 1800 Hz in both
dimensions, 2000 complex points in #,, and 512 points (FIDs) in ¢,.
Phosphorus was decoupled using the GARP1 decoupling sequence (Shaka
et al., 1985) during acquisition. A total correlation spectroscopy (TOCSY)
spectrum (Griesinger et al., 1988) was acquired with a compensated
MLEV17 sequence for mixing (Bax and Davis, 1985). A mixing time of
100 ms was used.

A natural abundance heteronuclear 'H-'>C multiple quantum coherence
(HMQC) spectrum was acquired using a standard pulse sequence (Bax et
al., 1983; Varani and Tinoco, 1991a) and the GARP1 sequence for carbon
decoupling during acquisition. A total of 112 scans were collected for each
FID, and 256 FIDs of 2000 complex points were collected. The spectral
widths were 4800 Hz (8 ppm) in the '"H dimension and 15,000 Hz (100
ppm) in the '*C dimension. Proton-detected 'H->'P heteronuclear correla-
tion spectroscopy (HETCOR) was acquired as previously proposed (Skle-
nar et al., 1986). A total of 256 FIDs of 2000 complex points and 16 scans
each were recorded. The spectral widths were 1800 Hz (3 ppm) in the 'H
dimension and 580 Hz (2.4 ppm) in the *'P dimension.

Interproton distance constraints

Semiquantitative distance constraints between nonexchangeable protons
were estimated from cross-peak intensities in 2D NOESY spectra acquired
at different mixing times (50, 100, and 150 ms). Using the covalently fixed
pyrimidine H5-H6 distance (2.45 A) as a reference, peak intensities were
classified as strong, medium, weak, very weak, and for a few unambiguous
cases, absent. The corresponding distances were 1.8—3,2—4, 35,47,
and >4.5 A, respectively. Peaks that were not present in any of the above
three NOESY spectra, but were present in the 400-ms NOESY, were
classified as very weak. Distance constraints involving exchangeable pro-
tons were estimated from 2D NOESY spectra and were classified as either
weak or very weak, except for the intra-base-pair distances A-U H2—NH
and G-C NH—NH2, which were classified as strong constraints. Inter-base-
pair imino to imino cross-peaks were assigned a distance range of 2.0-5.0 A.
Intra-residue sugar-to-sugar constraints were not included in the calculations.

Dihedral angle constraints

Constraints on the ribose ring and backbone dihedral angles were derived
from semiquantitative measurements of *Jy; 7, *J;;p couplings (Williamson
and Bax, 1988; Legault et al., 1995). Sugar pucker conformations were
determined from >Jy;, 44, couplings in the high-resolution DQF-COSY
spectrum. Residues for which no H1'-H2' coupling was observed were
constrained to the C3’-endo conformation. Residues having 3 Hz <
3y < 7 Hz were not constrained. Residues with a large (>7 Hz)
H1'-H2' coupling were constrained to the C2'-endo conformation. All the
glycosidic torsion angles, y, were constrained to the anti conformation
(—150 = 40°) based on the lack of a strong intranucleotide H1'-H8/6 NOE.

Dihedral angle constraints for the 8- and e-torsion angles were derived
from *Jp s, “Jpys» and *Jpys. couplings measured in the HETCOR
spectrum. 3 was constrained to the trans conformation (180 = 40°) for
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residues in which P-H5" and P-H5" peaks were clearly absent, representing
couplings of <5 Hz (Varani et al., 1996). € was constrained to include both
the trans and the gauche™ conformation (—130 = 60°) for residues with
3Jp3 > 5 Hz. Dihedral angle constraints for the y-torsion angle were
derived from *Jy, 5 and *J . s couplings in the DQF-COSY spectrum.
For residues in which H4'-H5" and H4'-H5" peaks were clearly absent,
representing couplings of <5 Hz, y was constrained to the gauche™
conformation (55 *= 30°) (Varani et al., 1996). No dihedral angle con-
straints were used for the a- and {-torsion angles.

Structure calculations

Structure computation and graphic display were achieved using the In-
sightll/Discover software package with an AMBER force field (Molecular
Simulations). Forty initial A-form structures were generated in Insightll.
The structures were first minimized using 2000 cycles of energy minimi-
zation; 313 distance constraints and 98 dihedral angle constraints were
used. After the minimization, restrained molecular dynamics simulation
was initiated at 1000 K in which the NOE and dihedral angle constraints
were gradually introduced, with a step size of 1.0 fs for a period of 30 ps.
Then, the temperature was gradually lowered to 300 K over 20 ps followed
by 2000 cycles of energy minimization. After the simulated annealing, the
structures were equilibrated at 300 K for 20 ps with the van der Waals
interactions turned on. Energy minimization of 2000 cycles then followed.
The procedure produced 22 converged structures.

RESULTS
Assignment of exchangeable protons

The imino and amino proton spectra were assigned by
standard methods using one- and two-dimensional NMR
spectroscopy in H,O (Table 1). The SL1 RNA molecule
contains seven guanosine and three uridine residues; the 1D
imino proton spectrum contains 5 sharp resonances out of
the possible 10 (data not shown). The resonances were
assigned to the imino protons of the stem. These assign-
ments were confirmed from the imino-imino cross-peaks
seen between G2 and U18, G4 and U18, and G7 and G14 in
2D NOESY. The 5'-terminal guanosine G1 is not observed
due to the fraying effect. G16 next to the bulge AS does not
show imino proton resonance at 1°C or higher. U18 imino
proton was identified by its strong NOE to the H2 proton of
base-paired A3. The amino protons of the cytosines in the
stem were assigned by NOEs to their own HS protons and
to the cross-strand guanine imino protons.

Assignment of nonexchangeable protons

Pyrimidine H5 and H6 resonances were identified by their
strong cross-peaks in the DQF-COSY spectrum. The num-
ber of H5-H6 cross-peaks observed in the spectrum is
consistent with a single conformation of a molecule that
contains ten pyrimidines. Cytosines were distinguished
from uridines by the chemical shifts of their C5 carbons in
the natural abundance 'H-'>C HMQC. This information
provides a starting point for the assignment of nonex-
changeable protons followed by the standard procedure
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based on the sequential NOE connectivities and through-
bond correlations (Varani and Tinoco, 1991b). Fig. 2 shows
the H8/H6/H2-H5/H1' region of the 400-ms NOESY spec-
trum. The H8/H6-H1' connectivities are continuous from
Gl to A10 and from Ull to C20. No cross-peak was
observed between A10 H1' and Ull H6 in the 400-ms
NOESY.

The H1’-H2’ region of the 50- and 100-ms NOESY and
the DQF-COSY spectra was used to assign all the H2'
resonances. Alternate H8/H6-H2' connectivities confirmed
the sequential assignments and resolved some ambiguities
in the H8/H6-H1'" connectivities. The H8/H6-H2' connec-
tivities are continuous for the entire molecule, except for the
A10-U11 step. The remaining sugar protons were assigned
by identifying the sugar spin systems using high-resolution,
31p.decoupled DQF-COSY. This assignment was con-
firmed by the sequential H8/H6-H3’ NOE connectivities
and the inter- and intra-H1'-sugar proton NOEs. Adenosine
H2 resonances were identified by the chemical shifts of the
bound carbons in 'H-">C HMQC.

Sequence-specific carbon assignments for the base and
C1' resonances were obtained from the natural abundance
"H-13C HMQC spectrum using the available proton assign-
ments. All three adenine C2s and 20 of the aromatic reso-
nances were unambiguously assigned. All C1’ carbon res-
onances were assigned, with the exception of G1 and C13
whose H1' resonances overlapped and were indistinguishable.

The 'H-*'P HETCOR determines the backbone sequence
along the backbone. This spectrum was assigned using the
previously determined H3’ and H5'/H5” assignments.
Strong sequential H3'(i)->'P(i+1) cross-peaks and weak
intranucleotide H5'/H5"-*'P cross-peaks are seen at the *'P
resonances. These scalar connectivities unambiguously con-
firmed the nucleotide sequence, especially in the loop re-
gion, where structural assumptions cannot be made.

The proton, carbon, and phosphorus assignments are
summarized in Table 1.

Structural calculations

The final 22 structures have low NOE violations and total
energies. None of the 22 final structures violates any of the
experimentally derived NOE constraints by more than 0.1
A. The average pairwise root mean square deviation
(RMSD) is 1.28 A for the entire molecule. Local structural
features, such as loop and bulge regions, are precisely
defined by NMR data. Local superposition of all 22 con-
verged structures for the loop (C8 to G14) and the bulge (G4
to G7 and C15 to C17) regions gives average pairwise
RMSD values of 0.57 A and 0.46 A, respectively. The
structure calculation statistics involving distance and dihe-
dral angle constraints are reported in Table 2.
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TABLE 1 Proton, carbon, and phosphorus chemical shifts (ppm) for the SL1 VBS RNA in 10 mM sodium phosphate and 10 uM
EDTA, pH 6.5

Residue H8/H6 H2/H5 HI' H2' H3’ H4' HS5'/H5"
Gl 8.11 na 5.81 4.93 4.69 4.54 4.26/4.41
G2 7.52 na 5.90 4.73 4.57 4.55 4.26/4.47
A3 7.63 7.38 591 4.54 4.58 4.50 4.13/4.52
G4 7.28 na 5.68 4.20 4.61 4.47 4.09/4.49
AS 8.25 8.05 6.07 4.65 4.77 4.49 4.16/4.32
Co6 7.51 5.31 5.47 4.53 4.40 4.46 4.14/4.32
G7 7.67 na 5.73 4.53 4.53 4.46 4.16/4.44
C8 7.56 5.13 5.50 4.46 4.47 4.35 4.07/4.53
G9 7.45 na 5.67 4.56 4.49 4.45 4.08/4.36
A10 7.92 7.86 5.85 4.56 4.36 4.43 4.04/4.28
Ull 7.51 5.46 5.58 4.10 4.46 4.25 3.91/4.05
Ul2 7.77 5.84 5.97 4.33 4.68 4.52 4.05/4.05
C13 7.83 6.05 5.81 4.62 4.53 4.50 4.19/4.23
Gl4 7.78 na 5.72 4.57 4.34 4.45 4.10/4.42
C15 7.66 5.20 5.55 4.63 4.49 4.41 4.14/4.54
Gl6 7.47 na 5.76 4.56 4.41 4.48 4.09/4.49
C17 7.60 5.30 5.39 4.41 4.45 4.40 4.05/4.51
Ul18 7.98 5.49 5.44 4.44 4.53 4.40 4.05/4.55
C19 7.88 5.62 5.54 4.16 4.46 4.34 4.02/4.53
C20 7.62 5.45 5.71 3.96 4.14 4.12 3.98/4.45
Residue Imino Amino C8/C6 C2/C5 Cl’ P
Gl 139.2 na * na
G2 12.36 137.2 na 93.1 —-1.76
A3 na 139.4 153.4 93.7 -1.97
G4 12.99 136.9 na 91.0 —2.43
AS na 141.7 155.6 90.9 —1.89
Co6 na 142.0 98.4 93.8 —1.86
G7 12.77 137.0 na 93.2 —-2.22
C8 na 8.27/6.59 140.7 97.7 94.0 —2.52
G9 136.7 na 92.4 —2.04
A10 na 140.7 155.3 91.5 —2.08
uUll na 143.2 104.9 89.8 —2.08
Ul12 na 143.9 106.0 90.1 —1.56
CI13 na 143.0 99.7 * —2.00
Gl4 12.73 137.5 na 93.1 —1.63
C15 na 8.37/6.58 140.9 97.7 93.9 —2.51
Gl6 136.0 na 93.5 —1.91
C17 na 8.59/6.92 141.0 97.3 94.5 —2.84
Ul18 14.40 na 142.4 103.4 94.0 —=2.72
C19 na 8.27/6.91 142.1 97.5 94.5 —2.50
C20 na 8.18/6.97 142.1 98.3 92.9 —2.43

All proton and carbon shifts were referenced to TSP, and phosphorus chemical shifts were referenced to phosphates. Imino and amino resonances were
measured at 10°C. All other proton, carbon, and phosphorus resonances were measured at 20°C. na, not applicable.
*The H1’s of these nucleotides resonate at the same frequency; hence, it is not possible to assign the C1’ chemical shifts of these residues uniquely.

Resonances are seen at 91.4 and 91.8 ppm.

Structural features determined by NMR

NOE connectivities, sugar puckers, and other NMR results
reveal a great deal of structural information about the RNA
molecule. The schematic structure and the overlap of 11 of
the 22 final structures of the SL1 VBS RNA determined by
NMR are shown in Figs. 3 and 4, respectively.

Loop region

The loop region of the representative structure is shown in
Fig. 5 A. The abundance of distance constraints in the loop
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region precisely defines the loop conformation. NOEs from
A10 H2 to Ul1 H1' and across to C13 H1' indicate that the
A10 base stacks on top of the G9 base. Moreover, NOEs
from A10 H2 to U12 H1’, U12 H5" and H5", C13 H5, and
to G14 H1' are also observed. The presence of these NOEs,
which play a meaningful role structurally in the loop, is
supported by the T1 relaxation property of the A10 H2. This
proton has a relatively short T1 of 4.84 * 0.02 s, which is
about the same as most of the H6 and H8 resonances (data
not shown), suggesting that A10 H2 has more proton neigh-
bors than other AH2 protons (Szewczak and Moore, 1995).
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FIGURE 2 Fingerprint (aromatic to anomeric) region of a 400-ms
NOESY spectrum of the SL1 VBS RNA. The H8/H6(i)-H1'(i)-H8/
H6(i+1) walk is shown in solid lines. The nucleotides near the cross-peak
that correspond to the intranucleotide H8/H6-H1’ NOEs have been labeled.

An unusual inter-residue sugar-to-sugar NOE is observed
between C13 H1’ and G14 H3'.

Several nucleotides in the loop have unusual sugar-phos-
phate backbone conformations. The large H1'-H2' cou-
plings of Ul1 and U12 indicate that their ribose sugar rings
adopt the C2'-endo conformation. As can be seen from Fig.
6, although the y-angle of U1l has not been constrained in
the structure calculation, it adopts the nonstandard frans
conformation for all the converged structures. The y-angle
of C13 has been also left unconstrained. This angle tends to

TABLE 2 Summary of experimental distance and dihedral
angle constraints

Constraint

NOE distance constraints

Intra-residue 122

Inter-residue 185

Mean number per residue 15
NOE constraints by category

Strong (1.8-3 A) 17

Medium (24 A) 36

Weak (3-5 A) 128

Very weak (4-7 A) 114

Absent (>4.5 A) 12
Base pair constraints

Total 36
Dihedral angle constraints

Ribose ring 14

Backbone 69

Mean number per residue 42
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FIGURE 3 Schematic summary of the NMR data for the SL1 VBS
RNA. Base pairing and base stacking are represented by hatched bars and
solid bars, respectively. Sugars are represented by pentagons, the colors of
which indicate the sugar puckers: white for C3'-endo, black for C2'-endo,
and gray for an equilibrium between C2'- and C3'-endo. Phosphate groups
are represented by small circles.

cluster into the gauche™ conformation, although the trans
conformation exists in a minority. The e-angles of U11 and
U12 adopt the gauche™ conformation. The a- and {-torsion
angles, which have been left unconstrained, tend to cluster
into a few distinct conformations in the converged struc-
tures (Fig. 6). All scalar coupling measurements indicate a
standard A-form geometry for the sugar rings and the 3-, y-,
and e-backbone angles of residues C8, G9, A10, and G14.

At the base of the loop, the bases G9 and C13 do not form
a Watson-Crick base pair. However, the G9 imino proton
forms a hydrogen bond with C13 O, in all 22 final struc-
tures. Therefore, base C13 points in the direction of the
major groove. The helical base stack continues up the 5’
side of the loop, with A10 stacking on top of G9, which in
turn stacks on top of the C8 - G14 base pair. The Ul1 base
partially stacks on top of A10. Residues Ul2 and Cl13,
however, do not participate in either the 5'- or 3'-base stack.
Base U12 clearly points in the direction of the major groove.
A break in NOE connectivity was observed between A10
and Ull. The two residues are only connected by a weak
NOE from A10 H3' to U1l H6; the NOEs from A10 H1'
and H2' to U11 H6 are absent. This might be correlated with
all nonstandard backbone angles of Ull and reflects the
extended conformation of the backbone in the A10—U11
step.
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FIGURE 4 Stereoview superposition of 11 of the 22
converged structures of the SL1 VBS RNA. The av-
erage pairwise RMSD was 1.28 A.

Bulge region

The bulge region of the representative structure is shown in
Fig. 5 B. The bulge A5 base is stacked into the helical stem
as is evidenced by the normal stacking pattern for the
G4-A5-C6 NOE connectivity and the A5 H2-C17 HI’
cross-peak. However, the G4 H1'-AS5 H8 and A5 H1'-C6
H6 NOEs are weak, and some G4-C6 NOEs are observed.
The observed NOEs are G4 H1'-C6 H5, G4 H2'-C6 H5, G4
H3’-C6 H5, and G4 H2'-C6 H6. This suggests that A5
spends part of the time in the bulged-out conformation.

Exchangeable resonances in the bulge region, including
the G16 NH and the A5 and C6 NH,, are not observed. This
may be due to the line broadening caused by mobility or
exchange with solvent. A previous nuclease sensitivity ex-
periment (Shen and Bruenn, 1993) suggested that the C6
and G16 bases form a hydrogen bond at least part of the
time. In the study of Borer et al. (1995), the corresponding
CG base pair in the variant R17 RNA fragment, which has
similar sequence to that of SL1 VBS (see Fig. 1), shows
broad imino proton resonance. This base pair is slightly
opened to the major groove. In our case, G16 imino proton
resonance could not be observed. The structures of the CG
pairs of the SL1 VBS RNA and the variant R17 RNA are
similar, but that of SL1 VBS is more staggered and does not
form a stable Watson-Crick base pair.

The H1'—H2' coupling constants of G4, A5, and C6 are
intermediate between the values characteristic of C3'-endo
and C2'-endo sugar conformations. Sugar puckers of these
residues are left unconstrained to encompass the C2'-endo,
C3'-endo, and O4'-endo sugar conformations. The dynamic
sugars of G4, A5, and C6 might accommodate unusual
inter-proton distances in the bulge region or reflect the
averaging between stacked and bulged-out conformation of
the A5 base. On the strand opposite the bulge, the C15-
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G16-C17 ribose rings adopt the C3’-endo conformation of
the standard A-family duplex.

DISCUSSION

The crucial process in the assembly of an L1 and M1
double-stranded RNA virus is the recognition of its plus
single-stranded RNA by the Cap-Pol protein (Wickner,
1996). The Pol region of this protein binds RNA hairpins
composed of five-nucleotide loops and stems containing a
single bulged adenine base (Fujimura et al., 1992; Ribas et
al., 1994), although M1 has another binding site, with a
three-base bulge in place of the single A bulge (Shen and
Bruenn, 1993). The high-resolution structure of the SL1
VBS RNA proposed in this paper provides helpful insight
into the pentaloop and single-bulge conformations and the
significance of this RNA structure for Cap-Pol protein-RNA
complex formation in genomic RNA packaging.

Loop conformation

The nuclease sensitivity mapping of the SL1 VBS shows
that a pentaloop with the sequence GAUUC is formed (Shen
and Bruenn, 1993). Although the G9 and C13 residues at the
bottom of the loop could potentially undergo Watson-Crick
base pairing, our structure rules this out. The position of
C13 is well defined by the NOEs to nearby protons (see
below), and the resulting structure makes formation of a
Watson-Crick base pair impossible. However, the structure
reveals an unusual interaction between G9 and C13. In all
22 final structures, the imino proton of G9 forms a hydrogen
bond with the O, of C13 (Fig. 7). The average distance
between these atoms is 2.13 *+ 0.08 A. There are enough
inter- and intra-residue distance constraints to position the
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A

FIGURE 5 Representative structures for the loop (4) and bulge (B)
regions of the SL1 VBS RNA. (4) Base stacking of the G9-A10-Ul1
residues is shown. (B) Intrahelical stacking conformation of A5 residue is
shown.

G9 and C13 residues precisely. In particular, C13 has 8
intra-residue and 19 inter-residue constraints, which is
markedly more than the average number of constraints
shown in Table 2. Superposition of the two residues, G9 and
C13, gives an average pairwise RMSD value of only 0.33 A.
Although the relatively high precision by which the loop
structure in this region is defined adds confidence to the
cross-strand hydrogen bond interaction involving G9, no
direct NMR evidence has been found to support the forma-
tion of this hydrogen bond. The absence of sharp G9 imino
resonance indicates that the G9 imino proton is not strongly
protected from the solvent; however, this does not rule out
the possibility that the G9 imino proton forms a hydrogen
bond.

Hairpin motifs with related loop sequences such as 5'-
UUUCUGA-3" (Puglisi et al., 1990), 5'-GCUUUGC-3’
(Davis et al., 1993), and 5'-GGUCUCC-3" (Griine et al.,
1996) have triloop conformations (loop sequences under-
lined) closed by U-G, C-G, and G-C base pairs, respectively.

1963

angle (degrees)
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FIGURE 6 Phosphate backbone angles for the 22 converged structures.
The loop region is shaded light gray and the bulge region is dark gray.
Dotted lines indicate values for standard A-form helices.

Whereas, the hairpin sequence 5'-CGUUUCG-3" (Sich et
al., 1997) assumes a pentaloop conformation like the se-
quence 5'-CGAUUCG-3' presented here. The previous re-
sults for hairpins containing a UUU sequence (Davis et al.,
1993; Sich et al., 1997) emphasize the context dependence
and the importance of the closing base pair for the stability
of the triloop structure; the UUU triloop can be closed by a
C-G, but not by a G:C base pair. In our case, the AUU
sequence could not be closed by the G-C base pair either.

According to an in vitro selection experiment, the loop
sequences for Cap-Pol protein recognition are completely
conserved, except A10 and U12 (Yao et al., 1997). The loop
sequences of SL1 and SL2 are the same, and that of L1
differs only at the 4th residue (Fig. 1). The conservation
seems to reflect the essential role of the unique pentaloop
structure. The pentaloops 5'-CGAUUCG-3" and 5'-
CGUUUCG-3' have quite different structural features. In
the 5'-GAUUC-3" loop studied here, base stacking extends
to the 3rd residue on the 5’ side, whereas the 4th and 5th
residues do not stack on the 3’ side. The 3rd and 4th
residues adopt C2'-endo sugar puckers. Although the Ist
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FIGURE 7 Proposed hydrogen bond found in the converged structures
generated by restrained molecular dynamics. (4) Relative orientation of G9
and C13. The 22 converged structures are superimposed relative to G9. No
constraints were used between G9 and C13 in the structural calculation. (B)
The hydrogen bond formed between G9 HI and C13 O, is indicated by a
dashed line and is found in all 22 final structures.

residue, G, and the 5th residue, C, do not form a Watson-
Crick base pair, these two bases are connected by a hydro-
gen bond between G9 H1 and C13 O,. The 5th residue, C,
points somewhat in the direction of the major groove. In the
loop with 5'-GUUUC-3" (Sich et al., 1997), two intercon-
verting conformations with alternate stacking interactions
are suggested. The 2nd and 5th residues are markedly ex-
posed to solvent. The 3rd, 4th, and 5th residues adopt
C2'-endo sugar puckers. The Ist residue, G, and the Sth
residue, C, do not form a Watson-Crick base pair, but
instead point in the direction of the minor and major
grooves, respectively.

The bulge conformation

The bulged A5 base is completely conserved in the consen-
sus ScV VBS determined by in vitro selection (Yao et al.,
1997), and A5 is absolutely required for VBS activity in
mutagenesis (Fujimura et al., 1990). The results suggest that
both the conformation of residue A5 itself, and the position
of the bulged base relative to the hairpin loop, are important
for protein binding. Previous investigations of single bulges
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in RNA structures proposed that the conformation adopted
is dependent on the nature of the flanking base pairs. An
adenine single bulge flanked by Watson-Crick base-paired
G and C residues adopts an intrahelical stacked conforma-
tion (Borer et al., 1995), but an adenine bulge flanked on
one side by a non-Watson-Crick base pair adopts an extra-
helical conformation (Greenbaum et al., 1996). The A-bulge
motif (A-A)-U found in the RNA-binding site of ribosomal
protein S8, the RNA motif of the spliceosome branch-point
helix, and the RNA-binding site for phage GA coat protein
have different structures. The first, which is flanked by G-C
and U-G base pairs, has a structure in which the 5'-adenine
base is extrahelical and the 3'-adenine participates in the
A-U base pair (Kalurachchi et al., 1997). The second and
third, which are both flanked by G-C and U-A base pairs,
have a structure in which both adenine bases are intrahelical
and the 5’-adenine preferentially forms the A-U base pair
(Smith and Nikonowicz, 1998). The bulge region of SL1
VBS has the bulged A5 base flanked by Watson-Crick
base-paired G and C residues. Based on previous results,
this region, which is identical to that of a variant of the
RNA-binding site for phage R17 coat protein (Borer et al.,
1995), is expected to have an intrahelical stacked confor-
mation. The solution structure of the bulge region of SL1
VBS presented here confirms this expectation; the bulged
A5 base is stacked into the helical stem by the NOE cross-
peaks indicating the stacking pattern. However, the NOEs
between G4 and C6, as in the case of the variant R17 RNA
fragment (Borer et al., 1995), suggest the existence of a
bulged-out conformation for part of the time.

Significance of the structure of the SL1 VBS RNA
for the Cap-Pol protein-RNA complex

Because interaction with the Cap-Pol protein may alter the
conformation of the SL1 VBS RNA, the three-dimensional
structure of the SL1 alone does not provide evidence for the
interaction mechanism of the fusion protein and the SL1
RNA. However, it allows some insight into how the resi-
dues in the RNA molecule may interact with the Cap-Pol
protein. This is especially true for the loop region, whose
NMR structure is quite well defined. All three pyrimidine
bases in the loop point in the direction of the major groove.
It is likely that the Cap-Pol protein recognizes the major
groove of the SL1 loop region.

It is important to note that the bulged A5 spends part of
the time in a bulged-out conformation, although it is stacked
in the helix most of the time. Any interpretation of the bulge
region in the Cap-Pol protein-RNA interaction should be
made with caution. The NMR and co-crystal structures of
the phage R17 coat protein binding site, which closely
resembles the SL1 VBS RNA in the secondary structure,
provide a good insight. The NMR structure of the bulge
region of the variant R17 coat protein binding site (Borer et
al., 1995) is very similar to that of the SL1 VBS RNA, but
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the crystal structure in the presence of the protein has a
bulged-out conformation (Valegérd et al., 1994). Therefore,
we cannot exclude the possibility that the bulged A of the
SL1 VBS RNA is also extruded from the stem in the
complex with Cap-Pol protein. In the loop and upper-stem
region other than the bulge region, a notable difference
between the SL1 VBS RNA and the R17 coat protein
binding site is observed. The variation in the loop sugar
conformations of the R17 coat protein binding site and the
fact that the two upper-stem iminos are more open to
solvent exchange suggest that the hairpin segment of the
R17 exhibits fast conformational fluctuations. On the other
hand, SL1 VBS RNA has a rigid loop conformation, and the
two upper-stem iminos exhibit sharp resonances. Because it
is the length of the upper stem of SL1 that is important for
protein recognition, not the sequence, the rigid upper stem
may play a role in positioning the bulged base at the correct
site relative to the hairpin loop. This suggests that the extent
of conformational change that an RNA molecule undergoes
upon binding to the protein might be quite different in SL1
VBS and R17. SL1 VBS RNA likely interacts with the
Cap-Pol protein without drastically changing its own con-
formation in the loop region. The affinity of the R17 coat
protein binding site for the coat protein is one to two orders
of magnitude less than that of the VBS for Cap-Pol protein
(Romaniuk et al., 1987; Yao et al., 1997). This difference
may be related to the structural features of the RNA mole-
cules themselves. The three-dimensional structure of the
Cap-Pol protein (or peptide)-SL1 VBS RNA complex re-
mains to be resolved to answer this question precisely.
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