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ABSTRACT

The helical junction region of a �1 frameshift stimulating hairpin-type mRNA pseudoknot from sugarcane yellow leaf virus
(ScYLV) is characterized by a novel C27 � (G7–C14) loop 2–stem 1 minor groove base triple, which is stacked on a C8+ � (G12–
C28) loop 1–stem 2 major groove base triple. Substitution of C27 with adenosine reduces frameshifting efficiency to a level just
twofold above the slip-site alone. Here, we show that the global structure of the C27A ScYLV RNA is nearly indistinguishable
from the wild-type counterpart, despite the fact that the helical junction region is altered and incorporates the anticipated
isostructural A27 � (G7–C14) minor groove base triple. This interaction mediates a 2.3-Å displacement of C8+ driven by an A27
N6–C8+ O2 hydrogen bond as part of an A(n�1) �C+ �G-Cn base quadruple. The helical junction regions of the C27A ScYLV and
the beet western yellows virus (BWYV) pseudoknots are essentially superimposable, the latter of which contains an analogous
A25 � (G7–C14) minor groove base triple. These results reveal that the global ground-state structure is not strongly correlated
with frameshift stimulation and point to a reduced thermodynamic stability and/or enhanced kinetic lability that derives from
an altered helical junction architecture in the C27A ScYLV RNA as a significant determinant for setting frameshifting
efficiencies in plant luteoviral mRNA pseudoknots.
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INTRODUCTION

Our knowledge of the many complex functions that RNA
plays in biology has increased tremendously over the last
decade. In particular, the complex process of protein
synthesis can now be considered at atomic resolution due
to the many high-resolution crystal and cryoelectron
microscopic structures of the ribosome in various func-
tional states coupled with detailed kinetics and biochemical
experiments (Wilson et al. 2002; Wilson and Nierhaus
2003). For example, selection of cognate tRNAs is now
known to be achieved by intricate A-minor hydrogen-
bonding interactions between the ribosome and the codon/
anticodon base pairs and the tRNA itself plays a direct role
in recognition by controlling the on and off rates at the A
(aminoacyl) site of the ribosome (Cochella and Green 2005;

Ogle and Ramakrishnan 2005). Translocation of the mRNA
is accomplished by a ratcheting motion of the ribosome,
with EF-G binding and GTP hydrolysis providing the force
necessary to move the message one codon at a time (Frank
and Agrawal 2000). Despite recent progress, many mech-
anistic issues relative to normal mRNA decoding as well as
myriad recoding events (Namy et al. 2004), e.g., trans-
lational readthrough (Orlova et al. 2003), frameshifting
(Giedroc et al. 2000; Harger et al. 2002), and incorporation
of nonstandard amino acids (Krzycki 2005; Sauerwald et al.
2005; Theobald-Dietrich et al. 2005), remain poorly
understood at the molecular level.

Of interest to this study is the translational recoding
process of �1 programmed ribosomal frameshifting (�1
PRF) (Giedroc et al. 2000; Baranov et al. 2002). �1 PRF is
the process whereby the reading frame is changed from the
reference or ‘‘0’’ frame to the ‘‘�1’’ frame. This process
requires three elements to be efficient: a heptanucleotide
slip site (XXXYYYZ), a 6–8 nucleotide (nt) linker, and an
RNA structural element, which in most, but not all cases
(Gaudin et al. 2005; Staple and Butcher 2005) is a hairpin
(H)-type RNA pseudoknot (ten Dam et al. 1990; Giedroc
et al. 2000; Baranov et al. 2002). In several cases, the
absence or destabilization of a stable RNA pseudoknot has
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been shown to eliminate efficient frameshift stimulation
(Chen et al. 1995; Kim et al. 1999, 2000; Cornish et al.
2005). This has led to the development of the torsional
restraint model (Plant and Dinman 2005). This model
hypothesizes that efficient frameshifting is induced because
the formation of the pseudoknot-forming stem 2 (S2)
prevents the unfettered unwinding of the hairpin forming
stem 1 (S1). If the RNA pseudoknot is positioned at the
mRNA entry tunnel of the ribosome (Giedroc et al. 2000;
Plant et al. 2003; Pallan et al. 2005), the pseudoknot would
then function as a roadblock to mRNA movement during
the elongation cycle, which could be released by either �1
frameshifting or unfolding of the pseudoknot before
frameshifting. Indeed, recent cryoelectron microscopic
images of a mammalian ribosome-mRNA pseudoknot
complex thought to be an intermediate in �1 frameshifting
reveal that the mRNA pseudoknot physically blocks the
mRNA entrance channel; this leads to a ‘‘springlike’’ de-
formation of the P-site-bound transfer RNA, which in
competition with the translocase activity of elongation
factor 2 (eEF2; EF-G in the bacterial system), breaks the
P-site tRNA–mRNA interaction (Namy et al. 2006). Sub-
sequent relaxation of the complex allows repairing of the
P-site tRNA in the new �1 frame. These structural studies
therefore support a mechanical model for pseudoknot-
stimulated ribosomal frameshifting during translocation
(Namy et al. 2006).

Another model of ribosomal frameshifting suggests that
one or more of the entry tunnel proteins of the ribosome,
corresponding to bacterial proteins S3 (rpS3), S4 (rpS9),
and S5 (rpS2), possess RNA helicase or unwinding activity
(Yusupova et al. 2001; Takyar et al. 2005). Pseudoknots
could represent poor substrates for the ribosomal helicase,
which would induce ribosomal pausing, and in some cases,
�1 frameshifting.

Although mechanical models provide a plausible expla-
nation as to why frameshifting efficiencies are higher for
a pseudoknots versus an RNA hairpin, they do not fully
explain how structurally similar pseudoknots produce
vastly different levels of frameshifting. Several groups have
shown that mutations introduced at the helical junction
region of a wide variety of H-type pseudoknots often have
a large effect on frameshift stimulation both in vivo and in
vitro, particularly in those pseudoknot systems with rela-
tively short helical stems (Chen et al. 1995; Kim et al. 1999,
2000; Liphardt et al. 1999; Nixon et al. 2002b; Cornish et al.
2005). In some of these cases, companion thermodynamic
studies have revealed small diminutions in global stability
as measured by thermal unfolding (Theimer and Giedroc
1999, 2000; Nixon and Giedroc 2000; Nixon et al. 2002a;
Cornish et al. 2005), and in one case, apparently large
changes in global structure, of functionally compromised
pseudoknots (Chen et al. 1995, 1996). Unfortunately, the
structures of mutant pseudoknots with low functional
activities have not been determined to sufficiently high

resolution to convincingly determine the extent to which
‘‘ground-state’’ structure influences frameshift stimulation.

Here we present the solution structure of a sugarcane
yellow leaf virus (ScYLV) RNA containing a single nucle-
otide substitution, C27A, that was previously shown to
severely compromise frameshift stimulation (Cornish et al.
2005). These structural findings reveal that, despite readily
detected changes in the hydrogen bonding interactions at
the junction of the two helical stems, the global solution
structures of the wild-type and C27A ScYLV RNAs are
essentially identical at this level of resolution. Solvent
exchange rates (at 10°C) of select base-paired imino and
amino protons are, however, slightly elevated in the C27A
versus wild-type RNA pseudoknots, but only for those
exchangeable protons closest to the site of the substitution.
These findings mirror previous thermodynamic studies of
hydrogen bond coupling interactions across the helical
junction region (Cornish and Giedroc 2006) and suggest
that relatively small, localized perturbations in pseudoknot
stability and/or kinetic lability may have a large influence
on frameshift stimulation, at least for plant luteoviral
mRNA pseudoknots. As we discuss, these findings argue
in favor of a mechanical model for pseudoknot-stimulated
ribosomal frameshifting (Namy et al. 2006), rather than
a purely structural model.

RESULTS

Structure determination of the C27A ScYLV RNA

The sequence used for NMR studies here (Fig. 1A) is
identical to the sequence used in the previous study for the
wild-type RNA except for the C27A substitution (Cornish
et al. 2005). Figure 1B shows the downfield region of
a jump–return echo 1D NMR spectrum. Similar to pre-
viously published luteoviral pseudoknots, the C27A ScYLV
RNA has eight Watson–Crick base pairs and a trans
Watson–Crick/Hoogsteen base pair indicated by down-
field-shifted amino protons and imino proton of C8+. Also
observed in this spectrum are the 29-OH protons of both
C14 and C15, which are now known to be diagnostic for
the formation of minor groove base triple interactions
(Nixon et al. 2002a, b; Giedroc et al. 2003; Cornish et al.
2005, 2006).

Inspection of the 1H chemical shift perturbation map
(D ppm = |dWT � dC27A|) (Fig. 2A) superimposed on the
structure of wild-type ScYLV RNA (Fig. 2B) suggests that
structural differences do not propagate far from the helical
junction, i.e., the immediate microenvironment of the
C27A substitution. This fact greatly facilitated resonance
assignments of the C27A ScYLV RNA at natural isotopic
abundance. The solution structure was solved starting from
random coordinates subjected to simulated annealing using
242 NOE distance restraints, followed by a one-step rdc-
based refinement method using 63 1DCH residual dipolar
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coupling restraints measured at natural isotopic abundance
(see Materials and Methods). The structure statistics are
compiled in Table 1. Figure 3A,B shows plots of the
predicted versus experimental residual dipolar coupling
restraints (RDCs) for the NOE bundle. While poor (r =
0.643 6 0.062; Fig. 3A), the correlation improves dramat-
ically with a one-step refinement against the experimental
RDCs (r = 0.998 6 0.001; Fig. 3B). The heavy-atom RMSD
of the resulting C27A ScYLV RNA structure bundle, exclud-
ing unpaired nucleotides is 2.25 6 0.41 Å (Table 1).
Structures of the C27A RNA were also calculated using the
wild-type ScYLV RNA bundle (Cornish et al. 2005) as the
starting coordinates and are characterized by a heavy-atom
RMSD of 2.02 6 0.48 Å. The refined average structures of
the C27A RNA calculated from each method are statistically
indistinguishable from one another (data not shown).

C27A ScYLV RNA structure

Figure 4A (left panel) shows a global overlay of the 20
lowest energy structures while Figure 4B shows a stereoview
of the average minimized structure. This RNA clearly

adopts a fold that is similar to the wild-type RNA with
G9 (red), A13 (violet), and C25 (green) extruded into
solvent and is composed of intricate L2–S1 hydrogen
bonding interactions that position nearly all of loop L2
(green) in the minor groove of the upper stem S1 (shaded
yellow). As found previously for the wild-type ScYLV RNA,
A21, A22, and A24 form cis Watson–Crick/sugar edge
interactions with C17, A16, and C15, respectively (Cornish
et al. 2006). As anticipated (Cornish et al. 2005), A27 forms
a cis Watson–Crick/sugar edge base pair with C14 where
the N1 accepts a hydrogen bond from the 29-OH of C14

FIGURE 2. Proton chemical shift differences (D ppm) between wild-
type and C27A ScYLV RNAs. (A) A graphical representation of the
absolute value of proton chemical shift differences (D ppm) grouped by
proton type (H19, yellow; H29, green; H1/H3, red; H2/H5, blue; H6/H8,
purple; H21/H41/H61, dark blue; and H22/H42/H62, gray) versus
residue number. A schematic of the pseudoknot is shown above the plot
color coded as in the other figures where yellow, blue, red, and green
rectangles represent S1, S2, L1, L2 nucleotides; A13 is between 39 S2 and
59 S1 segments, respectively. (*) Residue position of C27/A27 in the
wild-type/C27A RNAs. Not shown are |Dppm| values for the 29 OH
protons of C14 (1.6 ppm) and C15 (0.2 ppm). (B) Surface represen-
tation of the wild-type ScYLV pseudoknot (Cornish et al. 2005). The left
view has the same orientation as Figure 4A and the right view represents
a 180° rotation about an arbitrary vertical axis. C27 and all protons with
a chemical shift change $0.15 ppm are colored in dark blue, 0.1–0.15
ppm in light blue, 0.05–0.1 in cyan, and <0.05 ppm in white. Gray
represents all atoms for which there are no data.

FIGURE 1. (A) The C27A ScYLV RNA sequence used for NMR
investigation compared to a 2D representation of the BWYV RNA.
The symbols are representative of tertiary interactions as described
(Leontis et al. 2002). Of interest in this study are the cis Watson–
Crick/sugar-edge tertiary interaction (filled circle and arrow) and
a trans Watson–Crick/Hoogsteen tertiary base pair (open circle and
square). Also displayed are the relative frameshifting efficiencies for
the wild-type and C27A ScYLV RNA pseudoknots as previously
determined (Cornish et al. 2005) (B) Jump–return echo 1D NMR
spectra (10°C) of the C27A ScYLV mRNA pseudoknot.

Structure of a poorly functional frameshifting pseudoknot
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(d � 10.2 ppm), a chemical shift similar to that of the
PEMV-1 (Nixon et al. 2002a,b) and beet western yellows
virus (BWYV) (Cornish et al. 2005) RNAs. For the PEMV-1
RNA, scalar coupling across this hydrogen bond was
detected (Giedroc et al. 2003); through-bond coupling
was also observed for the analogous C27 NH-C14 29OH
interaction in the wild-type ScYLV RNA (Cornish et al.
2006). In fact, the orientation of A27 in the C27A ScYLV
RNA is fully consistent with the formation of an
A(n�1) �C+ �G-Cn base quadruple motif (unconstrained
A27 N6 to C8+ O2 distance of �3.2 Å) previously observed
in the BWYV RNA (see Fig. 5A,C; Su et al. 1999; Egli et al.
2002).

Comparison of the structures of the wild-type ScYLV,
C27A ScYLV, and BWYV RNAs

C8+ in the wild-type ScYLV RNA is horizontally displaced
by z2.3 Å relative to the accepting G12–C28 and G12–C26
base pairs in C27A ScYLV and BWYV RNAs, respectively
(Fig. 5A–C). This is more clearly observed when the G12–
C28 base pairs of the wild-type and C27A ScYLV RNAs and
the G12–C26 base pairs of the BWYV pseudoknot are
superimposed (Fig. 5D). A space-filling model of the wild-
type and C27A ScYLV RNA pseudoknots (Fig. 5E,F) show
that an adenosine at the terminal position of L2 (A27)
sterically blocks the horizontal displacement of C8+ in the
C27A ScYLV RNA in order to maintain an A27 N6 to C8+

O2 hydrogen bond as part of a BWYV-like A(n�1) �C+ �G-
Cn base quadruple motif (Fig. 5F). In the wild-type ScYLV
RNA, the smaller C27 base allows C8+ to come closer and

essentially slide under C27 (Fig. 5E); as a result, the
analogous C(n�1) �C+ �G-Cn base quadruple is not formed
(C27 N4–C8+ O2 distance of 5.1 Å). However, a putative
C27 N4-H4dddC15 O49 hydrogen bond is present in all 20 of
the lowest energy structures of the wild-type RNA (Fig. 5E).
This interaction may help drive this small reorganization of
the junction nucleotides of the wild-type ScYLV RNA
relative to the C27A mutant. Exocyclic adenosine N6-O49
hydrogen bonding interactions are found in the small
ribosomal subunit (Wimberly et al. 2000) and in an RNA
quadruplex (Liu et al. 2002), with at least one other
documented cytidine N4-O49 interaction found on the
edge of the large ribosomal subunit (Ban et al. 2000).

Figure 6A–C displays the two stacked triple base pairs
that make up the helical junction regions for the BWYV,
wild-type ScYLV, and C27A ScYLV RNAs, respectively. The
vertical rotation or helical twist between successive
Watson–Crick base pairs at the helical junction is defined
by the relative orientations of the closing S1 base pair
shown in yellow (G7–C14) relative to the upper base pair of
S2 shown in blue (G12–C26 or G12–C28). For canonical
A-form RNA, this rotation angle is 32.7°. Here, the two
ScYLV RNAs are identical to one another and are strongly
overrotated by 79° 6 2.6° and 79° 6 5.4° for the wild-type
and ScYLV structure bundle (for �102° total helical twist),
respectively, with the BWYV RNA characterized by some-
what less overrotation at 48° (�80° total) (Su et al. 1999).

TABLE 1. Experimental restraints and structure statistics for the
C27A ScYLV pseudoknot structure bundle

Number of structures 20
Distance restraints 242
Intranucleotide 121
Internucleotide 121

Dihedral angle restraints 100
Residual dipolar couplings 63
Sugar 35
Base 28

RMS from experimental restraints
Distance restraints, Åa 0.035 6 0.008
Dihedral restraints, °b 1.00 6 0.78
Dipolar couplings, Hz 1.81 6 0.24

Deviations from idealized geometry
Bonds, Å 0.012 6 0.002
Angle, ° 2.35 6 0.14
Impropers, ° 1.63 6 0.07

Heavy-atom RMSD, Å
Overall (residues 3–8, 10–12, 14–24, 26–30) 2.25 6 0.41
S1 1.49 6 0.36
S2 1.28 6 0.62

aNo violations >0.5 Å.
bNo violations >5°.

FIGURE 3. Graphical depictions of experimental versus predicted
residual dipolar couplings. Predicted values were calculated using the
program DC (Delaglio et al. 1995) from the C27A ScYLV NOE bundle
(A) and RDC refined structures (B).
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Figure 7A–C displays stick-and-ribbon representations
of the BWYV, wild-type ScYLV, and C27A ScYLV RNAs,
respectively, which enables ready comparisons of the global
structures of each RNA. As can be seen, L1 crosses the
major groove of S2, and L2 crosses the minor groove side of
S1, forming a nearly continuous triple-stranded structure.
Also, all three RNAs have an extrahelical nucleotide in L1
(G9 in the wild-type and C27A ScYLV RNAs and A9 in
BWYV) and an extrahelical nucleotide between S1 and S2
(A13 in wild-type and C27A ScYLV RNAs and U13 in
BWYV); the latter allows for efficient stacking of the two
helical stems and significant overrotation of the helical
junctions.

Quantitative measurement of the interhelical bend angle
for these RNAs is complicated by the internal bend of each
stem toward the major groove, previously shown to be
13° and 7.5° in S1 and S2 for the BWYV pseudoknot,
respectively (Su et al. 1999). This helical distortion allows
efficient crossing of the lower stem S2 by a single nucleotide
L1, as well as for significant penetration of L2 into the
minor groove of S1. In any case, the estimated helical bend
angle for the BWYV pseudoknot is �25° (Su et al. 1999),

and is measurably larger for the wild-type and C27A ScYLV
RNAs, at 50° 6 14°, and 46° 6 16°, respectively. This
difference in bend angle between BWYV and ScYLV
pseudoknots may be due to the more extensive base
stacking of L2 nucleotides in the S1 minor groove in both
ScYLV RNAs, which is further enhanced by one additional
L2 nucleotide in the L2 stack relative to the BWYV
pseudoknot. The parallel increases in helical overrotation,
horizontal displacement (Cornish et al. 2005), and
interhelical bend angle noted for the ScYLV RNAs relative
to the BWYV pseudoknots are fully consistent with expect-
ations from simple modeling experiments (Michiels et al.
2001). The main point, however, is that the global
structures of all three pseudoknots are quite similar.

Comparison of the imino/amino proton solvent
exchange rates of wild-type versus C27A ScYLV RNAs

In an effort to detect differences in the dynamics of the
wild-type and C27A ScYLV pseudoknots, imino proton
solvent exchange rates (kex) for Watson–Crick and Hoogsteen
base-paired regions were determined under standard solu-
tion conditions (10°C, 5 mM Mg2+, 0.1 M KCl at pH 6.0)
with a simple jump–return magnetization transfer experi-
ment (Fig. 8; Dhavan et al. 1999). Since the imino protons
exchange only slowly from the closed base pair, these
conditions are likely reporting on intrinsic exchange
catalysis by the nitrogen of the accepting base pair, in
a process involving one or several water molecules (Gueron
et al. 1987; Snoussi and Leroy 2001; Varnai et al. 2004). In
order to obtain insight into C27A RNA-specific perturba-
tions of solvent exchange rates that might be linked to
diminished functional activity of the C27A RNA, we
measured imino and amino proton solvent exchange rates
for wild-type, C27A, and DC25 ScYLV RNAs, the latter of
which stimulates high levels of ribosomal frameshifting
(Fig. 8B; Cornish et al. 2005). C25 is flipped out of the
triple helical stack and makes very few contacts with the
rest of the RNA (see Fig. 4).

Although the differences are small, kex is specifically
larger for G7 (by 14%), G12 (17%), and the upfield C8+

amino proton (H41; 25%) in the C27A RNA relative to the
wild-type RNA; the exchange rates of these three residues
are completely unaffected by the DC25 deletion (Fig. 8B).
In contrast, other measurable perturbations (e.g., in G4,
G6, C8+ H42 protons) or lack of perturbation (in G29) are
common to both DC25 and C27A substitutions. As can be
seen in the model of the C27A RNA (Fig. 8C), the G7
imino, G12 imino, and C8+ amino protons are closest to
the C27A base substitution. Although exchange rates of
cytidine amino protons are complicated by intermediate
rotations around the C4–N4 bond, examination of the
structure of C27A RNA reveals that the C8+ H41 is more
exposed to solvent than in the wild-type RNA by virtue of
the rearrangements in the junction region (see Fig. 5); this

FIGURE 4. The solution structure of the C27A ScYLV pseudoknot.
(A, left panel) Overlay of the 20 lowest energy structures generated
from random coordinates compared to a secondary structure sche-
matic (right panel). S1 is in yellow, S2 is in blue, L1 is in red, L2 is in
green, and the extrahelical nucleotide A13 is in violet. (B) Stereo
representation of the average solution structure of the C27A ScYLV
RNA calculated from the lowest energy bundle, with the same
coloration as in panel A.

Structure of a poorly functional frameshifting pseudoknot
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is compatible with the solvent exchange data. Unfortu-
nately, a comparison of kex values for C8

+ H3 proton could
not be obtained since G30 and C8+ are overlapped in the
C27A RNA; however, the solvent exchange rate for C8+ in
the wild-type and DC25 RNAs is two- to threefold greater
than internal Watson–Crick base-paired regions, and in
fact, more comparable to terminal base pairs. This is in
contrast to previous findings with the PEMV-1 pseudoknot
(Nixon et al. 2002b). In any case, the data suggest that the
C27A substitution specifically perturbs the kinetic stability
of the triple-helical stack at the helical junction region of
this RNA.

DISCUSSION

The solution structure of the C27A ScYLV mRNA pseu-
doknot represents the first high-resolution structure of
a mutant luteoviral pseudoknot with significantly reduced
frameshift stimulatory activity. The overall structure of the

mutant RNA is essentially identical to
the wild-type pseudoknot, despite dis-
tinct helical junction architectures (Figs.
5, 6). This, in turn, leads to an �1.5
kcal �mol�1 reduction in global stability
at 37°C of the C27A ScYLV RNA as
measured by thermal denaturation
experiments over a wide range of pH
values (Cornish et al. 2005; Cornish and
Giedroc 2006). More rapid imino pro-
ton solvent exchange rates (Fig. 8)
localized to the two triple base pairs
that straddle the helical junction in the
C27A versus wild-type ScYLV RNAs
(see Fig. 6) may also be reporting on
these differences in global stability.

In previous work, several structures
of variant mouse mammary tumor virus
(MMTV) gag-pro pseudoknots were
solved by solution NMR methods (Shen
and Tinoco 1995; Chen et al. 1996;
Kang et al. 1996; Kang and Tinoco
1997). Of the five structures deter-
mined, three with the highest frame-
shifting efficiencies (VPK, U13C, and
APK A27G) possessed an intercalated
adenosine (A14) between S1 and S2;
this appeared to cause S1 to bend
toward the major groove of S2, creating
an apparent interhelical bend angle of
�90°. The weakly functional mutant
DA14U13C RNA, which lacks the
wedged adenosine at the junction,
appeared not to adopt a bent confor-
mation. Another poorly functional mu-
tant, APK, was found to adopt a bent

conformation apparently opposite of that found in the
VPK, U13C, and APK A27G RNAs because it contained 2
nt between S1 and S2. This suggested that a single unpaired
and intercalated adenosine coupled with a specifically bent
global conformation collaborate to mediate efficient frame-
shift stimulation in the MMTV gag-pro system.

A subsequent study that investigated the functional
activities of chimeric pseudoknots revealed that in pseu-
doknots with short L2s (#8 nt), an adenosine in the 39-
most position of L2 (analogous to A27 in C27A ScYLV
RNA) was clearly an important determinant for efficient
frameshift stimulation, more so than the wedged adenosine
(Liphardt et al. 1999). However, even the functional
importance of a 39 L2 adenosine decreases as the length
of L2 is increased. Functional and structural studies with
simian retrovirus-1 (SRV-1) and human endogenous
retrovirus-K10 (HERV-K10) gag-pro pseudoknots then
confirmed that pseudoknots with coaxially stacked helical
stems could stimulate high levels of �1 frameshifting

FIGURE 5. Structural representation of the base quadruple interaction at the helical junction
for (A) BWYV, (B) wild-type ScYLV, and (C) C27A ScYLV RNA pseudoknots. The lowest
energy structure bundle superposition (n = 20; 0.99 6 0.17 Å RMSD for residues 7, 8, 12, 14,
27, and 28 in wild-type RNA; 1.27 6 0.40 Å RMSD for same residues in C27A RNA) (top) and
resulting average minimized structures (bottom) are shown for both (B) wild-type and (C)
C27A RNAs. The G12–C28 (C26 in BWYV) base pair is in blue, with C8+ forming a trans
Watson–Crick/Hoogsteen base pair colored red. The 39 terminal residue in L2 is in green; A25
in BWYV, C27 in wild-type ScYLV, and A27 in C27A ScYLV. (D) Superposition of the G12–
C28 (G12–C26 in the BWYV RNA) base pair (blue) of the BWYV, wild-type ScYLV, and C27A
ScYLV structures. C8+ is shaded pink (wild-type ScYLV), light red (C27A ScYLV), and red
(BWYV). Space-filling representations of the (E) wild-type and (F) C27A ScYLV structures.
The G12–C28 base pair is in blue with C8+ in red. C27 of wild-type ScYLV and A27 of C27A
ScYLV RNAs are shaded green. C8+ O2 and C27 H41 atoms of wild-type ScYLV RNA and the
A27 H61 atom of the C27A ScYLV are shaded white in both panels; the O49 atom of C15 is also
shown (shaded light red).
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(Michiels et al. 2001; Wang et al. 2002). Finally, our
comparative studies of ScYLV and BWYV pseudoknots
show that a 39 L2 adenosine is in fact inhibitory, relative to
cytidine, in the luteoviral RNA structural context (Cornish
et al. 2005), a result contrary to simple predictions from
previous work (Liphardt et al. 1999; Su et al. 1999). These
disparate findings, taken together, indicate that the impact
of specific interactions at the helical junction are strongly
context dependent, and structural/functional rules that
emerge from investigation of a specific frameshift signal
may not be generally applicable to systems. Indeed, there
may be multiple mechanistic paths the ribosome can take
to achieve high levels of �1 frameshifting since antisense
oligonucleotides capable of base pairing to a site just
downstream of the slip site have recently been shown to
induce significant levels of frameshifting in vitro (Howard
et al. 2004).

What then drives �1 frameshift stimulation by H-type
RNA pseudoknots? Given the fact that the lowest energy
global structures of the wild-type and C27A ScYLV RNAs
are virtually identical, we consider the possibility remote
that global structure and/or interhelical bend angle are
primary determinants for frameshift stimulation, as has
been argued previously for the MMTV gag-pro system
(Chen et al. 1996). More recent structural studies of the
HIV-1 gag-pol frameshift signal reveal an extended hairpin
containing two helical elements separated by a three-purine
bulge that creates a 60° interhelical bend angle (Gaudin
et al. 2005; Staple and Butcher 2005). While the possibility
was raised that the magnitude of the interhelical bend angle
might somehow influence levels of frameshift stimulation,
perhaps by functioning as a ‘‘positioning element’’ for the
elongating ribosome (Staple and Butcher 2005), the mech-
anistic importance of the lower stem in the HIV-1 signal is
likely distinct from the upper stem S1 of H-type pseudo-
knots since it sequesters the linker between the 39 edge of
the slip site and the upper stem–loop element. Distinct

electrostatics may also potentially play
a functional role in wild-type versus
C27A RNAs, given the small differences
in backbone geometry that are apparent
in the average structures of these RNAs
(Fig. 7); this possibility requires further
refinement of the backbone dihedral
angles in these RNAs.

Rather than global RNA structure,
then, it seems more likely that the
helical junction region in pseudoknots
functions as a kinetic barrier to the
unwinding mediated by the mechanical
force of the elongating ribosome while
the decoding center is positioned over
the slip site. The relative impact of the
helical junction region in maintaining
significant frameshifting efficiency is

expected to be more pronounced in those frameshifting
pseudoknots that have very short S2 stems, like the
luteoviral mRNAs studies here. Small perturbations in
helical junction architecture would, in turn, effect signif-
icant perturbations in the kinetics or thermodynamics of
unfolding relevant to translocation. Although the struc-
tural origin of the reduced thermodynamic stability of the
C27A versus wild-type ScYLV RNAs (Cornish et al. 2005)
is difficult to directly assess, distinct base stacking and/or
hydrogen bonding interactions at the helical junction are
likely to be involved. Inspection of the triple base-pair
stack that crosses the helical junction (Fig. 6) reveals that
the base stacking appears slightly poorer for the C27A
versus wild-type ScYLV RNAs (Cornish and Giedroc
2006). Another possibility is that the proposed C27 N4-
H4dddC15 O49 hydrogen bond in the wild-type RNA (Fig.
5E) may make a more favorable contribution to the local
stability of the helical junction than the corresponding
A27 N6-H6dddC8+ O2 hydrogen bond in the ScYLV C27A
RNA (Fig. 5F). Note that the analogous substitution in the

FIGURE 6. Helical junction regions viewed down the helix axis of the (A) BWYV, (B) wild-
type ScYLV, and (C) C27A ScYLV RNAs. The coloration is the same as in Figure 5, with the
G7–C14 base pair in yellow, the G12–C28 (G12–C26 in BWYV) base pair in blue, C8+ in red,
and A25, C27, and A27 of BWYV, wild-type ScYLV, and C27A ScYLV, respectively, shaded
green.

FIGURE 7. Stick-and-ribbon representations of the (A) BWYV,
wild-type (B) ScYLV, and (C) C27A ScYLV structures. S1 is in yellow,
S2 is in blue, L1 is in red, L2 is shaded green, and the extrahelical
nucleotide A13 is colored violet. These figures were made using nuccyl
1.5.2 and the program PyMOL (DeLano 2002).
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BWYV RNA (A25C) also increases frameshifting levels by
threefold (Cornish et al. 2005). It seems likely that these
distinct hydrogen bonding interactions are largely re-
sponsible for the global differences in stability between
the wild-type and C27A ScYLV RNAs (Cornish et al.
2005). An elucidation of the distinct pairwise coupling
free energies between hydrogen bonds that straddle the
helical junction (C27A �C14 versus A27 �C14 with
C8+ �C12) in the wild-type versus C27A ScYLV pseudo-
knots is consistent with this idea (Cornish and Giedroc
2006).

Our structural and dynamic data argue in favor of
a mechanical model of luteoviral mRNA pseudoknot-
stimulated �1 frameshifting recently proposed on the basis
of a structural model of a ribosome-frameshifting mRNA
complex thought to be an intermediate derived from cryo-
EM reconstructions (Namy et al. 2006). In this model,
upon encountering the pseudoknot, the small subunit stalls

during translocation with eIF2 bound,
inducing tension in the mRNA that
bends the P-site tRNA in the 39 di-
rection. This tension disrupts the co-
don–anticodon interaction, allowing
the P-site tRNA to relax and repair in
the new �1 frame. If two mRNA
pseudoknots, e.g., wild-type and C27A
ScYLV RNAs, possess distinct abilities
to resist these mechanical forces, they
will have vastly different functional
activities, in the absence of pronounced
structural differences in the ground
state. Mechanical force-induced un-
winding experiments with luteoviral
RNAs studied here promise to provide
additional mechanistic insight into this
complex process.

MATERIALS AND METHODS

RNA preparation

The C27A (Fig. 1A) and DC25 ScYLV RNAs
were prepared by run-off transcription using
SP6 RNA polymerase and purified as de-
scribed previously (Cornish et al. 2005). The
final NMR buffer was 10 mM potassium
phosphate, 100 mM KCl, and 5 mM MgCl2
(pH 6.0). The RNA concentration was 2.7
mM and 1.2 mM for the C27A and DC25
RNAs, respectively. For residual dipolar
coupling experiments, z15 mg/mL Pf1
phage (ASLA Biotech Ltd.) was added, pro-
ducing a 2H2O splitting of 15.4 Hz.

NMR spectroscopy

All NMR experiments were performed on a Varian Inova 500 MHz
spectrometer at the Biomolecular NMR Laboratory, Texas A&M
University. Homonuclear 1H-1H experiments included short (tmix =
60 msec) and long (tmix = 280 msec) mixing time D2O-NOESY
spectra and 60-, 200-, 280-, and 320-msec NOESY spectra acquired in
10% D2O/90% H2O. A TOCSY spectrum acquired in 100% D2O was
used to obtain ribose and pyrimidine H5/H6 resonance assignments,
facilitated by a natural abundance 1H-13C HSQC spectrum. Imino
proton resonance assignments were made on the basis of an analysis
of imino/amino proton connectivities observed in a long-mixing-
time (tm = 320 msec) NOESY spectrum. NMR data were processed
using nmrPipe and analyzed using Sparky (Goddard and Kneller
2002; Delaglio et al. 1995). For measurement of 1DCH residual dipolar
couplings, a sensitivity- and gradient-enhanced TROSY experiment
was run (Weigelt 1998). For each subspectrum, 192 scans were
recorded with 1024 and 128 complex points in t2 and t1, respectively.
The total acquisition time for each experiment was z24 h.

FIGURE 8. Imino/amino proton solvent exchange rates (kex) for the wild-type, C27A and
DC25 ScYLV RNA pseudoknots. (A) Schematic representation of the ScYLV pseudoknot
highlighting the positions of Hoogsteen (C8+) and Watson–Crick base-paired imino protons
in stem S1 (yellow) and stem S2 (purple). (B) Graphical representation of kex for the wild-type
(dark gray bars) versus C27A (light gray bars) RNAs (upper panel), and wild-type (dark gray
bars) versus DC25 (light gray bars) RNAs (lower panel). The upfield C8+ amino proton (C8+

H41) is represented by the left pairs of bars, with data for the downfield proton (C8+ H42) on
the far right. (*) kex could not be unambiguously measured for the C8+/G30 (C27A RNA) and
U18/U5 protons (DC25 RNA) imino protons due to resonance overlap. (C) Structure of the
C27A ScYLV RNA highlighting the positions of the G7 H1, G12 H1, and C8+ H41 protons
relative to A27 (in stick). Conditions: 10 mM potassium phosphate, 100 mM KCl, and 5 mM
MgCl2 (pH 6.0), 10°C.
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NMR restraints

A total of 242 NOE-derived distance restraints were obtained from
the NOESY experiments as follows. NOEs from the 60-msec D2O
and 10% D2O/90% H2O NOESY were categorized as strong
(2.5 6 0.5 Å), medium (3.3 6 0.7 Å), weak (4.0 6 1.0 Å), and
very weak (5.0 6 1.0 Å) distance restraints essentially as described
(Cornish et al. 2005; Theimer et al. 2005), with weaker NOEs from
longer mixing time NOESY experiments (tm200, 280, or 320
msec) catagorized as very weak restraints (5.0 6 1.0 Å).
Incorporation of looser bounds on the weaker NOEs (5.0 6 2.0
Å) revealed that RMSD values obtained for the overall structure
(2.52 6 0.60 Å, n = 16) as well as S1, S2, and L1 nucleotides fell
well within the range of values given in Table 1 (data not shown).
Seventy-six NOE-type and base planarity restraints were also used
to constrain the Watson–Crick base pairs and the trans Watson–
Crick/Hoogsteen base pair formed by C8+ �G12. The N1 to
29-OH distances for the cisWatson–Crick/sugar-edge pairs involv-
ing A21, A22, A24, and A27 were constrained with a square well
potential of 2.8 6 0.3 Å (Cornish et al. 2005). Although omitting
these restraints does not significantly alter the structure as found
previously for the wild-type RNA (Cornish et al. 2005), they were
primarily used to facilitate the convergence of the calculated
structure bundle (see below) since the total number of NOE
restraints was low. Loose sugar and backbone dihedral angle
restraints (660°) were used for S1 and S2, analogous to that used
to determine the wild-type RNA structure (Cornish et al. 2005).
Sixty-three 1DCH base and ribose residual dipolar couplings were
used as restraints during refinement.

Structure calculations

Solution structure calculations were performed in two stages using
XPLOR-NIH 2.10. In the first stage, 100 structures were generated
from random coordinates using simulated annealing as previously
described (Nixon et al. 2002b). All restraints excluding the residual
dipolar couplings were used in this step. In the second stage of
refinement, 20 lowest energy structures were chosen from the pool
of 100 structures and refined against the experimental residual
dipolar coupling restraints. Eighteen picoseconds of molecular dy-
namics were performed while cooling the system from 1000 K to
100 K and incrementally increasing the force constant for the resi-
dual dipolar couplings from 0.005 to 1 kcal �mol�1 �Hz�2 while
holding the force constant for the dihedral angle and NOE restraints
constant at 100 kcal �mol�1 � deg�2 and 200 kcal �mol-1 � Å�2,
respectively. One thousand steps of conjugate gradient restrained
energy minimization followed this molecular dynamics run. A
grid search estimated Da = 12.55 Hz and R = 0.54. The 20 lowest
energy structures and an average structure have been deposited in
the PDB as 2AP0 and 2AP5, respectively.

In a separate series of structure calculations, the 20 lowest
energy structures from the wild-type ScYLV pseudoknot bundle
(1YG3) were used as a starting point for refinement, with C27 first
replaced with an adenosine in each structure using Insight II
(Accelrys Inc.). Forty picoseconds of molecular dynamics were
performed with the temperature decreasing from 1000 K to 100 K
and the force constant for the dihedral angle and NOE restraints
held constant at 10 kcal �mol�1 � deg�2 and 200 kcal �mol-1 � Å�2,
respectively. Following 200 steps of conjugate gradient restrained
energy minimization, the subsequent RDC-based stage of

refinement was identical to that described above. Structures
generated in this way gave similar statistics, and a pairwise
comparison of the two average minimized structures revealed
that they were indistinguishable (1.15 Å global RMSD, excluding
extra helical nucleotides G9, A13, and C25; data not shown).
A pairwise global RMSD between the average wild-type (PDB

accession code 1YG4) and C27A (2AP5) RNAs (excluding nucleo-
tides G9, A13, C25, and C27/A27) is 1.98 Å, well within the range of
pairwise RMSDs obtained for individual structure bundles (1YG3
and 2AP0, respectively). Thus, these data suggest that global
structures are statistically indistinguishable at this level of refinement.

Saturation transfer solvent exchange experiments

The rates of exchange of imino protons with solvent protons were
measured with RNA samples (0.8–1.5 mM) dissolved in 90%
H2O/10% D2O on a 500-MHz Varian INOVA spectrometer
operating at 10°C using a penta probe. The water proton
resonance was selectively inverted using a Gaussian 180° pulse
(5.3 msec) with exchange delay times ranging from 2 to 2000 msec
(with 30–60 increments per experiment) (Coman and Russu
2004). A weak gradient (0.1 G/cm) was applied during the
exchange delay following water inversion to prevent the effects
of radiation damping, with a second Gaussian pulse (2.8 msec)
applied at the end of the exchange delay to bring the water
magnetization back to the z axis. Exchangeable proton resonances
were detected using a gradient-enhanced spin echo sequence.
There was a 6-sec recycle delay between transients, with 256
transients acquired at each exchange delay increment. The result-
ing spectral array was processed with 1-Hz line broadening and
the resonance intensities quantified using a spectral deconvolution
routine in NUTS (Acorn NMR, Inc.). The observed imino proton
resonance intensities were fitted to the following equation
(Dhavan et al. 1999) using a nonlinear least-squares fitting routine
in Kaleidagraph (Synergy Software):

It=Io ¼ 1þ Ekex[ðexpð�R1i � tÞ � expð�R1w � tÞÞ=ð�R1w � R1iÞ]

where It is the imino proton intensity at exchange delay time t, I0
is the initial intensity with no solvent saturation delay, E is the
efficiency of water inversion (assumed equal to �2 for an
inversion efficiency of 100%) (Dhavan et al. 1999), R1w is the
longitudinal relaxation rate of water protons (measured in
a separate inversion recovery experiment), and R1i is the sum of
the imino proton longitudinal relaxation rate and the imino
proton exchange rate, kex.
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