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Specific structures in mRNA can stimulate programmed ribosomal
frameshifting (PRF). PRF efficiency can vary enormously between
different stimulatory structures, but the features that lead to efficient
PRF stimulation remain uncertain. To address this question, we
studied the structural dynamics of the frameshift signal from West
Nile virus (WNV), which stimulates —1 PRF at very high levels and has
been proposed to form several different structures, including mutu-
ally incompatible pseudoknots and a double hairpin. Using optical
tweezers to apply tension to single mRNA molecules, mimicking the
tension applied by the ribosome during PRF, we found that the WNV
frameshift signal formed an unusually large number of different
metastable structures, including all of those previously proposed.
From force-extension curve measurements, we mapped 2 mutually
exclusive pathways for the folding, each encompassing multiple in-
termediates. We identified the intermediates in each pathway from
length changes and the effects of antisense oligomers blocking for-
mation of specific contacts. Intriguingly, the number of transitions
between the different conformers of the WNV frameshift signal
was maximal in the range of forces applied by the ribosome
during —1 PRF. Furthermore, the occupancy of the pseudoknotted
conformations was far too low for static pseudoknots to account
for the high levels of —1 PRF. These results support the hypothesis
that conformational heterogeneity plays a key role in frameshifting
and suggest that transitions between different conformers under
tension are linked to efficient PRF stimulation.

programmed ribosomal frameshifting | RNA folding | pseudoknots | force
spectroscopy | West Nile virus

Programmed ribosomal frameshifting (PRF) involves a
recoding of the translation of mRNA by ribosomes owing to
a shift in the reading frame, resulting in the production of an al-
ternate polypeptide chain (1-4). PRF is triggered by a stimulatory
structure in the mRNA, most often a pseudoknot formed when
nucleotides within a hairpin loop base pair with complementary
ones outside of the loop (5), in conjunction with a slippery sequence
located 6 to 8 nt upstream, where the shift in reading frame takes
place (2, 3, 6). PRF is particularly notable in viruses (7), many of
which use a programmed shift into the —1 frame (-1 PRF) to
produce 2 different polypeptides in a defined ratio. The expression
ratio of the frameshifted proteins can affect essential aspects of viral
function, such as genome replication and packaging or viral in-
vasiveness (8-13), making it an attractive target for drugs aiming to
attenuate viruses by altering PRF efficiency levels (14, 15).

The level of —1 PRF stimulated by different structures can
vary enormously, from a few percent up to ~70% to 80% (16—
21). However, the features that contribute to efficient stimula-
tion remain under debate (2), in part because the mechanisms
driving frameshifting remain incompletely understood. Given
that tension in the mRNA applied by the ribosome during
translocation (22, 23) is a key feature of several proposed
frameshifting mechanisms (2, 24, 25), it has been suggested that
PRF efficiency is linked to the mechanical properties of the
stimulatory structure (17, 24, 26). This hypothesis has motivated
studies of stimulatory structures under mechanical tension using
single-molecule force spectroscopy (SMES), a powerful tool for
studying conformational dynamics whereby force is applied to
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the ends of a molecule by a probe, such as optical tweezers, and
the molecular extension is monitored as the structure changes in
response to the tension (27). Such measurements applying force
across the stimulatory structure can be used to mimic the tension
applied by the translocating ribosome (22, 23) and characterize
tension-induced dynamics in the stimulatory structure.

SMES studies have uncovered interesting trends in the me-
chanical properties of frameshift stimulatory structures. Work
examining pseudoknots containing mutations abolishing key ter-
tiary contacts has suggested a correlation between PRF efficiency
and the unfolding force for stimulatory pseudoknots (28, 29).
However, a survey of numerous different pseudoknots showed
that the mechanical resistance was uncorrelated to —1 PRF effi-
ciency; instead, —1 PRF efficiency was found to correlate with
conformational plasticity or heterogeneity (16). This correlation
was supported by subsequent work extending SMFS studies of —1
PRF to other pseudoknots (30), different types of stimulatory
structures such as hairpins (31), and the effects of antiframeshifting
ligands (32). Evidence supporting the importance of conformational
plasticity has also been found from single-molecule fluorescence
experiments of ribosomes translocating through pseudoknots (33)
and ensemble structural studies of stimulatory structures using such
methods as selective 2'-hydroxyl acylation analyzed by primer ex-
tension (SHAPE) (21, 34). However, structures stimulating ex-
tremely high levels of frameshifting, which should pose the most
stringent test of any hypotheses relating stimulatory structure
properties and —1 PRF efficiency, have not yet been studied to
probe their mechanical properties or dynamics.

Significance

Programmed ribosomal frameshifting (PRF) is important to
many viruses, but how structures in mRNA stimulate PRF re-
mains uncertain. By studying a frameshift signal stimulating
very high PRF in West Nile virus (WNV), we identify features
that differ from other structures stimulating more modest PRF
levels. Using single-molecule force spectroscopy to mimic the
effects of tension applied to the RNA by the ribosome during
translation, we find that the WNV frameshift signal exhibits
exceptionally heterogeneous conformational dynamics, form-
ing several different pseudoknots and multiple combinations
of hairpins, all connected on 2 mutually exclusive pathways.
This work supports a role for conformational heterogeneity in
PRF, suggesting that dynamic fluctuations rather than static
properties play a key role in stimulating PRF efficiently.
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Fig. 1. Force spectroscopy measurements of the WNV frameshift signal. (A)
Representative unfolding FECs from the same molecule showing multiple
“rips” where the extension increases when different parts of the structure
unfold as the force is ramped up. (Inset) The frameshift signal is held under
tension via duplex handles connected to beads held in optical traps. (B)
Fitting unfolding FECs (black) to WLC models containing different amounts
of unfolded RNA (dashed lines) reveals multiple different conformations of
the frameshift signal. Cartoons show proposed structures for the different
states based on observed length changes and unfolding forces. (C) Repre-
sentative refolding FECs showing heterogeneous behavior as in unfolding
curves. (D) WLC fits (dashed lines) to refolding curves (black) reveal the same
set of states (color-coded as in B) as seen in unfolding curves.

Here we report SMFS measurements of the frameshift signal
from West Nile virus (WNV), a mosquito-borne flavivirus causing
neurologic disease that uses —1 PRF to control the relative expres-
sion levels of structural and nonstructural proteins encoded within a
single open reading frame (9). Whereas most viral frameshift signals
stimulate —1 PRF with an efficiency in the range of 5% to 30% (16,
17), the WNV frameshift signal has been reported to do so at up to
70% efficiency (21), among the highest levels measured to date. The
WNV frameshift signal is also notable because the nature of the
stimulatory structure is unclear. Initial studies of a 75-nt segment of
the WNV mRNA suggested that, based on bioinformatic predic-
tions, the stimulatory structure is a 61-nt pseudoknot (35). However,
subsequent work extending the RNA by ~50 nt and applying
SHAPE analysis suggested that the frameshift signal forms com-
peting tandem stem loop and 109-nt pseudoknot structures (21),
with the tandem stem loops sharing stem 1 in common with the 61-nt
pseudoknot proposed previously but the 109-nt pseudoknot being
mutually exclusive with the other structures.

Using optical tweezers to measure the unfolding and refolding of
individual mRNA molecules held under tension, we aimed not only
to test the link between —1 PRF stimulation efficiency and con-
formational heterogeneity in the case of an extremely efficient
frameshift signal, but also to confirm which, if any, of the structures
proposed for the WNV frameshift signal were formed. We found
that the conformational dynamics of the WNV frameshift signal
were much more complex than those of structures stimulating —1
PREF less efficiently, confirming the hypothesis. Indeed, the WNV
frameshift signal formed all the structures proposed previously, as
well as several others: analysis of the unfolding and refolding tra-
jectories revealed 2 parallel pathways, each containing multiple in-
termediates. Suggestively, the number of transitions between these
states was highest in the range of forces expected to be applied by
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the ribosome during —1 PREF, supporting the notion that dynamic
conformational changes under tension rather than static properties
play a key role in stimulating —1 PRF efficiently.

Results

We studied the 111 nucleotides downstream of the WNV slip-
pery sequence and linker (SI Appendix, Table S1). We first used
a dual-luciferase assay of frameshifting to confirm that this
frameshift signal stimulated very high —1 PRF levels, finding a
stimulation efficiency of 78 + 8% (all errors represent standard
error of the mean, SEM). For SMFS measurements, we next
transcribed a RNA construct containing these 111 nucleotides
flanked on each side by kilobase-long handle sequences, annealing
the transcripts to single-stranded DNA complementary to the
handle regions and attached to beads held in optical traps (Fig. 1 4,
Inset) (16). The tethered RNA was held near zero force for 3 s to
allow time for folding, after which the traps were separated at
constant speed to ramp up the force before bringing them together
to ramp the force back down. These force ramps mimicked the
situation during —1 PRF, where the ribosome makes repeated at-
tempts to resolve the stimulatory structure before finally trans-
locating through it (33, 36), causing rapid, nonequilibrium
fluctuations in tension in the mRNA.

Changes in structure were monitored by plotting the force as a
function of the molecular extension, generating force-extension
curves (FECs). FECs characteristically displayed regions in
which the force rose nonlinearly with extension, reflecting the
stretching of the handles during parts of the unfolding trajectory
where the structure remained constant, separated by “rips” in the
curve where the extension increased abruptly and the force
dropped, indicating the unfolding of some part of the RNA (Fig.
14). Notably, repeated unfolding of the same molecule revealed
different patterns of rips of different length in the FECs (Fig. 1.4
and B, black), indicating the presence of a heterogeneous mix-
ture of conformational states. Similarly heterogeneous behavior
was also seen in refolding curves (Fig. 1 C and D, black).

We characterized the structural transitions occurring in these
FEC:s by fitting the curves to worm-like chain (WLC) polymer-
elasticity models (37) before and after each rip (Fig. 1 B and D,
dashed lines). Using one WLC for the duplex handles in series
with a second WLC for the variable amount of unfolded RNA
present in each conformation, we determined the contour length
of unfolded RNA, L.V, before and after each transition. We
identified at least 6 conformational states with different
L.V values (Table 1), indicating a minimum of 6 different
structures in the frameshift signal. Some of these states (Fig. 1B,
orange and dark blue) unfolded with the broad distribution of
generally high forces characteristic of tertiary structures such as
pseudoknots (16, 38), whereas the others unfolded with a nar-
rower distribution of forces in the range of 10 to 20 pN, more
characteristic of simple duplexes (39, 40), suggesting the pres-
ence of 2 distinct kinds of pseudoknots as well as various helix
and/or hairpin structures. The same set of L " values from the WLC

Table 1. Unfolding lengths and forces of observed and
predicted structures
Observed Proposed Expected Observed
LY, nm state LY, nm Fu. PN
0 DHP 0 10.8 +0.3
9+ 1 DHP- 10.0 120+ 0.3
PKp 9.8 11.4+0.2
12.1 £ 0.8 PKp— 12.4 21 +1
204 + 0.6 PKa+HP 20.5 13.0+ 04
31+1 PKa 31.5 24 + 1
40 + 1 S1a 40.9 16.7 £ 0.2
60.7 + 0.4 U 61.3

Errors represent SEM.

PNAS | September 24,2019 | vol. 116 | no.39 | 19501

>
e
<
=
=
]
=
=
(=]
o
w
[T}
0

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY



https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1905258116/-/DCSupplemental

A QDHP _ DHP- PK,+HP st Pk PK-
PKA ,l%
B o 10 Cso e
30 DHP g PKHP 40- PK,+HP
2 290 |
320 i § 201
S1o 2 10 ]
0 ~ 0 11 0 0-
120 60 40
280 DHP- 40 PK, 2 40 DHP- PK,
3 5 20
3 320
340 20 38
0 0 0 0
40 20+ 60
230 PK, 60 s1, P PK, 20 S1,
S20 40 5101
38 10 20 o 20
0 0 0- —r— 0
30 0 20 40 60 30 0 5101520
Force (pN) PK - Force (pN)
220 PKD_ 2920 D
c c
3 3 I
010 310
0 0
20 40 60 0 5101520
Force (pN) Force (pN)
Fig. 2. Different structures formed by the WNV frameshift signal in FECs.

(A) Secondary structure models for the different conformations matching
the states observed in the FECs (see also S/ Appendix, Fig. S1). (B) Unfolding
force distributions for the different states. The unfolding forces for DHP,
DHP—, S1,4, PKp, and PKx+HP were in the range of ~5 to 20 pN, characteristic
of secondary structures. (For PKp, and PKa+HP, a duplex/hairpin unfolded
rather than the more stable pseudoknot.) Most unfolding forces for PK, and
PKp— were in the range of 20 to 60 pN, characteristic of fully formed
pseudoknots, although some transitions occurred at lower force, suggesting
incomplete tertiary contact formation. (C) Refolding force distributions
for each state. Refolding forces were only slightly smaller than unfolding
forces for DHP, DHP—, S14, PKp, and PKa+HP but were considerably smaller
for PKa and PKp—.

fits were seen for refolding as for unfolding (SI Appendix, Table S2),
indicating that the same set of intermediate structures was sampled.

To identify the structures corresponding to each state in the
FECs, we matched the observed L.V values to the expectations
for the pseudoknot structures proposed in the literature as well
as to the stem-loop structures predicted by mfold (41). Seven
structures were found to match the observed L.V values within
experimental error (Fig. 24 and SI Appendix, Fig. S1): the
pseudoknot proposed by Firth and Atkins (35), denoted by PKa,
which unfolded over a broad range of forces (Fig. 2B, orange); a
pseudoknot similar to that proposed by Moomau et al. (21),
denoted by PKp, which unfolded partially at low force (Fig. 2B,
green); a partially folded version of PKp, denoted by PKp—,
which unfolded over a broad range of forces (Fig. 2B, blue); fully
and partially folded versions of the double-hairpin also proposed
by Moomau et al. (21), denoted by DHP and DHP—, unfolding
over a narrow range of low forces (Fig. 2B, cyan and purple,
respectively); a combination of PK4 and a short hairpin, denoted
by PKa+HP, unfolding partially over a narrow range of low
forces (Fig. 2B, red); and an extended version of stem 1 from
PKa, denoted by S14, similar to one of the hairpins in DHP,
which unfolded over a narrow range of low forces (Fig. 2B, gray).
The correspondence of each structure to the observed lengths
and unfolding forces is shown in Table 1.

These unfolding forces matched the expectation that tertiary
structure unfolding generally involves broader force distributions
and higher forces than secondary structure unfolding (16, 39). The
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sole exception was PKp, whose unusually low unfolding force
reflected the low-stability contacts at the 3’ end of stem 2, as
revealed in SHAPE data (21). The forces observed in refolding
were generally lower than the unfolding forces for the corre-
sponding structures (Fig. 2C), with small differences for states
where only secondary structure was broken/formed during unfold-
ing/refolding (DHP, DHP—, S1,, PKp, PKA+HP) but larger dif-
ferences in the cases of PKp— and PK,, which involved breaking/
forming tertiary structures. Thus, transitions involving secondary
structures alone were not far from equilibrium, leading to the ob-
servation of occasional quasi-equilibrium reversible hopping be-
tween states (SI Appendix, Fig. S2), whereas those involving tertiary
interactions were generally farther from equilibrium, as expected
based on previous work (38, 42-44).

To confirm the structural assignments for these states, we
remeasured the FECs in the presence of antisense oligonucleo-
tides (SI Appendix, Table S1) binding to specific regions of the
sequence at which they block RNA base pair formation (Fig. 34,
shaded regions). Considering first the oligo that blocked formation
of stem 2 in both PK4 and PKp, (Fig. 34 and SI Appendix, Fig. S1,
green), denoted by oligo 1, we found that unfolding events had
forces in the range of 10 to 20 pN (Fig. 3B). This result indicates
that only secondary structures were present, confirming that oligo 1

A DHP DHP- PK,+HP oligo 1
oligo 2 PK, PK,-
PK, S1,
V O
o, | 0
B <o, N S1,-4 $1,-2
i f g 8 20
, { >
30 N 84 10
2 iy 0 0
3 204 120 300
2 2go{ M S1:3 200 1,
c
i =1
10 840 100
e 0 0
T T g 0 20 40 60 O _20 40 60
1000 1100 1200 Force (pN) Force (pN)
Extension (nm)
6 PK,— 30 PK,
C 50+ N
N 24 20
; =1
; 32 10
2 70 0 o
8 ' 25 15
e @ 20 PK,+HP S1,
§ 15 10
210
(&] 5 5
- 0 OF—r——r—r—
0- T T T 0 20 40 60 0 20 40 60
100 1100 1200 Force (pN) Force (pN)

Extension (nm)

Fig. 3. FECs with antisense oligos. (A) Structural models showing where
antisense oligos 1 (green) and 2 (orange) bind on each state. (B) With oligo 1
present, FECs showed only the low unfolding forces characteristic of sec-
ondary structures, indicating that the pseudoknots were prevented from
forming, as expected from the structural models in A. Several unfolding
transitions not observed without the oligo were seen, matching predictions
for structures formed under the constraints imposed by the antisense oligo.
(C) With oligo 2 present, high-force unfolding events corresponding to PK
and PKp— were observed, but transitions corresponding to DHP and DHP—
were not, consistent with the structural models in A.
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Fig. 4. Transition map of unfolding and refolding pathways. All pairwise
transitions between states observed in unfolding (blue) and refolding (or-
ange) FECs are shown, with the thickness of each arrow proportional to
the probability of observing the associated transition. The same 2 distinct
pathways are seen for both unfolding and refolding.

blocked pseudoknot formation. Indeed, not only were PK{?, PKp,
and PKp— prevented from forming, but, based on the L.~ values
from WLC fits (Fig. 34, dashed lines) to the different states ob-
served in these FECs (SI Appendix, Table S3), so were all the other
states in Fig. 24 with the exception of S1. In their stead, various
combinations of S1, with nonnative helices that are energetically
disfavored in the absence of antisense oligomer binding (SI Ap-
pendix, Fig. S3) were observed, matching predictions from structure-
prediction tools (41, 45, 46).

A second antisense oligonucleotide (oligo 2) was used to block
base-pairing at the 3’ end of the frameshift signal (Fig. 34 and SI
Appendix, Fig. S1, orange), disrupting DHP, DHP—, and PKp
while permitting the formation of PK,, PKA+HP, PKp—, and
S1a. High-force unfolding events were indeed seen with oligo 2
present, corresponding to unfolding of PK, and PKp— (Fig. 3B,
orange and dark blue, respectively), as were lower-force events
corresponding mainly to unfolding of PKo+HP and S1, (Fig. 3B,
red and gray, respectively). The contour lengths for unfolding
these states matched the values observed without oligos and
those expected from the structural models of each state (SI
Appendix, Table S3) in all cases but one: PKp—, which was
slightly shorter (~1.5 nm) than without oligo 2. This difference is
attributed to the fact that oligo 2 can invade stem 2 of PKp— by 2
nt, shortening the expected length change on unfolding by 1.3
nm. States with the L." and unfolding force values expected for
DHP, DHP-, and PKp were not observed in the presence of
oligo 2, as expected; PKp— was present, but its occupancy was
reduced by roughly 2-fold.

Finally, we examined the sequence in which the states formed,
cataloging all pairwise transitions between states during unfold-
ing and refolding curves to reveal all possible pathways through
them (47). The resulting transition maps for unfolding (Fig. 4,
blue) and refolding (Fig. 4, orange) show 2 distinct pathways for
both unfolding and refolding the WNV frameshift signal. Most
unfolding and refolding FECs (80 + 2% of each) involved
transitions along a pathway involving S1,, PK,, and DHP (Fig.
4, Top), whereas a minority (20 + 2%) were on a second pathway
involving PKp and PKp— (Fig. 4, Bottom). The observed tran-
sitions on the 2 pathways were consistent with the properties of
the structures identified for each state: on the most common
pathway, DHP, DHP—, PK4, and S1, all share a similar stem
structure (S1,) and thus can be interconverted readily, whereas
the pseudoknots on the minority pathway have a stem structure
inconsistent with DHP or PK 4 and thus cannot interconvert with
the latter structures. Note that even though PKp and DHP- had
similar unfolding forces and contour lengths, PKp unfolded only
via PKp—, which could be readily identified by its distinctive
L Y value and unfolding force (Table 1).
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To complement the transition maps, we also analyzed how the
occupancy of each state changed as a function of force during
unfolding (Fig. 54) and refolding (Fig. 5B). All the different
structures that could be formed by the WNV frameshift signal
were occupied at low force, with the exception of S14: roughly
16% of unfolding curves started in DHP, 50% started in DHP—,
9% started in PK+HP, 4% started in PK 4, 13% started in PKp,
and 8% started in PKp—. The occupancies were similar when
examining only the first pulls for each molecule (SI Appendix,
Table S4), where the RNA had folded before it was tethered to
the beads, suggesting that the distribution of states was not sig-
nificantly affected by waiting only 3 s between successive pulls,
and, moreover, that refolding under tension when tethered to
beads was not significantly different from folding in the absence
of force before tethering. However, the occupancies of PK4 and
PKA+HP were considerably higher at the end of refolding FECs
than at the start of unfolding FECs, and the occupancy of DHP—
was correspondingly lower (SI Appendix, Table S4), indicating
that a significant reconfiguration of PK, into the double-hairpin
structures occurred between pulls. The low occupancy of DHP
compared with DHP— could reflect the presence of transitions
into DHP occurring at forces sufficiently low so as to preclude
their ready identification; attempts to detect such transitions
using an analysis sensitive to low-force transitions (48) were
unsuccessful.

Discussion

Comparing the behavior of the WNV stimulatory structure with
that of structures stimulating —1 PRF at more moderate levels,
the most obvious difference is the extreme conformational
plasticity of the WNV frameshift signal. Previous SMFS studies
of stimulatory structures inducing —1 PRF with efficiencies in the
range of 15% to 20%, like those from the severe acute re-
spiratory syndrome coronavirus, sugar cane yellow leaf virus, and
mouse mammary tumor virus (19, 20, 49), found that in each case,
only 2 structures formed: the native pseudoknot and an alternate
structure (16). In contrast, the WNV frameshift signal formed 3
different pseudoknot structures based on 2 mutually incompatible
configurations, as well as several different stem-loop structures.
Consequently, the folding of this RNA is remarkably complex, in-
volving 2 largely disjunct pathways, each with multiple intermediate
states. In fact, the SMFS measurements likely understate the full
complexity of the pathways: H-type pseudoknots such as PK 4, PKp,
and PKp— are known to have at least 2 parallel pathways involving
stem 1 or stem 2 as intermediates, with the flux between the
pathways determined by the relative stability of the 2 stems (50).
However, the unfolding force of pseudoknots is often sufficiently
high so as to make hairpin intermediates very short-lived and thus
not always observed, as here; only the stem 1 intermediate (S1,) of
PKA was seen, and none of the hairpin intermediates for PKp or
PKp— were observed.
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3 60+
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S 40+
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Fig. 5. Force-dependent conformational heterogeneity. The occupancy of
the different conformations as a function of the force applied during
unfolding (A) and refolding (B) highlights the extreme conformational het-
erogeneity of the WNV frameshift sequence. Differences between unfolding
and refolding reflect the nonequilibrium nature of the transitions.
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The pathways defined in Fig. 4 have some interesting prop-
erties. From the transition maps, although the refolding path-
ways are completely disjunct, the unfolding pathways appear to
be connected through S1,: PKp— never transitioned to PK4, but
it did sometimes appear to change directly into S14. In principle,
such a change should not be seen, because S14 is incompatible
with both stems in PKp—. However, in every case, these transi-
tions occurred in the same force range at which S1, refolds (~10
to 14 pN) (Fig. 2C, gray), so that S1, would be expected to form
quite rapidly after unfolding of PKp—, resulting in an apparent
transition between PKp— and S14. A more intriguing observa-
tion is that in the pathway starting at DHP, PK, was able to form
after the double-hairpin conformations unfolded, requiring the
formation of new tertiary contacts during unfolding. This behavior is
contrary to the standard hierarchy of events seen during unfolding,
where typically tertiary structures unfold before secondary struc-
tures (38, 42-44), as seen in the pathway involving PKp. However,
such a conversion of a double hairpin to a pseudoknot has been
reported previously in SMFS measurements of the psO operator
from Escherichia coli (51); here it is enabled by the similarity be-
tween the refolding force for PK, (Fig. 2C, orange) and the
unfolding forces for DHP and DHP- (Fig. 2B, cyan and purple).
The existence of direct transitions from the double hairpin to PKa
suggests that unfolding of the 3’ hairpin in DHP- is likely co-
ordinated cooperatively with stem 2 formation in PK4.

Turning to the various states observed by SMES, the length
changes and sequential transitions identified from the FECs help
refine and expand on the results from previous studies of the WNV
frameshift signal. The apparently incompatible structures proposed
on the basis of bioinformatic predictions (35) and SHAPE analysis
(21) were in fact all present, with their incompatibility resolved by
their existence on separate, mutually exclusive pathways. The
structure of the pseudoknot proposed by Moomau et al. (21) was
refined based on the observed length changes, revealing 2 variants:
one with a long stem 2 and the other with a truncated stem 2 (Fig.
24 and SI Appendix, Fig. S1). An additional variant of the double
hairpin proposed by Moomau et al. (21) (DHP) was also observed,
with one stem, DHP—, partially unfolded. Moreover, the unfolding
force distributions for PK, and PKp— (Fig. 2B, orange and blue)
suggested the presence of 2 populations: one without properly
formed tertiary contacts that unfolded in the ~10 to 15 pN range
characteristic of secondary structures and the other with a broader
unfolding force distribution in the 20 to 50 pN range characteristic
of pseudoknots with a fully formed tertiary structure. Importantly,
all these structures were sufficiently stable (or metastable) so as to
persist during the 3-s waiting period between successive FECs, such
that significant fractions of the unfolding FECs started out in them.

The occupancies of the diverse conformational states formed by
the WNV frameshift signal were not static, however: a considerable
number of transitions between structures were observed under
tension, including both quasi-equilibrium fluctuations between
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conformations and nonequilibrium switches from one structure to
another. Looking at the probability of undergoing some form of
structural transition in the FECs as a function of force (Fig. 6), we
found that it was highly peaked in the range of 7 to 13 pN. In-
triguingly and suggestively, this maximum is in the range of forces
just below the force at which ribosomes have been observed to stall
during translation, 13 + 2 pN (52). Given that the ribosome ramps
the force on the stimulatory structure up and down in multiple
attempts to unfold it during —1 PRF (33, 36), at loading rates
estimated to be even higher than those used in the SMFS mea-
surements (SI Appendix), the stimulatory structure would be
expected to pass through the force range most likely to induce
conformational transitions multiple times, analogous to the
conditions present in the SMFS measurements.

The results presented here suggest that it is primarily the dynamic
properties of stimulatory structures, rather than their static prop-
erties, that are important for inducing —1 PRF. Pseudoknots are
considered the canonical stimulatory structure and are often as-
sumed to be the active element inducing —1 PRF (6, 21, 53, 54).
Such an assumption seems unlikely to apply here, however: the
prevalence of the pseudoknot structures PK4, PKp, and PKp—,
which combined were present only 34 + 2% of the time at zero
force, is insufficient to account for the —1 PRF efficiency of ~80%
observed for this frameshift signal, even if each of the pseudoknot
structures stimulated —1 PRF with 100% efficiency. Thus, some
other factor(s) presumably must be involved. Indeed, the diversity
of structures formed by the WNV frameshift signal at zero force
raises the question of whether it is meaningful to speak of a single
“native” structure stimulating frameshifting. We note that these
considerations reflect the value of studying a frameshift signal with
very high efficiency: it helps clarify the factors that must be im-
portant for stimulating —1 PRF.

The fact that the WNV frameshift signal—one of the highest-
efficiency —1 PRF stimulators studied to date—exhibits the most
complex, heterogeneous dynamics yet observed in any frameshift
signal, along with the observation that the probability of structural
transitions is most pronounced in the force range that the RNA is
expected to experience during —1 PRF, suggest that the key factor
for stimulating —1 PRF at high levels is most likely the propensity
of the frameshift signal to undergo conformational changes when
under tension from ribosomal attempts to translocate through it.
We speculate that mechanistically, such conformational changes
(whether near-equilibrium fluctuations or out-of-equilibrium
switches) could trigger frameshifting by communicating abrupt ten-
sion fluctuations to the tRNA-mRNA complex, possibly in concert
with other regulatory mechanisms yet to be fully elucidated. Such a
picture is consistent with previous work connecting —1 PRF to
pseudoknot conformational flexibility or dynamics (16, 18, 21, 30)
and the ability to inhibit late-stage translocation during ribosome-
induced unfolding of the first few base pairs (33). Notably, this
perspective embeds the dynamic mechanical unfolding of the
frameshift signal at the crux of the mechanisms that control —1
PREF efficiency. Future work extending single-molecule and kinetic
assays of frameshifting (36, 55-57) to measure simultaneously the
dynamics of both the ribosomal complex and the frameshift
stimulatory structure in the act of frameshifting may help clarify
the role of mRNA conformation dynamics in —1 PRF through
more direct observation.

Methods

SMFS Measurements and Analysis. Samples were prepared, measured, and
analyzed as reported previously (16) and described in detail in S/ Appendix.

Dual-Luciferase Frameshift Assay. RNA transcripts were made containing the
Renilla luciferase gene in the 0 frame upstream of the firefly luciferase in the —1
frame and separated by the WNV slippery sequence, linker, and stimulatory
structure. Frameshifting efficiency was then measured from the luciferase lu-
minescence ratio as described previously (58) and compared with values for
negative and positive controls. Details are provided in S/ Appendix.
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