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The pseudoknot is an important RNA structural element that provides an
excellent model system for studying the contributions of tertiary interac-
tions to RNA stability and to folding kinetics. RNA pseudoknots are also of
interest because of their key role in the control of ribosomal frameshifting by
viral RNAs. Their mechanical properties are directly relevant to their
unfolding by ribosomes during translation. We have used optical tweezers
to study the kinetics and thermodynamics of mechanical unfolding and
refolding of single RNA molecules. Here we describe the unfolding of the
frameshifting pseudoknot from infectious bronchitis virus (IBV), three
constituent hairpins, and three mutants of the IBV pseudoknot. All four
pseudoknots cause —1 programmed ribosomal frameshifting. We have
measured the free energies and rates of mechanical unfolding and refolding
of the four frameshifting pseudoknots. Our results show that the IBV
pseudoknot requires a higher force than its corresponding hairpins to
unfold. Furthermore, its rate of unfolding changes little with 1ncreasmg
force, in contrast with the rate of hairpin unfolding. The presence of Mg
significantly increases the kinetic barriers to unfolding the IBV pseudoknot,
but has only a minor effect on the hairpin unfolding. The greater mechanical
stability of pseudoknots compared to hairpins, and their kinetic insensiti-
vity to force supports the hypothesis that —1 frameshifting depends on the
difficulty of unfolding the mRNA.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

The pseudoknot is a simple tertiary structure motif

kinds of RNA molecules including messenger RNA,?
ribosomal RNA,’ transfer—messenger RNA,* cataly-
tic self-splicing RNA”® and viral genomic RNA.”
While RNA pseudoknots often serve as structural

found in a wide range of RNA molecules; because of
their structure, pseudoknots can give insight into
how tertiary and secondary RNA structures con-
tribute to the stability and kinetics of folding. Among
the many different types of pseudoknots classified
by their topology, the most common is the H-type
pseudoknot.” The H-type pseudoknot consists of a
hairpin stem (stem 1) with a second stem formed by
the downstream region that base-pairs with the loop
of stem 1. H-type pseudoknots are found in many

Abbreviations used: IBV, infectious bronchitis virus; —1
PRF, —1 programmed ribosomal frameshifting; WLC,
worm-like-chain.

elements helping to stabilize complex three-dimen-
sional structures, they also perform an active role as
essential elements in the regulation of several
biological processes. Deletion of key pseudoknots
can disrupt activity in telomerase®” and catalytic
ribozymes.'""® Pseudoknots also play a role in
initiation of internal ribosome entry translahon 1415
binding of ribosomal proteins to RNA,'*'® and
controlling the translational frame during protein
synthesis. 1924

We focus on frameshifting mRNA pseudoknots
that are involved in translational control of viral
proteins via —1 programmed ribosomal frameshift-
ing (—1 PRF). Here, we characterize the mechanical
unfolding and refolding of the pseudoknot that

0022-2836/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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stimulates —1 PRF in the infectious bronchitis virus
(IBV), three mutant pseudoknots that also stimulate
—1 PREF, and three related hairpin molecules with the
same stems but lacking the tertiary base-pairing of
their related pseudoknots. Our goal is to evaluate
the nature of tertiary interactions in RNA and to
gain insight into the mechanism of frameshifting by
these pseudoknots.

Currently, it is possible to predict secondary struc-
ture from a nucleic acid sequence based on ex-
perimentally derived thermodynamic values.”?
However, the goal of predicting tertiary structure
from an RNA sequence has yet to be achieved. To
meet this goal, a better understanding of the
contributions of tertiary interactions to RNA stabi-
lity and folding kinetics is crucial. Comparison of
the folding and unfolding characteristics of an RNA
pseudoknot and its corresponding hairpins pro-
vides a simple system for quantifying the contribu-
tions of tertiary interactions. As many in vivo RNA
unfolding events are accomphshed by molecular
motors that exert force on the RNA,” the effects of
tertiary structure on the mechanical characteristics
of RNA unfolding may have a direct relevance to the
biological functions of RNA. Extensive studies on
the folding characteristics of pseudoknots and other
RNA structures using thermal or chemical dena-
turation methods have provided much useful infor-
mation.”**** However, mechanical unfolding
differs significantly from these methods. Thermal
and chemical denaturation act upon an RNA
globally, thus, unfolding can begin with any of the
base-pairs. In contrast, mechanical force acts locally
upon the 3’ and 5’ ends of an RN A hairpin; the base-
pairs of a hairpin unfold sequentially along the
stem towards the loop. Furthermore, force applied
to the 3" and 5’ ends of an RNA will be experienced
differently by a secondary structure such as a hair-
pin, than it will be experienced by a tertiary struc-
ture such as a pseudoknot. As illustrated by the
arrows indicating direction of force in Figure 1, a
hairpin will experience a localized tensile force
whereas a pseudoknot will experience a shearing
force across its structure. Mechanical unfolding of
RNA, whether carried out in vivo by molecular
machines or carried out in vitro by optical tweezers,
is influenced by tertiary interactions in a manner
that is not revealed by thermal and chemical
unfolding. Thus, mechanical unfolding and refold-
ing of the tertiary conformations of RNA can
provide insight relevant to in wvivo biological
processes.

Investigations into the properties of frameshifting
pseudoknots can improve our understanding of
their specific role in the frameshifting process.
Minus-1 programmed ribosomal frameshifting is a
recoding mechanism that regulates the relative
expression of proteins encoded by polycistronic
mRNA in overlapping reading frames in viral
mRNA. This process regulates protein levels in
various viruses including IBV, human immunodefi-
ciency virus (HIV) and severe acute respiratory
syndrome (SARS), 19224y and is crucial for viral rep-

lication. Variation in the viral protein ratlo substan—
tially reduces the infectivity of viruses,”> which
makes the —1 PRF process an attractive target for
antiviral therapy.

Despite extensive structural and functional char-
acterization,?*?'**?*% the mechanism by which
pseudoknots regulate —1 PRF remains unknown.
Previous studies have identified three RNA compo-
nents that determine the efficiency of —1 PRF: a
slippery sequence, a linker region and a down-
stream structural element. The downstream struc-
ture is most often a pseudoknot.”' The frameshifting
efficiency shows a wide range of variability among
pseudoknots; alterations in the structure of the
pseudoknot can substantially affect this frameshift-
ing efficiency. Previous studies have established that
the thermodynamic stability is not correlated with
frameshifting efficiency.3”3® Though a recent paper
reporting on the mechanical unfolding of two
mutant pseudoknots presents data that suggest the
magnitude of the average unfolding force may be
correlated with frameshifting efficiency,™ it is clear
that the regulation of ribosomal frameshifting is not
simply a matter of thermodynamics. It has been
proposed that the k1net1cs of unfoldmg may dictate
frameshifting efficiency,” and in particular, the
kinetics of unfolding along a mechanical reaction
coordinate, but these properties have not been
characterized for frameshifting pseudoknots until
now.

As the —1 PRF signal is a part of the mRNA that is
unfolded by the ribosome during translation, the
pseudoknot is exposed to mechanical force during
the frameshifting event. Therefore, the structural
characteristics of a pseudoknot that determine
frameshifting efficiency may be related to its me-
chanical properties. The possibility that —1 PRF is
dependent on the mechanical tension induced by a
folded pseudoknot was a fundarnental component
of the torsional restraint model*® and this hypothesis
was recently further strengthened by cryo-electron
microscopic imaging of eukaryotic ribosomes com-
plexed w1th mRNA containing a frameshifting
pseudoknot.®’ Accordingly, using mechanical force
to unfold and refold individual pseudoknots can
provide useful insight into the role that the
mechanical properties of pseudoknots play in the
frameshifting process. Of course, we recognize that
chemical interactions between the pseudoknot and
the translational apparatus will also play a role.

Mechanical unfolding and refolding of a single
molecule of RNA can be accomplished using opti-
cal tweezers; thermodynamic and kinetic informa-
tion can thus be obtained.**™* Here, we use optlcal
tweezers to mechanically unfold and refold a mini-
mal wild-type construct of the IBV pseudoknot and
three constituent hairpins, in order to compare the
unfolding and refolding characteristics of secondary
and tertiary structure on a single-molecule level. We
also characterized the unfolding and refolding
behavior of three frameshifting mutants of the IBV
pseudoknot that span a range of frameshifting
efficiencies. The differences in mechanical properties
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Figure 1. RNA constructs used for single-molecule optical tweezers experiments. (a) IBV pseudoknot (pIBV) and its
related hairpin constructs. The nucleotides shown in bold italic font were mutated from the pIBV sequence to prevent the
formation of other secondary structures. The AG,, value of stem 1 as calculated using the nearest-neighbor hypothesis is
shown for all molecules. The measured frameshifting efficiency”” is shown for pIBV. The arrows indicate the direction of
applied force. (b) The constructs of mutant IBV pseudoknots. The stem 1 sequence of pIBV was completely replaced by
GeC base-pairs. The AGy value of stem 1 as calculated using the nearest-neighbor hypothesis and the measured frame-

shifting efficiency”” is shown for the mutant pseudoknots.

of the wild-type and mutant pseudoknots, and
between the pseudoknots and hairpins can shed
light on the role of these properties in the frameshift-
ing efficiency of pseudoknots. These studies also
further our understanding of the contributions of
tertiary interactions to RNA folding.

A recent mechanical unfolding experiment on two
pseudoknots, entitled “Correlation between mecha-
nical strength of messenger RNA pseudoknots and
ribosomal frameshifting”,” found that the pseudo-
knot with the higher frameshifting efficiency (14%
versus 6%) unfolded at a higher force. Our studies on
the thermodynamics, kinetics, and mechanical
properties of a wild-type plus three mutant pseu-
doknots show no general correlation exists between

frameshifting efficiency and mechanical strength
(unfolding force).

Results

Experimental design

The sequences and structures of the seven RNA
molecules used in this study: IBV pseudoknot
(pIBV), three of its mutant pseudoknots and three
related hairpins, are shown in Figure 1. Infectious
bronchitis virus was one of the first virus shown to
utilize ribosomal frameshifting.“¢ We chose the IBV
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pseudoknot as our model system because it has been
well-characterized and there is a wealth of data from
the numerous studies which have used it as a model
for understanding ribosomal frameshifting.3”46-50

We designed the hairpins from the constituent
parts of pIBV (Figure 1(a)). Hairpins hpS1 and hpS2
model partially folded conformations of pIBV; they
contain the base-pairs of stem 1 and stem 2,
respectively, with changes in the pIBV sequence to
ensure that the other stem does not form. Compar-
ison between pIBV and the hairpins was used to
determine whether the pIBV construct formed a
partially folded conformation instead of folding into
the native pseudoknot. The hairpin hpS12 consists of
the base-pairs that are present in stem 1 plus stem 2
of pIBV.

The wild-type IBV pseudoknot has been shown to
have a frameshifting eff1c1ency of 46% in a rabbit
reticulocyte frameshifting assay.”” The three mutant
pseudoknots used here, pKA18, pKA13 and pKAY,
were originally designed and described by the
Brierley laboratory and their respective frameshift-
1ng eff1c1enc1es were determined to be 48%, 7% and

2%.%” All four pseudoknots are identical except for
variation in stem 1 (see Figure 1(b)). Stem 1 of the
mutants consists of GeC base-pairs only; the lengths
of stem 1 vary: 11 bp for pIBV and pKA18, 10 bp for
pKA13, and 8 bp for pKA9.

RNA molecules were prepared as constructs for
single molecule pulling experiments by attaching
RNA/DNA hybrid spacers approximately 500 bp
long (referred to as handles) between the RNA
structures and two micro-beads as described*' (see
Methods and Materials and Figure 2). One bead is
held in an optical trap and the other is held on the tip
of a micropipette by suction. Force is exerted on the
molecule by moving the micropipette away from the
optical trap.

Here, we have used two types of mechanical
unfolding and refoldmg experiments, force-ramp
and constant force.”’ Force-ramp experiments allow
one to observe unfolding/refolding by stretching/
relaxing an RNA molecule with a force increasing/

trap bead ptavidin
laser trap _—a ‘
actuator Digoxigenin
bead
actuator

RNA/DNA
Handle B

decreasing at a constant rate. Constant force experi-
ments involve holding the molecule at a given force
and monitoring unfolding and refolding events. In
both types of experiments, the size of the transitions
is measured as a change in the end-to-end molecular
extension.

Force-ramp experlments were done at rates of 2
pN s —20 pN s in a magnesium buffer (20 mM
Tris, 50 mM NaCl, 5 mM MgCl, (pH 7.5)) and in an
EDTA buffer (20 mM Tris, 50 mM NaCl, 5 mM
EDTA (pH 7.5)). Constant force experiments were
performed in a magnesium buffer containing KCl
instead of NaCl (20 mM Tris, 50 mM KCl, 5 mM
MgCl, (pH 7.5)). The difference in the identity of the
monovalent cation was found to have a negligible
effect on the RNA folding reactions. Force-ramp
experiments performed on pIBV and hpS12 in the
KCl magnesium buffer yielded data that were not
statistically different from the data collected in the
NaCl magnesium bulffer.

The IBV pseudoknot in comparison with three
constituent hairpins

The unfolding and refolding processes of pIBV
and the three hairpins were characterized for two
purposes: in order to confirm that the pIBV con-
struct does in fact fold correctly and also to inves-
tigate the differences in the folding characteristics
due to the contributions of tertiary structure.

Pulling one RNA molecule by force: the
force-extension curve of an RNA molecule

In force-ramp experiments, the molecule is
stretched and relaxed by moving the pipette at a
constant rate; examples of these force-extension
curves are shown in Figures 3 and 4. In the low
force regime the shape of the curve is the result of
stretching the RNA-DNA hybrid handles; the curve
aligns well with pulling curves generated using the
worm-like-chain (WLC) model.>? The sharp increase
in extension and decrease in force observed in the

Figure 2. Diagram of a single-
molecule optical tweezers experi-
ment. An RNA construct is held
between two beads. One bead is
trapped in a focused laser trap
and the other bead is held on the
tip of a movable pipette (actuator).
Through the movement of an actua-
tor, the RNA construct can be
stretched or relaxed between the
beads. An RNA construct consists
of RNA flanked with RNA-DNA
hybrid handle regions (Inset). The
handles are designed such that the
3’ end of the one handle is biotiny-
lated (handle A) and the 5’ end of
the other handle is functionalized

with digoxigenin. Through biotin-streptavidin and digoxigenin and anti-digoxigenin antibody interactions, the RNA
construct can be held between a streptavidin-coated bead and an anti-digoxigenin antibody-coated bead.
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Figure 3. Force-extension curves of the IBV pseudoknot (pIBV). One representative force-extension curve at
three different pulling rates is shown (a) in the presence of Mg”>* and (b) in the absence of Mg”*. The unfolding
curves are in magenta, the refolding curves are in dark green. For each curve, the x axis is the molecular end-to-
end distance between two beads (nm) and the y axis is the pulling force that is exerted on each RNA construct
(pN). Each force extension curve was aligned with a theoretically calculated (worm-like-chain) force-extension curve
(two black lines) of the DNA-RNA handles with the corresponding number of its single-stranded nucleotides. The
left side curve is for the DNA-RNA handles with a folded RNA and the right side curve is for the DNA-RNA
handles with an unfolded RNA. Average unfolding forces and refolding forces with standard deviations are listed.
The numbers in parentheses are the number of force-extension curves used to calculate each average unfolding and

refolding force.

unfolding curve is referred to as an “unfolding rip”
and is the result of unfolding the RNA structure in
between the handles. Similarly, the sharp decrease in
extension and increase in force observed in the
refolding curve is referred to as a “refolding zip”
and is the result of the RNA molecule folding into its
secondary/tertiary conformation from its single-
stranded unfolded state. The slope of a rip or zip is
approximately equal to the spring constant of the
optical trap. Hysteresis between the trajectories of
the folding and unfolding curves indicates that
processes are irreversible at these pulling rates.

The force-extension curves of pIBV: the role of
Mg?* in the tertiary interactions of the
pseudoknot

As shown in Figure 1, pIBV consists of an 11 bp
stem 1 and a 6 bp stem 2 with a two-nucleotide loop
1 and an eight-nucleotide loop 2. The force-exten-
sion curves of pIBV at various pulling rates are

shown in Figure 3. To characterize the role of Mg**
in the unfolding and refolding of pIBV, force-ramp
experiments were done in the presence and absence
of Mg2+. As shown in Figure 3(a), in 5 mM MgCl,,
pIBV shows a single unfolding transition with an
average length of 16(+1.5) nm (Table 1). This in-
dicates that in the presence of Mg”*, pIBV unfolds
through rupturing of one compact conformation
rather than the sequential unfolding of two consti-
tuent stems. The curves are reasonably well aligned
with two calculated curves of the WLC model
based on the folded and unfolded pseudoknot con-
formations. The average unfolding force and the
distribution of unfolding forces both show a strong
dependence on the pulling rate. The molecule un-
folds at a high force range at fast pulling rates
(around 31 pN at 10 pN s ') with a wide distribution
of unfolding forces (SD, 3.8 pN), whereas it unfolds
around 26 pN at 3 pN s ! with a narrower dis-
tribution (SD, 2.9 pN). As shown in Figure 3(a), the
pIBV pulling curves show a large hysteresis between
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unfolding and refolding transitions even at the
slowest pulling rate. This phenomenon indicates
that the unfolding and refolding process of this
molecule is slow compared with the pulling rates.
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Figure 4 (legend on next page)
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Table 1. The characteristics of the force-extension curves of the IBV pseudoknot (pIBV) and its related hairpins

5 mM MgCl, 5 mM EDTA
10pNs! 3pNs’ 10pNs! 3pNs
F unfol F refol F unfol F refol A)(u AXr F unfol F refol F unfol F refol AXu AXr
pIBV (68-79) 31.4+3.8 15.1+1.5 26.0+2.9 16.2+1.5 16+1.5 13+1.8 18.0+1.9 14.0+1.7 183+0.8 13.8+1.0 9+1.0 10+1.1
hpS12 (25-887) 21.4+0.9 19.6+1.5 18.8+0.4 18.6+0.4 15+1.1 15+1.1 18.5+0.4 18.0+0.5 16.7+0.3 16.5+0.3 15+0.8 15+1.1
hpS1 (52-124%) 19.0+0.9 14.9+1.1 18.2+0.8 151+1.1 11+1.1 10+1.1 159+0.8 12.9+1.1 152+0.5 13.6+0.6 10+1.1 9+0.9
hpS2 (28-847) 15.7+14 N/AP  14.6+15 7.9+1.2° 10+2.0 6+09 11.4+12 83+04% 9.6+09 7.2+0.8 10+14 7+0.8

Funtol, average unfolding force (pN). Fyeto1, average refolding force (pN).
AX,, Average values of the width of unfolding rips (nm). AX,, Average values of the width of refolding zips (nm).
# Range of the number of pulling curves used to calculate the listed average values.

No clear refolding zips were detected.
¢ Only 30 curves show clear refolding zips.
Only three curves show clear refolding zips.
¢ Only 46 curves show clear refolding zips.

those observed in the presence of Mg>*. At the
slowest unfolding rate (1 pN s~ '), the molecule hops
between folded and unfolded conformations. As
shown in Figure 3(b), the unfolding curves deviate
significantly from the WLC calculated curve before
the rip, which indicates a part of pIBV (presumably
stem 2) is unfolded before the rip occurs. We
attribute the observed rip (9+1.0 nm; Table 1) in
each curve to the unfolding of stem 1. In the absence
of Mg®", the tertiary interactions that maintain the
pseudoknot conformation are apparently very
weak, and thus the shorter stem 2 may not be stable
enough to show a discrete unfolding rip.

In contrast to the unfolding in the presence of Mg**,
the unfolding of pIBV in its absence occurs at a
significantly lower force and the distribution of
unfolding forces is narrower (Table 1). Furthermore,
in the absence of Mg”* the average unfolding force
does not show strong dependence on the pulling rate
(about 18 pN for both 10 pN s ' and 3 pN s ).
Though the unfolding/refolding processes are irre-
versible with and without Mg?*, the degree of
hysteresis is noticeably decreased in the absence of
Mg** (average unfolding force 18 pN and average
refolding force 14 pN at 3 pN s ).

The force-extension curves of hpS1 and hpS2:
does pIBV form a pseudoknot?

A previous study of the IBV pseudoknot con-
firmed that it folds into the structure shown in
Figure 1 by using chemical and enzymatic probing.3”

In order to check that the pIBV construct actually
forms a pseudoknot in our tweezers experiments, we
compared the unfolding and refolding characteris-
tics of pIBV to those of hpS1 and hpS2. If the pIBV
construct forms a partially folded conformation
instead of the pseudoknot, it would likely form a
hairpin containing either stem 1 or stem 2 (hpS1 or
hpS2). Therefore, comparison between the force-
extension curves of pIBV and those of hpS1 and hpS2
indicates whether pIBV fails to fold into the expected
pseudoknot conformation.

Force-ramp experiments were done on the hair-
pins hpS1 and hpS2 in the same conditions used for
pIBV. The hairpin hpS1 mimics stem 1 of pIBV
(Figure 1(a)). The force-extension curves for hpS1 in
the presence of Mg2+ (Figure 4(a)) show a single
unfolding rip. The average width of the unfolding
rips is 11(+1.1) nm (Table 1), which is consistent with
the number of nucleotides released on unfolding its
stem. As shown in Figure 4(a), the unfolding forces
of hpS1 have a narrow distribution around 19 pN in
the presence of Mg>* and around 16 pN in the
absence of Mg®" at the pulling rate of 5 pN s .
Unlike pIBV data taken in Mg?* buffer, hpS1 data in
the same conditions does not show a strong
dependence of average unfolding force on pulling
rate. Although hpS1 shows an increase in both the
average unfolding force and in the size of the
hysteresis in the presence of Mg®", the change is
much less in comparison with pIBV.

The hairpin hpS2 mimics stem 2 of pIBV (Figure
1(a)). The sequence in the single-stranded region is

Figure 4. Force-extension curves of pIBV-related hairpins. Five representative force-extension curves are shown in

each panel for hpS1 (a) and hpS12 (c). For hpS2 (b), only one curve is shown to clearly show two distinct refolding patterns
in the presence of Mg2+ (with a zip and without a zip). For hpS2, both Mg2+ and EDTA conditions show two distinct
refolding patterns, one of which shows very slow refolding and often results in no recognizable zip. For hpS1 and hpS2,
the red curve represents a theoretical curve for a double-stranded handle with fully folded pseudoknot conformation. As
expected from the formation of a partially folded pseudoknot in the hpS1 and hpS2 constructs, their pulling curves were
aligned well with a theoretical curve for the handles with a partially folded pseudoknot (the middle black curve). As for
hpS12, the stack of five representative curves wasaligned with the theoretical curve based on the completely folded
hairpin at low force regime and a completely unfolded hairpin (the addition of 38 nt in the single-stranded RNA sequence)
at high force regime. For all curves, the pulling rate is 4-5 pN s™'. The unfolding curves are in magenta, the refolding
curves are in dark green. The number in parentheses is the total number of pulling curves used for calculating average
unfolding and refolding forces.
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very similar to the sequence of the corresponding
nucleotides in pIBV but varies in the identity of four
nucleotides in order to prevent hpS2 from forming a
pseudoknot. The unfolding of hpS2 is a single rip of
approximately 10 nm, consistent with disrupting the
stem. The refolding behavior of hpS2 with its large
loop is quite slow; on occasion there is no clear
refolding rip (Figure 4(b)). This indicates that there is
a dynamic equilibrium during refolding, which is to
be expected in such a short stem. Like hpSl, the
distribution of unfolding forces for hpS2 is much
narrower than the distribution of pIBV and its
unfolding force does not show appreciable depen-
dence on the pulling rate. In the absence of Mg?*,
hpS2 unfolds at very low force (10-11 pN). Yet, its
unfolding force increases significantly in the pre-
sence of Mg>* (15-16 pN).

Overall, the unfolding and refolding characteris-
tics of pIBV are drastically different from the hpS1
and hpS2 hairpins in the presence of Mg?*. These
results indicate that in Mg** the pIBV construct folds
into a pseudoknot rather than partially folded
conformations similar to hpS1 or hpS2.

The force-extension curves of hpS12:
contributions of tertiary interactions

In order to further explore the contributions of
tertiary interactions to RNA folding kinetics and
thermodynamics we did a comparative study of the
IBV pseudoknot and a hairpin (hpS12) containing
the same base-pair sequence present in the two
stems of the pseudoknot. Differences in the unfold-
ing and refolding characteristics can be attributed to
the presence of tertiary interactions that form the
pIBV pseudoknot.

The hairpin hpS12 combines the nucleotide
sequence of the pIBV stem 1 and stem 2 into one
17 base-pair stem with a tetraloop sequence of
UUUU (Figure 1(a)). Just like pIBV, hpS12 shows
one unfolding rip indicating the unfolding of the
stem is a single step (Figure 4(c)). The average size of
the hairpin unfolding transition is 15(+1.1) nm
(Table 1). The unfolding forces of hpS12 fall in a
narrow distribution around an average of 20 pN in
the presence of Mg”* at pulling rates from 10 pN's™*
to 2 pN s '. This is in great contrast to the broad
distribution and higher average unfolding force of
pIBV (26 pN at pulling rates at 2-3 pN s~ ; Table 1).
However, in the absence of Mg®*, both pIBV and
hpS12 unfold at about the same force (17-18 pN at
3pNs ).

Although the average unfolding force of pIBV
slightly decreases at slower pulling rates, even at the
slowest pulling rate (2-3 pN s~ ') in our study, pIBV
unfolds at a higher force (26 pN) than hpS12 does
(19 pN) in the presence of Mg>*. Unlike pIBV, at
moderately slow pulling rates (5 pN s ' or slower),
hpS12 displays a reversible transition in its unfold-
ing and refolding processes, which is evidenced by
the lack of hysteresis and appearance of “hopping”
(Figure 4(c)). Although the presence of Mg** slightly
increased hysteresis at a fast pulling rate (10 pN's ),

hpS12 shows reversible unfolding and refolding
both in Mg?* and in EDTA. The ability of hpS12 to
unfold and refold reversibly in the presence of Mg**
indicates that Mg*" does not slow its unfolding and
refolding kinetics. This is in direct contrast with
pIBV, which shows hysteresis in all conditions and
significant hysteresis in the presence of Mg”*. The
hysteresis indicates that, in the presence of Mg?*, the
IBV pseudoknot conformation provides a stronger
kinetic barrier to unfolding than its corresponding
hairpin loop.

Overall, the general pattern of the force-extension
curves of the IBV wild-type pseudoknot and its
relevant hairpins indicate that pIBV requires the
presence of Mg** to stabilize the pseudoknot confor-
mation in our buffer conditions. The effect of Mg**
on the unfolding characteristics of the tertiary struc-
ture pseudoknot is quite different from the effect of
Mg>" on the unfolding characteristics of a corre-
sponding secondary structure, such as a hairpin.

Kinetics: pseudoknot versus hairpins

In order to quantify the differences in the kinetics
of the tertiary structure pseudoknot and the sec-
ondary structure hairpin, rate coefficients (k) and
distances to the transition states (AX*) were deter-
mined for the unfolding and refolding processes of
pIBV and hpS12. Rates of reactions depend expo-
nentially on force proportional to the distance to the
transition state?> as described by equation (1):

k = kOeFAXI/kBT (1)

where ky is the apparent rate constant for unfolding
at zero force, F is the force, kg is the Boltzmann
constant, and T is temperature in Kelvin. The value
of ko is not the value that would actually be obtained
at zero force, because AX* is force dependent and
approaches zero at zero force. Kinetic data can be
obtained from the distribution of unfolding forces as
a function of the rate at which the force is applied,
the pulling rate. The relationship allows the force-
dependent rate coefficients and distance to transi-
tion state values to be extracted from the distribu-
tion of unfolding forces using the following
equation:*"*

In[rin(1/P)] = In[ky/(AX! /ksT)] + (AX /ksT)E (2)

where 7 is pulling rate, P is the probability that
a molecule is folded at force F and pulling rate r, and
F is the force for unfolding. Analogous definitions
apply when the equation is used to describe
refolding. We have applied this method to obtain
rate coefficients and distances to the transition state
for the unfolding process of pIBV and hpS12 in both
Mg*" and EDTA conditions. The rate coefficients
and distance to transition state values are shown in
Table 2(A) and details of representative pIBV data
are shown as an example in Figure 5.

The pIBV unfolding and refolding rate coeffi-
cients are not as dependent on force as the rate
coefficients of hpS12. In the presence of Mg**, the



Mechanical Unfolding of RNA Pseudoknots

519

Table 2. The kinetic and thermodynamic characteristics of the force-extension curves of IBV pseudoknot (pIBV) and its

related hairpins

A. The unfolding and refolding kinetics of pIBV and its related hairpins

Unfolding Refolding
kl() kl kl k*lo k*l k*l
Slope  Y-int (OpN) (15pN) (0pN) AX:,  Slope Y-int (0pN) (15pN) (20 pN) AXx?

pIBV

5mM MgCl, 0314  -7915 12x10™*  0.013 0.061  1.4+03 -0790 13459 55x10° 3.9 0.08 3.2+0.1
5mMEDTA 1536 -27.653 1.5x10'2  0.015 330  62+04 -1264 17933 8.0x107 045 81x10* 5.6+0.8
hpS12

5mM MgCl, 2.837 —52442 4.8x107% 14x10* 210  11.5+09 -2.521 47.345 9x10° 35x10* 012  10.7+0.4
5mMEDTA 2963 -54.371 7.2x10% 15x10* 390  12.0+0.1 -2.606 49.504 8x10*' 87x10* 019  11.0+15

kq, rate constant for unfolding; AX,, distance to transition

state for unfolding (nm);
Slope = AX'/(kpT)

k_4, rate constant for refolding; AX,, distance to transition
state for refolding (nm);

Y-int = ln[koAXI/(kBT)]

B. The free energy change AG at zero force (AGO) during the unfolding and refolding processes of pIBV and its related hairpins (unit: kcal/mol)

pIBV  hpS12 hpS1 hpS2
5mM MgCl, 37+3 34+3 18+2 15+2
5mM EDTA 27+2 30+3 14+£2 9+2

pIBV unfolding rate coefficient undergoes approxi-
mately a fivefold change over a force range of 15 pN
to 20 pN, (Table 2(A)) whereas the hpS12 rate co-
efficient of unfolding undergoes a 10°-fold change
over the same force range (Table 2(A)). Comparison
between the refoldmg rate coefficients in the pre-
sence of Mg”* shows that for pIBV the change is
about 50-fold over the 15 gN to 20 pN range while
for hpS12 the change is 10°-fold over the same range
(Table 2(A)).

The absence of Mg?" increases the dependence of
the pIBV rate coefficients on force, resulting in a 10°-
fold change in the unfolding rate coefficient and a
500-fold change in the refolding rate coefficient over
the 15 pN to 20 pN range. For pIBV, the presence or
absence of Mg?* is seen to affect the unfolding
rate much more than the refolding rate. For hpS12,
the absence of Mg does not result in a significant
difference either in rates or in the dependence of the
rates on the magnitude of external force. The
unfolding and refolding rate coefficients of hpS12
show a very ¢ similar response to force in the absence
of Mg®" (10°fold change in unfolding and 5x 10°-
fold change in refolding over 15 pN to 20 pN)
compared with the response in the presence of Mg>*.

The AX* values for unfolding provide quantita-
tive information about how the unfolding process
depends on mechanical force. Molecules with a
small distance to transition state for their unfolding
processes are termed “brittle” and their unfolding
rate constants are less influenced by external force.
Molecules with larger AX* values for their unfold-
ing processes are termed “compliant” and their
unfolding rate constants are more sensitive to the
external force For pIBV AX* infold is about 1.3 nm in
5 mM Mg”* and about 6.3 nm in 5 mM EDTA. The
transition state is close to the initial folded state of
the pseudoknot in Mg®*, the pseudoknot is brittle.
Moreover, Mg*" slows the rate of unfolding near

the unfolding force by at least a factor of 1000 (Table
2(A)). In the absence of Mg** the partially folded
pseudoknot becomes compliant, and unfolds faster
with a larger dependence on force.

In contrast to pIBV, hpS12 is comphant in both
the presence and absence of Mg>". The distances to
the transition states for both the unfoldmg and re-
folding processes of hpS12 are near 11-12 nm (Table
2(A2) For both molecules, the sum of AX*n01q and
AX* efola 1s not equal to AX. For the pseudoknot the
sum of distances to transition states is less than
the size of the transition and for the hairpin the
sum is greater than the size of the transition. The
hairpin data are consistent with a previous study
on the mechamcal unfoldmg of an RNA hairpin
where the AX*ynio1q and AX* oo values were both
approximately 12 nm and the total AX was ap-
prox1mately 18 nm.*' The discrepancies between the
sums AX¥ynrord and AX*eoq and the total AX
indicate that the unfolding processes are not the
reverse of the refolding processes. This is under-
standable when one considers that transition states
of the forward and reverse reactions are identical
only for two-state reactions. In the case of RNA
folding reactions studied here, the reactions are two-
state in the scale of seconds. However, many RNA
folding reactions have mtermedlates in the milli-
second or microsecond time scale® and, therefore,
the forward and reverse reactions are not necessarily
identical.

Thermodynamics: pseudoknot versus hairpins

We also investigated the effect of Mg** on the
thermodynamic stability of the pIBV and its related
hairpins. We could not directly measure the rever-
sible work for the unfolding and refolding processes
of pIBV in both the presence and the absence of Mg**,
since the processes are irreversible even at our
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In[r In(1/P)] 5 mM MgCI2

Y =-7.915+0.3139 x
Slope = AX*#/keT
AX¥=1.3nm
Yint = Infko (AX¥/ksT)]

4 F

= 10pN sec™
= 6pN sec’

® 3pN sec”

(b)

In[r In(1/P)]

5 mM EDTA

= Y = -27.653 + 1.5361 x

Slope = AX*/ksT
AX* =6.3nm
Yint = IN[ko (AX¥/ksT)]

40

Force (pN)

Figure 5. Kinetic analysis of the
force-extension curves of pIBV. The
plots of unfolding forces versus In
[r In(1/P)] are shown at three dif-
ferent pulling rates in Mg** (a) and
at two different pulling rates in
EDTA (b). Here r is the pulling
rate, P is the probability that a

slowest pulling rates. However, using the Crook’s
fluctuation theorem we could estimate the reversible
work from many repeated irreversible unfolding and
refolding pulling curves®* (Figure 6). The reversible
work is equal to the Gibbs free energy change of a
molecule during the transition between its folded
and unfolded state. We pulled RNA molecules many
times (~70 pulling curves) using the same experi-
mental setting on the same day to obtain the
distributions of their unfolding and refolding work.
Though these are irreversible processes, using the
Crook’s fluctuation theorem,>> we obtained the
reversible unfolding/refolding work (AG) from the
crossover point of the unfolding and refolding work
distributions. Using this method, we found that the
estimated reversible unfolding work of pIBV drasti-
cally increased in the presence of Mg”* (63(«1) kcal
mol ' at an unfolding force of 29 pN) compared with
the value in the absence of Mg2+ (45(£1) kecal mol ' at
an unfolding force of 18 pN), which indicates that the
presence of Mg”" significantly stabilizes the pseudo-
knot (Figure 6 and Table 2(B)). Therefore, the binding

m 10pN sec
= 3pN sec™

20
Force (pN)

molecule is folded at force F. The
data with different pulling rates
fit reasonably well with a single
slope. The distance to the transition
state (AX*) was calculated from the
slope of the plot (AX*/(kgT)) while
the apparent rate constant at zero
force (ky) was calculated from the
Y-intercept=In [ko/ (AX*/ (kgT))].

of Mg?* not only affects the kinetics, but also the
thermodynamics of the unfolding process of the IBV
pseudoknot.

Since mechanical unfolding of hpS12 can be done
reversibly at reasonably slow pulling rates, we could
directly obtain the reversible unfolding work (AG)
by measuring the area under the rip at the unfolding
force. The reversible unfolding work of hpS12 at an
unfolding force of 20 pN is similar both in the
presence of Mg®* (5 mM MgCl,, 51(+2) kcal mol ')
and in the absence of Mg2+ (5 mM EDTA, 46(+2) kcal
mol ). This result is quite different from pIBV for
which Mg?* appreciably stabilizes its folded con-
formation.

The free energy change at zero force for the
unfolding and refolding process is also informative.
The free energy at zero force is obtained by
subtracting the free energy of stretching the single
strand to the unfolding force*”® As shown in Table
2(B), the free energy changes calculated in this way
are in a reasonable range compared with the es-
timated free energy using the RNA folding program
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Figure 6. Estimated reversible work of pIBV using
Crook’s fluctuation theorem. The probability distributions
of the work, W, for the unfolding (continuous lines) and
refolding (broken lines) of pIBV in Mg2+ (a) and EDTA (b).
Negative work, Pg(—W) were plotted for refolding.
Statistics: For Mg®*, 148 curves, three molecules
(r=4 pNs '), 152 curves, two molecules (r=10 pNs ).
For EDTA, 68 curves, one molecule (r=3 pNs '), 78 curves,
one molecule (r=6 pstl), 68 curves, one molecule
(r=10 pNs_l). Work values were binned into eight to 12
equally spaced intervals. Unfolding and refolding dis-
tributions at different pulling rates show similar crossing
points (circled in black) that reasonably match with one
another (194(+2.1) kgT for Mg2+, 108(+1.5) kgT for EDTA).

Mfold®® based on the Turner rules””® (36.7 kcal
mol !, in 1 M NaCl at 21 °C).

The IBV pseudoknot in comparison with three
mutant pseudoknots

In order to gain insight into the mechanism of —1
programmed ribosomal frameshifting, the mechani-
cal unfolding and refolding of the wild-type IBV
pseudoknot and its three mutant pseudoknots were
characterized using constant force experiments. All
experiments were done using folding and unfolding
forces ranging from 19pN-24 pN and a pH 7.5 buffer
containing 20 mM Tris, 50 mM KCl, 5 mM MgCl,.

Constant force experiments are of two types,
hopping and force-jump. During hopping experi-
ments, an RNA molecule is held at a constant force
at which both unfolding and refolding transitions
can be observed in an experimentally accessible time
scale.**>*! However, hopping experiments can
only access forces near the equilibrium; for many
molecules the range of forces is too narrow for the
collection of data across a significant range of forces.
To perform constant force experiments across a
wider range of forces the forcejump method can be
used instead. A diagram of a force-jump experiment
is shown in Figure 7. The cycle begins at low force
with the molecule in its folded conformation. Next,
the force is rapidly increased to a value at which the
molecule will unfold within an experimentally
accessible time scale. Simultaneously, the stretching
of the RNA /DNA hybrid handles resulting from the
sudden force increase produces an increase in
extension (AX) of the molecular tether. The new
imposed force is held constant until an increase in
extension due to the unfolding of the molecule
occurs. Once unfolding has been observed, force is
ramped higher to ensure that complete unfolding of
the molecule has indeed occurred. After this second
force increase, a gradual increase in extension occurs
because of further stretching of the handles. Next the
force is rapidly decreased to a value at which the
molecule will refold on an experimentally accessible
time scale and finally ramped to a lower value to
ensure complete refolding of the molecule before the
cycle is repeated.”

Data from constant force experiments are repre-
sented by plots of extension versus time (Figure 8).
The measured sizes of the folded to unfolded
transitions at 21-24 pN force are in the range of
10 nm-15 nm (for details, see Table 3). Based on the
known structures of other pseudoknots™®' we
estimate that the 3’ to 5 distances of the folded
pseudoknots to be approximately: 6(x1) nm. The
lengths of single-stranded RNA were calculated
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Figure 7. Diagram of a force-jump experiment. The
changes in force and extension over time during a force-
jump experiment are shown schematically.
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partial unfolding of the pseudoknot produces the sharp increase in extension. The smaller increases in extension are
attributed to partial unfolding to an intermediate state (I), and the larger increases are attributed to a transition from the

intermediate state to the fully unfolded state (U).

from the WLC model. In the 21pN-24 pN force
range, the conversion factor is 0.46 nm per nucleo-
tide and leads to calculated changes in extension of:
11-14 nm (Table 3), which are in reasonable
agreement with the measured changes in extension.

The two-stem structure of pseudoknots suggests
the possible existence of partially folded intermedi-
ate states containing one of the constituent hairpins.
For pIBV, the data from force ramp as well as
constant force experiments give no evidence of
detectable intermediates, indicating a single-step
transition between a folded state and unfolded state.
However, as shown in Figure 8, an IBV mutant
pseudoknot, pKA13, infrequently (about 10% of the
trajectories in the 23 pN-25 pN unfolding force and
21 pN-23 pN refolding force range) shows two-step
unfolding/refolding processes revealing the pre-
sence of a distinct intermediate in the constant-force
experiments. This observation is consistent with the
observation of two-step transitions in the force-
extension curves of pKA13 at slow pulling rates
(data not shown). These results indicate that pKA13
goes through a detectable, partially folded inter-
mediate state during its unfolding and refolding.
Evidence of intermediate states was present, but

Table 3. Extension and change in extension values for the
four pseudoknots

Folded to unfolded

Transitions (nm)

Intermediate

Transitions (nm)

Estimated Measured Measured Measured

AX AXFtoU AXFtol AXTtoU
pIBV 14 15+2 N/A N/A
PKA18 13 14+1 5+2 10+£2
pKA13 12 12+2 5+1 10+1
PKA9 11 10+1 5+1 9+1

Estimated AX, theoretical change in extension based on
estimated 3’ to 5’ distance of the folded conformation and final
extension values calculated from the WLC model for a force
range 21 pN-24 pN.

Measured AX, measured change in extension values determined
at 24 pN, 20 mM Tris (pH 7.5), 50 mM KCl and 5 mM MgCl,.
AX F to U values are for the transition from fully folded to fully
unfolded.

AXF to I values are for the transition from fully folded to partially
folded.

AX I to U values are for the transition from partially folded to
fully unfolded.

less frequent in pKA18 data and rare in pKA9 data.
The molecular explanation for this difference in the
folding pathways of the four pseudoknots is
unclear. We report the observation of these inter-
mediates without speculation on their significance,
and with hopes that it may prove useful to future
work on RNA folding. Though the presence of
intermediates was observed, to a varying degree, in
the three mutant pseudoknots, overall a one-step
transition without intermediate states is the most
dominant transition pattern for all three IBV mutant
pseudoknots.

Kinetics: wild-type versus mutant pseudoknots

Analysis of the kinetics of mechanical folding and
unfolding of the pseudoknots was done assuming
that the folding and unfolding transitions can be
considered as a two-state transition. To minimize the
occurrence of non-two state behavior, our analysis
includes only unfolding data taken at an unfolding
force of 23 pN or higher, and refolding data taken at
a refolding force of 23 pN or lower for the pKA13
and pKA18. This force range can accurately char-
acterize the folding reactions and in fact is greater
than or equal to the force range used in previously
published characterization of the mechanical
unfolding of RNA.*"*"%*%® QOur assumption is
validated by the results showing that the distribu-
tions of the lifetimes of folded or unfolded states of
these mutants during constant force experiments are
well fit to single-exponential first-order kinetics.

The lifetimes () of the folded and unfolded states
were directly measured from constant force experi-
ments. The unfolding or refolding rate (k; or k1) ata
particular force is inversely related to the average
life time of the folded or unfolded state, <t>, at that
force:!

ki = 1/<T unfolding> k1= 1/<T refolding> (3)

Distributions of the lifetimes at a constant force are
well fit to a single exponential, consistent with first-
order kinetics for the process as shown in equation (4):

P = exp(—krt) 4)

where P is the probability that a molecule is still
folded, kr is the rate constant at force F and ¢ is time.*
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The equilibrium constant (K.q) of a reaction is
equal to the ratio of the forward and reverse rate
constants:

Keq = k1 /k 1 (5)

Rate constants for the unfolding and the refolding
processes (as determined by the reciprocal of the
average lifetimes) and the equilibrium constants
derived from those rate constants, are listed in Table
4. Interestingly, in a narrow force range (23.5 pN-
24.5 pN), unfolding rate constants of pIBV and its
mutants shows noticeable correlation to their
frameshifting efficiencies. As shown in Table 4, at
forces near 24 pN, pseudoknots with higher
frameshifting efficiency showed slower unfolding
rates.

The force dependence of the rate coefficients is
exponentially dependent on the distance to the
transition state as described by equation (1).*
Distances to transition states were determined by
plotting the natural log of the rate coefficients versus
force (Figure 9). The AX* values for unfolding pro-
cesses, AX* nioa, were found to be: 2(+0.5) nm for
pIBV; 6(+1) nm for pKA18; 4(+1) nm for pKA13; and
3(x1) nm for pKA9. The AX* values of refolding
processes (AX¥ efo1q) were: 5(x1) nm for pIBV;
4(£2) nm for pKA18; 3(x1) nm for pKA1l3; and
2(+1) nm for pKA9. For all four pseudoknots, the
sum of AX* ntord + AXF reforq do not equal the total
change in extension. As discussed above, this
discrepancy indicates that the refolding process is
not the reversal of the unfolding process.

Thermodynamics: wild-type versus mutant
pseudoknots

The change of free energy values of the folding
and unfolding processes of the pseudoknots were
measured using the rate constants determined from
the constant-force experiments. When the natural
log of the rate constant is plotted against force, the
unfolding and refolding lines cross at the critical
force (Fc) where the unfolding and refolding rate
constants are equal, and thus the equilibrium
constant is equal to 1. We can then obtain the

change of free energy (AG) from the following
equation:

AGrc = (Fc)(AX) (6)

where AGgc is the change in free energy at Fc. To
allow comparison between the thermodynamics of
different RNA molecules and comparison with bulk
experiments at zero force, AGpc values need to be
converted to the change in free energy at zero force
(AGp) by subtracting the free energy due to
stretching of the RNA.**® The AG, values were
found to be: 31(+4) kcal mol ! for pIBV; 34(£3) kcal
mol " for pKA18; 32(+3) kcal mol~! for pKA13; and
19(%4) kcal mol ™ for pKA9 (Table 5).

The change in free energy for the RNA folding can
be calculated using the Mfold program and nearest-
neighbor free energy parameters.?*>8 Though Mfold
does not treat tertiary structure, the thermodynamic
contributions of individual RNA structural elements
can be used to estimate the thermodynamic stability
of an RNA molecule with tertiary structure. Speci-
fically, the stability of a pseudoknot can be ap-
proximated from the free energy parameters by
adding the contributions of the base-paired stems
and subtracting the entropic penalty created by the
loops. Values for AGy (at 21 °C and 1 M NaCl) were
calculated in this way for the four pseudoknots and
are shown in Table 5.

Discussion

The contributions of tertiary interactions in RNA
conformation

Here, we investigated the mechanical character-
istics of the IBV pseudoknot in comparison with its
related hairpins in order to gain insight into the
contributions of tertiary interactions to RNA folding
kinetics and thermodynamics. The most significant
differences between the RNA pseudoknot and the
corresponding RNA hairpins were: (1) Mg** is
crucial to the tertiary interactions that stabilize the
pseudoknot conformation, but has minimal effect on
the hairpins; (2) the pseudoknot requires higher

Table 4. Rate constants of unfolding (k;) and refolding (k_;) for the pseudoknots at various forces

Force
22 pN 23 pN 24 pN 25 pN

pIBV ki (s 0.07+0.01 0.14+0.02 0.25+0.04 0.37+0.06

ka(sh 5.0x10°%+6.6x10* 3.8x10 *+53x107° 1.0x10 *+1.4x10°° 2.8x10°+3.9x10°
pKA18 ki (sh 0.01+1.5x10°2 0.06+£9.0x10° 0.17+0.03 0.86+0.13

ki 0.64+0.25 0.16+0.06 0.08+0.03 0.03+0.01
pKA13 k(s 0.05+9.5%x10° 0.12+0.02 0.44+0.08 0.82+0.15

k(s h 0.82+0.33 0.24+0.09 0.13+0.05 0.06+0.02
pKA9 ky (5*1? 0.22+0.03 0.50+0.08 1.04+0.16 2.04+0.31

kash 0.69+0.22 0.27+0.09 0.17+0.05 0.10+0.03

Values shown in regular font were determined experimentally.

Values shown in bold italic font were extrapolated from experimental values.
Extrapolated values were calculated from the linear fit of a plot of the natural log of rate constants versus force (Figure 8).
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In k = F(AX*/k.T) + Ink, AXF
pIBV unfold In k= F(0.51) -13.80 21+ 05nm
refold In k =F(-1.29) + 21.84 5.3+0.7 nm
pKA18 unfold Ink=F(1.31) - 33.76 5.5+ 0.8 nm
refold In k = F(-0.88) + 18.57 3.6+ 1.6nm
pKA13 unfold In k = F(0.96) - 23.95 39+1.2nm
refold In k = F(-0.75)) + 15.88 3.1+ 1.1 nm
pKA9 unfold Ink=F(0.68) - 16.26 28+ 05nm
refold In k = F(-0.57) + 12.00 24+0.7 nm

Figure 9. Natural log of rate constants versus unfolding and refolding force. Natural log of the rate constants for
unfolding (m) and refolding (A) plotted against force for pIBV (a), pKA18 (b), pKA13 (c) and pKA9 (d). The linear fits of
the unfolding data (dotted lines) and of the refolding data (broken lines) intersect at the critical force. The lines are
described by equation (6): In k=F( AX}/kgT) + In ko where k is the rate constant, F is the force, AX* is the distance to
transition state, kg is the Boltzmann constant, T is the temperature and kg is the apparent rate constant at zero force. Values
for AX* obtained from these equations are listed for the unfolding and refolding transitions of the four pseudoknots. Data
were obtained in pH 7.5 buffer containing 20 mM Tris, 50 mM KCl and 5 mM MgCl,.

force to unfold than the hairpin with the same base-
pairs; (3) the thermodynamic stabilities of the
pseudoknot and hairpin are similar, but the kinetics
of unfolding is much slower for the pseudoknot.
The thermodynamic stability of the hairpin hpS12
predicted by Mfold”**® is 37 kcal mol ' in 1 M NaCl
at 21 °C. The calculated thermodynamic stability of
pIBV (as described above) was 35 kcal mol ! As
pIBV and hpS12 have the same base-pairs (Figure 1),
we expect them to have similar calculated thermal

stabilities. Our force-ramp data (in 20 mM Tris,
50 mM NaCl, 5 mM MgCl,) give the free energy
change at zero force, AG, of 37(+3) kcal mol ! for
the unfolding of pIBV and 34(+3) kcal mol " for the
unfolding of hpS12. These results are consistent
with our expectations. However, in the presence of
Mg>*, the average unfolding force of pIBV is sig-
nificantly higher than that of hpS12 at all pulling
rates (Table 1). The mechanical unfolding of pIBV is
a kinetically controlled process, except at extremely



Mechanical Unfolding of RNA Pseudoknots

525

Table 5. Change in free energy values for the four
pseudoknots

Change in free energy

Experimental Extrapolated Theoretical
(F=Fc) (F=0pN) (F=0pN)
(keal mol ) (keal mol b (keal mol b
pIBV 42 31 35
pKA18 47 34 43
pKA13 45 32 40
pKA9 31 19 34

Experimental: determined from the critical force and change in
extension at that force.

Extrapolated: determined from the experimental values by
subtracting the free energy needed to stretch the molecule to the
critical force.

Calculated: determined from the Turner free energy values for
stacking energies and destabilization by loops.

slow pulling rates where the process is reversible.
Thus, although the thermodynamic stability of a
the tertiary structure-forming pIBV can be similar
to its secondary structure counterpart (hpS12), its
response to mechanical force, and in particular
the kinetics of this response is very different to the
corresponding hairpin.

Indeed, the unfolding kinetics of the pseudoknot
(pIBV) is not only much slower than that of the
hairpin (hpS12), but the force dependence of its rate
of unfolding is also much smaller. The pseudoknot is
brittle (short distance from its folded state to its
transition state), whereas the secondary structure is
compliant (larger distance from its folded state to its
transition state). The short distance to the transition
state characterizes the fact that the pseudoknot
unfolds over a wide range of forces. The standard
deviation of the average unfolding force distribution
is noticeably larger for pIBV than it is for the
corresponding hairpin; the unfolding rate coefficient
of pIBV also changes much more slowly with a
change in the unfolding force compared with hpS12.
The distance to the transition state of hpS12 for both
unfolding and refolding is large (~12 nm), which is
consistent with earlier studies of RNA hairpins.*’

Minus-1 programmed ribosomal frameshifting

Our data clearly show that the tertiary structure
pseudoknot has unique mechanical characteristics
compared to the secondary structure hairpin.
Pseudoknots unfold at higher forces than hairpins,
and their rates of unfolding increase much less with
increasing force. Do these characteristics provide
insight into the role of pseudoknots in -1 pro-
grammed ribosomal frameshifting? Yes. We propose
that the slow unfolding of a pseudoknot compared
to a hairpin, even as the ribosome applies increasing
force, favors frameshifting. Do the characteristics of
the mechanical unfolding of the mutant pseudo-
knots explain their relative frameshifting efficiency?
No. We found no general correlation between me-
chanical properties, such as distance to the transition

state for unfolding, and the variation in frameshift-
ing efficiency (2%-46%). Chemical properties not
mirrored in the mechanical characteristics must
also be important. We did see that near 24 pN the
frequency with which the pseudoknots induce
frameshifting is inversely proportional to their rate
constants of unfolding (Table 4). Though the cor-
relation is only present over a very narrow range
of forces it may prove to have some significance
once the mechanochemistry of the ribosome is
characterized.

Conclusion

We show that Mg?* significantly contributes to
the formation of a unique tertiary conformation of
IBV pseudoknot, which shows quite different
mechanical properties compared with its corre-
sponding hairpin. The unique kinetic behavior of
the IBV wild type pseudoknot suggests its biologi-
cal function in the frameshifting process may be
caused by its role as a kinetic barrier against the
unfolding machinery of a ribosome during transla-
tion. Though mutant pseudoknots do not show
general correlation between their kinetic behavior
and their frameshifting efficiency, we do observe
correlation with their unfolding rates in a specific
range of unfolding forces.

Methods and Materials

RNA molecules were prepared as optical tweezer
constructs as described.*14264 Commercially synthesized
DNA oligonucleotides (Operon) corresponding to the
RINA sequences studied here were inserted into the vector
pBR322 (New England Biolabs) between the EcoRI and
HindIII sites, creating a plasmid that was used to
transform competent BL21 Escherichia coli cells (Invitro-
gen). The plasmid was replicated by the bacteria and a
DNA template for RNA transcription was removed from
the plasmid by enzymatic digestion resulting in a template
corresponding to the RNA sequence of the appropriate
molecule plus approximately 500 DNA base-pairs on each
side that correspond to the RNA sequence of the handle
regions. The template was recovered by miniprep (Qia-
gen) and sequenced by the University of California
Berkeley (UCB) sequencing facility. The DNA template
was amplified by the polymerase chain reaction (PCR)
containing a T7 promoter sequence at the 5 end, and
sequenced by the UCB sequencing facility. RNA molecules
were transcribed from the DNA templates by bacterioph-
age T7 RNA polymerase (Ambion). The RNA was
prepared as an optical tweezers construct by annealing
the DNA handles to the single-stranded RNA handle
regions. DNA handle A (pBR322 bases 3821 to 3) was
amplified by PCR and then biotinylated at the 3’ end using
an exchange reaction by T4 DNA polymerase. The
downstream primer used for PCR amplification of DNA
handle B (pBR322 bases 30 to 628) was modified to have a
terminal digoxigenin group. The biotin and digoxigenin
allowed the RNA-DNA handles flanking the RNA
sequence to be attached to a streptavidin coated poly-
styrene bead (Spherotech) and an anti-digoxigenin coated
polystyrene bead (Spherotech).



526

Mechanical Unfolding of RNA Pseudoknots

All experiments were performed on a dual-beam optical
tweezers instrument® in an ambient temperature of 20~
22 °C. Force-ramp experiments were performed in either
magnesium buffer (20 mM Tris, 50 mM NaCl, 5 mM
MgCl, (pH 7.5)) or EDTA buffer (20 mM Tris, 50 mM KCl,
0.5 mM EDTA (pH 7.5)). RNA constructs were pulled at
forces ranging between 2 pN and 35 pN at loading rates of
2 pN s to 20 pN s . Constant force experiments were
performed in 20 mM Tris, 50 mM KCI, 5 mM MgCl, (pH
7.5). RNA constructs were subjected to forces of 3 pN-—
40 pN, with incubation forces (forces used to observe
unfolding and/or refolding) of 17 pN-26 pN. Constant
force data were collected at 100-200 Hz.

All experiments positioned the RNA constructs in the
optical tweezers in the following manner. Streptavidin-
coated beads of approximately 2 pm were added to a
microfluidic chamber filled with the appropriate buffer. A
streptavidin bead was caught in the laser trap and then
transferred to a micropipette attached to a piezoelectric
stage. The RNA constructs were incubated with anti-
digoxigenin coated beads of approximately 3 um in the
same buffer and then added to the microfluidic chamber.
An anti-digoxigenin bead was caught in the laser trap and
the streptavidin micropipette bead was moved near the
anti-digoxigenin trap bead. The micropipette bead repeat-
edly approached the trap bead until a biotin-streptavidin
connection was made, resulting in an RNA tether holding
both beads together. Force was exerted on the molecule by
moving the micropipette relative to the laser trap. The
force on the bead in the trap, and therefore the force on the
molecule held between the two beads, was determined
from the change in the momentum of the laser light as it
passed through the trap.®® The change in extension of the
RNA was measured from the change in position of the
beads.®
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