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Fig. 4. Cyclin-D1-siRNA delivered by B, NP~ & 2
alleviated intestinal inflammation in DSS- 5
induced colitis. Mice were intravenously o 8
administered CyD1- or luciferase (Luc)-siRNAs & N
(2.5 mg/kg) entrapped in either B; ItsNPs or & 0.4, +1
IgG-sNPs, or naked CyD1-siRNA (2.5 mg/kg) at
days 0, 2, 4, and 6 (a total of six mice per ol
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measured at day 9. (C) Representative histology

at day 9 (hematoxylin and eosin staining, magnification x100). (D) mRNA expression of CyD1 and cytokines in
the gut. mRNA expression was measured by qRT-PCR with homogenized colon samples harvested at day 9.
(M), (B), and (D) Data are expressed as the mean = SEM of three independent experiments. *P < 0.05, TP < 0.01

versus mock-treated mice with DSS-induced colitis.

body targets for both delivery and uptake of tsNPs.
Thus, the I-tsNP approach may have broad appli-
cations not only for in vivo drug target validation,
but also for potential therapies that are not limited
to leukocytes or inflammatory settings.

References and Notes

1. E.lorns, C.]. Lord, N. Turner, A. Ashworth, Nat. Rev. Drug
Discov. 6, 556 (2007).

2. D. W. Stacey, Curr. Opin. Cell Biol. 15, 158 (2003).

3. M. Fu, C. Wang, Z. Li, T. Sakamaki, R. G. Pestell,
Endocrinology 145, 5439 (2004).

4. R.Yang, W. Bie, A. Haegebarth, A. L. Tyner, Cell Cycle 5,
180 (2006).

. H. van Dekken et al., Acta Histochem. 109, 266
(2007).

. M. A. Behlke, Mol. Ther. 13, 644 (2006).

. D. M. Dykxhoorn, ]. Lieberman, Annu. Rev. Biomed. Eng.
8, 377 (2006).

8. D. Peer, P. Zhu, C. V. Carman, ]. Lieberman,

M. Shimaoka, Proc. Natl. Acad. Sci. U.S.A. 104, 4095
(2007).

. Materials and methods are available as supporting

material on Science Online.

10. C. R. Dass, J. Mol. Med. 82, 579 (2004).

11. D. Peer, A. Florentin, R. Margalit, Biochim. Biophys. Acta
1612, 76 (2003).

12. D. P. Andrew et al., J. Immunol. 153, 3847 (1994).

13. S. K. Shaw, M. B. Brenner, Semin. Immunol. 7, 335
(1995).

14. F. L. Sorgi, S. Bhattacharya, L. Huang, Gene Ther. 4, 961
(1997).

15. S. D. Li, L. Huang, Mol. Pharm. 3, 579 (2006).

16. ]. O. Lindsay, A. Sandison, P. Cohen, F. M. Brennan,

H. ]. Hodgson, Dig. Dis. Sci. 49, 1327 (2004).

17. 1. Soutschek et al., Nature 432, 173 (2004).

18. D. V. Morrissey et al., Nat. Biotechnol. 23, 1002 (2005).

19. R. M. Schiffelers et al., Nucleic Acids Res. 32, e149
(2004).

20. E. Song et al., Nat. Biotechnol. 23, 709 (2005).

21. F. Takeshita et al., Proc. Natl. Acad. Sci. U.S.A. 102,
12177 (2005).

22. ). D. Heidel et al., Proc. Natl. Acad. Sci. U.S.A. 104, 5715
(2007).

23. We thank ]. Lieberman for critically reading manuscript
and discussion; R. Margalit, R. S. Langer, and P. Sicinski
for discussions; and Y. Imai, A. Zur, P. Sage, and R. Yoo
for technical assistance. D.P. is supported by the Dorot
Foundation and Pfizer Inc. Y.M. is supported by the
Uehara Memorial Foundation. This work was supported by
the Arthritis Foundation (C.V.C.) and NIH grants
HLO48675 and Al63421 (M.S.).

[}

~ o

Rl

Supporting Online Material
www.sciencemag.org/cgi/content/full/319/5863/627/DC1
Materials and Methods

Figs. S1 to S12

Tables S1 to S3

References

29 August 2007; accepted 18 December 2007
10.1126/science.1149859

Direct Observation of Hierarchical
Folding in Single Riboswitch Aptamers

William ]. Greenleaf,'* Kirsten L. Frieda,? Daniel A. N. Foster,*

Michael T. Woodside,***t Steven M. Block™3t

Riboswitches regulate genes through structural changes in ligand-binding RNA aptamers. With the
use of an optical-trapping assay based on in situ transcription by a molecule of RNA polymerase, single
nascent RNAs containing pbuE adenine riboswitch aptamers were unfolded and refolded. Multiple
folding states were characterized by means of both force-extension curves and folding trajectories
under constant force by measuring the molecular contour length, kinetics, and energetics with and
without adenine. Distinct folding steps correlated with the formation of key secondary or tertiary
structures and with ligand binding. Adenine-induced stabilization of the weakest helix in the aptamer,
the mechanical switch underlying regulatory action, was observed directly. These results provide an
integrated view of hierarchical folding in an aptamer, demonstrating how complex folding can be
resolved into constituent parts, and supply further insights into tertiary structure formation.

iboswitches are elements of mRNA that
Rregulate gene expression through ligand-
induced changes in mRNA secondary or
tertiary structure (/, 2). This regulation is accom-

plished through the binding of a small metabo-
lite to an aptamer in the 5"-untranslated region of
the mRNA, which causes conformational changes
that alter the expression of downstream genes.

Riboswitch-dependent regulatory processes depend
crucially on the properties of aptamer folding; the
kinetics and thermodynamics of folding are therefore
of central importance for understanding function.
Among the simplest riboswitches are those reg-
ulating purine metabolism, which have aptamers
with “tuning fork™ structures (3, 4) that bind ligands
at a specific residue in a pocket formed by a three-
helix junction. The junction is thought to be
preorganized by numerous tertiary contacts, in-
cluding interactions between two hairpin loops, but
the binding pocket itself is likely stabilized only
upon ligand binding (4-/0). Ligand binding also
stabilizes a nearby helix (3—-5), sequestering residues
that would otherwise participate in an altemate
structure affecting gene expression (e.g., terminator
or anti-terminator hairpins, ribosome binding se-
quences). Features such as ligand specificity (6, /1)
and its structural basis (6, 7), the rates and energies
for ligand binding and dissociation (/2), the kinetics
of loop-loop formation (/0), and the interplay of
structural preorganization and induced fit (7-9)
have recently been investigated. These studies, how-
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ever, focused on isolated steps in folding, typically
using ligand analogs or investigating aptamers from
different organisms. Here we obtain, from a single
set of measurements, an integrated picture of sec-
ondary and tertiary structure formation, as well as
ligand binding, in the aptamer of the pbuE adenine
riboswitch from Bacillus subtilis, by observing fold-
ing and unfolding trajectories of individual molecules
subjected to controlled loads in a high-resolution,
dual-trap optical tweezers apparatus (13).

Single-molecule force spectroscopy, which mea-
sures the extension of a molecule as it unfolds and
refolds under tension, fumishes a tool for probing
structural transitions: Extension changes can be re-
lated to the number of nucleotides involved in fold-
ing. Furthermore, the effects of force on reaction
equilibria and kinetics allow the shapes of the folding
landscapes to be determined in detail (/4-16). The
complete folding process, starting from a fully un-
folded state (not usually probed in conventional
RNA folding studies), can also be observed. This
initial configuration is especially relevant to ribo-
switches, because aptamers fold cotranscriptionally
from an initially unstructured state. Because of the
tight coupling between folding and transcription, the
assay was designed to measure folding of mRNA
transcribed in situ (/7). A single Escherichia coli
RNA polymerase (RNAP) molecule, transcriptionally
stalled downstream of the promoter region on a
DNA template (Fig. 1A), was attached to a bead
held in one optical trap (Fig. 1B). The 29-nucleotide
(nt) initial RNA transcript emerging from the RNAP
was hybridized to the complementary cohesive end
of a 3-kb double-stranded DNA (dsDNA) “handle”
attached to a bead held in the other trap, creating a
“dumbbell” geometry that allowed forces to be ap-
plied between the RNAP and the 5" end of the RNA
(18). Force-extension curves (FECs), showing the
molecular extension measured as a function of force
as the traps were moved apart at a constant rate,
confirmed that this initial transcript was unstruc-
tured (Fig. 1C).

After constructing the dumbbells, transcription
was restarted by introducing nucleoside triphos-
phates. The DNA template coded for the pbuE
adenine riboswitch aptamer downstream of the ini-
tial transcript (Fig. 1A). Once the aptamer sequence
was transcribed, RNAP was prevented from further
elongation by a roadblock consisting of a strepta-
vidin molecule bound to a 5'-terminal biotin label
on the template (Fig. 1D). FECs measured imme-
diately after aptamer transcription (Fig. 1E) revealed
a characteristic series of sawtooth features that arise
from contour length increases as specific structural
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elements unfold (79). In the absence of adenine,
two small unfolding events were typically observed
(Fig. 1E, black). These features are produced by the
unfolding of the two stable hairpins in the second-
ary structure, P3 and P2 (Fig. 1E, inset). The in-
teractions that underpin tertiary structure by holding
these hairpin loops together and structuring the
binding pocket in the triple-helix junction are present
only transiently in the absence of adenine (3, 8, 10).
The contour length changes associated with these
features, 17 + 2 nt (P3) and 22 + 2 nt (P2), are
consistent with the values expected for these hair-
pins (19 and 21 nt, respectively) (8). In the pres-
ence of adenine, some FECs were identical to those
observed in its absence, indicating in these cases that
adenine was not bound to the aptamer. More com-
monly, however, larger unfolding distances at higher
forces were observed, corresponding to adenine-
induced stabilization of the folded structure. In the
latter case, the aptamer usually unfolded coopera-
tively in a single event (Fig. 1E, blue), but some-
times through an intermediate state (Fig. 1E, red).

Unfolding from the fully folded state was ana-
lyzed in more detail by collecting multiple FECs
from the same molecule. Overlaying 800 FECs
shows that the aptamer unfolds over a wide distri-
bution of forces (Fig. 2A), as expected for a non-
equilibrium measurement (20). Three states were
clearly seen: the folded and unfolded states, and an
intermediate state. We fit the FECs with two worm-
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like chains (WLCs) in series: one for the dsDNA
handle (27) and the other for the single-stranded
RNA (22), assuming a contour length of 0.59 nnvnt
for RNA (23). When the aptamer unfolded fully,
62 £ 1 nt were released (/8), in agreement with the
63-nt aptamer length. The intermediate state is 23 +
1 nt shorter than the unfolded state, suggesting that
it corresponds to a folded 21-nt P2 helix. The equi-
librium free energy of the aptamer, computed by
the method of Jarzynski (24, 25) from the nonequi-
librium work done to unfold it (fig. S2), is 18 + 2
kcal/mol (18). For comparison, the free energy pre-
dicted for the secondary structure in Fig. 1E is only
~12 £ 1 keal/mol (Z0), indicating that tertiary con-
tacts and ligand binding stabilize the aptamer by an
additional ~6 + 2 kcal/mol, in reasonable agreement
with earlier measurements of the binding energy of
2-aminopurine (2AP), an adenine analog (12).
The distribution of forces, p(£), for unfolding
the fully folded aptamer (Fig. 2B) is well fit by an
expression derived by Dudko ez al. (20) for un-
folding at fixed loading rate, parameterized by kug
the unfolding rate at /"= 0; AX, the distance to the
transition state from the folded state; and AGY, the
height of the energy barrier (/8). More than 3000
FECs measured for eight molecules, at loading
rates varying from ~10 to 200 pN/s, yielded an
unfolding rate kor ~ 0.04 s ' (In ko= -3.5 + 1),
similar to the value of 0.15 s ' measured previous-
ly by bulk kinetic methods (/2). The activation
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Fig. 1. (A) DNA template used for RNA transcription, showing the sequence of the nontranscribed promoter,
the 25-bp section hybridizing with the DNA handle, the pbuE riboswitch aptamer (base-paired helices
highlighted) flanked by short linkers, and the footprint of RNAP when stalled by the terminal roadblock. (B)
Schematic of the optical trapping assay showing experimental geometry, with stalled RNAP and initial RNA
transcript hybridized to the dsDNA handle (not to scale). (C) Two FECs obtained before aptamer transcription
show little or no structure in the initial transcript. (D) Template DNA is transcribed in situ, producing an
aptamer transcript, after which RNAP is stalled by a streptavidin molecule bound to the biotin-based roadblock.
(E) FECs obtained after transcription show unfolding transitions in the aptamer. Without adenine, two events
are seen (black), corresponding to the unfolding of hairpins P2 and P3 (inset). With adenine bound to the
aptamer, larger unfolding events are observed (blue), sometimes involving an intermediate state (red).
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energy, AGE, was 17 + 4 keal/mol, in agreement
with a previous result for the unbinding of 2AP
(12). The distance to the transition state Ax* was
2.1 £ 0.2 nm. Given an extension of ~0.42 nm/nt
at the average unfolding force of ~15 pN, this re-
sult indicates that the transition state involves the
unzipping of ~2.5 base pairs (bp) in helix P1, sug-
gesting that the G:C base pair in P1 (Fig. 1E, inset)
represents a structural keystone: Both the binding
pocket and triple-helix junction unfold once it is
disrupted. Isolated G:C base pairs located 3 to 4 bp
from the loop of P1 are found in the other purine

riboswitches, suggesting that they may be an im-
portant structural feature of this class of aptamers.

The kinetics of refolding and ligand binding
were probed by observing the fraction of FECs
showing the unfolding signature of the fully folded,
adenine-bound aptamer, as a function of adenine
concentration and the variable time interval during
which refolding could occur between successive
measurements (Fig. 3). We fit these data to a min-
imal, two-step model (Fig. 3, inset): formation of an
intermediate structure competent to bind adenine
(taken to be effectively irreversible) followed by

A 204 B Zo_ﬁ
2 ‘I—%‘_‘
154 215 =
> S
S kel
40 unfolded = 10
o £
] i<}
s .,g N =800 curves
54 55
intermediate
0= T T 1 0- T T 1
950 1000 1050 1100 0 50 100 150
Extension (nm) Counts

Fig. 2. (A) Nonequilibrium FECs for folded aptamer display a wide distribution of unfolding forces.
WLC fit to the folded state (blue), and double WLC fits to the intermediate (green) and unfolded (black)
states, indicate contour length changes of 39 + 1 nt and 62 + 1 nt for unfolding to the intermediate
and unfolded states, respectively. (B) The unfolding force distribution is fit by a model returning the
unfolding rate, along with the location and height of the energy barrier to unfolding.

adenine binding. The complete folding process in-
volves a hierarchy of several steps, including fold-
ing of the three helices, formation of the loop-loop
contacts and the adenine binding pocket, and bind-
ing of adenine. At /"= 0, however, helix formation
should be fast compared to formation of the tertiary
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Fig. 3. Kinetics of aptamer refolding and binding.
The fraction of FECs corresponding to the fully
folded, adenine-bound aptamer (identified by the
appropriate unfolding signature) for various adenine
concentrations as a function of the variable time
delay for refolding between pulls. Solid curves dis-
play the global fit to a minimal three-state kinetic
scheme (inset): U, unfolded; A-comp, competent to
bind adenine; F, folded (adenine-bound aptamer).
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interactions creating the binding pocket; hence, we
model this process using just three distinct states. A
global fit of data to the time-dependent folding
probabilities returned &, = 0.4 £ 0.05 s, ko =
02+005s ", and k=81 x 10*M ' s The
value of kg is similar to that obtained above, and
kon 1 close to the value measured by bulk ex-
periments (/2). The slow folding rate implies that
both aptamer folding and adenine binding occur on
the same time scale as transcription itself, support-
ing the hypothesis that the function of this ribo-
switch is governed by folding and binding kinetics
rather than equilibrium thermodynamics (0, 26).

The multiple steps in the overall folding reaction
were studied in greater detail by unfolding the
aptamer completely and monitoring its extension
under constant force with a passive force clamp (27)
as the force was reduced stepwise every 1 to 2 min.
Observing the transitions in the refolding process
individually, based on their different energies and
time scales, four distinct steps were seen (Fig. 4).
The first folding event, at ~9 to 11 pN (Fig. 4A,
red), involves length changes and force-dependent
kinetics consistent with folding the 21-nt hairpin
P2, as predicted by an energy landscape model for
hairpin folding (16, 18). The second folding step,
at ~7 to 8 pN (Fig. 4A, orange), matches the prop-
erties expected for folding the 19-nt hairpin P3. The
identification of these steps with the folding of P2
and P3 was confirmed by blocking the folding of
each hairpin separately with antisense oligomers
(fig. S3). We speculate that P2, the first fully tran-
scribed element, is also the most stable in order to
ensure that it can form in the presence of compet-
ing, altemative secondary structures in the upstream
mRNA that might delay or prevent the formation
of the proper aptamer structure.

In contrast to the adenine-independent events
described above, the two folding transitions ob-
served at lower forces were found to be adenine-
dependent. For forces below ~7 pN at saturating
adenine concentrations, the aptamer spent consider-
able time in the shortest-extension state (Fig. 4A,
green and blue), which we identify as the folded,
adenine-bound state. That identification was con-
firmed by measuring a contour length change of
63 =+ 1 nt when the 63-nt aptamer was completely
unfolded from this state. The contour length change
between this state and the one with only P2 and P3
folded, 21 + 2 nt, is consistent with the 23 nt that
are not involved in P2 and P3 folding. In addition,
a transient intermediate was observed between these
two states, 14 + 1 nt from the folded state. Because
there are 15 nt in and adjacent to P1 (Fig. 1A), we
identify this intermediate as a state where P2 and
P3 are folded and the adenine binding pocket is
preorganized by tertiary contacts, sequestering the
nucleotides between P2 and P3, but P1 remains
unfolded. The extensions of all five states (fully
unfolded, P2 folded, P2/P3 folded, P1 unfolded,
and fully folded), scaled by the fractional extension
per nucleotide at a given force, are evident in his-
tograms of records (Fig. 4B).

Constant-force-extension records in the absence
of adenine (Fig. 4, C and D) indicate very different
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behavior at low forces: The Pl-unfolded state is
strongly populated below ~6 pN, whereas the folded
state is only well populated below ~4 pN. Even at
such low forces, the folded-state lifetime is short,
with a rapid equilibrium between folded and P1-
unfolded states. These differences can be understood
if the Pl-unfolded state is the adenine-competent
state. At saturating adenine concentrations, the for-
mation of this state leads rapidly to an adenine-
bound, folded state that is long-lived even at ~7 pN
(Fig. 4A), and the Pl-unfolded state is thus rarely
occupied. In contrast, absent adenine, the P1-
unfolded state is frequently occupied even at low
forces. Occasionally, the transient folding of P1 was
observed even with adenine present (Fig. 4A, green),
likely indicating that adenine was not bound at that
instant. The single-molecule records thus directly
reflect an adenine-induced stabilization of helix P1
that underpins the switching action of the ribo-
switch (28).

Each of the folding transitions can be analyzed
individually as a two-state process, enabling a piece-
wise reconstruction of the energy landscape for
folding, both with and without adenine (Fig. 4E).
The relative free energies of the five observed states
were determined from extension histograms, and
the locations and heights of the energy barriers
between states were determined from the force de-
pendence of the kinetics (15, /8). From these land-
scapes, we find that the tertiary contacts that form
the adenine-competent state, which are primarily
base-pair and base-quartet interactions between the
hairpin loops (4, 9), stabilize the structure by an
additional 2.7 + 0.3 kcal/mol (/8). The transition
state for breaking these interactions lies ~1 nm from
the adenine-competent state, indicative of their short
range (29). We also find that adenine binding
stabilizes the folded state by 4 + 1 kcal/mol and
raises the energy barrier for leaving the folded state,
but does not appreciably affect other properties of
the landscape.

These energy landscapes dramatically illustrate
the sequential folding of each structural element in
the RNA. Folding proceeds through a distinct hier-
archy of states, but the formation of tertiary and sec-
ondary structure is interleaved, because the energetic
stabilities of these structures happen to be comparable,
in contrast with the standard picture of hierarchical
folding. Indeed, the tertiary contacts that preorganize
the adenine-competent state are considerably more
stable than the least-stable helix, P1, which is the
essential component governing the switching behav-
ior of the riboswitch. In vivo, without adenine bind-
ing to stabilize P1, this last component of the aptamer
to fold would be highly susceptible to disruption by
terminator hairpin invasion.

The techniques developed here point the way to
a powerful method for monitoring cotranscriptional
folding. In the case of the pbuE aptamer, the first
FEC obtained after transcription did not exhibit an
unfolding behavior substantially different from that
of subsequent FECs, implying that the cotranscrip-
tional aspect of folding may not be important for
the formation of an isolated aptamer (/8). This re-
sult is unsurprising, because structural elements of
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the aptamer fold in the same order as they are tran-
scribed; hence, force-induced refolding mimics
cotranscriptional folding in this case. However, for
the folding of the complete riboswitch, which in-
cludes a downstream terminator hairpin that com-
petes with aptamer formation, we anticipate an
important cotranscriptional dependence (10, 26).
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