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Abstract

Understanding how RNA folds and what causes it to unfold has be-
come more important as knowledge of the diverse functions of RNA
has increased. Here we review the contributions of single-molecule
experiments to providing answers to questions such as: How much
energy is required to unfold a secondary or tertiary structure? How
fast is the process? How do helicases unwind double helices? Are
the unwinding activities of RNA-dependent RNA polymerases and
of ribosomes different from other helicases? We discuss the use of
optical tweezers to monitor the unfolding activities of helicases, poly-
merases, and ribosomes, and to apply force to unfold RNAs directly.
We also review the applications of fluorescence and fluorescence
resonance energy transfer to measure RNA dynamics.
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INTRODUCTION

In 1999 one of us wrote a review article en-
titled “How RINA Folds” (1), which describes
the RNA folding problem and contrasts it
with the much more difficult protein fold-
ing problem. Atomic force microscopy was
considered as a potential method to unfold
RNA in physiological conditions of temper-
ature and solvent; neither high temperatures
nor denaturants would be needed. Since then
laser (or optical) tweezers have emerged as the
preferred method to apply force to unfold sin-
gle molecules of RNA, because the technique
allows direct observation of their unfolding

Li o Vieregg o Tinoco

and refolding. As an RNA molecule unfolds
from tertiary structures to secondary struc-
tures to single strands (and refolds in reverse
order), force and end-to-end distance of the
RNA are measured; changes in the extension
of the molecule indicate structural transitions
in the RNA. Combining the force and dis-
tance measurements provides the work nec-
essary to unfold the RNA, and the work ob-
tained when the RNA refolds. If the process
is reversible, the work done (or obtained) is
the Gibbs free energy change. Kinetics are
determined from the time dependence of the
processes. A molecule that exists in two con-
formations can hop back and forth between
the two states at equilibrium; the mean life-
time in each state and their distributions char-
acterize the kinetics. Also, the force can be
quickly jumped or dropped to a new value,
and the lifetime of a conformation at the
new value measured. Furthermore, measure-
ments of fluorescence resonance energy trans-
fer (FRET) on single molecules have revealed
details of the kinetics of RNA folding and con-
formational changes.

In biological cells helicases exist to unwind
specific RNAs; other enzymes, such as RNA-
dependent RNA polymerases (RdRps) and ri-
bosomes, need to unwind the RNA before
they can perform their biological functions—
transcribe or translate the sequence.

We summarize recent progress in un-
folding RNA by force and by enzymes. We
also discuss the application of single-molecule
FRET to obtain novel kinetic and structural
information about RNA reactions. Finally, we
speculate about the contributions of single-
molecule methods in the future.

SECONDARY STRUCTURE
FOLDING

Experimental investigations of RNA sec-
ondary structure have been constrained by
the stability of the folded state. With as few
as three base pairs sufficient for duplex sta-
bility at room temperature, larger structures
require high temperatures and/or chemical
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denaturants to unfold. However, thermal
melting data of secondary structure have been
interpreted by a nearest-neighbor model (2)
and form the basis for widely used structure
prediction algorithms that predict secondary
structure with reasonable accuracy (3-5). Us-
ing optical tweezers, an RNA structure can
be unfolded into an extended single strand
by mechanical force in physiological buffers
and temperatures; structural transitions are
indicated by changes in the extension of the
molecule (6). Several RNA and DNA hairpins,
derived from ribozyme, viral, ribosomal, and
siRNA sequences (6-11), have been studied
using this approach. Correction for the effect
of force on the unfolded single strand is re-
quired, but this is measurable and can be also
modeled (12). Recent investigations have also
examined single-stranded homopolymers (13,
14). In addition, atomic force microscopy has
been employed to examine the dissociation of
RNA duplexes (15).

Force can be applied in several ways to
study unfolding and refolding of single RNA
molecules (9) (Figure 1a). Increasing or de-
creasing the force at a constant rate (force
ramp) generates a force-extension (F-X) curve
(analogous to the pressure-volume curve for a
gas) that characterizes the RINA’s mechanical
behavior (Figure 15). If the folding/unfolding
transitions are assumed to be two-state tran-
sitions, it is possible to measure the rates
from the resulting distribution of transition
forces (16). Integration of the F-X curve yields
the mechanical work done during the pro-
cess; for a reversible process the mechanical
work equals the Gibbs free energy change.
Typically, the molecule does not unfold re-
versibly, which results in hysteresis in the
F-X curve. Recent developments in nonequi-
librium statistical mechanics, the Jarzynski
(17) and Crooks relations (18), enable recov-
ery of the reversible work, and thus the zero-
force free energy of folding, from nonequilib-
rium experimental data (8, 19). Of these, the
Crooks Fluctuation Theorem is particularly
useful, as it is unbiased and converges more
rapidly. Using this method, the effect (10 kcal

mol~!) of a single mutation on the folding
free energy of the S15 three-helix junction
was recovered (8). Theoretical investigations
(20, 21) indicate that it should be possible to
recover the complete free energy landscape
along the force axis using this technique, even
for folding that occurs away from equilibrium.
"This provides valuable information for under-
standing folding, but it remains to be seen
whether experimental limitations make this
technique possible in practice.

"To directly measure the kinetics of unfold-
ing or refolding, it is convenient to hold the
force constant and measure the lifetimes of
the folded or unfolded states (Figure 1c). The
rates k(F) can be described by the follow-
ing equation, (7% temperature in Kelvin, 4:
Boltzmann’s constant):

(P = koe 1.

The derivative of In(k) versus force yields
the distance to the transition state X* for
the folding or unfolding reaction. The pre-
exponential %y is the apparent rate constant
at zero force, but it cannot be compared with
zero force kinetics measured by other meth-
ods, because the mechanism of unfolding or
refolding will be different (6, 23, 24). Some
hairpins unfold and refold rapidly near their
equilibrium force. If many unfolding and re-
folding transitions are observed, the folding
free energy landscape can be deconvolved
from the probability distribution function of
the extension of the molecule at a constant
force, as demonstrated for several DNA hair-
pins (10, 11). This technique requires both
a rapidly hopping molecule and a very sta-
ble instrument as many thousands of transi-
tions must be observed to adequately sample
rarely occupied areas of the potential. More
often RNA molecules, especially those con-
taining tertiary structure, have slow kinetics at
their equilibrium forces. We have developed
a force-jump technique (9) to rapidly change
force between values such that folding and un-
folding rates can be measured separately at
different forces (Figure 14).
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Mechanical unfolding of a hairpin. (#) A single RNA molecule consisting of a hairpin flanked by

double-stranded DNA/RNA handles is tethered between two micron-size beads. One bead is held by an
optical trap and the other is mounted on the tip of a micropipette. By moving the micropipette, the RNA
is stretched and relaxed (22). (b) Force-extension curve of a pulling (b/ue) and relaxation (red) cycle.
Un/refolding of the hairpin is characterized by a “rip” on the curve displaying negative slope. When the

process is reversible, the area under the rip equals the un/refolding free energy. () When force is held
constant near the equilibrium force, the extension of the molecule switches between two values
corresponding to the folded and unfolded states. The lifetimes of the two states are force dependent.

(d) Extension traces of a force-jump experiment. Unfolding and refolding kinetics of a hairpin can be
monitored at different forces. Observations of lifetimes of folded and unfolded structures are collected to
compute unfolding and refolding kinetics, respectively.

RNA can adopt alternative conformations
with similar stability, and misfolding is a com-
mon phenomenon for RNA (25, 26). To reach
the functional fold, the RNA must discrimi-
nate against nonnative conformations, some
of which may be nearly as stable as the native
state. The mechanism of this conformational
search remains unclear. To understand the
rugged folding energy landscape of RINA, it
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is indispensable to characterize alternative
structures and their folding pathways. By
varying the rate of force relaxation, the
HIV-1 TAR sequence was steered to fold
into the native hairpin in either one step or
through multiple intermediates (27). When
the force was relaxed quickly, the RNA
misfolded, with

longer end-to-end extensions and decreased

forming conformations
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stability relative to the native state. When
force was increased subsequently, the RNA
refolded into the native fold after the
nonnative disrupted.
Single-molecule manipulations, in combina-

interactions  were
tion with modeling of the folding pathways
and intermediates (23, 24, 28-32), provide
new opportunities to explore the energy
landscape of RNA folding.

TERTIARY STRUCTRURE
FOLDING

Tertiary interactions between distal domains
are responsible for forming the compact
three-dimensional structures required for
many of RINA’s catalytic and regulatory func-
tions. Unfortunately, the predictive thermo-
dynamic models that exist for secondary struc-
ture have not, to this point, been developed
for tertiary structure. Whether such a model
can be developed is one of the pressing ques-
tions for the RNA folding field. Many ter-
tiary interactions are sufficiently weak that
they can be disrupted using temperatures or
solutions not too far from physiological con-
ditions. The combination of clear compari-
son with function and greater accessibility has
resulted in a much larger number of single-
molecule studies of tertiary folding compared
to secondary structure, especially by fluores-
cence techniques.

The majority of single-molecule investi-
gations of tertiary folding have utilized the
FRET technique [reviewed by Ha (34)] to
monitor the distance between two dye-labeled
nucleotides. This allows observation of the
formation and dissociation of specific tertiary
motifs in real time, a capability that comple-
ments the data obtained by force techniques.
In addition to distinguishing discrete states
(folded versus unfolded versus intermediates),
the FRET signal quantitatively measures
the distance between the labeled nucleotides.
The FRET signals, though complicated by
the need to account for variations in fluo-
rophore characteristics and orientation, pro-
vide valuable constraints for structural mod-

eling. Ha et al. (33) first demonstrated the
utility of FRET for studying RNA folding
by measuring conformational changes in a
three-helix junction upon binding of Mg’*
or of a ribosomal protein. Subsequent ex-
periments can generally be divided into two
types: those which explore the folding of
a specific RNA molecule (typically an en-
zyme) in detail, and those which primarily
aim to investigate the folding dynamics of spe-
cific tertiary motifs. In this section, we focus
on the latter, postponing discussion of ri-
bozymes and ligand-binding RNAs for later
sections.

One important motif that has been studied
in this manner is the tetraloop-receptor inter-
action, in which a 4-nt hairpin loop (GNRA
motif) docks with an asymmetric internal
loop elsewhere in the molecule. This motif is
present in many large folded RNAs and has
been studied extensively by both structural
and biochemical means (35). Tetraloop-
receptor interactions have also been used to
construct nanoscale synthetic RNA “building
blocks” (36). A single-molecule FRET study
(37) measured kinetics and equilibrium for
docking of a GAAA tetraloop for an RNA in
which the hairpin and receptor-containing
duplex were linked by a short strand of polyA
(Figure 2a). The docking rate increased
12-fold as the concentration of Mg’* was
increased from 0 tol0 mM (Figure 2b),
consistent with observations in bulk studies.
The undocking rate was found to decrease
by a factor of three over the same range
of Mg** concentration. A follow-on study
explored the effect of changing the linker
sequence and/or length (38), concluding that
the linker acted solely to increase the effective
concentration of the loop and receptor and
did not change the equilibrium constant. In
these studies, considerable heterogeneity was
observed in molecular behavior, both kinet-
ically and in the equilibrium species present.
Such heterogeneity would complicate data
interpretation in bulk studies.

When single-molecule measurements are
combined with traditional molecular biology
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Figure 2

Single-molecule measurement of a tetraloop-receptor tertiary interaction.
(@) Three strands of RNA were annealed to form a duplex that contains
the receptor (blue text) linked to a short hairpin containing a GAAA
tetraloop (red ) by a flexible (A); tether. Fluorophores Cy3 and Cy5 were

placed at the ends of the

hairpin and duplex, resulting in fluorescence

resonance energy transfer (FRET) efficiencies of 0.68 and 0.22 for the
docked and undocked states, respectively. (5) Docking and undocking
kinetics as a function of [Mg’*]. Adapted from Reference 37.
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techniques such as mutagenesis, it is possible
to understand folding processes in even more
detail, as demonstrated in a study of the du-
plex docking interaction that forms the core
of the Tetrabymena ribozyme (39). The P1
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duplex is a five-base-pair helix which, when
docked, forms a minor groove triplex with two
single-strand sections of the ribozyme core.
Both the duplex and its docking target are
preformed. The docking dynamics were mea-
sured by a FRET signal of fluorophores on
the duplex and the receptor. All 8 nts of P1
that make tertiary contacts were successively
mutated and the docking and undocking rates
were measured. Each mutation caused a sig-
nificant change in the equilibrium constant
of the reaction. Surprisingly, the docking rate
was largely unaffected by addition of urea or
mutations, suggesting that the transition state
for docking does not resemble the docked
state. Together with bulk chemical protection
data (40), these results suggest that the rate-
limiting step of duplex docking may be es-
cape from a kinetic trap, possibly a misfolded
structure of the J8/7 docking target. Recent
reseach finds that combining cyclic repeated
Mg?* jumps with single-molecule FRET re-
veals slow degrees of freedom in folding of
the catalytic domain of RNase P that were not
apparent from typical salt-jump experiments
(Xiaohui Qu, personal communication). Both
of these studies illustrate the power of com-
bining single-molecule techniques with tradi-
tional biochemical methods to reveal features
inaccessible to either alone.

A kissing interaction is the base pairing
formed by complementary sequences between
two hairpin loops (41). Using optical tweez-
ers, we studied an intramolecular kissing com-
plex formed by two hairpins linked by As; this
minimal kissing complex contains only two
G-C base pairs (42). By increasing force, the
RINA was unfolded into four different confor-
mations in order: kissing complex, two linked
hairpins, one hairpin, and single strand. As
force is decreased, the single strand was re-
folded into the kissing complex in the re-
verse order. Kinetics of steps in the unfolding
and refolding were measured. In contrast to
the hairpins the unfolding rate for the kiss-
ing interaction was found to be relatively in-
sensitive to force. The distance to the transi-
tion state for breaking the kissing interaction
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(X* = 0.7 nm) indicates that both kissing base
pairs were broken at the transition state. The
kissing loop was also found to lock the two
hairpins in place at forces significantly higher
than those required to unfold the hairpins
alone. This phenomenon is likely due to the
orientation of the kissed hairpins relative to
the force axis (42).

Pseudoknots, also a common motif in
RNA structure, are critical in programmed
ribosomal frameshifting (43), telomere struc-
ture (44), and ribozyme activity (45). Fold-
ing free energies of various pseudoknots have
been measured in bulk (43). A substantial ef-
fort is underway to codify their thermody-
namics and kinetics in an analogous manner
to the nearest-neighbor model of secondary
structure (46—49). Experimentally, two groups
have used optical tweezers to investigate pseu-
doknot folding at the single molecule level.
Hansen et al. measured the force required to
unfold two molecules patterned after the in-
fectious bronchitis virus (IBV) frameshifting
pseudoknot (50). Independently, we also stud-
ied the mechanical unfolding of the wild-type
IBV pseudoknot and two mutants as well as
the constituent hairpins (51). The folding ki-
netics and free energies for these molecules
were measured. Together, these measure-
ments cover a variety of different stem lengths
and nucleotide compositions, which should be
helpful in constructing a more accurate pic-
ture of the energy landscape and folding path-
way for this important tertiary interaction.

The primary challenge in understanding
RINA tertiary structure is to uncover the gen-
eral principles that govern its folding and dy-
namics. However, a rigorous folding algo-
rithm for prediction of tertiary structure is
not yet available (52). Single-molecule stud-
ies, together with more ensemble measure-
ments, can provide important constraints to
be utilized in computation and to serve as
test cases for modeling. Moreover, most func-
tions of RNAs, such as catalytic activities, de-
pend on the dynamics of the molecules. In
proteins, molecular dynamics (MD) simula-
tion has been extensively employed to explain

observation of single-molecule dynamics at
the atomic level (53). Similar work in RNA
is lamentably rare. One exception is a recent
paper by Rhodes et al. (54), in which MD sim-
ulation is used to model the water molecules
trapped in the catalytic core of a ribozyme.
The simulation predicted changes in hydro-
gen networking caused by specific mutations.
A surprising linear correlation was found be-
tween the loss of water-mediated hydrogen
bonds and the reduction of docking free en-
ergy relative to the wild-type enzyme. Collab-
oration between experimentalists and model-
ers at the design stage is particularly useful,
as data and simulation can then inform each
other synergistically rather than after the fact.

SINGLE MOLECULE STUDIES
OF RNA ENZYMES

Ribozymes have been a preferred target for
single-molecule studies of RNA for nearly as
many years as the techniques have existed (55).
FRET has been the preferred method, and
folding is typically studied by adding Mg+
ions to molecules with preformed secondary
structure and observing the resultant confor-
mational changes. Ribozyme folding, and sin-
gle molecule studies thereof, were the subject
of two recent reviews (56, 57). In this review,
therefore, we focus on several recent results
that may point the way toward future progress
in the field.

The first generation of single-molecule ri-
bozyme experiments mostly focused on the
folding of the enzyme from secondary to ter-
tiary structure. Although interesting as a study
of RNA folding, these results do not directly
bear on the main function of ribozymes, which
is catalysis. Working with inactive enzymes
avoids the problem of losing one’s sample via
self-cleavage, but makes it hard to determine
the relationship between observed conforma-
tional dynamics and the catalytic cycle. Nahas
et al. (58) were able to overcome this diffi-
culty for the self-cleaving hairpin ribozyme
by adding a single-strand RNA that resembled
the cleavage product, but was extended with
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Observing active hairpin ribozymes with single molecule fluorescence resonance energy transfer
(FRET). (2) Extended product strand (purple) remains bound after cleavage (site marked with *),
enabling a multiple turnover assay. (/) FRET trace of a single ribozyme undergoing multiple rounds of
cleavage and ligation, as described in (#). The cleaved enzyme ( purple bars) switches rapidly between two
FRET values. The lower value represents the undocked state and the higher the docked state. The
uncleaved RNA has a stable FRET efficiency of about 0.7. (¢) Reaction mechanism of a variant hairpin
ribozyme. States with similar FRET values can be distinguished by changing Mg?* and product
concentrations. Panels # and 4 adapted from (58) and ¢ from (59).

nucleotides complementary to the ribozyme.
Once the ribozyme cleaved itself, the new
strand remained bound to the ribozyme and
was religated by the reverse reaction. This ap-
proach, which can be applicable to other en-
zymes, enabled them to observe multiple cy-
cles of cleavage and ligation (Figure 3a4,b).
The researchers were able to correlate the
docking/undocking with catalytic rates of the
enzyme in a pH-dependent manner. Recently,
Zhuang and coworkers reported an alternate
scheme to dissect the reaction pathway of a
variant of the hairpin ribozyme (59). A series
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of Mg?* pulse-chase experiments were per-
formed toidentify kinetic “fingerprints” of the
various enzymatic states (undocked, docked,
docked and cleaved, cleaved and undocked,
and product released, Figure 3¢) in a single
enzymatic cycle. Different states with similar
FRET signals, such as cleaved and uncleaved
RNA at docked conformations, could be dis-
tinguished, revealing a detailed kinetic mech-
anism of the hairpin ribozyme.

Among the exciting discoveries in re-
cent years is the expansion of the types of
chemistry that RNA enzymes are capable of
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performing. In addition to the naturally
occurring phosphodiester cleavage/ligation
reaction, in vitro selection approaches have
revealed ribozymes that catalyze a diverse ar-
ray of chemical processes, including oxida-
tion/reduction, nucleotide synthesis, and pep-
tide bond formation (60). This has added
support for the “RNA World” hypothesis of
biochemical origins (61). Although a fruitful
tool for discovering new activities, in vitro se-
lection is largely silent regarding the mech-
anism of the enzymes that are discovered.
Single-molecule techniques, with their capa-
bility to resolve rare and short-lived inter-
mediates, should be very valuable in deter-
mining how these new ribozymes work. A
recent example of this is a study of the Diels-
Alder ribozyme carried out by Kobitski et al.
(62). Working with a truncated, but func-
tional, form of the enzyme, they were able to
observe that the enzyme undergoes intercon-
version between two states at equilibrium at a
rate of ~20 s~!. This conformational switch-
ing appears to resolve a conflict between the
solved crystal structure and bulk chemical as-
say results: The crystal structures indicated
that the product was trapped in the active
site. Future studies on this and other novel
ribozymes should further increase our knowl-
edge of the various chemistries that RNA can
participate in, particularly if combined with
functional assays and MD simulation.

SALT EFFECTS ON
MECHANICAL UNFOLDING
OF RNA

RNA is a polyelectrolyte with one negative
charge per phosphate. Consequently, RNA
depends critically on ionic conditions for its
structure, stability, reactivity, and ability to
bind to ligands and proteins. Like other poly-
electrolytes, RINA attracts cations to form
a conterion atmosphere around it. These
closely associated cations show similar self-
diffusion coefficients to the much larger poly-
mer (63-65). However, RNA cannot be sim-
ply treated as a cylindrical polyelectrolyte with

infinite length (66-71). RNAs have a wide va-
riety of sizes and shapes; in addition to dif-
fuse metal ion binding, RINA tertiary structure
often contains specific binding sites for diva-
lent metal ions like Mg?*. Both diffuse and
specific cation binding are critical for stabil-
ity of RNA secondary and tertiary structures
(72, 73), with tertiary structure particularly
dependent on specific binding. Definitions of
diffuse and specific binding are somewhat ar-
bitrary; there is no clear boundary to distin-
guish the two types of binding. Cation bind-
ing to RNA is relatively weak; for instance,
the Ky of specific Mg?* binding is often in the
millimolar range.

Salt effects on nucleic acids have been
extensively studied and reviewed elsewhere
(66-70, 74). Here, we discuss how mechanical
unfolding techniques can be employed to
probe some perennial problems in under-
standing salt effects on RNA structure and
folding.

Advantages of Mechanical Unfolding

Mechanical unfolding offers several advan-
tages over bulk methods in studying ion bind-
ing to RNA. First, force applied by optical
tweezers (<150 pN) changes only the non-
covalent interactions in the RNA. Unfold-
ing, especially of secondary structure, can be
studied at physiological temperatures regard-
less of ionic conditions. This is a big advan-
tage over thermal denaturation, during which
RINA degrades at high temperature, especially
in the presence of Mg?*. Second, thermody-
namic interpretation of mechanical unfolding
results is straightforward because locally ap-
plied force changes RNA structure, but not
activities of ions and water molecules. More-
over, RNA is so dilute in single-molecule ex-
periments that the reaction chamber is almost
a solution of salt, thereby avoiding compli-
cated treatment of colligative properties of
concentrated RNA solutions (63). Third, de-
velopment of force manipulation technique
provides precise control of RNA conforma-
tions, allowing direct evaluation of disruption
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or formation of a particular interaction (42).
Hence, ionic effects on folding secondary and
tertiary structures can be disentangled.

Cation Binding in Mechanical
Unfolding

How is mechanical unfolding of RNA affected
by force and ionic conditions? Here we de-
scribe a simple thermodynamic scheme for an
unfolding reaction,

Folded + n; M < Unfolded + 7, M,

in which M refers to a metal ion; and »; and
71, are numbers of metal ions associated with
folded and unfolded conformations. The ef-
fect of salt on unfolding can be written as

9ln Kq A 5
oM~ " :

in which K. is the equilibrium constant (ratio
of unfolded to folded conformation), An =
ny — ny is the net change in metal ions in
the unfolding, and [M ] is the total concentra-
tion of metal ions. We can describe the effect
of metal ions on the mechanical unfolding of
RINA as

In Keqr = FAX/kpT +1n Ko+ An In[M],

3.
in which Ky r is the equilibrium constant at
force F, and K, is the apparent equilibrium
constant extrapolated to zero force and zero
salt. Equation 3 can be directly applied to
RINA folding in a monovalent cation solution.
However, RNA folding, particularly that of
tertiary structure, is often studied by varying
the concentration of Mg?* ions while holding
the monovalent concentration at a constant
value of typically several hundred millimolar.
In these conditions, the monovalent salt can
be treated as part of the solvent; and the An
In[M] term can be used to describe the effect
of Mg?*. We note that AX (and X*) depends
on the force (75); when free energy and kinet-
ics are extrapolated to forces far away from the
transition forces, AX can vary significantly. It
is possible that Az also varies with force.
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Salt not only affects the folded and un-
folded states, but also the height of the ki-
netic barrier. Salt effects on thermodynam-
ics and kinetics are usually parameterized by
AGionic and AGH i, respectively. For a two-
state unfolding reaction with a single transi-
tion state (Figure 44), cations raise the height
of the kinetic barrier but do not change the
position of the transition state along the re-
action coordinate for unfolding. On the In
k versus force plot, the slope of the curve
(X*/kgT) is constant but the y-intercept de-
creases as cation concentration increases. The
first-order un/refolding kinetics can be writ-
ten as

Ink=FX"kyT+1In ky+ An'* In[M], 4.

in which £ is the rate constant, k is rate con-
stant extrapolated to zero force and zero [M],
and An' reflects change in the number of
cations bound to RNA at the transition state.

It is tempting to interpret Az and Ant as
the effective numbers of salt bridges formed,
or effective numbers of counterions released,
upon RNA structural transitions or ligand
binding. This simplified view does not take
into account the effect of counterion con-
densation and shapes of RNA molecules, but
more thermodynamically rigorous treatments
for mono- and divalent metal ion bindings
for RNA have been developed (76-79). How-
ever, An and An* can be conveniently used to
describe the ionic effect on the un/refolding
kinetics.

Salt Effects on Secondary Structures

The effect of Mg?* on the stability of sev-
eral RNA hairpins and a three-helix junction
(6, 8) was studied. In general, RNA hairpins
unfold and refold at higher forces as salt con-
centration increases; and Mg?* shows a much
stronger effect than monovalent cations. An
example of such an effect on a TAR hair-
pin (P'T.X. Li, unpublished data) is shown in
Figure 4b. The critical force, Fy),, at which
unfolding and refolding rates are equal, in-
creased by ~6.5 pN upon addition of 10 mM
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Mg?**, whereas AX of unfolding the hair-
pin changed less than 2 nm. We have varied
concentrations of monovalent cations and
concentration of Mg** up to 30 mM in the
presence of 100 mM KCI. The reversible me-
chanical work required to unfold the hair-
pin and AG(0 pN),,-¢ appears to increase lin-
early with the logarithm of concentration of
cations. This linearity is consistent with bulk
observations (80).

The stabilizing effect of metal ions on
RNA hairpins results from both a decrease
in the unfolding rate and an increase in the
folding rate. X* of unfolding and refolding
remained largely unchanged by type and con-
centration of cations, and An' appeared to
be constant for each type of cation. Hence,
Equations 3 and 4 are suitable for description
of salt-dependent thermodynamics and kinet-
ics of folding secondary structure.

Interestingly, metal ions have a stronger
effect on unfolding than refolding (6, 8). In
the F-X curves, hysteresis between the unfold-
ing and refolding trajectories increases with
salt concentration. This effect is also shown
by reduced overlap between the unfolding
and refolding force distributions at high salt
conditions (Figure 45). The weaker salt de-
pendence of refolding kinetics probably re-
sults from its reaction mechanism. The rate-
limiting step of hairpin folding is formation of
the loop-closing base pair, which must com-
pete with alternative combinations of base
pairs (80, 81). Cations facilitate this process
by offsetting the negative charges on the phos-
phates but are unlikely to discriminate against
nonnative base pairs.

Cations, particularly monovalent cations,
bind diffusely to a simple hairpin. But Mg?*
displays specificity to bulges and internal
loops and affects dynamics of their neighbor-
ing domains (82, 83). These unpaired regions
in the RINA are also interesting because many
of them bind small molecule ligands and can
be used as drug targets, a process that requires
displacement of counterions (84, 85). Salt ef-
fects on mechanical unfolding of these struc-
tures remain unexplored.

a
b 60 - Refolding Unfolding
40
100 mM K*
20+
[
o
c
8 1 1 1 1 1 1
5 0
o
o
(o]
401
100 mM K*
plus
10 mM Mg?
20+
0 1 1 1 1 1 1
8 10 12 14 16 18 20
Force (pN)
Figure 4

Salt effects on force unfolding of RNA structure. (2) Effect of a cation, M,
on a simple two-state unfolding reaction. The cation stabilizes the folded
structure, effectively raising the kinetic barrier for unfolding. Salt effects on
the unfolded state are less than that on the folded state. The position of the
transition state along the reaction coordinate is not affected by the cation.
(b) Force distributions of TAR RNA in 100 mM KCI (70p) and with an
additional 10 mM Mg?* (bortorz) (P.T.X. Li, unpublished data).

Salt Effects on Tertiary Structure

Folding and stability of tertiary structure are
critically dependent on ionic conditions, es-
pecially Mg**. Consequently, metal ions have
more pronounced effects on tertiary struc-
ture than on secondary structure. Kinetics
of breaking tertiary interactions are greatly
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slowed by Mg?*, but folding rates of tertiary
structure are only moderately dependent on
metal ions.

Intron ribozyme. The first hint of Mg?* ef-
fects on mechanical unfolding of RNA tertiary
structure came from a study by Onoa and col-
leagues (86). Mechanical unfolding of the L-
21 ribozyme in 10 mM MgCl, was character-
ized by distinct rips, each of which represents
unfolding of a structural domain. In the ab-
sence of Mg?*, the RNA populated collapsed
conformations as observed in bulk studies
(87), and its unfolding trajectories showed no
clear rips. As the concentration of Mg?* was
increased, unfolding rips gradually appeared
at forces significantly higher than those re-
quired to disrupt the collapsed forms, indi-
cating differential Mg?* dependence of indi-
vidual interactions and domains (supporting
materials in Reference 86).

Pseudoknots. Pseudoknots adopt compact
structures (43), and their stability depends
on bound Mg?* (73, 88). In one of the re-
cent mechanical studies on pseudoknots (51),
Mg?* not only raised the rip force but also
decreased Xunfoldingi, as evidenced by changes
in the force-dependent unfolding rates.

Loop-loop interactions. Using force ma-
nipulation, formation and disruption of an in-
tramolecular kissing complex can be directly
observed and distinguished from un/refolding
of secondary structures (42). The salt de-
pendence of kissing interactions depends on
the sequence of kissing base pairs. A well-
studied case is two variants of the DIS kiss-
ing complexes derived from HIV-1, in which
kissing sequences are GUGCAC (Mal) and
GCGCGC (Lai) (41, 89, 90). Mg’* has a
strong stabilizing effect on both kissing com-
plexes. Addition of 1 mM Mg?* raised the
mean rip force to break the kissing interac-
tion by over 20 pN (P'T.X. Li, unpublished
data). Yet, unfolding of the two kissing com-
plexes displayed different force and salt de-
pendences, as evidenced by different values of
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Xunfolding' a0d Azyfolding’ - Kinetics of breaking
the kissing interactions can be well described
by Equation 4.

Ongoing efforts to understand salt effects
on RNA tertiary interactions by force un-
folding can yield key thermodynamic and ki-
netic parameters. These new parameters need
to be explained structurally. For instance, is
Amyg+* the number of Mg?* released at the
unfolding transition state? Are these Mg?*
ions bound to specific sites or diffusely associ-
ated with the RNA? Because unfolding kinet-
ics directly reflect the folded RNA complexed
with cations, unfolding kinetics may be more
useful than the folding free energy in inter-
pretation of cation binding.

LIGAND AND PROTEIN
BINDING TO RNA

A DNA or RNA molecule can be mechan-
ically unfolded in the absence and presence
of ligands and proteins; differences in stabil-
ity reflect the binding of ligands. A DNA he-
lix can be mechanically perturbed either by
shearing (pulling on opposite ends of the he-
lix) or by unzipping (pulling the two strands
apart from the same end of the helix). In the
shearing mode, ligand and protein binding are
indicated by global changes in the molecule’s
F-X curve (91); the binding affinity at both
zero force and high forces can be quantified
(92). For the unzipping experiments, displace-
ment of specifically bound proteins results in
a clear rip (abrupt change in extension) when
the unfolding fork displaces a bound protein
(93-95). This approach can be used to map
the protein binding site along the DNA du-
plex. Applying this strategy to RNA, we found
thatargininamide, but not arginine, binds and
stabilizes the TAR hairpin, confirming the
specificity of argininamide for this RNA (96).
We expect to see more mechanical studies on
ligand- and protein-RNA interactions in the
near future.

Single-molecule  fluorescence  tech-
niques have demonstrated great potential
in studying assembly and dynamics of large
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ribonucleoproteins (RNP). Because many ex-
tensive reviews are available (57, 97), we only
briefly introduce three very recent studies.
A straightforward but especially important
application of single-molecule fluorescence
techniques is counting the numbers of
subunits in an RNP, an often difficult task
for a large multicomponent complex. For
instance, it has been deduced from electron
cryomicroscopy and crystallography (98) that
each bacteriophage phi29 DNA-packaging
motor has six packaging RNA (pRNA)
molecules. In a recent experiment (99),
pRNAs, each labeled with a fluorophore,
were incorporated into the packaging motor.
By sequentially photobleaching fluorophores
on single motors, stoichiometry of six pRNA
per motor has been confirmed.

Annealing of two hairpins with comple-
mentary sequences into a duplex requires
unfolding of both hairpins. In HIV, TAR
RNA is annealed to its complementary DNA
(cTAR) sequence with the help of the nu-
cleocapsid protein during the critical minus-
strand transfer step (100). The role of the
protein in this process remains unclear.
Combining microfluidic techniques with
single-molecule FRET and fluorescence cor-
relation spectroscopy, Barbara and colleagues
observed many intermediates in the annealing
of TAR and ¢TAR, revealing both the anneal-
ing pathway and the chaperone activity of the
nucleocapsid protein (101, 102).

Assembly of RNPs is often sequential, sug-
gesting that early protein binding events in-
duce a conformational change in RNA that
allows subsequent associations. By labeling a
pair of fluorophores at various positions of the
telomeric RNA, Stone and colleagues have
demonstrated that binding of p65 protein in-
duces a conformational change in the telo-
mere RNA that facilitates the binding of the
telomerase reverse transcriptase (103).

ENZYMES THAT UNFOLD RNA

In physiological conditions RNA folds spon-
taneously, but requires energy to unfold. A

single base pair closing a loop in RNA is
not stable, because base-base hydrogen bonds
are only slightly more stable than base-water
hydrogen bonds, and there is a loss of en-
tropy on constraining the RNA to form a
loop. The free energy change is positive.
However, adding successive base pairs soon
produces a stable structure with a nega-
tive free energy change relative to the sin-
gle strand. At 37°C three G-Cs closing a
tetraloop (GCG[UUCG]CGC) are stable by
2.4 keal mol™! in 1 M NaCl; it takes five
A-Us (AUAUA[UUCG]UAUAU) to become
stable with a AG = -1.9 kcal mol™! (104).
Each additional base pair—depending on
the sequence—decreases the free energy by
-1.0 to -3.4 kcal mol~!. In ionic environ-
ments more closely resembling those of a cell
(100 mM univalent, 10 mM divalent ions), the
free energies are expected to be similar. The
standard free energy of hydrolysis of ATP at
37°C is =7.4 kcal mol™!, therefore the cell
must burn one ATP to unfold three to four
RNA base pairs. An alternative way to un-
fold RNA is to bind the single strand by a
single-strand specific protein. The binding to
the single strand must be strong enough so
that it can compete with base pair formation.
An average AG of +2 kcal mol~! for breaking
a base pair means that the dissociation con-
stant for single-strand specific protein is in-
creased by a factor of 25 (¢2%/RT) for each
base pair that is broken before binding can
occur. Thus, if four base pairs must be un-
folded to form a single-strand binding site for
a protein, the dissociation constant for bind-
ing the single strand increases by two orders of
magnitude.

RNA must be single stranded for its se-
quence to be interpreted during viral RNA
replication and translation, so it must first be
unfolded by the RNA-dependent RNA poly-
merase or ribosome, or by a helicase that
assists the unfolding. The enzymes use the
chemical energy available in the hydrolysis of
nucleoside triphosphates to unfold their RNA
substrates. The functions of these molecular
motors require them to work on RNAs of
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widely differing sequences. They are promis-
cuous; however, initiation of their activity of-
ten involves specific sequences and structures.

HELICASES

Helicases are molecular motors that convert
the chemical energy of ATP hydroly-
sis into removing bound proteins and
mechanically separating the strands of
double-stranded nucleic acids (105). The
DEAD-box family of RNA helicases belongs
to protein superfamily II and is by far the
largest family of RNA helicases—over 500
sequences are known (106). Several crystal
structures have been published, including
the structure of the NS3 hepatitis C helicase
bound to DNA (107), and the structure
of a thermophilic RNA helicase bound to
ATP (108). The many biochemical functions
of helicases have been reviewed (106, 109,
110). We concentrate on their mechanism
of action, particularly by single-molecule
studies (111).

Two RNA helicases essential for viral repli-
cation have been extensively studied: NPH-II
helicase from vaccinia virus (112, 113), and
NS3 helicase from hepatitis C virus (114—
117). Both load on an overhanging 3'-single
strand and move in a 3’-to-5’ direction. Un-
winding begins when the helicase arrives at
the junction of the double strand and single
strand; the helicase then unwinds the RNA in
a series of bursts and pauses. During the pause
the helicase can dissociate from the RNA or
begin another step of unwinding. The number
and size of unwinding steps that occurs deter-
mines the processivity of the process (118).
The fundamental characteristics of these he-
licases (step sizes, efficiency, processivity) are
not well established. Itis not even certain how
many helicases are actually working on each
RNA in different experiments.

Single-molecule studies of the hepatitis C
virus RNA helicase were done by attaching the
ends of an RNA containing a hairpin to two
beads and monitoring the increase in end-to-
end distance of the RNA as a helicase unfolded
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the molecule at constant force (116). The ex-
tension versus time showed discrete unwind-
ing steps (extension increased with time) fol-
lowed by pauses (extension did not change
during the pause). The translocation steps
were 11 bp with substeps of 3 to 4 bp, in-
dependent of ATP concentration. This re-
sult contrasts with an earlier ensemble ex-
periment, which found an average step size
of 18 bp (114). The difference in measured
step size between single-molecule and ensem-
ble experiments were attributed to differences
in the oligomeric state of the active helicase;
monomeric in the former and dimeric in the
latter. However, in neither experiment was
the actual number of RNA-bound helicases
measured.

The single-molecule experiments allowed
measurement of the effects of experimental
variables (ATP, RNA sequence, force) on each
step in the helicase mechanism. Increasing
ATP concentration increases the rate of re-
action, as expected, but has no effect on pro-
cessivity. Increasing ATP concentration de-
creases both the length of each pause and
the time for each unwinding step. Analysis
of the dependence of the pauses, unwinding
steps and substeps on ATP concentration indi-
cates that at least one ATP is involved in each
pause and substep. The unfolding of 11 bp
clearly requires more than one ATP to be hy-
drolyzed per cycle of pause and translocation.

Single-molecule fluorescence studies (119)
of the hepatitis C NS3 helicase unwinding
DNA have found steps of 3—4 bp, with evi-
dence of 1-bp substeps and 1 ATP hydrolyzed
per base pair. How much of the differences is
due to DNA versus RNA substrates or other
differences in the experiments (such as force
assistance) requires more work.

A question that is often posed for molec-
ular motors is whether they take advantage
of thermal energy to move—are they passive
motors or do they actively destabilize base
pairs (120)? To test whether the HCV heli-
case acts like a passive Brownian motor that
waits for the double-stranded region to open
spontaneously before moving forward, the
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ent RNA sequences. Two 60-bp hairpins were
studied; one contained 30 A-Us followed by
30 G-Cs; the other had the two sequences in-
terchanged so that the NS3 helicase encoun-
tered the G-Cs first (117). The kinetics of
unwinding a helix by a pure Brownian mech-
anism should vary with e=2%/RT the expo-
nential of the free energy of base pair opening
(AG°) compared to thermal energy, RT. At
37°C, AG® for opening a single base pair in
the sequence 2 is 1.0 keal mol™?, it is 3.3
kcal mol™! for opening a base pair in the se-
quence % (104). The difference in free en-
ergy corresponds to a 42-fold faster rate for
passive opening of one base pair ata time from
the A-U sequence compared to the G-C se-
quence. If the helicase opens two base pairs at
a time, the calculated rate increase for A-Us
over G-Cs becomes 1750. The observed rates
of helix unwinding changed much less with
sequence. NS3 pauses 10 times longer and
translocates 3 times slower on G-C base pairs
than A-U base pairs. This result shows that
the HCV helicase is not a passive Brownian
motor, but actively opens base pairs. A ring-
shaped helicase from T7 that unwinds DNA
has also been found to be an active motor
121).

The processivity of NS3 also depends on
the G-C content; strong barriers accelerate
NS3 detachment from RNA before the base
pairs are unwound. The probability that the
helicase dissociates from the RNA increases
as itapproaches a G-C sequence; this increase
occurs up to 6 bp ahead of the opening fork
117).

Force applied to the hairpin changed nei-
ther the helicase’s step size, nor its rate of un-
winding. However, increasing force did in-
crease processivity. This implies that force
destabilizes the double strand, decreasing the
barrier to unfolding and favoring the enzyme
remaining bound to the RNA during pauses.

A mechanistic picture consistent with all
these results (116, 117) is that the helicase has
one site that binds the single-stranded RNA

Duplex destabilization

Repeat
Figure 5

An inch worm model of the motion of NS3 helicase adapted from
Reference 116. In each translocation step, the helicase reaches ahead and
destabilizes the double strand; the single-strand binding site then inches

forward unwinding the duplex.

and another that binds and destabilizes the
double-stranded RNA ahead of the unwind-
ing fork. The single-strand binding site inches
forward unwinding base pairs until it reaches
the double-strand binding site. The double-
strand binding site releases the RNA, the heli-
case stretches, and the site binds and destabi-
lizes the RNA duplex ahead to repeat the cycle
(Figure 5). The probability that the helicase
will release from the RNA, and thus decrease
the processivity, depends on the stability of
the helix. A helix with high G-C content will
decrease binding and destabilization of the
duplex by the double-strand binding domain
and may allow the single-strand site to re-
lease the helicase. Force on the hairpin will
destabilize the helix and thus increase the
processivity.

RNA-DEPENDENT RNA
POLYMERASES

RNA viruses—other than retroviruses—are
replicated by their viral-encoded RdRps.
These polymerases must synthesize both plus
strand and minus strand chains. They can ini-
tiate from primers or by de novo initiation
usually starting with a GTP. Non-viral RdRps
also exist in many organisms. They synthesize
RNAs from RNA templates and are involved
in many cellular functions, including RNA
silencing (122).

Although many single-molecule studies of
DNA-dependent RNA polymerases (DdRps)
have been done (123-126), RdRp studies have
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not yet appeared. The experiment could be
exactly analogous to the helicase study de-
scribed here, or follow the DdRp-type exper-
iments. There the enzyme is attached to one
bead and the distance between the enzyme and
5 end of the RNA is monitored.

RIBOSOME

The ribosome is a very complex molecular
machine that catalyzes the hydrolysis of GTP
to translate messenger RNAs into polypep-
tides (127, 128). High resolution structures
are only available for prokaryotic ribosomes,
and single-molecule experiments have not
been done on eukaryotic ribosomes, therefore
we limit ourselves here to the prokaryotes.
The function of ribosomes is so important to
life thatitis the objective of many researchers
to establish a detailed motion picture of the
action of a ribosome during translation. The
goal is a mechanism of translation that charac-
terizes the conformation of the ribosome and
the positions of the mRNA, the tRNAs, and
the translation factors at each step in the pro-
cess. The energy at each step, and the barri-
ers between steps—the thermodynamics and
kinetics of the process—are also necessary to
understand the operation of the ribosome. We
summarize the progress here with emphasis
on single-molecule studies of the motion of
the mRINA and tRNAs.

Translation

Initiation occurs with the binding of an
mRNA, formyl methionine tRNA (fMet-
tRNAMet) - and  initiation factors IF1,
IF2-GTP, and IF3 to the 30S subunit of the
ribosome. Next the 50S subunit is recruited,
GTP is hydrolyzed, and the initiation factors
are released, leaving the fMet-tRNAMet
bound at the P-site of the ribosome. Elon-
gation starts when EF-Tu-tRNA-GTP binds
to the ribosome, which has a peptidyl-tRNA
or fMet-tRNA in the P-site. Interaction
of the EF-Tu with the ribosome catalyzes
the hydrolysis of the GTP, the correct
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aminoacylated-tRNA is left at the A-site, and
EF-Tu-GDP is released. A new peptide bond
is formed when the x-amino group of the
A-site amino acid attacks the carboxyl carbon
of the amino acid linked to the P-site tRNA.
As a peptide bond replaces an ester linkage,
this step in the the reaction is spontaneous,
and free energy decreases. Once the peptide
chain has been transferred to the A-site
tRNA, a hybrid state is favored in which
the 3’ end of the P-site tRNA moves to the
exit site (E-site) and the 3’ end of the A-site
tRNA moves to the P-site. Now EF-G-GTP
binds and translocation occurs as GTP is
hydrolyzed by interaction with the ribosome.
Translocation involves the movement of
the mRNA with the two tRNAs by 3 nts
to position the next codon at the A-site of
the 30S subunit. Translocation can occur
even in the absence of EF-G, but it is very
slow. Translation stops when a stop codon
is reached. A release factor recognizes the
stop codon and hydrolyzes the completed
polypeptide from the P-site RNA.

During translation the ribosome must be
able to process 61 different codons and 3 dif-
ferent stop signals. It interacts with a mini-
mum of 20 tRNAs, but it can interact with
up to nearly 60 different tRNAs, depending
on the organism. It must unfold base-paired
secondary structures, as well as tertiary struc-
tures, such as pseudoknots, in the mRNAs. All
this is done rapidly (~1-10 codons s!) with
high fidelity. The ribosome plus its translation
factors EF-Tu and EF-G constitute a mar-
velous machine that has great flexibility for
its RNA reactants, but very high precision for
the product protein it makes. A detailed mech-
anism will help in revealing when and why
ribosomes make mistakes, such as frameshift-
ing, incorporating the wrong amino acid, or
prematurely terminating.

Mechanism of Elongation

The kinetics of elongation have been exten-
sively studied by the Rodnina-Wintermeyer
group using stopped-flow fluorescence and



Annu. Rev. Biochem. 2008.77:77-100. Downloaded from www.annualreviews.org
by California Institute of Technology on 09/26/12. For personal use only.

quench flow methods (129-132). They have
obtained values for many of the rate con-
stants in the reaction that can be used to cal-
culate the time dependence of each species.
Figure 6 shows the decrease in fraction of
empty A-sites and increase in fraction of A-

sites containing an aminoacyl tRNA™

as a
function of time. Two intermediates of the
reaction are also shown (EF-Tu-GTP-tRNA*®
bound and GTP hydrolyzed to form bound
EF-Tu-GDP-tRNA* = [;). Once the cor-
rect tRNA* is accommodated in the A-site,
peptide bond formation is fast and not rate
limiting. Next, formation of the hybrid state
occurs (discussed in the next section, Single-
Molecule Translation), and translocation fin-
ishes one step of the cycle.

SINGLE-MOLECULE
TRANSLATION

Figure 6 shows the fundamental limitation
of ensemble kinetics; reactions occur asyn-
chronously. This means that throughout the
reaction reactants and products are both
present, and intermediates will appear and dis-
appear as the reaction proceeds. This mixture
obviously complicates the problem of identi-
fying and characterizing each species. In con-
trast, in single-molecule experiments there is
only one species present at one time. When
the reactant reacts, it is replaced by an inter-
mediate, which is replaced by the next inter-
mediate, which eventually is transformed to
product. Instead of rate constants, the life-
time of each species is measured. The single-
molecule reaction is repeated many times,
each time yielding a different set of life-
times for the species—because of the ran-
dom nature of kinetics. The signal from
two species in a stable equilibrium will ex-
hibit “hopping” with the signal switching in
time, and corresponding alternately to each
state.

The distribution of lifetime values can re-
veal hidden intermediates between the mea-
sured species. For a reaction with N steps (IN-1
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—
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Time-dependence of the incorporation of a tRNA by EF-Tu into the A-site

ofa ribos}?me. The kinetic steps of the reaction are: A-site + EF — Tu-GTP-
1
tRNA* = A-site- EF-Tu-GTP-tRNA* re I; re A-site-tRNA™ +
2 3

k_ 2
EF—Tu-GDlP, I; = GTP hydrolyzed to form bound EF-Tu-GDP-tRINA®.

The fraction of A-site reacted is calculated for k; = 100 uM~! s~ 1;

ki =25s Yk =355 ks = 757! for a constant EF-Tu

concentration of 0.1 M. Data from Reference 129.

intermediates) with equal rate constants, #,
the distribution of lifetimes, 7, is a Poisson
equation.

ENpN-1

dP(z) = (m)(e Yt 5.
Here dP(r)/dt is the probability density of
measuring a lifetime between 7 and © + dt. If
there are no intermediates (N = 1), the dis-
tribution is a simple exponential with a max-
imum at T = 0, and the mean value of the
lifetimes, (t) = 1/k. For any value of N, the
distribution is at a maximum at T = (N-1)/k
with mean value () = N/k. For hidden inter-
mediates with unequal rate constants, the dis-
tribution will depend on differences of expo-
nentials. Thus, any difference from an expo-
nential distribution of lifetimes indicates hid-
den intermediates.

Blanchard et al. (133, 134) used FRET
from fluorophore-labeled tRINAs to study the
kinetics of tRINA selection and of transloca-
tion in single-molecule experiments. Prior to
translocation, the tRINAs move to a hybrid
state from the classical state (one tRNA is
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(=2

Counts (x10%)

Extension

21

in the P-site of both ribosomal subunits, and
the other is in the A-site of both subunits).
The process is a dynamic equilibrium with the
classical state tRINAPPHd in the A-site hav-
ing a lifetime of 0.2 s. The hybrid state
tRNAPPide shows two lifetimes with nearly
equal probabilities for returning to the

classical state (0.08 s, 0.39 s). These lifetimes
(133) correspond to values of hybrid—classic
= 5 s ! and kclassicﬁhybrid = 12.5 s7! and
2.5s7 1. The ensemble results of the Rodnina-
Wintermeyer group and the single-molecule
results of the Puglisi-Chu group are con-
sistent, which is encouraging. The review

Force (pN)
S

146 148 150 152 154 156 158 160 162 164 166
Time (s)
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-
o

[oe]
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27 54 81 108 13.5 16.2 18.9 0 0.05

94

I I I
0.1 0.15 0.2 0.25

Pairwise distance (nm) Translocation time (s)

Figure 7

Single ribosome translation. (#) A trajectory of extension of mRNA versus time for the translation of an
RNA hairpin by a single ribosome; an enlarged view of a single translocation step is shown as an inset.
(b) Pairwise distribution of points showing that translocation occurs with steps of constant increase in
extension of 2.7 nm, corresponding to translocation of 3 nts (1 codon) per step. (c) The distribution of
translocation lifetimes fits a Poisson equation with three substeps corresponding to 23 ms per substep.
The purple curve is the best fit to a one-substep reaction, blue is for two substeps, and red is for three
substeps. Reprinted with permission from Reference 136.
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by Puglisi et al. (135) in this volume
gives much more details.

We (136) have measured the increase in
extension of a single mRNA molecule as a
ribosome translates the message. The method
is identical to the one used in our single-
molecule, laser tweezers studies of HCV NS3
RNA helicase (116). Beads are attached to
the ends of a hairpin RNA and are held at
a force below that necessary to unwind the
hairpin. As the ribosome translates the 5'-side
of the hairpin, the double helix is opened,
releasing 1 nt on the 3'-side of the hairpin
for each nucleotide translated. We thus mea-
sure a combination of the translocation and
helicase activity of the ribosome. Figure 74
shows a time trace of the translation of a 60-bp
hairpin containing only valine (GUN) and
glutamic acid (GAPu) codons. Characteristic
cycles of a long (1-2 s) pause followed by a
short (0.1 s) translocation step are seen. The
increase in end-to-end distance of the mRNA
is 2.7 nm per step (Figure 7b), which cor-
responds at 20-pN force to 6 nts unfolded
per step. Thus at each step of translation, a
codon of 3 nts is traversed by the ribosome,
and another 3 nts are released from the duplex
of the hairpin. The distribution of translo-
cation lifetimes fits a Poisson equation with
three identical substeps with mean lifetimes of

SUMMARY POINTS

23 ms (Figure 7c¢), corresponding to a mean
translocation time of 69 ms. The measured
mean translocation time was 78 + 47 ms.
The distribution of pause times indicates two
substeps with different rate constants. Al-
though the pause times can differ widely
from ribosome to ribosome, and depend on
the force applied to the RNA, the translo-
cation times are independent of force and
ribosome.

Single-molecule studies of translation are
just beginning. The processes and states de-
termined by FRET and by laser tweezers are
not easily compared. During the pauses seen
in the force experiments, the binding of EF-
Tu, the recognition and insertion of the cor-
rect tRINA, and the binding of EF-G take
place. Variation of concentrations of factors
and substrates, and better time and distance
resolution, are needed to identify and char-
acterize each of the intermediates involved in
one cycle of translation of one codon. In the
FRET experiments, fluorophores placed on
the ribosomal RNAs and proteins, the mRNA
and the tRNAs can show relative motions of
all the actors. Of course, ensemble studies will
continue to provide importantinformation. In
a few years the goal of a step-by-step motion
picture of the prokaryotic ribosome in action
may be realized.

1. Mechanical force can be applied to unfold single RNA molecules. Structural transi-
tions, indicated by changes in the extension of the molecule, are monitored in real
time. The free energy changes can be obtained from the mechanical work done to

unfold the structure.

2. Single-molecule force manipulation can be used to control the structure and folding
pathways of large RNAs, allowing characterization of sequential un/refolding steps.

Force can also induce RNA misfolding.

3. Single-molecule fluorescence techniques are powerful in studying tertiary folding and
domain dynamics of RNA structures, as well as in characterizing detailed reaction

mechanisms of ribozymes.

4. Single-molecule force and fluorescence studies have elucidated the mechanisms by
which helicases unwind DNA or RNA duplexes and convert chemical energy into

mechanical work.
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5.

Translation by a single ribosome on a single RINA occurs by successive cycles of
translocation steps and pauses. Each translocation step involves a motion of the RNA
by 3 nts—one codon. Ribosome possesses helicase activity that can unwind secondary
structures in mRNA during translation.

FUTURE ISSUES

1.

Temperature-controlled optical tweezers should be applied to directly measure en-
thalpy and entropy changes of RNA folding at physiological temperatures. Kinetics
of folding as a function of temperature are also needed.

. More theoretical effort is needed to explain force unfolding kinetics, especially for

intermediates and misfolded structures.

. It remains unclear how RNA binding proteins, particularly chaperones, change the

RNA structure. Assembly processes of large ribonucleoproteins, such as the spliceo-
some and telomere, are also not clear. Single-molecule techniques may solve some of
these puzzles.

. There are many different helicases and nucleic acid translocases. Single-molecule

assays can provide detailed mechanisms for the activities of these molecular motors
with different functions.

. Single-ribosome translation assays can answer perennial questions on the effects of

messenger RNA structure on translation. A single example is: What is the mechanism
of pseudoknot-induced translational frameshifting?
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