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Experiments show that the times required to cross the barrier for the folding and unfolding of different
nucleic acids are consistently about a few microseconds, despite many orders of magnitude differences
in rate coefficients.
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The folding of proteins and nucleic acids from dis-
ordered to highly ordered structures serves as a prime
example of complex conformational dynamics in the
condensed phase. Beyond establishing the connection
between the one-dimensional information contained in
the sequences of these biopolymers and their three-
dimensional structures in the folded state, a central prob-
lem in biological physics is the development of a rig-
orous and quantitative understanding of folding mecha-
nisms. All the mechanistic information on how a biopoly-
mer folds is contained in its transition paths, the tiny
segments of an equilibrium trajectory during which the
molecule actually crosses the barrier between folded and
unfolded states, after a very large number of failed at-
tempts (see Fig. 1).

Folding transition paths are a single-molecule property
and have not been observed by experiment for either
proteins or nucleic acids, but this situation is rapidly
changing [1, 2]. Using single-molecule fluorescence ex-
periments, Chung et al. [2] measured average transition
path times that are within a factor of 5 for proteins whose
folding rates differ by 4 orders of magnitude. Given
the complexity of the structural rearrangements involved
in folding, this finding is surprising but, interestingly,
can be readily explained by the theory for diffusion of
a single particle on a one-dimensional free-energy sur-
face [3, 4]. Now, in a paper in Physical Review Letters,
Krishna Neupane at the University of Alberta, Canada,
and colleagues [1] exploit this theory to greatly extend
the work of Chung et al. [2]. In technologically de-
manding optical-tweezer experiments analyzed using en-
ergy landscape theory, they find remarkably similar low-
microsecond transition times for a wide range of nucleic
acids, whose theoretically extrapolated unfolding rates in

the absence of force range over 18 orders of magnitude
[1]. These single-molecule fluorescence and force spectro-
scopic experiments represent a major step forward toward
the goal of observing transition paths in experiments, i.e.,
of watching proteins and nucleic acids fold one molecule
at a time.
Chung et al. [2] determined the transition path time

from a photon-by-photon analysis [5] of hundreds of tran-
sition events observed in fluorescence resonant energy
transfer experiments. In the new work, Neupane et al. [1]
studied folding transition paths by mechanical pulling on
the ends of nucleic acids tethered by DNA handles to
optically trapped beads. With this setup, a constant pi-
conewton (pN) force was exerted on the nucleic acid, and
the folding and unfolding events were detected by moni-
toring the bead distance, which reported on the nanome-
ter (nm) changes in the molecular extension. Impressive
statistics only partly explain their success, since the time
resolution of the experiments is inherently limited. For a
laser trap with a spring constant k ∼ 0.1 pN/nm and a
bead of radius R ∼ 1 micrometers, the diffusional relax-
ation time, assuming Stokes-Einstein friction, is on the
order of 100 microseconds, setting a limit on what can
be resolved directly without using smaller beads and/or
stiffer traps. To overcome this limit, Neupane et al. [1]
employed formalisms of energy landscape theory.
Theory [3], simulation [6], and ensemble experiments

[7] for proteins with two-state behavior support the pos-
tulate of the energy landscape formalism that (un)folding
transitions can be described by diffusive dynamics on a
low-dimensional, free-energy surface with a single barrier
separating the folded and unfolded states. For the two-
dimensional free-energy surface in Fig. 1, x is the molec-
ular extension probed by the pulling experiments [1], and
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FIG. 1: Transition path projected on schematic two-
dimensional free-energy surface. The surface is indicated by
contour lines and coloring, with the red and yellow areas
bounded by blue contours corresponding to low (favorable)
free energies. The molecular extension x in the horizontal
direction and a coordinate y, not observed directly in experi-
ment, together separate the folded (left) and unfolded basins
(right), shown with representative structures (orange) of a
DNA hairpin (folded: left; folding transition state: middle;
coil: right). The molecule spends the vast majority of time in
one or the other basin, with very rare but very rapid transi-
tions between them. The transition path is the (yellow thick)
segment of the unfolding trajectory (continuous white), di-
rectly connecting the folded (x < xF ) and unfolded states
(x > xU ), whose boundaries are indicated by dashed vertical
lines. Thin white dashed lines indicate trajectories failing to
cross the barrier. The bottom panel shows the corresponding
one-dimensional free-energy surface, obtained by integrating
out also y, to define the relevant quantities entering the ap-
proximate expression Eq. (2) used by Neupane et al. [1] for
the mean transition path time [4, 8]. (APS/Gerhard Hummer
and William Eaton)

y is an unresolved coordinate that helps separate the two
states, folded and unfolded. Along the transition path,
which may include transient visits to low-population in-
termediates, the mechanistically relevant changes occur;
so the transition path is by far the most important tra-
jectory segment.

For dynamics described by the Smoluchowski diffu-
sion equation, an analytic expression relates the du-
ration of the transition path between two states on a
one-dimensional free-energy surface to the barrier height
∆G6= and diffusivity D[4]. An accurate approximation
derived by Szabo [8] shows that the average transition
path time τT P grows only logarithmically with ∆G6= for
a high and parabolic free-energy barrier, in contrast to
the exponentially growing average time that a molecule
resides or “waits” in a state before a “lucky” series of
thermal kicks results in passage over the barrier. The

rate coefficient, the reciprocal of this average time, pro-
vides the conventional measure of speed of a process in
kinetic experiments.
To employ this formalism, Neupane et al. [1] moni-

tored fluctuations in the extension x of the molecules in
presence of a constant external force. The molecular ex-
tensions are a reasonable choice of reaction coordinate
for the folding by zipping and unfolding by unzipping
of nucleic acid hairpins and similar structures (see Fig.
1). The corresponding one-dimensional free-energy sur-
face, G(x) vs x (schematically shown in Fig. 1, bottom)
was estimated from the observed distributions, corrected
for the effects of the trap and DNA handle and instru-
ment response by deconvolution. Knowing G(x), the dif-
fusivity D could be estimated from the measured rate
coefficients for (un)folding (the reciprocal of the mean
residence time), and then from G(x) and D, the mean
transition path time τT P could be calculated (see also
Fig. 1).
Neupane et al. [1] validated their estimates of ∆G6=

and D by measuring unfolding times under a continu-
ously increasing force, interpreted with a different, but
related theory [9]. By fitting theoretical expressions to
the measured data, Neupane et al. obtained indepen-
dent estimates of the unfolding barrier height ∆G6= and
the diffusivity D that led to consistent transition path
times for the DNA hairpins. For the more complex RNA
structures, only this latter technique was used to esti-
mate τT P . Neupane et al. further backed up their calcu-
lated low-microsecond transition path times by estimat-
ing an upper bound of ∼ 50 microseconds directly from
the observed bead trajectories, consistent with the rough
estimate of the bead relaxation time above. Moreover,
the observed diffusion coefficients D are consistent with
earlier estimates for DNA hairpin zipping and unzipping.
Measuring average transition path times is only a first

step. Future studies will aim to characterize the evolu-
tion of structure during transition paths. At present, re-
searchers can only address this by molecular simulations
[10, 11]. However, we are optimistic that observation of
individual transition paths will soon become possible in
experiment, through continued improvements in time res-
olution and the application of methods to probe several
intramolecular distances simultaneously.
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