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Probing microscopic conformational dynamics in

folding reactions by measuring transition paths
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Transition paths comprise those parts of a folding trajectory
where the molecule passes through the high-energy transition
states separating folded and unfolded conformations. The
transition states determine the folding kinetics and mechanism
but are difficult to observe because of their brief duration.
Single-molecule experiments have in recent years begun to
characterize transition paths in folding reactions, allowing the
microscopic conformational dynamics that occur as a molecule
traverses the energy barriers to be probed directly. Here we
review single-molecule fluorescence and force spectroscopy
measurements of transition-path properties, including the time
taken to traverse the paths, the local velocity along them, the
path shapes, and the variability within these measurements
reflecting differences between individual barrier crossings. We
discuss how these measurements have been related to
theories of folding as diffusion over an energy landscape to
deduce properties such as the diffusion coefficient, and how
they are being combined with simulations to obtain enhanced
atomistic understanding of folding. The richly detailed
information available from transition path measurements holds
great promise for improved understanding of microscopic
mechanisms in folding.
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Introduction

Understanding how proteins and nucleic acids fold into
complex structures has been an important goal for dec-
ades. Decades of work has established a comprehensive
theoretical framework for describing folding as a diffusive
search over a multi-dimensional conformational energy
landscape [1]. In this picture, the most important parts of
the reaction involve passage through the high-energy
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transition states forming barriers between stable or meta-
stable states, since these states dominate the reaction
kinetics, and the paths through these states — known as
transition paths (Figure 1) — encapsulate all the critical
mechanistic information. Because transition paths (TPs)
have a very brief duration, whereas most of the time spent
during folding reactions involves non-productive fluctua-
tions that do not cross the energy barrier, they have
proven challenging to study experimentally [2]. Further-
more, because TPs are stochastic but the folding of
ensembles of molecules cannot be synchronized,
single-molecule approaches are needed to observe them.
As a result, study of TPs was until recently restricted to
theory and simulation [3-9].

In recent years, however, advances in single-molecule
instrumentation and analysis have allowed direct mea-
surement of TPs, opening up a new window on the
microscopic conformational dynamics during folding.
T'wo methods have been used to characterize TPs exper-
imentally: single-molecule Forster resonance energy
transfer (smFRET), wherein resonant energy transfer
reports on inter-dye distance changes caused by unfold-
ing/refolding [10]; and single-molecule force spectros-
copy (SMFS), wherein length changes in response to
tension applied by a force probe such as optical tweezers
are used to monitor unfolding/refolding [11]. Here we
review recent single-molecule studies of TP properties
such as the average TP time, TP time distribution, local
velocity, and average path shape, examining how com-
parisons to theory and simulation have yielded new
insights into the microscopic features of folding.

smFRET measurements of average
transition-path times in folding

The first direct measurements of TPs were done in
pioneering work by Eaton ¢ «/ using smFRET
(Figure 2a) to determine the average transition-path time,
vrp. Traditional FRET analysis has insufficient time
resolution to detect individual TPs, because of the bin-
ning of time-points needed to calculate FRET values, but
by applying a maximum-likelihood analysis of photon-by-
photon trajectories[12], Trp could be deduced as the
lifetime of a virtual intermediate state (Figure 2b). It
was measured for two small proteins, a fast-folding
B-structured WW domain [13] and the engineered helical
protein a3 D [14], and an upper bound was placed on ©p
for the ap-structured protein GB1 [13] and a DNA
hairpin [15]. For the WW domain, 7p was estimated
as ~2 ws in standard aqueous solvent, very close to the
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Figure 1
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Transition paths. Transition paths represent productive fluctuations
(red) that cross the barrier between unfolded (U) and folded (F) states,
and ignore non-productive fluctuations (grey). Motions over the multi-
dimensional landscape are usually projected onto a 1D reaction
coordinate. Adapted from Ref. [20°°] with permission.

result obtained in atomistic simulations [16] and not far
from the putative protein folding ‘speed limit’ of ~0.1 to
1 ws for small proteins [17], whereas for azD, Tpp ~13 s
(Figure 2c); the upper bound for GB1 was 10 ws, and that
for the hairpin was 2.5 ps.

Crucially, these results clustered closely in the range ~1
to 10 ps. In contrast, the folding rates of these molecules
varied by as much as four orders of magnitude. The fact
that ©p varies much less than the folding time, ¢ (the
inverse of the folding rate), reflects a key property of TPs:
since by definition a molecule on a TP always receives
sufficient thermal energy to cross the barrier, Trp is
relatively insensitive to barrier height, as opposed to 7y,
which is dominated by the time a molecule must wait for
energy fluctuations large enough to allow barrier crossing.
These concepts are captured theoretically by Kramers’
expression for 7; [18] and Szabo’s expression for 7pp [19]
in the harmonic-barrier approximation:
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where 457" is the thermal energy, AG the barrier height,
Kppw the stiffness of the energy barrier/well, and D the

diffusion coefficient — the fundamental descriptor relat-
ing transition kinetics to landscape thermodynamics.
Because 17 is exponentially more sensitive to AG* than
D, D is very difficult to quantify reliably from rates, as any
changes in AG* overwhelm effects from D. In contrast,
Trp varies little with AG¥, making it relatively much more
sensitive to D.

"This sensitivity of Tp to D was exploited by Chung and
Eaton to show that the large trp of azD arises from
substantial internal friction, reflecting roughness in the
energy landscape [14]. By comparing 7pp measurements
directly to all-atom molecular dynamics simulations of the
TPs, the mechanism underlying the internal friction was
deduced and found to involve formation of non-native salt
bridges [20°°] (Figure 2d). This mechanism was con-
firmed by showing that at low pH, where the salt bridges
were disrupted by protonation, t¢and Trp both decreased
in roughly the same proportion, reflecting an increase in D
from removal of the salt bridges (Figure 2¢). Intriguingly,
a3zD is thus an exception to the general expectation that
non-native interactions do not play key roles in folding
mechanisms [21], suggesting that folding of engineered
proteins may differ from that of naturally evolved mole-
cules by having rougher landscapes [22] leading to slower
diffusion. Combining measurements and atomistic simu-
lations of 'T'Ps as done here, where the timescales of both
experiment and simulation overlap directly, provides an
exciting and uniquely powerful approach for gaining
mechanistic insight into the microscopic dynamics of
folding.

Force spectroscopy measurements of
individual transition paths

An alternate approach to measuring TPs using SMFS
(Figure 3a) was developed by Woodside ¢z /. In contrast
to fluorescence measurements, where FRET trajectories
typically have insufficient resolution to discern individual
TPs, SMFS measurements using optical tweezers can
obtain resolution of ~5 to 10 s, allowing direct observa-
tion of individual TPs in molecules with relatively slow
diffusion. Thousands of transitions can be measured from
a single molecule, allowing robust statistical characteriza-
tion of the ensemble of TPs. SMFS was used to observe
TPs in both nucleic acid hairpin folding [23°°,24°]
(Figure 3b) and prion protein misfolding [23°%,25]. These
measurements revealed a very broad distribution of TP
times, p(zrp), reflecting statistically independent and
highly variable but time-reversal symmetric behavior in
each transition as the barrier was crossed diffusively
(Figure 3c). Values for trp matched those predicted
via Eq. (1) from energy landscape reconstructions
[26,27], and approximating the exponential decay of
p(#rp) in the Kramers limit [6,28] yielded estimates of
D that agreed well with the results obtained from analyz-
ing rates [25,29]. Interestingly, Tp was orders of magni-
tude larger for prion protein misfolding — 500 s — than
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smFRET measurements of transition-path times. (a) Schematic of measurement showing FRET dye pair attached to the protein a3D. (b) To measure
the average time to cross the barrier region (top, cyan), FRET trajectories (middle, blue) typically have insufficient resolution because the minimum
averaging window is too large, but analyzing photon arrival statistics (bottom) can identify the most likely t1p. (¢) Maximum-likelihood analysis of
photon statistics for a3D yields zp ~13 us. (d) All-atom simulations of a3D folding show non-native salt bridges play a key role in generating internal
friction slowing t1p; the total number of salt bridges remains close to constant as native bridges (blue) replace non-native ones (red) along the transition
paths. (e) The transition path time decreases when salt bridges are disfavored by lowering pH, in roughly the same proportion as the folding rate
increases, indicating the changes arise from reducing the internal friction. Figures adapted from Refs. [13,14,20°°] with permission.

for native folding — 2 s, as estimated from Eq. (1) [30] may provide additional insight by exploring parts of the

— implying that misfolding landscapes are much rougher,  landscape rarely visited in equilibrium. Gladrow er al.
possibly because evolution selects for efficient native  made the first measurements of 'T'Ps out of equilibrium,
folding but not misfolding. studying DNA hairpins [33]. They found a distinct asym-

metry in p(#p) between unfolding and refolding, with the
SMFS measurements also revealed high local variability in ~ latter displaying a systematic shift toward shorter times.
TPs: transitions could be slow within some parts of the  This asymmetry was attributed to intermediate states
barrier but fast within others. The distribution of local induced by the non-equilibrium conditions.
velocities within TPs in DNA hairpin folding [31°] was
close to Gaussian along the whole transition, asexpected for ~ Recent work has also begun to go beyond distributions of
a harmonic barrier [32], with a significant tail at negative ~ TP properties and examine the information about the
velocities reflecting the ubiquitous reversals characteristic ~ temporal sequence of events within TPs, as encoded in
of diffusive motion (Figure 3d). This work also highlighted ~ transition-path shapes. The properties of average TP
the fundamentally diffusive nature of folding by quantify-  shapes were explored theoretically [32,34-36] before
ing the suppression of folding rates by barrier re-crossingas ~ being measured in nucleic acid hairpins [37°°]. The
encapsulated in the transmission factor, «, from classic ~ average shapes were observed to be well-described by
transition-state theory [18], something that had not previ-  the path of least effective action for a harmonic barrier
ously been done for folding reactions. Calculating « from  (Figure 3e), returning a diffusion coefficient consistent
TP velocities, barrier re-crossing was found to suppress the  with estimates from other TP properties. Most interest-
rates by 10°-10°fold from the expectation of transition-  ingly, the variance in path shape around the average
state theory, which assumes no re-crossing. showed systematic differences between different hairpins

(Figure 3f), indicating sequence-dependent diversity
Although most TP work to date has focused on transitions ~ within the TPs sampled in different molecules. This
in equilibrium folding trajectories, non-equilibrium TPs  work opens the possibility of using transition-path shapes
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SMFS measurements of individual transition paths. (@) Schematic of measurement showing molecule of interest tethered via handles to beads
held in optical traps; the folding reaction is monitored through changes in the molecular length. (b) Extension trajectory of a DNA hairpin (black),
showing individual unfolding and refolding TPs (red). (c) The distributions of unfolding (black) and refolding (green) TP times from a single hairpin
molecule are well fit (red: unfolding, blue: refolding) to the theory for harmonic barriers. (d) TP velocities calculated from smoothed trajectories
(right: red) show distinct local variations (right: blue), with a Gaussian-like distribution everywhere along the TPs (left). (e) The average TP shape
calculated by averaging all paths of a given duration in the time domain (grey) and then averaging the results in the extension domain (blue) shows
a distinctive curvature and is well fit by the path of least effective action for a harmonic barrier (red). (f) The variance in TP shapes as a function of
reaction coordinate shows sequence-dependent differences, indicating a sequence-dependent diversity of the TPs being sampled.

Figures adapted from Refs. [23°°,31°,37°°].
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Measuring TPs in an encounter complex. (a) Measurement schematic showing FRET dye labels attached to two disordered proteins that bind and
then fold. (b) Analysis of photon arrival statistics treating TP as a virtual intermediate (top, inset) reveals most likely TP times for each transition
(top, orange), overall average ttp =80 ps (top, black), and distribution of TP time and FRET value likelihoods (bottom). (c) The long TP times arises
from a high-energy intermediate with salt-dependent barriers rather than high internal friction. Figures adapted from Ref. [51°°] according to
Creative Commons license http://creativecommons.org/licenses/by/4.0/.
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to observe directly the statistical multiplicity of routes
taken through the energy landscape during folding,
including rarely populated routes through unusual path-
ways and barriers.

Comparison of experiment and theory

From their inception, TP measurements have been
closely coupled with theory to characterize fundamental
features of folding quantitatively. The results have been
remarkably consistent with expectations for landscape
theory, from the excellent self-consistency of diffusion
coefficients extracted from numerous different quantities
(trp, p(2rp), TP velocities, TP shapes [31°]) to the statis-
tics of the TP occupancy [38,39]. Several theoretical
predictions have been validated through TP measure-
ments, including an identity relating ©p and rates [4],
which was found to hold over a wide range of rates
[23°°,40], and identities relating TP occupancy and veloc-
ity profiles [32,41] as well as velocity and committor
functions [40]. Other work has extended approximations
for TP properties to the small-barrier limit relevant in
many experiments [41,42], for improved analysis, and
shown that both the logarithmic dependence of tp on
AG* and the exponential decay of p(¢rp) are general
features even under non-idealized conditions including
memory effects and non-thermal noise [43].

Most intriguing, in some ways, are the features that do
not match expectations of simple theories. One partic-
ularly interesting disagreement is that the energy bar-
riers implied by fitting p(#rp) to theory are very small
[23°°], much smaller than the barriers found from
kinetic and thermodynamic analyses [26,44]. This
discrepancy has been attributed to various effects,
including the role of entropy in the barrier [45], the
dependence of T'Ps on a different type of barrier than
rates [46], anomalous diffusion at short time scales [47],
and memory effects in the dynamics [48] and/or non-
thermal noise [43]. Another interesting discrepancy
with theory is that the average velocity profile showed
a local maximum near the barrier top [31°], instead of a
minimum as expected for a harmonic barrier with
constant diffusion [32]. This difference may reflect
spatial variation in the diffusion coefficient, which is
expected to arise from projecting molecular motions in
the full multi-dimensional phase space onto a 1D
reaction coordinate [49] but has proven difficult to
quantify reliably from other measurements [50].

Transition paths in protein-protein complexes
Although most TP measurements have focused on unim-
olecular folding reactions, recent work has extended the
methods described above to study coupled binding and
folding — where two molecules bind and then reconfigure
to form the final folded structure — and characterize the
resulting encounter complex. Sturzenegger ¢ al. [51°°]
used smFRET to examine the association of two

intrinsically disordered proteins, ACTR and NCBD, which
form stable folded dimers upon binding (Figure 4a), apply-
ing maximume-likelihood analysis to discern a transition
intermediate wherein the proteins were bound but not yet
folded. They found that this complex was much longer-
lived than the transition paths observed in unimolecular
folding, with tp ~80 s, allowing the most likely duration
of individual T'Ps to be estimated from the FRET signal
(Figure 4b). Ruling out internal friction effects as the origin
of the large tp, p(#1p) was found to be most consistent with
local barriers around a high-energy intermediate
(Figure 4c), where encounter-complex formation was
driven electrostatically but subsequent folding dominated
by hydrophobic effects. Kim ez @/. [52°°] used a similar
approach to compare the encounter-complex lifetime for
the disordered proteins NCBD and TAD to that of the
ordered proteins barnase and barstar. The TAD/NCBD
encounter-complex lifetime, in the range 180-630 s, was
found to be atleast two orders of magnitude longer than that
of barnase/barstar (2—-12 ws). The salt dependence of the
Trp values suggested that the TAD/NCBD encounter
complex is stabilized by non-native electrostatic interac-
tions, allowing rapid dimer formation before slower reorga-
nization into the native fold; such non-native interactions
are lacking in the barnase/barstar complex because both
proteins are already natively folded, leading to shorter
complex lifetimes. These studies highlight the potential
to extend TP measurements to illuminate the microscopic
dynamics of the many multi-protein complexes that play
essential roles in biological processes.

Outlook

Experimental studies of TPs are relatively young, with
much of the vast information they contain about folding
mechanisms still to be explored, technical capabilities still
developing, and most studies prompting new questions to
be answered. Theories that will complement future experi-
ments continue to be developed, for example providing
frameworks for describing different shapes of barriers [53],
exploring inertial effects in TPs [54,55], improving meth-
ods for simulating TPs [56], and developing methods for
predicting TPs and their statistics [57,58]. The effects of
experimental design on TP measurements are being
explored to identify conditions for reliable measurements
[36,59-61]. Advances in instrumentation continue to push
forward experimental frontiers, such as improved AFM
cantilevers enabling ps-resolution measurements of both
globular [62] and membrane proteins [63°]. There is also
much room for further integration of atomistic simulations
with TP measurements, as well as comparisons of TP
measurements to ultrafast kinetic measurements of down-
hill folding [64]. These advances provide exciting oppor-
tunities for increasingly detailed characterization of the
microscopic dynamics in folding reactions, not only for
model systems that can elucidate the fundamental biophys-
ics of folding, but also more complex systems where TP
dynamics may inform on biological function.
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