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Abstract

The transition path is a tiny fraction of a molecular trajectory during which the free-energy
barrier is crossed. It is a single-molecule property and contains all mechanistic information of
folding processes of biomolecules such as proteins and nucleic acids. However, the transition
path has been difficult to probe because it is short and rarely visited when transitions actually
occur. Recent technical advances in single-molecule spectroscopy have made it possible to
directly probe transition paths, which has opened up new theoretical and experimental
approaches to investigating folding mechanisms. This article reviews recent single-molecule
fluorescence and force spectroscopic measurements of transition path times and their

connection to both theory and simulations.

Highlights

o Fluorescence experiment determined average transition path times of protein folding
e Transition path time is insensitive to the free energy barrier height

e Transition path time measurement characterized diffusive barrier crossing dynamics
e Transition path analysis validated 1D description of folding of biomolecules

¢ Single-molecule force spectroscopy measured distributions of transition path times

Keywords: protein folding, nucleic acid folding, energy landscape, FRET, force

spectroscopy



Introduction

The best way to understand mechanisms of chemical and biological reactions is to probe
transition states and transition paths. For simple chemical reactions such as chemical bond
breaking and formation, the reaction coordinate is usually well-defined and the picture of
reaction pathways is relatively clear. On the other hand, in folding reactions of biological
macromolecules, such as proteins and nucleic acids consisting of hundreds or thousands of
atoms, an immense number of degrees of freedom makes defining transition states and
transition paths challenging. However, the problem has been highly simplified by energy
landscape theory of protein folding and the postulate that proteins have evolved to reduce the
roughness of the energy landscape. Consequently, the reaction coordinate for folding processes
can be described with just a few or even a single order parameter (Fig. 1a) [1-7]. In this case,
folding of complex biomolecules reduces to the much simpler problem of diffusion of a Brownian
particle in a one-dimensional (1D) potential energy surface.

Folding of many single domain two-state proteins, in which only folded and unfolded
states are observed in both equilibrium and kinetics experiments, have been successfully
explained in this simple picture of diffusion on a one-dimensional free energy profile (Fig. 1b).
There are two free energy wells corresponding to the unfolded and folded states separated by a

barrier. Then, the folding rate is given by Kramers’ theory [10],
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where the folding time t; is the inverse of the rate coefficient ks, D" is the diffusion coefficient at

the barrier top, (a)*)2 and (wu)2 are the curvatures of the free energy surface at the top of the



barrier and bottom of the unfolded well, respectively, AGf* is the barrier height, g = 1/kgT, kg is

the Boltzmann constant, and T is the absolute temperature. The most widely used experimental
method to probe the transition state has been the ¢-value analysis [11-14]. In this method, the
relative changes in the folding equilibrium constant and folding rate coefficient caused by a
mutation are interpreted in terms of the extent to which the mutated residue forms the native
interactions in the transition state [14].

Instead of indirectly probing the transition state, single molecule spectroscopy potentially
allows for a direct access to monitoring structure all along the transition path, not just at the top
of the free energy barrier. Fig. 1b shows a molecular trajectory of folding that is observed in
single molecule spectroscopy. A molecule spends the vast majority of time in the unfolded state
before making a transition over the barrier. This molecular trajectory of barrier crossing
corresponds to the transition path. Since molecules undergo merely random fluctuations during
long waiting times in the unfolded state, transition paths contain the most important mechanistic
information of the process [15,16]. However, transitions occur stochastically (i.e., not
synchronized) and cannot be probed by ensemble measurements. On the other hand, by
watching one molecule at a time, one can follow a trajectory, isolate transition paths and
perform detailed analyses. The difficulty in the experiment has been the relatively poor time
resolution of single molecule spectroscopy for measuring this fast event (expected on the us
timescale from all-atom molecular dynamics simulations [17,18]). For the last several years,
however, there have been technical advances both in single molecule fluorescence and force
spectroscopy, as well as methods of data analysis, to improve the time resolution. In this review,
I will describe the first measurement of transition path times and its application to
characterizations of the folding energy landscape of proteins and nucleic acids. The current

limitations and future directions will also be discussed.



Calculation of transition path times

The transition path on a 1D free energy surface is defined rigorously as the part of a molecular

trajectory that leaves a position of coordinate q, of the unfolded side of the barrier and reaches
gr on the other side without re-crossing g (brown portion of the trajectory in Fig. 1b). The exact

value of the average transition path time, typ can be computed for a barrier with an arbitrary

shape from [19]
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Here, ¢ (q) =Jj eﬁc;(a")dq’/j;f e#@dq’ is the splitting probability for folding that is defined

as the fraction of trajectories that start from q and reach g; before reaching q,. Because of
microscopic reversibility, the transition path time from q, to gs is the same as that from g to qy.

For a high (ﬂAG* >> 1) parabolic barrier, Eq. (2) becomes [16,20]
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where y (= 0.577 ...) is Euler’s constant.
In addition to the average transition path time, the distribution of the transition path times

can be found for a high parabolic barrier [21],
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where erf(x) is the error function. Since Eq. (4) is obtained with the open boundary condition at
gy (in other words, re-crossing at the starting position qy, is allowed), the average transition path
time calculated using Eq. (4) is longer than the value by Egs. (2) and (3). As the barrier height
increases, the effect of re-crossing at g, becomes smaller and the value converges to the exact

value. The average transition path times calculated using Egs. (2) — (4) are compared in Fig. 2c.

Single molecule fluorescence experiments

Transition path time is insensitive to the barrier height

In single molecule Forster resonance energy transfer (FRET) spectroscopy, molecules are
immobilized on a surface to measure photon trajectories for monitoring folding and unfolding
transitions (Fig. 1c). For protein folding, for example, the experiment is carried out near the mid-
point of denaturation, where a molecule spends equal amount of time in the two states. The
folded and unfolded states are distinguished by the apparent FRET efficiency, the fraction of
detected photons that are emitted by the acceptor. Although it depends on the labeling positions
of donor and acceptor fluorophores, the FRET efficiency is usually higher (more acceptor
photons) in the folded state than in the unfolded state.

As mentioned in Introduction, the difficulty in the measurement of transition path times is
the relatively poor time resolution of single molecule FRET spectroscopy. This problem has
been overcome by collecting photon trajectories at high illumination intensity and employing a
statistical analysis [22]. Figure 3(a) shows donor and acceptor trajectories with a photon count

rate of ~ 800 photons/ms. Even at this high photon count rate (the average photon interval is 1.2



us), the transition still looks instantaneous. In other words, the transition path time is shorter
than the bin time, 50 us, and individual transition path times cannot be measured. To improve
the time resolution, the authors directly analyzed photon trajectories without binning using the
Gopich-Szabo maximum likelihood method [23]. If the transition path time is sufficiently long that
a certain number of photons are detected during transitions, the average transition path time
can be determined by a collective analysis of a large number of photon trajectories. In this
analysis, a three-state model was used (Fig. 3b), which consists of the folded and unfolded

states and a virtual intermediate state at the top of the free energy barrier. The lifetime of this
virtual state (z5) (the reciprocal of the sum of the rate coefficients for the transition from the top
of the barrier to the folded and unfolded states) corresponds to the average transition path time,
trp. By comparing the likelihood value L(z) with that of the two-state model with an
instantaneous transition (L(0)), it is possible to state whether the transition path time is

determined with a certain statistical significance or only the upper bound can be determined. In

this analysis, confirmed by simulations of photon trajectories, the time corresponding to the
maximum of the difference of the log-likelihood Aln L = In L(z) — In L(0) is the average transition
path time, trp.

Equation 3 predicts that the transition path time depends logarithmically on the free
energy barrier height (AG*) and, in sharp contrast to the folding time (Eq. (1)), is insensitive to
AG*. This prediction was tested by comparing folding and transition path times for a fast
(FBP28 WW domain) and a slow (protein GB1) folding protein (fast and slow folding in terms of
kinetics). For FBP28 (Fig. 3c), a peak was found at zg = 16 us in the likelihood plot, which was
measured in 50% glycerol solution (viscosity of 10 cP) to slow both the folding and transition

path times. Since the folding time was slowed 10-fold and all of the viscosity dependence for

both folding and transition path times is contained in the diffusion coefficient D* (Egs. (1) and



(3)), the transition path time is also slowed 10-fold and is therefore 10 times shorter, ~ 2 ps, in
water [22]. This time is consistent with the earlier results and predictions. Gruebele and
coworkers measured the timescale of the ‘molecular phase’ of the A-repressor and the FiP35
WW domain [24,25]. Prior to the major folding/unfolding relaxation of 10 — 20 us, they observed
~ 2 us decay, which was attributed to the relaxation from the barrier top. For these proteins, the
barrier top is significantly populated due to the low barrier height so that it can be measured in
ensemble experiments. This timescale corresponds to the pre-exponential factor in Eq. (1),
which would be the folding time when there is no barrier and can be considered as the “speed
limit” of protein folding [24,26,27]. If the curvatures and the diffusion coefficient at the barrier top

and the bottom of unfolded well are similar, the pre-exponential factor of Eq. (1) becomes 27z,
where 7 is the reconfiguration time of unfolded proteins [27,28]. With the reconfiguration time of

50 — 100 ns [29,30], the pre-exponential factor becomes 0.3 — 0.6 us, which is close to the
timescales mentioned above. In addition, the single-molecule measurement was similar to the
value obtained from a long equilibrium trajectory of an all-atom molecular dynamics (MD)
simulation that exhibits multiple transitions so that both the folding rate and transition path time
can be determined reliably after a viscosity correction [17].

For the slow-folding protein, protein GB1 was selected, because it had been previously
studied in detail to establish criteria for photon trajectories of folding and unfolding free of
possible artefacts due to immobilization [16]. The folding kinetics were too slow to collect a
sufficient number of transitions at high viscosity. Therefore, only the upper bound of 10 us was
measured (Fig. 3d). Nevertheless, this time is remarkably short and comparable to 2 pus of the

WW domain although the folding time (t;) of the two proteins is vastly different. The ratio of the

folding times is 20,000 (= 2 s/100 us) near the mid-points of denaturation. Using Egs. (1) and (3)



with the pre-exponential factor of 1 us in Eq. (1), the ratio of the transition path times of the two
proteins is only 1.4, which is comparable to the experimental measurement of < 5.

The reason for this insensitivity to the barrier height is that the transition path time is a
conditional first passage time from g, to g in Fig. 1b. When the barrier is high, most of folding
attempts from the unfolded well fail and barrier crossing is a rare event. In other words, for high
barriers a trajectory that leaves g, goes back to q, in almost every case (Fig. 1b). The time for

this process is added to the waiting time in the unfolded state, the inverse of which is the folding
rate coefficient. When this happens, the clock for the transition path time is reset. A transition
path requires a series of successive, lucky thermal kicks to propel the system over the barrier,

which is not so different whether the barrier is high or low.

Characterization of diffusion at the barrier top
In solution, protein molecules are solvated by water molecules, and it is reasonable to assume
that the diffusion coefficient of a molecular process is inversely proportional to the solvent

viscosity according to the Stokes-Einstein relation. In this case, the folding diffusion coefficient
(D*) of Egs. (1) and (3) may not differ much between proteins, predicting that the transition path

time would be very similar for all proteins. However, there are exceptions. For example, in
addition to solvent friction, it is possible that solvent-independent friction is present due to the
intramolecular interactions of a protein molecule itself, which is called ‘internal friction.” [31—34]

Since the effect of internal friction may be larger at a later stage of the folding process, where
proteins become more compact, the diffusion coefficient at the barrier top (D*) may be different
for certain proteins. In the presence of internal friction, D is not linearly proportional to the

inverse of the solvent viscosity. The nonlinear viscosity dependence has been described by
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where (77/np) is the relative solvent viscosity and o is a viscosity term resulting from internal

friction, or by an empirical power-law formula

D« (nln0)“ (6)

In order to characterize D, one can measure and compare folding kinetics at various solvent

viscosities by adding a viscogen and counterbalancing its effect on the free energy difference
between the folded and unfolded states, and presumably also the barrier height, by increasing
or decreasing the denaturation concentration at each viscogen concentration. The interpretation
of the solvent viscosity dependence in this experiment is based on the important assumption

that the barrier height does not change by balancing stability at different viscosities so that only
the pre-exponential factor (i.e., D*) in Eq. (1) can be compared. However, the folding time is so
sensitive to the barrier height and the effect of its small change on the kinetics can be large.
Therefore, the measurement of the transition path time, which is more sensitive to D" than to the
barrier height (Eg. (3)), is a more reliable way to characterize diffusion at the barrier.

For all a-helical proteins, the folding time is less than proportional to the first power of
the viscosity (a < 1) [31,35-40] because of the presence of internal friction. An unusually large
contribution from internal friction was found for the designed protein a3D (Fig. 1c). Since the
presence of internal friction will slow down diffusion, a longer transition path time was expected
compared to the two proteins mentioned above. Indeed, the transition path time of azD was
found to be much longer, 12 us [9], and it was possible to measure it even without slowing by

the addition of a viscogen. This finding made it possible to make the direct and quantitative
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comparisons of D" in various conditions without the interference from the effect of the barrier
height. Fig. 4a shows the viscosity and temperature dependence of the transition path time of
azD. As expected, the transition path time was very insensitive to the solvent viscosity change,
suggesting the presence of large internal friction. (Blue dashed line is the case expected when
trp is proportional to the solvent viscosity.)

An interesting phenomenon was observed in the temperature dependence. When the
temperature was lowered, the solvent viscosity slightly increased but the transition path time
increased much more. This apparently contradicts the very low solvent viscosity dependence in
the viscogen experiment above. However, this temperature dependence is a different aspect of
landscape roughness (or internal friction) and can be explained theoretically. Although 1D free
energy surface is smooth because it is a projection of multi-dimensional energy surface (Fig. 1a),
microscopically, a molecule crosses local barriers during diffusion from one position to the next
position in the 1D coordinate. Because molecular trajectories are heterogeneous, each
molecule experiences different local states and barriers. The average of this effect is reflected in

the diffusion coefficient. Bryngelson and Wolynes have shown that the temperature dependence

of the diffusion coefficient will follow the super-Arrhenius relation, D o exp[- (AE/kBT)Z], where

AE? is the local mean-squared fluctuation in energy (landscape roughness) [1]. When the

roughness is large, the diffusion coefficient as well as the transition path time is very sensitive to

the temperature as observed in the experiment. The fit of the data in Fig. 4a results in AE = 2.3

kgT at room temperature.

Structural origin of rough energy landscape and internal friction
One possible reason that the landscape roughness is large for agD is that this protein is a

designed protein that did not undergo evolution to smooth its folding energy landscape [41].
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This protein contains a large number of charged residues: 12 negatively- and 11 positively-
charged residues, presenting the possibility that non-native salt bridges may be formed
frequently during folding. Breaking these salt bridges during the transition path would cause
landscape roughness that would be reflected in D*. Indeed, the formation of non-native salt
bridges during the transition path has been observed in the analysis of the MD simulation by the
Shaw group [18,42]. The effect of the salt-bridge formation was investigated in more detail by a
combination of single molecule FRET and MD simulations [8].

Experimentally, salt bridges can be easily eliminated by simply lowering the pH below
the pKa values of the carboxylic acid groups of glutamate and aspartate. Fig. 4b shows the
relaxation rate (sum of the folding and unfolding rates) near the mid-point of urea denaturation
at different pHs. The data looks like an acid/base titration curve. The folding rate increases by
14-fold between pH 5.3 and pH 3.2, while the equilibrium constant remains unchanged. This
result indicates that the diffusion is much faster at low pH, where non-native salt bridges
disappear, as expected. However, this interpretation is based on the assumption that the barrier
height does not change over this pH range (same assumption in the experiment of viscosity

dependence of folding rates to measure internal friction) and the change in folding rate solely

results from the change in D in the pre-exponential factor in Eg. (1). The more reliable
comparison, therefore, should be made by measuring the transition path times. ttp at pH 5.3 is

13 us very close to the value at pH 7.6 [9]. However, only an upper bound of 4 us could be
determined at pH 3.6 because the transition path time is too short. Even at 15-times higher
viscosity at this pH, an upper bound of 12 us was measured. With these experimental
measurements and simulations of photon trajectories using parameters identical to those of the
experiments (count rate distribution, FRET efficiencies of folded and unfolded states, number of

transitions), ttp was estimated to be ~ 1 us at pH 3.6 in aqueous solution. This result indicates

that the increase in the folding rate at low pH in Fig. 4b results almost entirely from the increase
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of D due to the reduced internal friction (or decreased landscape roughness). This

interpretation is further supported by the viscosity dependence of the relaxation rates in Fig. 4c,
where the inverse of the relaxation rate at pH 3.6 is closer to the inverse first power viscosity
dependence than that at pH 7.6. (The less than first power (a <1) at pH 3.6 is discussed below.)

All these experimental observations were also observed in equilibrium folding/unfolding
trajectories of all-atom MD simulations by the Shaw group [8]. This includes the faster folding
kinetics, shorter transition path times, and higher viscosity dependence at lower pH. This
agreement makes the comparison between experimental and simulation results more reliable
and makes it possible to look into structural details for the origin of the rough energy landscape

of agD. Fig. 4d shows the 1D free energy surface constructed from the simulation and the

average number of native and non-native salt bridges along the folding coordinate. It shows that
a large number of non-native salt bridges are formed during barrier crossing, which is replaced
by the native ones as folding proceeds (see also the snapshots of structures). More importantly,
Fig. 4e shows that the non-native salt bridges almost disappear at pH 2. After performing
various simulations and more detailed analyses to look into other possibilities such as non-
native hydrophobic interactions and charge repulsion effect at low pH, the major conclusion
from the analysis of the simulations was that non-native salt bridge formation during the
transition path is the origin of the slow diffusion during the folding transition over the barrier,
consistent with the experimental interpretation.

One unresolved issue in both the simulations and experiments is the origin of « <1 in the
viscosity dependence at low pH (Fig. 4c), suggesting there is still additional source of internal
friction. Interestingly, the power (&) of 0.70 from the empirical power-law fitting is similar to the
values found in the experimental [35] and MD simulation [43] studies of folding of a single a-
helix, in which all residues are solvent-exposed, and therefore solvent-excluded friction would

be negligible. The low viscosity dependence of a-helix folding has been explained by the
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breakdown of Kramers’ theory [44], similar to the photoisomerization reaction of small molecules
[45]. In a-helix folding, free energy barrier crossing involves dihedral angle rotations of peptide
backbone, which is so fast that slow components of the solvent relaxation cannot contribute to
energy dissipation. Therefore, the effective friction would be lower than the macroscopic solvent
friction, which results in the low viscosity dependence [35,43,46]. On the other hand, the folding
time of a B-hairpin scales with the first power of the solvent viscosity because most of backbone
dihedral angle rotations to form the  strands occur prior to global free energy barrier crossing
[47]. These studies suggest that the reduced viscosity dependence of azD folding at low pH is
an intrinsic property of a-helix folding.

Similar to folding of a single a-helix, it was puzzling to observe the highly non-linear
viscosity dependence at neutral pH because most of the charged residues involved in the non-
native salt-bridge formation are solvent-exposed in the simulation. In this case, the energy
landscape can be rough but this does not necessarily cause reduced solvent-viscosity
dependence. Further simulations by the Shaw group for the formation of ion pairs that are fully
solvated and resemble the salt-bridge formation provided a clue on this issue [8]. They found
that the persistence time of various ion pairs including charged side chains of amino acid
residues showed reduced viscosity dependence similar to a-helix folding. The weak viscosity
dependence arises from the last reorganization step of the pair formation. To summarize the

molecular interpretations for the experimental observations of azD [9], the very weak solvent-
viscosity dependence of agD folding at neutral pH results from the two non-Markovian effects of

a-helix folding and salt-bridge formation, whereas the sensitive temperature dependence of the

transition path time [9] results from the landscape roughness caused by non-native salt bridges.
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Single molecule force experiments

Measurement of transition path times by landscape reconstruction

There are various ensemble and single-molecule methods that can measure the folding kinetics
accurately. However, it is very difficult to determine the barrier height from the folding rate
because the parameters in the pre-exponential factor in Eq. (1) including the diffusion coefficient
and the curvatures are not known. By measuring the folding rate and transition path time
together in the fluorescence measurement above, the barrier height has been determined with a
reasonable accuracy using the curvature values obtained from MD simulation [9]. On the other
hand, in single molecule force spectroscopy (Fig. 5a), the pulling coordinate is the reaction
coordinate and it is possible to reconstruct a 1D free-energy surface along the molecular

extension from the experimental measurements of the total extension [48-53]. Using

deconvolution techniques, the barrier height (AGf*) and curvatures at the top of the barrier and
bottom of the wells, (a)*)z and (a)u)z, can be determined. In addition to these parameters, if D is

obtained from the measured rate coefficient (k;) between the two states using Eq. (1), one can

calculate the average transition path time from Eq. (3) using the same parameters.

Woodside and coworkers have used this approach to determine the average transition
path times of various systems, including DNA hairpins, RNA pseudoknots, a riboswitch [54], and
the prion protein [55]. Similar to single molecule fluorescence measurements for protein folding
[22], they showed that the transition path times of different nucleic acids are all on the order of
tens of microseconds regardless of their topologies and the number of base pairs in the stem of
hairpins, while their folding rates differ by many orders of magnitude. This result shows that the
1D diffusion theory, from which Eg. (1) and (3) were derived, describes folding of these
biomolecules very well. The 1D theory has been further validated by single-molecule
fluorescence measurement of the transition path time (upper bound) of a shorter DNA hairpin

[56]. Woodside and coworkers also described a procedure to reconstruct the barrier region of
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the free energy surface using the folding probability at a particular position in the coordinate,
Proid(a) (i.e., splitting probability #(q) in Eq. (2)) [19,57], which would not need a deconvolution
procedure [58].

It should be noted that there has been a remarkable improvement of the time resolution
in another single molecule force technique, atomic force microscopy. By using ultrashort
cantilevers [59], Yu et al. have observed a large number of intermediate states with a lifetime of
10 us or sometimes shorter during complex mechanical unfolding of a membrane protein,
bacteriorhodopsin [60]. Similar to the optical tweezers experiments above, they could
reconstruct a free energy barrier between two intermediate states by deconvolution and using

the measured splitting probabilities.

Direct measurement of individual transition paths

Recently, Woodside and coworkers have improved the time resolution of the single-molecule
force technique and measured transition path times of individual transitions of folding of DNA
hairpins and misfolding of the prion protein for the first time (Fig. 5b) [61-63]. This remarkable
achievement has opened up the possibilities of various new investigations in theory, simulation,
and experiments.

Analysis of the distribution of the transition path time is one example. The distribution of
the transition path times of folding and unfolding of a DNA hairpin is shown in Fig. 5¢c. The
average transition path time is 28 us, which is consistent with the previous indirect
measurement using the landscape reconstruction method as described above [54]. However,
the width of the distribution is much wider than the width expected from the free energy barrier
height of 9.1 kgT from the landscape reconstruction. In particular, the fraction of short transition
path times is too large (compare Fig. 2b and 5c). Fitting the distribution to Eq. (4) results in the

barrier height of only 0.4 kgT, which seems very unlikely because of the slow kinetics. (The
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mean transition path time by Eq. (4) is actually ~ 2.5 times longer than the exact value for this
low barrier height (Fig. 2c).)

This discrepancy can result from various factors such as deviation from the 1D theory,
anharmonicity of the barrier [63], and the unwanted influence from the bead and DNA handles
[64—-67]. There have already been theoretical considerations of this issue. Pollak pointed out
that Eq. (4) was derived with the free (open) boundary condition as mentioned above, while the
experimental distribution was obtained using absorbing boundary condition (Fig. 5b) [68]. Since
the open boundary condition allows the re-crossing at the boundary, the tail part of the
distribution becomes broader, which results in the lower apparent barrier height. The barrier
height from the boundary to the top of the barrier is also lower than the height from the bottom

of the well to the top of the barrier (Fig. 1b). However, this would explain only a fraction of the
difference between 0.4 kgT and 9.1 kgT. Makarov also discussed that the 1D Smoluchowski

model does not work for describing the average transition path time and its distribution when the
free energy barrier is largely due to entropy, while it still predicts an accurate rate coefficient [69].
However, the discrepancy was not explained completely, and it is still an open question.

In the recent work, Neupane el al. have studied the sequence dependence of the
diffusion coefficient of DNA hairpin folding by measuring the distribution of the transition path
times [63]. The diffusion coefficient is linearly proportional to the content of the G:C base pair,
suggesting that the roughness of folding energy landscape depends on the sequence, similar to

that of protein folding [8].

Limitations and future directions

The ultimate goal of studying transition paths would be to obtain three-dimensional structural

information during the transition path to compare with the results of all-atom MD simulations and
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the prediction of analytical models. For this purpose, major technological improvements will be
required for both fluorescence and force techniques.

First, the time resolution of the measurement should be further improved. In single
molecule fluorescence spectroscopy, the time resolution is determined by the photon detection
rate, which is proportional to laser illumination intensity. At high laser intensity, the complex
photophysics of fluorophores such as photoblinking and photobleaching make the measurement
difficult and complicate the interpretation. The rate of photobleaching increases roughly as the
square of the photon count rate, which markedly shortens the trajectory at high illumination
intensity. Photoblinking, during which no information can be obtained, also increases
proportional to the illumination intensity. With various chemical cocktails to suppress these
processes, the average length of the trajectory is 0.5 — 1 ms and the dark state population is 5 —
10% at the photon count rate of 500 — 1000 photons/ms that is required for measuring the
average transition path time longer than 10 us. In the measurement of the average transition
path time, it is possible to incorporate acceptor blinking into the kinetic model [8,20,70,71], but
this would be more complicated in the analysis of individual transition paths. Another way to
enhance the time resolution is to slow down the folding process instead of increasing the photon
count rate. So far, the viscosity has been increased up to 50 times higher than water viscosity
for this measurement [9]. However, dye photophysics problems also become worse as the
viscosity is increased. This experiment may need some magic cocktail or different kind of dyes
with appropriate chemical modifications similar to ‘self-healing’ dyes to reduce photoblinking and
photobleaching effects [72—74].

Recently, instead of simply raising illumination intensity, an alternative approach has
been studied to increase photon count rate using the plasmonic enhancement of fluorescence.
It has been shown that fluorescence emission can be enhanced by more than a factor of 1000
when fluorophores are properly placed near nanoantennas [75—79]. In this technique, in addition

to the increase in the absorption cross-section, the radiative decay rate is also increased more
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than 10 times. The shortened radiative decay time makes this method more promising because
the photon detection rate is ultimately limited to the inverse of the fluorescence lifetime. Further
enhancement of photon emission will be possible by much more rapid excitation and radiation
cycling. One problem in this method is that the energy transfer rate is not enhanced as much as
the radiative decay, which will lower the FRET efficiency [80]. Therefore, it will be more useful
for the system with high FRET efficiencies before the enhancement. The control of nano-
environment will also be critical for obtaining the same enhancement for every molecule.

There is no photophysics issue in force spectroscopy. Once a molecule is trapped, a
long trajectory with a large number of transitions can be recorded without loss of information.
However, slow diffusion of beads makes it difficult to further improve the time resolution.
Moreover, increasing the viscosity will slow the motions of the beads. In single molecule optical
tweezer experiments, it is important to extract the molecular extension from the bead positions
that is actually measured. If the bead diffusion is too slow compared to the timescale of the
change in molecular extension, the data does not reflect the dynamics of the molecular process.
This is problematic for the measurement of transition paths, where the beads should rapidly
follow the change of molecular extension, compared to the measurement of rates, where beads
can slowly diffuse and catch up to molecular changes during long waiting times in, say, the
folded state after a rapid transition. Cassio et al. have shown that when the bead diffusion is
comparable to the molecular diffusion, the transition path time would be overestimated by ~ 4
fold, while it is possible to obtain an accurate rate coefficient after a linker correction even when
the bead diffusion is several orders of magnitude slower than the diffusion of the molecular
extension [66]. Currently, the direct measurement of the transition path times is limited to
molecules with relatively long transition path times such as DNA hairpins. Further improvement
of the time resolution will be possible by using smaller beads, but the force precision will
decrease. Similarly, in atomic force microscopy, the ultrashort cantilever with a high time
resolution shows moderate force stability [59].
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If the improvement of the time resolution leads to the measurement of the distribution of
transition path times of more systems, it will be possible to make an interesting comparison. Fig.
2b shows not only the transition path time distributions of different barrier heights but also the
distributions for the case that there are intermediate states. Even for apparently two-state
systems, it is not unexpected to have some high-energy intermediate states on the barrier. The
shape of the distribution depends on the number of intermediate states. If the measurement
becomes more accurate, it will be possible to distinguish different cases.

From the three-dimensional structural information obtained during transitions, it will be
possible to characterize transition paths in more detail by probing the heterogeneity. Even
though a system can be described well by diffusion on a 1D free-energy surface, each transition
would look different because of the multi-dimensional nature of the problem. For example, a
large modulation of the relative flux in parallel folding pathways has been observed in a
combined chemical and mechanical denaturation study of a small protein SH3 domain [81,82].
Cluster analysis of MD trajectories has also shown that some proteins such as ubiquitin follow a
quite regular pathway while others fold via diverse routes [18,83,84]. In the folding simulation of
villin, a 35-residue protein consists of three o helices, the order of helix formation was found to
be very heterogeneous [85,86]. Since the distribution of the order of helix formation also
depends on the force field [85], experimental measurement would help to refine the force field.
For this purpose, 3-color FRET is a promising tool [87-93]. By measuring the three distances at
the same time, it will be possible to determine whether one part of a molecule folds earlier or
later than the other part. In single molecule force experiments, stretching more than one
direction simultaneously by holding more than two positions of a molecule may provide multi-
dimensional information [94,95]. Fluorescence and force methods can also be combined to

monitor multiple distances [93,96—105].
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Figure Legends

Fig. 1. Free energy surface of protein folding. (a) Protein folding is well described by diffusion
on a one-dimensional (1D) free energy surface on which a multi-dimensional (drawn in two-
dimension) free energy landscape is projected. Figure is adapted from Ref. [8]. (b) Details of 1D
free energy surface. The folded and unfolded states are separated by a free energy barrier with
the height of AGf*. (a)u)z, (0)[)2, and (a)*)z, are curvatures at the bottom of the unfolded and folded
state wells and at the top of the barrier, respectively. An unfolded molecule fluctuates in the
unfolded well for a relatively long time before making a very rapid folding transition over the
barrier. The transition path is the molecular trajectory of barrier crossing between q, and ¢ in
the folding reaction coordinate (brown portion of the trajectory). In single molecule fluorescence
experiments, the transition path appears as an instantaneous jump between the two states in an
idealized FRET efficiency trajectory (FRET efficiencies are 0 and 1 for the unfolded and folded
states). If the transition path time is longer than the average photon interval, it is possible to
detect the transition path by analyzing individual donor (green) and acceptor (red) photons.
Figure is adapted from Ref. [9]. (c) A protein molecule (a3D) labeled with a donor (Alexa 488)
and an acceptor (Alexa 594) dyes. Single molecule fluorescence trajectories are collected from
molecules immobilized on a glass surface. Fluorophores are attached so that the inter-dye
distance is short when the protein is folded (high FRET efficiency) and long when the protein is

unfolded (low FRET efficiency). Figure is taken from Ref. [9].

Fig. 2. Calculation of transition path times for a parabolic barrier. (a) Parabolic barrier with a
barrier height of AG. (b) Comparison of the transition path time distribution at different barrier

heights. The solid lines are the distributions calculated using Eq. (4). The dashed lines are the

distributions for the cases that there are 1 to 3 intermediate states (S) with an equal lifetime
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between the folded and unfolded states. In these cases, the distributions of the apparent

transition path time P(t) are: trp "exp(-tittp) (1S), 4trp exp[-(8/3)t/trp]sinh[(4/3)t/trp] (2S), and

1OtTP'1exp(—5t/ tTP)sinhZ[(S/Z\/E)t/ trp] (3S) (see Ref. [22]). The distributions are scaled so

that their average transition path times are 1 (red vertical dashed line). (c) The barrier height
dependence of the average transition path times from Eq. (3) (blue) and the mean value

numerically calculated using the probability density function in Eqg. (4) (red). The exact values

trp (exact) were calculated using Eq. (2).

Fig. 3. Determination of transition path times of two-state proteins. (a) Donor (green) and

acceptor (red) trajectories (50 us bin time) and photon trajectories near the folding transition of
the FBP28 WW domain. (b) In order to determine the transition path time, a virtual intermediate
state S was inserted between the folded (F) and unfolded (U) states, and photon trajectories

near transitions were analyzed using the maximum likelihood method with the three-state
model. The average transition path time is equal to the lifetime of S in this model (ttp = (ZkS)'l).
(c) The difference of the log likelihood, Aln L = In L(z) — In L(0). L(0) is the likelihood for the two-

state model, in which transitions are instantaneous. The transition path time of the WW domain
is determined to be 16 us (at the viscosity of 10 cP), which is the time at the maximum of Aln L.
(d) Since no peak is observed in the likelihood plot, only the upper bound of the transition path

time of 10 us is determined for protein G B1 domain. Figures are adapted from Ref. [22].

Fig. 4. Characterization of slow diffusion of agD folding by measurement of transition path

times using single molecule FRET and all-atom MD simulations. (a) Viscosity- and temperature-

dependence of the transition path time at neutral pH. (Left) The orange curve is a fit to the
power-law function A(7/7o)“ with o = 0.30 + 0.03. The blue line is the viscosity dependence
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expected when the transition path time is linearly proportional to the viscosity. (Right) The

orange curve is a fit to the super Arrhenius dependence of the diffusion coefficient at the barrier

top, D o exp[— (AE/kBT)Z], with AE = 2.3 £ 0.4 kgT. The blue curve shows the dependence
expected when D is linearly proportional to the inverse of the viscosity of the solution. Figures

are adapted from Ref. [9]. (b) pH dependence of the relaxation rate (k = k¢ + k,) near the mid-

point of urea denaturation. (c) The viscosity dependence of the relaxation time (1/k) near the

mid-point of denaturation at neutral (left) and low (right) pH. The dependences were fitted to

either the power-low (orange curves) or a linear equation (green), A(o + n/ng), where o is the

internal viscosity. (d) (Top) Snapshots of agD conformations in the unfolded state (left),

transition path (middle three), and folded state (right). Side chains that are involved in non-
native and native salt-bridge formation are indicated in red and blue, respectively. (Bottom) 1D
free energy surface (black) and average number of non-native (red) and native (blue) salt
bridges along the reaction coordinate r. () The average number and persistence times of non-
native salt bridges formed between negatively charged residues and either arginine or lysine

residues found on the transition paths at pH 7 and 2. (b — e) Figures are adapted from Ref. [8].

Fig. 5. Measurement of transition path times using single molecule force experiments. (a) A
DNA hairpin attached by DNA linkers to two beads is stretched by optical tweezers. (b)
Reversible folding and unfolding transitions are observed in a trajectory of the total extension
(molecule + linker). The time resolution is sufficiently high that the transition paths (red, right) of
individual transitions can be measured. (c) The distribution of the transition path times. The
distribution is same for the folding (green bars) and unfolding (black bars) transitions as
expected from microscopic reversibility. The fits of the whole distribution to Eq. (4) and the tall
part to an exponential function (inset) result in the same landscape parameters. Figures are

adapted from Ref. [61].
37



() 1D
: - prOJe “"" ’
s\
Free \1\\\\“\“""’ %ﬁ"'f"'i”’l’lllflllll
ener \hes "*f""'llll 7
gy \SER K]
G) sty
Y
O‘Ir,ar
®(g)
Fig. 1

b Transition c
( ) Path Region ( ) Alexa 488
4 / N Alexa 594
Unfold?d FIOIded
Free i
Energy
(0,2 i AGF [ (0%
9y gy i
®, k]
r'y ™
FRET ']
Efficiency Unfolded § Folded
° » time Biotin-
Streptavidin
I" “g

Photons ee eee II..... ID“..

38

tp




g
[\

— AG*

(b)

Qo =
o N O

Probability (A.U.)
=)
I

Fig. 2

39



(a) (b) trp
w ! I I —ﬂ k_ IIIIII
E 800F — Acceptor . F
W — Donor \ FRET S
S 400f———= : -
e Efficiency
_8 oL . *’I’—"‘\ ...... U
O Pg94 996 -
' ' ' Time
O Acceptor| om oocom © @mooc@Dd
© Donor § @CWO® ab o a kS kS
1 _ ﬁ
99.60 99.64 99.68 U 7(’ S ,:‘ F
Time (ms) F v
(©) | (d)

Aln L

- trp | -
: upper bound |
_9 N | N . | # S, PP | .;
10° 10° 10~ 16" 10™ 10° 10° 10
Tg (Ms) Tg (Ms)

Fig. 3

40



T T T

_ super-
Amhenius

— viscosity

| | |
10 15 20 25

ng Temperature (°C)
(b) 15 T T (c) II T T T T
2L =0
—10f 1@ /c%/ 704
, E I 1 E L
£ S g pH=756 |=
— = 1 i 4= 0.2+
=< 5p 1 | a=0.24 A
3 c=13 i K
1 0 1 1 1
12 0 5 10 15
(d) Mg
N e
N R,
P -

—_————— e ——————

4

- R
. 3 =9
(T : g 8%
Y W& oa
=~ (J Zc
- 0 =1
5 3| unfolded! " transition path [ folded 47 & -
£ | | o [1}] ol == |
® [ \hon-native I 5 <y
22t [ [ 45 2 L c
> | I ! & Lo 4 J
S | | 5 gel
e 1+ I I -3 = a -
[ | | 2
g T | E 0
EOF = , | 112 Arg Lys

Fig. 4

0.5 1
r (arbitrary units)

41



(b)

Extension

P A S

Time Time

(€) 500+

600

400+

2004

Number of transitions

T T
0 40 80 120
Transit time (us)

Fig. 5

42



T
o

1
i

Free
energy

Graphical abstract

43



Highlights

e Fluorescence experiment determined average transition path times of protein folding
e Transition path time is insensitive to the free energy barrier height

e Transition path time measurement characterized diffusive barrier crossing dynamics
e Transition path analysis validated 1D description of folding of biomolecules

¢ Single-molecule force spectroscopy measured distributions of transition path times
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