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Transition paths are a uniquely single-molecule property not yet
observed for any molecular process in solution. The duration of
transition paths is the tiny fraction of the time in an equilibrium
single-molecule trajectory when the process actually happens. Here,
we report the determination of an upper bound for the transition
path time for protein folding from photon-by-photon trajectories.
FRET trajectories were measured on single molecules of the dye-
labeled, 56-residue 2-state protein GB1, immobilized on a glass sur-
face via a biotin-streptavidin-biotin linkage. Characterization of indi-
vidual emitted photons by their wavelength, polarization, and
absolute and relative time of arrival after picosecond excitation
allowed the determination of distributions of FRET efficiencies, donor
and acceptor lifetimes, steady state polarizations, and waiting times
in the folded and unfolded states. Comparison with the results for
freely diffusing molecules showed that immobilization has no de-
tectable effect on the structure or dynamics of the unfolded protein
and only a small effect on the folding/unfolding kinetics. Analysis of
the photon-by-photon trajectories yields a transition path time <200
ps, >10,000 times shorter than the mean waiting time in the unfolded
state (the inverse of the folding rate coefficient). Szabo's theory for
diffusive transition paths shows that this upper bound for the
transition path time is consistent with previous estimates of
the Kramers preexponential factor for the rate coefficient, and
predicts that the transition path time is remarkably insensitive to the
folding rate, with only a 2-fold difference for rate coefficients that
differ by 105-fold.

Alexa 488 | fluorescence | FRET | maximum likelihood function | protein GB1

detailed description and understanding of mechanisms of
protein folding has been one of the great challenges to
biophysical science. The simplest system to study, and the one that
has produced the most insights, is a protein exhibiting 2-state
behavior (1-7). A 2-state protein has only 2-populations of mole-
cules in equilibrium and at all times in kinetic experiments—folded
and unfolded. In ensemble folding experiments kinetics are studied
by rapidly changing solution conditions, e.g., the temperature or
denaturant concentration, and monitoring the relaxation of the 2
populations to their new equilibrium ratio with probes such as
fluorescence, circular dichroism or infrared spectroscopy. Single
molecule kinetics, however, can be studied at equilibrium. As can
be seen from the schematic of a trajectory in Fig. 1, the dynamical
nature of equilibrium is dramatically demonstrated when observing
Forster resonance energy transfer (FRET) in a single-molecule
fluorescence experiment. There are fluctuations due to shot noise
about a mean value in each state, interrupted by what appear to be
instantaneous jumps in FRET efficiency signaling folding or un-
folding. The residence or waiting times in each state are exponen-
tially distributed, with the mean time in the unfolded and folded
segments of the trajectories corresponding to the inverse of the
folding and unfolding rate coefficients, respectively.
Rate coefficients can, albeit with assumptions, be much more
easily obtained from a combination of ensemble kinetic and
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equilibrium experiments, where the former measure the sum of
the rate coefficients and the latter their ratio. The unique
information in a single-molecule experiment is contained in the
very rapid transitions between the 2 states when the protein is
either folding or unfolding. Indeed, all mechanistic information
about folding and unfolding is contained in these so-called
transition paths (Fig. 1), which can only be observed for single
molecules. The duration of the transition path is the tiny fraction
of the time in a trajectory that it takes for a protein to fold or
unfold when it actually happens (8). With the possible exception
of one study of RNA folding (9), transition path times have not
been measured for any molecular process in solution.

A realistic goal for single-molecule FRET experiments is to
measure transition path times for protein folding and unfolding
and, ultimately, to obtain distance versus time trajectories during
the transition paths. The distribution of transition path times and of
distance versus time trajectories will be totally new kinds
of demanding tests for atomistic molecular dynamics simulations of
folding (10), which, if accurate, contain everything one would ever
want to know about a protein folding mechanism. If more than one
distance could be measured simultaneously, e.g., by using 3 or more
dyes (11-13), model-independent information on the width of the
microscopic pathway distribution could be derived from correla-
tions among the distances (14). In this work we take a major step
toward these important goals by determining an upper bound for
the transition path time from single-molecule FRET trajectories of
the 56 residue 2-state protein GB1, immobilized on a glass surface
by a biotin-streptavidin-biotin linkage (Fig. 2).

Although the idea that much could be learned about protein
folding mechanisms from such trajectories has been apparent since
the very early days of single-molecule spectroscopy, an indication of
the difficulty in measuring reliable trajectories is evidenced by the
fact that there have been only 3 additional studies since the first
measurements on single-immobilized proteins by Hochstrasser and
coworkers almost 10 years ago (15-18). The practical problem has
been to immobilize the protein and measure long FRET trajecto-
ries of the protein folding and unfolding, without spurious effects
from dye photophysics or from the immobilization method, until
one of the dyes “bleaches,” i.e., ceases to emit photons because of
an irreversible photochemical change. To overcome this hurdle we
have characterized individual emitted photons by their wavelength,
polarization, and absolute and relative time of arrival after pico-
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Fig. 1. Schematics of a transition path (TP) (4) and an equilibrium single-
molecule FRET efficiency (E) trajectory (B). The transition path time is the duration
of a successful folding trajectory that passes xo and reaches x; for the first time,
without visiting values of x < xo (8). Compared with the waiting times in each
state, the transition path (TP) appears as an instantaneous jump in the FRET
efficiency.

second excitation. These experiments allowed us to determine
distributions of FRET efficiencies, donor and acceptor lifetimes,
steady state polarizations, and waiting times in the folded and
unfolded states. Acquisition of single-molecule spectra, in addition
to just classifying photons as being emitted from the donor or
acceptor based on their “color” (i.e., as determined by dichroic
mirrors and filters), enabled a clear distinction between jumps in the
FRET efficiency due to folding or unfolding transitions of the
polypeptide and those corresponding to a previously unknown
photophysical change of the commonly used donor dye, Alexa
Fluor 488. As a result, no trajectories were discarded and we could
understand in detail >95% of the several thousand recorded
folding/unfolding trajectories. Comparison with the results for
freely diffusing molecules showed that immobilization has no
detectable effect on the structure or dynamics of the unfolded
protein and only a small effect on the folding/unfolding kinetics.

By analyzing photon-by-photon trajectories free of any spurious
effects from dye photophysics, in which the arrival time of a photon
is known to 100 ns accuracy, we can place an upper bound on the
transition path time for each folding or unfolding transition. This
upper bound is discussed in terms of an analytic expression of Szabo
(Eq. 3) for the transition path time in a simple barrier-crossing
model. It makes the interesting prediction that the transition path
time is remarkably insensitive to free energy barrier heights, scaling
as the logarithm of the barrier height, in contrast to the overall
folding or unfolding time that depends on the exponential of the
barrier height.

Results

FRET Trajectories and Efficiency Distributions. Fig. 3 shows single-
molecule fluorescence trajectories at 3 different urea concentra-
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Fig. 2. Immobilization of dye labeled proteins via biotin (protein)-
streptavidin-biotin (surface) linkage to PEG-coated glass coverslip. Donor
(Alexa Fluor 488) and acceptor (Alexa Fluor 594) dyes are labeled at the
cysteine residues at positions 10 and 57 (Avi-GB1K109C57) Spacer and AviTag
sequences with a biotin molecule were added at the N terminus of the protein.
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Fig. 3. Representative FRET trajectories. FRET trajectories in Right were calcu-
lated from the donor and acceptor trajectories in Left. The photons were col-
lected into 10-ms bins at 3 M urea and 20-ms bins at other urea concentrations.

tions, which are representative of trajectories that contain one or
more transitions between folded and unfolded states and no
spurious photophysics. They were measured at sufficiently low
excitation intensity that data could be collected for an average
duration of 10 seconds before either the donor or acceptor
bleached. In each of the 3 trajectories only 2 levels of the FRET
efficiency are observed, as expected for a 2-state protein, one close
to 1.0 corresponding to the folded state where the dyes are in close
proximity, and a second at ~0.6 corresponding to the unfolded state
where the average distance between the dyes is considerably
increased [after using lifetime data to correct for differences in
quantum yields and detection efficiency of photons from the 2 dyes
(19), the true FRET efficiency for the unfolded state is closer to
0.35 (see Table S1)]. The emission from the green-fluorescing
donor and red-fluorescing acceptor do not show the expected
anti-correlation because both donor and acceptor fluorescence are
partially quenched in the folded state (Fig. S2), with the result that
there is not a large increase in the acceptor emission when the
protein folds. The quenching arises from a transient interaction
between the dyes, as demonstrated by the lack of quenching when
the protein is singly labeled with either a donor or acceptor dye and
the finding that the fluorescent lifetime of the acceptor in the folded
molecule is ~2/3 that of the unfolded molecule in a free diffusion
experiment (see Fig. 5B). As we shall see in the following, this
partial quenching in the folded protein introduces only a minor
complication in the analysis of the data.

Comparing the mean values and widths of the FRET efficiency
distributions with those of freely diffusing molecules is the first test
for determining spurious effects from immobilization. Fig. 4 shows
that the mean values for the unfolded molecules are virtually
identical in the 2 types of experiments for the unfolded state. The
width of the FRET efficiency distribution for the freely diffusing
molecules is only slightly larger than what is expected from shot
noise for individual bursts containing 30 or more detected photons.
This small excess width most probably arises from small differences
in the FRET efficiency for molecules with donor at position 10 and
acceptor at position 57 and those with the reversed positions (Fig.
2), presumably because of small differences in the acceptor lifetime
(see Fig. 5B, below). A detailed comparison cannot be made for
folded molecules, because the partial quenching produces bursts
with too few photons in the free diffusion experiment.

For the immobilized molecules, the FRET efficiency distribution
is more complex, but also illuminating (Fig. 4). Shot noise accounts
for less than half the width, because the FRET efficiency was
calculated from segments of the trajectory in the folded or unfolded
states that were sufficiently long (=1 s) to result in >1,000 detected
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Fig. 4. FRET efficiency distributions. FRET efficiency distributions of immo-
bilized proteins were obtained from the efficiencies of the initial segments of
the trajectories. The ranges for folded (red), unfolded (yellow), and donor-
only (green) states are 0.85 < E, 0.4 = E < 0.85, and E < 0.4, respectively. The
equilibrium constant is equal to the ratio of the fractions belonging to the
folded and unfolded states. (K = f¢/fy) The Gaussian distribution in the
unfolded peak (red dashed lines) was estimated from the distribution of the
acceptor lifetime (7a) in Fig. 5B and does not include the small (<10%)
contribution to the width from the shot noise (see Fig. 5A). Orange dashed
lines are the mean FRET efficiencies of the unfolded state measured by free
diffusion experiment (/nset). Yellow dashed line in the distribution from free
diffusion experiment is the upper bound of the width because of shot noise
(o =[E(1 — E)(na + np)1'2, na + np = 30).

photons. The excess width can, however, be quantitatively explained
by small variations in the lifetime of acceptor molecules (Fig. 5B).
For the freely diffusing molecule, the lifetime is 5 ns at 5 M urea
for unfolded molecules, whereas for the immobilized molecule it
varies between ~4 and 5 ns. Assuming that the radiative lifetime
(1/kraq) is unaffected as suggested by the constant spectra in Fig. 5H,
the FRET efficiency distribution, directly obtained from the ac-
ceptor lifetime (74) distribution via the acceptor quantum yield
(QY = kyag74) distribution, superimposes on the observed FRET
efficiency distribution (variation in the donor quantum yield (Fig.
5C) has no effect on the observed FRET efficiency; see SI Text, Eq.
S5).

In addition to the distributions for folded and unfolded immo-
bilized molecules, there are 2 much smaller populations with FRET
efficiencies centered at ~0.25 and ~0.8. Trajectories of molecules
labeled with donor only, together with measurements of emission
spectra and lifetimes, showed that these peaks result from a
previously unknown photochemical change of the donor dye, Alexa
Fluor 488, that results in a large red shift (=25 nm) in its emission
spectrum and a larger percentage increase in lifetime, as expected
from 7~ A3 (20) (Fig. 5 C and F). We call this form of the dye Alexa
Fluor 488R. No spectral changes were observed for the acceptor
dye. As a consequence of the red shift (Fig. 5SF), there is an increase
in the FRET efficiency from the increase in Forster radius Ry
because of the increased donor-acceptor spectral overlap, and a
further increase in the measured FRET efficiency because a larger
fraction of donor photons are not blocked by the long pass filter at
600 nm and are detected in the acceptor channel (Fig. 5 D and F).
Trajectories of molecules labeled with donor only show segments
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with apparent FRET efficiencies of ~0.25 because of leakage of
donor photons into the acceptor channel (Fig. 5C).

The peak at ~0.8, then, corresponds to unfolded molecules with
a red-shifted donor spectrum and the peak at ~0.25 to molecules
with both a red-shifted donor spectrum and either a bleached
acceptor or an acceptor in a transient nonemitting state known as
“blinking” (Fig. 5I). An example of a complex trajectory (Fig. 5E),
which was initially quite puzzling, is now fully explained because of
emission spectra measured for each segment. In the first segment
of the trajectory the molecule is folded; in the second it is unfolded,
in the third it is unfolded with the donor altered to Alexa Fluor
488R; in the fourth the acceptor is bleached and the donor remains
Alexa Fluor 488R; finally the donor dye bleaches.

The important result from these experiments is that immobi-
lization does not appear to affect the structure distribution in the
unfolded state, as measured by the mean value of the FRET
efficiency, which for a Gaussian chain is completely determined
by the mean squared distance between the dyes attached to
cysteines separated by 46 residues in the sequence. For com-
parison with other proteins, the mean-squared distance can be
calculated from the mean efficiency, which can be accurately
determined from the lifetime measurements in the free diffusion
experiment (Table S1) (19, 21).

Trajectories and Transition Statistics. Having discovered important
photophysical properties of the dyes, it is now possible to interpret
almost all of the observed trajectories in terms of folding and
unfolding, a red-shifted donor spectrum, and blinking, unblinking,
and bleaching of either donor or acceptor dyes. Table S2 summa-
rizes the results for all 2,003 measured trajectories. Approximately
20% of the trajectories show blinking of either the donor or
acceptor (Fig. 5I) and ~17% of the trajectories contain segments
with an Alexa Fluor 488R donor. Trajectories in which the protein
remains in either the folded state or unfolded state before bleaching
of one of the dyes varies from 30% to 3% and from 5% to 36%,
respectively, as the urea concentration increases from 3 M to 7 M.
The transition statistics are given in Table S3, where a procedure
(see SI Text) similar to that of Nienhaus and coworkers was used to
define a transition (18). Only ~2% correspond to transitions
between high FRET efficiency values that would be assigned to
folded molecules, which might be caused by quantum yield changes
of the acceptor resulting from association or dissociation of a
donor-acceptor complex.

A transition map at 6 M urea is given in Fig. 6, which shows the
initial and final FRET efficiencies for every transition (see Fig. S3
for transition maps at all concentrations). In the idealized experi-
ment, only 2 clusters of points would appear before bleaching of the
acceptor dye, corresponding to the transitions: unfolded — folded
and folded — unfolded. Many more clusters appear because of the
spectral shift of the donor dye and blinking and unblinking of the
acceptor dye. Overall 94% of all observed transitions are interpret-
able in terms of either these photochemical changes (9%) or
unfolded — folded (37%) and folded — unfolded (48%) transi-
tions. Of the 6% un-interpretable transitions, some may arise from
the detection of 2 molecules at the same time (see SI Text) and
others from sudden changes in «? due to sticking or unsticking of
the dyes, as revealed by anisotropy measurements (Fig. 5/ and Fig.
S7). In most cases, the anisotropy is very low (=0.05) indicating free
rotation of the dye, but a small fraction (0.12) of the distribution
shows relatively high anisotropy (> 0.15). The FRET efficiency of
the unfolded state with the high anisotropy will be different from
that of low anisotropy, which results in broadening the FRET
efficiency distribution, and the transition between low and high
anisotropy states will appear as a transition between unfolded states
(see SI Text for further details).

Dynamics of Unfolded Molecules. An important property of the
unfolded state for investigating the effect of immobilization is the
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Fig.5. Photophysics of dyes. (A) Distribution of FRET efficiency differences (AEy) between 2 unfolded states separated by a folded state in the same trajectory. Blue
dashed line is the distribution calculated from a Gaussian fit to the unfolded peak in Fig. 4 at 6 M urea (see Fig. 54 for data at other urea concentrations), and the red
dashed line is the maximum width because of shot noise for na + np > 1000 photons. The narrower width of the red distribution compared with the blue distributions
suggests some heterogeneity in either the surface or the streptavidin. (B) Lifetime distribution of the acceptor in the folded and unfolded states. For trajectories showing
multiple transitions, photons of all folded (unfolded) states in the same trajectory were added up to calculate the lifetimes. Trajectories containing >6,000 photons
(donor + acceptor) were considered. Vertical dashed line indicates the lifetime in the unfolded state obtained from the free diffusion experiment. (C) Trajectories in
Upper demonstrate an abrupt decrease and increase in the signals in donor and acceptor channels, respectively, for Alexa Fluor 488 labeled on Avi-GB1%7 because of
the formation of a red-shifted donor emission spectrum. We call the form of the dye with the red shifted spectrum Alexa Fluor 488R. The lifetime and the fraction of
donor photons detected in the acceptor channel (the donor “leak”) were calculated for the individual segments of the trajectories consisting of >3,000 photons. Dashed
lines in the histogram plots are the lifetime and the leak obtained from the free diffusion experiment. Low- and high-leak states corresponding to Alexa Fluor 488 and
Alexa Fluor 488R emission, respectively, are indicated with a red rectangular box and a green ellipse. (D) Ensemble fluorescence (solid) and absorption (dashed) spectra
of dyes labeled on Avi-GB17 and transmission windows of the filter set (shaded area). Agx = 470 nm is indicated with an arrow. (E) Complex trajectory resulting from
change of donor emission spectrum. Each spectrum and fluorescence decay were obtained from different segments in a single-trajectory: folded state (1), unfolded
state and Alexa Fluor 488 (2), unfolded state and Alexa Fluor 488R (3), and acceptor bleached state and Alexa Fluor 488R (4). The vertical dashed lines indicate the peak
positions of the spectra in F-H. (F-H) Donor and acceptor fluorescence spectra averaged over segments distinguished by the fraction of donor photons detected in the
acceptor channel. (F) Alexa Fluor 488 labeled on Avi-GB157 (0 M urea). (G) Alexa Fluor 488 in the donor-only (inactive acceptor) state of Avi-GB1K10YC57 (5 M urea). (H)
Alexa Fluor 488 and Alexa Fluor 594 labeled on Avi-GB1K100C57 for the unfolded state. Spectra are scaled to the height of the acceptor spectra for an emphasis on the
insensitivity of the acceptor spectrum to the protein and the donor. (/) Blinking kinetics of dyes. (J) Anisotropy of Alexa Fluor 488 labeled on Avi-GB1K10C/C57 ejther in
donor-only (inactive acceptor) or in the unfolded states.

dynamics of the polypeptide chain. Fig. 7 shows the cross-
correlation of the donor and the acceptor photons calculated as

(np(t + T)ny () _
(np) (n4)

where, np(t) and ny(t) are the number of donor and acceptor
photons in a given bin at time ¢, respectively; (. . . .), is an average
in a given segment and the upper bar is an average over unfolded
state segments >5 s. Despite the noise in the microsecond range
due to the small number of photons per bin, the cross correlation
is flat compared with curves with decay times of 1, 5, and 20
microseconds with an amplitude of —0.53 as 7 — 0, which was
estimated from the end-to-end distribution of a Gaussian chain
(see SI Text). The very small amplitude for the observed
correlation function shows that the dynamics are occurring on a
submicrosecond time scale.

CDA(T) = [1]

Kinetics of Folding and Unfolding. Fig. 8 shows that the waiting
times in either the unfolded or folded state are exponentially
distributed, as expected for a 2-state system, with the average
waiting times corresponding to the reciprocal of the folding and
unfolding rate coefficients, respectively. For a 2-state system the

11840 | www.pnas.org/cgi/doi/10.1073/pnas.0901178106

ensemble relaxation rate to the new equilibrium following a
perturbation of any size is the sum of the folding and unfolding
rate coefficients. Fig. 9 compares the ensemble relaxation rates
measured in stopped flow experiments with the sum of the rate
coefficients from single-molecule trajectories at 4 different urea
concentrations [a small correction was made to account for
trajectories interrupted by dye bleaching (see SI Text)].

Transition Path Times. At the laser intensities used in the experi-
ments described so far (=300 W/cm?), the frequency of detected
photons from the folded state is between 1 and 5 photons per
millisecond, with the FRET efficiency calculated from photons
collected for the most part in 20-ms bins. With this detection
frequency and binning, the transitions between unfolded and folded
states appear to be instantaneous, occurring within one bin; and
therefore their duration is <20 ms. To observe transitions with
better time resolution, the laser intensity was increased by a factor
of 10. The detected photon frequency increased to between 10 and
50 photons per millisecond, but instead of an average of 1.3 folding
or unfolding transitions per trajectory, now only 1 in 20 trajectories
showed a transition because of the dramatically shortened length of
trajectories before donor (58%) or acceptor (42%) bleaching. At
the higher excitation laser intensity of ~3,000 W/cm? the average

Chung et al.
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duration of a trajectory before bleaching of one of the dyes is only
130 ms compared with 10 s at the lower excitation intensity.
Examination of 1151 molecules resulted in 78 transitions between
folded and unfolded states (see Tables S2 and S3 and Fig. S3). Fig.
10 shows 4 of these trajectories with high photon detection fre-
quency with 2 different binnings, and photon-by-photon trajectories
of arrival times known to 100 ns accuracy.

With 2-ms binning, the transitions still are clearly instantaneous,
placing a more restrictive upper bound for the transition path time
of 2 ms. One way of reducing the detectable upper bound further
would be to bin the FRET trajectories in successively smaller and
smaller bins, with varying start times, and examine the trajectory to
determine the smallest bin time that yields a transition between
states in a single bin. Instead, we used a much less cumbersome and
more objective method by analyzing the photon-by-photon trajec-
tories, using statistical methods to obtain the minimum bin size. The
basic idea of the method, described in Materials and Methods and
ST Text in detalil, is that it is highly improbable for a green photon
to be emitted by a molecule in the folded state, because the average
FRET efficiency is 0.97. Similarly, it is highly unlikely to observe a
long string of red photons in the unfolded state where the average
FRET efficiency is 0.6. For example, if 6 consecutive red photons
are detected, the probability of being in the unfolded state is
0.6%/(0.6° + 0.97°) = 0.05 (Eq. 4). A second factor that must be
considered is that quenching in the folded state reduces the
frequency of detected photons in the folded state by ~2-fold. To
divide the trajectory into folded and unfolded segments, we first
assumed that the transition is instantaneous, and used a maximum
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Fig. 7. Donor and acceptor intensity cross correlation averaged over un-
folded segments longer than 5 seconds (continuous curves). Dashed curves are
simulated decays of cross correlations with correlation times of 1 us (light

blue), 5 us (green) and 20 us (red) and the correlation amplitude at — 0 (Cpa
(0) = —0.53) calculated from the E distribution of a Gaussian chain (black).
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Fig. 8. Folding and unfolding rates obtained from the exponential fits of the
waiting time histograms. Errors were calculated from the fit with 95% confidence
level. Rates corrected for the finite length of trajectories are indicated in red.

likelihood method (22) to determine the photon interval at which
the transition occurs. Simulations show that the accuracy of deter-
mining the correct interval is 50% and is 81% for determining the
correct interval to within 2 photons (see SI Text and Fig. S9). We
then constructed a time window surrounding this transition point in
which it is known with 95% confidence that the string of photons
outside this window correspond to the FRET efficiency of either
the folded or unfolded state. From this analysis we conclude that the
transition must have occurred within this window time. This
conclusion is supported by observing that transitions appear in-
stantaneous when the bin size for the photons is the window time
(Fig. 10).

The analysis of all 46 transitions for photon detection rates
of >10/ms for the folded state is given in Fig. S10, whereas Fig.
11 presents a summary of these transitions as plots of window
time versus reciprocal of the average photon frequency within
the window on the folded side of the assumed instantaneous
transition point. There is a significant correlation in these plots,
indicating that the apparent upper bound for the transition path
time depends on the photon frequency. We therefore take the
window times determined with the highest photon frequency as
the upper bound for the transition path time ~200 us.

Discussion

As pointed out in the Introduction, all of the mechanistic informa-
tion on how a protein folds or unfolds is contained in the transition
paths (Fig. 1)—the rapid transitions between the 2 states that
appear instantaneous compared with the waiting times in each state
(Figs. 3 and 10). To proceed to investigate the properties of
transition paths, our initial objective in this study has been to

5M

0.67 s
(+0.02)

10

[Urea]

Fig. 9. Comparison of single-molecule folding kinetics (blue squares uncor-
rected with 2o fitting error, blue crosses corrected) with ensemble kinetics (red
circles with 20 calculated from average of 4-7 experiments) from stopped flow
measurement with dye labeled proteins (Aex = 488 nm). (Inset) Fluorescence
decay from the stopped flow measurement exhibits a single-exponential decay
(red).
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Fig. 10.

Time (ms)
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Estimation of the window time within which transition occurs. FRET trajectories with 2-ms binning show instantaneous transitions (first row). Red and

green circles are time tagged acceptor and donor photons (second row). The transition interval found by Eq. $17 (of S/ Text) is indicated with blue vertical dashed
line in the photon strings. Likelihood values are shown in cyan, which are normalized to the maximum. Interval in which transition occurs with 95% confidence
level estimated by Eq. 4 are shown as dashed orange lines. Panels in the third row show FRET trajectories near the transition, which are binned by the width of
the transition window (orange numbers in row 2 and orange vertical dashed lines). Horizontal dashed lines in the binned trajectories show the range of * 2¢,
where o is the mean standard deviation in the folded (red) and unfolded (green) parts of the trajectory (o = [E(1 — E)/(na + np)]'2).

measure trajectories of single-molecules folding and unfolding,
without interference from spurious effects caused by dye photo-
physics or by linking the protein to a surface. We chose the 56
residue «/p protein GB1 (Fig. 2), because it is a 2-state protein for
which kinetic studies have been carried out on a large number of
site-directed mutants (23, 24). From the initial measurements it was
clear that a significant fraction of the trajectories would not show
the idealized trajectory of the FRET efficiency shown in Fig. 1. To
fully understand the origin of possible artifacts we decided not to
discard any trajectory, but to try to understand every trajectory by
determining the wavelength, polarization, and relative and absolute
time of arrival of photons at the detector. The net result of our
analysis (Tables S2 and S3) is that we understand 95% of the
trajectories in detail.

Approximately 60% of the trajectories measured at the lower of
the 2 illumination intensities used show the expected simple 2-state
behavior (Fig. 3), with only 2 values of the FRET efficiency, one
near 1.0 and another near 0.6 (Table S2). The remaining 40% of the
trajectories showed blinking or at least one transition in which
either the initial or final value of the FRET efficiency differed
considerably from 1.0 or 0.6. By measuring lifetimes and spectra,
and not just classifying photons as being emitted by the donor or
acceptor, we discovered that almost all of the remaining 40% of
trajectories could be explained in terms of dye photophysics—

1.0 5
L | i
,g 0.8 O O%
~ L CE O 0 J
> 0.6 O %:5, 0O o
3 i Jﬁf 6 O ]
0.2 R =0.59
d d d oo 1 1
0.01 0.1 1 0 0.1 0.2
1/Ve (ms) 1/Vg (ms)

Fig. 11.  Time window (mwindow) Within which unfolded — folded (squares) or
folded — unfolded (circles) transitions occur as a function of the inverse of the
photon counting rate on the folded side of the transition point within the time
window (). Twindow is the time interval defined by the dashed orange lines in Fig.
10 and Fig. S10) estimated using Eq. 4 with a 95% confidence level in the low
(green, light green) and high (red, orange) excitation intensity. For comparison,
the same method was applied to the photon string presented in figure 2c of ref.
17 after digitizing the data, which results in Tyindow = 2.2 ms (purple x).
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transient periods in which the dyes do not emit photons (“blinking”)
and a previously unknown form of the commonly used donor dye,
Alexa Fluor 488, with an emission spectrum shifted ~25 nm to
longer wavelength (Alexa Fluor 488R).

To determine the extent of any effect on the properties of the
protein resulting from the biotin-streptavidin-biotin linkage to the
glass surface, we compared the results for the immobilized protein
with those measured for the freely diffusing molecules. The mean
FRET efficiency for the immobilized and freely diffusing molecules
is virtually identical, showing that the root mean-squared distance
between the dyes (Table S1) in the unfolded state is the same. This
distance increases with increasing denaturant concentration as
observed for several other proteins (19, 25-29).

To ascertain whether immobilization influences the dynamics of
the unfolded molecules, as judged by the fluctuations in the interdye
distance, the donor-acceptor cross-correlation function was calcu-
lated from 1 us to 1 s from the trajectories using Eq. 1. There is no
significant amplitude, indicating that there are no dynamics in this
time regime, as also observed for the unfolded cold shock protein,
CspTm, for which the correlation time was found to be ~50
nanoseconds (30, 31). Submicrosecond dynamics are also expected
from several other types of studies on end-to-end diffusion con-
stants for freely diffusing unstructured polypeptides (32-34). Thus,
our finding of submicrosecond dynamics indicates that the inter-
actions of the unfolded protein with the surface and linker are weak.

The most important comparison to be made in assessing the
effect of immobilization is between the folding/unfolding kinet-
ics for freely diffusing and immobilized molecules. In single-
molecule experiments, the reciprocal of the average waiting time
in the unfolded and folded states corresponds to the folding and
unfolding rate coefficients, respectively. For a perfect 2-state
system the waiting times should be exponentially distributed, as
we observe (Fig. 8). Because the observation time in the
single-molecule free diffusion experiment is only ~1 ms, we
measured the kinetics for freely diffusing, dye-labeled molecules
in ensemble experiments in which the denaturant concentration
was rapidly changed in a stopped flow instrument. If the kinetics
are unaffected, the sum of the rate coefficients from the
single-molecule trajectories should be identical to the relaxation
rate measured in the stopped flow experiment. The maximum
difference between the 2 rates is less than a factor of 2, indicating
that there is some, albeit small, effect of immobilization.

Having achieved our initial goal of being able to objectively select
trajectories free of spurious dye photophysics, we then proceeded
to determine what we could learn about transition path times. To
improve the time resolution in the experiment, the illumination
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laser intensity was increased by 10-fold, with the result that the
average duration of a trajectory before one of the dyes bleached was
reduced from 10 s to 130 ms. Using 2-ms instead of 20-ms bins for
calculating trajectories of the FRET efficiency, the transitions still
appeared instantaneous (Fig. 10). To further improve the time
resolution we took advantage of our measurement of the absolute
arrival time of individual photons at the detector, which is known
with an accuracy of 100 ns, and analyzed these photon-by-photon
trajectories with statistical methods (Fig. 10). We determined with
95% confidence the time window around the photon interval that
divides the trajectory into folded and unfolded segments, where this
interval was obtained from a maximum likelihood analysis (see
SI Text). Because the transition occurs at some point within this
time window, the window time represents an upper bound for the
apparent transition path time. This conclusion is supported by the
observation that transitions still appear to be instantaneous in
FRET efficiency trajectories using the window time from the
photon trajectory as the bin size (Fig. 10 and Fig. S10). The
apparent upper bound for the transition time correlates with
the inverse of the photon detection frequency, suggesting that the
true upper bound for the transition path time is the calculated
window time at the highest photon frequencies, and is therefore
~200 ps (Fig. 11). If either the unfolded or folded states have
FRET efficiencies indistinguishable from the transition state, then
the upper bound is approximately twice as long, and might be
longer if there is slow annealing of side chains as suggested by the
Monte Carlo simulations of Shakhnovich and coworkers (35).

Haran and coworkers (17) performed the only previous study of
immobilized single-molecule folding/unfolding trajectories for a
2-state protein, CspTm, which has been extensively studied in free
diffusion experiments (19, 29-31, 36, 37) (see Schuler and Eaton
(38) for a discussion of the more complex folding/unfolding trajec-
tories of non-two state proteins measured by Rhoades et al. and
Kuzmenkina et al. (17, 18)). To isolate and immobilize the protein
they encapsulated Csp7im in lipid vesicles, and linked the vesicles to
a glass surface. They reported an upper bound of 100-200 us for
the transition path time, and showed an example of a photon
trajectory from which this upper bound was calculated. However,
the average interval between detected photons was 500 us, which
the data in Fig. 11 and our analysis method indicate is closer to an
upper bound of 2 ms. It appears that the upper bound for the
transition path time was obtained by using a maximum likelihood
method to determine the most likely interval between photons at
which an folding or unfolding transition occurs, assuming that the
transition is instantaneous, and simply assigning the upper bound
as the length of this interval.*

Having determined an upper bound for the transition path
time for protein GB1, it would be important to know how much
must the time resolution in our experiment be increased to
resolve a transition path and, eventually, to measure distance
versus time trajectories during the transition path. Although it
has been appreciated for quite some time that transition path
times for barrier crossing processes are much shorter than the
times given by the inverse of the rate coefficients (39), 2
important questions have remained: exactly how much shorter
and how do transition path times depend on barrier heights? Our

*We are aware of only one other study, Lee et al. (9), that addresses the problem of measuring
transition path times for a barrier crossing process. Lee et al. (9) measured folding/unfolding
FRET trajectories with an average interphoton interval of 200 us for single-RNA molecules.
They carried out an extensive statistical analysis of the acceptor-donor cross-correlation
function for segments of the trajectory containing a folding or unfolding transition using a
theoretical correlation function based on asimple model, and extracted a transition path time
of 240 ps (with a 50% error) for folding. However, the difference in the intercept of the
correlation function, from which this time was calculated, and the intercept in their model
equations for a transition too fast to resolve is only 3% compared with our calculation of 2o
for the intercept of 10%. Furthermore, the authors report that the unfolding transition path
time could not be resolved, without any suggestion for why folding and unfolding transition
path times might differ.
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present experiments indicate that the transition path time (< 200
ps) is at least 10,000-fold shorter than the folding time (2 s).

A theory of diffusive barrier crossings can be used to provide
potential answers to these questions and guide future experiments.
For transition paths that begin at x; on the unfolded side of a free
energy barrier and end at x; on the folded side, without crossing x,
the mean time for transit fromx, tox; (Fig. 1), the average transition
path time (t7p) can be evaluated from (8):

(trn) = f e B0 () bl f POgD 2]

o X0

where, G(x) is the free energy as a function of the reaction
coordinate x, B = 1/kgT, ¢y and ¢r are the fractions of
trajectories starting from x that reach U(< x¢) and F (> x;) first,
respectively (i.e., splitting probabilities), and D is the diffusion
coefficient assumed to be independent of the reaction coordi-
nate. The value of (t7p) is the same for the reverse transition path,
i.e., x1 to xo. For an harmonic barrier of height AG* >2 kgT,
Eq. 2. yields (Szabo, personal communication):

In [2¢"BAGH] _In[2e” In (ko/k)]
DB(e®? 27k

{trp) = [3]

where y = 0.577 ... is Euler’s constant and (w*)? is the curvature
of the barrier. Assuming equal curvatures of the barrier and the
reactant well, (w)? (trp), can be calculated from the Kramers
preexponential factor, kg = Dow*B/27r, and the rate coefficient, k =
koexp(—BAG¥). Eq. 3. can be used to estimate a transition path time
of 0.6 to 6 us from previous estimates for ko of 103 to 10° s~ (40)
and our measured rate coefficients of ~0.5 s™! at the midpoint
denaturant concentration (Fig. 8). Consequently, it should be
possible in future experiments to time-resolve the transition path by
a combination of increased viscosity to slow diffusion across the
free energy barrier and higher excitation laser intensity to increase
the signal/noise in the FRET trajectories by increasing the photon
detection frequency. This is, however, a nontrivial task because of
the nonlinear relation between the laser illumination intensity and
length of trajectories before dye bleaching, so that both alterations
in the experiment will decrease the fraction of trajectories (cur-
rently ~0.05) that contain folding or unfolding transitions. With
higher photon count rates, moreover, it would also be possible to
determine whether or not there are any transitions involving
short-lived intermediates, as suggested by the atomistic Monte
Carlo simulations of protein GB1 by Shimada and Shakhnovich
(41). The simulations also predict 3 distinct, 3-state pathways, which
is just the kind of issue that can only be investigated with single-
molecule methods.

The interesting prediction of Eq. 3 is the remarkable insen-
sitivity of the transition path time to the free energy barrier
height. Using the preexponential factor of 10° s~1, the transition
path time for a protein that folds in 2 s, such as protein GB1
studied here, is only 2-fold longer than a protein that folds 103
times faster. An important assumption in Eq. 3, however, is that
the preexponential factor, ko be the same for slow- and fast-
folding proteins, which requires that the free energy barrier
region not contain significant minima (41), and that the curva-
tures and the diffusion coefficient, which measures the rough-
ness of the underlying energy landscape, also be approximately
the same. It will be very interesting, therefore, to not only resolve
transition path times in future experiments, but also to compare
these times for proteins that fold with widely different rates.

Materials and Methods

Materials. Because the N and C termini are on opposite sides of the protein GB1
(PDB 3GB1) molecule (Fig. 2), the difference in the FRET efficiency for the folded
and unfolded protein was maximized by substituting a lysine at position 10 with
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cysteine and adding a cysteine at the C terminus. Details of the protein engineer-
ing, purification, and dye attachment to these 2 cysteines are given in S/ Text. The
midpoint unfolding denaturation concentrations of the unlabeled and dye-
labeled protein are the same to within 0.5 M urea (see Figs. 4 and 9 and Fig. S2).

Single-Molecule Instrument. Single molecule measurements were performed
using a Picoquant Microtime 200 confocal fluorescence microscope (Berlin,
Germany). A 470-nm pulsed diode laser (20-MHz repetition rate, 80 ps FWHM,
0.9 uW or 9 uW average power) was used to excite the donor chromophore,
and donor and acceptor fluorescence were detected by single-photon ava-
lanche diodes (SPAD). A TimeHarp200 card was used to record the detection
channel (donor, acceptor), the absolute arrival time (100-ns resolution with
~350 ps jitter) and the time interval between excitation and detection (37-ps
resolution) of each photon. Single molecule spectra were measured with a
spectrograph (Shamrock 303i, Andor Technology) and CCD (DV887, Andor
Technology).

Method for Estimating an Apparent Upper Bound for Transition Path Times. The
first step in estimating an upper bound for the transition path time was to locate
the interval between photons, which divides the trajectory into folded and
unfolded segments, assuming that the transition is instantaneous. This could be
done by visual inspection, because it corresponds to the point at which there is a
clear change in the donor emission rate. A more objective and automated
procedure was used to determine this interval from the maximum point of a
likelihood function, which is proportional to the probability that an instanta-
neous transition occurs at a given photon interval (see S/ Text). An upper bound
for the transition path time of each transition was then estimated by finding the
narrowest time window surrounding the most probable point for an instanta-
neous transition point, in which the probability, with a confidence level greater
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than some value ¢, for the strings of photons before and after this transition point
to be in either the folded or unfolded states. A conditional probability for n (> 1)
photons before or after the transition point to belong to the folded or the
unfolded states is

_ fran(n)
Prot®) = g ) + fotn)
n—1
fro®m) = Epyp™(1 — Epg)" ™ HpF(U)(dj) [4]
=1

where fr(n) is the probability of n photons belonging to the folded (unfolded)
molecule, na is the number of acceptor photons, Er and Ey are the FRET efficiencies
of folded and unfolded states, which are same as the probabilities for a given photon
to be red in the folded and unfolded states, respectively, pru)(d) (= vruexp(—vryd))
is the distribution of time intervals d between 2 photons detected in the folded
(unfolded) state. djis the time interval between photon jand; + 1, and »r and »y are
the photon counting rates in the folded and unfolded states. Then, the smallest ns
satisfying Py > &' are found for photon strings before and after the transition
point, where a'2 is 0.975 for a confidence level of 0.95. The length of the combined
photon string is the apparent upper bound of the transition path time.
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