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transition path times in protein folding from
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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.
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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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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—
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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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S| Materials and Methods

Synthesis, Expression, and Purification of Avi-GB1 Proteins. A synthetic gene
encoding 56 amino acids of the immunoglobulin-binding domain B1 of streptococcal
protein G (GB1; PDB code 3GB1) containing a substitution mutation K10C, extension of
a cyteine residue (C57) at its C-terminus, and an N-terminal tether was cloned between

the Ncol and BamHI sites of pET15b vector (Novagen, San Diego, CA). In the resulting

K10C/C57

construct, termed Avi-GB1 , shown in Fig. S1, residues M to E (blue), S to H

(green), and M to E (red) correspond to the biotin acceptor peptide (Avidity LLC, Aurora,
CO), spacer peptide, and GB1 domain, respectively. Using the Quik-Change mutagenesis
protocol (Stratagene, La Jolla, CA), appropriate forward and reverse primers were used
on the K10C/C57 template DNA to generate a protein for a single label (AVi—GB1C57), in

which the C10 residue was reverted to the native Lys residue. Both constructs were

verified by DNA sequencing and mass spectrometry.

K10C/C57

The GBI expression construct, Avi-GB1 or AVi-GB1C57, and a plasmid

with an isopropylthiogalactoside (IPTG) inducible birA gene to over-express the biotin
ligase (Avidity LLC) were co-transformed into E.coli BL-21(DE3; Stratagene). Cells
were grown in Luria-Bertani medium, and expression was induced at 0.7 ODgggnm With a
final concentration of 1 mM IPTG for a period of 3-4 h. D-biotin was added to a final
concentration of 50 uM to the medium ~ 30 min before induction. Typically, cells
harvested from a 400-mL culture were suspended in 16-20 mL of 1x PBS (1.7 mM
KH,POy4, 5 mM Na,HPOy4, 150 mM NaCl, pH 7.4), heated at 80°C for 5 min, immediately
chilled on ice for 10 min, followed by centrifugation at 16,000 rpm (SS-34 rotor, Thermo
Fisher Scientific) for 30 min at 4°C. The supernatant was passed through a 0.45 uM
syringe filter, dialyzed against an excess of 0.5x PBS and 2 mM dithiothreitol in the cold
room, concentrated using centriprep YM-3 devices (Millipore Corp, Bedford, MA), and
loaded onto a Superdex-75 column (2.6 cm x 60 cm; GE HealthCare, Piscataway, NJ)

equilibrated in the same buffer at a flow rate of 3 mL/min at room temperature. Peak



fractions were analyzed by SDS-PAGE, combined and subjected to reverse-phase HPLC
on POROS 20 R2 resin (0.5 x 5 cm, 5 mg/injection, Perceptive Biosystems, Framington,
MA) and eluted using a linear gradient developed from 99.95% water (v/v) and 0.05%
TFA (v/v) to 60% acetonitrile (v/v), 0.05% TFA (v/v), and 39.95% water (v/v) over a
period of 16 min at a flow rate of 4 mL/min. Aliquots (0.5 mg) of the peak fraction were

lyophilized and stored at -70°C. Biotin ligation to the biotin acceptor peptide was

K10C/C57

confirmed by mass spectrometry. The mass of Avi-GB1 and Avi-GB1®7 was

determined to be 9592 and 9618, respectively, about 226 mass units more than the
expected mass of 9365 and 9390 for the non-biotinylated proteins, which were not

detected, indicating efficient biotinylation to the acceptor peptide.

Labeling of Avi-GB1 Proteins with Alexa Dyes. Typically, 0.5 mg of lyophilized
Avi-GB1¥'°““*7 was dissolved in 0.15 mL of degassed 4M guanidine hydrochloride, 50
mM Tris-HCI, pH 7.5, in an oxygen-free chamber and then added to a tube containing an
excess of Alexa Fluor 488 Cs-maleimide (Alexa 488) and Alexa Fluor 594 Cs-maleimide
(Alexa 594) dyes (Invitrogen, Carlsbad, CA) dissolved in a ratio of 1:1.2 in DMSO. The
reaction was carried out in dark for 1 h at room temperature. The protein was then
incubated with 20 mM 2-mercapto-ethanol for 1-2 h at room temperature to prevent any
unreacted dye from binding to the resin in the subsequent column steps. The reaction
mixture was first loaded onto a Superdex-peptide column (1 x 30 cm; GE HealthCare)
equilibrated in 0.5x PBS to separate the unreacted dye from the labeled protein. Peak
fractions were then fractionated on a Mono-Q column (0.5 x 5 cm, GE HealthCare) using
a 0 to 1 M NaCl gradient in 20 mM Tris-HCI, pH 8, over a period of 30 min at a flow rate
of 1 mL/min at room temperature monitored at three specific wavelengths, two specific to
the dyes and one at 280 nm. The peak fraction corresponding to the protein having nearly
equimolar ratio of the acceptor and donor Alexa dyes was used for the experiments

described. Alternatively, Avi-GB1%7 was used for donor only labeling similar to that

described above and purified in a single step using Superdex-peptide column.

Free Diffusion Experiment. The concentration of protein was 80 pM in 50 mM

phosphate buffer (pH 7.5). A surfactant, 0.01% Tween-20 (Thermo Scientific) was used



to prevent sticking of proteins on a glass surface. 25 pL of protein solution was loaded on
1-inch glass cover slip and covered with CoverWell (PCI-0.5, Grace Bio-Labs) to prevent
evaporation. Data were collected for 10 — 20 hours and the detected photons were
collected into 2 ms bins. Background subtraction was performed by first determining the
average photon frequency in each channel (e.g. 1.3 photons/ms for donor channel; 0.8
photons/ms for acceptor channel at 6 M urea), followed by generation of a Poissonian
string of 2 ms bins, and subtracting the number of photons in these bins from the detected
photons in the 2 ms bins containing more than 30 photons. Bins still containing more than

30 photons were considered as significant bursts and analyzed further.

Immobilization. Biotin-embedded, PEG-coated glass surfaces (Bio 01, low density)
were purchased from Microsurfaces Inc. and used after being cleaned with deionized
water and dried with a N, stream. The surface was covered with Coverwell (PC8R-0.5)
having two 2 mm holes. For the immobilization, the biotin surface was incubated with 20
pL of streptavidin solution (25 pg/mL, 50 mM phosphate, pH 7.3) for several minutes.
The solution was replaced using a micropipet through the hole in the cover successively
with 20 pL of the same buffer without streptavidin, buffer with 160 pM protein without
urea, and buffer solution with urea at the same concentration of the working buffer. The
sample compartment was finally filled with the working buffer (50 mM phosphate, pH
7.5, 3 — 7 M urea) containing 10 nM protocatechuate 3,4-dioxygenase (PCD, P8279-
25UN, Sigma) and 2.5 mM 3,4-dihydroxybenzoic acid (PCA, 37580-25G-F, Sigma) as an
oxygen scavenging system and 1 mM Trolox (238813, Sigma) for triplet quencher (1),
and sealed with parafilm to prevent evaporation. Without biotin embedded in the PEG-
coated glass surface neither dyes nor protein molecules bind to the surface.

The immobilization was expected to be less effective in the presence of urea
because of the denaturation of streptavidin itself. However, the stability of biotin-bound
streptavidin is sufficiently high to link molecules for a long time (2). We determined the
immobilization efficiency using streptavidin-Alexa Fluor 555 conjugate (S-21381,
Invitrogen). At 4 M urea, 81% (87/107) of molecules remained immobilized after 10 min.
Even at 7 M urea, the immobilization efficiency was 65% (64/98) after 10 min. All single

molecule experiments were carried out at room temperature (20-22°C)



We first tried immobilizing the protein by complex formation between a copper
complex embedded in a polyethylene-coated glass surface and a His-tag added to the N-
terminus of the protein. The affinity was not sufficiently high to prevent considerable
dissociation of the protein from the surface, as well as motion on the surface caused by
dissociation followed by rebinding to a nearby site. Nevertheless, given our extensive
analysis of the biotin-streptavidin-biotin linkage, it is possible to understand these

trajectories also, and these results will be presented elsewhere.

Distribution of Distances between Immobilized Molecules. The surface density
of immobilized molecules is proportional to the protein concentration of the applied
solution if the density of the binding sites is much higher, which is the case for the
experiments presented in this paper. The protein concentration should be high enough to
immobilize sufficient molecules in a given area but should be low enough to avoid
immobilizing more than one molecule in a focal area. In our experiments, 50 — 100
molecules were found in an area of 12 x 12 pum® The probability of detecting two
molecules can be estimated by calculating the distribution of distances between molecules
immobilized randomly with a given surface density. This distance distribution is a two-
dimensional version of the three-dimensional case presented in Ref. (3).

The probability of detecting two molecules in the same focal spot is

P

fo 0 2
J.o w(r)dr = .[0 27zr pexp(—zr- p)dr S.1)

=1- eXp(—ﬂ'l’ozp)
where w(r)dr is the probability of finding a nearest neighbor molecule at a distance
between r and r + dr, and p is the two-dimensional density of the attached molecules.
Using the average observed density of molecules, p = ~0.5 um'z and assuming that
molecules are not resolved when the distance is less than the half of the focal spot size 2ry
=320 nm (FWHM), P = 4%. 0.5% of the trajectories clearly contained 2 molecules, as
judged by sequential bleaching, but when two molecules emit photons at a different rate,
it is hard to unambiguously determine whether 2 molecules are present, and some of the

trajectories and transitions may have been included in our analysis as un-interpretable in

Tables S2 and S3.



Single Molecule Spectra. Fluorescence spectra of single dyes were detected using a
charge coupled device (CCD) (4-7). For simultaneous measurements of the lifetime and
spectrum, half of the photons were split and sent to a CCD (DV887, Andor Technology)
after being dispersed with a spectrograph (Shamrock 303i, Andor Technology). Spectra
were collected every one second without a dead time. The spectral range over 512 pixels
is ~ 175 nm with a grating (150 lines/mm, SR3-GRT-0150-0500). For a smooth spectrum,

3 pixels were binned, the resolution of which is still 1 nm.

Stopped Flow Measurements. The ensemble folding/unfolding kinetics of dye-
labeled proteins were measured at 23°C by XS20 stopped flow instrument (Applied
Photophysics). Two 50 mM phosphate buffer solutions of different urea concentrations
were mixed with 1:1 ratio. Proteins were dissolved in the solution of the higher urea
concentration. The donor was excited at 488 nm and changes in donor fluorescence
intensity were selectively measured by blocking acceptor fluorescence with a band pass

filter (545AF75, Omega Optical).
Dye Photophysics

Effect of Dye Quantum Yield on Measured FRET Efficiency E. The measured
FRET efficiency is defined as

-1
E - (1 ; ”—DJ . (S.2)
NA

Since the number of emitted donor (np) and acceptor (np) photons depends on the
quantum yield of dyes, E is affected by the properties of dyes and instrument factors in
addition to the distance between them. The true FRET efficiency, E;, can be obtained by
introducing a factor y accounting for the different quantum yield of dyes and the different
detection efficiency of donor and acceptor channels as

-1 -1
E, = [1 + y”—Dj - (1 t y'Mj . (S.3)

Na Qpna



Here, y is divided into three terms: quantum yields of the donor (Qp) and the acceptor
(Qa) and y', which is independent of the quantum yields of dyes.

E; can also be expressed in terms of Forster radius Ry, the sixth power of which is

proportional to Qp (Ro’ = Qp-(Ro")).

6\ 6\ !
E = |1+ {EJ =1+ L(i) (S.4)
Ro Qp ( Ry

Here, Qp-independent radius Ry’ is constant. Rearranging Eqgs. (S.3) and (S.4) equation

reference goes here gives the measured FRET efficiency

-1 6 -
E = (1 + l(i—ln =1 + Li{i] (S.5)
7 B Qa 7'\ Ry

Therefore, the measured FRET efficiency depends only on the acceptor quantum yield
Qa, which is proportional to the measured acceptor lifetime assuming that the radiative

lifetime of the acceptor is unchanged.

Lifetime-leak Correlation. Fig. S5 shows the lifetime-leak correlation of the donor,

Cs57

Alexa 488. For donor-only labeled protein (Avi-GB17") at 0 M urea (Fig. S5a), two

clusters are observed as explained in the main text for 5 M (Fig. 5c, main text),
suggesting that the red shift of the donor emission spectrum is not caused by the
denaturant.

The leak-lifetime correlation of the donor in the doubly labeled protein (Avi-

GBlKlOC/C57

) when the acceptor is in a non-emitting state (blinked or bleached) also
shows a similar distribution (Fig. S5b) with that in Fig. S5a. The similar donor lifetime
distribution indicates no energy transfer from the donor to the acceptor by a significant
alteration of the acceptor absorption spectrum (no spectral overlap). However, an
elongation of the lifetime distribution to 7p = 2 — 2.5 ns (red arrow), which corresponds
to the lifetime of the donor in the unfolded state, suggests the energy transfer to the

acceptor with similar absorption spectrum but without emission. 93% of the segments in

this region immediately follow the unfolded state, which confirms this conversion of the



acceptor state when the protein is in the unfolded state. Some of these states are further
followed by a state without the energy transfer to the acceptor (7p ~ 3.5 ns). Interestingly,

none of these states belongs to the acceptor-blinked state. Therefore, we conclude that
there are two different states in the acceptor during bleaching process: a non-fluorescent
state with similar absorption spectrum with an active acceptor and a state with different
absorption spectrum. Also, the absorption spectrum of the acceptor during blinking is

significantly different from that of the active dye.

Origin of Alexa 488, The fraction of dyes with a red-shifted emission spectrum,
Alexa 488R, is estimated to be ~ 20% from the FRET efficiency distribution of the

unfolded state in Fig. 4 (main text). The conversion between Alexa 488 and Alexa 488~
seems reversible as both transitions E ~ 0.6 -~ E ~ 0.8 and E ~ 0.8 - E ~ 0.6 are observed
in the transition maps in Fig. 6 (main text) and in Fig. S3. However, the number of the
latter transitions is much smaller than that of the former. If the Alexa 488 =Alexa 488"
equilibrium were unaffected by light, approximately the same number of transitions
should appear in both directions. Therefore, the asymmetry in the transitions in each

direction indicates that light drives the Alexa 488 =Alexa 488% equilibrium toward Alexa
488" The kinetics of the first appearance of Alexa 488" is shown in Fig. S6. The dashed
portion in the first bin indicates trajectories for which Alexa 4888 is present at the onset

of data collection. In the plot, 142 and 20 conversions to Alexa 4888 were observed
among 1684 and 991 trajectories (donor only trajectories were not included) for low and
high intensity measurements, which are 8.4% and 2.0%, respectively. Since the average
length of the trajectory before bleaching is 80 times longer in the low intensity
measurements, it is clear that the conversion occurs more frequently under higher
intensity illumination. A very similar percentage of trajectories shows Alexa 488" from
the beginning (dashed portion) in low and high intensity measurements - 10.6% (179 out
of 1682) trajectories and 8.4% (83 out of 991), respectively. The surface was scanned to
locate molecules before collecting the trajectories with an excitation intensity that was 5
times (a half) higher than the intensity used to collect the trajectory in the low (high)

intensity measurements. The average exposure time of each molecule during the scan was



~ 80 ms, which is shorter than the average trajectory length of 130 ms of the high
intensity measurement. Therefore, the appearance of ~ 10% of Alexa 488" molecules
following an ~80 ms scan, but only 2% conversion during 130 ms, at twice the light

intensity suggests that Alexa 4888 is also present in the absence of light, albeit at a
population of less than 10%. Since Alexa 488" was also observed in the immobilization
via the histidine tag — cu”’ linkage, the interaction with streptavidin is not contributing to

the conversion to Alexa 488R.

Orientational Dynamics of Dyes. In FRET measurements, free rotation of dyes is
important because changes in dye orientation, caused, for example, by sticking or
unsticking, can appear as jumps between different FRET efficiency levels, which are
indistinguishable from those caused by changes in inter-dye distances. Fig. S7 shows
trajectories in which photons with polarization parallel and perpendicular to the
polarization of the excitation light were simultaneously recorded. In the donor trajectory,
the signals for both parallel and perpendicular polarization oscillate between ~ 0 and ~ 1.2
photons / ms. The low and high intensity levels correspond to folded and unfolded states,
respectively. The donor fluorescence emission rate in the folded state was too low to
measure the anisotropy. In the unfolded state, the intensity of the parallel polarization is
slightly higher but the ratio (l)/l.) is roughly constant indicating that the anisotropy is
very small and constant. For the early segment of the trajectory (Fig S7a), however, the
intensity ratio Ij/l, is much higher than in the rest of the trajectory, presumably due to
lack of orientational freedom of the dye. 7% and 5% of the donor and acceptor anisotropy
trajectories, respectively, show a jump, presumably from sticking or unsticking of the dye,
which could be the major contributor to the uninterpretable U-U transitions in Fig. 6
(main text) and Fig. S3. In the acceptor trajectory, there are several intensity levels due to
the different emission rates in the folded and unfolded states and differences in the leak of

donor photons into the acceptor channel due to the longer wavelength emission of the
minor form of the donor, Alexa 488" (Fig. 5, of main text). However, the intensity ratio
I)/1. is relatively constant indicating that the acceptor anisotropy is also constant. Since

the anisotropy values may be slightly different for segments of different emission levels

in the same trajectory, anisotropy histograms were constructed on a segment basis. There



are two anisotropy different states for both the donor and acceptor: donor-only and
unfolded states for the donor, and folded and unfolded states for the acceptor. These states
are distinguished by their lifetimes as shown in Fig. S7.
The anisotropy (r) of each segment was calculated after calibrating the microscope
objective as (8, 9)
Gn—n;

r= (S.6)
Gny(L-3ky) +n, (2-3k)

Here, n; and n, are the number of photons detected in parallel and perpendicular

polarization channels for a given segment, k; (= 0.19) and ky, (= 0.13) are objective
calibration parameters, and G (= 0.95 (donor), 0.84 (acceptor)) is the correction factor for
the detection efficiency of the two polarization channels. The anisotropy of a freely

rotating dye is small but not necessarily zero due to its finite rotational correlation time.
The rotational correlation times (z;) for the donor were calculated from the lifetime (zp)

and anisotropy from:
2
- S?EZSrS/ri) S

which yield, assuming the angle between absorbing and emitting transition dipole 6 = 0,
values for 7, of 0.54 (+ 0.22) ns and 0.49 (£ 0.22) ns for the donor-only and unfolded
states, respectively, comparable to the 0.74 ns obtained from time-resolved anisotropy
decay measurements (10). Therefore, in the vast majority of the trajectories, the donor is
freely rotating, apart from a small portion showing a high anisotropy value of ~ 0.15 —
0.25, which may be caused by transient sticking. The anisotropy of the acceptor is not the
same as the donor anisotropy because the acceptor is excited via energy transfer from the
excited donor. Therefore, the depolarization of both donor and acceptor emission would
be convoluted, which results in smaller anisotropy. However, the energy transfer time
from the donor in the folded state (< 0.2 ns for E = 0.95) is expected to be faster than the
rotational relaxation time of the donor and the depolarization effect of the donor would be
much smaller than that in the unfolded state. The similar mean values in the folded and
unfolded state, therefore, indicate the free rotation of the acceptor as well. (The acceptor
anisotropy obtained by a direct acceptor excitation in ensemble measurements is 0.03).
Although it is close to 0, the acceptor anisotropy is not symmetric but has a tail on the



positive side. The small shoulder at ~ 0.1 may result from the sticking of the dye similar

to the donor.
Data Analysis

Obtaining Folding/Unfolding Transitions in FRET Trajectories. To find
transition points in the trajectories, we used search procedures that were slightly modified
from those used by Nienhaus and coworkers (11). Trajectories were binned at 10 ms (3 M
urea) or 20 ms (4 — 7 M urea). Prior to searching for transition points, the noise of
trajectories was reduced by applying a nonlinear forward and backward filter, which has
been originally developed for patch clamp experiments (12) and has also been used for
single molecule spectroscopy (13). This filter is suitable for searching rapid stepwise

transitions because it reduces the noise effectively without losing the sharpness of the

transition. After applying the filter three times to the raw trajectory (R(3)(t)), the absolute

values of the first derivative of the filtered trajectory (‘F\.’(3 ) (t)‘) was calculated. When

‘R'G)(ti)‘—‘R@(t)‘ > 2.6><o-(‘R(3)(t)‘), where o is the standard deviation, tjs were

considered as candidates for transition points. If n candidates were found, a trajectory was
divided into n +1 segments. Two adjacent segments were merged when the difference of
the mean values is smaller than 2.6 times (99% confidence level) the error of the two

segments as

o’ (R(®) N o’ (Rin(®)
N; Niti

[Ri®- R < 2.6><\/ (S.8)

Here, N; is the number of data points in the segment R;. Note that mean values and errors
were calculated from the unfiltered trajectory. Because the signal to noise ratio varies
from trajectory to trajectory, this effort to determine transition points without any bias
does not work for all trajectories. In case of missing obvious transition candidates, these
points were added manually for the comparison in Eq. (S.8). When no further merging
occurs, the candidates were finalized as the transition points.

The procedure was applied to donor and acceptor intensity trajectories separately

to determine donor blinking and bleached segments. When the photon counting level was
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lower than 0.1 and 0.2 ms™ for donor and acceptor channels, respectively, the dye was
assumed to be in the dark state or bleached. After these segments were sorted out, the
same procedure was applied to the FRET trajectory. According to the blinking and
bleaching information and FRET efficiency, each segment was assigned to 4 states: F, U,

D-only (or acceptor blinking) states, and the state of blinking or bleaching of donor.

Correction of Mean Waiting Times due to Finite Length Trajectories. Because
the length of the single molecule FRET trajectory is finite (~ 10 s) due to photobleaching
of dyes, the tail of the waiting time distribution is suppressed and the measured rate
coefficient becomes shorter than the true value. To find the true value, a long trajectory of
20,000 alternating folding and unfolding transitions was simulated with specific folding
and unfolding rate coefficients. This trajectory was then divided into exponentially
distributed segments with a time constant corresponding to the donor bleaching time at a
given urea concentration. This waiting time distribution of the truncated trajectories was
fitted to an exponential function, the decay time constant of which is the inverse of the
apparent experimental rate coefficient. The initial folding and unfolding rate coefficients
were varied in the simulation until the relative difference between the values from the
experiment and the values from the segments of the simulation was less than 2%. The
input rate coefficients in the simulation were taken as the true rate coefficients, and are

the ones reported as the “corrected rate coefficients” in Fig. 8 and 9 (main text).

Amplitude of Correlation Function at 7 - 0. In the correlation function, the
correlation time and amplitude reflect how fast the correlation (or memory) fades away
and how strongly the two variables are correlated. The latter can be measured by the
amplitude of the function at 7 -~ 0. However, this measurement is not trivial in single
molecule experiments because of the low photon counting rate. As 7 becomes smaller
than the average photon interval, which was several hundred ps at the low excitation
intensity, the correlation function becomes noisy. In addition, if the correlation time is
shorter than the time resolution of the instrument, only the tail of the correlation function
decay could be measured, which makes the determination of both the timescale and

amplitude difficult. Therefore, a theoretical calculation of the correlation amplitude

11



derived below will be helpful in estimating how much correlation is left in the

experimentally accessible time window.

The correlation functions of the donor and acceptor photons can be expressed in

terms of the true FRET efficiency E;, which can be calculated using the Gaussian chain
model of an unfolded polypeptide. The number of donor (np) and acceptor (na) photons

are related to E; as

np = np(I-E
D nT (1-E)/y (S.9)
na = mE
where ny (=N, + ynp) is the adjusted total number of photons, which is a constant.

The cross correlation function at 7 - 0 is

Con(®) = AL

(np )(na)

i <(1_Et)Et>_1 ) _<Et2>_<Et>2 (S.10)
(1-E¢)(Ey) (E)—(E)?
In a similar manner
o) = (L <E§>2
(1_<Et>) (S.11)
() - (6

Can(0) =

The amplitudes are independent of the correction factor y.

In the Gaussian chain model, the radial probability distribution of the end-to-end

distance r is

3/2
r2

The average FRET efficiency and average squared FRET efficiency could then be

P(r) = 4zr? (S.12)

calculated from:
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<Et2> i [ EtL(r)zP(r)dr
jo P(r)dr

(B) =

(S.13)

Here, Ey(r) = 1/(1 + (r/R0)6) and Ry = 5.4 nm (14). Since the end-to-end distance cannot

be longer than the contour length L ( = (0.36 nm)-N, N = 47 residues), the integration is

2

truncated at L and normalized to the integral of P(r). We use <> =g nm, which

results in <E> = (.32 (<Et2> = 0.22) close to the experimental values determined from
the donor lifetimes in the free diffusion experiment, which varies from 0.38 (3 M) to 0.31
(7 M). The computed correlation amplitudes using Egs. (S.10) and (S.11) are Cpa(0) = -
0.53, Cpp(0) = 0.26, and Caa(0) = 1.11. Therefore, the cross correlation between donor
and acceptor photons after 1 us in the main text (Fig. 7, main text) is negligible even with

the noise on the us timescale.

Maximum Likelihood Method for Determining Interval between Photons for
an Instantaneous Transition. The first step in estimating an upper bound for the
transition path time from photon trajectories was to determine the maximum point of a
likelithood function, which is proportional to the probability that an instantaneous
transition occurs at a given photon interval. The likelihood function was calculated as
follows. First, a rough transition point was determined from a binned trajectory. Then, a
time-tagged photon string was extracted from several bins near the rough transition point.
Two probabilities were considered: one using only photon colors and another from
photon counting rates which is 2-fold lower in the folded state compared to the unfolded
state because of quenching in the folded state. By photon colors, the probability for a
folding (unfolding) transition to occur at interval | between a time-tagged photon i and the

next photon i+1 is given by (Fig. S9a):
P o« Eye™ (- Ey (F))i_nAl

i i (S.14)
X Epuy A —Eguy) ™
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where EF and Ey are the FRET efficiencies of folded and unfolded states, which are the

same as the probabilities for a given photon to be red in the folded and unfolded states,

respectively. The probabilities for a green photon in the folded and unfolded states are 1 —
Er and 1 — Ey, respectively. n is the number of photons in the photon trajectory, and na;
and npy are the number of acceptor photons before and after the interval i. The number of
donor photons are (i —Naj) and (N —i—Npy), respectively.
The probability determined by photon counting rate, v, was constructed as
FU i—1 n-1
R7@) o [Truee@p w) [T pew)@)p. (S.15)

j=1 j=i+l
where pry(d) (= VFuyexp(- vEu)d)) is the distribution of a time interval d between two
photons detected in the folded (unfolded) state. d; is the time interval between photon |
and j+1, and v and wy are the donor-plus-acceptor photon counting rates in the folded

and unfolded states. A special distribution for the transition interval is given by

UYE(exp(-ved) — exp(-nyd)). (S.16)
VU —VF

() =

Finally, the likelihood function for the transition at interval i is given by the

product of these two probabilities, i.e.
£ = PFYi) xpPF (). (S.17)

To estimate the accuracy of the determination of the transition interval, 3000
strings of photons with a single folding (or unfolding) transition were simulated. The
window of a photon string was set from —60 ms to 60 ms. A transition point (Ttp) was
randomly located in the range from —40 to 40 ms. The window before the transition (from
-60 ms to Typ) and after the transition (from Typ to 60 ms) were filled with photons, the
photon intervals of which are exponentially distributed according to the average photon
counting rates in experiments (v =2.9 ms" and wy = 6.5 ms™). Then, the photons on the
two sides were randomly colored in red and green according to the probabilities
determined by FRET efficiencies in folded and unfolded states (Ef = 0.97 and Ey = 0.58).

The transition point was determined by eqn. (S.17) and the differences between the
simulated and correct intervals are plotted in Fig. S9b, which shows 50% accuracy in

folding simulation for identifying the correct interval, and 81% accuracy for identifying
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the correct interval to within 2 photons. The accuracy of the determination in unfolding

simulation is almost identical.
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