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Abstract

Folding and unfolding rates for the ultrafast folding villin subdomain were determined from a
photon-by-photon analysis of fluorescence trajectories in single molecule FRET experiments. One
of the obstacles to measuring fast kinetics in single molecule fluorescence experiments is blinking
of the fluorophores on a timescale that is not well separated from the process of interest. By
incorporating acceptor blinking into a two-state kinetics model, we show that it is possible to
extract accurate rate coefficients on the microsecond time scale for folding and unfolding using
the maximum likelihood method of 1.V. Gopich and A. Szabo. This method yields the most likely
parameters of a given model that can reproduce the observed photon trajectories. The extracted
parameters agree with both the decay rate of the donor-acceptor cross correlation function and the
results of ensemble equilibrium and kinetic experiments using nanosecond laser temperature jump.

1. Introduction

The power of single molecule fluorescence spectroscopy is the ability to investigate
distributions in molecular behavior for intrinsically heterogeneous systems. One such system
is protein folding, in which theory predicts many different sequences of structural changes in
the pathways that connect the folded and unfolded states [1]. The -helical, 35-residue villin
subdomain (Fig. 1) is currently the most extensively studied protein by experiment, theory,
and simulations (see bibliography in Supplementary Material). The reasons are that it has
equilibrium properties of a much larger single-domain protein [2,3], is among the fastest
folding proteins [4,5], and exhibits unusual kinetics such as a denaturant independent
relaxation rate [6] and an apparent increase in the internal friction with temperature in a
Kramers description of the barrier crossing [7]. Our ultimate goal for single molecule
experiments on this protein is to observe the distribution of transition paths — a uniquely
single molecule property. Such measurements would provide a very demanding test of the
accuracy of the mechanisms found in molecular dynamics simulations, but represent a major
challenge since transition paths have not been observed for any molecular system in the
condensed phase. New and sensitive tests of simulation are important because, if accurate,
everything one would ever want to know about the folding mechanism of a particular
protein is contained in a sufficiently long atomistic trajectory [8-10] or Markov state
modeling on many short trajectories [11].
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Studies of the villin subdomain are particularly challenging because of its very rapid
kinetics, with folding times of the wild-type on the order of 5-50 ps [3,6,12]. Until quite
recently the time resolution in single molecule FRET experiments [13] has been limited by
the bin time of the measurement, which is usually 1 — 10 ms at the moderate illumination
intensities that have been employed to avoid photochemical problems such as bleaching and
blinking of the dyes [14]. For residence times much longer than these bin times, two distinct
peaks will appear in a histogram of the FRET efficiencies and the rate coefficients can be
simply determined from the FRET efficiency trajectories as the reciprocal of the average
residence times (also called waiting or dwell times). When the average residence time is
much shorter than the bin time, however, transitions occur within every bin, and rate
coefficients cannot be simply extracted from the residence time distributions in the FRET
efficiency trajectories. To extract kinetics from the data under these circumstances, Gopich
and Szabo have developed maximum likelihood methods for analyzing photon trajectories
without binning [15]. We previously used this method on the helical protein 3D, and showed
that the method produced accurate folding times of ~1 ms, as judged by the excellent
agreement of the sum of the rate coefficients obtained from the maximum likelihood
analysis for this two-state system and the decay of the donor-acceptor cross-correlation
function [16]. For the faster-folding villin subdomain, blinking occurs on a similar time
scale to folding and unfolding, making it problematic to distinguish dye blinking from
protein dynamics. We show how to extract the kinetics of folding and unfolding from the
data that is complicated by blinking, and confirm the accuracy of the extracted rate
coefficients by comparison with both the donor-acceptor cross-correlation functions and the
results of ensemble equilibrium and Kinetic experiments.

2. Methods

Materials

The structure of the 35-residue long villin headpiece subdomain (PDB 1YRF), together with
the amino acid sequence of the construct used in the single molecule experiments, is shown
in Fig. 1 [17]. For the laser temperature jump measurements, the chemically-synthesized 35-
residue sequence at a purity >98% was purchased from California Peptide (Napa, CA). For
single molecule studies, the complete sequence in Fig. 1 (avitag + linker + cysteine + villin
subdomain sequence + cysteine) was expressed in E. coli. Details of the expression,
purification and dye labeling are given in the Supplementary Material.

Nanosecond laser temperature-jump measurements

Ensemble kinetic measurements were carried out on solutions containing 300 M of the 35-
residue sequence (Fig. 1) or N-acetyl tryptophanamide (NATA) using a nanosecond-laser-
temperature-jump instrument previously described [5]. All solutions were buffered to pH =
4.9 with 20 mM sodium acetate and flowed through the illuminated region to eliminate
effects of tryptophan photodamage. Temperature jumps of ~7-10°C to a final temperature of
20°C were generated by Raman shifting pulses of a Nd:YAG fundamental at 1064 nm to
1560 nm using D, gas. To ensure a consistent temperature jump in the presence of changing
solvent conditions, the temperature jump was calibrated using NATA. A frequency-doubled
Kr laser with an output at 284 nm was used to excite Trp fluorescence. In each experiment,
four to eight traces of 512 laser shots were collected. Rate constants and amplitudes were
calculated by a least-squares exponential fit of the data at times >3 s and baseline from a
NATA trace.

Single molecule spectroscopy

Single molecule FRET experiments were performed using a confocal microscope system
(MicroTime200, Picoquant). The CW mode of a dual mode (CW/pulsed) 485 nm diode laser
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(LDH-D-C-485, PicoQuant) was used to excite donor dyes (Alexa Fluor 488) through an
oil-immersion objective (PlanApo, NA 1.4, x 100, Olympus). Donor and acceptor (Alexa
Fluor 647) fluorescence was collected by the same objective, split into two channels, and
focused through optical filters (ET525/50m for the donor and E600LP for the acceptor,
Chroma Technology) onto photon-counting avalanche photodiodes (SPCM-AQR-15,
PerkinElmer Optoelectronics). Additional details for the optical setup and single molecule
experiments can be found elsewhere [18,19].

In the free diffusion experiment, where the fluorescence bursts of single freely diffusing
molecules entering into the focal volume were measured, protein concentration was 40 pM
in 50 mM HEPES buffer (pH 7.6). A surfactant, 0.01% Tween-20 (Thermo Scientific) was
used to prevent sticking of proteins on a glass surface. The illumination power of the laser
was 2.9 pW.

In the immobilization experiment, protein molecules were immobilized on a biotin-
embedded, polyethyleneglycol (PEG)-coated glass coverslip (Bio_01, Microsurfaces Inc.)
via a biotin (surface)-streptavidin-biotin (protein) linkage. To reduce dye bleaching and
blinking, 2 mM L-ascorbic acid (A92902, Sigma) and 2 mM methyl viologen (856117,
Sigma) were added [20] to the 50 mM HEPES buffer (pH 7.6) solution.

Fluorescence trajectories were collected using an automated data collection scheme. An area
of 10 x 10 pm? was raster scanned at low intensity and the location of molecules was
determined. To ensure the single molecule detection, molecules immobilized too close to
one another were identified by an image larger than a threshold size and were excluded. The
piezo-controlled stage was then moved to locate each molecule and the trajectory was
collected at high illumination intensity. The laser was turned off during movement of the
stage to prevent photobleaching. After the collection of trajectories for all identified
molecules was completed, the procedure was repeated for the next 10 x 10 pm? area. Before
raster scanning each area, the focus along z-axis (perpendicular to the surface) was set at the
position with minimum variance of the reflected image from the surface recorded by a CCD
camera. The illumination intensity for the raster scan (0.4 kW/cm?, the average power
entering the microscope was 1.3 pW) and for the trajectory collection (4 kW/cm?) were
adjusted by inserting a neutral density filter (OD1) in the laser path using a home-built
mechanical shutter.

Figure 2 shows the ensemble equilibrium and kinetic data at 20°C on the 35-residue
sequence that has not been labeled with the donor and acceptor fluorophores. The population
versus GAmCI concentration in Fig 2b is obtained from a two-state fit to the circular
dichroism and fluorescence unfolding curves. The relaxation rate, measured from the time
course of the tryptophan quantum yield in nanosecond laser temperature jump experiments,
is nearly independent of GdmCI concentration at ~50 ms™1 in the range 2-4 M GdmClI (Fig.
2c). Since we do not anticipate a major effect from either the attachment of the fluorophores
or the additional residues of the complete construct in Fig. 1, the residence times in single
molecule experiments are expected to be sub-100 ps.

To measure single molecule equilibrium folding/unfolding trajectories using FRET
spectroscopy, the recombinant villin construct was labeled with two fluorescent dyes, Alexa
Fluor 488 as donor and Alexa Fluor 647 as acceptor, and immaobilized on a PEG-coated
glass surface by a biotin-streptavidin linkage (Fig. 1). Since the N- and C-termini of the
protein where the two dyes were attached are close to each other when the protein is folded,
the FRET efficiency is expected to be higher in the folded state than in the unfolded state.
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Fig. 3 shows representative donor fluorescence, acceptor fluorescence, and FRET efficiency
trajectories at different guanidinium hydrochloride (GdmCI) concentrations. Because the
average residence times in the folded and unfolded states (inverse of the unfolding and
folding rate coefficients, respectively) are much shorter than the bin time of 1 ms, the
trajectories show constant fluorescence intensity for the donor and acceptor, and
correspondingly constant FRET efficiency, with small fluctuations due to shot noise without
any indication of folding and unfolding transitions. However, the gradual shift of the FRET
efficiency to lower values with increasing GdmCI concentration indicates an increasing
unfolded population with increasing GdmCI concentration, as expected from the ensemble
results (Fig. 2a). This progressive increase of the unfolded population is more easily seen in
the distribution of the FRET efficiencies in Fig. 4a calculated from the total number of
donor and acceptor photons in an entire individual trajectory.

Although a narrow distribution is expected due to fast folding and unfolding (Fig. 2c), we
observed an additional distribution at lower FRET efficiency (colored in light blue) in
addition to the main peak (colored in orange), which increases with increasing GdmcCl
concentration. Suspecting that this additional peak arises from molecules containing cis-
isomers, which are expected to have a lifetime in the unfolded state >100 ms, the
approximate length of the longest trajectories before bleaching, we carried out free diffusion
experiments. As shown in Fig. S1, there is a long tail on the unfolded side (lower FRET
efficiency) in the free diffusion FRET efficiency histograms especially at 2.5 and 3 M
GdmCl, indicating that the additional peak is not caused by protein-surface interactions, and
consistent with the explanation of cis isomers.

We therefore analyzed only those trajectories in the immobilization experiments, with a
FRET efficiency within the range of the main distribution. As shown in Fig. 4a, the main
peak overlaps the lower FRET efficiency peak at 4.5 M GdmCI, so the parameters at this
concentration are expected to be the least accurate. In addition, we only analyzed the
trajectories in which the acceptor photobleached earlier than the donor to clearly detect and
exclude trajectories affected by the light-induced red shift of the donor Alexa 488 emission
spectrum [19] using the increased donor leak into the acceptor channel. Fig. 4b shows the
FRET efficiency distributions calculated from each of 0.5 ms bins of the ~200 selected
trajectories at each GdmCI concentration. Due to multiple folding and unfolding transitions
within the 0.5 ms bin time, only one peak is present, which is a phenomenon similar to fast
chemical exchange in NMR [15,16,21].

To extract parameters for kinetics that occur much faster than the bin time, we used the
Gopich-Szabo maximum likelihood method and analyzed the photon trajectories without
time binning. This method yields the most likely parameters of an assumed model that can
reproduce the observed photon trajectories. The likelihood function for the j! photon
trajectory is [15]

N

Li=1"T][F(ci)exp (K7)]F(c1)Peqs ()
=2

where N; is the number of photons in a trajectory, ; is the color of the it photon (donor or
acceptor), and i is a time interval between the it and (i-1)™ photons (Fig. 5a). The photon
color matrix F depends on the color of a photon as F(acceptor) = E and F(donor) =1 — E,
where E is a diagonal matrix with elements that are FRET efficiencies of the individual
states. | is the identity matrix, peq is @ vector consisting of the equilibrium population of
each state, and 17 is a row vector with elements of 1. The calculation of likelihood values
were performed using the diagonalization of the matrix exponential in Eq. (1) as described
in ref. [15]. Practically, the log likelihood function was calculated and the total log
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likelihood function of all trajectories was calculated by the summation of individual log

InL=» InL;
likelihood functions as ; 7.

For a two-state system, as is the case for the villin subdomain [5], there are four independent
parameters - the apparent FRET efficiencies and the rate coefficients of the folded and
unfolded states (Er, Ey, kg, ky). In analyzing the data, instead of varying the two rate
coefficients, it is more convenient to vary the sum of the rate coefficients (k = kg + ky) and
the fractional population of folded molecules (pg = kg/[Ke + ky]). For the two-state kinetic
model (Fig. 5b), the rate matrix is given by

The extracted parameters are summarized in Table 1. There is a decrease in the folded
fraction (pg) with the increasing GdmCI concentration, as expected from the ensemble
measurements (Fig. 2b) and from the decrease in the average FRET efficiency in Figs. 3 and
4. The FRET efficiencies of the folded and unfolded states are high and low as predicted.
The decrease in Ey with increasing GdmCI concentration results from the continuous
expansion of the unfolded polypeptide chain [18,22-27]. Unless there is partial unfolding of
the structures on the folded side of the free energy barrier, Er is expected to vary only
slightly due to the change in the refractive index of the GdmCI solution [22]. Consequently,
the decrease in Er, especially at high GdmCI concentration (>= 4 M), probably results from
the inclusion of the unfolded molecules in the analysis. We also fit the data by fixing Eg to
that of the lowest GAmCI concentration, which results only slight changes in the parameters
(Table S1).

The relaxation rates are almost independent of GAmCI concentration, as observed for the
unlabeled protein in the laser temperature-jump experiments (Fig. 2). To check the accuracy
of these relaxation rates, we calculated the donor-acceptor cross-correlation function as
Cpa(t) = —Aexp(kt) (Fig.6). The relaxation rates obtained from the single exponential
fitting are listed in Table 1. Generally, the relaxation rates obtained from the cross-
correlation function are less precise than those from the maximum likelihood method as
judged by the much bigger fitting errors, particularly at 2.5 M and 4.5 M GdmCI, where
there are the most unequal populations of folded and unfolded molecules. In addition, the
values from the cross-correlation analysis are smaller than those obtained from the
maximum likelihood method. Furthermore, the amplitude of the donor-acceptor cross
correlation function is much smaller than the theoretically expected values calculated from
the average FRET efficiency values as

<NDN > 1= — <E2>_<E2

o) (V) B ;2 @

Cha (O)Zlig})czm (7—):

Here, Na and Np are the number of donor and acceptor photons, <E> = pgEg + (1 - pg) Ey,
and <E2> = peER? + (1 - pr)Ey?, where Er and Ey are the apparent FRET efficiencies of
the folded and unfolded states, and pg is the folded fraction. The photon count rates in the
folded and in the unfolded state are assumed to be the same. The correlation amplitude
Cpa(0) is the asymptotic value due to folding and unfolding of proteins without including
the anti-bunching effect of the fluorescence dyes. The amplitudes calculated using the
parameters obtained from the maximum likelihood method (Table 2) are almost twice as
large as the amplitudes from the exponential fit to the cross-correlation data (Fig. 6, first
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row). We also simulated folding/unfolding photon trajectories with parameters obtained
from the two-state maximum likelihood method and with experimental photon count rates (~
125 ms~1 on average), and the calculated donor-acceptor cross-correlation as plotted in Fig.
6 (second row). In this simulated data, the correlation amplitudes are similar to the
calculated values using Eqg. (3) and the relaxation rates (Table 2) are very similar to the input
parameters of the simulation. Therefore, the discrepancies in the time scale and the
amplitude of the cross-correlation between the experiment and the simulation indicate that
processes other than folding and unfolding are occurring.

The most likely additional process that would affect the determination of rates is blinking of
donor and acceptor dyes. Although we added ascorbic acid and methyl viologen [20], these
chemicals could not completely suppress blinking on the sub-10 ps time scale.

When blinking of the acceptor occurs, the anti-correlation of the donor and acceptor
intensity from acceptor blinking will increase the relaxation rate and the correlation
amplitude and will, consequently, also affect the maximum likelihood analysis. We
therefore modified the kinetic model in the likelihood function to include blinking of the
acceptor. In this four-state kinetic model (Fig. 5c), each of the folded and unfolded states
exists in both “bright” (fluorescing) and “dark” (non-fluorescing) states. The folding and
unfolding rate coefficients in the bright state are assumed to be the same as those in the dark
state. We also assumed, for simplicity, that the residence time in both bright and dark states
is exponentially distributed. For the four-state kinetic model (Fig. 5¢), the rate matrix is
given by

—k, — kg kK, ky 0
B k,  —k, —kg 0 k
K= kg 0 —k,—ky, K, - @
0 kg k,  —k, —k

Here, kg is the rate coefficient for the transition from the dark state to the bright state of the
acceptor, which is independent of the illumination intensity. On the other hand, as the
probability of the transition from the bright state to the dark state will increase linearly with
the time spent in the excited state, the rate coefficient of a transition to the dark state of the
acceptor is proportional to the photon count rate as kq = kg (n/ng), where n is the average
photon count rate of a photon trajectory and kg is the rate coefficient at the reference photon
count rate (n = ng). Consequently, kq is different for each photon trajectory. Since the photon
count rate of the acceptor is different in the folded state and in the unfolded state, kq should
also be different for the folded and the unfolded states. However, these values were set to be
equal to avoid breaking the detailed balance condition and to simplify the analysis. The
parameters obtained from the four-state model are listed in Table 1. As expected, the
relaxation rates extracted were smaller than those of the two-state model because acceptor
blinking transitions do not appear as folding transitions, but there is only minor increase in
the FRET efficiencies and virtually no changes in the folded fraction.

However, the results show that only 2 — 5% of the time is spent in the dark state. Therefore,
the reliability of these blinking parameters is questionable. As listed in Table 1, Bayesian
inference criterion (BIC) values for the 4-state kinetic model are smaller than those of the
two-state model, which indicates that the 4-state model is more consistent with the data than
the 2-state model. We further checked the reliability of the blinking parameters by re-
extracting parameters from the photon trajectories simulated using the extracted 4-state
model parameters. Instead of generating new photon trajectories, we used a method of
recoloring the experimental photon trajectories [15,16]. In this procedure, the color of the
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experimental trajectories were removed and randomly assigned according to a given Kinetics
model (see an example recolored trajectory in Fig. S2). The re-extracted parameters from
three different recolored data sets are summarized in Table S2 of the Supplementary
Material. We tested both 2-state and 4-state likelihood methods as done for the experimental
data. In the 4-state method, both folding and blinking parameters were similar to the
originally extracted parameters in Table 1. In the 2-state method, the increased apparent
folding/unfolding rate coefficients were reproduced as expected. Although the models and
extracted parameters are self-consistent, and the re-extracted parameters agree well with the
original parameters, the blinking Kinetics seem too fast. The average time spent in the dark
state is only 1 — 2 s, several times shorter than the average photon interval of 8 ps (average
photon count rate is 125 ms™1). Therefore, the stability of this method in extracting the
folding and blinking kinetics may not guarantee the accuracy of the blinking model (i.e.
exponential distribution of dark residence times for the acceptor) and the accuracy of the
blinking parameters, but it appears to accurately correct the folding parameters.

When the donor blinking happens, no photon is emitted, which results in an intensity
fluctuation. Since the sign of the correlation from this fluctuation is positive, it will cancel
the early part (< 10 ps) of the anti-correlation due to folding and unfolding. The net result is
a longer apparent decay time. To test the influence of donor blinking, we simulated time
trajectories of donor blinking, which consists of alternating bright and dark states. The
length of the bright and dark states was exponentially distributed with assumed average
lifetimes of 30 ps and 3.3 ps, respectively. The lifetime in the dark state and the fraction of
molecules in the dark state (10%) were chosen arbitrarily from the assumption that blinking
kinetics is faster than the folding kinetics and do not significantly alter the donor-acceptor
cross correlation. The blinking trajectory was overlapped with the simulated photon
trajectories with a two-state model above and the photons belong to the dark state were
deleted. The cross-correlation function in Fig. 6 (third row) and the fitting parameters in
Table 2 indeed show the reduced correlation amplitude and the longer relaxation time. On
the other hand, the maximum likelihood parameters extracted from the simulated photon
trajectories are almost same for the cases with and without donor blinking (Table 2). It
seems that donor blinking does not affect the maximum likelihood analysis because the lost
information and the inter-photon gap due to donor blinking do not affect the likelihood
function. Therefore, the donor blinking can be another reason for the slower relaxation
obtained from the correlation analysis than those from the maximum likelihood method.

Since donor blinking does not affect the maximum likelihood analysis, we did not modify
the model to incorporate the donor blinking. Instead, to check the reliability of the extracted
parameters, we used the recolored photon trajectories above. The recoloring procedure
addresses the problem of acceptor blinking as well as the donor blinking in the most exact
way because the experimental photon intervals are preserved. The donor-acceptor cross-
correlation function (Fig. 6 bottom row) shows similar amplitudes and relaxation rates with
those of the experimental data.

The comparison of the relaxation rates from the 4-state maximum likelihood method and
from the donor-acceptor cross correlation of the experimental and recolored data are shown
in Fig. 7 and summarized in Table 1. As indicated by the smaller error, as well as the fact
that the method is not affected by donor blinking and that acceptor blinking can be
incorporated in the model, the parameters obtained from the maximum likelihood method
are more reliable than the parameters from the correlation analysis. The FRET efficiency
distribution constructed from the recolored trajectories is very similar with the experimental
data, providing additional support for the adequacy of the model and accuracy of the model
parameters obtained from the maximum likelihood analysis (Fig. 4b).
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4. Discussion

The main result of this work is that accurate rate coefficients and FRET efficiencies can be
obtained from photon trajectories in single molecule FRET experiments for proteins folding
on the sub-100 microsecond time scale, even in the presence of dye blinking, by using the
maximum likelihood method of Gopich and Szabo [15]. The accuracy of these parameters
was confirmed by comparing with the results of a totally independent analysis method —
calculation of the donor-acceptor cross-correlation function decay rate and amplitude — and
by comparing with the ensemble relaxation rates measured in laser temperature-jump
experiments (Fig. 7). The sum of the rate coefficients for this two-state protein corresponds
closely to relaxation rates obtained from the decay of the donor-acceptor cross-correlation
function, but only after including acceptor blinking in the assumed model for the maximum
likelihood analysis (Table 1, Fig. 7). Simulations of photon trajectories with the
experimental parameters (Table 2) showed donor blinking can account for most of the
difference in the observed amplitudes and those expected from the theoretically-expected
values (Eg. 3). Moreover, as an additional check on the maximum likelihood parameters,
recoloring of the photon trajectories, using the FRET efficiencies and rate coefficients from
the maximum likelihood analysis, did not alter either the amplitude or decay of the donor-
acceptor cross-correlation function (Table 1).

A rigorous comparison of the single molecule and ensemble kinetics could not be made
because attachment of the dyes does have some, albeit small, effect on the equilibrium and
kinetic properties. The fraction unfolded as a function of GAmCI concentration obtained
from the maximum likelihood analysis shows that attachment of the dyes slightly stabilizes
the protein (Fig. 2b), so differences in relaxation rates are expected. The differences,
however, are small, averaging about 30% (Fig. 7). More importantly, like the ensemble
measurements, the relaxation rates from the single molecule experiments are independent of
the chemical denaturant concentration, in contrast to all other two-state proteins, which have
a chevron shape to such a plot. This result is also important for other reasons. For ultrafast
folding-proteins it is essential to measure the rate with more than one method, since no
single spectroscopic method is capable of monitoring the appearance of the fully folded
protein and the disappearance of the unfolded protein in the microsecond time regime. The
agreement now among 4 methods - the present single molecule FRET and laser temperature
jump, together with the previously reported comparisons using triplet lifetime measurements
in photoselection experiments [28] and laser temperature-jump experiments with infrared
detection [29] - makes a strong case against the criticism based on limited simulation results
that the fluorescence temperature-jump experiments, the most frequently employed method,
do not measure overall folding [5,30,31].

As pointed out in the introduction, the long-term goal of single molecule studies on this
protein is to obtain information on the transition path time distribution. These distributions
have already been obtained by the Shaw group in all atom simulations for both the wild-type
[8] and a double mutant of the villin subdomain that folds in 0.7 s [5,8,9,11,32]. An
important result of this work is that 4 different force fields, which all predict the correct
folding time to within an order of magnitude, yield 3 different pathway distributions as
measured by the order in which the 3 helices form [9]. In the past, the rate of folding has
frequently been used as a criterion for the validity of the mechanistic information contained
in the simulations, but that appears to be an insufficient condition. This is an area where
obtaining information on pathway distributions from single molecule experiments could
have a major impact.

The results we have reported here represent the first step toward this goal. The next step
would be to establish the average transition path time to determine how much the viscosity
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the solvent would have to be increased to resolve individual transition paths. We have

already accomplished this for an all- protein, the 37-residue FBP WW domain, by
introducing a virtual intermediate in a kinetics model for the maximum likelihood analysis
[33]. Near the midpoint denaturant concentration, the folding time was found to be ~1 ms

an
pa

d the average transition path time to be ~20 ps at ~10 cP, indicating an average transition
th time of ~2 ps. Similar experiments are now underway for the villin subdomain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Schematic of immobilized folded villin subdomain showing donor (green-emitting) and
acceptor (red-emitting) fluorophores. Protein molecules were attached to a
polyethyleneglycol-coated glass surface via a biotin-strepavidin-biotin linkage. Dyes were
attached to cysteine residues (red) at the N- and C-termini of villin and a biotin molecule to
the lysine residue (blue) within the AviTag sequence.
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Fig. 2.

(@) Guanidinium chloride (GdmCI) induced unfolding curve measured by circular dichroism
(CD) (pink circles) and tryptophan fluorescence quantum yield (®, blue circles). The
measurements were carried out at 20°C in 20 mM sodium acetate buffer, pH 4.9. The plotted
values are the average of three independent measurements and the error bars correspond to
the standard deviation. The dotted lines are the baselines and the triangles correspond to the
quantum yield of a reference peptide (AcWKQQH) (®,¢). The data were fit simultaneously
to a two-state model (continuous black lines), ©222 nm = [(a + bC) + (¢ + dC)K]/(1 + K) and
= (e P + f BK)/(1 + K), Where &, = 0.0794 + 0.0027C + 0.0002C2 + 0.00003C3 and K
= exp[m(C - Cy)/RT]. C and C,,, are the concentration of GdmCI and the mid point
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concentration, respectively. The fitting yields C,, = 3.07 M and m = 1.01 kcal mol=* M1,
The CD and fluorescence data collection and fitting procedures are the same as those used in
ref. [6]. Note that the CD data have smaller uncertainties and thus are fit slightly better than
the fluorescence data. However, in all cases the calculated value is less than one standard
deviation away from the measured value, yielding a normalized 2 value of less than one. (b)
Plot of the population of unfolded molecules (p,) vs. the concentration of GdmCI. The black
line is calculated using the thermodynamic parameters from the unfolding of unlabeled villin
(Fig. 2a). The blue circles are obtained from the maximum likelihood analysis of the single
molecule photon trajectories (see Table 1). (c) Measured relaxation rates following laser
temperature-jump to 20 °C. The plotted values are the average of at least three independent
measurements and the error bars correspond to the standard deviation.
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Representative binned fluorescence trajectories of donor (green) and acceptor (red) and
FRET efficiency trajectories at various GAmCI concentrations. Photons were collected in 1
ms bins at the illumination intensity of 4 kW/cm?2. In each trajectory the acceptor bleaches
before the donor. The apparent FRET efficiency near zero when the acceptor bleaches
indicates that the donor does not have the light-induced red-shifted spectrum [19].
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FRET efficiency histograms at various GAmCI concentrations. (a) The FRET efficiency
histograms were obtained from the FRET efficiencies calculated for the first segment in
each trajectory until either a bleach or a blink. Although a very narrow unimodal distribution
is expected at each concentration due to the fast folding-unfolding compared to 0.5 ms bin
time, an additional distribution appears at E ~ 0.5 colored in light blue. The trajectories with
FRET efficiencies within the specific range (colored in orange) at each GdmCI
concentration were used in plot (b) and analyzed further. These ranges are: 0.775 < E<
0.925 (2.5 M); 0.725<E<0.875(3M) ; 0.625<E< 0.8 (3.5M); 0.55<E<0.675 (4 M) ;
0.485 < E<0.625 (4.5 M). (b) The FRET efficiency histograms (wide bars) were
constructed from the FRET efficiencies of individual 0.5 ms bins of segments in the main
distribution (orange) in (a) with the mean photon count rate > 75 ms~2. The histograms
constructed from re-colored photon trajectories (red narrow bars) using the parameters
obtained from the maximum likelihood method (4-state kinetic model) coincide extremely

well with the experimental histograms.
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(a) The definition of photon indices and time interval used in the calculation of the
likelihood function in Eq. (1). Red circles are acceptor photons and green donor photons. (b)
Two-state kinetics model. (c) Four-state kinetics model including acceptor blinking.
Subscripts b and d stand for the bright and dark states, respectively.
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Fig. 6.

Donor-acceptor cross-correlation functions calculated from the experimental data (first row),
simulated photon trajectories using 2-state kinetic model maximum likelihood parameters
without (second row) and with (third row) donor blinking, and re-colored experimental
trajectories using the 4-state kinetic model that includes acceptor blinking (bottom row).
Black solid lines are exponential fitting curves and the fitting parameters are listed in Table
1 and 2. The decay time ranges in the fitting were either 400 ns 1 ms (first and second row)
or 2 s 1 ms (third and bottom row).
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Comparison of relaxation rates obtained from different experimental and analysis methods:
maximum likelihood method using 4-state kinetic model (circles), donor-acceptor cross-
correlation function (squares), donor-acceptor cross-correlation function for re-colored
trajectories using 4-state kinetic model maximum likelihood parameters (triangles), and
ensemble temperature-jump method (inverted triangles).
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