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Abstract

In single-molecule Forster resonance energy transfer (FRET) spectroscopy, the dynamics of
molecular processes are usually determined by analyzing the fluorescence intensity of donor and
acceptor dyes. Since FRET efficiency is related to fluorescence lifetimes, additional information
can be extracted by analyzing fluorescence intensity and lifetime together. For fast processes
where individual states are not well separated in a trajectory, it is not easy to obtain the lifetime
information. Here, we present analysis methods to utilize fluorescence lifetime information from
single-molecule FRET experiments, and apply these methods to three fast-folding, two-state
proteins. By constructing 2D FRET efficiency-lifetime histograms, the correlation can be
visualized between the FRET efficiency and fluorescence lifetimes in the presence of the sub-
microsecond to millisecond dynamics. We extend the previously developed method for analyzing
delay times of donor photons to include acceptor delay times. In order to determine the kinetics
and lifetime parameters accurately, we used a maximum likelihood method. We found that
acceptor blinking can lead to inaccurate parameters in the donor delay time analysis. This problem
can be solved by incorporating acceptor blinking into a model. While the analysis of acceptor
delay times is not affected by acceptor blinking, it is more sensitive to the shape of the delay time
distribution resulting from a broad conformational distribution in the unfolded state.
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Introduction

Single-molecule fluorescence spectroscopy is a powerful tool to detect individual molecular
events. It has been widely used to monitor complex molecular interactions' and to measure
conformational dynamics of macromolecules such as proteins®=13 and nucleic acids.14-20
When more than one fluorophore are attached to a molecule, conformational states can be
characterized by the Forster resonance energy transfer (FRET) efficiency determined by the
distance between two fluorophores.?1:22 The FRET efficiency is usually calculated from the
relative fluorescence intensity of two dyes. In an experiment with pulsed laser excitation,
fluorescence lifetime can also be measured, from which one can extract additional
information. Seidel and coworkers have pioneered the use of two-dimensional (2D) lifetime-
FRET efficiency histograms to describe the correlation between the donor fluorescence
lifetime and the FRET efficiency in a bin.%23 Schuler and coworkers used 2D lifetime-FRET
efficiency histograms to select fluorescence bursts from unfolded protein molecules for the
analysis of donor and acceptor lifetimes to obtain distance distributions between donor and
acceptor.2425 Ha and coworkers have identified various conformational states and
intermediates during the transcription initiation process from the analysis of fluorescence
lifetime trajectories.26 1D and 2D fluorescence lifetime correlation analyses have also been
used to distinguish different species in a mixture2”:28 or to probe fast molecular processes on
the microsecond to millisecond time scale.2%:30 Recently, a rigorous theory has been
developed for analyzing FRET efficiency and donor fluorescence lifetime histograms.3!

In this paper, we describe an analysis of single-molecule photon trajectories using both
histogram and photon-by-photon analyses. An experimentally obtained photon trajectory
consists of photons with registered color (donor or acceptor), absolute time of arrival at the
detector (arrival time), and difference between the time of the laser excitation pulse and
arrival time (delay time). In a histogram analysis, a photon trajectory is divided into bins of
equal bin time, and the FRET efficiency (the fraction of the acceptor photons) and the mean
donor and acceptor delay times (fluorescence lifetimes) are calculated for each bin. The
shape of the histogram depends on the bin time. In the absence of any dynamics, the
distribution is centered on the diagonal of the 2D plot. Fluctuations of the inter-dye distance
induce a deviation from the diagonal line. From the analysis of this deviation, it is possible
to obtain insight into molecule’s dynamics and photophysics.23 For example, a positive
shift of the distribution above the diagonal is an indication of a broad distribution of donor-
acceptor distances that inter-convert on the sub-microsecond time scale.2%:32 When there are
slow transitions between, say, folded and unfolded states of a protein, the 2D histogram has
two peaks corresponding to the states. When transitions occur on the same time scale as the
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bin time, the distribution is located near a two-state dynamic line,%:31:33 which is curved
(concave downwards). We extend the analysis of the 2D histograms to include the delay
times of the acceptor photons.

For the sufficiently slow dynamics, the 2D histograms yield an accurate measure of the
FRET efficiencies, lifetimes, and relative populations of the states. When the
interconversions between states are fast and the states cannot be resolved, a photon-by-
photon analysis using the maximum likelihood method can be used to get the parameters of
a model that describes molecule’s dynamics.3* This method does not involve binning of
trajectories. It has been successfully applied to analyze fast conformational dynamics of
proteins33:35-38 and DNA.19:39 Here we extend this method to include information from the
donor and acceptor delay times. By analyzing colors, arrival times, and delay times of
individual photons, the maximum likelihood method determines the FRET efficiency, the
mean delay times of the states, and the rate coefficients for the transitions between them. In
the maximum likelihood analysis, it is important to choose a proper model to describe
distance fluctuations and photophysics. In our previous analyses without delay times3® we
used the fact that the processes fast compared to the inter-photon times are averaged out and
affect only the apparent FRET efficiencies.3* This simplifies the model since only the states
are explicitly included that interconvert on time scale slower than the photon detection rate,
which is less than one photon/microsecond at the illumination intensities generally
employed. For example, fast acceptor blinking does not affect the extracted folding and
unfolding rate coefficients unless the rate becomes comparable to the inter-photon times and
the population in the dark state exceeds 10%.33 In contrast, the maximum likelihood
analyses with delay times is more challenging because conformational dynamics on the
submicrosecond time scale and fast photophysics influence the distributions of the delay
times that enter the likelihood function. With the aim of getting the simplest models that
would provide a description consistent with the experimental data, we used three kinetics
models: a two-state, four-state, and modified two-state model. The two-state model consists
of the folded and unfolded states. In the four-state model, each of the two states consists of
the bright and dark states of the acceptor fluorophore. The modified two-state model consists
of the folded and unfolded states but the FRET efficiencies and lifetimes are modified to
incorporate the acceptor blinking effect. We also employed two different approaches to the
analysis. In the first, all parameters were determined simultaneously. In the second, we
determined the FRET efficiency and folding kinetics parameters first using photon color
information only, and with these parameters being fixed, subsequently determined
fluorescence lifetimes. This latter method is faster and simpler.

We applied these methods to the analysis of three two-state proteins with different folding
rates (a3D, gpW, and WW domain, Figure 1). The most accurate parameters were
determined from the analysis using the four-state kinetics model that includes acceptor
blinking explicitly, which was necessary for analyzing fast folding proteins such as the WW
domain. For the system with moderately fast kinetics compared to the photon count rate,
such as a3D and gpW, accurate lifetime parameters could also be determined using a
simpler, modified two-state analysis. From the simulation of photon trajectories with various
rates and acceptor dark state populations, we determined when and how the extracted
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parameters deviate from the true values. We also investigated in simulations how the
assumptions on the shape of the delay time distribution affect the extracted parameters.

Materials, methods, and theory

Materials.

The expression, purification, and dye-labeling of a.3D and the WW domain were described
previously.3536 a3D was labeled with Alexa Fluor 488/Alexa Flour 594 pair and the WW
domain with Alexa Fluor 488/Atto 647N pair. (Figure 1)

A synthetic gene encoding 62 amino acids of lambda prophage-derived head-to-tail joining
protein W (gpW)#0-42 flanked by cysteine residues at its termini and an N-terminal biotin
acceptor peptide (Avidity LLC, Aurora, CO) followed by a spacer sequence (Figure 1) was
cloned between the Ndel and BamH1 sites of pET11a vector (Novagen, San Diego, CA).
The resulting construct (Avi-gpW) was verified by DNA sequencing.

The expression construct Avi-gpW and a plasmid with an isopropylthiogalactoside (IPTG)
inducible birA gene to over-express the biotin ligase (Avidity LLC) were co-transformed
into £.coliBL-21 (DES3; Stratagene, La Jolla, CA). Cells were grown in Luria-Bertani
medium, and expression was induced at an absorbance of 0.7 monitored at 600 nm with a
final concentration of 1 mM IPTG for a period of 3—4 h. A final concentration of 50 UM d-
biotin (Sigma, St. Louis, MO) was added to the medium ~ 30 min before induction.
Typically, cells harvested from a 500-mL culture were lysed by uniform suspension in 20
mL of bacterial protein extraction reagent (B-PER, Pierce, Rockford, IL) and sonication.
The lysate was centrifuged at 20,000g for 30 min at 4°C. The supernatant was subjected to
affinity chromatography using streptavidin Mutein matrix (Roche Diagnostics GmbH,
Mannheim, Germany). The column was equilibrated and washed extensively, after passing
the lysate, with 1X PBS (1.7 mM KH,PQOy,, 5 mM Nay,HPO,, 150 mM NacCl, pH 7.4) and
the biotinylated Avi-gpW was eluted in 1X PBS containing 2 mM d-biotin. The eluted
protein was adjusted to a final concentration of 1 mM DTT, concentrated using centriprep-
YM10 devices (Millipore Corp, Bedford, MA) to ~ 1.5 mL and loaded onto a Superdex-75
column (1.6 cm x 60 cm; GE HealthCare, Piscataway, NJ) equilibrated in 25 mM Tris-HCI,
pH 7.5and 1 mM DTT at a flow-rate of 1.5 mL/min at room temperature. Peak fractions
were analyzed by SDS-PAGE, combined and subjected to reverse-phase HPLC on POROS
20 R2 resin (Life Technologies, Grand Island, NY) and eluted using a linear gradient from
99.95% water (v/v) and 0.05% TFA 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 of the peak fraction
were lyophilized and stored at —70°C. Typically, labeling with Alexa Fluor 488 and Alexa
Fluor 594 was carried out with at least 5-fold molar excess of dye in 6M guanidine
hydrochloride (GdmCI), 50 mM Tris-HCI, pH 8 for ~2.5 hours. The reaction was terminated
by the addition of 2-mercapto-ethanol (Sigma) to a final concentration of 10 mM, incubated
for 10 min, followed by fractionation on a Superdex-30 column (1cm x 30 cm, , GE
HealthCare) in 0.5X PBS to remove the unreacted dye. Peak fractions corresponding to the
labeled protein were subjected to anion-exchange chromatography (Mono Q 5/50 GL, GE
HealthCare) and monitored with 3 wavelengths to separate and identify Avi-gpW bearing
the donor-acceptor pair from the donor or acceptor only fractions.
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Single-molecule spectroscopy.

Single-molecule FRET experiments were performed using a confocal microscope system
(MicroTime200, Picoquant) with an oil-immersion objective (PlanApo, NA 1.4, x 100,
Olympus). Donor dyes were excited by a 485 nm diode laser (LDH-DC-485, PicoQuant) in
the pulsed mode at 20 MHz. Molecules were illuminated at ~2 kW/cm2. Donor and acceptor
fluorescence was 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).

Biotinylated protein molecules were immobilized on a biotin-embedded,
polyethyleneglycol-coated glass coverslip (Bio_01, Microsurfaces Inc.) via a biotin
(surface)-streptavidin-biotin (protein) linkage. The experiments were performed near the
midpoints of GdmCI denaturation, 2.3 M, 2.5 M, and 2 M in 50 mM HEPES buffer (pH 7.6)
for a3D, gpW, and the WW domain, respectively. To reduce dye photobleaching and
blinking, 1 mM of L-ascorbic acid and methyl viologen*? (a3D and WW domain) or 10 mM
cysteamine and 100 mM B-mercaptoethanol** (gpW) were added.

Additional details for the optical setup and single-molecule experiments have been described
elsewhere. 4546

Two-dimensional FRET efficiency and fluorescence lifetime histograms.

Consider a molecule labeled with a donor and an acceptor fluorophore. Excitation of the
donor by a pulsed laser results in the emission of either a donor or an acceptor photon,
depending on the distance between the fluorophores. A photon trajectory is a sequence of
photons with recorded colors (i.e., donor or acceptor), arrival times, and delay times (see
Figure 2(a)). To construct a histogram, the photon trajectory is divided into bins of equal
duration (the bin time). The FRET efficiency in a bin is defined as £= N4/(Na+ Np),
where N4 and Np are the numbers of acceptor and donor photons in a bin. The mean donor
(acceptor) delay time in a bin, zp (z4), is defined as the mean of all donor (acceptor) delay
times (&9 in that bin. All of these quantities are random and vary from bin to bin, mainly
due to the finite numbers of photons (shot noise) and the fluctuations of the distance
between the donor and acceptor labels. Below we neglect shot noise and focus on the limit
of a large number of photons in every bin.

Both donor and acceptor delay times are related to the lifetime of the donor excited state.
After excitation, the donor can either emit a photon or transfer its excitation energy to the
acceptor (see Figure 2(b)). The mean donor delay time, zp, is the excited-state lifetime on
condition that the excited state decays by emitting a donor photon. The mean acceptor delay
time, z4, is the sum of the acceptor excited-state lifetime, z4°, and the lifetime of the donor
excited state on condition that it decays over the energy transfer channel, denoted by =52 In
general, these two conditional lifetimes of the donor excited state, zpand 5= 74 - t4°,
are different. We refer to them as the fluorescent lifetimes obtained using donor or acceptor
delay times.

When the distance, r, between the donor and acceptor is fixed, the distribution of the donor
delay times (&9 is single-exponential, P80 o exp(—(ker+ kp)&h), where KET = kD RolD®
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is the energy transfer rate, Ry is the Forster radius, and kp is the donor decay rate in the
absence of the acceptor (see Figure 2(b)). The mean of this distribution is the lifetime of the
donor excited state, zp= (KET + kp)~L, which is related to the FRET efficiency £= kg7/
(Ker+ kp) by?

TD/TOD =1-E ()

where TOD = kl‘)l is the donor lifetime in the absence of the acceptor.

The acceptor fluorophore is excited by the energy transfer from the donor, so that the
distribution of the acceptor delay times is biexponential, Pa(82) o exp(—k460) - exp(—(ker+

kp) &1, with the mean delay time equal to =, = /1P \(t)dt = (k. + kp) ™" + 75, where 7,0 =

k4 Lis the lifetime of the acceptor excited state. Therefore,

(TA - T%)/T% = Tg/TOD =1-E, (2

Equations (1) and (2) relate the FRET efficiency and the mean delay times (fluorescence
lifetimes) when there is no shot noise and no conformational dynamics. They correspond to
the diagonals on the 2D histograms of the FRET efficiency £and the relative lifetimes,
which are obtained from the donor delay times, =/ 2, or acceptor delay times, (z4- z.4°)/
0. When there are no dynamics, these lifetimes are the same.

Fluctuations of the inter-dye distance result in deviations of the FRET efficiencies and
lifetimes from the diagonal line.%:23:25 To include fluctuations, consider a molecule that can
emit photons from several states. Each state sis characterized by the acceptor and donor
photon count rates (the mean numbers of photons per unit time when the molecule is in state
S), nasand nps and by the mean acceptor and donor delay times, z45and zpg A state scan
be any molecular state with a different FRET efficiency such as distinct conformational
states with different inter-dye distances or photophysical states of fluorophores. The
apparent FRET efficiency in state sis defined as £5= nad(r1as+ N1ps).

The FRET efficiencies and donor and acceptor delay times in consecutive bins of a photon
trajectory can change due to transitions between states. Let &;be the fraction of time spent
in state sduring the bin time, £,6;= 1. This fraction is a random quantity and depends on
the time scale of the transitions compared to the bin time. When a state does not change
during the bin time, &;is 0 or 1. When transitions are fast and many states are visited during
the bin time, 6, converges to the equilibrium population in state s. The FRET efficiency and
delay times in a bin can be written as

Zs nAsgs

E= o208
Zs (nAs + nDs)es

(32)

J Phys Chem B. Author manuscript; available in PMC 2019 January 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chung et al.

Page 7

Zs nDsTDsas

=———-—, (3b
i anDsex ( )

zs nAsTAses

1, = DS ATATS (g
A anAsgs

These equations will be used to derive new relationships between FRET efficiencies and
delay times.

Consider a molecule with two states, folded and unfolded, so that s= £, Uin the above
equations. Excluding the fractions 6rand ;=1 - 6from eqs 3a and 3b, and using the
apparent FRET efficiencies in the folded and unfolded states, £y= na/(nay+ Npy) and Eg
= nad(Nar+ Npg), we have

Th—Tpp 3 l—EU( l—EF
- 1—E | (4)

oy~ Tpr  Ep— EU\

This equation relates the mean donor delay time zpand the FRET efficiency £. This is
equivalent to eq 8 in Ref.31 and reduces to eq 9d in Ref.23 in the special case when there are
no sub-microsecond dynamics in the states.

Similarly, using egs 3a and 3c, the relationship between the FRET efficiency and the
acceptor delay times is:

TATTAF Ey (EF
e . ()
TAU T TAF F U\

Note that eq 5 for the mean acceptor delay times can be obtained from eq 4 for the donor
delay times by the simple replacements £— 1 - £, Ey— 1 - Ey,and Ef— 1 - Ex

Equation (4) and (5) define the two-state dynamic lines connecting the folded and unfolded
peaks of the 2D histograms. They show the location of the distribution in the absence of shot
noise. When the bin time is sufficiently short, the distribution is located near the points
corresponding to the folded and unfolded states. When the bin time is comparable to the
transition time between the two states, the FRET efficiencies and delay times are distributed
along the two-state dynamic line. The lines deviate from the diagonal due to transitions
between folded and unfolded states. The donor two-state line is concave downward, whereas
the acceptor line is concave upward.

Now we specify the FRET efficiencies and mean delay times in the folded and unfolded
states. If we assume that there are no dynamics in the folded state, then zpd 70 = (z4z-
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0/ t0 = 1- Ef i.e., the folded peak is located on the diagonal of both 2D plots. In the
unfolded state, the conformational fluctuation on the submicrosecond time scale leads to a
different relationship. This can be found using eq 3b, where snow refers to the substates in
the unfolded state that correspond to various donor-acceptor distances. Since the unfolded
polypeptide chain dynamics occur on a time scale much shorter than inter-photon times, 4’
the fraction 6;in eq 3 can be replaced with the normalized equilibrium population psof a
distribution of substates sin the unfolded state. Taking into account that 145 = nyEs Nps=
Al - Ey), tpdt¥ = 1 - E,; where E;is the FRET efficiency of substate sand 77,/ = nss+
nps s the total count rate in the unfolded state (assumed to be independent of s), results in3!

2
o
0 U
Toyltp =1 —EU+—1 “E," (6)

Here, £/= X405 is the mean FRET efficiency in the unfolded state, o f = ZELPs - ELf is
the variance of the FRET efficiency due to the fluctuations of the donor-acceptor distance in
the unfolded state.

The mean acceptor delay time and the corresponding fluorescence lifetime in the unfolded
state is obtained similarly using eq 3c and z45= t4° + 7

2
o
0 0_ A 0 Y
(TAU—TAU)/TDzTDU/TD=1—EU—E—, )
U

Here the FRET efficiency variance o/ is the same as that in eq 6.

Thus fluctuations in the unfolded state lead to an increase in the mean donor delay time, eq
6, and to a decrease in the mean acceptor delay time, eq 7, which results in the shift of the
peak corresponding to the unfolded state above (below) the diagonal on the 2D histograms
with donor (acceptor) delay times. This happens because an increase in the donor-acceptor
distance, which results in a longer excited-state lifetime, also increases the donor photon
counts, but decreases the acceptor counts.

While the variables in egs 4 and 5 can be apparent values without any correction, those in
eqs 6 and 7 are “true” lifetimes and FRET efficiencies, and therefore, the extracted
parameters should be corrected for the background noise, crosstalk, and j-factor (the ratio of
the quantum yields and detection efficiencies of the acceptor and donor photons) before
using these equations.

Maximum likelihood method.

Given a model, a maximum likelihood method can be used to find the model parameters that
are most consistent with the observed photon trajectories by maximizing an appropriate
likelihood function. The likelihood function for the /1 photon trajectory that uses photon
colors, arrival, and delay times is31:34
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L;= ITQ [F(c;)P(c;. 6, )exp(K(t; — 1; _,))] F(c,)P(c). 6t l)peq’ @)

where Ajjis the number of photons in the 1 trajectory, c;is the color of the A" photon (donor
or acceptor), and ;- #:1 is a time interval between the (~1)1 and A1 photons (Figure 2(a)).
Here K is the rate matrix, the photon color matrix F depends on the color ¢ of a photon as
F(acceptor) = E and F(donor) = | — E, where E is a diagonal matrix with the apparent FRET
efficiencies of the individual states on the diagonal, | is the unity matrix, 17 is the unit row
vector (T means transpose), and peg is the vector of equilibrium populations. The matrix P(c,
&) is a diagonal matrix with the elements Pp{ 89 (¢ = donor) or P40 (¢ = acceptor)
depending on the color of a photon. The diagonal elements are the normalized delay time
(69 distributions of the donor and acceptor photons, respectively, when a molecule is in state
S.

The likelihood function that uses only photon colors and arrival times is given by eq 8 with
the delay time distributions set to unity, P(¢, 69 = |. The calculation of the likelihood
function is performed using the diagonalization of the matrix exponential in eq 8 as
described in Ref.34. Practically, the log-likelihood function is calculated by summing
individual log-likelihoods as InL = Z;InL;.

For the two-state model describing folding (see Figure 2(c)), the matrix of FRET
efficiencies, the rate matrix, and the vector of the equilibrium populations are given by

Ep 0
0 E,

~kyy kg
kU _kF

Pr
l—pF

E= K = ., (9)

H peq

where pr= kd(ke+ ki) is the equilibrium population of the folded state. They involve four
model parameters: the rate coefficients, kzand &, (or the relaxation rate, k= kx+ ki, and
the population, pg) and the apparent FRET efficiencies of the folded and unfolded states, ££
and £,

The above rate matrix K is not affected by the processes that are fast compared to the inter-
photon times such as dynamics in the unfolded state, as well as background noise. These
processes only alter the measured FRET efficiencies from the true values.3*

The matrices of the delay time distributions for the two-state model are

P56 0

,  P(donor, 6t) =
0 P /(01)

P..6) O
P(acceptor, 6t) = br ) (10)

0 Py

The acceptor and donor delay time distributions in the folded and unfolded states, P45 Pays
Ppr and Ppyy, are influenced by the instrument response function (IRF) and background
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noise (see sections below). The shape of the distribution also depends on the fast dynamics.
Suppose that the unfolded state consists of many substates sthat interconvert on a timescale
faster than inter-photon times (submicrosecond) but slower than the excited-state lifetime
(nanosecond). Then the donor delay time distribution in the unfolded state is a weighted sum
of single-exponential distributions with respect to the substates:

_, —otlt
Py = fpape 2. (11a)
s

NpsPy

fps= S p

s' s’ Py’

(11b)

where tpsis the lifetime of the donor excited state when the molecule is in substate s of the
unfolded state, 7pgis the probability that the donor photon was emitted from substate s (the
fractional contribution of substate 5),22,31Jr Npsis the donor photon count rate, psis the
equilibrium population in substate s. The acceptor delay time distribution in the unfolded
state is a weighted sum of double-exponential distributions with respect to the substates:

0
—6t/TAU —61/1DS

e —e
Pyy@ =Y fa . ., (12a)
s TAUu ~ Tps
NpgPg
=22 (12b
fAS Zs’ NpgPs ( )

where z4,f is the lifetime of the acceptor excited state when the molecule is in the unfolded
state, £44is the probability that the acceptor photon was emitted from substate s, and 7145 is
the acceptor photon count rate.

The above delay time distributions contain too many unknown parameters, which makes
optimization of the likelihood function complicated. To simplify the analysis, we assume
that the donor delay time distribution is single-exponential in both folded and unfolded
states:

—otlt
Pyt =15e P U=FU. (13)

TThe delay time distribution of a multi-state molecule is often represented as?2 PpiASY o Zga exp(—=68 Tps). The fractions fpsare
related to the amplitudes asas fps= astpdZsas tps.
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By optimizing the likelihood function with respect to zprand zp, We expect to get the
mean (i.e., averaged over fast processes) lifetimes of the donor excited state (which decays
to the ground state by emitting a donor photon) in the folded and unfolded states,
respectively.

The acceptor delay time distribution is assumed to be double exponential:

0 A
—§Z/TAJ —5t/rDJ

P on="——F—"— J=FU (14

TAs ~ Tpy

where rAF(U)O is the lifetime of the acceptor excited state, which depends on the microscopic
environment when the molecule is in the folded (F) or unfolded (U) state.#6:48 In this way
we expect to get mean lifetimes =24 and zp¢/4, which are the lifetimes of the donor excited
state on the condition that the state decays to the acceptor excited state.

The simplified single-exponential and double-exponential delay time distributions should be
considered as fitting functions used to extract the mean excited-state lifetimes zprand zpy
from the donor delay times and zp# and 5/ from the acceptor delay times. We checked
the validity of our procedure by simulations and by increasing the number of exponents in
the delay time distribution. Specifically, assuming a double-exponential distribution of the
donor excited-state lifetime, we also consider the following distribution for the acceptor
delay times in the unfolded state:

0 A 0 A
e—ét/‘rAU 3 —5Z/TDU] e—&t/‘rAU : e—ét/‘L'DU2
Pyyo0) = a*——5——" (- (15)
TAU ~ Tpul TAU ~ TDU2

Here all three lifetimes and the fraction a are determined. The average lifetime is then
calculated as zp /A = atpu® + (1 - a) Tpp™.

The new lifetime parameters in the delay time distributions are related to the FRET
efficiencies of the states and to each other. For example, in the absence of any
submicrosecond dynamics, tpr= Tp? = 1 — Ex However, this relationship might be more
complicated because of interference from acceptor blinking, background photons and fast
dynamics of flexible linkers between fluorophores and a protein molecule. Therefore, all
lifetimes are considered as free parameters and are obtained by maximizing the likelihood
function. The variance of the FRET efficiency in eqs 6 and 7, o/, is then obtained using the
extracted lifetimes and FRET efficiency corrected for the acceptor blinking and background
effects afterward.

Acceptor blinking.

As the folding rate becomes faster, acceptor blinking interferes with the accurate
determination of the kinetics.3337 (Donor blinking does not affect the result of the maximum
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likelihood analysis.33-37) We use two approaches to take acceptor blinking into account. In
the first one, dark states are included in the model (see Figure 2(d)). In this model, there are
four states, where each of the folded and unfolded states exists in both bright (fluorescing)
and dark (non-fluorescing) states. All rate coefficients between the states in the bright state
are assumed to be the same as those in the dark state. We also assumed that the residence
times in both bright and dark states are exponentially distributed.434° In the acceptor dark
state, there is a small fraction of donor photons detected in the acceptor channel (crosstalk);
therefore, the FRET efficiency in the dark state is not zero, but is equal to the crosstalk
value, £, (= 0.06). For this model, the matrix of FRET efficiencies, the rate matrix, and the
vector of the equilibrium populations are given by

E. 0 0 0 —ky—k;  kp k, 0
0 E, 0 0 k kp—k, 0 k
=10 OUEd o[ %= kZ E d—kU—kb k, [P (O
00 0E, 0 K ky —kp—k,
PyPr
(1= pp)
(1= py)pp

Here, &y is the rate coefficient for the transition from the dark state to the bright state of the
acceptor, which is independent of the photon count rate. On the other hand, the rate
coefficient &, of a transition from the bright state to the dark state of the acceptor increases
linearly with the time spent in the excited state; therefore, ky= ki, where nis the
average photon count rate of a photon trajectory (which is taken from the measurements for
each photon trajectory) and & is the rate coefficient at the reference photon count rate (7=
My =100 ms™1). pp= ky/(kp + k) is the population in the bright state. This model has two
additional parameters that are optimized, k; and p0 (=ky/(kp + k).

The matrices of the delay time distributions are the diagonal matrices P(acceptor, &) =
Diag{ P80, Paf8D), Pal 6D, Pa89] and P(donor, 1) = Diag{ PpH(61), PpiL ), PpL 69,
Pp60], where the diagonal elements are the delay time distributions in the four states and
the subscript “¢” stands for the acceptor dark state. The distributions in the bright state, Ppg
Ppus Par Paus are given by egs 13 — 15. The distributions in the dark state, P4,°(59 and
PpL(81), are the same as the donor delay time distribution for the molecule with an inactive
acceptor:

01 —oid
Pp 01) =P, (60 =70 e . Qan
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In the second approach, which we apply here only for the donor delay times, acceptor
blinking is incorporated into the two-state model by modifying the FRET efficiency and
delay time distribution:

EPP=E;p,+E(1-p,), J=FU. (18d)

0
| —6tltp _1 ~outp

(1= E)pytp, e /4 (1-E,(1- Pb)TOD

P00 = (= E)p, + (1= E)(1 - 7))

(18b)

Here, the FRET efficiencies unaffected by acceptor blinking, ££and £, are optimized.
These values are related to the apparent FRET efficiencies 777 and E{/?, eq 18a) that enter

the matrix of FRET efficiencies in eq 9. The above delay time distributions are similar to eq
11, where the dark and bright states are the substates with the donor count rates np(b) =
nAl- E), npfd) = n(1 - Ey), J= U, F, where nyis the total (donor and acceptor) count rate
in state J.

The modified two-state model has only one additional parameter compared to the non-
modified version, i.e., the population in the bright state p,0. It has fewer states than the four-
state model and does not require determination of the blinking rate, A, so the optimization
can be performed faster. This model is expected to be accurate for the proteins with
moderately fast folding rates.

Instrument response function (IRF).

The excitation and detector response are not instantaneous. To account for the instrument
response and background noise in the delay time distribution, we use

ot
Pu(at)=(1—(pu)/0 IRF (6t — )P (dt + ¢, AT, T=AD, J=F,U. (19)

Here, P, (2 are the delay time distributions with the ideal (delta-function) IRF and without
background noise, /RFp(f) and /RF (9 are the donor and acceptor instrument response
functions, gpyand g4 are the fractions of the background photons in the donor and acceptor
detector channels when the molecule is in state J They are determined from the delay time
distributions as described in the next subsection (Background Noise).

Figure 2(e) shows the IRFs in the donor and acceptor channels obtained from the reflection
of the laser from a glass surface. /RH#) can be approximated by a single Gaussian. However,
as seen in Figure 2(e), the IRF is slightly asymmetric, and a better fit is obtained with the
Gamma distribution:
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k _
IRF(Z)zWya)(kyt)a_le kyt 20)

where I'(q) is the Gamma function (2> 0). The parameters aand k;, are positive. They are
found by fitting the experimental IRF to Cx /RAt- f), with the amplitude Cand time 4
being additional fitting parameters. The mean delay time of the IRF is

T?RF = f8°t1RF(t)dt =to+alk,.

The convolution of the Gamma distribution and an exponential function can be found
analytically:

A[IRF(t — e Mar = (k},t)ay*(a, (ky - k)t)e_kl (21)

where y*(a, 2) = Z9Aa, 2) and Aa, 2) is the incomplete gamma function defined as
Pla,z) = [Gx" ™ le™dx/ T (a). This function has the following series expansion:>0

v __ < I 3 (=2
7*(a.2) = exp(= Z)nzor @+n+D) T (a) ngo armn 22

noise.

The fractions of the background photons ¢4 and ¢pyin state J= £ Uin eq 19 are the ratios
of the count rates of the photons from background, 64 and b, to those from the molecule
plus background, n4;and np;

PO LY
AJ n, nk; )
bD bD ’

P01 =y T W(1-E,)

where n= na;+ npyis the total count rate including background and s assumed to be the
same for both states as an approximation. These quantities depend on the ratio 6,4/77and

bpln.

To find ba/n (bpln), we fit the acceptor (donor) delay time distribution in all states to the
convolution of a multi-exponential function and the IRF with a constant background. For
example, the donor delay time distribution is fitted to

OUIRF (5t - t)[Alrl_leXp(—t/rl) + Azrz_lexp(—t/‘rz)]dl + By, as shown in Figure 2(f), and the

background level By is determined. The relative area of the background photons is
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BpApl(A1 + Ay + BpAAp), where Ap is the range of the delay time channels for donor
photons. This is equal to b/[(1 - { E))], where {E) = pyEy+ peEfis the mean FRET
efficiency. Therefore, bp/n= (1 - {E)) BpAp/(A1 + Ay + BplAp). Here, 7, and =, are not the
donor lifetimes in the folded and unfolded states, but are parameters used to obtain the
background fraction. The fraction of the acceptor background photons can be determined
similarly by fitting the acceptor delay time distribution to the double exponential function
for the donor delay time distribution, which is doubly convoluted with the acceptor lifetime
and the IRF as

0 0
JOIRF 45t = DIA,(S — Tl)_l(e_&/TA - e_(%]) + A - 12)_1(e_5t/TA - e_&/fz)]dt +B, (see
Figure 2(g)), and using the relationship ba/n={E)BaA /(A1 + Ay + Bal 4), Where A 4 is
the range of the delay time channels for acceptor photons.

The fractions of the background photons in the dark state, payand ¢pg, are found similarly
by using eq 23 with J=d.

Recoloring and simulation of photon trajectories.

To test the accuracy of the extracted parameters using the maximum likelihood method, we
simulated photon trajectories and analyzed them in the same way as we analyzed
experimental data. First, instead of generating completely new data sets, we re-colored
experimental photon trajectories as described in Ref.34. In the re-coloring procedure, the
photon colors and the delay times are erased, while the intervals between detected photons
are retained. States were then assigned to each photon, using the transition probabilities
between states. The color and delay time of each photon were re-assigned using the
probabilities of observing a donor (1 - £) or acceptor (£) photon and the probability
distributions of the donor delay time for each state including background and the IRF.
Photon trajectories generated in this way will be the most similar to the experimental data in
terms of both the average and distribution of the photon count rates, and the length of the
trajectories for individual molecules. These trajectories were re-analyzed and the results
were compared with the experimental results.

In order to more systematically investigate the effect of the relative rate (4//7) and the
fraction of the acceptor dark state on the parameters obtained by the maximum likelihood
method, we simulated completely new photon trajectories instead of re-coloring. For each
combination of kand p 5 sets of 100 of 30 ms long trajectories were simulated with a
photon count rate 7= 50 ms~L. The acceptor delay times were not included in the
simulation. The donor background level was 7.5%.

To investigate the effect of the multi-exponential donor delay time distribution in the
unfolded state on the lifetime determination, we simulated two-state photon trajectories
(without blinking and background and with a delta-function IRF) with a Gaussian chain
model for the unfolded state (see Figure S1 and S2 in SI). The donor and acceptor photon
count rates in the states were /(1 - Egy) and nEg ), Where 1= 50 ms~1 is the total count
rate, ££/=0.85 and £;,=0.5. The delay times in the folded state were generated using
single-exponential distributions with the mean donor and acceptor delay times (1 - £9 z5°
and 7,0+ (1 - EQ 0, respectively. The delay times in the unfolded state were generated
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using multi-exponential distributions in eqs 11 and 12 with npg= (1 - £ry), Nas= n Ery),
E(ry = 1(1 + rf), where r;is the discretized donor-acceptor distance normalized to the
Forster radius, and the distribution of the donor-acceptor distances is ps & rexp(-3r&2
(rd)). The mean-square displacement is {r2)}/2 = 1.146, which corresponds to the FRET
efficiency in the unfolded state £,,= X4 £(rg) ps=0.5.

Results and discussion

1D FRET efficiency and 2D FRET efficiency-delay time histograms.

For demonstrating the analysis using FRET efficiency and delay time information, we
carried out experiments on three proteins, for which the folding and unfolding time scales
vary from 100 ps to ms. Before performing a detailed analysis using the maximum
likelihood method, the presence of dynamics could be qualitatively explored by plotting 2D
FRET efficiency-lifetime histograms. Figure 3, 4, and 5 show the bin time dependence of the
1D FRET efficiency histograms and 2D FRET efficiency-lifetime histograms of a3D, gpW,
and the WW domain, respectively. The FRET efficiency is the apparent FRET efficiency
calculated from the number of donor and acceptor photons collected in a bin without any
correction and the mean delay time of photons in a bin is subtracted by the mean delay time
of the IRF (‘L’|R|:O).

Figure 3 shows that both 1D FRET efficiency histograms and 2D histograms are sensitive to
the bin time when the bin time is comparable to the folding and unfolding times of a3D, ~ 2
ms at the denaturation mid-point.3%:51.52 When the bin time is sufficiently short, transitions
do not occur in most of the bins. The histograms show two well separated peaks centered on
the FRET efficiencies and mean delay times of the folded and unfolded states. In the 2D plot
of the lifetimes obtained from the donor delay time (Figure 3(a)), the folded state peak (high
FRET efficiency) is located close to the diagonal of the 2D plot. A small shift from the
diagonal is due to the background noise and acceptor blinking (see below). This effect is
larger for the folded state with a high FRET efficiency due to the relatively small number of
donor photons. On the other hand, the unfolded state peak is largely shifted upward from the
diagonal line. This shift indicates the presence of the conformational fluctuation on the time
scale shorter than the bin time (eq 6). As expected from eq 7, the lifetimes obtained from the
acceptor delay times in the unfolded state are shifted downward from the diagonal line
(Figure 3(b)). Because of these shifts resulting from fast dynamics in the unfolded state, the
difference between the mean donor delay times in the folded and unfolded states becomes
greater compared to the case without dynamics, while the difference between the
corresponding acceptor delay times becomes smaller.

As the bin time increases, the distribution collapses to a single peak centered on the average
FRET efficiency and delay time. The peak is located on the curved two-state dynamic lines
where zpor 4 and Eare related by egs 4 and 5. The parameters for these lines were
obtained using the maximum likelihood method (see next section). The distribution along
the two-state dynamic line as well as the collapse to a single peak with the increase of the
bin time indicate that the transitions between the folded and unfolded states occur on the
time scale of the bin time.
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Compared to a3D, the folding Kinetics of gpW are faster, and the folded and unfolded
distributions are therefore not well separated even at the shortest bin time of 0.5 ms as seen
in both 1D and 2D histograms in Figure 4. The distributions at 1 ms and 4 ms look similar to
those of a3D at 4 ms and 10 or 20 ms, respectively, suggesting the relaxation rate of gpW is
3 — 5 times larger.

There is only one peak in the histograms of the WW domain and it does not show any
indication of the existence of two states (Figure 5). Only the width of the distribution
becomes narrower as the bin time increases because of the reduced shot noise. When the
timescale of the dynamics and the bin time are comparable (a3D and gpW), it is possible to
extract kinetics and FRET efficiency parameters from the shape of the 1D FRET efficiency
distribution showing extra broadening in addition to the shot noise.%12:18,23,35,53-58
However, when the extra broadening is very small as seen in the WW domain data, it is
difficult to obtain the kinetics information from the distribution alone. This information
should be obtained from additional analysis such as the maximum likelihood method
described below or donor-acceptor cross correlation analysis of the photon trajectories.36:37

Maximum likelihood analysis and model comparison.

Various statistical analysis methods have been developed and used to extract fast kinetics
and dynamics information of molecular processes by directly analyzing photon trajectories.
33,34,37,59-69 |n order to obtain additional lifetime information, we incorporated the lifetime
parameters in the maximum likelihood method. We used two kinetics models: a two-state
model consisting of the folded and unfolded states of the proteins (Figure 2(c)) and a four-
state model in which there are bright and dark states of the acceptor dye for both states
(Figure 2(d)). In addition, we used a modified two-state model, a hybrid of the two-state and
four-state models, in which the acceptor blinking effect is incorporated in the FRET
efficiencies and delay time distributions of the two states. Since the FRET efficiency and
folding kinetics parameters can be determined accurately by using colors and arrival times of
photons as demonstrated previously,33:35-37.51.52 e will first determine these parameters
(Er, EU, K, and pr) without using delay time information (sub-section A). Then, we will
include the donor delay times and determine all the parameters simultaneously (B). In
Section C, a simpler (and faster) approach is employed in which the donor lifetime is
determined with the parameters obtained in Section B being fixed. The lifetime
determination using acceptor delay times will be discussed in Section D. Various models are
summarized in Table 1.

A. Likelihood analysis with colors and arrival times of photons (2-state, 4-state analyses).

To determine the FRET efficiencies of the folded and unfolded states (£ and £y) and
folding parameters (k; and g), we used the likelihood function in eq 8 with photon color
information only (P(c, &8 = 1).33-3% The matrices in the likelihood function are given in eq 9
for the 2-state model and eq 16 for the 4-state model. As shown in Figure 6, for the two-state
model, the FRET efficiencies are high for the folded states and low for the unfolded states.
For a3D, the extracted values £r = 0.90 and £y = 0.55 correspond to the locations of the
two peaks in the FRET efficiency histogram in Figure 7(a). The fraction of the folded
molecules pr is 0.47 as indicated by the similar peak area of the two states in the FRET
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efficiency histogram. Similar FRET efficiency values (see Table 2) were determined for the
gpW data, although it is not possible to clearly distinguish the two peaks in the histogram
(see Figure 7(b)) due to the increased number of folding and unfolding transitions during the
bin time. For the WW domain, there is no indication of the two states with £ = 0.77 and £y
= 0.47 because of the averaging effect due to the much faster kinetics compared to the bin
time of 1 ms (Figure 7(c)). The inverse of the extracted relaxation rates of the three proteins,
1.3, 0.36, and 0.13 ms, which are slightly longer than the bin time, shorter than the bin time,
and much shorter than the bin time, are consistent with the shape of these histograms. The
agreement between the re-colored histograms using the extracted parameters34 indicates that
the extracted parameters are consistent with the data (Figure 7, 2-state analysis).

To determine how much acceptor blinking affects the extracted parameters, we applied the
four-state model which includes the acceptor dark states in addition to the folded and
unfolded states (see Figure 2(d)). In the 4-state analysis, the FRET efficiencies are slightly
higher than those from the 2-state analysis as shown in Figure 6(a), because some of the
donor photons in each state are emitted when the acceptor is in the dark state, which
decreases the apparent FRET efficiency in the 2-state analysis. The relaxation rate is not
very sensitive to the acceptor blinking, except for the fast-folding WW domain, in which
case the relaxation rate is slightly lower in the 4-state analysis than in the 2-state analysis.
This behavior is consistent with the previous observations33 and can be explained by
relatively long residence times in the dark state. In the 2-state analysis, the donor photons
emitted by the molecule in the folded dark state are more likely attributed to the unfolded
state than to the folded state. This can be apparently similar to the folding/unfolding
transitions and lead to the overestimation of the transition rates. These effects become larger
as the folding kinetics becomes faster and closer to the blinking kinetics.33 Therefore, the
four-state model is appropriate for the accurate determination of the parameters for the
system with fast folding kinetics.3” The effect of the acceptor blinking on the estimation of
the folded fraction pr is negligible even for the WW domain. This is consistent with the
previous simulation results showing that the folded fraction is relatively robust to acceptor
blinking until the fraction of the dark state becomes large (> 10%).33 The re-colored
histograms in Figure 7 from the 4-state analysis are almost the same as those from the 2-
state analysis.

The extracted parameters are listed in Table 2 (2-state and 4-state analyses).

B. Incorporation of donor delay time information and simultaneous determination of
parameters (2-state/Ds, 4-state/Ds, 2-state/Dbs analyses).

In this section, we utilize the donor delay times in addition to the photon color information
and compare the extracted parameters with those determined in Section A. We used the
likelihood function in eq 8 with P(acceptor, 6f) = 1. The donor delay time distribution is
approximated to be single-exponential for both folded and unfolded states (eqs 13) for the
simplicity of the method, even though the distribution for the unfolded state should be non-
exponential due to the broad conformational distribution.

First we compare the two-state model analyses. The extracted FRET efficiencies in the 2-
state and 2-state/Ds analyses (s in the analysis hame stands for simultaneous parameter
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determination) are similar for all three proteins. The relaxation rate (&) is slightly
overestimated while the folded fraction (pog) is slightly underestimated in the 2-state/Ds
analysis. The largest discrepancy is found in the relaxation rate of the WW domain. The
value from 2-state/Ds analysis is 1.7 times larger than that obtained from the simpler 2-state
analysis. In addition, the relative donor lifetimes of the folded state (zp4 z5°) are much
larger than those expected from the FRET efficiency values of the folded state, for which the
increase of the relative donor lifetime by conformational fluctuations should be negligible.
Comparison of the re-colored and experimental histograms in Figure 7 for the WW domain
confirms that the parameters obtained in the 2-state analyses with donor delay times (2-
state/Ds analysis) are less accurate than those without delay times.

When the acceptor blinking was included in the kinetics model (4-state/Ds), these apparent
discrepancies disappeared. The relaxation rate of the WW domain becomes similar to the
value from the 2-state analysis, and the relative donor lifetime in the folded state decreased
as well. These behaviors indicate that both increased relaxation rate and increased donor
lifetime in the folded state in the 2-state/Ds analysis above result from the acceptor blinking.

The reason why the acceptor blinking effect is larger in the 2-state/Ds analysis than in the 2-
state analysis is as follows. Since the FRET efficiency of the folded state is high, there are
not many donor photons emitted when a molecule is in the folded state. In this case, the
relative fraction of the donor photons from the acceptor dark state is not so small. For
example, with a fraction of the acceptor dark state of 2.6% and the FRET efficiency 0.9 for
the case of a3D, the fraction of the donor photons emitted from the acceptor dark state is
26%. Since the delay times of these donor photons are long, acceptor blinking is considered
as apparent folding/unfolding transitions, which leads to the increase of the relaxation rate as
explained above (A). For the case of relatively slow kinetics of a3D and gpW, this effect is
small because the time scales of the two processes are well separated. However, as the
folding and unfolding rates increase, this effect becomes larger and the relaxation rate is
overestimated as seen in the case of the WW domain. When the four-state model is used,
this effect disappears because the acceptor dark state is properly treated by the model.

To verify this interpretation, we recolored the experimental photon trajectories with the 4-
state/Ds parameters and analyzed the recolored data. As shown in Figure 6(b), the
experimental trends are remarkably well reproduced; not only the large increase of the
relaxation rate of the WW domain from the 2-state/Ds analysis but also other small
variations in the FRET efficiencies, donor lifetimes, and folded fraction among different
models are similar between the experimental data and recolored data. This simulation result
shows that acceptor blinking is the major source causing inaccurate determination of the
donor lifetime and relaxation rate in the 2-state/Ds analysis. The only trend that is not
reproduced well is the difference between the 4-state and 4-state/Ds analysis for the
transition rate from the acceptor dark state to the bright state (4;). This might result from a
high blinking rate. Although it is possible to determine transition rates that are comparable
to (or even larger than) the photon count rate,33.70 the error of the estimates increases with
the transition rate as well as the sensitivity to the model assumptions. One of the
assumptions is that the rate of the transition from the acceptor bright (fluorescing) state to
dark state is the same in the folded and unfolded states (Figure 2(d)). In a real situation,
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acceptor blinking may occur more frequently in the folded state where the acceptor count
rate is higher due to the higher FRET efficiency. In addition, we assumed a single-
exponential distribution of the dark state residence time,*349 which could have a multi-
exponential or a power-law distribution. It is also possible that the donor excited state energy
can still be transferred to the acceptor dark state when its absorption spectrum overlaps with
the donor fluorescence spectrum.’! However, the current analysis is satisfactory for
determining all other parameters, and using more complex blinking models may show little
or no improvement.

As an alternative and simpler approach to incorporate the effect of acceptor blinking, we
analyzed the data using a modified two-state model (2-state/Dbs analysis, eq 18). Although
this method does not extract the blinking kinetics parameter, the other extracted parameters
are very accurate. The FRET efficiencies, lifetimes, folded fraction (pc), and relaxation rates
(k) are very similar to those from the 4-state/Ds analysis. The only deviation was the slight
overestimation of the relaxation rate and the bright state population (0,%) of the WW
domain, which should be related. We discuss this in the simulation section below.

C. Separate determination of donor lifetimes (2-state/D, 4-state/D, 2-state/Db).

In the above analysis, the donor lifetimes, FRET efficiencies, and kinetics parameters were
simultaneously determined. Here we determine the donor lifetimes separately by using the
values of FRET efficiency and transition rates obtained in the previous analysis using photon
colors. This procedure greatly reduces the analysis time. We test the validity of this approach
by comparing the lifetime parameters with those determined simultaneously in Section B.

The separately extracted donor lifetimes are shown in Figure 8 and listed in Table 3. Similar
to the result in Section B, the lifetimes determined from the 2-state/D analysis is longer than
those from the 4-state/D or 2-state/Db analyses (Figure 8) because of the contribution of the
donor photons with long delay times during acceptor blinking. The acceptor blinking effect
on the lifetime determination increases as the folding kinetics become faster (a3D — gpW
— WW domain) as in the color-only analyses in section A, but compared to the FRET
efficiency, the donor lifetime is more sensitive to the acceptor blinking. These trends are also
observed in the analysis of the re-colored trajectories (Figure 8(b)).

Overall, in the donor delay time analysis, the mean donor delay times determined separately
from other parameters (2-state/D, 4-state/D, and 2-state/Db analyses) (Table 3) are similar to
those determined simultaneously (2-state/Ds, 4-state/Ds, and 2-state/Dbs analyses (Table 1).
Among these, donor lifetimes from the 2-state/D and 2-state/Ds analyses are not accurate
due to the acceptor blinking. The 4-state analyses determine the lifetimes most accurately.
However, to save the analysis time, the modified 2-state analysis is an excellent alternative,
unless the kinetics are too fast.

D. Incorporation of acceptor delay time information in the maximum likelihood analysis
(2-state/AD, 2-state/AD2).

In this section, we discuss the results of the analysis including the acceptor delay time
information. Our goal is to estimate the mean lifetimes of the donor excited state on
condition that it decays through the acceptor channel. In the simplest two-state model (2-
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state/AD), the likelihood function is given by eqgs 8 — 10 with the delay time distributions in
eqs 13 and 14. We fixed the parameters obtained from the photon color and the donor delay
time analysis in Section A and C and determined the four parameters that enter the acceptor
delay time distribution in eq 14. These are the lifetimes of the donor excited states, z~%and
o/, and the acceptor excited-state lifetimes, 742 and 4., which are assumed to be
different for the folded and unfolded states.

The donor lifetimes determined from the acceptor delay time (zp%and zp. /) are expected
to be shorter than those from the donor delay time in section C (zpgand zp). There are
several reasons. For the unfolded state, the effect of the conformational dynamics on the
excited-state lifetime for the donor photons is opposite to that for the acceptor photons (see
egs 6 and 7), which results in 7o /2 < zpy. In the analyses with the two-state kinetics model,
acceptor blinking further increases the donor lifetime determined from the donor delay time.
Despite these effects, 7/ values are too short compared to z, (see Figure 9). We
considered other models discussed in section C that include acceptor blinking into account.
However, it was found that the parameters determined from the acceptor delay times are
insensitive to blinking (data not shown). This insensitivity is expected because no acceptor
photon is emitted during acceptor blinking. We also considered models with all parameters
determined simultaneously (4-state/AD2s) and found that the inclusion of the acceptor delay
times hardly changes other parameters determined without acceptor delay times (compare
Table 2, S1, and S2 in SI).

One possibility of the unreasonable /4 values is the single-exponential approximation of
the donor excited-state lifetimes, which leads to the double-exponential delay time
distribution in the acceptor channel for the unfolded state in eq 14. We therefore analyzed
the data with the biexponential distribution of the donor excited-state lifetimes, which
corresponds to eq 15 for P4 (80 (2-state/AD2). Six parameters (zp22, tou?, tow?™ a,
42, ta.P) were determined by maximizing the likelihood function and the mean excited-
state lifetime in the unfolded state was calculated as zpyA = a o + (1 - a) Tpyp™
Interestingly, longer and therefore more reasonable values of 7,/ values are obtained from
these analyses, while o values are unchanged (see Figure 9). Instead, the acceptor
excited-state lifetime 7,4, becomes shorter to make the total mean acceptor delay times(z 4/
= tp/f + t4.P) the same in the two analyses. The errors of the zp/* estimation are large
compared to those for other parameters, whereas the total mean acceptor delay time, 744 is
accurate. This suggests that the estimation of both 5/ and z4.f is sensitive to the shape of
the delay time distribution in the acceptor channel. The effect of the non-exponential delay
time distribution is discussed in the simulation section below.

FRET efficiency distribution of the unfolded state.

As discussed above, the positive and negative shift of the unfolded peak from the diagonal
line in the 2D FRET efficiency-donor and acceptor delay time plot (Figure 3 — 5) results
from the conformational distribution in the unfolded state. It is possible to obtain the FRET
efficiency and donor lifetime values with a relatively good accuracy directly from the 2D
histogram for a3D because the folded and unfolded distributions are well separated at the
bin time of 0.5 ms. However, this is not possible for the other two proteins. Instead, we can
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use the maximum likelihood parameters to calculate the variance of the FRET efficiency
distribution (o # in egs 6 and 7) in the unfolded state. For example, from the 4-state/Ds
analysis, we obtained the apparent FRET efficiency of the unfolded state £,,=0.56, 0.51,
and 0.51 for a3D, gpW, and the WW domain, respectively. After the corrections for the
background photons (1.5, 1.4, and 1.0 ms™1 in the acceptor and 1.3, 2.9, and 3.0 ms™1 in the
donor channels with the average total photon count rates of 65.3, 72.6, and 54.4 ms™1),
donor leak (6%), and = 1.20, 1.36, and 0.98, the true FRET efficiencies are calculated to
be E£;,=0.49, 0.41, and 0.50 for the three proteins. Using these corrected £;,values and

TDU/TOD =0.73,0.81, and 0.72 obtained from the 4-state/Ds analysis, we can calculate the

FRET efficiency variance o/ = 0.11, 0.13, and 0.11 (eq 6). The variance values obtained
from other lifetime analysis are compared in Table 4.

For the unfolded state described by the Gaussian chain model, the mean and the variance of
the FRET efficiency are £, = [Le(p(rdr and o7, = [ e(r)p(rdr — E7,, where e(r) = (1 +

(r1Rp)®) 1 is the FRET efficiency when the donor-acceptor distance is 7, the Forster radius
for the three proteins is Ry = 5.4, 5.4 and 4.4 nm, and p(/) = 47P(342{2)))3”exp(-3r22
(7)) is the normalized distribution of the inter-dye distances. This distribution involves the
only free parameter, {/2), which can be obtained from £,,24 Experimental £,,values gives
()2 =6.2,7.0,and 5.0 nm. The calculated variance from these values is o/ = 0.13 for all
three proteins. They are similar to the experimental values obtained above, suggesting the
Gaussian chain model is appropriate for describing the unfolded state of these proteins, as
previously found in several other studies.524:25.72.73

Analysis of simulated trajectories.

Since the analysis including delay time information is affected by acceptor blinking, we
investigated this effect more systematically by simulating photon trajectories with different
relaxation rates and dark state populations of the acceptor with the 4-state model. The donor
delay times were generated using single-exponential distributions in all states. Acceptor
delay time information was not included in the simulation and analysis because it did not
affect the determination of other parameters. Figure 10 shows the dependence of the
extracted parameters (FRET efficiencies, donor lifetimes, rates, and folded fraction) on the
relaxation rates and the population of the acceptor dark state. As expected, both 4-state and
4-state/Ds analyses determine the parameters very accurately since the likelihood function
exactly corresponds to the simulation model. On the other hand, the two-state analyses with
delay times (2-state/Ds) provides less accurate estimates than those without delay times (2-
state) similar to the experimental results (Figure 6). Not only the lifetimes, but also the
relaxation rate and the folded fraction are very sensitive to blinking in the range of the
parameters where the 2-state analysis without delay times provides good estimates. The two-
state model with the delay time distributions corrected for blinking (2-state/Dbs) provides
good estimates except for very fast relaxation rates, similar for the 2-state model without
delay times.

Consider the results of the 2-state (blue) and 2-state/Ds (orange) analyses in more detail.
When the dark state population is low (gg = 0.02), the extracted parameters are very accurate
and independent of the relaxation rate except for the slight underestimation of the folded
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fraction by the 2-state/Ds analysis (orange). As the dark state population increases, the
extracted FRET efficiencies for both the folded and unfolded states become lower in the 2-
state and 2-state/Ds analyses, as expected, because the fraction of donor photons emitted
during acceptor blinking increases. The FRET efficiencies are the effective values that are
averaged over the bright and dark states of the acceptor (see eq 18a).33 With larger acceptor
dark state populations, as the relaxation rate increases, the extracted relaxation rate becomes
larger than the input value. In the 2-state/Ds analysis, the donor lifetimes are longer than the
simulation input values because of the donor photons with longer delay times during
acceptor blinking. However, the behaviors of the donor lifetime of the folded and unfolded
states are different. The donor lifetime in the unfolded state increases with the increasing
dark state population but is insensitive to the relaxation rate similar to the FRET efficiency.
In this case, the lifetime of the unfolded state is close to the acceptor blinking averaged
value, (pum(1 - £u) + m°oy(1 - £4))/(1 - mEy — paEy) (horizontal green dashed line). On
the other hand, there is a transition of the extracted donor lifetime of the folded state as the
relaxation rate increases. When kis small, it is close to the acceptor blinking averaged value
(toEm(L - Er) + (1 - E9))/(1 — poEr — pyEy) (horizontal green dashed line), but
interestingly, as kincreases, the donor lifetime becomes more accurate. We also note that
there are transitions in the extracted folded FRET efficiency (£g), relaxation rate (£) and
folded fraction (pg).

When the relaxation rate is small, the waiting time in the folded state is very long compared
to the waiting time in the dark state, and therefore the lifetime should be close to the
acceptor blinking averaged value for both states. On the other hand, when the relaxation rate
is very large, the unfolded state and the acceptor dark state cannot be distinguished and are
considered as a single state. Therefore, the folded fraction becomes smaller, and the effect of
acceptor blinking appears in the kinetics, but not in the FRET efficiency and donor lifetime
of the folded state (Figure 10). For the case of the WW domain in the experiment, this
transition is already passed for A&/n=0.15 and gy = 0.12 as indicated in Figure 10 (red
vertical dashed line). Therefore, the FRET efficiency and the donor lifetime of the folded
state are relatively accurate whereas the extracted relaxation rate is almost twice as large as
the values from other analyses (Figure 6(a) and (b)).

The parameters in the 2-state/Dbs analysis are determined accurately except at large dark
state population and large A/n. The relaxation rate is overestimated as in the 2-state analysis
for large &, which is accompanied by slight deviations of the donor lifetime and the FRET
efficiency (blinking corrected) of the unfolded state from the simulated values. Therefore,
for the systems with very fast kinetics, it is preferable to use the 4-state/Ds analysis for more
accurate determination of the relaxation rate. For the systems with moderately fast kinetics,
the 2-state/Dbs analysis is appropriate since it is as accurate as the 4-state/Ds analysis, but
has fewer parameters and states.

The experimental results show that the shape of the delay time distribution is important for
the accurate parameter estimation especially in the acceptor delay time analysis. Since the
unfolded state is a mixture of the states with various donor-acceptor distances and the delay
time distribution in the unfolded state is not single-exponential, we studied whether this
might be a problem for the mean lifetime estimation. We simulated two-state photon
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trajectories (without blinking) with the unfolded state modeled by a Gaussian chain, which
results in the multi-exponential donor and acceptor delay time distributions. The donor delay
times were analyzed using the likelihood function with the single-exponential delay time
distributions in eq 13. The extracted parameters agree well with the input values (see Sl,
Figure S1). This supports our assumption that the single-exponential distribution is a good
fitting function to analyze donor delay times and determine the donor lifetime in the
unfolded state. The acceptor delay times were first analyzed using the acceptor delay time
distributions in eq 14 (see SI, Figure S2). This analysis confirms that in the unfolded state,
the donor excited-state lifetime ./ is underestimated, whereas the acceptor excited-state
lifetime 74, is overestimated. The mean acceptor delay time in the unfolded state (z4./=
o + ta.P) and all lifetimes in the folded state are determined accurately. This effect
increases as the acceptor excited-state lifetime decreases because longer lifetimes of the
donor excited state interfere with the acceptor excited-state lifetime. The analysis with the
acceptor delay time distribution in eq 15 improves the determination of the parameters, but
o/ is still underestimated (for 74,2/ =0 = 1.5 similar to the experiment, the error is about
20%). This value becomes more accurate as the acceptor excited-state lifetime 4,
increases, suggesting that a larger separation between z5/* and z4.° leads to a more
accurate donor lifetime.

In this work, we have described a 2D FRET efficiency-lifetime histogram method and the
maximum likelihood approaches to extract fluorescence lifetime information. When
molecular events occur on a slow time scale compared to the photon count rate, it is
straightforward to obtain fluorescence lifetime of a molecular state by fitting the delay time
distribution or from its mean value. However, the analysis becomes complex as the dynamics
becomes faster because individual states cannot be analyzed separately. We have shown in
this work that the maximum likelihood method can determine fast kinetics parameters and
fluorescence lifetime accurately and we have applied this method to three two-state protein
systems (Figure 1).

We first presented a theory that describes the relationship between the FRET efficiency and
the lifetime of the donor excited state. We showed that the distribution in the 2D plot
obtained from the donor delay times is shifted upward (the longer lifetime side) when there
are sub-microsecond dynamics in a state (unfolded state). This shift is related to the variance
of the FRET efficiency resulting from the broad donor-acceptor distance distribution in the
unfolded state (eq 6). As for the 2D histograms constructed from the acceptor delay times,
the shift is in the opposite direction (downward) because the average acceptor delay time
becomes shorter in the presence of the dynamics (eq 7). These phenomena were observed in
the experimental data (Figure 3 —5). In the presence of transitions between the folded and
unfolded states on the time scale similar to the bin time, the distribution is broadened and
appears along the line connecting the two states. This line is curved upward for the lifetimes
obtained from the donor delay times and downward for the lifetime from the acceptor delay
times (egs 4 and 5) as observed in the data (Figure 3 — 5).
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As a method to determine parameters accurately, we presented a maximum likelihood
method that utilizes colors and delay times of individual photons. By maximizing an
appropriate likelihood function, it is possible to determine the transition rates, FRET
efficiencies and donor fluorescence lifetimes of the folded and unfolded states. The
parameters were determined either simultaneously or by sequentially adding donor and
acceptor delay time information and analyzing with the parameters from the prior analysis
being fixed. Both methods work remarkably well when the kinetics are relatively slow
compared to the average photon count rate (A7 < 0.1). However, incorporating donor delay
time information actually made the analysis less accurate as the kinetics became faster (k/n
> 0.2), especially when all parameters are determined simultaneously (Figure 6). This
inaccuracy results from acceptor blinking that makes the apparent rate faster. It is possible to
address this problem by incorporating the acceptor blinking kinetics into the model. We also
simulated photon trajectories at various conditions and analyzed the data to systematically
investigate the performance of the method for systems with different folding kinetics and the
effect of acceptor blinking (Figure 10). From this analysis, we found that the experimental
results for the WW domain are in the regime where the folding kinetics is affected by
acceptor blinking, and the FRET efficiency and donor lifetime data should be analyzed with
a model including acceptor blinking. The 4-state analyses (4-state/D and 4-state/Ds), in
which the acceptor blinking kinetics is explicitly incorporated, determine the parameters
most accurately over all the ranges of the relaxation rate and the population of the acceptor
bright state. A simpler modified 2-state analyses (2-state/Db and 2-state/Dbs), where the
acceptor blinking is incorporated in the FRET efficiency and the donor lifetime parameters
can also determine most of the parameters accurately unless the folding kinetics is too fast
such as the WW domain. The difference between the simultaneous parameter determination
and the separate lifetime determination was relatively small (Figure 8, Table 2 and 3).

These results show that the effect of acceptor blinking should be considered carefully in the
fluorescence lifetime analysis of donor delay times in single-molecule measurements. The
maximum likelihood analysis without delay times is less sensitive to fast acceptor blinking
because it is averaged out and affects only the apparent FRET efficiencies. When the folding
rates and probability in the dark state become larger, the extracted rates deviate from the true
values, and this deviation starts earlier and is more dramatic in the analysis with the donor
delay times. This is because the donor photons emitted when the molecule is in the acceptor
dark state have much longer delay times compared to the photons emitted from the bright
state, especially from the folded bright state. Such donor photons (emitted from the folded
dark state) are more likely attributed to the unfolded state, which leads to wrong extracted
parameters.

The distribution of the delay times that enters the likelihood function is a complicated
function since it results from many microstates that interconvert on submicrosecond time
scale. In this paper, we focused on the mean lifetimes, so the donor delay time distribution
was approximated by a single exponential. The extracted mean excited-state lifetime in the
unfolded state provides information about the variance of the FRET efficiency due to the
distribution of the donor-acceptor distances (Table 4). We confirmed that the FRET
efficiency variances in the unfolded states of all three proteins are consistent with a Gaussian
chain model.
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We also took first steps to analyze acceptor delay time information using the maximum
likelihood method. This analysis is much less sensitive to acceptor blinking. Moreover,
acceptor delay times provide better statistics in the folded state. The mean acceptor delay
time, which is the sum of the donor excited-state lifetime (on condition that the donor
excitation energy is transferred to the acceptor) and the acceptor excited-state lifetime, is
determined very accurately (Figure 9). When we tried to estimate these two parameters
separately, we found that the extracted parameters are sensitive to the shape of the delay
time distribution in the unfolded state, except for long acceptor excited-state lifetimes
(Figure S2). The parameter estimation was improved when the number of exponents in the
delay time distribution was increased (eq 15). Nevertheless, the extracted donor excited-state
lifetime was underestimated and resulting FRET efficiency variance was overestimated
(Table 4). The accuracy of the acceptor delay time analyses can be improved if the lifetimes
of the acceptor excited states are measured independently or the model of the acceptor delay
time distribution in the unfolded state is better specified.

There are advantages in the analysis of photon colors and delay times together. We showed
that it is possible to determine both lifetime and FRET efficiency for each state even when
the states cannot be resolved in a single-molecule trajectory. This method will also be useful
to detect fluorescence quenching in a particular molecular state. Acceptor delay time
analysis is more challenging than the donor delay time analysis because the difference
between the delay times in the folded and unfolded states is very small for all three proteins.
If fluorescence quenching changes the acceptor lifetime, the effect would be more visible
and make a difference in the analysis. Reduced lifetime by fluorescence quenching will be
indicated by the lowered distribution in the 2D FRET efficiency-lifetime plot.31 Quenching
of fluorophores occurs frequently by aromatic side chains of proteins,”4~76 metal ions, 4877
or even by dye complex formation.46:48 Utilizing different information together in the
analysis will be useful for more reliable interpretation of the data collected from more
complex experimental measurements such as multi-color FRET experiments.’8-81
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Figure 1.
Immobilization of proteins and amino acid sequences. (a) Dye-labeled protein molecules are

immobilized on a polyethylene glycol (PEG)-coated glass surface via a biotinstreptavidin-
biotin linkage. (b) Dyes are attached to the cysteine residues (red) and a biotin molecule to
the lysine residue (blue) in the 15-residue biotin accepting sequence (AviTag). a3D and gpW
were labeled with Alexa 488 and Alexa 594 and the WW domain was labeled with Alexa
488 and Atto 647N.
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Figure 2.

() A schematic representation (not to scale) of a sequence of donor (green) and acceptor
(red) photons detected after pulsed laser excitations (blue dashed lines). For each photon, the
arrival time (2 and the time &6t between the laser pulse and the photon (delay time) is
recorded. (b) Resonance energy transfer from donor to acceptor. After laser excitation (DA
— D*A), the donor decays to the ground state or the energy is transferred to the acceptor
(D*A — DA*) and decays to the ground state. k and kp are the sum of the rates of the
non-radiative (black solid arrows) and radiative (rippled arrows) decays of the acceptor and
donor, respectively, which are the reciprocal excited-state lifetimes of the acceptor (za°) and
the donor in the absence of the acceptor (zp?). Azt is the energy transfer rate from the donor
to the acceptor. The mean donor delay time is equal to the donor lifetime, zp. The mean
acceptor delay time is za = ™ + tal, Where 7™ is the donor excited-state lifetime on
condition that the energy is transferred to the acceptor, which is not the same as the donor
lifetime measured from the donor photons zp when there are fluctuations in Ag1 (see eqs 6
and 7). (c) Two-state kinetic model and (d) four-state kinetic model that includes acceptor
blinking. Subscripts b and d stand for the bright and dark states of the acceptor, respectively.
(e) The instrument response functions (IRF) of the donor (green circle) and acceptor (orange
circle) detection channels and the fits to the Gamma distribution (eq 20) (red and blue lines).
5h=0.225ns, a=6.03 and £, = 8.91 ns~1 for the donor channel and # = 0.234 ns, a= 6.84
and &, =11.0 ns~1 for the acceptor channel. (See Supporting Information (SI) for the
dependence of the IRF on the count rate and wavelength of photons.) (f and g) Donor and
acceptor delay time distributions from the photon trajectories of a3D. The experimental data
(grey) was fitted to the convolution (red) of IRF (green dashed line) with a biexponential
function for the distribution in the donor channel (f). The acceptor delay time distribution
was fitted to the convolution of IRF (green) with a function similar to eq 15, which consists
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of the biexponential donor lifetime distribution and the single-exponential acceptor excited-
state lifetime distribution (g).
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Figure 3.
Bin time (0.5 — 20 ms) dependence of the FRET efficiency histograms and two-dimensional

(2D) histograms of donor lifetime vs. FRET efficiency of a3D ([GdmCI] = 2.3 M)
constructed from the donor (a) and acceptor (b) delay times. The two peaks in the FRET
efficiency histograms merge into one peak as the bin time increases due to averaging by
folding/unfolding transitions. In the 2D plots, the two peaks corresponding to the folded and
unfolded states merge into one peak along the two-state dynamic lines (grey lines) calculated
using egs 4 and 5 for the donor and acceptor, respectively. The lines were plotted with the

01 —_— 1200 ————————— —_—
21600k | 800f )| ] 400

2 800 1 400F g 200F |

© A L 1 [

1 1t 1 1t 1
08 08f { o8} 1
0.6 ol 0.6 1 06F 1
04 04f { oa} 1
0211 05ms 02r ¢ 1ms 102Fi 2ms ]

0 ....................................... & O._ Ry 0_ u

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
& g = 12— 80 ———————
= L r L |
o 100} 60} ‘,” 1 40F 1
6 [ 1 L 1 [ s 1

1 1t 1 1t 1
0.8 0.8 {08k ™ ]
06 06} 1 os} ‘ :
04 04f { oa} 1
02r ¢ 4ms 02F & 10ms 192F i 20ms 1

0 of {1 of 1

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FRET efficiency E
— 1200 —————— -
£1600; il 800} " ] 400¢ v 1
2 800 ¥ i 111 400F N 200 . 1
© | 1 [ . 1 L. . ALY

1 1t 1 1t 1
08 08} {oski ™ ]
0.6 0.6 1{ osf 1
04 0.4} 1 o0af ]
0.2 02F i 1ms Nl 1 02F | oms WNE

[0 T SS—_ 1\ | (1) N -, |/ _ AT PR 4 OF b IENSOAR SN

0 02 04 06 08 1 0 02 04 06 08 1 (002040608 1
g2 ] 20— T
S 100} 60f i 4o ‘
o [ 1 1 L 1 1 [ 1 1

1 1t 1 1t 1
0.8 0.8 {08k ™ ]
0.6 0.6l 1{ osf T
0.4 0.4} 1 o4t I
02 02r i 10 ms s 1] 9%2r i 20ms 1

0 of i I Y & ]

0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
FRET efficiency E

J Phys Chem B. Author manuscript; available in PMC 2019 January 04.

Page 34



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chung et al.

Page 35

uncorrected apparent FRET efficiencies and the lifetimes obtained from the 4-state/Ds
(donor) and the 4-state/AD2s (acceptor) analysis). Although the acceptor excited-state
lifetime can be different in the folded and unfolded states, we used za0 = zag0 for
convenience. Each 2D histogram is hormalized to its maximum value.
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fluorescence lifetime vs. FRET efficiency of gpW ([GdmCI] = 2.5 M) constructed from the
donor (a) and acceptor (b) delay times. Compared to the data of a3D, two peaks are not
clearly distinguishable at the shortest bin time of 0.5 ms both in the 1D and 2D histograms
due to the faster kinetics. The parameters used in the plots were obtained as explained in

Figure 3.
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Bin time dependence of the FRET efficiency histograms and 2D histograms of donor

Page 37

fluorescence lifetime vs. FRET efficiency of the WW domain ([GdmCI] = 2 M) constructed
from the donor (a) and acceptor (b) delay times. Two peaks are not distinguishable at all bin
times both in the 1D and 2D histograms due to the much faster kinetics compared to the
shortest bin time, 0.5 ms. The parameters used in the plots were obtained as explained in

Figure 3.
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Figure 6.

Simultaneously determined parameters using the maximum likelihood method with the two-
state model (2-state, blue), four-state model that includes acceptor blinking (4-state, green),
two-state model with donor delay time information (2-state/Ds, orange), four-state model
with donor delay time information (4-state/Ds, purple), and modified two-state model that
includes acceptor blinking (2-state/Dbs, black). (a) Parameters from the analysis of
experimental data. £is the FRET efficiency (folded: circle; unfolded: square), relaxation rate
kis normalized to the experimental values obtained from the 4-state/Ds analysis (dashed
line), peis the fraction of the folded state, donor lifetime 7 (folded: circle; unfolded:
square) is normalized to the donor lifetime without the acceptor (zpP), A is the rate
coefficient from the dark state to the bright state of the acceptor, p,0 (= kp/(kp + kP)) is the
fraction of the bright state population at the reference photon count rate 7= 100 ms™1. The
average photon count rates are 65.3, 72.6, and 54.4 ms™1, for a3D, gpW, and the WW
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domain, respectively. (b) Parameters obtained from the maximum likelihood analysis of
recolored data using the experimental 4-state/Ds parameters (dashed lines). The color
schemes and symbols are the same as those in (a).
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Figure 7.

Experimental (wide bars) and recolored (narrow bars) FRET efficiency histograms of three
proteins near the mid-point of denaturation: 2.3 M GdmCI (a3D), 2.5 M GdmCI (gpW), and
2 M GdmCI (WW domain). The photons were recolored using the maximum likelihood
parameters obtained from the 2-state (blue), 4-state (green), and 2-state/Ds (orange)
analyses. Trajectories with a mean photon count rate of > 30 ms™! were included in the
analysis.
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The relative donor lifetime (zp/zp?) obtained from the maximum likelihood analysis of the
photon trajectories including donor delay time information with the two-state model (2-
state/D, orange), four-state model (4-state/D, purple), and modified two-state model with
acceptor blinking (2-state/Db, black). Parameters are also listed in Table 3. The lifetimes in
the folded (circle) and unfolded (square) states in the 2-state/D and 4-state/D analyses were
determined by fixing the pre-determined FRET efficiencies, relaxation rates, folded fraction,
and acceptor blinking parameters from the 2-state and 4-state analyses, respectively. In the
2-state/Db analysis, the fraction of the population in the acceptor bright state (p,°) was
determined together with the lifetime parameters. (a) Experimental parameters. (b)
Parameters obtained from the recolored data using the experimental 4-state/Ds parameters
(dashed lines).
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Figure9.

(a) The relative donor lifetime (zp”/tp?) and (b) acceptor lifetime (za% p?) and the total
mean acceptor delay time of the unfolded state ((zpy™ + zay®)/ p?, diamond) obtained
from the maximum likelihood analysis of the photon trajectories including acceptor delay
time information. The donor excited state lifetime distribution of the folded state was
approximated to be single-exponential and that of the unfolded state was approximated to be
either single-exponential (2-state/AD, eq 14) or bi-exponential (2-state/AD2, eq 15).
Parameters are also listed in Table S1. The lifetimes in the folded (circle) and unfolded
(square) states were determined using the pre-determined FRET efficiencies, rate
coefficients and donor lifetimes in the donor channel.
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Figure 10.
Dependence of the maximum likelihood parameters on the relaxation rate and the acceptor

dark state population (py). Parameters were obtained from the simulated photon trajectories
using various models: 2-state (blue), 4-state (green), 2-state/Ds (orange), 4-state/Ds (purple),
and 2-state/Dbs (black). Photon trajectories were simulated with the four-state model for 35
combinations of A/n(0.02 - 0.6) and py= (0.02, 0.05, 0.1, 0.15, and 0.2). ££=0.85, £y =
0.55, pe= 0.5, and zp/7p? = 0.2 (folded) and 0.75 (unfolded). These input parameters are
shown by grey horizontal dashed lines. For each combination, 5 sets of 100 of 30 ms-long
trajectories were simulated with a total (donor and acceptor) photon count rate 7= 50 ms™1,
The relaxation rate kis normalized to the input value of the simulation (Asjm). Errors are
standard deviations of the 5 data sets and error bars smaller than the symbol are not shown.
Vertical dashed lines indicate A/ of three proteins: a3D (blue), gpW (green), and WW
domain (red). The acceptor dark state population (p,) of the three proteins are 0.023, 0.060,
and 0.12, respectively. The green horizontal dashed lines in the donor lifetime plots indicate
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acceptor blinking averaged values calculated as (zpru)(l - Er)) + (1 - E))(1 -
PoEr(U) — PaEq)-
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Summary of the names of the analyses used.

Page 45

Parameter determination Kinetics model Analysisdata type
Color + Donor delay time + Acceptor delay time
Color Single-exponential Bi-exponential donor
donor delay time delay time
2-state 2-state - -
4-state 4-state - 4-state/AD2s

Simultaneous

2-state with acceptor
blinking

2-state

e a 4-state

Lifetime separately’

2-state with acceptor
blinking

2-state/AD 2-state/AD2

@ In the donor delay time analysis, donor lifetimes were determined by fixing the pre-determined parameters from the analysis of photon colors. In
the acceptor delay time analysis, lifetimes were determined by fixing the pre-determined parameters from the analysis of photon colors and donor

delay times.
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Table 2.

Parameters simultaneously determined using the maximum likelihood analysis.a

2-state 4-state  2-state/Ds  4-state/Ds  2-state/Dbs

E 0.902 0.915 0.901 0.916 0.916
- (+0.001) (£0.002) (£0.001)  (£0.001)  (+0.001)
£ 055 0558 0.551 0.563 0.562
v (£0.001) (£0.002) (£0001)  (x0.001)  (+0.001)
— 0800  0.789 0.826 0.794 0.803
(M) (£0022) (£0022) (£0.023) (+0.022)  (+0022)
p 0468  0.467 0.457 0.507 0.505
& (+0.010) (£0.010) (+0.008) (£0.009) (& 0.009)
l13D
} 489 1370
Ky (ms™) (+ 95) (2 220)
Py 0.975 0.965 0.966
b (0.003) *0002)  (+0.002)
TR/ o 0.237 0.161 0.158
D (+0.004)  (£0.004)  (+0.004)
o/t o 0.740 0.727 0.728
D (£0.003)  (£0.003)  (*0.003)
£ 0.817 0.842 0.816 0.853 0.855
- (+0.001) (£0.003) (¥0.001)  (x0.001)  (+0.001)
£ 0480 0497 0.480 0.506 0.505
v (#0.001) (£0.002) (¥0.001)  (£0.001)  (+0.001)
p— 2.77 2.68 2.97 2.80 2.87
(MS™)  (+0055) (+0054) (£0.057) (+0.053)  (+0.054)
p 0.431 0.431 0.426 0.450 0.449
& (0005 (£0.005 (+0.005) (£0.005)  (+0.005)
W
9 P 517 1670
5(Ms™) (x 75) (* 170)
P o 0.951 0.919 0.920
b (+0.004) *0.002)  (+0.002)
e/ o 0.373 0.241 0.235
D (+0.003)  (£0.004)  (+0.004)
ol 0.834 0.806 0.807
D (+0.003)  (£0.003)  (+0.003)
£ 0.771 0.848 0.791 0.828 0.829
- (+0.004) (£0.008) (+0.003) (£0.003)  (0.003)
£ 0465 0529 0.484 0.509 0.497
v (£0.005) (+0.007) (£0.004) (£0.006) (& 0.006)
kst 7.96 6.93 1354 8.10 9.29
(MS™)  (+041) (£040) (£0.63)  (£041)  (+0.45)
p 0586 0581 0.521 0.659 0.652
G (£0.013) (£0014) (0.010)  (x0.011)  (+0.011)
WW domain 262 1280
—1
Ky (ms™) (£112) (£ 150)
Py 0.803 0.795 0.808
b (+0.012) (£0.006)  (+0.006)
Top!T 0.256 0.185 0.181
D (+0.008)  (+0.006)  (+0.006)
ol o 0.816 0.715 0.731
D (+0007)  (0011)  (+0.011)

@Errors are standard deviations obtained from the diagonal elements of the covariance matrix calculated from the likelihood function.
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Table 3.

Donor lifetime parameters determined separately from other parameters using the maximum likelihood
analysis including donor delay time information.?

2-state/D  4-state/D  2-state/Db

TR/ o 0238 0180 0.163
DY (£0003) (£0.003) (+0.004)
Pa— 0741 0729 0.728
a3 DUTR0  (+0003) (£0003)  (+0.003)
P o 0.971
b ( 0.001)
TDF/T 0 0.375 0.291 0.241
DY (0003 (£0.003) (x0.004)
Pa— 0833 0815 0.807
gpw DUR0 (2 0003) (£0003) (+0.003)
P o 0.929
b (+ 0.002)
top/T o 033 0163 0.192
DY (£0005) (+0.004) (+0.006)
R 0827 0669 0.733
WWdomain - DU "0 '5006) (+0007)  (x0.008)
P o 0.859
b (< 0.005)

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

4 Errors are standard deviations obtained from the diagonal elements of the covariance matrix calculated from the likelihood function.
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Table 4.

Variance of the FRET efficiency distribution (o) of the unfolded state calculated from the donor lifetimes

py determined from the donor delay times (eq 6) and zpy”™ from the acceptor delay times (eq 7).

Delay time Distribution Model azD  gpW  WW domain
2-state/Db 011 0.14 0.13
2-state/Dbs 011 0.13 0.11

Donor

4-state/D 011 0.13 0.09
4-state/Ds 011 0.13 0.11
Acceptor 4-state/AD2s  0.15 0.14 0.12
Gaussian chain 0.13  0.13 0.13

1duosnuey Joyiny 1duosnuen Joyiny
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