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ABSTRACT

Single-molecule Forster Resonance Energy Transfer (smFRET) experiments are ideally suited to resolve the structural dynamics of
biomolecules. A significant challenge to date is capturing and quantifying the exchange between multiple conformational states, mainly
when these dynamics occur on the sub-millisecond timescale. Many methods for quantitative analysis are challenged if more than two states
are involved, and the appropriate choice of the number of states in the kinetic network is difficult. An additional complication arises if
dynamically active molecules coexist with pseudo-static molecules in similar conformational states with undistinguishable Forster Resonance
Energy Transfer (FRET) efficiencies. To address these problems, we developed a quantitative integrative analysis framework that combines
the information from FRET-lines that relate average fluorescence lifetimes and intensities in two-dimensional burst frequency histograms,
fluorescence decays obtained by time-correlated single-photon-counting, photon distribution analysis of the intensities, and fluorescence cor-
relation spectroscopy. Individually, these methodologies provide ambiguous results for the characterization of dynamics in complex kinetic
networks. However, the global analysis approach enables accurate determination of the number of states, their kinetic connectivity, the tran-
sition rate constants, and species fractions. To challenge the potential of smFRET experiments for studying multi-state kinetic networks, we
apply our integrative framework using a set of synthetic data for three-state systems with different kinetic connectivity and exchange rates.
Our methodology paves the way toward an integrated analysis of multiparameter smFRET experiments that spans all dimensions of the exper-
imental data. Finally, we propose a workflow for the analysis and show examples that demonstrate the usefulness of this toolkit for dynamic
structural biology.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0095754
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I. ANALYSIS OF MULTI-STATE KINETIC NETWORKS Single-molecule FRET (smFRET) experiments provide a wealth of
information about the molecular system and are ideal for resolving
Biomolecular dynamics are often complex, involving multi- these dynamics."* Various analysis methods have been developed
ple conformational states and sub-states that interconvert over a over the years to obtain quantitative information on the struc-
wide range of timescales from nanoseconds to minutes and hours. tural dynamics of the biomolecular systems in smFRET experiments

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754 157, 031501-1

© Author(s) 2022


https://scitation.org/journal/jcp
https://doi.org/10.1063/5.0095754
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0095754
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0095754&domain=pdf&date_stamp=2022-July-21
https://doi.org/10.1063/5.0095754
https://orcid.org/0000-0003-3671-3072
https://orcid.org/0000-0001-8478-9755
https://orcid.org/0000-0001-7068-6827
https://orcid.org/0000-0002-5171-149X
mailto:hsanabr@clemson.edu
mailto:cseidel@hhu.de
https://doi.org/10.1063/5.0095754

The Journal

of Chemical Physics

of surface-immobilized or freely diffusing molecules (reviewed
in Ref. 1).

In this work, we focus on smFRET experiments performed
on freely diffusing molecules using multiparameter fluorescence
detection (MFD), where the structural and dynamic information
is encoded in the time-ordered sequence of the detected photons
recorded with picosecond resolution.” The most widely used meth-
ods for this measurement modality are the statistical analysis of
Forster Resonance Energy Transfer (FRET)-efficiency histograms
(photon distribution analysis, PDA),("]“ intensity-based fluores-
cence correlation spectroscopy (FCS),"" """ and time-resolved flu-
orescence decay analysis [time-correlated single photon counting
(TCSPC)],"* " but other approaches have been applied as well.”' >’
Each representation of the experimental data and the correspond-
ing analysis method has its strengths and weaknesses to determine
the fluorescence properties of the species, detect their kinetic con-
nectivity, and quantify the rate constants (Table I). Established
methods such as FCS and TCSPC are computationally fast. They
rely on established algorithms to find the optimal parameters of a
physical or empirical model that describe the experimental data.
While TCSPC is ideally suited to resolve the FRET efficiencies
of the contributing states, conformational dynamics from nano-
to milliseconds can be resolved by fluorescence correlation spec-
troscopy (FCS) and its extensions fluorescence lifetime correlation
spectroscopy (FLCS),”* two-dimensional FLCS,” and filtered-FCS
(fFCS), which utilize statistical weighting to recover species-specific
correlation curves.””® These correlation approaches work well
for homogeneous samples of dynamic molecules interconverting
between two conformational states. However, they are challenged
by the increased complexity of many biological systems that involve
three or more states interconverting on different kinetic timescales
or contain heterogeneous mixtures of static and dynamic molecules.
In such complex situations, statistical analysis of the shape and
width of peaks in FRET efficiency histograms by dynamic PDA®
can provide important complementary information. Therefore, to
unravel the complex dynamics of such systems, a holistic approach
combining multiple methods is required.

TUTORIAL scitation.org/journalljcp

Existing methods for the quantitative analysis of dynamics are
applied to a reduced representation of the single-photon-counting
data. At the same time, the full potential of the multidimen-
sional dataset is not utilized. This multidimensional information
is revealed in the pairwise histograms of averaged fluorescence
observables—although the informational content is likewise reduced
due to the averaging performed over each single-molecule event.””
One example of how the multidimensional information can be uti-
lized is the pairwise plot of the intensity-based FRET efficiency E and
the intensity-weighted average donor fluorescence lifetime (7p(,) ).
The correlation between these two FRET indicators enables the
detection of conformational dynamics by revealing the exchange
between different states, providing graphical information on the
connectivity within the kinetic network (as described in Paper I of
this Tutorial series by Barth et al.”®). The concept of these FRET-
lines was first introduced by Rothwell et al.”” and Margittai ef al.*
and expanded to dynamic exchange by Kalinin et al.® Barth et al.”®
presented a generalized theory of the FRET-lines, provided various
software tools to generate FRET-lines, and discussed a large variety
of use cases for dynamics exchange between multiple ordered and
disordered conformational states.

Ideally, a multi-state kinetic model would be directly fit to
this multidimensional dataset. However, to our knowledge, a quan-
titative description of the complete multidimensional histogram
is currently limited to computationally expensive stochastic sim-
ulations. The stochastic nature of Monte Carlo simulations also
makes this approach difficult to apply in optimization routines,
which converge more rapidly if analytical expressions are employed.
While such expressions are known for simple cases,’ they are cur-
rently unavailable for the multi-state networks discussed in this
work.

Here, we take a step toward a holistic analysis framework
by using FRET-lines as pathfinders and by combining them with
TCSPC, distinct FCS techniques, and PDA in a global approach
to quantify the exchange in multi-state kinetic networks. In a first
step, the correct kinetic model is identified by a graphical analysis
using FRET-lines, defining the number of FRET species and their

TABLE I. Comparison of methods to analyze conformational dynamics of multi-state kinetic networks in smFRET experi-
ments. The methods are compared to their ability to identify the different states (fluorescence properties and fractions), kinetic
connectivity, dynamic exchange, and the accessible timescales. For cases where no detailed text is given, a “+” indicates that
the method is well suited for a particular task, a “- - -” indicates that a method is insensitive to a certain parameter, and a “0”
means that the given information can be obtained in principle if careful controls are performed. MLE: Gopich-Szabo photon
trajectory analysis using maximum likelihood estimation,3> BVA: burst variance analysis,* FRET-2CDE: FRET two-channel

kernel density estimator.%”

Identification of Kinetic Quantification Accessible
Method states connectivity  of dynamics timescale
TCSPC +
FCS e + ys to ms
MLE 0 o + ys to ms*
PDA/histogram analysis For slow dynamics’ + 100 ps to 10 ms”
BVA/FRET-2CDE For slow dynamics” + Qualitatively 100 us to 10 ms"
2D histogram: E vs (tpa))r  For slow dynamics” + Qualitatively ys to ms

*The lower limit depends on the average inter-photon time. Faster timescales are accessible for higher signal count rates.

®Timescale of dynamics >500 ys.
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linkage. The exchange rates are then quantified using a global
analysis of the donor fluorescence decay and the color correlation
functions. The framework is applied to simulated datasets of multi-
state systems with a binary exchange between two species in the
presence of a background of static molecules. When only the TCSPC
and FCS information is used, ambiguous solutions are obtained that
differ in the kinetic connectivity of the species and the fraction of
molecules participating in the dynamic exchange. To resolve this
ambiguity, FRET-lines provide a graphical analysis of the kinetic
connectivity of species and permit the estimation of the equilibrium
constant from the peak of the dynamic population in binary systems.
For systems involving a fast dynamic exchange between more than
two species, additional information is required. Using simulations
of three-state systems, we illustrate the potential of filtered-FCS to
detect the direct exchange between different species in complex net-
works and deduce the kinetic linkage, even in this challenging case.
Finally, we derive relations between the correlation amplitudes and
the single-molecule FRET indicators E and (7p(4))r, highlighting
the connections between the different representations of the data
and the future possibility to extend this holistic approach to data
analysis.

Il. NOMENCLATURE FOR MULTI-STATE SYSTEMS
IN SMFRET EXPERIMENTS

Purely static or dynamic biomolecules are rarely found in
nature. It is often observed that biomolecules can be activated
through allosteric effects, such as binding of cofactors or regula-
tors, posttranslational modifications, or conformational changes in
associated domains, switching the molecule from a static into a
dynamic state.””” " In such situations, molecules with the same
FRET efficiency may either be static or participate in the confor-
mational dynamics, introducing a degeneracy into the analysis in
which the same observed FRET species may belong to different states
that are either static or dynamic. Moreover, the conformational
space of biomolecules is huge, so that their dynamic behavior is
often modulated by conformational switches in associated domains
(Fig. 1, top row: small black domain) that are not probed by FRET.
This has been observed, for example, in nucleosomes’ and chro-
matin arrays.” Note that while nothing in biology is truly static,
here, we refer to pseudo-static populations of molecules with struc-
tural dynamics on timescales that are much longer (>100 ms) than
the typical observation time in single-molecule experiments of freely
diffusing molecules of ~1 ms.

In FRET experiments on freely diffusing single molecules, the
accessible timescales of dynamics are limited by the diffusion time
to <10 ms, causing additional complications because transitions
between conformational states on slower timescales could appear
as pseudo-static populations in the analysis. To avoid confusion
about the physical description of the biomolecular system as static
or dynamic and to classify observed populations in the experiment,
we propose a concise nomenclature for smFRET experiments in
Fig. 1. A conformational state C? is defined as a distinct struc-
tural state of the biomolecule that can be classified as static or be in
dynamic exchange with other conformational states. The alternation
between dynamic and static states of the biomolecule may be sub-
ject to allosteric regulation, biomolecular interactions, or covalent
modifications. In the snFRET experiment, conformational states are

TUTORIAL scitation.org/journalljcp

observed indirectly through the fluorescence properties of the cova-
lently linked dyes, such as the FRET efficiency, fluorescence lifetime,
or fluorescence anisotropy of the donor and acceptor fluorophores.
An observed fluorescence species O is generally assigned to a single
conformational state. However, due to quenching or sticking of the
fluorophores, different fluorescence species may belong to the same
conformational state. On the other hand, multiple conformational
states may belong to the same fluorescence species if the fluores-
cence properties do not change significantly (see the supplementary
material, Note 1, for an overview of potential ambiguities).
In smFRET experiments, fluorescence species are observed as
populations P in the one- or two-dimensional histograms. Due to
dynamic averaging during the diffusion time, a population may orig-
inate from a mixture of different fluorescence species. Dynamic and
static populations may be distinguished in a plot of the FRET effi-
ciency E against the donor fluorescence lifetime (7p(ay)r (Fig. 1,
bottom). The static populations, originating from the fluorescence
species oW and O(z), lie on the static FRET-line. In contrast, the
dynamic population P"*? shows the characteristic dynamic shift
(ds) from the static FRET-line, as introduced in Paper 1.”° The het-
erogeneity within the dynamic populations can be resolved by a
sub-ensemble analysis of the fluorescence decays.

The assignment of static and dynamic populations is compli-
cated when the sample contains a mixture of static and dynamic
conformational states of identical FRET efficiencies (Fig. 1, right). In
the limit of fast dynamic exchange, a dynamic population is shifted
from the static FRET-line and separated from static populations. As
the conformational exchange becomes slower and approaches the
diffusion time of the molecule, there is a probability that dynamic
molecules do not undergo a conformational change during the
observation time. While originating from dynamic conformational
states, these single-molecule events will show as a pseudo-static pop-
ulation on the static FRET-line and are difficult to separate from
actual static populations. As shown below, the fraction of dynamic
molecules is a central parameter in the quantitative analysis of
such heterogeneous multi-state systems by correlation methods. In
Sec. 111, we will first show how a graphical analysis can be employed
to estimate the equilibrium constant of the dynamic exchange in the
background of static species.

Ill. GRAPHICAL ANALYSIS OF DYNAMIC
POPULATIONS

Quantitative information on conformational dynamics is
encoded in the shape of the FRET efficiency histogram, as in
dynamic photon distribution analysis (PDA).*'"** These analyses,
however, are challenged if the experiment contains a mixture of
static and dynamic molecules due to the difficulty of distinguishing
actual static and pseudo-static molecules. Pseudo-static molecules
are dynamic molecules that, by chance, remained in one confor-
mational state during the transit through the observation volume.
This section will describe how the separation of static and dynamic
molecules in the E-(7p(4))r histogram can provide quantitative
information on the equilibrium constant by a graphical analysis of
the peak of the dynamic population.

In the description of FRET-lines, the timescales of the dynamics
are not considered explicitly. For a dynamic system, the distribution
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FIG. 1. From structural states to fluorescence populations. Definitions in smFRET experiments of multi-state systems. Top row: A conformational state is defined as a
distinct structural state of a biomolecule, which may be found in dynamic exchange with other states or trapped in a static configuration. The dynamic behavior may be
controlled by a conformational switch in an associated domain that is not probed by FRET (black). Middle row: A fluorescence species is defined by the fluorescence
properties, such as the FRET efficiency, fluorescence lifetime, and fluorescence anisotropy, of the donor and acceptor dyes. All members of a fluorescent species have
identical fluorescence properties. Different conformational states may belong to the same fluorescent species if the structural change does not affect the properties of the
fluorescent probe. Different fluorescent species are often found to belong to a single conformational state, e.g., due to interactions of the fluorophore with the biomolecular
surface. Transient quenching or binding of the dyes to the surface would, for example, result in different fluorescent species that relate to the same conformational state
(see the supplementary material, Note 1, for details). The assignment of fluorescent species to conformational states is an interpretative step in the analysis and usually
requires prior structural knowledge. Bottom row: On the level of the experiment, one observes populations in the one- or two-dimensional histograms of the FRET efficiency
E against the donor fluorescence lifetime (zp(4y ). Populations are clusters of single-molecule events with identical observed fluorescence properties. A population may
represent a single fluorescence species or, in the case of fast exchange between different fluorescent species, may originate from a heterogeneous mixture of different
fluorescence species. Populations that fall on the static FRET-line (black diagonal line) represent a single fluorescence species, while shifted populations indicate dynamic
exchange. Heterogeneity within the population may be revealed by a sub-ensemble analysis, e.g., of the fluorescence decay. The populations surrounded by dashed lines
in the middle panel indicate the hypothetical position of the static populations of the two conformational states O!") and O® that mix within the dynamic population P{'?) for
the fast conformational exchange.
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of the state occupancies x” depends on the microscopic exchange
rates and the observation time.””"”” For the calculation of dynamic
FRET-lines in Paper I,”® we have instead considered all possi-
ble values for the state occupancy, x") € {0,1}. In other words,
we have replaced the true distribution of the state occupancies
by a uniform distribution with equal probability for all values of
P [p(x(l)) = const]. FRET-lines may, however, still be used to
address the timescale of dynamics qualitatively. In the absence of
dynamics, the two-dimensional histogram will reveal distinct static
populations as limiting species, which fall onto the static FRET-
line. In the case of fast exchange between distinct FRET species,
the conformational dynamics are averaged for every single-molecule
event, resulting in a single population representing the equilibrium.

“Fast” exchange relates to the timescale of diffusion (~1-5 ms) and
generally classifies processes on a timescale of 100 us and below.
This single peak will be shifted from the static FRET-line in the
two-dimensional histogram, as described before. The slow transition
between limiting species, such as the dynamics on the timescale of
diffusion or slower, leads to a broadening of the observed distribu-
tions; thus, the shape of the distribution depends on the timescale of
the dynamics.

To illustrate this effect, we performed simulations of a two-
state system with FRET efficiencies of 0.2 and 0.8 (Fig. 2). We set
the backward and forward rates equal (k2 = k1) and varied them
from 0.01 to 10 ms™', at a constant diffusion time tg = 1.5 ms.
When the rate constants are significantly slower than the inverse
diffusion time, 1/tgg = 0.67 ms~ !, the two subpopulations are
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FIG. 2. Simulated smFRET experiments for a two-state system exchanging at increasing exchange rates between states with FRET efficiencies of E4 = 0.2 and E; = 0.8.
Shown are the two-dimensional histograms of {tp ) )r vs E (a)~(d) and the difference between the first and second moments of the lifetime distribution, (1 - E)E. vs E
(€)~(h) for different timescales of conformational dynamics from slow (k1o = k¢ = 0.01 ms™") to fast exchange (k12 = ko1 = 10 ms™"). The population’s shape and location
indicate the dynamic timescale, while the dynamic FRET-line is independent of the rate constants and describes all timescales. The diffusion time in all simulations is

t g = 1.5 ms.

separated because molecules do rarely interconvert during the obser-
vation time [Figs. 2(a) and 2(e)]. With increasing rate constants, the
molecules are more likely to change their state during the obser-
vation time, resulting in single-molecule events with intermediate
FRET efficiencies [Figs. 2(b), 2(c), 2(f), and 2(g)], while complete
averaging is observed at fast exchange rates [Figs. 2(d) and 2(h)].
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However, the dynamic FRET-line describes all possible mixing ratios
between the involved species, regardless of the magnitude of the rate
constants, and applies to all cases.

In Paper I of this Tutorial series,” we defined the observed
deviation of a population perpendicular to the static FRET-line as
the dynamic shift [Fig. 3(a)]. Interestingly, the dynamic shift of

0.15
B ds dsmax
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\n
T
£ 0.10
<
[
L
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c
>
T
E®@ EM
0.00

00 02 04 06 08 1.0
FRET efficiency, E

FIG. 3. The dependence of the observed dynamic shift on the average FRET efficiency. (a) The dynamic FRET-line for a two-state system with FRET efficiencies E (") = 0.8
(red) and E®@ = 0.2 (blue) reaches a maximum dynamic shift, dsmax (cyan), as indicated by the arrow, at a FRET efficiency of E = 0.6, corresponding to a species fraction
of x( = 2/3. A smaller dynamic shift, ds,ys (magenta), is observed for the simulation with rate constants of ki, = ko1 = 10 ms~" [x() = 0.5, compare Fig. 2(d)]. The static
FRET-line is given in black, and the dynamic FRET-line is color-coded according to the species fraction x (). (b) The dependence of the dynamic shift on the average FRET

efficiency E for the two-state system shown in panel (a).
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the population for the simulated system with ki = k21 does not
reach its maximum possible value even for fast dynamics [ki2 = k21
=10 ms ™', Figs. 2(d) and 3(a)]. In the limiting case of fast dynamics,
the observed dynamic shift of the dynamically averaged population
depends on the FRET efficiencies (E and E@) and the species
fractions (x") and x?) of the two states (see the supplementary
material, Note 2):

x(l)(l _ x(l))
O (1-ED) + (1-x0)(1- ED)Y’
(1)

2
)= (59 50)

where x" is the species fractions of state 1. The dependence of

the observed dynamic shift on the average FRET efficiency of the
dynamic population, E, is illustrated in Fig. 3(b). The maximum
dynamic shift, dsmay, is given by (see Paper I, Fig. 4*°)

2
dsmax:iz(\/l—EU)f\/l—E(z)), )

kinetic rates:

TUTORIAL scitation.org/journalljcp

which is obtained at a species fraction x,%)x of

0 V1-E®)
Xmax = > (3)
1-EMW +V1-E®

corresponding to a value of P =2/3 in the given example.
The maximum dynamic shift defined by Eq. (2) thus serves as
a figure of merit to judge whether dynamics could be detected
in the experiment in the ideal case, while the observed value
of the dynamic shift also depends on the equilibrium constant
according to Eq. (1).

Beyond the qualitative assessment of dynamics by visual
inspection of the two-dimensional histogram, it is possible to extract
quantitative information about the dynamic equilibrium from the

two-dimensional histograms. The equilibrium species fractions x[(il)

and x[(iz) (i.e., the fraction of molecules in state 1 or 2) can be
determined from the average FRET efficiency for all single-molecule
events, (E)exp, by

kyy =1 ms™, k,, =3 ms”

A FRET efficiency distribution B State occupancy distribution

—— pseudo-static states
—— dynamic distribution

Mode of distribution: x{!)

F T =100 ms - |
0.04 [ kT = 400 I 0.10 | o
002} (Eop=085/1 0.05 | L C
- | - I\ 1 1.0
kT =
N - T T I T L T " I c
0.04 | T =10ms | 0.10 no S 0.8 400
| kT =40 | ©< — 40
1 i1 & .7
—0.02 | 0.05} S . |l— 8
w /\ S | g =06 ]
I'QI‘ _.T...zl....l..l.l....fi R i | :_;%04
= a = -
& 004} kT:B'"s | 57 0.10 F nol S5
0.02] : 0.05F I = % 0.2
I N | 1 w
3 T T LI [ T T 0.0 r T T T
T =025 @ = .
o4 O™ I ERE0BL gq0p o 0.0 02 04 06 0.8 1.0
3 I - II I M . - .
0.02 05k ode of distribution, x,
| EM=0.2 | 0.05 I i
0.00 —£N = 0.00 ro—

0.00 025 050 0.75 1.00 0.00
FRET Efficiency, E

——————— ;
0.25 0.50 0.75 1.00
Fraction of time spent in state 1, x"

FIG. 4. Extracting equilibrium fractions from the dynamic population for a two-state system. (a) Simulated FRET efficiency distributions for a two-state system with exchange
rates of ky; = 1 ms~' and ky, = 3ms~" and FRET states of E(") = 0.2 and E? = 0.8 at varying observation times T. The distribution is split into the pseudo-static contribution
of molecules that did not interconvert during the observation time (black) and the dynamic contribution of molecules that showed one or more transitions (red). The average
FRET efficiency (E)ex, = 0.65 is independent of the observation time and reflects the equilibrium between the two species. (b) The dynamic part of the distribution of the
occupancy of state 1, £(x(")), of the FRET efficiency histograms shown in (a). At shorter observation times, the mode of the distribution x deviates from the equilibrium

fraction x§1) = kukfkm = 0.75. The colored dashed vertical lines indicate the modal values x,(n” for the state occupancy distributions corresponding to the given integration

times (orange: 100 ms, green: 10 ms, purple: 2 ms, blue: 0.25 ms). (c) The relationship between the mode of the exchange distribution and the equilibrium fraction is found
to be approximately linear. This allows for a direct conversion of the measured modal value into the equilibrium fraction if the sum of the rates, k = ki, + ka1, is known.

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754
© Author(s) 2022

157, 031501-6

10°1%'80 G20 19qWIBAON 72


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0095754
https://www.scitation.org/doi/suppl/10.1063/5.0095754

The Journal
of Chemical Physics

_ (B)eg —E®)

MO ki
- EL) —E@)

d ka1 + kia -

x((jz) =1- x‘gl), (4)
where E®) and E® are the FRET efficiencies of the limiting
species. From the species fractions, the equilibrium constant can be
calculated, which relates to the kinetic rates by

O

K="d =22
FOR

(5)

While for purely dynamic systems (E)eyp is readily calculated from
the experimental dataset, the presence of additional static species
will result in incorrect values for the species fractions. In the case
of a mixture of dynamic and static molecules, it would be advanta-
geous if the equilibrium fraction could be obtained from the position
of the dynamic population alone, which is most easily defined by
its peak value or mode. For fast exchange, the mode of the popula-
tion in the two-dimensional histogram directly corresponds to the
average FRET efficiency (E)exp. If the timescale of kinetics becomes
comparable to the diffusion time, the mode of the dynamic distri-
bution deviates from the actual value of the species fraction x'. To
study this effect, we consider the distribution of FRET efficiencies
for a dynamic system explicitly. The average FRET efficiency within
a single-molecule event, E, depends on the fraction of time spent in
the different states, equivalent to the species fractions x”:

E=xWEWD +(1—x(1))E(2). (6)

Here, AW is the species fraction of state 1 in a single-molecule event,
which is different from the equilibrium species fraction xgl) dis-
cussed before. If we know the state occupancy distribution of x?,

P(x(l) ), we can calculate the distribution of FRET efficiencies P(E).

In general, P(x(l)) takes a complex mathematical form (a complete
derivation is given in the supplementary material, Note 3), but it can
be simplified to the sum of three terms:

P(x(l)) = 7k12 e_k“T(?(l —x(l))

- ki + kn
kat kot (1) )
+ me 8(x ) +¢& (x ) 7)

Here, the first and the second terms describe the probabil-
ity that the molecule was in state 1 or 2 at the beginning of the
observation time T and did not interconvert (pseudo-static states).

Moreover, the term &1, (x(l)) describes the dynamic part of the dis-
tribution of x(l), such as in the case that molecules switched between

the states at least once during its observation time. This term is given
bYH‘ 39-41

fa(V) =

klZ kZl

e (klzx(z) +k21x(1) )T

X [ZIo(ZT k21k12x(1)x(2))

X(l)ku + X(z)k21
4+ — -

\/ k21k12x(1)x(2)

Il(ZT k21k12x(1)x(2))], (8)
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where ¥ =1 - x( and Iy and I; are the modified Bessel func-

tions of the first kind of order zero and one, respectively. For fast
exchange (or long observation times), the pseudo-static terms van-
ish while only the dynamic term remains. On the other hand, for
slow dynamics, the static terms tend to the equilibrium fractions of
the two states, while the dynamic term vanishes.

Theoretical FRET efficiency distributions for a two-state
dynamic system are given in Fig. 4(a) for rate constants o
ka1 = 1 ms™" and ki» = 3 ms™" at different observation times T. For
short observation times (T = 0.25 ms), only the pseudo-static peaks
remain, while complete averaging is observed for long observation
times (T = 100 ms). The average FRET efficiency (E)exp of 0.65
relates to the equilibrium species fractions by Eq. (4). Considering
the case that additional static species contribute to the average FRET
efficiency, we would like to infer the equilibrium species fraction
only from the dynamic part of the distribution & (x(")) [Fig. 4(b)].
The property of flz(x(l)) that is most easily inferred from the two-

dimensional histograms is its maximum or peak (compare Fig. 2).
For an observation time T = 100 ms, the modal value x,(nl) corre-

sponds to the equilibrium fraction of state 1, M =0.75 [Fig. 4(b),
top]. However, as the observation time decreases, x,(n1 ) deviates from
the equilibrium fraction to the point where the modal value coin-
cides with the pseudo-static population =1, Fig. 4(b) bottom].
Fortunately, the relationship between the actual equilibrium frac-
tion of state 1, xsl), and the modal value of the distribution, x{.”,
is approximately linear, enabling a simple conversion between the
two quantities by [Fig. 4(c) and the supplementary material, Note 3]

X m xfgh + (1= 25500, ©)

where x‘(ilh)m is the limiting equilibrium fraction at x,, = 0 [i.e., the
ordinate intercept in Fig. 4(c)] that depends only on the aver-
age number of transitions during the observation time given by

(k21+k12)T:
X -1
(1) 3 kT 10(7)
x50 (kT)y =1+ —[1+ , (10)
e =3(1- 55
where k = ko + ki2.
(1)

2
The modal value of the species fraction, x;,”, can be obtained
from the modal value of the FRET efficiency distribution, E,
obtained by graphical analysis if the FRET efficiencies of the limiting
states are known:

y _ En-E®

xn) = i (11)
If the sum of rates k is known from FCS analysis or other meth-
ods, the equilibrium fraction and the equilibrium constant can be
determined from Egs. (9) and (10), which allows determining the
microscopic rate constants quantitatively using the equilibrium
information obtained from the graphical analysis of the two-
dimensional histograms. While the approach in principle requires
observation time windows of identical length T, it may, as an
approximation, be set to the diffusion time for datasets of single-
molecule events of freely diffusing molecules.
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IV. GLOBAL ANALYSIS OF MULTI-STATE DYNAMICS
A. Analytical description of FCS curves

Fluorescence correlation spectroscopy (FCS) relies on the fluc-
tuations of recorded signals to characterize molecular interactions,
such as binding and unbinding, chemical kinetics, and diffu-
sion of fluorescent molecules.'”'~** Importantly, when combined
with FRET, FCS enables a quantitative analysis of conformational
dynamics.””*" " Typically, the fluorescence signals are collected
over specific spectral detection windows. Here, we refer to the cor-
relation analysis of the fluorescence intensities of a donor and an
acceptor fluorophore (monitored in two detection channels com-
monly named “green” and “red”) as color-FCS. We avoid the con-
ventional abbreviation FRET-FCS to differentiate it from the related
method of filtered-FCS (fFCS), which relies on FRET to distinguish
different species but does not explicitly use color channels. Analyt-
ical models for color-FCS are usually limited to kinetic networks
involving two states due to the increased number of parameters
of multi-state systems and the limited experimental information
available.” Advanced correlation methods take advantage of the life-
time information available with pulsed laser excitation, allowing one
to interrogate biomolecular dynamics by two-dimensional maps of

J x(l) *(k21 +k31)
i @ = ka1
x(3) Ky

The rate constants k;; describe the rates of transition from state
j to state i. In general, this is expressed in matrix notation as

dx
— =Kx, 12
dt * (12)

where K is the transition rate matrix and x is the vector of the total
fractions of the species. In the following, we denote the fraction

of static molecules by x? and the fraction of dynamic molecules

by xlgi). Both fractions are normalized to one, i.e., Zixs(i) =1 and
Zix‘(;) = 1. Hence, the total fraction of a species x”

() and x, weighted by the total fraction of

is given by the
sum of the fractions x;
dynamic molecules p, as

x=paxg+ (1= pa)xs (13)

where x; and x;, are the vectors of the fractions of the dynamic
and the static states, respectively, and p,; describes the fraction of
molecules that participate in dynamic exchange.

The correlation function, G, is modeled based on the set of
reaction rate constants, fluorescence properties, and the population
of the static states. The general definition of the correlation function
between two time-dependent signals S,(¢) and S, (¢) is given by

(Sa(£)Sp(t+1c))

Gab (1) = T8, () (82 7 )

(14)

- (k12 + k32)
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3,26,49,50

fluorescence decays'”** or filtered correlation algorithms."
By using an additional dimension of the collected data, these meth-
ods offer the potential to interrogate more complex kinetic networks.
Quantitative analysis of FCS experiments requires a set of model-
specific analytic functions that describe the time evolution of the
correlations. Often, smFRET and FCS experiments are used to study
unimolecular reactions, wherein a biomolecule switches between
different conformational states during the observation time. These
dynamic molecules may be found together with molecules that
are stable on the timescale of seconds to minutes and are, thus,
considered as static in the single-molecule experiment.

In our model, we, thus, consider the coexistence of static and
dynamic molecules with identical properties of the respective con-
formational states (Fig. 1). Dynamic molecules may change between
different conformational states during the observation time, result-
ing in variations of the fluorescence properties, such as the FRET
efficiency and donor fluorescence lifetime, while these properties
remain constant for static molecules. For unimolecular reactions, the
time evolution of the different states is described by a system of lin-
ear differential equations, which for a system with three dynamic
states is given by

k12 ki3 £
ka3 x®
3)

ks> —(ki3 + k23) x

where (- - -) denotes the time average over a long measurement. In
the following, we assume that the signal fluctuations due to the dif-
fusion of molecules and the conformational dynamics arise from
independent sources (i.e., they are statistically independent), which
is generally fulfilled for experimental systems. The contributions
of diffusion and dynamics can, thus, be treated separately, and the
correlation function G, (t.) is given in terms of the product:

1
Gap(te) = NGdiff(tc)Gk,ah(tc) +1, (15)

where t. is the correlation time, N is the average number of
molecules in the observation volume, and the factor Gy (t.)
describes the kinetic exchange and Ggg(t:) the diffusion of the
molecules. For a 3D Gaussian detection profile, the factor G (#c)

is given by
t\"! 24 -1/2
Gdiff(tc):(l+7) (1+(@) ) s (16)
taiee z0 / taiee

where t4i is the diffusion time. The parameters wy and z are the
width of the focal and the axial plane of the detection volume,
respectively, where the intensity decays to 1/e* of the maximum
value.

The kinetic factor G4, (%) depends on the correlation matrix
G(#) that describes the time evolution of the fluctuations of the
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species populations and on the signals S, and S, of the observed
signal of the different species (given as column vectors). Then, the
kinetic part of correlation can be expressed in the matrix notation as

$."G(1.)S,

— 17
5.5, 17)

Grap(tc) =

where S = (§-x) = =1, SOx( is the average of signal § over the
species fractions x, which corresponds to the time average of the sig-
nals under the assumption that the system is ergodic. In color-FCS,
the vectors S, and S, correspond to the green and red signal inten-
sities S¢ and Sg. In fFCS, S, and S, are the fractional fluorescence
intensities of the species, obtained by weighting the signal based on
the fluorescence decay using the filter functions for each species a
and b, respectively.

The general solution for the correlation matrix G(t;) of the
kinetic network in the presence of static states is given by

K¢,

G(t:) =pae “Xyg+ (1-ps)Xs, (18)

where ¥ describes the time evolution of the system and X, and
X, are the diagonal matrices of the dynamic fractions x; and
static fractions x;, respectively (for details, see the supplementary
material, Note 4). The matrix exponential X can be solved using
the eigenvalue decomposition (EVD) of the transition rate matrix,

n— ) n— (0]
K=Y TN = &= 5 ipWe (19)

where T are the eigen-matrices and A the eigenvalues of K, which
relate to the measured FCS relaxation times tg) by

A0 = _1760, (20)

Equation (18) can, then, be expanded into a sum of exponential
terms and substituted into Eq. (17) to obtain the following general
expression for the kinetic correlation function in the presence of
static states:

n—1
Gk,ab(tf) =1+ Aig) + ZAilb)e)\(l)tl,
=1
0 ij i j i j
AD = 5D (0D — a2, o1
i<j

1 ij 1
AQ =Y 006 =11 n-1k

i<j
where the matrix elements Gi(jl) are given by

Gi(jl) =pa [T(Z)Xd] ) (22)
ij

and the factors 8;3 ) describe the contrast between the species i and j
and are given by

(=) (-5

(i
o -
Sa Sp

(23)

For details on the derivations, see the supplementary material,
Note 4.

TUTORIAL scitation.org/journalljcp

To obtain the correlation functions, we need to define the cor-
related signal vectors S, and §,. In color-FCS, these signals are
the detected “green” (donor) and “red” (acceptor) signal intensities
S and Sg:

84,8, = ‘IG:QO(l_E)’ (24)
4z = Q(yE + a(1 - E)),

where E is a vector whose elements correspond to the FRET effi-
ciencies of the fluorescence species, Q, is the molecular brightness
of the donor in the absence of FRET, « is the crosstalk from the
donor fluorophore into the red detection channel. y is a combined
correction parameter relating the donor and acceptor fluorescence
quantum yield and the detection efficiencies of the green and red
channels.” ™ For simplicity, we assume that the crosstalk « of the
donor fluorescence into the red detection channel of the acceptor is
zero, that the y-factor is one, and that there is no background signal.
In the expressions of the normalized correlation function, the scaling
factor Q, cancels out. For the simplest case of a two-state dynamic
system in the presence of static states, we then obtain the general
expression for the kinetic correlation function,

Gk,ab(tc) =1+ 8{5;2) (x(l)(l 7x(1))

+ paxV(1- xgl))(e‘("“”‘“)“ - 1)) (25)

where the pre-factor 8;;2) depends on the channels that are
correlated,

(E(l) _E(Z))Z/(l _E)Z) ab = GG,
a0 (E<1> _E(z))z/Ez) ab - RR, (26)
(B -EP)J(B(1-E)), ab=RG,GR

where the average FRET efficiency E is given by the average over the
total species fractions x. The complete derivation of the analyti-
cal form of the correlation function for two- and three-state systems
is outlined in the supplementary material, Note 4. Corresponding
expressions had previously been obtained for two-state dynamic
systems in the presence of a third static state.””

1. Ambiguities in color-FCS

Before applying the formalism derived in Sec. IV A for
the quantitative analysis of the simulated datasets, we emphasize
why the combination of FCS and TCSPC is needed. Color-FCS
(or FRET-FCS) analysis is generally underdetermined as there are
more model parameters than experimentally accessible parameters.
Thus, it is required that the FRET efficiency of at least one of the two
states is known, but better results are obtained if both FRET efficien-
cies are constrained.'’ The origin of this ambiguity is outlined in the
following.

For a purely dynamic two-state system, i.e., in the absence of
static molecules, the expression for the correlation function given in
Eq. (25) simplifies to

Grap(te) = 1+9QPx(D (1 - () hathon)tc (27)
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In an experiment, we measure two autocorrelation functions
(GG and RR) and two cross correlation functions (GR and RG). The
cross correlation functions contain identical information, and the
time constant of the exponential term is shared between all corre-
lation functions. Thus, we determine three correlation amplitudes,
82;2)x21)(1 —xl(il)), and the decay rate of the exponential term,
kiz + ka1. As is evident from Eq. (26), however, the cross correlation
amplitude relates to the autocorrelation amplitudes by

o = oD, @)

and it contains no independent information. The system is, thus,
underdetermined, as we have access to only three experimental
observables compared to the four parameters of the model (EY, E?,
k12, and kz1). The ambiguity between the model parameters takes a
complex form and is illustrated in the supplementary material, Note
5. This ambiguity is resolved if the FRET efficiencies of the states are
known from single-molecule FRET efficiency histograms or fluores-
cence decay analysis. In the following, we explore the combination of
FCS with TCSPC to restrain the FRET efficiencies of the states using
the information provided by the fluorescence decays, which enables
quantitative analysis of the kinetics by FCS.

2. Joint analysis of fluorescence decays and FCS

To unambiguously resolve all contributing states and their
exchange rates, we combine the information provided by FCS and
TCSPC and optimize all model parameters globally. While FCS is
sensitive to the relaxation rate constants, TCSPC informs the FRET
efficiencies and the total species fractions. Thus, the two methods
provide orthogonal information that defines the FRET efficiencies
of the states and the transition rate matrix. The global analysis is
also expected to stabilize the optimization algorithm and reduce the
uncertainty of the model parameters.

The donor fluorescence decay of the FRET sample f(Dll)g )(t)
depends on the FRET efficiencies of the species and the associated
total species fractions x¥. We assume that the time scale of fluores-
cence and the time scale of dynamics are decoupled. In other words,
the fluorescence lifetime is much shorter than the relaxation time
of the kinetic processes. Therefore, the fluorescence decay of the
ensemble of molecules can be described by the total fractions of the
FRET species x”) and their FRET efficiencies E?:

(DA)(t) =54 ex (—7t )
= p R >
fD|D Z TD(o)(l _ E(‘))
where
PO (1 —pd)xs(i) +pdx§li). (29)

To optimize the model parameters, we define a global goodness-of-
fit function, Xélobal’ as the sum of the squared weighted deviations for

TCSPC, x3cspe> and FCS, yics,

2
o (0 = iy ()

2 2 2
Xglobal = X7cspe + XFCs = Z

7 orcsec(t)
GP () — Gap(te) )’
* azl;;( orcs(tc) ) - G0
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Here, the weighting factors, orcspc and orcs, account for the
nonuniform measurement uncertainty in the data. For TCSPC, the
weighting factor is estimated based on the experimental counts
under the assumption of Poissonian counting statistics as orcspc ()

_ (DA),exp.
= fD\D b

recorded data as described in Kask ef al.”* Overall, one experimental
fluorescence decay fgl)DA ) (t) and four correlation curves [Ggg(t.),

Gar(tc), Grg(tc), and Grr(t.)] contribute to nglobal-

(t). For FCS, the weights are estimated based on the

B. Analysis of simulations
1. Analysis of three-state kinetic networks

To test the global analysis framework for the analysis of multi-
state systems, we simulated a series of experiments. We consider a
heterogeneous mixture of various static and dynamic FRET species
(Fig. 5 and supplementary material, Tables 2 and 3).

No linker dynamics were included in the simulations. First,
we consider four distinct static species with low, medium, and high
FRET efficiency [LF, MF, MF ' and HF species, respectively, Fig. 5(a)
and supplementary material, Fig. 9]. As expected, the four popula-
tions in the two-dimensional histograms lie on the static FRET-line,
and no indication for conformational dynamics is seen. As defined
in Fig. 1, we then simulated heterogeneous mixtures of three static
FRET species with additional two dynamic FRET species in dynamic
exchange [Figs. 5(b) and 5(c)]. The kinetic rates were chosen such
that the resulting dynamic population has an average FRET effi-
ciency identical to that of the MF’ population in the static mix-
ture, resulting in almost indistinguishable one-dimensional FRET
efficiency histograms for the three simulations. By overlaying the
dynamic FRET-lines connecting the static species, the interconvert-
ing species of the dynamic population can be assigned (solid lines).
Dynamic FRET-lines of species that are not in dynamic exchange do
not intersect with the dynamic population (dashed lines). Moreover,
as the dynamic populations are positioned directly on the limiting
binary dynamic FRET-lines, we can exclude the possibility of ternary
exchange between all three species, which would instead result in a
population positioned within the area defined by the three limiting
lines (compare Secs. 3.F and 3.G of Paper I°*). The graphical analy-
sis by FRET-lines, thus, provides a simple approach to determine the
kinetic connectivity of the network. For the moment representation
(Fig. 5, bottom), dynamic FRET-lines can be drawn as simple lines.
While the equilibrium constant may be extracted from the plots
given the fast dynamics in these examples (as described in Sec. I1I),
additional information is required to quantify the exchange rates of
the kinetic network.

In the following, we apply the global analysis of FCS and
TCSPC to the simulated datasets shown in Fig. 5. For the simula-
tion of four static species [Fig. 5(a)], the absence of conformational
dynamics is confirmed by the absence of a kinetic contribution in
the FCS curves (supplementary material, Fig. 9). For the simulations
with dynamics between two species [Figs. 5(b) and 5(c)], static and
dynamic species are indistinguishable in analyzing the fluorescence
decays, which are well described by a three-state model [Figs. 6(a)
and 6(¢)].

The green/red cross correlation curves show a pronounced
anti-correlation, which reveals conformational dynamics [Figs. 6(b)
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A) Simulation 1

B) Simulation 2
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C) Simulation 3

static MF = LF

HF = LF

N
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(tpayr [ns]
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(1-E)E;
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FRET efficiency, E
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FRET efficiency, E

FIG. 5. Simulations of heterogeneous mixtures of static and dynamic molecules. Three different simulations were performed and are displayed in the (E, (tp(ay )r) (top)
and moment representations (bottom). (a) Simulation 1: A mixture of four static FRET species with high (HF), medium (MF; MF’), and low (LF) FRET efficiency, resulting
in a 1D FRET efficiency histogram with four distinct peaks. (b) Simulation 2: A mixture of three static species and one dynamic FRET population fluctuating between MF
and LF species with exchange rate constants kyr—.r = kir—ur = 5 ms~". This exchange results in a heterogeneous dynamic population (dynF) with an average FRET
efficiency equal to that of the MF’ species of simulation 1. (c) Simulation 3: A mixture of three static species and one dynamic FRET population fluctuating between an HF
and an LF species. The exchange rate constants are kye_,.r = 6.3 ms~" and ks = 3.7 ms™". The black line corresponds to a static FRET-line. The magenta and blue
lines correspond to dynamic FRET-lines describing HF/LF and MF/LF mixtures. Solid lines indicate the simulated exchange, while dashed lines correspond to the kinetic
transition that was not considered in the simulation. The set of simulation parameters is given in the supplementary material, Tables 2 and 3.

and 6(d)]. In the analysis of the correlation curves, a single relaxation
time of ~100 ys is sufficient to describe the data in both cases. This
implies that only two of the three species are in dynamic exchange,
consistent with the graphical analysis performed by FRET-lines.
We, thus, consider three possible kinetic schemes that differ in the
assignment of the purely static species:

MF,HF = LF,
HF,MF=LF, (31)
LF,HF = MFE.

In this notation, MF, HF = LF refers to the scheme where the HF
and the LF species are exchanging, and the MF species is purely
static.

To distinguish among the possible kinetic schemes in Eq. (31)
and to quantify the microscopic parameters, we use the global anal-
ysis of FCS and TCSPC. In total, there are nine model parameters:
three FRET efficiencies E” for the FRET species HF, MF, and LF;
two exchange rate constants k; to describe the exchange among
the two dynamic species; two independent fractions x D of the
static species (the third is determined by the other two); and the

probability that a molecule is in a dynamic state p,. These micro-
scopic parameters define the experimental observables, such as the
slope of the fluorescence decays or the amplitudes and relaxation
timescales of the FCS curves. The fluorescence decays are fully
described by the FRET efficiencies E” and total species fractions
x? [see Eq. (29)], while the relation between the microscopic para-
meters and the amplitudes of the FCS curves is more complex. In
the description of the FCS model function, we had split the con-
tributions of the FRET efficiencies of the different states from the
quantities that depend only on the parameters of the kinetic network
[see Eq. (25)]. The relaxation time of the kinetic amplitude is given
by the inverse of the sum of the exchange rates, tg = (k12 + k21)71.
The amplitudes of the auto- and cross correlation curves depend
mainly on the total species fractions and FRET efficiencies, which are
determined from the information provided by TCSPC. As described
in detail in the supplementary material, Note 6, the only new infor-
mation obtained from the amplitudes of the FCS curves is the
relative amplitude of the kinetic term, i.e., the pre-exponential fac-
tor in Eq. (25) given by pdxl(il)xl(iz). Thus, only seven parameters are
available from the experiment: the FRET efficiencies and static frac-
tions obtained from TCSPC and the sum of the rates and the product
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FIG. 6. Global analysis of simulation 2 (a) and (b) and 3 (c) and (d). (a) and (c) Ensemble fluorescence decays of the donor fluorophore (left) and recovered FRET efficiency
components (right). (b) and (d) Color-FCS autocorrelation and cross correlation functions reveal a single relaxation time {1 = 100 us for both simulations. The kinetics
are superimposed on the diffusion term of the correlation function with a diffusion time ty = 5 ms. Weighted residuals (w.res.) of the fits are given above. The simulation

parameters are given in the supplementary material, Tables 1 and 2.

pax dl) ) from the FCS curves. The system is, hence, inherently
underdetermlned and ambiguity is expected between the fraction
of dynamic molecules p,; and the exchange rates k; that define the
dynamic fractions x,,

pdx<l)x( ) <><pdk12k21 :pdklz(lﬁl *k12). (32)

2. Resolving complex kinetic networks
using the global analysis framework

To test this prediction, we sampled the probability distribu-
tion of the parameters for the possible kinetic networks given in
Eq. (31) using a Markov chain Monte Carlo (MCMC) approach. The
resulting distributions are shown as two-dimensional contour plots
in Fig. 7(a). Indeed, the experimentally accessible parameters show
defined, narrow distributions due to the high signal-to-noise ratio of
the simulated data.

However, the distributions of the microscopic parameters
exhibit the expected ambiguity [Fig. 7(b)], which arises because only
the product pdx( ) ( ) can be quantified. Additionally, a second
ambiguity arises between the different realizations of the kinetic net-
work in Eq. (31). By considering the permutations of the kinetic
scheme, different assignments of the FRET efficiencies to the static

and dynamic species can result in identical FCS amplitudes, split-
ting the solution space into two branches (see the supplementary
material, Note 6). For the given example of simulation 2, two com-
peting solutions exist between the schemes LF = MF, HF, and
LF = HF, MF [colored blue and red in Fig. 7(b)]. In contrast, the
third permutation results in nonphysical solutions for the micro-
scopic parameters. These two solutions are indistinguishable in the
analysis framework, as is evident from the identical reduced Xglobal
[Fig. 7(b)]. The observed ambiguities can be described analytically
based on the analytical model functions if the actual parameters are
known. The resulting relation between the parameters p, and k2
is shown in Fig. 7(c) and described in detail in the supplementary
material, Note 6.

The question remains how these ambiguities can be resolved.
To decide between the two branches corresponding to the differ-
ent state assignments, FRET-lines provide the required information
by identifying the kinetic connectivity of thenetwork. From the
dynamic FRET-lines, we had identified LF = MF, HF as the true
solution [Figs. 5(b) and 7(d)], allowing us to eliminate the compet-
ing solution LF = HF, MF. To resolve the ambiguity arising from the
presence of purely static states [Eq. (32)], it is required to determine
either the total fraction of dynamic molecules p, or the rate constant
k1> [see dashed lines in Fig. 7(c)]. For fast dynamics, p 4 is directly

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754
© Author(s) 2022

157, 031501-12

10°17:80 GZ0Z JOGUWIBAON ¥


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0095754
https://www.scitation.org/doi/suppl/10.1063/5.0095754
https://www.scitation.org/doi/suppl/10.1063/5.0095754
https://www.scitation.org/doi/suppl/10.1063/5.0095754
https://www.scitation.org/doi/suppl/10.1063/5.0095754

The Journal

of Chemical Physics TUTORIAL scitation.org/journalljcp

0.42 E.(HF) . . E.(MF) . . E.(LF) . . X(LF)‘ lpdxg)xff)l k1.2+k21. [ms.-1] sze"'
T 0.40- + 1 1 1 1 4
g ST L T T TN T e e
0.38 T
0.‘84 0.;35 0.;36 0.|64 0.‘65 0.&56 0.b9 0.‘10 0.I11 0.I39 0.;11 0.69 0.I10 0.I11 9:8 10|.0 16.2 1.60 1.65
B B, L EWM BV WD 4D kelms] | i
7 i i = i ‘ \./ \/ [ ] =
o 044 — S -4 - __ . __ B -t - A --47F
\, c
- o
" 1 | 1 3 KNS 1 \./\_/ -
0.84 0.85 0.86 064 0.65 066 009 010 011 01 0.2 0.1 0.2 03 4 6 8 1.002 1.008 1.014
c @ true solution LF« MF, HF D — 7T 77—
@ false solution LF<> HF, MF HF MF LF
1.0 . P . r . D .
0.3 ——y X
o
w 0.2
W
st
0.1
x4 = blc = 0.5
I 0.0 xMP) = ajc=0.5
0.0 — : ' ' L L
0 2 4 6 8 10 0.0 0.2 0.4 0.6 0.8 1.0
ki, [ms™] FRET effciency, E
E 4
@ 7] = 1
® o “!i o qu I'l-\JI,.I"Ir..nwanI’_J-.m ..J‘l o TW=2ms 4.61ms
4] "1" l.l‘-I v ! 1 x,ed-oss k21—469ms1 .
Expenmental data — Total fit Model W|thout shot nolse
1200 -0.3
1 LF LF-MF MF HF . - e -
o ] U X0 X
2 900 0.195 0395 0202 0.208
‘s ] =] 0.2
g 600 7
1 »
£ G "
] ] 0.1
< 300
0- ' , 100
0.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
FRET efficiency, E FRET efficiency, E

FIG. 7. Global analysis of simulation 2. (a) Pairwise distributions of the independent experimental parameters for the total fraction of molecules in the medium-FRET species
xMF) determined by Markov chain Monte Carlo sampling. The parameters show narrow distributions centered at the ideal values due to the ideal signal-to-noise ratio in the
simulations. (b) Pairwise distributions of the microscopic model parameters and x, for the total fraction of dynamic molecules py. Due to the ambiguity of the experimental

parameters, two different kinetic schemes (blue: LF = MF, red: LF = HF) are consistent with the data as indicated by the identical X, (right). Each of these two kinetic
schemes is additionally consistent with a range of model parameters. If the correct kinetic scheme (blue: LF = MF) and the total fraction of dynamic molecules are known,
the unique solution can be identified (gray dashed line). (c) Ambiguities arising in the global analysis. The first ambiguity arises from the fact that the system is inherently
underdetermined, preventing both py and k4, to be resolved at the same time (dashed lines). Additionally, due to the ambiguity of the FCS amplitudes, different kinetic
schemes can be compatible with the data, resulting in two branches of the solution space in the given case (red: false solution, blue: true solution). (d) A graphical analysis by
FRET-lines resolves the connectivity within the kinetic network. The position of the dynamic population on the dynamic FRET-line between the species LF and MF shows that
the kinetics occur between the LF and MF species, while the HF species is static [blue line in (c)]. The dynamic FRET-line for the competing solution [red line (c)] is shown as
ared dashed line. To resolve the ambiguity between the parameters py and k1, in the general case of ki, # ka1, it is additionally required to determine the dynamic species

fractions x; D In the case of fast dynamics as given here, this parameter can be estimated from the position of the dynamic population along the dynamic FRET-lines. The
quantities a, b, and c represent the length of the vectors connecting the LF species and the dynamic population (orange), the MF species and the dynamic population (green),
and the LF and MF species (blue), respectively. For slower dynamics, the mode of the population deviates from the true mean, and the procedure described in Sec. |/l should
be applied. (e) A dynamic photon distribution analysis (PDA) of the simulated data identifies static and dynamic species and quantifies the exchange rates (green: LF, orange:
MF, dark red: HF, blue: dynamic population from LF = MF exchange). A global analysis of the FRET efficiency histograms obtained for time windows (TW) of 1-3 ms was
performed to improve the sensitivity of the analysis to dynamics® (see the supplementary material, Fig. 10). The displayed FRET efficiency histogram (gray) corresponds to
a time window of 2 ms. The estimated fractions of the static and dynamic species are shown on the right.
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accessible from the two-dimensional histograms as the fraction of
molecules in the dynamic population that deviates from the static
FRET-line. However, this approach does not apply to slower dynam-
ics due to pseudo-static species on the static FRET-line. In this case,
a photon distribution analysis can be applied to recover p,, which
will be discussed below.

In the given example, the knowledge of p, resolves the ambi-
guity because the exchange rates were chosen equal (kiz = ki
=5 ms™!). However, an ambiguity remains for the general case
of ki # ka1 regarding the assignment of the exchange rates to
the dynamic species (see the supplementary material, Note 6, for
details). Knowledge of the rate ki, (or k21) resolves the ambiguity in
the analysis in all cases. To define the rate k15, it is sufficient to know

the FCS relaxation time tr and the dynamic fraction x((il). As we have
shown in Sec. 111, this information may be obtained from the mode
of the dynamic distribution for intermediate to fast dynamics. For
the fast dynamics of the system discussed here, one may also estimate

the dynamic fraction xlgl) directly from a graphical analysis in the
moment representation from the position of the dynamic popula-
tion along the dynamic FRET-line connecting the LF and MF species
[Fig. 7(d)]. The dynamic population is positioned at the center of the
line, and the resulting dynamic fractions are xb(iLF) = xl(iMF) =0.5.

The fraction of dynamic molecules p, may also be obtained
from a detailed analysis of the FRET efficiency histogram by a
dynamic photon distribution analysis (PDA) using a combination
of static and dynamic populations [Fig. 7(e) and supplementary
material, Fig. 10].° The analysis yields the correct fraction of
dynamic molecules of p, = 0.395. If the correct model (LF = MF)
is known a priori, PDA also recovers exchange rates that are close to
the ground truth (KPPA = 4.61 ms™!, kEPA = 4.69 ms™!). While PDA
clearly rules out a static model [supplementary material, Fig. 11(a)],
it should be noted that, in the given case, PDA cannot distinguish LF
= MF from LF = HF exchange [supplementary material, Fig. 11(b)].
A PDA with the wrong model (LF = HF) achieves a similar fit qual-
ity and yields an exchange rate constant of KEPA = 10.0 ms™!, K5PA
=6.08 ms™* (supplementary material, Table 4). Interestingly, even
though the wrong model was used, PDA correctly quantified the
fraction of dynamic molecules as p, = 0.397. The ambiguity between
the two models can be resolved as before by inferring the correct
connectivity from the two-dimensional histograms using FRET-
lines [Fig. 7(d)]. Note that the reason why the LF = HF model
achieves a similar fit quality compared to the correct LF = MF is
that the exchange is fast compared to integration time, resulting in
almost complete averaging even during the shorted time window
of 1 ms. The single dynamically averaged population can then be
approximated by fast mixing between the LF species and either the
MF or HF species, and the rates are adjusted accordingly to match
the observed average FRET efficiency of the dynamic population. In
contrast, a model assuming exchange between MF and HF species
is incapable of describing the data in PDA (data not shown). The
observed ambiguity in PDA would not occur in the case of slower
exchange rates.

a. Applicability and limitations of the presented approach. In
summary, we have demonstrated that, even for simple two-state
kinetic networks in the presence of a background of static molecules,
a global analysis of TCSPC and FCS provides ambiguous solutions.
These ambiguities can partially be resolved using FRET-lines to

TUTORIAL scitation.org/journalljcp

eliminate models that are incompatible with the data. Addition-
ally, it is required to know either the total fraction of dynamic
molecules p, or the equilibrium constant of the dynamic process to
fully determine the microscopic parameters.

So far, we have applied the global analysis workflow to simu-
lated data only. The presented simulations present ideal scenarios
with well-separated species and dynamic relaxation times that do
not overlap with the timescale of diffusion. Arguably, the most
challenging experimental situation would be given by the exis-
tence of degenerate species, i.e., conformational states with identical
FRET efficiency but different exchange rates (e.g., pseudo-static and
dynamic states in Fig. 1), which would be indistinguishable in the
TCSPC analysis. However, when the exchange rates differ substan-
tially, degenerate states would still be detectable from their kinetic
features, i.e., the number of relaxation times in the FCS curves.
Hence, while the accuracy of the analysis would be reduced, the
combination of structural and kinetic information in the global anal-
ysis workflow should still allow for a quantitative analysis even in
this challenging case. For the case that the relaxation times overlap
with the timescale of diffusion, the global analysis of the auto-
and cross correlation functions should still provide a clear identi-
fication of the contribution of conformational dynamics from the
distinct anti-correlated signature in the donor—acceptor cross corre-
lation function. For clarity, we have also assumed ideal experimental
conditions in this work with respect to high counting statistics for
the number of detected molecules and the number of photons per
single-molecule event. As a result, the reported uncertainties for
the inferred model parameters are exceptionally low [Fig. 7(a)], and
higher uncertainties are expected for real experiments where gener-
ally a lower number of bursts (<10*) and photons per burst (~100)
are available. Furthermore, while we did not consider the effect of
background signal and other experimental imperfections such as
spectral crosstalk of the donor into the acceptor detection channel
or direct excitation of the acceptor by the donor excitation laser,
corrections for these experimental complications are easily applied
using established protocols for intensity-based>® or time-resolved'®
experiments. Additional experimental complications derive from
the photophysics of the dyes due to photobleaching and blinking
(e.g., due to the population of triplet or radical-ion dark states). Since
these phenomena affect the brightness of the fluorophores, they will
contribute to the FCS curves and distort the species fractions esti-
mated from the TCPSC analysis. In this case, careful controls are
necessary to ensure that the detected dynamics are biologically rel-
evant (reviewed in detail in Ref. 1). To limit the complications due
to photobleaching and slow blinking, we recommend a strict burst
selection using established criteria. ""° For TCSPC and color-
FCS, a sub-ensemble analysis is advised to limit the detrimental
contribution of donor-only signal.' >’

3. Resolving complex kinetic networks by filtered-FCS

In Sec. IV B 2, we showed how binary kinetic exchange in the
presence of a background of static molecules could be resolved by
integrative analysis of fluorescence decays, FCS curves, and FRET-
lines. To provide more challenging test cases, we performed a series
of simulations with an exchange between three species in a linear
reaction scheme. We compare binary exchange HF = LF Fig. 8(a)
possible kinetic schemes with three dynamic species: MF = HF
= LF, HF = MF = LF, and MF = LF = HF [Figs. 8(b)-8(d)].
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FIG. 8. Simulations of heterogeneous mixtures of static and dynamic molecules involving three-state kinetic networks. Four different simulations were performed and are
displayed in the (E, (zp(ay )F) (top) and moment (bottom) representations. (a) Simulation 4: A mixture of three static FRET species with high (HF), medium (MF), and low
(LF) FRET efficiency and one dynamic species (dynF) with binary dynamics between the LF and HF species with exchange rate constants kyr_,ir = kirpr = 5 ms™".
(b)—(d) Simulations 5-7: Mixture of three static species (LF, MF, HF) and one dynamic FRET population fluctuating between all three species with exchange rate constants
kij=5 ms~" in linear kinetic schemes with different connectivity. The fast exchange results in a defined heterogeneous dynamic population (dynF) with equal average
FRET efficiency for the three different kinetic networks. The black line corresponds to a static FRET-line. The magenta and blue lines correspond to dynamic FRET-lines
describing HF/LF and MF/LF mixtures. Solid lines indicate the simulated exchange, while dashed lines correspond to the kinetic transition that was not considered in the
simulation. The set of simulation parameters is given in the supplementary material, Tables 2 and 3. (e)—(h) Corresponding species cross correlation functions between
the three species LF, MF, and HF for the different simulations. For the binary exchange (a) and (e), a positive cross correlation signal is obtained only for the exchanging
species (LF-HF). For the linear three-state kinetic networks, the delayed exchange is detected between species that show no direct connectivity, while connected species
exchange faster. The correlation curves are fitted to a kinetic model involving one (e) or two (f)-(h) relaxation times ¢z and a diffusion model with a global diffusion time ;.
Weighted residuals of the fits are given above. The corresponding autocorrelation curves are given in the supplementary material, Fig. 12.

Due to the fast kinetic exchange, complete averaging is observed
for the dynamic population (dynF). The exchange rates were chosen
such that the FRET efficiency E and fluorescence-weighted average
lifetime (7p(ay)r are identical for the dynamic population. Con-
sequentially, the four scenarios are in principle indistinguishable
for the two-dimensional histograms of (zp(4))r vs E (top row) or
the moment representation (bottom row). While the correspond-
ing dynamic FRET-lines indicate the correct kinetic pathways in
Figs. 8(b)-8(d), the fast exchange renders it impossible to resolve the
kinetic network in this case. However, the position of the dynamic
population between the limiting FRET-lines of the binary exchanges
is a clear indication for a three-state exchange. As described in

Sec. 111, the equilibrium fractions of the contributing species can be
determined by a graphical analysis in this case.

To analyze the kinetics in the complex scenario of fast three-
state dynamics, we apply filtered fluorescence correlation spec-
troscopy (fFCS).'”® fECS exploits the information contained in
the fluorescence decays to increase the selectivity and contrast of
the correlation functions. By characterizing the different species in
the mixture by their fluorescence decay patterns, filters are con-
structed that allow one to separate the contributions of the different
species to the correlation function using statistical weights. Due
to the orthogonality of the filters, the resulting correlation func-
tions are species-specific. Thus, it is possible to resolve the binary
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exchange between different species even in complex mixtures and
obtain information on the respective relaxation times fz. A dis-
tinct advantage of fFCS is that the number of correlation curves
increases to the square of the number of contributing species. In
contrast, for cFCS, the number of correlation functions is lim-
ited by the number of color detection channels (four for two-color
detection). However, fECS requires prior knowledge of the num-
ber of species and depends crucially on the quality of the filters,
which require precise knowledge of the fluorescent properties of
each species. Given these prerequisites, fFCS can reveal the kinetic
connectivity and quantify the exchange rate constant of the kinetic
network.

To show the potential of fFCS, we return to the previous
test cases of binary exchange between two species in the kinetic
scheme MF, LF = HF [Fig. 8(a)]. For this simulation, the two-
dimensional histogram reveals four peaks. Three of the four peaks
(HF, MF, and LF) are located on the static FRET-line, correspond-
ing to molecules with constant fluorescence properties during the
observation time. The dynamic population (dynF) is positioned on
the dynamic FRET-line describing the exchange between the LF and
HF populations and reveals the dynamic exchange between these
species. Only the cross correlation function between the LF and HF
species shows a positive signal [Fig. 8(¢e)], while the correspond-
ing species autocorrelation functions reveal a positive correlation
term that matches the timescale of the rise of the cross correlation
function (supplementary material, Fig. 12). From a global analy-
sis of the species auto- and cross correlation functions, we obtain
a single relaxation time, tz, which relates to the exchange rates by
tr = 1/(krr—ur + knp—rr). The cross correlation functions that
interrogate the MF = HF or LF = MF transitions, on the other hand,
show no amplitude, proving that there is no exchange between these
species.

For fast-exchanging processes, it is not possible to resolve the
kinetic network from visual inspection of the two-dimensional his-
tograms [Figs. 8(b) and 8(c)]. To address this problem, we computed
all possible cross correlation functions using specific filters for the
three species HF, MF, and LF [Figs. 8(f) and 8(g)]. There is no direct
connection between the LF and MF species for the linear kinetic
scheme MF = HF = LF [Fig. 8(f)]. Correspondingly, the exchange
between these species is delayed compared to the direct transitions
between the MF/HF and HF/LF species, as is evident from the
delayed rise of the LF-MF species cross correlation function (sCCF)
compared to the HF-LF and the HF-MF sCCF. Identical observa-
tions are made for the kinetic networks LF = MF = HF and MF
= LF = HF [Figs. 8(g) and 8(h)], showing a delayed rise of the cross
correlation for the indirect pathway. We can, thus, obtain qualita-
tive information about the connectivity in the network through the
relaxation times of the species cross correlation functions and iden-
tify dominant pathways in the network. However, it is impossible to
exclude the possibility of exchange between species from the delayed
exchange alone. Similar results would, for example, be obtained for
fully connected kinetic networks with a slow exchange between two
species. The number of relaxation times required to describe the data
provides information about the minimum number of states of the
network. Since the relaxation times correspond to the inverse of the
nonzero eigenvalues of the transition rate matrix, a kinetic network
involving N states shows N — 1 relaxation times in the correlation
functions.

TUTORIAL scitation.org/journalljcp

In summary, fFCS enables the direct interrogation of transi-
tions between distinct species and allows us to recover the relaxation
times and the connectivity within the kinetic network. Indirect
transitions show a delayed rise of the SCCF compared to direct
transitions. Nonunique solutions of the joint analysis presented in
Sec. IV A 2 are, thus, resolved, enabling the analysis of complex
kinetic networks by smFRET. Practically, the analysis can be lim-
ited by the signal-to-noise ratio of the experimental data, which
affects the quality of the resulting filters and, thus, the separation
of the species, deteriorating the signal-to-noise ratio of the resulting
correlation functions. Another practical challenge is the identifica-
tion of the contributing species for the design of the filters. Here,
FRET-lines are essential to identify and assign static and dynamic
species from the two-dimensional histograms. To verify that the
proper solution is attained, control simulations of ambiguous solu-
tions could be performed, enabling a direct comparison of the
experimental two-dimensional histograms to that of the obtained
solutions.”’

C. Workflow for the analysis of multi-state kinetic
networks

To summarize the insights gathered here, we provide a general
workflow for the analysis of multi-state dynamics in time-resolved
single-molecule FRET experiments that encompasses three steps: (1)
model selection, (2) quantification of exchange rates, and (3) model
validation (Fig. 9).

The analysis starts with an inspection of the E-(7p(4))r plot
(or equivalent transformations of the data, such as the moment rep-
resentation introduced in Paper I of this Tutorial series’®). In this
first step, static and dynamic populations are identified based on
their position with respect to the static FRET-line. The number and
FRET efficiencies of static species can directly be estimated. For
slow dynamics with respect to the timescale of diffusion, a trail-
ing between dynamic and pseudo-static populations on the static
FRET-line provides information on the involved limiting states. On
the other hand, a defined averaged population that is shifted from
the static FRET-line indicates fast conformational dynamics on the
microsecond timescale.

Next, in step 1.2, a color-FCS analysis is performed to provide
information on the timescales of the dynamic processes, allowing the
detection or confirmation of fast dynamics on the microsecond or
sub-microsecond time scale. The number of relaxation times addi-
tionally provides information on the number of kinetic states in the
network, whereby a network with N states exhibits N — 1 relaxation
times. Beyond this qualitative information, a quantitative analysis
of the color-FCS curves requires precise knowledge of the FRET
efficiencies of the species for a correct interpretation of the correla-
tion amplitudes. For quantitative analysis, an fFCS analysis is often
advantageous as described below.

Quantitative information on the interdye distances and species
fractions of the different conformational states (Figs. 1) can be
obtained from a TCSPC analysis in step 1.3. It is often challeng-
ing to infer the correct number of species from an analysis of the
total fluorescence decay. Instead, it is advantageous to perform a
species-selective sub-ensemble analysis (seTCSPC) of the different
populations detected in the E-(7p(4))r plot. For dynamic popu-
lations, the number of decay components reports on the number
of species involved in the dynamic exchange. In addition to an
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FIG. 9. Workflow for the analysis of multi-state kinetic networks in time-resolved smFRET experiments. Step 1: Candidate models are derived from the combined information
provided by the E~(zp(a) )¢ plot, FRET-lines, seTCSPC, and color-FCS. Step 2: After the number of conformational states, their interdye distances and kinetic connectivity
are defined, a model-based analysis by fFCS or PDA is applied to quantify the exchange rates and populations. Step 3: Finally, the model should be validated against the
experimental data to resolve remaining ambiguities, e.g., using simulations of SmFRET experiments. Schematics on spectroscopic data were adapted from Ref. 33.
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seTCSPC analysis, a global analysis of the fluorescence decays of
many FRET pairs can reliably resolve the number of conformational
states as shown for the example in Fig. 10.

In step 1.4, we use the information gathered on the number
of conformational states, their interdye distances, and the relevant
timescales for the dynamic exchange from the FCS and TCSPC
analyses, to return to the E=(7p(4))r plot and distinguish between
competing kinetic models based on the predicted dynamic FRET-
lines (see Paper I of this Tutorial series’®). Specifically, if a dynamic
population does not fall on any of the potential binary dynamic
FRET-lines, multi-state dynamics should be considered. This cycle
should be repeated until one or more candidate models have been
found that agree with the experimental data.

In step 2, a detailed quantitative analysis of the candidate
models provides an estimate of the exchange rates. Based on
the estimated FRET efficiencies of the involved conformational
states, fECS curves can be computed that provide information on
the exchange rates and the connectivity of states. This informa-
tion can be used to refine the candidate models by eliminating
exchange pathways. For the remaining candidate models, ambi-
guities may be resolved by a PDA of the FRET efficiency his-
tograms. PDA also provides further quantification of slow exchange
rates (milliseconds and sub-millisecond time range) that are dif-
ficult to determine in the fFCS analysis. Finally, in step 3, the
final model should be validated, e.g., by performing simulations®’
or by recoloring of the detected photon events,” to confirm
that the observed data are compatible with the inferred kinetic
model.

As an exemplary application to experimental data, we illus-
trate the discussed workflow using our recent integrative analysis of
the conformational dynamics of the enzyme T4 lysozyme using 33
different FRET pairs® [Figs. 10(a)-10(c)]. In view of the extended
Michaelis-Menten scheme with all essential reaction states of an
enzyme (N > 3), we wanted to study the question for the example
of T4 lysozyme (T4L) to which extent the minimal number of three
reaction states correlates with number of resolvable conformational
states.

Indeed, in addition to the well-known open and closed states of
T4L (C; and C,), we identified a third transiently populated inter-
mediate conformational state Cz in the enzymatic cycle of T4L that
has eluded previous crystallographic studies and was also detected in
recent nuclear magnetic resonance (NMR) studies.” Already in step
1.1 of our workflow, the existence of a third conformational state Cs3
is immediately evident from the E-(7p(4))r plot of the TAL mutant
S44pAcF/R119C [Fig. 10(d)]. The two major conformational states
C; and C; correspond to known crystal structures and are in fast
exchange on the microsecond timescale, as evident from the dis-
placement of the major population from the static FRET-line. In
addition, the lowly populated state Cs is visible as a pseudo-static
population on the static FRET-line at a FRET efficiency of ~0.9,
with a clear trailing toward the main population at E ~ 0.5. In step
1.2, an fFCS analysis between the mixed C,/C, population and the
C; state further revealed two relaxation times of tz; = 4 ps and tr;
= 230 us, supporting the existence of at least three conformational
states [N > 3, Fig. 10(e)]. In step 1.3, further evidence for the exis-
tence of a third conformational state was obtained in step 1.4 by a
global analysis of the fluorescence decays (TCSPC) obtained for the
33 FRET pairs [Fig. 10(f)]. A two-component fit provided an inad-
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equate description of the data and distances that were incompatible
with the known structures of the open and closed states, whereas a
three-component fit described all data well and yielded meaningful
distances. In step 1.4, we revisit the E~(tp(4))r plot, draw FRET-
lines that correspond to the suggested exchange network, and judge
consistency with the experimental data. We recognize, that in view of
the found fast relaxation times, it would not be expected to observe
a pseudo-static population of the C; state in the E-{7p(4))r plot.
However, we clearly observed a population of the C; state on the
static FRET-line at E ~ 0.9 that accounts for 5% of the detected burst
[Fig. 10(d)]. Given that the equilibrium fraction of the Cs state was
estimated at 20% from the global TCSPC analysis, we can conclude
that a fraction of the T4L molecules must be in a pseudo-static state
in the Cs conformation that does not participate in the dynamic
exchange.

In step 2, the detailed analysis of the gathered kinetic and
structural information suggested a three-state system that may be
either cyclic (i.e., fully connected) or linear. There are two main
arguments why a cyclic model can be discarded: (i) Considering
all measured FRET variants, single-molecule events that fall on the
respective C; = C; dynamic FRET-line were not observed; and
(ii) using the structural information obtained by TCSPC, direct
transitions between the structurally most compact Cs state to the
most open C; state (i.e., without going through the structurally
intermediate state C,) are structurally and energetically infeasi-
ble. Hence, a linear three-state model with a gradual compaction
that proceeds from the open C; state through the intermediate C,
state to the most compact state C3 (C; = C; = C3) was found
to be most likely. With the species fractions obtained from the
TCSPC analysis and the relaxation times obtained by fFCS, how-
ever, two competing solutions were obtained, where the exchange
between the states C; and C, could either be slow or fast. To
solve this ambiguity, simulations of the two possible kinetic models
were performed in the final step, step 3, to compare the pre-
dicted FRET efficiency histograms with the experimental results
[Fig. 10(g)]. This clearly showed that the model for slow exchange
between the states C; and C, disagrees with the experimental
data.

In summary, we could trap T4L in distinct reaction states
and determined the exchange rates and species fractions for each
conformer. This correlation between the conformer fractions and
distinct reaction states highlighted their functional relevance. Based
on the observed connection between conformer populations and
reaction states, we suggested that the conformer Cs is a new confor-
mationally excited state of the enzyme with a compact structure that
could be related to the product release species E:P [Fig. 10(b)]. This
example for T4L shows that integrated quantitative single-molecule
FRET-studies can be a valuable tool for dynamic structural biology"
by resolving the behaviors of long- and short-lived conformational
states.

D. Connecting FCS amplitudes and FRET indicators

We have shown how the combined information from FCS,
TCSPC, and FRET-lines can resolve ambiguities in the analysis.
The single-molecule information encoded in the two-dimensional
histograms has been used to estimate the kinetic connectivity graph-
ically, but its full potential has not been exploited. We derive
the relationship between the two-dimensional histograms and the

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754
© Author(s) 2022

157, 031501-18

10°1%'80 G20 19qWIBAON 72


https://scitation.org/journal/jcp

The Journal
of Chemical Physics TUTORIAL scitation.org/journalljcp

A B £+5s =Es =E8r =E+ (03
NTsD helix ¢ CTsD

Ao O
)

OSQpAcF/C

344pAcF/C
/ - P86C

S D7DpAcF 7
= N
P ,:@) = )
N55pAcF/C\ R119C

Ki EOpAcF

R8pAcF

e Substrate Sf?t{ﬁAc s D127C N132C
o Acceptor K19pAcF E22pACF 1150C
D S44pAcF/R119C E
“6 ‘g u T ] 150
I+ 3 g 0 M
0 305
W 20.0
g 0.6 < c/c, G
S 2-0.5], .
3 0.4 N w®@=0
E ©-1.0
w g2 E Experiment
0_1 5 44/150 DA
0.0 z " 1| | ——snsoap
10° 10% 10™ 10° 10" 10? 10°
Correlation time t_ [ms]
F G
2] 3.7(168)ms’_ 160(4) ms"
0 —_— —_—
g -2 3 components (global) 3 ~—~—— 2 ~—~—
S 2 s it A i b 2(81) ms 89(2) m
; 27 PPN PITAN O TEl cormponents‘(globaI;r
24 i i gk s — Experimental data TW = 0.5ms
_0: L R u1lcomponent ¥ ° _ 100 Simulation 4
100[% S —RF g § — fast-slow
210k ] \ —F, g g 80 —— slow-fast E
c —Fpo €9 60 b
3 1kq Fit 3 2
N
© 400 =% 40 1
£ E ]
10 5= 20
1 |I ' 1l = 0 L
0 5 10 15 20 25 30 0.1 1 10
time [ns] FDIF "

FIG. 10. Integrative analysis of the conformational cycle of T4 lysozyme. (a) Subdomain architecture of Bacteriophage T4 lysozyme (T4L). Helix ¢ connects the N-terminal
and C-terminal subdomains, so that a variable reaction cavity is created via a hinge motion. (b) An extended Michaelis—-Menten scheme is used to describe the enzymatic
cycle of T4L. During the cycle of the substrate peptidoglycan (blue), the N-terminal (green) and the C-terminal subdomain (brown) come into close contact, resulting in
a change of the FRET efficiency. (c) The 33 measured distinct FRET variants of T4L. The donor (D) Alexa488-hydroxylamine and acceptor (A) Alexa647-maleimide are
coupled to para-acetylphenylalanine (pAcF) and cysteine (C), respectively. The spheres represent the average donor (green) and acceptor (red) position on the structure
of TAL (PDB ID: 172L). (d) The E~(zp(ay )r plot of the T4L variant labeled specifically at position S44 with the dye Alexa488 and at position R119 with the dye Alexa647
reveals the presence of three conformational states (C4, blue; Cy, red; Cs, green). The main population, indicated by the dashed lines, falls next to the static FRET-line
(magenta), indicating fast exchange between the states C4 and C,. The state C3 at high FRET efficiency shows as a pseudo-static population that trails toward the main
peak. Binary dynamic FRET-lines between the different states are shown in green (C,—-Cs), orange (C1-Cy), and cyan (C4-Cs). The interdye distances of the conformational
states were obtained from a global TCSPC analysis of 33 FRET pairs [see panel (b)]. The gray line connecting to the donor-only (DOnly) population describes molecules
with a high FRET efficiency for which the acceptor bleached during the observation time. The FRET efficiencies of the x-ray structures for the open (blue, PDB ID: 172L)
and closed (violet, PDB ID: 148L) states are shown as horizontal lines in the FRET efficiency histograms. (e) Normalized species cross correlation functions for the T4L
variant S44pAcF/1150C labeled with the donor at position 44 and the acceptor at position 150 (AD) or vice versa. The global fit with other variants shows two relaxation times
(tr1 = 4.0 + 2.3 ps, try = 230 + 28 ps) and a diffusion time 4 = 0.54 ms. (f) The fluorescence decays of all 33 FRET variants were globally analyzed assuming one, two,
or three conformational states. Shown is the experimental fluorescence decay of the variant S36pAcF/P86C (Fpa, gray, overlaid in orange with best fit), the corresponding
donor-only reference sample (Fpo, green), and instrumental response function (IRF, blue). The weighted residuals (w.res.) for the one-state (violet), two-state (cyan), and
three-state (orange) models are shown above. All 33 FRET pairs were globally analyzed with respect to the species fractions of the conformational states. (g) Comparison of
the experimental histogram (orange) of the ratio of donor signal over acceptor signal, Fp/Fa, with the predicted histograms for the two competing linear three-state models
with slow (magenta) or fast (black) exchange between the states C4 and C,. The exchange rates of the two models are given above. The gray shaded area indicates the
region of donor-only events. Figures were adapted from Ref. 33.
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correlation amplitudes in color-FCS, which provides an additional
restraint to the analysis.

The kinetic correlation functions represent the time-dependent
(co)variance of the signals. The initial amplitude at zero lag time t¢
may, thus, be expressed as

(Sa(0)Sy()) _ Cov(Sa,Sp)

TUTORIAL scitation.org/journalljcp

where Cov(Ss,Sp) is the covariance between the signals S, and Sj,.
In the ideal case, the signals in the donor and acceptor channel are
defined by the FRET efficiency,

Sg o< 1-E,

34
Sq oc E, (34)

Gap(t: = 0) = _ "\Va , (33) resulting in the following expressions for the amplitudes of the
(Sa()){(Sp (1)) SaSp correlation functions:
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FIG. 11. The relationship between correlation amplitudes and the FRET indicators E and (zp(ay )r. A linear three-state system MF = LF = HF with exchange rates

ki—; = 5ms~" (simulation 7) and a diffusion time ¢4 = 3.8 ms shows a single population that falls between the limiting dynamic FRET-lines in the (E, (7p(ay )F) parameter
space (a), the moment representation (b), and the variance representation (c). By normalizing the variance by the product of the average signals, the correlation amplitudes
Gee(0), Grr(0), and Ggr(0) can be estimated for each single-molecule event (d)—(f). The estimate of the amplitudes obtained from the single-molecule data agrees
with the correlation amplitudes of the FCS curves (g). Static FRET-lines are given in black, and binary exchange lines in the various representation are colored blue for the
exchange LF = MF, magenta for LF = HF, and turquoise for MF = HF. The kinetic contributions to the donor and acceptor auto- and cross correlation functions are given
in green (Ggg), red (Ggrr), and orange (Ggr). The relaxation times of the FCS curves are try = 67 ps and trp = 200 ps. In (g), the contribution of diffusion to the correlation
functions is shown as a gray curve, and the kinetic relaxation times and timescale of diffusion are indicated as vertical gray lines.
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Grea(0) = %(5))2’
Guna(0) = V2B, (35)
Gror(0) = —%»

where we have used the relationship Var(E) = Var(l-E)
= —Cov(E,1 - E). Thus, the correlation amplitudes represent the
normalized variance of the FRET efficiency.

In the first part of the paper, we have shown that the variance of
the lifetime or FRET efficiency distribution can be determined from
the FRET observables E and (7p())r by

Var(E) = (1 - E)(E - E.), (36)

where E; =1 - % is the FRET efficiency calculated from the

intensity-weighted average lifetime. This implies that we can cal-
culate the amplitudes of the correlation function directly from
the single-molecule FRET indicators, under the condition that the
dynamics are fast compared to the diffusion time. For slower dynam-
ics, the variance is underestimated due to the limited sampling
within a single-molecule event (see Sec. I11).

The connection between single-molecule FRET indicators
and the correlation amplitudes is illustrated in Fig. 11 for a
three-state system with fast dynamics in the absence of static
species, showing a single population that falls between the binary
FRET-lines in the (E, (tp(4))r), moment, or variance represen-
tations [Figs. 11(a)-11(c)]. Using Eq. (35), a molecule-wise esti-
mate of the correlation amplitudes is obtained that can be com-
pared to the actual correlation amplitudes obtained from FCS
analysis [Figs. 11(d)-11(g)]. The static and dynamic FRET-lines
can likewise be converted into the equivalent of FCS amplitudes
[Figs. 11(d)-11(f)]. The information encoded in the single-molecule
FRET indicators could be used as an additional restraint in the
analysis.

V. CONCLUSIONS

Using synthetic and experimental datasets, we challenged the
capabilities of conventional analysis methods used in smFRET
experiments that rely on one-dimensional data representation. In
particular, the coexistence of static and dynamic FRET species (see
Fig. 1) complicated the kinetic analysis (Fig. 1). In our integra-
tive approach, FRET-lines serve as visual guidelines for interpreting
experiments and for classifying populations of single molecules as
static or dynamic. For slow exchange kinetics, FRET-lines directly
resolve the connectivity of states. For kinetics that is significantly
faster than the integration time, molecule-wise histograms, com-
bined with FRET-lines, help distinguish dynamic averages from
static populations. We developed a global analysis framework of
FCS and TCSPC, which was not sufficient to identify unique solu-
tions for two-state kinetic networks in the presence of static states.
While it was possible to detect the presence of dynamics and quan-
tify their timescale, the network connectivity and the corresponding
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static and dynamic fractions were not unambiguously recovered.
Here, FRET-lines provided the required information to identify
the limiting states of the dynamic exchange and their connectiv-
ity within the kinetic network. As a next step, the global analysis
framework could be extended to utilize species-correlation func-
tion from filtered-FCS and include photon distribution analysis. We
also showed that the equilibrium constant of dynamic processes
could be estimated from a graphical analysis of the E-(7p(4))r plot
even in the presence of a background of static molecules. Together
with the relaxation time obtained by FCS, the microscopic rate
constants can, thus, be quantified without requiring a precise deter-
mination of the FCS amplitudes. More complex kinetic networks
consisting of three fast-exchanging states could be resolved by fFCS,
providing species-specific auto- and cross correlation curves that
reveal the connectivity from the patterns of the relaxation times and
amplitudes. Unlike color-FCS, the number of species-correlation
functions in fFCS increases with the number of states, allowing
robust analyses of multi-state networks.

Our global analysis framework is a step toward a self-consistent,
holistic model of the two-dimensional histogram of the observ-
ables E and (7p4))r in smFRET experiments. The prediction of
the molecule-wise distribution of these parameters currently relies
on Monte Carlo simulations, which introduce stochasticity into
the analysis that poses a problem for most optimization algo-
rithms. Although specialized algorithms from the field of machine
learning, such as evolutionary algorithms or simulated annealing,
may be used to overcome the convergence problem, these algo-
rithms require many iterations for convergence. Deterministic and
efficient algorithms are therefore needed. We envision that the
future of smFRET studies will rely on a holistic analysis of the
complete experimental information, wherein the kinetic informa-
tion encoded in the multidimensional histograms of molecule-wise
parameters will be an essential first step for proposing candidate
models that are subjected to further analysis. Using this approach,
it will be possible to quantify the kinetics in complex networks,
paving the way toward understanding the intrinsic dynamics of
biomolecules and addressing fundamental questions relating to their
function.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
potential ambiguities in multi-state systems, detailed derivations of
the dependence of the dynamic shift on the species fractions and
the state occupancy distribution as discussed in Sec. 111, the full
derivation of the FCS model functions used in this work, additional
discussion of the observed ambiguities in the global FCS and TCSPC
analysis, a description of the simulation algorithm and parameters,
the analysis of simulation 1 comprised of four static states, details
on the photon distribution analysis of simulation 2, and the species
autocorrelation functions of simulations 4-7.
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fcs-and-mfis, Ref. 60, and separately as the supplementary material
of Ref. 28.

NOMENCLATURE

Used symbols and definitions. Definitions
in smFRET experiments of multi-state systems

c9, c®) pseudo-static conformational (structural) state of the
biomolecule
dynamic conformational (structural) state of the

biomolecule

C(ld), ced

TUTORIAL scitation.org/journalljcp

observed fluorescence species defined by a unique set
of fluorescence properties

p? population in the experiment originating from
dynamic mixing of species 1 and 2

Graphical analysis of kinetics

ds dynamic shift of a population orthogonal to the
static FRET-line

E® FRET efficiency of species i

(E)exp average FRET efficiency over all single-molecule
events of the experiment

E. modal value of the FRET efficiency distribution

modified Bessel functions of the first kind of order
zero and one

Io(x), L1 (x)

K equilibrium constant of dynamics
k sum of the microscopic rate constants k = ki + ka;
k12, ka1 exchange rates between states 1 and 2

P(E), P(x(l)) probability to observe a given average FRET effi-
ciency or state occupancy of state 1 within a
single-molecule event

T observation time/integration time

£ state occupancy (fraction) of species i

x;l) equilibrium species fraction of species i in a
dynamic system

Xm modal value of the state occupancy distribution

xfifl)im limiting equilibrium fraction at x,,, = 0

&2 (x(l)) dynamic part of the state occupancy distribution

Description of correlation functions

Aﬁ? Ith pre-exponential factor of the kinetic correla-

tion function between signals a and b
Cov(x, y) covariance of the quantities x and y
E species-averaged FRET efficiency

Gup(te) correlation function of channels a and b

Gaife(tc) diffusion correlation function

Grap(tc) kinetic correlation function between the chan-
nels aand b

K transition rate matrix

LE, MF, HF low-FRET, medium-FRET, and high-FRET
species

N average number of particles in the confocal
volume

Py global fraction of dynamic molecules

Qo molecular brightness of the donor in the
absence of FRET

dc» qx apparent brightness in the green (G) and red (R)
detection channels

Sa(t) signal in channel a at time ¢

Sa vector of the signals of the different species in
channel a

Sa species-averaged signal in channel a

te correlation lag time

tlgl) Ith relaxation time (inverse of the negated Ith
eigenvalue of the transition rate matrix)

tdiff diffusion time
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Var(x)
WTCSPC> WECS

variance of the quantity x
weights used in the analysis of TCPSC decays
and FCS curves

Wo, 20 lateral and axial width of the confocal volume

X vector of the total species fractions x'”

X4 Xs vector of the dynamic and pseudo-static species
fractions

X4, Xs diagonal matrices of the dynamic and static

species fractions

r® Ith eigen-matrix of the transition rate matrix

AD Ith eigenvalue of the transition rate matrix

Xélobal, ercspc’ Yics reduced chi-squared values of the global
analysis

8{55 ) normalized contrast factor between species i
and j of the correlation function between signals
aand b

(-4 time average over a long measurement

REFERENCES

TE. Lerner, A. Barth, J. Hendrix, B. Ambrose, V. Birkedal, S. C. Blanchard, R.
Borner, H. Sung Jung, T. Cordes, T. D. Craggs, A. A. Deniz, J. Diao, J. Fei,
R. L. Gonzalez, I. V. Gopich, T. Ha, C. A. Hanke, G. Haran, N. S. Hatzakis, S.
Hohng, S.-C. Hong, T. Hugel, A. Ingargiola, C. Joo, A. N. Kapanidis, H. D. Kim, T.
Laurence, N. K. Lee, T.-H. Lee, E. A. Lemke, E. Margeat, J. Michaelis, X. Michalet,
S. Myong, D. Nettels, T.-O. Peulen, E. Ploetz, Y. Razvag, N. C. Robb, B. Schuler,
H. Soleimaninejad, C. Tang, R. Vafabakhsh, D. C. Lamb, C. A. M. Seidel, and S.
Weiss, “FRET-based dynamic structural biology: Challenges, perspectives and an
appeal for open-science practices,” eLife 10, 60416 (2021).

2E. Lerner, T. Cordes, A. Ingargiola, Y. Alhadid, S. Chung, X. Michalet, and
S. Weiss, “Toward dynamic structural biology: Two decades of single-molecule
Forster resonance energy transfer,” Science 359(6373), eaan1133 (2018).

3B. Schuler, “Perspective: Chain dynamics of unfolded and intrinsically disor-
dered proteins from nanosecond fluorescence correlation spectroscopy combined
with single-molecule FRET,” J. Chem. Phys. 149(1), 010901 (2018).

“s. Kilic, S. Felekyan, O. Doroshenko, I. Boichenko, M. Dimura, H. Vardanyan,
L. C. Bryan, G. Arya, C. A. M. Seidel, and B. Fierz, “Single-molecule FRET
reveals multiscale chromatin dynamics modulated by HP1a,” Nat. Commun. 9,
235 (2018).

5C. Eggeling, S. Berger, L. Brand, J. R. Fries, J. Schaffer, A. Volkmer, and C. A.
M. Seidel, “Data registration and selective single-molecule analysis using multi-
parameter fluorescence detection,” J. Biotechnol. 86(3), 163-180 (2001).

SM. Antonik, S. Felekyan, A. Gaiduk, and C. A. M. Seidel, “Separating struc-
tural heterogeneities from stochastic variations in fluorescence resonance energy
transfer distributions via photon distribution analysis,” ]. Phys. Chem. B 110(13),
6970-6978 (2006).

7S. Kalinin, S. Felekyan, M. Antonik, and C. A. M. Seidel, “Probability distri-
bution analysis of single-molecule fluorescence anisotropy and resonance energy
transfer,” J. Phys. Chem. B 111(34), 10253-10262 (2007).

8. Kalinin, A. Valeri, M. Antonik, S. Felekyan, and C. A. M. Seidel, “Detection
of structural dynamics by FRET: A photon distribution and fluorescence lifetime
analysis of systems with multiple states,” . Phys. Chem. B 114(23), 7983-7995
(2010).

°F, Nir, X. Michalet, K. M. Hamadani, T. A. Laurence, D. Neuhauser, Y.
Kovchegov, and S. Weiss, “Shot-noise limited single-molecule FRET histograms:
Comparison between theory and experiments,” J. Phys. Chem. B 110(44),
22103-22124 (2006).

19y, Santoso, J. P. Torella, and A. N. Kapanidis, “Characterizing single-molecule
FRET dynamics with probability distribution analysis,” ChemPhysChem 11(10),
2209-2219 (2010).

TUTORIAL scitation.org/journalljcp

TVE. L. Elson and D. Magde, “Fluorescence correlation spectroscopy. I. Conceptual
basis and theory,” Biopolymers 13, 1-27 (1974).

12 Scheller, M. Janchen, J. Lampe, H.-J. Primke, J. Blanck, and E. Palecek,
“Studies on electron transfer between mercury electrode and hemoprotein,”
Biochim. Biophys. Acta 412(1), 157-167 (1975).

'35, Felekyan, H. Sanabria, S. Kalinin, R. Kiihnemuth, and C. A. M. Sei-
del, “Analyzing Forster resonance energy transfer with fluctuation algorithms,”
Methods Enzymol. 519, 39-85 (2013).

T4E. Haustein and P. Schwille, “Fluorescence correlation spectroscopy: Novel
variations of an established technique,” Annu. Rev. Biophys. Biomol. Struct. 36,
151-169 (2007).

15E. S. Price, M. S. DeVore, and C. K. Johnson, “Detecting intramolecular
dynamics and multiple Forster resonance energy transfer states by fluorescence
correlation spectroscopy,” J. Phys. Chem. B 114(17), 5895-5902 (2010).

"®K. Gurunathan and M. Levitus, “FRET fluctuation spectroscopy of diffus-
ing biopolymers: Contributions of conformational dynamics and translational
diffusion,” J. Phys. Chem. B 114(2), 980-986 (2010).

17H. Sahoo and P. Schwille, “FRET and FCS—Friends or foes,” ChemPhysChem
12(3), 532-541 (2011).

8T 0. Peulen, O. Opanasyuk, and C. A. M. Seidel, “Combining graphical and
analytical methods with molecular simulations to analyze time-resolved FRET
measurements of labeled macromolecules accurately,” |. Phys. Chem. B 121(35),
8211-8241 (2017).

19G. Rahamim, M. Chemerovski-Glikman, S. Rahimipour, D. Amir, and E. Haas,
“Resolution of two sub-populations of conformers and their individual dynam-
ics by time resolved ensemble level FRET measurements,” PLoS One 10(12),
e0143732 (2015).

20F, Haas, M. Wilchek, E. Katchalski-Katzir, and 1. Z. Steinberg, “Distribution of
end-to-end distances of oligopeptides in solution as estimated by energy transfer,”
Proc. Natl. Acad. Sci. U. S. A. 72(5), 1807-1811 (1975).

2'M. Pirchi, R. Tsukanov, R. Khamis, T. E. Tomov, Y. Berger, D. C. Khara, H.
Volkov, G. Haran, and E. Nir, “Photon-by-photon hidden Markov model anal-
ysis for microsecond single-molecule FRET kinetics,” . Phys. Chem. B 120(51),
13065-13075 (2016).

221, V. Gopich and A. Szabo, “FRET efficiency distributions of multistate single
molecules,” ]. Phys. Chem. B 114(46), 15221-15226 (2010).

H. S. Chung, I. V. Gopich, K. McHale, T. Cellmer, J. M. Louis, and W. A.
Eaton, “Extracting rate coefficients from single-molecule photon trajectories and
FRET efficiency histograms for a fast-folding protein,” J. Phys. Chem. A 115(16),
3642-3656 (2011).

24p, Kapusta, M. Wahl, A. Benda, M. Hof, and J. Enderlein, “Fluorescence lifetime
correlation spectroscopy,” J. Fluoresc. 17(1), 43-48 (2007).

25g. Sarkar, K. Ishii, and T. Tahara, “Microsecond folding of preQ; riboswitch
and its biological significance revealed by two-dimensional fluorescence lifetime
correlation spectroscopy,” . Am. Chem. Soc. 143, 7968 (2021).

263, Felekyan, S. Kalinin, H. Sanabria, A. Valeri, and C. A. M. Seidel, “Filtered FCS:
Species auto- and cross-correlation functions highlight binding and dynamics in
biomolecules,” ChemPhysChem 13(4), 1036-1053 (2012).

271, R. Fries, L. Brand, C. Eggeling, M. Kéllner, and C. A. M. Seidel, “Quantitative
identification of different single-molecules by selective time-resolved confocal
fluorescence spectroscopy,” J. Phys. Chem. A 102, 6601-6613 (1998).

28 A. Barth, O. Opanasyuk, T. O. Peulen, S. Felekyan, S. Kalinin, H. Sanabria, and
C. A. M. Seidel, “Unraveling multi-state molecular dynamics in single-molecule
FRET experiments. I. Theory of FRET-lines,” ]. Chem. Phys. 156, 141501 (2022).

29p_J. Rothwell, S. Berger, O. Kensch, S. Felekyan, M. Antonik, B. M. Woéhrl,
T. Restle, R. S. Goody, and C. A. M. Seidel, “Multi-parameter single-molecule
fluorescence spectroscopy reveals heterogeneity of HIV-1 reverse transcrip-
tase:primer/template complexes,” Proc. Natl. Acad. Sci. U. S. A. 100, 1655-1660
(2003).

30M. Margittai, ]. Widengren, E. Schweinberger, G. F. Schréder, S. Felekyan, E.
Haustein, M. Konig, D. Fasshauer, H. Grubmiiller, R. Jahn, and C. A. M. Seidel,
“Single-molecule fluorescence resonance energy transfer reveals a dynamic equi-
librium between closed and open conformations of syntaxin 1,” Proc. Natl. Acad.
Sci. U.S. A. 100, 15516-15521 (2003).

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754
© Author(s) 2022

157, 031501-23

10°17:80 GZ0Z JOGUWIBAON ¥


https://scitation.org/journal/jcp
https://doi.org/10.7554/elife.60416
https://doi.org/10.1126/science.aan1133
https://doi.org/10.1063/1.5037683
https://doi.org/10.1038/s41467-017-02619-5
https://doi.org/10.1016/s0168-1656(00)00412-0
https://doi.org/10.1021/jp057257&tnqx2b;
https://doi.org/10.1021/jp072293p
https://doi.org/10.1021/jp102156t
https://doi.org/10.1021/jp063483n
https://doi.org/10.1002/cphc.201000129
https://doi.org/10.1002/bip.1974.360130102
https://doi.org/10.1016/0005-2795(75)90348-7
https://doi.org/10.1016/b978-0-12-405539-1.00002-6
https://doi.org/10.1146/annurev.biophys.36.040306.132612
https://doi.org/10.1021/jp912125z
https://doi.org/10.1021/jp907390n
https://doi.org/10.1002/cphc.201000776
https://doi.org/10.1021/acs.jpcb.7b03441
https://doi.org/10.1371/journal.pone.0143732
https://doi.org/10.1073/pnas.72.5.1807
https://doi.org/10.1021/acs.jpcb.6b10726
https://doi.org/10.1021/jp105359z
https://doi.org/10.1021/jp1009669
https://doi.org/10.1007/s10895-006-0145-1
https://doi.org/10.1021/jacs.1c01077
https://doi.org/10.1002/cphc.201100897
https://doi.org/10.1021/jp980965t
https://doi.org/10.1063/5.0089134
https://doi.org/10.1073/pnas.0434003100
https://doi.org/10.1073/pnas.2331232100
https://doi.org/10.1073/pnas.2331232100

The Journal

of Chemical Physics

5'1. V. Gopich and A. Szabo, “Theory of the energy transfer efficiency and flu-
orescence lifetime distribution in single-molecule FRET,” Proc. Natl. Acad. Sci.
U. S. A.109(20), 7747-7752 (2012).

52A. Gansen, S. Felekyan, R. Kithnemuth, K. Lehmann, K. T6th, C. A. M. Sei-
del, and J. Langowski, “High precision FRET studies reveal reversible transitions
in nucleosomes between microseconds and minutes,” Nat. Commun. 9(1), 4628
(2018).

3H. Sanabria, D. Rodnin, K. Hemmen, T. O. Peulen, S. Felekyan, M. R.
Fleissner, M. Dimura, F. Koberling, R. Kithnemuth, W. Hubbell, H. Gohlke, and
C. A. M. Seidel, “Resolving dynamics and function of transient states in single
enzyme molecules,” Nat. Commun. 11(1), 1231 (2020).

34D. M. Dolino, S. Rezaei Adariani, S. A. Shaikh, V. Jayaraman, and H.
Sanabria, “Conformational selection and submillisecond dynamics of the ligand-
binding domain of the N-methyl-d-aspartate receptor,” J. Biol. Chem. 291(31),
16175-16185 (2016).

351, V. Gopich and A. Szabo, “Decoding the pattern of photon colors in single-
molecule FRET,” J. Phys. Chem. B 113(31), 10965-10973 (2009).

36]. P. Torella, S. J. Holden, Y. Santoso, J. Hohlbein, and A. N. Kapanidis,
“Identifying molecular dynamics in single-molecule FRET experiments with burst
variance analysis,” Biophys. ]. 100(6), 1568-1577 (2011).

37T, E. Tomov, R. Tsukanov, R. Masoud, M. Liber, N. Plavner, and E. Nir,
“Disentangling subpopulations in single-molecule FRET and ALEX experiments
with photon distribution analysis,” Biophys. J. 102(5), 1163-1173 (2012).

383, Farooq and J. Hohlbein, “Camera-based single-molecule FRET detection
with improved time resolution,” Phys. Chem. Chem. Phys. 17(41), 27862-27872
(2015).

3% A. M. Berezhkovskii, A. Szabo, and G. H. Weiss, “Theory of single-molecule flu-
orescence spectroscopy of two-state systems,” J. Chem. Phys. 110(18), 9145-9150
(1999).

40p. J. Pedler, “Occupation times for two state Markov chains,” ]. Appl. Probab.
8(2), 381-390 (1971).

“1Y. Kovchegov, N. Meredith, and E. Nir, “Occupation times and Bessel densities,”
Stat. Probab. Lett. 80(2), 104-110 (2010).

“2D. Magde, E. Elson, and W. W. Webb, “Thermodynamic fluctuations in a react-
ing system—Measurement by fluorescence correlation spectroscopy,” Phys. Rev.
Lett. 29, 705-708 (1972).

“3p. Schwille, F. J. Meyer-Almes, and R. Rigler, “Dual-color fluorescence cross-
correlation spectroscopy for multicomponent diffusional analysis in solution,”
Biophys. ]. 72(4), 1878-1886 (1997).

#4]. Widengren, E. Schweinberger, S. Berger, and C. A. M. Seidel, “Two new
concepts to measure fluorescence resonance energy transfer via fluorescence cor-
relation spectroscopy: Theory and experimental realizations,” J. Phys. Chem. A
105(28), 6851-6866 (2001).

“5T, Torres and M. Levitus, “Measuring conformational dynamics: A new FCS-
FRET approach,” J. Phys. Chem. B 111(25), 7392-7400 (2007).

“6M. Levitus, “Relaxation kinetics by fluorescence correlation spectroscopy:
Determination of kinetic parameters in the presence of fluorescent impurities,”
J. Phys. Chem. Lett. 1(9), 1346-1350 (2010).

TUTORIAL scitation.org/journalljcp

“7K. Ishii and T. Tahara, “Two-dimensional fluorescence lifetime correlation
spectroscopy. 1. Principle,” J. Phys. Chem. B 117(39), 11414-11422 (2013).

“8K. Ishii and T. Tahara, “Two-dimensional fluorescence lifetime correlation
spectroscopy. 2. Application,” J. Phys. Chem. B 117(39), 11423-11432 (2013).
“9M. Bshmer, M. Wahl, H. J. Rahn, R. Erdmann, and J. Enderlein, “Time-resolved
fluorescence correlation spectroscopy,” Chem. Phys. Lett. 353(5-6), 439-445
(2002).

597, Enderlein and 1. Gregor, “Using fluorescence lifetime for discriminating
detector afterpulsing in fluorescence-correlation spectroscopy,” Rev. Sci. Instrum.
76(3), 033102 (2005).

S'W. Pfeil and P. L. Privalov, “Thermodynamic investigations of proteins: I. Stan-
dard functions for proteins with lysozyme as an example,” Biophys. Chem. 4(1),
23-32(1976).

52R. Roy, S. Hohng, and T. Ha, “A practical guide to single-molecule FRET,” Nat.
Methods 5(6), 507-516 (2008).

53B. Hellenkamp, S. Schmid, O. Doroshenko, O. Opanasyuk, R. Kithnemuth, S.
Rezaei Adariani, B. Ambrose, M. Aznauryan, A. Barth, V. Birkedal, M. E. Bowen,
H. Chen, T. Cordes, T. Eilert, C. Fijen, C. Gebhardt, M. Gotz, G. Gouridis, E. Grat-
ton, T. Ha, P. Hao, C. A. Hanke, A. Hartmann, J. Hendrix, L. L. Hildebrandt, V.
Hirschfeld, J. Hohlbein, B. Hua, C. G. Hiibner, E. Kallis, A. N. Kapanidis, J.-Y.
Kim, G. Krainer, D. C. Lamb, N. K. Lee, E. A. Lemke, B. Levesque, M. Levi-
tus, J. J. McCann, N. Naredi-Rainer, D. Nettels, T. Ngo, R. Qiu, N. C. Robb, C.
Rocker, H. Sanabria, M. Schlierf, T. Schroder, B. Schuler, H. Seidel, L. Streit, J.
Thurn, P. Tinnefeld, S. Tyagi, N. Vandenberk, A. M. Vera, K. R. Weninger, B.
Wiinsch, I. S. Yanez-Orozco, J. Michaelis, C. A. M. Seidel, T. D. Craggs, and
T. Hugel, “Precision and accuracy of single-molecule FRET measurements—A
multi-laboratory benchmark study,” Nat. Methods 15(9), 669-676 (2018).

54p, Kask, R. Giinther, and P. Axhausen, “Statistical accuracy in fluorescence
fluctuation experiments,” Eur. Biophys. J. 25(3), 163-169 (1997).

55C. Eggeling, ]. Widengren, L. Brand, J. Schaffer, S. Felekyan, and C. A. M. Seidel,
“Analysis of photobleaching in single-molecule multicolor excitation and Forster
resonance energy transfer measurements,” J. Phys. Chem. A 110(9), 2979-2995
(2006).

56V. Kudryavtsev, M. Sikor, S. Kalinin, D. Mokranjac, C. A. M. Seidel, and D.
C. Lamb, “Combining MFD and PIE for accurate single-pair Forster resonance
energy transfer measurements,” ChemPhysChem 13(4), 1060-1078 (2012).

57T, A. Laurence, Y. Kwon, E. Yin, C. W. Hollars, J. A. Camarero, and D. Barsky,
“Correlation spectroscopy of minor fluorescent species: Signal purification and
distribution analysis,” Biophys. ]. 92(6), 2184-2198 (2007).

58M. Xue, T. Wakamoto, C. Kejlberg, Y. Yoshimura, T. A. Nielsen, M. W. Risor, K.
W. Sanggaard, R. Kitahara, and F. A. A. Mulder, “How internal cavities destabilize
a protein,” Proc. Natl. Acad. Sci. U. S. A. 116(42), 21031-21036 (2019).

59 A, Barth, FRET-lines Python library, GitHub, https://github.com/Fluorescence-
Tools/FRETlines, 2022.

695, Felekyan and C. A. M. Seidel, Software package for MFD, FCS and MFIS,
Heinrich Heine Universitit Diisseldorf, https://www.mpc.hhu.de/software/mfd-
fcs-and-mfis, 2022.

J. Chem. Phys. 157, 031501 (2022); doi: 10.1063/5.0095754
© Author(s) 2022

157, 031501-24

10°17:80 GZ0Z JOGUWIBAON ¥


https://scitation.org/journal/jcp
https://doi.org/10.1073/pnas.1205120109
https://doi.org/10.1073/pnas.1205120109
https://doi.org/10.1038/s41467-018-06758-1
https://doi.org/10.1038/s41467-020-14886-w
https://doi.org/10.1074/jbc.m116.721274
https://doi.org/10.1021/jp903671p
https://doi.org/10.1016/j.bpj.2011.01.066
https://doi.org/10.1016/j.bpj.2011.11.4025
https://doi.org/10.1039/c5cp04137f
https://doi.org/10.1063/1.478836
https://doi.org/10.2307/3211908
https://doi.org/10.1016/j.spl.2009.09.018
https://doi.org/10.1103/physrevlett.29.705
https://doi.org/10.1103/physrevlett.29.705
https://doi.org/10.1016/s0006-3495(97)78833-7
https://doi.org/10.1021/jp010301a
https://doi.org/10.1021/jp070659s
https://doi.org/10.1021/jz100231v
https://doi.org/10.1021/jp406861u
https://doi.org/10.1021/jp406864e
https://doi.org/10.1016/s0009-2614(02)00044-1
https://doi.org/10.1063/1.1863399
https://doi.org/10.1016/0301-4622(76)80003-8
https://doi.org/10.1038/nmeth.1208
https://doi.org/10.1038/nmeth.1208
https://doi.org/10.1038/s41592-018-0085-0
https://doi.org/10.1007/s002490050028
https://doi.org/10.1021/jp054581w
https://doi.org/10.1002/cphc.201100822
https://doi.org/10.1529/biophysj.106.093591
https://doi.org/10.1073/pnas.1911181116
https://github.com/Fluorescence-Tools/FRETlines
https://github.com/Fluorescence-Tools/FRETlines
https://www.mpc.hhu.de/software/mfd-fcs-and-mfis
https://www.mpc.hhu.de/software/mfd-fcs-and-mfis

	Titelblatt_Seidel_final
	Seidel_unrevaling

