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Quantifying the rapid conformational dynamics of biological systems is fundamental to understanding the
mechanism. However, biomolecules are complex, often containing static and dynamic heterogeneity, thus motivating the use of
single-molecule methods, particularly those that can operate in solution. In this study, we measure microsecond conformational
dynamics of solution-phase DNA hairpins at the single-molecule level using an anti-Brownian electrokinetic (ABEL) trap. Different
conformational states were distinguished by their fluorescence lifetimes, and kinetic parameters describing transitions between these
states were determined using two-dimensional fluorescence lifetime correlation (2DFLCS) analysis. Rather than combining
fluorescence signals from the entire data set ensemble, long observation times of individual molecules allowed ABEL-2DFLCS to be
performed on each molecule independently, yielding the underlying distribution of the system’s kinetic parameters. ABEL-2DFLCS
on the DNA hairpins resolved an underlying heterogeneity of fluorescence lifetimes and provided signatures of two-state exponential
dynamics with rapid (<millisecond) transition times between states without observation of the substantially stretched exponential
kinetics that had been observed in previous measurements on diffusing molecules. Numerical simulations were performed to validate
the accuracy of this technique and the effects the underlying heterogeneity has on the analysis. Finally, ABEL-2DFLCS was
performed on a mixture of hairpins and used to resolve their kinetic data.
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fluorescence resonance energy transfer

complex molecules as they bypass the limitations of
ensemble-averaging in bulk measurements.'”~">

However, current solution-phase SM-FRET techniques have
several limitations. First, use of an experimental geometry that
entails freely diffusing molecules (similar to traditional
fluorescence correlation spectroscopy (FCS)'®) allows obser-
vation of molecules only as they rapidly diffuse through the
focal volume in ~1 ms. This brief observation window
experimentally imposes a limit on observable dynamics to
those occurring faster than the occupation time scale'” while

Complex biomolecules such as proteins or oligonucleotides
constantly undergo structural changes, with local fluctuations
occurring on the picosecond to nanosecond time scale, and
larger conformational shifts occurring on time scales ranging
from microseconds to seconds.'~'* Characterizing these larger
structural fluctuations within a solution-phase biomolecule is
an important key to understanding their function. The need is
especially pressing for highly fluctional molecules as this
dynamic information is complementary to the static structural
pictures offered by crystal structures and electron microscopy.

If a population of biomolecules contains molecule-to-molecule December 4, 2023

heterogeneity, then elucidating fast (submillisecond) con- May 3, 2024
formational fluctuations utilizing traditional bulk measure- May 6, 2024
ments can be very difficult.’’ Single-molecule Forster May 29, 2024

resonance energy transfer (SM-FRET) measurements are a
powerful tool for examining the structural dynamics of
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Figure 1. (a) Macrotime data is binned in intervals of 10 ms, where a change-point algorithm marks %, and t,,4 of a measurement of a single
molecule within the ABEL trap. (b) Representation of a photon stream. Each photon has two times corresponding to it: the macro arrival time
corresponding to the time since the start of the experiment (x-axis, seconds time scale) and the micro arrival time corresponding to the most recent
excitation pulse (y-axis, nanoseconds time scale). Red and blue photons represent events from the system’s two different conformational states. The
time window AT = AAT is used to determine which photons are combined to perform photon pair binning. (c, d) Representations of the micro
arrival time Probability Distribution Functions for photons originating from an opened (blue) and closed (red) state. (e) An example of three
photon pairs found within the AT + AAT window of the first two photons in panel (b). Colored dotted lines represent the micro arrival times for
the corresponding photon pairs (1—7 purple—red, 1—8 purple—green, 2—8 blue—red) from panel (b) and are used to determine where the photon
pairs are placed in the 2D time plot. (f) Representation of the 2D time plot after all photons within an event have been paired. An ILT is performed
on the 2D time plot using maximum entropy method (MEM) to produce a 2D lifetime plot (g) and reveal the underlying distribution of lifetimes
for the multiple underlying states (h). The position on the x-axis shows the lifetime distribution of each state, and the intensity along the y-axis
shows its relative population. (i) Lifetime distributions from panel (h) are used as filters along with the raw photon stream from panel (b) to
perform filtered fluorescence correlation spectroscopy (fFCS) measurements and produce autocorrelation decays for each population (red, blue-
thin lines). Cross-correlation curves are not depicted in this example. These curves are fit with eqs 1—4 (red, blue-bold lines). (j) K,q and 7, values
extracted from the fits in panel (i) for multiple single-molecule events.

also limiting the total number of photons that can be collected. analysis that can measure kinetics of solution-phase molecules
Recent Bayesian-based analysis tools can help offset this spanning 3 orders of magnitude.23_25 Importantly, all of these
limitation by reducing the number of photons required for
obtaining diffusion constants'” and reaction kinetics.'"® A
second limitation is that conventional SM-FRET analysis

methods are vulnerable to a third limitation in that they
require analysis over the entire ensemble of molecules to

determine kinetic information, ultimately limiting their abili
methods can only access kinetic time scales slower than a ’ 7 & v

millisecond, though a few techniques that rely on specific to determine kinetic information for molecules displaying

experimental conditions have achieved sub-100 pus time intrinsic behavioral heterogeneity. Said another way, though

. . s 19,20 . 21,22 i i
resolution of immobilized'”*° and solution-phase mole- raw data are acquired molecule by molecule, the dynamics
cules. Of particular note is an innovative hidden Markov model extracted are from many molecules.

409 https://doi.org/10.1021/acsphyschemau.3c00066

ACS Phys. Chem Au 2024, 4, 408—419


https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig1&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Among the techniques that can push the limits of accessible
SM-FRET time resolution is two-dimensional fluorescence
lifetime correlation spectroscopy (2DFLCS), which utilizes the
lifetime information on different states to obtain key kinetic
parameters.”””” By using a freely diffusing FCS-like geometry
and analyzing the photon-arrival time at numerous delay times,
the interconversion dynamics between subpopulations of
different lifetimes can be determined without prior knowledge
of the system. 2DFLCS has been applied in the study of
complex systems such as light-harvesting complexes,”””® the B
domain of protein A,* and cytochrome ¢.’* The 2DFLCS
methodology has been expanded to include elucidation of
solvent exposure’' and by incorporating additional information
on quenched-donor states through two-color FRET analysis.*”
However, there is substantial numerical instability in this
analysis when only low photon counts are available, which
prevents the application of 2DFLCS to an individual diffusing
molecule. Thus far, 2DFLCS has been implemented by
combining data from many molecules, precluding analysis of
individual molecules.

In this work, we employ an anti-Brownian electrokinetic
(ABEL) trap that allows trapping and monitoring of individual
fluorescent or scattering molecules in solution over the course
of multiple seconds.” > Many photons are observed per
molecule (>10° photons), allowing for statistically robust
measurements to be performed on a molecule-by-molecule
(MBM) basis. While comparable photon counts can be
achieved using alternative FCS geometries by transiently
binding molecules to the surface®® or attaching them to slowly
diffusing substrates,”” these methodologies involve tethering of
the biomolecule that may affect the conformational dynamics
of biomolecules;”*™*" the ABEL trap avoids possible tethering-
induced artifacts by keeping the molecule in solution. Recently,
the ABEL trap has been used to reveal heterogeneity in the
solution-phase population of an intrinsically disordered protein
through quantification of rotational dynamics,*”* study
FRET-based systems of DNA mixtures with shot-noise limited
precision,44 investigate photosynthetic antenna systems,ﬁ'l’A's’A'6
characterize F1-ATP synthase enzymes' and the molecular
motor Rep,” used to resolve complex mixtures based on
lifetime and anisotropy,”’ expanded to allow estimation of
diffusion constants,””>" and trapping of nonfluorescent
systems through interferometric scattering.”” Here, ABEL
trapping is combined with subsequent 2DFLCS analysis to
address the shortcomings of typical solution-phase FRET
measurements by (1) extending the solution-phase observation
times, (2) enabling elucidation of submillisecond dynamics,
and (3) performing analysis on each individual molecule
without ensemble-averaging. To test our methodology, we
designed a DNA hairpin with a short (four nucleotide) stem
that has opening—closing dynamics on the submillisecond time
scale (Figure SI.1.1). We outline a strategy for measuring and
analyzing solution-phase, single-molecule kinetics at the
submillisecond time scale using 2DFLCS within an ABEL
trap (ABEL-2DFLCS), and we report the first observation of
submillisecond dynamics for an individual solution-phase
We
analytical ability to accurately obtain fast (<ms) kinetic
parameters using simulations.

molecule. further demonstrate the instrumental and
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A DNA fragment containing a hairpin loop (Cy7—5'-AAGG-(T),,-
CCTT-GGATCCAGGACGCTA-3'-ATTO647N) (Figure SLI.1)
was labeled with a fluorophore (Atto647N) and quencher (Cy7)
such that it produced two primary states with different fluorescent
lifetimes of the donor: namely, an open (unquenched) and a closed
(quenched) state (Figure 1c,d). The fragment contains a 21-base-pair
hairpin loop, a 4-base-pair stem adjacent to the loop, and a 15-base-
pair segment at the 3’ end to maintain constant distance of 15 bp
between FRET dyes when in the closed conformation. A nonlabeled
complement to the 15-base-pair segment was added in ~10° fold
excess (S yM) to maintain a constant distance from double-stranded
DNA.

The mechanism of the ABEL trap has been described in detail in
previous papers*”*’ and the Supporting Information (Sections SI.1
and SI.2). Briefly, a pulsed (40 MHz, instrument response function, or
IRF, shown in Section SL2) excitation beam is rapidly scanned in a
predetermined pattern through a trapping region within a microfluidic
device. Each detected photon is correlated to the beam’s position,
allowing estimation of molecular position and application of real-time
feedback voltages that induce position-compensating electrokinetic
flows, canceling the Brownian motion of the molecule.

The fundamental theory behind 2DFLCS has been thoroughly
described®®*”** and is summarized below. A graphical depiction of
the 2DFLCS analysis process, from the measurement of an individual
molecule’s photon stream to the extraction of that molecule’s kinetic
parameters, is outlined in Figure 1. This figure serves as a roadmap
and will be referenced throughout the paper to help establish key
points in the analysis process. Fluorescence emission is detected on an
avalanche photo diode detector and logged via time-correlated single-
photon counting. Each detected photon has two associated arrival
times: the macrotime, assigned as the time difference between the
beginning of the measurement and the detection of the fluorescence
photon (time scale of yis—s), and the microtime, assigned as the time
difference between the most recent laser pulse and the detection of
the fluorescence photon (time scale of ps—ns). The photons are
assigned to 10 ms bins using their recorded macrotimes to create an
intensity stream (Figure la, black line), and a change-point
algorithm®* is run on the binned data to determine the start and
end points of the observed fluorescence signal for each molecule
(Figure la, ty,, and t,,q respectively). A graphical representation of a
simulated typical photon stream created by the kinetic transition
between the open and closed hairpin states is shown in Figure 1b,
with the macrotimes of the open (blue) and closed (red) states shown
on the x-axis, and their corresponding microtimes displayed on the y-
axis. These macro and micro arrival times for all photons between
each molecule’s observed ty,, and f.,4 are utilized to perform
2DFLCS analysis on each individual molecule.

A characteristic macrotime interval (corresponding to molecular
dynamics in a temporal range of interest, Figure 1b, AT) is selected,
and photon pairs whose macrotimes fall within a time window AT +
AAT/2 have their microtimes correlated with each other to create a
2D correlation plot (Figure 1b,1e). The microtime of the first photon
within the pair (t,) is projected on the x-axis of this 2D correlation
plot, and the microtime of the second photon (t,) is projected on the
y-axis. Three example photon pairs within the stream (Figure 1b: 1-7,
1—8, 2—8) have their microtimes’ positions within the 2D correlation
plot depicted in Figure le (purple/green, purple/orange, teal/
orange). This process is repeated for every photon pair with
macrotimes between tg,, and t,,4 to create the raw 2D correlation
plot (2D emission-delay correlation map, Figure 1f) after background
subtraction (Section SL.3). Then, a 2D inverse Laplace transform
(ILT) is performed on each correlation plot to create a 2D lifetime
plot (2D lifetime correlation map) for this AT (Figure 1g). ILTs are
known to be numerically unstable, and so this process is stabilized
using a maximum entropy method (MEM) that has been extended
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Figure 2. (a) Representative photon-arrival correlation plots for three single-molecule events. The displayed plots were created with a AT window
of 500—600 s, and other plots (Section SI.14) were created for shorter and longer AT windows. (b, c) Resulting lifetime plots from an inverse
Laplace transform of the correlation plots in panel (a). The peak’s x and y-locations correspond to the lifetime of the first and second photon,
respectively, while the peak height corresponds to the relative number of photon pairs observed with these lifetimes (the lifetime distribution). (b)
Result of a 2D correlation plot with a shorter AT (shown in Section SI.14), while panel (c) is the result of an inverse Laplace transforming of panel
(a). (d) Lifetime distributions from the analysis of the 2D lifetime plots taken at numerous AT windows. These lifetime distributions are
empirically derived for each individual molecule and give the filter functions for later fFCS analysis.

into 2D.***>*® Importantly, if the selected AT for this 2D lifetime
plot is on the kinetic time scale of transition between two fluorescent
states (as in the photon stream depicted in Figure 1b), the appearance
of cross-peaks will be observed within the 2D lifetime plot (Figure 1g,
red arrows). In practice, the MEM analysis is performed globally on
2D correlation plots created at multiple ATs, with the fastest kinetic
window (shortest AT) yielding our fastest measurable independent
fluorescent lifetime distribution: the lifetime distribution for each
distinct fluorescent state (Figure 1h). These lifetime distributions give
an empirically determined lifetime probability distribution for each
observable independent fluorescent state (independent fluorescence
component) within each single-molecule event, and they are free from
ensemble-averaging effects imposed by heterogeneity within the
system. These lifetime distributions are obtained without prior
information on the system and without input from the user. The
lifetime distributions of each state may be more complex than a single
observed lifetime due to dye dynamics, including rapid local motion,
dark states, or sticking to the construct due to hydrophobicity.
Importantly, the MBM nature of this analysis process accounts for
such molecular heterogeneity.

Determined fundamental lifetime distributions can then be
converted into filters (Section SI.4) that compensate for background
correlation and can be used in lifetime-filtered fluorescence
correlation spectroscopy (fFCS).”** In fECS, separate functions
are created from the known lifetime distributions of each state, where
these functions can be individually applied to the autocorrelation
function in order to “filter” out the autocorrelations of each
independent state. The empirically determined filters for our system
can be combined with the information from the raw photon stream
(on a molecule-by-molecule basis, Figure 1b) for fFCS analysis. For a
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simple two-state system, this procedure results in three outputs: an
autocorrelation function of each state (Figure 1i) and two identical
cross-correlation functions. In the two-state system, these lifetime-
filtered auto- and cross-correlation functions are governed by the
kinetic interconversion of the two states and can be fit with the
following equations

G (T) = G(T)[1 + Keq'Gr(T)] (1)

Gz,z(T) = Gd(T)

1
1+ —-G(T)
K,

2)

G ,(T) = Gy(T)[1 - G(T)] 3)

T

G(T) = uexp(—%) +b @

Fitting yields the equilibrium constant (K,,) and correlation decay
time (7,).°>*" G4(T) typically accounts for the effect of diffusion, but
the unique feature of the ABEL trap to enable trapping of the
molecule at the center of the focal region renders this factor very close
to 1, in stark contrast to previous 2DFLCS measurements that model
freely diffusing molecules® (Section SL5). Here, the factor slightly
deviates from 1 due to the slight nonuniformity of excitation at the
edges of the ABEL trap excitation area. a and b in eq 4 are correction
factors and are close to 1 and 0, respectively, and account for
background fluorescence. This fitting process is repeated for each
trapped solution-phase molecule within the data set, and the resulting
K, and 7, were scattered to visualize the distribution of parameters

https://doi.org/10.1021/acsphyschemau.3c00066
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Figure 3. (a—c) Filtered autocorrelation decays for the open (blue curve) and closed (red curve) states of the three representative events. Cross-
correlation curves (formed from open—closed and closed—open cross-correlation, black and gray curves, respectively) should have the same
underlying shape given in eqs 1—4. Decays were made using the filters represented in Figure 2d. (d, e) Auto and cross-correlation decays were
globally fit and the K, and 7, for all events are displayed as histograms, with the relative values for the three events shown as colored arrows. (f) K,
and 7, are scattered against each other, visualizing little correlation between the two variables. The three representative events are shown by their

corresponding color-highlighted points.

among the molecules (Figure 1j). Finally, the K, and 7, can be used
to easily derive the rate constants for the opening (kopen) and closing
(kclose) of the SYStem uSing Keq = kclose /kopen and T = (kopen + kclose)_l'

Single-molecule solution-phase ABEL-2DFLCS measurements
were performed on a DNA hairpin loop with a 4-base-pair
stem and a T21 hairpin loop. Three representative molecules
(total N = 208) were selected and their 2D correlation plots,
2D lifetime plots (for two different ATs), and lifetime
distributions, analogous to Figure 1f=h, respectively, are
shown in Figure 2. Several points demonstrating the power
and utility of ABEL-2DFLCS analysis can be noted here. First,
the evolution of cross-peaks at different AT ranges can be
observed, with fewer cross-peaks occurring at fast time scales
(AT = 2—-27.6 ps, Figure 2b, red arrows), and new, well-
defined cross-peaks emerging at longer time scales (AT =
500—600 us, Figure 2c, red arrows). The cross-peaks at the
smallest AT likely derive from rapid dye photophysics (<1 us),
while new cross-peaks at larger AT originate in conformational
dynamics between the open and closed hairpin states. The
appearance of these conformational cross-peaks clearly exhibits
the ability of ABEL-2DFLCS analysis to observe interconver-
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sion kinetics between distinct lifetime states at the submilli-
second time scale.

A large amount of lifetime heterogeneity was observed
within this seemingly simple DNA hairpin system. This
diversity is most evident when observing the different x-axis
values of the lifetime distributions, particularly for the
quenched closed state (Figure 2d, red), as each molecule can
have different lifetime distributions characterizing its funda-
mental fluorescence states. One possible origin of this
heterogeneity between different molecules could be sticking
of either the donor dye or acceptor quencher to the DNA
hairpin structure. This sticking would cause variations in
lifetimes between the closed states, such as the differences seen
in molecules 1 and 2. The analysis below will examine whether
these observed differences within the lifetime distributions are
due to real experimental heterogeneity within the system or
numerical instability. It should be noted that variations in the
lifetime distributions may appear at very short lifetimes (<1 ns)
or with very small amplitudes and are likely computational
artifacts due to the IRF. However, these smaller components
are relatively small in magnitude and are easily filtered from
further downstream (Section SI.15). The difference in the
relative amplitudes of the lifetime distributions informs on the
relative photon counts attributed to each underlying state.
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Such heterogeneity would not be observable without MBM
analysis and would be lost to the ensemble during a typical
FCS-type measurement. Worth noting also is the complexity of
the lifetime distributions for each fluorescence state. For
example, all three observed molecules have a closed state that
exhibits two distinct lifetimes at the fast (AT = 2—27.6 us)
time scale (Figure 2b). This profile implies that two lifetime
populations exist within the closed state that rapidly equilibrate
with each other on the submicrosecond time scale. Such fast
fluctuations between lifetime states have been observed in
multiple ensemble-based 2DFLCS experiments” ' and likely
derive from rapid changes in dye orientation and conforma-
tion, interactions of the dyes with the nucleotide bases,6O or
photoisomerization of the cyanine acceptor dye.'

As seen in the three representative molecules as well as
consistently across the full data set, it is apparent that there are
two distinct conformational states observed at the microsecond
time scale: an opened and a closed state. This observation
comes from the 2D lifetime plots in Figure 2 as there are only
two independent states at fast AT that do not share cross-
peaks (Figure 2b). Interconversion between these two states at
longer, 100-ys time scales are clearly observed, as evidenced by
the appearance of cross-peaks (Figure 2c, red arrows).
Furthermore, the 2D MEM analysis requires only two
independent components (Figure 2d, red and blue) to fit the
2D correlation plots and obtain lifetime distributions,
suggesting there are only two observable lifetime distributions
and thus two interconverting conformations.

Our observation of two independent states at fast time scales
is noteworthy as numerous single-molecule FRET studies on
DNA hairpin loops using traditional FCS experimental
geometries have shown inconsistent results, with early efforts
reporting two-state exponential dynamics,”>*® while a later
three-state model with an unobservable, intermediate
state®”* "% was also proposed. Development and implemen-
tation of methods to reduce the influence of nonhomogeneous
excitation due to diffusion®”*~”" resulted in observation of an
ensemble of two-state systems exhibiting static and, potentially,
dynamic heterogeneity in the fluctuation rate.®’%7>”?
However, in these studies, the data analysis was not
molecule-by-molecule but was pooled from the photon
statistics of many molecules, and the system’s heterogeneity
was observable as stretched exponential kinetics. However, this
methodology led to several complications. First, in this limit,
the precise distribution of rates cannot be uniquely extracted
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from the ensemble-combined data. As will be discussed below,
this distribution can be directly accessed in this current work.
Second, it was later shown that, even with these procedures,
diffusion through the nonhomogeneous excitation profile can
result in observation of an artifactual stretched exponential,”*
making any claims about heterogeneity difficult. The nature of
our ABEL trap measurement removes such artifacts. In
summary, complications arising from rapid diffusion through
the spatially inhomogeneous confocal volume or from
heterogeneity within the DNA hairpin loop system are directly
addressed by our new approach, which incorporates prolonged,
MBM measurements within the ABEL trap yielding statistically
robust observation of individual fluctuating DNA hairpin
molecules with minimal diffusion artifacts (Section SLS). The
analysis contained within Figure 2 is substantial empirical
evidence for the observation of submillisecond opening and
closing hairpin dynamics and indicates that ABEL-2DFLCS
analysis can identify fast dynamics within a system at the
single-molecule level. Combining 2DFLCS analysis with
further fFCS analysis allows the quantification of these fast
kinetic parameters on a MBM basis, as shown below.

We performed fFCS analysis using filters derived from the
lifetime distributions obtained through the ABEL-2DFLCS
analysis of the system (Figure 3). The corresponding
autocorrelation decays for the opened (blue) and closed
(red) states, and the two cross-correlation decays (black, gray)
for molecules 1, 2, and 3 can be seen in Figure 3a-—c,
respectively. The decays were fit using eqs 1—4 for each
molecule separately (dashed lines), resulting in a K and 7,
value that characterize each molecule’s kinetics. These kinetic
parameters were obtained for the entire data set (Figure
3d—3f) and the colors surrounding the representative
molecules’ correlation decays are overlaid on top of the
distributions. These fFCS decays further substantiate the claim
of a two-state DNA hairpin system. First, the filtered auto and
cross-correlation curves follow the single-exponential decays
described by the two-state system modeled by eqs 1—4,
showing that our measurements are well-described by a two-
state system.”’ Second, even without modeling the decays by
fitting them, it can be seen that all of the correlation decays
converge to unity at the larger (millisecond) delay times for
each molecule, as expected for a two-state system. This detail
suggests that each molecule reaches equilibrium rapidly on the
time scale of milliseconds, and no interconversion dynamics in
the ms—s are present that would be indicative of a long-lived
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third state, though it should be noted that if dynamics exist,
which occur much slower than our total multisecond
observation time, they would remain unobserved. These two
observations, as well as the absence of cross-peaks noted above
in Figure 2b and the two observed lifetime distributions in the
MEM analysis, formulate a strong argument for the DNA
hairpin existing in two and only two independent states.

In addition to validating our observation of a two-state DNA
hairpin, fFCS analysis allows us to quantify the kinetic
parameters within each event by their global fits to eqs 1—4,
yielding an equilibrium constant and characteristic correlation
decay time for each molecule and highlighting differences
between each independent measurement. There are perceived
differences among the filtered autocorrelation decays of the
individual molecules visible in Figure 3a—c. These differences
affect the derived components (Keq and 7,) in different ways:
the relative magnitude of the y-intercept values of the
autocorrelation decays for the two states (Keq) and the shared
rate of decay of the two states (the rate of interchange between
states, 7,). The MBM differences are pronounced most clearly
in the scatter plot of K, and 7, in Figure 3f. The distribution of
decay times (z, Figure 3d) is seen to be quite narrow,
suggesting homogeneous dynamics among the molecular
population. A somewhat larger distribution of the equilibrium
constants (Keq, Figure 3e) is seen, corresponding to differences
in the y-intercept values in the decay curves (Figure 3a—c).
Instrumental noise is a significant contributor to this broad K,
distribution, and is more thoroughly described below using
simulation (Figure 4). Excluding outliers (<10%, Section SL6),
the kinetic parameters have values of K, = 1.4 + 0.05 and 7, =
6.5 X 107"+ 0.2 X 107*s™". These values yield an average Kopen
=640 + 30 5! and kg, = 900 + 20 s™, consistent with the
range of bulk literature values.”>*” All uncertainties are stated
as the standard error of the mean. We would note that
observed kinetics of DNA hairpins may be affected by the dye
selection,” making it difficult to make quantitative compar-
isons between systems with different labels. The entire
experimental procedure outlined in this work was repeated
on a second DNA hairpin system with a smaller hairpin loop
(T8, Section SL.7). This alternate T8 system had a significantly
higher equilibrium constant, whose precise value could not be
quantitatively determined, as shown through simulation
(Section SI.8). This analysis highlights an apparent limitation
of this approach: in order to accurately quantify the kinetic
fluctuation between individual states within a system, there
must be a reasonable signal contribution from each of those
states.

To properly frame the quantitative results obtained by our
ABEL-2DFLCS analysis method, we repeated this analysis on a
data set obtained from simulation with kinetic and lifetime
parameters matching our experimental values. In other words,
we performed the analysis on a data set where we knew the
correct kinetic parameters and could therefore verify if the
analytical methodology was accurate and numerically stable,
given experimentally analogous simulated noise. Since low
photon counts contribute significantly to noise due to the
instability of the inverse Laplace transform, our simulated data
set was created with ~3X fewer photons than our data set,
presenting a lower limit for accuracy and precision (Section
SL9). The results of our analysis of the simulated data are
shown in Figure 4 and show a high level of accuracy and
precision even with the reduced photon counts. The creation
of the simulated data set is comprehensively described in
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Section SI.9. Briefly, a stream of photons is created of
combined background and signal photons, with background
intensity identical to our observed system and signal intensities
governed by our measured system and relative intensities
between our quenched and unquenched states. The photon
stream included 100 unique events corresponding to trapped
molecules, with differing lifetimes for the closed states to
simulate empirically observed heterogeneity within the system.
Each simulated event fluctuated between the opened (blue)
and closed (red) states based on the known kinetic parameters
(Kopens Kelose) mentioned. The photon stream was analyzed as
described above, and lifetime distributions for the two
underlying states were obtained for each individual event
within the simulated data trace (Figure 4a, solid red and blue),
and a representative line with the known lifetime values for
each event is displayed (Figure 4a, dashed red and blue). As
can be seen, the lifetime distributions for the two states match
the known lifetime values. The lifetime distributions were then
used to create filter functions for each event, and fFCS analysis
was performed giving correlation decays (Figure 4b, solid
lines), with the expected correlation decays given the known
kinetic parameters overlaid on top (Figure 4b, dashed). Lastly,
the kinetic parameters were obtained using a global fit of eqs
1—4 for each simulated molecule, giving derived K., and 7,
values that are accurate compared to the known input values
(Figure 4c). Figure 4 allows us to visualize potential errors
within each step of the analysis process (Figure 4ab4) and
how all combined errors (from stochastic noise, computational
artifacts, IRFs, etc.) might contribute to the overall accuracy of
obtaining final kinetic parameters (Figure 4c). Accounting for a
few outliers (<5% of the outputs having large K, values, Figure
4c, described in detail in Section SL.6), the accuracy with which
ABEL-2DFLCS obtains the known input parameters for the
simulated data set grants confidence in the measured kinetic
parameters for the DNA hairpin loop, and directly shows that
ABEL-2DFLCS analysis can accurately extract submillisecond
kinetics on a MBM basis. Lastly, as the analysis shown in
Figure 4 was performed on simulations with ~3X fewer
photons than those observed experimentally, we also
performed additional analysis on simulations with equiv-
alent/higher photon counts and found consistent improvement
at these increased photon counts (Section SI.10).

The correlation functions and distributions of fluctuation
times (7,) and equilibrium constants (K,,) observed in Figure
3 can now be discussed in the context of the larger body of
work on DNA hybridization dynamics. As mentioned above,
no evidence is seen for three-state dynamics, with the auto-
and cross-correlation traces being consistent with a two-state
mechanism. Previous reports hypothesized that the typical
diffusive FCS time scale was not long enough to see funneling
at the millisecond time scale to a third state.”>®® Here, even
with trapping times of multiple seconds, we see no evidence for
such a state. Stretched exponential kinetics (non-Arrhenius
behavior), observed by several efforts,®*”%7>7* can result from
dynamic or static heterogeneity of fluctuation rates. In the case
of dynamic heterogeneity, the heterogeneity was interpreted as
originating in a shallow and dynamic potential energy
landscape being rapidly navigated by the biomolecules.”””>"
However, the narrow distribution in Figure 3d suggests there is
negligible long-lived static heterogeneity and that the DNA
molecules are able to explore a large fraction of their potential
energy landscape, resulting in ergodic behavior over the
trapping time scale of several seconds. Further, we see no
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Scatter plot made by performing MBM ABEL-2DFLCS on the T21 DNA hairpin.

evidence of dynamic heterogeneity at the level of individual
molecules (Figure 3) or in ensemble-averaged data (Section
SL11): such behavior would be observable as a stretched
exponential behavior in the decays, but monoexponential fits
are sufficient. We note that the loop and stem sequences
investigated here are in some cases similar to but not identical
to those used in other studies and that dye selection can also
affect the kinetics seen within DNA hairpin systems.”
Applying ABEL-2DFLCS to a larger family of biomolecules
will be the topic of future work. Finally, for biomolecules
exhibiting slower interconversion dynamics and thus non-
ergodic behavior,*”** our approach offers a way to directly
map out the static distribution in a manner that could only be
obtained in MBM analyses since unique distributions cannot
be extracted from stretched exponential kinetics observed in
the ensemble.

In this last section, we demonstrate that ABEL-2DFLCS is
able to detect molecule-to-molecule lifetime heterogeneity
within the DNA hairpin loop while also compensating for this
heterogeneity through its robust analytical process. If
heterogeneity exists within a population for a given parameter
(in this case, the fluorescence lifetime), one would expect that
an ensemble analysis, which incorrectly averaged this
heterogeneous lifetime, would result in an artifactual
correlation of the lifetime with other measurements that are
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dependent on the lifetime (Figure Sa,c). This scenario occurs
because the true values of each molecule’s different
fluorescence lifetime are reduced to an ensemble-average:
introducing a systemic error in further downstream analysis.
To clearly show this problem and solution, we simulated a
data set where each molecule had a different closed-state
lifetime. We then analyzed this data set of simulated single
molecules via ensemble analysis (ensemble-based ABEL-
2DFLCS, Figure Sab), where the photon streams for the
entire data set were summed into a single 2DFLCS correlation
map (analogous to Figure 1f) in order to obtain the lifetime
distribution for the data set. This lifetime distribution obtained
through ensemble-averaging was then used to obtain kinetic
parameters for each event, an analysis procedure that is similar
to ordinary 2DFLCS methods,”>*” and an analogous step is
present in the procedure for high-resolution hidden Markov
analysis.z‘q’f25 However, we observed that averaging the lifetime
distributions for a data set with molecule-to-molecule diversity
in lifetime, an experimentally relevant scenario (see below)
resulted in a spurious correlation between the closed-state
lifetime (Figure Sa, x-axis) and the equilibrium constant
derived for each molecule (Figure Sa, y-axis). To remedy this
issue, the simulated data set was then analyzed by creating a
2DFLCS correlation map for each individual molecule. Such a
MBM analysis was made possible due to the long observation

https://doi.org/10.1021/acsphyschemau.3c00066
ACS Phys. Chem Au 2024, 4, 408—419


https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00066/suppl_file/pg3c00066_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00066/suppl_file/pg3c00066_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066?fig=fig5&ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00066?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

time from the ABEL trap, and this analysis removed the
correlation erroneously imposed by ensemble-averaging
(Figure Sc). The Pearson coefficient (R) and the p-value of
the null hypothesis (P) are shown in Figure S insets, which
quantify the correlation between these parameters, and a
simple linear fit is added to help visualize the removal of the
correlation when transitioning from ensemble to MBM
analysis. Importantly, the magnitude of P represents the
probability of no correlation, and the value of R represents the
strength of the correlation: the slope of the red line helps
visualize whether a correlation exists but does not indicate the
strength of the correlation. Lastly, the transition from
ensemble-based measurements to a true MBM analysis of
our simulated data set also improved how accurately the
median value mapped to the true value of K,y (Section SL.12).
While the ensemble-based measurement (Figure Sa) incor-
rectly averages heterogeneous fluorescence lifetimes, it is
important to note that, for a data set with hundreds of
molecules, the MBM analysis is working with 100-fold fewer
photons, and thus the distribution of those independent
measurements is expected to be larger due to the reduction in
signal (Figure Sc).

After using a simulated data set to show that ensemble-
averaging a heterogeneous closed-state lifetime produces an
erroneous correlation and that ABEL-2DFLCS’s MBM analysis
rectifies this artifactual correlation, the same two analytical
methods (ensemble-based and MBM ABEL-2DFLCS) were
repeated on the experimental data set of the T21 DNA hairpin
(Figure Sb,d). Comparing the Pearson coefficient for the two
methods shows that the correlation between equilibrium
constant and lifetime remains (the null hypothesis, P, stays
close to 0) but becomes substantially weakened upon
transitioning from ensemble-averaged lifetime analysis to
MBM analysis (the magnitude of the Pearson coefficient, R,
is significantly reduced from 0.891 to 0.351). It should be
noted that, while the correlation is reduced, it is not removed
entirely from the system as in the case of the simulated data set
(Figure Sa,c). This residual correlation likely occurs because,
while the simulated data set was specifically designed to have
no intrinsic correlation between parameters, no such guarantee
can be made about the experimental T21 DNA hairpin system.
Rather, the significantly different slopes between Figure 5b and
d indicates the existence of heterogeneity in lifetime (closed
and/or opened) and shows the use of ABEL-2DFLCS to
independently analyze each molecule reduces those artifacts.
Ensemble-based ABEL-2DFLCS analysis was also performed
on a simulated data set that had no heterogeneity within its
closed-state lifetimes (Section SI.13). This negative control
shows that the correlation seen in Figure Sa is indeed a
consequence of the lifetime heterogeneity within the data set,
and not an artifact of the analysis. In summary, the MBM
analysis of the T21 DNA hairpin (Figure Sd) reveals
heterogeneity within the T21 hairpins’ fluorescence lifetimes.
That Figure 5d also shows a residual correlation between
single-exponential fluorescence lifetime and equilibrium
constant further suggests that this heterogeneity in fluores-
cence lifetime may also be correlated with the T21 DNA
hairpin kinetics, possibly due to heterogeneity in the K.
among the T21 DNA hairpin that was not present in the
simulated data set. This correlation makes sense, as a larger
equilibrium constant K., would suggest more time spent in the
closed configuration, and thus more time in a quenched FRET
state and a lower observed fluorescence lifetime.
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Finally, we performed ABEL-2DFLCS on a mixture of T21
and T8 hairpins to show that their populations could be
resolved at the single-molecule level through measuring their
kinetic properties. Briefly, the mixture data set was parsed into
two areas that matched their expected fluorescence properties
(see Section SL.16), and 10 events from each area (20 total)
were selected. This allowed us to sort the T21/T8 mixture into
populations based on fluorescence properties while remaining
agnostic to their kinetic properties. ABEL-2DFLCS analysis
was then used to derive the kinetic properties of these events as
shown in Figure 6, with the T21 and T8 events shown in green
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Figure 6. Reaction time constants and equilibrium constants of
molecules assigned as T21 (green, N = 10) and T8 (purple, N = 10).

and purple, respectively. Despite the T8 hairpin loop having a
large K,y value (and thus being difficult to quantify the relative
photon contribution from the sparsely populated opened
state), it can be seen that the populations are clearly resolved
from each other and have kinetic values comparable to those
measured from the nonmixed samples.

In this work we used ABEL-2DFLCS to accurately characterize
the structural dynamics of a FRET-labeled biomolecule, a
DNA hairpin. We quantified submillisecond time scale
dynamics on a molecule-by-molecule level without relying on
ensemble-averaging data across multiple single-molecule
measurements, a process that was also vetted on simulated
data sets. To our knowledge, this is the first experiment that
has achieved this milestone. For the specific hairpin studied,
the kinetics revealed a simple two-state interconversion
without significant static or dynamic kinetic heterogeneity, in
contrast to some previous results, where the molecule-by-
molecule analysis of ABEL-2DFLCS avoided artifacts caused
by inhomogeneity in lifetime and spatial excitation. We further
showed the ability of ABEL-2DFLCS to parse kinetics of
inherently heterogeneous systems by resolving the kinetics
from a mixture of T21 and T8 hairpins. More generally, this
analysis can be performed on any solution-phase biomolecule
with conformational states characterized by different lifetimes,
a scenario easily achieved with the use of FRET labels, and can
be applied to many highly fluctional, biologically relevant
systems such as intrinsically disordered proteins, molecule
motors, and enzymes, fulfilling an outstanding need in the
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community for true molecule-by-molecule elucidation of fast
solution-phase dynamics.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00066.
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