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Fluorescence resonance energy transfer (FRET) is a powerful
spectroscopic method for measuring distances in the 2-8 nmrange.
Often, conformational changes and molecular interactions are
difficult orimpossible to synchronize, or too rare or transient to
detect using ensemble FRET. Single-molecule FRET (smFRET) opens
new opportunities to probe biomolecular conformational changes
orinteractions that are missing in static snapshots provided by
traditional structural biology tools, as well as to measure the kinetics
of these dynamics on various timescales and under physiological
conditions, including inside cells. Advances in labelling technologies,
combining smFRET with optical and magnetic tweezers and Bayesian
inference-based and information theory-based analysis tools are
revealing rich biomolecular dynamics. We also discuss the challenges
and opportunities in integrating dynamics into traditionally static
structural biology approaches, extending smFRET into cells and
tissues, advancing technical innovations and democratizing the
practice of smFRET.
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Introduction

Fluorescence resonance energy transfer (FRET) is apowerful spectro-
scopic method for measuring distances in the 2-8 nm range'. In this
method, the excitation energy of the donor fluorophoreis transferred
tothe acceptor fluorophore through aninteraction between their tran-
sition dipoles, resulting in ameasurable change in fluorescence of both
fluorophores (Fig.1). The donor and acceptor fluorophores together
forma FRET pair. Small changes in the distance between the two sites
ofabiological molecule (where donor and acceptor are attached) can
resultinadetectable changein the efficiency of energy transfer, £ (see
Box1,Eq.1),allowing FRET to be used as a spectroscopic ruler. Changes
inthe Evalue canresult from structural changes of abiomolecule, such
asanenzyme performing Pacman-like movements, or relative motion
between two different molecules (Fig. 1).

Whenmoleculardynamicsorinteractions cannotbesynchronized —
arequirement for conventional kinetic analysis — or are toorare or tran-
sient to detect using ensemble FRET, single-molecule FRET (smFRET)**
becomes valuable.smFRET provides unique real-time information on
biological dynamics rather than only the average distance. Addition-
ally, smFRET is less affected by incomplete labelling of the biomol-
ecule of interest compared with ensemble FRET, where the fractions
of molecules labelled with either the donor or the acceptor, as well as
both, need tobe determined to accurately measure distance. sSmFRET
measurements can be designed to classify molecules based on such
labelling stoichiometry so that only the molecules with the desired
labelling stoichiometry can be analysed.

Structural databases primarily host static snapshots of biomol-
ecules, obtained from ensemble-averaged X-ray crystallography or
cryogenic electron microscopy data. By contrast, smFRET has the
ability toreveal biomolecular conformational changes or interactions
that are missing in these static snapshots, and to measure the kinet-
ics of these dynamics on various timescales and under physiological
conditions, including inside cells. smFRET is also not affected by the
Brownian motion of the entire molecule, unlike other single-molecule
techniques such as optical tweezers and magnetic tweezers that meas-
ureforces, although it has been combined with optical tweezers* and
magnetic tweezers™ to characterize the conformational dynamics of
biomolecules as a function of force or torque, respectively.

The distance R between the donor and the acceptor at which the
E value becomes 0.5 is known as R,,, and is given by Eq. 2 (see Box 1).
The R, valueistypically afew nanometres, determined by the refractive
index n of the medium and properties of the FRET pair, including the
spectral overlap integral / between the donor emission and acceptor
absorption, the donor quantum yield ¢, and the relative orientation
between the donor and acceptor’s transition dipoles, called k* (see Box 1,
Eq. 3), often approximated to be 2/3. Typically, the intensities of the
donorandacceptorinasingle biomolecule are measured as afunction
of time, and if the distance between the donor and acceptor changes,
these intensity values will fluctuate in an anti-correlated manner,

accordingly. The E value is then determined as the acceptor intensity
arising from FRET divided by the sum of bothintensities after appropri-
ate corrections® (see Box1,Eq.4).Inan alternative approach, the fluo-
rescence lifetime decay curveis measured and the £ value is determined
from the reduction in the donor lifetime'® (see Box 1, Eq. 5).

Inthis Primer, we explainthe components and layout of fluorescence
microscopes used for smFRET studies, sample preparationand datacol-
lection bothin vitro and in living cells, as well as popular analysis pipe-
lines for the data collected and typical results obtained, followed by afew
illustrative applications of smFRET. Multi-laboratory comparison studies
are highlighted, emphasizing the need for standardizing datastructures
andimproving reproducibility. Potential limitations such as fluorophore
photochemistry, perturbation of biological activity, sampling bias and
weak interactions are also presented along with workarounds. We end
by looking to the future, when smFRET becomes integrated with other
structural biology tools andbecomes accessible to non-experts. We refer
our readers to the excellent method and standardization-focused
reviews cited throughout this Primer for additional details.

Experimentation

Inthis section, we discuss the experimental fundamentals of the smFRET
method. We cover the components and arrangement of fluorescence
microscopes used for smFRET studies, the process of sample preparation
—including fluorophoreselection (Box 2) —and data collection for both
in vitro systems and living cells, with an emphasis on key information
useful for designing future experiments. Our discussion is limited to
two-colour smFRET because multi-colour smFRET remains challenging
toimplement for non-experts despite many successful applications” ™,

Fluorescence microscopes used for smFRET

Instrumentation for smFRET experiments primarily aims to reduce
the excitation volume as much as possible to minimize the background
fluorescence signal and maximize the single fluorophore signal, which
is commonly achieved using total internal reflection fluorescence
(TIRF) microscopy or confocal fluorescence microscopy.

TIRF microscopy-based smFRET. TIRF microscopes generate an
evanescent field of ~200 nm depth through total internal reflection
(TIR) of the excitation laser at the interface between a quartz/silica
glass surface, where target molecules are tethered, and the aqueous
buffer containing the sample. This configuration selectively excites
fluorophores near the surface of a quartz flow cell or silica glass cov-
erslip within the evanescent field, minimizing background fluores-
cence from the surrounding solution and untargeted molecules®.
In a typical two-colour TIRF system employing the popular cyanine 3
(Cy3) donor-Cy5acceptor fluorophore pair,a532 nm laser excites the
donor, measuring both donor intensity and FRET-induced acceptor
intensity, whereas a 633 nm laser serves as a control to directly excite
theacceptor'.

Fig.1/smFRET andits advantages. A, The fluorescence resonance energy
transfer (FRET) process between two fluorophores serving as the energy donor
(D) and acceptor (A). A simplified Jablonski diagram shows the electronic
transitions underlying FRET and infrequent transitions to the triplet state T,.

B, The dependence of the FRET efficiency, £, on the donor-acceptor distance, R,
plotted for adonor-acceptor pair with a FRET radius R, =5 nm. C, When the donor
(green) and acceptor (red) are far from each other, £ is low and the emission is
primarily from the donor. D, When the donor (green) and acceptor (red) are
closer, Eis high, with emission primarily from the acceptor. E, FRET efficiency

versus distance for several different R, values. F, Time-resolved single-molecule
FRET (smFRET) trajectories can reveal how a (bio)molecule progresses through
its functional cycle (panel Fa). Instead of ensemble averages, the single-molecule
resolution offers quantitative steady-state populations of the underlying
functional states or conformations (panel Fb), revealing static or dynamic
heterogeneity. The individual kinetic rate constants describing the functional
dynamics of the studied system are accessible (panel Fc). Ensemble experiments
cangenerally not determine such kinetic rate models at steady state.
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Theevanescent field can be generated through a prism (P-TIR) or
through an objective (O-TIR)* (Fig. 2A). P-TIR uses asilica prism on top
ofaquartzflow celltomatchtherefractiveindex of the quartz. A mildly
focused laser beam (focal length ~20 cm) enters the prism at a large
incident angle (>68°), passes through a refractive index-matching oil
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andthe quartzsurface,andisreflected atthe quartz-bufferinterface,and
a water-immersion objective lens with a long working distance and
high numerical aperture (1.2) collects the fluorescence emission
signals. O-TIR uses an objective lens with a high numerical aperture
(>1.45) to generate an evanescent field”. An expanded laser beam is
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Box 1

Equations for FRET and single-molecule FRET corrections

Fluorescence resonance energy transfer (FRET) efficiency:

1

=0 (R/RE) M

where R is the distance between the donor and the acceptor; and R,
is the donor-acceptor distance R at which E is 0.5.

FRET distance [A] : R

1)) 2
=0.2108 s/[ ’:f ]J(M1 i ) )

where J=Ig Foeah* dA

where @, is the donor quantum yield; k2 is the relative orientation
between the donor and acceptor’s transition dipoles; n is the
refractive index; J is the spectral overlap integral; F,, is the normalized
donor emission spectrum; g, is the acceptor molar extinction
coefficient; and A is the excitation wavelength.

Dipole orientation factor : k2= (cos8yp — 3c0s0,c0s6,)? (3)

where 0,5 is the angle between the donor emission transition dipole
and the acceptor absorption transition dipole; 6, is the angle between
the donor emission dipole and the vector joining the donor and
acceptor; and 8, is the angle between the acceptor absorption
transition dipole and the vector joining the donor and acceptor.

F
Intensity-based FRET efficiency : E= _ D (4)
Fap* Fop
where F,;, is the sensitized acceptor signal after donor excitation;
and Fp is the donor signal after donor excitation.
. - _ Tp(a)
Lifetime-based FRET efficiency:E=1- . (5)
D(0)

where T, is the donor lifetime in the presence of an acceptor; and
Tp(0) IS the donor lifetime in the absence of an acceptor.

Background-subtractedintensity:
(6)

i _; _BG i _j; _BG
Inip = Iajp = Iaip- Ioip = Iojp ~ Ipip

where Ip, Ib o is the acceptor and donor intensity with donor
excitation after background subtraction, respectively; Ixp, Ipp

is the acceptor and donor intensity with donor excitation before
background subtraction, respectively (that is, raw intensity
extracted from the time-lapse images); and Iy, I53 is the
background signal in the acceptor and donor channels, respectively,
with donor excitation (that is, signal levels after fluorophores
photobleach).

/i(DO) Ei(DO)
Donor emission bleed-through factor : o= —2— = —2PP__ (7)
9 1= o) T _gi®o)
DD app

where [{2°, 1527 is the intensity in the acceptor and donor channel,

respectively, from a donor-only sample with donor excitation; and

E«'Q%J;?) is the apparent FRET efficiency of a donor-only sample.

Acceptor direct excitation correction factor:

i s ®
~ji(AO) i(AO]
/‘*(\A ) 1_S;(pp)
where {8, K49 is the intensity in the acceptor and donor

channel using and donor and_ acceptor, respectively, from an
acceptor-only sample; and S;(Fff) is the apparent stoichiometry
of an acceptor-only sample. Stoichiometry, S, is defined in Eq. 12

below.

Fap signal after o and & correction : Fyp= I,’;‘D = orIélD = 6I,Q|A (9)

where Fy, is the fluorescence signal of acceptor with donor
excitation after correction with aand & factors; Iy p, Ipp is the
background-subtracted acceptor and donor intensity using donor
excitation, respectively; and ’/&|A is the background-subtracted
acceptor intensity using acceptor excitation.

I]A (DA

factor:y=———
i 4 r)D(DD

(10)

where n, is the acceptor detection efficiency; n; is the donor
detection efficiency; and @, is the acceptor quantum yield.

Fo\p signal after y-factor correction : Fpp = ylng 1)

where Fpp is the fluorescence signal of the donor with
donor excitation after correction with the y factor; and I,
is the background-subtracted donor intensity using donor
excitation.

Fapt Foip

Stoichiometry:S=——+——-—
Fapt Foipt Faja

(12)

Onl

B factor : B= 22 (13)
Oplp

where o, is the acceptor absorption cross-section; o, is the donor

absorption cross-section; I, is the acceptor excitation intensity; and

Ip is the donor excitation intensity.

1
Determination ofyandB:§=(1—y)BE+yB+1 (14)
1.
Faa signal after B-factor correction : Fy, = EIAIA (15)

where Fy, is the fluorescence signal of acceptor w_ith acceptor
excitation after correction with the 8 factor; and Iy is the
background-subtracted acceptor intensity using acceptor
excitation.
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focused at the back focal plane of the objective lens, and then exits
through the periphery of the objective lens to produce an evanescent
field at the quartz/silica glass—buffer interface. Notably, the auto-
fluorescence arising from the laser beam going through the objective
lens in O-TIR may induce higher background signals in the red chan-
nel than is seen with P-TIR™. P-TIR typically has a wider field of view
but requires more frequent realignment and the prism limits access
to the flow cell from above, thereby impeding the incorporation of
additional tools.

Fluorescence emission signals from the donor and acceptor

are split by a dichroic mirror®. For example, for the commonly used
Cy3-Cys5 pair, a high-pass optical filter with a 550 nm cut-off'is placed
ahead of a high-pass dichroic mirror with a 640-650 nm cut-off to
separate Cy3 and CyS5 signals into two separate light paths. Band-pass
optical filters mounted on the Cy3 and CyS5 light paths, respectively,
arethenused toremove scattered excitation light and any background
signals. Each light path is then either aligned to form an image on
an electron multiplying charge-coupled device (EMCCD) or a scien-
tific complementary metal oxide semiconductor (sCMOS) camera®.
EMCCDs have been prevalent due to their high photon detection
efficiencies with minimal background, but recent advancements in
sCMOS quantum efficiency has enabled single-photon detection,
offering an alternative with higher time resolution for investigating
fast dynamics.
Confocal microscopy-based smFRET. In a confocal microscope'®®,
the excitation beam is focused to a diffraction-limited spot using an
objective lens, and emissions from the excited fluorophores are col-
lected through the same objective lens (Fig. 2B). The emitted light from
aconfocal volume of approximately 1 flis thenimaged onto a100 pm
pinhole that transmits the emission signals and rejects out-of-focus
background, ensuring easy alignment and a sufficient signal-to-noise
ratio for smFRET?. After passing through the pinhole, emission signals
are separated into two pathways by a dichroic mirror and re-focused
onto two single-photon detectors, such as photon-counting silicon
avalanche photodiodes (APDs) and hybrid photodetectors®.

Toobtainaccurate smFRET data and fluorophore labelling status,
two continuous laser excitations for the donor and the acceptor
are alternated using electro-optic modulators® or acousto-optic
modulators® with alternating periods of 50-100 ps. An analogue
output device anti-synchronizes the excitation periods of the two
lasers using the modulators. The emission photons are then detected
by APDs, with arrival times recorded with a counter/timer device.
This alternating laser excitation (ALEX) mode can also be achieved by
using pulsed-interleaved excitation or enhanced using nanosecond
ALEX, where the two pulsed lasers operate at frequencies of
1-50 MHz (refs. 24,25). Pulsed-interleaved excitation and nanosecond
ALEX offer lifetime informationinaddition to the data from continuous
laser ALEX mode.

Confocal microscopes can measure smFRET from both freely dif-
fusing and surface-tethered molecules. For observing freely diffusing
molecules, the excitation beam’s focal pointis placed10-30 pm above
the coverslip®. With conventional APDs, laser powers resulting in
20-30 detected photons per millisecond are sufficient to determine
the average F value from thousands of single-molecule bursts. The
laser typically operates at power levels ranging from 20 to 120 pW, with
measurements taken prior to entering the objective lens. An optimal
sample concentration of 50-100 pM allows recording of thousands
of single molecules in a 10-min acquisition. High photon-counting

rate measurements, which typically use surface-tethered molecules,
provide temporal resolutions of tens of microseconds and are used to
observe fast dynamics such as protein folding”. Measurements using
freely diffusing molecules are suited for observing the subpopula-
tions caused by the conformational heterogeneity and interactions
of biomolecules. ALEX is crucial for confocal-based smFRET of freely
diffusing molecules, providing the labelling stoichiometry information
that is otherwise difficult to obtain®.

Fluorescence microscopy combined with optical or magnetic
tweezers. For complex systems or biological processes, simultane-
ous probing of multiple variables enables mechanistic correlation
between different physical or chemical properties. The integration
of optical or magnetic tweezers with single-molecule fluorescence
detection — known as fleezers — expands the range of measurable
biophysical quantities and allows real-time control for mechanical
manipulation” (Fig.2C).

Fleezers are structured with both a fluorescence excitation and
emission detection system as well as a bead-trapping and detection
system.Beads are trapped by a high-power laser (optical tweezers) ora
magneticfield (magnetic tweezers). Optical tweezers use a high-power

Box 2

Fluorophore selection

Fluorophores ideal for single-molecule fluorescence measurements
should have high extinction coefficients (indicating their efficiency
in light excitation) and high quantum yields (indicating efficiency

of excitation in producing fluorescence emission). Popular
fluorophores excel in the brightness (the number of photons
collected per second under standard excitation conditions),
steadiness (the constancy of fluorescence intensity in the absence
of biological changes) and photostability (the number of photons
detectable from a single fluorophore before photobleaching).

The brightness of the single-molecule fluorescence signal is
determined by both the extinction coefficient at the excitation
wavelength and the emission quantum yield. Steadiness is affected
by factors such as blinking, for example through sojourns to the
triplet state (T,). Despite its low frequency, T, is important due to its
much longer lifetime (at least 1,000x) compared with the excited
singlet state, and its association with photobleaching. Photostability
is dependent on the host molecule, generally being higher when
fluorophores are conjugated to nucleic acids compared with
proteins. For in vitro single-molecule fluorescence resonance
energy transfer (smFRET), an oxygen scavenger system is used to
dramatically reduce photobleaching without affecting biological
activities. Therefore, the performance of fluorophores under
deoxygenation condition is crucial.

In the context of smFRET, a large difference in emission
wavelength between the donor and the acceptor facilitates the
detection of their signals with minimal crosstalk. Finally, it is
desirable to have similar guantum yields between the donor and
the acceptor so that FRET changes can be detected through clearly
anti-correlated fluctuations in donor and acceptor intensities.
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Aa Prism-type TIR microscope

Ab Objective-type TIR microscope

B Confocal microscope with ALEX
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Fig. 2| Illustration of the experimental set-ups for smFRET. A, Two

types of total internal reflection (TIR) microscopes are used for observing
single-molecule fluorescence resonance energy transfer (smFRET) of samples
immobilized on the surface: a prism-type TIR microscope (P-TIR; panel Aa) and
an objective-type TIR microscope (O-TIR; panel Ab). B, A confocal microscope

is typically used for observing smFRET of freely diffusing molecules or
immobilized molecules with a high photon counting rate. With alternating laser
excitation (ALEX), the acceptor is directly excited with a red laser when the donor

cco-fll  B-emce

excitation laser is off so that the labelling stoichiometry can be determined.

C, Typical set-ups for smFRET combined with optical tweezers (panel Ca) and
magnetic tweezers (panel Cb). Red denotes the acceptor or its signal and green
denotes the donor or its signal. AOM1-AOM2, acoustic optical modulators 1-2;
APD1-APD2, avalanche photodiodes 1-2; CON, condenser; DM1-DM4, dichroic
mirrors 1-4; EMCCD, electron multiplying charge-coupled device; F1-F4, filters
1-4;L1-L11, lenses 1-11; M1-M3, mirrors 1-3; ND, neutral density filter; PH,
pinhole; QPD, quadrant photodiode; SM1-SM2, steerable mirrors1-2.

(>1 W) near-infrared laser focused using a high numerical aperture
(1.2-1.4) objective lens, with a position-sensitive detector monitoring
the displacement and force applied to the trapped bead.

Fluorescence microscopes for live-cell sSmFRET. To observe smFRET
inaliving cell’**, several additional components need to be added to
the smFRET microscopes described above. These include amotorized
stage to automatically select the region of interest, a stage incubator
that maintains temperature and CO, levels to keep cells alive and a
non-fluorescence-based imaging component for observing cell mor-
phology, such as differential interference contrast imaging or phase
contrast imaging component. Most sSmFRET studies in eukaryotic
cells have been performed on membrane proteins and their ligands®®*

because measuring smFRET in the 3D space of eukaryotic cytosols still
remains challenging™.

Sample preparation

Fluorophore labelling of biomolecules. Fluorophores with a high
extinction coefficient (>50,000 M cm™) and reasonable quantum
yield (>0.1) can be used for smFRET>'. Fluorescent proteins (FPs)
need no additional post-cloning steps for conjugation with the target
protein. Quantumdots, being highly resistant to photobleaching, may
enable prolonged FRET observation. In vitro smFRET experiments
have employed FPs and quantum dots***, although they have several
disadvantages that have precluded practical applications. FPs have a
large size and low photostability relative to organic fluorophores, and
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quantumdots, withan evenlarger size and broader absorption spectra,
face practical limitations. Consequently, organic fluorophores are
more commonly used for smFRET experiments. Organic fluorophores
with absorption wavelengths of 480-600 nm (such as Cy3, Cy3B, Alexa
Fluor (AF) 488, AF555, ATTO488, ATT0532,LD550 and LD555) are com-
monly used as donors, whereas those with absorption wavelengths
of 600-700 nm (such as Cy5, ATTO647N, AF594, AF647, LD650 and
LD655) are used as acceptors. Notably, the Cy3-Cy5and AF488-AF594
FRET pairs are frequently employed. Multi-colour smFRET is useful
for observing multiple distances within a molecule and interactions
among more than two components. However, the available number
of fluorophores is constrained by spectral overlaps between dyes.
Commonly used fluorophore combinations for multi-colour smFRET
are Cy3/Cy5/Cy5.5 (ref. 11) or Cy3/Cy5/Cy7 (ref. 36) for three-colour
smFRET and Cy2/Cy3/Cy5/Cy7, Alexa488/Cy3/Cy5/Cy7 (ref.13) or
Atto488/Atto550/Atto594/Atto647N (ref.37) for four-colour smFRET.

For labelling biomolecules of interest, fluorophores functional-
ized with chemically reactive groups such as N-hydroxysuccinimide
(NHS) esters and maleimides are used. NHS esters label amine-modified
nucleicacids or lysine residuesin proteins. Maleimide-functionalized
fluorophores allow site-specific labelling of proteins, by reacting with
thiol-modified nucleic acids or cysteine residues. After labelling,
checking labelling efficiency through purification steps is crucial,
but smFRET’s advantage lies in reduced dependency on high label-
ling efficiency, as fluorescence signals provide information on each
molecule’s labelling status. Finally, unnatural amino acid mutagenesis
is increasingly applied to introduce a single unnatural amino acid
amenable to labelling via biorthogonal chemistry***,

Surface tethering of biomolecules. In TIRF microscopy-based
smFRET, preventing non-specific adsorption of molecules to the
quartz/silica glass surface is critical. This is achieved by passivating
the surface with a mixture of NHS-functionalized, biotinylated and
non-biotinylated polyethylene glycol (PEG) grafted onto the amino-
propylsilane-functionalized quartz/silica glass surface’. Streptavidin
doping allows tethering of a biotinylated biomolecule of interest to
the surface using a biotin-streptavidin-biotin bridge. We refer the
interested readers to an illustrated protocol on how the same cham-
ber is created and functionalized*. Although surface preparation is
time-consuming and each surface is generally used only once, new
protocols offer regeneration of PEG surfaces up to ten times without
quality loss, promising increased throughput and cost reduction®.
An alternative approach involves using dichlorodimethylsilane and
Tween-20, which efficiently prevented non-specific adsorption of
biomoleculesto a streptavidin-coated surface**. Additionally, encap-
sulating freely diffusing biomolecules in liposomes* and employing
anti-Brownian electrokinetic traps*® provide alternatives to direct
tethering to the surface.

Preparation of fluorophore-labelled samples for live-cell smFRET.
smFRET in living cells can be performed with a genetically encoded
FRET pair, either of FPs or organic fluorophores linked to genetic tags
such as SNAP-Tag, CLIP-tag and HaloTag®. Use of FPs and genetic
tags is limited by their large size and the restricted positions where
they canbe introduced**®. To address these drawbacks, labelled bio-
molecules can be exogenously introduced into live cells, employing
methods such as microinjection in the case of eukaryotic cells*®**° or
transformation approaches such as heat shock or electroporation for
bacterial cells?**°.

Reducing cellular autofluorescenceis crucial for live-cell smFRET.
In eukaryotic cell lines, avoiding common supplements to culture
media such as phenol red is essential, as they can generate artificial
signals”. For bacterial cells, live-cellimaging typically employs minimal
media such as 3-(N-morpholino)propanesulfonic acid (MOPS) and
M9, instead of Luria-Bertani medium which has a high background
fluorescence signal®®*",

Data collection

Time-series data from surface-tethered biomolecules. Time-series
data are generated by recording the fluorescence emission signals
from fluorophore-labelled, surface-tethered biomolecules over time.
Commercial (MetaMorph from Molecular Devices), open-source
(uManager®) or laboratory-developed (Single** or smCamera) soft-
wareis used to control the detectors and record the time-series data. To
extendintensity and E trajectories, the use of an oxygen scavenging sys-
temis crucial in most systems to mitigate photobleaching. Currently,
glucose oxidase with catalase (GOC) or protocatechuic 3,4-dioxygenase
(PCD) with protocatechuic acid (PCA)** serve as oxygen scavenging
agents. This system also prevents the photoinduced conversion of Cy5
into Cy3 (or photoblueing)’*. Triplet-state quenchers are additionally
used toreduce the triplet-state lifetime™.

Collecting fluorescence emission bursts from freely diffusing bio-
molecules. Confocal microscopyisapplied to observe smFRET in freely
diffusing, fluorophore-labelled biomolecules, eliminating the need for
surface tethering®. Triplet-state quenchers are used to mitigate triplet-
state blinking which may occur over atimescale similar to the time a mol-
eculespendsin the excitation volume. The transit time of biomolecules

Glossary

Dwell times

Durations of time that single molecules
spend in a specific fluorescence
resonance energy transfer (FRET) state
before transitioning to a different FRET
state or photobleaching.

Excitation volume

The spatial region of the excitation
laser around an imaged object in
which impurities and background
fluorophores may also be excited.

FRET states

Compositional or conformational states
of a biomolecule that are distinguished
by their fluorescence resonance energy
transfer (FRET) efficiencies.

Multi-colour smFRET
Single-molecule fluorescence
resonance energy transfer (SmFRET)
using three or more fluorophores with
distinct emission colours, allowing the
simultaneous monitoring of multiple
energy transfer events.

Photobleaching

A photochemical reaction between the
excited electronic state of a fluorophore
and molecular oxygen (O,) that destroys
the fluorophore and manifests as a
single-step decrease in the emission
signal of a single fluorophore to the
background level.

Photon budgets

The number of photons detected
from a single fluorophore until
photobleaching.

Triplet-state blinking

Turning off and on of a single
fluorophore caused by transitions to
and from a triplet electronic state,
respectively.

Two-colour smFRET

The most common implementation of
single-molecule fluorescence resonance
energy transfer (smFRET), involving
asingle donor and a single acceptor
fluorophore of distinct emission colours.
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passing through the confocal excitation volume of -1 flis approximately
1ms. Therefore, binning times of 0.5-1 ms are typically used for intensity
trajectories, aiding in the selection of single-molecule bursts. Various
commercial set-up solutions exist for measuring confocal smFRET with
or without time-correlated single-photon counting””.

Live-cell smFRET. Live-cell smFRET follows procedures similar to
in vitro smFRET, but autofluorescence presents an additional chal-
lenge. Autofluorescence in this context varies depending on the cells
and fluorescence detection method. Lifetime-based fluorescence
measurements offer more accurate values of £ for live cells, because
autofluorescence has specific (shorter) lifetimes in the cells, and thus
it can be corrected for®,

Results

In this section, we describe the typical analysis pipelines for the data
collected from the two most common smFRET instruments — TIRF
and confocal fluorescence microscopes — and we discuss the typical
results obtained from each set-up.

TIRF-based smFRET

With TIRF-based smFRET, raw data consist of movies with separate
donor and acceptor images recorded over time (Fig. 3a). Image pro-
cessing outputs the extracted intensity trajectories for each donor—
acceptor pair (Fig. 3b), which can be converted to E trajectories using
Eq.4 (Box1). Major processing steps involve image alignment, fluoro-
phoreidentification and trajectory selection. Inimage alignment, the
donor and acceptor images are spatially mapped. Markers that emit
inboth channels (such as TetraSpeck Fluorescent Microspheres from
ThermoFisher) can be recorded as calibration data, and the spatial
correction parameters (x and y shifts, rotation, expansion and distor-
tion) are then obtained by polynomial fitting of the marker images®.
In fluorophore identification, fluorescence spots are detected using
aspot detection algorithm with user-defined thresholds. An optimal
background subtraction often improves the accuracy of fluorescent
intensity calculation®®. Commercial and open-source software (such
as Image)) typically contain built-in features for spot detection®.
Spots from the donorimages are mapped onto the acceptor images or
vice versa. In trajectory selection, intensity trajectories arising from
more than one fluorophore with low signal-to-noise ratio or of low
quality due to factors such as drift are discarded at this step. Many
laboratory-developed open-source software packages such as
MASH-FRET®?, SPARTAN", TwoTone®,iSMS®* DeepFRET®*, AutoSiM®*,
MARS® and Deep-LASI®® are employed for these image processing and
trajectory selection steps, increasingly in semi-automated or fully
automated procedures. A detailed description of the software packages
is summarized in a recent review article'.

Correction of intensity trajectories. Intensity trajectories undergo cor-
rection for severalinstrument and fluorophore properties’ (Fig. 3c-e).
Background subtraction for both donor and acceptor intensities using
Eq.6 (Box1) ensures anaverage intensity value of zero after photobleach-
ing. The donor emission bleed-through correction factor (a) is deter-
minedusingEq.7 (Box1). Thisstep requires asample withadonor-only
label, or a time window after acceptor photobleaching in individual
trajectories (Fig. 3c). The acceptor direct excitation correction factor
(6) isdetermined using Eq. 8 (Box 1). This step typically requires asample
withanacceptor-only label, or atime window after donor photobleach-
ing inindividual trajectories (Fig. 3d). Application of Eq. 9 (Box 1) can

correct the acceptor signal for donor emission bleed-through into the
acceptor channel and direct excitation of the acceptor at the donor
excitation wavelength. After these three corrections, the donor-only
populationshould have an average E value of zero. The y factor accounts
for the difference between the donor and acceptor quantumyields and
detection efficiencies (see Box 1, Eq. 10) estimated from intensity tra-
jectoriesastheratio ofthe decreaseinacceptor signalandtheincrease
in the donor signal after acceptor photobleaches® (Fig. 3e). Applying
Eq.11(Box1) corrects the donor signal for the y factor. Corrected donor
and acceptor intensity trajectories are used to calculate £ trajectories
according to Eq. 4 (Box 1). These corrections eliminate experimental
offsets and distortions from the data, enhancing reproducibility and
accurate £ values for absolute inter-fluorophore distances, crucial in
structural studies. Flexible linkers necessitate averaged £ values for Eq. 1
(Box1). Foramore accurate extraction of inter-fluorophore distances,
various dye models are developed to account for the translational and
rotational flexibility of the fluorophores (reviewed in refs. 10,16,68).
In many applications, a dye model where dye rotation and dye transla-
tionoccur much faster and slower than the FRET process, respectively,
is appropriate. Nevertheless, partial correction (with ¢ correction and
y correction being optional) often suffices. For example, applications
inkinetics of molecular interactions and conformational dynamics do
not require absolute distance calculation, and the subpopulations of
biomolecules canstill bereliably identified using the apparent £ values
after partial correction’.

Bothintensity and E trajectories contain a wealth of kinetic infor-
mationonbiological processes, for example how many different con-
formation states exist and what their dwell times are. Hidden Markov
modelling® (Fig. 3f), most recently implemented using Bayesian infer-
ence approaches’, is used to determine the number of distinct FRET
states and their corresponding E values, as well as the rates of transi-
tions between these states. The transition density plot is used to pic-
torially visualize the relative frequency of interconversion between
each pair of FRET states (Fig. 3g). More recent advances allow analysis
of ensembles of single-molecule time series using an empirical Bayes-
ianinference approach’, inference of transition rates higher than the
acquisition rate of the detector’?and lower than the inverse of the imag-
ing time”®, determination of kinetic parameters for systems exhibiting
heterogeneouskinetics™”* and analyses using Bayesian non-parametric
approaches’. Software tools such as HaMMy®’, vbFRET”, ebFRET”,
SMACKS™ and the recently developed tMAVEN" aid in kinetic analy-
sis, whereas other software packages include integrated features for
image processing, trajectory selection and corrections, modelling and
parameter extractionand data visualization (SPARTAN", DdeepFRET®,
AutoSiM®* and tMAVEN?). A detailed description of the software
packages is summarized in arecent review article'.

Confocal-based smFRET

Instandard smFRET experiments using a confocal fluorescence micro-
scope, freely diffusing biomolecules are detected during their short
transit time (-1 ms) through the excitation volume (-1 fl) generated by
thefocused laser. The signals, sampled in the microsecond time range,
provide faster time resolution than TIRF-based smFRET", revealing
rapid molecular transitions across lower energy barriers. Information
inthe sub-nanosecond regime can be obtained through fluorescence
lifetime measurements'®’s,

Intensity-based measurements. In an intensity-based confocal
smFRET experiment, donor and acceptor photon bursts are sorted
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lines represent donor signal, red lines represent acceptor signal). The donor
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residual signal in the acceptor channel after acceptor photobleaching. Traces
where the acceptor photobleaches first are used (highlighted in blue region)
(panel ¢). The acceptor direct excitation correction factor (6) is estimated as the
ratio of the acceptor signal upon donor excitation after donor photobleaches to
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the acceptor signal upon direct acceptor excitation (highlighted in blue region)
(paneld). The y factor can be practically determined as the ratio of the decrease
in the acceptor signal to the increase in the donor signal after the acceptor
photobleaches (highlighted in blue region) (panel e). f,g, Hidden Markov models
(HMMs, panel f) and transition density plots (panel g) are often used to extract
kinetic parameters from fluorescence resonance energy transfer (FRET) traces.
I,ilD, I,§‘D, background-subtracted acceptor and donor intensity using donor
excitation, respectively; /y », background-subtracted acceptor intensity using
acceptor excitation; SmFRET, single-molecule FRET. Parts b, fand g adapted from
ref.206, CC BY 4.0. Parts c-e adapted with permission from ref. 207, RSC.

into time bins to generate intensity trajectories (Fig. 4). Optimal bin-
ning time is estimated from the autocorrelation curves of the donor
andacceptor. Background is distinguished from fluorescence emission
photonbursts via intensity thresholds””*%. For instance, Symphotime
analysis software (PicoQuant) allows setting intensity thresholds based
on count rate histograms. Additional optional filtering steps follow
eventidentification using properties such as burst size, burst duration
and brightness.

Lifetime-based measurements. Lifetime-based smFRET is per-
formed by recording photon arrival times with a time-correlated

single-photon counting spectrometer unit coupled to the confocal
microscope. The Evalueis calculated by the decrease in the donor life-
time in the presence of the acceptor (74 relative to the donor lifetime
inthe absence of the acceptor (1)) using Eq. 5 (Box1). Lifetime-based
smFRET has advantages as certain correction factors are not required™.
Performing both intensity-based and lifetime-based measure-
ments ensures data consistency®’. This approach has been used to
estimate protein-protein interactions in cells®**?, distinguish inter-
acting and non-interacting fractions of biomolecules®* and monitor
the activity of biosensors to quantify biochemical dynamics in
living cells®>%°,
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Fig. 4 | Dataanalysis for confocal-based smFRET. A, The process of data
analysis. Photon bursts from the donor and acceptor are sorted into time

bins and filtered. Threshold-based criteria can be used to distinguish bursts

from background. Raw data undergo the same processing steps including
background subtraction and corrections for instrument and fluorophore
properties. Fast dynamics can be calculated from the confocal fluorescence
resonance energy transfer (FRET) data using methods such as photon-by-photon
maximum likelihood estimation and burst variance analysis. B, Stepwise data
correction using alternating laser excitation (ALEX) (on a confocal set-up as
anexample) and represented as stoichiometry (S) versus FRET efficiency (F)

2D histogram. After background subtraction (panel Ba), from the S versus £
histogram, donor emission leakage correction factor a is determined by
apparent £ of the donor-only population (panel Bb). After correction, this
population should be centredat S =1, £ = 0 (panel Bc). The acceptor direction
excitation correction factor §is determined by S of the acceptor-only population
(panel Bb). After correction, this population should be centred at S = 0 (panel
Bc). The y factoris corrected together with the S factor by fitting S versus FRET
from different populations using Eq. 14 (Box 1) to generate the fully corrected
Sand Evalues (panel Bd). A, acceptor; D, donor; £, FRET efficiency; smFRET,
single-molecule FRET. Part B reprinted fromref. 9, Springer Nature Limited.

Dynamic information extraction. Dynamic information of various
biomolecules can also be extracted from the analysis of the bursts
using statistical methods such as burst variance analysis® (Fig. 4A),
the kernel density distribution estimator®® or generating 2D histo-
grams of E versus donor fluorescence lifetime'®®"*°, Fast kinetics are
determined through broadening of the £ distribution by dynamic
exchange between conformational states’’. Photon-by-photon maxi-
mum likelihood analysis’® and hidden Markov modelling®”°* have facili-
tated the extraction of sub-millisecond to microsecond dynamics®.
Coupling fluorescence correlation spectroscopy with smFRET
estimates dynamics on timescales shorter than diffusion” *. For
instance, nanosecond fluorescence correlation spectroscopy has been
used to probe protein folding and chain dynamics with picosecond
time resolution®. Various available software, including Fretica®,
FRET 3colorCW (ref.97), H*MM (ref. 91), ALiX°%, OpenSMFS’’, rFRET'*°
and MFD Spectroscopy and Imaging'”, enable the semi-automated
or fully automated, user-friendly analysis and extraction of kinetic
parameters from confocal microscopy-based smFRET data.

ALEX and 2D analysis

In addition toyielding the E value, ALEX-based methods®**'%*1% offer
valuableinsightsinto the relative stoichiometry (S) (see Box 1, Eq.12) of
the FRET pairin the molecule being examined. For amolecule labelled
with one donor and one acceptor, the S value is approximately 0.5,

whereas it is -1 and ~0 for a molecule with donor only and acceptor
only, respectively. The results from ALEX experiments can be visu-
ally represented as £ versus S heatmaps (Fig. 4B). To ensure accurate
determination of the S value, an additional correction factor (f)
accounting for the difference between the excitation intensity and
the excitation cross-section of the donor and acceptor (see Box 1,
Eq.13) is applied. By globally fitting £ and S values of all populations
(see Box 1, Eq. 14), both the y and S factors can be accurately deter-
mined. ALEX not only aidsinidentifying and eliminating artefacts but
also distinguishes between biomolecules labelled solely with adonor
(compositional heterogeneity) and those adopting conformations with
large inter-fluorophore distances (conformational heterogeneity),
both of which can generate apparent £ values close to zero. ALEX thus
providesan optimal approach for determining correction factors and
accurately estimating E values®'** (see Box 1, Eqs. 7-15).

Applications

Most biomolecules undergo conformational fluctuations and interac-
tions with binding partners that are crucial for their folding and/or
function'®, These fluctuations and binding interactions are stochastic
and frequently difficult orimpossible to synchronize, and so ensemble
studies of folding and function exhibit population averaging that often
complicates data analysis and interpretation. smFRET avoids such
population averaging, allowing direct observations of fluctuations
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and binding interactions that enable discovery and characterization
of functionally critical — but rarely and/or transiently sampled —
conformations and binding states. This section showcases diverse
applications of smFRET and fleezers across various biological domains.
Wefirst provide alist of representative applicationsineach area, then
delve into an exemplary application, highlighting unique insights
gained through the distinctive capabilities of SmFRET or fleezers.

Genome maintenance and editing

smFRET has been used to investigate the interactions of chromatin
remodelling enzymes®*'°>1°¢, DNA polymerases'°”'°%, DNA repair
proteins'®*""* and CRISPR-associated (Cas) nucleases™ "* with DNA or
nucleosomes, and how the dynamics of these biomolecules contribute to
their functions. For instance, the dynamics of the histidine-asparagine-
histidine (HNH) domain of the Cas9 nuclease has been investigated
using donor and acceptor fluorophores attached to the HNH domain
and core of Cas9, respectively. In the absence of a guide RNA (gRNA),
the HNH domain fluctuates between many positions relative to the
core — an aspect of Cas9 function challenging to characterize using
ensemble techniques. These fluctuations are sensitive to the binding
of gRNAto Cas9 and of gRNA-programmed Cas9 to DNA, such that the
HNH domainis only stably positioned into the Cas9 active site when
the gRNA is properly base-paired to its DNA target, thereby activating
Cas9 for DNA cleavage* ™. This revelation explains the mechanism
underpinning the heightened accuracy of high-fidelity Cas9 variants™*
and provides aframework for the design of even more precise variants.

Gene expression and regulation

smFRET has been extensively employed to investigate various facets
of gene expression and regulation, including transcription'>"¢, splic-
ing"”"8, non-coding RNA-based regulation"*'?°, translation”"'** and
protein degradation'*. Notably, studies of translation exemplify the
valuableinsights provided by smFRET. For example, the examination of
ribosomes labelled with donor and acceptor fluorophores has unveiled
dynamic fluctuations between two global conformational states that
play essential roles during translation'” (Fig. 5a). Recently, smFRET
was used to directly observe these fluctuations under varying tem-
peratures for ribosomes carrying different tRNA ligands, allowing the
temperature-dependent rates of these fluctuations to be quantified'*
(Fig.5b,c). Employing transitionstate theory to analyse the dataenabled
the enthalpic and entropic contributions to the free energy barriers
governing these structural fluctuations to be determined (Fig. 5d).
The findings highlight aunique role for tRNAs as entropic guides that
modify the structural flexibility of the ribosome to regulate translation,
in contrast to the enthalpic adjustments that ligands make to control
the activities of most small protein enzyme.

Biomolecular folding and assembly

smFRET has been instrumentalinunravelling intricate details of diverse
biological processes, including RNA'*'?¢ and protein folding?*'>%,
assembly of multi-protein'**° and ribonucleoprotein complexes
and the contributions of chaperones in protein folding, membrane
targeting and protein disaggregation®2**>"%%_ A noteworthy instance
is SmFRET investigations into the trajectories proteins follow as they
journey from unfolded conformations to their native conformations,
trajectories known as the transition paths. Multi-colour smFRET was
applied toinvestigate the transition paths of anintrinsically disordered
protein domain — the transactivating domain (TAD) of the tumour
suppressor protein p53 — duringits binding to the cyclic AMP response

131-134

element-binding (CREB) protein'?®. By attaching donor and accep-
tor (Al) fluorophores to the amino and carboxy termini of TAD, and
asecond acceptor (A2) fluorophore to the CREB protein, FRET from
the donor fluorophore to Al and A2 was used to directly observe fold-
ing of an individual TAD as it binds a single CREB protein. The study,
leveraging the unique capability of smFRET to discernindividual transi-
tion paths, revealed that CREB-mediated TAD folding follows multiple
sets of paths. Notably, a relatively longer set of paths involved strong
non-native electrostatic interactions, whereas several shorter sets
featured weaker non-native electrostatic interactions.

Transmembrane transport and signalling
smFRET has played a crucial role in investigating the conformational
dynamics of ion channels* and transporters™*** that drive trans-
membrane transport as well as those of G-protein-coupled receptors
(GPCRs)* ™8 and other protein receptors™***’ involvedin transmembrane
signalling. Additionally, smFRET has been used to study how protein
receptor activators recognize and activate their cognate receptors™ >,
A notable illustration of the mechanistic insights provided by
smFRET comes from the investigation of the interaction between the
receptor binding domain (RBD) of the Spike protein from SARS-CoV-2
and the human angiotensin converting enzyme 2 (ACE2) — a critical
step for viral entry into the host cell. By attaching donor and acceptor
fluorophores to the RBD and core of the Spike protein, respectively,
a smFRET study revealed that the RBD fluctuates between down and
up conformations. In the up conformation, the residues responsible
for ACE2 receptor binding become accessible™?. The power of smFRET
liesinits ability to observe these fluctuations at the level of individual
Spike proteins, avoiding the population averaging inherent to ensemble
techniques. This allows quantification of transition rates between the
downand up conformations and the thermodynamic stabilities of these
states. Strikingly,amutation associated with more infective SARS-CoV-2
variants was found to decrease the up-to-down transition rate and
thermodynamically stabilize the up conformation, at least partially
explaining the increase in this variant’s infectivity*> and providing a
framework for predicting the infectivity of emergent variants.

Probing biomolecular responses to force with fleezers
Expanding on the applications of smFRET, fleezers offer an excellent
approachtoinvestigating theimpactof force or torque onbiomolecular
interactions, dynamics, reactions or functional read-outs. Anillustrative
example involves the force-induced unwrapping of DNA within a
nucleosome®*. Inthis set-up, a pair of donorand acceptor fluorophores
isattached tonucleosomal DNA, whichis wrapped around a histone core.
Applying anincreasing pulling force to the DNA induces unwrapping,
resultinginacorresponding decreaseinthe Evalue. Notably, the nucleo-
some exhibits increased stability under tension when a single base pair
mismatchisintroduced into the DNA™. Fleezers offer a distinct advantage
over stand-alone optical or magnetic tweezers by leveraging £ value
measurements to unveil subtle conformational changes even when low
forces prevent the measurements of such changes viamechanical means.
Forexample, fleezers have proven valuable in examining conformational
dynamics of Holliday junctions, showcasing sensitivity to even weak
forces (<1 pN) and revealing an anisotropic energy landscape’.

Reproducibility and data deposition

Over its nearly three-decade evolution, smFRET has matured as a
biophysical technique. As its applications expand into complex bio-
logical systems, the need for method standardization has grown to
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Fig.5|smFRET studies of the temperature dependence of ribosome
conformational dynamics. a, A ribosome that has been donor (green) and
acceptor (red) labelled to allow single-molecule fluorescence resonance
energy transfer (sSmFRET) studies of a thermally driven, reversible structural
rearrangement that is essential during multiple stages of translation.

b, Representative FRET efficiency, £, trajectories recorded at 298 K (top)
and 310 K (bottom). ¢, 1D histograms of £ reporting on conformational
transitions of the ribosome at five temperature points between 298 K and

310 K.d, Representation of the free energy landscape governing this structural
rearrangement of the ribosome: enthalpic (AH*, blue) and entropic (TAS?, red)
contributions to the free energy barriers separating two global conformational
states of the ribosome (GS1and GS2) at -310 K. Solid lines represent the free
energies of GS1and GS2 and the transition state ensemble (TSE), whereas
dotted lines represent the free energies of the TSE if the corresponding free
energy barriers had been solely enthalpic in nature. Adapted with permission
fromref.123, PNAS.

ensure reproducibility, cross-evaluation and replicability. Drawing
parallels with the Protein Data Bank (PDB)"® — which is an essential
data source for transformative structure prediction algorithms such
as AlphaFold2 (ref. 157) — standardizing data structures emerges as a
pivotal practice, fostering accessibility and advancing transformative
analysis algorithms. Multiple efforts have been made to standardize
datastructures, including the organization of several multi-laboratory
comparison studies of smFRET methods.

Multi-laboratory comparative studies

In 2012, a global initiative was launched to demonstrate the preci-
sion and accuracy of smFRET when applied in independent labo-
ratories worldwide’. This initiative used fluorophore-labelled DNA
samples, showcasing accurate E values across diverse laboratories

with both TIRF-based and confocal microscopy-based smFRET. This
cross-laboratory consistency was a direct result of procedure stand-
ardization, notably even without hardware standardization. The kinetic
software challenge’® scrutinized quantitative rate constant inference
and uncertainties from E trajectories, finding that most available
analysis pipelines tested could infer consistent rate constants from
low-complexity data, whereas for more complicated multi-state data
theresults became dependent on model selection. The protein kinet-
ics study™’ engaged 19 laboratories to validate the reproducibility of
measurements of F values and protein conformational dynamics using
confocal smFRET, further refining fluorophore models and quality cri-
teria. These multi-laboratory studies have made standardized samples
and validation data sets available for user training and evaluation of
new experimental and analytical procedures'’.
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Democratization of hardware is in progress, with commercially
available TIRF and confocal microscopy set-ups and open-hardware
projects such as the miCUBE™° or the smfBox'®' lowering costs and
technical barriers. Software standardization, however, remains a chal-
lenge. The diverse needs of individual studies often demand specialized
solutions, leading to various software packages across laboratories,
many of which are publicly available (see Table 1in ref. 16). A unified,
open-source software package, customizable through plug-ins, akin
to super-resolution microscopy'®, would greatly benefit the smFRET
field, fostering rapid dissemination of analytical tools and innovations.

Data deposition

Toalign with openscienceinitiatives and funders’ data-sharing require-
ments, routine deposition of raw data in citable open repositories is
encouraged upon study publication. Public servers suchas Zenodo and
Figshare facilitate straightforward data deposition and management,
although long-term maintenanceis crucial. However, imprecise report-
ing of results canstillimpede reproducibility. The objective of reporting
standards, as exemplified in Table 1, is to enhance the reproducibility
and accessibility of general smFRET data. Shared data formats for raw
smFRET datainclude, for example, Photon-HDF5 for confocal-based
data and TIFF stacks for TIRF microscopy-based raw data’®. Given the
large size of TIRF data, depositing the extracted single-molecule inten-
sity and/or E trajectories is computationally more efficient, conveni-
ent and sufficient for most purposes. Several condensed, text-based
file formats have been proposed for this type of data’®**'%*, Curated
databases such as PDB-Dev'** have more specific reporting require-
ments, hosting protein structures derived from smFRET measurements
and other structural analyses that for various reasons do not meet the
deposition criteria for the PDB itself.

Limitations and optimizations

Fluorophore blinking and photobleaching

Ideally, fluorophores in smFRET experiments would persist for
extended periods, emitting numerous photons before photobleaching.

Inreality, their electronic excited state’s interaction with molecular
oxygen (O,) accelerates photobleaching and limits the observation
time. Enzymatic scavenging of O, prolongs the observation lifetime but
causes longer triplet-state lifetimes®*'®, leading to triplet-state blink-
ing (Fig. 6a). Triplet-state quenchers can mitigate triplet-state blinking
(Fig. 6,c). Although effective, triplet-state quenchers can pose
challenges, such as in the case of the commonly used quencher
B-mercaptoethanol, whose thiol group reacts with Cy5, causing revers-
ibleblinking of Cy5. When Cy5isin the off state due toblinking it ceases
to act as an acceptor, thus increasing the donor signal as a result'*>'*®
(Fig. 6¢). This acceptor blinking can be misinterpreted as a signature
of conformational changes from processes such as protein unfolding
and nucleosome DNA unwrapping. This photochemical artefactis rec-
ognizablein the apparentrate of molecular transitions, which would be
dependent onthe laser intensity, whereas the rates of true biomolecular
transitions would not. An alternative triplet-state quencher such as
Trolox can effectively eliminate triplet-state quenching (Fig. 6b) and
help avoid Cy5 blinking artefacts'*>''*° (Fig. 6d). Deuteriumincorpora-
tion into fluorophores enhances photostability even without oxygen
removal”*"",

In fleezers-based smFRET experiments, some fluorophores,
especially those based on carbocyanines, are rapidly photobleached
when they are exposed to a trapping laser because of a two-photon
absorption process'”% This problem can be mitigated by either spatial
separation’ or temporal separation® of the trapping laser and the
fluorescence excitation laser.

Function perturbation

The transformative insights from single-molecule measurements must
not stem from measurement artefacts or modifications made during
labelling, tethering or irradiation. For nucleicacid labelling, conjugat-
ing fluorophores using an amino modification on the Cé6 position of
athymine base is recommended because this conjugation does not
perturb the backbone continuity of DNA or RNA strands. For protein
labelling, a non-conserved amino acid on the surface of the protein

Table 1| Potential reporting standards for smFRET results from TIRF or confocal experiments listed in order of increasing

analysis depth

TIRF (camera-based)

Confocal (point detector-based)

Output data Raw movies (TIFF), extracted traces (text)?

Timestamped photon data (such as Photon-HDF5 and TTTR)™®

Data set characteristics ~ Number of trajectories, total number of data

points

For burst analysis (in solution), number of bursts and number of photons; for intensity
or E trajectories (tethered), number of trajectories and total number of data points

Sample characteristics

Biomolecule and fluorophore attachment points; fluorophore and attachment chemistry; surface tethering approach, if applicable;
additional parameters such as fluorescence anisotropy

FRET population analysis  E values and their uncertainties (s.d.)°; populations sizes and their uncertainties (s.d.)°
Distances Distances and their uncertainties; fluorophore model and parameters used
Kinetics Forward/reverse rate constants (s™) and For burst analysis (in solution): fluctuations, yes/no; state lifetimes and uncertainties

uncertainties (95% Cl), criteria for model
selection (BIC values or Bayesian alternatives)

For intensity or E trajectories (tethered): forward/reverse rate constants (s™)
and uncertainties (95% Cl), criteria for model selection (BIC values or Bayesian

alternatives)

A field-wide consensus about the deposition of source data and characteristic numbers of published experiments is a hallmark of established biophysical techniques. Depositing the suggested
data on single-molecule fluorescence resonance energy transfer (smFRET) experiments provides researchers with a concise and comparable summary of the results, and allows for their later
re-interpretation and use in future work. BIC, Bayesian information criterion; Cl, confidence interval; E, FRET efficiency; s.d., standard deviation; TIRF, total internal reflection fluorescence;

TTTR, time tagged time-resolved fluorescence data. *Although TIFF stacks contain the absolute raw data, they are relatively large in file size (several gigabytes). Hence, the much smaller files
of extracted traces are generally better sharable and sufficient for most purposes. °In intensity or E trajectory analysis of tethered molecules, these uncertainties are frequently dominated

by heterogeneities throughout the data set; mere fitting errors (for example, from Gaussian fitting of the FRET histogram) underestimate the uncertainties involved. More accurate uncertainty
measures are obtained, for example, by bootstrapping (random re-sampling with replacement). In addition, probability distribution analysis'® can resolve time-averaging of fast dynamics, in

particular, for confocal experiments with untethered molecules.
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Fig. 6 | Cy5 fluorophore blinking. a, To reduce
photobleaching, molecular oxygen (0,) is
enzymatically removed using oxygen scavenging.
Because molecular oxygen is also an efficient
quencher of the triplet state (T,), the lifetime of
the triplet state is greatly extended, causing an
intermittent fluorescence signal from cyanine 5
(Cy5).b, Adding a triplet-state quencher such
as Trolox eliminates intermittency caused by
triplet-state blinking. ¢, Another triplet-state
quencher, B-mercaptoethanol causes longer
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timescale CyS blinking due to reversible reaction
betweenits thiol moiety and Cy5, giving an
impression of fluorescence resonance energy
transfer (FRET) changes even when there is no
distance change. d, Trolox can avoids artefacts of
CyS5blinking, giving steady FRET signals. Reprinted
fromref. 165, Springer Nature Limited.
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located a distance from functionally important regions should be cho-
sen.Recentadvancesin protein structure prediction”*aid in choosing
suitable labelling sites, even for those proteins without experimentally
determined structures”>. Functional assays post modification and after
surface tethering verify activity of the labelled molecule, ensuring the
reliability of the obtained information.

Samplingbias

Limitations inimaging areas, time constraints and sampling criteria can
resultinonly a subset of molecules being recorded in typical SmFRET
experiments, potentially introducing bias. Prolonged imaging time
may also compromise biological function, and can also lead to pH
changes when using certain oxygen scavenging systems**"”*, both of
which reduce the reliability of the data. Criteria for selecting appro-
priately labelled biomolecules may also resultin biased sampling. For
instance, as Cy5is more easily photobleached than Cy3, biomolecules
with a high F value may not survive long enough to pass a selection
process, resulting inunder-sampling. Inkinetic analysis, heterogeneity
inthe rates of state transitions''” means that abiomolecule with high
transition rates or abiomolecule with a larger fractional occupancy
of alow E state would contribute disproportionally more events to
the dwell time histograms. Recognizing and addressing these biases,
particularly inkinetic analyses, are critical for accurate determination
of conformational distributions and dynamics™".

Weak interactions

In traditional TIRF or confocal set-ups, high concentrations of fluo-
rescently labelled species canimpede studies of weak intermolecular
interactions. Zero-mode waveguides have been used to overcome this
limitation; by limiting the size of the effective excitation volume to
below (50 nm)®, on average fewer than one eighth of a single fluoro-
phore signal will contribute to the background evenat1 M fluorophore

concentration'”’. Alternatively, molecular complexes that are tran-

siently formed at high concentrations can be capturedinasingle vesicle,

which can then be tethered to a surface after dilution forimaging'’s.

Outlook

We see two main priorities for the smFRET field in the next 5-10 years:
advancing dynamicstructural biology, and expanding applications to
cells, tissues and patient samples. Achieving these goals relies on robust
technical innovation and democratization of the field.

Integrated and dynamic structural biology

smFRET provides 1D distance information, necessitating integrated
structural modelling to leverage complementary data from tech-
niquessuch as cryogenic electron microscopy, X-ray crystallography,
NMR, small-angle X-ray scattering, mass spectrometry and molecu-
lar dynamics simulations. The age of dynamic structural biology has
begun. Whole-protein triangulation projects have demonstrated
the power of smFRET-restrained molecular dynamics simulations to
describe the conformational flexibility of proteins"***°, Integrated
smFRET-informed modelling provided substantial insights on
intrinsically disordered proteins'®"'*’, where other techniques fail.
Now, with the first smFRET-restrained protein structures deposited
inPDB-Dev, theraceis onto make suchintegrated and dynamicstruc-
tural modelling the new routine for more realistic representations of
biomoleculesin space and time.

From cells to patient tissues

smFRET in living cells has been by recent proof-of-concept studies
distinguishing protein conformations® and resolving conformational
changes over various timescales inside live eukaryotic cells*’ or at
the cell surface®. Extending these measurements to tissues, patient
biopsy samples and living animals is a formidable but rewarding task
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for the next decade. Technical challenges associated with moving
forward to the clinic include portability and introduction of fluoro-
phores into more physiological or clinical settings. An early proto-
type for small smFRET spectrometers that use smartphone cameras
for single-molecule detection after plasmonic enhancement'® deals
with issues of portability and nanophotonic approaches break the
low concentration limit, further increasing the range of biomedical
applications for smFRET'®*, Generally, organic fluorophores are used
for smFRET as FPs are too large and show poor photophysics. These
fluorophores must be brought into cells by microinjection®***’, heat
shock? or electroporation®’, and using bio-orthogonal chemistry,
fluorophores can be coupled to abiomolecule of interest even inside
the cell.

Alternatively, macromolecular crowding® and cell lysates may
be used as extracellular stepping stones en route towards more physi-
ological conditions. In particular, cell extracts and single-molecule
pull-down experiments'**'* present an interesting option for clinical
application, as they are compatible with unmodified patient samples'®.
In combination with automated multi-well plate screening'’ or
sequencing chip-based high-throughput parallelization, the detection
of conformational dynamics across a wide range of conditions offers
anew dimension'®® of information in pharmaceutical drug screens.
This additional dynamicinsight provided by smFRET goes far beyond
qualitative yes/no results as they provide single-molecule resolution
yielding quantitative rate constants, and could therefore significantly
advance medical therapy development in various areas, such as antimi-
crobial resistance, cancer, dementia, other neurodegenerative diseases
and, in general, wherever binding or conformational dynamics play a
biomedicalrole.

138

Technical innovations

As biological systems become more complex, capturing complete
molecular behaviour requires increased information, often limited
by photobleaching in smFRET. Ongoing research focuses on devel-
oping fluorophores with larger photon budgets and self-healing
capabilities'® "', Photobleaching-resistant fluorophores, such as
small quantum dots, nitrogen vacancy centres'*” and point defectsin
solid-state materials'*, may become usefulin the future. Two recently
described approaches, DyeCycling'** and REFRESH-FRET'”, decouple
smFRET recordings from photobleaching by using reversible fluoro-
phorebinding, breaking the photobleaching limit'*. New (reversible)
fluorophore-coupling chemistries may offer orthogonal coupling
mechanisms that are fluorogenic'”, triggered by light or by buffer
exchange. Unique correlative information can be obtained in combina-
tionwith protein-induced fluorescence enhancement'**"*? or photoin-
duced electron transfer, both of which have shorter interaction radii
than FRET?%, Useful multidimensional information can also be gained
fromintegrating smFRET with other fluorescence spectroscopy param-
eters (intensities, lifetimes, anisotropies or diffusivities, for instance),
withsequencing'®® or with single-molecule trapping approaches* 2%,
3D tracking®** instead of trapping will likely find more widespread
application for larger particles in solution — such as viruses — or
biomolecules in viscous environments**, including the cell*®.

Democratization and clinic-proof standards

For widespread adoption, smFRET needs improved accessibility, ver-
satility, reproducibility and compatibility with diverse conditions, as
well as enhanced standardization. Collaborative efforts between aca-
demia and private companies, similar to other advanced microscopy

fields, canaccelerate progress. Streamlining experiments with afford-
able hardware, shared protocols and open-source analysis software
is imperative for achieving standardized practices, fostering accept-
ance and unlocking the potential of smFRET in clinical and diagnostic
applications.

Published online: 28 March 2024
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