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This unit describes the basic principles of Forster resonance energy transfer
(FRET). Beginning with a brief summary of the history of FRET applications,
the theory of FRET is introduced in detail using figures to explain all the
important parameters of the FRET process. After listing various approaches
for measuring FRET efficiency, several pieces of advice are given on choosing
the appropriate instrumentation. The unit concludes with a discussion of
the limitations of FRET measurements followed by a few examples of the
latest FRET applications, including new developments such as spectral flow
cytometric FRET, single-molecule FRET, and combinations of FRET with
super-resolution or lifetime imaging microscopy and with molecular dynamics
simulations. © 2022 The Authors. Current Protocols published by Wiley
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INTRODUCTION

Understanding the structural features of
individual molecules or molecular complexes
is the primary aim of cellular and molec-
ular biological research. This knowledge
provides detailed insight into biological re-
sponses and identifies druggable targets.
Fluorescence-based approaches occupy an
important place in such investigations due to
their ease of application, biocompatibility,
and the availability of many fluorescence
kits. Even before the advent of superresolu-
tion techniques, a phenomenon based on the
dipole-dipole interaction between atoms or
molecules provided an opportunity to read out
molecular details even in complex biological
systems. This phenomenon is the Forster
resonance energy transfer (FRET), which

is almost exclusively measured by fluores-
cence techniques. However, the interaction
itself has nothing to do with fluorescence,
and the term fluorescence resonance energy
transfer, often used as a synonym for Forster
resonance energy transfer, is a misnomer.
Unlike superresolution microscopy, FRET
provides details about molecular interactions
and requires much less sophisticated instru-
mentation. However, researchers applying it
must be conversant with its principles and
potential pitfalls to harness its full power
and avoid misinterpreting experimental data.
This unit is aimed at interested researchers
planning to apply FRET in their research
and will guide them through the principles
and applications of the process along with its
limitations.
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HISTORY OF FRET

Interest in the quantitative interpretation
of fluorescence began in the 20" century,
coinciding with the great quantum physical
revolution (Clegg, 2009). It was the Perrins,
father and son, who, in the 1920s and 1930s,
observed resonance energy transfer between
fluorophores in solution. However, they failed
to provide an accurate theoretical description
of the process (Perrin, 1929, 1932). After
Theodor Forster published his first account
of nonradiative energy transfer assuming
resonance between the significantly broad-
ened electronic energy levels of fluorophores
(Forster, 1946), it took several decades be-
fore FRET saw widespread application in
biology. In the 1960s, Stryer and Haugland
verified the theory and demonstrated that
FRET measurements could be carried out
with fluorescently labeled peptides (Stryer &
Haugland, 1967). While FRET was initially
applied in cuvette-based systems for ensemble
measurements, technological advances have
armed it with single-cell and subcellular reso-
lution. Single-molecule FRET measurements
even make it possible to discriminate one
molecule from another based on conforma-
tion. The widespread availability of digital
imaging microscopes and flow cytometers,
as well as computers with enough power
and the development of technologies based
on monoclonal antibodies and fluorescent
proteins, ushered in a new age in which FRET
has become part of the armamentarium of cell
and molecular biologists.

THEORY OF FRET
FRET is a physical process in which

two molecules or atoms interact. The donor

must be in the excited state and transfers en-
ergy to a nearby acceptor via intermolecular
long-range, dipole-dipole coupling. This in-
teraction is principally different from radiative
energy transfer, in which photon emission and
reabsorption mediate energy transfer. This
trivial energy transfer process takes place with
negligible probability at low (<pwM) concen-
trations of fluorescent probes. In order for

FRET to take place, several conditions must

be met (Szabd, Szendi-Szatmari, Szo61l6si, &

Nagy, 2020):

1. Since the acceptor must be in the electric
field of the donor, their separation distance
has to be 2 nm to 10 nm (Stryer, 1978).
If their distance is larger than 10 nm, the
probability of FRET is negligibly small.
Electron exchange interactions occur if the

interacting molecules are less than 2 nm
from each other (Marcus, 1993). The dis-
tance range of 2 nm to 10 nm corresponds
to macromolecular dimensions and inter-
molecular interactions, which form the ba-
sis of the application of FRET in biologi-
cal research. Within this distance range, the
probability of FRET decays steeply with
increasing separation between the donor
and the acceptor, a feature that is going to
be discussed later in more detail.

. The donor and acceptor must be properly

oriented relative to each other. It is a com-
mon misconception that the angle between
the donor and acceptor determines the ori-
entation dependence of FRET. An easy
way to visualize this orientational require-
ment is to think of the donor and acceptor
as radio antennas. The donor antenna gen-
erates an electric field, and the more par-
allel the acceptor antenna is to the electric
field of the donor, the stronger their inter-
action will be. In other words, it is not the
orientation of the donor and acceptor per se
but the orientation of the acceptor relative
to the electric field of the donor that matters
most (Van der Meer, 2020). While the sen-
sitivity of FRET to orientation can be har-
nessed in biological applications, it is most
often a source of problems since it con-
founds the relationship between the prob-
ability of FRET and distance, the property
most biologists are interested in. Therefore,
this condition will be more closely consid-
ered in a subsequent section.

. The energy released by a relaxing donor

must equal the energy required by the ac-
ceptor to get excited. This condition is met
if the donor emission spectrum and the ac-
ceptor absorption spectrum overlap (Fig.
1). In conventional FRET, the donor and
acceptor are different kinds of molecules
having sufficient spectral overlap. This
kind of interaction is termed hetero-FRET
and is usually what is meant when FRET
is mentioned without attribute. Since the
absorption and emission spectra of most
fluorophores overlap, this spectral condi-
tion can also be met by two identical flu-
orophores in an interaction termed homo-
FRET. While the principle of this process
is identical to that of hetero-FRET, its mea-
surement is difficult because homo-FRET
only alters the fluorescence anisotropy, a
limitation that will be discussed further in
subsequent sections. The extent of overlap
is characterized by the overlap integral (J)
according to the following equation:
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Figure 1 The overlap integral. The donor emission and acceptor absorption spectra are shown
in black and red, respectively. The spectra must overlap for FRET to take place, a condition that
corresponds to the “resonance” between donor and acceptor. The overlap is usually represented
by the gray shaded area. However, the overlap integral is not simply the graphical overlap between
the two spectra, and due to its dependence on the fourth power of the wavelength (equation (1)),
high wavelengths are slightly overweighted. The blue curve shows the overlap integral correctly
calculated according to equation (1), while the green curve shows the incorrect overlap integral
determined without the \* term. Comparison of the blue and green curves reveals that long wave-

lengths are given slightly more weight.
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Equation 1

where Fp(A) is the corrected, wavelength-
dependent fluorescence intensity of the
donor with the total intensity (area under
the curve) normalized to unity, and g5 (}) is
the molar absorption coefficient of the ac-
ceptor.
If the conditions above are satisfied, reso-
nance interaction between donor and acceptor
takes place:

k
D*+A = D+A
k=T

Equation 2

where D and A denote the donor and acceptor
in the ground state, D* and A™ denote their
excited states, and kr and k.t denote the rate
constants of the forward and reverse transfer
processes, respectively. To ensure FRET is a
unidirectional process, the rate constant of the
forward reaction must be significantly larger
than the rate constant of the reverse process.
However, if there is resonance between the
donor and acceptor, one may ask why the
forward and reverse processes are not equally
likely. Fast, non-radiative transitions lead to
the relaxation of the acceptor before back-
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transfer can occur. Therefore, the acceptor is
no longer in resonance with the donor, and
back-transfer becomes practically impossible
(Fig. 2). According to Forster’s theory, the
rate constant of FRET, kr, is given by the
following equation:

kr = COI/lSthJn74R76K2
Equation 3

where kg is the rate constant of fluorescence
of the donor, J is the overlap integral speci-
fied by equation (1), n is the index of refrac-
tion of the medium between the donor and ac-
ceptor, «? is the orientation factor (see later in
equation (9)), and R is the distance between
the donor and acceptor. This equation reveals
several fundamental and practically important
features of FRET:

— Itsrate constant decays with the sixth power
of the separation distance between donor
and acceptor, making FRET a sensitive
tool to measure molecular distances and
oligomerization (Fig. 3).

- It is proportional to the rate constant of flu-
orescence of the donor. Consequently, the
more fluorescent the donor is, the more
likely FRET will be. For this reason, the flu-
orescence quantum efficiency of the donor
must be considered when choosing a suit-
able donor for FRET measurements.
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Figure 2 The energy balance of the FRET interaction. The donor is excited from its ground state
(D) to its excited state (D*), typically followed by nonradiative relaxation (oblique dashed lines) to
the lowest subshell of the first excited state in an extremely short time (in less than 1 ps). In the
absence of an acceptor, the donor can return to the ground state via non-radiative transitions and
fluorescence characterized by the rate constants kp and kg, respectively. If a suitable acceptor is
present in the immediate vicinity of the donor, relaxation of the donor can be coupled to excitation of
the acceptor via FRET (red arrows). While several donor de-excitation transitions can be coupled
to acceptor excitation transitions, these can only take place if the energy released during donor
relaxation is equal to the energy required for acceptor excitation. This is a manifestation of the
resonance condition and is shown in the figure by the same lengths of the downward and upward
red arrows. The FRET rate constant, kr, characterizes all the possible dipole-dipole couplings
between the donor and the acceptor. After energy transfer, the excited acceptor relaxes to the
lowest subshell of its excited state in less than 1 ps (oblique dashed lines) just as the donor did. This
rapid energy loss eliminates the resonance condition, making back-transfer impossible. Afterwards,
the acceptor relaxes to the ground state by non-radiative or radiative transitions characterized by
rate constants kp” and kg*, respectively.

FRET efficiency (decimal fraction)

R [nm]

Figure 3 Dependence of FRET efficiency on donor-acceptor separation distance. FRET effi-
ciency declines as a function of donor-acceptor distance (R) according to equation (6) in a single
donor-acceptor pair characterized by a Férster distance of Ry = 5 nm. FRET efficiency steeply
declines around Ry, and declines from 0.9 to 0.1 in the distance range between R = 0.7 R, and
R = 1.45 R, corresponding to 3.5-7.2 nm for an Ry of 5 nm. Outside this distance range there is
almost no change in FRET efficiency. Red lines show Ry, and blue lines correspond to the distance
range in which the FRET efficiency declines from 0.9 to 0.1.
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- The relative orientation of the donor and
acceptor, expressed by the term 2, and the
overlap integral (J) are proportional to the
FRET rate constant. Therefore, the overlap
integral must be considered when choos-
ing a suitable donor-acceptor pair. More
consideration will be given to the orienta-
tion factor in a subsequent section.

- The refraction index is usually 1.4 in bio-
logical measurements in aqueous solutions
(Lakowicz, 2006a). However, it has been
pointed out that the refraction index of the
medium between the donor and acceptor
can significantly deviate from this value,
leading to errors in the calculations (Knox
& van Amerongen, 2002). The uncertainty
in the value of the refractive index is a prob-
lem only if absolute distances are to be
determined. When relative changes in the
FRET efficiency are calculated, the uncer-
tainty in the index of refraction is not an
issue since it is unlikely to change signifi-
cantly.

While the previous equation describes
the fundamental principles of FRET, it has
usually been deemed too complicated for
experimental determination. However, a re-
cent publication noted subtle advantages of
determining kr compared to the energy trans-
fer efficiency usually calculated (Roberti,
Giordano, Jovin, & Jares-Erijman, 2011).

The energy transfer efficiency, E, is an eas-
ily understood parameter equal to the fraction
of excited donors relaxing by FRET:

number of quanta transferred from donor to acceptor

number of quanta absorbed by the donor

Equation 4

According to Figure 2, excited donors
return nonradiatively to the lowest energy
level of the first excited state, and all further
relaxation processes begin from this level.
Consequently, these de-excitation processes
compete with each other and can be expressed
by the following equation, which presents
another interpretation of energy transfer
efficiency:

kr
E=————
kr + kr + kp
Equation 5

where ky is the rate constant of FRET (equa-
tion (3)), kg and kp are the rate constants of
fluorescence and all other relaxation processes
of the donor, respectively. Neither of the pre-
vious two expressions for the FRET efficiency
explicitly shows its distance dependence, a
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shortcoming that is remedied by the following
equation:
R.6
E— 6—0
Ro® + R
Equation 6

where R is the donor-acceptor distance and Ry
is a constant for a particular donor-acceptor
pair giving that donor-acceptor separation at
which the energy transfer efficiency is 50%.
While the previous equations present three dif-
ferent ways to calculate FRET efficiency, none
is usually used for its determination since the
parameters in these equations are inaccessible
to experimental determination. In “Measure-
ment modalities for FRET” we discuss how
energy transfer efficiency can be determined
in practice.

The previous considerations did not cover a
scenario in which multiple acceptors surround
a single donor. In particular, equations (5) and
(6) apply to a one donor-one acceptor case.
If multiple acceptors surround a single donor
the transfer rate and energy transfer efficiency
are described by the following equations:

. Nk
" Nkp + kp + kp
Equation 7

NR®
E=—F 7
NR,° + R

Equation 8

where N is the number of acceptors surround-
ing the donor (Lakowicz, 2006b). For these
equations to hold, all acceptors must be at the
same distance from the donor, and all of them
have to be in the ground state when the donor
is excited so that they are ready to accept
the energy transfer. This latter requirement is
fulfilled at conventional excitation intensities.
These equations reveal that more acceptors
lead to a higher energy transfer efficiency
even without a change in R. This principle is
important for interpreting experimental FRET
efficiencies and changes thereof. An increased
energy transfer efficiency can result from a
closer spacing of the donor and acceptor
(decreased R), or it can be due to an increase
in N, i.e., enhanced clustering.

Averaging Schemes of the Orientation
Factor

As noted above, the FRET efficiency de-
pends on the distance between donor and ac-
ceptor and their relative orientation. From an
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experimental point of view, the relative ori-
entation of donor and acceptor is difficult to
measure, and in most cases, it can only be es-
timated from anisotropy measurements (Dale
& Eisinger, 1974; van der Meer, van der Meer,
& Vogel, 2013). Except for some structural
biological problems, the dependence of FRET
on orientation is a shortcoming since re-
searchers are usually interested in the distance
between donor and acceptor, not their orienta-
tion. The following equation gives two differ-
ent expressions for the orientation factor, k2, at
a fixed donor-acceptor configuration (Fig. 4):

KX = (cos 67 — 3 cosBp cos GA)z
= cos’w (1 + 3C0S29D)
Equation 9

where 67 is the angle between the donor emis-
sion dipole and the acceptor absorption dipole,
fp is the angle between the donor emission
dipole and the vector connecting the donor and
the acceptor, 04 is the angle between the ac-
ceptor absorption dipole and the vector con-
necting the donor and the acceptor, and w is
the angle between the absorption dipole of
the acceptor and the electric field generated
by the donor. It is obvious from the second
part of the equation that k> = 0 if the ac-
ceptor absorption dipole is perpendicular to
the electric field generated by the donor (if @
= 90°, cos w = 0). This equation is of little
practical value because these angles are un-
known and experimentally difficult to estimate
when biomolecules are labeled with fluores-
cent proteins or an organic fluorophore. To
make things even worse, the orientation of the
acceptor relative to the donor is not constant
but different for distinct donor-acceptor pairs
in a system. It may change during the excited
state lifetime of the donor, a complication that
actually comes to our relief.

If both the donor and acceptor are mobile
to the extent that they rotate rapidly on the
time scale corresponding to the excited state
lifetime of the donor (typically a couple
of nanoseconds), dynamic averaging takes
place. In this case, the relative orientation of
the donor and acceptor takes on all possible
values during a single excitation of the donor.
Instead of calculating the probability of FRET
considering every possible relative orienta-
tion of the donor and the acceptor, k% can
be replaced by an average value, which was
determined to be 2/3. Strictly speaking, this
is the case, and the only case when equation
(6) holds, i.e. FRET depends only on the

donor-acceptor distance and not on their rel-
ative orientation if dynamic averaging takes
place. To make the subsequent discussion
more straightforward, let us rewrite equation
(6) according to van der Meer (2002):

Egnan] = —2LE1RS
dynamic| = 3/2 <K2)R8 T R6
Equation 10

where R, is the Forster distance when «2 =

2/3 and the brackets denote averages. Since,
in the case of dynamic averaging k> = 2/3,
this equation reduces to equation (6). In every
other case, the orientation of the donor and ac-
ceptor cannot be averaged independently, as in
equation (10). Instead, the mean energy trans-
fer efficiency must be calculated directly:

3/2k*R§ >
3/2«2R§ + R®
Equation 11

<Exlalic) = <

According to this equation, the energy
transfer efficiency has to be calculated for
every relative orientation of the donor and
acceptor, and the resulting FRET efficiencies
are to be averaged. This approach presents
a formidable task that can never be worked
out practically in cell biological research. The
question then becomes, how certain can we be
that the approximation via dynamic averaging
implicit in equation (6) is valid? If molecular
distances are to be calculated, the potential
mistakes can be relatively large if caution is
not taken to prove dynamic averaging or to
take k2 explicitly into consideration. On the
other hand, when oligomerization or clus-
tering of fluorescently labeled biomolecules
is to be studied, most experimental results
involving FRET assuming dynamic averaging
of k2 are consistent with other results, arguing
that the relative orientation of the donor and
the acceptor are averaged enough so that the
measured FRET efficiencies are primarily
influenced by the donor-acceptor distance.

How to Choose a Donor-Acceptor Pair

Equation (6) includes the Forster distance,
Ry, which is a guide for choosing an optimal
donor-acceptor pair. It can be derived from
other parameters according to the following
equation:

Ry = constv) Jk2Qpn—*

Equation 12
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E 5 F

w=90°=cosw=0

x* = cos’ a)(1+3cos2 GD):O <
Figure 4 Interpretation of the «? orientation factor. (A) Calculation of «? according to equation (9).
0+ is the angle between the donor (blue vector) and acceptor (red vector) dipoles, 6 is the angle
between the donor emission dipole and the line connecting donor and acceptor (dashed line),
whereas 6, is the angle between the acceptor absorption dipole and the line connecting donor
and acceptor. (B) Another calculation of the orientation factor. The definition of 6p is the same
as in part A, while o is the angle between the acceptor absorption dipole and the electric field
generated by the donor. The electric field lines are shown by the thin blue lines. (C) Calculation of
«2 when the donor and acceptor dipoles are parallel and placed side-by-side. Since the two vectors
are parallel, 6+ = 0°, and since both dipoles are perpendicular to the line connecting donor and
acceptor, 94 = 0p = 90°. Since the acceptor absorption dipole is parallel to the donor’s electric
field, o = 0°. Both formulas provide a value of 1 for «2. (D) All angles are zero and both formulas
yield the highest possible value of 4 for «2. This is the only kind of arrangement of the donor and
the acceptor when the orientation factor is the maximum. (E) When the acceptor absorption dipole
is perpendicular to the electric field of the donor, the orientation factor is always zero. (F) Why is
the orientation factor not identical in parts C and D although the donor and acceptor dipoles are
parallel and equidistant in both cases? The black contour lines connect points having a magnitude
equal to that of the electric field generated by a dipole (Griffiths, 2013). The blue vector in the
middle shows the orientation of the dipole. Although the electric field of a dipole declines with
the third power of the distance, its magnitude depends on the direction. The graph shows that
the electric field extends farther in the direction parallel to the dipole. The red circle labels points
equidistant from the dipole showing that the electric field is twice as strong at the point along
(legend continues on next page)
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the dipole vector than it is at 90° to the dipole since the contour lines are logarithmically placed,
and every consecutive contour level toward the center corresponds to a two-fold increase in the
electric field (Griffiths, 2013). The green numbers show the electric field in arbitrary units for the
outermost contours. Since the rate of FRET is proportional to the square of the donor’s electric field
(van der Meer, 2013), there will be a four-fold difference between the «2 values for the two positions
(shown in C and D). The inverse sixth power dependence of the FRET rate on the donor-acceptor
separation can be explained along the same lines. Although the donor’s electric field falls off with
the third power of the distance, the rate of FRET is proportional to the square of the donor’s electric
field, leading to the dependence of FRET on the sixth power of the donor-acceptor distance.

where Qp is the fluorescence quantum yield

of the donor in the absence of the accep-

tor. As a rule of thumb, the higher the

Forster distance for a certain donor-acceptor

pair, the better they are. Furthermore, the

selected donor-acceptor pair should have a

characteristic Forster distance of at least 5 nm.

How can this aim be achieved according to the

previous equation?

- The overlap integral (J) must be as high
as possible. However, if the emission spec-
trum of the donor exhibits a very large over-
lap with the absorption spectrum of the ac-
ceptor, their spectral separation may not be
large enough, potentially leading to signif-
icant spectral overspills between the detec-
tors measuring donor and acceptor fluores-
cence.

- The fluorescence quantum yield of the
donor in the absence of the acceptor must
also be as high as possible. Measuring FRET
using donors with very low fluorescence
quantum efficiencies becomes practically
impossible.

- In most biological applications of FRET in
which the donor-acceptor distance or the
clustering of donor- and acceptor-tagged
molecules are to be determined, it is usually
preferred to have the fluorophores linked to
the molecules of interest via flexible link-
ers that allow dynamic averaging to take
place. This scenario essentially eliminates
the dependence of FRET on orientation.
Due to their small size, organic fluorophores
usually rotate rapidly on the nanosecond
time scale approximating, but most likely
not fully meeting the requirements of, dy-
namic averaging (Bene, Fulwyler, & Dam-
janovich, 2000; Bene et al., 2005). Fluo-
rescent proteins should be connected via
flexible peptide linkers to the molecule un-
der investigation. Such peptide linkers be-
have as random coils and allow a large
degree of flexibility for the fluorophore
(Evers, van Dongen, Faesen, Meijer, &
Merkx, 2006).

- FRET reports the distance between donor
and acceptor fluorophores, although the in-

vestigator is usually interested in the dis-
tance between or clustering of the labeled
molecules. Consequently, the size of the
fluorophore confounds interpretation of the
experimental results. Therefore, small flu-
orophores are preferred for labeling, not
only because of this argument, but also to
minimize the perturbing effect of the la-
bel on the target of interest. In particu-
lar, if the fluorophore is part of a large la-
beling complex, the labeling complex can
hold the donor and acceptor apart, prevent-
ing FRET from taking place. If no FRET
is observed in a certain experiment, this
kind of artifact must be considered in the
interpretation.

Since Ry plays such a central role in
selecting a suitable donor-acceptor pair,
several tools have been developed for its
calculation:

- The “FPbase FRET Calculator” determines
Ry for many organic dyes and fluorescent
proteins (https://www.fpbase.org/fret/).

- The Forster distances of commonly used
Alexa Fluor dye pairs are available on
the manufacturer’s website (-https://www.
thermofisher.com/hu/en/home/references/
molecular-probes-the-handbook/tables/
r0-values-for-some-alexa-fluor-dyes.html).

- An Excel file and a MATLAB application
are available for calculating the Forster dis-
tance on the web page of one of the authors

- (https://peternagyweb.hu/ FRET. html#r0_
section).

MEASUREMENT MODALITIES

FOR FRET
Changes induced by the occurrence of

FRET in measurable parameters can be de-

duced from the physical process itself. Every

manifestation of FRET corresponds to a mea-
surement approach (Jares-Erijman & Jovin,

2003):

- Energy transfer is an extra de-excitation
process for the donor competing with flu-
orescence and other non-fluorescent relax-
ation pathways. Consequently, fluorescence
is less likely to occur, resulting in donor
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quenching, i.e., decreased donor fluores-
cence intensity. The FRET efficiency can be
calculated from the fractional decrease in
donor intensity:

I
E=1-24
Ip

Equation 13

where Ipp and Ip are the donor intensities
in the presence and absence of the acceptor,
respectively. Rearrangement of this equation
shows that the decrease in measured donor in-
tensity is proportional to the FRET efficiency
and intensity of the donor in the absence of
FRET:

II) - II)A = EII)
Equation 14

These formulas explain why FRET mea-
surements are more reliable if donors with
high fluorescence quantum yields are used.
Equation (13) is rarely used for calculating
the FRET efficiency because:

o The donor intensity is nearly always con-
taminated by directly excited or FRET-
sensitized acceptor emission; therefore,
spectral compensation is necessary.

o The equation involves two intensities mea-
sured in two different samples. Ipa is mea-
sured in a donor-acceptor double-labeled
sample, whereas Ip is the intensity of
the donor-only sample. To ensure equa-
tion (13) holds, the difference between
Ipa and Ip has to be the sole conse-
quence of FRET. Statistical variation in the
expression level of the donor-labeled tar-
get between the donor-only and donor-
acceptor double-labeled samples may re-
sult in differences in the unquenched donor
intensity of these two samples; thus, the
requirement formulated in the previous sen-
tence is not met. This issue is especially
important if measuring a small number of
cells. If, however, the acceptor can be turned
off in one way or another, both Ip and
Ipa can be measured in the same sam-
ple. Such an achievement has been demon-
strated by photodestruction of the acceptor
(acceptor photobleaching) (Bastiaens, Ma-
joul, Verveer, Soling, & Jovin, 1996), sat-
urating the acceptor (Beutler et al., 2008),
or by reversibly photoswitching the accep-
tor (Song, Jares-Erijman, & Jovin, 2002).

- Since the donor has more options for relax-
ation in the presence of FRET, it will spend
less time in the excited state. Consequently,
the fluorescence lifetime of the donor
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will decrease according to the following
equation:

T
E=1--2
(%))

Equation 15

where tps and tp are the fluorescence life-
times of the donor in the presence and ab-
sence of the acceptor, respectively. Mea-
surement of the decreased donor fluores-
cence lifetime requires either time-domain
or frequency-domain lifetime measurements

(Becker, 2012).

- The fact that the donor spends less time
in the excited state makes any excited-state
reaction of the donor slower. Donor pho-
tobleaching is such a reaction, which be-
comes consequently slower (Bastiaens et al.,
1996):

T

E—1_ D
Thl, DA

Equation 16

where Ty p and Ty pa are the photobleaching

time constants of the donor in the absence and

presence of the acceptor, respectively.

- Anisotropy is a measure of the polarized
nature of fluorescence emission that can
be measured after polarized excitation fol-
lowed by polarized emission detection. If a
fluorophore is excited by vertically polar-
ized light, fluorescence anisotropy (r) is de-
fined according to the following equation
(Lakowicz, 2006¢):

e lyy —Iyp
Iyy + 2lyy
Equation 17

where Iyy and Iyy are the vertical and hori-
zontal components of the fluorescence emis-
sion, respectively. The higher the intensity of
the vertical component compared to the hori-
zontal one, the higher anisotropy is. After ver-
tical excitation, the fraction of horizontally po-
larized emission increases if the fluorophore
rotates. If the donor has less time to rotate dur-
ing its excited state due to a FRET-dependent
shortened lifetime, Iy will be smaller, leading
to a higher anisotropy according to the follow-
ing equation (Bene et al., 2000; Matkd, Jenei,
Maityus, Ameloot, & Damjanovich, 1993):

11 1—E
_=_<1+M>
r 0 %

Equation 18
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Figure 5 Principles of homo-FRET. (A) Hetero-FRET is a unidirectional process. Therefore, the
energy imparted upon the donor will only spread to nearby acceptors, and not to the whole com-
plex. Although statistical considerations can reveal the cluster size in hetero-FRET, homo-FRET
is inherently sensitive to oligomerization. This phenomenon is due to the fact that the donors and
acceptors are spectroscopically identical in homo-FRET and an acceptor can transfer the energy
back to the original donor or pass it on to another nearby fluorophore. (B) Photons emitted by
all fluorophores in a homo-FRET process are indistinguishable. The primarily excited fluorophore
emits an intensity of Ip(1-E), where Ip is its unquenched fluorescence intensity and E is the FRET
efficiency. A fraction of the excitation intensity of this primarily excited donor (Ip E) is passed to
a nearby acceptor, which is spectroscopically identical to the donor. This principle is repeated for
every subsequent donor, i.e., a fraction of (1-E) of the energy of a donor is emitted, and a fraction
of E is passed on to the next fluorophore. Although the primary donor is quenched, i.e., its intensity
decreases from I to Ip(1-E), this intensity decrease is unmeasurable since all the emitted photons
are indistinguishable. The intensity is the sum of an infinite geometric series (gray box) that can be
calculated according to the formula on the right, in which a; and r are the first term in the series,
In(1-E), and the common ratio, E, respectively. Substituting these values into the formula reveals
that the intensity is identical to the unquenched intensity of the primarily excited donor, i.e., no in-
tensity decrease takes place as a result of homo-FRET. (C) The only manifestation of homo-FRET
is decreased fluorescence anisotropy. Excitation of a donor with vertically polarized light results
in a photoselected population of excited donors exhibiting a preferential vertical orientation. The
polarized nature of the emission (anisotropy) from this primarily excited donor is decreased by the
rotation of the fluorophore during the excited state (not shown in the figure). Although FRET, includ-
ing homo-FRET shows some preference for orientation expressed by the «2 orientation factor, the
fluorophores secondarily excited by homo-FRET are relatively randomly oriented. Therefore, the
anisotropy of the emission from a cluster in which energy is distributed by homo-FRET decreases.
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where r( is the limiting anisotropy of an immo-

bile fluorophore and 6 is its rotational corre-

lation time. Measurement of FRET efficiency
according to this approach requires polarized
excitation and polarized emission detection.

- As pointed out in the theory section, even
if the donor and acceptor are fluorophores
of the same kind, they can still interact
with each other by FRET. Energy transfer
in these cases is called homo-FRET. Al-
though the principles of homo-FRET are
identical to those of conventional, hetero-
FRET, this flavor of resonance energy trans-
fer has certain differences of practical im-
portance. Since a single kind of fluorophore
takes part in the process, the acceptor flu-
orophore can act as a donor, and there-
fore an infinite number of FRET steps can
take place. In other words, the excitation
energy is distributed among the popula-
tion of fluorophores within FRET distance
of each other. Based on this principle, it
can be shown that no ensemble parame-
ter of the fluorophore changes, other than
its anisotropy (Fig. 5). However, why does
the anisotropy change if there is no alter-
ation in the lifetime? Although the FRET
interaction does have a certain orientational
preference expressed by «?2, the population
of fluorophores excited by homo-FRET is
still more randomly oriented than the pho-
toselected fluorophore population excited
by the polarized excitation source. Since
photons emitted by fluorophores primarily
excited by the polarized light source and
those emitted by fluorophores excited by
homo-FRET are indistinguishable, the aver-
age anisotropy of the photons emitted by the
ensemble of fluorophores decreases. It has
been shown that the anisotropy decreases
with the number of fluorophores within
homo-FRET distance of each other (Run-
nels & Scarlata, 1995). Since anisotropy
changes due to homo-FRET and rotational
mobility, experimentally linking anisotropy
and changes thereof to homo-FRET is chal-
lenging. Experimental models have been de-
vised in which the dependence of anisotropy
on the local density of fluorophores is uti-
lized for determining the number of flu-
orophores within FRET distance of each
other (Lidke et al., 2003; Szabd, Horvath,
Szoll6si, & Nagy, 2008; Yeow & Clayton,
2007).

- Just as the evaluation of donor intensity in
the presence and absence of FRET accord-
ing to equation (13) presents a way to cal-
culate energy transfer efficiency, a compari-

Current Protocols

son of acceptor intensity in the presence and
absence of a donor also makes FRET deter-
mination possible. In any realization of this
principle, the donor-acceptor system is ex-
cited at the donor wavelength and fluores-
cence is recorded at the acceptor emission
wavelength. Since in most practical cases
the acceptor can also be excited at the donor
wavelength (direct acceptor fluorescence),
the extra acceptor fluorescence due to donor
excitation and subsequent FRET to the ac-
ceptor (FRET-sensitized acceptor fluores-
cence) has to be separated:

F

fap _ |, g
FA EACA
Equation 19

where Fap and F are the fluorescence inten-
sities of the acceptor in the presence and ab-
sence of the donor, respectively, ¢ and ¢ are
the molar absorption coefficient and the mo-
lar concentration, respectively, and lower in-
dices in these variables refer to the donor (D)
and acceptor (A). F is the directly excited
acceptor fluorescence at the donor excitation
wavelength, whereas Fap is the sum of di-
rectly excited and FRET-sensitized acceptor
emissions. Equation (19) is of little practical
value for cell biological FRET measurements
for the very same reasons as explained in equa-
tion (13).

While discussing the technical details of
such intensity-based FRET measurements is
not the aim of the current chapter, the general
principles of these approaches are similar.
In order to compensate for spectral crosstalk
and eliminate the need to compare intensities
measured in different samples (such as in
equations (13) and (19)), intensities are typ-
ically measured in three detection channels
(Table 1).

None of these channels records pure in-
tensities since spectral spillover is usually
present. Therefore, the equation set must al-
ways include spectral spillover factors char-
acterizing the overspill of intensities between
different detection channels. Another parame-
ter, variably termed «, G, or w, is also required
for intensity-based FRET measurements be-
cause donor intensity is lost in the donor
channel due to donor quenching; thus, part
of this intensity appears as acceptor fluores-
cence in the FRET channel. This calibration
factor relates these intensities to each other
(Szabé & Nagy, 2021). A detailed explana-
tion of the equations involved in intensity-
based FRET measurements is available in the
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Table 1 Excitation and Detection Wavelengths for Intensity-Based FRET Measurements

Excitation wavelength

Detection wavelength range

Donor channel

FRET channel

Donor excitation wavelength

Donor emission wavelengths

12 of 22

Acceptor channel

Acceptor excitation wavelength

Acceptor emission wavelengths

“Measuring FRET in flow cytometry and mi-

croscopy” Current Protocols in Cytometry

chapter (Nagy, Vereb, Damjanovich, Matyus,

& Szo6ll6si, 2006). A critical comparison of

these methods has also been published (Zeug,

Woehler, Neher, & Ponimaskin, 2012).

- Since either the donor or the acceptor emits,
emission from a FRET sample is composed
of two different spectral signatures. The ac-
ceptor emission can be the consequence
of direct or FRET-sensitized acceptor ex-
citation. Using the spectral signature of a
known concentration of donor and accep-
tor and measuring the spectrum of a FRET
sample containing donors and acceptors at
two different excitation wavelengths, it is
possible to derive the concentrations of the
donor and acceptor and the FRET efficiency
(Thaler, Koushik, Blank, & Vogel, 2005).
Such measurements can be carried out in
fluorimeters, spectral confocal microscopes
that have become widespread, leading to a
proliferation of publications applying spec-
tral FRET analysis (Chen, Mauldin, Day,
& Periasamy, 2007; Leavesley, Britain, Ci-
chon, Nikolaev, & Rich, 2013; Wlodarczyk
et al., 2007; Zeug et al., 2012). Such mea-
surements can be carried out in spectral flow
cytometers (Henderson et al., 2021) and in
fluorimeters, spectral confocal microscopes.

- Acceptor fluorescence is increased by FRET
because energy transfer results in an en-
hanced population of excited acceptors.
This principle can be extended to any re-
action starting from the excited state of
the acceptor, such as acceptor photobleach-
ing. FRET-sensitized acceptor photobleach-
ing has been described by the Russian
physical chemist Mekler (1994), and the
principle has been used to determine the
fraction of acceptors clustering with donors
in a cell biological realization of the tech-
nique (Szabd, Szoll6si, & Nagy, 2010).

CONSIDERATIONS FOR
CHOOSING INSTRUMENTATION

In addition to choosing the approach for
measuring FRET, another consideration is
what kind of instrument to use. Spectrofluo-

rimetry must be mentioned for historical rea-
sons, as it is rarely used nowadays for cell bi-
ological FRET measurements. This approach
reports the average fluorescence intensity of
thousands of cells, which precludes discrim-
ination between subpopulations. The contri-
bution of cellular debris or dead cells to the
measured signal cannot be considered either.
Light scattering can be a significant issue, es-
pecially if a high density of cells or cells with
a cell wall are measured (Hajdu et al., 2021).
Furthermore, if fluorescence is due to labeling
with a soluble ligand such as a fluorescent an-
tibody, the presence of unbound fluorophores
creates another source of error. Given these
limitations, fluorometry is discouraged for
cell biological FRET measurements.

Flow cytometry can provide quantitative
measurements of thousands of individual cells
in seconds, allowing convenient and rapid
determination of the distribution of fluores-
cence intensities and energy transfer values
in a population. Given the high-throughput
nature of flow cytometry, this modality pro-
vides statistically robust data with cell-by-cell
resolution. Flow cytometry is inherently in-
capable of achieving subcellular resolution or
providing information about the time course
of the response of a single cell. Furthermore,
cells should be in suspension for flow cytom-
etry, i.e., adherent cells should be detached
mechanically or enzymatically. These treat-
ments, however, can interfere with the cellular
parameters to be investigated.

The widespread use of confocal mi-
croscopy revolutionized microscopic FRET
investigations. Subcellular resolution, dis-
crimination between cells based on their
morphology, and time-course measurements
of the same cell are obvious advantages of
this measurement modality. In order to har-
ness the full power of subcellular resolution,
the area of interest should be identified in
images, requiring image segmentation. Both
the measurement and analysis of microscopic
measurements are more labor-intensive than
flow cytometry or fluorometry. The applica-
tion of artificial neural networks and batch
processing, such as with CellProfiler, can
significantly speed up the evaluation.
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Microscopy is limited by its relatively low
throughput and subcellular resolution, while
flow cytometry excels in speed but cannot
provide insight into single cells. Imaging flow
cytometry by Amnis and various automated
microscopes can bridge the gap between flow
and image cytometry (Basiji, 2016).

Microscopy offers another unique modal-
ity that deserves special consideration. The
sensitivity of conventional fluorescence mi-
croscopy is sufficient for detecting single
molecules, although emitters in greater prox-
imity than the resolution limit (typically on
the order of 200 nm) cannot be separated from
each other. More distantly placed molecules
can be observed as single, diffraction-limited
spots. These single-molecule FRET methods
offer unprecedented insight into molecular
conformations, as FRET reports on distances
on the nanometer scale, an achievement su-
perior to even superresolution microscopy
(Szab6 et al., 2020). However, the single-
molecular nature of such measurements re-
quires special considerations. The orientation
factor is much less likely to comply with or
sufficiently approximate the dynamic averag-
ing scheme, thus introducing errors in distance
calculations. Therefore, it is important that flu-
orescent labels be connected to the molecules
of interest via flexible linkers and the rota-
tional hindrance imposed upon on the fluo-
rescent labels by the linker must be estimated
(Mazal & Haran, 2019; Sasmal, Pulido, Kasal,
& Huang, 2016). The rest of the measurement
and evaluation principles are identical to those
of intensity-based FRET measurements: in-
tensities are detected in the donor, FRET, and
acceptor channels, followed by compensation
for spectral spillover. However, if mobile sin-
gle molecules are imaged, all three intensities
must be measured on a timescale shorter than
the diffusion time of single molecules through
the detection volume of the objective. The
laser lines exciting the donor and acceptor
are therefore switched or interleaved very
rapidly. Alternating laser excitation (ALEX)
and pulsed interleaved excitation (PIE) both
achieve this aim; they only differ in how
quickly they change the excitation source
(Hohlbein, Craggs, & Cordes, 2014; Muller,
Zaychikov, Brauchle, & Lamb, 2005). In ad-
dition to determining single-molecule FRET
efficiencies, i.e., single-molecule distances
or conformations, the approach also reveals
molecular stoichiometries, and the energy
transfer efficiency and stoichiometry are plot-
ted in two-parameter histograms (Hohlbein
et al., 2014). Since the FRET efficiency can
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increase due to closer proximity of the ac-
ceptor to the donor or a higher number of
acceptors surrounding the donor, differenti-
ating between changes in stoichiometry and
molecular distances is essential. Although
resolution of conformational states is possible
by constructing FRET histograms, hidden
Markov models aid the differentiation be-
tween states that more closely resemble each
other (Mazal & Haran, 2019; Talaga, 2007).

LIMITATIONS OF FRET STUDIES

Although application of FRET in bio-
logical research can be very useful, FRET
approaches are associated with several limita-
tions. As noted above, energy transfer depends
on the dipole orientation of the fluorophores.
Sometimes, FRET cannot be detected even
in the presence of interaction due to the in-
appropriate orientation of the fluorophores,
yielding false-negative results.

A low signal-to-noise ratio in microscopic
FRET implementations could also lead to
some obvious and some unexpected limita-
tions. Low expression levels and low signals
often prompt scientist to overexpress proteins
or use overlabeled antibodies or high laser
intensities. However, fluorophore conjugation
has significant effects on the properties of
the antibody and dye (Szabé et al., 2018).
The fluorescence quantum yield of antibody-
conjugated fluorophores decreases as a result
of both dynamic and static quenching, with the
latter being the dominant factor. Furthermore,
the affinity of fluorescent antibodies decreases
as a function of labeling, leading to a lower
mean degree of labeling of the bound fraction
than the antibody stock solution. These find-
ings have important repercussions on experi-
ments quantifying the fluorescence of antigen-
bound antibodies, requiring consideration of
the degree of labeling, such as determining
parameter o in intensity-based or ratiometric
FRET measurements (Szabé & Nagy, 2021).
As a rule of thumb, determination of the de-
gree of labeling and avoiding antibodies with
a degree of labeling over 2 or 3 are suggested
for quantitative fluorescence investigations.

Another issue of consideration when using
antibody labeling is the size of the label and
its cross-reactivity. Cross-reacting antibodies
can bind to non-intended targets leading to
errors in interpretation. Such problems can
be alleviated by using monoclonal antibodies
instead of polyclonals, and testing different
monoclonal antibodies against the same target
protein. The size of monoclonal antibodies is
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not negligible compared to the labeled antigen
or the distance range investigated in FRET
measurements (Fig. 4 in (Jares-Erijman &
Jovin, 2003)). FRET has been successfully
implemented in samples primarily labeled
with single chain antibodies, Fabs or an-
tibodies, or after secondary labeling with
fluorescent antibodies or streptavidin. There
is no strict rule for how the size of the labeling
complex affects FRET efficiencies, with some
studies revealing such effects while others
do not (Konig et al., 2006; Sebestyén et al.,
2002). Therefore, we advise considering the
potential effect of the size of the labeling
complex on energy transfer efficiency.

Application of strong excitation intensity
is also a way to increase the signal-to-noise
ratio, but fluorophore saturation takes place
at commonly applied excitation powers in
confocal microscopy. If fluorophores are sat-
urated, the emitted fluorescence is no longer
linearly proportional to the excitation pho-
ton flux, which presents a major obstacle to
standardization and can significantly distort
FRET calculations. In particular, high exci-
tation intensities leading to saturation of the
donor lead to significant underestimations of
FRET efficiency if the evaluation is performed
without explicitly considering saturation phe-
nomena (Szendi-Szatmari, Szabd, SzollGsi,
& Nagy, 2019). Therefore, fluorophore satu-
ration should be avoided or, if it is present, a
formalism incorporating saturation phenom-
ena must be used, such as the rFRET program
(Nagy et al., 2016). These limitations, high
degree of labeling and fluorophore saturation,
are difficult to recognize without explicit
attention paid to their discovery.

The achievable signal-to-noise ratio is
also limited by cellular autofluorescence that
is typically strong in the UV-blue range of
the spectrum and usually exhibits a small
Stokes shift. Consequently, autofluorescence
can be curtailed by using dyes in the red
spectral region or having large Stokes shifts.
The measured fluorescence intensities should
always be corrected for autofluorescence
before performing the FRET calculations.
If autofluorescence is relatively low, sub-
tracting the mean autofluorescence from the
measured intensities in each fluorescence
channel is sufficient. Mean autofluorescence
can be determined by measuring unlabeled
or untransfected (mock-transfected) cells or
by calculating the intensity in a cell-free area
of an image in microscopy. If the magnitude
of the signal is comparable to the autofluo-
rescence, this correction approach can lead

to significant problems. Cells exhibit hetero-
geneity with regard to their autofluorescence,
so subtracting the average autofluorescence
from a cell with low autofluorescence leads
to overcompensation that can be spotted by
a significant number of negative pixel values
(microscopy) or negative cell intensities (flow
cytometry). Like fluorescent dyes, autofluo-
rescence is also characterized by a spectrum,
and autofluorescence intensities measured in
different fluorescence channels are correlated.
By measuring autofluorescence in a channel
that is not contaminated by the fluorescence
of any of the fluorophores, autofluorescence
can be subtracted on a pixel-by-pixel or
cell-by-cell basis similar to compensation for
spectral crosstalk. This approach provides
superior results in measurements with a low
signal-to-noise ratio (Sebestyén et al., 2002).

Another factor that can limit FRET de-
tection is the donor-to-acceptor ratio if it lies
outside the range between 10:1 and 1:10. This
factor can be a serious limitation in FRET
measurements of protein-protein interactions
in which one of the partners is in excess.
If the donor significantly outnumbers the
acceptor, the majority of the donors may be
acceptor-free. Even if the FRET efficiency
of those donor-tagged proteins that can find
an acceptor-labeled partner is high, the over-
whelming majority of acceptor-free donors,
which contribute a 0% FRET efficiency to
the average, will result in a low FRET value.
In this case, it may be worthwhile to con-
sider swapping the tags on the proteins under
investigation. However, acceptors highly out-
numbering donors can also cause problems
such as a higher probability of false positive
results due to chance interactions. The effects
of donor and acceptor abundance and their
ratios on FRET efficiencies given random or
clustered distribution have been studied in
detail (Kenworthy & Edidin, 1998). Indepen-
dent of the donor-acceptor ratio, it is always
advisable to include positive and negative
biological controls such that their expression
levels are comparable to the expression of
the proteins under investigation. Due to the
fact that the expression level of donor- and
acceptor-tagged targets is commonly a bio-
logical property that cannot or should not be
changed, a host of possible protein-protein
interactions do not lend themselves easily to
FRET techniques. However, using fluorescent
protein biosensors with only a single donor
and acceptor ensures the stoichiometry is fixed
at 1:1, avoiding the risk of error (Zadran et al.,
2012).
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The presence of spectral bleed-through
(crosstalk) between spectrally overlapping
fluorophores is also important to FRET calcu-
lations. Although FRET becomes more likely
with increasing overlap between the donor
emission and acceptor absorption spectra,
the extent of bleed-through also becomes
larger. Bleed-through typically refers to a
fluorophore causing a signal in the fluores-
cence channel of another dye, e.g., the donor
fluorophore causing a signal in the acceptor
channel and vice versa or any fluorophore
appearing in the FRET channel. To eliminate
spectral crosstalk, corrections should be per-
formed by measuring fluorescence intensities
of donor- and acceptor-only labeled samples
from which spectral crosstalk parameters can
be determined (Shrestha, Jenei, Nagy, Vereb,
& Szollosi, 2015).

Qdots are fluorophores containing a few
hundred to a few thousand atoms of a semi-
conductor material forming an inorganic core
surrounded by an organic outer layer of sur-
factant molecules. They are further function-
alized, e.g., by antibodies or avidin, to allow
them to be used as labels. Qdots have several
advantages compared to organic dyes and flu-
orescent proteins, such as broader excitation
spectra enabling excitation by a wide range
of wavelengths, and they show narrower and
more symmetric emission spectra. Moreover,
Qdots are more stable against photobleaching
due to their inorganic composition and have
significantly longer fluorescence lifetimes.
Depending on their size and chemical compo-
sition, they emit photons with different wave-
lengths (Alivisatos, Gu, & Larabell, 2005;
Jovin, 2003). Although Qdots offer great pho-
tostability, they also have disadvantages. Their
size is comparable to that of the labeled tar-
get, which affects lateral mobility (Varadi
et al., 2019). In FRET studies, their size lim-
its the available donor-acceptor distance, mak-
ing them unsuitable for measuring distances.
Furthermore, they are typically multivalent,
which can lead to crosslinking. Qdots are not
optimal FRET acceptors because the donor
would also be excited due to the very wide
absorption spectra (Barroso, 2011). To over-
come this limitation luminescent lanthanide
complexes with very long fluorescence life-
times, or bioluminescent or chemiluminescent
donors can be used along with a Qdot acceptor.
Using a lanthanide-based donor and a Qdot ac-
ceptor, FRET can be detected within a longer
distance, between 1 and 20 nm. Conversely,
Qdots have been widely used as FRET donors
(Barroso, 2011) in the development of diag-

Current Protocols

nostic assays, target-specific in vitro and in
vivo biosensors, light harvesting, and active
nanodevices (Geissler & Hildebrandt, 2016).

APPLICATIONS

FRET has been applied in investigations
of a large variety of objects and phenomena.
In a series of studies, FRET was utilized to
obtain otherwise difficult to observe structural
information of various molecules in situ and
in vivo (Feng, Poyton, & Ha, 2021; Gayrard
& Borghi, 2016; Lerner et al., 2021; Pal,
2022; Terai, Imanishi, Li, & Matsuda, 2019;
Voith von Voithenberg & Lamb, 2018). FRET
has also been used to design high sensitivity
sensors for various biological assays (Imani,
Mohajeri, Rastegar, & Zarghami, 2021; Terai
et al., 2019; Weihs, Anderson, Trowell, &
Caron, 2021), and FRET has been exten-
sively used in plant research (Duan, Li, Duan,
Zhang, & Xing, 2022).

A detailed list of possible FRET appli-
cations is beyond the scope of this unit.
Extensive reviews provide useful examples
of FRET studies (Lerner et al., 2018; Lim,
Petersen, Bunz, Simon, & Schindler, 2022;
Shrestha et al., 2015; Szab6 et al., 2020; Sza-
lai, Zaza, & Stefani, 2021). We call attention
to a few novel and interesting applications of
new FRET methods such as new modalities
of flow cytometry, developments in single
molecule FRET (smFRET), FRET combined
with high resolution and lifetime imaging
microscopy (FLIM), and with molecular
dynamics (MD) simulations.

Application of FRET analysis in flow
cytometry provides a robust, high-throughput
analysis of biological samples. Because a
high number of cells can be analyzed within a
short period of time, high statistical accuracy
can be achieved in multiple samples (Lim
et al., 2022). The popularity of flow cytomet-
ric FRET analysis in the last two decades is
justified despite the fact that heterogeneity of
FRET values within cells cannot be detected.
The new developments in flow cytometry such
as spectral flow cytometry and fluorescence
lifetime flow cytometry open new possibilities
for FRET analysis. It has been demonstrated
that spectral flow cytometry provides more
accurate FRET values than conventional flow
cytometry (Henderson et al., 2021). While
conventional flow cytometry uses the “3-cube
method” for measuring intensity-based FRET
values, spectral flow cytometry applies linear
unmixing in the emission spectrum for multi-
ple wavelength ranges for FRET calculations,
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providing greater single cell precision even
in the presence of other fluorophores and in
real time (Henderson et al., 2021). Appli-
cation of spectral flow cytometric FRET is
a great step towards hyperdimensional flow
cytometry (Bene & Damjanovich, 2022).
New tandem fluorophores were created by
utilizing the principle of FRET to broaden the
application of spectral flow cytometry in the
near-infrared region (Seong et al., 2022). Al-
though fluorescence lifetime measurements in
flow cytometry have been around for almost
thirty years, only recently have they been
applied for FRET measurements (Nichani,
Li, Suzuki, & Houston, 2020). Flow cyto-
metric frequency-domain measurements were
utilized to measure the donor lifetime in the
presence of acceptors. Houston et al. applied
fluorogenic peptides to detect caspase activity
using lifetime-based FRET measurements on
a cell-by-cell basis and phasor representation
for monitoring apoptosis (Nichani et al.,
2020). Using special microfluidic flow cy-
tometry, Nebdal and coworkers successfully
applied time-domain lifetime measurements
(which uses pulses instead of modulation) to
establish a high-throughput FRET assay for
monitoring the phosphorylation of epidermal
growth factor receptor (Nedbal et al., 2015).
Tong et al. monitored miRNA combination
and degradation by FRET analysis in imaging
flow cytometry (Tong et al., 2018).
Diffraction-limited FRET measurements
provide information about the ensemble of
donor and acceptor molecules, but the hetero-
geneity in FRET efficiency values between
individual molecules is difficult or impossible
to study. Furthermore, rare interactions with
potentially important biological roles may not
be detected (Lerner et al., 2018). The introduc-
tion of single molecule FRET (smFRET) has
solved this problem since the FRET event is
determined individually for single molecules.
The smFRET technique can be performed
by confocal microscopy, in which molecules
freely diffuse into the observation volume, or
in total internal reflection microscopy (TIRF),
in which the molecules are immobilized. Since
the first use of SmFRET, which successfully
detected conformational changes in macro-
molecules (Ha et al., 1996), the technique
improved significantly. The author of this
original paper has recently published a useful
practical guide for quantitative smFRET (Roy,
Hohng, & Ha, 2008). Slow conformational
dynamics can be studied with immobilized
molecules where the observation can range
from 100 ms to 10 s (Kim, Lee, Hyeon, &

Hong, 2015). Conformational changes in the
10 ps to 10 s range can be best studied using
diffusion-based smFRET (Tomov et al., 2012).
With the established and improved smFRET
schemes, several problems have been studied,
such as the structural dynamics of ion chan-
nels (Martinac, 2017), membrane proteins
(Castell, Dijkman, Wiseman, & Goddard,
2018; Ward, Ye, Schuster, Wei, & Barrera,
2021; Yang, Xu, Wang, Chen, & Zhao, 2021),
intrinsically disordered proteins (LeBlanc,
Kulkarni, & Weninger, 2018; Metskas &
Rhoades, 2020), DNA polymerases (Millar,
2022), and DNA nanostructures (Pal, 2022).
The multicolor version of smFRET, in which
more than one donor-acceptor pair is used, can
provide even more information about protein-
DNA interactions, chromatin remodeling and
even protein translation (Feng et al., 2021).
FRET measurements have recently been
combined with super-resolution fluores-
cence microscopy. The driving force of this
combination was to create FRET-enhanced
super-resolution imaging or super-resolved
FRET imaging as it was nicely summarized
by Szalai et al. (2021). Super-resolution
microscopies are divided into two main cate-
gories: i) coordinate-stochastic methods such
as Single Molecule Localization Microscopy
(SMLM), Stochastic Optical Reconstruction
Microscopy (STORM), and PhotoActivated
Localization Microscopy (PALM); and ii)
coordinate-targeted methods such as Stim-
ulated Emission Depletion (STED) and
Reversible Saturation Optical Fluorescence
Transitions (RESOLFT) (Achimovich, Ai,
& Gahlmann, 2019). Winckler et al. used
a special coordinate-stochastic model, two-
color universal Point Accumulation In the
Nanoscale Topography (uPAINT) combined
with FRET to detect EGFR dimerization in
live cells, demonstrating that these dimeriza-
tions happen at the edge of the cells (Winckler
et al., 2013). This method is slow because
dyes should be turned on and off, and a large
number of images should be applied to extract
the necessary data. If we want to follow the
kinetics of a process, intensity-based STED
combined with FRET is a better approach.
This approach is technically difficult; how-
ever, with appropriate controls Szalai et al.
imaged biomolecular interactions in the
membrane-associated cytoskeleton of a neu-
ron with high optical resolution (Szalai et al.,
2021). Although Structured Illumination Mi-
croscopy (SIM) improves optical resolution
by only a factor of two, recent application of
SIM with FRET made it possible to determine
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FRET in live HeLa cells with reasonable op-
tical resolution (Liu et al., 2022). Improving
SIM could provide an attractive and simple
alternative approach to enhance the resolution
of FRET images.

FLIM FRET is a microscopy-based tool to
monitor molecular associations under physio-
logical conditions (Liput, Nguyen, Augustin,
Lee, & Vogel, 2020). The two flavors of FLIM,
frequency domain (Kremers, van Munster,
Goedhart, & Gadella, 2008) and time domain
(Becker, 2012), are available to determine
the fluorescence lifetime of fluorophores. The
frequency domain approach is less accurate
but faster than the time domain approach and,
because of the higher temporal resolution, it
is preferred in live cell imaging. Although
the time domain approach is more accurate,
it requires sophisticated laser excitation sys-
tems (Larijani & Miles, 2022). FLIM FRET
approaches have been successfully applied
to monitoring DNA compaction (Levchenko,
Pliss, Peng, Prasad, & Qu, 2021), screen-
ing signal transduction pathways (Ahmed,
Schoberer, Cooke, & Botchway, 2021; Harkes
etal., 2021; Kuo, Ho, Huang, & Chang, 2018),
and for cancer diagnosis by detecting HER2-
HER3 dimerization (Ouyang, Liu, Wang, Liu,
& Wu, 2021; Weitsman et al., 2016). Com-
bined measurements of acceptor bleaching
and donor lifetime made it possible to in-
vestigate the dimeric and trimeric interacting
states of molecules in a three-fluorophore sys-
tem (Eckenstaler & Benndorf, 2021). Using
different fluorescent proteins as donor and ac-
ceptor, Weber et al. monitored apoptosis with
FLIM FRET in 3D cell cultures using light
sheet microscopy while ensuring low light
exposure (Weber et al., 2015). Two-photon
excitation combined with FLIM FRET is a
new imaging technique whose potential has
been demonstrated by characterizing material
transport between ovarian cancer cells through
tunneling nanotubes (Wang et al., 2021) and
by monitoring Rho GTPase activation in
synapses with high spatial and temporal reso-
lution (Ueda, Nagasawa, & Murakoshi, 2022).

Classical FRET analysis and MD simu-
lations have been combined to provide hints
about possible orientations and arrangements
of membrane-bound HER2 molecules. The
data analysis proved that HER2 molecules
form homodimers and the modeling revealed
a structure with three potential interacting
regions (Bagossi, Horvath, Vereb, Sz6116si, &
Tézsér, 2005). New developments in smFRET
helped combine FRET and MD simulations
even more effectively (Barth et al., 2022).
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MD simulations performed in the same time
range as SmFRET were consistent with the
smFRET data and facilitated the interpreta-
tion of fluorophore distances and orientations
(Girodat, Pati, Terry, Blanchard, & Sanbon-
matsu, 2020). Combining smFRET with MD
simulation revealed the dynamics of strand
slipping in DNA hairpins (Xu, Pan, Roland,
Sagui, & Weninger, 2020) and the depen-
dence of the conformational dimensionality
of single-stranded poly(T) DNA on the NaCl
concentration (Kim & Lee, 2021). Wruck
and coworkers used an optical tweezer with
smFRET and MD simulations to show that the
ribosome exit channel accelerates folding and
stabilizes the folding states of exiting proteins
(Wruck et al., 2021).

Since Forster first established FRET anal-
ysis in 1946, its utilization has increased
tremendously in biological research. Techni-
cal improvements in flow cytometry (spectral
and fluorescence lifetime resolved flow
cytometry), microscopy (single molecular
detection, super-resolution, and time-resolved
microscopy), and the development of new
fluorescent probes with better photophysical
properties open up new avenues for employ-
ing modern FRET methods inventively and
effectively in deciphering the mechanisms of
important biological processes.

CONCLUDING REMARKS

This unit presents a solid theoretical basis
for how to design and evaluate FRET ex-
periments critically taking all the pros and
cons into consideration. While the physical
and technical details may sometimes seem
unnecessary, the physical and predictable
nature of the process is a clear advantage
since the limitations of the method can be
defined on a solid basis. Consequently, FRET
approaches are viable alternatives for measur-
ing oligomerization and molecular structure
even in the era of superresolution techniques.
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Corrections

In this publication, the following corrections have been made:

In Table 1, the words “Donor excitation wavelength” are inserted into the blank space in row 3,
and words “Acceptor emission wavelengths” are inserted into the blank space in row 4.

The current version online now includes these corrections and may be considered the authoritative

version of record.
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