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1 | INTRODUCTION

Abstract

Forster resonance energy transfer (FRET) is a radiationless interaction between a
donor and an acceptor whose distance dependence makes it a sensitive tool for
studying the oligomerization and the structure of proteins. When FRET is determined
by measuring the sensitized emission of the acceptor, a parameter characterizing the
ratio of detection efficiencies of an excited acceptor versus an excited donor is
invariably involved in the formalism. For FRET measurements involving fluorescent
antibodies or other external labels, this parameter, designated by «, is usually deter-
mined by comparing the intensity of a known number of donors and acceptors in
two independent samples leading to a large statistical variability if the sample size is
small. Here, we present a method that improves precision by applying microbeads
with a calibrated number of antibody binding sites and a donor-acceptor mixture in
which donors and acceptors are present in a certain, experimentally determined ratio.
A formalism is developed for determining a and the superior reproducibility of the
proposed method compared to the conventional approach is demonstrated. Since
the novel methodology does not require sophisticated calibration samples or special
instrumentation, it can be widely applied for the quantification of FRET experiments
in biological research.
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Forster resonance energy transfer (FRET) is a radiationless interaction
between a donor and an acceptor whose efficiency is a function of
the sixth power of the donor-acceptor distance. It is this property of
FRET that makes it sensitive to clustering and conformation laying the
foundations for its widespread application in biology and even in the
medical laboratory [1-3]. Although FRET was first observed by the
Perrins in the 1920s [4] and adequately described by Férster just after
World War |l [5], its biological application required the availability of

tags. For these reasons, FRET finally came of age in the 1980s and it
has been enjoying widespread popularity ever since due to its capabil-
ity to provide information on the nanometer scale, a remarkable
achievement even in the era of superresolution [6].

Although FRET is manifested in a number of measurable changes
in the properties of the donor and the acceptor [7], the easiest and
most popular approach for its measurement involves detection of
FRET-sensitized acceptor emission, that is, excitation of the donor
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and subsequent recording of fluorescence of the acceptor. Despite
the principal simplicity of such ratiometric or intensity-based mea-
surements, quantitative determination of the FRET efficiency requires
a complex equation set, whose frightening nature led to the introduc-
tion of various FRET-related parameters whose linearity with respect
to the FRET efficiency and the extent of oligomerization has been
questioned [8, 9]. Therefore, calculation of the FRET efficiency is pre-
ferred whose experimental determination obviously varies, but it usu-
ally involves measurement of three fluorescence intensities in the
donor, FRET and acceptor channels [6, 8]. Although the formalism has
not substantially changed since its development in the 1980s [10],
fluorophore saturation, a common confounding factor in confocal
microscopy, has been shown to introduce systematic distortions into
the calculations [11]. Since each of the measured intensities is con-
taminated by overspilled intensities of other detection channels, sev-
eral spectral compensation parameters have to be introduced into the
equation set. Since FRET is manifested in the disappearance of an
excited donor and the generation of an excited acceptor, intensity-
based FRET approaches invariably involve a parameter comparing the
detection efficiencies of these two molecular species. This variable is
going to be labeled by a in accordance with previous publications
[10-14], although G and y have also been used for its designation
[15]. Since the detection efficiency of an excited fluorophore is deter-
mined by the fluorophore's fluorescence quantum yield and the detec-
tion efficiency of its emitted photons, a is defined according to the

following equation:

Qanaz
="t 1
T D1 @

where Qa and Qp refer to the quantum vyield of the acceptor and the
donor, respectively, and na, and np1 are the detection efficiencies of
the acceptor photons in the FRET channel and that of the donor pho-
tons in the donor channel, respectively. However simple this equation
is, it proved hard to tackle experimentally. While determination of the
qguantum vyield is relatively simple [16, 17], the detection efficiency is
notoriously complicated to measure. Therefore, almost all of the
reported experimental approaches for determining a revolve around
the principle of comparing the intensity of a known number of donors
and acceptors. Many different realizations of this principle have been
developed for fluorescent proteins since it is relatively easy to gener-
ate FRET constructs in which the donor and acceptor fluorescent pro-
teins are expressed as a single protein connected by a linker. It was a
regression approach requiring an arbitrary number of such constructs
that pioneered these methods [18] followed by a similar approach
based on two such FRET constructs [19]. The same principle is used
in single-molecule FRET measurements in which the different FRET
constructs are replaced by different conformations of the same FRET
probe [20]. In two consecutive publications, an iterative and a closed-
form approach have been developed for determining « for a single
donor-acceptor fluorescent protein construct [21, 22]. The increasing
availability of FRET constructs with known energy transfer efficien-

cies prompted the development of an “inverse” approach in which a

is adjusted so that the FRET efficiency calculated for a particular FRET
probe equals its known energy transfer efficiency [23].

The number and scope of methods for determining a for FRET
studies with external fluorescent labels, such as antibodies, Fabs,
single-chain antibodies, darpins, and so forth, is more limited. The first
such approach was described in the paper in which flow cytometric
energy transfer was introduced, and it is based on directly comparing
the intensities of two samples labeled either by the donor only or by
the acceptor only. After correcting for the molar absorption coeffi-
cients of the dyes and the degree of labeling of the labels, a can be
determined [10]. Recently, the formula has been modified to account
for fluorophore saturation [11]. The accuracy of the method is under-
mined by the fact that the degree of labeling of the stock solution and
the bound fraction are assumed to be equal, which was reported to be
not the case [24]. Precision of the method hinges upon the assump-
tion that the two compared samples contain an equal number of
donors and acceptors, a requirement that is only met if large number
of cells are measured. Consequently, reproducibility of the approach
may deteriorate significantly in microscopy. A different methodology
has been put forward in which the extent to which the donor intensity
is dequenched is compared to the loss in acceptor intensity during
partial acceptor photobleaching of the FRET sample [25]. A limitation
of this approach is that it can only be applied if spillover of the directly
excited acceptor intensity to the FRET channel is negligible. Two
rather complex methods have been published that are based on
entirely different principles, but they have only been tested in flow
cytometry [26, 27]. Since the major drawback of comparing the donor
and acceptor intensities in two samples is the statistical uncertainty if
a low number of cells are measured, the principle could be adapted to
microscopy by labeling cells with antibodies binding to noncompeting
epitopes in the same protein between which no energy transfer takes
place [14]. Here, we propose a novel, more generally applicable
method in which statistical variability of this principle is reduced by
applying microspheres with a calibrated number of antibody binding
sites and by labeling such beads or cells with a mixture of donor- and
acceptor-conjugated antibodies. The fact that the method has been
implemented in Excel and its simplicity suggest that it can be widely
used for calibration of intensity-based FRET measurements with

external labels.

2 | MATERIALS AND METHODS

21 | Cells, antibodies and microspheres

The SKBR-3 and A431 cell lines were obtained from the American
Type Culture Collection (ATCC; Manassas, VA), and they were cul-
tured according to their specifications. Trastuzumab, a humanized
monoclonal antibody against ErbB2, was purchased from
Roche-Hungary (Budapest, Hungary). Cetuximab, a humanized mono-
clonal antibody against epidermal growth factor receptor (EGFR), was
obtained from Merck-Hungary (Budapest, Hungary). The Mab528
monoclonal antibody against EGFR was purified from the supernatant
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of the HB-8509 mouse hybridoma cell line (ATCC) by protein A affin-
ity chromatography. Succinimidyl ester derivatives of AlexaFluor488
and AlexaFluor546 (Thermo Fisher Scientific, Waltman, MA) were
conjugated to purified monoclonal antibodies according to the manu-
facturer's specifications. The degree of labeling of the fluorescent
antibodies was determined by spectrophotometry. Quantum Simply
Cellular (QSC) beads with calibrated antibody binding capacity, coated
with anti-human or anti-mouse Fc-specific antibodies, were purchased
from Bangs Laboratories (Fishers, IN).

Cultured cells were trypsinized, washed in PBS and 5-10° cells
were resuspended in 50 uL PBS supplemented with 0.5 mg/mL BSA
for labeling with fluorescent antibodies at a concentration of 20 pg/
mL for 30 min on ice. For labeling QSC microspheres, two drops of
the bead suspension was placed in a tube, and the same labeling pro-
tocol was applied. One drop of the bead suspension contains
~100,000 beads, and it corresponds to ~50 uL according to our own
determination and the company's specification. After labeling,
unbound antibodies were removed by centrifugation, and the cells
were fixed in 1% formaldehyde before subsequent measurements by

flow cytometry or confocal microscopy.

2.2 | Flow cytometry

Samples were measured in a NovoCyte® 3000 RYB flow cytometer
(ACEA Biosciences, Inc. San Diego, CA). AlexaFluor488 (Thermo
Fisher Scientific) was excited with the 488-nm laser and was detected
at 530/30 nm; AlexaFluor546 (Thermo Fisher Scientific) was excited
with the 561-nm laser line and detected at 586/20 nm. For detecting
FRET-sensitized emission of AlexaFluor546 (FRET channel), the sam-
ples were excited with the 488-nm laser line and detected at
586/20 nm. Flow cytometric data were analyzed in FCS Express
6 Flow Research Edition (De Novo, Pasadena, CA). Live cells or singu-
lar beads were gated on the forward scatter-side scatter dot plot fol-
lowed by determining the mean fluorescence intensity of the gated

subpopulation.

2.3 | Confocal microscopy and image analysis

Trypsinized samples identical to those used for flow cytometry were
measured by confocal microscopy. The samples were transferred to
a p-slide 8-well Ibidi chamber (Grifelfing, Germany) after centrifuga-
tion. Images were recorded with a Zeiss LSM880-Airy-scan confocal
laser scanning microscope (Carl Zeiss AG, Oberkochen, Germany)
using a water immersion, C-Apochromat 40x (NA = 1.2) objective.
The fluorescence of AlexaFluor488 was excited at 488 nm and
detected in the spectral range 493-557 nm (donor channel, I4). Alex-
aFluor546 was excited at 543 nm, and its emission was recorded
between 560 and 670 nm (acceptor channel, I3). Sensitized emission
(FRET channel, I;) was monitored by exciting the samples at 488 nm
and recording their fluorescence between 560 and 670 nm. Images
were analyzed in Matlab (Mathworks, Natick, MA) using the
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Diplmage toolbox (Delft University of Technology, Delft, The
Netherlands). The cell membrane or the edge of microspheres was
identified using a custom-written implementation of the manually-
seeded watershed segmentation algorithm on gray-scale images
smoothed by a Gaussian kernel. Mean intensities of individual cells
or microbeads were calculated in pixels corresponding to the mask
determined by watershed segmentation. These individual intensities
were saved in a Matlab variable for further statistical analysis (for

details see the “Statistical analysis™ section).

24 | Calculation of the FRET efficiency

The FRET efficiency from confocal microscopic images was calculated
using a custom-written program, rFRET, in Matlab [28]. The program
solves the equation set to be described in detail in the theory
section (Equation (3)). Images were first segmented by the manually-
seeded watershed segmentation algorithm, and calculations were only
performed with pixels corresponding to the cell membrane or edge of
microbeads. We opted for using the mean intensities determined in
the whole mask for the FRET calculations to make these calculations
principally similar to those used for determining parameter a. While
using mean intensities is essential due to the assumption of an equal
number of fluorophores (conventional approach) or a known ratio of
donor and acceptors (R'-based method) in calculation of «, it would
have been possible to do the FRET determination on a pixel-by-pixel
basis. In an intensity-based FRET experiment, fluorescence is mea-
sured in the donor (I;), FRET (I,) and acceptor (I5) channels. Fluores-
cence in the donor and FRET channels is excited at the donor
excitation wavelength, while the acceptor excitation wavelength is
used for the acceptor channel. Emission is measured in the spectral
range of the donor in the donor channel, while the acceptor emission
range is used for the FRET and acceptor channels. Overspill parame-
ters of the donor were determined using samples labeled by the donor
only, while the acceptor overspill parameters were calculated in
acceptor-only labeled cells. These overspill factors and parameter a
were used for determining the FRET efficiency.

2.5 | Conventional determination of parameter o
using two different samples (conventional approach)

Since parameter a describes the ratio of fluorescence intensities of an
equal number of excited acceptors and donors, its experimental deter-
mination usually involves the comparison of mean intensities of sam-
ples to which an equal number of donor-tagged and acceptor-tagged

antibodies are bound according to the following Equation (10):

latoe®
I1,D Laeal

2

where I, is the mean intensity of a sample labeled by an acceptor-

conjugated antibody measured in the FRET channel, and I1p is the
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mean donor intensity of another sample that is labeled by the donor-
conjugated version of the same antibody. The Ip4/I1 p ratio describes
the intensity ratio of two samples labeled by the same number of anti-
bodies, and not by the same number of fluorophores. Multiplying it
with Lp/La, where Lp and L, are the degrees of labeling of the donor-
conjugated and acceptor-conjugated antibodies, respectively, provides
a parameter corresponding to the ratio of intensities of the same
number of acceptor and donor dyes. Since « is the intensity ratio of
the same number of excited acceptors and donors, the equation must
also contain a correction for their different excitability characterized
by their molar absorption coefficients (ep° - molar absorption coeffi-
cient of the donor at the excitation wavelength of the donor; P -
molar absorption coefficient of the acceptor at the excitation wave-
length of the donor).

In order to determine «, a sample was labeled with donor-tagged
antibodies and its intensity was recorded in the donor channel. This
image was segmented using manually-seeded watershed segmenta-
tion, and intensities in the foreground were determined (/1 p). Another
sample, labeled with the acceptor-conjugated version of the same
antibody, was imaged in the FRET and acceptor channels. Images
recorded in the acceptor channel were used for watershed-based
identification of edge pixels, and the mean intensity recorded in the
FRET channel was determined in them (I;4). The mean intensities
along with the degrees of labeling and the molar absorption coeffi-
cients were substituted into Equation (2) for calculating a. Principles
of the image analysis procedure are demonstrated by Supplementary

Figure S1.

2.6 | Statistical analysis

In order to estimate the standard error of the mean as a function of
sample size, a resampling approach was taken. The fluorescence
intensity of each individual cell or microsphere in a single kind of
measurement (~200 cells) was determined and saved in a Matlab
variable. For calculating a according to the conventional approach
(Equation (2)), 100 samples of different sizes ranging between 1 and
100 were taken with replacement from the database containing
intensities of donor-only and acceptor-only cells. The procedure,
also known as bootstrapping, allows every bead or cell to be sam-
pled repeatedly, and it mimicks the sampling process during a mea-
surement. « was calculated according to Equation (2) using the
mean intensities of the virtual samples followed by determining the
standard error of the mean of all a values for a given sample size.
When estimating the precision of the determination of a according
to the proposed method involving antibody mixtures, 100 cells or
microspheres were randomly chosen with replacement from the
database of double-labeled cells/beads, and a was calculated
according to Equation (15) using the mean donor (I1), FRET (I,) and
acceptor (I3) intensities followed by determining the standard error
of the mean of all a values for a given sample size. The principle of
the resampling approach is demonstrated in Supplementary
Figure S2.

3 | THEORY

For determining the FRET efficiency, the intensities measured in the
donor (1), FRET (I,) and acceptor channels (I3) of a donor-acceptor

double-labeled sample are described by the following equation set:

Iy =Ip(1 —E)+IAS4+IDEa%
2

lo=Ip(1—E)S1+1aSo+IpEa 3
Is=Ip(1—E)Ss+la+IpEasz

So
where S; and Sz are parameters characterizing the overspill of the
donor to the FRET and acceptor channels, respectively, while S, and
S4 describe the overspill of the acceptor to the FRET and donor chan-
nels, respectively. Ip, Ia and E are the unquenched donor intensity, the
directly-excited acceptor intensity and the FRET efficiency, respec-
tively, and &5 is the ratio of molar absorption coefficients according to
the following equation:

A, D

ep” e
- 4
€2 epP ep? (4)

where subscripts D and A refer to the fluorophore type (D - donor, A
- acceptor), and superscripts refer to the wavelength at which the
molar absorption coefficient is determined (D - donor excitation
wavelength, A - acceptor excitation wavelength). Since this set of
three equations contains three unknowns, it can be solved. If « is to
be determined from this same equation set, it will be the fourth
unknown, and the system can only be solved if another independent

equation is added to the set.

31 |
and Ia

Derivation of a relationship between Ip

If the donor-acceptor ratio is one, a relationship between Ip and I, is
easy to formulate [14, 22]. Let us introduce this fourth equation into
the equation set for the general case when the numbers of donors
and acceptors are not equal. It is possible to relate the donor and
acceptor intensities (I[p and ) to each other if cells or beads are
labeled with a mixture of donor-tagged and acceptor-tagged anti-
bodies that compete for the same binding sites. This situation arises if
antibodies against the same epitope are mixed for labeling cells, or
when beads with Fc-binding sites are labeled with a mixture of two
different antibody types. Let us designate the fraction of epitopes
occupied by donor-tagged antibodies by R:

R=No

©)

where Np and Ng are the number of bindings sites occupied by the
donor-labeled antibody and the total number of binding sites, respec-

tively. Assuming that the binding sites are saturated, that is,
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Np + Na = No (Na - number of binding sites occupied by acceptor-
conjugated antibodies), the Na/Np ratio is expressed by the following
equation:

Na 1-R

No~ R @

Let us express the donor intensity (Ip) and the acceptor intensity

(1a) by the following equations:

Ip=NpLp ®pep® Qprp; 7)

Ia=NaLa@aea” Qanpg
where Lp and L, are the degrees of labeling of the donor-conjugated
and acceptor-conjugated antibodies, respectively, @5 and @, are the
photon densities of the laser exciting the donor and the acceptor,
respectively, Qp and Qa are the fluorescence quantum efficiencies
of the donor and the acceptor, respectively, and np; and nas are the
detection efficiencies of donor photons in the donor channel and
that of acceptor photons in the acceptor channel, respectively.
According to Equation (7), the fluorescence intensity is linearly pro-
portional to the excitation intensity (photon density). This relation-
ship only holds if fluorophores are not saturated [11]. Since
fluorophore saturation undermines many assumptions of quantita-
tive microscopy, it is strongly advisable to establish that fluoro-
phores are not saturated, for example, by observing a linear
dependence of fluorescence intensity on excitation power. Dividing
Ia by Ip and by replacing the Na/Np ratio with Equation (6) yields the

following result:

Ia_La(1—R)®aea® Qanag

A_ 8
Ip Lp R®p epP Qp py ®

For the previous equation to be of practical value, difficult-to-
measure parameters should be eliminated. S, can be defined accord-
ing to the following equation [11, 29]:

(O SAD
Sp= g2 Q)
A EAT A3

where na, and nas are the detection efficiencies of acceptor photons
in the FRET and acceptor channels, respectively. Using this expression
for S, and the definition of a (Equation (1)), Equation (8) can be

rewritten:
bR o
where
[=52; (1)
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Since the intensity ratio Ia/Ip is determined by both R and the
degrees of labeling of the antibodies, let us define a new variable, R'

incorporating both terms:

_Li(1-R)

A LpR

(12)
Using R, the intensity ratio Ia/Ip can be expressed according to

the following equation:

Ia_Ra
ID73281

(13)

3.2 | Determination of R'
Let us supplement equation set [3] of a donor-acceptor double-
labeled sample with the equation relating the donor and acceptor

intensities (Equation (13)) and solve it for R":

B Soe1(—e2l+e2l1S1+1582—11 8283 — 13 S1 Ss+12 S5 Sa)
I2(S2—S2S3Sa+ (62— 1)Saa) +S2(~13S2+13S1 Sa +11(~S1 + 82 S5+ a— ez a))
(14)

In this equation, /1, I and I3 correspond to the mean intensities
measured in the donor, FRET and acceptor channels, respectively, and
not to cell-by-cell intensities. This equation is used for determining
parameter R' of an antibody mixture using a device providing statisti-
cally robust results (e.g., flow cytometry). Once R' of a certain mixture
has been determined, this R' value can be used to determine a of the
same antibody mixture in microscopy (see next section). Reliability of
this approach hinges upon the statistical robustness of « in
Equation (14), which is the a parameter of the flow cytometer deter-
mined according to Equation (2). The fact that flow cytometry mea-
sures a large number of cells ensures that a can be assumed to be
unaffected by statistical variability stemming from the low number of
measured cells. Therefore, the R' parameter will be statistically reliable
as well. The Excel file “alpha from R and QSC.xIsm” available as sup-

plementary material calculates R' according to Equation (14).

3.3 | Determination of a in microscopy

Once R' has been determined by flow cytometry, it will be used to cal-
culate a using a cell or QSC bead sample labeled with the same mix-
ture of donor-tagged and acceptor-tagged antibodies whose R' value
is already known. The same equations, that is, equation set [3] supple-
mented with Equation (13), will be used to this end as well, but R' is a
known parameter now, and therefore the equation set can be solved

fora, E, Ip and IA:
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e Ss (7@(82 -S4 S4)(Rl + &1 ) +E(*H/ S+ R SoS3—€162S1+€61S2 83) +E(R/ -R S3S4+é&q (82 —S3 S4)))
(e2— VR (I S2—12S4)
- H’(E(SH -S, 83) +E(Sz -S4 S4) +E(Sa S4— 1))
781(82(E—ES1)—532+E3233+ES1 S4—12S384) (15)
Ip = _ €1 (/1 32—/234)_(82(/2—/1 31)—/382+/1 S5 S3+13 Sy S4—E3334)
(S2—8184)(—13(S2—S1S4)(R' +e1)+ 11 (—R' S1+R Sz Sz —e162S1 +¢1 S2S3) +l2(R'— R' S5 S4 + (22 — S3 S4)e1))
In :82(E—E31) —13824+11S2S3+13S1S4—12S3S,
(e2—1)(S2—S1S4)
Anti-ErbB1 (Mab528) Anti-ErbB2 (trastuzumab) :):)eBriL:e:ts. Antibodies used in the
AlexaFluor488 AlexaFluor546 AlexaFluor488 AlexaFluor546
Low DOL DOL = 0.91 DOL = 0.98 DOL = 1.38 DOL = 1.12
High DOL DOL = 4.55 DOL = 4.85 DOL =441 DOL =34

Note: The antibodies binding to ErbB1 and ErbB2 were Mab528 and trastuzumab, respectively. They
were conjugated with AlexaFluor488 or AlexaFluor546 in low and high dye-to-protein ratios. The degree
of labeling (DOL) of the antibodies used in the FRET experiments are shown in the table.

Just as in the case of Equation (14), the intensities (/1, l» and /3)
are mean intensities, and not pixelwise intensities. These equations
only contain the intensities of a single sample, the donor-acceptor
double-labeled one. Since the error of mean intensities scales
inversely with the square root of the sample size, means determined
from few events are inherently unreliable. Error in mean calculations
originates from measurement errors (photon statistics) and the biolog-
ical variability of the samples. If the mean of a ratio of intensities of
two different samples, for example, Equation (2), is to be calculated,
the error of the mean will be increased due to the fact that two differ-
ent samples are compared whose protein expression levels are not
equal. If a function of intensities, for example, a, E, Ip and I in
Equation (15), only contains the intensities of a single sample, this
error source is eliminated. Therefore, parameter « calculated accord-
ing to Equation (15) will have much less error than that calculated
according to Equation (2) even if mean intensities are calculated from
few cells. The Excel file “alpha from R and QSC.xIsm” available as sup-
plementary material calculates a from the mean intensities and the
required additional parameters. The workflow of the whole calculation

is summarized in Supplementary Table 1.

4 | RESULTS

41 | Reducing the variance of parameter a by
using microspheres with a calibrated number of
antibody binding sites

Determination of a for FRET measurements between fluorescently-

labeled antibodies according to Equation (2) hinges upon the

assumption that the number of binding sites for the donor-labeled
antibody in the donor-only sample is identical to the number of bind-
ing sites for the acceptor-labeled antibody in the acceptor-only sam-
ple. While this assumption is valid when a large number of cells are
measured, it is the bottleneck of the calculation in microscopy when
orders of magnitude fewer cells can be measured than in flow cyto-
metry. We reasoned that microspheres with a calibrated number of
antibody binding sites might improve the precision of a determination
since the variability of the number of antibody binding sites is signifi-
cantly lower than in cells. We tested protein A and protein G beads
used for immunoprecipitation, but the intensity distribution after
labeling them with fluorescent antibodies was too wide according to
flow cytometry. Therefore, we turned to Quantum Simply Cellular
(QSC) beads and used one of the three brightest subpopulations for
the measurements. The characteristics of the antibodies are summa-
rized in Table 1. A431 cells were labeled with AlexaFluor488-Mab528
(DOL = 0.91), and another sample of A431 cells was labeled with
AlexaFluor546-Mab 528 (DOL = 0.98). The mean intensities of these
samples were determined and a was calculated according to
Equation (2). On a single day, four such pairs of samples were
recorded, and the standard error of the mean of a was calculated. In
order to determine a for an antibody pair with high degree of labeling,
pairs of A431 cell samples were prepared using
AlexaFluor488-Mab528 (DOL = 4.55) and AlexaFluor546-Mab528
(DOL = 4.85), and « and its error were determined as above. Along-
side these cellular samples, QSC beads were also labeled with the
same antibodies, and « and its error were determined as described
above. a depends on the degree of labeling and also on whether it is
determined using cells or QSC beads (Figure 1B). The standard error
of the mean of a calculated with QSC beads was 5 - % of those
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FIGURE 1 Determination of parameter a according to the conventional method using cells and QSC beads. A cell sample was labeled with

donor-conjugated antibody, and another cell sample was labeled with the acceptor-conjugated version of the same antibody (B -
AlexaFluor488-Mab528 + AlexaFluor546-Mab528 on A431 cells; C - AlexaFluor488-Mab528 + AlexaFluor546-Mab528 on SKBR-3 cells; D -
AlexaFluor488-trastuzumab + AlexaFluor546-trastuzumab on SKBR-3 cells). The same strategy was followed when labeling QSC beads.
Antibodies with low and high degree of labeling were used (see Table 1 for antibody characteristics). Parameter a was calculated according to the
conventional approach using Equation (2). This method requires the mean intensity of the donor-labeled sample and the mean intensity of the
sample labeled with the acceptor-conjugated version of the same antibody. Labels “low DOL” on the horizontal axes identify calculations in
which the degree of labeling of both the donor- and acceptor-labeled antibodies was low, whereas for calculations labeled by “high DOL”, both
antibodies had a high degree of labeling. The standard error of the mean of five independent measurements was calculated and normalized by the
mean in order to eliminate differences in the standard error of the mean of a due to the severalfold differences in the a values themselves. This
measure of variability for the determination of « using cells and QSC beads is shown in A. In a single measurement, the standard error of the
mean was calculated from about 30 cells or QSC beads. The error bars represent the standard deviation of the normalized standard errors. The a

values along with their standard deviations are plotted in parts B-D.

calculated with cells (Figure 1A). The same tendencies were observed
when SKBR-3 cells and QSC beads were labeled with
AlexaFluor488-Mab528 and AlexaFluor546-Mab528, or when SKBR-3
cells and QSC beads were labeled with AlexaFluor488-trastuzumab and
AlexaFluor546-trastuzumab. The consistently better reproducibility of
a calculation using QSC beads was due to the lower variability of the
intensity of beads compared to cells (Figure S3). We can conclude that
the precision of the calculation of « using QSC beads is superior to

when cells are used.

4.2 | Further improvement of the precision of
parameter o by eliminating the need for two samples
in measurements of homoassociation

Although the application of QSC beads clearly improves the reproduc-
ibility of the calculation of a, the results outlined in the previous
section still require the comparison of the intensities of two samples.
According to the principles outlined in the Theory section, in particu-
lar Equation (15), a can also be determined using a single sample. We
expected a significant improvement in reproducibility since this
approach eliminates the requirement for two samples altogether, and
instead only involves intensity ratios of a single sample that can be
determined with much better precision. The novel approach estab-

lishes a relationship between the donor (Ip) and acceptor (la)

intensities, which requires an antibody mixture whose R' parameter
has previously been determined. R' characterizes the fraction of bind-
ing sites occupied by the donor and also takes the degrees of labeling
into consideration (Equation (12)). The fraction of binding sites occu-
pied by one of the antibodies in an antibody mixture is constant for
individual cells or beads if the donor-tagged and acceptor-tagged anti-
bodies compete with each other for the same binding sites, which is
most conveniently established in measurements of homoassociation,
that is, when the donor- and acceptor-tagged antibodies are against
the same epitope.

We determined parameter R' for a trastuzumab antibody mixture
using SKBR-3 cells and QSC beads (Figure 2A), and for a Mab528 mix-
ture using SKBR-3 and A431 cells as well as QSC beads (Figure 2B). R'
for the trastuzumab mixture was not determined on A431 cells
because they do not express ErbB2, the epitope of trastuzumab. The
experiments were carried out with three antibody mixtures in which
the donor-tagged and the acceptor-tagged antibodies were mixed at a
1:2, 1:1 and 2:1 ratio. The expected values of R' for these antibody
mixtures, assuming equal affinities of donor- and acceptor-tagged
antibodies to their binding sites and taking the degrees of labeling into
consideration are 0.5, 1.1 and 2.2, respectively, for Mab528, and 0.4,
0.8 and 1.6, respectively, for trastuzumab. R' values of a certain anti-
body mixture determined with different cells or the QSC beads were
remarkably similar, and they changed as expected upon changing the

molar fraction of the donor-tagged antibody. Although, the
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FIGURE 2 Determination of R'. Cells (SKBR-3, A431) or QSC beads were labeled with a mixture of antibodies in which the donor-tagged and
acceptor-tagged IgGs were present in a molar ratio of 2:1, 1:1 and 1:2. Three different antibody mixtures were used in the experiment for the
measurement of ErbB2 homoassociation (AlexaFluor488-trastuzumab + AlexaFluor546-trastuzumab), ErbB1 homoassociation
(AlexaFluor488-Mab528 + AlexaFluor546-Mab528) and for determining the heterodimerization of EGFR and ErbB2 (AlexaFluor488-cetuximab
+ AlexaFluor546-trastuzumab). R' determined according to Equation (14) and the corresponding standard deviation of five independent

measurements are plotted in the graphs.

determined R' values were close to the expected values for Mab528
(Figure 2B), they differed significantly for trastuzumab (Figure 2A).
While the affinity of Mab528 was shown to be relatively insensitive
to fluorescence labeling, trastuzumab's dissociation constant strongly
deteriorates after fluorescence labeling in a fluorophore-dependent
manner [24]. Therefore, the ratio of donor- and acceptor-tagged tras-
tuzumab in the bound fraction is not equal to their ratio in the stock,
providing an explanation for the aforementioned deviations of R' from
the expected value. Although the equation for calculating R',
Equation (14), does contain instrument-dependent parameters such as
the overspill factors and a, R' must be instrument independent since it
is a function of the ratio of binding sites occupied by the donor-
tagged antibody and the degrees of labeling of the donor-conjugated
and acceptor-conjugated antibodies, that is, properties of the anti-
body mixture only, as defined by Equations (5) and (12). Therefore,
once it is determined for an antibody mixture in flow cytometry
(where the large number of measured cells ensures statistical robust-
ness), it can be used in microscopic measurements with the same anti-
body mixture.

Using these R' values we carried out confocal microscopic experi-
ments in which cells or QSC beads were labeled with the same anti-
body mixtures, and a was determined according to Equation (15). The
pipeline of the evaluation is shown in Supplementary Figure S1. Mean
membrane/edge intensities of all cells/QSC beads corresponding to a
certain condition were saved in a database, and bootstrapping was
used for establishing the standard error of the mean (Suppl.
Figure S2). The results reveal that the novel method involving R' for
the determination of « is superior to the conventional method, and
provides a low standard error even at small sample sizes (N < 10;
Figure 3A,C,E). Furthermore, application of the R' approach results in
equally reproducible results independent of whether cells or QSC

beads are used. Bootstrapping confirmed that the conventional

method involving two QSC bead samples for the determination of «
provides better precision compared to the application of cells.
Although the standard error of the mean of a determined using the R’
approach is superior to those determined by the conventional
approach, both methods provide mean values of a that are in accor-
dance with each other (Figure 3B,D,F), confirming the accuracy of the
R' approach. We can conclude that application of a single sample is a

reliable approach for determining a even from few cells.

4.3 | Application of the novel method based on R’
for heteroassociation measurements

In previous sections, both the conventional and the R'-based determi-
nation of a were applied to donor- and acceptor-conjugated versions
of the same antibody. If parameter « is to be measured for a donor-
acceptor pair in which the donor and the acceptor are conjugated to
different kinds of antibodies, for example, in measurements of hetero-
association, only the QSC bead-based approach can be used since
QSC beads bind a certain number of antibodies through their Fc
region independent of their idiotype. Consequently, an equal number
of the donor- and acceptor-tagged antibodies bind to the donor-
labeled and the acceptor-labeled beads in the conventional approach,
and they compete for the same binding sites, a feature required by
the R'-based approach. We used this method to determine « for
AlexaFluor488-cetuximab and AlexaFluor546-trastuzumab, human-
ized monoclonal antibodies against EGFR and ErbB2, respectively. We
prepared three different mixtures of the donor- and acceptor-tagged
antibodies and determined their R' parameter (Figure 2C). The devia-
tion of the determined R' values from the expected values may be
linked to differences in the affinities of the two antibodies to the anti-

Fc coating of QSC beads. Using the R' values determined by flow
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FIGURE 3 Reproducibility of determining a using the method involving R' compared to the conventional approach. SKBR-3 cells were labeled
with an approximately 1:1 mixture of AlexaFluor488-conjugated and AlexaFluor546-conjugated trastuzumab (panels A-B; AlexaFluor is abbreviated
AF in the figure). SKRB-3 or A431 cells were labeled with an approximately 1:1 mixture of AlexaFluor488-tagged and AlexaFluor546-tagged
Mab528 (panels C-F). QSC beads were also labeled by the same mixtures of antibodies. The R' values of the antibody mixtures were determined
previously by flow cytometry (Figure 2A,B). The donor-acceptor double-labeled cells and QSC beads were imaged by confocal microscopy, and the
intensities of individual cells/beads measured in the donor, FRET and acceptor channels were determined. Random samples of size N were taken
with replacement from these intensities (described in the “Statistical analysis” section in Materials and Methods), and « was calculated according to
Equation (15). The procedure was repeated 100-times, and the standard error of the mean of « is plotted as a function of the sample size (red and
blue curves in panels A, C and E). a was also calculated according to the conventional method with the same antibody pairs using cells and QSC
beads, but two samples were generated in this approach. One of them was labeled by the AlexaFluor488-conjugated antibody, while the other one
was only labeled by the AlexaFluor546-conjugated antibody. The samples were imaged and the intensities of individual cells were stored. Random
samples of size N were independently taken from the donor-only and acceptor-only dataset, and a was calculated according to Equation (2).
Repeating the procedure 100-times permitted the determination of the standard error of the mean, which is plotted as a function of the sample size
(blue and black curves in panels A, C and E). The principle of the resampling approach is summarized in Supplementary Figure S2. The bar graphs on
the right (panels B, D and F) show the mean value of a for a sample size of 10 along with the standard deviation determined according to the
conventional method (I 4 /11 p) and the R'-based approach. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Determination of a for antibodies against different epitopes. Anti-human QSC beads were labeled with a mixture of
AlexaFluor488-cetuximab and AlexaFluor546-trastuzumab and subsequently imaged by confocal microscopy. The R' value of the antibody mixture
had been previously determined by flow cytometry (Figure 2C). The standard error of the mean of the approach involving R' and the conventional
approach was estimated by the resampling approach described in the legend to Figure 3. The standard error of the mean is plotted as a function of
the sample size (A). The bar graph on the right displays the mean value of « for a sample size of 10 along with the standard deviation. [Color figure

can be viewed at wileyonlinelibrary.com]

cytometry, the same antibody mixtures were used for labeling QSC
beads, and a was determined using the R'-based approach as in previ-
ous sections. Furthermore, a was also determined using the conven-
tional approach using two samples of QSC beads, with one of them
labeled with AlexaFluor488-cetuximab and the other one with
AlexaFluor546-trastuzumab. The a values determined by the two
approaches were in close agreement with each other, but reproduc-
ibility of the R'-based method was better (Figure 4).

5 | DISCUSSION

The intensity-based FRET measurement is an easily realizable
approach for analyzing protein associations in living cells. Its unique
advantage is its solid foundation on physical principles offering device
independence in cross-platform implementations of the technique.
Robustness of parameter a, a calibration factor relating the extent of
donor quenching to the consequent sensitized emission of the accep-
tor, is pivotal for fulfilling the aforementioned potential. From among
all the correction and calibration factors as well as the FRET effi-
ciency, this is the only parameter in antibody-based FRET measure-
ments that involves intensities determined from different samples.
This circumstance deteriorates the reproducibility of parameter « if
few cells are measured due to the low precision of mean intensities in
such cases. The manuscript describes two improvements in determin-
ing a by (i) applying QSC microbeads with a precise number of binding
sites; and (i) by eliminating the requirement for two samples by using
a mixture of donor-tagged and acceptor-tagged antibodies. The
replacement of cells with QSC beads results in substantial

improvement in the reproducibility of a, which is more pronounced
when the cellular expression level of an antigen is low (e.g., Mab528
binding to SKBR-3 cells, Figures 1A and 3E). Elimination of the com-
parison of intensities of different samples in the R'-based approach
leads to further reduction in the measurement error of « (Figure 3A,C,
E, Figure 4A). The application of QSC beads has the additional advan-
tage of being applicable to determining a either with the conventional
or the R'-based approach for heteroassociation measurements, that is,
for antibodies binding to different epitopes (Figure 4). Since this fea-
ture depends on both the donor- and the acceptor-conjugated anti-
bodies binding to the QSC beads, this approach can only be used for
antibody pairs in which both of the antibodies are either of human or
mouse origin (since QSC beads are coated with either anti-human or
anti-mouse Fc-specific antibodies). This flexibility is an important ben-
efit of the new approach since a could only be determined previously
for a donor-acceptor pair if the donor was conjugated to the same
kind of antibody as the acceptor [10, 13]. It was assumed that « deter-
mined in this way can be used for calibrating FRET measurements
between other antibodies since a only depends on the instrument and
the dyes (Equation (1)). However, this supposition was proved wrong
by revealing that « is antibody-dependent (Fig. 1B,C,D) since it is
determined by the fluorescence quantum efficiencies, which were
shown to be influenced by what kind of antibody the dye in conju-
gated to [24].

Another complication arises in the experimental determination of
a as a result of the difference in the degree of labeling of the bound
and unbound fractions of antibodies, and the consequent differences
in the quantum efficiencies [24]. Therefore, a for cellular FRET mea-

surements has to be determined with cell-bound antibodies, and not
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with stock solutions. The application of QSC beads for the determina-
tion of a for cellular FRET measurements is a reasonable compromise
since the binding affinity of fluorescent antibodies to their epitope
deteriorates similarly to how their binding to Fc-receptors, present on
the surface of QSC beads, is affected (our unpublished observations).
An inherent limitation of Equation (2), used for the experimental
determination of «, is the correction of intensities with the degrees of
labeling  usually determined by spectrophotometry. Since
(i) photometry is incapable of determining concentrations below the
micromolar range and (ii) other elaborate techniques for the determi-
nation of the degree of labeling are overly complicated for everyday
use [30-32], these measurements are carried out with stock solutions
by spectrophotometry, and cellular intensities are corrected with the
degrees of labeling of the stock. Since the degree of labeling of the
stock differs from that of the bound fraction [24], this circumstance
introduces a systematic error into the calculations. As «, determined
using Equation (2), is used in the determination of R' according to
Equation (14), the R'-based approach is not devoid of this limitation
either. However, the superb reproducibility of a provided by the R'-
based method and the device-independence of the aforementioned
misestimation result in significantly enhanced inter-laboratory
correspondence.

R' depends on the fraction of epitopes occupied by the donor-
conjugated antibody and the degrees of labeling of the antibodies
according to Equation (12). Although its value could be calculated for
a given mixture of donor-tagged and acceptor-tagged antibodies, we
observed deviations from these expected values for certain antibodies
(Figure 2). These observations clearly show that R' has to be deter-
mined experimentally, but also call for an explanation for the devia-
tions. The unequal affinities of the donor- and acceptor-conjugated
antibodies, inaccuracies in the determination of the number of dyes
per antibody, the difference between the degrees of labeling of the
bound fraction and that of the stock, and inaccurate pipetting can all
contribute to these differences.

In conclusion, the application of beads with a precise number of
antibody-binding sites and the R'-based approach lead to significant
improvements in the reproducibility of determination of a. Since the
Excel sheet available as Supplementary Material makes the calculation
easy, we expect that the proposed methods will contribute to the

robustness of intensity-based FRET measurements with antibodies.
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Supplementary Figure S1. Outline of calculation of « using confocal microscopic images.
Conventional determination of « involves measuring two samples labeled by a donor-
conjugated and an acceptor-conjugated version of the same antibody. The donor-only labeled

sample is measured in the donor channel (/1) followed by determining the mean intensity in

this channel (E) in pixels corresponding to the membrane mask that was determined using

this same image. The sample labeled by the acceptor only is measured in the FRET (/2) and

acceptor (/3) channels, and a membrane mask is determined using the brighter image (/3). The



mean intensity in the FRET channel (/,,) is determined in membrane pixels. The mean
intensities are substituted into the equationa:E/E(LD gDD)/(LA gAD)providing a. For

calculating arusing R’-based approach, a sample is labeled with a mixture of donor-conjugated
and acceptor-conjugated antibodies whose R’ value was previously determined using flow
cytometry. The labeled targets can be cells or QSC beads (QSC beads were used in the figure).
A membrane mask is generated from the brightest image (/1 or /5) and intensities in all three
channels are evaluated in the edge pixels. The mean /1, I and /5 intensities are substituted
into equation 15 of the main text providing a. The membrane masks in both approaches are
determined by manually-seeded watershed segmentation. The intensity in the whole
membrane of each individual cell is determined. Membrane segments shared by two cells,
i.e., those membranes that separate two neighboring cells (labeled by different colors in the
membrane masks) are treated differently from those membranes that belong to a single cell
only. The intensity of shared membrane segments is divided by the number of cells sharing

that membrane (usually two) when calculating the total intensity of a single cell.
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Supplementary Figure S2. Determination of the reproducibility of calculating «. For
calculating « according to the conventional method, two samples labeled by a donor-
conjugated and an acceptor-conjugated version of the same antibody were used. Intensities
in membrane pixels were evaluated, and a certain number (N=4 in the figure) of cells were
randomly chosen with replacement (as described in the “Statistical analysis” section of
Materials and Methods) from both the donor-labeled and the acceptor-labeled samples, and

their mean intensities were determined (E,T’D ). The mean values were substituted into the

equation shown in the figure and the procedure was repeated 100-times providing the
standard error of the mean of « for a certain sample size (N=4 in the figure). For calculating
a using the R’-based method, a sample labeled by both donor-tagged and acceptor-tagged
antibodies was measured, and intensities were evaluated in membrane pixels. A certain
number of cells were randomly chosen with replacement, and their mean intensities in the
donor, FRET and acceptor channels were determined (/1, /2, /3). Substituting these values into
equation 15 of the main text provided a. The procedure was repeated 100-times yielding the
standard error of the mean.
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Supplementary Figure S3. Reproducibility of intensity measurements using cells and QSC
beads. Cells or beads were labeled with either donor- or acceptor-conjugated antibodies
followed by their measurement by confocal microscopy. The antibodies and their degrees of
labeling (DOL) are labeled on the horizontal axes (AF488 — AlexaFluor488, AF546 -
AlexaFluor546). The standard error of the mean of five independent measurements

normalized by the mean is plotted in the figures. The error bars show the standard deviation

of the standard error.



based methods.

Conventional method

Supplementary Table 1. Workflow of determining o according to the conventional and R’-

R’-based method

Label QSC beads with donor-tagged antibodies,
and another sample of the same population
(same number of binding sites) of QSC beads
with acceptor-conjugated antibodies. Use anti-
mouse and anti-human beads for antibodies of
mouse and human origin, respectively.

Measure the intensity of ~50 donor-tagged
beads in the donor channel by microscopy, and
the intensity of approximately 50 acceptor-
conjugated microspheres in the FRET or acceptor
channel.

Determine a mask for edge pixels using e.g.
marker-controlled (manually-seeded) watershed
segmentation. Use the MATLAB program at
http://peternagyweb.hu/Image-Analysis-with-
Matlab.html#manual watershed section or the
“Interactive Marker-controlled Watershed”
plugin in FIJI (available as part of Morpholibl)

Determine the degree of labeling of the
antibodies and the molar absorption coefficients
of the donor and acceptor at the donor
excitation wavelength. Enter these values into
cells B5-B6 and F3-F4 of sheet “Conventional
method” of the Excel file “alpha from R and
QSC.xIsm”.

Determine the mean intensities in the donor-
labeled and in the acceptor-labeled samples in
pixels corresponding to the mask, and calculate
o according to equation 2 of the main text by
entering these mean intensities into cells B2 and
B3 (or B4) of the Excel sheet. If the intensity of
the acceptor-conjugated sample was measured
in the acceptor channel, overspill parameter S2
is to be determined as well.

Label QSC beads with a mixture of donor-tagged
and acceptor tagged antibodies. Label another
sample of the same bead population (same
number of binding sites) with the donor-
conjugated antibody, and another sample with
the acceptor-conjugated antibody. Use anti-
mouse and anti-human beads for antibodies of
mouse and human origin, respectively.

Measure the double-labeled sample by flow
cytometry. Enter the mean intensities in the
donor, FRET and acceptor channels of the
double-labeled sample into cells B4-D4 of the
sheet “R’ from flow cytometry” of the Excel file
“alpha from R and QSC.xlsm”.

Measure the single-labeled samples by flow
cytometry. Enter their mean intensities into cells
B2 and D3 of the same Excel sheet. Determine
overspill parameters S1-S4 (cells B6-B9) using the
donor-only and acceptor-only samples.
Determine the molar absorption coefficients and
the degrees of labeling, and enter them into the
corresponding cells of the Excel sheet. Once all
parameters are filled in, R" is displayed in cell
B17.

Measure the same three samples by confocal
microscopy. Alternatively, a new sample series
can be labeled as long as the same antibody
mixture is used whose R’ parameter has been
determined by flow cytometry.

Determine spectral overspill parameters using
the single-labeled samples, and enter them into
cells B4-B7 of the Excel sheet “alpha from CLSM
using R’”. Determine the mean intensities of ~20
double-labeled QSC beads in the donor, FRET
and acceptor channels, and enter them into cells
B2-D2. Use only edge pixels determined as
described in the left column for “Conventional
method”.

Enter the R’ value of the antibody mixture (cell
B8) that was determined by flow cytometry.
Determine and enter the molar absorption
coefficients. These are not necessarily equal to
the ones used in the previous sheet (“R’ from
flow cytometry”) since the excitation
wavelengths used in flow cytometry and
microscopy may differ.

Once all values are entered, parameter «is
displayed in cell B13.
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