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Abstract

Férster resonance energy transfer (FRET) techniques have proven invaluable for probing the
complex nature of protein—protein interactions, protein folding, and intracellular signaling events.
These techniques have traditionally been implemented with the use of one or more fluorescence
band-pass filters, either as fluorescence microscopy filter cubes, or as dichroic mirrors and band-
pass filters in flow cytometry. In addition, new approaches for measuring FRET, such as
fluorescence lifetime and acceptor photobleaching, have been developed. Hyperspectral
techniques for imaging and flow cytometry have also shown to be promising for performing FRET
measurements. In this study, we have compared traditional (filter-based) FRET approaches to
three spectral-based approaches: the ratio of acceptor-to-donor peak emission, linear spectral
unmixing, and linear spectral unmixing with a correction for direct acceptor excitation. All
methods are estimates of FRET efficiency, except for one-filter set and three-filter set FRET
indices, which are included for consistency with prior literature. In the first part of this study,
spectrofluorimetric data were collected from a CFP-Epac-YFP FRET probe that has been used for
intracellular cAMP measurements. All comparisons were performed using the same
spectrofluorimetric datasets as input data, to provide a relevant comparison. Linear spectral
unmixing resulted in measurements with the lowest coefficient of variation (0.10) as well as
accurate fits using the Hill equation. FRET efficiency methods produced coefficients of variation
of less than 0.20, while FRET indices produced coefficients of variation greater than 8.00. These
results demonstrate that spectral FRET measurements provide improved response over standard,
filter-based measurements. Using spectral approaches, single-cell measurements were conducted
through hyperspectral confocal microscopy, linear unmixing, and cell segmentation with
quantitative image analysis. Results from these studies confirmed that spectral imaging is effective
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for measuring subcellular, time-dependent FRET dynamics and that additional fluorescent signals
can be readily separated from FRET signals, enabling multilabel studies of molecular interactions.
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Over the past century, fluorescence labeling has emerged as a standard technique for the
study of proteins in the intracellular environment. Forster resonance energy transfer (FRET),
a specialized fluorescence labeling technique utilizing two fluorophores, has been especially
advantageous in the study of intracellular protein—protein interactions. The advent of
fluorescent protein mutants has greatly increased the utility of FRET assays in live-cell and
even whole tissue studies.

FRET assays are currently widely used in the biosciences, as evidenced by the many
methodological and review articles describing the implementation of FRET assays. Despite
this, FRET assays remain sophisticated techniques, both from biological experimentation
and equipment instrumentation perspectives (1,2). While traditional techniques for
measuring FRET involved two- or three-color microscopy or flow cytometry experiments,
newer techniques have focused on other attributes of FRET, such as fluorescence lifetime
(3), acceptor photobleaching (4), and two-photon excitation FRET (5). Some of these
methods have been shown to be effective at circumventing the detector cross-talk,
fluorophore concentration sensitivity, and photobleaching sensitivity present in multicolor
FRET assays. However, these more sophisticated techniques also have limitations. For
example, the fluorescence lifetime of fluorescent proteins is sensitive to the local refractive
index (6) and can become difficult to implement in multifluor scenarios or tissues with high
auto-fluorescence contributions. In addition, acceptor photobleaching can be prohibitive in
time-lapse live-cell assays (2). For these reasons, traditional multicolor FRET techniques
remain common, and are sometimes the only possible technique that can be implemented,
especially for live-cell dynamic studies.

A viable alternative for improving the accuracy of two-and three-color FRET assays is to
increase the number of bands sampled through spectral techniques. Commercial instruments
are now available for performing spectral fluorescence microscopy (7,8) or spectral flow
cytometry (9). With appropriate analytical techniques, spectral instruments inherently
account for the spectral cross-talk present in two- or three-color FRET techniques, and
should allow FRET measurements to be performed within the context of complex mixtures
of fluorophores or autofluorescent tissues. Although spectral measurement techniques for
FRET have been proposed (9,10) and initially tested (11), the effectiveness of spectral FRET
measurements, in comparison to traditional two-and three-color FRET measurements, has
not been quantitatively assessed.

The purpose of this study is to compare the effectiveness of traditional fluorescence filter set
methods to spectroscopic and spectral imaging methods for estimating FRET response. We
used a CFP—Epac—YFP fusion protein for the FRET probe, in which Epac is a CAMP-
binding protein, and CFP-YFP FRET decreases with cAMP binding (12). This and similar
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probes have been characterized in several other studies (12-16), and should be
representative of a range of common fluorescent protein-based FRET probes. The sensitivity
of each FRET method to subtle changes in FRET efficiency was measured using CAMP
concentration-response in lysed cells. Donor-only and acceptor-only trials were used as
photobleaching controls. This study presents the FRET response under actual experimental
(nonidealized) conditions for a range of FRET levels (not simply on—off). High wavelength-
resolution spectrofluorimetry scans were performed, and data were subsequently resampled
to model measurements conducted using traditional fluorescence microscope filter set
measurements. This approach allows realistic comparisons between very different FRET
analysis methods, as the starting point for each method is the same dataset. This approach
was then used with hyperspectral confocal microscopy and quantitative image analysis to
demonstrate the effectiveness of spectral unmixing for quantitatively identifying multiple
fluorophores in FRET studies. With appropriate labeling techniques and spectral detection
hardware, this approach is extendable to many fluorophores, on either microscopy or flow
cytometry platforms.

Materials and Methods

Cell Culture and Fluorescent Protein Expression

Culture of HEK-293 cells was performed as described previously (17). Briefly, HEK-293
cells were maintained in 10 mL of Minimal Essential Medium (MEM, Life Technologies
Inc., Grand Island, NY) containing 10% v/v fetal bovine serum (Gemini Bio-Products, West
Sacramento, CA), and grown in 100-mm culture dishes at 37°C in a humidified atmosphere
of 95% air, 5% CO».

For spectrofluorimetric experiments, cells were plated at ~60% confluence in 100-mm
dishes for transfection with fluorescent protein-encoding constructs. Cells were transfected
with constructs encoding either CFP, YFP, or the CFP—Epac— YFP probe (12) using the
Fugeneb reagent (Promega, Madison, WI) as described in the manufacturer's instructions
with 10 pg cDNA and 18 pL Fugene6 reagent per 100 mm dish. Forty-eight hours
posttransfection, cells were detached with phosphate-buffered saline containing 0.03%
EDTA, resuspended in a standard extracellular buffer containing (mM): 145 NaCl, 4 KClI,
10 HEPES, 10 »-glucose, 1 MgCl,, 1 CaCly, pH 7.4. Cells were maintained at room
temperature, 20-22° C, and assayed within 4 h. All reagents were purchased from Sigma-
Aldrich (St. Louis, MO), unless otherwise stated.

For microscopy experiments, cells were plated at ~60% confluence onto 30-mm round
coverslips in six-well plates. Cells were transfected as described above, except that 1 ug
cDNA and 3 pL Fugene6 reagent were used per well. Fortyeight hours posttransfection,
coverslips were placed in an imaging chamber, bathed with 2.8 mL of extracellular buffer
(as described above) and imaged. Selected coverslips were allowed to incubate with 2.4
pg/mL Hoechst 33342 (Invitrogen Life Sciences) for 20 min prior to imaging to visualize
nuclei.
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Spectrofluorimetry

All spectrofluorimetric experiments were conducted using a Quanta Master 40 (Photon
Technology International, Birmingham, NJ) spectrofluorimeter. Immediately prior to
spectrofluorimetry, cells were lysed using 20 strokes of a dounce. Cell lysate was placed in
1-cm square plastic cuvettes. Spectra were acquired using a dwell time of 0.05 ms per
wavelength, 1 nm wavelength spacing, and averaging 20 scans for the final spectrum. A
CAMP dose-response was assessed by adding cAMP to achieve the following
concentrations: 0, 0.2, 0.5, 1, 2, 5, 10, 20, and 50 uM. For each trial, the fluorescence
emission spectrum was acquired first at 415 nm excitation (450-650 nm emission) and then
at 505 nm excitation (520-650 nm emission). At 415 nm, the CFP (donor) excitation
efficiency is 63% of its peak value, while the YFP (acceptor) excitation efficiency is 0.5% of
its peak value. Hence, the fluorescence emission spectrum at 415 nm excitation corresponds
to the sum of CFP emission from direct CFP excitation and YFP emission from FRET, with
negligible direct excitation of YFP (note that the three-filter set and the corrected spectral
FRET indices still attempt to account for direct acceptor excitation, as shown below). At 505
nm excitation, the CFP excitation efficiency is 4% of its peak value, while the YFP
excitation efficiency is 75% of its peak value. Hence, the fluorescence emission spectrum at
505 nm excitation primarily represents YFP emission from direct YFP excitation. The
spectra of CFP-only and YFP-only were also measured. Additional controls were also
conducted to measure CFP and YFP photobleaching. At least three trials were conducted for
each experimental condition.

Confocal Microscopy

All microscopy experiments were performed using an inverted spectral confocal microscope
(A1R, Nikon Instruments, Inc.) equipped with a 40x oil immersion objective with a
numerical aperture of 1.3 (40x Oil DIC H N2, Nikon Instruments, Inc.). Images were
acquired using 405 nm excitation and hyperspectral emission from 432 to 606 nm, in 6 nm
increments (30 wavelength bands). All FRET images and experimental controls were
acquired using a laser power of 12.0 (A.U.), a constant photomultiplier voltage, a confocal
pinhole of 4.9 Airy disc units, a scan size of 512 x 512, a scan speed of 1/2 (A.U.), and four
frames averaged per image. Due to the very weak excitation of YFP at 405 nm, the image of
YFP-transfected cells used for the pure spectrum of YFP was acquired using a laser power
of 100, a pixel dwell time of 4.8 ps, and an averaging of 16 frames per image.

Time course experiments were conducted for 10 min, with images acquired at 10-s intervals.
For FRET experiments, cells were treated with 10 uM forskolin and 10 uM rolipram or
vehicle control (buffer) after 30 s. For CFP and YFP photobleaching controls, cells were
treated with 10 uM forskolin and 10 pM rolipram after 30 s.

Spectrofluorimetry Analysis

Fluorescence emission spectra were processed using a custom script written in MATLAB
(The MathWorks, Natick, MA). Six FRET analysis techniques were simulated: one
fluorescence filter set, two fluorescence filter sets, three fluorescence filter sets, three
fluorescence filter sets corrected for donor concentration, acceptor—donor peak intensity
ratio, and linear spectral ummixing. To simulate traditional fluorescence microscopy results
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(one, two, and three filter sets), the fluorescence emission spectrum was multiplied by the
corresponding dichroic beamsplitter and emission filter transmission spectra, as described
below. Calculations for one, two, and three filter set methods were performed using
approaches similar to those presented in Gordon, et al. (1998) (1). The nomenclature for
variables is redefined for clarity. A common spectroscopy approach, the acceptor-to-donor
peak emission ratio was also calculated. Finally, a linear unmixing approach was
implemented to simulate hyperspectral microscopy techniques. The FRET efficiency (18)
was calculated for each approach except for the one-filter set approach. Each method is
described in detail below.

One filter set—For evaluation of the one-filter set approach, a standard CFP-YFP FRET
filter set (49052 ET-ECFP/EYFP FRET, Chroma Technology Corp., Bellows Falls, VT)
was convolved with the emission spectrum using 415-nm excitation. The integrated area of
the convolved spectrum, Ff, was calculated. Ff represents the measured signal due to
sensitized acceptor emission, but also may include nonnegligible cross-talk from emission of
the donor or nonsensitized emission of the acceptor (due to direct excitation). In addition,
this measure does not account for changes in donor or acceptor concentration,
photobleaching, or stoichiometry. As others have shown that one-filter set estimates of the
FRET efficiency can be highly inaccurate (1,2), the integrated area was used only as a FRET
index. The average emission spectrum for CFP and YFP was also convolved with the FRET
beamsplitter and emission filter and the integrated areas were calculated as Fd and Fa,
respectively. No further correction was made.

Two filter set—For evaluation of the two-filter set approach, a CFP filter set (49001 ET—
ECFP, Chroma Technology Corp.) was convolved with the emission spectrum using 415-nm
excitation. The integrated area was used as the total signal measured from the donor filter
set, Df. The average CFP and YFP emission spectra were also convolved with the donor
filter set to yield Dd and Da, respectively. The FRET filter set was also used, as described in
the one-filter set method. The FRET efficiency was calculated, using the method similar to
Gordon, et al. (1998) (1), which is summarized below.

A general coefficient describing the ratio of donor-to-acceptor quantum yield and optical
transmission was calculated as:

QYaa T}
G=Z5—""7" ()
QYd¢dTD

where QY, and QY4 are the quantum yield of the acceptor and donor, respectively; g,and ¢q4
are the percent of the acceptor or donor signal transmitted by the acceptor or donor emission
filter, respectively; and Tg and Tp represent neutral density filters and were assumed to be 1.

Cross-talk terms for the two-filter set approach were calculated as:
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rp_ Fd _Donor emission measured using FRET filter set
d

Dd Donor emission measured using donor filter set

pr_ Da_ Acceptor emission measured using donor filter set
a

~ Fa  Acceptor emission measured using FRET filter set

rp_ Fd+Fa Donor and Acceptor emission measured using FRET filter set

42 7 Dd+Da” Donor and Acceptor emission measured using donor filter set

XD Da  Acceptor emission measured using donor filter set
ad— 17— I - 5
2™ Dd~ Donor emission measured using donor filter set ®)

The third cross-talk coefficient, XD, is not a true cross-talk term, but instead attempts to
quantify the amount of donor and direct (honstimulated) acceptor emission that is present in
measurements made with the FRET filter set as a function of donor and acceptor emission

using the donor filter set. Similarly, the fourth cross-talk coefficient, X2, is not a true
measure of cross-talk but instead tries to account for the amount of direct (nonstimulated)
acceptor emission in the donor filter set as a function of donor emission. It is only valid to
use these terms when donor and acceptor stoichiometry is fixed.

Using the two-filter set approach, the FRET efficiency was calculated as:

E — SECOI‘I‘ 6
2Filter set UNQ UECOH ( )
where SEq is the acceptor sensitized emission and UNQUE,, is the unquenched donor
emission. SEq,r Was calculated as:

SE — DE

SE....=
TG XX (1— (G- xpF)) O

where SE represents the sensitized acceptor emission (that may also include acceptor
emission from direct acceptor excitation) and is defined as Ff for the two-filter set approach;
and DE represents the acceptor emission from direct (nonstimulated) excitation. In the case
of the two-filter set approach, it is not possible to make a direct measurement of the
nonstimulated acceptor emission, hence DE is estimated using a cross-talk term that
attempts to quantify the sum of donor and nonstimulated acceptor emission measured using
the FRET filter set as a function of donor and acceptor emission measured using the donor
filter set:

DE=QUE - XIP (g
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where QUE is the quenched donor emission (also known as Df).
UNQUE_ is defined by adding back a portion of the sensitized acceptor emission to the

quenched donor signal (QUE):

_ QUE+SEco (1 — G- XPF)

UNQUECOIT_ 1_’_)(?]3‘1

©)

Three filter set—For evaluation of the three-filter set approach we made use of the FRET
and donor filter sets, as described above, as well as the acceptor filter set. For the acceptor
filter set, a YFP filter set (49003 ET-EYFP, Chroma Technology Corp.) was convolved
with the FRET emission spectrum and the resultant spectrum was integrated to yield Af. The
average CFP and YFP emission spectra were also multiplied by the acceptor filter set to
yield Ad and Aa, respectively.

Cross-talk terms for the three-filter set approach were calculated as:

YAF Ad Donor emission measured using acceptor filter set
AF_ 20

"~ Fd  Donor emission measured using FRET filter set

XFA_Fa_ Acceptor emission measured using FRET filter set
2 " Aa Acceptor emission measured using acceptor filter set (1)

pa_Da  Acceptor emission measured using donor filter set
DA_——

~ Aa  Acceptor emission measured using acceptor filter set (12)

A partially corrected three-filter set FRET index was calculated, as described in Berney et
al. (2003) (2):

FRET —SE - QUE - DE (13,

3Filter Set Uncorrected

where SE is the sensitized acceptor emission (measured as Ff, as described in the one-filter
set section, QUE represents the quenched emission of the donor detected using the FRET
filter set, and DE represents the acceptor emission from direct (nonstimulated) excitation.
These can be written as:

QUE=Df- XD (19

DE=Af- X™ (15

An alternative to Eq. (13), is to further correct for changes in donor concentration (due to
photobleaching, diffusion, and other kinetic phenomena). In this case, the FRET level was
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normalized to donor concentration, as the donor and acceptor have a one-to-one
stoichiometry:

_ SEcorr
3Filter Set Corrected UNQUE

corr

E (16)
where SEq, represents the sensitized emission of the acceptor, corrected for direct donor
and acceptor emission and for filter cross-talk terms and UNQUE_,, represents the
unquenched emission of the donor (emission that would occur if no quenching from FRET
were present).

SE¢orr Can be defined as:

SE — QUE — DEcorr [X}jA - XgDXg?A]

an
G[1- XIPXDF|

S corr —

where QUE represents the quenched donor emission and DE.q,, represents the acceptor
emission from direct (nonstimulated) excitation. These can be written as:

QUE=Df- XfP (@s8)

Af— Ff - X2F

DEcorr= 1— XEAX:?F

(19)
UNQUE_q,r can be defined as:

UNQUEL,,.=Df+SEcorr [1 ~-G- X;?A] — DEeon XP*  (20)

Peak intensities—The ratio of donor and acceptor peak emission intensities was also used
to calculate the FRET efficiency. The peak fluorescence emission intensity of the acceptor

(YFP, at 525 nm, represented by 1"RET) and the peak fluorescence emission intensity of the

donor (CFP, at 473 nm, represented by 17RET) were taken as single points from the
spectrofluorimeter data. This was performed using the FRET emission spectra acquired at
415 nm excitation. By assuming that the peak intensities represented relative contributions
of donor and acceptor, the FRET efficiency was calculated as:

SE

Epeak Radio ~UNQUE

(21)

Cytometry A. Author manuscript; available in PMC 2015 March 26.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leavesley et al.

Page 9

where SE was defined as the acceptor (YFP) peak intensity measured using spectra acquired

from the FRET sample, I"*ET, and UNQUE was calculated as the sum of donor and
acceptor peak intensities:

UNQUE=QUE+SE (22

where QUE was defined as the donor (CFP) peak intensity measured using spectra from the

FRET sample, ["RET, and SE was defined as above. It should be noted that this calculation
assumes that the loss in donor emission due to quenching can be recovered by adding back
the gain in sensitized emission of the acceptor, at the peak intensity wavelengths.

Spectral (linear) unmixing—Spectral analysis was performed by using nonnegatively
constrained linear unmixing of the FRET emission spectra (415 nm excitation). The
unmixing library contained the average CFP and YFP emission spectra, normalized to unity
(Fig. 1A). Linear least-squares regression was performed using the Isqnonneg algorithm in
MATLAB software (MathWorks, Natick, MA). The spectral FRET efficiency was then
calculated as the sensitized acceptor emission, normalized to the unquenched donor:

b SE
spectral — UNQUE (23)

where SE was defined as the abundance of the acceptor (YFP) calculated from linear

unmixing of the emission spectrum measured from the FRET sample, AFRET. UNQUE was
calculated as the sum of donor and acceptor abundances:

UNQUE=QUE+SE (24

where QUE was defined as the abundance of the donor (CFP) calculated from the FRET

sample, AFRET, and SE was defined as above. It should be noted that this calculation
assumes that the loss in donor emission due to quenching can be recovered by adding back
the gain in sensitized emission of the acceptor.

Corrected spectral (linear) unmixing—The spectral FRET efficiency above, Egyectral,
was also corrected for acceptor emission that results from direct (nonstimulated) excitation.
A method similar to that used by Chen et al. (11) was applied, but modified to include an
averaged ratio for acceptor emission that is insensitive of overall signal (expression) level. A
cross-talk term was defined to account for acceptor emission using the donor peak excitation
wavelength (415 nm) to acceptor emission using the acceptor excitation wavelength (505
nm) using linearly unmixed abundances calculated from hyperspectral images of the
acceptor (YFP) only:

A
XfEXAEX_ A2 |Donar ex

~ AA|Accepter ex @)
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Hence, XfExAEx represents the fraction of the unmixed acceptor emission in a FRET study
that would be due to direct acceptor excitation at the donor excitation wavelength. A
corrected acceptor sensitized emission was then calculated by multiplying this ratio by the
measured sensitized emission and then subtracting this product from the measured sensitized
emission:;

SEo=SE — SE - X =x“ex  (26)

A corrected spectral FRET efficiency was then calculated:

SEcorr
E

Spectral Corrected = m (27)

where UNQUE was calculated as:

UNQUE=QUE+SEc.:r (28)

As in the case of Egpectral, it should be noted that this calculation assumes that the loss in
donor emission due to quenching can be recovered by adding back the gain in sensitized
emission of the acceptor. Because this calculation is similar to efficiency calculations above,
we have retained the nomenclature, Egpectral corrected-

Spectrofluorimetry Postprocessing

The mean FRET cAMP concentration-response for all trials was calculated using each of the
techniques discussed above. However, each of the FRET analysis techniques yields slightly
different FRET efficiencies. In addition, it is desirable to relate FRET efficiencies to specific
substrate concentrations. In order to effectively compare these techniques, the mean FRET
efficiency at each substrate concentration (n = 3 trials) for each technique was scaled to the
minimum and maximum FRET efficiency values. After scaling, the resultant value was
subtracted from one (forcing the FRET cAMP concentration-response to vary between 0 and
1 and to increase with increasing cAMP concentration). The mean dose-response was fit to a
modified Hill equation:

[cAMP]4
[cAMP]*+ECj50”

FRET=FRET,+(FRET, — FRET)) (29)

where FRET is the predicted FRET response, FRET is the measured FRET response at 0
UM cAMP (basal), FRET is the measured FRET response at 50 uM cAMP, A is the Hill
coefficient, and ECsg is the cAMP concentration producing half of the maximum change in
FRET. The mean of the absolute error was calculated as a measure of the goodness-of-fit of
the Hill equation.
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Confocal Microscopy Image Analysis

Results

Confocal microscopy images were exported as 16-bit unscaled TIFF files. A spectral library
was constructed by sampling spectra from CFP-transfected, YFP-transfected, or non-
transfected Hoechst-labeled HEK-293 cells. Each end-member of the spectral library was
normalized to a peak value of unity. Images were analyzed using a custom script
incorporating a nonnegative linear least-squares unmixing algorithm (Isgnonneg,
MATLAB). The root-mean-square (RMS) percent error image was calculated as the RMS
residual divided by the RMS signal and was used for visual confirmation of unmixing
accuracy. The unmixed CFP and YFP images were used to calculate a FRET image, as
described in Egs. (23) and (24). The unmixed CFP and YFP images were also summed to
produce a total fluorescent protein (CFP+YFP) emission image used for locating positively
expressing cells.

Unmixed images were quantitatively analyzed using Cell Profiler software(19). Nuclei
between 8 and 30 pm diameter were identified in the unmixed Hoechst image using MoG
global thresholding with an approximate area covered by nuclei of 10% and a threshold
correction factor of 1.5. Positively expressing regions between 10 and 50 mm diameter were
identified in the CFP+YFP image using Otsu Adaptive thresholding with a threshold
correction factor of 1. Nuclei within expressing cells were then masked and subsequently
propagated to estimate the borders of expressing cells using Otsu Global thresholding with a
correction factor of 1 and a regularization factor of 0.5. Expressing cell cytoplasm was then
identified by subtracting nuclear areas from expressing cell areas. Cytoplasm areas with a
solidity = 0.4 were selected for analysis. The mean cytoplasmic intensity of Hoechst, CFP,
YFP, RMS percent error, CFP+YFP, and FRET efficiency was calculated for each cell and
then averaged for each image in the time course. Multiple time courses were averaged for
each experiment (n = 8 for FRET experiments and n =5 for photobleaching controls) and
the standard error-of-the-mean calculated.

Spectrofluorimetry scans of CFP (donor) and YFP (acceptor) resulted in the expected
spectra (Fig. 1A). For the spectral FRET approaches it was necessary to construct a spectral
library in which each pure spectrum was measured over the same wavelength range as the
experimental FRET spectra. Hence, the YFP scan in Figure 1 extends to a much lower range
(450 nm) than is typically used to measure YFP emission. By measuring the fluorescence
emission identically for each species, from 450 to 650 nm, it can be seen that the pure
spectra for CFP and YFP can be used to very accurately account for a given FRET emission
spectrum (Fig. 1B). CFP photobleaching controls displayed a decrease of 30-40% intensity
in CFP emission over the time course of the experiment; whereas YFP photobleaching
controls displayed negligible changes in YFP emission (Supporting Information Fig. 1).

Increasing levels of cAMP resulted in a decrease in FRET (Figs. 2 and 3). This can be
confirmed by careful inspection of the emission spectra at different cCAMP concentrations,
verifying that when the acceptor emission decreases, the donor emission increases (Figs. 2A
and 2B). There was some instrument-dependent fluctuation in total signal intensity, as
evidenced by the variations in the magnitude of the spectra (Fig. 2A). We have previously
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observed these fluctuations to be due to mixing in the cuvette (a stir-bar and stirrer used).
However, the ratio of the YFP emission to CFP emission clearly decreased with increasing
cAMP (Fig. 2B). Because of this fluctuation in total signal intensity, corrected or ratiometric
FRET approaches are not affected and performed substantially better than the one-filter set
approach (as described below).

One Filter Set

FRET measurements made with a single filter set produced the expected decrease in FRET
with increasing cAMP concentration (Fig. 2C). However, significant fluctuations in FRET

level were associated with the one-filter set method, resulting in a trend that was difficult to
characterize.

Two Filter Set

The two-filter set method attempts to compensate for changes in donor concentration by
normalizing to the donor emission that would be expected if no FRET were occurring
[unquenched donor emission, Eq. (6)]. This compensation resulted in a dose-response curve
that is significantly improved over the one-filter set method (Fig. 2D).

Three filter Set

The three-filter set analysis was performed in two ways [Egs. (13) and (16)]. The firstis a
commonly used approach (1,20) that does not normalize to donor or acceptor concentration.
The second approach attempts to normalize the FRET level to fluctuations in donor
concentration (or photobleaching) (1). The first approach resulted in a decrease in FRET
with increasing cCAMP, but demonstrated significant deviations from a trend (Fig. 2E). The
second approach resulted in a response that was much more consistent with the expected
cAMP concentration dependence (Fig. 2F).

Peak Intensities

The effectiveness of three spectral approaches was also assessed for measuring FRET. The
ratio of YFP/CFP peak intensity was measured by first measuring the CFP and YFP spectra
(Fig. 3A, dotted and dashed lines), and then dividing the YFP emission peak intensity (at
525 nm) by the CFP emission peak intensity (at 473 nm). The cAMP concentration response
displayed the expected decrease in FRET with increasing cCAMP concentration (Fig. 3C).
Some deviation from a smooth trend could be seen in the single trial.

Spectral (Linear) Unmixing

Linear unmixing was performed using mean CFP and YFP spectra (average of three trials
from different days) as end-members (Fig. 3A). Due to the spectral simplicity of this two-
fluorophore system, a basic least-squares linear unmixing analysis resulted in an accurate fit
to the measured FRET spectra, when excited at 415 nm (Fig. 3B). The FRET efficiency was
estimated as a function of CFP and YFP abundances (Fig. 3D). A single trial showed
minimal deviation from a smooth trend.
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Corrected Spectral (Linear) Unmixing

The corrected linear unmixing analysis was performed using the same data as the linear
unmixing analysis, with the addition of an acceptor emission scan (using the acceptor
excitation wavelength, 505 nm for YFP). In theory, this correction should remove the
portion of the YFP emission that is due to direct excitation of YFP. In practice—for the
CFP-Epac-YFP probe, which maintains a 1:1 donor-to-acceptor stoichiometry—the
correction procedure simply results in lowering the FRET efficiency by a relatively constant
amount (Fig. 3D). Hence, this correction may not always be necessary to perform when
making spectral FRET measurements.

Comparison of FRET Measurement Techniques

To compare the sensitivity of each FRET analysis approach to experimental variations, three
cAMP concentration response trials were performed. The estimated FRET level at each
cAMP concentration was averaged across all trials for each FRET analysis approach. As
discussed in the Materials and Methods section, results from each approach were normalized
to range from between 0 and 1 and were subtracted from unity to yield a response that
increases with increasing CAMP concentration (Fig. 4). The trendline indicates a fit using
the Hill equation.

The one-filter set approach demonstrated the highest variance (evidenced by the error bars
indicating £ 1 standard error-of-the-mean, Fig. 4A), while the linear unmixing approach
demonstrated the lowest variance (Fig. 4F). The two-filter set, three-filter set (donor
concentration corrected), peak intensity, and linear unmixing approaches provided consistent
fits with the Hill equation.

To assess the accuracy of each approach, fit statistics for the Hill equation were calculated,
as well as the coefficient of variation (CV) of the data, averaged across all CAMP
concentrations (Table 1). The linear unmixing approach provided the lowest average CV,
followed by the three-filter set (corrected) approach. The three-filter set approach provided
the best fit for the Hill equation, although the fit error was essentially the same as that of the
linear unmixing approach. As would be expected, the poorest results were obtained with the
one-filter set approach, with an average CV that was more than three-fold higher than the
observed reduction in FRET at saturating (50 uM) cAMP concentration. Hence, one-filter
set measurements were insufficient for identifying even saturating changes in cCAMP
concentration.

The ECsq and Hill coefficient were consistent among the two-filter set, three-filter set
(corrected), peak ratio, and linear unmixing approaches. The range of values for the ECs
was 0.60-0.69 uM, while the range of values for the Hill coefficient was 0.71-0.72. These
correspond with literature values for the ECsg of Epac2-camps of 0.92 uM from Nikolaev et
al (12), and 1.2 uM from Blackman et al. (16). Analysis of data obtained using the one-filter
set approach yielded a Hill coefficient of 1. However, this can be attributed to the overall
poor fit of the data to the Hill equation. In each case initial estimate for the Hill coefficient
and ECsg were 1 and 1 uM, respectively.
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Confocal Microscopy Spectral Unmixing and Quantitative Image Analysis

Raw spectral image data contained contributions from Hoechst, CFP, and YFP. Images were
summed to visualize total fluorescence emission (Fig. 5A). A spectral library was then
constructed by measuring the average spectrum from a region of interest in single-label
images: Hoechst alone, CFP alone, and YFP alone (Fig. 5B). Nonnegative linear least-
squares unmixing using the spectral library resulted in effective identification of each of the
end-members (Figs. 5C- 5E). The sum of the CFP and YFP images (CFP+YFP, Fig. 5F)
and the FRET efficiency image (Fig. 5G) were then calculated. The RMS percent error
image (Fig. 5H) was used to visually inspect the accuracy of unmixing results. Bright
regions indicate a low percent of the signal is accounted for, while dark regions indicate a
high percent of the signal is accounted for. As can be seen in Figure 5, H the dark regions
(most signal accounted for) correspond to nuclei and highly expressing cells while the bright
regions (low signal accounted for) correspond to blank regions or nonexpressing cells.
Hence, high emission intensities are well accounted for using hyperspectral imaging and
linear unmixing, while background noises from nonexpressing cells or blank regions are not
well accounted for. Only these highly expressing cells were selected for further quantitative
analysis using Cell Profiler, as described below and in the Materials and Methods section.

Linearly unmixed images were used for quantitative analysis of single-cell FRET. For each
image, the nuclei were first identified (Fig. 6A). Expressing cells were then identified using
propagation from the nuclei and the CFP+YFP image (Fig. 6B). The cytoplasm of
expressing cells was then defined as the space between nuclei and cell borders. The FRET
efficiency within the cytoplasm (Fig. 6C) was averaged for each cell and a per-image
average was then calculated for each increment in the time course. The per-image average
was then averaged for multiple time-courses (Fig. 6D). Cells treated with forskolin and
rolipram displayed the expected decrease in FRET efficiency (due to an increase in
intracellular cAMP) while cells treated with buffer displayed little or no change in FRET
efficiency. CFP-alone and YFP-alone photobleaching controls were also conducted and the
average CFP and YFP intensities were calculated to confirm that there was negligible
photobleaching during the course of the experiment (Fig. 6E).

Discussion

There is a wide range of documented approaches for estimating energy transfer in FRET
(1,2,18,21-25). Some are relatively simple (13,14,25,26), while others are complex and
attempt to correct for many variables such as cross-talk and changes in concentration or
photobleaching (1,2). For many investigators, the selection of a FRET analysis approach is
often based on the availability of instrumentation, rather than a quantitative assessment of
which method is best for a given assay. Having said this, some instrument modifications are
relatively easy and inexpensive—such as the addition of a fluorescence filter cube—and if
they result in improved performance, are worth pursuing. While FRET estimation is possible
through imaging modes other than wavelength-dependent analysis—such as fluorescence
lifetime (3,27) and acceptor photobleaching (4)—we have focused on wavelength-dependent
techniques, as they correspond to the vast majority of microscopy (and flow cytometry)
equipment, and as this approach enables imaging and analysis of additional fluorophores. In
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this article, we have acquired a representative experimental dataset based on the cAMP
concentration-response of a CFP—Epac—YFP fusion protein. We have used this dataset to
assess the effectiveness of several common FRET approaches—single-filter set and three-
filter set FRET indices, as well as two-filter set and three-filter set FRET efficiencies—for
measuring a range of energy transfer efficiencies (instead of just high and low FRET, as has
been commonly reported for many studies). Assessing FRET response over a continuum of
values is especially important for evaluating the dynamic range of a FRET assay and for
testing the sensitivity of the FRET measurement technique, for either microscopy or flow
cytometry studies. We then applied the linear unmixing approach followed by feature
identification to calculate single-cell and time course averages for live-cell FRET
experiments. The combination of spectral unmixing, feature identification, and quantitative
image analysis allows sensitive, highly specific, quantitative, and unbiased analysis of
single-cell FRET data.

To facilitate the comparison of all of the FRET approaches, each method has been
normalized to vary between 0 and 1, and to increase with increasing CAMP response
(corresponding to 1-normalized FRET level). The standard error for each approach has also
been correspondingly normalized, allowing for effective comparisons of the dose-response
and associated error for each FRET approach. It has been shown that this approach of
characterizing the CFP— Epac-YFP FRET system using cell lysate and minimum and
maximum FRET responses can be used to estimate the absolute CAMP concentration (13).

In this study, we have compared multiple FRET measurement approaches, starting from
common experimental and control datasets. From visual comparison of all approaches (Fig.
4), it is clear that the one-filter set and three-filter set uncorrected approaches yield much
higher standard errors (and poorer fits to the Hill equation) than two-filter set, three-filter set
corrected, peak ratio, and linear unmixing approaches. Interestingly, one-filter set and three-
filter set uncorrected approaches do not normalize to CFP emission, while the remaining
approaches do. This is supported by CFP (donor) and YFP (acceptor) photobleaching
controls (Supporting Information Fig. 1), which revealed a 30-40% decrease in CFP
intensity over the time-course of the experiment, but negligible changes in YFP. Prior
studies also indicate that normalizing to at least one of the fluorophores results in increased
accuracy of FRET measurements (1,2,21). Without normalization, changes in expression
level, photobleaching, or detector noise may all result in perceived changes in the FRET
level, although in reality are measurement artifact. In general, measures of FRET that
provide higher levels of self-correction without requiring additional measurements (such as
the spectral FRET efficiency) produce accurate results while maintaining lower levels of
error. In theory, the linear spectral unmixing approaches provide the highest level of self-
correction, as they incorporate many wavelengths of information from a single acquisition
step. For a more complete discussion of FRET error propagation, see Berney et al. (2003)
(2). In support of this, there is some measure of error in the photobleaching measurements
themselves (Supporting Information Fig. 1). For the CFP-Epac-YFP construct, the donor:-
acceptor stoichiometry is fixed at 1:1. In this case, it should only be necessary to correct for
changes in donor concentration or photobleaching (21). In summary, correcting for donor
and acceptor concentrations or photobleaching is probably only advantageous in cases where
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there are appreciable changes in stoichiometry or differential photobleaching; in other cases,
these corrections may actually increase the total error of the measurement.

In addition to commonly used fluorescence filter set approaches, we have evaluated three
spectral analysis approaches: the ratio of acceptor-to-donor peak emission intensities, linear
spectral unmixing, and linear spectral unmixing corrected for direct excitation of the
acceptor. Each of these methods resulted in a FRET response that changed over the range of
cAMP concentrations (Fig. 4). Of the FRET approaches tested, the uncorrected linear
unmixing approach resulted in the lowest standard error (averaged over all cCAMP
concentrations) and second lowest error in fitting the Hill equation (Table 1). The corrected
linear unmixing approach resulted in a higher error, likely due to the additional
measurement required for correction and the error propagation during calculations (see
discussion above). Because of the lower sensitivity to detector noise in any single
wavelength channel, and because linear unmixing (where there are more wavelengths than
fluorophores) circumvents errors from detector cross-talk, linear unmixing likely represents
a robust FRET analysis approach.

Hyperspectral imaging, linear unmixing, and segmentation with quantitative image analysis
present an effective approach for extracting quantitative data from multilabel FRET studies.
We have used this approach to assess cytosolic CAMP Kinetics. However, this approach
could easily be extended to include additional fluorescent labels and/or more sophisticated
image analysis routines. For example, the addition of organellar labels and colocalization
algorithms could be implemented to assess the subcellular distribution of FRET signals. In
addition, it should be possible to extend the two-filter set, three-filter set, and spectral
imaging approaches for measuring other FRET probes or nonprobe FRET methods (such as
homo- or hetero-dimerization). For assays with fixed dimerization stoichiometry, it may be
possible to utilize a single fluorescence emission spectral scan to calculate FRET
efficiencies. However, for cases where the donor—acceptor stoichiometry is widely variable,
it will likely be necessary to sample the emission spectrum at more than one excitation
wavelength. For highly labeled samples (five or more fluorophores), it may be necessary to
adequately sample the excitation—emission matrix and to consider more sophisticated
spectral analysis algorithms, as described below.

There are many algorithms available for analyzing spectral data. Chang (2003) provides an
in-depth discussion of spectral imaging analysis techniques (28), while Keshava and
Mustard present a good introduction to spectral mixing models (29). We have used linear
unmixing, as it is one of the most widely used approaches for analyzing spectral microscopy
(30,31)—and more recently, spectral flow cytometry (9)—data. Linear unmixing has been
previously utilized for quantitative analysis of spectral two-photon microscopy of CFP and
YFP mixtures (10). Here, we have demonstrated that linear unmixing can also be used to
calculate FRET efficiency with a lower mean standard-error-of-the-mean than most
currently used FRET measurement approaches. For systems with poor signal-to-noise
characteristics, more complex mixtures of fluorophores, or unknown fluorescence
contributions, it may be desirable to apply alternative unmixing or spectral analysis
techniques (28,29,32,33). For example, constrained energy minimization has been shown to
be a potential analysis algorithm for cases where the spectral library cannot be fully
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characterized but the spectra of interest are known (34). Another alternative may be to
employ spectral phasor analysis, which could significantly speed up the spectral analysis
process, albeit at a loss of some spectral and/or intensity information (35). Furthermore, in
limited signal-to-noise systems, an unmixing algorithm that accounts for the noise
characteristics of the detector may be preferable (36). Despite this, linear unmixing will
likely provide satisfactory results for a range of FRET applications that are not prohibitively
noise-limited or complex, as is the case in many fluorescence microscopy and flow
cytometry assays. Testing of further unmixing algorithms, and their specific impact on
FRET sensitivity and reproducibility, is a potential area for study that could result in
improvements in FRET measurements with little or no changes in equipment configuration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Calculation Nomenclature

Symbol Description

d Donor
Acceptor

G Correction term accounting for differences in donor and acceptor quantum
yield and filter transmission efficiencies

QY; Quantum yield of species i

i Percent of the signal from species i (donor or acceptor) that is transmitted
by the corresponding fluorescence filter cube

TE Fractional transmission of any neutral density filters used in conjunction
with the FRET filter cube

To Fractional transmission of any neutral density filters used in conjunction
with the donor filter cube

QUE Quenched donor emission (donor emission in the presence of quenching by
energy transfer)

UNQUE Unguenched donor emission (donor emission that would occur with no
quenching by energy transfer)

UNQUEgq ¢ Unguenched donor emission, corrected for cross-talk

SE Sensitized acceptor emission (acceptor emission due to energy transfer
from the donor)

SEcorr Sensitized acceptor emission, corrected for cross-talk

DE Direct acceptor emission (acceptor emission due to direct excitation)

E; FRET efficiency, calculated using method i

FRET; FRET index or FRET response, calculated using method i

Da Emission of the acceptor only, measured using the donor filter set
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Dd
Df
Aa
Ad
Af
Fa
Fd
Ff

I

Al
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Emission of the donor only, measured using the donor filter set
Emission of the FRET pair, measured using the donor filter set
Emission of the acceptor only, measured using the acceptor filter set
Emission of the donor only, measured using the acceptor filter set
Emission of the FRET pair, measured using the acceptor filter set
Emission of the acceptor only, measured using the FRET filter set
Emission of the donor only, measured using the FRET filter set
Emission of the FRET pair, measured using the FRET filter set

The peak fluorescence emission intensity of species i (donor or acceptor) in
sample j (donor, acceptor, or FRET)

The unmixed abundance of species i (donor or acceptor) in sample |
(donor, acceptor, or FRET)

Cross-talk: Ratio of donor emission measured using acceptor filter set to
donor emission measured using FRET filter set

Cross-talk: Ratio of acceptor emission measured using FRET filter set to
acceptor emission measured using acceptor filter set

Cross-talk: Ratio of donor emission measured using FRET filter set to
donor emission measured using donor filter set

Cross-talk: Ratio of acceptor emission measured using donor filter set to
acceptor emission measured using FRET filter set

Cross-talk: Ratio of acceptor emission measured using donor filter set to
acceptor emission measured using acceptor filter set

Cross-talk: Ratio of donor and acceptor emission measured using FRET
filter set to donor and acceptor emission measured using donor filter set

Cross-talk: Ratio of acceptor to donor emission measured using donor filter
set

Cross-talk: Ratio of unmixed acceptor abundance measured using FRET
excitation wavelength band to unmixed acceptor abundance measured
using FRET excitation wavelength band (bands are assumed
monochromatic for laser lines)

The effective concentration at which a half-maximal response is obtained

The Hill coefficient
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A: Excitation (dashed lines) and emission (solid lines) spectra of CFP (blue) and YFP
(green), normalized to the peak intensity value. B: A typical FRET emission spectrum (red
solid line) with the estimated CFP (blue long-dash line) and YFP (green short-dash line)
contributions indicated. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com]
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A: cAMP dose-dependence of FRET emission; B: the same data normalized to the CFP
emission peak (473 nm); C: FRET response calculated using a one filter set method; D:
FRET response calculated using a two filter set method; E: FRET response calculated using
a three filter set method; F: FRET response calculated using a three filter set method and
corrected for changes in CFP concentration. Note that panels C and E represent FRET
indices, whereas panels D and F represent FRET efficiencies. Normalized FRET responses
are shown in Figure 4. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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Figure 3.

A: FRET spectrum (red solid line) for basal (0 pM) cAMP from Figure 2 showing estimated
contributions of CFP (long-dash blue line) and YFP (short-dash green line) calculated using
linear unmixing; B: the sum of the estimated CFP and YFP contributions (dashed blue line)
very closely matches the FRET spectrum from A (solid red line); C: FRET efficiency
calculated using the CFP peak intensity (473 nm) and the YFP peak intensity (525 nm); D:
FRET efficiency calculated by linear unmixing, as shown in A, and dividing the CFP
abundance by the CFP+YFP abundance (black squares); the linear unmixing FRET has been
further corrected by estimating the percent of the acceptor signal that is due to direct
excitation and then subtracting this percent from the total acceptor signal before dividing by
the donor signal (red triangles), as shown in Eq. (13). Normalized FRET responses are
shown in Figure 4. [Color figure can be viewed in the online issue which is available at
wileyonlinelibrary.com]
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1-FRET response normalized to minimum and maximum FRET levels. Error bars indicate

the standard error-of-the-mean (n = 3) for each cAMP concentration. A: one-filter set

method; B: two-filter set method; C: three-filter set method; D: three-filter set method and
corrected for changes in CFP concentration; E: YFP-CFP peak intensity ratio; F: linear
unmixing YFP-CFP ratio; G: linear unmixing YFP-CFP ratio, corrected for direct excitation
of YFP. Note that panels A and C represent FRET indices, whereas panels B, D, E, F, and G

represent FRET efficiencies. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com]
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Figureb5.
Hyperspectral confocal microscope images were unmixed to calculate fluorophore

intensities and the FRET efficiency. A: Raw hyperspectral confocal microscope image (all
wavelength bands summed) of HEK-293 cells expressing the CFP-Epac-YFP probe; B: the
spectral library used for linear unmixing; nonnegatively constrained linear unmixing was
used to calculate images for C: Hoechst, D: CFP, and E: YFP; F: the unmixed CFP and YFP
images were summed to locate expressing (transfected) cells; G: the FRET efficiency was
calculated using equation 23 (note that this image was later masked so that only regions with
sufficient signal were used for single-cell FRET calculations, as shown in Figure 6); H: the
root-mean-square (RMS) percent error associated with linear unmixing was calculated as the
RMS residual from unmixing divided by the RMS signal of the original spectral image.
[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com]
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Figure®6.

Single-cell time course data were extracted from unmixed hyperspectral confocal images
using feature identification and quantification in Cell Profiler software. A: All nuclei were
first identified from the unmixed Hoechst image (nuclei outlines shown in blue); B: nuclei
within expressing cells were expanded to identify expressing cell borders (cell outlines
shown in red); C: the area between nuclei and cell borders was labeled as expressing cell
cytoplasm (nuclei shown in blue, cell borders in red, grayscale values represent FRET
efficiency); mean intensity values were measured on a per-cell basis for cytoplasm regions
with a solidity =0.4; D: administration of 10 uM forskolin (adenylyl cyclase activator) and
10 uM rolipram (phosphodiesterase inhibitor) at 30 seconds (indicated by arrow) resulted in
the expected increase in cytosolic cAMP and a subsequent decrease in cytosolic FRET
efficiency for cells expressing the CFP-Epac-YFP probe, while cells treated with buffer had
displayed no change (average of all cells in each field of view, n = 8 fields of view, error
bars are the standard error of the mean); E: CFP and YFP controls showed nonsignificant
photobleaching over the time course of the experiment (average of all cells in each field of
view, n =5 fields of view, error bars are the standard error of the mean).
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Comparison of different FRET measurement methods.

Table 1

ECs (MM)  Hill Coefficient Mean CV  Mean Error from Hill Equation
One filter set 0.98 1 8.43 0.198
Two filter set 0.65 0.72 0.13 0.019
Three filter set uncorrected™ 1.73 0.89 18.89 0.140
Three filter set corrected 0.67 071 0.13 0.019
Peak radio 0.60 0.72 0.17 0.023
Linear unmixing 0.69 0.72 0.10 0.019
Linear unmixing corrected 0.60 0.71 0.16 0.022
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All methods are measures of FRET efficiency except for those indicated by *, which are FRET indices that have been included as they have been
used in prior literature. Linear unmixing produced the lowest coefficient of variation and second lowest error from fitting the Hill equation, while
the three-filter set uncorrected method produced the highest coefficient of variation and the one-filter set method produced the highest error from
fitting the Hill equation. EC50 represents the cAMP concentration required to achieve 50% of the full FRET response, CV is the coefficient of

variation. n = 3 trials.
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