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Background: The combination of ﬂuorescence resonance energy transfer (FRET) and ﬂow cytometry offers
a statistically ﬁrm approach to study protein associations. Fusing green ﬂuorescent protein (GFP) to a studied protein usually does not disturb the normal function of a protein, but quantitation of FRET efﬁciency calculated between GFP derivatives poses a problem in
ﬂow cytometry.
Methods: We generated chimeras in which cyan ﬂuorescent protein (CFP) was separated by amino acid linkers of
different sizes from yellow ﬂuorescent protein (YFP) and
used them to calibrate the cell-by-cell ﬂow cytometric
FRET measurements carried out on two different duallaser ﬂow cytometers. Then, CFP-Kip1 was coexpressed
in yeast cells with YFP and cyclin-dependent kinase-2
(Cdk2) and served as a positive control for FRET measurements, and CFP-Kip1 coexpressed with a random peptide
fused to YFP was the negative control.
Results: We measured donor, direct, and sensitized
acceptor ﬂuorescence intensities and developed a novel

The conformation and association state of proteins are
recognized as important factors in biological regulation.
Fluorescence resonance energy transfer (FRET) is a physical phenomenon that can be used to measure in a quantitative way the average separation distance between two
molecules (1). Although it was described in the 1940s by
Dexter (2) and F€
orster (3), it has become a widely
accepted biological research tool only in the past decade.
In FRET, energy is transferred in a non-radiative fashion
among an excited ﬂuorescent molecule, the donor, and a
nearby acceptor molecule that is usually, but not necessarily, ﬂuorescent (4). Energy transfer efﬁciency (E) is

way to calculate a factor (a) that characterized the ﬂuorescence intensity of acceptor molecules relative to the same
number of excited donor molecules, which is essential for
quantifying FRET efﬁciency. This was achieved by calculating FRET efﬁciency in two different ways and minimizing
the squared difference between the two results by changing a. Our method reliably detected the association of
Cdk2 with its inhibitor, Kip1, whereas the nonspeciﬁc
FRET efﬁciency between Cdk2 and a random peptide was
negligible. We identiﬁed and sorted subpopulations of
yeast cells showing interaction between the studied proteins.
Conclusions: We have described a straightforward novel
calibration method to accurately quantitate FRET efﬁciency between GFP derivatives in ﬂow cytometry.
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deﬁned as the fraction of excited donor molecules undergoing FRET and can be expressed in the following way:
E¼

R60
R60 þ R6

ð1Þ

where R is the separation distance between the donor and
the acceptor and Ro is a distance at which E is 50%. Ro is
characteristic of a given donor-acceptor pair and its value
is typically in the 3- to 8-nm range. The rate of FRET efﬁciency depends on the sixth power of the separation distance between the donor and the acceptor, thus providing
a sensitive tool for the measurement of protein associations in the 2- to 10-nm range.
Before the introduction of green ﬂuorescent protein
(GFP) and its variants, which we collectively refer to as visible ﬂuorescent proteins (VFPs), FRET measurements were
limited to intrinsically ﬂuorescent proteins or to proteins
labeled with ﬂuorescent ligands or antibodies. The advent
of VFP-tagged proteins made FRET measurements in unperturbed systems much more widely applicable. Cyan and yellow ﬂuorescent proteins (CFP-YFP) and blue ﬂuorescent
protein (BFP) and GFP are good donor-acceptor pairs based
on their Ro values and the overlap between donor and
acceptor excitation and emission wavelengths (5). Many
methods are available for the measurement of FRET. Several
recent papers have been devoted for a comprehensive
review of the topic (6–8), so we only brieﬂy refer to ﬂow
cytometrically based FRET methods and to problems
related to reliable quantiﬁcation of FRET experiments.
In many cases, investigators have calculated FRET intensities or indices instead of reporting FRET efﬁciencies.
FRET intensity is the ﬂuorescence intensity measured in
the FRET channel after correction for spectral overspill
(9). It is sensitive for the amount of ﬂuorophores
expressed and thus is very error-prone. FRET indices are
functions of the FRET efﬁciency only, but their interpretation is made difﬁcult by the absence of a clear physical
meaning of the calculated parameter (10). In addition,
some of them may show interlaboratory variation. FRETN
(11) and N-FRET (12) are FRET indices that take the donor
and acceptor concentrations into account and are supposed to be true measurements of protein-protein interactions (11,12). Lately, their utility has been questioned
based on their non-monotonous dependence on the
acceptor concentration (13). Although methods based on
the detection of increased donor anisotropy in the presence of FRET have a solid physical background, their
results are difﬁcult to interpret in terms of protein associations without resorting to complicated modeling (14–16).
A plethora of approaches exists that yields the FRET efﬁciency itself. We previously reported one such method
based on the combined detection of donor and acceptor
ﬂuorescence intensities in cells labeled with ﬂuorescent
ligands or antibodies using ﬂow cytometry (17,18). Later,
we established a similar method in ﬂuorescence microscopy (19). These methods require a factor, variably called
a (17–19) or G (11,13), which relates the intensity lost on
the donor side due to donor quenching to the enhanced
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emission of the acceptor due to sensitized emission. Methods for the determination of a have been reported for antibody-labeled cells in ﬂow cytometry (17,18) and microscopy (19) and lately for VFP-expressing cells in microscopy (13). To the best of our knowledge, successful
determination of a has not been reported for VFP-expressing cells using ﬂow cytometry. A popular approach for
the determination of FRET efﬁciency is based on the
release of donor quenching upon photodestruction of the
acceptor (20,21). Although this method has been applied
to conventional ﬂuorophores (20) and VFP-expressing
cells (21), it cannot be used in ﬂow cytometry because
detection of donor ﬂuorescence intensity before and after
acceptor photobleaching is usually not feasible.
Because ﬂow cytometry is statistically superior to ﬂuorescence microscopy, it is an attractive method for FRET measurements. As discussed above, accurate determination of
the FRET efﬁciency in VFP-expressing cells has not been
accomplished in ﬂow cytometry. We present such an
approach, and its novelty lies in the determination of a in
cells expressing VFP using ﬂow cytometry. We demonstrate
the reliability of the approach using cells with and without
interaction between the donor and acceptor VFP derivatives.
MATERIALS AND METHODS
Cells
Saccharomyces cerevisiae INV Sc1 cells with the auxotroph markers trp1, ura3, leu2, and his3 were used. Cells
were transformed using polyethylene-glycol/lithium acetate and heat shock (42°C for 15 min) and then plated on
glucose-containing selection plates. pYES2- and pYES3based constructs complemented for the ura3 and trp1 auxotroph markers, respectively. To induce protein expression under the control of the GAL1 promoter in pYES2 or
pYES3, 2- to 3-day-old colonies were transferred to galactose/rafﬁnose-containing plates, and VFP expression was
checked every hour with a ﬂuorescence microscope. Best
expression results were obtained 6 to 8 h after induction.
Plasmids
A detailed description of the cloning strategy has been
published elsewhere (22); therefore we give a brief summary only.
Cloning of VFP variants. GFP (GFP-S65G-S72A) mut-3
optimized for codon usage in the yeast (yGFP) (23) was
provided in a pUC19 vector by Dr. Alistair J. P. Brown
(Institute of Medical Science, University of Aberdeen). To
make puriﬁcation of the expressed proteins easier, a hexaHis tag was added to the N-terminus of yGFP using polymerase chain reaction (PCR). Because every construct
was derived from yGFP, all contained the hexa-His tag.
One additional mutation was introduced (T203Y) to convert yGFP to yYFP. Six mutations (F64L, S65T, Y66W,
N146I, M153T, V163A, and N212K) were needed to generate yCFP from yGFP. In addition to the spectral shift, these
mutations increased water solubility, temperature resistance, and maturation rate of the protein (24–29). yYFP
and yCFP were cut out of pUC19 with HindIII and EcoRI
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and cloned into pYES2 (Invitrogen, Karlsruhe, Germany)
using the same restriction sites.
Cloning of the CFP-30Pro-YFP construct. Synthetic
oligonucleotides (Gibco-Invitrogen, Karlsruhe, Germany)
coding for 30 prolines with EcoRI/BamHI sticky ends (forward: AATTC CCA CCA CCT CCA CCA CCT CCA CCA
CCC CCA CCA CCT CCA CCA CCT CCA CCA CCC CCA
CCA CCT CCA CCA CCT CCA CCA CCC CCA CCA CCT G;
reverse: GATCC AGG TGG TGG GGG TGG TGG AGG
TGG TGG AGG TGG TGG GGG TGG TGG AGG TGG TGG
AGG TGG TGG GGG TGG TGG AGG TGG TGG AGG TGG
TGG G) were annealed and ligated into a modiﬁed pGAD
T7 vector (Clontech, Palo Alto, CA, USA) in which the
HindIII restriction site at position 2280 was destroyed. A
HindIII/EcoRI fragment of pUC19 containing yECFP was
cloned in front of the linker. Then the yCFP130 Pro segment was cut out with HindIII/BamHI and ligated into
pYES2 into which yYFP had already been cloned.
Cloning of the CFP-3Gly-YFP construct. Three glycine (Gly) residues were added to the C-terminus (30 end)
of yCFP by PCR, and the yCFP13 Gly segment was
inserted into pYES2-yYFP via HindIII/BamHI 50 of yYFP.
Cloning of the CFP-25 AA-YFP construct. The donor
and the acceptor were linked by the trypsin-sensitive linker SSMTGGQQMGRDLYDDDDKDPPAEF (26) using two
PCR steps. First, yYFP-containing pUC19 was used as a
template and the sequence GRDLYDDDDKDPPAEF was
added to the 50 end of yYFP and a PstI site to the 30 end.
Then this PCR product was used as a template and an
EcoRI restriction site and the rest of the linker
(SSMTGGQQM) was added to the 50 end. The ﬁnal PCR
product was cloned into yCFP-containing pUC19 via
EcoRI/PstI 30 of yCFP and cut out of pUC19 via HindIII/
XbaI and cloned into pYES2.
Cloning of CFP-Kip1 and YFP plus cyclin-dependent kinase-2. Kip1 (accession no. U10906, with V109G
mutation) and cyclin-dependent kinase-2 (Cdk2; accession
no. X61622, with S177C mutation) were provided by Otogene USA (Seattle, WA, USA), cut out of pGAD T7 with
EcoRI/XhoI, and inserted in-frame to the 30 end of the
yCFP-containing pYES2 plasmid or the yYFP-containing
pYES3 plasmid using the above restriction sites.
Puriﬁcation of His-Tagged CFP-YFP Constructs
Yeast cells were grown on selective plates without
galactose. A preculture was prepared in 5 ml of basic
drop-out medium without galactose. The main culture
was started at an OD600 of 0.2 and grown overnight until
an OD600 of 2 was reached. Protein expression from the
GAL1 promoter was induced by 2% galactose for 6 h. Cells
were pelleted, resuspended in breaking buffer (11.3 mM
NaH2PO4, 38.7 mM Na2HPO4, pH 7.4, 1 mM ethylenediaminetetraacetic acid, 5% glycerol, 1 mM phenyl methyl
sulfonyl ﬂuoride), and lysed using glass beads (G8772,
Sigma, Budapest, Hungary). His-tagged proteins were puri€ kta Basic high-perforﬁed from the cell lysate on an A
mance liquid chromatographic system using HisTrap HP
columns (Amersham Biosciences, Freiburg, Germany).

Flow Cytometry
A modiﬁed Becton-Dickinson Facstar Plus ﬂow cytometer was used for energy transfer measurements. The
457- and 514-nm lines of two argon ion lasers were used
to excite CFP and YFP, respectively. Donor and acceptor
emissions were separated by a 525-nm dichroic mirror
and were detected through 487/37-nm and 560/70-nm
bandpass mirrors, respectively. Donor, acceptor, and FRET
intensities were recorded as described previously (17,18).
Brieﬂy, two ﬂuorescence intensities were detected for the
donor excitation at 457 nm (donor channel I1, detection
at 487 nm; acceptor channel I2, emission corresponding
to the FRET channel at 560 nm), and one intensity was
measured for the acceptor excitation at 514 nm (I3, acceptor emission at 560 nm). For experiments with BFP and
GFP, the ultraviolet lines (334 to 364 nm) and the 488-nm
line of two argon ion lasers were used. BFP and GFP ﬂuorescence emissions were separated by a 495-nm dichroic
mirror and detected through 440/50-nm and 525/50-nm
bandpass ﬁlters, respectively. Two ﬂuorescence intensities
(I1, I2) and one ﬂuorescence intensity (I3) were recorded
from the intersection points corresponding to the donor
and acceptor excitations, respectively, as described above.
In other experiments a Becton-Dickinson FACSVantage
ﬂow cytometer was used to measure FRET between CFP
and YFP. CFP and YFP were excited by argon-krypton and
argon ion lasers at 406 to 415 nm and 514 nm, respectively.
The emitted ﬂuorescence was collimated and photons originating from the two laser lines were separated by a halfmirror that reﬂected only the beam coming from the 406to 415-nm excitation. This reﬂected beam was further
divided by a 510-nm dichroic mirror, and donor and acceptor ﬂuorescence intensities were measured through 450/
50-nm and 560/70-nm bandpass ﬁlters, respectively, corresponding to I1 and I2. The beam from the 514-nm excitation
was measured through a 575/26-nm bandpass ﬁlter (I3).
Mathematical Background of Flow Cytometric
FRET Calculations
There are three unknowns in an experimental system in
which the interaction of a protein pair separately labeled
with donor and acceptor is investigated: the densities or
amounts of the donor and acceptor and the FRET efﬁciency. Therefore, three independent measurements have
to be taken that correspond to the donor (I1), FRET (I2),
and acceptor (I3) channels (17,18):
I1 ðlD;ex ; lD;em Þ ¼ ID ð1  EÞ

ð2Þ

I2 ðlD;ex ; lA;em Þ ¼ ID ð1  EÞS1 þ IA S2 þ ID Ea

ð3Þ

S3
S1

ð4Þ

I3 ðlA;ex ; lA;em Þ ¼ ID ð1  EÞS3 þ IA þ ID Ea

Subscripts D and A refer to donor and acceptor, respectively, and subscripts ex and em stand for excitation and
emission, respectively. ID and IA are the unquenched
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donor and direct acceptor intensities, respectively; and E
represents FRET efﬁciency. The constants S1 to S3 correct
for the spectral overspill between the detection channels.
S1 corrects for the overspill of donor ﬂuorescence from I1
to I2, S3 for the overspill of donor ﬂuorescence from I1 to
I3, and S2 for the overspill of acceptor emission from I3 to
I2. The constants S1 to S3 are determined on single-labeled
samples as described previously (17,18) and can be
expressed by the following equations:

S1 ¼

hD ðI2 Þ
hD ðI1 Þ

ð5Þ

rðlD;ex ÞeA ðlD;ex ÞhA ðI2 Þ
S2 ¼
rðlA;ex ÞeA ðlA;ex ÞhA ðI3 Þ

ð6Þ

rðlA;ex ÞeD ðlA;ex ÞhD ðI3 Þ
rðlD;ex ÞeD ðlD;ex ÞhD ðI1 Þ

ð7Þ

S3 ¼

where hD(Ix) and hA(Ix) represent the detection efﬁciencies of donor and acceptor ﬂuorescences, respectively, in
the Ix ﬂuorescence channel; r(lD,ex) and r(lA,ex) denote
the photon ﬂuxes of the lasers used for donor and acceptor excitation, respectively; eD and eA refer to the molar
absorption coefﬁcients of the donor and acceptor, respectively, at the wavelengths in parentheses. hA(I2) and hA(I3)
are equal if the same detector is used for the measurement
of I2 and I3.
It can be seen from equations 2 to 7 that the constant a
is necessary for the calculation of FRET efﬁciency on a
cell-by-cell basis. The a value relates the ﬂuorescence
intensity of acceptors in detection channel I2 to the intensity of the same number of excited donor molecules in
detection channel I1 and can be expressed according to
the following equation:

a¼

FA hA ðI2 Þ
FD hD ðI1 Þ

ð8Þ

where FD and FA represent the ﬂuorescence quantum
efﬁciencies of the donor and acceptor, respectively. For
determination of a in ﬂow cytometry, two samples with
an equal number of donor and acceptor molecules are
needed. Alternatively, one sample expressing the same
number of non-interacting (E 5 0%) donor and acceptor
molecules is necessary. Such samples are very difﬁcult to
prepare, so an alternative approach had to be developed.
RESULTS
Theory of Determining a and the Absorption Ratio
We used two different methods to calculate FRET from
ﬂow cytometric data. According to the method involving
a as described in Materials and Methods, FRET can be calculated from equations 2 to 4:
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0
1
E
1 @ I2 S2 I3
1

 S1 A ¼ R1
¼
S2 S3
1E a
a
1 S I1
1
E¼

R1
a þ R1

ð9Þ

ð10Þ

FRET calculation can alternatively be based on the following equation:
FAD
eD cD
¼ 1þ
E ¼ RF
FA
eA cA

ð11Þ

where FAD and FA are the ﬂuorescence intensities of the
acceptor in the presence and absence of the donor,
respectively; and cD and cA are the molar concentrations
of the donor and acceptor, respectively. FAD and FA can be
expressed according to the notation of equations 2 to 4:
FAD ¼ I2  I1 S1

ð12Þ

FA ¼ IA S2  I3 S2

ð13Þ

The above approximation holds if S3 is negligible and S1 >
S3. In our case, S3 < 0.01 and S1 > 1; therefore, neglecting
the terms containing S3 in equation 4 is substantiated. FRET
efﬁciency can be isolated from equation 11:
RF 1
E¼e c
D D
eA c A

ð14Þ

The drawback of the ﬁrst approach (equation 10) is that it
involves a, and the disadvantage of the second method
(equation 14) is that it involves the absorption ratio (eDcD)/
(eAcA), a parameter also difﬁcult to determine experimentally
in ﬂow cytometry. If there are a series of samples with different FRET efﬁciencies in which the donor and the acceptor
are expressed in a 1:1 ratio, one of these samples is selected
as a reference (displayed with index 1), and the FRET efﬁciencies of the rest of the samples are divided by the FRET
efﬁciency of the reference sample eliminating the absorption
ratio. These ratios are separately calculated according to
methods 1 (equation 10) and 2 (equation 14); their difference is calculated and summed for all the samples:

X RF;1 1
RI;1 a þ RI;j 2

RF;j 1 a þ RI;1 RI;j
j¼2;3::n

ð15Þ

The fact that the donor and the acceptor are expressed in
a 1:1 ratio eliminates the donor and acceptor concentrations
from equation 15, the minimum of which is found by changing a to yield a itself, because the two approaches are
expected to give identical FRET efﬁciencies. A 1:1 donor:acceptor ratio is not required for this method, but a constant
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Table 1
Calibration of FRET Values Using the Three CFP-YFP Constructs*

30 Pro
25 AA
3 Gly

I1

I2

I3

RI

RF

143
179
109

425
615
586

225
297
233

0.62
1.05
2.82

1.54
1.87
2.79

FRET (%)
From RI
From RF
9.8
15.6
33.1

10.1
16.3
33.5

ID

IA

eD/eA

158
210
159

224
296
231

5.9
6.0
5.8

*Fluorescence intensities in the donor, FRET, and acceptor channels were measured. Autoﬂuorescence-corrected values are presented in columns I1 to I3. RI and RF values calculated from ﬂow cytometric data and the FRET values derived from these ratios according to equations 10 and 14 are presented. The a value and the absorption ratio (eD/eA) were calculated from RI and RF and were 5.7
and 5.3, respectively. ID and IA values were determined by solving equations 2 to 4 using the constants S1 5 1.31, S2 5 0.68, and S3 5 0.004, and the absorption ratio was determined according to
equation 18 for every sample.

donor:acceptor ratio in every sample is necessary. We opted
for a 1:1 ratio because this seemed to be the easiest to
accomplish. If FAD/FA calculated according to equations 12
and 13 is plotted against E calculated according to equation
10 using a derived as described above, the slope of the
graph yields the absorption ratio (see equation 11).
By substituting equation 10 into equation 11 the relationship between RF and RI can be determined:
RF ¼ 1 þ

eD cD RI
eA cA a þ RI

ð16Þ

The linear form of equation 16 can also be used to
derive the absorption ratio and a:


1
eA cA
a
¼
1þ
RF  1 eD cD
RI

ð17Þ

A plot of 1/(RF 2 1) against 1/RI yields a line with an
intercept of (eAcA)/(eDcD) and a slope of a 3 intercept.
Similar to the above described minimization approach, the
linear regression also provides the absorption ratio and a.
If the donor and the acceptor are expressed in a 1:1
ratio and a is known after minimizing equation 15, the
unquenched donor (ID) and direct acceptor (IA) intensities
can be calculated by solving the set of equations 2 to 4
(18). The only compensation necessary to get the ﬂuorescence intensities of an equal number of donor and acceptor molecules is the correction for the different molar
extinction coefﬁcients of the donor and the acceptor,
because the same laser line is used for the donor (I1) and
FRET (I2) channels. Therefore, a can be calculated according to the following equation:
a¼

IA S2 eD ðlD Þ
ID eA ðlD Þ

Determining a and the Absorption Ratio Using
Three CFP-YFP Constructs
We generated three CFP-YFP chimeras in which the
ﬂuorophores were separated by three glycines, 30 prolines, or a trypsin-sensitive linker consisting of 25 amino
acids (26), and the proteins were expressed in yeast cells.
The a value was determined by minimizing equation 15,
and the absorption ratio was calculated from the slope
plotted according to equation 11. The absorption ratio
was also calculated for each sample by using equation 18.
In addition, the absorption ratio and a were determined
according to equation 17 in one step. The calculations
yielded similar results (Table 1, Fig. 1). FRET efﬁciencies
were calculated according to equations 10 and 14 (Table
1, Fig. 2). In addition, the FRET efﬁciency of the CFP-YFP
construct in which the ﬂuorophores were separated by
the trypsin-cleavable linker were determined by trypsininduced de-quenching (26), yielding a FRET efﬁciency of
20%, a value very close to our ﬂow cytometric results.
FRET calculated by the two ﬂow cytometric methods are
identical within experimental error, and their magnitude
changes as expected: the FRET efﬁciency of the CFP-3GlyYFP sample is the highest, followed by the CFP-25AA-YFP
and CFP-30Pro-YFP samples. The 30-Pro linker is thought
to form a rigid helix between CFP and YFP (see Discussion
for more details), and the 25-AA and 3-Gly linkers maintain
a shorter separation distance according to the length of
their amino acid chains. A similar series of BFP-GFP chimeras were also generated. Unfortunately, we could not
carry out a reliable determination of a using this FRET pair
for reasons presented in the Discussion.
Reliability of the Determination of a
The mean squared error (MSE) of the minimized norm
can be determined according to the following equation:
P

ð18Þ

The absorption ratio can be easily calculated from equation 18.

MSE ¼

j¼2;3::n



RF;1  1
RI;1 a þ RI;j

RF;j  1 a þ RI;1 RI;j
n1

2
ð19Þ

The MSE was calculated from the data presented in Table
1, and it is shown in Figure 3A. In a separate experiment, a,
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5 0.615 is somewhat narrower, but it has a long tail right
of the peak. This results in an insigniﬁcant difference
between the standard deviationss of the histograms (0.71
and 0.67 corresponding to a 5 0.615 and a 5 5.7, respectively). Similarly, the widths of the 95% conﬁdence intervals of the calculations are not substantially different for
the two cases (between 20.06 and 3.067 for a 5 0.615;
between 4.72 and 7.56 for a 5 5.7). Equation 10 shows
that the relative rather than the absolute error of a determines the error of FRET calculations. Therefore, we calculated the coefﬁcient of variation (standard deviation
divided by the mean) of the histograms that yielded 0.91
and 0.11, corresponding to a 5 0.615 and a 5 5.7, respectively. We concluded that the weak dependence of the MSE
on a in the case of large a values does not deteriorate the
reliability of FRET calculations.

FIG. 1. Determination of a and the absorption ratio using linear regression. RF-RI pairs measured on the three calibration samples were plotted
according to equation 17, and a line was ﬁtted, yielding a slope of 0.96
and an intercept of 0.18. From these values the absorption ratio and a
were determined to be 5.48 and 5.26, respectively.

the absorption ratio, and the FRET efﬁciencies were determined using different optical alignment and detector settings. The a value was much smaller (0.615 instead of 5.7),
and the MSE increased much faster around the minimum,
especially in the case of large a values (Fig. 3B). Noisy
measurements can give rise to weak dependence of MSE on
a, leading to unreliable determination of the minimum.
Therefore, we investigated whether the signiﬁcantly different shape of the MSE(a) curve is related to noise or to the
different values of a determined by the experimental setup.
A computer simulation was carried out assuming an absorption ratio of 5 and FRET efﬁciencies of 5%, 15%, and 30% for
the calibration samples. RF values were calculated from
equation 14, and RI values were determined according to
equation 10 using four different a values (0.5, 2, 5, and 10).
The MSE was then calculated using equation 19 (Fig. 3C). It
can be seen that the MSE increases much faster around the
minimum if a is small. We concluded that the different
dependences of the MSE on a shown in Figures 3A and 3B
are at least partly caused by optical and other instrumental
factors unrelated to noise.

Correspondence Between Calculated and
Experimentally Determined RF-RI Plots
Using the values of a and the absorption ratio presented
in Table 1, simulated RI and RF values were calculated
according to equations 10 and 11, respectively, corresponding to a range of E values. The simulated RF-RI curve
and the experimentally determined three pairs of RF-RI
were plotted in the same graph (Fig. 5A), which can be
regarded as a ﬁt of equation 16 to the measurement. The
correspondence between the ﬁtted and the measured data
was remarkably good.

Conﬁdence Interval of a
Given the weak dependence of the MSE on a, if the minimum of the function is at a large value of a, we wanted to
determine the 95% conﬁdence interval of the calculation
of a. Twenty thousand normally distributed triplets of I1,
I2, and I3 were generated according to the means and standard deviations of the intensities corresponding to the two
experimental setups presented in Figures 3A (a 5 5.7) and
3B (a 5 0.615). Then, a was determined from the simulated datasets, and a histogram was calculated from the
20,000 a values (Fig. 4). The histogram corresponding to a

FIG. 2. Flow cytometric FRET histograms of three different CFP-YFP
constructs. Yeast cells expressing constructs in which CFP and YFP were
separated by three glycines, the 25 AA linker, or 30 prolines were analyzed by ﬂow cytometry. The a value necessary for the calculation of
FRET efﬁciency was determined, and FRET was determined on a cell-bycell basis. The mean values of the three FRET histograms are displayed in
parentheses.

NAGY ET AL.

92

FIG. 3. Experimental and simulated mean
squared errors of the minimization process
as a function of a. A, B: Mean squared error
of the minimization of equation 15 determined from ﬂow cytometric data. RI and RF
values displayed in Table 1 were substituted
into equation 15, the minimization of which
yielded a 5 5.7. The mean squared error was
plotted as a function of a (A). An identical
calculation was carried out after measuring
the same samples with ﬂow cytometric data
obtained with different instrument parameters yielding a 5 0.615, and the mean
squared error was plotted against a (B).
C: Simulation of experimental data. Calculations were carried out by assuming that the
FRET efﬁciencies of the measured samples
were 5%, 15%, and 30% and the absorption
ratio (eDcD/eAcA) was 5. RI and RF values
were calculated for four different values of a
(0.5, 2, 5, and 10), and the mean squared
error was determined according to equation
19 and plotted as a function of a.

Measurement of the Interaction Between
p27-Kip1 and Cdk2
Cdk2 interacts with the inhibitor p27-Kip1 (30); therefore, we used them as a positive control to test the FRET
system described above. A CFP-Kip1 chimera and a YFPCdk2 chimera were coexpressed in yeast cells and a FRET
histogram was calculated from 10,000 cells (Fig. 6). The
average FRET efﬁciency was calculated from the means of
three such histograms and was 9 6 2%. If YFP-Cdk2 was
coexpressed with a random peptide fused to CFP, FRET
was 1 6 1%. Next, the CFP-Kip1 and YFP-Cdk2 coexpressing sample were subjected to sorting. Two sorting gates
were deﬁned as shown in Figures 7A and 7B. The gate in
Figure 7A was created so that only cells expressing high
levels of donor and acceptor are sorted and their relative
expression ratio is not substantially different from 1. The
second gate was placed on cells in which the intensity in
the FRET channel was relatively high; therefore, an interaction between the two proteins can be expected. We
must note that the separation between the excitation and
emission wavelengths in the FRET channel (406 to 415 nm
and 560/70 nm, respectively) were large; therefore, spectral overspill from direct donor or acceptor emission to

the FRET channel was negligible. However, even in this
case the intensity in the FRET channel is determined by
the concentration of the donor and the FRET efﬁciency
(IDÆEÆa), so ofﬂine FRET calculation was necessary to
show that cells containing interacting proteins had been
sorted. We ﬁrst established that cells corresponding to the
sorting gates were indeed sorted (Fig. 7C,D). Then, a was
calculated using the method described in this reported,
and FRET was determined on a cell-by-cell basis for the
unsorted and sorted populations. This calculation clearly
showed that the sorted population was enriched in cells
containing interacting proteins (Fig. 7E).
DISCUSSION
We have developed a novel ﬂow cytometric method for
the quantitative evaluation of the FRET efﬁciency between
different VFPs on a cell-by-cell basis. A ﬂow cytometric
FRET calculation must involve a constant, designated a in
the present report, that relates the ﬂuorescence intensity
of acceptor molecules to that of an equal number of
excited donor molecules. The major merit of the present
study is the elaboration of a novel method for the ﬂow
cytometric determination of a. In microscopy the determination of a can be based on the comparison of the inten-
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FIG. 4. Conﬁdence interval of the determination of a. Means and standard deviations of parameters I1, I2, I3, S1, and S2 corresponding to the
ﬂow cytometer settings yielding a 5 5.7 and a 5 0.615 were used to generate 20,000 normally distributed I1, I2, I3, S1, and S2 variables from which
RI and RF were calculated. Then, minimization of the mean squared error
in equation 19 was carried out, and the distributions of the resultant a
values were plotted. The 95% conﬁdence intervals are 4.72 to 7.56 and
0.06 to 3.067 for the histograms corresponding to a 5 5.7 and a 5 0.615,
respectively.

sity lost on the acceptor side due to acceptor bleaching to
the consequent increase in donor intensity due to release
of quenching (13). Because photobleaching measurements are difﬁcult to carry out in ﬂow cytometry, the
usual ﬂow cytometric way to determine a is to compare
the ﬂuorescence intensity of an equal number of excited
donor and acceptor molecules. When antibody- or ligandlabeled cells are used, this is usually done by separately
labeling an equal number of epitopes with donor- and
acceptor-tagged antibodies. Identical expression of two
VFPs serving as a donor and acceptor pair can be achieved
only if the two are part of a single protein. If there is no
FRET between the donor and acceptor, a can be directly
calculated using equation 18 provided the absorption ratio
is known. We wanted to create such a CFP-YFP chimera
by placing a linker consisting of 30 prolines between the
two VFPs (31). If there had been no FRET between CFP
and YFP in such a construct, it could have been used for
the determination of a directly as described previously
(17,18). However, initial measurements showed that
FRETN and N-FRET parameters were not 0, indicating that
FRET took place. The lack of correlation between the
FRET efﬁciency and the expression level of the fusion construct indicated that intermolecular FRET did not play a
role. Taking into account that the Ro for the CFP-YFP pair
is 4.9 nm (5), a FRET efﬁciency of 10% corresponds to a
donor-acceptor separation distance of 7 nm. In a typical
polyproline helix in an aqueous environment (polyproline
helix type II), the helical rise per residue is 0.31 nm, yielding 9.3 nm for the separation between the N- and C-termini of the polyproline linker expected to result in a FRET
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FIG. 5. Simulated and experimentally determined RI and RF values. The
a value and the absorption ratio (eDcD/eAcA) determined from data in
Table 1 were used to generate pairs of RI and RF values according to equations 10 and 11 by changing the FRET efﬁciency, and they were plotted
together with the experimentally determined RI and RF values in Table 1.

efﬁciency of 2%. If the ﬂuorophores are assumed to be at
the end of the helix, the polyproline linker has to be signiﬁcantly bent (with a curvature radius of 3.8 nm).
Although polyproline helices can be distorted by asymmetric hydrogen bonding with surrounding water molecules, such a signiﬁcant bending is unlikely. In contrast,
CFP and YFP attached to the termini of the linker may

FIG. 6. Flow cytometric measurement of the interaction of p27-Kip1
with Cdk2 and a random peptide. Yeast cells expressing CFP-Kip1 and
YFP-Cdk2 or CFP-Kip1 and YFP fused to a random peptide were analyzed
by ﬂow cytometry. FRET between CFP and YFP was quantitated and histograms of 10,000 cells were plotted. The mean FRET efﬁciencies are displayed in parentheses.
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FIG. 7. Sorting of yeast cells based on the interaction between CFP-Kip1 and YFP-Cdk2. Yeast cells coexpressing CFP-Kip1 and YFP-Cdk2 were analyzed
by ﬂow cytometry, and ﬂuorescence intensities in the donor (CFP-Kip1), acceptor (YFP-Cdk2), and FRET channels were measured. Numbers on the FRET
axes in B and D are ﬂuorescence intensity values and not calibrated FRET efﬁciencies as in E. A, B: Dot plots of unsorted cells. Cells expressing large amounts
of CFP-Kip1 and YFP-Cdk2 at 1:1 ratio displaying high ﬂuorescence intensity in the FRET channel were sorted. The sorting gates are indicated in A and B.
C, D: Two-parameter dot plots of sorted cells. E: FRET histograms were made by cell-by-cell FRET calculations carried out on unsorted and sorted cells.
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swing toward each other, thus decreasing the separation
distance between the ﬂuorophores below the length of
the linker. The presence of FRET in the CFP-30Pro-YFP
sample was the major motive to elaborate the method for
the determination of a described in this report, which
does not rely on the lack of FRET in the calibration samples or knowledge of the absorption ratio.
Our method requires at least two samples with different
FRET efﬁciencies expressing donor-acceptor chimeras
strictly generating a donor to acceptor ratio of 1. The reliability of the method is signiﬁcantly enhanced if there are
at least three calibration samples. FRET is calculated using
two different approaches (equations 10 and 14) that yield
two FRET-related ratios (RI and RF). The relation between
RI and RF is determined by the absorption ratio and a
according to equations 16 and 17. These equations can be
used to derive the absorption ratio and a in a single step
by ﬁtting equation 16 or 17 to the RF-RI or 1/(RF 2 1) 2 1/
RI plot, respectively. From a practical point of view, the
number of calibration samples is usually small; in our case
it was three, so ﬁtting two parameters to three measurement data points is prone to errors. If there were a much
larger number of calibration samples, ﬁtting of equation
16 or 17 could be reliably used, but the requirement for a
larger set of calibration samples would make the method
more costly and laborious. Our method eliminates this
drawback by creating a ratio norm whose squared sum
can be minimized by changning only a (equation 15) and
then ﬁnding the absorption ratio by linear regression
(equation 11). We veriﬁed our ﬂow cytometric method by
determining the FRET efﬁciency of the CFP-YFP construct
containing a trypsin-sensitive linker by trypsin digestion,
which induces the separation of the donor and the acceptor and a concomitant de-quenching of the donor (26).
This measurement yielded a FRET value not signiﬁcantly
different from our ﬂow cytometric determination.
The dependence of the MSE on a was relatively weak if
a was large, especially above the minimum (equation 19,
Fig. 3). However, the 95% conﬁdence interval of a was
not substantially different between small and large values
of a due to presence of a tail in the frequency histogram
of calculated a values above the optimal value of a if a
was small (Fig. 4).
We have successfully applied the described approach
for the CFP-YFP pair, but we could not achieve a reliable
determination of a with the BFP-GFP donor-acceptor pair.
The major cause of the failure must have been the low
ﬂuorescence quantum yield and high bleaching rate of
BFP (32) and the high level of autoﬂuorescence in this
spectral region. Low donor intensity severely increases
the error of equation 10 (18). In addition, equation 8
shows that a low donor ﬂuorescence quantum yield
increases a, resulting in a weak dependence of the MSE
on a.
Finding interaction partners of a protein is a frequent
problem in the post-genomic era. Currently, yeast twohybrid (33,34) and ﬂuorescence complementation (35)
techniques are used to ﬁnd interaction partners for a protein of interest. Both approaches are based on the recon-
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stitution of some kind of an activity (e.g., transcription,
ﬂuorescence) after two halves of a protein are brought
together by the association of two interacting proteins the
two fragments are genetically fused to. A lingering question about these methods is whether an interaction is driven by the two halves of the transcription factor (yeast
two-hybrid) or VFP (ﬂuorescence complementation) or by
the proteins they are fused to. We demonstrated that cells
can be sorted based on FRET. Sorting was done based on
the intensity in the FRET channel, which is determined
not only by FRET. Faster electronics can perform online
FRET calculations according to equation 10, making sorting based on accurate FRET values possible. If a bait is
fused to CFP and a library of YFP-fused proteins is generated, then FRET can be used as a marker for the interaction and cells can be sorted accordingly (36). Similarly to
the split ubiquitin system (33), our approach is exquisitely
suited for the study of membrane protein interactions, an
area that was not amenable to yeast two-hybrid experiments.
The deﬁciency of calculating ﬂuorescence intensities in
the FRET channel instead of real FRET efﬁciencies is
demonstrated by a recently published report in which the
investigators examined the interaction between CFP- and
YFP-tagged proteins in live yeast cells based on measuring
FRET intensities (9). Due to the sensitivity of FRET intensity for the expression level of VFPs, the distinction
between ‘‘signiﬁcant’’ and ‘‘nonsigniﬁcant’’ FRET intensity
is rather subjective, probably resulting in an underestimation of the fraction of cells showing FRET, as the investigators acknowledge. These investigators (9) also suggested
using FRET measurements to screen VFP-tagged proteins
for interactions. We believe that this could be accomplished using our quantitative approach in a much more
sensitive way.
We have developed a method for the quantitation of
FRET between VFPs in ﬂow cytometry. Our approach
eliminates the pitfalls of calculating FRET indices instead
of FRET efﬁciency. We have demonstrated the successful
application of the method for the CFP-YFP donor-acceptor
pair. Quantitative FRET measurements have the potential
to identify and characterize molecular interactions in their
native environment more accurately than currently used
molecular biological techniques.
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