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Optimization of FRET algorithms for sensitized-emission

FRET detection
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Sensitized-emission fluorescence resonance energy transfer (FRET) detection method based on three-
channel fluorescence microscopy is widely used. Several FRET algorithms, such as NFRET, FRETN, FR,
FRETR, and FC/Df, are developed recently to quantitatively gauge and compare FRET signals between
different experimental groups. However, the algorithms are difficult to choose and interpret. In this letter,
we optimize the suitable yellow fluorescent protein (YFP) to cyan fluorescent protein (CFP) concentration
ratio range for the above FRET algorithms. We also test the effect of YFP-to-CFP concentration ratio
on the calculated energy transfer efficiency E and use the optimized FRET algorithms in the analysis of
fas-associated protein with death domain (FADD) self-association directly in living cells.
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Fluorescence resonance energy transfer (FRET) is a
technique used to measure the interaction between two
molecules labeled with two different fluorophores by the
transfer of energy from the excited donor to the acceptor.
FRET involves the transfer of energy from a fluorescence
donor in its excited state to another excitable acceptor.
In biological application, this technique can be used to
gauge protein–protein interaction in living cells[1]. Cyan
fluorescence protein (CFP) and yellow fluorescence pro-
tein (YFP) are a commonly used fluorescence donor and
acceptor pair for tagging interested protein for live cell
FRET imaging[2]. When FRET occurs, emission of the
donor is decreased, whereas that of the acceptor is in-
creased (sensitized emission). Many methods have been
applied recently in measuring FRET in vivo, such as sen-
sitized emission measurement[3], acceptor photobleach-
ing measurement[4], spectral FRET measurement[5], and
fluorescence lifetime imaging microscopy (FLIM)-FRET
measurement[6]. Sensitized emission FRET measurement
based on three-channel fluorescence microscopy, with its
easy conduction and high spatiotemporal resolution for
live cell FRET imaging, is commonly and widely used.
Spectral cross-talk and spectral bleed-through, and vari-
able CFP-to-YFP expression ratio may complicate the
detection of FRET signals[7]. Therefore, many algo-
rithms have been developed recently for the correction
and determination of the FRET signals, such as NFRET,
FRETN, FR, FRETR, and FC/Df[8−12]. In this letter,
we characterize and optimize the YFP-to-CFP concen-
tration ratio for each of the algorithms mentioned above,
and then test the effect of YFP-to-CFP concentration
ratio on the calculated energy transfer efficiency E. Fi-
nally, we analyze the fas-associated death domain pro-
tein (FADD) self-association in living cells using the op-
timized FRET algorithms.

The expression vectors for CFP- or YFP-tagged
FADDs were constructed by inserting full length FADD
in-frame with CFP-C1 and YFP-C1 (Clontech) vectors.
The coding of vectors pECFP-YFP for the CFP-YFP fu-
sion protein was generated by inserting YFP cDNA into

CFP-C1 vectors. All the constructs were sequenced to
ensure correct reading frame, orientation, and sequences.
Spectroscopic measurements using a fluorescence spec-
trophotometer (F-7 000, Hitachi) revealed no spectral
change for the CFP and YFP fluorescence in the tagged
protein.

Hela cell line was grown in Dulbecco’s modified Eagle’s
medium containing 10% fetal bovine serum and antibi-
otics in a 5% CO2 incubator. Exponentially growing cells
were dispersed with trypsin, seeded at 2×105 cells per 35
mm glass bottom dish in 1.5 ml of culture medium. The
transfection of CFP and YFP fusion protein constructs
was carried out using the calcium phosphate precipita-
tion method.

Hela cells were plated onto 0.17-mm-thick bottom glass
dishes and were transient transfected using the calcium
phosphate precipitation method 24 h later. The cell
were washed twice with PBS (PH 7.4), then covered
with 1 ml fresh medium. Images were taken with an
inverted microscope (IX81, Olympus) equipped with a
60×NA=1.45 oil immersion objective lenses and cooled
charge-coupled devices. Excitation light was delivered
by an X-cite light source. For imaging, Image-pro Plus
software version 6.0 (Media Cybernetics) was used. In
most experiments, the excitation intensity was attenu-
ated down to 25% of the maximum power of the light
source. Images were acquired using 1×1 binning mode
and 400 integration time. For quantitative FRET mea-
surements, the methods of sensitized FRET have been
in detail described in Refs. [13–15]. Images were ac-
quired sequentially through YFP, FRET, and CFP filter
channels. Here, the filter sets used were YFP (S500/20
nm; Q5 15lp; S 535/30 nm, Chroma); CFP (S436/20
nm; Q4 55lp; S480/40 nm, Chroma); FRET(S436/20 nm;
Q4 55lp; S535/30 nm, Chroma). The background images
were removed from the raw images before carrying out
FRET calculation.

Many algorithms have been developed recently based
on three-channel FRET microscopy to gauge FRET
signals[16]. In this letter, we used the two-letter sym-
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bols defined by Gordon et al.[9] to depict the signals from
different optical channels of fluorescence microscopy. In
brief, the first uppercase letter representing the filter set
is D for the donor filter set, F for the FRET filter set, and
A for the acceptor set. The second lowercase letter in-
dicates the fluorochromes present in the specimen: d for
donor only, a for acceptor only, and f for both donor and
acceptor being present (which makes FRET possible).
For example, Dd represents the donor signal detected by
the donor filter set, Ad represents the donor signal de-
tected by the acceptor filter set, and Ff represents the
signal detected by FRET filter set when donor and accep-
tor are present in the sample. In our system, the signal
cannot be detected using YFP filter set when only CFP-
or CFP-tagged proteins are present in the sample. In
addition, the signal cannot be detected using CFP filter
when only YFP- or YFP-tagged proteins are present in
the sample. Therefore, we used the two-letter symbols
to express the simplified FRET algorithms widely used
as[17]

FC = Ff − Df∗(Fd/Dd) − Af ∗ (Fa/Aa)

= Ff − b ∗ Df − a ∗ Af , (1)

NFRET = FC/(Df ∗ Af)1/2, (2)

FRETN = FC/(Df ∗ Af), (3)

FR = (Ff − b ∗ Df)/a ∗ Af, (4)

FRETR = Ff/(b ∗ Df − a ∗ Af), (5)

FC/Df, (6)

where b = Fd/Dd is the spectral bleed-through param-
eter between the CFP and FRET channels and a =
Fa/Aa is the spectral cross-talk parameter between the
YFP and FRET channels, respectively. In our system,
a=0.16+0.02, b=0.22+0.01, and FC represents the cor-
rected FRET signal.

We also calculated the energy transfer efficiency E.
The energy transfer efficiency was calculated as the ra-
tio of the donor image in the presence (IDA) and absence
(ID) of acceptor[18]

E = 1 − IDA/ID = 1 − Df/(Df + FC
∗G−1), (7)

G = (Qa/Qd) ∗ (ψaa/ψdd), (8)

where G[9] is the factor relating the loss of donor emission
due to FRET in the donor filter set to the gain of acceptor
emission due to FRET in the FRET filter set, Qa and Qd

are the quantum yields of the acceptor and donor, respec-
tively, and ψaa and ψdd are the collection efficiencies in
the acceptor and donor channels, respectively. The quan-
tum yield of ECFP is 0.37 and that of the EYFP is 0.6[19].
The normalized spectral sensitivity of the donor channel
is 12 and that of the acceptor channel is 8. Therefore, in
our system, G=1.0, and E can be calculated as

E = 1 − Df/(Df + FC).

All results are expressed as means ± S.E values. The
significance of differences among the means of various
groups was determined by Student’s t test.

We used Hela cell co-expressing CFP and YFP pro-
teins as negative control and cell co-expressing CFP-
YFP fusion protein as positive control to test whether
our three-channel microscopy system can reliably detect
and quantify FRET signals in vivo. In addition, NFRET,
FRETN, FR, FRETR, and FC/Df algorithms were used
to quantitatively gauge and compare FRET signals be-
tween the positive and negative control groups. As shown
in Table 1, cells co-expressing CFP and YFP gave very
low NFRET, FRETN, FR, FRETR, and FC/Df values,
whereas cell co-expressing CFP-YFP fusion protein gave
significantly high NFRET, FRETN, FR, FRETR, and
FC/Df values (P<0.01). ECFP and EYFP are monomer-
ized fluorescent protein; thus, randomly expressed CFP
and YFP protein in cells will not have FRET. Thus, we
theorized that overexpression of CFP and YFP together
cannot result in FRET between CFP and YFP. In ad-
dition, we found that Hela cells expressing CFP-YFP
indicated significant increase in NFRET, FRETN, FR,
FRETR, and FC/Df values. CFP-YFP fusion protein has
the CFP and YFP ratio of 1:1 and a short flexible linker
peptide between the CFP and YFP protein. CFP-YFP
had the strongest FRET detected by our system. Based
on the above mentioned FRET algorithms, values calcu-
lated from each algorithm showed significant difference
between positive control and negative control experimen-
tal groups. In the FC image in Fig. 1, significant FRET
signal is evident in both cytoplasm and nuclear of cells
expressing CFP-YFP fusion protein, whereas cells co-
expressing CFP and YFP show no FRET signal. Hela
cells expressing the indicated fusing proteins are imaged
with FRET microscopy through CFP, YFP, and FRET
channels. FRETc is calculated as described in the Mate-
rials and Methods section and presented as pseudo-color
images. All colors are arbitrarily assigned to indicate

Table 1. Calculation of FRET for Positive and Negative Controls

Algorithm NFRET FRETN FC/Df FR FRETR E n

CFP-YFP 90

Mean 0.72 0.00149 0.77 5.18 2.88 43%

S.E 0.006 0.00012 0.01 0.02 0.02 0.40%

CFP+YFP 82

Mean 0.0036 0.0000071 0.0025 1.03 1.0079 0.24%

S.E 0.0017 0.0000045 0.0011 0.01 0.0034 0.10%

t test P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01

P < 0.01 versus co-expression of CFP and YFP in Hela cells.
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Fig. 1. (Color online) Visualization of protein interaction un-
der fixed YFP-to-CFP stoichiometry.

signal strength. Hela cells transfected with CFP-YFP
serve as the positive control, whereas cells co-transfected
with CFP and YFP as the negative control. Therefore,
in our system, these algorithms can all be used to indi-
cate the occurrence of FRET signals reliably detected in
our three-channel microscopy system.

The CFP-YFP fusion protein has a fixed CFP and
YFP expression level, so FRET signal can be easily de-
tected and quantified. However, in a real FRET experi-
ment, although we can adjust the amount of plasmid
of CFP and YFP tagged protein for transfection, we can-
not control the expression level of CFP and YFP tagged
protein in individual cell. Therefore, the YFP to CFP
concentration ratio can differ from one cell to another.
We co-expressed CFP-YFP and CFP or CFP-YFP and
YFP to intentionally change the YFP to CFP concen-
tration ratio in Hela cells to determine whether varying
YFP-to-CFP concentration ratio can influence the re-
sults getting from algorithms mentioned above. Because
we expressed CFP-YFP fusion protein, FRET signal
should be detected by our system. As shown in Fig. 2,
when the YFP-to-CFP concentration ratio is less than 1,
the FR values remain approximately constant and at the
same level with the FR values obtained from the fixed
YFP-to-CFP stoichiometry group. As the YFP-to-CFP
concentration ratio increases above 1, the FR values drop
dramatically. As the YFP-to-CFP concentration ratio
increases above 13, the FR values are approximate at the
same level as the negative control (data not shown). This
data trend is contrary to that of the FC/Df algorithm.
When YFP-to-CFP concentration ratio is above 1, the
values from the FC/Df algorithm remain approximately
constant, and when YFP-to-CFP concentration ratio is
below 1, the values from FC/Df algorithm drop dra-
matically. Another algorithm of FRETR values remains
approximately constant at the same level as the FRETR

values obtained from fixed YFP-to-CFP stoichiometry
group when the YFP-to-CFP concentration ratio is ap-
proximately 1. As the YFP-to-CFP concentration ratio
increases above 1 or decreases below 1, FRETR values
drop dramatically. This data trend is the same as that
of NFRET algorithm. When we used the FRETN algo-
rithm to gauge FRET, we found that FRETN values
had great variability and no specific data trend as the
YFP-to-CFP concentration ratio decreases or increases.
We also tested the calculated FRET E under various
YFP-to-CFP concentration ratios. As shown in Fig. 2,
E remains constant as the YFP-to-CFP concentration
ratio is above 1.

FADD is an adaptor molecule for the death receptor
subfamily mediating death receptor signal from plasma
membrane to cytoplasm[20]. FADD protein has the
potential to be highly oligomeric and its in vitro self-
association has been reported previously[21]. We ana-
lyzed the FADD self-association directly in living cells
using the above optimized FRET algorithms. We chose
the cells in the optimized YFP-to-CFP concentration ra-
tio range for FRET measurement and statistical analysis.

Fig. 2. (Color online) Influence of YFP-to-CFP concentration
ratio on the energy transfer efficiency E and values calculated
by various FRET algorithms. The red dotted line indicates
the mean data of cells expressing CFP-YFP fusion protein
calculated from each algorithm.

Table 2. Calculation of FRET for FADD Self-association Analysis

Algorithms NFRET FRETN FC/Df FR FRETR E n

CFP-FADD+YFP-FADD 30

Mean 0.093 0.00030 0.083 1.64 1.23 7%

S.E 0.017 0.00005 0.016 0.01 0.04 1%

CFP-FADD+YFP 40

Mean 0.0043 0.0000084 0.0038 1.05 1.0098 0.31%

SE 0.0031 0.0000062 0.0016 0.01 0.0042 0.12%

CFP+YFP-FADD 40

Mean 0.0039 0.0000075 0.0036 1.04 1.0084 0.29%

S.E 0.0014 0.0000053 0.0013 0.01 0.0032 0.11%

t test P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01 P < 0.01

P <0.01 versus co-expression of CFP-FADD and YFP or YFP-FADD and CFP in Hela cells.
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Fig. 3. FRET imaging to visualize the self-association of
FADD in living cells.

As shown in Table 2, cells co-expressing CFP-FADD
and YFP-FADD show significantly high NFRET, FRETN,
FR, FRETR, and FC/Df values compared with cells co-
expressing CFP- and YFP-tagged FADD or YFP- and
CFP-tagged FADD as negative control. This randomly
distributed self-interaction signals in the whole cell body
can be visualized by FC pseudo-color image as shown in
Fig. 3. These data clearly demonstrate that FADD can
have specific self-association in living cells.

In conclusion, we optimize the YFP-to-CFP concen-
tration ratio range for the algorithms discussed above.
Optimization of YFP-to-CFP concentration ratio range
when choosing suitable FRET algorithms are more suit-
able for precise FRET signal detection based on three-
channel fluorescence microscopy.
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