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Genetically encoded fluorescence resonance energy transfer (FRET) indicators are powerful tools for real-
time detection of second messenger molecules and activation of signal proteins. However, these fluores-
cent protein-based sensors typically display marginal FRET efficiency. To improve their FRET efficiency for
optical imaging and screening, we developed a number of fluorescent protein mutants based on cyan fluo-

Keywords: rescent protein (CFP) and yellow fluorescent protein (YFP). To improve FRET ratios, which were initially
gRET(Fluorescent Resonant Energy Transfer) within a narrow dynamic range, we used DNA shuffling to develop a new FRET pair called 3xCFP/Venus.
10sensor

The optimized 3xCFP/Venus pair exhibited higher FRET ratios than CyPet/YPet, which has one of the great-
est dynamic ranges of protein-based FRET pairs. We converted this FRET pair to a Ca** FRET indicators
using circular permutation Venus (cpVenus) linked with 3xCFP to form 3xCFP/cpVenus, which displayed
an ~11-fold change in dynamic range in response to Ca?* binding. The enhanced dynamic range for Ca®*
concentration detection using 3xCFP/cpVenus was confirmed in PC12 cells using previously established
indicators (TN-XXL, ECFP/cpCitrine). To our knowledge, this FRET pair displays the largest dynamic range

Dynamic range

so far among genetically-encoded sensors, and can be used for sensitive FRET detection.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Fluorescence resonance energy transfer (FRET) is a powerful
tool to detect dynamic cellular events, such as protein-protein
interactions and protein conformational changes [1-3]. For studies
in living cells, cyan (CFP) and yellow (YFP) fluorescent protein (FP)
are the most common genetically-encoded FRET pair and can be
designed as indicators to study intracellular biochemical reaction
processes. Generally, there are two types of FP-based intra-molec-
ular FRET indicators: reversible and irreversible [4]. The reversible
indicators have been used to detect ion concentration and kinase
activity, while the irreversible indicators have mainly been used
to examine proteinase activity, such as that of caspases [5] and
MMPs [6]. In theory, an ideal FRET pair should be suitable for both
reversible and irreversible applications. Moreover, for a FRET indi-
cator to be efficient, it must have sufficient dynamic range to guar-
antee sensitive detection of fluorescent signal fluctuations.
However, FRET signals often exhibit limited dynamic range and
sensitivity using reported FPs, such as CFP series (ECFP and Ceru-
lean [7]) and YFP series (EYFP and Citrine [8]). Recently, a FRET pair
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of CyPet/YPet, which was screened using fluorescence-activated
cell sorting, improved dynamic range, providing a sevenfold
enhancement of the FRET signal when used as an irreversible cas-
pase indicator [9]. However, CyPet/YPet might not be an ideal
reversible indicator, due to hydrophobic substitutions on the
S208F and V224L residues of their barrel structure surfaces, result-
ing in intramolecular complex formation, which makes CyPet and
YPet difficult to separate [9]. Thus, the dynamic range of response
was limited when the CyPet/YPet was used as a reversible FRET
reporter.

As one of the most popular reversible indicators, calcium FRET
sensors, are widely applied in the measurement of calcium ion
concentration changes in living cells. To detect these changes,
many versions of genetically encoded FRET calcium sensors using
CFP/YFP derivatives have been developed based on the calcium
ion binding proteins calmodulin (CaM) [10-14] or troponin C
(TnC) [15-18], sandwiched between CFP and YFP as a calcium-
binding domain. When these FRET calcium indicators bind Ca®*,
the calcium-binding domain changes its structural conformation
and consequently alters both the orientation and distance between
the CFP and YFP, resulting in a ratiometric change in emission
intensities. Although current FRET indicators, such as YC3.6 [21],
TN-XXL [18], have shown a 5-6-fold change in dynamic range, fur-
ther studies are required to improve dynamic ranges to achieve
more sensitive detection of Ca®* alterations in living cells. To im-
prove reversible FRET sensor dynamic range for detection of Ca®*,


http://dx.doi.org/10.1016/j.bbrc.2011.07.065
mailto:yangjie@mail.hust.edu.cn
http://dx.doi.org/10.1016/j.bbrc.2011.07.065
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

156

we used an alternative approach to screen for an optimum FRET
CFP donor by using DNA shuffling, which is a rapid method to di-
rect large-scale DNA libraries by propagating beneficial mutations.
The objective of this study was to take advantage of the selected
CFP variant to pair with various FP acceptors in the aim of obtain-
ing an optimum FRET indicator that could serve as both reversible
and irreversible FRET sensors.

2. Materials and methods
2.1. Mutagenesis and construction

To construct novel variants of fluorescent proteins, we used the
StEP method, a DNA shuffling mutation technique [19], to mutate
the cyan fluorescent protein genes. The genes of Cerulean, EYFP,
mCitrine, ECFP, EGFP, Venus were mixed as shuffling mutation
templates. The cDNAs were cloned into BamHI-HindIIl sites in
the plasmid pRSETb. The plasmids were transformed into compe-
tent Escherichia coli DH5a and grown overnight on Luria-Bertani
(LB)/agar plates containing 50 pg/ml ampicillin at 37 °C.

The cDNA of TN-XXL (ECFP-TN-cpCitrine) was provided by Dr.
Oliver Griesbeck [18]. We replaced ECFP/cpCitrine pair with 3XxCFP/
cpVenus, 3xCFP/cpCitrine, CyPet/YPet and 3xCFP/Venus pairs. To
construct the vectors for mammalian cells, a Kozak sequence
(GCCACCATGG) was introduced into the plasmid. The cDNA probes
were cloned into pcDNA3.1 (Invitrogen) with BamHI/EcoRI restric-
tion sites.

2.2. Protein expression, in vitro spectroscopy and titrations

All recombinant proteins with a 6His-tag were expressed in
E. coliBL21 (DE3) and induced by 0.5 mM IPTG at room temperature
overnight. Proteins were purified with Ni-NTA His SpinTrap™.
Spectral measurement was performed by a spectrofluorometer
(FP-6500, Jasco). The calcium-free buffer consisted of 25 uM EGTA
in 100 mM KCI and 10 mM MOPS, pH 7.5 and the calcium-activated
buffer consisted of 10 mM CacCl, in 100 mM KCI and 10 mM MOPS,
pH 7.5. The calcium titration was performed according to the proto-
col of calcium calibration kit (Invitrogen). Fluorescence emission
spectra were between 450 and 600 nm with 433-nm excitation.
The ratio was calculated according to the maximum emission peaks
of the donor and acceptor. The concentrations of purified fluores-
cent proteins were measured using a BCA Assay Kit (Shanghai San-
gon Corp.).
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2.3. Ca®* imaging

A dual channel imaging approach was used to collect CFP and
FRET images using an Olympus FV500 confocal microscope. A
405-nm diode laser light source was used and dual channel fluo-
rescence emission channels were recorded simultaneously. The
emission fluorescence was acquired in the ranges 450-510 nm
(CFP channel) and 540-625 nm (FRET channel) using a 20x objec-
tive lens. The FRET ratio was calculated as formula: R = Intensity of
FRET/Intensity of acceptor. The dynamic range was calculated as
formula: AR/Rg = (Rmax—Ro)/Ro, Where Rg stands for the initial ratio
and Rp.x stands for maximal ratio. Images were analyzed using
Fluoview imaging software (Olympus, Tokyo) and Image ].

3. Results
3.1. Developing a new CFP variant 3xCFP as a FRET donor

To improve the FRET efficiency, we constructed a mutant library
for screening an optimum FRET donor through DNA shuffling. From
approximate 10> clones, a variant with the mutation sites (ECFP
S72A/1146N/T153M/S175G), named 3xCFP, was identified due to
its red-shift. The 3xCFP had an excitation peak at 442 nm and an
emission peak at 482 nm (Fig. 1A), which increases spectral
overlap with YFP excitation, which should enhance FRET efficiency.
Next, we constructed a series of FRET pairs, including two previous
reported the YPet/CyPet [9] and YPet/ECFP [20] pairs, linked by a
short linker (sequence: LEVDVADGGSKDP) to assess the FRET
efficiency. The spectral data showed that FRET ratios of YPet-
13aa-CyPet and YPet-13aa-ECFP were 5.3 and 3.1, respectively
(Fig. 1B). Under the same condition, the ratios of Venus-13aa-
3xCFP and YPet-13aa-3xCFP were 8.4 and 3.2, respectively
(Fig. 1B). Thus, 3xCFP/Venus had the greatest FRET efficiency
among these FRET pairs, and these data suggested a critical role
of 3xCFP in the enhancement of FRET efficiency, when paired with
Venus.

3.2. Comparison of the dynamic ranges of different FRET pairs in vitro

To use 3xCFP and Venus as a reversible Ca?* FRET indicator, we
compared two constructed Ca®* indicators, the 3xCFP/Venus pair
and the CyPet/YPet pair; both sandwiched by the Ca?* binding do-
main TnC. As shown in Table 1, the FRET/donor ratio of 3xCFP/Venus
pair changed from 1.46 (no Ca®*) to 2.77 (Ca®* saturation), resulting
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Fig. 1. Screening CFP variants as a FRET donor. (A) The excitation and emission spectra of ECFP (dashed line) and 3xCFP (solid line). (B) The FRET spectra of YPet-13aa-CyPet,

YPet-13aa-ECFP, YPet-13aa-3xCFP and Venus-13aa-3xCFP.
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Table 1

Effects of donor and acceptor replacements on free and saturated Ca?*-induced
changes in FRET ratios. The table shows the AR/Ry of the indicated FRET pairs (average
values come from three repeats).

Donor-TnC-Acceptor Free Ca>*  Saturated Ca**  AR/R, (%)
3xCFP-TnC-Venus 1.46 2.77 90
CyPet-TnC-YPet 1.73 3.49 102
CyPet-TnC-cpYPet 2.02 5.18 156
3xCFP-TnC-cpVenus 1.80 22.77 1165
TN-XXL (ECFP-TnC-cpCitrine) 0.95 5.80 510
3xCFP-TnC-cpCitrine 1.63 10.17 524

in a dynamic range of 99%. A similar ratio was obtained for CyPet/
YPet, which changed from 1.73 (free Ca®*) to 3.49 (Ca?* saturation)
with a ratiometric change of 102% (Table 1). These data demon-
strated that both 3xCFP/Venus and CyPet/YPet pairs had relatively
poor dynamic ranges, possibly due to unfavorable dipole alignment.
It has been reported that the dynamic range of CyPet/YPet pair can-
not readily be further improved, even if an optimum dipole angle is
incorporated [16], because of the dimerizational interaction
between S208F and V224L. Our result also demonstrated that
CyPet-TnC-cpYPet had only a 156% dynamic range change
(Table 1). To address this problem, we constructed a Ca2* indicator
3xCFP-TnC-cpVenus, in which cpVenus (circular permutation Ve-
nus) was selected to alter the orientation of the chromophore for
Ca?* indicators [21]. After the successful construction of 3xCFP-
TnC-cpVenus and its expression in E. coli, the 3xCFP-TnC-cpVenus
protein was purified. Ca®* titration showed that the FRET ratio of
3XCFP-TnC-cpVenus reached 22.77 when Ca?* was saturated, and
the ratio was 1.80 when Ca®* was absent (Fig. 2B). Hence, the
dynamic range of 3xCFP-TnC-cpVenus was 1165% (Table 1), which

represents the largest dynamic range of FP FRET Ca?* indicators so
far. In comparison, the dynamic ranges of ECFP-TnC-cpCitrine
(TN-XXL, a reported Ca®* indicator with high dynamic range) and
3xCFP-TnC-cpCitrine were 510% and 524%, respectively (Table 1).
We plotted calcium titration curves of 3xCFP-TnC-cpVenus and
ECFP-TnC-cpCitrine to compare the calcium responses. The titra-
tion results showed that 3xCFP-TnC-cpVenus had a larger dynamic
range than TN-XXL (Fig. 2B). Together, these data demonstrated that
3xCFP/cpVenus pair greatly expands the dynamic range for revers-
ible Ca®* FRET detection in vitro.

3.3. Calcium Imaging in PC12 Cells

To further confirm the enhanced dynamic range of 3xCFP-TnC-
cpVenus in living cells, we made use of calcium store-operated
channels (SOCs), which are located in the plasma membrane of
non-excitable cells. SOCs are considered the major source of intra-
cellular calcium [22] and are essential for cellular calcium homeo-
stasis. To detect calcium changes, an experiment was performed
in PC12 cells expressing 3xCFP-TnC-cpVenus and TN-XXL. Intracel-
lular Ca?* stores were first depleted by treating cells with the SERCA
pump inhibitor thapsigargin (TG) in Ca®*-free condition. Then,
2 mM extracellular Ca?* was added into the medium to detect the
SOC Ca?* influx. As shown in Fig. 3B, the CFP (cyan lines) and FRET
signal (yellow lines) of 3xCFP-TnC-cpVenus experienced dramatic
changes with a concomitant extracellular Ca?* influx. However, rel-
atively small changes were observed for the CFP and FRET signal of
TN-XXL (Fig. 3A). For a better comparison, we plotted the AR/Rq
curves for cells of interest (Fig. 3C). The maximum average AR/Ry
value of 3xXCFP-TnC-cpVenus was much greater than TN-XXL,
which were 1.86+0.28 (n=5 cells) and 0.68 £0.12 (n =5 cells),
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Fig. 2. Characterization of two Ca?* indicators. (A) Schematic diagram of the construction of TN-XXL and 3xCFP-Tnc-cpVenus. (B) Ca?* titration of the recombinant ECFP-
TnC-cpCitrine (triangle) and 3xCFP-TnC-cpVenus (quadrangle) variants. The recombinant proteins were mixed with various concentrations of Ca?*, and the YFP/CFP
emission intensity ratios were measured and plotted as a function of log [Ca?*]. (C) Ca?* indicator ECFP-TnC-cpCitrine (TN-XXL) in Ca?*-saturated (solid curves) and Ca**-free
(dotted curves) buffer. (D) Ca?* indicator 3xCFP-TnC-cpVenus in Ca®*-saturated (solid curves) and Ca**-free (dotted curves) buffer.
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Fig. 3. Imaging of calcium SOCs in PC12 cells. (A) TN-XXL was expressed in PC12 cells. Cells were treated with the SERCA pump inhibitor thapsigargin (TG), followed by
addition of 2 mM extracellular Ca®*. The fluorescent intensities of celll and cell2 were recorded in dual channels of 450-510 nm (CFP channel) and 540-625 nm (FRET
channel). (B) 3xCFP-TnC-cpVenus was expressed in PC12 cells which were also activated by TG. The fluorescent response signals of cell3 and cell4 in the CFP (cyan lines) and
FRET (yellow lines) channel were obtained at the same time. (C) The AR/R, change curves of cell 1, 2, 3, and 4 were plotted. (D) Comparison of TN-XXL and 3xCFP-TnC-
cpVenus peak responses; the AR/Ry average values of 3xCFP-TnC-cpVenus and TN-XXL are 1.86+0.28 (n=5 cells) and 0.68+0.12 (n=5 cells), respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

respectively (Fig. 3D). These data show that 3xCFP-TnC-cpVenus
exhibited higher sensitivity than TN-XXL in PC12 cells.

4. Discussion

We developed a 3xCFP variant as a FRET donor for Venus, and
this FRET pair exhibited a remarkably large FRET dynamic range.
As a calcium indicator, 3xCFP was paired with cpVenus and exhib-
ited approximately an 11-fold FRET ratio change in in vitro. Using a
SOC model in PC12 cells, an approximate three fold improvement
in dynamic range was obtained for 3xCFP-TnC-cpVenus compared
with TN-XXL.

The emission spectrum of 3XCFP has enhanced overlap with the
excitation spectrum of YFP acceptors and this led to the larger dy-
namic range. Interestingly, a further enhanced dynamic range was
observed when 3xCFP paired with Venus or cpVenus. This may
have been because Venus has certain mutation points that may
increase the dimerization interface with 3xCFP, similar as the
CyPet/YPet pair. Other factors, such as the basal FRET signal may

also contribute to this process. 3xCFP/Venus or 3xCFP/cpVenus
had large dynamic ranges, unlike CyPet/YPet pair with a high basal
FRET signal. These results suggest that the interaction strength be-
tween 3xCFP and Venus was much weaker than that of CyPet/YPet
pair. Therefore, it was easier to separate 3xCFP/Venus pair, which
had a relative lower basal FRET ratio. Using the improved pair to
design FRET indicators, the dynamic range was enhanced. Other
applications using 3xCFP/Venus pair as a FRET indicator are cur-
rently under investigation. In summary, we developed a valuable
FRET sensor 3xCFP/Venus with large FRET dynamic range, allowing
sensitive and efficient calcium concentration measurements.
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