
Analytical Biochemistry 413 (2011) 192–199
Contents lists available at ScienceDirect

Analytical Biochemistry

journal homepage: www.elsevier .com/locate /yabio
A genetically encoded Förster resonance energy transfer biosensor for
two-photon excitation microscopy

Yuka Kumagai a, Yuji Kamioka b, Shunsuke Yagi a, Michiyuki Matsuda a,b, Etsuko Kiyokawa b,⇑
a Laboratory of Bioimaging and Cell Signaling, Graduate School of Biostudies, Kyoto University, Yoshida Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan
b Department of Pathology and Biology of Diseases, Graduate School of Medicine, Kyoto University, Yoshida Konoe-cho, Sakyo-ku, Kyoto 606-8501, Japan

a r t i c l e i n f o
Article history:
Received 22 January 2011
Received in revised form 14 February 2011
Accepted 16 February 2011
Available online 23 February 2011

Keywords:
Förster resonance energy transfer
Phosphoinositides
TFP
sREACh
Cyst
0003-2697/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.ab.2011.02.021

⇑ Corresponding author. Fax: +81 75 753 4698.
E-mail address: kiyokawa@lif.kyoto-u.ac.jp (E. Kiy

1 Abbreviations used: FRET, Förster resonance energy
inositol phosphate indicator; CFP, cyan fluorescent pr
protein; TPE, two-photon excitation; sREACh, super
chromoprotein; mTFP1, monomeric teal fluoresent
lifetime microscopy; GFP, green fluorescent protein; P
(3,4) bisphosphate; PIP3, phosphatidylinositol (3,4,5)
homology; EGF, epidermal growth factor; Picchu, phos
chemeric unit; TPFLIM, two-photon fluorescent lifetime
phosphoinositides.
a b s t r a c t

Pippi (phosphatidyl inositol phosphate indicator) is a biosensor based on the principle of FRET (Förster
resonance energy transfer), which consists of a pair of fluorescent proteins, CFP (cyan fluorescent protein)
and YFP (yellow fluorescent protein), the PH domain sandwiched between them, and K-Ras C-terminal
sequence for plasma membrane localization. Due to marked cross-excitation of YFP with the conditions
used to excite CFP, initial FRET images obtained by TPE (two-photon excitation) microscopy suffered from
low signal-to-noise ratio, hampering the observation of lipids in three-dimensional structures. To solve
this problem, YFP and CFP in the original Pippi-PI(3,4)P2 was replaced by sREACh (super resonance energy
accepting chromoprotein) and mTFP1 (monomeric teal fluorescent protein), respectively. The biosensor
was also fused with an internal control protein, mKeima, where Keima/mTFP1 indicates the FRET effi-
ciency, and indeed epidermal growth factor stimulation increased Keima/mTFP1 in HeLa cells. This bio-
sensor successfully showed PI(3,4)P2 accumulation to the lateral membrane in the MDCK cyst cultured in
a three-dimensional environment. Furthermore, other FRET-based biosensors for PIP3 distribution and for
tyrosine kinase activity were developed based on this method, suggesting its broad application for visu-
alizing signal transduction events with TPE microscopy.

� 2011 Elsevier Inc. All rights reserved.
1
Biosensors based on FRET (Förster resonance energy transfer)
and GFP (green fluorescent protein) have been increasingly used in
cell biology. These genetically encoded FRET biosensors are able to
monitor the concentrations of ions, sugars, and lipids, and the activ-
ity of signaling molecules such as kinases, GTPases, and proteases
(reviewed in [1]).

FRET is a process by which a ‘‘donor’’ fluorophore in an excited
state transfers its energy to a neighboring ‘‘acceptor’’ molecule
nonradiatively [2]. The most important factor to be considered
for the choice of the pair of donor and acceptor is the overlap of
the donor emission and acceptor absorption spectra. In addition
to this, a high quantum yield of the donor and a high molar absorp-
tion coefficient of the acceptor are required for high FRET effi-
ciency. Furthermore, the brighter a donor and an acceptor are,
ll rights reserved.
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the higher the signal-to-noise ratio of the acquired FRET images.
By these reasons, cyan fluorescent protein (CFP) and yellow fluo-
rescent protein (YFP), both of which are derived from Aqueora Vic-
toria green fluorescent protein, serve as the most widely used FRET
pair in the hitherto reported genetically encoded FRET biosensors.
Moreover, several research groups have developed YFP mutants
dedicated for FRET, such as circular permutation Venus [3], and
YPet [4], which have also accelerated the widespread use of the
CFP–YFP FRET pair. Recently, owing to a narrower and red-shifted
absorbance peak, mTFP1 has also been used as the donor in combi-
nation of YFP as the acceptor [5].

In many studies, the FRET efficiency of the genetically encoded
FRET biosensors is measured by the donor quenching and acceptor
sensitization, i.e., fluorescence intensity ratio of acceptor versus
donor, which is often referred to as the sensitized FRET method
[2]. To gain high signal-to-noise ratio by this method, we have to
consider two spectral aberrations, spectral bleed-through of the
donor and cross-excitation of the acceptor. The former is the fluo-
rescence of the donor detected through the emission filter of the
acceptor. The latter is the fluorescence from the acceptor excited
through the excitation filter of the donor. In the case of intramolec-
ular FRET biosensors, these parameters could be neglected to eval-
uate the level of FRET [6]; however, large spectral bleed-through of
the donor and cross-excitation of the acceptor will deteriorate the
signal-to-noise ratio of the FRET images.

http://dx.doi.org/10.1016/j.ab.2011.02.021
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Two-photon excitation (TPE) microscopy is a powerful method
for investigating three-dimensional architecture in vivo. Dynamic
behaviors of cells expressing fluorescent proteins or labeled with
chemical dyes are visible in living tissues by the TPE microscope
[7,8]. It would be reasonable to apply the FRET biosensors to TPE
microscopy to visualize the spatio-temporal changes in protein
activities and lipid metabolism in living tissues. In fact, CFP and
YFP were used as a FRET pair in earlier studies by TPE microscopy
[9]. However, there is a critical problem inherent to TPE microscopy,
which hampers the application of FRET biosensors. Fluorescent pro-
teins usually have broader spectra of absorption cross section of two
photons, a measure of photon capture probability, than those of sin-
gle photon absorption [10]. Therefore, the level of cross-excitation
of the acceptor is markedly higher in TPE microscopy than in the
conventional epifluorescence microscopy, resulting in the low sig-
nal-to-noise ratio of FRET images acquired by TPE microscopy. To
alleviate this problem, several research groups quantified FRET by
shortening the fluorescence lifetime of the donor, which is referred
to as fluorescence lifetime microscopy (FLIM) [11]. To further im-
prove this method, a YFP variant, REACh, was developed as a
nonfluorescent (‘‘dark’’) acceptor for FRET analysis [12].

Although FLIM is theoretically solid, the setting-up of a TPE
microscope for this method requires expertise in physics. Consid-
ering the recent profusion of TPE microscopes among cell biolo-
gists, FRET biosensors must be improved for use with the
commercially available TPE microscopes. Here, we have developed
a FRET biosensor comprising TFP and REACh as the FRET pair and a
fluorescent protein with large Stokes shift, Keima [13], as the inter-
nal standard of biosensor concentration. As a proof of the principle,
we developed a FRET biosensor for PI(3,4)P2 and observed the lipid
distribution in three-dimensional structure, and extended the
application to other biosensors for PIP3 distribution and tyrosine
kinase activity.

Materials and methods

Plasmids and FRET biosensors

pCX4neo-mKeima-P2A-sREACh-TAPP1 and pCX4neo-mKeima-
P2A-Venus-TAPP1 for the coexpression of mKeima with sREACh-
TAPP1 or Venus-TAPP1 proteins, respectively, utilized the self-
cleaving 2A peptide from porcine teschovirus-1 [14]. pCAGGS-
CFP-X and pCAGGS-YFP-X encode CFP (aa 1–237) and monomeric
YFP (aa 1–237) with the C-terminal region of K-Ras (aa 169–188,
denoted as X), respectively.

Plasmids for FRET-based monitors were constructed essentially
as described previously [15,16]. The original version of the FRET
biosensor for PI(3,4)P2, phosphatidylinositol phosphate indicator
(Pippi)-PI(3,4)P2-CY, consisted of cyan fluorescent protein (aa 1–
237), a spacer (Glu–Ala–Ala–Ala–Arg)6, the PH domain of TAPP1
(aa 18–130), a spacer (Glu–Ala–Ala–Ala–Arg)3–Gly–Gly–(Glu–
Ala–Ala–Ala–Arg)3, yellow fluorescent protein (aa 1–237), a spacer
(Glu–Ala–Ala–Ala–Arg)7, and the C-terminal region of K-Ras (aa
169–188). The YFP in the original Pippi-PI(3,4)P2-CY was replaced
with sREACh (aa 1–237) [17]. As an internal control, mKeima [13]
was fused at the N-terminal of the biosensor, and the resultant bio-
sensor was named Pippi-PI(3,4)P2-KCS, standing for mKeima-CFP-
sREACh. Similarly, the CFP in the Pippi-PI(3,4)P2-KCS was replaced
by enhanced green fluorescent protein (EGFP) (aa 1–237), or mono-
meric teal fluorescent protein (mTFP1) (aa 1–234) [18], to generate
the biosensors Pippi-PI(3,4)P2-KGS, and Pippi-PI(3,4)P2-KTS,
respectively. As a negative control, pPippi-PI(3,4)P2-R221L-KTS
was generated, with an Arg 221 to Leu substitution within the crit-
ical lipid-binding motif of the PH domain. The pPippi-PI(3,4)P2-KTS
and pPippi-PI(3,4)P2-R221L-KTS expression cassettes were trans-
ferred to Moloney murine leukemia virus (MuLV)-based retroviral
vector plasmids [19], to generate pCX4neo-Pippi-PI(3,4)P2-KTS
and pCX4neo-Pippi-PI(3,4)P2-R221L-KTS, respectively. Similarly,
wild-type and mutant biosensors, pCX4neo-Pippi-PIP3- and -PIP3-
R284C-KTS, were generated. The Arg 284 to Cys substitution lies
within the critical lipid-binding motif of the PH domain.

The biosensor Picchu-KTS-X was generated from the original
Picchu (phosphorylation indicator of CrkII chemeric unit)-X [20]
by replacing YFP with sREACh (aa 1–237), and adding mKeima
[13] at the N-terminal of the biosensor. The corresponding nega-
tive control, Picchu-Y221F-KTS-X, harbored a Tyr 221 to Phe sub-
stitution in CrkII.

Cell culture and transfection

HeLa cells were maintained in DMEM (Sigma–Aldrich, St. Louis,
MO) supplemented with 10% fetal bovine serum (FBS). MDCK (Ma-
din-Darby Canine Kidney) cells were purchased from the RIKEN
BioResource Center (No. RCB0995) (Tsukuba, Japan) and main-
tained in MEM Earle’s salts (Invitrogen, Carlsbad, CA) supple-
mented with 10% FBS, 2 mM L-glutamine, and 1 mM sodium
pyruvate. For transient expression studies, HeLa cells were trans-
fected using 293Fectin (Invitrogen), and 48 h after transfection,
cells were analyzed with microscopy.

Retroviral gene transfer

To establish the MDCK cells stably expressing FRET biosensors,
retroviral particles were produced in BOSC23 cells by transfection
of pPippi-PI(3,4)P2-KTS or -R221L-KTS, together with the plasmids
pGP (the packaging plasmid) and pVSV-G (the envelope), and viral
supernatant were used to infect MDCK cells. After selection with
0.5 mg/ml of G418, the cells expressing the biosensors were sorted
by FACS Aria (BD Bioscience, San Jose, CA).

Spectrometry measurement

HeLa cells expressing FRET biosensors were observed with a FV-
1000 confocal microscope equipped with SA100S (Olympus) for
the fluorescence spectrum analysis. An LD405 laser was used for
the excitation, and the emission profiles were acquired every
5 nm from 440 to 650 nm in a lambda scan mode.

FRET imaging with epifluorescence microscope

FRET imaging with epifluorescence microscopy was performed
essentially as described [21]. HeLa cells were plated on 35-mm
glass-base dishes (Asahi Techno Glass, Tokyo, Japan), which were
coated with collagen type I (Nitta Gelatin Inc., Osaka, Japan), and
maintained in phenol red-free DMEM F12 (Invitrogen). Cells trans-
fected with plasmids were imaged every 1 min for 30 min with the
inverted microscope (IX71; Olympus, Tokyo, Japan) equipped with
a Cool SNAP-HQ-cooled charge-coupled device camera (Roper Sci-
entific, Trenton, NJ) controlled with MetaMorph software (Univer-
sal Imaging, West Chester, PA). In some experiments, cells were
stimulated with 50 ng/ml epidermal growth factor (EGF) during
the imaging. Cells were illuminated with a 75-W xenon lamp
through a 12% ND filter (Olympus) and a 60x oil immersion objec-
tive lens (PlanApo 60x/NA 1.4).

The spectral characterization of fluorescent protein used in this
study is summarized in Table S1. The filter settings for individual
experiments are summarized in Supplemental Fig. S1 and
Table S2, and as follows.

Direct excitation assay (Fig. 1): excitation filter, XF1071/440AF21
for CFP or S492/18x for YFP; dichroic mirror, 86006bs; emission fil-
ters, XF3075/480AF30 for CFP and XF1019/535AF26 for YFP. All fil-
ters were obtained from Omega Optical (Brattleboro, VT).
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Fig.1. Fluorescence properties of YFP and sREACh under epifluorescent and two-
photon microscopes. (A) HeLa cells expressing Venus were excited through a
bandpath filter of 440AF21 or S492/18 and imaged through a bandpath filter
535AF26 with an epifluorescence microscope (open circle), or excited at 840 or
920 nm and imaged through a bandpath filter BP520–560 with a two-photon
microscope (filled squares). The net fluorescence intensity averaged over each cell
was plotted and approximated to a liner line. n = 20. (B) HeLa cells expressing
mKeima-P2A-Venus-TAPP1 (filled diamond) or mKeima-P2A-sREACh-TAPP1 (open
triangle) were excited through a bandpath filter of S492/18 and imaged through a
bandpath filter 535AF26 or 635DF55 with an epifluorescence microscope. n = 20.
(C) HeLa cells expressing mKeima-P2A-Venus-TAPP1 (closed diamond) or mKeima-
P2A-sREACh-TAPP1 (open triangle) were excited at 840 nm and imaged through a
bandpath filter BP520-560 or a dichroic mirror SDM 570 with a two-photon
microscope. n = 20.
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Time lapse imaging for Pippi-PI (3,4)P2-KCS and -KTS (Fig. 3): exci-
tation filter, an XF1071/440AF21 (Omega) or S492/18x (Chroma
(Bellows Falls, VT)); dichroic mirror, 86006bs (Omega); emission
filters, XF3075/480AF30 (Omega) for donor proteins (CFP and
TFP), and XF3015/635DF55 (Omega) for Keima.

Time lapse imaging for Pippi-PI (3,4)P2-KGS (Fig. 3): Excitation fil-
ter, an XF1071/440AF21 (Omega) or S492/18x (Chroma); dichroic
mirror, 86006bs (Omega); emission filters, XF3040/510WB40
(Omega) for GFP, and XF3015/635DF55 (Omega) for Keima.
FRET imaging with a two-photon microscope

HeLa cells expressing FRET biosensors were prepared as de-
scribed above. Images were obtained with a two-photon micro-
scope (BX61WI; Olympus), which was controlled with Fluoview
(Olympus). For time-lapse imaging, cells were imaged every
2 min for 30 min. At each time point, images were acquired in four
z-slices (depth 12 lm), stacked into one image, and background
was subtracted. In some experiments, cells were stimulated with
50 ng/ml of EGF. Cells were illuminated with an 840 nm (1.5%)
Ti-Sapphire laser (Mai-Tai DeepSee HP (Spectra-Physics, Tokyo))
tuned to an 840 nm excitation with 100 fs pulses at 80 MHz, and
visualized with a 25� immersion objective lens (XLPLN25XWMP,
Olympus,). Detailed imaging settings are summarized in Supple-
mental Fig. S1 and Table S2, and as follows.

Direct excitation assay (Fig. 1): laser power for excitation,
840 nm (1.5%) and 920 nm (1.5%); dichroic mirror, SDM 570
(Olympus); emission filters, BP460-500 for CFP and BP520-560
for YFP variants. For Keima, the light from 570 nm was acquired.
Scan speed, 100 ls/pix; pixel size, 521 � 521.

Time lapse imaging (Figs. 3, 5 and 6): laser power for excitation,
840 nm (1.5%); dichroic mirror SDM 570 (Olympus), emission fil-
ters for donors, BP460-500 for CFP and TFP, BP520-560 for YFP
and GFP; for Keima, the light from 570 nm was acquired without
an emission filter. Scan speed, 12.5 ls/pix; pixel size, 320 � 320.
MDCK cystogenesis

Cysts and tubules were generated as previously described
[22,23]. Briefly, 7.5 � 103 MDCK cells were placed on a glass cover-
slip (13 mm in diameter) coated with 90 ll of polymerized Matri-
gel (BD Biosciences, Bedford, MA). Cells were cultured in 2%
Matrigel/culture medium for indicated periods (see Results).
Acquisition of 3D images with a two-photon microscope

The Pippi-PI(3,4)P2-KTS expressing MDCK cysts were imaged
with a two-photon microscope operated by Fluoview. The image
data were transferred to Metamorph. After background subtrac-
tion, the Keima/TFP ratio images were transferred to Imaris (Bit-
plane AG) to reconstitute a 3D image. At the same time, the
fluorescent intensities corresponding to the apical and lateral
membranes were obtained with the linescan function in Metamor-
ph, and transferred to Excel (Microsoft). Detailed imaging settings
are as follows.

Slice images (Fig. 4): laser power, 840 nm (1.0–2.0%); the filters
used for this experiment were the same as for time lapse imaging
with two-photon microscopy; pixel size, 512 � 512; scan speed,
100 ls/pix.
Processing the graphs and statistics

After subtracting the background in Metamorph Software,
information for the averaged intensity and cell area was exported
to the Excel software (Microsoft). For statistics in Fig. 4, FRET effi-
ciencies were analyzed by a two-tailed paired Student’s t test.
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Results

Properties of YFP variants in epifluorescent and two-photon
microscopes

To improve current FRET biosensors using CFP and YFP for
application in two-photon excitation microscopy, we designed a
biosensor using sREACh as an acceptor and mKeima as an internal
standard of the biosensor concentration. REACh is a YFP variant
with extremely low quantum efficiency and high absorbance
[12]. This property renders sREACh an appropriate acceptor in FRET
imaging by two-photon fluorescent lifetime imaging microscopy
(TPFLIM) [17]. In TPFLIM, FRET is measured by the shortening of
CFP lifetime. Although this method is theoretically rigid, most
commercially available TPE microscopes are not equipped with
the detector of fluorescence lifetime. Thus, in our biosensor design,
the level of FRET was measured by the decrease in CFP fluorescence
intensity using another fluorescent protein, mKeima, as an internal
standard of biosensor concentration. Taking advantage of the long
Stokes’ shift, mKeima can be excited at an excitation wavelength
used for CFP without perturbing the detection of FRET [13]. Before
constructing new FRET biosensors, we examined the properties of
YFP variants in epifluorescence and TPE microscopes.

First, the level of cross-excitation of Venus, a bright YFP variant
[24], was compared between epifluorescence and TPE micro-
scopes. HeLa cells expressing Venus were imaged under conditions
used to acquire FRET images (ex. 440 or 840 nm, and em. 530 nm)
or those used to acquire YFP images (ex. 480 or 920 nm, and em.
530 nm). Acquired FRET images reflect the level of cross-excita-
tion. Fluorescence intensities averaged over each cell area are plot-
ted in Fig. 1A. The slopes of the fitted lines showed that the cross-
excitation was about eight times larger in a TPE microscope than
in an epifluorescent microscope. Thus, we concluded that reduc-
tion of cross-excitation of YFP would significantly improve the sig-
nal-to-noise ratio of FRET images when TPE microscopes are
applied.

Next, the level of cross-excitation was compared between
sREACh and Venus in both epifluorescence and TPE microscopes.
For this purpose, we constructed plasmids for the expression of
mKeima-P2A-sREACh and Venus-P2A-sREACh, in which the self-
cleaving 2A peptide was used to ensure equimolar expression of
mKeima and YFP variants [14]. As in Fig. 1A, the level of cross-exci-
tation was quantified except that fluorescence intensity of mKeima
was used as an internal standard. As reported previously [12], the
fluorescence intensity of sREACh was markedly lower than that of
Venus, in both epifluorescence (Fig. 1B) and TPE microscopes
(Fig. 1C), respectively. These results indicate that sREACh could sig-
nificantly reduce the level of cross-excitation of the acceptor pro-
tein and thereby improve the signal-to-noise ratio in FRET
imaging with a TPE microscope.
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FRET biosensors with sREACh and mKeima

Among various FRET biosensors, Pippi-PI(3,4)P2 was selected in
the pilot study for the biosensor improvement, since localized
accumulation of PI(3,4)P2 is important for polarity formation in
the two-dimensional environment, such as cell migration and axon
guidance [25,26]; therefore, it is worth visualizing its distribution
in a three-dimensional system. The PH domain of Pippi-PI(3,4)P2

binds to PI(3,4)P2 on the plasma membrane and brings CFP in close
proximity to YFP, thereby increasing FRET efficiency from CFP to
YFP (Fig. 2A) [16,27]. In the prototype Pippi-PI(3,4)P2 (which we
call Pippi-PI(3,4)P2-CY in this study) FRET was quantified by the
fluorescence intensity ratio of Venus versus CFP. In the new FRET
biosensor, Pippi-PI(3,4)P2-KCS (KCS stands for Keima-CFP-sREACh),
YFP was replaced by sREACh and mKeima was fused to the N-ter-
minus (Fig. 2B). In this biosensor design, FRET is manifested by the
decrease of CFP fluorescence, which can be quantified as the fluo-
rescence ratio of Keima versus CFP.

Comparison of the fluorescence spectrum of Pippi-PI(3,4)P2-CY
with that of Pippi-PI(3,4)P2-CS, in which CFP in Pippi-PI(3,4)P2-
CY was replaced with sREACh, showed that fluorescence from
sREACh was almost negligible (Fig. 2C). Comparison of the fluores-
cence spectrum of Pippi-PI(3,4)P2-CS with that of Pippi-PI(3,4)P2-
KCS showed that the fluorescence from mKeima could be easily
separated from that of CFP.

We could replace CFP with other fluorescence proteins having a
longer fluorescent wavelength in the sREACh-based FRET biosen-
sors, because spectral overlap between the donor and acceptor
fluorescence proteins would not perturb the detection of FRET. In
addition, the fluorescence of CFP was known to be relatively low
in comparison with other fluorescent proteins such as TFP and
GFP [28,29]. Thus, to further improve the FRET biosensors for Pip-
pi-PI(3,4)P2, CFP was replaced with GFP and TFP, generating Pippi-
PI(3,4)P2-KGS and -KTS, respectively. The relative fluorescence
intensities of mKeima to GFP and TFP in these biosensors were
lower than that of mKeima to CFP in Pippi-PI(3,4)P2-KCS; more-
over, the spectral separation between the donor and mKeima
was found to be sufficient (Fig. 2C).
Comparison of the sensitivity of biosensors with various FRET donors
in EGF-stimulated cells

To compare the sensitivity of the biosensors with different FRET
donors, HeLa cells expressing Pippi-PI(3,4)P2-KCS, -KGS, and -KTS
were stimulated with EGF and analyzed with a conventional epi-
fluorescent microscope and a TPE microscope (Fig. 3). HeLa cells
expressing a mutant biosensor, Pippi-PI(3,4)P2-mut-KTS, were also
used as a negative control. In this construct, Pippi-PI(3,4)P2-R221L-
KTS, Arg221, which is critical for the recognition of PI(3,4)P2, was
replaced by Leu. The production of PI(3,4)P2 and the resulting in-
crease in FRET were monitored by the fluorescence intensity of
mKeima versus that of the donor fluorophore excited at 440 nm.
With an epifluorescence microscope (Fig. 3A), all biosensors except
Pippi-PI(3,4)P2mut-KTS responded on EGF stimulation to a similar
extent, 4–5% on average. However, with a TPE microscope (Fig. 3B),
Pippi-PI(3,4)P2-KTS responded significantly higher than on Pippi-
PI(3,4)P2-KCS and -KGS on EGF stimulation. These results indicate
that TFP serves as the best donor for sREACh at least in the struc-
ture of Pippi-PI(3,4)P2.

PI(3,4)P2 distribution in the three-dimensional structures

The major advantage of the TPE microscopy is its capability to
observe the thick samples. Since phosphoinositides (PtdInss) have
been reported to play important roles in maintenance of the three-
dimensional architectures [22], we decided to examine the
PI(3,4)P2 distribution in the MDCK cysts. MDCK cells form mono-
layer spheroid structures, called cysts, when cells grow in the
Matrigel [30]. To investigate the PI(3,4)P2 distribution, MDCK cells
expressing Pippi-PI(3,4)P2-KTS or -R221L-KTS were established by
retroviral infection, cultured in the Matrigel, and observed with a
TPE microscope. As shown in Fig. 4A, FRET efficiency of the wild-
type biosensor, but not the mutant one, was higher at the lateral
membrane than at the apical membrane. Quantitative analysis
from various cysts revealed that the PI(3,4)P2 was accumulated sig-
nificantly to the lateral membrane (Fig. 4B). Such uneven distribu-
tion was not observed in the cysts expressing the mutant biosensor
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(Fig. 4B, the right graph). Of note, the overall Keima/TFP of the mu-
tant biosensor was lower than that of the wild-type, indicating that
this biosensor detected the basal level of PI(3,4)P2 in the cysts.
Generation of the FRET biosensors for PIP3 and tyrosine kinase activity
with sREACh and mKeima

The above results indicate that the biosensor backbone with
mKeima, mTFP, and sREACh detects PI(3,4)P2 under the TPE micro-
scope. We next sought to apply this strategy to other Pippi biosen-
sors. For this, the PH domain of Pippi-PI(3,4)P2-KTS was replaced
by that from GRP, which binds specifically to PIP3. The resultant
FRET biosensor Pippi-PIP3-KTS was expressed in HeLa cells and
examined as in Fig. 3. In both epifluorescent and TPE microscopes,
Pippi-PIP3-KTS showed an increase in FRET ratio on EGF stimula-
tion (Fig. 5A and B, left). In contrast, the biosensor with an Arg to
Cys mutation at residue 284 in the PH domain (Pippi-PIP3mut-
KTS) showed no significant change in FRET ratio, indicating that
Pippi-PIP3-KTS specifically detected PIP3 on EGF stimulation.

Lastly, using the same strategy, Picchu-KTS-X, a FRET biosensor
for tyrosine kinase activity, was generated. The proto-type of Pic-
chu-X consisted of YFP, CrkII, CFP, and the C-terminal region of
K-Ras [20]. On EGF stimulation, the Tyr 221 of CrkII is phosphory-
lated, which is recognized by its SH2 domain. This intramolecular
binding brings CFP close to YFP and increases the FRET from CFP
to YFP (Fig. 6A). As shown in Fig. 6B and C, Picchu-KTS-X increased
in FRET ratio up to 8% and 10% under the epifluorescent and TPE
microscopes, respectively. The biosensor with Tyr 221 mutated
to Phe (Picchu-mut-KTS-X) did not respond to EGF in either micro-
scope, indicating that FRET of Picchu-KTS-X was increased on its
tyrosine phosphorylation, and thereby demonstrating the utility
of Picchu-KTS-X for the monitoring of kinase activity in living cells
by TPE microscopy.

Discussion

Our objective is a genetically encoded FRET biosensor that can
be used in commercially available TPE microscopes without addi-
tional instruments. Considering the prevalence of CFP and YFP as
the donor and acceptor fluorescence proteins, respectively, among
the hitherto developed genetically encoded FRET biosensors, we
used a PI(3,4)P2 biosensor, Pippi-PI(3,4)P2 comprising CFP and
YFP, as the prototype for improvement. The rationale for our mod-
ifications to the biosensors involves considerations of both the
acceptor and the donor.

Acceptor preference: The critical difference between epifluores-
cence and TPE microscopes is the method to excite the donor.
In an epifluorescence microscope, a narrow bandpass excitation
filter can minimize the cross-excitation of the acceptor;
whereas in a TPE microscope the spectrum of absorption cross
section of two photons is assumed to be broad, causing a signif-
icant level of cross-excitation (Fig. 1). In most TPE microscopes
without the instruments for measuring fluorescence lifetime,
FRET is detected by the ratiometry of donor intensity versus
acceptor intensity (sensitized FRET); therefore, large cross-exci-
tation of the acceptor reduces the signal-to-noise ratio of the
acquired FRET images. Indeed in our system, Venus was cross-
excited at 840 nm by a TPE microscope (Fig. 1), although the
two-photon absorption peak of YFP is reported to be near
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950 nm [31]. To overcome this problem, we chose a dark vari-
ant of YFP, sREACh, which was originally developed as the FRET
acceptor in TPE microscopy [12]. Donor quenching was quanti-
fied for the measurement of FRET of biosensors containing
sREACh as the acceptor [12]. As previously reported, cross-exci-
tation of sREACh at 840 nm excitation was negligible compared
to that of Venus (Fig. 1). We added Keima to the biosensor as an
internal fluorescent control (Fig. 2). Keima displays a peak of
two-photon action cross sections around 860–900 nm with
TPE microscopy [32]. Here, we took advantage of this spectral
feature of Keima for its usage as an internal fluorescence con-
trol. Although we have not tested them, other fluorescent pro-
teins with long Stokes’ shift could be substituted for Keima in
our FRET biosensor design [33].
Donor preference: Three fluorescence proteins, EGFP, CFP, and
mTFP1, were tested as the donor of sREACh. With an epifluores-
cent microscope, Pippi-PI(3,4)P2 containing CFP yielded the
largest gain on EGF stimulation, followed by one containing
mTFP1. However, with a TPE microscope, Pippi-PI(3,4)P2 con-
taining mTFP1 yielded the largest gain followed by one contain-
ing EGFP (Fig. 3B). The two-photon action spectra indicate that
mTFP1 and CFP showed the best action cross section at 867 and
857 nm excitation, respectively, while that of GFP was at
930 nm [32,34]. Therefore, optimization of the excitation wave-
length in the TPE microscope for the biosensor with EGFP is
required. We suggest two possibilities for the superiority of
mTFP1 to CFP in TPE microscopy. First, it has been reported that
CFP suffers from a reduced fluorescence yield when compared
with most members of the fluorescent protein family [29]. Since
in the TPE microscope, the two-photon action cross section, a
product of the fluorescence quantum yield and the absolute
two-photon absorption cross section, indicates the brightness
of the fluorescent proteins, the high quantum yield of mTFP1
(0.85) may render this protein suitable as a replacement for
CFP as a FRET donor to either a yellow or orange fluorescent
proteins [18,34]. TFP1 contains a tyrosine-derived chromo-
phore, while CFP contains a tryptophan-derived chromophore
[28]. This could account for the advantage of mTFP1 in TPE
microscopy. Another critical difference may be the exposure
time for imaging. In TPE microscopy, the incident beam is
scanned over the cell. Thus, the exposure time of each pixel
was less than 10 ms at most. In contrast, the exposure time of
the wide-field epifluorescence microscope was on the order of
100 ms. This difference affects the photostability of the fluoro-
phore, thereby the FRET efficiency.

The other advantage of the use of mTFP1 over CFP and EGFP is
the lack of nucleotide sequence homology with sREACh. Except for
mTFP1, which is derived from Clavularia coral, all other fluorescent
proteins used here are derived from Aequarea GFP. The high se-
quence homology between the donor and the acceptor frequently
is known to cause recombination when retroviral vectors are used
to deliver the genome into the cells [35]. In fact, we took advantage
of this feature to establish MDCK cells stably expressing the Pippi-
PI(3,4)P2-KTS biosensor. Based on the fact that the PH domains
from different proteins recognize different PtdInss, a series of
experiments developed a novel tool for detecting the localization
of these lipids in living and fixed cells by fusing the GFP tag to
the PH domain. Using this technique, it had been already reported
that PIP3 is enriched in the lateral membrane of the MDCK cells in
the mature cyst, while PI(4,5)P2 is in the apical membrane [22].
Therefore, it is consistent that PI(3,4)P2, a derivative of PIP3, was
also enriched in the lateral membrane of the cyst [36]. However,
compared to the GFP-fused PH domain method, the FRET-based
biosensor detects lipid distribution more sensitively and quantita-
tively. Images obtained with the GFP-PH-based biosensor are sub-
stantially affected by the ratio of the surface area of the plasma
membrane to the cytosolic volume (surface-to-volume ratio)
[37]. Importantly, we could quantify the FRET efficiency in the cyst
expressing the biosensors with the wild-type and mutant PH do-
mains to confirm the relative enrichment of PI(3,4)P2 (Fig. 4).

Although the TPE microscope, but not the conventional confocal
microscope, could obtain a full-depth image of the mature spheri-
cal cyst, we noted that the Keima/mTFP ratio was biased along the
z-axis (data not shown). Since the MDCK cyst is spherical, and FRET
efficiency along the x–y axis was not biased to the x- or y-axis
(Fig. 4), it is suspected that such an artifact was primarily because
of the highly scattered emissions of Keima and TFP through a cyst,
which are dependent on the fluorescent proteins. Therefore, it is
necessary to correct such aberration to obtain the FRET images
along the z-axis. In addition, it is also required to prepare a nega-
tive control probe for each experiment because the dynamic range
of Pippi-PI(3,4)P2-KTS is less than that of the original CFP-YFP
probe. This might be caused by the addition of Keima at the N-ter-
minus, which may alter the probe structure to decrease FRET.

In summary, we have established a novel probe for TPE usage
based on FRET principles, which enabled the detection of
PI(3,4)P2 distribution at the plasma membrane in a three-dimen-
sional structure. We further applied this strategy to develop bio-
sensors for another phospholipid, PIP3 (Fig. 5), and tyrosine
kinase activity (Fig. 6). Applications for other signaling molecules
and in vivo imaging using newly developed biosensors will help
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elucidate the roles of signaling molecules in a wide variety of bio-
logical and pathological phenomena.
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