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Abstract. Orange fluorescent proteins �FPs� are attractive candidates
as Förster resonance energy transfer �FRET� partners, bridging the gap
between green and red/far-red FPs, but they pose significant chal-
lenges using common fixed laser wavelengths. We investigated mo-
nomeric Kusabira orange 2 �mKO2� FP as a FRET acceptor for mono-
meric teal FP �mTFP� as donor on a FRET standard construct using a
fixed-distance amino acid linker, expressed in live cells. We quanti-
fied the apparent FRET efficiency �E% � of this construct, using sensi-
tized spectral FRET microscopy on the Leica TCS SP5 X imaging sys-
tem equipped with a white-light laser that allows choosing any
excitation wavelength from 470 to 670 nm in 1-nm increments. The
E% obtained in sensitized spectral FRET microscopy was then con-
firmed with fluorescence lifetime measurements. Our results demon-
strate that mKO2 and mTFP are good FRET partners given proper
imaging setups. mTFP was optimally excited by the Argon 458 laser
line, and the 540-nm wavelength excitation for mKO2 was chosen
from the white-light laser. The white-light laser generally extends the
usage of orange and red/far-red FPs in sensitized FRET microscopy
assays by tailoring excitation and emission precisely to the needs of
the FRET pair. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction
he development of the green fluorescent protein �GFP�1 and

ts mutant variants2,3 in combination with fluorescence mi-
roscopy has led to a revolution in live-cell imaging tech-
iques that allow visualization of dynamic protein interactions
nder physiological conditions. Förster resonance energy
ransfer �FRET� is an ideal technique to determine molecular
istances or to show whether molecular complexes are
resent; this technique is increasingly taking center stage in
he biomedical sciences.4,5 FRET results in increased emission

ddress all correspondence to: Ammasi Periasamy, PhD, Director, W. M. Keck
enter for Cellular Imaging �KCCI�, Biology, Gilmer Hall �064�, University of
irginia, McCormick Road, Charlottesville, VA 22904. Tel: 434-243-7602; Fax:
34-982-5210; E-mail: ap3t@virginia.edu
ournal of Biomedical Optics 054009-
intensities from the acceptor �sensitized emission�, while re-
ducing the emission from the donor �quenching� and shorten-
ing the donor lifetime. Measurement of each event can pro-
vide direct proof of the transfer of energy, which in turn
demonstrates the spatial relationship of the fluorophores. The
efficiency of energy transfer is defined as the fraction of D
excitation energy that is transferred to A, and is dependent on
the inverse of the sixth power of the distance between D and
A.6,7

Sensitized FRET microscopy is the most commonly used
intensity-based method to monitor protein–protein interac-
tions. This approach requires the identification and removal of

1083-3668/2009/14�5�/054009/11/$25.00 © 2009 SPIE
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he spectral bleedthrough �SBT� components from FRET sig-
als. These SBT contaminations result from the donor emis-
ion that is detected in the FRET channel, known as the donor
BT �DSBT�, and the acceptor SBT �ASBT�, which is caused
y the direct excitation of the acceptor at the donor excitation
avelength. Both SBT contributions must be removed for ac-

urate FRET measurements. Here, we use single-label refer-
nce specimens excited by donor and acceptor wavelengths
nd algorithm-based software to achieve a corrected
ignal.8–10

The accurate measurement of FRET signals requires fluo-
ophores that are optimized for efficient energy transfer. Ideal
onor and acceptor pairs will have high intrinsic brightness
nd will be photostable, while sharing a significant spectral
verlap ��30% � between the donor emission and acceptor
bsorption spectra. Among many FRET pairs cited in the lit-
rature, the combination of the Aequorea-based cyan FP
CFP� and yellow FP �YFP� has been most widely used.11–15

odifications to these FPs were made to improve their utility
enerally and particularly for FRET-based assays. For ex-
mple, Venus is a brighter YFP with more efficient maturation
nd reduced pH and halide sensitivity.16 Cerulean was devel-
ped from CFP and has a higher quantum yield and greater
hotostability.17 Recently, Campbell introduced another FP,
mitting in the cyan color spectrum, monomeric teal fluores-
ent protein �mTFP�,18 which was generated by the directed
volution of an optimized synthetic gene library based on the
equence of a tetrameric cyan protein, cFP484, from the coral
lavularia. Our earlier study showed that mTFP has many
dvantages, such as a higher quantum yield and improved
rightness and photostability compared with Cerulean as a
RET donor for Venus.19

In addition, there are now many FPs with spectra spanning
he orange to far-red that have optimized characteristics.20–23

he orange FPs are very attractive candidates bridging the
ap between green and the far-red FPs. The utility of an or-
nge FP called monomeric Kusabira orange �mKO� as accep-
or in FRET studies was discussed earlier.24 The mKO is de-
ived from CoralHue Kusabira-Orange �KO�, which was
loned from the stony coral, whose Japanese name is
usabira-ishi. Wild-type CoralHue KO forms a brightly fluo-

escent dimer and has been carefully engineered to form mKO
hat maintains the brilliance and pH stability of the parent
rotein. Recently, a fast-folding mutant of mKO named mo-
omeric Kusabira orange 2 �mKO2� was introduced.25

In this study, we tested mKO2 as a FRET acceptor fluoro-
hore for mTFP �donor� using sensitized spectral FRET
sFRET� microscopy and verified the measurements using
uorescence lifetime imaging �FLIM� microscopy in live
ells. The sFRET imaging revealed that the diode-pumped
olid-state �DPSS� 561 nm was not suitable for the acceptor
mKO2� excitation because this laser line is very close to the
eak emission of mKO2 �565 nm�, and thus limits the emis-
ion range of the FRET channel. We used a white-light laser
WLL; or supercontinuum laser� installed on the Leica TCS
P5 X imaging system. This laser emits a continuous spec-

rum from 470 to 670 nm, within which any individual exci-
ation wavelength in 1-nm increments can be selected through
cousto-optical tunable filter �AOTF�. Given the flexibility of
unable wavelengths to choose a precise, tailored excitation
ournal of Biomedical Optics 054009-
for mKO2, this FP becomes a very useful FRET acceptor for
mTFP.

2 Materials and Methods
2.1 Expression Plasmids and Cell Transfection

2.1.1 mTFP and mKO2 plasmid
The plasmid encoding the mTFP �gene bank accession:
DQ676819� is available from Allele Biotechnology and Phar-
maceuticals �San Diego, California�. The mKO2 construct is
available from MBL International �Woburn, Massachusetts�.
The plasmid encoding the FRET standard fusion protein con-
sisting of Cerulean tethered to Venus by a 5 amino acid �aa�
linker �SGLRS� was a gift from Steven Vogel �NIH�.26 The
cDNA for Venus was obtained from Atsushi Miyawaki
�RIKEN, Japan�.16 Vogel’s plasmid was first used to generate
the mTFP fusion protein �mTFP-5aa-Venus� by substituting
the coding sequence for Cerulean with the cDNA for mTFP
that was generated by polymerase chain reaction �PCR� with
primers incorporating suitable restriction enzyme sites. The
same parent plasmid was then used to generate the sequences
that encode mTFP and the 5 aa linker coupled in-reading
frame to the sequence encoding mKO2, creating the mTFP-
5aa-mKO2 construct.

2.1.2 Transfection of mouse pituitary cells
Mouse pituitary GHFT1 cells27 were maintained as monolayer
cultures in Dulbecco’s modified eagles medium �DMEM�
containing 10% newborn calf serum. The cells were then
transfected with the proceeding plasmid DNA by electropora-
tion as described earlier.28,29 The amount of DNA was kept
constant for each transfection using empty vector DNA. Sus-
pensions of the transfected cells were added drop-wise onto a
sterile 25 mm2 cover glass in culture dishes, and the cells
were allowed to attach to the glass prior to gently flooding the
culture dish with media. The cultures were maintained in an
incubator for 24 h before imaging. The cover glass with at-
tached cells was then inserted into a chamber filled with
CO2-independent medium and placed on the microscope
stage.

2.2 Instrumentation, Image Acquisition, and Analysis

2.2.1 Instrumentation for spectral FRET �sFRET�
microscopy imaging

A Leica TCS SP5 X system equipped with a 63� /1.40 NA
oil-immersion objective lens was used for the sFRET imaging
in this study. The TCS SP5 X scan head is mounted on a side
port of a Leica DMI6000 motorized inverted microscope. The
system consists of an 8-channel acousto-optical tunable filter
�AOTF� for fast simultaneous control of eight laser lines and
acousto-optical beamsplitter �AOBS� instead of dichroic mir-
ror. The system works by a switching and tunable deflection
mechanism. This allows various emission wavelengths to be
efficiently routed to the three filter-free spectral photomulti-
plier tube �PMT� detectors that are continuously adjustable to
a minimum bandwidth of 5 nm. Besides a conventional point
scanner, which can be adjusted from 2 to 1400 Hz, the sys-
tem also provides a fast resonant point scanner running con-
stantly at 8000 Hz, allowing imaging speeds of
25 frames /second for 512�512 pixels and up to
September/October 2009 � Vol. 14�5�2
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50 frames /second for 512�16 pixels. The resonant scan-
er allows the rapid acquisition of spectral images, reducing
he potential for photobleaching, and was thus used in our
FRET imaging. The system carries several laser modules. In
ur study, we used a 25-mW argon laser and a white-light
aser �WLL�. The WLL in the Leica TCS SP5 X imaging
ystem consists of three fiber-based parts: a seed laser gener-
ting a pulsed emission at 80 MHz in the infrared, a strong
ump source, and the supercontinuum fiber that emits a con-
inuous spectrum from 470 to 670 nm.30 An individual exci-
ation wavelength in 1-nm resolution is selected through the
OTF. The critical advantage of this laser is that the investi-
ators no longer need to select fluorophores based on the fixed
aser lines carried by a microscope imaging system. Instead,
he fluorophores can be chosen that are optimal for their ex-
erimental approaches, and the system can then be tuned spe-
ifically for the experiments. The imaging system is con-
rolled by the Leica LAS AF software �http://www.leica-

icrosystems.com�.

.2.2 Image acquisition and analysis in sFRET
microscopy

arlier, we described the method for sFRET microscopy
maging.10 Coverslips with cells expressing the mTFP-5aa-
KO2 construct or cells that expressed either mTFP alone or
KO2 alone were used. The cells expressing each fluoro-

hore alone were used as reference controls to identify the
BT contamination in the FRET channel. Here, the 458-nm
rgon laser line was used to optimally excite the donor
mTFP�, and the wavelength of 540 nm was chosen from the

LL for the acceptor �mKO2� excitation. In the SP5 X sys-
em, the power of an excitation laser is controlled through an
OTF, and the emission is spread spectrally by a prism and

hen guided to a spectrometer slit that allows any emission
and to be selected. Each �-stack composed of 20 x-y images
t emission wavelengths separated by 10-nm �slit bandwidth�
teps was collected within the spectral range of
64 to 663 nm for all specimens. The emission signals in
ach spectral band were acquired by a highly sensitive mesh-
ess PMT detector. The signals in a �-stack were then linearly
nmixed in the mTFP and mKO2 emission channels using the
dye separation” function of the LAS AF software. Data
nalysis of the unmixed images was carried out in our PFRET
oftware; the algorithm used for sFRET microscopy in the
oftware was described earlier.10

.2.3 Instrumentation for fluorescence lifetime
imaging �FLIM�

he fluorescence lifetime refers to the average time that the
olecule stays in its excited state before emitting a photon,
hich is an intrinsic property of a fluorophore. There are dif-

erent ways for measuring the fluorescence lifetime of a
uorophore8—we used the time-correlated single photon
ounting �TCSPC� method. The imaging system was de-
cribed earlier in the literature.31 Briefly, lifetime measure-
ents in this study were made using a Nikon TE300 epifluo-

escence microscope equipped with a Plan Fluor 60
/1.20 NA water-immersion IR objective lens. This micro-

cope was coupled to a Biorad Radiance 2100 confocal/
ultiphoton system and a 10-W Verdi pumped, tunable
ournal of Biomedical Optics 054009-
�700 to 1000 nm� mode-locked ultrafast �78 MHz� pulsed
�150 femtosecond� laser �Mira 900, Coherent, Inc.�. The Ra-
diance 2100 system is controlled using LaserSharp2000 soft-
ware and was configured to use the multiphoton laser to scan
specimens. Emitted photons were collected using a bandpass
emission filter by a fast PMT with a response time of approxi-
mately 150 picoseconds �PMC-100-0, Becker & Hickl
GmbH, Berlin, Germany�. The usage of the photon-counting
module board �SPC-150, Becker & Hickl GmbH� with a mini-
mum temporal resolution of approximately 40 picoseconds
allowed pixel-by-pixel registration of the accumulated pho-
tons. A fluorescence decay histogram of photons at different
emission times relative to the laser excitation was generated
from the distribution of interpulse intervals at each pixel of
the image.

2.2.4 Image acquisition and analysis in lifetime
measurements

For FLIM-FRET, we measure only the change in lifetime for
the donor molecule. Cells expressing mTFP alone were used
to determine the unquenched donor lifetime, while cells ex-
pressing the mTFP-5aa-mKO2 construct were used to deter-
mine the quenched donor lifetime. The laser was tuned to
870 nm �the peak excitation of mTFP�19 for multiphoton ex-
citation, and the emission signal from mTFP was collected
using a 480 /40-nm emission filter. The fluorescence lifetime
of mKO2 was determined by tuning the multiphoton laser to
740 nm and used a 600 /75-nm emission filter to acquire im-
ages of the cells expressing mKO2 alone. In our experience,
we found that a majority of red fluorophores are excitable at
740 to 760 nm. The laser power at the specimen plane was
measured using a power meter �SSIM-VIS-IR, Coherent, Inc.�
and was within the range of 0.7 to 1.5 mW. The data were
typically acquired over 120 s; resulting in the accumulation of
enough photon counts on the PMT for analysis by either
single or double exponential fitting. The lifetime results were
then analyzed using SPCImage software �version 2.9.2.2989,
Becker & Hickl GmbH�, which allows mutliexponential curve
fitting on a pixel-by-pixel basis using a weighted least-squares
numerical approach.

2.2.5 Measuring the instrument response function
�IRF� of the FLIM system

For time-domain FLIM measurements, fluorescence lifetimes
are frequently comparable to both the excitation pulse width
and the instrument response function �IRF� of a FLIM system.
Therefore, to obtain fluorescence decays free from the instru-
mental distortions that result from the finite rise time, the
width and the decay of the excitation pulse, and the detector
and timing apparatus32 a deconvolution technique must be ap-
plied to extract the undistorted fluorescence decays that are
convolved with the IRF. Direct measurement of the IRF is
usually necessary for time-domain FLIM data analysis, and
can be either estimated from fluorescence decay data or ex-
perimentally measured. The IRF should be representative of
the experimental conditions and thus is ideally measured un-
der the same conditions used for the biological experiments.
Conventionally, nondairy coffee creamer can be used to
record the IRF of a FLIM system for visible light excitation.33
September/October 2009 � Vol. 14�5�3
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In this study, where infrared light excitation was used, we
easured the IRF of the FLIM system through collecting the

econd-harmonic generation �SHG� signals emitted from urea
rystals.34 SHG is an ultrafast nonlinear process that delivers a
ignal at one-half the excitation wavelength. The IRFs were
easured at both the 880-nm and the 940-nm excitation
avelengths. Although the 880-nm excitation wavelength
as close to the one used for mTFP �870 nm�, the SHG emis-

ion signals emitted at 440 nm had to be recorded using a
60 /50-nm emission filter, which was different from the one
sed for mTFP �480 /40 nm�. Thus, the 940-nm excitation
avelength �although approaching the maximally allowed
avelength of the laser� was also used to measure the IRF,
here the SHG signals emitted at 470 nm were collected us-

ng the 480 /40-nm emission filter. The comparison between
he two IRFs �Fig. 1� shows that they are almost identical.
his fact confirmed that the IRF did not change from the
80-nm to the 940-nm excitation wavelengths and from the
40-nm to the 470-nm emission wavelengths.

To verify the utility of the measured IRFs, we used Cresyl
iolet dissolved in ethanol as a standard. This sample yields a

ingle exponential decay, and its fluorescence lifetime mea-
ured at room temperature is about 2.87 ns �Ref. 35�. The
xcitation wavelength for the Cresyl Violet sample was the
ame as the one used for mKO2. This excitation wavelength
740 nm� was even farther away from the 880-nm excitation
avelength used in the IRF measurements than the mTFP

xcitation wavelength �870 nm�. The peak emission wave-
ength of the Cresyl Violet sample is at 626 nm and was far-
her separated from the 470-nm emission wavelength in the
RF measurements than the mTFP �492 nm� or the mKO2
565 nm� peak emission wavelength. The Cresyl Violet de-
ays were collected using a 600 /75-nm emission filter. Three

ig. 1 Comparison of two measured instrument response functions
IRFs�. Both IRFs were measured through collecting the second-
armonic generation �SHG� signals emitted from urea crystals. At the
80-nm excitation wavelength, the 440-nm SHG emission signals
ere collected using a 460/50-nm emission filter. Under the 940-nm
xcitation wavelength, the 470-nm SHG signals were collected using
480/40-nm emission filter. The two IRFs �solid— the IRF measured

t excitation 880 nm, emission 440 nm versus dashed—the IRF mea-
ured at excitation 940 nm, emission 470 nm� are almost overlaid
ith each other, confirming that the IRF did not change for the two
ifferent emission signals.
ournal of Biomedical Optics 054009-
image �each has 128�128 pixels� data sets were acquired,
and single exponential fitting of all the decay traces in these
data sets using SPCImage software and the measured IRF
yielded an average lifetime of 2.95 ns and a mean �2 of 1.05.
In comparison, we also used the same routine to fit the data
with the estimated IRF produced by SPCImage software and
obtained an average lifetime of 3.19 ns and a mean �2 of
1.19. Although the excitation and emission wavelengths of the
Cresyl Violet sample were much different than those in the
IRF measurements, it still produced better fitting results.
Therefore, the measured IRF was used for fitting the mTFP,
mTFP-5aa-mKO2, and mKO2 data sets.

3 Results and Discussion
3.1 Photophysical Properties of mTFP and mKO2

The photophysical properties of a fluorophore, such as quan-
tum yield and extinction coefficient �brightness�, photostabil-
ity, as well as the characteristics of the excitation and emis-
sion spectra all have important implications in FRET studies.
The donor should have a high quantum yield, and ideally be
of similar brightness to the acceptor. In this regard, mTFP has
a higher quantum yield of 0.85 than mKO2 �0.62� and nearly
identical brightness of mKO2 �Table 1�. Both mTFP and
mKO2 are very photostable, making them an attractive FRET
pair in live-cell time-lapse imaging experiments. Furthermore,
the spectral overlap between mTFP and mKO2 is greater than
50%, making them an excellent pair for detecting varying
separation distances by measuring FRET efficiencies �Fig. 2�.
The dependence of FRET efficiency �E% � on the distance �r�
between the donor and the acceptor is described as

E % =
Ro6

Ro6 + r6 , �1�

where Ro is the Förster distance at which the efficiency of
energy transfer is 50%. The Ro value for the mTFP-mKO2
FRET pair was calculated as 5.29 nm using the equation:

Ro = 0.211 · ��2 · n−4 · QYD · J����1/6, �2�

where �2 ranging from 0 to 4 is the dipole orientation factor
and here is assumed to be 2 /3 �Ref. 36�. n is the refractive
index of the medium and is set to be 1.4. QYD is the quantum
yield of the donor �mTFP�. J��� expresses the degree of spec-
tral overlap between the donor emission and the acceptor ab-
sorption �Fig. 2� and is calculated as follows:

Table 1 The characteristics of mTFP and mKO2.

FP
Peak

excitation
Peak

emission
Quantum

yield
Extinction

coefficienta
Intrinsic

brightnessb

Teal 462 492 0.85 64 54

mKO2 551 565 0.62 63.8 53
a��10−3� �M−1 cm−1�.
bIntrinsic brightness is the product of quantum yield and the extinction coefficient
�see Ref. 20�.
September/October 2009 � Vol. 14�5�4
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J��� =
�0

�fD����A����4d�

�0
�fD���d�

= �A

�0
�fD���fA����4 d�

�0
�fD���d�

, �3�

here fD is the donor emission spectrum; �A��� in units of
−1 ·cm−1 is the extinction coefficient of the acceptor at � in

anometers; �A is the extinction coefficient of the acceptor at
ts peak absorption wavelength; and fA is the normalized ac-
eptor absorption spectrum �peak absorbance is 1�. The two
ntegrals were calculated using a numerical integration pro-
ram. We used the well-established enhanced cyan fluorescent
rotein �ECFP�-enhanced yellow fluorescent protein �EYFP�
RET pair to test the program. Given the normalized ECFP
mission and EYFP absorption spectra, the ECFP quantum
ield �0.4�, the EYFP extinction coefficient �84,000�, and the
ypical �2 and n values to the program, we obtained the
örster distance of this pair as 4.91 nm, which well matches

he value �4.92	0.1 nm� reported in the literature.37

The considerable spectral overlap, which is a requirement
or efficient FRET, also gives rise to the background DSBT
nd ASBT that contaminate the FRET signal. In this respect,
he mKO2 emission spectral overlap with the mTFP emission
pectrum �Fig. 2� is reduced compared to the overlap of the
ellow FPs with mTFP. Further, because mKO2 is more red-
hifted, the excitation percentage of mKO2 �4.3%� at the
58-nm wavelength, used for mTFP is less than half that for
enus or EYFP 9.6%, their spectra are not shown; �Fig. 2�.
or spectral FRET measurements, the DSBT is removed

hrough linear unmixing �discussed in the following�, so the
educed ASBT makes mKO2 a good acceptor for sFRET mi-
roscopy.

ig. 2 Excitation and emission spectra of mTFP and mKO2. The spe
nternational, respectively �see Sec. 2.1.1�. The spectral overlap betw
ore than 50%; the 458-nm argon laser used for exciting the donor

xcitation wavelength was selected from the WLL to excite the acc
etermines the acceptor spectral bleedthrough �ASBT� and is low at
verlap between the mTFP and the mKO2 emission spectra �shaded
sing Eqs.�2� and �3� �see Sec. 3.1�.
ournal of Biomedical Optics 054009-
To date, many of the currently available orange or red FPs
have not proven to be useful acceptors for spectral FRET
�sensitized emission� measurements �mCherry and mOrange,
for example�. Of course, EYFP suffers from problems with
pH and halide sensitivity, and has been replaced by Citrine or
Venus. The primary advantages of mKO2 over Venus are im-
proved photostability, reduced spectral bleedthrough, and red-
shifted acceptor emission. Citrine does have improved photo-
stability, but it has the same spectral characteristics as Venus.

3.2 E% of mTFP-5aa-mKO2 in sFRET Microscopy
Spectral FRET �sFRET� microscopy utilizes linear unmixing,
which provides one of the most accurate methods for remov-
ing the contribution of DSBT from the FRET channel.10,38,39

Here, signals were acquired at different spectral bands in a
�-stack �Figs. 3�A�–3�C�; see Sec. 2.2.2�, and were then de-
composed and reassigned to the donor �mTFP� and the accep-
tor �mKO2� emission channels through linear unmixing, a
mathematical algorithm that defines the spectral signature for
each pixel of the scanned confocal image and allows the digi-
tal separation of the component signals. The reference spectra
used for unmixing and removal of the DSBT signals were
obtained from cells expressing either mKO2 alone �Fig. 3�C�;
solid� or mTFP alone �Fig. 3�D��. However, the ASBT and the
FRET signal are combined in the acceptor emission spectrum.
To determine the contribution of ASBT to the FRET signal,
we acquired the �-stacks from the double-labeled �mTFP-5aa-
mKO2� cells excited by the acceptor excitation �Fig. 3�B��
and the �-stacks of the mKO2-alone cells using both the do-
nor and the acceptor excitation wavelengths �Fig. 3�C��. Criti-

mTFP and mKO2 are available from Allele Biotechnology and MBL
mTFP emission and the mKO2 excitation spectra �cross-hatched� is

� is almost at its peak excitation wavelength �462 nm�; the 540-nm
�mKO2�. Excitation of mKO2 at the 458-nm donor laser excitation

The donor spectral bleedthrough �DSBT� is relative to the spectral
Förster distance �Ro=5.29 nm� for mTFP and mKO2 was calculated
ctra of
een the
�mTFP
eptor
4.3%.

�. The
September/October 2009 � Vol. 14�5�5
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ig. 3 Data acquisition in sensitized spectral FRET �sFRET�microscopy. �-stacks in sFRET microscopy for evaluating E% of mTFP-5aa-mKO2 were
cquired with both the donor �458 nm� and the acceptor �540 nm� excitation wavelengths. �a� The emission spectrum was plotted from the
-stacks acquired from an mTFP-5aa-mKO2 cell excited by the 458-nm argon laser. The emission signals at 568 nm clearly indicate sensitized
RET signals, although the spectrum still contains both donor and acceptor spectral bleedthroughs. �b� The same cell was also excited by the
40-nm wavelength selected from the WLL, and the emission spectrum was plotted. �c� As discussed in Sec. 3.2, to remove the acceptor spectral
leedthrough �ASBT� from FRET signals, the acceptor-alone expressed cells were excited by both the donor and the acceptor excitation wave-
engths, and the emission spectra of one selected cell were plotted. The two emission spectra were normalized by the same factor. The comparison
etween the two emission spectra produced by the acceptor �solid line� and the donor �dashed line� excitations indicates that the ASBT was trivial.
eference spectra of �c� mKO2 �solid� and �d� mTFP for linear unmixing were extracted from the �-stacks collected from singly expressed cells.
ournal of Biomedical Optics September/October 2009 � Vol. 14�5�054009-6
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ally, we observed that the DPSS 561-nm laser was not suit-
ble for the sensitized FRET microscopy measurements using
KO2 as an acceptor because it is very close to the peak

mission for this fluorophore �565 nm; Table 1�. Since at least
nm must separate the acceptor excitation wavelength and

he beginning of the spectral FRET measurement, using the
61-nm laser for acceptor excitation resulted in a significant
oss of the sensitized acceptor emission from mKO2. In this
egard, the WLL provided a distinct advantage, since it was
ossible to fine-tune the excitation to 540 nm and thus a
ider emission detection range for an optimal FRET signal.
eanwhile, the excitation of mKO2 at the 540-nm wave-

ength was sufficient for the purpose of determining ASBT. It
hould be noted that the autofluorescence from the used live
ells excited along the visible spectrum under normal imaging
onditions was not observed.

We have shown in Fig. 4 a complete sequence of images
equired for sFRET data analysis using PFRET software �see
ec. 2.2.2�. Figures 4�A� and 4�B� show the quenched donor
qDonor� and the uncorrected sFRET �usFRET� images, re-

ig. 4 Data processing in sensitized spectral FRET �sFRET� micros-
opy. All mTFP-5aa-mKO2 and mKO2-alone �-stacks acquired by
pectral imaging were linearly unmixed, and signals in each �-stack
ere decomposed into the mTFP and the mKO2 emission channels.
he amount of the quenched donor �qDonor; �a�� signals in the mTFP
mission channel was unmixed from the �-stack acquired by exciting
he mTFP-5aa-mKO2 cell with the donor excitation. The image at the
KO2 emission channel unmixed from the same �-stack included
oth the FRET and the acceptor spectral bleedthrough �ASBT� signals,
alled the uncorrected spectral FRET �usFRET; �b�� image. ASBT was
etermined from the image at the mKO2 emission channel unmixed

rom the �-stack acquired from the same mTFP-5aa-mKO2 cell ex-
ited by the acceptor excitation �c�, and also the images at the mKO2
mission channel unmixed from the �-stacks obtained through excit-
ng the mKO2-alone cell with both the donor �d� and the acceptor �e�
xcitation wavelengths. The unmixed images were then processed us-
ng the established PFRET software �see Sec. 2.2.2� to obtain the pro-
essed spectral FRET �psFRET; �f�� image. Based on Eq. �3� and given
he qDonor and psFRET values at each pixel, the apparent FRET effi-
iency �E%; �g�� image was calculated.
ournal of Biomedical Optics 054009-
spectively. Both of them were obtained from unmixing the
�-stack of mTFP-5aa-mKO2 excited by the donor excitation:
�Fig. 3�A��. Figure 4�C� is the acceptor fluorescence image
obtained from unmixing the �-stack of mTFP-5aa-mKO2 ex-
cited by the acceptor excitation �Fig. 3�B��. These three un-
mixed images were then processed in PFRET software using
the unmixed single-label reference images of the acceptor ac-
quired with the donor excitation �Fig. 4�D�� and the acceptor
excitation �Fig. 4�E��. This then produces the processed spec-
tral FRET �psFRET� image �Fig. 4�F��, where the signal at
each pixel is obtained by subtracting the ASBT that is deter-
mined from the corresponding pixel in the usFRET image.
The apparent FRET efficiency �E% � is displayed as an image
�Fig. 4�G��, where the value at each pixel is calculated based
on Eq. �4� using the corresponding pixel values in the ps-
FRET and qDonor images:

E % =
psFRET

�sA/sD� · �QYA/QYD� · qDonor + psFRET
, �4�

where the term �SA /SD� · �QYA /QYD� is a coefficient
�0.9355�, which was used for linking the intensity of the qDo-
nor from the donor emission channel with the corresponding
intensity appearing in the acceptor emission channel. Detailed
explanation about this coefficient can be found in Ref. 8.
Briefly, SA and SD are the PMT spectral sensitivities at the
peak emission wavelength of mTFP and mKO2, respectively.
QYA and QYD are the quantum yields of mTFP and mKO2,
respectively.

E%s evaluated from different regions of one cell �Fig.
4�G�� or different cells �Table 2� have a very small variation
�standard deviation=1.33 for six cells with average E%
=54.76�, which was expected for the mTFP-5aa-mKO2 fu-
sion protein since the distance variations between mTFP and
mKO2 are minimized by using the 5aa linker. Given the av-
erage E% of mTFP-5aa-mKO2 �54.76� and the Förster dis-
tance of mTFP-mKO2 �5.29 nm� to Eq. �1�, the average dis-
tance between mTFP and mKO2 was estimated to be
5.12 nm. In addition, the SBT correction �SBT%� for this
fluorophore pair, which is defined as ASBT/usFRET or
1-psFRET/usFRET, was small �Table 2�, which is also consis-
tent with our expectations based on the mTFP and mKO2
excitation and emission spectra �see Sec. 3.1 and Fig. 2�.
Apart from generating the psFRET and E% images �Figs.
4�F� and 4�G��, the PFRET software produces a full data set
with the option of creating a set of regions of interest �ROIs�
and statistical evaluation.

While the sFRET results for mKO2 as an acceptor using
the WLL system are very promising, we suggest that a fixed
HeNe 543-nm laser system might be equally suitable. We
compared results using the 540-nm and 543-nm wavelengths
on the WLL on the same specimen and found no noticeable
difference.

3.3 Confirmation of E% of mTFP-5aa-mKO2 Using
FLIM-FRET Microscopy

Since FRET is a dynamic process that nonradiatively depopu-
lates the excited-state donor fluorophores, it can also be de-
termined by measuring the reduction in the donor fluores-
cence lifetime that results from quenching. In fluorescence
September/October 2009 � Vol. 14�5�7
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ifetime imaging �FLIM� microscopy, the energy transfer ef-
ciency �E% � between the donor and the acceptor can be
alculated from the donor fluorescence lifetimes determined
n the absence �
D—unquenched lifetime� and in the presence

DA—quenched lifetime� of an acceptor using the equation:

E % = 1 − 
DA/
D. �5�

To determine the unquenched lifetime �
D� of mTFP, we
cquired data sets from the cells that were labeled only with
TFP �see Sec. 2.2.4�. These data sets were then analyzed

sing SPCImage software based on a single-exponential de-
ay model. Given the input of the measured instrument re-
ponse function �IRF�, the fitting routine yielded an average
nquenched mTFP lifetime of 2.684 ns �see Secs. 2.2.4 and
.2.5�. Better approximation of the data was not observed
rom the double-exponential fitting of these data sets, which
id not produce and a significant difference between the faster
2.6 ns� and slower �2.8 ns� lifetime components.

Using SPCImage software and the same measured IRF, we
erformed both single and double exponential fittings on the
ata sets acquired from the mTFP-5aa-mKO2 expressed cells.
he monoexponential model was rejected because the biexpo-
ential model yielded a much better approximation of the data
n terms of �2, residuals, and visually comparing the fitting
urves with the raw data. The obtained average quenched life-
ime �
DA� of mTFP was 1.111 ns. There are many reasons to
xplain why a monoexponential decay cannot be observed
ven though mTFP and mKO2 were tethered by a 5aa linker.
or example, FRET requires not only a close distance be-

ween donor and acceptor, but also a favorable orientation
etween the dipoles of the donor emission and the acceptor
bsorption, which may not be satisfied for all mTFP-5aa-
KO2 constructs. Another cause might be that the linking

eptide chain is flexible, where donor and acceptor fluoro-
hores are not separated by a single distance rather than a
istance distribution. Moreover, occasional incomplete syn-
hesis or protein misfolding cannot be ruled out.

Table 2 Spectral FRET

Data
set

Number
of pixelsa usFRETb p

1 18290 1525

2 15987 1051

3 45284 1895

4 25083 1761

5 26571 1748

6 59326 2119

Mean 31756 1683

aTo remove background noise, a threshold was applied
bFor each given variable, the mean value over all analy
cSBT% was determined by 1−psFRET/usFRET at a pixe
d±standard deviation, calculated from the data �six cell
ournal of Biomedical Optics 054009-
We also confirmed that the mTFP-5aa-mKO2 decay did
not contain any measurable autofluorescence or back-
bleedthrough of mKO2 excited at the 870-nm wavelength.
Verifications were made through imaging the mKO2-alone
cells under the same imaging conditions used for collecting
the mTFP-5aa-mKO2 decay data, where no signal other than
background noise was observed.

Figure 5�A� demonstrates the decay rate differences be-
tween the mTFP without mKO2 and the mTFP in the presence
of mKO2. Figure 5�F� provides representative examples of
the processed data of mTFP and mTFP-5aa-mKO2. Table 3
lists the different data sets of the donor lifetime in the pres-
ence of acceptor. The significant fitting was performed as in-
dicated by the �2 value. The quenched lifetime �
DA� of
mTFP was determined, and by applying the unquenched life-
time of mTFP �2.684 ns� to Eq. �5�, we calculated E%, re-
sulting in an average FRET efficiency of approximately
58.63% �Table 3�, which is close to that �54.76%� obtained
from spectral FRET microscopy imaging �Table 2�. The
linked fluorophores used here provided a FRET standard26 to
test the utility of this FRET pair, allowing us to confirm ac-
curately the sFRET results by FLIM-FRET measurements.
With this standard, we would expect a very low level of non-
FRET donors and as a consequence a narrow range of life-
times as well as E%s.

3.4 Lifetime of mKO2 Expressed in Live Mouse
Pituitary GHFT1 Cells

We also evaluated the lifetime of mKO2 through acquiring
data sets from the cells that were labeled only with mKO2
�see Sec. 2.2.4�. The average lifetime was obtained as 3.14 ns
through single exponential fittings of the mKO2-alone data
sets �n=6� in the SPCImage software given the same mea-
sured IRF as used in the FLIM-FRET data analyses earlier. A
representative decay fitting curve of mKO2 is shown in Fig.
5�A�.

of mTFP-5aa-mKO2.

SBT%b,c qDonorb E%b

3.42 1871 55.21

4.63 1227 56.25

2.79 2543 53.27

3.01 2124 55.85

3.01 2354 53.05

2.53 2655 54.96

3.23 2129 54.76
±1.33d

ncorrected FRET images for pixel analysis.
els was calculated.
level.
E% column.
results

sFRETb

1475

1004

1844

1711

1698

2069

1633

to the u
zed pix
l-based
s� in the
September/October 2009 � Vol. 14�5�8
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ig. 5 Data analysis in FLIM-FRET microscopy. Change in donor �mTFP� lifetime in the absence and the presence of the acceptor �mKO2� was
easured from cells expressing mTFP alone or mTFP-5aa-mKO2, respectively. The fluorescent lifetime decay kinetics for mTFP �donor� alone and

n the presence of mKO2 �acceptor� were determined by fitting the data into a single or double exponential decay, respectively. These lifetimes
ere estimated using our measured instrument response function �IRF� �see Sec. 2.2.5�. The measured IRF �300 picoseconds at FWHM� of the FLIM

ystem �dotted line� is shown in �a�, where the fitting curve and the raw data points of Cresyl Violet in ethanol �dotted-dashed line and +� used for
erifying the utility of the measured IRF �see Sec. 2.2.5� is also shown. The comparison between the decay curves and the raw data points �a�
learly shows mTFP-5aa-mKO2 �solid line and �� decayed faster than mTFP �coarse dashed line and °�, since mTFP was quenched by mKO2 due
o FRET �see Secs. 2.2.4 and 3.3�. The representative single-exponential decay curve together with the corresponding raw data points of mKO2 �fine
ashed line and −� expressed in mKO2 single-label cells is also shown in �a� �see Secs. 2.2.4 and 3.4�. The corresponding residuals of the
TFP-5aa-mKO2, mTFP, mKO2, and Cresyl Violet fitting curves are shown in �b�, �c�, �d�, and �e� with the same nanosecond �ns� scale used in �a�,

espectively. The lifetime distributions for quenched �left: mTFP-5aa-mKO2� and unquenched �right: mTFP� mTFP are shown in �f� with a picosec-
nd �ps� time scale. A wider distribution of the quenched mTFP lifetime was observed, compared to the unquenched mTFP, since the distance
ariations existed between the mTFP and mKO2 folded proteins in cells even though they were tethered by a 5 amino acid linker �see Sec. 3.3�.
ournal of Biomedical Optics September/October 2009 � Vol. 14�5�054009-9
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Conclusions
enetically encoded fluorescent proteins �FPs� used in com-
ination with sensitized FRET microscopy provide important
ools for detecting protein interactions in their natural envi-
onment within living cells. The orange FPs are the most at-
ractive acceptor candidates, bridging the gap between green
nd red FPs. In this study, we demonstrated that a newly
eveloped orange FP—mKO2—is a suitable acceptor for
TFP, provided optimal excitation wavelengths and emission

anges are available to collect a robust FRET signal. mTFP as
FRET donor has many advantages over CFP and Cerulean.19

he FRET efficiency of the mTFP-5aa-mKO2 construct mea-
ured in live cells was about 54.8% in sFRET microscopy and
8.6% in FLIM-FRET microscopy, showing a good match
see Secs. 3.2 and 3.3�. The photophysical properties of mTFP
nd mKO2 suggest that they are a good FRET pair, especially
hen they are used in sFRET microscopy, because of the low

bsorption of mKO2 at the donor excitation wavelength of
TFP �see Sec. 3.1�. In our spectral FRET experiments, the

xcitation for mKO2 was chosen from a white-light laser
WLL� allowing a tunable excitation wavelength from
70 to 670 nm in 1-nm increments. We believe that the WLL
ill extend the number of usable FRET pairs in general and in
articular those that are orange and red FPs. However, the
sage of mKO2 as an acceptor in sensitized FRET micros-
opy assays is not limited to a WLL, since a HeNe 543-nm
aser should be equally suitable for this FRET pair �see Sec.
.2�.
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Table 3 FLIM-FRET results of mTFP-5aa-mKO2.

Data seta �2 
DA �ns�b E%c

1 1.10 1.121 58.23

2 1.14 1.157 56.89

3 1.11 1.081 59.72

4 1.10 1.092 59.31

5 1.13 1.110 58.64

6 1.14 1.102 58.94

Mean 1.12 1.111 58.63±0.99d

While identical specimens were used for lifetime measurements and sensitized
FRET microscopy, the actual regions of interest �cells� are different, since data
as collected on two different systems.


DA �in nanoseconds� is the lifetime of the quenched mTFP measured from cells
abeled with the mTFP-5aa-mKO2 construct.
E% is determined by Eq. �5�, where 
D is the unquenched mTFP lifetime mea-
ured from the cells labeled only with mTFP, equal to 2.684 ns �see Sec. 3.3�.
±standard deviation, calculated from the data �six cells� in the E% column.
ournal of Biomedical Optics 054009-1
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