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Abstract. The genetically encoded fluorescent proteins (FP), used in
combination with Forster resonance energy transfer (FRET) micros-
copy, provide the tools necessary for the direct visualization of protein
interactions inside living cells. Typically, the Cerulean and Venus vari-
ants of the cyan and yellow FPs are used for FRET studies, but there
are limitations to their use. Here, Cerulean and the newly developed
monomeric Teal FP (mTFP) are compared as FRET donors for Venus
using spectral and fluorescence lifetime measurements from living
cells. The results demonstrate that when compared to Cerulean, mTFP
has increased brightness, optimal excitation using the standard
458-nm laser line, increased photostability, and improved spectral
overlap with Venus. In addition, the two-photon excitation and fluo-
rescence lifetime characteristics are determined for mTFP. Together,
these measurements indicate that mTFP is an excellent donor fluoro-
phore for FRET studies, and that its use may improve the detection of
interactions involving proteins that are difficult to express, or that

need to be produced at low levels in cells. © 2008 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.2939094]
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1 Introduction

The signaling pathways that regulate cellular functions are
mediated by the specific interactions between proteins that
lead to the formation of transient complexes. The assembly of
these protein complexes is being investigated through the
combination of biochemical, genetic, and molecular ap-
proaches. However, the biochemical methods and screening
approaches that are typically used to detect protein interac-
tions may fail to reveal weak or transient interactions that
occur only within the context of the intact cell. Therefore, it is
critical to complement these in-vitro approaches with nonin-
vasive imaging techniques that allow the visualization of dy-
namic protein interactions in their natural environment within
the living cell. The genetically encoded fluorescent proteins
(FPs), used in combination with fluorescence microscopy,
provide the tools necessary for the direct visualization of pro-
tein interactions inside living specimens.'

Many different color FPs have been developed over the
past decade from the engineering of the Aequorea green FP
(GFP)*™ and coral red FP,° as well as the cloning of GFP-
like proteins from other animals.” The sequence encoding a
FP can be linked to the sequence coding for any defined cel-
lular protein, allowing the fusion proteins to be produced in
living cells. Fluorescence microscopy can then be used for
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colocalization experiments in the living specimens. The spa-
tial resolution of the conventional light microscope, however,
is insufficient to directly detect specific protein-protein inter-
actions. One technique that overcomes this limitation is
Forster resonance energy transfer (FRET) microscopy. FRET-
based microscopy techniques detect the effect of the nonradi-
ative transfer of excitation energy from a donor to an acceptor
fluorophore. Because energy transfer depends on the near-
field dipole-dipole interactions between the fluorophores,
FRET can only occur when the fluorophores are separated by
less than about 10 nm. Thus, FRET microscopy can be used
to measure the spatial relationships between proteins on the
scale of angstroms, allowing the analysis of protein-protein
interactions and protein conformational changes.

A key condition for FRET is the strong spectral overlap
between the donor emission and the acceptor absorption
spectra.8 Although many different FPs fulfill this requirement,
the most popular FRET pair currently is the combination of
the Aequorea-based cyan FP (CFP) and yellow FP
(YEP).*®*!% Since their introduction, many changes have
been made to both CFP and YFP that improve their utility in
FRET-based assays. For example, Nagai et al.'' developed a
brighter YFP called Venus that has more efficient maturation
and reduced pH and halide sensitivity. Additionally, Rizzo et
al.'? showed that substitutions on the solvent-exposed surface
of CFP stabilized its excited state, and produced a protein
with an increased quantum yield called Cerulean. Recent
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studies have confirmed that the Cerulean and Venus variants
are among the most efficient of the FP FRET pairs available. 13
However, there are several limitations to the use of this popu-
lar FP pair in FRET-based imaging with laser scanning micro-
scope (LSM) systems, and these are addressed in this study.
Therefore, it is important to characterize new FPs that might
overcome some of these limitations.

Recently, a new FP that emits in the cyan color spectrum
was introduced that has improved brightness and
photostability.'* This new FP, called monomeric teal fluores-
cent protein (mTFP), was generated by the directed evolution
of an optimized synthetic gene library based on the sequence
of a tetrameric cyan protein, cFP484, from the coral Clavu-
laria. Unlike CFP, which has a tryptophan residue at the cen-
tral chromophore position, mTFP has a tyrosine residue in this
position, which is typical of the GFPs. Indeed, both the exci-
tation and emission spectra of the mTFP are shifted to the
green wavelengths when compared to CFP. The mTFP protein
has a high quantum yield and displays a relatively narrow
emission spectrum that strongly overlaps the excitation spec-
trum of the yellow and orange FPs.”™'* In this study, we com-
pared the Cerulean FP and mTFP as FRET donors to the
Venus FP in live-cell imaging assays.

2 Materials and Methods
2.1 Expression Vectors

The plasmid vector encoding the mTFP (gene bank accession
DQ676819) was obtained from Davidson at Florida State Uni-
versity and is commercially available from Allele Biotechnol-
ogy and Pharmaceuticals (San Diego, California). The cDNA
for Venus was obtained from Miyawaki at RIKEN, Japan.”
The Cerulean FP was generated by mutagenesis of the se-
quence encoding the enhanced CFP to incorporate the S72A,
Y145A, and H148D changes.'” The plasmid encoding the
FRET standard fusion protein consisting of Cerulean tethered
to Venus by a five amino acid (aa) linker (Cer-5aa-Venus) was
a gift from Vogel at the National Institutes of Health and was
described earlier.”” The plasmid encoding a similar mTFP
FRET standard fusion protein (mTFP-5aa-Venus) was made
by substitution of the coding sequence for Cerulean with the
c¢DNA for mTFP, which was generated by PCR with primers
incorporating suitable restriction enzyme sites. The Cer-
TRAF-Venus plasmid encodes a fusion protein with Cerulean
and Venus separated by the 229-amino acid tumor necrosis
factor receptor associated factor (TRAF) domain."> A similar
mTFP-TRAF-Venus was made by substitution of the coding
sequence for Cerulean with the cDNA for mTFP.

2.2 Tissue Culture and Transfection

Mouse pituitary GHFT1 cells'® were maintained as monolayer
cultures in Dulbecco’s Modified Eagles Medium (DMEM)
containing 10% newborn calf serum. The cells were harvested
by brief treatment with trypsin, recovered by centrifugation,
and resuspended in Dulbecco’s calcium-magnesium free
phosphate-buffered saline with 0.1% glucose and 0.1 ng/ml
BioBrene (Applied Biosystems, Inc., Foster City, California)
at a final concentration of approximately 1 X 107 cells per ml.
The cells were transfected with the indicated plasmid DNA(s)
by electroporation as described earlier.'”'® The amount of in-
put DNA was kept constant using empty vector DNA. For
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imaging the living cells, suspensions of the transfected cells
were added drop-wise onto a sterile 25-mm or 42-mm 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 attached cells was then inserted
into a chamber, which was filled with CO,-independent me-
dium and placed on the microscope stage.

2.3 Spectral Imaging and Photobleaching

A Zeiss Axiovert 200M epifluorescent motorized microscope
equipped with a plan-apochromat 63X oil NA 1.4 objective
lens, and coupled to the Zeiss 510 confocal-multiphoton-
spectral imaging system was used for the studies described
here. The system was controlled using the LSM software (ver-
sion 3.5). For spectral FRET imaging, the HFT 458/514
beamsplitter was used in combination with the 32-channel
spectral detector and optical grating system to collect lambda
stacks consisting of a series of x-y images at emission wave-
lengths separated by 10.7-nm steps. An algorithm that defines
the spectral signature for each pixel of the scanned confocal
image was used for digital separation of the component
signals.]9 For the photobleaching studies, images of cells ex-
pressing either Cerulean or mTFP were acquired using a 458-
nm-argon laser line at 1.8-uW laser power measured at the
specimen plane. The cells with approximately 2000-gray-level
intensity were then selected and exposed to 80 scan cycles
using the same laser power, and the normalized gray-level
intensity was plotted for each scan.

2.4 Fluorescence Lifetime Measurements

The fluorescence lifetime measurements were made using a
Nikon TE300 epi-fluorescent microscope equipped with a
Plan Fluor 60X NA 1.2 water IR objective lens. The micro-
scope was coupled to the Radiance 2100 confocal/
multiphoton system and a 10-W Verdi pumped, tunable (700
to 1000 nm) mode-locked ultrafast (78 MHz) pulsed
(150 femtosec) laser (Mira 900, Coherent, Incorporated). The
LaserSharp2000 multiphoton configuration was used to scan
the specimen, and the photon-counting module board (SPC-
730, Becker and Hickl GmbH, Berlin, Germany) in the Radi-
ance2100 computer matched the x and y scan synchronizing
pulses with the pixel clock signal from the control unit, allow-
ing pixel-by-pixel registration of the accumulated photons
with the laser scanning. The detector was a fast photomulti-
plier tube (PMT), with a response time of approximately
150 psec (PMH-100, Becker and Hickl GmbH, Berlin, Ger-
many). The minimum temporal resolution of the imaging sys-
tem was approximately 50 psec.20

The excitation beam was tuned to 820 nm for Cerulean or
870 nm for mTFP, and the lifetime images were acquired us-
ing a 480/30-nm emission filter. The laser excitation power
was measured at the specimen plane using a power meter
(SSIM-VIS-IR, Coherent, Incorporated), and was typically
0.7 to 1.5 uW. At this power, a data acquisition time of
120 sec resulted in the accumulation of approximately 2000
photon counts on the PMT. Fluorescence lifetimes were mea-
sured by the time-correlated single photon counting (TCSPC)
method. A fluorescence decay histogram of photon emission
times relative to the laser excitation pulse was generated from
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Fig. 1 The spectral overlap of Cerulean or mTFP with Venus is compared. The excitation and emission spectra for (a) CFP or (b) mTFP in
combination with Venus are shown, illustrating the spectral overlap (gray shaded area). The 458-nm laser line and the FRET emission channel (535
to 590 nm) are shown, with DSBT into the FRET channel indicated by cross-hatching. (c) The efficiency of energy transfer Egger is plotted as a
function of the separation distance (r) for both the Cerulean-Venus and mTFP-Venus fluorophore pairs, and was determined according to Eq. (1)
(see Sec. 3.1). The R, value was determined from the overlap integral J, (see Table 1). The separation distance spanning the range of 0.5 Ry to 1.5
Ry is shaded. (d) The difference in Egger for the Cerulean-Venus and mTFP-Venus pairs is plotted as a function of separation distance.

the distribution of interpulse intervals at each pixel of the
image. The data analysis software (SPCImage version 2.9,
Becker and Hickl GmbH) allows multiexponential curve fit-
ting of the acquired data on a pixel-by-pixel basis using a
weighted least-squares numerical approach.

3 Results and Discussion

3.1 Spectral Characteristics of Cerulean-Venus and
mTeal-Venus Forster Resonance Energy Transfer

Pairs

Here, we compared and contrasted Cerulean and the newly
developed mTFP as donor FPs for Venus in FRET experi-
ments. The new mTFP has several qualities that suggest it
could serve as an improved partner for Venus in intensity-
based FRET measurements. First, the donor used in FRET
studies should have a high quantum yield, and ideally be of
similar brightness to the acceptor. In this regard, Cerulean is
about half as bright as Venus, whereas the mTFP and Venus
have nearly identical brightness (Table 1). Second, the 458-
nm-argon laser line that is available on most LSM systems is
typically used to excite the donor fluorophore in FRET stud-
ies. This laser line, however, is not efficient for the excitation
of CFP (peak excitation 433 nm), and causes some excitation
of the YFP acceptor, resulting in acceptor spectral bleed-
through (ASBT) signal in the FRET channel [Fig. 1(a)]. In
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contrast, the 458-nm laser line is optimal for exciting mTFP
(peak excitation 462 nm), improving the efficiency of donor
excitation without changing the ASBT contribution [Fig.
1(b)].

FRET efficiency, defined as the fraction of donor excita-
tion energy that is transferred to an acceptor, is improved by
increasing the spectral overlap integral (J) of the donor emis-
sion with the absorption spectrum of the acceptor [Fig. 1].
However, it is also important that the donor spectrum is suf-
ficiently narrow to limit the donor spectral bleed-through
(DSBT) into the FRET channel. The comparison of the spec-

Table 1 The characteristics of the Aequorea-based Cerulean and Ve-
nus, and the Clavularia-based mTFP.

Ex Em Quantum Intrinsic
FP (nm)  (nm) yield brightness Ry with Venus
Cerulean 433 475  0.62 27 54 A
mTFP 462 492 0.85 54 61 A
Venus 515 528 0.57 53 NA

031203-3

Intrinsic brightness is the product of quantum yield x extinction coefficient (see
Ref. 5). Ry with Venus is determined by Ry=0.211 [(k)(n"*)(QYp)(U)1°1¢%7.
NA is not applicable.
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Fig. 2 The photobleaching characteristics of Cerulean or mTFP when
illuminated with the 458-nm laser line are compared. Cells that ex-
pressed either Cerulean or mTFP were illuminated with the 458-nm
laser line using 1.8-uW laser power at the specimen plane, and a
single scan was acquired. Cells with approximately 2000 gray-level
intensity were selected and exposed to 80 scan cycles using the same
laser power. The mean normalized gray-level intensity (+SD) for each
consecutive scan was determined for three to five cells.

tral overlap of either CFP or mTFP with Venus illustrates how
the donor emission leads to DSBT [Figs. 1(a) and 1(b)]. Sig-
nificantly, although the peak emission of mTFP is green
shifted by 17 nm compared to CFP, its narrow emission spec-
trum reduces the DSBT component in the FRET channel rela-
tive to that for CFP [Figs. 1(a) and 1(b)]. What is more, de-
spite its narrow emission spectrum, mTFP shares more
overlap with Venus than does CFP, and the increased J, re-
sults in a larger Forster distance [R; see Fig. 1(c) and Table
1]. The dependence of FRET efficiency (Erggr) on the dis-
tance separating the fluorophores is described by the equation:

E Rg 1

FRET_R8+r6- (1)
Because Erggr varies as the inverse of the sixth power of the
separation distance (r) between the fluorophores, the graph
representing this relationship falls off sharply over the range
of 0.5 Ry to 1.5 Ry [Fig. 1(c)]. Therefore, the increased R, for
the mTFP-Venus pair (Fig. 1 and Table 1) has a significant
effect on the FRET efficiency over this range. When com-
pared to Cerulean, the Eggpr for mTFP to Venus is predicted
to increase as much as 17% for separation distances around
the R, [Fig. 1(d)]. Thus, the increased brightness and im-
proved spectral overlap make the combination of mTFP and
Venus an attractive pair for FRET measurements. Other fac-
tors, however, are also important in determining whether a
particular FP pair will perform well in live-cell imaging ex-
periments.

3.2 Photostability of Cerulean and Teal Fluorescent
Proteins

When making FRET measurements, it is important that the
donor fluorophore be stable under the conditions and time
frame used in the experiments. In their earlier study, Ai et al."*
demonstrated using purified proteins that the mTFP was more
photostable than Cerulean. Here, we directly compared the
photostability of Cerulean and mTFP that were expressed in
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Fig. 3 The emission spectra were acquired from cells that expressed
the Cerulean, mTFP, or Venus FPs. Spectral imaging with the 32-
channel detector was used to collect lambda stacks at a bandwidth of
10.7 nm from cells that expressed either (a) Cerulean, (b) mTFP, or (c)
Venus; the calibration bar indicates 10 um. The lambda stacks were
used to generate the reference spectra shown for each fluorophore. (c)
The Venus emission spectrum was acquired with excitation using ei-
ther the 514-nm (solid line) or 458-nm (dotted line) laser line. These
reference spectra were used for spectral unmixing of the component
signals from cells that expressed the Cerulean-Venus or mTFP-Venus
fusion proteins.

living cells. The cells producing similar levels of either Cer-
ulean or mTFP were identified by LSM using illumination
with the 458-nm laser line. The selected cells were then sub-
jected to repeated scan cycles at 1.8-uW laser power mea-
sured at the focal plane, a power level that is typically used in
our experiments. Under these conditions, the rates of pho-
tobleaching for mTFP and Cerulean were similar (Fig. 2).
However, given that the molar extinction coefficients are
43,000 M~ cm™! for Cerulean (measured at the peak of the
absorption spectrum at 433 nm), and 64,000 M~ cm™! for
mTFP (measured at the peak of the mTFP absorption spec-
trum at 462 nm), and that Cerulean is excited at 458 nm
where the absorption is about 75%, we would expect about
twice as many molecules of mTFP to be excited under these
conditions. This result indicates that mTFP was more photo-

May/June 2008 < Vol. 13(3)



Day, Booker, and Periasamy: Characterization of an improved donor fluorescent protein...

a 4000
Cer-5aa-Venus

Ex 458 nm
30001

20004
10004 /\

400 450 500 550 600 650
Cer-TRAF-Venus
Ex 458 nm

30001
20001
1000 1

0

400 450 500 550 600 650
Emission wavelength (nm)
mTFP-5aa-Venus

Ex 458 nm

o

4000

Intensity

b 4000

30001

20001
1000 1

400 450 500 550 600 650
mTFP-TRAF-Venus
Ex 458 nm

o

4000

Intensity

30001

20001

10001

400 450 500 550 600 650
Emission wavelength (nm)

Fig. 4 The spectral measurements of the signal from cells expressing
either (a) Cerulean or (b) mTFP directly coupled to Venus. The cali-
bration bar indicates 10 um. The FRET standards (Cer-5aa-Venus and
mTFP-5aa-Venus) show a strong acceptor signal relative to the donor
signal, which is consistent with FRET. In contrast, the Cer-TRAF-Venus
and mTFP-TRAF-Venus show reduced acceptor signal relative to the
donor, consistent with low FRET efficiency. Spectral imaging was used
to collect lambda stacks from cells that expressed the fusion proteins,
and the reference spectra in Fig. 3 were used for spectral unmixing of
the component signals from cells that expressed the different fusion
proteins to determine the mean FRET efficiency for each fusion pro-
tein (Table 2).

stable than Cerulean when expressed in living cells.

3.3 Spectral Forster Resonance Energy Transfer
Imaging of Teal and Venus Fusion Proteins

The accurate measurement of FRET signals requires the re-
moval of both the donor and the acceptor SBT background
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from the signal acquired in the FRET channel.”'* In this
regard, spectral imaging combined with linear unmixing is
among the most accurate methods for removing the contribu-
tion of DSBT from the FRET signal.lg‘B’25 Here, we used the
32-channel spectral detector to collect lambda stacks at a
bandwidth of 10.7 nm to generate the reference spectra for
the unlinked Cerulean, mTFP, or Venus proteins [Figs.
3(a)-3(c)]. The reference spectra were used for unmixing of
the component signals obtained from cells that expressed the
different fusion proteins. The spectral unmixing approach al-
lowed the removal of the DSBT from the FRET signal, avoid-
ing potential problems associated with this correction that is
common in filter-based imaging.22 However, because the
spectra for both the FRET signal and the ASBT are identical
[Fig. 3(c)], other methods must be used to correct for the
ASBT component.

Recently, we developed an approach to remove the ASBT
component from the spectral FRET (ps-FRET) data that is
similar to other established methods for SBT correction in
filter-based FRET microscopy systems.25 The ps-FRET ap-
proach was used to quantify FRET signals from fusion pro-
teins consisting of either Cerulean or mTFP coupled to Venus.
In an earlier study, Thaler et al."> showed that the Cer-5aa-
Venus fusion protein yielded average FRET efficiencies of
approximately 45%, and we have confirmed this result.”
Here, we compared the spectral measurements acquired from
cells expressing either Cer-5aa-Venus or mTFP-5aa-Venus
(see Sec. 2, Materials and Methods). In addition, we also
characterized the signals from fusion proteins designed to
have low FRET efficiencies. Earlier, Thaler et al.> showed
that insertion of the 229 aa TRAF domain between Cerulean
and Venus (Cer-TRAF-Venus) reduced the average FRET ef-
ficiency for the fusion protein to less than 10%. We used this
fusion protein, as well as the mTFP-TRAF-Venus (see Sec. 2,
Material and Methods) fusion protein to characterize mea-
surements of low FRET efficiency.

The emission spectra for the different fusion proteins were
obtained using excitation with the 458-nm laser line. The
quantification of the ps-FRET measurements is presented in
Table 2, and representative spectra for each of the fusion pro-
teins are shown in Fig. 4. The results graphically illustrate the
relative contributions of sensitized acceptor emission and
SBT signals to the emission spectra for the different fusion
proteins (Fig. 4). The emission spectra for the strong FRET
standard proteins (Cer-5aa-Venus or mTFP-5aa-Venus) clearly
show the contribution of sensitized acceptor emission to the
spectral profile [Figs. 4(a) and 4(b)]. In contrast, comparison
of the spectra from the fusion proteins with weak FRET sig-
nals (Cer-TRAF-Venus and mTFP-TRAF-Venus) revealed the
contribution of ASBT [Fig. 4(b)]. Moreover, comparison of
the donor and ASBT peaks for the two different TRAF-linked
fusion proteins demonstrated how the increased brightness of
mTFP (Table 1) improved the donor signal relative to the
ASBT signal [Figs. 4(a) and 4(b)]. The quantified ps-FRET
results (Table 2) showed a modest improvement in Erggy for
the mTFP-5aa-Venus fusion protein when compared to the
Cerulean-5aa-Venus fusion protein.
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Table 2 FRET measurements of Cerulean or mTFP fusions to Venus.
Values for Cer-5aa-Venus for ps-FRET is +SD, n=5, and for 74 (ns) is
determined by E=1—(7pa/7p); see text.

Fluorescence

Fusion protein ps-FRET lifetime

A (ns) Errer
Cer-5aa-Venus 49.5+2 1.21£0.12 51
Cer-TRAF-Venus 10.7£3 2.32+0.04 7
mTFP-5aa-Venus 55.3+2 1.11+£0.06 55
mTFP-TRAF-Venus 11.5£2 2.22+£0.07 11

3.4 Acceptor Photobleaching Forster Resonance
Energy Transfer Imaging of the Teal-Venus
Fusion Proteins

We verified the ps-FRET measurements using acceptor pho-
tobleaching FRET (ap-FRET), a method that does not require
correction for SBT. Here, the spectra for the mTFP-5aa-Venus
and mTFP-TRAF-Venus fusion proteins measured using exci-
tation with the 458-nm laser line, and the linked Venus fluo-
rophores, were then selectively photobleached using the 514
laser line. The spectra were then reacquired under identical
conditions to the first measurements, and changes in the donor
signal were measured. The pre- and postacceptor bleach spec-
tra for mTFP-5aa-Venus [Fig. 5(a)] revealed a significant in-
crease in the donor signal, with a mean change of 48.3 =12
(determined for five cells = SD). In contrast, ap-FRET for the
mTFP-TRAF-Venus fusion protein [Fig. 5(b)] yielded an av-
erage change in the donor signal of about 5%.

3.5 Fluorescence Lifetime Imaging Microscopy
Forster Resonance Energy Transfer Imaging

The FLIM-FRET method was then used to confirm and ex-
tend these observations. Because FLIM relies on measure-
ment of the donor fluorescence lifetime in the absence and
presence of an acceptor, it provides a method for acquiring
FRET measurements that is independent of the intensity-
based approaches described before.® Here, we used 2p excita-
tion and the TCSPC method to acquire the donor fluorescence
lifetime measurements (see Sec. 2, Material and Methods).
The 2p excitation spectrum for mTFP was measured, and the
results indicated that the peak 2p excitation for mTFP oc-
curred near 870 nm [Fig. 6(a)]. In a previous study, we deter-
mined that 820 nm was optimal for 2p excitation of CFP.*
The longer wavelength light reduces photobleaching and pho-
todamage to the specimen outside the focal plane, but there
can be substantial photobleaching of the fluorophores at the
focal plane. Earlier, we showed that photobleaching of CFP
could affect its excited-state 1ifetime,26 and we have made
similar observations with other fluorophores (data not shown).
Therefore, it was important to establish 2p excitation condi-
tions that avoided photobleaching of the fluorophores. Here,
we determined that both Cerulean and mTFP were stable un-
der 2p excitation for the duration of the experimental mea-
surements when using approximately 0.7 to 1.5 uW laser

Journal of Biomedical Optics

031203-6

a 4000 Prebleach

mTFP-5aa-Venus

Ex 458 nm
30001

20004

10001

=

400 450 500 550 600 650
4000

Postbleach
mTFP-5aa-Venug
Ex 458 nm

Intensity

30001

20004

1000 4

400 450 500 550 600 650
Emission wavelength (nm)

b 4000 Prebleach
mTFP-TRAF-Venus

Ex 458 nm

30001

20004

1000 4

o

400 450 500 550 600 650

4000
Postbleach

mTFP-TRAF-Venus|
Ex 458 nm

Intensity

30001

2000+

10004

400 450 500 550 600 650
Emission wavelength (nm)

Fig. 5 The measurement of the changes in the donor signals from
either the (a) mTFP-5aa-Venus or (b) mTFP-TRAF-Venus fusion pro-
teins after acceptor photobleaching. Spectral measurements were ac-
quired from cells expressing the indicated fusion proteins; the calibra-
tion bar indicates 10 um. The linked Venus fluorophore was then
photobleached by more than 70% using the 514-nm laser line. The
spectral measurements were then reacquired under identical condi-
tions to the first, and changes in the donor signal were measured. The
dashed line in (a) indicates the change in the donor signal for the
mTFP-5aa-Venus fusion protein. In contrast, there was little change in
the donor signal for (b) mTFP-TRAF-Venus following acceptor
photobleaching.

power, measured at the specimen plane. The fluorescence life-
times for Cerulean and mTFP were acquired by the TCSPC
method using the pulsed laser line tuned to 820 nm for Cer-
ulean or 870 nm for mTFP. The results showed that both Cer-
ulean and mTFP had similar mean fluorescence lifetimes
when measured in two different cellular environments (cyto-
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Fig. 6 The 2p-excitation spectrum for mTFP and donor lifetime measurements for the fusion proteins consisting of Cerulean or mTFP linked to
Venus. (a) Cells expressing mTFP alone were illuminated at the indicated wavelength, and the normalize gray-level intensity (+SD) was deter-
mined. (b) Cells expressing Cerulean or mTFP alone, or the FRET standards Cer-5aa-Venus or mTFP-5aa-Venus, were used to acquire fluorescence
lifetime measurements as described in the text. The fluorescence lifetime decay kinetics for donor fluorophores alone or in the presence of Venus
were determined by fitting the data to a double exponential decay. The lifetime distributions for representative cells expressing (c) Cerulean (the
calibration bar indicates 10 um), (d) mTFP, (e) Cer-5aa-Venus, or (f) mTFP-5aa-Venus are shown. The results of the fluorescence lifetime analysis

are summarized in Tables 2 and 3.

sol and nuclei) (Table 3). The fluorescence lifetime decay
curves for Cerulean and mTFP were fitted to both single and
double exponential decay models, and in both cases there was
a better fit to the double exponential decay model (Table 3).

The fluorescence lifetimes of Cerulean or mTFP expressed
in living cells were then compared to measurements from
cells that expressed the fusion proteins consisting of either
Cerulean or mTFP tethered to Venus [Fig. 6(b)]. The lifetimes
were determined by TCSPC using either 820 nm (Cerulean)
or 870 nm (mTFP) to excite the donor fluorophores at a laser
power that did not bleach the fluorophores (see Sec. 2.4, Ma-
terial and Methods). Here, it is important to point out that
because of the broad 2p excitation spectra for the FPs, there
will be some excitation of Venus at both 820 and 870 nm.
Because we used low laser power to avoid donor pho-
tobleaching, it was necessary to select the peak excitation
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wavelength for mTFP, but this might not be optimal in all
situations. The results were fitted using a double exponential
decay model [Fig. 6(b)]. Additionally, representative lifetime
images and graphs showing the lifetime distribution are pro-
vided for cells expressing each of the proteins [Figs.
6(c)-6(f)]. For the FRET standards, Cer-5aa-Venus and
mTFP-5aa-Venus, there was strong quenching of the donor,
resulting in a shortening of the mean donor excited state life-
time [Table 2 and Figs. 6(c)-6(f)]. These measurements were
used to determine the FRET efficiency for the linked fluoro-
phores, and results were in good agreement with the ps-FRET
measurements (Table 2). Also agreeing with the ps-FRET
measurements, we observed that there was significantly less
quenching of the donor fluorophore for the Cer-TRAF-Venus
and mTFP-TRAF-Venus, corresponding to FRET efficiencies
of about 10% (Table 2).
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Table 3 Fluorescence lifetime measurements for single () and double exponential decays (7, and 7,), determined for ROI in the cytosol or the

nucleus for six cells.

FP Cytosol Nucleus
T X2 7 72 T X2 7 72 X
Cerulean 2.7+0.08 1.71 2.57+0.14 2.87+0.23 1.49 2.67+0.12 1.54 2.64+0.09 2.76+0.12 1.32
(£SD, n=6)
Teal 2.65+0.12 1.8 2.60+0.11 2.67+0.13 1.56 2.61£0.11 2.06 2.61+0.08 2.64+0.09 1.77

4 Conclusion

Together, our studies indicate that mTFP has advantages over
Cerulean as a FRET donor for Venus. The increased bright-
ness of mTFP, and its optimal excitation using the standard
458-nm laser line, should improve the detection of proteins
that are difficult to express in cells, or that need to be pro-
duced at low levels in cells. Furthermore, the increased pho-
tostability and improved spectral overlap with acceptor pro-
teins, such as Venus or newer generation orange FPS,27 make
mTFP an appealing donor fluorophore for FRET measure-
ments. Here, we verified the intensity-based FRET measure-
ments for the mTFP-Venus fusion protein by using fluores-
cence lifetime measurements. Finally, since the mTFP was
engineered from a protein originating in a different species,
the likelihood of dimer formation with the Aequorea FP vari-
ants is reduced. In this regard, Cerulean and mTFP share
about 41% sequence homology, but there is little homology in
the carboxyl terminal dimer interface identified for the Aequo-
rea FPs.*®

While the interactions between the FPs themselves is an
unwanted characteristic for most FRET experiments,28 it can
be an advantage in assays that use FRET-based biosensor
probes. These probes have a sensor domain that directly links
the donor and acceptor FPs, allowing conformational changes
in the sensor domain to be detected by changes in the emis-
sion ratio.” An earlier study sought to improve the dynamic
range of the FRET sensor probes by using the directed coevo-
lution of both CFP and YFP.*’ This approach yielded sensor
probes with substantially enhanced FRET signals, even
though the evolved FPs had similar spectral characteristics
and slightly decreased quantum yields when compared to the
original FPs. This apparent contradiction was recently re-
solved when it was shown that the enhanced FRET signals
resulted from mutations that promoted the stabilization of an
intramolecular complex formed by the linked FPs.**!

Here, we show that mTFP has improved characteristics
when compared to Cerulean as a FRET donor for Venus, but
we do not observe the expected enhanced efficiency predicted
by the increased Ry [see Fig. 1(d) and Table 2]. The observa-
tion that the ps-FRET and FLIM-FRET measurements were in
close agreement argues that it is not a photophysical property
that limits energy transfer from mTFP to Venus. It is possible
that there is a more stable association between the linked Cer-
ulean and Venus FPs, which would effectively increase the
average FRET efficiency of this pair. Alternatively, a less fa-
vorable orientation of the dipole vectors could lead to the
lower FRET efficiency observed for the mTFP-Venus pro-
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teins. As with all new FPs, it is possible that unforeseen char-
acteristics could potentially limit the utility of this new probe
for particular applications. For example, the evolved red FPs”’
have spectral characteristics that should make them excellent
acceptor proteins for FRET, and yet these proteins have
proven to be relatively poor FRET partners. This underscores
the importance of the results shown here, which demonstrate
that mTFP, with its increased brightness and photostability,
and optimal excitation using the standard laser line, is an ex-
cellent donor fluorophore for FRET studies.
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