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ABSTRACT

The combined use of fluorescence resonance energy transfer (FRET) microscopy and expression of genetic
vectors encoding protein fusions with green fluorescent protein (GFP) and blue fluorescent protein (BFP)
provides an exceptionally sensitive method for detecting the interaction of protein partners in living cells. The
acquisition of FRET signals from GFP- and BFP-fusion proteins expressed in living cells was demonstrated
using an optimized imaging system and high sensitivity charge coupled device camera. This imaging system
was used to detect energy transfer signals from a fusion protein containing GFP physically linked to BFP
expressed in living HeLa cells. In contrast, the co-localization of noninteracting GFP- and BFP-fusion proteins
was not sufficient for energy transfer. The FRET imaging system was then used to demonstrate dimerization
of the pituitary-specific transcription factor Pit-1 within the living cell nucleus. © 1998 Society of Photo-Optical Instru-
mentation Engineers. [S1083-3668(98)00802-8]
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1 INTRODUCTION

Microscope imaging of fluorescent probes in living
cells provides an unparalleled perspective on the
complex events that regulate cellular function. The
jellyfish green fluorescent protein (GFP) has proven
to be a versatile probe for microscopic imaging of
living cells. GFP retains its characteristic fluores-
cence when fused to other protein sequences, al-
lowing it to be used as a marker for protein local-
ization within the living cell. Fluorescence
microscopy has been used to localize the subcellu-
lar distribution of GFP-fusion proteins' and to visu-
alize dynamic changes in their localization in intact
living cells.>® Mutant forms of GFP with emission
in both the green and the blue spectrum (blue fluo-
rescent protein, BFP) have been isolated.”® These
different color fluorophores provide a general
method for simultaneously labeling two different
proteins within the same living cells. Moreover, the
excitation and emission spectra for the mutant GFP
and BFP proteins are compatible with the technique
of fluorescence resonance energy transfer (FRET),
making this unique noninvasive imaging approach
more generally applicable.”?

We have used the expression of genetic vectors
encoding GFP- and BFP-fusion proteins in living
cells to optimize an imaging system for the acquisi-
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tion of GFP-, BFP-, and FRET-fluorescence signals
from single living cells.” We describe here the char-
acterization of FRET signals from single living cells
using this imaging system. We then describe the
application of this approach to monitor the dimer-
ization of a pituitary-specific transcription factor
known as Pit-1 within the living cell nucleus. The
Pit-1 protein is a member of the homeodomain
transcription factor family that includes the oc-
tamer binding proteins,'® Oct-1 and Oct-2. Pit-1 is
expressed in several different anterior pituitary cell
types, where it functions as an important determi-
nant of pituitary-specific gene expression.'’ The
protein was cloned based upon its binding to cell-
specific DNA elements in the promoter regions of
the rat 2prolac’cin (PRL) and growth hormone (GH)
genes.'> We have chosen to use this important tran-
scription factor in the development of the FRET im-
aging approach because the domain structure of the
protein has been mapped, and the protein—Bprotein
interactions have been well characterized."” " Us-
ing GFP- and BFP-Pit-1 fusion proteins and the
FRET imaging approach, we demonstrate Pit-1 pro-
tein dimerization in the living cell nucleus. Our re-
sults illustrate the power of the combination of
GFP-fusion proteins, a high sensitivity detector and
the FRET technique for visualizing where and
when proteins interact in the living cell.

1083-3668/98/$10.00 © 1998 SPIE



2 FRET MICROSCOPY

FRET is a quantum mechanical effect that occurs
when the emission energy of a donor fluorophore
(D) coincides with the energy required to excite an
acceptor fluorophore (A). The energy from D can
be transferred directly to A if the proximity of the
two fluorophores is within ~10 to ~100 A. Energy
is transferred nonradiatively by means of intermo-
lecular long-range dipole-dipole coupling.'®!” The
rate of energy transfer depends upon the extent of
overlap of the emission spectrum for D with the
absorption spectrum for A, the distance between D
and A, and the relative orientation of D and A tran-
sition dipoles. For GFP-fusion proteins, it is not
possible to know the precise positioning of the fluo-
rophores relative to one another in space due to the
flexibility of the protein structure. This flexibility
does, however, provide dynamic averaging of the
relative orientations of D and A, thus minimizing
the contribution of the orientation factor.'® The effi-
ciency of energy transfer varies inversely with the
sixth power of the distance separating D and A; the
range over which resonance energy transfer can oc-
cur is limited to 0.001-0.01 um (10-100 A). Further,
the efficiency of energy transfer is extraordinarily
sensitive to the distance separating D and A
fluorophores.” Based upon the significant overlap
in the emission spectrum of BFPYSHYISF with the
excitation spectrum of GFP%%T it was predicted
that these fluorophores would be suitable as donor
(D) and acceptor (A) for FRET.® The Forster dis-
tance (Ro), the distance separating D and A at
which the average efficiency of energy transfer is
50%, was estimated by the energy transfer rate
equation to be 40 A for BFPY®®H Y and GFPST,
assuming a random orientation for the
fluorophores.” Since the efficiency of energy trans-
fer decreases dramatically over the range of 0.5 Ro-
1.5 Ro, the energy transfer signal at a particular lo-
cation within the microscope image provides
spatial information about the relative proximity of
the two fluorophores that surpasses the optical
resolution of the light microscope. When used in
combination with GFP- and BFP-fusion proteins,
FRET imaging provides a method to resolve co-
localization of D- and A- proteins within
~0.04 um? in the living cell, and allows real-time
visualization of intimate interactions between pro-
tein partners.

2.1 FRET IMAGING SYSTEM DESCRIPTION

The FRET imaging system used in these studies is
based on a conventional inverted microscope
equipped for epi-fluorescence and transmitted illu-
mination (IX-70, Universal infinity system; Olym-
pus America Inc., Melville, N\{).g’21 Fluorescence
images were acquired using a Planapo 100X (oil,
NA 1.4) or 60X (water, NA 1.2) objective lens. The
excitation light source was a 100 W mercury—xenon
arc lamp (Hamamatsu Corp., Middlesex, NY)

FRET IMAGING OF PIT-1 PROTEIN INTERACTIONS

coupled to an excitation (ex) and neutral density
(ND) filter wheels (Ludl Electronic Products Ltd.,
Hawthorne, NY). The emission (em) filter wheel is
coupled between the output port of the microscope
and the camera. The following filter sets from
Omega (Omega Optical Inc., Brattleboro, VT) were
used (also see Fig. 1): for BFP, excitation
(ex)=365/15nm, dichroic mirror (dm)=390 nm,
emission (em)=460/50 nm; for GFP, ex=485/22 nm,
dm=510 nm, em=535/50 nm; for FRET, ex=365/
15 nm, dm=390 nm, em=520/40 nm. Fluorescence
image acquisition was achieved using a slow scan,
liquid nitrogen-cooled (—93°C) charge coupled
device (CCD) camera with a back-thinned, back-
illuminated imaging chip (CH260, Photometrics,
Ltd., Tucson, AZ). This camera has extremely low
dark current and very high sensitivity, and is sig-
nificant for the FRET imaging approach described
here, because of a quantum efficiency of approxi-
mately 32% for blue light, compared to ~12% for
other conventional CCD cameras. The digital image
output of the camera is 512X 512 pixels with 16 bits
resolution. The Silicon Graphics, Inc. (SGI) based
Isee software (Inovision Corp., RTP, Raleigh, NC)
was used to integrate the operation of the camera,
filter wheels, image acquisition, and image process-
ing.

3 CHARACTERIZATION OF FRET
MICROSCOPY

3.1 IMAGING GFP- AND BFP-FUSION
PROTEINS IN LIVING CELLS

Construction of some of the GFP- and BFP-fusion
protein expression vector DNAs, as well as cell cul-
ture conditions and transfection of the HeLa cell
line were described previously.” Briefly, the cDNA
sequences encoding the GFP mutant proteins S65T
and Y66H, Y154F with optimal human codon
usage® were inserted into the pCMV vector® to
generate cxtomegalovirus (CMV) GFP®T  and
pCMV BFPYSHYIE - regpectively. The CMV GFP-
3aa-BFP vector encoding GFP fused to BFP by a 3
aa linker was prepared by ligation of the
BFPYSOH YIS (DNA into the polylinker region of
the CMV GFP5®T. This placed the BFP coding se-
quence in the reading frame of GFP, separating the
two cDNA sequences by a unique EcoRI site (CCG-
GAATTC) encoding the protein sequence PEF. The
CMV GFP- and BFP-Pit-1 vectors were prepared by
insertion of the Pit-1 cDNA into a unique restriction
endonuclease site at the extreme 3’ terminus of the
fluorescent protein coding sequences. The resulting
vectors encode GFP or BFP followed by the 5 aa
sequence YPLVG and the complete Pit-1 protein se-
quence. The vector encoding GFP with a nuclear
localization signal (NLS) was prepared by insertion
of a duplex oligonucleotide sequence encoding the
5V40 NLS protein sequence LYPKKKRKGVEDQYK
at the 3’ terminus of the GFP coding sequence.
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HeLa cells were transiently transfected with the
indicated expression vectors by electroporation, di-
luted in phenol red-free medium containing serum
and used to inoculate 35 mm culture dishes con-
taining 25 mm glass cover slips. The cells were
maintained at 33°C in a humidified 5% CO, incuba-
tor for 24-48 h prior to FRET imaging. This lower
temperature was selected to optimize the folding of
the GFP and BFP chromophores. For fluorescence
microscopy, a cover slip with a monolayer of trans-
fected cells was placed in a chamber designed spe-
cifically for the microscope stage.?! Transmitted il-
lumination was used to acquire a focused image of
the cells, and the field of cells was then scanned for
fluorescence using the appropriate filter combina-
tions for either GFP or BFP (Sec. 2.1). Neutral den-
sity filter and integration time on the cooled CCD
chip were adjusted to minimize photobleaching
and to obtain an optimal signal-to-noise (5/N) ra-
tio. After acquiring an image, a background image
was obtained under the same conditions and digi-
tally subtracted from the original image. The
background-subtracted images were stored on the
computer for further FRET image analysis.

3.2 CHARACTERIZATION OF SPECTRAL
OVERLAP IN FRET IMAGING

We previously described the characterization of ex-
citation and emission filters used to discriminate
the fluorescence from GFP- and BFP-fusion proteins
expressed in the same cell, and to detect the trans-
fer of energy from donor (BFP) to acceptor (GFP).]
In the present study, we acquired images from cells
expressing different levels of the GFP- and BFP-
fusion proteins using the different filter combina-
tions to determine the amount of channel overlap
for the two fluorophores. HeLa cells were trans-
fected expression vectors encoding either the GFP-
or the BFP-Pit-1 fusion proteins independently. In-
dividual cells expressing the fusion proteins were
identified by nuclear fluorescence at the wave-
length appropriate for the fluorophore. Between
eight and 12 individual cells expressing different
levels of the fusion protein were imaged with each
of the three filter combinations (see Sec. 2.1), and
the gray level intensity of fluorescence signal in
each channel was determined under constant con-
ditions of neutral density and integration time. The
results shown in Figure 1, represent graphically the
level of signal detected with each of the three filter
combinations for cells expressing different levels of
either GFP-Pit-1 (top left) or BFP-Pit-1 (top right).
With increasing levels of expression of GFP-Pit-1
we observed little change in the fluorescence signal
monitored with either the BFP (Ex 365/15, Em 460/
50) or FRET (Ex 365/15, Em 520/40) channels until
the GFP signal approached the saturation level for
the detector (cell 10, 65 K maximum). Moreover, no
overlap of the BFP signal was detected with the
GFP filter (Ex 485/22, Em 535/50), and the BFP sig-
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Fig. 1 Characterization of the filter combinations and channel
overlap for cells expressing independently GFP and BFP. Litle
change in FRET signals occurred in the green-only transfected cells
at higher expression levels of GFP (left). The graph on the right,
blue-only transfected cells, shows the FRET signals are approxi-
mately constant and increase at higher expression levels of BFP.

nal detected in the FRET channel was constant at
approximately 50% of the signal detected with the
BFP channel. These results demonstrated that there
was minimal overlap of the GFP signal into the
FRET channel.

3.3 FRET IMAGING OF LIVING CELLS
EXPRESSING GFP-BFP FUSION PROTEINS

We next used fusion proteins in which GFP was
physically coupled to BFP through a protein linker
to characterize the acquisition of FRET signals from
single living cells. Protein fusions in which GFP
was directly coupled to BFP were originally used in
in vitro experiments to validate resonance energy
transfer between these probes.”® We demonstrated
previously the acquisition of a FRET signal from
single living HeLa cells expressing GFP coupled di-
rectly to BFP through protein linker of 29 randomly
assigned amino acids (aa).’ Here we extend this
important control experiment by comparing the
FRET signal generated by GFP separated from BFP
by 3 aa linker (GFP-3aa-BFP). Cells expressing the
fusion proteins were first identified by green fluo-
rescence [Figure 2(B)]. This fusion protein does not
contain a subcellular localization signal, and fluo-
rescence is uniform throughout the cell. A second
image is acquired of donor fluorescence (BFP) from
the same cell, and a background-subtracted image
is obtained [Ip, Figure 2(A)]. We then acquire a
third image of the cell using the acceptor (FRET)
filter set and the background-subtracted acceptor
fluorescence is obtained (I 4, not shown). The cam-
era gain, ND filter, and image acquisition time are
kept constant for these two images (I4 and Ip). Ac-
quisition times for the relatively dim donor fluores-
cence typically range from 1 to 5 s depending upon
expression level and ND used. We then use the SGI
based Isee software to obtain a pixel-by-pixel ratio
of acceptor to donor fluorescence to yield the pro-
cessed FRET image [I, /Ip, Figure 2(C)]. A look-up
table was applied to the resulting image and the
red color indicates the highest gray level intensity
[Figure 2(C)]. This image indicated that the accep-
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Fig. 2 FRET imaging of cells expressing GFP linked to BFP [Figures 2(A)-2(C)]. FRET imaging of a Hela cell expressing GFP-3aa-BFP. A GFP image (B) and the background-subtracted BFP donor
image (Ip ; A) are shown. A background-subtracted acceptor image (/4) (not shown) was acquired and the ratio of acceptor and donor images was obtained (/4 /I ; C). Red color indicates maximum
gray-scale intensity corresponding to an increased I, /Iy, consistent with energy transfer. FRET imaging of a Hela cell expressing nuclear localized GFP-NLS and BFP-Pit-1 [Figures 2(F)-2(G]].
Background-subtracted BFP donor image (I ; E), GFP image (F), and the ratioed image (/4 /Ip; G) are shown. Blue color in the nucleus indicates a decrease in the I, /I ratio in this region. FRET
image of the nucleus of a cell expressing GFP-Pit-1 and BFP-Pit-1 [Figures 2(I)-2(K)]. A FRET image (/4 /Ip, K) was obtained from a Hela cell co-expressing GFP-Pit-1 and BFP-Pit-1 and processed to
resolve the spatial distribution of the energy transfer signal in the living cell nucleus. The red color represents the energy transfer signals indicative of Pit-1 dimerization. Figures 2(D), 2(H), and 2(L)
illustrate the histogram of the FRET image of nuclei Figures 2(C), 2(G), and 2(K), respectively. This histogram clearly demonstrates that the nucleus has considerably less FRET signal [< 1024 gray level
intensity, Figure 2(H)] for noninteracting but co-localized proteins compared to the 3aa linker [Figure 2(D)] and Pit-1 protein dimerization [Figure 2(D)] in the nucleus where FRET signal is >1024.
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tor was significantly greater than the donor signal,
consistent with energy transfer from BFP to GFP.

3.4 IMAGING CO-LOCALIZED, BUT
NONINTERACTING, GFP- AND BFP-FUSION
PROTEINS

To demonstrate that simple co-localization of the
blue and green fluorophores was not sufficient to
yield energy transfer we co-expressed GFP with a
nuclear localization signal (GFP-NLS) and the BFP-
Pit-1 fusion protein in the same HeLa cells (see Sec.
3.1. for details). The Pit-1 protein is exclusively lo-
calized to the nucleus and co-expression with the
GFP-NLS resulted in both green and blue fluoro-
phores in the nuclear compartment [Figures 2(F)
and 2(E)]. We then applied the same imaging pro-
tocol described above for the GFP-3a4-BFP fusion
to these cells. The same look-up table and contrast
levels were applied to processed FRET image and
the results revealed that I, was less than the D sig-
nal in the nuclear compartment (indicated by the
blue color in the cell nucleus compared to red color
surrounding the cells) consistent with the expected
result of no energy transfer between the noninter-
acting, but co-localized, proteins [Figure 2(G)]. The
difference in gray level intensity in the histogram
[Figures 2(D) and 2(H)] also confirms that the en-
ergy transfer occurs in 3aa linker but not in the
co-localized proteins. Together, these results dem-
onstrated that FRET signals can be monitored in
single living cells using the digital imaging system
described here, and that simple co-localization of
the fluorophores was not sufficient for resonance
energy transfer.

4 FRET IMAGING OF PIT-1 PROTEIN
DIMERIZATION IN THE LIVING
CELL NUCLEUS

The FRET imaging protocol was then applied to
cells co-expressing GFP- and BFP-Pit-1 to determine
if dimerized Pit-1 proteins could be detected in the
living cell nucleus. This is significant because in
vitro biochemical studies demonstrated that the
Pit-1 proteins exist as monomers in solution, and
only forms dimers when interacting with specific
pituitary gene DNA elements."' ™ Since the genes
that are transcriptionally activated by Pit-1 are not
expressed in Hela cells, these biochemical studies
imply that Pit-1 would not dimerize in these cells,
and FRET imaging should fail to detect energy
transfer. Alternatively, if the Pit-1 protein associates
as a dimer with other structures within the nuclear
compartment, it is possible that this would be de-
tected by FRET imaging. HelLa cells were co-
transfected with the individual expression vectors
encoding the GFP-Pit-1 and BFP-Pit-1 fusion pro-
teins as described above (Sec. 3.1.). The GFP and
BFP fluorophores were positioned at the amino ter-
minus of the Pit-1 protein, in proximity to the trans-
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activation domain. Expression of the full length
GFP-Pit-1 fusion protein was confirmed by Western
blotting, the fusion protein was shown to bind with
high affinity Pit-1 DNA elements using the gel mo-
bility shift assay (data not shown). Moreover, tran-
sient transfection of the GFP-Pit-1 protein resulted
in transactivation of the PRL gene promoter linked
to luciferase in HeLa cells (data not shown).

Energy transfer signals from dimerized BFP-Pit-1
(D) and GFP-Pit-1 (A) proteins in the HeLa cell
nucleus would be expected if the fluorophores are
within 10-100 A and the D and A transition dipoles
are aligned. This would be evidenced by an in-
crease in the I, /Ip ratio, whereas no change or a
decrease in the ratio would indicate that the fluoro-
phores are not within the range of 10-100 A, or not
aligned. Cells co-expressing the BFP-Pit-1 and GFP-
Pit-1 proteins were first identified by green fluores-
cence using the GFP filter set [Figure 2(I)]. Images
of these same cells were then obtained with the do-
nor (BFP-Pit-1) filter set and background-subtracted
[Ip, Figure 2(I)]. As described above, camera gain,
ND, and acquisition time were kept constant to ac-
quire the background-subtracted acceptor fluores-
cence (I,) image from this cell (not shown). The
pixel-by-pixel ratio of the I 4 to I, fluorescence sig-
nal was obtained and the same look-up table and
contrast levels used in the control experiments were
applied to generate the processed FRET image [Fig-
ure 2(K)]. The results indicated that the I, signal
was significantly greater than the I}, signal, consis-
tent with energy transfer from BFP-Pit-1 to GFP-
Pit-1 (red color). This would require that the fluo-
rophores be near the Ro of 40 A, demonstrating that
the Pit-1 fusion proteins were in physical contact
within these HeLa cell nuclei.

To confirm and extend this observation, we ex-
amined the relationship between fluorescence sig-
nals detected in the GFP, BFP, and FRET channels
for 12 individual HeLa cells co-expressing BFP-Pit-1
and different levels of GFP-Pit-1. The gray level in-
tensity of the fluorescence signal from the nuclear
compartment was determined for each cell using
the three filter combinations and the results are
shown in Figure 3. In contrast to the results shown
in Figure 1, this experiment revealed that the FRET
signal exceeded the signal detected in the BFP chan-
nel at all levels of GFP-Pit-1 expression, demon-
strating that energy transfer from D to A occurred
over a range of different A protein concentrations.
Further, the FRET signal intensity paralleled the D
signal, despite increasing levels of A protein. This
demonstrated that the FRET signal is not a result of
GFP signal overlap into the FRET channel. Taken
together, these results demonstrate the utility of the
FRET imaging approach to detect dimerization of
the Pit-1 transcription factor in the nucleus of a liv-
ing cell. Our results suggest that the Pit-1 protein is
capable of homodimerization within the nucleus of
nonpituitary cells, demonstrating that interaction
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Fig. 3 Characterization of the filter combinations and channel
overlap for cells expressing GFP- and BFP-Pit-1. The FRET signal
increases with an increase in expression level of GFP (increase in
concentration of acceptor signal) and then stabilizes with further
increase in expression level. But the FRET signal in the FRET channel
was not influenced by the GFP signal as compared with Figure 1.

with pituitary gene-specific DNA elements is not an
absolute requirement for dimerization. Our results
imply that dimerized Pit-1 is associated with mac-
romolecular complexes within the nucleus, and we
are currently using the imaging system to obtain
three-dimensional FRET images to precisely local-
ize Pit-1 within the nuclear compartment.”® We are
also investigating the utility of quantifying Pit-1
protein—protein interactions using the approach of
photobleaching FRET (Day et al., in preparation).

Further improvements in the detection of FRET
signals from single living cells will result from con-
tinued optimization of imaging system hardware.
Both increased sensitivity of the detector and im-
proved filter combinations for discrimination of the
fluorescence signals will yield improvements in the
FRET signal-to-noise ratio. The CCD camera chosen
for these studies has exceptional sensitivity to both
blue and green light, a characteristic that is critical
for FRET imaging. The selection of the GFP and
BFP as fluorescent probes provided the overlap of
the D emission spectrum with the A excitation
spectrum necessary for energy transfer. However,
the broad excitation and emission spectrums for
these probes makes the choice of filter sets critical
to minimize channel overlap. For the experiments
presented here, a narrow 365 nm excitation filter
was chosen to provide a maximal excitation of BFP
while minimizing the excitation of GFP. In addition
a 520/40 nm em filter for FRET signal was chosen
to further reduce channel overlap.

5 CONCLUSION

In this paper we discussed the use of a conventional
inverted epi-fluorescence microscope and the tech-
nique of FRET microscopy to visualize protein—
protein interactions in living cells. Our results show
that FRET imaging of GFP-fusion proteins can fur-
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nish a wealth of information regarding the physical
interactions between protein partners within the
cell. The broader application of FRET imaging to
the detection and quantitation of protein associa-
tions will depend upon further optimization of
hardware, software, and biological probes used in
these experiments.
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