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INTRODUCTION

A question of central importance to the molecular
endocrinologist is how hormones function to orches-
trate events within cells. The cascades of cellular re-
sponses that are triggered by endocrine signals re-
quire the formation of specific protein partnerships,
and these protein-protein interactions must be coor-
dinated in both space and time. For example, in the
absence of ligand, the steroid hormone receptor for
estradiol is associated with a multiprotein inhibitory
complex (1). The binding of estradiol results in alter-
ations in estrogen receptor conformation that allow it
to dissociate from this complex, and the receptor be-
comes competent to interact with specific DNA ele-
ments in the regulatory regions of target genes. The
efficient utilization of these regulatory elements by the
receptor, however, requires that the receptor associ-
ate with other coregulatory proteins (2–4). Biochemical
approaches such as coimmunoprecipitation and Far-
Western blotting and in vivo approaches such as yeast
two-hybrid assay have provided important information
regarding the interactions between receptors and co-
regulatory proteins. These approaches, however, may
sometimes implicate nonphysiological associations
between proteins that do not normally occur in intact
cells. Deciphering where and when specific protein
partnerships form within the living cell will be critical to
understanding these basic cellular events.

The molecular cloning of the jellyfish green fluores-
cent protein (GFP) and its expression in a variety of cell
types have had a major impact on our ability to monitor
events within living cells (5–10). GFP retains its fluo-

rescent properties when fused to other proteins, and
this allows fluorescence microscopy to be used to
monitor the dynamic behavior of the expressed GFP
fusion proteins in their natural environment within the
living cell. There are now many examples of proteins
expressed as GFP chimeras that possess the same
subcellular localization and biological function as their
endogenous counterparts. For example, the dynamics
of nuclear translocation for the glucocorticoid (11, 12)
and androgen receptors (13) have been visualized us-
ing GFP fusions. GFP fusion proteins have also been
used to monitor complex cellular events such as the
sorting of proteins between organelles (14) and the
dynamics of regulated protein secretion (15, 16). Re-
cently, it was demonstrated that movement of b-ar-
restin2-GFP fusion proteins serves as a sensitive bio-
sensor for G protein-coupled receptor activation (17).
This illustrates the potential for GFP fusion proteins to
act as indicators of many different intracellular events.

Mutant forms of the GFP protein that emit lights of
different colors have been generated that, when co-
expressed in the same cell, can be readily distin-
guished by fluorescence microscopy. This allows the
behavior of two independent proteins to be monitored
in the intact cell, and the extent to which these pro-
teins colocalize can be assessed. To determine
whether these labeled proteins are physically interact-
ing, however, would require resolution beyond the op-
tical limit of the light microscope. Fortunately, this
degree of spatial resolution can be achieved with the
conventional light microscope using the technique of
fluorescence resonance energy transfer (FRET). FRET
microscopy involves the detection of increased (sen-
sitized) emission from an acceptor fluorophore that
occurs as the result of the direct transfer of excitation
energy from an appropriately positioned fluorescent
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donor. The efficiency of energy transfer from the donor
to the acceptor is extremely sensitive to the distance
between the fluorophores and is limited to the scale of
nanometers (18). As will be discussed below, the
spectral characteristics of some of the mutant variants
of GFP allow them to be used as donor and acceptor
pairs for FRET microscopy.

The expression of nuclear proteins fused to color
variants of GFP provides a method to visualize where
and when two independent nuclear proteins localize
within the nuclear compartment of intact cells. When
combined with FRET microscopy, this approach has
the potential to report dynamic changes in protein-
protein interactions as they occur in the nucleus.
These types of studies will complement the biochem-
ical and two-hybrid experimental approaches and will
have important implications for understanding the
mechanisms underlying gene regulation. In this paper,
we review the characteristics of the GFPs that make
them useful for the study of nuclear protein behavior in
living cells.

CHARACTERISTICS OF THE GFPs

The jellyfish GFP is a 27-kDa protein that absorbs
near-UV light and emits green light. GFP owes its
fluorescent properties to a chromophore that forms by
a posttranslational oxidation and cyclization reaction
involving the tripeptide sequence, Ser65, Tyr66, Gly67

(19–22). The crystal structure of GFP reveals an 11-
stranded b-barrel cylinder surrounding the central
chromophore (23). Because the protein must fold into
this barrel structure for appropriate formation of the
chromophore, nearly the entire 238-amino acid se-
quence is necessary for fluorescence (24). In addition,
the formation of the chromophore is a relatively slow
process requiring several hours (25, 26). Therefore, it is
critical that protein fusions to GFP do not interfere with
the ability of the chromophore to form and, when
imaging newly synthesized GFP fusion proteins, it is
important to consider the rate of chromophore
formation.

The major limitation to the detection of GFP in living
cells is the autofluorescent background. For cells
grown as a monolayer in culture, this background is
primarily due to intracellular NAD(P)H, riboflavin, flavin
coenzymes, and flavoproteins bound in the mitochon-
dria (27). In more complex cell cultures, such as slice
preparations from transgenic animal tissues, certain
specialized structures may contribute significantly to
this fluorescent background (28). The autofluorescent
signal can be substantial at near-UV wavelengths, and
this has limited the detection of wild-type GFP (wtGFP)
to approximately 105 molecules per cell (7). Fortu-
nately, mutagenesis of the wtGFP protein sequence
has generated variant forms with increased brightness
and differing spectral characteristics (19, 23, 25, 29). A
mutation changing the chromophore Ser65 to threo-

nine (GFPS65T) resulted in a shift in excitation away
from the near-UV to a peak at 489 nm and yielded a 4-
to 6-fold improvement in the intensity of green light
emission when compared with wtGFP (25). Improve-
ments in the expression of GFPS65T in mammalian
cells was obtained by optimizing codon usage to fa-
cilitate its translation (30–32) and by the introduction of
mutations that enhance protein folding at 37 C (33, 34).
Taken together, these mutations have dramatically im-
proved the fluorescence signal obtained from GFP
chimeras, allowing the detection of fewer than 10,000
GFP molecules in single living cells (26).

Mutations within the chromophore have also pro-
duced several color variants of GFP. For example,
changing Tyr66 to His resulted in a blue fluorescent
protein (BFP) that, when excited by UV light, has a
peak emission at 445 nm (19, 29). BFP is more difficult
to detect than the GFP variants, however, because of
its low quantum yield and sensitivity to photobleach-
ing. Other GFP variants with emission wavelengths
from cyan (greenish blue) to yellowish green have been
isolated (23, 29), and these may prove more useful
than BFP and GFPS65T for some applications. How-
ever, because the peak emission values for BFP and
GFPS65T are substantially different (445 nm and 511
nm, respectively), BFP has utility when used in con-
junction with GFPS65T as a second protein tag (Refs.
35 and 36; see below).

PROTEIN FUSIONS TO THE GFPs

Plasmid vectors encoding several of the color variants
of GFP that have been optimized for expression in
mammalian cells are commercially available. These
vectors allow for fusion of GFP to any cloned gene of
interest, and standard gene transfer techniques are
used to introduce these vectors into cells for the ex-
pression of the chimeric proteins. The detection of
GFP fusion proteins does not require the addition of
substrates or the permeabilization and fixation of cells.
This improves the sensitivity and reduces the potential
for artifacts associated with immunohistochemical ap-
proaches (37). The primary consideration in the gen-
eration of GFP fusion proteins is functionality, both of
the fluorescent protein tag and the protein of interest.
As mentioned above, the GFPs must fold correctly
when positioned at either the amino- or at the car-
boxy-terminal end of the protein of interest. Equally
important is that the protein being studied retains its
normal cellular function when fused to the 27-kDa
fluorescent protein. Therefore, it is critical that the
expressed fusion proteins be tested for function by as
many independent methods as possible. For example,
fluorescence microscopy of transiently transfected
cells will show that the GFP chimeras are being ex-
pressed, reveal their subcellular localization, and indi-
cate the level of the GFP signal over the autofluores-
cence background. Confirmation that the expressed
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fusion proteins are full length is then obtained by
Western blotting of proteins extracted from the trans-
fected cells. Antisera directed against the protein of
interest and against GFP can be used sequentially to
identify the expressed protein. Antibodies for detec-
tion of GFP that are suitable for Western analysis are
commercially available. Further, it is important to iden-
tify a method that directly demonstrates that protein
function is not impaired by the GFPs. For example,
GFP fusions to transcription factors can be tested for
binding to appropriate DNA elements using electro-
phoretic mobility shift assay, and their ability to influ-
ence specific gene transcription can be determined in
reporter gene studies (38). A more rigorous demon-
stration of GFP chimera function is the capacity of the
fusion protein to rescue a mutant phenotype in a trans-
genic organism. For example, Take-Uchi and col-
leagues (39) recently showed that expression of a
GFP-sodium channel fusion protein in a mutant strain
of Caenorhabditis elegans could reestablish a complex
rhythmic behavior.

CONSIDERATIONS FOR IMAGING PROTEINS

FUSED TO THE GFPs

The coexpression of BFP- and GFPS65T fusion pro-
teins, combined with dual channel fluorescence mi-
croscopy, provides a method for monitoring the in-
tracellular trafficking of two independent proteins in
the same cell (35, 36). When GFP chimeras are
imaged in intact cells, there are several important
considerations that become especially relevant
when using dual-channel fluorescence microscopy.
The choice of the basic components of a fluores-
cence microscope system, including the excitation
source, objective lenses, filters, and detector, has
important consequences for image quality. For ex-
ample, a mercury lamp gives off light concentrated
at certain wavelengths, and its bright blue lines of
emission are ideal for excitation of GFP. However, a
xenon lamp, with its spectrally uniform profile from
the UV to far red, may be preferable for excitation of
BFP and for studies involving the imaging of two
different color fluorophores. Moreover, efficient ex-
citation at near UV-wavelengths requires the use of
optics that are specifically designed to transmit UV
light. It is also important to recognize that color-
dependent distortions in the image can arise when
fluorescence signals at two different wavelengths
are projected to the detector with different efficien-
cies. This chromatic aberration is largely corrected
for in high-quality imaging systems that use uniform
illumination of the specimen and matched apochro-
matic optics (40).

The efficiency of light collection (i.e. the bright-
ness of the fluorescence signal) and the ability to
resolve objects are both functions of the numerical
aperture (NA) of the objective lens. The selection of

a higher NA objective lens (e.g. NA 1.4) will increase
the amount of light captured to the detector and
improve image resolution and contrast. However,
resolution can be lost to spherical aberration of the
objective lens that occurs when light from the center
of the specimen is focused differently than that
coming from the periphery. Most objectives are cor-
rected for spherical aberration, but this correction
requires a constant refractive index in the light path.
Therefore, a high NA oil-immersion objective that
works well for fixed samples in mounting media will
be less than optimal for imaging living cells in aque-
ous culture media. Recently, high-NA water-immer-
sion objectives have become available that greatly
improve the contrast and resolution of images ob-
tained from living cell preparations.

Appropriate filters are required to discriminate the
blue light emission of BFP from the green light emis-
sion of GFPS65T. Because the cellular autofluores-
cence signal has a wide spectrum, narrow bandpass
emission filters will improve the discrimination of flu-
orescence signals above the background, but will also
reduce the overall signal. Moreover, due to the broad
nature of the excitation and emission spectra for the
BFP and GFPS65T variants (29), it is important to select
an excitation filter for BFP that has a minimal coinci-
dental excitation of GFPS65T. Filter sets that are de-
signed specifically for the detection of the different
color variants of GFP are now commercially available.
Finally, the low quantum yield of BFP and its suscep-
tibility to photobleaching create additional challenges
for its detection above the background noise. Because
BFP and GFPS65T bleach at very different rates, the
images acquired using dual channel will reflect the
illumination history of the cell. It is therefore important
to use a detector with maximal sensitivity at blue and
green wavelengths to minimize the intensity and du-
ration of exposure to the excitation light that is re-
quired for detection of BFP fusion proteins. Because
of their sensitivity and linear response, charge-cou-
pled device (CCD) digital cameras are typically used in
conventional fluorescence microscopy. The cameras
with the highest sensitivity are cooled to minimize dark
charge noise and use back-illuminated sensors that
bring light directly to the photosensitive CCD (41).

DUAL CHANNEL IMAGING OF NUCLEAR

PROTEINS FUSED TO THE GFPs

It is becoming increasingly clear that transcription fac-
tors are localized to specific domains within the nu-
cleus (42). The steroid hormone receptors, for exam-
ple, appear to be highly regulated in their intranuclear
pattern of distribution (43–45). Dual-channel fluores-
cence microscopy of cells coexpressing nuclear pro-
teins fused to the BFP- and GFPS65T spectral variants
allows the visualization of the patterns of distribution
for two different proteins within the nuclei of living
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Fig. 1. Comparison of the Nuclear Distribution for Pit-1, Human Estrogen Receptor (hER), and Coactivator GRIP1
Methods: HeLa cells were transfected with expression vectors encoding the indicated fusion proteins by electroporation and

used to inoculate cultures on 25-mm coverglass. The cultures were maintained in medium supplemented with 10% newborn calf
serum containing endogenous estrogens overnight at 33 C and then transferred to 37 C. The fluorescence images were acquired
with a 603 aqueous-immersion objective lens using a 100 W mercury-xenon arc lamp excitation light source. The filter
combinations were 485/22 nm excitation and 535/50 nm emission for GFP images; 365/15 nm excitation and 460/50 nm emission
for BFP images. Grayscale images of the cells were obtained using a cooled CCD camera with digital output of 1317 3 1035 pixels
with 12 bits resolution. The images were converted to RGB assigning GFP images to the green channel and BFP images to the
blue channel. The digital images were then merged by assigning the GFP image to the green channel and the corresponding BFP
image to the red channel of the same image. A, Images of the nucleus of a HeLa cell coexpressing GFP-Pit-1 (left, scale bar

indicates 10 mm) and hER-BFP (middle), the inset is the enlarged area indicated by the square in the left panel. The GFP and BFP
images were merged as described above to show regions of overlap (indicated by yellow) and regions where hER-BFP and
GFP-Pit-1 are distinct in their localization (indicated by red or green in merged images, right). B, Images of the nucleus of a HeLa
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cells. Here we demonstrate this approach by compar-
ing and contrasting the subnuclear localization pattern
of the homeodomain transcription factor Pit-1, the
human estrogen receptor (hER), and the coactivator
glucocorticoid receptor-interacting protein (GRIP1).
GRIP1 is the mouse homolog of the nuclear receptor
coactivator TIF2 that interacts directly with the ligand-
binding domain of several different nuclear receptors
(46, 47). The results shown in Fig. 1 illustrate how
signals originating from cells coexpressing pairs of
these nuclear proteins tagged with the GFP or BFP
variants can be discriminated by dual-channel fluores-
cence microscopy. In Fig. 1A, this approach is used to
acquire gray-scale images of a HeLa cell coexpressing
GFP-Pit-1 and hER-BFP. The images acquired for
each fluorophore are converted to red-green-blue
(RGB) images, using the green channel to indicate
GFP and the blue channel to indicate BFP. The indi-
vidual GFP and BFP images from the same cell are
then merged into a single RGB image to assess the
overlap in the subnuclear localization of the labeled
proteins. For this application the GFP image is again
assigned to the green channel, but the BFP image is
now assigned to the red channel of the same image. In
this way, signals from colocalized proteins appear as
yellow in the merged image, whereas nonoverlaping
signals remain green and red. In the case shown in Fig.
1A for a HeLa cell coexpressing GFP-Pit-1 and hER-
BFP, the merged image reveals areas of overlap (in-
dicated by yellow in merged images, panel A) as well
as regions where hER-BFP and GFP-Pit-1 are distinct
in their localization (indicated by red in merged im-
ages, panel A). An even more striking example of
different localization patterns is observed for cells co-
expressing GFP-GRIP1 and BFP-Pit-1 (Fig. 1B). The
distribution of GFP-GRIP1 in the nucleus of the HeLa
cell shown in Fig. 1B is distinct from the pattern ob-
served for the coexpressed BFP-Pit-1 protein (merged
image, panel B). In marked contrast, when GFP-GRIP1
and hER-BFP are coexpressed in HeLa cells, we ob-
serve identical patterns of nuclear distribution (Fig.
1C). The targeting of the fluorescently labeled estro-
gen receptor and GRIP1 proteins to the same sub-
nuclear sites could potentially function to facilitate in-
teractions between these proteins in vivo. Evidence for
a functional interaction between GRIP1 and the estro-
gen receptor comes from the observation that GRIP1
potentiates receptor-mediated transcription, and
physical interactions were indicated in vitro by coim-
munoprecipitation studies (48). What is needed, how-
ever, is a direct demonstration of physical interactions
between these proteins in the living cell. The colocal-
ization studies shown here are limited by the optical

resolution of the light microscope and can only indi-
cate proximity on the scale of approximately 0.25 mm
(2,500 Å). To determine whether these labeled proteins
are physically interacting requires resolution beyond
the optical limit of the light microscope. This degree of
spatial resolution can be achieved by conventional
light microscopy using the technique of FRET
microscopy.

FRET MICROSCOPY TO VISUALIZE

PROTEIN INTERACTIONS

FRET microscopy detects the fluorescence emission
from acceptor fluorophores that results from the direct
transfer of excitation energy from appropriately posi-
tioned donor fluorophores. This requires that there be
a substantial overlap in the emission spectrum of the
donor with the absorption spectrum of acceptor, and
some of the GFP color variants have the required
spectral overlap. For example BFP can donate exci-
tation energy to GFPS65T (29, 49, 50), and the cyan
color variant can serve as a donor for the yellowish
mutant (51). Because the efficiency of energy transfer
varies inversely with the sixth power of the distance
separating the donor and acceptor fluorophores,
FRET can only occur over a distance limited to ap-
proximately 20–100 Å (29, 51). To put this in perspec-
tive, the ribosome, a complex of 60 proteins and RNA
molecules, is approximately 300Å across, and the light
microscope could resolve ribosomes clustered in
groups of seven or more. In contrast, the detection of
sensitized fluorescence emission by FRET microscopy
reveals that the distance separating proteins labeled
with the color variants of GFP is on the order of 20–100
Å, the diameter of a single globular protein that is part
of the ribosome complex. Before the development of
the spectral variants of GFP, the application of FRET
to living cells was limited to fluorescent probes di-
rected to the cell surface (52, 53) or to those microin-
jected into individual cells (54). Now FRET microscopy
can potentially detect interactions between any pro-
teins that retain biological function when expressed as
a fusion to the GFPs.

Two distinct approaches that take advantage of the
combination of the GFPs and FRET imaging have re-
cently been used to monitor intracellular events. The
first approach involves the detection of intramolecular
FRET signals that originate from chimeric proteins
containing donor (BFP or the cyan mutant) and accep-
tor (GFPS65T or the yellowish mutant) fluorophores
tethered through a connecting peptide that contains

cell coexpressing GFP-GRIP1 (left) and BFP-Pit-1 (middle). The merged GFP and BFP images demonstrate the distinct nuclear
distribution patterns for these two fusion proteins. C, Images of the nuclei from two HeLa cells coexpressing the GFP-GRIP1 (left)
and hER-BFP (middle) fusion proteins. The merged image shows a high degree of correspondence in the distribution patterns for
these two fusion proteins (indicated by yellow).
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the binding site for another molecule (Fig. 2A). The
interaction of the molecule with the connecting pep-
tide induces a change in the relative position of the
fluorophores and thus alters the FRET signal. Monitor-
ing FRET signals from chimeric proteins containing a
connecting peptide that binds calcium or calcium-
calmodulin has proven to be a sensitive indicator of
calcium homeostasis in living cells (51, 55). Moreover,
the ability to target the expression of these fusion
proteins to specific cellular organelles allows for the
real-time monitoring of localized changes in calcium
homeostasis in the intact cell (51). These studies illus-
trate the utility of intramolecular FRET as a reporter of
dynamic intracellular events and predict the develop-
ment of biosensors that will indicate a variety of ac-
tivities in intact cells (56). A second FRET approach
involves the detection of intermolecular interactions
between two different protein partners labeled with the
GFPs (Fig. 2B). In this case the labeled proteins are not
limited in the distance they can be separated. Thus,
the detection of sensitized fluorescence emission from
pairs of proteins labeled with two different color vari-
ants of GFP can provide direct evidence for physical

interactions between these proteins. This approach
has the potential of being more generally applicable
than intramolecular FRET in that it can be used to
examine the interactions between many different
classes of cellular proteins.

The results shown in Fig. 3 illustrate the acquisition
of FRET signals from living cells using both the in-
tramolecular and intermolecular approaches. In the
first example, intramolecular FRET is detected from
HeLa cells expressing a chimeric protein in which GFP
is coupled to BFP through a nine- amino acid (AA)
linker (Fig. 3A). The cells expressing the fusion protein
were identified by green fluorescence. Donor and ac-
ceptor images were then acquired by first exciting BFP
and detecting blue light emission (donor), and then by
exciting BFP and detecting green light emission (ac-
ceptor) using the filter combinations described in the
legend of Fig. 3. The background-subtracted donor
and acceptor images are combined into a single mo-
saic image and a look-up table (LUT) is applied to
indicate the pixel-by-pixel fluorescence signal inten-
sity (Fig. 3A). To facilitate the direct comparison of
signal levels, the gray level intensity for both donor and
acceptor fluorescence across the profiles of the two
cells shown in Fig. 3A was determined and the results
are plotted. Comparison of nine similar cells express-
ing the GFP-9AA-BFP protein show that the average
acceptor signal was 2.3-fold greater than the donor
signal (inset, Fig. 3A). These results are consistent with
the intramolecular transfer of BFP excitation energy to
the tethered GFP yielding the emission of green light.

We reported previously the application of this FRET
imaging approach to visualize the physical association
of Pit-1 proteins labeled with GFP and BFP in the
nucleus of living cells (38). Here we use the coexpres-
sion of these protein partners to illustrate the acquisi-
tion of intermolecular FRET signals. HeLa cells ex-
pressing the Pit-1 fusion proteins were first identified
by green fluorescence (Fig. 3B). Donor and acceptor
images of seven adjacent cells were then acquired
using the same conditions described for the GFP-
9AA-BFP protein. A mosaic of the background sub-
tracted donor (BFP-Pit-1) and acceptor images was
obtained and the same LUT was applied to indicate
fluorescence intensity (Fig. 3B). Gray level intensity
profiles across each of the nuclei shown in Fig. 3B
were acquired and the results plotted. On average, the
acceptor signals exceeded the donor signals by 1.6-
fold (inset, Fig. 3B), indicating that energy transfer
occurred from BFP-Pit-1 to GFP-Pit-1, requiring that
these proteins be in physical contact.

A significant limitation to the FRET imaging ap-
proach is that the failure to detect sensitized green
light emission from a pair of labeled proteins can not
be interpreted as an indication that these proteins do
not physically associate. For example, we have ap-
plied the FRET imaging approach to monitor the for-
mation of partnerships between Pit-1 and other nu-
clear proteins, including the estrogen receptor (38).
Cooperative interactions between Pit-1 and the estro-

Fig. 2. Diagrammatic Representation of Intramolecular and
Intermolecular FRET between Proteins Fused to the Color
Variants of GFP

A, Scheme showing how intramolecular FRET between
two color variants of GFP fused to one-another by a con-
necting peptide can serve as a biosensor for the binding of a
ligand. In the absence of ligand the connecting peptides
separates the GFPs beyond the critical distance required for
energy transfer (1). Upon binding of ligand, a change in con-
formation of the connecting peptide can bring the GFPs
within the proximity necessary for FRET, resulting in green
light emission when BFP is excited (2). B, Scheme showing
how intermolecular FRET between two independent proteins
labeled with the GFPs can indicate protein-protein interac-
tions. For noninteracting proteins (1), illumination of the cells
to excite BFP (365 nm) results in emission of blue light (460
nm). In contrast, illumination of the cells expressing interact-
ing fusion proteins can result in emission of green light (511
nm) because of FRET from BFP to GFP, an indication that the
proteins are in physical contact (2). However, a negative
result using the FRET technique does not indicated that the
proteins fail to interact as illustrated in (3).
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gen receptor are a key step in the regulation of PRL
gene transcription, and a physical association of these
two proteins was demonstrated by in vitro techniques
(57, 58). The results in Fig. 3C show FRET imaging of
HeLa cells coexpressing the human estrogen receptor
labeled with GFP (hER-GFP) and the BFP-Pit-1 fusion
protein. The mosaic showing the background-sub-
tracted donor (BFP-Pit-1) and acceptor (hER-GFP) im-
ages reveals that the pixel-by-pixel fluorescence in-
tensity for the acceptor image is significantly less than
that of the donor image. The gray level intensity profile
across the two nuclei shown in Fig. 3C confirms that
the acceptor signal is approximately 2-fold lower than
the donor signal. These results are similar to those
obtained for colocalized, but noninteracting, proteins
labeled with the GFPs (38).

There are many potential reasons why interacting
protein partners may fail to produce FRET signals.
Energy transfer is dependent not only upon the dis-
tance separating the fluorophores, but upon their ori-
entation as well (59). In the case of proteins labeled
with the GFPs, the fluorophores are positioned at the
ends of the potentially interacting proteins. The con-
formations that are adopted by the proteins when they
associate may not allow the fluorophores to be in
close enough proximity or to align appropriately for

subtraction), and none of the images had saturated pixels.
The Silicon Graphics, Inc. based ISEE software (Inovision
Corporation, Raleigh, NC) was used to obtain the mosaic
images and determine the gray level intensity profiles. A,
Images of two HeLa cells expressing the GFP-9AA-BFP fu-
sion protein were obtained using the GFP filter set (left; bar,
10 mm), BFP filter-set (middle) and the acceptor filter-set
(right). The donor and acceptor images are combined in a
single mosaic image and a LUT was applied to facilitate
comparison of fluorescence signal intensity (calibration bar
indicates signal level with yellow being highest intensity). A
profile was taken across each cell and the gray level intensity
for this profile was plotted for both the donor and acceptor
images (lower panels). The average donor and acceptor sig-
nal gray level intensity determined for nine individual cells
was then plotted 6 SEM (inset). B, Images of HeLa cells were
coexpressing the GFP-Pit-1 and BFP-Pit-1 proteins were
obtained using the GFP filter set (left; bar, 10 mm), BFP filter
set (middle) and the acceptor filter set (right), and a mosaic
image of donor and acceptor fluorescence was acquired as
described above. The gray level intensity profile across each
of the cell nuclei was determined, and these profiles are
plotted for both the donor and acceptor images (lower pan-

els). The average donor and acceptor gray level intensity for
the seven cells was determined and plotted 6 SEM (inset). C,
HeLa cells coexpressing the hER-GFP and BFP-Pit-1 pro-
teins were maintained in medium supplemented with 10%
newborn calf serum containing endogenous estrogens. Im-
ages were obtained using the GFP filter-set (left; bar, 10 mm),
BFP filter set and the acceptor filter set. The mosaic image of
donor and acceptor fluorescence was acquired, and the gray
level intensity profile across the two cell nuclei is plotted for
both the donor and acceptor images (lower panels). The data
in panel C are reproduced from Ref. 38 with permission.

Fig. 3. FRET Microscopy of Living Cells Expressing GFP
and BFP Fusion Proteins

Methods: The same GFP and BFP (donor) filter sets were
used as described in the legend of Fig. 1; the acceptor (FRET)
filter set is 365/15 nm excitation and 520/40 nm emission.
FRET images were obtained using a slow scan, liquid nitro-
gen-cooled charge coupled device camera with a back-
thinned, back-illuminated imaging chip (CH260, Photomet-
rics). The digital image output of the camera is 512 3 512
pixels with 16 bits resolution. All donor and acceptor images
were collected under identical conditions using a 5 sec on-
chip integration time. All fluorescence signals fell within the
range of 10 to 35 K gray level intensity (before background
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energy transfer to occur (see Fig. 2B). Further, the
endogenous counterparts of the labeled proteins will
also interact with the expressed GFP chimeras, com-
peting for potential productive interactions. This can
be minimized by expressing the labeled proteins in
heterologous cell types that lack the endogenous pro-
teins, or by expressing the labeled protein partners in
excess of the endogenous proteins. However, exces-
sively high level expression of proteins that are local-
ized similarly within the cell, but not directly interact-
ing, could potentially allow FRET to occur by diffusion.
As with any approach involving the expression of pro-
teins in living cells, artifacts that arise from overex-
pression of the fusion proteins are a concern. Control
experiments with labeled proteins that colocalize, but
that should not physically interact, can be used to
assess the contribution of diffusion to measured FRET
signals.

A further limitation of FRET microscopy, especially
when performed with two independent proteins in the
context of living cells, is the challenge of accounting
for spectral cross-talk for both the donor and acceptor
fluorophores. This occurs when the donor emission
overlaps into the acceptor filter and when the acceptor
emission occurs at the donor excitation wavelengths.
The result of spectral cross-talk is a high and variable
background against which FRET signals must be com-
pared. The detection of intermolecular FRET using the
GFPs is also limited by the uncertainty of the absolute
concentrations of the expressed donor and acceptor
fusion proteins. Therefore, meticulous attention to a
consistent protocol for image collection is necessary
to obtain meaningful data. Recently, a quantitative
method for determining FRET efficiency was intro-
duced (60). This method enhances the sensitivity of
FRET measurements by correcting for the cross-talk
for donor and acceptor pairs, even when they exhibit
substantial spectral overlap. This approach was used
by Mahajan and colleagues (61) to examine protein-
protein interactions between two proteins involved in
the regulation of apoptosis, Bcl-2 and Bax. Dual-chan-
nel fluorescence microscopy revealed that the BFP-
Bcl-2 and GFP-Bax proteins are colocalized to the
mitochondria, and quantitative FRET demonstrated
that these proteins formed heterodimers.

OVERVIEW AND CONCLUSIONS

Currently, yeast two-hybrid assay is the method of
choice for identifying interacting protein partners.
However, not all protein partnerships indicated by
yeast two-hybrid screening represent true physiolog-
ical interactions. The verification that these protein
partners interact in a meaningful way in vivo can be
difficult to demonstrate. FRET provides a potentially
invaluable methodological asset to confirm these pro-
tein-protein interactions in the intact cell. The potential
for FRET microscopy of living cells expressing labeled

fusion proteins has only just begun to be realized. New
approaches are being developed that utilize different
energy transfer partners for GFP that may significantly
improve the detection of protein interactions. For ex-
ample, Griffin and colleagues (62) have developed a
fluorescent label called FLASH-EDT2 that can cross
cell membranes and covalently bind to recombinant
proteins that are tagged with a short 17-AA peptide
containing the core tetracysteine motif CCXXCC. The
FLASH-EDT2 is virtually nonfluorescent, but becomes
becomes brightly fluorescent when it binds to the tet-
racysteine peptide. Its excitation and emission spectra
make it suitable as an acceptor of excitation energy
from the cyan mutant of GFP. The ability to add the
acceptor fluorophore to cells already expressing the
donor provides a particularly useful control for FRET,
in that the donor signal can be quantified first in the
absence, and then in the presence of the acceptor
fluorophore (62). A second novel approach takes ad-
vantage of the naturally occurring energy transfer sys-
tem used by the jellyfish Aequorea. In the jellyfish, the
calcium-binding photoprotein aequorin emits blue
light that excites green light emission from GFP. Stud-
ies by Xu et al. (63) have demonstrated that resonance
energy transfer between the bioluminescent Renilla

luciferase and yellowish color variant of GFP, referred
to as bioluminescence resonance energy transfer
(BRET), may have several advantages over the fluo-
rescence-based FRET approach. Because the donor
is a luciferase, spectral cross-talk, photobleaching,
and autofluorescence are not a concern in using the
BRET approach. The authors have applied the BRET
approach to demonstrate the formation of ho-
modimers involving the cyanobacteria circadian clock
protein KaiB in Escherichia coli. These recent devel-
opments anticipate further technical improvements in
the combined use of GFP-labeled proteins and FRET
microscopy. For many important physiological pro-
cesses, such as the regulation of transcription by the
nuclear receptors and their coregulatory partners, the
critical events are coordinated in space and time
through sequential, but transient, interactions within
complex macromolecular assemblies. The power of
the FRET approach is in the detection of these intricate
social behaviors between regulatory proteins in their
natural environment within the living cell.
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