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Introduction 
Protein-protein interactions are an 

essential component of almost every 
cellular process. These interactions regulate 
signaling events that result in differenti-
ation, proliferation, regulation of gene 
transcription, repair mechanisms, and 
inhibition or induction of apoptosis to 
name only a few (1). Studying these inter-
actions can provide valuable insights into 
the molecular mechanisms governing these 
cellular processes. Furthermore, aberrant 
protein interactions can lead to diseases 
such as cancer (2), diabetes (3), cystic 
fibrosis (4), Alzheimer’s disease (5), and a 
number of metabolic disorders (6). Thus, 
the understanding of protein interactions is 
also critical in the understanding of disease 
and the development of therapeutic inter-
ventions to treat them. The majority of 
these interactions between proteins occur 
inside cells, and intracellular experimental 
assays for protein-protein interactions are 
the most relevant. However, currently 
there are few assays that provide a means to 
quantify protein-protein interactions in the 
native cell environment. Resonance energy 

transfer (RET), including bioluminescence 
resonance energy transfer (BRET) (7) and 
Förster (fluorescence) resonance energy 
transfer (FRET) (8), is one mechanism 
for detecting intracellular protein interac-
tions but requires a specific combination 
of the right donor and acceptor, along with 
the sensitive detection of light emitted at 
specific wavelengths. Further, the proper 
orientation of the donor and acceptor 
dipoles within the Förster distance must be 
achieved for effective energy transfer. The 
two-hybrid system (yeast or mammalian) is 
another assay for intracellular protein inter-
actions (9), but the interaction typically 
takes place inside the cell nucleus, and this 
assay requires the transcription/translation 
of a reporter protein that necessitates the 
expression of three proteins (or even four 
if normalizing to a second control protein). 
CytoTrap is one variation of the two-hybrid 
assay that allows the interaction to occur 
in the cytoplasm. The split ubiquitin assay 
(10) is similar to the two-hybrid system, 
but uses truncations of ubiquitin in place 
of transcription factor domains. Here we 
present a new method for the qualitative 
analysis of protein-protein interactions that 

is performed inside cells and is based on an 
optimized ligand-responsive protein and the 
simultaneous quantification of fluorescence 
intensity from enhanced GFP (EGFP) and 
the red fluorescent protein, DsRed.

The controlled nuclear translocation 
in this assay occurs through what we have 
termed a protein switch (PS). The PSs 
we have developed are chimeric proteins 
consisting of three components: (i) a 
nuclear export signal (NES); (ii) a nuclear 
localization signal (NLS); and (iii) a ligand 
binding domain (LBD). In the absence 
of ligand, the NES directs the PS to the 
cytoplasm. However, when the ligand 
binds the LBD, it causes a conformational 
change, exposes the NLS, and the protein is 
redirected to the nucleus. In our laboratory, 
various combinations of these three compo-
nents have been studied to identify the 
optimal combination that results in the 
greatest amount of nuclear translocation 
upon ligand induction (11,12). This nuclear 
translocation is concentration-dependent 
and reversible if the ligand is removed 
(12). One such optimized PS, used herein, 
consists of the NES from HIV rev, the 
NLS from MycA8, and the LBD from the 
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rat glucocorticoid receptor containing the 
C656G mutation, which renders it 10 times 
more sensitive to the synthetic glucocor-
ticoid dexamethasone (13). This PS provides 
an easy method for controlling the subcel-
lular shuttling between the cytoplasm and 
the nucleus.

The ability to control the translocation 
of a protein into the nucleus has led to a 
biochemical assay for studying protein-
protein interactions that we have termed 
a nuclear translocation assay (NTA). The 
general concept of the NTA is depicted in 
Figure 1. A protein of interest is subcloned 
and expressed as a fusion protein with the 
PS and EGFP. As a result of the PS, this 

fusion protein is responsive to ligand and 
will translocate into the nucleus upon 
ligand induction. A second, nonligand-
responsive protein tagged with DsRed is 
co-expressed with the PS construct. If the 
two proteins interact (Figure 1, top) the 
second protein will translocate into the 
nucleus along with the PS. The percentage 
of DsRed inside the nucleus is quantified 
before and after the addition of ligand, 
and the difference (termed percent nuclear 
increase, or PNI) is indicative of the inter-
action between the two proteins. However, 
if there is little or no interaction between 
the two proteins (Figure 1, bottom), the 
PS alone moves to the nucleus, and there 

is no change in the subcellular localization 
of the second protein. Fluorescent protein 
tags are used as a means of determining 
the cytoplasmic and nuclear localization 
of the two proteins through fluorescence 
microscopy, and thus the f luorescent 
signals from the two proteins expressed 
in the same cell need to be distinguishable 
via excitation/emission filters. Two such 
fluorescent proteins are EGFP and DsRed, 
which exhibit excitation/emission of 480 
nm/510 nm and 545 nm/620 nm, respec-
tively.

To demonstrate the NTA in mammalian 
cells (1471.1, murine adenocarcinoma; and 
Cos-7, simian kidney), we performed the 
assay on two forms of the coiled-coil domain 
from the breakpoint cluster region (Bcr) 
protein. This domain forms an antiparallel 
coiled coil responsible for the oligomer-
ization of Bcr (14). Although relatively 
little is known about the function of the Bcr 
protein, a reciprocal chromosomal trans-
location between chromosomes 9 and 22 
generates the Philadelphia chromosome, 
which expresses Bcr-Abl consisting of the C 
terminus of Bcr fused to the N terminus of 
the Abelson kinase protein (Abl) (15). The 
Philadelphia chromosome and Bcr-Abl are 
the cause of 95% of chronic myelogenous 
leukemia (CML) cases (16). Oncogenesis 
through Bcr-Abl is dependent on the 
tyrosine kinase activity that is regulated 
through the oligomerization of Bcr-Abl 
mediated by the coiled-coil domain (17). 
Reports have shown that an isolated coiled-
coil domain (or truncations thereof) can 
disrupt the oligomerization of Bcr-Abl and 
reduce the kinase activity and associated 
oncogenesis (18–21). We have recently 
altered certain residues (unpublished 
data) of this domain to prevent the homo-
oligomerization (i.e., coiled coil:coiled 
coil) and improve the binding to Bcr-Abl 
(i.e., coiled coil:Bcr-Abl). As the wild-type 
coiled-coil domain (herein designated CC; 
sequence provided in the Supplementary 
Materials) has no specificity for Bcr-Abl’s 
coiled coil over another exogenously added 
coiled coil, the homo-oligomerization 
may be a limiting factor in its efficacy. 
Our designed coiled coil (herein desig-
nated CCmut; sequence provided in the 
Supplementary Materials) shows reduced 
homo-oligomerization (mutant:mutant) 
along with the potential for enhanced 
hetero-oligomerization (mutant:Bcr-Abl) 
to increase the binding to the coiled coil 
of Bcr-Abl.

The NTA is a unique method for 
studying protein-protein interactions 
under intracellular conditions. Few assays 
offer the ability to study these interac-
tions in the cellular environment where 

Figure 1. The NTA concept. If the two proteins interact, as is the case for proteins X and Y in the top 
half of the diagram, protein X will cause an increase in the nuclear localization of protein Y upon ad-
dition of ligand L, due to the ligand-responsive PS fused to protein X. If two proteins do not interact, 
as is the case for proteins X and Z in the bottom half of the diagram, the PS translocates the fused 
protein X to the nucleus upon addition of ligand without altering the localization of protein Y. The 
translocation of the PS construct is monitored through the fluorescence of EGFP, and the transloca-
tion of the second protein is monitored through the fluorescence of DsRed.
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they actually take place. The controlled 
nuclear translocation upon addition of 
ligand using the PS provides the ability 
to differentiate the nuclear translocation 
from proteins that localize partially in the 
nucleus or small proteins that can diffuse 
into the nucleus, by taking the difference 
in the nuclear percentage before and after 
ligand induction. Thus, proteins <40 
kDa that can diffuse through the nuclear 
pores or nuclear localized proteins will 
not result in false positives. However, as 
this assay revolves around nuclear translo-
cation, transmembrane proteins may not be 
suitable, and nuclear localized proteins may 
need a modification (mutating the nuclear 
localization signal, adding a nuclear export 
signal, or performing the assay with only 
the binding domain rather than the full 
protein) for their study. An additional 
consideration is that the cytoplasmic and 
nucleoplasmic environments are not the 
same, and an interaction that normally 
occurs in the nucleus may be altered in the 
cytoplasm where this assay originates. Yet 

despite these few limitations, the NTA is 
relatively simple, does not involve reporter 
plasmids/proteins, and requires little more 
than the appropriate fusion proteins, 
dexamethasone, and a fluorescence micro-
scope to perform.

Materials and methods
Construction of plasmids  
and mutagenesis
The DNA encoding the coiled-coil 
domain was amplified through PCR 
from pEGFP-Bcr-Abl using the primers 
5′- TGTAACTCGAGTTATGGTG-
GACCCGGTG-3′ and 5′-ATGCTCTC-
GAGACCGGTCATAGCTCTTC-3′ 
and subcloned into pEGFP-PS at the XhoI 
restriction enzyme site. pEGFP-PS is an 
EGFP mammalian expression plasmid 
(pEGFP-C1; Clontech, Mountain 
View, CA, USA) with the optimized PS 
subcloned at the C terminus of EGFP (12). 
Using the resulting pEGFP-PS-CC plasmid 
as the template, two sequential site-directed 

mutagenesis reactions were performed 
using the QuikChange II Site-Directed 
Mutagenesis kit (Stratagene, La Jolla, CA, 
USA). The primers used for the first reaction 
were 5′-GGAGCGCTGCAAGGCCCG-
CATTCGGCGCGACGAGCAGCG-
GGACAACCAGGAGCGCTTCCG-
CATGATCTACCTGGAGACGTT-
GCTGGCCAAGG-3′ and the reverse 
complement. For the second reaction, the 
primers were 5′-GCGACGAGCAGCG-
GGTGAACCAGGAGCGCTTCC-3′ 
(a nd re verse  complement)  a nd 
5′-CAGGAGCTGGAGCGCGCCA-
AGGCCCGCATTCG-3′ (and reverse 
complement). These mutations were 
designed to change bases encoding five 
amino acids in the coiled-coil domain to 
increase the number of ionic interactions 
in the heterodimer (mutant:wild-type) 
and introduce charge-charge repulsions in 
the mutant homodimer (mutant:mutant) 
(unpublished data). The wild-type and 
mutant forms of the coiled coil were used 
as the templates for PCR with the primers 
5′-TGTA ACTCGAGTTATGGTG-
GACCCGGTG-3′ and 5′-ATGCTCTC-
GAGCCGGTCATAGCTCTTC-3′ and 
subsequently inserted into pDsRed2-N1 
(Clontech) at the XhoI site.

Cell lines and transient transfection
1471.1 and Cos-7 cells grow as monolayers 
in DMEM and RPMI (Gibco, Invitrogen, 
Carlsbad, CA, USA), respectively, both 
supplemented with 10% FBS (Hyclone 
Laboratories, Logan, UT, USA), 1% 
penicillin-streptomycin (Gibco), 0.1% 
gentamicin (Hyclone Laboratories), and 
1% L-glutamine (Hyclone Laboratories). 
The cells were maintained in a 5% CO2 
incubator at 37°C. 1471.1 cells were grown 
to ~50% confluency, and 5 × 106 cells in 
100 μL cold plain DMEM were transiently 
cotransfected via electroporation as previ-
ously described (22,23). Transfections were 
performed using the Electrosquare Porator 
ECM 830 (BTX, Harvard Apparatus, 
Holliston, MA, USA) with 2 μg EGFP-PS 
plasmid and 2 μg DsRed plasmid along 
with 6 μg pGL3basic (Promega, Madison, 
WI, USA) carrier DNA for a total of 10 μg 
DNA. Three pulses of 140 V were applied 
for 10 ms. Following the electroporation, 
the cells were plated in complete DMEM 
in a two-well live cell chamber (Lab-tek 
II chamber slide system; Nalge NUNC, 
Rochester, NY, USA) and incubated in 
a 5% CO2 incubator at 37°C overnight. 
Cos-7 cells were seeded into a two- or 
four-well live cell chamber 24 h prior to 
transfection with Lipofectamine LTX 
(Invitrogen), so the confluency was ~90% 
on the day of the transfection. Transfec-

A

B

Figure 2. PNI of PS constructs and example cell images. (A) PNI of the PS constructs as measured 
by EGFP fluorescence. Consistent PNI of all PS constructs contributes to validating that the nuclear 
increase of the DsRed construct is indicative of the interaction. (B) Example images of 1471.1 cells 
cotransfected with EGFP-PS-CCmut and DsRed-CC. The phase contrast is seen in the top row, the 
fluorescence from EGFP in the middle row, and fluorescence from DsRed in the bottom row. The left 
column contains cells without ligand added, and the right column contains cells 2 h after ligand was 
added. For the PS construct (EGFP), the initial localization is in the cytoplasm, and after addition 
of ligand, it translocates into the nucleus. The nuclear translocation of the DsRed construct is not 
as noticeable, but also moves into the nucleus after addition of ligand due to the interaction with 
the PS construct.
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tions were carried out as recommended 
by the supplier.

Ligand induction and  
fluorescent microscopy
After 24 h, the cells were rinsed with PBS 
(Gibco) followed by the addition of 2 mL 
complete phenol red–free DMEM (Gibco). 
The PS ligand dexamethasone (Sigma-Aldrich, 
St. Louis, MO, USA) (12) was then added to 
one well at a final concentration of 200 nM, 
and the cells were incubated at 37°C for 1–2 h. 
H33342 nuclear dye (0.5 μL) was added to the 
Cos-7 cells and incubated at 37°C for another 
15 min. Following the incubation, the trans-
fected cells were viewed and photographed 
using an inverted fluorescence microscope, 
Olympus IX701F (Scientific Instrument 
Company, Sunnyvale, CA, USA) with a high-
quality narrow band GFP filter (excitation 
HQ480/20 nm, emission HQ510/20 nm, 
beam splitter Q495lp; Chroma Technology 
Corp., Brattleboro, VT, USA) and a high-
quality TRITC filter (excitation HQ545/30 
nm, emission HQ620/60 nm, beam  
splitter Q570lp; Chroma Technology Corp.). 
Cells were photographed with a 40× or 60× 
objective using an F-View Monochrome 
charge-coupled device (CCD) camera. 
Neutral density filters with 500-ms exposure 
time were used to minimize photobleaching. 
The microscope stage was maintained at 37°C 
with a Nevtek ASI 400 Air Stream Incubator 
(Nevtek, Williamsville, VA, USA) with 
temperature control.

Quantification of the PNI
Quantification of the fluorescence intensity 
of EGFP and DsRed correlates to the amount 
of the respective exogenous protein. The 
images of cells were analyzed using analySIS 
software (Soft Imaging System GmbH, 
Muenster, Germany), and the amount of 
protein in the cytoplasm and the nucleus was 
quantified as previously described (23–26). 
The following equations were used in the 
quantification:

CIACI
CA

=

[Eq. 1]

NIANI
NA

=

[Eq. 2]
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 −
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[Eq. 4]

where ACI equals the average cytoplasmic 
intensity, CI equals the cytoplasmic 
intensity, CA equals the area of cytoplasm, 
ANI equals the average nuclear intensity, NI 
equals the nuclear intensity, NA equals the 
area of nucleus, PN equals the percentage 
nuclear, PNI equals the percentage nuclear 
increase, PNL equals the percentage nuclear 
after ligand induction, and PN0 equals 
the percentage nuclear without ligand 
induction.

At least eight cells were analyzed from 
each group, and each experiment was 
performed in triplicate. The experimental 
output, PNI, is a measure of how much the 
nuclear intensity increases after the addition 
of ligand, and values reported are the means 
± sd. As the PNI of the DsRed construct 
is related to the binding and PNI of the PS 
construct, PNI of DsRed was normalized 
to the PNI of the EGFP (PS) construct, 
(PNIDsRed/PNIEGFP) × 100%.

Results and discussion 
In any assay involving simultaneous 
expression of two distinct proteins, it is 
essential to ensure that both proteins are 
expressed at consistent levels from exper-
iment to experiment and between groups 
in each experiment. The NTA exhibits the 
ability to quantify the amount of protein 
present in each cell being studied, providing 
a validation of consistent protein expression. 
For example, the experiments performed 
in 1471.1 cells all resulted in fluorescence 
intensities in the range of 13,000 relative 
fluorescent units (RFU)/area (no statistical 
difference at the 95% confidence level using 
one-way ANOVA; data not shown). Further, 
the EGFP PNI (the ligand-responsive PS) 
should be relatively consistent and can be 
monitored to ensure the assay is functioning 
properly. As seen in Figure 2A, the nuclear 
fluorescence intensity from all PS constructs 
(EGFP) assayed in 1471.1 cells increased in 
the range of 30% after the addition of ligand 
(no statistical difference at the 95% confi-
dence level using one-way ANOVA). After 
confirmation that the total fluorescence 
intensities from both DsRed and EGFP  
and the PNI of EGFP are consistent, the 
varying levels of DsRed PNI will be due to 
the interaction between the two proteins 
fused to DsRed and EGFP. Example images 
demonstrating the localization in the 
absence and presence of ligand in 1471.1 
cells are shown in Figure 2B.

The alteration of subcellular localization 
of a protein is a novel method of studying 
protein-protein interactions in the complex 
cellular milieu. This technology harnesses the 
control over nuclear translocation provided 
by the PS and uses the fluorescent proteins 
EGFP and DsRed to monitor their subcel-
lular localization. As a negative control, EGFP-
PS-CC was contransfected with DsRed (no 
coiled-coil domain), as well as EGFP-PS (no 
coiled coil) cotransfected with DsRed-CC, 
and both resulted in negligible nuclear trans-
location after the addition of ligand (Figure 3, 
first column). A particularly challenging inter-
action to study is the homo-oligomerization of 
a protein. When utilizing two fusion proteins 
to study the interaction, difficulty arises due 
to the formation of homo-oligomerized 
fusion proteins that compete with the hetero-
oligomerization between the two fusion 
proteins. In the case of the Bcr coiled-coil 
domain, in spite of the known dimerization 
of this domain, the homo-oligomerization of 
the PS construct seems to be a limiting factor, 
and minimal nuclear translocation was seen 
(Figure 3, second column). However, when 
we used a mutant form of the coiled coil that 
exhibits reduced homodimerization, the PS 
construct was more available for interaction 
with the DsRed construct, and a large nuclear 
increase was observed (Figure 3, third column). 
The prevention of the homo-oligomerization 
by the mutant coiled coil is also indicated by the 
absence of nuclear increase when the mutant 
coiled coil is fused to both the PS and DsRed 
(Figure 3, fourth column). The NTA provided 
a novel way of demonstrating the enhanced 
binding and specificity of the mutant coiled 
coil as seen in Figure 3. This data has been 

Figure 3. NTA results for the Bcr coiled coil 
and mutant coiled coil. The mutant coiled coil 
is designed to prevent homo-oligomerization 
(CCmut:CCmut) and to improve binding to the 
wild-type coiled coil. This results in EGFP-PS-
CCmut being more available to oligomerize with 
DsRed-CC and the greatest nuclear translocation 
with this combination (CCmut:CC, third column). 
PS, protein switch; CC, coiled coil; CCmut, mu-
tant coiled coil. *P < 0.01, **P < 0.001 com-
pared with control (first column); each experi-
ment was performed in triplicate with at least 
eight cells analyzed per experiment. Statistical 
significance was determined using one-way 
ANOVA with Tukey’s post-test.
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corroborated with a mammalian two-hybrid 
assay (data not shown).

One of the cell lines we chose to use for this 
assay, 1471.1, is an adherent cell line with easily 
detectable nuclei ideal for imaging fluorescent 
proteins via fluorescence microscopy. These 
characteristics make this cell line a suitable 
candidate for the NTA. Further, the cell 
nucleus is very large (Figure 2B), and the 
nuclear membrane is easily detectable with a 
40× objective, eliminating the need for nuclear 
stains and reducing the complexity of the assay. 
We have routinely stained the nuclei of these 
cells with a Hoechst dye (H33342, similar to 
DAPI) and confirmed the location of the cell 
nuclei (data not shown). To further validate 
the assay, we studied the same interactions 
in Cos-7 cells, and very similar results were 
obtained, as seen in Figure 3.

The PS designed in our laboratory origi-
nated with an idea for altering the subcel-
lular localization of aberrant functioning 
proteins as a therapeutic intervention (23). 
This optimized control over nuclear translo-
cation now serves as an assay to study protein 
interactions in the intracellular matrix and can 
be applied to almost any protein of interest. 
Although in some regards, the NTA is similar 
to the membrane recruitment assay (27) or 
the translocation biosensor (28), the ability 
to control the translocation by the presence 
or absence of a ligand is advantageous. Here 
we have demonstrated the NTA in murine 
and simian cells, but as the PS is translocated 
into the nucleus via importin α/β, common 
among most organisms, other cells (including 
human) could be used to perform this assay. 
After routine generation of fusion proteins 
consisting of the proteins of interest fused 
to EGFP-PS and DsRed, the NTA is simple 
and requires only a fluorescence microscope, 
software to quantify fluorescence intensities 
(such as Image J freeware; http://rsbweb.nih.
gov/ij), and the readily available ligand dexam-
ethasone. This assay now adds to the limited 
repertoire of experimental techniques for 
studying protein interactions inside of cells.
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