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Protein-protein interactions play 
a fundamental role in all cellular 
functions. Thus, elucidating protein 
interactions has emerged as a new, 
exciting, and important challenge in the 
postgenomic era.

Bimolecular fluorescence comple-
mentation (BiFC) is a powerful 
methodology for visualization of 
protein-protein interactions in living 
cells (1; reviewed in Reference 2). In 
BiFC, proteins under study are tagged 
either with the N-terminal (YN) or 
the C-terminal (YC) fragment of the 
yellow fluorescent protein (YFP). 
Protein interactions bring the YN 
and YC fragments together, resulting 
in a yellow fluorescent complex. 
Current BiFC assays visualize protein-

protein interactions, but do not detect 
individual proteins under study. 
Consequently, expression of proteins 
must be evaluated with additional 
methods, increasing the total time and 
cost of interaction analysis.

To overcome this problem, we 
explored the feasibility of co-visual-
izing the expression of proteins under 
study in the BiFC assay by tagging 
them with a second, constitutively 
fluorescent domain.

To this end, we designed plasmids 
for eukaryotic expression of proteins 
containing either the cyan fluorescent 
protein (CFP) fused to YN (amino 
acids 1–154 of YFP) (Figure 1A) or the 
monomeric red fluorescent protein 1 
(mRFP1) (3) fused to YC (amino acids  

155–238 of YFP) (Figure 1B). Flexible 
linkers separate both domains in each 
fusion protein. Both plasmids, called C-
YN and R-YC, respectively, contained 
unique restriction sites for insertion 
of additional coding sequences at 
the 5′ end of the artificial gene. Cells 
expressing both fusion proteins should 
display red and blue fluorescence, 
whereas interactions between fusion 
proteins should be indicated by yellow 
fluorescence (Figure 1, C and D).

Cotransfection of C-YN and R-YC 
plasmid constructs into HeLa cells, 
resulted in cells displaying both CFP 
and mRFP fluorescent signals, which 
were evenly distributed throughout 
the cells (Figure 1E). In contrast, the 
YFP signal was either very weak or not 
detectable in the same cells, indicating 
a very low degree of unspecific inter-
action (also observed with the classical 
BiFC assay). We did not observe signif-
icant signal crosstalk between signals 
(see the supplementary materials and 
Supplementary Figure S1 available 
online at www.BioTechniques.com).

The human immunodeficiency virus 
(HIV) is the causative agent of acquired 
immunodeficiency syndrome (AIDS). 
The HIV Rev protein is a key regulator 
of virus replication. Rev is a small 
protein essential for the activation of 
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Figure 1. Principle and application of the extended bimolecular fluorescence complementation (exBiFC) assay. Panels A and B show exBiFC expression 
cassettes and panels C and D show exBiFC fusion proteins. Panels E–H show cells co-expressing red and blue fluorescent exBiFC proteins either (E) lacking 
interaction domains (C-YN + R-YC) or containing the following potential interaction domains: (F) wild-type Rev (Rev-C-YN + Rev-R-YC), (G) wild-type 
Rev and Risp (Rev-C-YN + Risp-R-YC), and (H) mutant RevM5 and Risp (Rev-M5-C-YN + Risp-R-YC). Significant yellow fluorescent protein (YFP) signals 
are only visible in panels F and G, confirming interaction of Rev with itself and with Risp. Widefield fluorescence microscopic images were acquired with 
an Axiovert 200 M microscope controlled by AxioVision 4.5 software (both from Carl Zeiss, Goettingen, Germany). For all images, constant exposure times 
and display normalizations were applied. Filters: CFP (436/20 FT 455 BP480/40), mRFP1 (530–585 FT 600 LP 615), and YFP (500/20 FT 515 BP535/30). 
Exposure times: CFP 50 ms, mRFP1 100 ms, and YFP 500 ms. Scale bars, 10 μm. CPF, cyan fluorescent protein; mRFP, monomeric red fluorescent protein.
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HIV-1 late gene expression. Elucidation 
of Rev-protein interactions in cells is 
essential to understanding the molecular 
mechanisms of HIV replication and has 
an enormous potential for the devel-
opment of novel anti-HIV strategies (4). 
Known cellular Rev interactors include 
the Rev cofactor CRM1/Exportin1 
(5), a nuclear export receptor, and 
the recently discovered Risp factor, 
a modulator of Rev activity (6). In 
addition, Rev interacts with itself. As 
proof-of-concept for our assay, we 
inserted sequences encoding HIV Rev 
(wild-type and various mutants), Risp, 
and CRM1/Exportin1 into the C-YN 
and R-YC vectors and performed 
pairwise cotransfections to test the 
expression and interaction behaviors of 
the resulting fusion proteins.

HeLa cells transfected with Rev-C-
YN and Rev-R-YC displayed distinct 
blue, red, and yellow fluorescent 
signals, confirming expression of 
individual Rev-containing fusion 
proteins and Rev-Rev interaction in 
the same cells (Figure 1F). Rev-Risp 
interaction was also verified in this 
assay (Figure 1G). Cells co-expressing 
Risp and RevM5 fusion proteins did 
not display a yellow signal (Figure 

1H), despite of strong colocalization 
of mRFP1 and CFP fluorescence in 
cytoplasm. This confirms previous 
results from a yeast two-hybrid assay 
in which Risp failed to interact with the 
RevM5 mutant (6). 

Interaction strengths were deter-
mined by quantitative image analysis 
and by flow cytometry (Figure 2, supple-
mentary materials, and Supplementary 
Figure S2). Cells expressing proteins 
without specific interaction domains 
showed only very low YFP background 
fluorescence. Self-interaction of Rev 
was much stronger than interaction of 
wild-type Rev with a truncated Rev 
mutant [Rev(54–116)] lacking the 
multimerization domain of Rev (Figure 
2, A and B). Similarly, wild-type Rev 
interacted much more strongly with 
CRM1/Exportin1 than a Rev mutant 
with a defective nuclear export signal 
[Rev NES(A)4] (7) (Figure 2A). These 
results confirm that the extended BiFC 
(exBiFC) assay can be used to quantify 
interaction strengths in individual cells 
as well as in cell populations.

BiFC and its recent variants (2) is 
a well-established methodology for 
detection and quantification of protein 
complexes that has been applied to plant 

(8) and mammalian cells (9–11). In this 
study we extended BiFC technology by 
generating tools for co-visualization of 
not only protein-protein interactions, 
but also expression and localization of 
individual interaction partners in a single 
assay. Previously, this required use of 
fluorescence resonance energy transfer 
(FRET), which is a very powerful tool 
for analysis of transient interactions with 
rapidly disassociating partners (reviewed 
in Reference 12). In BiFC, protein inter-
actions are stabilized by formation of the 
fluorescent complex, resulting in a more 
robust signal than in FRET, which is 
particularly useful for detection of weak 
interactions. Furthermore, the generation 
of the interaction signal in BiFC appears 
to be less distance-dependent than in 
FRET, suggesting that BiFC/exBiFC 
has the potential to detect proteins 
associated in large complexes (2). It is 
noteworthy that, to some extent, FRET 
between CFP, YFP, and mRFP could 
also occur when an exBiFC complex 
has formed (13; reviewed in Reference 
14). We observed that the degree of 
FRET between CFP and YFP and 
between CFP and mRFP is negligible 
compared with the generated exBiFC 
signal (see supplementary materials and 

R
el

at
iv

e 
S

tre
ng

th
 o

f I
nt

er
ac

tio
n

(a
rb

itr
ar

y 
un

its
)

R
el

at
iv

e 
S

tre
ng

th
 o

f I
nt

er
ac

tio
n

(a
rb

itr
ar

y 
un

its
)

Figure 2. Quantitative analysis of protein-protein in-
teractions in the extended bimolecular fluorescence 
complementation (exBiFC) assay. Relative strengths of 
interactions are shown on the y-axis. Symbols represent 
values of a single analysis, and horizontal lines represent 
median values. (A) Analysis of single cells by fluores-
cence microscopy. The intensity of the yellow fluorescent 
protein (YFP) signal was normalized to the sum of red flu-
orescent protein (RFP) and cyan fluorescent protein (CFP) 
signal intensities and multiplied by 100 (arbitrary units). 
Values obtained for fluorescent proteins lacking specific 
interaction domains (C-YN + R-YC) represent unspecific 
YFP background fluorescence. Rev-Rev interaction (Rev-
C-YN + Rev-R-YC) is stronger than interaction of Rev 
with a multimerization-deficient truncated Rev mutant 
[Rev-C-YN + Rev(54–116)-R-YC]. Similarly, wild-type 
Rev interacts much more strongly with CRM1/Exportin1 
(Rev-C-YN + CRM-1-R-YC) than the nuclear export defi-
cient Rev mutant [Rev NES(A)4-C-YN + CRM-1-R-YC]. 
(B) Analysis of cell populations by flow cytometry. Cells 
were harvested 48 h after transfections and analyzed with 
a FACSAria™ cell sorter (BD Biosciences, Heidelberg, 
Germany). A healthy, homogenous cell population was 
determined by a gate and drawn in the forward scatter/side 
scatter (FSC/SSC) dot blot; subsequently only this popula-
tion was analyzed. The median intensity of YFP (ex: 488; 
em: 530/30) fluorescence was determined in CFP (ex: 
407; em: 480/30) and monomeric red fluorescent protein 
1 (mRFP1) (ex: 543; em: 610/20) double-fluorescent cell 
populations (arbitrary units) and corrected for background 
YFP signal of the control pair Rev-C-YN and R-YC. In 
agreement with panel A, Rev-Rev self-interaction is stron-
ger than interaction of Rev with Rev mutant (54–116).
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Supplementary Figure S3). However, 
occurrence of FRET between YFP and 
mRFP reduces signal intensity of YFP 
fluorescence. This effect will not yield 
false positive results, but can lead to an 
underestimation of YFP signal strength 
(see supplementary materials and 
Supplementary Figure S3). The extent of 
FRET between YFP and mRFP can be 
determined by acceptor photobleaching 
of mRFP.

The classical BiFC assay measures 
interaction efficiencies by quanti-
fying the intensity of the signal of the 
fluorescent complex, without taking 
into account the expression levels of 
the individual fusion proteins. In this 
respect, the exBiFC assay represents a 
major advance, because it allows easy 
identification of cells expressing both 
fusion proteins and the normalization 
of the interaction signal to expression 
levels of both fusion proteins in these 
cells. We were able to monitor complex 
formation in living cells over extended 
time periods (data not shown), 
suggesting that the exBiFC method-
ology will provide unprecedented 
insights into protein-protein interaction 
properties. Nevertheless, it is possible 
that in cases where these features of 
the exBiFC assay are not wanted or 
needed, the classical BiFC assay may 
also be suitable. Indeed BiFC utilizes 
a shorter tag at the protein of interest, 
and this may be advantageous for inter-
actions sensitive to steric hindrance.

It is well-known that adding tags, 
such as fluorescent proteins, to proteins 
of interest has the potential to affect 
subcellular localization behavior of 
proteins. Also the intracellular local-
ization of the YFP signal does not 
necessarily indicate the location where 
the interaction took place, but rather 
reflects an equilibrium state of the 
exBiFC complex. These aspects have 
to be taken into consideration before 
experiments are planned and obtained 
data are interpreted.

As folding and chromophore 
maturation of YFP (and other 
fluorescent proteins) is sensitive to 
higher temperatures, a short preincu-
bation at temperatures lower than 37°C 
may be required before BiFC analysis 
(see supplementary materials). This 
problem could be circumvented by 
adapting the YFP-based exBiFC assay 

to other fluorescent proteins (e.g., 
Venus or Citrine) (15). Additionally, 
recent and ongoing advances in the 
availability of fluorescent proteins (16) 
with distinct and improved spectral and 
biochemical properties should allow 
generation of a variety of new exBiFC 
constructs for multicolor analysis.

Several future applications can 
be envisioned for the exBiFC assay. 
Importantly, it should prove useful in 
identifying small molecule inhibitors of 
a particular protein-protein interaction 
and therefore may be an important 
tool in developing novel therapies. The 
exBiFC approach may also be adapted 
to screening of plasmid cDNA libraries 
for specific interactors. This would 
be greatly facilitated by constitutive 
expression of at least one exBiFC 
fusion protein as bait. Indeed, we were 
successful in generating HeLa cell lines 
stably expressing Rev-R-YC and Risp-
R-YC, respectively, indicating that the 
R-YC plasmid can be used to generate 
stable cell lines.

ACKNOWLEDGMENTS

We thank Susanne Kramer for clon-
ing the Risp construct, Utz Linzner 
for expert oligonucleotide synthe-
sis, and Alex D. Greenwood and 
Timm Schroeder for critical read-
ing of the manuscript. This work was 
partially supported by the Deutsche 
Forschungsgemeinschaft (DFG; 
German Research Foundation), no. 
SFB TR5 to M.Z. and by the HGF- 
Immune Monitoring Program.

COMPETING INTERESTS 
STATEMENT

The authors declare no competing 
interests.

REFERENCES

 1. Hu, C.D., Y. Chinenov, and T.K. Kerppola. 
2002. Visualization of interactions among 
bZIP and Rel family proteins in living cells 
using bimolecular fluorescence complemen-
tation. Mol. Cell 9:789-798.

 2. Kerppola, T.K. 2006. Visualization of molec-
ular interactions by fluorescence complemen-
tation. Nat. Rev. Mol. Cell Biol. 7:449-456.

 3. Campbell, R.E., O. Tour, A.E. Palmer, P.A. 
Steinbach, G.S. Baird, D.A. Zacharias, and 
R.Y. Tsien. 2002. A monomeric red fluo-
rescent protein. Proc. Natl. Acad. Sci. USA 
99:7877-7882.

 4. Baba, M. 2004. Inhibitors of HIV-1 gene ex-
pression and transcription. Curr. Top. Med. 
Chem. 4:871-882.

 5. Kjems, J. and P. Askjaer. 2000. Rev protein 
and its cellular partners. Adv. Pharmacol. 
48:251-298.

 6. Kramer-Hammerle, S., F. Ceccherini-
Silberstein, C. Bickel, H. Wolff, M. 
Vincendeau, T. Werner, V. Erfle, and R. 
Brack-Werner. 2005. Identification of a nov-
el Rev-interacting cellular protein. BMC Cell 
Biol. 6:20.

 7. Demart, S., F. Ceccherini-Silberstein, 
S. Schlicht, S. Walcher, H. Wolff, M. 
Neumann, V. Erfle, and R. Brack-Werner. 
2003. Analysis of nuclear targeting activities 
of transport signals in the human immuno-
deficiency virus Rev protein. Exp. Cell Res. 
291:484-501.

 8. Walter, M., C. Chaban, K. Schutze, 
O. Batistic, K. Weckermann, C. Nake, 
D. Blazevic, C. Grefen, et al. 2004. 
Visualization of protein interactions in living 
plant cells using bimolecular fluorescence 
complementation. Plant J. 40:428-438.

 9. Grinberg, A.V., C.D. Hu, and T.K. 
Kerppola. 2004. Visualization of Myc/Max/
Mad family dimers and the competition for 
dimerization in living cells. Mol. Cell. Biol. 
24:4294-4308.

 10. Schmidt, U., K. Richter, A.B. Berger and P. 
Lichter. 2006. In vivo BiFC analysis of Y14 
and NXF1 mRNA export complexes: prefer-
ential localization within and around SC35 
domains. J Cell Biol. 172:373-381.

 11. Hu, C.D. and T.K. Kerppola. 2003. 
Simultaneous visualization of multiple pro-
tein interactions in living cells using multi-
color fluorescence complementation analysis. 
Nat. Biotechnol. 21:539-545.

 12. Miyawaki, A. 2003. Visualization of the spa-
tial and temporal dynamics of intracellular 
signaling. Dev. Cell 3:295-305.

 13. He, L., X. Wu, J. Simone, D. Hewgill, and 
P.E. Lipsky. 2005. Determination of tumor 
necrosis factor receptor-associated factor 
trimerization in living cells by CFP→YFP→
mRFP FRET detected by flow cytometry. 
Nucleic Acids Res. 33:e61.

 14. Giepmans, B.N., S.R. Adams, M.H. 
Ellisman, and R.Y. Tsien. 2006. The fluo-
rescent toolbox for assessing protein location 
and function. Science 312:217-224.

 15. Shyu, Y.J., H. Liu, X. Deng, and C.D. Hu. 
2006. Identification of new fluorescent pro-
tein fragments for bimolecular fluorescence 
complementation analysis under physiologi-
cal conditions. BioTechniques 40:61-66.

 16. Shaner, N.C., P.A. Steinbach, and R.Y. 
Tsien. 2005. A guide to choosing fluorescent 
proteins. Nature Methods 2:905-909.

Received 21 July 2006; accepted 
31 August 2006.

Address correspondence to Horst Wolff, 
Institute of Molecular Virology, GSF-
National Research Center for Environment 
and Health, Ingolstaedterlandstr. 1, 
85764 Neuherberg, Germany. e-mail: 
Horst.Wolff@gsf.de

To purchase reprints of this article, contact:
Reprints@BioTechniques.com


