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Abstract

Bimolecular fluorescence complementation (BiFC) analysis enables direct visualization of protein
interactions in living cells. The BiFC assay is based on the discoveries that two non-fluorescent
fragments of a fluorescent protein can associate to form a fluorescent complex and that the association
of the fragments can be facilitated by fusing them to two proteins that interact with each other. The
non-covalent association of the fragments produces a bimolecular fluorescent complex. The
specificity of bimolecular fluorescence complementation must be confirmed by parallel analysis of
proteins in which the interaction interface has been mutated. It is not necessary for the interaction
partners to juxtapose the fragments within a specific distance of each other since they can associate
when they are tethered to a complex with flexible linkers. It is also not necessary for the interaction
partners to form a complex with a long half-life or a high occupancy since the fragments can associate
in a transient complex and un-associated fusion proteins do not interfere with detection of the
complex. Many interactions can be visualized when the fusion proteins are expressed at
concentrations comparable to their endogenous counterparts. The BiFC assay has been used for the
visualization of interactions between many types of proteins in different subcellular locations and in
different cell types and organisms. It is technically straightforward and can be performed using a
regular fluorescence microscope and standard molecular biology and cell culture reagents.
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Introduction

Studies of protein interactions have provided fundamental insights into the regulation of
cellular functions. Many methods have been developed to investigate protein interactions. Most
methods that enable direct detection of protein interactions, such as co-purification and affinity
precipitation assays, require removal of the proteins from their native environment. In contrast,
methods that enable detection of protein interactions in cells, such as genetic suppressor
analysis, generally rely on indirect consequences of the protein interactions.
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The visualization of protein interactions in living cells provides the potential for direct detection
of protein interactions with minimal perturbation of their normal environment. Many strategies
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for the visualization of protein interactions in cells have been developed. The most commonly
employed are fluorescence resonance energy transfer (FRET) 1 and bimolecular fluorescence
complementation (BiFC) 2. Others include fluorescence correlation spectroscopies 3.4 image
gogrelation spectroscopy Sand complementation approaches using fragments of other proteins

of BiFC and FRET

FRET and BiFC analysis are fundamentally different approaches and have complementary
advantages and disadvantages. FRET is based on the transfer of excitation energy between two
fluorophores that are in close spatial proximity and have permissive relative orientations 1
This energy transfer results in a change in the fluorescence intensities and lifetimes of the two
fluorophores. FRET analysis of a protein interaction requires quantitation of the change in the
fluorescence intensity or lifetime of the donor and acceptor fluorophores in the presence versus
the absence of energy transfer between the fluorophores.

BiFC is based on the association between fragments of a fluorescent protein when they are
tethered in the same macromolecular complex (Figure 1) 2, Thus, the association produces a
fluorescent complex from non-fluorescent constituents. BiFC analysis requires determination
of the difference in fluorescence intensities produced by the association of the fluorescent
protein fragments in the presence versus the absence of an interaction between the proteins
fused to the fragments. BiFC analysis has been used for the visualization of interactions
between many different proteins in many cell types and organisms (see Table 1).

FRET enables, in principle, instantaneous monitoring of protein interactions whereas BiFC
produces a signal after a delay required for the chemical reactions that generate the fluorophore.
BiFC theoretically allows detection of interactions at lower protein concentrations and is
predicted to be affected less by changes in cellular conditions that can alter the fluorescence
intensities and lifetimes of fluorescent proteins. FRET requires close spatial proximity between
the fluorophores whereas BiFC requires that the fluorescent protein fragments have the
dynamic flexibility to associate in the protein complex. FRET requires that a large fraction of
the fluorescent proteins associate with each other whereas BiFC can detect an interaction
involving only a small subset of each fusion protein. Each approach is therefore applicable for
different purposes. The fundamental principles and recent applications of the BiFC assay have
been reviewed 9.

Applications of the BiFC assay

The BIiFC assay is applicable for visualization of the steady-state distributions of complexes
formed between virtually any combination of proteins in a wide variety of cell types and
organisms. Although the approach is applicable for studies of protein interactions in a wide
variety of organisms (see Table 1), the chemistry of fluorophore formation requires molecular
oxygen, making this approach unsuitable for use in organisms that are obligate anaerobes. The
proteins must be able to accept fusions to fluorescent protein fragments without disruption of
their functions. The complex must tolerate stabilization of the interaction by the association
between the fluorescent protein fragments without changes in function or deleterious effects
for the cell. The BiFC assay is particularly valuable for determining the subcellular locations
of protein interactions, which can provide insight into the biological functions of newly
discovered protein complexes. Fragments of several proteins that can associate when they are
brought together by an interaction between proteins fused to the fragments have been identified.
These include fragments of ubiquitin, B-galactosidase and dihydrofolate reductase 6-8 The
advantage of BiFC analysis is that association between fragments of fluorescent proteins
produces a complex with intrinsic fluorescence, eliminating the need for exogenous stains and
enabling direct detection of the protein complex. We have developed several extensions of the
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BiFC assay that enable visualization of multiple protein interactions in the same cell 10,11 55
well as covalent protein modifications 12 Recent studies have also su?gested that BiFC
analysis can be used to determine the topology of membrane proteins 2 and for high
throughput screening for the effects of small molecules on protein complexes 14 Future efforts
will undoubtedly identify many new applications for fluorescence complementation.

Limitations of the BiFC assay

The BiFC assay has several characteristics that limit its applicability and should temper
interpretations based on results from this assay. One limitation of the BiFC approach is the
time required for fluorophore maturation, which reflects the chemical reactions required for
formation of the cyclic fluorophore. This prevents real-time detection of rapid changes in
interactions using the BiFC assay. It is possible that some of the chemical reactions required
for fluorophore formation occur in the isolated fragments, accelerating fluorescence
complementation under some conditions 15

Bimolecular fluorescent complex formation is also likely to affect the dynamics of complex
dissociation and partner exchange. Under many in vitro conditions, formation of the
bimolecular fluorescent complex is essentially irreversible 2,16, 17, However, in some
experiments, rapid changes in the fluorescence signal have been observed 18,19 s possible
that bimolecular fluorescent complex formation is reversible under these conditions, but it is
difficult to exclude the possibility that other processes, such as protein degradation, affect the
signal in living cells. The signal from fluorescence complementation has also been shown to
decrease under conditions predicted to reduce complex formation under some in vitro
conditions 19 18, However, dissociation of the fusion proteins has not been directly
demonstrated.

Finally, fluorescent protein fragments have a finite ability to associate with each other
independent of an interaction between proteins fused to the fragments. This major source of
background signal in the BiFC assay varies depending on the identities of the fusion proteins
and their levels of expression. Generally, this problem can be alleviated by expression of the
fusion proteins at concentrations approximating their endogenous counterparts. In cases where
this may not be possible, alternative fusions can be tested for the specificity of fluorescence
complementation.

Strengths of the BiFC assay

There are many characteristics of the BiFC assay that make it useful for the study of protein
interactions. First, it enables direct visualization of protein interactions and does not rely on
their secondary effects. Second, the interactions can be visualized in living cells, eliminating
potential artifacts caused by cell lysis or fixation. Third, the proteins are expressed in a relevant
biological context, ideally at levels comparable to those of their endogenous counterparts. This
increases the likelihood that the results reflect the properties of native proteins, including
potential effects of post-translational modifications. Fourth, the BiFC assay does not require
stoichiometric complex formation but can be used to detect interactions between
subpopulations of each protein. Finally, BiFC does not require specialized equipment, apart
from an inverted fluorescence microscope equipped with objectives that allow imaging of
fluorescence in cells. The direct detection of bimolecular complex formation requires no post-
acquisition image processing for interpretation of the data.

This protocol focuses on the visualization of protein interactions in cultured mammalian cells
using the BiFC assay 2, but the general principles described are applicable to many other
experimental systems. Although this protocol describes the use of transiently transfected
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plasmid vectors, it is likely that other expression strategies (retroviruses, lentiviruses etc.) can
be used with only slight modifications to the protocol.

Plasmid vectors for expression of fusion proteins (also see below)
DNA encoding N-terminal fragment of fluorescent protein (see Table 2)
DNA encoding C-terminal fragment of fluorescent protein (see Table 2)
DNA encoding proteins of interest (interaction partners, wildtype)

DNA encoding mutated proteins of interest that do not interact with each other (negative
controls)

Cells that can be transfected with plasmid DNA (preferably adherent, monolayer cell line)
Materials for cell culture
Materials for cell transfection

Tissue culture vessels appropriate for experiment: e.g. cluster plates, slide chambers, or
glass coverslips

Additional reagents and equipment for expressing proteins in mammalian cells,
mammalian cell culture, and immunoblotting

Inverted fluorescence microscope equipped with:
Sensitive CCD camera
20x to 100x objectives

Filters for visualization of fluorescent proteins: YFP, Venus (excitation 500 + 10 nm;
emission 535 + 15 nm); and CFP, Cerulean (excitation 436 £ 5 nm; emission 470 + 15
nm)

Software for instrument control and data analysis

Facilities for cell culture

fluorescent protein fragments to be used

Several combinations of fluorescent protein fragments support bimolecular fluorescence
complementation 11: those recommended for BiFC analysis are listed in Table 2. For most
purposes, fragments of YFP truncated at residue 155 (designated YN155 and YC155) are
recommended, as they exhibit a relatively high complementation efficiency when fused to
many interaction partners, yet produce low fluorescence when fused to proteins that do not
interact with each other 2. Fragments of YFP truncated at residue 173 (designated YN173 and
YC173) can also be used 11 and may exhibit a different efficiency of complementation due
to differences in the steric constraints imposed by tethering of the fragments to the protein
complex. Fragments of Venus (a mutated GFP with high fluorescence intensity) 22 truncated
ateither residue 155 or 173 (designated VN155 and VC155 or VN173 and VC173 respectively)
groduce a significantly brighter fluorescent signal when fused to specific interaction partners
0, However, these fragments also produce a brighter signal when fused to proteins that do not
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selectively interact with each other 20 These fragments have the great advantage that the
bimolecular fluorescent complex is readily detectable at 37°C, which avoids the incubation at
30°C that is generally necessary to detect complementation using YFP fragments. Other
combinations of fluorescent protein fragments can also be used, especially when using BiFC
analysis for the visualization of multiple protein complexes in the same cell

2. Determine the sites where the fluorescent protein fragments can be fused to the putative
interaction partners

Determine the positions of the fusions empirically to fulfill three criteria.

i.  First, ensure that the fusions allow the fragments of the fluorescent proteins to
associate with each other if the putative partners interact. Information about the
structure and location of the interaction interface may be useful to determine optimal
positions for the fusions. However, this information is not essential since fusions that
can be used for BiFC analysis can be identified by screening multiple combinations
of fusion proteins for fluorescence complementation. One strategy for the
identification of fusion proteins that allow bimolecular fluorescence complementation
is to fuse each of the fluorescent protein fragments to the N- and C-terminal end of
each interaction partner, and to test for complementation in all eight combinations
that contain both fragments of the fluorescent protein (Figure 2).

ii. Second, confirm that fusions do not affect the localization or the stabilities of the
proteins by comparing the localization and expression levels of the fusion proteins
with those of wildtype proteins lacking the fusions; indirect immunofluorescence and
immunoblot analyses can be used.

iii. Third, test the fusion proteins for all known functions of the endogenous proteins to
ensure that the fusions do not affect the functions of the proteins under investigation.

3. Select linkers to connect the fragments to the proteins of interest

The linkers must provide flexibility for independent motion of the fluorescent protein
fragments and the interaction partners, allowing the fragments to associate when the proteins
interact. We have used the RSIAT and RPACKIPNDLKQKVMNH linker sequences in many
fusion constructs used for BiFC analysis 2,11 These linkers have been used for the
visualization of interactions between many structurally unrelated proteins. The sequence
AAANSSIDLISVPVDSR encoded by the multiple cloning sites of the pCMV-FLAG vector
(Sigma) has also been successfully used as a linker in many BiFC experiments. A peptide
sequence designed to be flexible such as (GGGS),, can also be used, although it can potentially
affect the degradation of the fusion protein. Although these linker sequences have worked well
for the proteins examined previously, it is possible that linkers of a different length or sequence
are optimal for BiFC analysis of interactions between other proteins.

4. Select a cell culture system

Choose a cell culture system that represents the biological context to be investigated, and allows
efficient introduction of DNA into a large fraction of the cells. Cells that grow as an adherent
monolayer are generally easier to image. The BiFC assay has been used for the analysis of
protein interactions in many mammalian cell lines includin %COS 1, HEK293, HeLa Hep3B,
aTN4, and NIH3T3 cells as well as in intact organlsms 0,12, 18,19, 23-67

5. Select a strategy for expression of the fusion proteins

Choose either transient expression (A) or stable expression (B) strategies, based on the purpose
of the experiment.
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A). Transient overexpression of the fusion proteins—This approach may be adequate
to determine if a pair of proteins can interact in cells and to determine the subcellular location
of the complex. To minimize protein mislocalization and formation of non-native complexes
due to overexpression, express the fusion proteins at levels comparable to the endogenous
proteins. This can be achieved by using plasmids with weak promoters, by transfecting small
amounts of plasmid DNA and by observing the cells as soon as signal is detectable.

B) Expression in stable cell lines—More reproducible levels of expression can be
obtained by using inducible expression vectors integrated into the genomes of stable cell lines.
This allows for the control of protein expression at relatively uniform levels in the entire cell
population and replication of experiments at constant expression levels, independent of
transfection efficiency and other factors that are difficult to control in transient assays.

6. Design controls to determine if complementation reflects a specific protein interaction

As fluorescent protein fragments are able to form fluorescent complexes with a low efficiency
in the absence of a specific interaction, it is essential to include negative controls in each
experiment. Spontaneous complementation is generally reduced when the fragments are fused
to proteins that do not interact with each other; appropriate negative controls are fusion proteins
in which the interaction interface has been mutated and fused to the fluorescent protein
fragments in a manner identical to the wildtype fusion proteins (Figure 3) 2,10, Compare the
level of expression and localization of the mutated and wild-type fusion proteins by
immunoblot and indirect immunofluorescence analyses (using any standard or commercially
available method). Quantify and compare the efficiencies of fluorescence complementation
between the wild-type and mutated proteins. If there is no prior knowledge of the location or
the structural nature of the interaction interface, it is possible to screen for mutations that alter
the efficiency of bimolecular fluorescence complementation, and thereby determine if the
complementation reflects a specific interaction. The BiFC assay can therefore be used to
determine whether two proteins interact in cells without prior knowledge of the location or the
structural nature of the interaction interface.

Use some of the numerous fusion proteins whose interactions have been visualized using the
BiFC assay as positive controls (see Table 1). However, the failure to detect fluorescence
complementation between the proteins under investigation does not demonstrate the absence
of an interaction (see ANTICIPATED RESULTS).

7. Prepare plasmids encoding fusion proteins

Construct plasmid expression vectors, using the appropriate vectors, by fusing the sequences
encoding the selected fluorescent protein fragments (see Table 2) to the sequences encoding
the proteins of interest. Any standard cloning techniques can be used. Whenever possible, test
fusions to both the N- and C-terminal ends of the proteins to be investigated (Figure 2).
Construct negative control plasmids that encode mutated non-interacting variants of the
proteins (see step 6) using the same strategy. Positive controls should be included to ensure
that a known interaction can be detected (see step 6).

8. Prepare cells for transfection

Seed cells the day before transfection at an appropriate density. This density should allow for
cell proliferation over the course of the experiment while taking into consideration the effects
of cell growth and density on the interaction under investigation. Cluster plates are convenient
for processing multiple transfections in parallel. If short-working-distance objectives will be
used to visualize the interaction, grow the cells in slide chambers or on glass coverslips.

Nat Protoc. Author manuscript; available in PMC 2008 August 20.



Kerppola Page 7

9. Transfect cells

Transfect cells (using the optimal procedure for the cells) with appropriate amounts (e.g. 0.25
ng) of the BiFC plasmids encoding the fusion proteins when an appropriate confluency (e.g.

~50%) is reached. In parallel, transfect cells with the negative and positive control plasmids.
For quantitation of the efficiency of fluorescence complementation, all plasmids should be co-
transfected with the same amount of an internal control plasmid (e.g. a plasmid that expresses
CFP, see Fig. 3)

10. Allow time for fusion protein expression and fluorophore maturation

Grow cells under conditions appropriate for the cell-type until fluorescence is detected (12 to
36 hr). If necessary, incubate the cells at 30°C with 5% CO, to promote maturation of the
fluorophore and to increase the signal. Results obtained under low temperature conditions
should be interpreted with care, as incubation at a lower temperature could alter protein
interactions.

1dudsnueiy Joyiny [INHH

11. Remove dead cells

Wash the cells once with an amount of PBS sufficient to remove dead cells and cell debris,
then add fresh medium.

12. Observe cells

Image the cells using an inverted fluorescence microscope. When using cells grown on plastic,
a long-working-distance objective is convenient, but produces lower signal (due to the lower
numerical aperture) than a short-working distance objective. A 20x objective is useful for
observing large numbers of cells and can provide general subcellular localization information,
whereas 60x or 100x objectives can be necessary for detailed localization within subcellular
compartments. For detection of complementation between YFP or Venus fragments an
excitation filter with 500 + 10 nm transmission and an emission filter with 535 + 15 nm
transmission are appropriate. Confirm that fluorescent cells are alive by comparing their
morphology to that of non-transfected cells. Cells grown on coverslips can be fixed and
individual proteins can be visualized by indirect immunofluorescence analysis. Use protocols
for fixation and immunofluorescence that have been established for the cell line and antibody
to be used.

1dudsnuey Joyiny [INHH

13. Establish the levels of protein expression

Compare the levels of fusion protein expression with those of the endogenous proteins by
immunoblot analysis. The cultures used for imaging can be subsequently processed for
immunoblotting or separate cultures can be prepared in parallel. Use protocols for
immunoblotting that have been established to work for the cell line and antibody to be used.
Use the ratio between the intensities of the bands corresponding to the transfected and
endogenous proteins together with the transfection efficiency to estimate the relative levels of
transfected and endogenous proteins. Ideally, the amount of transfected protein should not
exceed that of the endogenous proteine in the cells.

14. Analyze the data

Compare the intensities and numbers of fluorescent cells observed when the cells are
transfected with the wildtype interaction partners with those observed when the cells are
transfected with the negative control constructs. For quantitative analysis of the efficiencies of
fluorescence complementation, divide the fluorescence intensities produced by fluorescence
complementation by the fluorescence intensities produced by intact fluorescent protein in
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individual cells (see Fig. 3). Higher fluorescence intensity and an increased number of
fluorescent cells for the wild type proteins is consistent with a specific interaction.

The construction of plasmid vectors for the expression of fusion proteins can be accomplished
in a few days once the design for the vectors has been completed. Preparation of cells that
express the fusion proteins can vary a great deal from days in transient transfection experiments
to months or years for the production of stable cell lines or transgenic organisms. In transient
expression experiments, fluorescence from specific interactions can generally be detected
between 12 and 30 hours after transfection. In the case of complementation between YFP or
CFP fragments, this generally requires a short incubation at 30°C to facilitate fluorophore
maturation. In the case of complementation between Venus fragments, this step is generally
not necessary. Longer incubation should be avoided since this may result in higher expression
of fusion proteins and complementation due to nonspecific interactions. Images can be
recorded and analyzed in less than an hour for each combination of fusion proteins.

Anticipated Results

Interpretation of results from BiFC analysis

i. If fluorescence is detected when wildtype proteins are expressed, and this signal is
eliminated or significantly reduced by single amino acid substitutions that prevent the
interaction, it is likely that the bimolecular fluorescence complementation represents
a specific interaction between the proteins fused to the fragments of fluorescent
proteins.

ii. If mutations that are known to eliminate the interaction do not reduce or eliminate the
fluorescence, then the bimolecular complementation is due to a nonspecific
interaction between the fusion proteins. If this is the case, the BiFC assay may not be
an appropriate assay for the study of the two proteins. If the levels of expression of
the fusion proteins were higher than those of their endogenous counterparts, modify
the protocol or use another expression system to achieve levels of protein expression
more consistent with those of the endogenous proteins. Alternatively, a different
combination of fusion proteins or linkers should be tested.

iii. If no fluorescence complementation is detected in the BiFC assay it does not prove
the absence of an interaction, even if coexpression of the same fusion proteins with
other interaction partners results in bimolecular fluorescence complementation.
Different combinations of BiFC constructs or alternative approaches should be
employed. Fluorescence in a small subpopulation of cells is difficult to interpret, since
it may represent complementation due to nonspecific interactions, or it may reflect a
regulated interaction that occurs only in response to signaling in a subset of cells.
Further studies are necessary to distinguish these possibilities.

The fluorescence intensity produced by bimolecular fluorescence complementation in living
cells is generally less than 10% of that produced by intact fluorescent proteins. It is likely that
only a subset of the fragments associate with each other since the fluorescence intensity of
BiFC complexes produced in vitro is comparable to that of intact fluorescent proteins 2 Several
variants of the BiFC assay have been developed that enable visualization of multiple protein
interactions in the same cell as well as covalent protein modifications 911,
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Principle of Bimolecular Fluorescence Complementation (BiFC)

N

-

Figure 1. Schematic diagram representing the principle of the BiFC assay

Two fragments (YN and Y C) of the yellow fluorescent protein (YFP) are fused to two putative
interaction partners (A and B). An interaction between the proteins facilitates association
between the fragments to produce a bimolecular fluorescent complex. The image on the right
shows BiFC analysis of the recruitment of a protein to subnuclear foci by dimerization with a
mutated version. Image on the right acquired by Nirmala Rajaram25, Copyright © 2004, the
American Society for Microbiology. All rights reserved.
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Figure 2. Combinations of fusion proteins to be tested for bimolecular fluorescence
complementation

Fusion proteins that produce optimal signal must generally be empirically determined. Multiple
combinations of fusion proteins should be tested for bimolecular fluorescence
complementation. Amino- and carboxyl-terminal fusions can be used to test eight distinct
combinations (a through h). Although it may appear that combinations e through h might not
be favorable for bimolecular complex formation, this will depend on the precise structures and

flexibilities of the fusion proteins, which are difficult to predict. For true interaction partners,
it is virtually always possible to find fusion proteins that produce a detectable signal.
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Figure 3. Determination of the specificity of bimolecular fluorescence complementation by
mutational analysis
The requirement for a specific protein interaction for fluorescence complementation should be

tested by examining the effects of mutations that prevent the association of the interaction
partners (data adapted from 2 reproduced with permission from Elsevier. All rights reserved.).
The wild type (a) and mutated (b) interaction partners should be expressed at equal
concentrations together with an internal reference (i.e. CFP). The fluorescence intensities
produced by bimolecular fluorescence complementation (YN-YC) and the internal reference
(CFP) are measured in individual cells. The distribution of ratios between the fluorescence
intensities in individual cells are plotted in each histogram. The colored bars indicate cells with
different ratios of YN-YC to CFP fluorescence. When the proteins interact (a), the fluorescence
intensity of YN-YC will increase, resulting in a higher fluorescence ratio. The interaction may
occur in all or in a subset of cells. When no interaction is observed (b), most cells will have a
very low fluorescence ratio.
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Table 1
Examples of protein interactions that have been visualized using the BiFC assay
Category Class Proteinsl Organism References
Peptides Coiled coil Anti-parallel NZ-CZ E. coli 16
T Heat shock Hsc70, Hsp90-TPR1, TPR2A, E. coli 17
T TPR2B
<
= Nuclear proteins bZIP Fos-Jun-ATF2; BATF-Jun; Maf- Mammalian cells 2,24,25,69
> Sox
E_ Rel p50,1kB-p65 Mammalian cells 2
> bHLHZIP Myc, Mxil, Mad3, Mad4-Max, Mammalian cells 10, 26
o Mist-Mist
= Bromodomain AcH4-Brd2; SPA-1, P-TEFb- Mammalian cells 27-29
< Brd4
Q Smad PKB/Akt, Smad4-Smad3 Mammalian cells 30
= IRF-Ets IRF8-PU.1 Mammalian cells 32
g Winged helix AcFKH1-CPCR1 A. chrysogenum 33
%' Ubiquitination E3 ligase-substrate Skp2-Myc Mammalian cells 23
i Grrl-Hofl S. cerevisiae 34
EID1-ASK1,2,4,9,13,14,15 SSK1 S. alba, P. crispum 35,36, 70
AtCUL1-ASK1,EID1, POCA-
ASK1
Peptide conjugates Jun-Ub, Jun-SUMO1 Mammalian cells 12
Plant pathogens Type IV secretion VirE2-VirD4 A tumefaciens 37,71
Host-pathogen VirE2, VirF, H2A-AtVIP, VirE3 N. tabacum 38, 39,41
I Signaling MAP kinase network MEKK3-IkBa; MEKK2-IxBf: Mammalian cells 19
T ERK1-p65; ERK2-p65
z PKB-PDK kinases PKB/Akt, PDK1-hFtl Mammalian cells 31
- Heterotrimeric G proteins GB1-Gy7 D. discoideum, 42,43
> Mammalian cells
E, Phospholipases PLCB2-PLCS1 Mammalian cells 18
g Apoptosis Bif1-Bax, TRAF6-Src Mammalian cells 44,65
= Photosensitivity FpsA-FpsA A. nidulans 45
Qz_-, Enzyme complexes ACCS ACS1, ACS4 - ACS6, ACS7, E. coli 46
> ACS8
c P450 P450C2, P450E1-P450 reductase; Mammalian cells 47,48
‘8 P4502C2-BAP31
oy
ol Membrane proteins Integrin signaling Integrin allbB3, Syk-Src Mammalian cells 49
= Arf GTPases Arfl, Arf3, Arf4, Arf5-GBF1 Mammalian cells 50
Lectin-glycoprotein MCFD?2, Cathepsin-ERGIC53 Mammalian cells 51
Cytokine receptors gp130 - LIFR, gp130 Mammalian cells 52
APP processing APP-Notch2, APP Mammalian cells 67
Nucleic acid binding RNA binding IMP, FMRP, hStaul, IRP1, PTB1- Mammalian cells 53,54, 55
RNA; Nef-Nef; NXF1-Y14
DNA binding Zif268, PBSII-DNA In vitro 72
I Plant proteins Transcription factors FIE-MEA; bZIP63-bZIP63; N. benthamiana, N. 56-60, 64
I LSD1-LSD1; bHLH1-OFP1; tabacum, A.
Z SAD, BPBF-GAMYB; LIP19- thaliana, Allium sp.
- OBF19; GRP23-RBP36B
> Protein modification PFTa-PFTP; T143c-T143c N. benthamiana, A. 56, 57
=1 thaliana
> Flowering FD-FT N. benthamiana 61
Q Plastid division MinD1-MinE1; FtsZ1,ARC6- N. tabacum 62
Ftsz2
gzg Enzyme complex AtSUfE-ALSUfS, AtNifS N. tabacum 66
1 . . . . .
g Protein pairs that have been tested are separated by a dash. In cases where several protein pairs have been tested, the alternative partners are separated
7)) by a comma. Different combinations of proteins that have been tested are separated by semi-colons.
=
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Table 2

Combinations of fluorescent protein fragments recommended for BiFC analysis.
Fusions* Purpose Excitation filter Emission filter Reference
A-YN155 A-B interaction 500/20 nm 535/30 nm 2
B-YC155
A-YN173 A-B interaction 500/20 nm 535/30 nm 1
B-YC173
A-VN155 A-B interaction 500/20 nm 535/30 nm 20
B-VC155
A-VN173 A-B interaction 500/20 nm 535/30 nm 20
B-VC173
A-CN155 A-B interaction 436/10 nm 470/30 nm 1
B-CC155

*
A and B correspond to proteins whose interaction is to be tested. YN155 corresponds to residues 1-154 of EYFP’2. YC155 corresponds to residues
155-238 of EYFP. YN173 corresponds to residues 1-172 of EYFP. YC173 corresponds to residues 173-238 of EYFP. VN155 corresponds to residues

1-154 of Venus 22, VC155 corresponds to residues 155-238 of Venus. VN173 corresponds to residues 1-172 of Venus. VC173 corresponds to residues
173-238 of Venus. CN155 corresponds to residues 1-154 of ECFP 21 cc1s5 corresponds to residues 155-238 of ECFP.
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Table 3

STEPS]

PROBLEM

SOLUTION

7,8,9

Cell culture, transfection|

Problems with cell culture and transfection will prevent detection of protein interactions. Use plasmidg
encoding intact fluorescent proteins to establish the transfection efficiency and expression of
heterologous proteins in the cells.

10,13

Protein expression

Problems with protein expression can be generic or specific to the fusion proteins to be tested. Establish|
that the chosen expression vectors are appropriate for the cells that are used. Determine the expression
of the fusion proteins by western blot analysis. If the fusion proteins cannot be detected, construct new
expression vectors with a different arrangement of fluorescent protein fragments or change the linker
sequences.

Protein localization

If the fusion proteins have a different subcellular distribution than the endogenous proteins, it is possiblej
that overexpression of the proteins causes their mislocalization. Reduce the level of fusion protein
expression by using regulated expression vectors, ideally as stably transfected integrants. If the proteing
are transiently expressed, shorten the time allowed for protein expression or reduce the amount of plasmid
transfected into the cells. It is also possible that the fusions or the interaction between them affect the
distributions of the proteins. Test different arrangements of the fluorescent protein fragments and
compare the distributions of the fusion proteins when expressed singly or in combination.

2,3,12

Complementation

If the proteins are expressed but no fluorescence complementation is detected, it is possible that the sterid
arrangement of fluorescent protein fragments does not allow their association. Test other arrangements
of fluorescent protein fragments or change the linker sequences. If the cells are grown at 37°C, transfer,
them to 30°C for a few hours before imaging to promote fluorophore maturation. It is also possible thatl
the proteins do not interact under the conditions tested.
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