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Abstract
Protein interactions are a fundamental mechanism for the generation of biological regulatory
specificity. The study of protein interactions in living cells is of particular significance because the
interactions that occur in a particular cell depend on the full complement of proteins present in the
cell and the external stimuli that influence the cell. Bimolecular fluorescence complementation
(BiFC) analysis enables direct visualization of protein interactions in living cells. The BiFC assay is
based on the association between two non-fluorescent fragments of a fluorescent protein when they
are brought in proximity to each other by an interaction between proteins fused to the fragments.
Numerous protein interactions have been visualized using the BiFC assay in many different cell types
and organisms. The BiFC assay is technically straightforward and can be performed using standard
molecular biology and cell culture reagents and a regular fluorescence microscope or flow cytometer.
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INTRODUCTION
Many proteins have different functions in different cell types and in cells responding to different
extracellular signals. The effects of the cellular environment on protein functions are often
mediated by interactions with different partners under different conditions. Protein interactions
also integrate signals from different signaling pathways and developmental programs and
coordinate regulatory mechanisms in the cell. Studies of protein interactions in living cells can
provide insights into these functions since interactions with different partners may occur in
different cells, at different times and in different subcellular locations. The visualization of
interactions in individual cells also enables analysis of differences among different cells in the
population. Studies in intact cells also avoid the possibility of changes in protein interactions
as a result of cell lysis and mixing of the contents of different cellular compartments.
Consequently, the direct visualization of protein complexes in living cells provides a valuable
complement to other methods for the study of protein interactions.

VISUALIZATION OF PROTEIN INTERACTIONS
Several methods enable the visualization of protein interactions in living cells. Most of these
methods require either elaborate instrumentation and complex data processing, or staining with
exogenous fluorophores or dyes. bimolecular fluorescence complementation (BiFC) assay
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enables simple and direct visualization of protein interactions in living cells (45). The BiFC
approach is based on the formation of a fluorescent complex when two proteins fused to non-
fluorescent fragments of a fluorescent protein interact with each other (Fig. 1). The interaction
between the fusion proteins facilitates the association between the fragments of the fluorescent
protein. This approach enables visualization of the subcellular locations of specific protein
complexes in the normal cellular environment. The approach can be used for the analysis of
interactions between many types of proteins and does not require information about the
structures of the interaction partners. It can be performed using a standard epifluorescence
microscope, and does not require staining of the cells with exogenous fluorophores or dyes.

An Abbreviated History of Complementation Assays
Protein complementation has now been studied for about half a century. Fragments of many
proteins have been shown to associate with each other to form a functional complex.
Complementation between enzyme fragments was originally observed by Richards using
subtilisin-cleaved bovine pancreatic ribonuclease (98). Genetic complementation between
different alleles of the same gene was characterized by Ullmann, Jacob and Monod using β-
galactosidase mutants that conferred growth on lactose when co-expressed in the same cell
(115–117). Subsequently, fragments of many proteins have been shown to spontaneously
associate to form a functional complex.

Of particular significance for the study of protein interactions was the demonstration that the
association between some protein fragments could be facilitated by fusion of the fragments to
specific interaction partners as first demonstrated for fragments of ubiquitin by Johnsson and
Varshavsky, in yeast (52). Subsequently, conditional complementation between fragments of
β-galactosidase was visualized by Blau and coworkers in intact mammalian cells (99).
Conditional complementation by fragments of dihydrofolate reductase was reported by
Michnick and collegues (89).

Complementation between fragments of a green fluorescent protein (GFP) variant was first
detected in E. coli by Regan and coworkers using fusions to artificial, interacting peptides
(34). Fragments of the yellow fluorescent protein (YFP) were shown to produce fluorescent
complexes in mammalian cells when fused to calmodulin and the M13 calmodulin binding
peptide by the Miyawaki laboratory (76). Conditional complementation between fragments of
YFP in mammalian cells was demonstrated by Hu in my laboratory (45). Fragments of several
other proteins have been used in conditional complementation assays (Table 1) (57). Each
complementation approach has specific advantages and limitations. This chapter will focus on
complementation between fragments of fluorescent proteins.

The structures of the complexes formed by complementation have not been determined.
However, it is likely that the structures resemble those of the intact proteins since they
reproduce many of their functions (Fig. 2). It is intriguing to note that proteins with a variety
of different structures can be reconstituted from fragments. However, only a few of the peptide
bonds in any particular protein can be broken to produce fragments that can associate to form
a functional complex. This limitation may reflect the folding pathways of the respective
proteins. Greater insight into the folding pathways of complexes formed by the protein
fragments would be very valuable for understanding the factors that determine which protein
fragments can associate to produce a functional complex.

Comparison of the BiFC Approach and Other Complementation Assays
The advantage of the BiFC approach compared to other complementation methods is that the
assembled complex has strong intrinsic fluorescence that allows direct visualization of the
protein interaction. The interaction can therefore be detected without exogenous fluorogenic
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or chromogenic agents, avoiding potential perturbation of the cells by these agents. This also
avoids potential problems caused by uneven distributions of the chromogenic or fluorogenic
substrates or ligands. Using the BiFC approach, living cells can be observed over time and the
possibility that experimental manipulations alter the result can be minimized. Moreover, as
described below, multiple protein interactions can be visualized in parallel using spectrally
distinct bimolecular fluorescent complexes.

One limitation of the BiFC approach is that there is a delay between the time when the fusion
proteins interact with each other and the time when the complex becomes fluorescent (45).
This delay is due to the slow rate of the chemical reactions required to produce the fluorophore.
The length of the delay depends on the sensitivity of the detection method since it is not
necessary for all complexes to become fluorescent in order to observe the interaction.
Nevertheless, the BiFC approach does not enable real-time detection of complex formation.
In addition, formation of some bimolecular fluorescent complexes is irreversible at least in
vitro (45). These characteristics limit the BiFC assay to detection of the average efficiencies
of complex formation over relatively long times (minutes to hours). Despite these limitations,
the BiFC assay has been useful for investigation of interactions among a variety of structurally
diverse proteins in many different cell types and organisms (58). Thus, the BiFC assay is
generally applicable for the visualization of a variety of protein complexes in living cells and
organisms.

Comparison of BiFC Analysis with Alternative Visualization Methods
Several methods have been developed to study protein interactions in living cells. One of the
most commonly employed methods is FRET analysis (43,61,63,70,74,104,112). This assay is
based on the use of two fluorophores, either chemically linked or genetically fused to two
proteins whose interaction is to be examined. Compared to the BiFC assay, FRET analysis
generally requires higher levels of protein expression to detect energy transfer. Also, structural
information, or a great deal of luck in the case of proteins of moderate to large size, is required
to place the two fluorophores within 100 Å of each other. This is the maximum distance over
which significant energy transfer between fluorescent proteins can be detected. The fraction
of proteins that form complexes must also be high enough to produce a sufficient change in
the donor and acceptor fluorescence intensities. To exclude alternative interpretations of the
results, numerous controls must be performed and the fluorescence intensities must be
measured with high quantitative accuracy. Despite these limitations, FRET has been
successfully used for the analysis of many protein interactions in living cells. A great advantage
of FRET over BiFC analysis is that the complexes are in principle at equilibrium, allowing
real-time detection of complex formation and dissociation.

Several characteristics of the BiFC assay make it valuable for many studies of protein
interactions. First, it enables direct visualization of protein interactions and does not depend
on detection of secondary effects. Second, the interactions can be visualized in living cells,
eliminating potential artifacts associated with cell lysis or fixation. Third, the proteins are
expressed in their normal cellular context, ideally at levels comparable to their endogenous
counterparts. Thus, they are predicted to reflect the properties of the corresponding native
proteins, including the effects of any post-translational modifications. Fourth, the BiFC assay
does not require complex formation by a large fraction of the proteins but can detect interactions
between subpopulations of each protein. Fifth, multicolor BiFC analysis allows simultaneous
visualization of multiple protein complexes in the same cell and enables analysis of the
competition between alternative interaction partners for complex formation with a shared
subunit. Finally, BiFC analysis 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 fluorescence requires no post-acquisition image
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processing for interpretation of the data. In sum, BiFC is a powerful tool for cell biologists
seeking to understand protein interactions in intact cells.

DESIGN OF BIFC EXPERIMENTS
BiFC analysis is based on enhancement of the association between fluorescent protein
fragments by fusion of the fragments to proteins that interact with each other. This will only
occur under some conditions. Thus, experiments that make use of the BiFC assay must be
designed to take into account parameters that affect the association of the fluorescent protein
fragments.

Choice of fluorescent protein fragments
We have identified several combinations of fluorescent protein fragments that can be used for
bimolecular fluorescence complementation (45,47). The combinations of fluorescent protein
fragments recommended for BiFC analysis are listed Table 2. For most purposes, fragments
of YFP truncated at residue 155 (YN155 – N-terminal residues 1–154; and YC155 – C-terminal
residues 155–238) are recommended, as they produce relatively bright fluorescence signals in
complexes formed by many interaction partners, yet produce low fluorescence when fused to
proteins that do not interact with each other under appropriate conditions (see below).
Fragments of YFP truncated at residue 173 (YN173 - N-terminal residues 1–172; and YC173
- C-terminal residues 172–238) as well as fragments of other fluorescent proteins can also be
used (47). Fragments of the Venus fluorescent protein often produce brighter fluorescence in
BiFC analysis (92,103). However, these fragments can also produce a higher level of
fluorescence when fused to proteins that do not normally interact with each other. Homologous
fragments of related fluorescent proteins can also be used in BiFC analysis (50), although their
properties have not been characterized in similar detail.

Conditional association of fluorescent protein fragments
The interaction between the proteins fused to the fluorescent protein fragments must produce
a sufficiently large increase in the efficiency of association between the fluorescent protein
fragments to be detectable under the experimental conditions to be used. The association
between the fluorescent protein fragments is thought to depend on their local concentrations.
Many fluorescent protein fragments can associate with each other independently when
expressed at sufficiently high concentrations (13). It is therefore generally advantageous to
express the fusion proteins at the lowest levels that permit detection of fluorescence
complementation. Ideally, the fusion proteins should be expressed at the same levels as their
endogenous counterparts. The tendency of the fluorescent protein fragments to associate is also
often reduced when they are fused to proteins that do not associate with each other. It is essential
to test the effects of mutations that are predicted to reduce or eliminate the interaction on
fluorescence complementation

Steric Constraints to the Association of the Fluorescent Protein Fragments
The association of the fluorescent protein fragments does not require that the interaction
partners position the fragments in the correct relative orientation for association. However, the
fragments of the fluorescent proteins must have sufficient freedom of motion in the complex
to allow them to collide with each other sufficiently frequently to facilitate bimolecular
fluorescent complex formation. It is generally not possible to predict the arrangement of the
fluorescent protein fragments that will produce maximal signal. Fusion proteins that produce
optimal signal must therefore be identified by empirical testing of several combinations of
fusion proteins. For true interaction partners, it is virtually always possible to find a
combination of fusion proteins that produces a detectable signal. Unless it is known that fusions
to one end of the protein are likely to be non-functional or that topological constraints are likely
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to preclude the association between the fragments in some fusions, it is recommended that
fusions to both the N- and C-terminal ends of the proteins under investigation be tested.
Schematic diagrams of the different permutations of fusion proteins that can be used for BiFC
analysis are shown in Figure 3. The fluorescent protein fragments should be fused to the
interaction partners using flexible linker sequences to allow maximal mobility of the fragments
after complex formation.

Detection of transient and weak complexes
Since BiFC analysis is based on the association between fluorescent protein fragments, and
this association is likely to stabilize interactions between many proteins (see below), it is
possible to detect transient and weak interactions using BiFC analysis. The interaction partners
do not need to form a complex with a long half-life since transient interactions can be trapped
by the association of the fluorescent protein fragments. It is also not necessary for a large
proportion of the interaction partners to associate with each other since the fragments that do
not form a complex are invisible in the assay. The high sensitivity of BiFC analysis requires
many controls to demonstrate that signal detected in this assay reflects a specific protein
interaction.

Controls
To establish whether fluorescence observed in the BiFC assay reflects a specific protein
interaction, it is essential to include negative controls in each experiment. The validity of results
from BiFC analysis must be confirmed by examining fluorescence complementation by fusion
proteins in which the interaction interface has been mutated (37,45,46). The mutant protein
should be fused to the fluorescent protein fragments in a manner identical to the wild-type
protein. The level of expression and the localization of the mutant protein should be compared
with those of the wild type protein by Western blot and indirect immunofluorescence analyses.

INTERPRETATION OF BIFC EXPERIMENTS
Effects of fusions on protein functions

The potential effects of the fluorescent protein fragment fusions on the functions of the proteins
of interest should be tested using assays that measure all known functions of the proteins.
Ideally, these functions should be measured under the same conditions used to visualize the
protein interactions. It is particularly important to examine potential consequences of the
stabilization of protein interactions by association of the fluorescent protein fragments.

Dynamics of bimolecular fluorescent complexes
The dynamics of BiFC complexes have been investigated in vitro to elucidate the pathway for
fluorescent complex formation (Fig. 4) (45). The initial association between the fusion proteins
(Fig. 4, complex I) is mediated by the interaction partners. Results from competition studies
in which proteins lacking fluorescent protein fragment fusions were added to the mixture of
fusion proteins indicate that the initial association between the fusion proteins can be displaced
to form complexes containing only one fluorescent protein fragment (Fig. 4, complexes II).
The efficiency of this competition decreases with a half-time of 1 minute after mixing of the
fusion proteins, suggesting that the complex isomerizes to form an irreversible association
between the fusion proteins (Fig. 4, complex III). The increase in fluorescence displays
sigmoidal kinetics, consistent with an initial lag corresponding to the time required for
association of the fluorescent protein fragments, followed by maturation with a half-time of
50 min to produce the fluorescent BiFC complex (Fig. 4, complex IV). The fluorophores of
all green fluorescent protein variants are formed via autocatalytic reactions after folding of the
polypeptide, a process known as maturation. The rate of maturation of BiFC complex
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fluorescence was equivalent to the rate of maturation of the corresponding intact fluorescent
protein. The fluorescent protein fragments that do not associate with a complementary fragment
become trapped in a form that is not competent for subsequent association (Fig. 4, complex
V). This loss of competence for association is likely to be significant for the specificity of BiFC
analysis since it results in a kinetic barrier to the association of fluorescent protein fragments
that are fused to proteins that do not normally interact with each other. This model based on
in vitro studies can account for many of the results observed in cells, including the requirement
for a specific interaction between the proteins fused to the fluorescent protein fragments for
efficient BiFC complex formation.

Fragments of a different green fluorescent protein derivative conjugated to nucleic acid
interaction partners can produce fluorescence with more than 100-fold faster kinetics in vitro
(22) than the fusion proteins originally investigated (45). These results may reflect chemical
maturation of the fluorescent protein fragments during expression or purification, possibly
assisted by the intein cleavage or biotin conjugation reactions. The fluorescence intensity of
BiFC complexes produced by these fragments was reduced under conditions predicted to
destabilize the nucleic acid interaction (22). These results are consistent with rapid fluorescent
complex formation and dissociation by the fluorescent protein fragments, suggesting that BiFC
analysis can be used for nearly real-time visualization of some interactions under the in vitro
conditions used in these experiments.

The differences in the dynamics of BiFC complex fluorescence in these experiments may
reflect differences in the experimental conditions, the fluorescent protein fragments used or
the interactions studied. Since these studies were performed in vitro, a significant question is
whether BiFC complexes exhibit rapid fluorescent complex formation and dissociation in cells.
Several studies of interactions between various proteins have reported rapid changes in
fluorescence intensity observed in BiFC analysis in response to stimuli predicted to affect the
interactions (39,68,100). However, it is difficult to exclude the possibility that changes in the
cellular environment or variations in protein turnover affect the fluorescence intensity
measured in these experiments. Further studies of the dynamics of BiFC complexes in living
cells are therefore important to address this issue.

The efficiency of bimolecular fluorescence complementation
The fluorescence intensity produced by bimolecular fluorescence complementation varies
widely for interactions between different partners and for different fusions to the same partners.
The fluorescence intensity produced by BiFC complexes in living cells is generally less than
10% of that produced by expression of an intact fluorescent protein. Nevertheless, since
autofluorescence in the visible range is extremely low in most cells, the signal from bimolecular
fluorescence complementation is often orders of magnitude higher than background
fluorescence.

The efficiency of fluorescence complementation is defined as the fluorescence intensity
produced by bimolecular fluorescent complex formation when a specific level of fusion
proteins is expressed in the cell. The efficiencies of bimolecular fluorescence complementation
produced by structurally unrelated proteins cannot be used to determine the efficiencies of
complex formation since many factors unrelated to the efficiency of complex formation
influence the efficiency of bimolecular fluorescence complementation. Nevertheless, in
situations where all of these factors are predicted to be identical, such as in the case of wild
type and mutated interactions partners, differences in the efficiencies of bimolecular
fluorescence complementation can provide information about the relative efficiencies of
complex formation. Thus, the effects of single amino acid substitutions that do not alter the
level of protein expression or its localization, can be examined by comparing the efficiencies
of fluorescence complementation by the wild type and mutated proteins (45,46).
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To compare the relative efficiencies of fluorescence complementation between different
partners, it is necessary to include internal controls in the experiments to correct for differences
in the efficiencies of transfection and the levels of protein expression in individual cells (Fig.
5). For this purpose, cells can be co-transfected with plasmids encoding the two fusion proteins
together with a plasmid encoding a full length fluorescent protein with distinct spectral
characteristics (e.g., CFP). The fluorescence intensities derived from both bimolecular
fluorescence complementation (e.g., YN-YC) and the internal control (e.g., CFP) are measured
in individual cells. The ratio of YN-YC to CFP fluorescence is a measure of the efficiency of
bimolecular fluorescence complementation. The relative ratios for different combinations of
fusion proteins reflect the relative efficiencies of complex formation.

APPLICATIONS OF BIFC ANALYSIS
The BiFC assay has been used for visualization of interactions among a variety of proteins in
many different of subcellular locations and in several organisms. These studies have
demonstrated the broad applicability of the BiFC assay. It is likely to be suitable for studies in
any aerobically grown cell and organism that can be genetically modified to express the fusion
proteins.

Subcellular localization of protein complexes
Identification of the subcellular localization of protein complexes is perhaps the most general
application of BiFC analysis beyond the simple determination whether two proteins can interact
in living cells. BiFC complexes have been visualized in all major subcellular compartments of
mammalian cells, including numerous subnuclear structures (23,30,31,37,38,45,47,51,54,85,
93,101,128), lysosomes (30), the plasma membrane (35,39,49,62,66,73,95,126), lamellipodia
(21), golgi (78), the endoplasmic reticulum (4,7,79,80,91,109), mitochondria (110), viral
particles (10), and lipid droplets (36). It has provided special insight into the regulation of
complex localization including nuclear translocation (29,40,45,65,77,111). These results
confirm that BiFC complexes can form in the varied environments of different cellular
compartments. In these studies, it is essential to determine if the association of fluorescent
protein fragments affects the localization of the protein complex. One strategy to accomplish
this is to determine the localization of one interaction partner in the presence of an
overexpressed partner lacking the fluorescent protein fragment (37). In addition to numerous
interactions involving soluble proteins, BiFC analysis has also been used to study interactions
involving integral membrane proteins (21,66), demonstrating that the topological constraints
of these proteins do not prevent the use of BiFC analysis.

Signal transduction networks
Many proteins interact with a large number of different partners. The sum of these interactions
produces a complex networks of connections where signals impinging on a single node
(protein) can be propagated throughout the network. Visualization of individual interactions
within this network can provide insight into the relationships between a specific interaction
within the network and the signals that modulate its localization and efficiency. Numerous
interactions involving both diffusible components of such networks (2,19,20,28,42,48,97,
100,120) as well as membrane receptors (16,21,66) have been visualized using BiFC analysis.
Interactions between cytoplasmic and nuclear signal transduction components (3,121) have
enabled tracking of signal transduction between different cellular compartments.

Protein interactions associated with cytokinesis
Interactions that occur in a cell-cycle regulated manner are particularly interesting and
challenging subjects for imaging studies. This is because the complexes are transient, placing
special requirements on the efficiency and rate of complex detection. Faithful representation
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of the cell-cycle regulated formation of these complexes also requires that the methods used
for imaging them do not distort the temporal regulation of complex formation and dissociation
or degradation. BiFC analysis has been used to visualize the complex formed by Grr1 and Hof1
(8). Grr1 interacts with Hof1 specifically in the bud neck between the mother and daughter
cells during the G2-M stage of the cell cycle. This association results in degradation of Hof1,
which is required for efficient contraction of the actin ring closing the bud neck and cytokinesis.
Interactions between the p0071 catenin family member with the RhoA small GTPase and the
Ect guanine nucleotide exchange factor have also been visualized using BiFC analysis at the
midbody, a structure located at the site of cytokinesis during telophase in mammalian cells
(56). These results demonstrate the detection of spatially and temporally restricted complex
formation by BiFC analysis.

Interactions on scaffolds
Many proteins can be brought in proximity to each other by binding to the same interaction
partner that can serve as a scaffold for the assembly of multiprotein complexes. Such scaffolds
are not limited to proteins, but include nucleic acids, carbohydrates and other cellular
macromolecules. Simultaneous binding by two proteins in the vicinity of each other on the
same scaffold can be detected by BiFC analysis. This principle has been used to detect RNA
binding by fusing the fragments of the fluorescent protein to two RNA-binding proteins (92).
It has also been used to visualize RNA export complexes in the nucleus and to measure the
turnover rate of such complexes (101). By designing fusion proteins that can bind to a single
type of RNA molecule, this approach has been used to track RNA inside living cells (82).
Similar fusion proteins with a designed binding specificity for DNA have been shown to display
fluorescence complementation in vitro upon binding to a specific DNA oligonucleotide
(107). One concern regarding this general strategy is that it is possible that the fluorescent
complex assembled on the scaffold remains fluorescent following dissociation from the
scaffold.

Visualization of interactions in living organisms
The BiFC assay has been applied to studies in a variety of unicellular and multicellular
organisms. Many interactions have been visualized in Escherichia coli (6,33,69,75)
Agrobacterium tumefaciens (15,113) and Bacillus subtilis (77,105). Among fungi, BiFC
analysis has been extensively used in Saccharomyces cerevisiae (bakers yeast) (8,55,84), and
also in Acremonium chrysogenum (44), Aspergillus nidulans (9) and Magnaporthe grisea
(127). Among higher eukaryotic organisms, BiFC analysis has been used to visualized
numerous interactions in many plant species (1,5,11,12,14,17,18,24,25,41,53,59,60,64,67,71,72,83,
88,90,94,102,108,114,118,119,124,125). Virtually all of these studies have been performed by
transient expression using heterologous expression vectors, suggesting that the expression of
the fusion proteins is unlikely to reflect their normal tissue-specific patterns. BiFC analysis
has also been used to visualize interactions between Caenorhabditis elegans proteins (77).

Interaction screens using BiFC analysis
The BiFC assay can be used as a screening tool to identify potential interaction partners as well
as modifiers of known interactions (26,95). The challenge of implementing a screen for
interaction partners is that the levels of expression of different fusion proteins in a library is
likely to vary over a large range and may not reflect the levels of expression of the
corresponding endogenous proteins. Thus, differences in BiFC signal are likely to be affected
by a variety of factors unrelated to the efficiency of the protein interaction. Nevertheless,
several novel interaction partners have been identified using this strategy (26,95).

BiFC analysis can also be used to screen for small molecule modulators (68). There are
numerous mechanisms whereby small molecules could influence the fluorescence intensity
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produced in BiFC assays. Nevertheless, since many of these mechanisms could also influence
the endogenous proteins, this provides a useful strategy for the identification of small molecules
that alter specific protein complexes in living cells. Comparison of the effects of specific small
molecules on a panel of BiFC complexes can provide an indication of the degree of specificity
of their effects.

SIMULTANEOUS VISUALIZATION OF MULTIPLE PROTEIN INTERACTIONS
Many proteins have a large number of potential interaction partners. Often these interactions
are mutually exclusive, such that only one protein can interact with a particular protein
molecule at any one time. This results in competition for shared interaction partners in cells
that express several alternative partners. The multicolor BiFC assay enables visualization of
interactions between multiple combinations of proteins in the same cell, (46). This assay is
based on the formation of fluorescent complexes with different spectra through the association
of fragments of different fluorescent proteins fused to alternative interaction partners (Fig. 6).
The multicolor BiFC assay enables comparison of the subcellular distributions of several
protein complexes in the same cell and allows analysis of the competition between mutually
exclusive interaction partners for binding to a common partner.

Comparison of the distributions of multiple protein complexes in the same cell
Complexes formed by a protein with different interaction partners often have different
functions. These functional differences can be reflected in differences between the subcellular
distributions of the protein complexes. The subcellular distributions of different protein
complexes can be compared by identifying a marker that has the same distribution as one or
the other complex and comparing the distribution of the second complex with that of the marker
in a different cell. However, it is often difficult to find markers that have distributions identical
to specific protein complexes. It is therefore desirable to compare the distributions of different
protein complexes in the same cell. The multicolor BiFC assay enables comparison of the
distributions of two or more protein complexes in the same cell.

Comparison of the efficiencies of complex formation between alternative interaction
partners

The multicolor BiFC assay can also be used to compare the efficiencies of complex formation
by different proteins with a shared interaction partner (37,46). Quantitative analysis of the
relative efficiencies of complex formation using multicolor BiFC analysis is valid only in cases
where the efficiencies of association between the fluorescent protein fragments are identical
for both complexes that are being studied. This is generally true only in the case of interactions
between structurally related proteins to which the fragments have been fused in a identical
manner. To determine if the identities of the fluorescent protein fragments fused to each
interaction partner affect the relative efficiencies of complex formation, it is essential to
exchange the fragments between the fusion proteins and to repeat the experiments using the
reciprocally exchanged fusions. It is also essential to develop a calibration standard that allows
determination of the relative fluorescence intensities produced by the spectrally distinct
complexes when fused to interaction partners that form complexes with the same efficiency.
This calibration standard can be generated by fusing the fluorescent protein fragments to the
same interaction partners (37,46).

The relative efficiencies of complex formation in the multicolor BiFC assay are affected by
the levels of protein expression, which must be considered when interpreting the results of such
experiments. The efficiencies of complex formation measured in the multicolor BiFC assay
reflect numerous factors in addition to intrinsic binding affinity. These factors include the
subcellular distributions of the interaction partners and the effects of any cellular factors that
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can facilitate or hinder an interaction, including post-translational modifications and the
network of alternative partners. Moreover, in many cases, BiFC complex formation is
irreversible after association of the fluorescent protein fragments. Thus, changes in cellular
conditions after the time of complex formation may not be reflected in the relative efficiencies
of complex formation. Nevertheless, since the rate of association of the fluorescent protein
fragments is likely to be slower than the rate of exchange between many alternative interaction
partners, it is likely that the interactions between the alternative fusion partners reach
equilibrium prior to complex fixation by association of the fluorescent protein fragments.

Design of multicolor BiFC experiment
Multicolor BiFC analysis requires fusion of the alternative interaction partners to fragments
of fluorescent proteins that produce complexes with different spectra (Table 2). Since the two
complexes can be imaged sequentially, spectral overlap is generally not a problem since
different excitation and emission wavelengths can be used to visualize the complexes.
Although this is not strictly simultaneous, alternate imaging of the two complexes can be
performed to confirm that the delay of a few seconds between acquisition of the images does
not allow time for relocalization of either complex. Ideally, the two complexes should have
fluorescence intensities of the same order of magnitude in order to avoid the possibility that
differences in the signal to background ratio produce the appearance of differences in
distribution. However, such background signal and any crosstalk between the two fluorophores
can be corrected for by imaging cells that express only one combination of fusion proteins.
The fusion proteins should be expressed at levels comparable to the endogenous proteins to
establish that the distributions are not affected by the levels of expression of the proteins. As
in the analysis of a single protein interaction using BiFC analysis, it is critical to determine if
mutations that eliminate each interaction individually also eliminate the corresponding BiFC
signal.

Applications of multicolor BiFC analysis
The multicolor BiFC assay has been applied to analysis of the relative efficiencies of complex
formation between several families of nuclear transcription regulatory proteins (37,46)as well
as the large family of cytoplasmic small G protein subunits (27,73). The results of these
experiments have shown that the efficiencies of interactions with proteins that are closely
related in both sequence and structure can differ substantially in the cell. The reasons for these
differences are generally unknown.

Summary and future prospects
The BiFC assay has become a standard approach for the visualization of protein interactions.
When appropriate controls are performed, BiFC analysis has proved to be a reliable tool for
the detection of protein interactions in living cells. False positives can be avoided by ensuring
that the fusion proteins are expressed at levels comparable to the corresponding endogenous
proteins, and by performing appropriate controls to determine if mutations that eliminate an
interaction also eliminate the fluorescence signal. Anecdotal data suggests that false negatives
are occasionally encountered. However, these can often be corrected by more comprehensive
testing of multiple combinations of fusions to the same interaction partners.

The BiFC assay is finding new applications at an accelerating rate and it is being adapted for
new purposes based on the general principle that the association of the fluorescent protein
fragments can be enhanced when they are brought in proximity to each other and provided the
dynamic flexibility necessary to collide with each other. Some of the limitations of the BiFC
assay identified in the original description of this approach (45) remain to be solved. The
association between the fluorescent protein fragments stabilizes the association between the
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interaction partners. This stabilization can result in essentially irreversible complex formation
and can potentially alter the function or activity of the complex. A better understanding of the
folding and dynamics of the bimolecular complex formed by the fluorescent protein fragments
could help provide strategies to solve this problem.

The fluorescent protein fragments also have the capacity to associate with each other to form
a fluorescent complex even if the proteins to which they are fused do not normally interact
with each other. This propensity varies depending on the proteins to which the fragments are
fused, and the intrinsic tendency of the fragments alone to associate is generally reduced by
fusion of the fragments to proteins that do not interact with each other. Nevertheless,
identification of fragments of fluorescent proteins with a reduced tendency to associate with
each other spontaneously, but an undiminished ability to associate when present in the same
macromolecular complex would be of significant benefit. Mutational engineering of full-length
green fluorescent protein family members has produced proteins with an astounding range of
photophysical and photochemical characteristics. It is therefore virtually guaranteed that future
efforts to engineer fragments of fluorescent proteins for BiFC analysis will produce improved
versions and new adaptations of the BiFC approach. It is also likely that fragments that are
optimal for a particular purpose will not be ideal for all purposes. It will therefore be important
to perform comparative analysis of BiFC assays using different fluorescent protein fragments
to evaluate their relative merits.
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Figure 1.
Schematic representation of the principle of the BiFC assay. Two non-fluorescent fragments
(YN and YC) of the yellow fluorescent protein (YFP) are fused to putative interaction partners
(A and B).The association of the interaction partners allows formation of a bimolecular
fluorescent complex.
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Figure 2.
Structures of proteins that have been used to study protein interactions using complementation
approaches. The two fragments that have been used are shown in red and green based on the
X-ray crystal structures of the intact proteins. In β-galactosidase, the overlap between the
fragments is shown in orange. The images were generated using jmol.
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Figure 3.
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).
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Figure 4.
Pathway for formation of bimolecular fluorescent complexes. The pathway for fluorescent
complex formation has been deduced based on in vitro studies of the dynamics of bimolecular
fluorescence complementation using purified proteins (45). For a description of the steps in
this pathway, please see the text.
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Figure 5.
The effects of mutations that prevent the association of the interaction partners should be tested
to determine the specificity of the bimolecular fluorescence complementation (data adapted
from (45)). Plasmids encoding a wild type interaction partner, B, and either the wild type (upper
panel) or mutated (lower panel) forms of an interaction partner, A, fused to the fluorescent
protein fragments, were transfected into cells together with an internal reference encoding CFP.
The fluorescence intensities produced by bimolecular fluorescence complementation (YN-YC)
and the internal reference (CFP) were measured in individual cells. The distribution of ratios
between the fluorescence intensities in individual cells is plotted in each histogram.
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Figure 6.
Concurrent visualization of multiple protein complexes using multicolor fluorescence
complementation analysis. (a) Two alternative interaction partners, A and B, are fused to
fragments of different fluorescent proteins (YN155 and CN155 respectively). These fusions
are co-expressed in cells with a shared interaction partner, Z, fused to a complementary
fragment (CC155). Complexes formed by A-YN155 and Z-CC155 can be distinguished from
complexes formed by B-CN155 and Z-CC155 based on their fluorescence spectra. (b)
Schematic representation of the visualization of multiple protein complexes in the same cell
(A-YN155-Z-CC155, cytoplasmic and perinuclear; B-CN155-Z-CC155, nuclear and
perinuclear).
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Table 2

Combinations of fluorescent protein fragments recommended for BiFC analysis.

Fusions1 Purpose Excitation filter(s) Emission filter(s)

A-YN155
B-YC155

A–B interaction 500/20 nm 535/30 nm

A-YN173
B-YC173

A–B interaction 500/20 nm 535/30 nm

A-CN155
B-CC155

A–B interaction 436/10 nm 470/30 nm

A-YN155
B-CN155
Z-CC155

Concurrent
visualization of A and
B interaction with Z

500/20 nm
and
436/10 nm

535/30 nm
and
470/30 nm

1
YN155 corresponds to residues 1–154 of EYFP. YC155 corresponds to residues 155–238 of EYFP. YN173 corresponds to residues 1–172 of EYFP.

YC173 corresponds to residues 173–238 of EYFP. CN155 corresponds to residues 1–154 of ECFP. CC155 corresponds to residues 155–238 of ECFP.
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