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Abstract

A variety of experimental methods have been developed for the analysis of protein interactions. The
majority of these methods either require disruption of the cells to detect molecular interactions or
rely on indirect detection of the protein interaction. The bimolecular fluorescence complementation
(BiFC) assay provides a direct approach for the visualization of molecular interactions in living cells
and organisms. The BiFC approach is based on the facilitated association between two fragments of
a fluorescent protein when the fragments are brought together by an interaction between proteins
fused to the fragments. The BiFC approach has been used for visualization of interactions among a
variety of structurally divers interaction partners in many different cell types and. It enables detection
of transient complexes as well as complexes formed by a subpopulation of the interaction partners.
It is essential to include negative controls in each experiment in which the interface between the
interaction partners has been mutated or deleted. The BiFC assay has been adapted for simultaneous
visualization of multiple protein complexes in the same cell and the competition for shared interaction
partners. A ubiquitin-mediated fluorescence complementation (UbFC) assay has also been developed
for visualization of the covalent modification of proteins by ubiquitin family peptides. These
fluorescence complementation assays have a great potential to illuminate a variety of biological
interactions in the future.

1. Introduction

Most cellular functions are regulated and executed by protein complexes. Extensive networks
of protein interactions have been identified through both biochemical and genetic approaches.
Visualization of protein complexes in living cells enables determination whether putative
interactions occur in the normal cellular environment and identification of the subcellular
locations of these complexes. The bimolecular fluorescence complementation (BiFC) approach
enables visualization of protein complexes in living cells and organisms. It is based on the
discoveries that the association between two nonfluorescent fragments of a fluorescent protein
can produce a fluorescent complex and that this association can be facilitated by an interaction
between proteins fused to the fragments. The BiFC assay has been used to visualize interactions
between proteins from many different structural classes in a variety of cell types and species.
The BiFC approach provides several unique advantages for the investigation of molecular
complexes in living cells. Modified versions of the BiFC assay have been used to visualize the
competition between alternative interaction partners and the covalent modification of proteins
by ubiquitin family peptides. The BiFC approach is applicable for the visualization of a wide
range of molecular interactions.
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The following sections will briefly discuss the significance of protein interactions and the
methods that are available for their study. The historical development of complementation
strategies for the analysis of protein interactions is outlined briefly and the direct visualization
of interactions using BiFC analysis is compared with a subset of other imaging approaches.
The fundamental principles of BiFC analysis and the requirements for the application of this
approach are reviewed. Instrumentation that can be used to conduct BiFC assays is described
in general terms. A selection of interactions that have been visualized using the BiFC assay
and the cell types and organisms in which this assay has been used are listed. Some of the
limitations and assumptions of the BiFC approach are discussed. The extensions of BiFC
analysis for the simultaneous visualization of multiple protein interactions and the visualization
of ubiquitin conjugates are described. Finally, some future opportunities and challenges are
presented.

1.1 Roles of protein interactions in regulatory complexity

The mammalian genomes that have been sequenced contain only slightly more annotated genes
than the genomes of plants, insects and nematodes. Thus, the arguably more complex
developmental programs and adaptive responses of mammals are not specified by a
dramatically larger number of genes. The principal mechanism whereby mammals achieve a
greater number of biological functions than the number of proteins encoded in their genomes
is through combinatorial interactions among these proteins. Indeed, most regulatory
mechanisms in mammalian cells rely on the activities of protein complexes rather than the
actions of individual proteins. Through interactions with different partners under different
conditions, each protein can perform different functions in different cell types and in response
to different extracellular stimuli (see Box 1 on the complexity generated by combinatorial
interactions). For instance, a transcription factor can bind to thousands of loci in a mammalian
genome. However, in a particular cell type at any one time, the protein may regulate only a
few genes. This combination of great versatility and context-dependent specificity is made
possible by interactions that specify the functions of a protein in each cell.

Box 1
Combinatorial interactions can generate complexity

The connectivity of a protein interaction network can be characterized by the average
number of interaction partners for each protein. The distribution of the number of interaction
partners about this mean varies for different types of networks (random, scale-free etc.).
The number of binary complexes that can be formed among proteins encoded by a genome
is a product of the number of proteins and the number of interaction partners for each protein.
Thus, for interaction networks with the same connectivity, the number of complexes is
proportional to the square of the number of proteins. The total number of protein complexes
is also dramatically affected by the average number of proteins in a complex and the
distribution about that average. An increase in the average number of components in each
complex results in a dramatic increase in the total number of complexes. The combination
of higher connectivity and a larger number of components in each complex can therefore
produce a large increase in the number of protein complexes without a change in the size
of the proteome.

2. Approaches for the investigation of protein interactions

Protein interactions have been investigated using many approaches under different
experimental conditions. Most of the experimental approaches that enable direct detection of
interactions such as biochemical co-purification require removal of the proteins from their
normal environment. Conversely, most studies of protein interactions in their normal
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environment such as genetic analysis of the combined effects of mutations rely on indirect
consequences of the interactions. The combined use of genetic and biochemical approaches
has identified thousands of potential protein interactions. The largely non-overlapping
interaction networks identified by high-throughput interaction screens at the proteomic level
(Ito, et al., 2001, Gavin, et al., 2002, Giot, et al., 2003, Li, et al., 2004, Stelzl, et al., 2005)
suggest that the number of potential protein complexes is orders of magnitude larger than the
number of proteins encoded by the genome. The cell specificity and the subcellular localization
of the vast majority of these complexes remain unknown. It is also possible that some of the
interactions identified under non-native conditions do not occur in cells.

2.1 Studies of protein interactions using complementation assays

Complementation approaches enable investigation of protein interactions in their normal
environment, and can allow direct detection of the interaction. Complementation between
protein fragments was first observed between proteolytic fragments of ribonuclease (Richards,
1958) and has been subsequently described for many proteins. Importantly, complementation
between some protein fragments is conditional, and can be facilitated by tethering the fragments
in close proximity to each other (Table 1) (Kerppola, 2006). This enables the detection of
protein interactions and other molecular processes in living cells (see Box 2 on the detection
of protein interactions using complementation approaches). Complementation between
fragments of a variety of different proteins enables detection of protein interactions in living
cells. However, visualization of the subcellular localization of protein complexes requires that
the function produced by complementation can be detected with high spatial resolution. This
is possible by using fluorescent ligands that bind to the complementation complex or by using
bimolecular fluorescence complementation, which produces an intrinsically fluorescent
complex.

Box 2
Complementation approaches for the detection of protein interactions

Many proteins can be divided into fragments that can associate to produce a functional
complex. This phenomenon is classically known as complementation by analogy with the
ability of different mutations to complement each other to produce an organism with a
normal phenotype. Complementation between protein fragments is due to the large
favorable free energy of folding of most proteins and the fact that many proteins fold in
multiple stages that involve initial interactions among neighboring amino acid residues and
subsequent interactions between partially folded secondary structure elements.
Nevertheless, the great majority of protein fragments are unable to produce a functional
complex because of misfolding or the inability of partially folded fragments to associate
with each other. Only a small subset of protein fragments has the potential to associate to
form a functional complex. Experimental applications of protein fragment complementation
are therefore critically dependent on the identification of fragments that can associate with
each other under relevant conditions.

The correct folding of a protein occurs in competition with misfolding, which is often
irreversible. The ability of protein fragments to associate with each other can depend on the
frequency of their collisions, which depends on the effective local concentrations of the
fragments. Thus, the association of some protein fragments can be facilitated by tethering
them in proximity to each other. The association of such fragments can be conditional on
their molecular proximity even if the fragments can associate independent of tethering when
they are present at sufficiently high concentrations. The conditional association of protein
fragments is a powerful reporter of molecular proximity, and can be used to investigate
many biological processes that involve changes in molecular proximity, including protein
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interactions, nucleoprotein complex formation and covalent protein modifications (Hu, et
al., 2002, Rackham and Brown, 2004, Fang and Kerppola, 2004, Stains, et al., 2005).

Fragments of many proteins have been identified that can complement each other under
specific experimental conditions (see Table 1 for a small subset). The nature of the fragments
that can undergo complementation varies between different proteins. In many cases the
fragments are predicted to exist in a partially unfolded state due to the absence of interactions
that are necessary for formation of some secondary structure elements within the individual
fragments. Unfortunately, the structures of protein fragments that can undergo
complementation as well as intermediates in their folding pathway have not been
characterized. Thus, the characteristics of protein fragments required for complementation
are unknown. The identification of protein fragments that can support complementation
therefore remains a largely empirical process.

It is not clear why some protein fragments exhibit conditional complementation whereas
others apparently associate with each other independent of mechanisms that would tether
them in proximity to each other. It is possible that differences in the folding pathways of
the fragments alter their susceptibility to misfolding, and affect the probability of productive
association. Nevertheless, it is likely that all fragments that exhibit conditional
complementation also have the potential to associate with each other independent of
tethering under some conditions such as high protein concentrations.

2.2 Visualization of protein interactions in living cells

Direct visualization of protein interactions in living cells enables validation of complex
formation in the normal environment and determination of their subcellular localization. Two
principal methods have been used to visualize the localization of protein interactions in living
cells. Fluorescence resonance energy transfer (FRET) analysis is based on changes in the
fluorescence intensities and lifetimes of two fluorophores that are brought sufficiently close
together. Bimolecular fluorescence complementation (BiFC) analysis is based on the formation
of a fluorescent complex by fragments of fluorescent proteins whose association is facilitated
by an interaction between proteins fused to the fragments. Other methods such as fluorescence
correlation spectroscopy (FCS) (Brock and Jovin, 1998), image correlation spectroscopy
(Petersen, et al., 1993) and complementation approaches using fragments of other proteins
(Table 1) have also been used. Bioluminescence resonance energy transfer (BRET) analysis
enables detection of protein interactions in live cells, but current methods do not enable
visualization of the subcellular locations of the protein complexes (Pfleger and Eidne, 2006).
Studies of protein interactions using the FRET assay have been described in several recent
reviews (Zhang, et al., 2002, Jares-Erijman and Jovin, 2003, Miyawaki, 2003, Zal and
Gascoigne, 2004, Bunt and Wouters, 2004, Galbraith, 2004, Schmid and Neumeier, 2005).
This review focuses on critical principles and assumptions underlying the BiFC assay and on
selected applications of this approach.

2.3 Challenges for the visualization of protein interactions

One major challenge for the direct detection of protein interactions is that most proteins have
multiple partners in the cell, and only a small subpopulation interacts with a particular partner.
In most experimental approaches, interactions between the proteins under study with other
cellular proteins interfere with detection of the complex being investigated. This problem is
often addressed by overexpression of the proteins under study to outcompete endogenous
interaction partners and to produce a larger amount of complexes. This strategy carries the risk
that protein overexpression produces non-native complexes or alters the characteristics of the
complexes that are formed. One advantage of complementation approaches is that complexes
that are formed with other partners are not detected, enabling selective observation of the
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complex under investigation. A fundamental difference between the FRET and BiFC
approaches is that FRET analysis is based on measurement of the difference in fluorescence
intensity or lifetime of one fluorophore in the presence and absence of a second fluorophore.
In contrast BiFC analysis is based on the formation of a fluorescent complex from non-
fluorescent constituents. This makes BiFC analysis potentially more sensitive and avoids
interference from changes in fluorescence intensity or lifetime caused by cellular conditions
unrelated to protein interactions. Conversely, FRET provides the potential for real-time
observation of complex formation and dissociation, whereas BiFC analysis does not enable
real-time detection of complex dynamics.

3. Bimolecular fluorescence complementation analysis

BiFC analysis is based on the formation of a fluorescent complex when two fragments of a
fluorescent protein are brought together by an interaction between proteins fused to the
fragments (see Fig. 1). In E. coli, fluorescence complementation was first detected using
fragments of a green fluorescent protein (GFP) variant fused to artificial peptide sequences
designed to form an anti-parallel coiled coil (Ghosh, et al., 2000). In mammalian cells,
expression of YFP fragments fused to calmodulin and its target peptide was shown to produce
fluorescence that was modulated by the Ca** concentration (Nagai, et al., 2001). However,
fluorescence complementation by these fragments was not shown to require calmodulin
binding to M13 and the fragments have not been used for studies of other interactions.
Conditional fluorescence complementation was demonstrated between fragments of the
enhanced yellow fluorescent protein (YFP) fused to transcription factors containing the basic
region — leucine zipper (bZIP) domain or the Rel domain (Hu, et al., 2002). Mutations that
prevented the interactions reduced the fluorescence, demonstrating that the native protein
interactions facilitated fluorescence complementation (Hu, et al., 2002). The same fragments
were shown to support complementation when fused to other bZIP or Rel family proteins (Hu,
et al., 2002). Subsequent studies have shown that these fragments can be used to study
interactions among a variety of structurally unrelated proteins, validating the BiFC approach
as a general strategy for the visualization of molecular interactions in living cells (Kerppola,
2006).

3.1 Requirements for bimolecular fluorescence complementation analysis

BiFC analysis does not require information about the structures of the interaction partners or
of their interaction interface. The association of the fluorescent protein fragments fused to the
interaction partners does not require that the interaction partners position the fragments in a
specific orientation or within a fixed distance from each other. Nevertheless, steric constrains
can prevent association of the fragments within a complex. The fragments must have sufficient
freedom of motion in the complex to collide with each other and to undergo the mutually
induced folding required to form the B-barrel structure. Flexible linkers between the interaction
partners and the fluorescent protein fragments can uncouple the motions of the fluorescent
protein fragments from those of the interaction partners in the complex and may facilitate
bimolecular fluorescent complex formation. 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 (see Box 3 on the dynamics of BiFC complexes).
Additionally, it is not necessary for a large fraction of the interaction partners to associate with
each other in order to detect fluorescence complementation because cells have low background
fluorescence and unassociated fragments do not interfere with detection of an interaction using
the BiFC assay.

An essential requirement for fusion proteins to be used for BiFC analysis is that the fluorescent

protein fragments do not associate with each other efficiently in the absence of an interaction
between the proteins fused to the fragments. Spontaneous association between the fluorescent
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protein fragments can be affected by the characteristics of the proteins fused to the fragments.
It is therefore essential to test the requirement for a specific interaction interface for
complementation by each combination of interaction partners to be studied using the BiFC
approach (Figure 2). Fragments of some fluorescent proteins can form fluorescent complexes
in the absence of fusions to specific interaction partners (Cabantous, et al., 2005). Likewise,
high-level expression of many fusion proteins containing the fragments used for BiFC analysis
can result in fluorescent complex formation independent of specific interactions. The
fluorescence produced by spontaneous association of the fragments used for BiFC analysis is
frequently reduced when the fragments are fused to proteins that do not interact with each
other. It is therefore essential to test the effects of mutations that eliminate the protein
interaction on fluorescence complementation and to express the fusion proteins at levels
comparable to their endogenous counterparts (Fig. 2).

3.2 Design of fusion proteins for bimolecular fluorescence complementation analysis

The association of the fluorescent protein fragments can be enhanced when they are tethered
in the same macromolecular complex. However, the association of the fragments is not
determined by molecular proximity alone. Steric constraints can influence the probability of
association between the fragments when the fusion proteins form a complex. Fusion proteins
that produce optimal signal must generally be identified empirically by testing several
combinations of proteins with the fragments fused to different positions. The fluorescence
signal produced by bimolecular fluorescence complementation varies widely for interactions
between different partners and for different fusions to the same partners. For true interaction
partners, it is virtually always possible to find a combination of fusion proteins that produces
a detectable signal. Also, 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 cellular background fluorescence.

3.3 Instruments that can be used for bimolecular fluorescence complementation analysis

Fluorescence complementation can be detected using the same instruments that are used to
detect intact fluorescent proteins. The fluorescence intensity of cells expressing fluorescent
protein fragment fusions that can form bimolecular fluorescent complexes is generally less
than 10% of the fluorescence intensity of cells expressing comparable levels of 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 (Hu, et al., 2002). It is important to optimize the instrument for
detection of the bimolecular fluorescent complex(es) in order to maximize the signal to
background ratio of the assay.

Bimolecular fluorescent complex formation in vitro can be monitored using a fluorometer. In
such experiments, the signal produced through complex formation between specific interaction
partners can be several orders of magnitude greater than the signal produced through complex
formation between proteins in which the interaction interface has been mutated (Hu, et al.,
2002, Hu and Kerppola, 2003). Bimolecular fluorescent complex formation in cell populations
can also be monitored using a fluorometer, but this requires a strong signal and efficient
rejection of signal resulting from scatter of the excitation beam.

Microscopy provides the greatest spatial resolution, and often the greatest sensitivity for
detection of bimolecular fluorescent complexes. Virtually any fluorescence microscope can be
used to determine the subcellular localization of BiFC complexes. In many cases, the signal in
cells that express fusions to proteins that interact with each other is more than ten-fold higher
than the signal in cells that express non-interacting fusions (Hu, et al., 2002). Microscopy also
allows analysis of the variation in fluorescence intensities and subcellular distributions of

Methods Cell Biol. Author manuscript; available in PMC 2010 February 26.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny Vd-HIN

Kerppola

Page 7

complexes among different cells in the population. A large number of cells must be analyzed
and strategies to avoid experimental bias must be implemented in order to obtain results that
are representative for the cell population. It is generally straightforward to visualize multiple
BiFC complexes with different spectral characteristics through the use of excitation and
emission filters. This enables comparison of interactions among several proteins in the same
cell using multicolor BiFC analysis (see section 9).

Flow cytometry enables determination of the fluorescence intensities of a large number of
individual cells. An instrument with sensitive and stable detectors and accurate correction for
scattered excitation light is necessary to obtain quantitative data. Flow analysis is less
susceptible to experimental bias, but requires careful attention to identical treatment of samples
in order to allow comparison of data from different cell populations. Multi-wavelength detector
systems enable normalization of fluorescence intensities using internal controls and
simultaneous analysis of multiple BiFC complexes in each cell.

3.4 Effects of fluorescent protein fragments on fusion protein properties

Similar to other approaches that make use of fusion proteins, it is necessary to examine the
possibility that the fluorescent protein fragments fused to the interaction partners alter their
functions. Ideally, the fusion proteins should be tested by substituting them for their
endogenous counterparts. This is practical only in prokaryotes and yeast, so alternative assays
for the functions of the fusion proteins must be used in other eukaryotes. It is also important
to examine potential consequences of the stabilization of the interaction between the fusion
proteins by bimolecular fluorescent complex formation (see Box 3 on the dynamics of BiFC
complexes). Changes in the dynamics of the interaction caused by association of the fluorescent
protein fragments can alter the properties of the complex.

4. Experimental strategies for BiFC analysis

The strategies for investigation of a specific protein interaction must be designed with the
purpose of the experiment in mind. However, there are some general strategies that can be
useful for the study of many interactions

4.1 Design of plasmid vectors for fusion protein expression

Plasmid vectors must be designed for fusion of the proteins of interest to the N- and C-terminal
fragments of a fluorescent protein. In most cases, fusions to both the N- and C-terminal ends
of the proteins of interest should be tested. Schematic diagrams of the different permutations
of fusion proteins that can be examined are shown in Figure 3. The following general guidelines
for the construction of expression vectors for BiFC analysis should be considered:

4.1.1 Choice of fluorescent protein fragments for fusions—Several combinations of
fluorescent protein fragments that support bimolecular fluorescence complementation have
been identified (Hu, et al., 2002, Hu and Kerppola, 2003, Shyu, et al., 2006). Some
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 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. Fragments
of YFP truncated at residue 173 (YN173 - N-terminal residues 1-172; and YC173 - C-terminal
residues 172-238) can also be used. Complementation between fragments of Venus truncated
at either residue 155 or 173 (VN155, VCI155 or VN173, VC173) often produces brighter
fluorescence, but can result in higher non-specific signal due to complementation between
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fragments fused to proteins that do not interact specifically in the absence of the fluorescent
protein fusions.

4.1.2 Choice of positions to which the fragments are fused—The fluorescent protein
fragments can support fluorescence complementation when they are fused to either the N- or
C-terminal ends of the proteins to be investigated. Ideally, all eight different combinations of
fusion proteins should be tested for complementation (Figure 3). The positions of the fusions
should be determined empirically based on the following criteria:

1) The fusions must allow the fragments of the fluorescent proteins to associate with each
other if the fusion proteins interact. Information about the structure and location of the
interaction interface may be useful since fusions near that interaction interface can in some
cases produce more efficient complementation than fusions far from the interface.
However, structural information is not necessary since multiple combinations of fusion
proteins can be tested by screening for fluorescence complementation. A simple strategy
for the identification of fusion proteins that support 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 all eight combinations of fusion
proteins that contain both fragments for complementation (Figure 3).

ii) The fusions must not affect the subcellular distributions or the stabilities of the proteins.
The localization and stability of each fusion protein should be compared with those of the
endogenous or wild type proteins lacking the fusions.

iii) The fusions must not affect the functions of the proteins to be investigated. Ideally, the
functions of the proteins should be tested using assays that evaluate all of the known
functions of the endogenous proteins, and these assays should be performed under the
conditions used to visualize the protein interactions.

iv) In general, the fragments should be fused to the full length proteins whose properties
are to be investigated. In many cases, comparisons with truncated proteins will be
important to test the roles of specific regions of the proteins in the interaction. In these
cases, it is essential that the fluorescent proteins fragments are fused to the same positions
of the full length and truncated proteins.

4.1.2 Choice of peptide linkers to connect the proteins to the fluorescent protein
fragments—Peptide linkers are recommended to connect the fragments of the fluorescent
proteins to the proteins of interest. These linkers should provide flexibility for independent
motion of the fluorescent protein fragments and the interaction partners, allowing the
fluorescent protein fragments to associate when the proteins interact. We have used the RSIAT
and RPACKIPNDLKQKVMNH (single amino acid code) linker sequences in many fusion
constructs used for BiFC analysis (Hu, et al., 2002, Hu and Kerppola, 2003). These linkers
have been used for the visualization of interactions between many structurally unrelated
proteins. Linker sequences encoding multiple copies of a GGGS sequence have also been
successfully used in many BiFC experiments. Although these linker sequences worked well
for the proteins we have examined, it is possible that other linkers are optimal for
complementation between other proteins.

4.2 Strategies for fusion protein expression

The strategy for expression of the fusion proteins should be based on the purpose of the

experiment. To determine whether a pair of proteins can interact in cells and to determine the
subcellular location of the complex, a transient expression system can be used. However, the
levels of protein expression in different cells in a transiently transfected population are likely
to vary over a wide range. Protein overexpression can result in mis-localization of the proteins
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and formation of non-native complexes. This problem can be ameliorated by the use of
plasmids with weak promoters and plasmid vectors that do not replicate in mammalian cells.
Additionally, cells can be transfected using small amounts of plasmid DNA, and they can be
observed soon after transfection, before the protein expression level becomes too high.

To ensure that the observed fluorescence signal reflects native interactions, the fusion proteins
should be expressed at levels comparable to the endogenous proteins. The levels of protein
expression can be controlled by using inducible expression vectors integrated into the genome
of stable cell line. Such cell lines allow control of protein expression at relatively uniform levels
in the cell population.

4.3 Controls required for interpretation of BiFC experiments

To interpret results from BiFC analysis, it is necessary to include negative controls in each
experiment (Figure 2). This is essential since the fluorescent protein fragments are able to form
fluorescent complexes with low efficiency in the absence of a specific interaction. This non-
specific complementation is generally reduced when the fragments are fused to proteins that
do not interact with each other. Thus, expression of the fluorescent protein fragments alone
frequently produces more fluorescence than expression of fusions to proteins that do not
specifically interact with each other. The validity of bimolecular fluorescence
complementation results must be confirmed by testing complementation by fusion proteins in
which the interaction interface has been mutated (Hu, et al., 2002,Hu and Kerppola,
2003,Grinberg, et al., 2004). The mutated proteins should be fused to the fluorescent protein
fragments in the same way as the wild-type protein. The level of expression and the localization
of the mutated proteins should be compared with the wild type protein by western blot and
indirect immunofluorescence analyses. The efficiencies of fluorescence complementation by
the wild type and mutant proteins should be quantified as described in section 4.4 below.

If the interaction interface has not been previously characterized, it is possible to screen for
mutations that alter the efficiency of fluorescence complementation using the BiFC assay. If
such mutations selectively alter complementation with a particular interaction partner, and they
do not affect the levels of expression or subcellular locations of the proteins, it is likely that
complementation by the wild type fusion proteins 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.

4.4. Quantification of the efficiency of bimolecular fluorescence complementation

The efficiency of fluorescence complementation is defined as the fluorescence intensity
produced by bimolecular fluorescent complex formation, relative to the levels of fusion
proteins present in the cell. The efficiencies of bimolecular fluorescence complementation by
structurally unrelated fusion proteins cannot be used to compare the efficiencies of complex
formation since the efficiency of bimolecular fluorescence complementation is influenced by
many factors in addition to the efficiency of complex formation. For example, the levels of
expression of the fusion proteins and the spatial arrangement of the fragments of the fluorescent
protein affect the efficiency of fluorescence complementation. However, in situations where
these factors are constant, differences in the efficiency of bimolecular fluorescence
complementation can provide information about the relative efficiencies of complex formation.
Thus, the effects of single amino acid substitutions on complex formation can be examined by
testing their effects on complementation efficiency as long as the substitutions do not affect
protein expression or localization (Hu, et al., 2002, Hu and Kerppola, 2003).

To quantify the efficiency of fluorescence complementation, it is necessary to include an
internal control in the experiment to normalize for differences in transfection efficiency and
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the level of protein expression. For this purpose, cells are co-transfected with plasmids
encoding the two fusion proteins (e.g. fused to YN155 and YC155), together with a plasmid
encoding a full-length fluorescent protein with distinct spectral characteristics (e.g., CFP). The
fluorescence intensities produced by 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 emission is calculated after subtraction of background signal (Figure 2). The ratio
of YN-YC to CFP fluorescence is a measure of the efficiency of bimolecular fluorescence
complementation. The ratios for different structurally related fusion proteins can reflect the
relative efficiencies of complex formation in living cells.

4.5. Interpretation of results from bimolecular fluorescence complementation analysis

(i) Fluorescence complementation detected

If fluorescence is detected when wild type proteins fused to the fluorescent protein
fragments are expressed, and this signal is eliminated or significantly reduced by mutations
that do not affect the expression or localization of the protein, it is likely that the
fluorescence reflects a specific interaction between the proteins fused to the fluorescent
protein fragments. If mutations that are known to eliminate the interaction of the wild type
proteins do not eliminate the fluorescence, then the bimolecular complementation is due
to non-specific interactions between the chimeric fusion proteins. Other combination of
fusion proteins or linkers can be tested to determine if they produce a specific signal

(i1) No fluorescence complementation detected

The lack of fluorescence complementation does not prove the absence of an interaction,
even if fluorescence complementation is observed when the same fusion protein is
expressed with fusions to other interaction partners. The spatial arrangement of the
fluorescent protein fragments can sterically prevent bimolecular complex formation. In
addition, fusion of the fluorescent protein fragments can alter protein structure, which
could selectively eliminate interactions with some proteins. Only in cases where
fluorescence complementation can be induced by an external signal can the lack of
fluorescence complementation in the absence of the signal be tentatively considered to
reflect the absence of an interaction or a change in protein complex architecture. If no
complementation is observed between fusions to proteins that are known to interact based
on other assays, additional fusion proteins containing different linker sequences or
fluorescent protein fragments should be tested.

5. Examples of proteins interactions that have been visualized using the BiFC

assay

BiFC analysis has been used to visualize interactions among a wide range of proteins in many
different cell types and organisms (Table 3). The results have validated interactions between
many putative interaction partners and have identified several new complexes. Discovery of
the subcellular locations of many protein complexes has provided new insights into their
functions.

5.1 BiFC analysis of nuclear proteins

The BiFC assay was originally developed using transcription regulatory proteins as a model
and has been used to visualize interactions among many different classes of transcription
factors (Hu, et al., 2002, Hu and Kerppola, 2003, Deppmann, et al., 2003, Grinberg, et al.,
2004, Rajaram and Kerppola, 2004, Zhu, et al., 2004, Kanno, et al., 2004, Farina, et al.,
2004, Diaz, et al., 2005, Jang, et al., 2005, Laricchia-Robbio, et al., 2005). These studies have
provided insights into the regulation of subcellular localization by protein interactions. In many
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cases, the localization of transcription factor complexes differs from those of the individual
proteins (Hu, et al., 2002, Grinberg, et al., 2004, Rajaram and Kerppola, 2004, Shyu, et al.,
2006). Interactions among transcription factors can therefore regulate their subcellular and
subnuclear localization. The ATF2 transcription regulatory protein is localized to the
cytoplasm when expressed alone, but is translocated into the nucleus upon dimerization with
Jun family transcription factors (Hu, et al., 2002, Liu, et al., 2006). Complexes formed by Max
with different Myc and Mad family members are localized to different subnuclear locations
(Grinberg, et al., 2004). Complexes between the exon junction complex components Y 14 and
NXFT1 are formed only during ongoing transcription and are localized to nuclear splicing
speckles (Schmidt, et al., 2006). Further studies of the mechanisms regulating the localization
of protein complexes will increase our understanding of the roles of compartmentalization in
regulating protein function.

5.2 BiFC analysis of enzyme-substrate complexes

Interactions between several enzymes and their protein substrates have been visualized using
the BiFC assay. Complementation between ubiquitin ligases, kinases and guanine nucleotide
exchange factors and potential substrate proteins has been used to investigate substrate
recognition in living cells (von der Lehr, et al., 2003, de Virgilio, et al., 2004, Blondel, et al.,
2005, Niu, et al., 2005, Remy, et al., 2004, Stolpe, et al., 2005). Determination of the substrate
specificities and subcellular sites of action of these enzymes in living cells has yielded new
hypotheses for their functions. The In Saccharomyces cerevisiae ubiquitin E3 ligase Grrl
interacts with the Hofl regulator of cytokinesis within the bud neck (Blondel, et al., 2005).
This interaction is restricted to the M phase of the cell cycle, presumably because of rapid
degradation of Hof1 following cytokinesis. The substrate specificities and sites of action of
ubiquitin ligases in many other organisms have also been visualized using the BiFC assay
(von der Lehr, et al., 2003, Blondel, et al., 2005, Stolpe, et al., 2005, Marrocco, et al., 2006).

5.3 BiFC analysis of signal transduction pathways

Interactions among many signaling proteins have been visualized using the BiFC assay. The
study of membrane protein interactions presents unique challenges because of the role of the
membrane environment in determination of interaction specificity. BiFC analysis has therefore
been particularly valuable for the visualization of membrane protein interactions (de Virgilio,
et al., 2004, Hynes, et al., 2004, Guo, et al., 2005, Ozalp, et al., 2005, Giese, et al., 2005).
Contrary to expectation, the constrained mobilities of membrane proteins apparently neither
prevent the association of the fluorescent protein fragments nor eliminate the requirement for
specific protein interactions. The integrin allf3 receptor exhibited a specific interaction with
the Src kinase upon interaction with extracellular fibrin (de Virgilio, et al., 2004). These
complexes were localized to membrane ruffles, focal adhesions and focal complexes. These
results demonstrate spatially restricted assembly of signaling complexes. Further studies of
interactions among additional signal transduction proteins will enable elucidation of the spatial
organization of signal transduction networks.

5.4 BiFC analysis of complex relocalization

The BiFC assay is ideally suited for visualization of the subcellular localization of protein
complexes. However, it is important to establish that the association of the fluorescent protein
fragments does not result in mis-localization of the complex. In the case of the differences in
subnuclear localization by BiFC complexes formed by Max with different Myc/Max/Mad
family proteins, a similar re-localization of Max was observed in cells that overexpressed
different Myc/Max/Mad family proteins in the absence of fluorescence complementation
(Grinberg, et al., 2004). Likewise, ATF-2 was localized to different subcellular compartments
in cells that expressed different levels of the Jun dimerization partner (Shyu, et al., 2006). Upon
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isopreterenol stimulation, the  and y subunits of the heterotrimeric G-protein internalized as
a complex separate from the f-adrenergic receptor (Hynes, et al., 2004, Hynes, et al., 2004).
A complex formed by the guanine nucleotide exchange factors GBF1 and the small GTPase
Arfl was recruited to the golgi in cells treated with brefeldin A (Niu, et al., 2005). Similarly,
a complex formed by the Bcl-2 family proteins Bif-1 and Bax was relocated to mitochondria
in cells induced to undergo apoptosis (Takahashi, et al., 2005). Bimolecular fluorescence
complementation enables visualization of complex localization in many different subcellular
compartments and does not appear to interfere with the translocation of protein complexes
between these compartments.

5.5 BiFC analysis of interactions induced by post-translational modifications

Many interactions are thought to require specific post-translational modifications. The
requirement for these modifications in living cells can be tested using the BiFC assay. The
bromodomain protein Brd2 binds selectively to acetylated histones. Complementation between
Brd2 and H4 required both the bromodomain of Brd2 and the H4 tail that contains the
acetylation site (Kanno, et al., 2004). Fluorescence complementation by the ERGICS53 receptor
and cathepsins catZ and catC required the lectin-binding domain of ERGIC53, suggesting that
these interactions require ligand glycosylation (Nyfeler, et al., 2005). BiFC can therefore be
used to detect post-translational modifications that alter protein interactions in cells.

5.6 BiFC analysis of interactions on molecular scaffolds

The interaction that brings together the fluorescent protein fragments need not be direct. Fusion
proteins that are brought together by assembly in a macromolecular complex can produce
bimolecular fluorescent complexes in the absence of direct contact between the proteins that
are fused to the fragments. Similarly, fusion proteins that bind to the same molecular scaffold
can support fluorescence complementation even if the fusion partners do not contact each other
directly. Using this principle, RNA binding by the human zipcode-binding protein 1 ortholog
(IMP1), the iron regulatory protein (IRP1), the fragile X mental retardation protein (FMRP),
and the human Staufen homologue (hStaul) was visualized in living cells (Rackham and
Brown, 2004). Likewise, co-occupancy by zinc-finger DNA binding proteins on
oligonucleotides has been detected in vitro (Stains, et al., 2005). Complexes between the exon
junction complex components Y 14 and NXF1 were also detected only in the presence of newly
synthesized transcripts (Schmidt, et al., 2006). Therefore, although the association of
fluorescent protein fragments in the BiFC assay is bimolecular, this assay is not limited to the
visualization of binary interactions.

6 BiFC analysis of interactions in different organisms

The BiFC assay has been used to visualize interactions in a variety of species from many
different phyla (see column 4 of Table 3). In E. coli, many endogenous and heterologous
proteins as well as peptides have been shown to associate using BiFC analysis (Ghosh, et al.,
2000,Hu, et al., 2002, Tsuchisaka and Theologis, 2004,Magliery, et al., 2005). In
Agrobacterium tumefaciens interactions between components of the type IV secretion
machinery have been visualized and the interaction between these components is blocked by
inhibitors of transformation (Atmakuri, et al., 2003,Cascales, et al., 2005). In Saccharomyces
cerevisiae interactions between the Grrl ubiquitin E3 ligase and the Hofl regulator of
cytokinesis have been shown to be regulated during the cell cycle (Blondel, et al., 2005). In
the slime mold Dictyostelium discoides, interactions between the § and y subunits of
heterotrimeric G proteins have been visualized (Hynes, et al., 2004). In the filamentous fungus
Acremonium chrysogenum, interactions between transcription factors have been visualized in
the nucleus (Hoff and Kuck, 2005). In tobacco, onion and Arabidopsis thaliana, interactions
between many different types of proteins have been visualized by introducing expression
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vectors encoding the fusion proteins using Agrobacterium infiltration or particle bombardment
(Tzfira, et al., 2004,Bracha-Drori, et al., 2004, Walter, et al., 2004,Abe, et al., 2005,Li, et al.,
2005,Lacroix, et al., 2005,Loyter, et al., 2005,Diaz, et al., 2005,Hackbusch, et al., 2005,Maple,
et al., 2005,Shimizu, et al., 2005). In C. elegans, BiFC has been used to mark cells in which
specific promoters are transcribed, but the role of specific protein interactions was not
examined (Zhang, et al., 2004). The BiFC assay is therefore likely to be generally applicable
for visualization of protein interactions in virtually every cell type and organism that can be
genetically modified to express proteins that are fused to the fluorescent protein fragments.

7 Screens using the BiFC approach

Complementation assays, and in particular the yeast two-hybrid transcription activation assay,
have been used to identify new interaction partners for many proteins. The Ft1 protein was
identified as an interaction partner of PKB/Akt using a BiFC-based library screening approach
(Remy and Michnick, 2004). The advantage of BiFC-based screens is that the interactions can
be detected within the cell, and the effects of stimuli on the interaction can be directly tested.
One limitation of BiFC-based screens is that differences in protein expression levels are likely
to influence the partners that can be identified. Nevertheless, BiFC analysis has the potential
to identify partners that interact with a protein of interest under specific cellular conditions.
BiFC analysis can also be used to identify synthetic molecules or cellular factors that can
modulate protein interactions.

8 Analysis of complex dynamics using the BiFC approach

Interactions between many proteins are regulated in response to extracellular stimuli or
developmental programs. Given the time required for fluorophore maturation and the
stabilization of protein interactions by association of the fluorescent protein fragments (Hu, et
al., 2002, Magliery, et al., 2005) (see Box 3), it is unclear how closely bimolecular fluorescent
complex fluorescence reflects the dynamics of complex formation and dissociation. However,
some fluorescent protein fragments purified as intein fusions from E. coli can undergo at least
partial maturation prior to association (Demidov, et al., 2006). Moreover, the addition of high
concentrations of protein competitors (Guo, et al., 2005) or adjusting conditions to destabilize
complexes formed by nucleic acid hybridization (Demidov, et al., 2006) can reduce the
fluorescence of bimolecular fluorescent complexes in vitro.

Fluorescence complementation by fusions to MEKK and IkB was induced within 2 minutes
of TNFa treatment of HEK293 cells, and returned to basal level within 15 minutes of removal
of the stimulus (Schmidt, et al., 2003). MEKK3 exhibited selective complementation with
IkBa whereas MEKK?2 exhibited selective fluorescence complementation with IkBp.
Similarly, insulin enhanced and TGF-J treatment reduced fluorescence complementation by
PKB/Akt and Smad3 within 30 minutes of stimulation (Remy, et al., 2004). Complementation
between fluorescent protein fragments fused to PLCB2 and PLCS81 was reduced by
approximately 50% within 5 minutes of acetylcholine or carbachol treatment of HEK293 cells
(Guo, et al., 2005). The fluorescence of bimolecular fluorescent complexes can therefore be
dynamically modulated in response to regulatory signals. It is unclear if the rapid changes in
fluorescence intensity observed in these experiments reflect the rates of formation or
dissociation of protein complexes. It is important to consider the possibility that changes in
fluorescence may reflect changes in protein synthesis or degradation.
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Box 3

Dynamics of bimolecular fluorescent complexes

Pathway for bimolecular fluorescent complex formation
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The dynamics of bimolecular fluorescence complementation have been investigated in
order to elucidate the pathway for fluorescent complex formation (Hu, et al., 2002). In
vitro studies using purified proteins indicate that the initial association between the fusion
proteins (complex I) is mediated by the interaction partners. This interaction occurs in
competition with mutually exclusive interactions with alternative interaction partners
(complexes II). The association between the fluorescent protein fragments is slower and
produces an intermediate (complex III), that undergoes the slow chemical reactions
(maturation) required to produce the peptide fluorophore (complex IV). This causes a delay
in detection of bimolecular fluorescence complementation following formation of the
protein complex (Hu, et al., 2002). The length of this delay depends on the intensity of the
signal and the sensitivity and background of the detector. The latter two steps are irreversible
under some conditions (Hu, et al., 2002, Magliery, et al., 2005). Some fluorescent protein
fragments purified from E. coli as intein fusions can undergo at least partial maturation prior
to association, resulting in rapid fluorescence complementation (Demidov, et al., 2006).
The same study demonstrated a decrease in the fluorescence intensity when the conditions
were adjusted to disfavor the interaction, suggesting that bimolecular fluorescent complex
formation can be reversible (dashed arrow). Unassociated fluorescent protein fragments as
well as fragments that are present in complexes that do not contain complementary
fragments undergo irreversible misfolding in vitro (Hu, et al., 2002) (complexes V).

..J_‘ .

The non-productive folding of the fluorescent protein fragments that are not in a complex
containing a complementary fragment is critical for the specificity of the BiFC assay.
Bimolecular fluorescent complex formation is likely to be energetically favorable even
when the fluorescent protein fragments are not fused to proteins that interact with each
other. However, the stimulation of fluorescence complementation by an interaction between
proteins fused to the fragments is likely to be determined by kinetic rather than
thermodynamic factors. The efficiency of bimolecular fluorescent complex formation is
determined by the frequency of productive collisions between the fluorescent protein
fragments relative to the rate of non-productive folding. Fusion of the fragments to
interaction partners can increase the rate of potentially productive collisions relative to the
rates of non-productive collisions with other proteins in the cell. The spectral characteristics
of the bimolecular fluorescent complex and the intact fluorescent protein are
indistinguishable, indicating that the B-barrel structure and the tripeptide fluorophore are
likely to be identical in the bimolecular complex and the intact protein.
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9 Simultaneous visualization of several protein complexes

The discovery of the green fluorescent protein has transformed cell biology. This
transformation has been accelerated by the development of numerous variants with altered
spectral and photophysical characteristics (Zhang, et al., 2002). We have developed a multi-
color BiFC assay that enables simultaneous visualization of multiple protein complexes in the
same cell (Hu and Kerppola, 2003). The multicolor BiFC assay is based on complementation
between fragments of different fluorescent proteins that produce bimolecular fluorescent
complexes with distinct spectra (Fig. 4) (Hu and Kerppola, 2003). The fragments are fused to
alternative interaction partners such that complexes formed between different partners can be
visualized independently in the same cell, using different excitation and emission wavelengths.

9.1 Comparison of the distributions of different complexes in the same cell

Direct comparison of the distributions of multiple complexes in the same cell eliminates the
need to identify markers that co-localize with the complexes as is necessary for comparison of
complex distributions between different cells. Comparison of complexes in the same cell also
allows determination whether differences in complex localization reflect intrinsic differences
in their localization signals. When the distributions of the complexes are compared between
different cells, it is possible that indirect effects of the expression of different fusion proteins
in different cells alter the localization of the complexes. Similarities in the distributions of two
or more protein complexes suggest that the complexes have related functions, especially if
their distributions are coordinately regulated.

9.2 Competition among mutually exclusive interaction partners for complex formation

Interactions with different structurally related interaction partners are often mediated by the
same contact interface. For some intensely studied proteins, scores of putative interaction
partners have been identified using in vitro assays and genetic screens in yeast. It is physically
impossible for one protein to simultaneously associate with all of these partners. Interactions
with many of these partners are therefore likely to be mutually exclusive. This results in
competition for interactions among alternative partners in the cell. Competition among
mutually exclusive interaction partners is likely to be an important determinant of the
specificity of protein interactions in the cell.

Interactions with different partners can occur in distinct subcellular locations. The selectivity
of protein interactions in the cell is determined by many factors including the relative binding
affinities of alternative interaction partners and the local concentrations of each protein. It is
difficult to predict the selectivity of protein interaction in cells based on in vitro studies, since
many factors, including covalent modifications, differences in subcellular distributions and
interactions with other cellular proteins can affect complex formation.

The multicolor BiFC assay can be used to investigate the competition between mutually
exclusive interaction partners for complex formation with acommon partner (Hu and Kerppola,
2003, Grinberg, et al., 2004). When two mutually exclusive interaction partners fused to
fragments of different fluorescent proteins are expressed with a limiting amount of a shared
interaction partner fused to a complementary fragment, the proportion of bimolecular
fluorescent complexes formed with each interaction partner reflects the relative efficiencies of
complex formation with each interaction partner in the cell. To use multicolor BiFC analysis
for investigation of the relative efficiencies of complex formation, it is necessary to design
fusion proteins that exhibit equal efficiencies of association between the fluorescent protein
fragments upon formation of each of the complexes to be compared (Hu and Kerppola, 2003,
Grinberg, et al., 2004). Differences in the fluorescence intensities of bimolecular fluorescent
complexes formed by different combinations of fluorescent protein fragments and possible
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differences in the intrinsic efficiencies of association of fragments from different fluorescent
proteins can be normalized by using proteins in which these fragments are fused to the same
interaction partners as described (Hu and Kerppola, 2003, Grinberg, et al., 2004). Thus,
multicolor BiFC analysis enables comparison of the relative efficiencies of complex formation
by alternative interaction partners in the normal cellular environment.

10. Experimental strategies for multicolor BiFC analysis

The strategies for multicolor BiFC analysis of several complexes in the same cell are for the
most part identical to those used for BiFC analysis of individual complexes described in section
4 above. In addition to these, it is necessary to consider the requirements for separation of the
signals from two different BiFC complexes in the same cell.

10.1 Design of plasmid vectors for multicolor BiFC analysis

The basic principles for the design of plasmids for BiFC analysis (section 4.1) also apply to
the design of plasmids for multicolor BiFC analysis. The main difference is that it is important
to select fluorescent protein fragments that provide maximal spectral separation of the
fluorescence signals from different bimolecular complexes. There are several combinations of
fragments that can be used for multicolor BiFC analysis (Hu and Kerppola, 2003). Complex
formation by CC155 (C-terminal fragment of CFP) with YN155 versus CN155 (N-terminal
fragment of CFP) results in complexes with good spectral separation and high complementation
efficiency (Table 2). These combinations are therefore appropriate for the simultaneous
analysis of two protein interactions. For the simultaneous analysis of more than two
interactions, more selective interference filters and more complex spectral separation
algorithms are required.

If quantitative comparison of the efficiencies of complex formation is contemplated, the
fluorescent protein fragments should be fused to the alternative interaction partners in the same
manner. It is essential that steric constraints to the association between the fluorescent protein
fragments are identical in each complex. One way to test this is to determine if the fragments
fused to the alternative interaction partners associate with the same efficiency with the shared
interaction partner. This can be accomplished by comparing the fluorescence intensities of cells
expressing the proteins fused to the same fluorescent protein fragments in the absence of
competitors.

10.2 Strategies for co-expression of proteins for multicolor BiFC analysis

To investigate the competition between two alternative interaction partners (e.g. A and B) for
a shared partner (e.g. Z), the three proteins should be fused to fluorescent protein fragments
that can form spectrally distinct bimolecular fluorescent complexes (i.e. A-YN155, B-CN155
and Z-CC155; Figure 5; for definitions of fusion proteins, see Table 2). Cell can be transiently
co-transfected with plasmid vectors expressing each of the fusion proteins. Alternatively, cell
lines that express the fusion proteins can be developed. Ideally, the proteins should be expressed
at levels comparable to their endogenous counterparts. Because of the large differences in
excitation and emission spectra, the fluorescence signals from the two complexes can be
separated with less than 2% cross-talk.

10.3 Quantitation of competition between alternative interaction partners using multicolor
BiFC analysis

We have developed two methods for quantification of the efficiencies of complex formation
using the multicolor BiFC assay (Hu and Kerppola, 2003, Grinberg, et al., 2004). Both methods
can provide information about the relative efficiencies of complex formation by mutually
exclusive interaction partners in living cells. The absolute fluorescence intensities of
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bimolecular fluorescent complexes formed by different interaction partners can not be used to
compare their efficiencies of complex formation since many factors unrelated to the efficiency
of complex formation affect the fluorescence intensities. However, the relative efficiencies of
fluorescence complementation between different interaction partners can be compared in the
same cell. As long as the steric constraints to fragment association and other factors affecting
fluorescence complementation are equivalent for the alternative complexes, this strategy can
be used to determine the relative efficiencies of complex formation by alternative interaction
partners.

11 Limitations of the multicolor BiFC assay for analysis of the efficiencies of
protein interactions in cells

The multicolor BiFC assay of the relative efficiencies of complex formation does not provide
information about the binding affinities of the interaction partners, but about their relative
efficiencies of complex formation. The efficiencies of complex formation do not necessarily
reflect binding affinities since the complexes are not at thermodynamic equilibrium.
Association of the fluorescent protein fragments is relatively slow (ti, = 60s), and can stabilize
the protein interactions at least in vitro (Hu, et al., 2002). Under these conditions, the relative
efficiencies of complex formation reflect competition between alternative interaction partners
prior to association of the fluorescent protein fragments. In this case, the multicolor BiFC assay
is predicted to give a valid estimate of the relative efficiencies of complex formation for proteins
with rapid exchange rates, but interaction partners with slow rates of association may not reach
equilibrium prior to association of the fluorescent protein fragments.

Since the multicolor BiFC approach compares the relative amounts of different bimolecular
fluorescent complexes, differences between the levels of expression and rates of degradation
of the fusion proteins can affect the ratio of complexes that are formed. It is essential to compare
the levels of expression of the alternative interaction partners and to take any differences in
their expression levels into account when interpreting the data.

12 Interaction partners whose competition has been visualized using the
multicolor BiFC assay

The multicolor BiFC assay has been used to visualize the relative efficiencies of dimerization
among the bZIP domains of Fos, Jun and ATF2. The results show that the bZIP domains of
Fos-Jun heterodimers form more efficiently than either Fos-ATF2 or Jun-ATF2 heterodimers
in living cells (Hu and Kerppola, 2003). Jun-ATF2 heterodimers are thought to regulate the
expression of many genes. Heterodimer formation may therefore be regulated by regions
outside the bZIP domains of these proteins. Alternatively, Jun-ATF2 heterodimers may form
only in cells or in subcellular locations where Jun is present in excess relative to the amount
of Fos.

Multicolor BiFC analysis has also been used to compare the relative efficiencies of Max
interactions with the bHLHZip domain of Myc versus Mad family proteins (Grinberg, et al.,
2004). Max favored heterodimer formation with bMyc over homodimerization, consitent with
the intrinsic binding affinities of these complexes measured in vitro. This preference was
reversed by point mutations in the leucine zipper of Max. The dimerization proferences of these
bHLHZIP proteins in living cells reflected their relative binding affinities in vitro.

13. Visualization of ubiquitin family peptide conjugates in cells

Fluorescence complementation assays have been adapted for the visualization of covalent
protein modifications in living cells. Conjugation of ubiquitin-family peptides to many
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substrate proteins modulates their functions and stabilities. Ubiquitin conjugates have been
visualized in cells using a ubiquitin mediated fluorescence complementation (UbFC) assay
(Fang and Kerppola, 2004). In this approach, the fluorescent protein fragments used for BiFC
analysis are fused to ubiquitin and to a putative substrate protein. The covalent attachment of
ubiquitin to a substrate can facilitate association between the fragments, enabling selective
visualization of the ubiquitin conjugate (Fig. 6). The UbFC assay shares many of the
characteristics of the BiFC assay. Of particular significance is the ability to visualize a small
subpopulation of modified proteins in the presence of an excess of unmodified proteins. This
is critical for studies of ubiquitin-family peptide conjugation since the proportion of most
proteins that is modified by a ubiquitin family peptide at any one time is small.

13.1 Limitations of the UbFC assay for the detection of ubiquitin family peptide conjugates

One well-established function of ubiquitin conjugation is to induce degradation of the modified
protein. It is therefore possible that some conjugates are not detected before they are degraded.
It is also possible that only conjugates modified at specific lysine residues or conjugates with
a specific linkage between the ubiquitin monomers are detected. Such effects of the steric
arrangement of fluorescent protein fragments on fluorescence complementation can be
detected by comparing ubiquitin mediated fluorescence complementation using substrates in
which the fluorescent protein fragments are fused to different ends of the protein. If fusions to
opposite ends of the substrate protein produce comparable results, it is unlikely that steric
factors influence the detection of the conjugates.

14 Ubiquitin family peptide conjugates that have been visualized using the
UbFC assay

The UbFC assay has been used to visualize conjugates formed by different ubiquitin-family
peptides with the Jun protein. Surprisingly, ubiquitinated Jun is exported from the nucleus and
is translocated to lysosomes for degradation. In contrast, SUMO1-modified Jun is localized to
nuclear foci. Multicolor analysis of ubiquitination and SUMO1-conjugation confirmed that the
conjugates are localized to different subcellular compartments in the same cell. Thus, different
peptide modifications can induce translocation to different subcellular locations, with different
consequences for protein function. Recent studies have revealed a broad range of functions for
ubiquitin family peptide modifications, and more will undoubtedly be discovered. The direct
visualization of these conjugates using the UbFC assay will be a valuable tool for the
investigation of these modifications in living cells.

15 Comparison of BiFC analysis with other methods for the visualization of
protein interactions in living cells

Several methods have been developed to study protein interactions in living cells. One of the
most commonly employed methods is FRET (Zhang, et al., 2002, Jares-Erijman and Jovin,
2003, Miyawaki, 2003, Zal and Gascoigne, 2004, Bunt and Wouters, 2004, Galbraith, 2004,
Schmid and Neumeier, 2005). To investigate protein interactions using FRET, two different
fluorophores are either chemically linked or genetically fused to the two proteins whose
interaction is to be examined. The interaction is detected based on a change in the intensity or
lifetime of the donor fluorophore or the intensity of the acceptor. Compared to the BiFC assay,
FRET analysis in living cells generally requires higher levels of protein expression for reliable
detection of energy transfer. In addition, structural information, or a great deal of luck, is
required to place the two fluorophores within 100 A of each other. This is the maximum distance
over which significant energy transfer between fluorescent proteins can be detected. The
fraction of proteins that interact with each other must also be sufficiently high to produce a
change in the donor and acceptor fluorescence intensities that is greater than changes caused
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by fluctuations in fluorescence intensity due to other effects. 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 (Sorkin,
et al., 2000, Li, et al., 2001, Majoul, et al., 2002, Hink, et al., 2003, Larson, et al., 2003,
Miyawaki, 2003, Tsien, 2003). A great advantage of FRET relative to BiFC analysis is the
real-time detection of complex formation and dissociation, which potentially allows analysis
of the interaction under equilibrium conditions. FRET is therefore potentially superior to BiFC
analysis in studies of the kinetics of protein association and dissociation.

Several characteristics of the BiFC assay make it useful for studying 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
associated with cell lysis or fixation. Third, the proteins are expressed in a relevant biological
context, ideally at levels comparable to their endogenous counterparts. Thus, they are predicted
to reflect the properties of native proteins, including any post-translational modifications.
Fourth, the BiFC assay does not require stoichiometric complex formation but can detect
interactions between a subpopulation 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. Finally,
BiFC does not require specialized equipment, apart from an inverted fluorescence microscope
equipped with objectives that allow imaging of fluorescence in cells. The simple detection of
bimolecular complex formation requires no post-acquisition image processing for
interpretation of the data. Consequently, BiFC is a powerful tool for scientists seeking to
understand protein interactions in living cells.

16. Future opportunities and challenges

The visualization of molecular interactions in living cells and organisms has a great potential
for elucidating fundamental biological mechansism. There do not appear to be any limitations
on use of the BiFC approach in essentially any aerobic organism and cell type except for those
that encode endogenous fluorescent or luminescent proteins. Likewise, the BiFC assay appears
to be applicable for the visualization of interactions among a wide variety of structurally and
functionally divers proteins. Future applications of the BiFC assay will likely include studies
in transgenic animals and plants where the developmental and tissue-specific regulation of
protein interactions can be investigated in the context of the living organism. Studies in cultured
cells will likely make greater use of regulated expression systems to control fusion protein
expression at more uniform levels in the cell population. The native transcription regulatory
regions may be used to control expression of the fusion proteins in studies where the timing
and the cell-type specificity of protein expression are critical but gene replacement through
homologous recombination is impractical.

Multicolor BiFC analysis of the subcellular distributions of complexes formed with different
partners is likely to provide insight into functional differences between complexes formed with
different partners. The multi-color BiFC approach will also allow the incorporation of internal
standards into experiments and elimination of many artefactual sources of variation in
fluorescence intensity through ratiometric imaging. These advantages will prove particularly
valuable in adaptation of the BiFC approach for high-throughput analysis and library screens.
Many biological processes occur asynchronously in different cells in a population.
Simultaneous comparison of several molecular interactions in the same cell can be used to
detect heterogeneity in cell populations.
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The BiFC approach can be used for many purposes in addition to the study of protein
interactions. The wide range of spectral variants that are produced by different combinations
of fluorescent protein fragments lends itself to combinatorial tagging of cells in studies of cell
lineages and migration. The UbFC approach can be applied to the analysis of conjugates formed
by other ubiquitin family peptides with a wide range of different substrates. These studies will
lead to a better understanding of the relationships between different ubiquitin family peptide
modifications of the same substrate.

There are several limitations of present versions of the BiFC approach that provide
opportunities for future improvements. Chief among these limitations is the stabilization of the
interaction by association of the fluorescent protein fragments under some conditions. A better
understanding of the dynamics of bimolecular fluorescent complex formation in living cells
and the development of complementing fragments that minimally perturb the dynamic
exchange of interaction partners would be valuable contributions. Another limitation is the
intrinsic ability of fluorescent protein fragments to associate independent of an interaction
between proteins fused to the fragments. This major source of background signal in the BiFC
assay varies depending on the fusion proteins and their levels of expression. Development of
fluorescent protein fragments with a reduced tendency for intrinsic association, but without a
reduction in their ability to associate when brought together by a protein interaction would
make the assay less sensitive to the levels of protein expression. Finally, a variety of fluorescent
protein variants with useful photophysical characteristics including photo-activation, photo-
conversion and time-dependent spectral transformation have been identified (Terskikh, et al.,
2000, Patterson and Lippincott-Schwartz, 2002, Ando, et al., 2002, Chudakov, et al., 2003).
Fragments that form bimolecular fluorescent complexes with photophysical properties
appropriate for specific experimental purposes would be a useful addition to the present
selection of spectral variants. Screening of combinatorial libraries of fluorescent protein
fragments also provides a strategy for the identification of novel characteristics that may not
be found within the sequence space that can be explored using mutated variants of full length
fluorescent proteins.
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Figure 1. Principle of Bimolecular Fluorescence Complementation (BiFC)

BiFC analysis is based on the facilitated association between two fluorescent protein fragments
when they are brought together by an interaction between proteins fused to the fragments. The
individual fragments are non-fluorescent. Please see the text for factors that can influence
bimolecular fluorescent complex formation. The image on the right shows BiFC analysis of
complexes formed between Fos and Jun transcription factors. Image acquired by Changdeng
Hu (Hu, et al., 2002).
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Figure 2. Determination of the specificity of bimolecular fluorescence complementation by
mutational analysis

The specificity of bimolecular fluorescence complementation should be tested by examining
the effects of mutations that prevent the association of the interaction partners (data adapted
from (Hu, et al., 2002)). The wild type (a) and mutated (b) interaction partners should be
expressed at the same concentrations. The plasmids should be co-transfected 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.
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Figure 3. Recommended combinations of fusion proteins to be tested for bimolecular fluorescence

complementation

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-h would 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.
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Figure 4. Simultaneous visualization of multiple protein complexes in the same cell using multicolor
BiFC analysis

Multicolor BiFC analysis is based on the enhanced association of different fluorescent protein
fragments through interactions between different proteins fused to the fragments. The
bimolecular fluorescent complexes formed by fragments of different fluorescent proteins have
distinct spectra and can be distinguished using interference filters. Since bimolecular
fluorescent complex formation can stabilize protein interactions at least in vitro, the relative
efficiencies of complex formation do not necessarily reflect the equilibrium binding affinities
of the interaction partners in the cell. However, the rate of association between the fluorescent
protein fragments in a complex (ti, = 1 min) is slower than the rate of dissociation for the
majority of protein interactions in the cell. It is therefore likely that the relative fluorescence
intensities observed in the multicolor BiFC assay reflect the ratio of complexes formed with
each interaction partner shortly after synthesis. Quantitative comparison of the efficiencies of
complex formation between alternative interaction partners requires that the fluorescent protein
fragments can associate with the same efficiency within each complex. This is likely to be true
only when the structures of the alternative interaction partners are closely related and should
be verified by using fusion proteins with different linker sequences. In cases where quantitative
comparison of the efficiencies of complex formation is not possible using multicolor BiFC
analysis, this assay can be used for qualitative comparison of the distributions of complexes
formed with different interaction partners. The images below the diagrams display competition
between full length Jun and the bZIP domain of Jun for dimerization with the bZIP domain of
Fos (the fluorescence of these complexes are shown in green and red respectively). Image
acquired by Changdeng Hu (Hu and Kerppola, 2003).
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Figure 5. Simultaneous 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
protein fragments (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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Figure 6. Visualization of ubiquitin-family peptide conjugates using the UbFC assay

The ubiquitin-mediated fluorescence complementation (UbFC) assay is based on the
association between non-fluorescent fragments of a fluorescent protein when they are brought
together by covalent conjugation of ubiquitin fused to one fragment to a substrate fused to the
complementary fragment. The fluorescent protein fragment must be fused to the N-terminal
ends of ubiquitin-family peptides for them to retain their abilities to be conjugated to substrate
proteins at their C-terminal ends. Fusions to the N-terminus of ubiquitin and SUMOI1 do not
interfere with their conjugation to many substrates (Fang and Kerppola, 2004). It is essential
to determine if the conjugates containing the fluorescent protein fragments retain the biological
functions of the unmodified conjugates. Since ubiquitin can be conjugated in different
monomeric and polymeric configurations to substrates, it is important to establish that the
stoichiometry and configuration of the ubiquitin conjugate are not altered by the fusions. The
images below the diagrams display the total pool of Jun and the Jun-ubiquitin conjugate in
blue and green respectively. Images acquired by Hiromi Ikeda and Deyu Fang (Fang and
Kerppola, 2004).
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Combinations of fluorescent protein fragments recommended for BiFC analysis.

Fusions?

A-YNI155
B-YC155

A-YN173
B-YC173

A-CNI155
B-CC155

A-YNI155
B-CN155
Z-CC155

Purpose

A-B interaction

A-B interaction

A-B interaction

Competition between
A and B for
interaction with Z

Excitation filter(s)

500/20 nm

500/20 nm

436/10 nm

500/20 nm
and
436/10 nm

Emission filter(s)

535/30 nm

535/30 nm

470/30 nm

535/30 nm
and
470/30 nm

Reference

(Hu, et al., 2002)

(Hu and Kerppola, 2003)

(Hu and Kerppola, 2003)

(Hu and Kerppola, 2003)

“YN155 corresponds to residues 1-154 of EYFP. YC155 corresponds to residues 155-238 of EYFP (Zhang, et al., 2002). YN173 corresponds to
residues 1-172 of EYFP. YC173 corresponds to residues 173-238 of EYFP. VN155 corresponds to residues 1-154 of Venus (Nagai, et al., 2002).
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 (Zhang, et al., 2002). CC155 corresponds to residues 155-238 of ECFP.
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Table 3

Examples of protein interactions that have been visualized using the BiFC assay

Category

Class

Proteins!

Organism

References

Peptides

Coiled coil

Heat shock

Anti-parallel NZ-CZ

Hsc70, Hsp90-TPR1, TPR2A,
TPR2B

E. coli

E. coli

(Ghosh, et al.,
2000)

(Magliery, et
al., 2005)

Nuclear
proteins

bZIP

Rel

bHLHZIP

Bromodomain

Smad

IRF-Ets

Winged helix

Fos-Jun-ATF2; BATF-Jun; Maf-Sox

pS0,IkB-p65

Myc, Mxil, Mad3, Mad4-Max, Mist-
Mist

AcH4-Brd2; SPA-1, P-TEFb-Brd4

PKB/Akt, Smad4-Smad3

IRF8-PU.1

AcFKH1-CPCR1

Mammalian cells

Mammalian cells

Mammalian cells

Mammalian cells

Mammalian cells

Mammalian cells

A. chrysogenum

(Hu, et al.,
2002,
Deppmann, et
al., 2003,
Rajaram and
Kerppola,
2004, Liu, et
al., 2006)

(Hu, et al.,
2002)

(Grinberg, et
al., 2004, Zhu,
et al., 2004)

(Kanno, et al.,
2004, Farina, et
al., 2004, Jang,
et al., 2005)

(Remys, et al.,
2004)

(Laricchia-
Robbio, et al.,
2005)

(Hoff and
Kuck, 2005)

Ubiquitination

E3 ligase-substrate

Peptide conjugates

Skp2-Myc

Grrl-Hof1
EID1-ASK1,2,4,9,13,14,15,SSK1
AtCUL1-ASK1,EID1, POCA-ASK1

Jun-Ub, Jun-SUMOL1

Mammalian cells

S. cerevisiae
S. alba, P.
crispum

Mammalian cells

(von der Lehr,
et al., 2003)

(Blondel, et al.,
2005)

(Stolpe, et al.,
2005,
Marrocco, et
al., 2006,

Pazhouhandeh,
et al., 2006)

(Fang and
Kerppola,
2004)

Plant

pathogens

Type IV secretion

Host-pathogen

VirE2-VirD4

VirE2, VirF, H2A-AtVIP, VirE3

A tumefaciens

N. tabacum

(Atmakuri, et
al., 2003,
Cascales, et
al., 2005)

(Tzfira, et al.,
2004, Loyter,
et al., 2005,
Lacroix, et al.,
2005)
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LIP19-OBF19; GRP23-RBP36B

sp.

Category Class Proteins! Organism References
Signaling MAP kinase MEKK3-EKK3-IkBa; MEKK2- Mammalian cells | (Schmidt, et
network IxBp; ERK1- al., 2003)
p65; ERK2-p65
PKB-PDK kinases | PKB/Akt, PDKI1-hFtl Mammalian cells | (Remy and
Michnick,
2004)
Heterotrimeric G GB1-Gy7 D. discoideum, (Hynes, et al.,
proteins Mammalian cells | 2004, Hynes, et
al., 2004)
Phospholipases PLCpB2-PLCé1 Mammalian cells | (Guo, et al.,
2005)
Apoptosis Bif1-Bax, TRAF6-Src Mammalian cells | (Takahashi, et
Photosensitivity FpsA-FpsA A. nidulans al., 2005,
Wang, et al.,
2006)
(Blumenstein,
et al., 2005)
Enzyme ACCS ACSI1, ACS4 - ACS6, ACS7, ACS8 E. coli (Tsuchisaka
complexes and Theologis,
2004)
P450 P450C2, P450E1-P450 reductase; Mammalian cells | (Ozalp, et al.,
P4502C2-BAP31 2005,
Szczesna-
Skorupa and
Kemper, 2006)
Membrane Integrin signaling Integrin allbB3, Syk-Src Mammalian cells | (de Virgilio, et
proteins al., 2004)
Arf GTPases Arfl, Arf3, Arf4, Arf5-GBF1 Mammalian cells | (Niu, et al.,
2005)
Lectin- MCEFD2, Cathepsin-ERGIC53 Mammalian cells | (Nyfeler, et al.,
glycoprotein gp130 - LIFR, gp130 Mammalian cells | 2005)
Cytokine receptors | APP-Notch2, APP Mammalian cells | (Giese, et al.,
APP processing 2005)
(Chen, et al.,
2006)
Nucleic acid RNA binding IMP, FMRP, hStaul, IRP1, PTB1- Mammalian cells | (Rackham and
binding RNA; Brown, 2004),
Nef-Nef; NXF1-Y14 (Ye, etal.,
2004,
Schmidt, et al.,
2006)
DNA binding Zif268, PBSII-DNA In vitro (Stains, et al.,
2005)
Plant Transcription FIE-MEA; bZIP63-bZIP63; LSD1- N. benthamiana, (Bracha-Drori,
proteins factors LSDI; N. et al., 2004,
bHLHI1-OFP1; SAD, BPBF- tabacum, A. Walter, et al.,
GAMYB; thaliana, Allium 2004,

Hackbusch, et
al., 2005, Diaz,
et al., 2005,
Shimizu, et al.,
2005, Ding, et
al., 2006)
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Plastid division

Enzyme complex

MinD1-MinEl; FtsZ1,ARC6-FtsZ2

AtSufE-AtSufS, AtNifS

N. tabacum

N. tabacum

Category Class Proteins! Organism References
Protein PFTo-PFTp; T143c-T143c N. benthamiana, (Bracha-Drori,
modification A. et al., 2004,
thaliana Walter, et al.,
2004)
Flowering FD-FT N. benthamiana (Abe, et al.,
2005)

(Maple, et al.,
2005)

(Xu and
Moller, 2006)
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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
by a comma. Different combinations of proteins that have been tested are separated by semi-colons.
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