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Abstract | Changes in the interactions among proteins that participate in a biochemical
pathway can reflect the immediate regulatory responses to intrinsic or extrinsic
perturbations of the pathway. Thus, methods that allow for the direct detection of the
dynamics of protein–protein interactions can be used to probe the effects of any
perturbation on any pathway of interest. Here we describe experimental strategies — based
on protein-fragment complementation assays (PCAs) — that can achieve this. PCA-based
strategies can be used with or instead of traditional target-based drug discovery strategies to
identify novel pathway-component proteins of therapeutic interest, to increase the quantity
and quality of information about the actions of potential drugs, and to gain insight into the
intricate networks that make up the molecular machinery of living cells.

Perturbation
Any treatment of a cell,
including chemicals, gene
deletion or ablation with a
short-interfering RNA that
may produce an observable
effect on an assay that
reports activity of a pathway.

Module
A group of genes that are
shown to interact with each
other to produce a common
phenotype, or proteins that are
functionally linked and have
more physical interactions
between themselves than with
other proteins.
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Over the past century, the concept of selective chemotherapy has dominated the discovery and development
of novel therapeutics1. The standard goal is the identification of compounds that are selective for a target within
the biochemical pathway that underlies a physiological
process or pathology of interest. In practice, however, it
is a daunting task to identify small molecules that bind
to a therapeutic target, which also do not have unexpected effects when applied to living cells or organisms.
The application of genome-wide approaches — such
as microarray gene-expression profiling — to cellular
pharmacology has highlighted this problem2–6.
In this Review, we focus on the potential of protein–
protein interactions to be universal reporters of cellular
processes. Strategies to investigate protein–protein
interactions have become a crucial component of efforts
to define the gene function, the information flow and
organization of biochemical networks and the actions of
molecular perturbations on these networks. The proteinfragment complementation assay (PCA) is a method
that allows insights beyond the static representations
of protein interactions. After illustrating the rationale
and key concepts of this technique, we describe how
the PCA has allowed for the evolution of applications
to targeted therapeutic development and a universal
strategy to link a gene to its function on a genome-wide
scale. We also describe how protein-interaction data can
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be combined with other approaches (such as genomewide gene expression or phenotypic analysis, and genetic
manipulations) to define the organization of biochemical
networks. Last, we outline the applications of PCAs to
the drug discovery process, focusing on their use as sensors for the actions of organic molecules on biochemical
networks, as well as their use in model systems.

The rationale behind PCAs
Small-molecule perturbations of gene expression can, in
some instances, link small molecules to specific cellular
mechanisms of action, and it has been proposed that
gene-expression analysis could be used to identify cellular
processes that drugs act on4,5,7–14. For example, drawing
upon systematic genome-wide analyses of Saccharomyces
cerevisiae gene expression, several groups have suggested
that biochemical networks may be organized as modules
of physically or genetically linked genes that contribute to a particular cellular function7,15–21. Specifically,
if the knockout of a gene or set of genes resulted in
the same change of pattern of gene expression as that
observed when cells are treated with a small molecule,
then one might infer that the target(s) of the molecule
include one or several of the genes that were knocked
out. However, a key limitation of gene-expression
profile and drug–gene interaction analyses is that the
effects of perturbations of biochemical networks on
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Cross-talk
Interactions between two
pathways that are thought to
mediate common or different
cellular processes.

Allosteric
A change in the spatial
orientation of subunits within
a protein complex that is
shown to regulate the function
of the individual subunits.
For example, a change in the
affinity of haemoglobin
subunits for molecular oxygen
on changing from one
configuration to another.

Reversibility
In the context of proteinfragment complementation
assays, the complete unfolding
and separation of proteinreporter fragments when the
proteins to which they are
attached dissociate.

gene expression, such as those caused by small molecules
binding to specific proteins, may be distant in time and
be obscured by extensive cross-talk between pathways. For
instance, the inhibition of an enzyme in a biochemical
pathway may trigger a whole series of parallel changes in
several pathways, ultimately resulting in the initiation of
a complex remodelling of gene expression.
To pinpoint the small-molecule-targeted pathway
to a specific location within the complex biochemical
networks of a living cell, a method to directly probe the
pathways that comprise those networks is desirable. As
dynamic protein–protein interactions are a universal
mechanism of regulated biochemical pathways, a general
way to probe the effects of small molecules on individual
pathways would be to detect such changes as a result
of pathway activation or inhibition. The reasoning is that
any perturbation, for example binding of a hormone to
a receptor or a small molecule to an enzyme, would
propagate through or between biochemical pathways,
inducing spatial and temporal changes in protein complexes (protein–protein interactions) downstream of the
target of a perturbation (FIG. 1a). These changes could
be due to any biochemical perturbation of the pathway
including post-translational modification, allosteric
transition, protein degradation or de novo protein synthesis. Temporal, perturbation-induced changes in the
quantity or location of a known protein complex within
a pathway and at different steps within pathways would
be detected by directly measuring protein–protein interactions in the cells of humans or model organisms.
PCA is a simple method that allows one to link
genes to each other and in turn to their function. This is
achieved by first, measuring the interactions among the
proteins that the genes of interest encode and second,
by observing what happens to these interactions when
perturbed by a drug, a hormone or by knocking out
other genes.
In the PCA strategy protein–protein interactions
are measured by fusing each of the proteins of interest
to two fragments of a ‘reporter’ protein that has been
rationally dissected into two fragments using proteinengineering strategies22–25 (BOX 1; FIG. 1b). The reporterprotein fragments are brought into proximity through
the association of the two interacting proteins of interest,
which allows them to fold together into the unique threedimensional structure of the reporter protein and reconstitute its activity. As folding is a universal phenomenon
of proteins, PCAs can be created with many reporter
proteins and thus provide for different types of readouts
depending on the desired application (FIG. 1b, right
panel). This means that PCAs are a tool-kit from which
an appropriate assay can be picked for specific applications. PCAs based on a number of reporter proteins
have been developed, including murine dihydrofolate
reductase (DHFR)23,24,26–28, glycinamide ribonucleotide
transformylase25, aminoglycoside kinase25, hygromycin B
kinase25, TEM1 β-lactamase29–31, green fluorescent protein (GFP)32 and colour and behavioural variants33–37 of
these fluorescent proteins, and firefly38, Renilla39,40 and
Gaussia luciferases41 (see TABLE 1 for a comprehensive
list of currently developed PCAs). Other assays similar
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to PCAs use naturally occurring subunits of enzymes,
such as β-galactosidase, or indirect reporter activity such
as split inteins42,43.
The unique features of the PCA strategy are summarized in BOX 2. A crucial point is that PCA fragments
are designed so that they cannot fold spontaneously, a
situation that would result in a false-positive signal and
would confound the interpretation of library or systematic screens of protein–protein interactions23–25,44.
A concern with the PCA strategy is that protein
complexes become trapped when the refolded PCA
reporter enzyme prevents the dissociation of the
complex, and this may confound the interpretation of
protein-complex localization or turnover. However,
this is generally not observed. Reversibility of PCAs is
based on the principles of protein folding (BOX 1; FIG. 2)
and the reversibility of two PCAs based on the Gaussia
and Renilla luciferases has been demonstrated41,45. It
is known that PCAs that are based on GFP and variants are irreversible, which can be useful (for example,
for trapping and visualizing rare or transient complexes), but interpretation of the kinetics of complex
turnover or localization of interacting proteins must
be done with caution because trapping could lead to
significant changes in the duration of residence in
an individual compartment33,46,47. Furthermore, these
assays are generally not suitable for studies of dynamics or kinetics of protein–protein interactions in the
time frame of seconds or minutes. However, it has
been demonstrated that the folding of certain PCA
reporters can be rapid enough to detect protein associations that occur in the time-frame of seconds40,41,45.
In addition, despite their irreversibility, fluorescent-protein PCAs have proved useful to study the
relocalization and the prevention or induction of protein–protein interactions by small molecules, which is
described below. It is equally possible that attaching
unfolded fragments of the PCA reporter protein could
perturb the function of the proteins to which they are
fused. As with any method that relies on measuring
protein function in which that protein is fused to
another molecule, appropriate controls must be evaluated. However, for the applications described in this
Review, it is important to note that only a simple question is being asked: does a particular protein complex
assemble or is its assembly prevented by the actions of
a perturbation (for example, a small molecule acting on
an enzyme upstream of the complex)?

PCAs for targeted therapeutics
Here we focus on the development and utility of PCAs
to identify the function of proteins, and as probes of
pathway or network responses to drugs and other perturbations. However, it is worth mentioning that PCAs
can also be useful for studying two further classes of
therapeutic agents: antibodies or other protein therapeutics, and proteins that activate their targets by an
allosteric mechanism.
Among the first applications of the PCA technology
was the design of protein–protein interaction interfaces,
for example to engineer more specific leucine-zipper
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and then replicating them
in bacteria.

Figure 1 | Linking genes to function. a | Two pathways and their component enzymes (for example, A1, B7) are
represented on the left, and the interactions between the pathway enzymes are depicted on the right. Perturbation of
one enzyme (B4) with, for example, a drug, changes the interactions of other enzymes coupled to B4 (B6:B7). This way
it can be inferred that these enzymes have a role in the same biochemical pathway. Equally an enzyme of unknown
function (C1) can be identified to play a role in a particular pathway by demonstrating that it interacts with
components of the pathways (A6 and B8), and by showing that these interactions are perturbed by agents that affect
the pathways. b | The left panel represents the protein-fragment complementation assay (PCA) strategy . Interacting
proteins are fused to either of the two complementary fragments of a reporter protein (red and blue). Interaction of the
two proteins brings the unfolded reporter-protein fragments into proximity allowing them to fold into their active
conformation. In the middle panel, examples of PCA reporter-protein readouts of increasing complexity are shown.
These readouts can be simple survival selection (using reporters that allow for growth under selective conditions); the
conversion of a substrate to a fluorescent, coloured or luminescent product by an enzyme; or intrinsically fluorescent
or fluorophore-binding proteins that allow for the study of changes in the localization of protein complexes. The right
panel gives examples of how the results of different types of PCAs can be used to learn about protein–protein
interactions in detail. The top panel represents the results of a simple systematic screen for interactions among
individual proteins using a simple survival-selection PCA (green = positive interactions; red = no interaction). This could
be followed by tests of positive-interaction responses to a cellular perturbation (for example, hormone stimulation of a
pathway) using an enzyme-reporter PCA. In some cases the response of a protein complex to a perturbation of a cell
could be, for example, the translocation of a complex from the cytosol to nucleus.
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Box 1 | General concepts of the PCA
The crucial feature of the protein-fragment complementation assay (PCA) is that it relies
on protein folding rather than on the docking of preformed subunits. Polypeptides have
evolved to code for all of the chemical information necessary to fold into a stable,
unique three-dimensional structure84–86. In limited cases, a polypeptide can fold from
complementary N-terminal and C-terminal peptides as demonstrated in the classic
experiments of Richards87, and Taniuchi and Anfinsen88. In practice this is more
complicated; the major driving force for protein folding is the hydrophobic effect, but
this is also the driving force for nonspecific aggregation. However, the principle of the
PCA is that if one fuses interacting proteins to the fragments that, by interacting, increase
the effective concentration of the fragments, correct folding could be favoured over any
other non-productive process23,24,79 (FIG. 2a,b). One can think of the PCA as a way to
recreate the conditions under which a protein folds as an intact full-length polypeptide.
The binary and highly cooperative folding event of the reporter protein in a PCA
provides for a specific measure of protein interactions that are dependent on not just
proximity, but the absolute requirement that the peptides must be organized precisely
in space to allow for folding of the protein from the polypeptide chain. The PCA
strategy benefits from this all-or-none nature of protein folding: if two proteins to
which the PCA fragments are fused interact, folding occurs and the activity of the
folded reporter protein is detected. Otherwise, no signal is detected. This means that
the generation of a signal by complementation has an enormous dynamic range of
response: no interaction= no signal; interaction= maximum signal proportional to the
number of complexes, which is unlike fluorescence or bioluminescence resonance
energy transfer techniques89 (FIG. 2a).

Folding, PCA and paradoxical reversibility
Although intuition might suggest that the folding of a PCA reporter protein would create
a kinetic trap of the complex, this is not necessarily true. A key criterion of PCA design is
that these assays should be completely reversible so that accurate rates of association
and dissociation can be measured. We propose two models to explain how PCA could be
reversible (FIG. 2c).
Before considering the models, one must first consider the possible states of the
reporter-protein structure. PCA is a process of folding of the reporter protein from
fragments that are unfolded before being brought together by the interacting proteins
to which they are fused. Generally we think of folded proteins as being stable, and indeed
for intact proteins this is largely the case. However, this may not be true of PCA reporter
proteins. FIGURE 2c includes the possible equilibrium distribution states of the PCA in
a complete cycle from unassociated with unfolded fragment (state 1) to associated but
unfolded (state 2) to associated-folded (state 3) and dissociated-folded (state 4).
We assume that in the starting state (state 1) the fragments are unfolded and remain
so until they are brought together by the association of the two proteins (state 2).
Direct evidence of such behaviour was demonstrated for the dihydrofolate reductase
(DHFR) PCA, in which the individual fragments were shown to be unfolded and did not
fold when the complementary fragments were mixed together90. State 4 is assumed to
be highly unlikely, as it would require the spontaneous folding of fragments.
In the first model of reversibility, the reconstituted reporter protein is not stable,
but is in equilibrium between the folded and unfolded state. In this scenario, the
reporter protein may be stable because of a remaining free-energy barrier to unfolding;
however it is reversible if the complex is disrupted when the barrier is small. In a
second model, the free-energy landscape changes when the protein complex is
disrupted, resulting in a rapid and cooperative unfolding. In this scenario we might
expect that the kinetics of dissociation of the protein complex would be unaffected by
the PCA, provided that the PCA reporter enzyme unfolds faster than the complex
dissociates. We have recently shown that the latter scenario is the most likely for two
PCAs based on the Gaussia and Renilla luciferases41,45.

transcription factors. The success of these efforts suggested
the general application of PCAs to screening libraries
of proteins for those that specifically interact with a
therapeutic target, or for small molecules that disrupt
a target interaction. For example, a PCA strategy based on
the DHFR survival assay in Escherichia coli was used to
screen two libraries of complementary-designed leucinezipper-forming sequences with 1 × 1010 potential interacting pairs of proteins, of which roughly 1 × 106 could
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be tested. The features in the resulting leucine-zipper
pairs were consistent with the selection for more stable
pairs than before competition, with a large increase in
heterospecificity versus homospecificity44,48. This landmark study suggests that PCAs can be used as an engineering tool for designing specific protein molecules that
bind only to their target of interest. In a recent study, the
same strategy was used to explore how varied a protein
sequence can be and still retain the same structure and
ability to bind to a target protein49–51.
PCAs have also shown promise as a method to screen
for specific diagnostic or therapeutic antibodies or alternative binding proteins. For instance, PCA screening
has been used recently to select novel scaffold proteins
called designed ankyrin-repeat proteins (DARPins) that
bind to specific mitogen-activated protein (MAP) kinase
homologues52. The DHFR PCA was used in combination
with the ribosome-display selection strategy to engineer a DARPin that binds to c-Jun N-terminal kinase 2
(JNK2) in the nanomolar range, and not its homologue
JNK1, which shares 80% sequence identity. Disrupting
specific protein–protein interactions in an experimental
setting has advantages over deleting the protein of interest as it allows for a better dissection of the various functions that a protein can play in the cell. In addition, the
DHFR PCA was used to engineer specific, well expressed
and stable antibodies against capsid protein D (gpD) of
the bacteriophage lambda and JNK2 (REF. 53). The scFv
(single-chain variable-fragment) antibody fragments
that were selected by PCA screening are soluble, can be
purified with high yield and bind to their specific antigen
under in vivo and in vitro conditions. Library screening
by PCA has accelerated the discovery of many novel protein binders, and has facilitated a better understanding of
the biological functions of their target proteins.
The studies described above implied that the PCA
strategy can rapidly select for optimal properties of
interacting sequences along with critical stereospecific
and regiospecific requirements for such complexes. The
PCA strategy can also select for optimal in vivo characteristics, such as solubility and stability to proteolysis.
The simplicity of this approach and the specific nature
of the information obtained from this design strategy
suggest broad utility of the DHFR PCA in protein design
and directed evolution of therapeutic targets. PCA is
complementary, and in some cases preferable to phagedisplay strategies, as the entire selection, optimization
and stringency tests are carried out in vivo.
Another feature of the PCA strategy is that by knowing
the three-dimensional structure of the reporter enzyme,
it can be accurately predicted how close together the fragments must be to ensure that the enzyme will fold correctly and have a measurable activity. This was exploited
to test a structural allosteric model for the activation of
the dimeric erythropoietin receptor (EpoR) using the
DHFR PCA in mammalian cells27. This approach could
be extended to study other allosteric transitions in
dimeric or multimeric protein interfaces. In the EpoR
case, the receptor dimer transmembrane domains were
known to be separated by 73 Å, as observed in the
crystal structure of unligated EpoR. It was reasoned
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could be formed. This would require that the N-termini
of the fragments be 8 Å apart24,54. Insertion of flexible
linker peptides between the transmembrane domain
and DHFR fragments allowed us to probe the distance
between the insertion points of the extracellular domain
dimer and confirm that linkers long enough to span 73 Å
were required for DHFR to fold from its fragments27. As
this is the defining process of EpoR activation, the use of
the EpoR PCA could be particularly useful for screening
small molecules that specifically induce this change.
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Figure 2 | Principles of PCA. a | Protein folding in a protein-fragment complementation
assay (PCA) is an all-or-none process. The fraction of PCA reporter-proteins that are
folded increases cooperatively as the ratio of the concentration of one fragment to the
other increases, resulting in a high dynamic range (vertical arrow) over a narrow range
(horizontal arrow) of protein concentration, which results in a switch-like behaviour.
b | This shows the free energy of folding of the reporter protein in a PCA. The process
proceeds because the difference in free energy between the unfolded and folded states
(ΔGfolded-unfolded) is negative. c | Reversible PCAs allow for the detection of the dissociation
of protein complexes. Four states of the PCA-reporter system are depicted. Folding of
fragments to the active reporter proteins occurs only if the interacting proteins bring the
fragments together in space (1→2→3). Dissociation of a protein complex at a rate Kd will
be detected if either the free energy of the transition state (4′) is greater than that of the
denatured state (1) and therefore the rate of unfolding Ku is faster than the rate of folding
(bottom, left). Alternatively, the free energy landscape is completely altered so that there
is no barrier to unfolding (bottom, right), and so unfolding occurs extremely rapidly.

Expression-cloning
The identification of a gene
that performs a specific cellular
function by expressing a library
of cDNAs, and screening for
resulting proteins that perform
the function.

that if this inactive state existed on the membrane of a
living cell, then DHFR fragments fused to the C-termini
of the transmembrane domains would fold only if a
ligand induced a conformation change that allowed
the fragments to come close enough together to ensure
that the precise three-dimensional structure of DHFR
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Applications of PCAs to identify gene function
A key challenge in biomedical research is to delineate the
function of proteins encoded by genes of interest, particularly those that are linked to diseases or have potential
as targets of therapeutic drugs. Such targets are, in most
cases, enzymes that if inhibited could alleviate a pathological process. More often they may be individual genes
or a locus of genes linked to a disease. This latter case
represents the classic problem of mechanistically linking
genes to specific biological processes and in the case of
drug discovery, determining whether chemical or other
targeting of a gene is likely to yield a desired phenotype.
One of the goals in the development of PCA was to
devise a way to attribute genes to specific cellular processes without the need for specific screening strategies
for each individual case. We call this the generalized
expression-cloning problem. In the past, many ingenious
strategies have been devised to simultaneously screen
cDNA libraries using a protein-specific or enzyme-specific
assay that allows for both selection of the clones and
validation of their biological relevance55–59 (FIG. 3a).
However, there are many examples of classes of genes for
which there is no obvious and specific functional assay
that can be combined with cDNA library screening.
Particularly difficult are classes of important enzymes
such as kinases, phosphatases and proteases that have
broad substrate specificity and bind to many proteins or
protein domains when studied out of their appropriate
context of intact living cells60,61.
In the absence of simple and specific assays, researchers have turned to strategies that use some of the general
functional properties of proteins as readout. The best
example of this is the screening for protein–protein interactions between a ‘bait’ protein of known function against
cDNA libraries of ‘prey’ as exemplified by the yeast twohybrid strategy62–68 (FIG. 3b). However, although the genius
of the two-hybrid approach is in reducing the problem of
linking gene to function through a universal mechanism,
the linkage of a bait to prey is tentative and often ambiguous. The question that had a crucial role in the development of the PCA some years ago was how to combine the
essential and general observation of protein interactions
with assays that would provide some immediate validation of the interaction as biologically relevant.
The generality of two-hybrid and specificity of functional screening can be achieved with a PCA strategy that
consists of two steps (FIG. 3c). First, a large-scale screening
of bait proteins (X) fused to one PCA reporter fragment
against a cDNA library fused to the complementary
reporter fragment is performed. In the second step,
VOLUME 6 | JULY 2007 | 573
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Table 1 | Features and applications of protein-fragment complementation assays (PCAs)
PCA reporter

Organisms
tested

Applications
Identification*

Localization‡

Quanti- Perturbation|| Dynamics¶
fication§

Fluorescent proteins and enzymes that bind to fluorescent molecules
Murine
Plants, mammalian
+
+
+
dihydrofolate
cells
reductase (DHFR)

Green fluorescent
protein (GFP;
Aequoria jellyfish)
and variants
including
monomeric red
fluorescent protein
(Discosoma coral)

In vitro, Escherichia
coli, plants,
Saccharomyces.
cerevisiae,
Caenorhabditis
elegans, Drosophila
melangaster,
mammalian cells

Enzyme reporters with visible products
TEM1 β-lactamase In vitro,
mammalian cells
(E. coli)

++

++

+

Detected readout
and demonstrated
applications

+

–

• Binding to fluorescein-congugated
methotrexate
• Localization of protein complexes
and pharmacological modulation of
protein–protein interaction26–28,91,92

+

–/+

• Fluorescent protein PCAs32–36,93,94
• Localization of protein complexes1
2,35,36,47,76,78,95–98

• Pharmacological modulation
of protein–protein interaction
and dynamics of subcellular
localization36,70,99,100

+

–

+

+

–/+

• Fluorescent or coloured products
• Pharmacological modulation of
protein–protein interactions29–31

In vitro,
mammalian
cells, Musculus
musculus

+

–/+

++

++

++

• Quantitative comparison of
bioluminescence intensities40,41,71
• Pharmacological modulation
of protein–protein
interactions38,41,45,73,74,101
• Quantitative dynamics
(association/dissociation) of
protein complexes41,45

E.coli, plants,
mammalian cells

++

–

–

+

–

• Resistance to trimethoprim or
methatrexate, or complements in
Dhfr knockout23,24,26,44,53,102

Mammalian cells
Hygromycin B
phosphotransferase
(Streptomyces
hygroscopicus)

+

–

–

+

–

• Resistance to hygromycin B25

Firefly, Gaussia
and Renilla
luciferases

Survival selection
Murine DHFR

N-(5′-phosphoribosyl)-anthranilate
isomerase (Trp1p)
(S. cerevisiae)

S. cerevisiae

+

–

–

+

–

• Complements in Trp1 knockout103

Glycinamide
ribonucleotide
(GAR) transformylase (E. coli)

E. coli

+

–

–

+

–

• Complements in GAR
transformylase knockout25

+

–

–

+

–

• Resistance to neomycin25,104

+

–

–

–

–

• Chemically induced gene
knockout105

–

–

–

–

• Reporter-gene activation79,80,82,106

E. coli, mammalian
Aminoglycoside
phosphotransferase cells
(Streptomyces
fradiae)

Gene manipulation
CRE-recombinase
Mammalian cells
(Bacteriophage P1)

Indirect transcriptional reporter-gene activation#
Split-ubiquitin
S. cerevisiae
++
system (S. cerevisiae)
Adenylate cyclase
CyaA (Bordetella
pertussis)

E. coli

+

–

–

–

–

• Reporter-gene activation107

NIa TEV (tobacco
etch virus) protease

Mammalian cells

+

–

–

–

–

• Reporter-gene activation108

*Identifying novel protein interactions. ‡Localization of protein complexes. §Quantifying protein complexes. ||Pharmacological or genetic perturbations.
¶
Quantitative temporal/spatial dynamics. #These are examples that involve activation of downstream reporters in response to PCA (indirect readout) .
– not applicable; –/+ applicable but limited; + applicable but not fully demonstrated; ++ most fully demonstrated PCA for this application.
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Figure 3 | Solving the expression-cloning problem. a | Classic expression cloning.
In this hypothetical example, a cDNA library is screened for proteins that could be
intracellular effectors (protein X) of a signal-transduction pathway of the known receptor
for a hormone. A specific reporter-enzyme assay detects whether a protein can mediate
the signal transduction on the binding of the hormone to receptor. b | In the absence of
a specific reporter assay, one can screen for proteins that interact with the receptor with a
two-hybrid screen, but the biological significance of any interaction cannot be evaluated
within the screen itself. c | Protein-fragment complementation assays (PCAs) provide a
specific measurement. For example, the hormone-induced interaction of protein X with
the receptor provides both generality (the reporter system) and specificity (induction of
the interaction of X with Y on binding of hormone to receptor). DNA BD, DNA-binding
domain of two-hybrid gene reporter transcription factor; Pol, RNA polymerase; Pol-AD,
RNA polymerase-activation domain of two-hybrid gene reporter transcription factor.

Sentinel
An assay that provides a direct
readout for activity in a specific
biochemical pathway.

positive hits from the screen are then directly functionally
validated by testing for perturbations of the interaction,
as measured by the PCA, using agents that act on the
biochemical network in which the bait protein is known
to participate. For example, several novel substrates and
regulators of the serine/threonine protein kinase PKB/
Akt were identified in a cDNA library screening strategy

Box 2 | Advantages of PCA-based strategies
• Molecular interactions are detected directly.
• Proteins are expressed in the relevant cellular context, reflecting native posttranslational modifications.
• Perturbation of interactions induced by hormones, drugs, gene knockouts or
environmental conditions can be detected, providing target validation by linking
specific interactions to specific biological processes.
• Subcellular localizations and translocations of protein complexes can be determined.
• Different protein-fragment complementation assays (PCAs) that are based on
different reporters allow for multiple modes of detection of protein complexes.
• PCAs are inexpensive and require no specialized reagents.
• PCAs can be automated for high-throughput screening.
• PCAs are designed at the level of the atomic structure of the enzymes used, and
because of this there is additional flexibility in designing the probe fragments to
control the sensitivity and stringency of the assay.
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using fluorescent-protein-based PCAs34–36,69. We were
able to link one of these regulators to a specific pathway
that controls the proliferation of CD4+ T-cells, and more
generally to the regulation of PKB/Akt anti-apoptotic
function in both development and disease processes35. In
another more systematic screen of interactions, an essential regulatory link between growth factor-mediated and
transforming growth factor-β (TGFβ)-mediated signal
transduction pathways was discovered35,36.

PCA applications in drug discovery
Instead of seeking the unknown in a pair of protein
interactions as described above, PCAs can also be used to
examine the consequences of a perturbation on a specific
pathway. FIGURE 4 illustrates three examples of how chemical or potential drug actions can be mapped to specific
processes. These consist of formulating hypotheses
from among three starting points to map a compound’s
action on a specific pathway. These strategies provide
chemical genetics and therapeutic discovery with a focus
on network-based targeting. In this view, the target of
a molecule is not another molecule but a pre-defined
pathway or series of pathways for which PCA sentinels at
distinct pathway positions are created. For example, in a
signal-transduction pathway, PCAs can be designed to
report on an initial docking event, such as the association of a signalling effector protein with a receptor that
is activated by a hormone; an intermediary interaction
that reports on a secondary event; and last a reporter for
the ultimate response such as the activation of a specific
transcription factor. Thus, the set of PCA sentinels can
report on different steps of a specific pathway, and capture the effects of perturbing any component protein of
that pathway or any other pathway that acts on it.
The feasibility of the approach described above was
demonstrated for a simple set of well-known signaltransduction pathways several years ago28. Three general
observations resulted from these studies. First, it was
shown that pathway organization could be inferred from
patterns of changes in protein complexes under specific
perturbations. Second, novel pathway linkages could be
inferred that had not been obvious before, and third, the
importance of considering both quantitative (changes
in signal) and spatial-subcellular (changes in locations)
effects on cellular complexes as a means to evaluate effects
of drugs was established. This high content aspect to the
quantitation of pathway responses illustrates an important point about PCAs as a dynamic reporter strategy.
As some PCAs can unambiguously capture cellular
locations of protein complexes, it is possible to simultaneously study distinct functions of the same protein in
different subcellular compartments (FIG. 5).
A recent study attempted to encompass a larger
set of assays covering several biochemical pathways
that were either of general pharmacological interest or
were involved in cell fate, including assays for cell-cycle
checkpoints, apoptosis, mitogenesis, ubiquitin-mediated
proteolysis, G-protein–coupled receptors (GPCRs), chaperones, cytoskeletal proteins, stress and inflammation,
DNA-damage response and nuclear-hormone-receptor
pathways70. These pathways were screened against a set
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of 107 different drugs from 6 therapeutic areas (cancer,
inflammation, cardiovascular disease, diabetes, neurological disorders and infectious disease) and cellular
mechanisms (for example, protein transport) with a
b Hypothesis

fluorescent-protein PCA based on the Venus variant
of yellow fluorescent protein (YFP). As noted above,
this PCA has the advantage of capturing changes in the
localization of complexes in response to stimuli as well

Pathway A

Pathway B

Small
molecule 2

a Phenotype

c Functional assays
Small
molecule 1

PCA screen

Small
molecule 2
Small
molecule 1

Figure 4 | Linking small molecules to specific pathways using PCA screens. Effects of small molecules on cells,
model organisms or humans (a) could start with a hypothesis that specific pathways and target proteins are affected by
the molecules (b) followed by testing the compounds with functional assays (c) that report on the actions on the targets
or pathways of interest. This hypothesis-testing cycle can be augmented or replaced with a protein-fragment
complementation assay (PCA) screen that provides sets of sentinels that report changes in protein–protein interactions
in specific pathways that may be affected by small molecules. Pathways are represented as proteins (coloured circles)
connected by arrows. Stars indicate pairs of interacting proteins that can be detected by a PCA (images) in which the
intensity or localization changes of complexes are measured in response to compounds in living cells. Clustering of the
pathway sentinel PCA responses can suggest effects on a pathway that is hypothesized to contain a small-molecule
target (green cluster) as well as unpredicted effects on other pathways (red cluster).
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Off-pathway effect
Effects of a perturbation on
pathways that are not
predicted to be affected by
the perturbation.

High-content imaging
Generally a quantitative
analysis of morphological
changes or spatial and
temporal changes of proteins
or protein complexes. Usually
performed with fluorescent
molecules (for example,
antibodies covalently coupled
to fluorescent molecules) or
fluorescent proteins genetically
fused to proteins of interest.
These can be imaged by
epifluorescence or confocal
microscopy.

Hidden phenotypes
A potential outcome to
treatment of a cell with some
perturbation such as death,
differentiation state or
morphology that is predicted
by pathway sentinel assays,
but not necessarily observed
in the cells in which the assays
were performed.

Hierarchical clustering
A general term for many
mathematical strategies used
to establish relationships
between objects according
to common features.

as quantitative changes (FIG. 6a,b). However, as the assays
are irreversible their applications are limited to the study
of induction or prevention of the formation of protein
complexes, and only over time frames longer than the
folding and maturation of the fluorophore (>30 minutes). Despite these limitations, the temporal and spatial
analysis of the responses of the 49 assays were remarkably informative for predicting basic structure–function
relationships among small molecules, on and off-pathway
effects and their mechanisms of action, unpredicted and
potentially therapeutic actions, and the power of individual or sets of assays to predict the utility of a drug in
a specific therapeutic area70.
An important observation was that temporal highcontent imaging analysis was effective at predicting
structure–function relationships among molecules.
The results were remarkable in that these relationships
emerged with so few assays and even for compounds
for which there was no reporter for the pathways that
these compounds affect. For instance, statins, which
act on HMG CoA reductase (3-hydroxy-3-methylglutaryl coenzyme A), an enzyme implicated in lipid
synthesis, induced consistent responses in a range of
assays, most of which reported on signal-transduction
pathways (FIG. 6c). There are two reasons why these
results are not surprising. First, it is known that lipids
synthesized in the HMG CoA reductase pathway
modify proteins in the signalling cascades to which
they are linked, including those probed by the assay set.
Second, as has been observed in expression profiles for
drug treatment, a data-rich approach that can capture
the general response of a cell to a chemical or other
perturbations will probably reflect some predictable
pattern. There are notable differences between these

BAD: BCL-XL

BAD/14-3-3ζ

Figure 5 | Unique subcellular locations of two different functional states of the
pro-apoptotic protein BAD revealed by two PCA sentinels. Depicted are images of
cells with fluorescent protein PCA (protein-fragment complementation assay) reporters
for complexes BAD (BCL2-antagonist of cell death):BCL-XL in the upper panels and
BAD:14-3-3ζ protein in lower panels. In the left panels, PCA signals are green and the
nuclei are stained blue. In the middle panels, mitochondria are stained red. The right
panels show the overlay of PCA and mitochondrial signals. Yellow–red staining suggests
the mitochondrial localization of the BAD:BCL-XL complex in its active form, but
cytosolic staining of the BAD:14-3-3ζ complex is consistent with the sequestering of
phosphorylated BAD by several 14-3-3 isoforms.
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results compared with those obtained from microarray
data. First, microarray data provide thousands of readouts, and PCAs cover only a small fraction of cellular
responses. Second, although gene expression may be
temporally and spatially far removed from the site of
action of a drug, PCA reporters can be placed close to
or actually include the target and detect responses to
pathway pertubations within seconds. We discuss this
feature of the PCA strategy below, and also how assay
sets can be expanded to more completely cover potential mechanisms of drug action across a broader range
of pathways. The advanced state of microarray technology and its accessibility and broad application in cells,
tissue and organisms means that it will continue to be
the most general approach used for predicting drug
actions. Nevertheless, the approaches described here
complement expression profiling by providing novel
information about mechanisms of action.
In addition to simple structure–function relationships, PCAs have been used to demonstrate hidden
phenotypes of drugs, that may be missed by microarray
analysis. For example, a compound may induce a pattern
of change in pathway sentinel protein interactions but
not induce an obvious measurable phenotype in the
test cell. Indeed, in addition to observing that sentinel responses can be grouped together according to
common drug structures and to targets of the drugs,
grouping of drugs based on common phenotypic outcome has been observed70. For instance, drugs that
prevent cell proliferation tended to perturb assays
that report on mechanisms of cell-cycle arrest and
apoptosis. These are mechanisms by which cell division
would be affected or cell death would be initiated. The
obvious question was whether drugs not known to be
antiproliferative but grouped with those known to have
this outcome would have similar effects. It was not only
observed that all drugs in the cluster had similar affects,
but four compounds were identified that had similar or
greater activities than any other compound in a series of
cancer cell lines70. Notably, the molecular actions of these
compounds were also found to be similar. Of course,
antiproliferative activity is a general response and could
be mediated by a number of mechanisms. It remains to be
seen whether the PCA strategy could afford predictable
responses to other therapeutic or toxic effects of drugs
or lead compounds.
To fully explore the potential of the PCA strategy,
it should be tested against a broader spectrum of compounds and a specific disease model. However, the rich
nature of the data afforded by PCAs could allow for a
simplification of the task of predicting the site of action
of the drug, potential alternative therapeutic applications or toxic effects. There are three basic (and no
doubt many more) ways that PCA-screening data can
be treated in such a way as to classify the information
content of individual or groups of assays (FIG. 7).
The first is to perform hierarchical clustering of temporal
PCA-sentinel responses to drugs as described above. In a
second strategy, assay responses to a series of compounds
are simply ordered by rank from the most negative to
the most positive perturbations of all assays in response
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Figure 6 | Spatial and temporal dynamics of PCAs. a | Fluorescent protein-fragment complementation assay (PCA)
reporters for individual pathways discussed in FIG. 4 are used to capture multiple images of control and compoundtreated cells. The PCA reporter signal is captured from specific regions by counterstaining cells with stains for different
compartments70. b | Changes in the intensity or compartmental localization of PCA signals following compound
treatment are quantified versus time. For example, the upper panel shows results for a PCA sentinel (PCA1) that reports
a decrease in the quantity of a protein complex in the cytosol following compound treatment as interpreted by intensity
of fluorescence (Ic). A second (bottom panel) PCA sentinel (PCA2) reports a change in the subcellular localization of a
protein complex following compound treatment. For the example shown here the relative quantity of the complex
located in the nucleus increases after treatment (IN) compared with the quantity of the complex in the cytosol (Ic). c | This is
an example of the indirect effects of a clustered drug class (statins) on PCA sentinel reporters of pathways (top), due to
indirect inhibition of lipid synthesis. This inhibition results in a decrease in lipid covalent modifications of proteins
(farnesylation or geranyl-geranylation), which leads to a change in signalling through the pathways reported on by PCA
sentinels. β2AR, β2 adrenergic receptor; ARRB2, arrestin β2; CFL1, cofilin 1 (non-muscle); HMG-CoA, 3-hydroxy-3methylglutaryl coenzyme A; JUN, jun oncogene; LIMK2, LIM kinase 2; MDM2, mouse double minute 2 homologue;
PIN1, protein (peptidylprolyl cis/trans isomerase) NIMA-interacting 1.

to a single drug. This or more sophisticated approaches
allows one to assess how a series of compounds with
common enzyme targets (for example, kinases or proteases) affect a number of pathways and, therefore, how
specific individual compounds are inhibiting potential
targets (FIG. 7, middle panel). This approach can be used
to separate drugs that act on a target class in general
from those most likely to act specifically on the fewest
members of that class. For example, we examined the
effects of several protein-kinase inhibitors on our assay
panel and the results ranged from drugs having a broad
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set of significant effects versus others that only affected
a small number of assays (unpublished results). Two
interpretations are possible. The molecule with a small
number of effects may be more specific than those with
many potential targets, or those with fewer effects could
simply bind more poorly or have lower bioavailability
than the more promiscuous drugs. One way or another,
the information is valuable for assessing the specificity of
a molecule’s action while not requiring that an individual
assay be created for each and every potential target. Last,
assays or combinations of assays are classified according
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Figure 7 | Alternative ways to extract information about drug actions on different pathways and cellular
processes. a | Hierarchical clustering of compounds and protein-fragment complementation assay (PCA) responses to
compounds can identify groups of compounds that act on a common set of pathways and structure–function relationships
among compounds. b | PCA responses to compounds that are designed to act on a protein target class (for example,
protein kinases) can be used to assess whether an individual compound is specific (PCA responses only for assays that
report on a pathway containing the presumed target) or nonspecific (large set of PCA responses). c | Grouping of PCA
responses according to positive (+) or negative (–) correlation with functional assays that predict an outcome. Individual or
sets of PCAs for which responses correlate with functional assays can be predictive of expected effects.

to how well they predict a biological outcome to a drug
treatment by ordering the assay responses according
to how they correlate with a functional assay (FIG. 7,
right panel). For example, we performed this analysis
on a panel of 107 drugs for antiproliferative activity and
observed that we could obtain more than 90% predictive
power for this outcome70.

PCAs in model cell lines and organisms
PCAs can be used in any cell line or organism in which
the reporter assays can be introduced with plasmid or
viral vectors, or in organisms in which PCA-reporter
fragments could be integrated directly into the genome.
Several studies have used PCAs in whole living organisms, which demonstrate the broad potential of this
approach, as well as its applicability to target discovery and drug screening. For example, luciferase PCAs
have been shown to work in live mice that have been
implanted with cells transiently transfected with the
fusion-protein constructs. Specific PCAs have also
been used to monitor and visualize responses of protein
interactions to drugs administered to mice38,71–74. These
studies suggest the utility of PCAs in screening for smallmolecule drugs that either induce or disrupt protein
interactions in live animals, as well as to assess how and
to what extent drugs can reach their site of action.
The nematode worm (Caenorhabditis elegans), the
fruitfly (Drosphila melanogaster) and yeast (S. cerevisiae)
are often used for drug discovery experiments, such as
large-scale forward genetic screens, because of their
cost effectiveness, small size, rapid development and the
ability to easily manipulate their genomes75. A particular
feature of the worm is that its body is transparent, allowing visualization of fluorescent or luminescent reporters.
NATURE REVIEWS | DRUG DISCOVERY

Zhang et al. demonstrated the ability to perform PCAs
with GFP, YFP and cyan fluorescent protein (CFP) in
this model organism to identify cells in which two different promoters are activated, and to identify specific cells
in which a particular gene is expressed76. The object of
interest in these studies was not the protein interactions
but an ingenious application of the PCA as a reporter for
binary and differential expression of genes in different
cell lineages. We can also imagine that panels of PCAs
could be introduced into C. elegans to link a chemically
induced phenotype to potential modes of action, or to
evaluate potential pathway targets for drugs or shortinterfering RNAs77. The feasibility of PCAs in live fruit
flies has also been demonstrated in one study that used the
YFP PCA to visualize the interactions of the transmembrane odorant receptor OR83b, and to show the unique
membrane topology of odorant receptors by taking
advantage of the absolute requirement that PCA fragments be oriented in the same compartment78. Although
the use of PCAs in yeast has so far been limited, we have
recently adapted the Venus YFP PCA to yeast in order
to visualize and localize protein interactions, as well as
the DHFR survival PCA to screen for novel and known
protein interactions. At the same time, a growing body
of literature exists on an approach from which the generalized PCA strategy evolved, called the ubiquitin split
protein sensor79–82. Most recently, this approach has been
used in S. cerevisiae to identify novel protein interactions
that are implicated in the function of ATP-binding cassette (ABC) transporters, and the first large-scale analysis
of membrane protein–protein interactions in intact living
cells83. The method is not limited to yeast and further
applications to the study of protein interaction networks
in other eukaryotes are anticipated.
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Perspectives
There are several features of network targeting with PCAs
that can be summarized as follows: optimal target(s)
for a network of interest can be identified in a simple
cell-based assay; the evaluation of potential off-pathway,
nonspecific or toxic effects can be done with the same
assays, thereby circumventing expensive mid-stage to
late-stage clinical failures; the development of PCAs is
relatively simple, and their is no need for the production
of recombinant proteins or protein purification, which
is often an intractable problem for the development of
large scale in vitro-based assays of drug targets; and
PCAs enable the analysis of combinations of drugs,
which may affect multiple targets simultaneously. The
drug cocktail is becoming particularly relevant in the
oncology arena, and recent data have demonstrated
the highly synergistic effects of kinase inhibitors, for
example, in combination with traditional cytotoxic
chemotherapeutic agents.
The biochemical network-based strategy could
achieve enormous economies of scale in the drug
discovery process. By judiciously creating PCA sentinel probes for specific pathways, one can achieve the
monitoring of many other potential protein targets
with only a few assays, as the sentinels report what is
happening to all the other members of the network to
which each sentinel is linked (directly or indirectly).
So, for example, a screen for 10 networks with 20 proteins
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