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Protein fragment complementation strategies for
biochemical network mapping
Stephen W Michnick
The organization of biochemical networks that make up the living
cell can be defined by studying the dynamics of protein–protein
interactions. To this end, experimental strategies based on
protein fragment complementation assays (PCAs) have been
used to map biochemical networks and to identify novel
components of these networks. Pharmacological perturbations
of the interactions can be observed, and the resulting
pharmacological profiles and subcellular locations of
interactions allow each gene product to be ‘placed’ at its relevant
point in a network. Network mapping by PCA could be used with,
or instead of, traditional target-based drug discovery strategies
to increase the quantity and quality of information about the
actions of small molecules on living cells and the intricate
networks that make up their chemical machinery.
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Introduction
The emerging offspring of the genomics revolution,
variously called proteomics, functional genomics, chemical genetics or systems biology, can be attributed an
overall aim. As only a fraction of gene functions can be
inferred from primary gene sequences, we need to
develop strategies to define gene function on a large
scale. What approaches can we use to meaningfully
ascribe function to genes? Systems biology and chemical
genetics researchers seek a deeper appreciation of the
biochemical organization of living cells and the molecular
schemes that all living things share, as well as those things
that make individual cells and organisms unique. What
we need are conceptual and experimental approaches that
will tell us how, when, where and under what circumstances, proteins are processed, become modified to be
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activated or inactivated, how they are destroyed and,
central to all of these, what other proteins they interact
with. We have devised an approach that is aimed at
addressing most of these issues, a general strategy to
probe the dynamics of protein–protein interactions in
intact living cells, based on a technology we call protein
fragment complementation assays (PCA). PCA strategies
can be used to identify novel protein–protein interactions
and can also be used to study perturbations of interactions
by chemical or physical means. Such perturbation studies
can be used to interpret the organization of biochemical
networks. In an inverse sense, chemical perturbations of
biochemical networks can be monitored directly or indirectly by PCA, allowing one to ask how small organic
molecules effect specific cellular processes. This puts the
PCA strategy into the class of chemical genetics tools that
allow one to determine which networks small molecules
act on.
As a tool to map sites of action of small molecules, the
PCA strategy has considerable potential in the discovery
of therapeutic agents. A problem with target-directed
pharmaceutical discovery is that exquisitely selective
small-molecule inhibitors that bind to a potential therapeutic target may, nevertheless, have completely unexpected effects when applied in a living cell. How can we
quickly determine if this is the case? To isolate the mode
of action of a small molecule to a specific point in the
complex biochemical networks that make up a living cell,
one needs a way to directly probe the networks and
subnetworks themselves. A logical way to do this is to
monitor the interactions of network components and to
assess how these interactions are effected by perturbations of drugs that act upstream of the interactions. The
PCA strategy can be applied to this problem to both
validate that a small molecule acts on the network of
interest, while simultaneously determining whether such
molecules may also act on other, unsuspected networks.
This latter application is an example of what is called in
pharmaceutical research a ‘fail-fast strategy’: one that
allows a compound whose actions are more complicated
or more deleterious than first thought to be excluded from
further study.
In this review I describe the many uses of PCA strategies
and highlight their potential as a drug-discovery tool.

Protein fragment complementation
strategies: a cellular ‘spectroscopy’
What does it mean to ‘map’ a biochemical network?
Molecular spectroscopy can serve as a useful working
www.current-opinion.com
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analogy. Molecular spectroscopies are aimed at determining or mapping the covalent and three-dimensional structures of molecules. All molecular spectroscopic methods
rely on two components: a general energy transition with
distinct and distinguishable resonance conditions for different atoms in different environments and methods to
probe the resonance behavior when subject to specific
perturbations. It is a bit of a stretch, but not unreasonable
to say that cell biologists do the same thing to understand
biochemical networks. For example, the advent of DNA
microarray technologies has changed the manner in which
we view biochemical networks [1–6]. The practical monitoring of changes in expression of complete genomes or
large subsets of genes has allowed researchers to begin to
scrutinize in some detail the evolution of genetic programs and sometimes, by inference, the underlying biochemical networks that control these programs. The most
well-described analyses of gene expression have been
performed for Saccharomyces cerevisiae, for which the entire
genome has been sequenced and microarrays representing all predicted genes have been available for some time
[7]. Complete analyses of the cell cycle and responses of
the organism to several perturbations have been explored.
It is possible to conceive of mapping the output of a
genetic program (gene expression changes) back to the
organization of the biochemical networks underlying
these changes. However, this ‘transcriptocentric’ approach
to mapping networks does not help us to side-step an
obvious problem. If you do not know the details of the
underlying machinery leading to specific outputs of a

system, then any new insights from analyzing outputs
remain inferences that must still be tested directly. It was
with these challenges in mind that our laboratory developed the PCA strategy.
In the general PCA strategy, an enzyme or fluorescent
protein (the reporter) is rationally dissected into two
fragments and the fragments fused to two proteins that
are thought to bind to each other. Folding of the reporter
enzyme from its fragments is catalyzed by the binding of
the test proteins to each other, and is detected as reconstitution of enzyme activity (Figure 1a,b). The PCA
strategy takes advantage of the spontaneous all-or-none
nature of protein folding and the design of fragments
follows from basic concepts of protein engineering. The
all-or-none folding of reporter protein from fragments
means that the generation of signal by complementation
has an enormous dynamic range over very narrow conditions, unlike fluorescence resonance energy transfer techniques (Figure 1c) [8]. Since first demonstrating the
principle, this approach has been extended to several
enzymes, including dihydrofolate reductase, glycinamide
ribonucleotide transformylase, aminoglycoside kinase,
hygromycin B kinase, TEM b-lactamase, green fluorescent protein (GFP) and firefly and renilla luciferases
[9,10,11,12,13,14,15–20,21].
A crucial feature of PCA fragments is that they cannot fold
spontaneously [22]. If this occurred, PCA simply would not
work. Spontaneous folding would lead to a false-positive
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General principles of PCA. (a) Proteins fold from a disordered polypeptide into a unique three-dimensional structure encoded by the amino acid
sequence. (b) The unimolecular protein folding process is mimicked by dissecting the polypeptide into two complementary fragments fused,
respectively, to two interacting proteins (blue and pink balls). The interaction of the proteins to which the fragments are fused recreates the
unimolecular folding conditions and, thus, the unique three-dimensional structure of the protein ‘reporter’ is created. If the folded polypeptide is an
enzyme or fluorescent probe binding protein, a reconstitution of catalytic or binding activity reports the interaction of the proteins to which the
complementary fragments are fused. (c) Protein folding from fragments is, like the unimolecular process, a highly cooperative all-or-none process.
An increase in the quantity of one PCA pair relative to another (horizontal axis) results in a huge change in the fraction of reconstituted reporter
(vertical axis, dynamic range indicated by arrow) over a very narrow range of concentrations (horizontal arrow).
www.current-opinion.com
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signal; a situation that would hopelessly confound the
interpretation of library screens in vivo, where a more or
less positive result could be due to differences in expression levels, solubility, or proteolytic stability rather than a
protein–protein interaction [11,15]. In contrast to PCAs,
there are assay systems based on b-galactosidase and split
inteins that resemble PCA in a superficial way, but which
are conceptually and practically different, being based on
spontaneously associating subunits of the enzymes fused
to interacting proteins [23,24]. The central problem here
is that subunits, even if weakly associating, are always
capable of doing so to some extent, meaning that there is a
constant background of spontaneous assembly.

Unique features of the PCA strategy
The PCA strategy exhibits several unique features of key
importance. First, molecular interactions, including complete cellular networks, are detected directly — not
through secondary events such as transcription activation.
Second, genes are expressed in the relevant cellular
context, reflecting the native state of the protein with
the correct post-translational modifications. Third, events
induced by hormones or growth factors can be detected,
providing target validation by linking specific interactions
to specific networks. For example, using insulin-sensitive
cells, molecular interactions stimulated by insulin can be
detected and quantitated. Finally, the subcellular location of protein interactions can be determined, whether in
the membrane, cytoplasm or nucleus, and the movement
of protein complexes can be visualized.
In addition to the specific capabilities of PCA described
above, some special features of this approach make it
appropriate for genomic screening of molecular interactions. PCAs are not a single assay but a series of assays; an
assay can be chosen because it works in a specific cell type
appropriate for studying interactions of some class of
proteins. PCAs are also inexpensive, requiring no specialized reagents beyond those necessary for a particular
assay and off-the-shelf materials and technology. In addition, they can be automated and high-throughput screening employed. Because these assays are designed at the
level of the atomic structure of the enzymes used, there is
additional flexibility in designing the probe fragments to
control their sensitivity and stringency. Lastly, PCAs can
be based on enzymes for which the detection of protein–
protein interactions can be determined differently; for
example, using dominant selection or production of a
fluorescent or colored product.

strates and products of a series of reaction steps are
transferred from one active site to another over minimal
distance with minimal diffusional loss of intermediates
and in chemical environments suited to stabilizing reactive intermediates [25,26,27]. Biochemical ‘networks’
are networks of dynamically assembling and disassembling protein complexes. A meaningful representation of
a biochemical network in a living cell would therefore
result from a step-by-step analysis of the dynamics of
individual protein–protein interactions in response to
perturbations that impinge upon the network under study
and the time and spatial distribution of these interactions.
How then can PCA help us to study these dynamic
assembly events? Returning to the molecular spectroscopy analogy, in a PCA-based biochemical network
mapping project specific pairs of proteins that interact
at strategic points in a network serve as ‘sentinels’ for the
state of the network under different conditions. Cells
containing PCA sentinels are treated with agents (chemical inhibitors small interfering RNAs, hormones, etc) that
would be thought to perturb the biochemical network
under study. A change (or lack of change) in the PCA
sentinels reporter signal would then suggest the relationship between the point of action of the perturbing agent
(say some enzyme in the network) and the sentinels. For
instance, if an enzyme were inhibited with a small molecule and the sentinel signal decreased, we could hypothesize that this enzyme must be somehow positively
coupled to the function of the sentinel proteins. A series
of perturbations at different points in the network would
result in a pattern of responses or ‘pharmacological profile’, as detected by PCA, which should be consistent with
the response of the network under study. We have
demonstrated the feasibility of the approach to measure
the direct induction of protein–protein interactions
[12,28] and the perturbations of protein interactions by
drugs or hormones acting at steps remote from the interactions studied [14]. Interactions of protein components
of a network should also take place in specific subcellular
compartments or locations consistent with the function of
the network. The combined pharmacological profiles and
subcellular interaction patterns serves then to describe a
biochemical network (Figure 2).
Having described the network mapping process, there
are immediate applications of this approach to expanding network structure by adding novel components, discussed below.

Mapping the biochemical machinery of cells

Identification of components of biochemical
networks

What is it about PCA that makes it ideal for mapping
biochemical networks? The reason is a fundamental
observation about the nature of biochemical processes.
Biochemical processes are mediated by dynamic, noncovalently associated multienzyme complexes that provide the most efficient chemical machinery. The sub-

Rapid progress in genome projects is leading to the
identification or prediction of a huge number of genes,
but only a fraction of gene functions can be inferred from
primary gene sequences. To cope with the increasing
flood of genome information, we need to develop strategies aimed at characterizing the totality of genes or large
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Figure 2
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Components of pathway mapping by PCA. (a) Matrix representing interactions between component proteins of a biochemical network detected
by a PCA screen. The matrix is symmetrical and each protein in a network is screened against every other. A green off-diagonal square means the
two proteins interact, red means no interaction is detected. (b) Interactions observed in the screen (a) are tested for characteristic responses to
pharmacological agents that act on the biochemical network and a ‘pharmacological profile’ for each interaction can be constructed (histogram).
Further, interactions can be localized to specific cellular compartments with some PCAs (e.g. DHFR, GFP). (c) Quantitative pharmacological
analysis of responses of some interactions to specific network-perturbing agents can be performed.

subsets thereof. In the past, many ingenious strategies
have been devised to simultaneously screen cDNA
libraries using a protein- or enzyme-specific assay that
allow for both the selection of clones and validation of
their biological relevance with the same assay [29–32].
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, which have
very broad substrate specificity and bind to many proteins
or protein domains when studied out of their appropriate
context in intact living cells [27,33]. In the absence of
simple and specific assays, researchers have turned to
strategies that use some general functional properties of
proteins as readout. The best example of this is the
screening for protein–protein interactions between proteins of known function against cDNA libraries as exemplified by the yeast two-hybrid expression cloning
strategy [34–40]. However, a purely protein-interactionbased screening approach is limited in that the assays
themselves do not provide any immediate information
that would allow one to decide whether a cDNA gene
product which interacts with a bait protein of known
function is likely to be involved in specific cellular functions. Thus, while a two-hybrid approach achieves extraordinary generality, no information can be obtained about
biological relevance of the interaction. The generality of a
www.current-opinion.com

two-hybrid approach and the specificity of functional
screening can be achieved with a PCA strategy (Figure 3).
The strategy consists of two steps. The first step is a largescale screening of ‘bait’ proteins (X) fused to one PCA
reporter fragment against a cDNA library fused to the
complementary reporter fragment. In the second step,
positive hits from the screen are directly functionally
‘validated’ by testing for perturbations of the interaction,
as measured by PCA, with agents that act on the biochemical network in which the bait protein is known to
participate. A cDNA library screening strategy using a
GFP-based PCA was described in which we successfully
identified novel substrates and regulators of the serine/
threonine protein kinase PKB/Akt [41].

Chemical genetics and PCA
As much as we want to know the components of biochemical networks and how they interact with each other,
we also want to know how agents that perturb these
networks exert their effects. Even if we know that a
compound acts very specifically on some target protein
in vitro, this in no way assures that the consequences of
the actions of the molecule on the target in the cell can be
predicted. Figure 4 shows examples of how this problem
can be addressed by PCA. In the first example, a small
molecule has been shown to act on a specific target, but
we want to know if the predicted outcome on the network
in which the target protein participates is perturbed in a
Current Opinion in Biotechnology 2003, 14:610–617
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Figure 3
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Applications of PCA in expression cloning. Screening of a bait (gene X) against a matrix of potential interactions (large matrix; could represent a
cDNA library of interacting proteins or some defined set of genes that have already been screened as in Figure 2a) reveals three hits in the
submatrix that represents a known biochemical network. Testing for perturbations (left-hand side) with known activators (1) and potential inhibitors
of the network establishes whether interactions are perturbed in a manner that would be predicted for the subnetwork in which hits are observed
for gene X. For example, in the biochemical network in which gene X interacts, the network is known to respond to an activator (1) over background
(Ø), but not to activator 2 or inhibitors A and B. The physical location of complexes (top) provides a high information content (HIC) assay for
whether an interaction occurs in a valid cellular compartment (i.e. that in which the rest of the component proteins of the subnetwork are expressed).

predicted way (Figure 4a). We thus test the compound
against a series of PCA sentinels that report on the state of
the network we predict will be affected. The compound is
also tested on a series of control networks. If the molecule
acts as predicted, only the target network is affected;
however, if sentinels in other networks report perturbations, then the specificity of action of the molecule must
be re-evaluated. In a second example, a novel compound
from a natural product or synthetic library has been shown
to cause some profound phenotype in a cell and we want
to quickly link the observed phenotype to effects on
known networks that are likely to be affected. The same
strategy is used as above, but in this case we hypothesize
that to obtain the observed phenotype one of several
networks must be affected (Figure 4b). A third example,
is one in which the specific target of a compound is
known, but paradoxically, the predicted effects on the
cell do not occur because some other branch in the
biochemical network compensates for the inhibition of
a target. There are numerous examples of such paradoxes
(e.g. [42]) and we described one such paradox in the
actions of the natural product rapamycin [14]. These
also represent cases in which a ‘two hit’ strategy of
knocking out both the first target and a second target
in the compensating branch might produce a profound
Current Opinion in Biotechnology 2003, 14:610–617

affect, while hitting either target individually would do
nothing to the cell.
The strategies described above refocus chemical genetics
and therapeutic discovery from protein targeting to
‘network-based targeting’. There are some considerable
advantages of network targeting that are summarized in
Box 1.
The biochemical network-based strategy could achieve
enormous economies of scale in the drug discovery process. By judiciously creating PCA sentinel probes for
specific networks, with a few assays one can achieve
the monitoring of many other potential protein targets.
The rest of the proteins that are involved in the network
are simultaneously monitored, as the sentinels detect
what is happening to all members of the network to
which each sentinel is linked, directly or indirectly. Thus,
for example, a screen for 10 networks with 20 proteins per
network would capture any of 200 potential drugable
targets. The upshot of this remarkable economy of scale
is that, in principle, we can do what an entire pharmaceutical company effort would accomplish in a single
year, but in fact yield even more validated hits from
fewer screens, in an effort in which prior knowledge of
www.current-opinion.com
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Figure 4
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Applications of PCA in chemical genetics and reverse chemical genetics. (a) A compound (X) that is a known inhibitor of a specific target in one
pathway (Path 1) turns out to also act on a target in a second pathway (Path 2) when screened against several networks (large matrix), as shown
by pharmacological profiles in which both pathways are affected. (b) Screening of natural product or synthetic libraries produces an interesting
effect on cells, which can then be mapped to a specific biochemical network. A screen of all networks probed by PCA sentinels reveals that one
subnetwork is responsive at a specific point in the network (upper right submatrix of complete matrix of network sentinel reporters), as revealed by
a pharmacological profile in which the compound (A) inhibits subnetwork (1), but not a different subnetwork (2). HIC, high information content.

Box 1 Advantages of network targeting.
1. Optimal target(s) for a network of interest can be identified in a simple cell-based assay.
2. The evaluation of off-pathway, non-specific or potential toxic effects can be performed with the same assays, thereby circumventing
expensive mid-stage to late-stage clinical failures.
3. The development of PCAs are simple and necessitate neither the production of recombinant proteins nor protein purification, as is
required for the development of large-scale in vitro based assays of drug targets; often an intractable problem.
4. PCAs enable the analysis of combinations of drugs that may impact multiple targets simultaneously. The ‘drug cocktail’ is becoming
particularly relevant in the oncology arena, where recent data demonstrated highly synergistic effects of kinase inhibitors (e.g. in combination
with traditional cytotoxic chemotherapeutic agents).

www.current-opinion.com
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the most drugable step in any specific network is not
necessary. Furthermore, because the primary screens are
in living cells, small molecule hits are shown to be
membrane permeable and therefore are more likely to
be bioavailable. As described above, our approach enables
an understanding of the mechanism of action of the
compound in the context of the complex networks of
the living cell.
Finally, as important as the successful identification of
positive hits with promising pharmacological effects, is
the rapid exclusion of compounds that could have deleterious effects. Success in this effort is called a ‘fail fast’
strategy, which is built into the PCA process. Here, we fail
fast by screening a positive hit against networks in which
significant effects could result in serious secondary offpathway effects. Thus, by pinpointing off-pathway
effects early in the discovery process, compounds can
be flagged for careful re-evaluation, preventing a potentially expensive rush to further pre-clinical, or worse,
clinical studies.
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Conclusions and perspectives
I have attempted here to summarize PCA-based strategies and their application to mapping biochemical
networks and identifying novel components of such networks. Pharmacological perturbations of interactions can
be observed, even if the site of action of the perturbant is
distant from the interaction being studied. Resulting
pharmacological profiles and subcellular locations of
interactions allow us to ‘place’ each gene product at its
relevant point in a network. Although specific chemical
inhibitors such as those described may not be available in
many cases, other perturbants could be used to generate
a functional profile, including dominant-negative forms
of enzymes, receptor- or enzyme-specific peptides or
siRNAs. The ability to monitor the network in living
cells containing all of the components of the network
studied can reveal hidden connections. This approach
will allow for a full investigation of the global organization of biochemical networks in cells and will enable
fundamental questions about how biochemical machineries are organized to be addressed [43]. Finally, network mapping by PCA could be used alone or in
conjunction with traditional target-based drug discovery
strategies to increase the quantity and quality of information about the actions of small molecules on living
cells and to reveal the intricate networks that make up
their chemical machinery.
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