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Application of protein-fragment complementation assays in cell biology
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We have developed a general experimental strategy that enables the quantitative detection of dynamic proteinprotein interactions in intact living cells, based on protein-fragment complementation assays (PCAs). In
this method, protein-protein interactions are coupled to refolding of enzymes from cognate fragments where
reconstitution of enzyme activity acts as the detector of a protein interaction. Here we discuss the application
of PCA to different aspects of cell biology.

Introduction
Biochemical pathways are really systems of dynamically assembling and disassembling protein complexes, and thus,
much of modern biological research is concerned with
how, when, and where proteins interact with other proteins
involved in biochemical processes. The demand for simple
approaches to study protein-protein interactions, particularly on a large-scale, has grown recently with the progress
in genome projects, since the associating of unknown with
known gene products provides one crucial way of establishing the function of a gene. It was with this challenge in
mind that our laboratory developed protein-fragment complementation assays (PCAs). In this strategy, two proteins
of interest (proteins A and B) are fused to complementary
fragments of a reporter protein (an enzyme, ﬂuorescent
protein, etc.). If the proteins A and B interact, the reporter
fragments are brought together, fold into the native structure of the reporter and reconstitute its activity (Figure 1).
PCA reporter proteins have been chosen as those producing a variety of detectable activities, including ﬂuorescent,
luminescent, and colorimetric signals, as well as simple
survival selection assays (1–14). We have demonstrated
that the PCA strategy has the following capabilities: (i) it
allows detection of protein-protein interactions in vivo and
in vitro in any cell type; (ii) it allows detection of proteinprotein interactions in appropriate subcellular compartments or organelles; (iii) it allows detection of interactions
that are speciﬁcally induced in response to developmental,
nutritional, environmental, or hormone-induced signals;
(iv) it allows monitoring of kinetic and equilibrium aspects
of protein assembly in cells; and (v) it allows screening for novel protein-protein interactions in any cell type
(2,3,6,9,15–19).

Principle
We demonstrated the principle of PCA starting with the
enzyme dihydrofolate reductase (DHFR) as a reporter
(1). It was obvious that if the folding of the enzyme from
its fragments (as detected by reconstitution of activity)
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was absolutely dependent on the binding together of the
interacting proteins, then the system described is, in fact,
a detector of the interactions. We and others have since
demonstrated that this principle can be generalized to a
number of enzymes including Gaussia and Renilla luciferases, TEM β-lactamase, as well as green ﬂuorescent protein (GFP) and its variants (1–14). A crucial feature of PCA
fragments is that they are designed not to fold spontaneously without being brought into close proximity by the interaction of the proteins to which they are fused (1,20). If
spontaneous folding occurred, PCA simply would not work.
Spontaneous folding would lead to a false positive signal, a
situation that would hopelessly confound the interpretation

Figure 1. Protein complex dynamics can be studied by fusing proteins of
interest (proteins A and B represented by two spheres) to complementary
fragments of a reporter protein. If the two proteins interact, the reporter
fragments are brought together, fold into the native structure of the reporter
protein, and its activity is reconstituted (left). These protein-fragment complementation assays (PCAs) have physical characteristics that make them
particularly useful as reporters of dynamic protein complexes. On the right
is a protein folding curve where the x-axis is some variable parameter (e.g.,
concentration of one fragment relative to another). The high cooperativity of
this process (extremely sharp increase in fraction of folded species over a
very narrow range) means that the assays have an enormous dynamic range,
making detection of a complex a virtual all-or-none phenomenon. This contrasts with methods such as fluorescence resonance energy transfer (FRET),
which has very low dynamic range and requires careful optimization of a
number of parameters. In contrast, measuring protein complex formation by
PCA is no more difficult than measuring activity of the intact reporter enzyme.
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of library screens in vivo (anticipated to be an important
application). In contrast to PCA, there are assay systems
based on β-galactosidase and split inteins that resemble
PCA, but which are conceptually and practically different
(21,22). In both cases, well-known naturally occurring
and spontaneously associating subunits of the enzymes
are fused to interacting proteins. 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.

Limitations
The PCA strategy is general, in the sense that it is not
restricted to a single enzyme reporter, and it has been
devised in several different forms, each of which is best
suited to address a speciﬁc question. For instance, simple
survival-selection PCAs, such as those based on DHFR,
are most useful for library selection, while luminescence
or ﬂuorescence readout PCAs are best for studies of the
spatial and temporal dynamics of protein complexes. Because the fusion proteins can be expressed in cells that are
relevant models for studying a speciﬁc biochemical pathway, they are likely in their native biological state including
the correct posttranslational modiﬁcations (obviously the
PCA fragments themselves must not interfere with targeting
or modiﬁcation of the proteins, and this must be tested).

Figure 2. The protein-fragment complementation assay (PCA) strategy
requires that unnatural peptide fragments be chosen that are unfolded
(ribbons) prior to association of fused interacting proteins (spheres). This
prevents spontaneous association of the fragments (pathway X) that can
lead to a false signal. Equally, fragments are selected for which spontaneous
unfolding of fragments should occur when the protein complex is disrupted
(left side).
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Among the simplest and therefore most popular PCAs are
those based on ﬂuorescent proteins (such as GFP and
variants), because signal is provided by the intrinsic ﬂuorophore (7–9,14,15,17,23). However, ﬂuorescent proteins
must be expressed at high levels to assure that signal is
above background cellular ﬂuorescence, and ﬂuorescent
protein PCAs have been demonstrated to be irreversible,
which can be useful (trapping and visualizing rare complexes) but could also lead to misinterpretation of turnover or
localization of interacting proteins (8,23,24). On the other
hand, PCAs based on DHFR and β-lactamase as reporters
have been demonstrated, based on indirect evidence, to be
reversible following disruption of interactions, while a PCA
based on Gaussia luciferase has been directly shown to be
reversible (2,3,6). Reversibility of PCA thus allows for the
detection of kinetic and equilibrium aspects of protein complex assembly and disassembly in living cells (Figure 2).

Standard Controls for a PCA Study
The PCA strategy requires the fragments of the reporter
protein to assemble and fold after the proteins of interest
have formed a complex. The assembly and correct folding
of the reporter is dependent on the recovery of both the
structural geometry intrinsic to the reporter proteins and
of the complex formed by the interacting proteins. This is
one of the major distinctions of the PCA assays compared
with ﬂuorescence resonance energy transfer (FRET) or
bioluminescence resonance energy transfer (BRET) or yeast
two-hybrid assays, and this feature allowed us to perform
a structure-based study of the erythropoietin receptor
(19). We typically insert a 10-amino acid ﬂexible polypeptide linker consisting of (Gly.Gly.Gly.Gly.Ser)2 between the
protein of interest and the PCA reporter fragment (for both
fusions). This linker was chosen because it is the most ﬂexible possible, and we have empirically observed that linkers
of this length are sufﬁciently long to allow for fragments to
ﬁnd each other and fold, regardless of the size of the interacting proteins to which the fragments are fused (16).
To ensure that nonspeciﬁc responses do not occur, a set
of controls should be performed. These controls could
include the following, although the ﬁrst is the most important: (i) Non-interacting proteins. A PCA response should
not be observed if non-interacting proteins are used as
PCA partners; nor should overexpression of a non-interacting protein alone compete for the known interaction. (ii)
Partner protein interface mutations. A point or deletion
mutation of a partner that is known to disrupt an interaction should also prevent a PCA response. (iii) Competition.
A PCA response should be diminished by the simultaneous
overexpression of one or the other of the interacting proteins that is not fused to a complementary PCA fragment.
(iv) Fragment swapping. An observed interaction between
two proteins should occur even if the proteins are swapped
with the respective reporter fragments.
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Application of PCA in Protein Design: Library
vs. Library Screening for Optimally Interacting
Proteins
Among the ﬁrst applications of a PCA was to a protein
design problem. The DHFR PCA assay was used in Escherichia coli to screen two libraries of complementarily
designed leucine zipper-forming sequences with 1010
potential interacting pairs, of which we could practically
cover 106. We demonstrated that the PCA screen selected
for both optimal binding speciﬁcity, as well as solubility
and expression of interacting zippers (18,25). The most
important feature of this approach is that it was possible
to simultaneously screen two libraries against each other,
a process not easily achieved with comparable yeast twohybrid screens. The simplicity of this approach and speciﬁc nature of the information obtained about the design
strategy suggest broad utility of the DHFR PCA in protein
design and directed evolution experiments. It also shows
that PCA complements phage display strategies, since
the entire selection, optimization, and stringency tests are
done in vivo, making this approach easily executed.

Application of PCA to cDNA Library Screening in
Mammalian Cells
A ﬁrst step in deﬁning the function of a novel gene product
is to determine its interactions with other gene products.
However, a purely protein interaction-based screening
approach (such as yeast two-hybrid) is limited, because it
only tells you that two proteins interact, while not providing
any other information that could link a protein to its function. Therefore, we have shown that PCA can be used in
a cDNA library screening strategy that combines a simple
cell-based protein interaction screen with speciﬁc functional assays that provide initial validation of the biological
relevance of the interaction (9). The ﬁrst step consists of
screening for physical interactions between the bait and a
library of cDNA-encoded prey proteins, by monitoring the
reconstitution of the PCA reporter in intact living cells.
An important feature of this ﬁrst step is that interactions
can be detected directly and between full-length proteins
in cells in which the bait protein normally functions, thus
assuring that necessary subcellular targeting, posttranslational modiﬁcations, and interactions with other proteins
can occur. Obviously, for experimental validity, the PCA
fragments must be demonstrated not to interfere with
targeting or modiﬁcation of the proteins. In the second
step, the protein interaction can be functionally validated,
as follows: ﬁrst, the protein interaction, detected by PCA,
must be perturbed by agents, such as hormones or speciﬁc inhibitors, that are known to modulate the speciﬁc
biochemical pathway in which the proteins participate. We
have demonstrated this for the DHFR PCA and used this
property to map signaling pathways in living mammalian
Vol. 42 ı No. 2 ı 2007

Figure 3. Using dynamic perturbations of protein-protein interactions
to infer the organization of pathways. (Left) The actions of an inhibitory
perturbing agent [e.g., a small molecule inhibitor, classic genetic approach,
or small interfering RNA (siRNA)] that acts on protein B4 (T-bar), is detected
downstream by a change in the interaction of proteins B6 and B7 with each
other (arrow). In this case, the effect of the perturbation is a decrease in the
number of interacting protein (-) as detected by a reporter of that interaction
(output signal of the interaction as detected by PCA sentinel for instance).
However, the effect could equally be positive, depending on the consequences of inhibiting the upstream protein. (Right) Within the protein interaction
network for pathway B, a perturbation of protein B4 (star) somehow propagates through the network to somehow affect the link (wide bar) between
proteins B6 and B7. This does not imply that protein B4 physically interacts
with either B6 or B7; the propagation of an affect through the protein interaction network may be due to direct physical links or to enzymatic processes
not obvious in the network.

cells (16). Second, the subcellular localization of the protein interaction, again detected by PCA, might be altered
by agents that modulate the pathway. Thus, the PCAbased screening strategy combines a simple screening step
with direct functional assays. We and others have applied
this strategy to the identiﬁcation of novel substrates or
regulators of the serine/threonine protein kinase, PKB/Akt
(9,15,26,27).

Using PCA as a Molecular Ruler: Receptor
Studies
A special feature of PCA strategies is that, if we know the
three-dimensional structure of the reporter enzyme, it is
possible to accurately predict how close together the fragments must be to assure that the enzyme will fold correctly
and have a measurable activity. This fact was put to work
to test a structural allosteric model for activation of the dimeric erythropoietin receptor (EpoR) using the DHFR PCA,
and the approach could be extended to studying allosteric
transitions in dimeric or multimeric protein interfaces (19).
In the EpoR case, the receptor dimer transmembrane
domains were shown to be separated by 73 Å, as observed
in the crystal structure of unligated EpoR. It was reasoned
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 allow the fragments
to come close enough together to assure that the precise
three-dimensional structure of DHFR could be formed
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(19,28). This would require that the N termini of the fragments be 8 Å apart. 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 needed for DHFR to
fold from its fragments.

Mapping Biochemical Networks
Cellular biochemical machineries for metabolism, signaling cascades, and cell cycle are examples of dynamically
assembling and disassembling macromolecular complexes.
These are deﬁned by grouping interacting proteins according to their similar responses to a set of perturbations
(hormones, metabolites, enzyme inhibitors, etc.). Protein-protein interactions can be used to link a protein of
unknown function to proteins that are known to be involved
in a known biochemical process. We have demonstrated
that pharmacological proﬁling (monitoring effects of
pathway-speciﬁc drugs and protein hormones on proteinprotein interactions) and determining the cellular location
of protein-protein interactions can be achieved using PCAs
(9,15–17,26). Analysis of these results allow for a representation of how biochemical networks evolve in time and
space and in response to speciﬁc stimuli. As a proof of
principle, we reported the application of this strategy to
the mapping of a signal transduction pathway mediated
by receptor tyrosine kinases (RTKs) (16). The pharmacological proﬁles and cellular location of interactions we
observed allowed us to place each gene product at its relevant point in the pathways (Figure 3). From the results of
our analysis, a map of the organization of the RTK network
emerged that was consistent with existing models, but
that also included several novel interactions. The ability
to monitor a network of protein interactions in living cells
containing all of the components of the underlying pathway
studied revealed hidden connections, not observed before,
in spite of intense scrutiny of this network. The results
presented demonstrate that the PCA strategy has the features necessary for a general gene function validation and
pathway mapping strategy. A recent application of a larger
set of PCAs allowed for development of a general approach
to link the actions of drugs on speciﬁc signaling pathways
and to detect unforeseen activities of drugs (17).

Conclusion
The development and application of PCA are still in progress. For instance, in addition to the limited, though informative, sets of applications described here, the strategy is
being applied to large-scale screening of entire genomes.
More sophisticated problems of protein design and protein
folding are being explored, including studies of the factors that control the selection of sequences for optimal
interactions between proteins, proteins and nucleic acids,
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and proteins and small organic molecules. PCA is a very
general and ﬂexible experimental approach, and thus we
should expect to see a growing number of novel applications of this basic tool to molecular and cell biology in the
near future.
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