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Abstract

A diverse series of mammalian two-hybrid technologies for the detection of protein—protein
interactions have emerged in the past few years which complement the established yeast two-hybrid
approach. Given the mammalian background in which they operate, these assays open new avenues
to study the dynamics of mammalian protein interaction networks, i.e. the temporal, spatial and
functional modulation of protein—protein associations. In addition, novel assay formats are available
that enable high-throughput mammalian two-hybrid applications, facilitating their use in large-scale
interactome mapping projects. Finally, as they can be applied in drug discovery and development
programs, these techniques also offer exciting new opportunities for biomedical research.

Interactome mapping: awork in progress

Protein interactomics is a fast growing field of research that aims to add sense to the wealth of
genomic data generated over the last decade by mapping “who sees who” in the cellular
proteome. Such an approach should help us to understand how proteins are organized and how
they function. Interaction mapping also is particularly relevant for human health; many diseases
can be linked to aberrations in protein interaction patterns which rewire signalling networks
and cause disease phenotypes [1-3].

The two main approaches which have been applied in high-throughput efforts to chart protein
(sub-) network maps in a variety of model organisms have generated complementary datasets.
Biochemical technologies involve affinity purification of protein complexes from cell lysates
followed by mass spectrometry-based identification of their constituents [4]. Genetic methods,
by contrast, are based on reconstitution or activation of a reporter upon interaction of
genetically fused “bait” and ‘prey’ proteins in living cells, and mostly generate binary
interactions [5]. Although many genetic interaction mapping technologies have been
developed, large-scale binary mapping efforts largely rely on the “classic’ yeast two-hybrid
(Y2H) system as it is one of the only genetic screening platforms that provides the throughput
necessary to create large-scale interaction maps (Box 1). To challenge the widespread
scepticism surrounding the quality of these datasets, a recently published series of papers
describing large-scale Y2H-based interactome analysis in yeast [6], worm [7,8] and human
[9] applied a number of mammalian two-hybrid methods as validation tools, demonstrating
that state-of-the-art Y2H technologies can generate high-quality datasets. The idea of
experimental quality assessment through retesting was further elaborated by the development
of a confidence score for binary protein interactions using a panel of orthogonal methods
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[10]. Interestingly, cross-comparison revealed that sensitivity and specificity of the mammalian
technologies are comparable to that of the Y2H system. In addition, Y2H and mammalian
approaches are highly complementary with regard to the subset of interactions they are able to
detect. Although the application of mammalian methods has often been limited to validating
(high-throughput) interactomics data, the data generated by most mammalian techniques is
‘richer’, and the additional information they provide could help to reveal the biological
significance of particular protein interactions. Therefore, a more widespread application of
these technologies seems justified. In this review, we zoom-in on the mammalian genetic
complementation methods, or mammalian two-hybrids in the broad sense, focussing on recent
applications that demonstrate their added value in comparison to established yeast-based
technologies.

Box 1
The Y2H system

The Y2H principle was originally developed by Stanley Fields [53] and was based on the
observation that eukaryotic transcription factors have a modular structure, consisting of
DNA-binding domain (DB) and a transactivation domain (AD) separated by a linker (Figure
1a). The DB recognizes and binds a specific sequence in the promoter region of a gene, and
the AD interacts with the RNA polymerase Il enzyme (Pol) to stimulate gene transcription.
The flexibility of the linker enables the transcription factor to regulate gene transcription
even when binding a DNA sequence remotely positioned relative to the gene’s transcription
start site. Importantly, neither of these subdomains alone can induce transcription.

In the Y2H system (Figure Ib), the DB and AD of a yeast transcription factor (e.g. GAL4)
each are tethered to a protein of interest (X and Y), resulting in two hybrid proteins (X-DB
and Y-AD). Physical association between the proteins X and Y in yeast cells genetically
engineered to express both hybrid proteins brings the DB and AD into proximity, thereby
reconstituting the transcription factor. The DB of this functionally complemented
transcription factor can bind a recognition site in the reporter gene promoter region, and the
AD interacts with RNA polymerase |1, driving transcription of one or more reporter genes.
The produced reporter proteins enable selection of those cells that harbor a pair of interacting
proteins.

For nearly two decades, Y2H has been the workhorse of interactome mapping. The system
has been applied to chart the first drafts of genome-wide protein networks in a broad range
of organisms [6,8,54-56]; at the same time it has been used for focused studies of (disease-
related) subnetworks [1,2]. Currently, large-scale Y2H analyses to systematically map the
estimated 130,000 binary interactions in the human interactome are ongoing and this
screening effort is expected to be completed within the next few years [9,10].
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(b)

Pol  reporter gene

Figure 1. Outline of the Y2H concept

(a) Modularity of eukaryotic transcription factors. DB and AD are coupled by a flexible
linker, thereby allowing simultaneous binding of the DB to its cognate promoter region and
the AD with RNA polymerase Il (Pol). Both events are required to activate gene
transcription,

(b) The Y2H assay. Interaction of proteins X and Y reconstitutes transcription factor activity
by complementing its DB and AD, respectively, and activating reporter gene transcription.
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From static to dynamic interactomes

Interactomes are dynamic protein networks in which many protein—protein interactions are
context-dependent and require specific modifications and/or structural alterations of the
interacting partners which only occur under the appropriate cellular conditions [11,12]. In
contrast to yeast systems where cofactors or regulatory proteins are often absent, mammalian
two-hybrids allow the assayed proteins to undergo the proper modifications in their native
cellular context. Additionally, this native background provides the necessary adaptor proteins
to bridge the association of indirectly interacting proteins. Thus, not only should mammalian
methods enable detection of a subset of interactions that might remain hidden using yeast-
based approaches, they should also allow protein interactions to be tracked as a function of
time, space (subcellular distribution) and physiological context (activation or inactivation of a
cellular process induced by natural or synthetic stimuli). Adding information that describes
changes in connectivity to the static interactome scaffolds, as currently obtained using Y2H,
should provide insight into the functional dynamics of the interactome, extending the
interactomics paradigm to “who sees who, when, where and how”. Thus, whereas Y2H
methods likely will remain unsurpassed in throughput and coverage, mammalian technologies
could become essential tools for focused studies on the dynamics of (subsets of) the
interactome. In the following paragraphs, we review the most prominent technologies that have
been successfully applied to capture some of the plasticity of protein interaction networks in
living mammalian cells.

Mammalian two-hybrid sensu stricto

The most straightforward adaptation of the Y2H approach to mammalian cells is a conceptual
replica of the original yeast technique, in which the physical association of two proteins coupled
to the DNA-binding domain (DB) and trans-activating domain (AD) of a transcription factor,
respectively, elicits transcriptional activation of a reporter gene. The reconstituted transcription
factor in this “mammalian two-hybrid sensu stricto’ (M2H s.s.), typically consists of the yeast
GAL4 DB and the AD of the herpes simplex virus VP16 protein, a transcriptional activator in
mammalian cells. An early account where this approach was applied to analyze the context-
dependency of protein—protein interactions described the transforming growth factor-p (TGF-
f)-dependent association of Smad2 and Smad4 with CREB binding protein (CBP). Smad2-
Smad4 heterodimers mediate TGF-p signalling, and this study showed that their interaction
with the transcriptional co-activator CBP is essential for TGF-p-induced transcriptional
responses [13]. More recently, the M2H s.s. method was applied to monitor the effect of protein
kinase A (PKA) activation and treatment with the anti-cancer drug tamoxifen on the interaction
between estrogen receptor o (ERa ) and the transcriptional co-activator steroid receptor
coactivator-1 (SRC-1) thereby unraveling the mechanism behind PKA-induced tamoxifen
resistance [14].

Split B-galactosidase

Based on the success of the two-hybrid assay principle, the use of transcription factor fragment
complementation has been extended to utilize other proteins whose reconstitution generates a
quantifiable signal. In some cases the reconstituted protein itself is a reporter, e.g. the split -
galactosidase assay. Here, two proteins of interest are fused to subunits of the Escherichia
coli B-galactosidase enzyme, modified to inhibit spontaneous association. Interaction between
the proteins of interest brings the B-galactosidase subunits into close proximity, reconstituting
a functional enzyme which can be detected with a suitable substrate (Figure 1a). This technique
was applied to dissect ligand-dependent interactions between epidermal growth factor receptor
(EGFR) family members, a number of which have been associated with breast cancer
malignancy (EGFR and ErbB2), thereby providing insight into the mechanism of action of the
anti-ErbB2 antibody Herceptin which is widely used in cancer therapy [15]. The addition of
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EGF-type ligands to mouse fibroblasts which express fusion proteins in which the intracellular
domain of the receptor chain is replaced by a fragment of the B-galactosidase reporter, revealed
that ErbB2 can associate with the EGFR and ErbB3 upon stimulation, but does not
spontaneously form homodimers. In a field that is troubled by conflicting reports, these results
support the notion that ErbB2 cannot signal on its own, but instead requires interactions with
other EGFR family members. Using the same fusion proteins, Herceptin action was revealed
mainly to disrupt EGFR-ErbB2 heterodimers, indirectly resulting in reduced EGFR cell
surface expression; these results could explain the antibody’s strong anti-tumour effect [15].
In two other reports, the same B-galactosidase complementation assay was inventively applied
to monitor ligand-induced activation of G-protein-coupled receptors (GPCRs), a
therapeutically important receptor family whose activation has been difficult to assess with
existing methodologies [16,17]. Although GPCRs comprise an extensive family of receptors
involved in diverse physiological processes, two universal protein—protein interactions
associated with GPCR activation were exploited to develop two independent split -
galactosidase-based receptor activation assays. Dose-dependent responses to GPCR agonists
and antagonists agreed between the different assays. Further, using a luminescence readout,
(ant)agonist-dependent GPCR activity was followed in live mice implanted with cells
engineered to express components of the complementation assay [17]. In addition, the assays
were amenable to compound screening in a pilot experiment to identify molecules which
interfere with GPCR activation [16].

B-lactamase protein-fragment complementation

The split B-galactosidase assay exploits the natural occurrence of defined and spontaneously
associating subdomains in the native enzyme that can be separated and which reconstitute
enzymatic activity upon complementation. Although the assay uses mutant enzyme domains
to prevent spontaneous assembly, a weak affinity remains, leading to undesired background
signal. This source of background is avoided in a number of other complementation assays by
using complementary protein fragments whose folding is proximity-dependent. This strategy
is generally referred to as protein-fragment complementation assay (PCA) and applies to a
variety of reporter proteins (including p-lactamase, dihydrofolate reductase (DHFR), ubiquitin,
different luciferase enzymes and various fluorescent proteins) and is used in a range of cellular
backgrounds (reviewed in [18,19]; Boxes 2 and 3).

Box 2
Working with hybrid proteins: some cautionary remarks

In contrast to protein interaction mapping methods based on affinity purification/mass
spectrometry, where a tagged bait pulls down complexes of endogenously expressed
proteins, two-hybrid technologies rely on exogenous expression of hybrid bait and prey
proteins. These hybrid proteins consist of a genetic fusion between the protein (domain) of
interestand a component of the complementation system (e.g. a subdomain of a transcription
factor or a fragment of a fluorescent protein). The use of exogenously expressed fusion
proteins entails a number of risks that could generate false positive (interactions which do
not occur between the corresponding endogenous proteins) or false negative (endogenous
interactions which are missed) signals. The points discussed below apply to two-hybrid
technologies in general, regardless of the cellular background they are used in. However,
certain methods are more sensitive to some of the potential pitfalls than others.

Steric hindrance

Depending on the nature of the complementation fragments being coupled to the tested
protein pair and on the length and flexibility of the linker between these fragments and the
tested protein, the complementation fragments can hinder association of the tested proteins,
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resulting in a false negative interaction. Moreover, the size and orientation of the tested
proteins can preclude reporter fragment complementation, similarly leading to false
negatives.

Conformational changes

In some cases, fusion proteins adopt altered conformations, either inhibiting normally
occurring interactions or facilitating non-native interactions. Conformational perturbation
can also disrupt context-dependency, e.g. by exposing an interaction domain that is normally
hidden in the protein structure unless a context-dependent protein modification occurs.

Altered localization

Fusion proteins can localize to cellular regions where the endogenous protein normally
never exists, thus enabling non-native interactions. Such interactions are sometimes termed
‘pseudo-interactions’ [10].

Avrtificial co-expression

In two-hybrid assays, the two chimeric proteins are co-expressed, whereas the
corresponding endogeneous proteins might never be present concurrently. Such non-native
interactions are also referred to as ‘pseudo-interactions’.

Over-expression

Exogenous expression of the bait and prey fusions creates the risk that the tested proteins
interact merely due to their high concentration in the cell. To avoid this pitfall, in theory
one can titrate expression levels of the fusion proteins to approximate those of the
endogenous proteins, but owing to the requirement for case-by-case optimization, this is
not routinely done.

Box 3
Mammalian two-hybrids: features and opportunities

Aside from the requirement of operating in a mammalian background, the ideal technology
for studying mammalian protein interaction dynamics would combine high sensitivity and
specificity with high spatial and temporal resolution, causing minimal cell perturbation and
offering a choice of readouts. In reality, however, the available methods exhibit specific
pros and cons. Here we review some of the important features related to tracking protein
interaction dynamics.

Signal amplification

Different levels of signal amplification contribute to an assay’s sensitivity. For example,
reconstituted enzymatic activity is an amplification step as it can constitutively process
substrate into a signal (e.g. B-galactose, B-lactamase and luciferase PCAS). In reporter gene
assays, the transcriptional activation amplifies the signal, and when the reporter gene
encodes an enzyme, additional signal amplification is obtained (e.g. M2Hs.s.). Enzymatic
reporter genes can be further combined with another amplification level, e.g. in MAPPIT,
where transcription factors are constitutively activated by a complemented cytokine
receptor. In a number of assays there is no signal amplification at all, e.g. BiFC, FRET and
BRET.

Signal reversibility

To allow dynamic tracking of protein interactions, signals must be reversible. This property
depends on a number of factors. First, the complemented reporter protein fragments must
rapidly separate such that dissociation triggers reporter activity loss. This requirement
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presents a problem in BiFC, as fluorescent protein folding is irreversible [21,22]. Second,
in reporter gene assays producing a stable enzyme, the accumulated enzyme remains active
even when reporter gene activation ends following disruption of the protein interaction.
Clearly, a trade-off exists between signal intensity and reversibility, and consequently
between sensitivity and the ability to monitor interaction dynamics.

Kinetics of signal generation

The speed at which a signal is generated determines the temporal resolution of the assay.
In PCAs, which depend on folding of a reporter protein, folding speed is a critical factor.
Fluorescent proteins generally fold slowly [21,22] whereas some luciferases fold
particularly fast [25,26]. Reporter gene assays also exhibit a lower temporal resolution
because they depend on transcription kinetics. The fastest on- and off-rate is obtained with
FRET and BRET which do not rely on folding, transcription or substrate conversion, thereby
resulting in real-time kinetics [30,31].

Ability to visualize the signal

Some techniques generate a visible signal which allows subcellular localization of the
interacting proteins. The highest spatial resolution is obtained with BiFC and FRET; DHFR
andRenillaluciferase PCAs and BRET can obtain less detailed data [21,22,26,30,31,57].

One of the first studies to apply PCA to analyze context-dependent interactions in mammalian
cells used complementation of B-lactamase enzymatic activity to track the phosphorylation-
dependent association between cAMP response element binding protein (CREB) and CBP
[20]. Two rationally dissected B-lactamase fragments were fused to the CBP KIX domain and
the CREB kinase inducible domain (KID), and interaction-mediated reporter activity was
measured by fluorescence microscopy. The CREB-CBP association relies on phosphorylation
of a specific serine residue within the CREB KID. This PKA-dependent phosphorylation is
activated by increased intracellular cCAMP levels. Interestingly, the B-lactamase
complementation assay was able to reproduce the context-dependency of the CREB-CBP
interaction as signals significantly increased upon exposure to forskolin, an activator of cellular
adenylyl cyclase, and to the cell-permeable cAMP analog CPT-cAMP. In addition, time-lapse
fluorescence microscopy was used to track the signal, as a function of time, upon forskolin and
CPT-cAMP stimulation, and the results were in accordance with the reported kinetics of
endogenous CREB phosphorylation [20].

Bimolecular fluorescence complementation

A remarkably versatile class of PCAs with regard to the spatial component of context-
dependent protein interaction mapping are those that make use of a split fluorescent protein
reporter, also referred to as bimolecular fluorescence complementation (BiFC; Figure 1b). A
wide variety of spectral variants of the green fluorescent protein (GFP) have been engineered
into PCA-type protein interaction assays to allow direct subcellular visualisation of protein
association and translocation of protein complexes, and multicolour applications allow
simultaneous monitoring of different protein interactions (reviewed in [21,22]). Apart from
delineating the subcellular site of protein complex localization, which already adds a layer of
functional information onto an interaction network, BiFC approaches can also track the effects
of changesin the cellular physiology. One example applied PCA to investigate functional cross-
talk between TGF-B and insulin signalling pathways [23]. A split B-lactamase assay identified
a novel physical link between protein kinase B (PKB) and Smad3. Next, a YFP fragment
complementation assay revealed that PKB—Smad3 interaction is induced by insulin and
inhibited by TGF-B; moreover, these complexes were localized at the plasma membrane and
cytosol, but not in the nucleus of insulin-treated cells. In addition, wortmannin, a
phosphoinositide-3-kinase (PI3K) inhibitor that impedes PKB phosphorylation, prevented
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insulin-induced PKB-Smad3 association. These results support the model that insulin can
counteract TGF-B-mediated apoptosis by inducing phospho-PKB-mediated Smad3
sequestration [23].

Although fluorescence-based PCAs potentially enable analysis of every aspect (space, time
and functional modulation) of protein interaction dynamics, two features limit their application
to mainly the spatial component: the slow and irreversible nature of reconstituted fluorescent
reporter protein folding. Maturation of most complementation-competent fluorescent proteins
takes minutes if not hours, precluding accurate time-resolved analysis of complex association.
Once folded, the interacting protein pair anchored to the fluorescent protein is stabilized and
cannot dissociate, thereby limiting the analysis of dynamic interactions. Next generation
fluorescent proteins with reduced maturation times and reversible folding would greatly extend
application of the BiFC technology. Nevertheless, it should be mentioned that this
irreversibility also has a bright side: it traps interactions that are too weak and/or transient to
detect with other methods. For instance, GFP PCA can identify weak interactions with a Kd
of 1ImM [24].

Luciferase complementation

Two recently reported PCAs are based on reconstitution of Gaussia and Renilla luciferase
fragments [25,26]. Owing to the absence of cellular background luminescence, these reporter
proteins exhibit high sensitivity when compared to fluorescent PCA reporters which suffer
from cellular autofluorescence. Importantly, folding of the complemented luciferase enzymes
is very fast (in the order of seconds) and reversible, enabling their use for near real-time analysis
of protein interaction dynamics. Indeed, the Gaussia PCA was used to quantitatively analyse
functional modulation of the PKB-Smad3 association upon insulin and/or TGFp stimulation
[25]. The Renilla PCA was used to monitor association and dissociation of the regulatory and
catalytic subunits of PKA, which reflect the enzyme’s inactivation and activation, respectively.
The assay faithfully reported rapid changes in PKA (dis)assembly induced by treatment with
(ant)agonists of endogenous GPCRs [26]. As the wavelengths associated with the “classical’
luciferase from firefly are longer than those produced through the Gaussia and Renilla
enzymes, a property which facilitates deeper tissue penetration, firefly luciferase
complementation is particularly useful for protein interaction analysis in living animals. By
example, this technique enabled the visualization of dose-dependent rapamycin-induced
interaction between FK506-binding protein 12 (FKBP12) and rapamycin target protein (FRB)
in live mice [27].

Split TEV assay

In the complementation systems described thus far, a designated reporter protein is
reconstituted upon protein—protein interaction. Each of these reporters combines a set of
specific features that determine the sensitivity and flexibility of the assay: incorporation of an
enzymatic signal amplification step, a requirement for exogenous substrates and availability
of substrates compatible with different read-outs (colorimetric, luminometric, fluorometric,
microscopic). In a highly flexible approach, a proteolytic activity that can drive a reporter
system of choice, rather than the reporter itself, is reconstituted. In the split TEV assay, protein
association complements the tobacco etch virus (TEV) protease, which then cleaves a specific
recognition sequence, either proteolytically liberating a reporter enzyme or releasing a
transcription factor that shuttles to the nucleus where it can activate a reporter gene [28] (Figure
1f). The latter option allows the introduction of an additional transcriptional amplification step,
in addition to the enzymatic amplification, in the event that an enzymatic reporter is chosen.
Although the irreversibility of reporter activation by TEV cleavage and the different levels of
amplification contribute to the sensitivity of the assay and its ability to identify weak and
transient interactions, these features at the same time compromise the assay’s ability to capture
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interaction kinetics and dynamics. Nevertheless, a transcription factor-coupled split TEV
firefly luciferase reporter assay was able to monitor neuregulin-induced ErbB2-ErbB4
heterodimerization [28] and phosphorylation-dependent ErbB4—adaptor protein binding [29].

Resonance energy transfer systems

In the broad definition, mammalian two-hybrids also include complementation methods in
which signalling relies on fluorescence resonance energy transfer (FRET) or bioluminescence
resonance energy transfer (BRET) between two hybrid proteins (Figure 1d). As in BiFC, the
FRET signal can be generated by a fluorescent protein, but not by complementation of
fragments of the fluorescent protein. Instead, in FRET the proteins of interest are fused to intact
fluorescent proteins with overlapping emission and excitation spectra. When brought into close
proximity, nonradiative energy transfer between the excited ‘donor’ (e.g. CFP) and “acceptor’
fluorophore (e.g. YFP) elicits fluorescence emission from the latter [30]. As this
complementation strategy does not rely on protein folding or maturation, it is fast and
reversible, allowing true real-time analysis of protein association and dissociation with high
spatial resolution. In BRET, a luciferase enzyme (typically from Renilla), instead of a
fluorescent protein, is used as energy donor, thereby eliminating the need for exogenous
excitation and avoiding some of the related problems, e.g. photobleaching. Likewise, BRET
allows real-time analysis of protein complex formation. Compared to FRET, the subcellular
resolution is limited, but BRET allows protein—protein interactions to be monitored for several
hours [31]. Both FRET and BRET approaches have been used to monitor the dose-dependent
ligand-induced interaction between GPCRs and their cognate G-proteins during GPCR
activation as well as subsequent desensitization with high temporal, and in the case of FRET
also spatial, resolution [32,33]. Although both FRET and BRET are conceptually very well
suited for studying protein interaction dynamics, their widespread application is hampered
because both methods are technically demanding. In addition, as ~100A proximity between
the donor and acceptor groups is required for significant energy transfer to occur, design of the
fusion proteins cannot be generalized and requires dedicated case-by-case optimization.

Capturing protein interaction dynamics using Y2H

Although the previous paragraphs described the significance and potential utility of
mammalian approaches in charting modulation of protein interaction networks, it should be
noted that Y2H can capture some aspects of mammalian protein interaction dynamics. In cases
where the bait itself is subject to context-dependent modification, but where no additional
context-specific factors are required, Y2H can identify and analyse context-dependent
modulation of protein association. As an example, Y2H was used to identify nitric oxide (NO)-
dependent procaspase-3 interaction partners [34]. Via nitrosylation, NO functionally regulates
proteins. To determine whether NO also controls the protein interaction spectrum of
nitrosylated targets, a Y2H screen was carried out to find interaction partners for procaspase-3,
an apoptosis-related protein whose activity is regulated by (de-)nitrosylation [35]. After
adapting the yeast background to permit NO signalling (by deleting the endogenous NO-
scavenger flavohemoglobin), a prey cDNA library from murine macrophages was screened in
the presence of NO. A number of interacting proteins were recovered and their NO-dependent
interactions with caspase-3 were confirmed via Y2H and immunoprecipitation assays in
mammalian cells.

Increasing the throughput

In most of the examples described above, functional regulation of a single or a limited set of
protein interactions was monitored. Simultaneous evaluation of the dynamic properties of
larger subsets of the interactome, or ultimately the proteome-wide systematic mapping of
interactome changes, will require application of these approaches on a larger scale. Mammalian
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assays are much less amenable to high-throughput analyses than yeast technologies such as
Y2H. However, current lab automation standards have proven adequate to scale-up interaction
assays in mammalian cells thereby facilitating interrogation of larger parts of the interactome
space. LUMIER (luminescence-based mammalian interactome mapping), a method which
combines aspects of both genetic and biochemical approaches, has generated one of the most
elaborate mammalian interactome subnetworks obtained thus far [36] (Figure 1e). In LUMIER,
two hybrid proteins are co-expressed: one contains a Flag-tag to enable immunoprecipitation
and the other is fused to a Renilla luciferase reporter to enable luminescent detection of the
interaction. The assay was automated in 96-well format and used to map the TGFf protein
interaction network. A set of baits comprising key members of the TGFp signalling pathway
was combined with a library of 518 prey proteins, and interaction was assayed in the absence
or presence of TGF, revealing a dynamic interaction pattern for many of the tested baits and
identifying novel, physiologically validated protein associations.

cDNA library screening provides a generic approach to interrogate a large pool of proteins for
interaction with a particular bait. A number of two-hybrid methods have been adapted for the
screening of complex prey cDNA libraries in mammalian cells, successfully identifying novel
protein associations (e.g. [37]). Although cDNA libraries offer a wide coverage of the
proteome, including different splice variants as well as full length proteins and protein
fragments, these approaches are generally time-consuming and require the tedious process of
identifying the prey associated with cell clones recovered in the screening process. One way
to avoid this identification step involves the use of reverse transfected cell arrays. In this
approach, arrayed prey plasmids are reverse transfected with a bait-expressing cell pool,
thereby allowing rapid screening of a fixed collection of prey (Box 4). As the array format
allows miniaturization and robotic handling and because prey identity is easily determined by
its position in the array, both efficiency and throughput can be increased tremendously. This
cell array concept has been successfully applied to MAPPIT (mammalian protein—protein
interaction trap), a mammalian two-hybrid developed in our own lab where bait and prey are
tethered to fragments of cytokine receptors whose functions are restored upon their
complementation [38] (Figure 1c). One of the strengths of this methodology is that activation
of the readout relies not only on bait—prey interaction but also requires addition of the proper
cytokine ligand, thus adding an extra level of control over false positives. Together with
LUMIER and a YFP-based complementation assay, MAPPIT is one of the mammalian two-
hybrid approaches that was incorporated into the validation tool-kit used to retest Y2H data
resulting from the ongoing proteome-wide human interactome mapping effort [10]. In a pilot
study where MAPPIT was coupled to the cell array format, a 384-well microplate array of
~1900 full length human preys was used to identify novel proteins that associate with SKP1
(S-phase-kinase-associated protein-1) or Elongin C, subunits of multi-protein-type E3
ubiquitin ligase complexes [39] (Box 4). Downscaling the cell array approach to glass slides,
as recently illustrated in a small-scale experiment using M2H s.s. [40], should further increase
efficiency.

Box 4
Reverse transfected cell arrays

Several steps are required to produce reverse transfected cell arrays, i.e. arrays of small cell
populations that are reverse transfected with a different nucleic acid (Figure la). First, a
collection of nucleic acids (plasmid DNAs, PCR products, siRNAs, shRNAs) are mixed
with a transfection agent and gelatin and are spotted on a carrier, which can be a glass slide
or a microtiter plate. Next, cells are seeded on the carrier, forming a lawn on top of the
nucleic acid spots. Owing to the presence of a transfection agent, the nucleic acids are taken
up by the cells growing on the spots. The gelatinous matrix immobilizes the nucleic acids,
spatially restricting the nucleic acid transfer. This localized reverse transfection results in
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an array of cell clusters each containing a distinct nucleic acid. When siRNAs are used, a
different gene is targeted for silencing in each cluster of the cell array. Similarly, if
expression plasmids are utilized, each spot of the cell array expresses a different gene. The
stability of the nucleic acid-transfection agent mixes allows repeated and/or parallel testing
of large collections of nucleic acids. The use of glass slides as a carrier renders the assay
economical with regard to reagent consumption both for array production (transfection
reagents) and for signal readout. High-density reverse transfection arrays can contain
several thousand spots on a single slide, each accommodating the transfection of 30-500
cells depending on spot size and cell type. This level of miniaturization, however, requires
strong signals and/or sensitive detection methods. Microtiter plate arrays commonly
generate more robust signals, at the expense of reduced cost-effectiveness and throughput.

Reverse transfected cell arrays were first developed by the Sabatini group; their original
approach arrayed a collection of expression plasmids on glass slides and screened the
resulting cell microarray for proteins involved in tyrosine kinase signalling, apoptosis and
cell adhesion [58]. More recently, the assay primarily has been used to screen arrays of
siRNAs, enabling rapid identification of genes involved in a particular phenotype [59].

The MAPPIT approach incorporates the array format into a mammalian two-hybrid assay
(Figure Ib [39]). Here, a cell array is generated starting from a 384-well microtiterplate array
which contains a collection of prey plasmids mixed with a luciferase reporter gene. These
arrays are overlaid with cells expressing a particular bait, yielding a different bait-prey
combination in each well of the array. This setup allows rapid screening of a large collection
of preys for novel bait interaction partners.
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Figure I. Reverse transfected cell arrays and their application in MAPPIT

(a) Generation of a cell array. Reverse transfection mixtures containing nucleic acids
complexed with a transfection reagent are spotted onto a carrier surface. After drying, these
arrays are overlaid with cells and incubated. Cells growing on top of the spots are (reverse)
transfected with the nucleic acids present in the dried reverse transfection complexes,
resulting in an array of transfected cells.

(b) Result of an array MAPPIT screen. MAPPIT is an inducible assay that requires
stimulation with an appropriate cytokine ligand. To exploit this additional level of control,
luciferase signals obtained from samples treated with ligand are corrected for the
background signal from samples that were not ligand-stimulated. The resulting induction
factor is used to score interactions. In the conceptual example depicted here, each dot
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represents a different prey being combined with the bait that is being screened. For each
bait—prey combination the normalized luciferase activity obtained with and without addition
of the ligand are plotted against each other. Bait—prey combinations yielding a signal above
a user-defined cut-off (dashed line; here corresponding to 10-fold induction of ligand treated
versus untreated) score positive (red dots).

The increase in throughput that can be obtained by using cell arrays should make proteome-
wide interaction mapping feasible in mammalian cells. Such a goal seems sensible in light of
the complementarity in interactome coverage that has been observed in benchmarking
experiments comparing Y2H with mammalian two-hybrids, i.e. no single approach is able to
uncover a complete protein interaction network [10]. In addition, the increased scale should
allow rapid evaluation of interaction networks under varying physiological conditions induced
by differential treatment of parallel sets of an array, helping to map interaction network
dynamics.

Applications in drug discovery

The majority of marketed drugs target single proteins, mainly enzymes and membrane
receptors. These protein classes are very attractive for drug development because they exhibit
well-defined catalytic pockets or ligand binding domains that can readily be targeted with small
molecular weight compounds. A notable issue with these classical drug targets is their limited
number. Compared to single protein targets, protein—protein interactions represent a nearly
unlimited resource for therapeutic intervention. On the other hand, protein interactions also
represent a greater challenge for manipulation: interaction interfaces often consist of large and
flat surfaces that are difficult to disrupt with small organic molecules. However, the
identification within such seemingly featureless surfaces of compact ‘hot spots’ that
significantly contribute to the affinity of the association between proteins boosted the interest
in protein—protein interactions as drug targets [41-43]. As a result, a number of protein—protein
interaction disruptors are currently proceeding through clinical trials, e.g. nutlins (which
disrupt the p53—-Mdmz2 interaction [44]) and ABT-737 (which targets the interface between
Bcl-2 family members [45]).

As they operate in intact mammalian (human) cells, mammalian two-hybrid technologies
provide excellent opportunities to assist in the quest for compounds which target protein—
protein interactions. Apart from their application in the identification of interacting protein
targets, most available approaches can detect compounds that directly interfere with protein—
protein associations by disruption of the interaction interface or through allosteric effects. To
date, however, such examples are limited to exemplary cases (e.g. [25,28,46—49]). Although
details about large-scale compound screening campaigns are unlikely to find their way into the
public literature, a number of reports describe the successful application of mammalian two-
hybrids in screening large compound collections. A recent example used a -galactosidase
complementation assay to identify molecules that inhibit inducible nitric oxide synthase
(iNOS) homodimerization, which is essential for activation of this NO synthesizing enzyme.
A screen of ~800,000 compounds identified several candidate iNOS inhibitors [50]. Another
widely recognized challenge in drug development is restricting a drug’s action spectrum to the
intended target in order to minimize side-effects. When a drug binds its (un)intended target, a
biochemical pathway is perturbed, leading to the (un)desired phenotype. As biochemical
pathways are characterized by sets of protein—protein interactions, tracking these interactions
can be an efficient way to monitor cellular drug effects. Mammalian two-hybrid technologies
are particularly useful for this purpose as they can assess (changes in) protein interaction
networks in living cells. A recent report confirmed the validity of this concept using Y FP-based
protein-fragment complementation in human cells [51]. PCAs were developed for 49 protein
pairs that represent well-characterized protein interactions in 10 different cellular processes or
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pathways. These intracellular ‘sensors’ were individually expressed in a standard cell line and
the effect of 107 drugs was assessed both quantitatively and qualitatively using fluorescence
microscopy. Clustering of the resulting pharmacological profiles, together with knowledge of
drug-dependent phenotypes, pointed to unexpected effects for a number of the drugs tested. In
addition, the interaction pattern of a subset of 25 protein pairs proved to be highly predictive
of an antiproliferative phenotype, thus demonstrating the prognostic power of this approach
[51].

A more direct way to explain or predict the (off-target) effects of drugs is offered by a particular
adaptation of the MAPPIT technique. In MASPIT (mammalian small molecule-protein
interaction trap), a three-hybrid setup displays a chemical compound as bait, enabling direct
identification of its protein targets [52]. A cDNA library screen for proteins which bind the
ABL tyrosine kinase inhibitor PD173955 identified not only ABL, but also a number of other,
known and novel, kinase targets. This approach also should prove particularly useful for cases
in which no cellular target is known.

Concluding remarks

Numerous mammalian two-hybrid technologies, which offer ample opportunities to study
mammalian interactome dynamics, are reaching maturity. Most of these methods are highly
complementary not only in the subset of interactions they can detect, but also in the nature
(spatial, temporal, and contextual) and level of detail of the information they generate. As the
throughput at which these approaches are being applied increases, we can expect a growing
amount of qualitative interactome data to supplement the protein network scaffold that is
currently being generated by proteome-wide Y2H- and affinity purification-based screening
campaigns. Further integration with other ‘omics’ datasets, including those derived from large-
scale gene and protein expression and metabolomics studies, should support systems biology
efforts to capture cellular processes in network models. Such models will be of tremendous
value to our basic understanding of the complexity of biological processes and as a predictive
tool in disease monitoring and drug development.
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(a) (b)

reporter gene
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Figure 1. Overview of M2H assay principles

Schematic outline of the M2H assays discussed in the text. The interacting proteins X and Y
are depicted in green; complemented protein fragments or proteins are grey. Please note that
the M2H (sensu stricto) assay is not depicted here as it is conceptually identical to the Y2H
system (Box 1).

(a) Enzyme complementation systems. The interaction between two proteins of interest (X and
Y) brings together two fragments of a reporter enzyme (F and F'); this reconstitutes the
enzyme’s catalytic activity, converting a substrate (circles) into a detectable product (squares).
The enzyme fragments can be pre-folded subunits (e.g. the split B-galactosidase assay) or
fragments that fold only upon complementation (e.g. the B-lactamase and luciferase protein
fragment complementation assays).

(b) BiFC. Association of proteins X and Y reconstitutes a fluorescent protein from two
fragments (F and F'), resulting in fluorescent emission upon excitation at a suitable wavelength
(yellow halo).
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(c) MAPPIT. Bait X is coupled to a signalling-deficient cytokine receptor (via substituting
tyrosine residues in the receptor tail which are critical for recruiting signal transducer and
activator of transcription (STAT) proteins (brown dots)). The prey Y is tethered to a portion
of another receptor containing intact recruitment sites. Upon bait—prey interaction, a functional
receptor is reconstituted which can be activated by the appropriate cytokine ligand. Upon ligand
binding, pre-associated Janus kinases (Jak) are activated by cross-phosphorylation (P).
Activated Jaks phosphorylate (P) tyrosine residues in the receptor fragment coupled to the prey
(white dots), which then act as docking sites for STATSs. Recruited STATS are in turn
phosphorylated by the Jaks, leading to their activation and subsequent dissociation and
translocation to the nucleus. In the nucleus, STAT dimers induce STAT-dependent reporter
gene transcription. In the MASPIT setup, dihydrofolate reductase (DHFR) is coupled to the
signalling deficient receptor chain and a chemical compound is fused to methotrexate, a
molecule that binds to DHFR with very high affinity. Addition of such a methotrexate fusion
compound to cells expressing the DHFR-coupled receptor results in the chemical compound
being displayed as a bait.

(d) FRET and BRET. Association of proteins X and Y brings into proximity an energy donor
(don) and acceptor protein (acc). In FRET, (intact) fluorescent proteins are used as donor and
acceptor. Excitation of the donor fluorophore causes nonradiative energy transfer to occur
between the two, resulting in fluorescent emission of the acceptor fluorophore (yellow halo).
Instead of a fluorescent protein, a luciferase enzyme is used as a donor in BRET. Enzymatic
oxidation of a luciferase substrate generates bioluminescence, and energy transfer to the
acceptor protein produces a fluorescent signal.

(e) LUMIER. Interaction between a Flag-tagged (triangle) bait protein X and a prey protein Y
fused to Renilla luciferase is detected by bioluminescence measurements (yellow halo) of
immunoprecipitates obtained from cell lysates using anti-Flag antibodies coupled to sepharose
beads (brown sphere).

(f) Split TEV assay. Association between proteins X and Y complements a functional TEV
protease from fragments F and F'. At the site of a TEV recognition sequence, the protease
cleaves a chimeric protein consisting of a transcription factor (TF) coupled to an ERT2 domain,
thus retaining the transcription factor in the cytosol. After cleavage, the released transcription
factor migrates into the nucleus where it induces reporter gene transcription. Note that the split
TEV assay is a flexible system and that the setup shown here is only one of the possible choices.
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