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Abstract. Proteins very rarely act in isolation. Biomolecular interactions are central to all
biological functions. In human, for example, interference with biomolecular networks often
lead to disease. Protein–protein and protein–metabolite interactions have traditionally been
studied one by one. Recently, significant progresses have been made in adapting suitable
tools for the global analysis of biomolecular interactions. Here we review this suite of powerful
technologies that enable an exponentially growing number of large-scale interaction datasets.
These new technologies have already contributed to a more comprehensive cartography of
several pathways relevant to human pathologies, offering a broader choice for therapeutic
targets. Genome-wide scale analyses in model organisms reveal general organizational
principles of eukaryotic proteomes. We also review the biochemical approaches that have
been used in the past on a smaller scale for the quantification of the binding constant
and the thermodynamics parameters governing biomolecular interaction. The adaptation
of these technologies to the large-scale measurement of biomolecular interactions in
(semi-)quantitative terms represents an important challenge.

Keywords: yeast-two hybrids, TAP/MS, protein complexes, affinity constant, affinity
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Introduction

Since the sequencing of the first eukaryotic genome, Saccharomyces
cerevisiae, some 10 years ago [1], our understanding of the basic building
blocks that make up a cell has spectacularly improved. The explosion of new
analytical tools in the fields of genomics, proteomics and metabolomics
contributes ever-growing molecular repertoires of a cell. However, biology
does not rely on biomolecules acting in isolation. Biological function usually
depends on the concerted action of molecules acting in protein complexes,
metabolic or signaling pathways or networks.

Traditionally, assays were designed to study a few selected gene products
and their interactions in a defined number of chosen biological contexts.
These decades of one-by-one studies have contributed a wealth of knowledge
on how cells sense, store and transduce information through a defined
number of signaling routes or pathways [2]. In human, impaired or
deregulated protein–protein or protein–metabolite interaction often leads
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to disease. Also, the majority of targets of current therapeutics are part of a
limited number of cellular pathways [3]. A precise cartography of these
pathways is believed to contribute to the identification of drug targets, and to
help understanding the mechanism of action and side effects of therapeutic
compounds. One of the goals of this review is to exemplify and illustrate the
importance of protein–protein, but also protein–small-molecule (metabolite)
interactions for human biology and pathology.

Recently, the study of protein–protein, and more broadly biomolecular
interactions, has taken center stage. New strategies have been designed that
allow the study of interactions more globally at the level of entire biological
systems. A section of this review is dedicated to the description of the
technologies adapted to chart biomolecular interactions on a systems-wide
scale. Their respective advantages, shortcomings and limitations are
presented. These methods have already contributed molecular maps of
several pathways involved in human pathologies. More global, genome-scale
protein–protein interaction screens performed in a model organism,
S. cerevisiae, have provided a molecular network that serves as basis for the
interpretation of simple genetic data such as gene essentiality. There is a
greater tendency for proteins central in networks to be lethal when deleted [4].

Biomolecular interactions in human diseases

The spatial and temporal coordination of the many cellular enzyme activities
through extensive and highly regulated protein–protein interaction networks
bears remarkable functional relevance. The specificity of protein–protein
recognition is believed to essentially rely on two distinct mechanisms. In
some cases, specialized domains or binding sites accommodate smaller
determinants or peptides present on the interaction partner [2]. For example,
Src homology 2 (SH2) domains specifically interact with small peptides
containing a phosphotyrosyl residue. PSD95-DLG-ZO1 (PDZ) domains
target small (4 amino acid long) consensus binding motifs located at the
C-terminus of the interaction partners. These short linear motifs are critical
to many biological processes. They often show medium to low affinities
(0.5–10mM) and thus tend to be mediators in transient interactions,
especially in signaling networks. The derived plasticity from these weak
affinities and the often low conservations might be an advantage for fast
adaptation of networks according to changing environment [5–7]. In other
cases, protein–protein interaction involves much larger interfaces. This
modality of recognition requires mostly folded domains and occurs with
higher affinities in the low nanomolar or even picomolar range. A famous
example are proteins containing a leucine zipper, in which a-helices interact
tightly and fit together [2,8].

Very similar to the associations taking place between proteins, interactions
involving small molecule metabolites and proteins play key biological
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functions. The relationship between metabolomes and proteomes is not
limited to enzyme–substrate or –product interactions. Many metabolites
have well-known signaling roles, as second messengers. Others, such as
succinate and a-ketoglutarate, two intermediates of the citric acid cycle,
are ligands of mammalian G-coupled receptors, GPR91 and GPR99 [9].
Many metabolic enzymes and many signaling proteins are allosterically
modulated by metabolites. Binding to small molecules is often mediated by
a variety of more than thousand specific domains (Protein Data Bank:
www.rcsb.org/pdb/).

Among the 2,000 monogenic syndromes with a known molecular basis
(Online Mendelian Inheritance in Man, 2000), mutations that affect
biomolecular interactions are not uncommon (Table 1). Noteworthy
examples are mutations in receptors that affect their ability to interact with
the cognate ligands. The Apert syndrome, characterized by skull malforma-
tion, syndactyly and often mental deficiency, is caused by mutations in the
fibroblast growth factor receptor 2 (FGFR2) that selectively increase the
affinity for FGF2 [10]. Enzymes are also extensively involved in protein–
protein interactions. For instance, DNMT3B is a DNA methyltransferase
implicated in the immunodeficiency, centromeric instability, facial anomalies
(ICF) syndrome, a rare autosomal recessive disorder. Missense mutations
characterized in ICF patients map not only within the catalytic site but also
affect an N-terminal PWWP domain, involved in protein–protein interac-
tions [11]. Also, mutations have been characterized that prevent the assembly
of a functional multiprotein complex. A good example is a RFXANK gene
mutant that fails to assemble a regulatory factor X (RFX) complex required
for the expression of MHC class II genes. This leads to the bare lymphocyte
syndrome [12]. Finally, a variety of abnormal or erroneous interactions
between brain proteins can result in the formation of toxic aggregates of
proteinacious fibrils. These ‘‘fatal attractions’’ [13] are the apparent cause of
a variety of neurodegenerative disorders, such as sporadic and familial
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and
prion encephalopathies.

Similarly to protein–protein interactions, deregulation of protein–metabolite
interactions leads to many pathological status in human (Table 1). For
example, the Bannayan-Riley-Ruvalcaba syndrome, characterized by macro-
cephaly, multiple lipomas and hemangiomas [14], is caused by mutation in the
phosphatase PTEN. Different mutations map in a protein kinase C conserved
region 2 (C2) domain that has relatively broad specificities for phospholipids.
Pleckstrin-homology domains (PH) (http://smart.embl-heidelberg.de/), the
11th most frequent domain in human, mediate the specific recruitment of
key signaling proteins to the membrane pools of phosphatidylinositol
phosphates (PIPs). PH domains share an extremely conserved fold, despite
divergent primary sequences. X-linked a-gamma-globulinaemia (XLA),
characterized by the absence of mature B-lymphocyte and all immunoglobulin



Table 1. Altered biomolecular interaction in human diseases.

Disease and syndrome Mutated gene
product

Interacting partner References

Protein–protein interaction
Apert syndrome Fibroblast growth

factor receptor 2:
FGFR2

FGF [10]

Familial melanoma Tumor suppressor
gene: p16(INK4)

Cyclin-dependent
kinases (CDK4,
CDK6)

[110,111]

CADASIL NOTCH3 NOTCH3, Fringe [112,113]
Bare lymphocyte

syndrome
RFXANK RFX complex [12]

Branchio-oto-renal/
Branchio-otic
syndromes

SIX1 EYA1 [114]

Adrenoleukodystrophy ATP-binding
cassette
transporter:
ABCD1

ABCD1 [115]

Holt-Oram syndrome Tbx5 NKX2.5 [116]
ICF syndrome Methytransferase

gene: DNMT3B
Unknown [117]

Giant axonal neuropathy Gigaxonin MAP1B-LC [118]
Hereditary nonpolyposis

colorectal cancer
Mismatch repair

gene: MLH1
PMS2 [119]

Protein-metabolite interaction
Bannayan-Riley-

Ruvalcaba syndrome
PTEN, C2 Phospholipids [14]

X-linked
agammaglobulinemia

BTK, PH PI3,4,5P [15,16]

Pseudoxanthoma
elasticum

ABCC6, NBF
(nucleotide
binding fold)

ATP [120]

Vitamin D-dependent
Rickets, Type II

VDR, Steroid
hormon-binding

1,25-dihydroxyvitamin
D3

[121]

Sporadic colon cancers,
Familial Partial
Lipodystrophy Type 3

PPARG, Ligand-
binding

Broad variety of ligand [122]

Human breast, colorectal
and ovarian cancers

AKT1, PH PI3,4,5P, PI3,4P [123]

4

isotypes, is caused by mutations in the Bruton’s protein tyrosine kinase (Btk)
(Table 1) [15]. Many mutations have been reported that cluster within the
tyrosine kinase domain and also in the amino terminal PH domain of Btk
[15,16].

The examples listed in Table 1 do not represent a comprehensive
inventory. They illustrate that the spatial and temporal orchestration of the
many enzyme activities through extensive and highly regulated biomolecular
interaction networks bears remarkable functional relevance. Mutational
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lesions or environmental factors impairing the pathway flow or deregulating
connections lead to pathology, as surely as interferences with the catalytically
active sites do.

Charting biomolecular interactions

The sequencing of the full repertoire of genes in several organisms and
significant breakthrough in the fields of proteomics opened the way to more
holistic protein–protein interaction analyses. Mainly two types of approaches
have been adapted: the yeast two-hybrid system that allows the mapping of
pairwise associations and affinity purification methods coupled to mass
spectrometry, MS-based protein identification, designed for the character-
ization of protein complexes (Table 2). Alternative strategies are emerging,
such as pulldown coupled to MS or microarrays that will also be presented.
These screening methods are generally limited to qualitative measurements.
Table 2. Overview of large-scale protein–protein interaction studies.

Method Organism Interactions References

Yeast two-hybrid
Y2H H. pylori B1,520 [47]

S. cerevisiae B4,500 [124]
S. cerevisiae B1,000 [48]
C. elegans B5,000 [51]
D. melanogaster B20,400 [49]
D. melanogaster B2,300 [50]
H. sapiens B2,800 [52]
H. sapiens B3,200 [53]
Kaposi sarcoma-

associated herpes virus
B120 [102]

Varicella-zoster virus B170 [102]
Epstein-Barr virus B40 [101]
C. jejuni B11,600 [125]

Affinity chromatography
TAP/mass

spectrometry
S. cerevisiae B4,100 [28]

S. cerevisiae [29]
S. cerevisiae [30]
E. coli B5,250 [27]
H. sapiens [32]
O. sativae B220 [126]

Immuno-affinity
purification/mass
spectrometry

S. cerevisiae B3,620 [24]

Others
Protein microarrays S. cerevisiae B40 [77]
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Fig. 1. Main methodologies in the study of biomolecular interactions. The appro-
aches are grouped according to their aim. (The color version of this figure is hosted
on Science Direct.)
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We also review the arsenal of quantitative approaches that are currently
amenable to smaller scale work (Fig. 1). Finally, a number of databases have
been developed that integrate biomolecular interaction data from various
origins (large-scale physical or genetic interactions, literature mining) and
provide a very rich source of information (Table 3). The necessity to integrate
the exponentially growing number of protein interaction datasets being
generated, recently lead to the development of ‘‘The Minimum Information
required for reporting a Molecular Interaction experiment (MIMIx),’’ a
community standard for the representation of protein interaction data [17].
Large-scale approaches: Interactome mapping

Biochemical approaches

Analysis of protein complexes: Affinity purification-mass spectrometry
The emergence of sensitive and high-throughput MS methods has fuelled the
development of methods employing the biochemical purification of whole
cellular assemblies. Pioneering work used specific antibodies directed against
epitopes present on endogenous protein complexes or recombinant specific
interaction domains combined with MS to identify protein complexes. This



Table 3. Protein–protein interaction databases available on the Internet and their
URL addresses. See also The Jena Center for Bioinformatics Protein–Protein
Interaction Website (http://www.imb-jena.de/jcb/ppi/).

Database Internet URL address (http://) Species

Experimental datasets for protein–protein interactions:

The GRID www.thebiogrid.org C. elegans, D. melanogaster,
S. cerevisiae

SGD www.yeastgenome.org/ S. cerevisiae
CYGD mips.gsf.de/genre/proj/yeast/ S. cerevisiae
BOND bond.unleashedinformatics.com/

Action?
A. thaliana, B. taurus,

C. elegans,
D. melanogaster, G. gallus,
H. pylori, HIV1,
H. sapiens, R. norvegicus,
S. cerevisiae, M. musculus

HPRD www.hprd.org/ H. sapiens
DIP dip.doe-mbi.ucla.edu/ C. elegans, D. melanogaster,

E. coli, H. pylori,
H. sapiens, M. musculus,
R. norvegicus, S. cerevisiae

MINT mint.bio.uniroma2.it/mint/
Welcome.do

B. taurus, C. elegans,
D. melanogaster, E. coli,
H. pylori, H. sapiens,
M. musculus,
R. norvegicus, S. cerevisiae

IntAct www.ebi.ac.uk/intact/index.jsp C. elegans, D. melanogaster,
E. coli, H. sapiens,
M. musculus, S. cerevisiae

Biocarta www.biocarta.com/ H. sapiens, M. musculus
MPPI mips.gsf.de/proj/ppi/ Mammals
PDB www.rcsb.org/pdb/ Archae, Bacteria, Eucaryota,

Viruses
Experimental datasets for protein–small-molecule interactions:

KDBI xin.cz3.nus.edu.sg/group/kdbi/
kdbi.asp

AffinDB www.agklebe.de/affinity
LPDB lpdb.chem.lsa.umich.edu
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has been successfully applied to the protein assembled around neurotrans-
mitter receptors N-methyl-D-aspartate (NMDA) and 5-hydroxytryptamine
2c (5-HT2C) [18,19]. The main advantage is that endogenously expressed and
native proteins are retrieved from cells or even tissues, which is closest to
physiological conditions. Availability of specific antibodies or other affinity
capturing agents remains a major limitation.

More generic approaches exploiting known high-affinity interactions have
been broadly developed where the proteins of interest ‘‘baits’’ are fused to an
affinity-tag that is eventually captured on a suitable affinity chromatography
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resin. Many different genes can be fused to the same tag in parallel, expressed
in the appropriate cell type and isolated using the same affinity resins. The
components of the purified protein complexes are identified by MS either
directly (shot-gun sequencing approaches) or after one-dimensional gel
electrophoresis. The tag is often an epitope-tag. An antibody directed against
the tag, instead of the bait protein itself, is used for protein complex
purification. A broad variety of epitope-tags are available such as Myc,
HA, Flag and KT3. Other tagging systems have also been developed that
exploit enzyme–substrate interaction, for example, between glutathione-
S-transferase (GST) and glutathione (GSH) or the use of strep tags [20].
A variety of tag-affinity resin pairs are currently available. Their respective
performances in a variety of expression systems have been extensively
reviewed [21–23]. In the past, mono-affinity approaches have been adapted to
the large-scale purification of yeast protein complexes assembled around
more than 700 baits involved in cell signaling and in the DNA damage
response [24] (Table 2).

Further improvements aimed at a higher discrimination against unspecific
protein background while retaining the essential components of the protein
complex. More stringent washing steps in ‘‘traditional’’ mono-affinity
purification schemes are not always compatible with the preservation of the
protein complex integrity. The tandem affinity purification (TAP) protocol
utilizes sequentially two epitope-tags, Protein A and calmodulin binding
peptide (CBP), instead of one and addresses some of the signal-to-noise
issues [25,26]. The TAP-fusion protein is expressed in cells and a protein
complex can assemble under physiological conditions with the endogenous
components. The tagged protein along with associated partners is retrieved
by two steps of affinity purifications (Fig. 2A). First, the protein A tag is
immobilized on immunoglobulin resin. The protein complex is specifically
eluted by protease cleavage, using Tobacco Etch Virus (TEV) protease. The
TEV protease very specifically cleaves a seven amino-acid sequence that has
been introduced between the Protein A and the CBP tags. The TEV cleavage
sequence is only found in a few human, mouse or yeast proteins, ensuring
that the retrieved complexes are not digested. In a second affinity step, the
complex is immobilized to calmodulin-coated beads via the CBP tag. This
step removes the TEV and further contaminants. As the CBP–calmodulin
interaction is calcium dependent, a second specific elution step is achieved
through the removal of calcium with a chelating agent (EGTA).

The TAP/MS protocol has been rapidly adapted to high-throughput
analyses of protein complexes in a variety of organisms, including the
bacteria Escherichia coli [27], S. cerevisiae [28–30], plants [31] and human [32]
(Table 2). Proteome-wide screens in yeast, including more than 2,000 baits,
provided the largest repertoire of eukaryotic protein complexes so far [29,33].

The TAP–MS approach is not limited to one cell type, it is possible to
monitor and quantify changes in complex compositions in different cell lines,
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during development or following various cell stimulations [34–36]. Only one
protein is cloned and tagged, all other components of the complex are native
proteins and reflect the natural diversity of protein isoforms, such as
alternative splicing and post-translational modifications. Because of the two
steps of purification, it generally efficiently reduces the unspecific protein
background and most importantly, stringent purification condition can be
avoided. The protein complexes can be kept under ‘‘native’’ conditions
throughout the purification procedure. For example, TAP-purified com-
plexes have been successfully used for electron microscopy studies [37,38].
A diversity of different tag combinations are also now available that have
been optimized for expression in mammalian or insect cells [39,40].

The affinity purification/MS methods are not generally designed to
monitor very labile or transient interactions (generally Kd p mid nM;
unpublished data). In addition, the fusion with an epitope-tag may
sometimes interfere with the biological function of the tagged protein, as it
impairs its folding, its recruitment within a protein complex or its sub-cellular
localization. These risks can be significantly reduced by creating and
analyzing both N-terminal and C-terminal fusions in parallel. Finally,
over-expression can also lead to aberrant localization, protein aggregation or
toxicity. Generally, tight controls over the expression levels and the bait-
protein localization should be included in any systematic screen setting [32].
Protein or small molecule pulldown
The pulldown assay is probably one of the oldest and widest spread
techniques to identify biomolecular interactions [41]. The assay monitors the
ability of a ligand (bait), for example, a recombinant protein, a domain, a
peptide or a metabolite bound to a matrix, to specifically capture proteins
from a complex cell extract (Fig. 2B). The binding of the bait to the matrix
can be achieved by chemical cross-linking. Alternatively, the bait can be
expressed as a tag-fusion, for example, GST-fusion, with specificity for a
particular affinity resin, for example, glutathione sepharose (GST-pulldown).
Analyte proteins (preys), typically a cellular extract, are incubated with the
bound bait and non-interacting proteins are washed away under mild washing
conditions. Protein interactors can then be eluted by high-salt conditions,
cofactors, competitors, chaotropic agents or sodium dodecyl sulfate (SDS)
and are identified with specific antibodies (western blot) or by MS.

In contrast to classical affinity chromatography methods (see aforemen-
tioned), pulldown is less physiological, as the binding happens in vitro on a
solid support. The assay, however, is generally very sensitive. With
appropriate concentrations of the immobilized ligand, i.e., well above the
Kd of the interaction, interactions with binding constants as weak as 10�5M
can be detected. This high sensitivity, however, comes at the cost of a
relatively low specificity and a high rate of false positives. Generally,
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adequate controls, for example, inactive mutants or analogs, must be
carefully designed to discriminate artifactual binding.

Mann’s group used synthetic peptides from the four members of the
ErbB-receptor family either tyrosine phosphorylated or non-phosphorylated
in pulldown experiments. By quantitative MS they characterized the
phosphotyrosine-dependent interactions induced by growth factors stimula-
tion. The analysis recapitulates almost all previously known epidermal
growth factor receptor substrates as well as 31 novel effectors [42].

Another interesting area of pulldown application is the monitoring of
small molecule- or metabolite-binding profiles in complex proteomes. Such
approaches have been broadly used to study protein–lipid interactions using,
for example, biotinylated liposome of varying lipid composition or
Fig. 2. Technologies for the large-scale charting of biomolecular interactions. (A)
Tandem Affinity Purification (TAP): A bait protein is fused to a TAP-tag built of a
protein A coupled via a TEV protease sensitive linker to a calmodulin-binding
peptide. The TAP-bait fusion is expressed at endogenous levels and can form a
functional complex in native like conditions. The protein complex is isolated via two
subsequent chromatographic purification steps, the first involving purification on
IgG beads followed by elution via TEV cleavage and a second step on calmodulin
beads followed by EGTA elution. Individual protein complex subunits can be
visualized on SDS PAGE and identified by mass spectrometry. X, bait protein;
Y and Z, natural complex subunits (preys); CBP, Calmodulin-binding peptide.
(B) Pulldown: GST pulldown is shown here as an example for chromatographic
affinity protein or small molecule pulldown. The bait protein is fused to an affinity
tag (GST) which can bind an affinity chromatography resin (Glu, gutathione
sepharose beads). It is incubated with prey proteins and unspecific proteins are
washed away, while interacting proteins remain bound to the bait. Binders can be
visualized by SDS PAGE, western blot or any other suitable method. (The color
version of this figure is hosted on Science Direct.) (C) Yeast two hybrid: A bait
protein is fused to a DNA-binding domain of a specific promoter, which is coupled
to a reporter gene. A bank of prey proteins fused to an activation domain is cloned
into the yeast cells, where only one prey protein is expressed in one yeast clone. If
interaction between bait and prey takes place the reporter gene is activated and an
expression phenotype can be visualized. DBD, DNA binding domain; AD,
activation domain; X, bait protein; Y and Z, prey proteins. (D) Phage display:
A phage library with individual phages expressing different prey proteins are
incubated with a bait protein, which is immobilized on a solid surface. Non-specific
phages are washed away and specific interacting phages are titrated and amplified.
Specifically binding phages are amplified in 4–5 rounds of panning and the binding
preys identified by sequencing of the phage DNA. (E) Protein or small molecule
microarray: A bank of prey proteins or small molecules is spotted on a solid surface.
The array is then incubated with labeled or tagged bait. Labels can be visualized
either directly (GFP, Radioactivity) or indirectly via antibodies.
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concentration [43]. More recently, pulldown approaches coupled to MS have
elegantly been applied to the proteome-wide charting of cAMP/cGMP- [44]
and purine-binding proteomes [45].

Genetic approaches

Monitoring binary interaction; the yeast two-hybrid system
The yeast two-hybrid system is a genetic, ex vivo assay that allows the
charting of binary interactions. Its principle relies on the modular nature of
transcription factors that contain both a site-specific DNA-binding domain
(DBD) and a transcriptional activation domain (AD) that recruits the
transcriptional machinery to the promoters. The interaction between a ‘‘bait’’
fusion (protein X-DBD hybrid protein) and a ‘‘prey’’ fusion (protein Y-AD
hybrid protein) reconstitutes a functional transcription factor which turns on
the expression of reporter genes or selection markers [46] (Fig. 2C).

The system is readily scalable and has very rapidly evolved to genome-wide
strategies that have been broadly applied to the charting of protein–protein
interactions in a variety of organisms (Table 2), including Helicobacter
pylori (Rain et al. [47]), budding yeast [48], Drosophila melanogaster [49,50],
Caenorhabditis elegans [51] and Homo sapiens [52,53]. The two-hybrid system
is a sensitive assay suitable for the detection of weak and/or very
transient interactions. Dissociation constants down to 10�6M, correspond-
ing to the range of the weakest interaction occurring in the cell, can be
detected this way.

The system also has drawbacks mainly related to its ex vivo nature.
Expressed fusion proteins are forced to the nucleus, which may not be their
natural location. For example, membrane proteins are usually not
compatible with such a nuclear-based assay. Ectopically expressed proteins
may not undergo the appropriate post-translational modifications. Similarly,
interaction often involves cooperative, allosteric events or chaperone-assisted
assembly that may not occur in the nucleus. Finally, transcription factors, as
well as other proteins (about 5–10% of gene products) can auto-activate
transcription of the reporter genes making them unsuitable for this approach.

Several modified versions of the yeast two-hybrid system have been
developed that address some of these limitations. They involve the
reconstitution of modular proteins other than transcription factors that
enable the analyses of proteins not amenable to the ‘‘classical’’ two-hybrid
assay (essentially membrane proteins and transcription factors). It includes
the SOS [54] or the Ras recruitment systems [55], the G-protein-based
screening assay [56], the split-ubiquitin system [57] and the mammalian
protein–protein interaction trap (MAPPIT) based on the complementation
of signaling-deficient type I cytokine receptors [58]. Although some of these
assays are apparently robust [59], none of them has yet been used in high-
throughput proteome-wide screens.
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Reverse versions of the two-hybrid system have been developed, where the
disruption of a given protein–protein interaction generates a signal. These
reverse approaches, initially developed in yeast [60], have matured in an
arsenal of assays that allow the screening for small molecules disrupting
selected protein–protein interactions [61,62]. Finally, the most recent
application of the two-hybrid principle is MASPIT, a three-hybrid trap for
quantitative screening of small molecule–protein interactions in mammalian
cells [63]. Using MASPIT, Caligiuri et al. [63] could show that besides its
well-known inhibitory action on the SRC kinase, the pyrido[2,3-d]pyrimidine
PD173955 is also a potent inhibitor of several ephrin receptor tyrosine
kinases.
Phage display
Smith, Scott and colleagues first proposed a way of displaying polypeptides
on the surface of filamentous M13-derived bacteriophages [64]. Polypeptides
(preys) are expressed as fusions with the phage coat protein pIII [64,65].
During the phage assembly process, the resulting fusion proteins are
transported to the bacterial cell membrane and are incorporated into the
phage particle along with the single-stranded DNA (ssDNA) encoding the
displayed fusion protein [65]. Phage libraries displaying large diversity of
preys (109 unique sequences) can be created, amplified and screened for the
specific binding to an immobilized target protein (bait). Usually three to five
rounds of panning are sufficient to enrich for phages expressing a peptide
sequence interacting with the bait. The identity of the polypeptide binder is
deduced by sequencing the corresponding phage DNA (Fig. 2D). When
necessary, affinity maturation for individual clones can be performed
through generation of secondary libraries of mutated peptides [66–68].

Phage display is suitable for the charting of interactions with affinity
constants in the micromolar to nanomolar range. To fine-tune the sensitivity
of the assay to a particular bait, alternative systems have been engineered.
They use different viral coat proteins that are expressed and displayed at the
phage surface with different stoichiometry [69]. The system has clear
limitations as many proteins do not fold properly in bacterial periplasm.
To circumvent this problem, new strategies use lytic bacteriophages, such as
T4 [70], T7 [71] or P4 [72,73], that assemble their capsids in the cytoplasm.

Phage display has proven particularly powerful to the selection of
relatively small peptides. Using phage display, Robinson et al. [74] screened
a peptide library for the selection of nonameric sequences that specifically
bind and target human papilloma viruses (HPVs) transformed cells. They
identified three different consensus tumor-targeting sequences that could be
employed for the selected delivery of therapeutics. Other illustrative examples
are recent epitomics screens where peptide libraries were selected for the
specific binding to antibodies from serum of cancer patients. The selected
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peptides were used to develop a peptide array used for the diagnostic of
cancer [75,76].

Protein and small molecule microarrays

It has become routine to use DNA microarrays to probe the expression of
thousands of genes in parallel. Similarly, protein or small molecule
microarrays have been developed. They provide a mean to the rapid and
parallel screening of large numbers of proteins for biochemical activities,
protein–protein, protein–lipid, protein–nucleic acid and protein–small
molecule interactions (Fig. 2E). The first high-density proteome microarray
consisted of 5,800 GST-HisX6 tag-fusion yeast proteins [77]. Such protein
microarrays are currently commercially available. Details on the procedure
have been extensively reviewed [78,79]. Protein arrays are in principle
amenable to proteome-wide screens for protein–protein interactions. So far
though, they have been only used on limited scale to identify new calmodulin-
and phospholipid-binding proteins as well as to monitor domain–domain
and antigen–antibody interactions [77,80–82].

Similarly, a variety of small molecule arrays have been developed, that
involve the covalent coupling of entire chemical collections of synthetic small
molecules [83,84] or natural products [85] to a solid surface. Small molecule
micorarrays have been used in a broad range of applications such as the
determination of protease activity profile on cell lysates [86], the study of
ligand binding specificity of proteins and domains [87] and the identifi-
cation of protein modulators [88]. For instance, using a small molecule
microarray containing a selection of 3,800 compounds, Kuruvilla et al. [88]
identified 8 small molecules that selectively bind the yeast transcriptional
regulator Ure2.

Measurement of the dynamics of biomolecular interactions: The quantitative

methods

Generally, the information contributed by large-scale studies of biomolecular
interactions is static. Indeed, the methods designed to the charting of
networks on a large-scale fail to capture the dynamic aspect of recognition
that is central to the whole cell functioning. Many of the large-scale
methods imply the expression of proteins under non-physiological
conditions and in these ex vivo or in vitro systems, the regulation and the
fine-tuning of the molecular interactions at cellular and physiological levels
are usually lost.

To fill this gap, approaches based on the affinity purification of molecular
assemblies formed inside the cell and the measurement, by quantitative MS,
of changes in complex stoichiometry following various cell stimulations have
emerged [34,36]. Also, in silico strategies imply the integration of interaction
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with global expression data [89–91]. Pseudo-affinity scores have been
developed that approximate the tendency of protein pairs to associate and
form direct physical contact [29].

In this paragraph, we review several biochemical approaches that have
been used in the past on a smaller scale to quantify the binding constants and
the thermodynamic parameters governing biomolecular interactions. Some
of the methods might be amenable to more global strategies (Fig. 3).
Fluorescence-based assays such as fluorescence resonance energy transfer
(FRET) also hold great promises. They allow the monitoring and
quantification of protein–protein interactions inside a living cell. These
technologies are outside the scope of this review and will not be discussed;
they have been extensively reviewed elsewhere [92,93].
Qualitative

Quantitative

Weak bindingStrong binding

Low throughput

High throughput

Kd measurement nMµM

AP/MS or TAP/MS
Pulldown

Yeast two hybrid
Phage display

Microarray

Surface plasmon resonance

Stopped flow

ITC

Equilibrium dialysis

Weak binding Strong binding

Holdup

Fig. 3. Recapitulative plot of the described methods. The methods cited in the paper
are plotted according to their features. Qualitative methods are depicted on the left
side, quantitative on the right side. The Y-axis codes compatibility for high
throughput. The X-axis codes for the capacity to detect and analyze weak or strong
interactions. In case Kd can be quantitatively described, the working range is
indicated as a double-headed arrow, ranging from sub-micromolar to nanomolar.
Black boxes are indicative for techniques which allow working in solution; grey
boxes for techniques, where one partner is bound to a solid matrix.
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Surface plasmon resonance: Equilibrium and competition in solution

Almost 15 years after the development of the first biosensor relying on the
principle of surface plasmon resonance (SPR) [94], SPR-based strategies have
gained popularity in the field of interactomics, because of the high accuracy,
reliability and sensitivity in reporting binding rates. An electromagnetic wave
is measured, which propagates in a sensor surface between a dielectric and a
metal (usually gold), the so-called surface plasma wave (SPW). Biacore and
other SPR-based instruments use an optical method to measure the refractive
index near the sensor surface (within 300 nm). A sensor surface is integrated
in a flow cell (IFC) through which an aqueous solution passes under
continuous flow (1–100ml/min). The ligand (bait) is immobilized by chemical
cross-linking onto the sensor surface either directly or on different
carboxymethylated dextran matrices. The binding of the analyte (prey)
results in an increase in local density at the surface of the sensor. This change
is measured in real time and expressed in resonance units (RU). One RU
represents the binding of approximately 1 pg protein/mm2.

SPR has been broadly used to study the binding behavior of macro-
molecules such as recombinant proteins with their natural ligands. It
generates real-time data and is well designed for the analysis of binding
kinetics. An interesting extension is the possibility to design experiments,
where measurements are made at different temperatures. This allows the
monitoring of thermodynamic parameters (entropy, etc.). SPR performs for
the measurement of interactions that cover broad ranges of Kd, from nM to
the high mM range. An important limitation to kinetic analysis is due to the
effect of mass transport that affects interactions with fast kon values. At kon
faster than about 106–107M�1s�1, the measurements significantly lose accuracy.

Stopped flow

Stopped flow experiments [95,96] are designed to measure interactions that
have a very fast kinetic (rapid kon and koff ) and that are usually not amenable
to SPR or other methods. The principle relies on the very fast mixing of bait
and prey solutions. The time required for mixing the two solutions, the ‘‘dead
time,’’ is the shortest measurable time point in a stopped flow experiment.
It ranges from 500 to 40ms for the latest generations of stopped flow
instruments. Fast reactions also require fast measurement methods. The
mixing chamber is usually coupled to an external device for measuring the
binding reaction, such as UV or visible spectroscopy, circular dichroism
spectrometer, fluorescence spectrometer or electrical conductivity. Besides
the possibility to monitor fast kinetics other advantages rely on the fact that
measurement happens in solution. In consequence, there is no need of
coupling the bait or the prey to a solid surface. Finally, only low amounts of
biological material are needed.
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Calorimetry – isothermal titration calorimetry (ITC)

Isothermal titration calorimetry (ITC) is a quantitative technique that is
designed to measure the binding affinity (Ka), enthalpy changes (dH ) and
binding stoichiometry (n) between two or more molecules interacting in
solution. An isothermal titration calorimeter is composed of two identical
cells made of a highly efficient thermal conducting material surrounded by an
adiabatic jacket. Sensitive thermocouple circuits are used to detect
temperature differences between a buffer-filled reference cell and a sample
cell containing the interacting macromolecule. During the experiment, the
ligand (bait) is injected into the sample cell containing a prey. An exothermic
reaction produces heat; the opposite occurs in case of an endothermic
reaction. A power is applied to the reference cell and is coupled to a feedback
circuit, activating a heater, located on the sample cell. The calorimeter
measures the power needed over time to maintain the reference and the
sample cell at an identical temperature.

ITC measures interaction directly in solution and does not require any
modification or immobilization of bait or prey. ITC directly measures the
heat change during the complex formation and, in addition to the binding
constants, it also measures the thermodynamic parameters governing the
interaction [97,98]. The main limitation remains the need of relatively high
amount of sample (in the order of milligrams).

Equilibrium dialysis

Equilibrium dialysis is probably one of the simplest and nevertheless an
effective assay for the study of interactions between molecules. The
experimental setup is based on two chambers which are separated by a
dialysis membrane. The molecular weight cut off of this membrane is chosen
such that it will retain the ligand (bait) while the analyte (prey) diffuses freely.
A known concentration and volume of prey is placed into one of the chambers.
Its diffusion across the membrane and binding to the bait takes place until
equilibrium has been reached. At equilibrium, the concentration of prey in free
solution is the same in both chambers. In the bait chamber, however,
the overall concentration is higher due to the presence of bait–prey complexes.
The equilibrium binding of various concentrations of the prey and bait can be
used to determine the Kd as well as number of binding sites on the bait.

Equilibrium dialysis also offers the ability to study low affinity interactions
that are undetectable using other methods. It has been used to the detailed
study of antigen–antibody interactions [99].

Hold up

The hold up assay, also called ‘‘comparative chromatography retention
assay,’’ is based, like the pulldown assay, on the reversible binding of a bait
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to affinity resin. The main difference is that the hold up assay does not
include washing steps and directly measures the amounts of prey remaining
in solution upon exposure to the resin-bound bait. Therefore, in contrast to
pulldown experiments, the hold up assay gives access to visualization of
complexes at equilibrium conditions. Because it measures interaction at
equilibrium, it allows detection of fast-exchanging protein complexes.
Equilibrium dissociation constants (Kd) are measured that are comparable
to the ones measured using SPR [100]. The hold up assay is specifically
adapted to monitor weak protein interactions, where high concentrations of
bait are necessary. The method is extremely simple and the general
experimental setup is prone to automation. Work on this aspect is actually
in progress.

Conclusions and perspectives

Nowadays, a growing choice of technologies is available to the scientists for
the global charting of biomolecular interactions. These large-scale
approaches have already contributed comprehensive cartographies of the
proteins functionally involved in various human pathways that underlie
pathologies. For instance, in human, the systematic mapping, by TAP/MS,
of the protein interaction network around 32 components of the pro-
inflammatory TNF-alpha/NF-kappa B signaling cascade led to the
identification of 221 molecular associations. The analysis of the network
and directed functional perturbation studies using RNA interference
highlighted 10 new functional modulators that provided significant insight
into the logic of the pathway as well as new candidate targets for
pharmacological intervention [32]. Recently, global analysis of the interac-
tion between a variety of viruses and their hosts provided new hypotheses on
viral strategies for replication and persistence [101–103]. Generally, the
elucidation of pathways or cellular processes important to human diseases is
expected to contribute alternative therapeutic targets with better chemical
tractability and also to provide a molecular frame for the interpretation of
genetic links.

In the simple eukaryote, S. cerevisiae, more global, genome-wide screens
for protein complexes raised the interesting view that protein multifunction-
ality may be a more general attribute than initially anticipated [28,104].
Different protein complexes very often use the same protein to exert their
different biological functions. About 37% of the proteins were found to be
part of more than one protein complex [105]. Proteins, similar to the globular
domains they are made of, are used in a combinatorial manner and
contribute to the assembly of a variety of ‘‘molecular machines.’’ Protein
modularity or multifunctionality has been proposed to support parsimonious
increases in organismal complexity, i.e., with a relatively constant number of
genes. The understanding of protein modularity in higher eukaryotes may



19
not only provide a molecular frame for the explanation of genetic traits such
as genetic pleiotropy, but is also expected to contribute to the selection of
more specific and ‘‘safer’’ drug targets.

The systematic and unbiased charting of biomolecular networks in a
variety of organisms contributes to our understanding of the sequences,
motifs and structural folds involved in the processes of molecular recognition
[5]. These recent advances opened new avenues for the identification of leads
that specifically abrogate or modulate disease-relevant interactions. Promis-
ing successes include FTY720 (fingolimod; 2-amino-2[2-(4-octylphenyl)
ethyl]-1,3-propanediol, Novartis) a sphingosine-one phosphate (S1P) analog
that binds four of the S1P receptors [106], disruptors of the interaction
between p53 and murine double minute 2 (MDM2) [107], compounds that
interfere with the interaction between Bcl-2 and Bak [108] and small
molecules inhibitors of SH3-mediated interactions [109].

Finally, the adaptation of existing technology to the large-scale measure-
ment of biomolecular interactions in (semi-)quantitative terms represents an
important challenge.
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