
Chapter 2
Background

This chapter provides an overview of key topics that serve as background for the
rest of the book. First, we discuss the roles of proteins in living organisms. This
is followed by a brief discussion on protein-protein interactions and methods for
analyzing them. Finally, we briefly highlight on the roles of databases, ontologies
and annotations in proteins and their interactions.

2.1 Proteins: The Building Block of Life

The basic building block of all living organisms is the cell. The cell itself is a complex
machinery—within it a plethora of processes and components that govern the mech-
anisms of the cell [23]. Microtubules, tubular shaped scaffolds of the cell, provide
not only shape and structure, but also act as tracks for transporting cellular cargoes.
Mitochondrions are the molecular engines of the cell, generating fuel to power cel-
lular machines. These are just a few examples of cellular components that regulate
the cell machinery.

The various parts of the cell work in tandem to regulate biological processes—
functionalities performedwithin the cell that control its behavior and state, depending
on its internal and external environments. For example, the cell cycle is a biological
process that controls the growth and replication of itself. Transport processes cargo
cellular components within the cell, as well as exporting cargoes out of the cell and
importing cargoes into it. Homeostatic processes regulate the equilibriumof chemical
concentration in the cell to a desirable optimum.

Remarkably, the machines that run biological processes of cells are largely per-
formed by one class of molecules called proteins [30]. A protein is composed of a
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Fig. 2.1 The central dogma
of molecular biology. (Image
by Dhorspool at
en.wikipedia)

linear sequence of amino acids that are folded into a 3D structure. Informally, one
can think of proteins as strings of words formed by an alphabet of amino acids.
There are 20 “canonical” amino acids in eukaryotes [36]. Each amino acid exhibits
distinct chemical properties (such as polarity and hydrophobicity) and also physical
properties (such as mass), giving a 3D structured protein its character and behavior.
The roles of proteins are many and varied. For instance, the protein actin lends
structural integrity to cells. Enzymes are a special class of proteins that catalyze
chemical reactions. Signaling proteins like Ras act as messengers that amplify and
distribute signals from a stimuli.

Given the significance of proteins, this begs an important question: what directs
their construction and regulation? Genetic information is the information required
for construction of proteins. The central dogma of molecular biology [7] states
that genetic information flows from deoxyribonucleic acid (DNA) to oxyribonu-
cleic acid (RNA) to protein (Fig. 2.1). Essentially, the DNA (a sequential chain of
polymers called nucleotides) serves as the blueprint for the construction of proteins.
The sequence of nucleotides in DNA encodes the necessary information for pro-
tein construction, which is then transcribed into RNA before translated into proteins.
Regions of theDNA that directly encode the construction of proteins are called genes.
Beyond serving as the blueprint for protein construction, DNA and RNA also encode
information that guides regulation of proteins. For instance, they regulate amount of
proteins produced (expression level); signals to start or stop production (gene acti-
vation or suppression); and signals to modify proteins, affecting their behavior and
interaction (protein modification).
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2.2 Protein-Protein Interaction (PPI)

Protein, DNA, RNA and other biological molecules do not work in isolation; they
cooperate with other proteins to perform a particular biological activity. Two mole-
cules that cooperate to perform a particular function are said to be interacting. It is the
combination of these molecules and their interactions, and not the molecules alone,
that characterize the mechanisms of a biological process. We wish to emphasize that
although the rest of the book largely focuses on proteins, the concepts that we will
discuss may extend to other molecules. Genes, DNAs, RNAs and other entities are
also major drivers of a biological process. Interactions are typically grouped by their
molecule types:

• Protein-protein interactions—cooperation between proteins to drive biological
processes.

• Gene regulatory interactions—interplay of genetic information to regulate pro-
tein expression level.

• Metabolic interactions—cooperation between enzyme proteins to convert a sub-
strate molecule into product molecule through several catalysis reactions.

• rna-dna interactions—cooperation between rna-rna or rna-dna interactions
plays increasingly critical role in diseases.

In this book, major focus is placed on the class of protein-protein interactions,
although most of the concepts covered here apply to other classes of interactions
as well.

Protein-protein interactions can be stable or transient [25]. In stable protein-
protein interactions, a group of proteins forms permanent protein-protein interactions
to perform a biological role. A group of such stably interacting proteins is called a
protein complex. An example of protein complexes is the V-ATPase (Fig. 2.2(a)).
Multiple protein subunits combine to form the V-ATPase enzyme that transports
protons across membranes [24]. In transient protein-protein interactions, two pro-
teins associate with each other briefly to perform a biological activity before disas-
sociating. These interactions regulate a significant portion of biological processes.
The interactions occur when a region of one protein complements the region of
another, forming non-covalent bonds like hydrogen bonds, Van der Waals forces and
hydrophobic bondings. A common surface region is the leucine zipper [22],
a 3D structural motif in proteins with hydrophobic regions that allow two proteins
with complementing zipper motifs to “zip” together. Typically, transient interactions
only occur under conditions that promote their interaction, for instance the phos-
phorylation state of the proteins involved, the protein conformation state or their
localization. Figure2.2(b) shows transient interaction between UBI4 and PEX12;
physical interaction occurs only during ubiquitination.
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a) Stable Interactions

PEX12UBI4

PEX12UBI4

b) Transient Interactions

ubiquitination
V-ATPase subunits

Fig. 2.2 Stable vs. transient interactions

2.3 Methods to Analyze Protein-Protein Interactions

Given the importance of protein-protein interactions in characterizing the mecha-
nisms of a biological process, biologists have developed a range of experimental
methods to detect and predict interactions between proteins. We describe several
pertinent ones below.

2.3.1 Yeast Two-Hybrid (Y2H)

Theyeast-two-hybrid (Y2H)method relies on activating the transcriptionof a reporter
gene to detect interaction between two proteins [17]. Reporter genes are typically
genes with easily observable phenotype. Figure2.3 summarizes the concept behind
Y2H. InY2H, biologists engineer the two tested proteins such thatwhen these twopro-
teins interact, transcription of the reporter gene is activated, and thus, if the reporter
gene phenotype is sufficiently expressed, one can deduce that the two proteins inter-
act. To this end, Y2H uses two types of protein domains: the DNA-binding domain
(BD) and the activation domain (AD). The BD and AD domains must be brought
together proximally to bind and form a transcription activator, which then activates
reporter gene transcription. Given two proteins, the BD domain is fused to one pro-
tein (called the bait) and the AD domain is fused to the remaining protein (called the
prey). If these two proteins interact, the two domains are brought together proximally
and activates reporter gene transcription. Commonly used reporter genes (and their
promoter) include HIS3, URA3 and lacZ. For example, the lacZ reporter gene
when activated causes the yeast cell to express β-galactosidase, which can be
detected by the formation of blue colored yeast colonies. A strong advantage of this
method is its scalability and Y2H can easily be used to screen thousands of proteins
for interactions, giving rise to high-throughput experiment technologies.
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Fig. 2.3 Yeast-two-hybrid to detect protein-protein interactions. (Adopted from The Science Cre-
ative Quarterly)

2.3.2 Tandem Affinity Purification (TAP)

The tandem affinity purification (tap) method identifies protein-protein interaction
by incorporating a TAP tag to the target protein, followed by fishing for other
proteins that interact with the tagged protein [28]. Figure2.4 illustrates the TAP
method. The TAP tag comprises two Immunoglobulin G (IgG) binding domains
and a Calmodulin-binding peptide (CBP). In TAP, the biologist engineers a fusion
protein by fusing the TAP tag to the target protein. Next, the fusion protein, together
with any other proteins attached to it, is isolated using beads coated with IgG.
The biologist then applies the TEV cleavage enzyme to cleave the TAP tag from
fusion, leaving behind the target protein plus the CBP domain bounded to the bead.
A second isolation step is then applied using Calmodulin-coated beads. Here, the
biologist obtains the final product of target protein, CBP and attached proteins that
are interacting with the target protein. Finally, the end products are analyzed viamass
spectrometry or SDS-PAGE [31]. The two step purification process minimizes the
amount of contaminants obtained.

2.3.3 Bimolecular Fluorescence Complementation (BIFC)

Bimolecular fluorescence complementation (bifc) is another protein-protein inter-
action screening strategy that relies on a reporter protein [16]. In this method, the
reporter protein is fluorescent, allowing it to be easily detected and located using tools
such as flow cytometry. A reporter protein, the yellow fluorescent protein (YFP) for
instance, is designed as two complementary fragments (YN and YC). Given two can-
didate proteins, one can separately fuse each fragment to the candidate proteins.
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Fig. 2.4 Tandem affinity purification. (Adopted from [15])

When these two proteins interact, the two fragments will be brought to close prox-
imity, encouraging them to re-attach and re-assemble into the YFP reporter protein.
The fluorescent reporter protein can then be screened through a variety of techniques
including flow cytometry.

2.3.4 Noise in High-Throughput Screening Methods

Rapid high-throughput protein-protein interaction screening methods, however, suf-
fer from significant noise and coverage issues. For instance, the false negative rate,
defined as the probability of interacting protein detected as negative, could be as
high as 70–90% with Y2H data [5]. This imply that there is a significant coverage
gap (coverage here refers to the ratio between the number of detected interactions
and the number of actual interactions in the network). Moreover, high-throughput
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protein-protein interaction screening methods also suffer from relatively high false
positives [13], which is defined as the probability of non-interacting protein detected
as positive.

2.4 Protein-Protein Interaction Databases

Advancements in protein-protein interaction screening methods have enabled the
capability of generating large scale interaction data. Therefore, it is important to cat-
alog and store these datasets to allow rapid and convenient access. We discuss sev-
eral public databases that catalog key protein-protein interaction datasets. Table2.1
lists several well known knowledge-bases with significant protein-protein interac-
tion datasets. The STRING database [34] hosts a large collection of predicted and
known protein-protein interactions. In addition, the STRING database links key
information about the gene that codes for the interactor proteins, including their
DNA sequence, biological annotations, co-occurrence, and co-expression data. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database [19] is a resource of
manually curated pathway datasets. The KEGG database is especially notable for
its large collection of metabolic pathways for bacterial microbes. Important sig-
naling pathways for a variety of organisms are also hosted in the KEGG database.
The REACTOME database [18] hosts detailed biological pathways specifically for
the human species. As is the KEGG database, pathways in the REACTOME database
are manually curated and handcrafted. The IntAct database [21] stores a large

Table 2.1 Selected protein-protein interaction databases

Database Reference

Human Protein Reference Database (HPRD) [27]

Biological General Repository for Interaction Datasets (BioGRID) [32]

Database of Interacting Proteins (DIP) [35]

Kyoto Encyclopedia of Genes and Genomes (KEGG) [19]

Biomolecular Interaction Network Database (BIND) [2]

The MIPSMammalian Protein-Protein Database [26]

STRING: functional protein association networks [34]

REACTOME [18]

IntAct [21]

BioCyc [20]

BioCarta Pathways [4]

PHOSIDA [10]

Phospho-ELM [8]

DOMINE: a database of protein domain interactions [29]
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amount of protein-protein interaction datasets submitted by individual labs. The
datasets can range for a several protein-protein interactions per dataset to several
hundred thousands of interactions per dataset. The Munich Information Center for
Protein Sequences (MIPS) database [26] is noted for its repository of protein com-
plexes.Other significant databases hosting protein-protein interaction datasets are the
Human Protein Reference Database (HPRD) [27], Biological General Repository for
Interaction Datasets (BioGRID) [32], Database of Interacting Proteins (DIP) [35].

Apart from general protein-protein interaction resources, several web resources
host context-specific datasets that focus on a particular biological topic of interest.
For example, the PHOSPIDA [10] and Phospho-ELM [8] knowledge-bases con-
tain protein phosphorylation sites information, which can be used to deduce their
interacting partners. DOMINE [29] is a database of protein domain-domain interac-
tions. Apart from molecular function specific datasets, disease specific datasets are
also abundant. The IntAct database contains a number of disease-related protein-
protein interaction datasets that include Alzheimer’s, cancer and cerebellar ataxia.

2.5 Annotating the Roles of Proteins and Their Interactions

With the growth of biological literature on the roles of proteins, groups of proteins,
as well as their interactions, the need to annotate these information in a structured
manner becomes pertinent. The Gene Ontology (go) [12] is developed as a standard
for providing a structured ontology describing attributes of genes and gene products
(including proteins). An ontology is a set of controlled concepts (go terms) and their
relationships that models the domain. In go, the concepts describe the roles of the
genes and their products,while the concept relationships connect the various concepts
ingo. For example, theactivation of protein kinase activity con-
cept can be used to annotate the MAPK protein, giving it that particular function. Now
the concept relationships in go may provide additional inferences to this concept.
If suppose go states that activation of protein kinase activity
is a type of regulation of protein phosphorylation, then one can
reason that MAPK protein also has the attribute of regulation of protein
phosphorylation.

The role of go as controlled vocabulary also resolves ambiguity in word descrip-
tions. Functional descriptors that describe the role and function of proteins in the lit-
erature can be ambiguous, redundant and domain specific [1]. For instance, the gene
namesCDC28, Cdc28p or cdc-28 all refer to the same biological entity.With
a controlled vocabulary, computation methods can infer functional roles of proteins
in a consistent manner.

Gene Ontology Annotation (GOA) database [6] stores associations of genes and
proteins to go terms. go term annotation can be undertaken either manually or auto-
matically. In manual annotation, a domain expert or curator who is aware of the
functional description of the gene or protein annotate that protein with the relevant
go terms. The automatic approach, on the other hand, predicts and infers the go terms
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relevant of the protein via a multitude of machine learning techniques including liter-
ature mining and graph-based inferencing tools. The Online Mendelian Inheritance
in Man (OMIM) database [11] supplies important annotations regarding diseases
associated with human proteins.

2.5.1 The Structure of Gene Ontology

The Gene Ontology is modeled as a directed acyclic graph (dag) and is divided into
threemajor domains: biological process, cellular component andmolecular function.
The total number of go terms in the go dag exceeds 30,000.

The biological process domain contains go terms describing the func-
tional processes in cells, tissues, organs and organisms that proteins may take part
in. The Gene Ontology defines a biological process as “a recognized series of events
or molecular functions” with a defined beginning and end. A biological process go
termmay describe the process itself, or it may describe an encompassing process that
is made up of subprocesses. For instance, the biological process term apoptosis
describes cell apoptosis pathways in the cell. Thus, if the p53 protein is annotated
with apoptosis go term, then one can infer that p53 protein participates in cell
apoptosis. The go term cell cycle may describe the cell cycle process which
itself is made up of several subprocesses, such as M-phase cell cycle and G-phase
cell cycle. In Gene Ontology, a process termmay be connected to its parent via is_a
and part_of relationships; the former describes that the process is an instance of
the parent process, while the latter describes that the process is only a part of the
parent process.

The cellular component domain contains go terms describing the com-
ponents of the cell and its extracellular environment. Cellular components may be
anatomical structures or macromolecular complexes. In go, a protein annotated with
a cellular component go term is said to be located in or is a subcomponent of the
component described by the term. For example, the go term mitochrondrial
ribosome describes the mitochondrial ribosomal components. Proteins like ribo-
somal protein L41 may be annotated with such go terms.

Finally, themolecular process containsgo termspertaining to an elemental
activity of a protein. Activities here include any function performed by proteins like
catalysis, binding, phosphorylation, and other enzymatic roles. For example, the
go term phosphorylation describes the molecular activity that a protein may
perform, which in this case is phosphorylation activity. A protein may be annotated
with multiple activities. This is because proteins itself may participate in multiple
functions. Protein kinases like PKC are known to have such capabilities and could
be annotated with these terms.

Figure2.5 depicts a part of the go dag. Formally, the Gene Ontology for each
domain is modeled as a directed acyclic graph D = (Vgo, Ego) where Vgo denotes
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Gene Ontology

Biological Process

Cellular Process Response to stimulus

Cell communication
Cellular Physiological 
Process

Response to stressResponse to 
endogenous stimulus

Response to DNA-
damage stimulus

Fig. 2.5 Subset of the Gene Ontology directed acyclic graph

the set of go terms and Ego—the set of pair relationships between go terms in Vgo—
denotes the set of go term relationships. Here, an edge (v1, v2) ∈ E represents a
parent-child connection between two go terms v1 ∈ Vgo and v2 ∈ Vgo. The ordered
set Δ = 〈Δ1,Δ2, . . . , Δd〉 is a topological sort of D. Each Δi represents a single
go term. We assume that a protein node v ∈ Vi is annotated with a set of go terms
Dv ⊂ Δ. The indicator function of terms annotated in node v is given by I{x∈Dv} :
Δ → {0, 1} such that I{x∈Dv} = 1 if x ∈ Dv and 0 if otherwise.

The root node absorbs all go terms of its descendants, i.e., each descendant go
term is a or is part of the root node. The root nodes of biological process, cel-
lular component and molecular function domains are biological process,
cellular component and molecular function, respectively. As the go
dag branches from the root node, the specificity of the functional description
increases. Thus, one can utilize go dag and its associated annotations to group pro-
teins by their function or parts in a hierarchical manner. For example, in Fig. 2.5, if
proteins MAPK, MAPKK, and MAPKKK are annotated with the intracellular
signaling process term, then these proteins are also part of the signal
transduction, cell communication, cellular process and
biological process.

Gene Ontology and its annotations has been applied to a large number of bioin-
formatics approaches [14]. A pertinent usage is in gene expression analysis stud-
ies [3]. Typically, groups of genes which are either significantly up-regulated or
de-regulated are identified using techniques such as gene clustering and enrichment
analysis [33]. Then, the go annotations are utilized to identify over-expressed func-
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tional roles of these groups of proteins. An example of algorithms of such nature is
the MAPPFinder [9], which looks for genes that are significantly deregulated using
the go annotations.

2.6 Summary

This chapter can be summarized as follows:

• Proteins, DNAs, RNAs and other biological molecules work in tandem to regulate
biological processes. Cooperating molecules that perform a particular function are
said to be interacting, and their interactions can be either transient or stable.

• A range of experimental methods have been developed to detect and predict inter-
actions between proteins in a high-throughput manner. Among them are Y2H,TAP
and BIFC.

• Advancement in protein-protein interaction screening methods has led to large
scale interaction datasets. Several public databases serve as important repositories
of such datasets, including STRING, KEGG and REACTOME.

• The Gene Ontology (go) is developed as a standard for providing a structured
ontology describing attributes of genes and gene products (including proteins).
Gene Ontology Annotation (GOA) database stores associations of genes and pro-
teins to go terms. go term annotations are useful as functional descriptions of a
gene or protein.
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