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Most proteins do not function on their own but as part of large
signaling complexes that are arranged in every living cell in
response to specific environmental cues. Proteins interact
with each other either constitutively or transiently and do so
with different affinity. When identifying the role played by a
protein inside a cell, it is essential to define its particular cohort
of binding partners so that the researcher can predict what
signaling pathways the protein is engaged in. Once identified
and confirmed, the information might allow the interaction to
be manipulated by pharmacological inhibitors to help fight
disease.

In this review, we discuss protein-protein interactions and how
they are essential to propagate signals in signaling pathways. We
examine some of the high-throughput screening methods and
focus on the methods used to confirm specific protein-protein
interactions including; affinity tagging, co-immunoprecipita-
tion, peptide array technology and fluorescence microscopy.

Introduction to Protein-Protein Interactions

Signaling cascades are intrinsic to virtually every biological pro-
cess. Deciphering these signaling cascades is fundamental to
generating a comprehensive and complete understanding of the
biological process. This information is essential for novel thera-
peutic and diagnostic strategies targeted to the diseased state.
Central to every signaling cascade is protein complex formation
which is based on the ability of proteins to interact with other
proteins, nucleic acids (DNA and RNA), small molecules and
metals.

The human genome codes for over 500,000 different proteins
and it is estimated that over 80% of these proteins function as
part of protein complexes in signaling cascades and not as indi-
vidual proteins.' In Saccharomyces cerevisiae, over 70% of pro-
teins in the cell have been shown to have interacting partners.>?
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Proteins have enzymatic, structural and regulatory functions and
when they bind to other proteins they establish highly regulated
functional protein complexes. In untangling these protein com-
plexes, it is essential that we gain an understanding of how pro-
teins are assembled and apply systematic and unbiased approaches
to define how proteins in complexes are regulated. When protein
complexes are formed in signaling cascades, protein interactions
enable one protein to modify another protein in the complex and
thus transmit biological information. Often, the recruitment of
one protein into a cascade facilitates the recruitment of the next,
thus building systematic linear processes.

Central to signaling cascades is the recruitment of signaling
hubs. The term ‘hub’ is now widely used to describe a protein
that participates in several different signaling pathways and can
bind several different proteins. Hub proteins are highly expressed
and their expression pattern usually follows that of their binding
partners. They function as scaffolding/adaptor proteins and gen-
erally do not possess enzymatic activity. These proteins usually
have the ability to interact with several different proteins at the
same time. The proteins that interact with signaling hubs fall into
two broad categories: constitutively bound proteins, and those
that are stimulus-dependent or transient. Constitutive protein-
protein interactions are predominantly strong interactions found
in the M range and usually have a larger interaction interface
than transient interactions (reviewed in ref. 4). Transient interac-
tions are usually weak (WM range) and usually arise as a result
of posttranslational modification of one or both of the proteins
involved in the interaction. Transient interactions are critical to
signal propagation. In a transient protein-protein interaction,
one or both of the proteins in the interaction undergo confor-
mational change which may reveal a binding site for the next
interacting protein. The most important feature of protein-pro-
tein interactions is that they are dynamic. They are components
of specific signaling complexes and are assembled in response to
environmental cues. In this way, the cell deciphers information
about conditions outside the cell so that it can generate a precise
response. When bound to each other either transiently or con-
stitutively, proteins have the opportunity to modify each other
and transmit biological information in a flow pattern that usually
(but not always) converge at the cell nucleus whereby they termi-
nate by coding for expression of particular gene sets.
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The objective here is to discuss several different high through-
put screens and discuss the procedures involved in designing the
appropriate verification methods which can be applied to investi-
gate protein-protein interactions.

Protein-Protein Interactions in Signaling Cascades

Protein-protein interactions and signaling pathways are highly
conserved. For example, several hundred protein-protein inter-
actions in yeast have also been identified for the corresponding

protein orthologs in worm,>*

and the signaling pathways that
control chemotaxis in bacteria have very clear similiarities to the
processes that control cell migration in immune cells in higher
species.”!® As well as the signaling pathways, the rules dictating
protein-protein interactions and complex formation are highly
conserved. The past 15 years has seen the development of a large
number of methods which have propelled our understanding of
signaling cascades by helping us identify and characterize pro-
tein-protein interactions and signaling networks. These methods
are practiced or accessed in laboratories all around the world. In
deciphering signaling pathways and in establishing the cohort
of proteins that interact with a specific protein, there are several
approaches that one can take. Computational methods can help
predict protein interactions, however most investigators start by
using high-throughput proteomics approaches to define protein-
protein interaction sets. The logical approach is to then employ
assays to confirm protein-protein interactions in several different
ways before specific protein-protein interactions can be refined
to binding interfaces. These methods rely heavily on the genet-
ics and biology of bacteria, yeast (in particular S. cerevisiae and
S. pombe), C. elegans, Drosophila, mice and human cell lines.
When reporting protein-protein interactions, it is important that
the interactions are characterized by more than one method, an
essential step in validating the specific protein-protein interac-
tion. As we will discuss, there are several pitfalls and areas where
false-positive results can be obtained. Once an interaction is
defined, several further functional experiments such as muta-
tional analysis and knockdown of protein expression by RNA
interference must be performed to determine the hierarchy of the
particular protein interaction to determine which direction the
signal is conveyed in the signaling pathway. From a pharmaco-
logical perspective, it is essential that we develop a comprehensive
understanding of the particular protein-protein interaction and
develop a clear understanding of what the interaction means in
the context of cellular function. Achieving this for specific pro-
tein-protein interactions may take several years, even decades.

There are several different strategies that one can use in
identifying protein-protein interactions. The best are those that
employ several different methods to distil and refine a particular
protein-protein interaction. In this review, we will focus on the
combination of methods best suited to identify protein-protein
interactions paying particular attention to the best approaches to
take to verify them. We will also focus on peptide array technolo-
gies, a powerful and relatively accessible tool used to decipher
the specific interfaces on the proteins involved in protein-protein
interactions.

248

Bioengineered Bugs

Things to Consider before Planning
a Protein-Protein Interaction Study

The presumption is that we can elucidate the function of a pro-
tein if we identify the particular cohort of proteins that interact
with it at any one time. In most cases this is true because there
is enough information in the literature to predict with a high
degree of certainty the signaling pathways that your test protein
is involved in based on the composition of the binding cohort.
However, no individual experimental approach can sufficiently
reveal all the critical components of protein complexes in signal-
ing pathways. You must first consider what system best supports
the function of your protein. For example, if your test protein is
predicted to be a nuclear protein or embedded in a lipid bilayer,
you must ensure that the buffers you choose are sufficient to
adequately expose these complexes. In a protein complex, most
proteins will be linked by non-covalent protein-protein interac-
tions and as mentioned eatlier, there are varying degrees of stabil-
ity in this binding. Buffers and techniques used to lyse cells such
as sonication, freeze-thaw action etc. are inherently disruptive to
complexes so it is very important that methods are chosen that
best protect these complexes to ensure that the screen is as com-
prehensive as possible. One might also be looking for proteins
that interact with a test protein after a particular stimulus, such
as growth factor stimulation, or the investigator might be try-
ing to identify the proteins that interact with a test protein after
treatment with a pharmacological compound. In any screen, it
is critical that a library is chosen that provides the broadest and
most complete coverage possible of the expressed genes or pro-
teins. For example, when searching broadly for binding partners
using yeast-two-hybrid (Y2H) assays, researchers might employ
cDNA derived from mouse embryonic stem cells or human fetal
brain. However, if a researcher wants a more refined screen and
has an idea that their test protein functions as a membrane pro-
tein, a membrane protein library might be used. When planning
large screens, costing and time factors must be considered too.

There are a series of computational approaches that can be
employed to help predict protein-protein interactions (reviewed
in ref. 11-13) and identify protein-protein interaction motifs."
Several databases are in place that store information obtained
in high throughput methods such as Y2H and Tandem Affinity
DPurification followed by Mass Spectrometry (TAP-MS) and infor-
mation obtained by mining through the literature. Databases,
such as the Biomolecular Interaction Network Database'' and
the Database of Interacting Proteins (DIP) "' store full descrip-
tions of molecular complexes and pathways, and store very use-
ful experimentally determined information on protein-protein
interactions. They can also help predict transient protein-protein
interactions which often elude biochemical methods.*** A full
list and analysis of protein interaction databases has been com-
piled by Shoemaker et al.'»*** Databases have now expanded
to include information on protein-protein interaction interfaces
(reviewed in refs. 22-25). Consulting databases like these are
well worth the effort and the networks that are deciphered by
these computational routes can save precious time during further
functional analyses.
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Detecting Protein-Protein Interactions
and Complexes

Before we discuss some of the high throughput systems, it is
important to point out that there are multiple processes that
can be employed to obtain information about the complexes
and signaling pathways that a protein contributes to (reviewed
in refs. 1 and 12). For example, DNA microarray systems are
commonly used. These microarrays display genome wide expres-
sion patterns as DNA spots immobilized on a solid support.*®
The idea for DNA microarrays grew from a desire to compare
genes that are activated or suppressed (‘up or down’) between
two populations of cells and the technique is now being used
as a system to examine co-expression of genes. This is based on
studies which have shown that proteins that are involved in the
same complex are co-expressed and so identifying co-expressed
genes is a good predictor of permanent protein interactions.”°
The system has now evolved to support protein arrays® which is
a major expansion to the array technology. With protein arrays
we now have the opportunity to study protein interactions and
determine interaction interfaces as well as studying the enzy-
matic activity of proteins. This has broken down several barri-
ers that existed in protein complex analysis because the system
lends itself to automation and miniaturisation (saving costs), but
also supports the investigation of protein-DNA, protein-lipid and
protein-protein interactions. The potential of this system is now
being harnessed by several pharmaceutical companies because it
can be used to screen for compounds that both bind to proteins
but also for compounds that inhibit protein-protein interactions,
and to search for biomarkers for disease.’> The system has its
drawbacks however, for example, the immobilization chemistry
results in a random orientation of the displayed proteins and so
they may not properly represent protein interfaces and may in
fact compromise biological activity.3% It is also very difficult to
replicate post-translational modifications in the system which
results in many transient protein-protein interactions being
missed. Several adaptations of the protein array system, such as
suspension bead arrays, have the potential to circumnavigate this
problem?
tions of particular residues such as lysine have been successful
and are being used to study ubiqutin (Ub) ligases, SUMOylation
E3 ligases and acetyltransferases.” Advances in peptide synthe-

and studies investigating post-translational modifica-

sis on nitrocellulose support have also helped overcome some of
these challenges and is discussed later in the review. Many labo-
ratories still rely on more classical approaches such as synthetic
lethality,®® Electrophoretic Mobility Shift Assays (EMSAs) and
Far-protein gel blotting. These are all excellent systems and many
are mounting a comeback as a first stop tool to analyze protein
interactions as revamped techniques. For example, fluorescence
EMSAs are now generating information on the binding affinity
in protein-protein and protein-nucleic acid interactions (reviewed
in refs. 39 and 40).

The composition of signaling complexes can also be studied by
X-ray crystallography which is quickly helping to build a clearer
picture of how proteins interact. This powerful method has
been very influential in placing specific proteins in complex with
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ribosomes and X-ray crystal structures have now been obtained
for complete eukaryotic ribosomal subunits.”"*> This powerful
method has its limitations, primarily because X-ray crystallog-
raphy does not define a unique protein-protein interface, and
distinguishing the absolute biological interface in the structure
is difficult (discussed in ref. 43). However, in combination with
computational methods, protein structure prediction and other
bioinformatics tools, protein-protein interaction interfaces can
be predicted with a higher degree of certainty. Recent advances
and applications of these methods emphasize the benefit of lateral
thinking and the application of hybrid approaches that combine
a variety of different tools to achieve better efficiency, accuracy,
resolution and more comprehensive screens. The remainder of
this discussion is focused on describing some of the ‘workhorses’
and validation procedures used to study protein-protein inter-
actions, while focusing on the advantages and disadvantages of
each technique. A summary table of the advantages and pitfalls
associated with the discussed procedures is included (Table 1).

Two-Hybrid Methods

Yeast two-hybrid (Y2H) methods/reporter assays are one of the
most common techniques used to screen for and identify protein-
protein interactions.** The system is based on the properties
of GAL4 and other site-specific transcription factors in yeast,”
and has been extensively reviewed in reference 48—50. In the
assay, two putative interacting proteins X and Y are fused to
the DNA binding domain (BD) and transcriptional activation
domain (AD) of the transcription factor. The proteins are then
co-expressed in a yeast strain which contains the specific DNA-
binding site of the transcriptional activator upstream of a reporter
gene. The reporter gene of choice is usually the Escherichia coli
lacZ gene because its activation is easily detected by the growth of
blue colonies when the cells are grown in growth media contain-
ing 5-bromo-4-chloroindol-3yl B-D-galactopyranoside (X-gal).
The reporter gene is only transcribed when the BD and AD of
the transcription factor come together to reconstitute the activa-
tor and transcribe the reporter gene. When employing a Y2H
screen, the “bait protein” (test protein) is attached to the BD to
generate BD-X and the “prey” protein is attached to the AD to
generate AD-Y. The BD-X bait-protein is cloned into an expres-
sion plasmid which is transfected into a yeast cell that contains
a “library” of cDNA clones. These clones contain the AD-Y chi-
meric protein which has been generated in the same way. Most
laboratories now use commercially available Y2H kits with pre-
transformed libraries. There are several variations of the Y2H
system (reviewed in ref. 51) such as one-hybrid screens which
are designed to investigate protein-DNA interactions, and three-
hybrid screens which have been developed to identify proteins
that interact with RNA.*5 Some successful attempts have also
been made to adopt the three-hybrid system to investigate ter-
nary protein complex formation that involves three proteins, the
concept being that it is possible to trap the interaction of two
proteins which occurs only in the presence of a third protein.’*
In all two-hybrid screens, either a matrix approach or a library
approach can be taken (reviewed in ref. 12).
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Table 1. Comparison of some of the different experimental methods used to study and verify protein-protein interactions

Experimental Method

Protein microarrays

X-Ray Crystallography

Yeast Two-hybrid

Affinity tagging and pull
down assays

Co-immunoprecipitation

Peptide Array
Technology

Fluorescence Microscopy

Advantages

High throughput.

Lends itself to automation.
Can be miniaturized.
Supports protein-DNA studies.
Supports protein-drug studies.

High Resolution.
Reveals information on specific atoms.

Robust and relatively accessible.
Inexpensive.
High throughput.
Excellent verification tool.
In vivo assay.

Several robust tags are available
Several antibody combinations can be used.

Can be applied to bacterial, yeast and mammalian systems.

Very robust.
Compatible with several biological processes such as MS.
Can be used to identify protein complexes.
High throughput.

Excellent verification procedure.
Proteins are in their native state.
Proteins are in their native concentration.
Suitable for overexpression assays.
Relatively inexpensive.
Very reproducible.
Can be combined with affinity tagging.
Supports studies addressing catalytic activity.
Compatible with several biological processes such as MS.

Can be used to map protein interactions to the specific amino acids

involved.
Peptide support systems are robust.
Protein surfaces can be accurately represented.

Direct synthesis of peptide by SPOT synthesis and photolithography.

Very flexible, can accommodate many different flurophore
combinations.
Supports in vivo studies.
Very compatible with affinity tagging.

Problems/pitfalls

Protein immobilization.
Replication of post-translational events.
Loss of transient protein interactions.
In vitro assay.

Defining the absolute interaction interface is
difficult.

Can't be applied to all interactions.
Bait proteins can be toxic.

Bait proteins can auto-activate genes.
Interactions based on post-translation modifica-
tions are missed.

High percentage of false positives.
Detection of transient interactions.

Affinity based.
Success based on the quality of the antibodies
used.
Loss of weakly bound proteins.

Tags can interfere with protein function.
High percentage of false positives.
Expensive in comparison to other methods.
In vitro assay.

Several different control combinations are
required.
Success highly dependent on cell stimulus and
lysis procedure.
Only high affinity interactions are detected.
Most transient interactions are lost.
Does not differentiate between direct and indi-
rect interactions.
Can be expensive if used as a screening system.

At least one protein must be available as a
recombinant protein.
Expensive.

Very specific equipment required.
Peptide purity.

Expensive.
Very specific equipment required.
Success based on the availability of highly spe-
cific antibodies.

Will yield information on the cellular location of the interaction.
Can be used to analyze tissue samples.

Y2H screens cannot be applied to all protein-protein inter-
action screens and even when it can be applied, it has several
limitations. A critical first step in the process is to check that the
bait protein; (A) is not toxic when expressed in yeast and (B),
that it does not autonomously activate the reporter gene (auto-
activation). Either of these is a severe handicap, and may result
in designing new strategies based around using a truncated form
of the bait protein. Truncated proteins obviously lack important
sequences of the parent protein and will reduce the ‘coverage’
and efficacy of the system. Having a known positive interacting
protein for the bait is an advantage but is not always possible.
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Specific expertise required.

Other disadvantages to the system are that the bait protein will
not be post-translationally modified in the yeast and the bait
protein may not fold properly. Again this is an insurmountable
challenge, however very exciting developments are taking place
in the area of mammalian two-hybrid screening which has been
adapted for high throughput screening.”” These screens have a
particular advantage in that the expressed proteins are subjected
to the essential post-translational modifications which are very
important for transient protein-protein interactions.’®” The
main problem with Y2H screens (as with most high throughput
screens) is the percentage of false positives where estimates of up
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to 80% false negatives and up to 60% false positives are associ-
ated with this high throughput screening.?® To address this, it
is essential that once two interacting proteins are identified by
Y2H, the interaction is verified by several other biological meth-
ods. Two-hybrid systems are themselves an excellent verification
system for a specific protein-protein interaction if the interacting
protein is cloned directly into the prey AD vector. In addition, the
system supports the use of specific point mutations to determine
the critical amino acids required for an interaction (reviewed in

refs. 49 and 66-68).
Affinity Tagging and Pull Down Assays

Affinity tags are used to purify proteins from bacteria, yeast
and mammalian cells. The system is based on transfecting cells
with plasmids encoding a bait protein and a tag sequence result-
ing in the expression of a protein with a tag fused at either the
N- or C-terminus of the bait protein. The tagged protein is
expressed in the cells, often controlled by an induction system

based on nutritional selection,®”°

or the presence of molecu-
lar compounds such as Isopropyl B-D-1-thiogalactopyranoside
(IPTG),”" Tetracycline’” or temperature.”*”* When the proteins
are expressed, the cells are lysed and the tagged protein is “pulled
down” or “pulled out” using antibodies against the tag, antibod-
ies against the protein or by using solid supports that bind the
tag.

Before describing pull down assays, it is important to men-
tion some of the tagging systems that can be used. Most tags are
easily available, and even if they are not readily available, they
can be generated by routine polymerase chain reaction (PCR)
and simple DNA cloning techniques. Tagging a protein using
tags is essential if there is no antibody raised against the studied
protein. Using tags like the tags discussed below, have proven
essential in deciphering protein function particularly in mam-
malian expression systems. There are several different tags that
can be used. The FLAG-Tag (N-DYK DDD DK-C) is a short
tag consisting of 8 amino acids that can be added to either the N
or the C-terminus of a protein using recombinant DNA technol-
ogy. This particular tag was one of the first functional tags to be
used in protein biochemistry”>7® and was patented by Hopp et al.
(US Patent Number 4,703,004) in 1987. The Myc-Tag (N-EQK
LIS EED L-C) is a polypeptide protein tag that can be fused to
either the N-terminus or the C-terminus of a protein which was
derived from the c-myc gene and the HA-Tag (N-YPY DVP DYA-
C) is derived from haemagglutinin and again can be inserted at
either the N-terminus or the C-terminus of a protein. All of these
tags are excellent for use in mammalian expression systems and
are easily applied to the N- and C-terminus of genes in expres-
sion vectors. The FLAG-Tag is hydrophobic in nature giving it
a distinct advantage over other tags because it is less likely to
disrupt the proteins that it is attached to. However, Myc-Tags and
HA-Tags are the tag of choice by most laboratories because there
are a series of excellent antibodies that recognize them cleanly by
immunofluorescence and by protein gel blotting after SDS PAGE.
The tags also ensure that the tagged proteins can be immunopre-
cipitated easily from total cell lysates in pull down assays. There
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are other tags that are more suitable for recombinant proteins
and affinity chromatography. The His-Tag is a polyhistidine-tag
that consists of at least five Histidine (His) residues, which can be
applied at the N- or C-terminus of the protein. It is also known
as the 6xHis-tag. In this tag, it is possible to vary the number
of histidine residues and insert a suitable amino acid sequence
that facilitates removal of the polyhistidine-tag using endopep-
tidases after protein pull down. Other tags suitable for isolating
recombinant proteins from bacterial expression systems include
Maltose Binding Protein tag (MBP-Tag) and Glutathione-S-
Transferase tag (GST-Tag). There are other tagging systems that
are often used for real time visualization of proteins in cells using
microscopy. These fluorescent protein tags exhibit bright fluores-
cence when exposed to specific wavelengths of light. The green
fluorescent protein (GFP) tag was first isolated from the jellyfish
Aequorea vicroria” and several derivatives are now being used
including cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP). The GFP tag has had a dramatic effect on protein
visualization in mammalian cells, plants, Drosophilia, yeast and
prokaryotic cells (reviewed in refs. 80-84) and is discussed in
more detail later when we describe the use of fluorescence micros-
copy as a validation tool in protein-protein interactions.

In affinity assays, the protein can be pulled down for analy-
sis or for purification, for example, a GST-protein. However, in
most cases the tagged protein can be used as a tool to ‘fish out’
other proteins that might interact with the test protein by affinity
chromatography. A typical experiment might be that the protein
is expressed in bacteria, the bacteria lysed and the protein puri-
fied and bound in a column to a solid support or ligand linked
to a solid support (for example, 6xHis-Tag binds to nickel beads,
GST-Tag binds to Glutathione beads). Then a lysate from mam-
malian cells might be passed through the column. Proteins that
have a high affinity for the immobilized protein will bind, while
non-specific interacting proteins will be washed through. Bound
proteins are then eluted and separated by gel-electrophoresis and
identified by protein gel blotting (if antibodies are available in the
lab which recognize candidate proteins) or by Mass Spectrometry
(MS). MS is providing quantitative identification of protein-
protein interactions and is making a dramatic contribution to
deciphering protein-protein interactions and mapping signal-
ing proteins when coupled to an appropriate pull down system
(reviewed in ref. 85). Expressing the tagged protein in mamma-
lian systems has advantages because post translational modifica-
tions of the bait protein are more likely to occur and binding will
be performed directly in the cell. It is also very likely (though not
certain) that the tagged protein will be directed to the correct cel-
lular location where it can interact with its physiological target.
If this system is employed, then capturing the affinity tag with
solid support or ligand linked to a solid support is done to wash
away non-specific interactions. Bound proteins will be eluted and
identified as described above.

Affinity tagging has the distinct advantage over the Y2H sys-
tem in that it can detect interactions involving more than two
proteins and can be used to detect protein complexes if followed
by MS.# However, it too has limitations. Depending on the
lysis procedure used, nonphysiological targets might be exposed
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and may be artificially incorporated into the complex and iden-
tified as positive interacting proteins. Affinity tagging is also
biased toward high affinity interactions and there is always the
risk that the Tag will interfere with protein folding and func-
tion. False positives can be reduced by washing the immobilized
complex with buffers with increased concentrations of detergents
and salts but stringent verification techniques must be applied.
The Tandem Affinity Purification (TAP) method of purification
of protein complexes is now the preferred method of choice for
identification of native protein complexes. The method com-
prises of overexpressing a dual-tagged target protein in host cells,
isolation of the fusion protein using two binding steps and then
identifying co-bound proteins by MS.»#70
expressed with the protein, there are lower levels of non-specific

Because two tags are

binding and increased complex recovery. The system also ben-
efits from being compatible with several protein identification
processes such as native-PAGE, 2D-electrophoresis, protein gel
blotting and MS.?"* Limitations in the process include loss of
weakly bound interacting proteins and there is always the pos-
sibility that the tag will interfere with folding and function of the
protein disrupting how the protein interacts with other proteins.

When using affinity tags, there are several things to consider
which may overcome some of the limitations associated with the
study and help improve the results. For example, designing baits
where the tag is inserted at the N-terminus as opposed to the
C-terminus of the protein often addresses the problem of altered
stability of the fusion protein. One might also consider generat-
ing different tagged versions of a protein and compare the sub
cellular location of each. Crosslinking agents are also useful.
There are several types of crosslinking agents including chemi-
cal crosslinkers, thermoreactive crosslinkers and photo-reactive
crosslinkers. These agents can assist the capture of protein-pro-
tein interactions and protein complexes by covalently bonding
the proteins together when they interact. Crosslinking reagents
are used extensively and in combination with MS, are a very pow-
erful tool.149¢

High throughput screens provide an excellent start point for
determining what cohort of proteins interact with the test pro-
tein and in combination with bioinformatics and computational
tools they will allow the researcher to predict with a high degree
of certainty what signaling pathways the test protein is involved
in. It is essential then to move to a series of validation systems to
confirm an interaction and also to identify the binding interface
between the two proteins. Once the interaction is confirmed, it
will then be possible to investigate how the interaction responds
to environmental cues and determine how the specific protein-
protein interaction is altered in the diseased state.

Verification of Protein-Protein Interactions

Co-immunoprecipitation. Co-immunoprecipitation (co-IP) is
the term given to the process where a protein is extracted from
a whole cell lysate using a precipitating antibody which is con-
jugated to some form of resin (usually Protein A or Protein G).
The process is based on the principal of immunoprecipitation
(IP) and it can be used as a first stop in detecting protein-protein
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interactions but is best used as a verification procedure after a
high throughput screening process such as two-hybrid analysis,
affinity chromatography or MS.5¢7

The technique is used to enrich a whole cell lysate for a specific
protein, and in the process, ‘pull down’ any other proteins that are
associated with that protein. In this technique, the protein being
isolated is the antigen and it is essential to have access to an anti-
body that binds to that antigen in its native form. If antibodies
against the test protein are not available, an alternative strategy
is to generate a tagged form of the protein (described above) and
the protein can be immunoprecipitated with antibodies directed
against the tag. To form the antigen-antibody complex, whole
cell extracts are prepared which are then incubated with antibod-
ies that recognize the protein being isolated. After some time (for
example; 1 h at room temperature or 3 h at 4°C), protein A or
protein G resin is added to capture the antibody-antigen com-
plex. The resin binds to the antibody when the mixture is incu-
bated at 4°C with gentle agitation. Centrifugation will capture
the resin-antibody-antigen complex and the immunoprecipitate
can be washed with buffers with varying salt concentrations to
reduce non-specific binding of proteins to the immunoprecipi-
tated complex. The complex is eluted from the beads and the pro-
teins can be identified by protein gel blotting after SDS PAGE, or
alternatively, if the co-IP procedure is being used as a first step in
the protein-protein interaction study, the elution can be analyzed
by MS.

During the entire process, the proteins are maintained in their
native state and in their native concentration (unless tagged ver-
sion of a protein are introduced) which maximizes trapping the
cohort of interacting proteins. The process is relatively inexpen-
sive and is very reproducible and the technique can be applied to
purify protein complexes from whole cell lysates, tissue prepara-
tions and serum samples. The process can be adapted into an
assay to assess the binding of two recombinant proteins. The
co-IP process is an excellent verification tool. If two proteins are
found to interact by a high throughput screen, then acquiring
antibodies to both proteins and setting up a co-IP can validate
the interaction. The co-IP can then be used to map the inter-
action of two proteins. For example, if a tagged version of one
of the proteins is generated and the interaction confirmed, then
truncation mutations and specific point mutations of the tagged
protein can be expressed to assess whether the interaction is lost
or amplified by the mutation. This is also an excellent approach
to take to assess whether the interaction between two proteins
is dependent on catalytic activity of one protein in the complex.
The co-IP method does have disadvantages however, and like
most of the techniques described in this review, the main prob-
lem is with contaminants and false positive interactions. Control
tests have to be performed to assess antibody specificity and
antibody affinity, and controls must be included in every experi-
ment to identify and characterize non-specific binding events. It
is also likely that some proteins may interact with the resin used
to purify the complex which can be assessed with the appropri-
ate controls.**”” During the co-IP experiment, it is essential to
protect the proteins from digestion and degradation and protect
phosphorylation events from decay to maximize the potential to
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trap transient interactions. For this reason, it is very important
to carry out detailed strategic planning of the experiment and to
consider the appropriate lysis buffers, protease and phosphatase
inhibitors and antibody concentrations to be used.

Peptide array technology. Peptide array technology is grow-
ing in popularity as a verification procedure for protein-protein
interactions. Here we will discuss the application of peptide
arrays to validate and map protein-protein interactions, however
peptide arrays can be used for antibody purification and epitope
mapping, affinity purification of proteins, analysis of enzyme
substrates and protease inhibitors and to screen for drugs that
interact with a particular protein. The concept of peptide synthe-
sis is not new”® however advances in the chemistry and synthesis
methods have significantly improved peptide folding, peptide
presentation and peptide purity and have helped support auto-
mation of the technique. Protein-protein interactions are very
dependent on the exposed surface which ultimately presents a
‘binding interface’ to the partner protein. Correctly represent-
ing this interface in the context of a peptide is the challenge in
peptide synthesis. There are several solid support systems used
to immobilize peptides including cellulose sheets and glass
(reviewed in refs. 99 and 100). Peptides can be synthesized and
then covalently attached to a solid support, or peptides can be
synthesized directly on the solid support. SPOT synthesis and
photolithography are the two main processes which are employed
to generate peptide arrays directly on the solid support although
SPOT synthesis has become the method of choice for most
researchers.'”” There are several commercial companies that sup-
ply protein arrays or deal in the instrumentation to make pro-
tein arrays.'®” During SPOT synthesis, a mini reaction chamber
is created when a droplet containing the modified amino acid is
placed onto the support. Subsequent amino acids are added to
the same area of the support and the peptide chain grows using
Fmoc solid phase synthesis.”” The result is chains of peptides syn-
thesized on the solid support that have a high chance of folding
like they do in the native protein. Protein interactions can be
verified by immobilizing one protein as a series of overlapping
peptides synthesized on a solid support and overlaying with a
recombinant version of the second protein. Antibodies to the sec-
ond protein are then used to detect the presence of the protein on
the array. In this way, not only are you achieving verification of
the protein-protein interaction, but the procedure will reveal the
binding site of the overlayed protein on the immobilized protein
(peptides) (Fig. 1A). Another clear advantage of peptide arrays
is that they can be used to map protein interactions to specific
amino acids. Once the binding site of a protein is defined to a
region of a protein, alanine substitution (sometimes called ala-
nine walking) can be used to determine the critical amino acid
in the interaction. To do this, a new array is generated based on
sequences of the parent (first scan) sequence. In this array, pep-
tide 1 is the parent peptide, peptide 2 will be almost identical to
the parent apart from the first amino acid which is changed to
an alanine. The subsequent peptide has the second amino acid
changed to an alanine while changing the first amino acid back
to correspond to the parent peptide and so on, until an array is
generated where each peptide differs from the parent peptide by
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one amino acid. Overlaying with a recombinant version of the
second protein together with antibodies to the second protein
detects the presence of the protein on the array (Fig. 1B). In this
way, not only are you achieving verification of the protein-protein
interaction, but the procedure will reveal the exact binding site
of the overlayed protein on the immobilized protein (peptides).
In combination with an Odyssey® infrared imager (LI-COR
Biosciences) competition between two proteins for binding to the
same immobilized protein (peptide) can be investigated. This is
based on using secondary antibodies conjugated with dyes that
are detected at different wavelengths (color detection) (Fig. 1C).

There are numerous aspects of the process that need to be con-
sidered before employing the method and careful consideration
must be given to peptide design and to the screening/reporter
assay to be used. In most cases, assay signals are detected directly
on the array using standard antibody based detection or by fluo-
rescence scanning. The main disadvantage of the SPOT process
is the question surrounding the purity of the peptides. As the
peptides are synthesized on a solid support, they do not undergo
purification and so the purity and yield cannot be accurately pre-
dicted. However reports indicate that the quality is as high as
standard solid phase techniques (reviewed in ref. 100).

Fluorescence microscopy. Microscopy has become an essential
confirmatory tool for investigating protein-protein interactions
and many different types of microscopy are employed includ-
ing; Widefield, confocal, 2-photon and Total Internal Reflection
Fluorescence (TIRF) microscopy (reviewed in ref. 100-104).
The principle of most microscopes is an adjustment on the basic
epifluorescence (widefield) microscope: reflected light fluores-
cence. Light is emitted from a light source from above (or below
in inverted microscopes) through the objective lens. The light
is reflected by a dichroic mirror onto the sample and the energy
is absorbed by fluorescent molecules (fluorophores). Once the
fluorophore absorbs the photon of light, it causes an electron to
transition to a higher orbital producing a molecule in an excited
state.'”” In order to return to the ground state, the electron must
lose the excess energy. It can accomplish this by radiative trans-
mission—emitting fluorescent light at a longer wavelength than
it absorbed.!” The dichroic mirror is extremely important for the
principle of fluorescent microscopy. The mirror reflects the light
used in the excitation beam down onto the sample while allowing
the emitted light to pass through the mirror and into the objec-
tive lens or camera due to its longer wavelength.'®

Fluorophores used for fluorescence microscopy for investi-
gating protein-protein interactions can be used indirectly (as
a tag on a secondary antibody) or directly (as a tag on a pri-
mary antibody, or by using fluorescent protein tags, e.g., GFP).
Green fluorescent protein (GFP) is a naturally occurring fluo-
rophore produced by the jellyfish Aequorea victoria.'*'"” which
has had such a wide reaching impact on the world of biological
research, particularly in the study of protein-protein interac-
tions. The success of GFP is due to nature of the protein: either
alone or expressed in a genetic fusion with another protein, a
visible fluorescence is observed without the need for a cofactor;
only oxygen (O,) is required.”®'*” Various mutants of GFP have
been made over the years to generate blue fluorescent protein
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A Sequence of Protein 1: B
ACDEFGHIKLMNPQRSTVWYACDEFGHIKLMNPQ
SR \@ \.
ACDEFGHIKL PQRSTVWYAC
O DEFGHIKLMN @ AQRSTVWYAC
@) FGHIKLMNPQ @ PARSTVWYAC
O HIKLMNPQRS @ PQASTVWYAC
(0 KLMNPQRSTV O PQRATVWYAC
o ® MNPQRSTVWY O PQRSAVWYAC
Interaction site [ PQRSTVWYAC @ PQRSTAWYAC
o RSTVWYACDE @ PQRSTVAYAC
O TVWYACDEFG @ PQRSTVWAAC
O WYACDEFGHTI @® PQRSTVWYDC
O ACDEFGHIKL @ PQRSTVWYAA
@) DEFGHIKLMN
O FGHIKLMNPQ
0000000000000V OOOOOO Green channel ‘open’
CO0000000000000000@®@® Red channel ‘open’
0000000000000 0000@®® Both channels ‘open’
W
Competition for binding here

Figure 1. Using peptide arrays to study protein-protein interactions. (A) When 2 interacting proteins have been identified, the interaction site of one
of the proteins on the other can be identified if one of the proteins is available in a purified recombinant form. To do this, protein 1 is synthesized on

a cellulose support using SPOT synthesis. The protein is made in short overlapping peptides (in this figure, a simulated protein sequence is shown
which is then synthesized as a set of overlapping 10-mer peptides which are shifted to the right by 2 amino acids). When overlayed with recombinant
protein 2, the binding site of the overlayed protein on the immobilized protein (peptides) will be revealed. (B) To refine the binding site and identify
the specific amino acids in Protein 1 required for the interaction of protein 2, an alanine substitution peptide array is synthesized. To do this, a parent
peptide (or several) is chosen from the first screen (A), in this case; PQRSTVWYAC from protein 1. New immobilized peptides are synthesized but in this
case, each peptide differs from the parent peptide by 1 amino acid (each amino acid is subsequently changed to an alanine, alanines are changed to
aspartic acid). The array is overlayed with protein 2 as described above, and the critical amino acids required for the interaction are revealed (ST from
the example shown). (C) When 2 proteins are suspected to compete for binding to another protein, both competing proteins can be overlayed in
equal concentration on an immobilized protein (peptide). One protein can be conjugated to a green dye, one protein can be conjugated to a red dye.
In combination with an Odyssey" infrared imager (LI-COR Biosciences) competition between two proteins for binding to the same immobilized protein
(peptide) can be investigated. ‘Green spots’ indicate a binding preference for protein 1, ‘red spots’ indicate a binding preference for protein 2 and ‘yel-
low spots’ indicate that the two proteins compete for binding to the immobilized peptide sequence.

(BFP),"° cyan fluorescent protein (CFP) "' and yellow fluores-

cent protein (YFP)."! Extensive mutagenesis studies were per-
formed to find a ‘red” GFP but were unsuccessful,''> however, in
1999, a red fluorescent protein (RFP) was isolated from a non-
bioluminescent reef coral (class Anthozoa, genus Discosoma).'?
The use of these fluorescent proteins as a tag for a protein of
interest is a major advantage. Once the tagged proteins are
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transfected into cells, the cellular localization of the protein can
be monitored by fluorescence microscopy without the need to
undertake further processing of the sample.!” This makes them
equally useful in both fixed and live samples'® and very useful
for colocalization studies, Fluorescence (or Forster) Resonance
Energy Transfer (FRET) and Bioluminescence Resonance
Energy Transfer (BRET).
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Colocalization of proteins in a sample is indicated by an overlap
of two colors in one pixel (or one 3-dimensional voxel) (e.g., red
and green signals overlap to form yellow). Care should be taken
with the choice of multiple fluorophores to ensure the chosen
ones are excited by different wavelength lasers in order to decrease
114 Resolution of the
image captured is extremely important for colocalization studies:

crosstalk or ‘bleed-through’ between colors.

resolution decreases as voxel size increases resulting in separate
structures merging to appear as one.' This can greatly affect
colocalization studies and lead to overestimation of the level of
protein-protein interactions occurring or result in false localiza-
tion of interactions being reported. Basic epifluorescence (wide-
field) technology can produce images with high background and
low resolution resulting in erroneous reports of colocalization
in the samples. For this reason confocal microscopy is used for
studies of protein-protein interactions. There are three types of
confocal microscopy: laser scanning (LSM),!® Nipkow disk'®

and slit-scanning'*

and the practical guidelines for fluorescence
microscopy are extensively reviewed in references 101, 105, 117
and 118. Although the use of LSM has brought advantages to the
field of fluorescent microscopy such as increased resolution and
decreased background fluorescence compared with widefield,
there are also several disadvantages including photobleaching and
phototoxicity due to the length of time taken to scan samples."”
Confocal microscopy can be used to confirm interactions of
two or more proteins in a complex. Specific primary antibodies
can be used to target proteins of interest and fluorescent tagged
secondary antibodies (e.g., Alexa 405, Cy3, DyLight 488) can
be used to detect the localization of the protein of interest in
the sample. Localization of two or more proteins can be deter-
mined if the primary antibodies are of different species and the
secondary antibodies have different emission spectra. Overlap
of emitted fluorescence signal in one pixel of the image suggests
colocalization of the proteins. It is important that quantifica-
tion of colocalization is performed to confirm interactions with
appropriate statistical analysis.'"”® There are several colocaliza-
tion coefficients available for analysis with Pearson’s correla-
tion coefficient and Manders’ overlap coefficient being the most
popular. Pearson’s correlation coefficient is a standard measure
of pattern recognition and can be used to measure the strength
of the linear relationship between two fluorescence images.'?*!
It compares the similarity of shapes and ignores signal intensity
giving a value between -1 and 1, where -1 suggests an entirely
negative correlation.'”” Manders” overlap coeffiecient is derived
from the Pearson’s correlation coefficient and indicates the over-
lap of two signals and hence the true degree of colocalization.'*!
This coefficient gives a value between 0 and 1, with a value of
1 being complete colocalization and is very useful where one
antigen displays stronger fluorescence than the other.!? Adler
et al. undertook a critical review of methods used to quantify
colocalization comparing four different coefficients to quan-
tify colocalization in selected images. This group found that
Pearson’s is better than Manders’ and suggested that Manders’
is not suitable for colocalization studies. Many different types of
software are available for quantification of degrees of colocaliza-
tion and many aspects of image acquisition need to be considered
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before quantitation is performed (reviewed in ref. 121). Confocal
microscopy can be used to confirm protein-protein interactions
in both tissues and cells and has been used as a verification sys-
tem for protein-protein interactions between Hepatitis C virus
non-structural proteins that were identified by GST-pulldown
assays and Y2H.' The use of the confocal microscope to view
3D reconstruction of a sample is possible through collection of
Z-stacks during image acquisition. The top and bottom of a cell
or tissue sample can be set and the microscope will take optical
slices at a set interval. These slices are then reconstructed into a
3D image by the microscope software.'”® Colocalization analysis
can be performed on the 3D image or on the individual slices to
determine level of protein-protein interactions in different areas
of the cell.

2-photon microscopy is commonly used for imaging tissue
Sampleslz4,125
ogy of biofilm systems.'*® It overcomes a problem associated with

and has been used for studying the microbial ecol-

the laser scanning confocal microscope: the excitation of the
specimen both above and below the focal-plane.®> The principle
involves using two low-energy photons to excite a fluorophore
instead of the one high-energy photon used in confocal micros-
copy.'”” Two-photon microscopy has many advantages such as
less photobleaching, decreased autofluorescence and high 3D
resolution.'”®'* A major advantage is the ability to image deeper
into a tissue sample than with confocal (with a depth of ~400 pm
vs. ~100 MIn).l()S,IS()

The optical resolution of a microscope can limit scientists try-
ing to determine co-localization in a sample, with limits of ~200
nm in the xy plane and 600 nm in the z-axis."" The confocal
microscope can be used for studying protein-protein interactions
in systems that aim to overcome this limitation such as FRET
and BRET. FRET""!3? involves the use of two fluorophores with
overlapping emission/absorption spectra which when separated
by less than 10 nm, transfer energy from a donor to an acceptor
molecule and fluoresce. This technique can be used to investigate
binding interactions between two sets of molecules by labeling
the proteins with fluorophores. A commonly used pair are both
mutants of GFP (mentioned previously): CFP (as donor) and YFP
(as acceptor). RFP can also be used in conjunction with GFP in
FRET applications.’®® FRET has proved useful in the investiga-
tion of host-pathogen interactions (reviewed in ref. 134). The use
of three chromophore FRET to analyze multiprotein interactions
has also been described.’” BRET is similar to FRET but instead
of having two fluorescent tags, one of the tags is a bioluminescent
donor enzyme, luciferase.””® The luciferase generates blue light
by catalyzing an oxidative degradation interaction and can sub-
sequently act as a donor for a fluorophore such as GFP or YFP.'¥
As with FRET, the signal will only occur if the proteins are in
close proximity and is widely used as a verification system for the
detection of protein-protein interactions.'?®'¥ BRET was utilized
by Xu et al. to show an interaction of the cyanobacterium cir-
cadian clock protein kaiB with itself. Utilization of YFP-tagged
kaiB and luciferase-tagged kaiB allowed this group to show for-
mation of a kaiB homodimer.'*°

All the types of microscopy mentioned in this review still do
not have the resolving power of the electron microscope which
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is capable of resolving down to the level of <1 nm, with a recent

report showing resolution of <50 pm."!

Reports of fluorescent
technologies capable of resolution of ~10 nm have emerged and
are being described as super-resolution microscopy procedures
(reviewed in refs. 142-145). There are exciting possibilities for
the use of these technologies in the study of protein-protein inter-

actions in the future.
Future Perspectives

For researchers beginning a protein interaction screen, the first
step should be to consult the large resources of information
available in the public domain. However, the researcher must
tread carefully through this data because unfortunately, where
many new interactions are reported, few are actually confirmed.
Methods that confirm and characterize specific protein-protein
interactions are delivering key pieces of information about how
proteins interact. It is essential that this information is integrated
better with the data coming from large scale genome wide screen-
ing methods.

We have discussed how X-ray crystallography is playing a
very important role in deciphering how proteins interact and
advances in the speed at which X-ray crystallography can be per-
formed will be very welcome. Advances in structural biological
¢ and

are providing very

approaches such as electron cryo-microscopy techniques'
high-speed X-ray diffraction experiments'?’
detailed information about protein binding interfaces. Research
is firmly focused on visualizing the specific protein location
inside intact cells. For example, cryo-electron microscopy per-
formed in bacterial cells is helping to identify structures and
localize specific proteins inside the cell."® New tools are con-
tinuously emerging to better improve how researchers examine
how multi protein complexes are assembled. Most of these tech-
niques are based on new modifications and combinations of older
techniques. Pelletier et al. have developed a method to analyze

protein-protein interactions in Gram-negative bacteria based on
expression of affinity-tagged “bait” proteins from a medium copy-
number plasmid.'”” This method has the capacity to incorporate
a wide variety of affinity, fluorescent or other tags and is based on
the success of affinity tagging which is discussed in detail in this
review. Three-chromophore FRET has also emerged as a method
used to study the temporal organization and regulation of signal-
ing events in living cells. This system has harnessed the potential
of affinity tagging and fluorescence microscopy and is based on
the mutually dependent energy transfer between three differ-
ent fluorescent labels on three different proteins.’> These tags
can be placed on different proteins or can be incorporated into
chimeric proteins. Another combination of affinity tagging and
fluorescence microscopy has seen the emergence of Biomolecular
Fluorescence Complementation (BiFC) as a tool used to investi-
gate and verify protein-protein interactions.”® In this system, two
halves of a fluorescent tag is placed on two separate proteins that
are predicted to interact. These proteins do not fluoresce unless
they are in close proximity (suggesting interaction) which pro-
motes the association of the two halves of the fluorescent protein
to restore fluorescence.

The key challenge now is to determine the spatial and tempo-
ral regulation of protein complex assembly because many screen-
ing methods only capture a ‘moment in time’ inside the cell and
do not reveal information about how different environmental
cues are integrated during a signaling event. High throughput
screens that reflect the dynamic assembly of protein complexes
and address hierarchy of binding during complex assembly while
trapping more of the transient protein-protein interactions will
be very valuable.
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