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Abstract. Proteins are large molecules that play essential roles in all living organisms. In most molecu-
lar processes in each cell, proteins usually do not function alone but through physiological interac-
tions with various ligands. The most common interacting molecules for proteins are other proteins, 
and they act together by protein-protein interactions (PPIs) to create larger protein complexes. The 
impairment of physiological PPIs or establishing PPIs with pathological proteins often leads to the 
development of diseases. To bring insights on the knowledge about the physiological functions of 
proteins in biological processes, and to understand the development and pathogenesis of diseases, 
numerous qualitative and quantitative methods have been developed. In this review, we summarize 
the most commonly used methods for studying PPIs, and discuss their advantages and drawbacks. 
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Introduction

Proteins are essential macromolecules expressed in all living 
organisms. They fulfill numerous roles in various processes, 
such as development, gene expression, cell growth and 
coordination, cell to cell interaction, movement, apoptosis, 
metabolic processes, the immune response, transportation 
and storage, cellular defense, and many more. They can act as 
structural units, muscle contractors, catalysts of biochemical 
reactions, transporters, storage units, coordinators of func-
tions, cell signal transducers, ligand binders, etc. (Lodish et 
al. 2021). Depending on the type of process, proteins interact 
with different ligands, like other proteins, nucleic acids, car-
bohydrates, lipids, fatty acids, peptides, metabolites, neuro-
transmitters, and other molecules. Most processes in living 
organisms are managed by the protein-protein interactions 
(PPIs) among two or more proteins, whereby they create 
complexes. Based on the knowledge of PPIs, their interaction 
networks can be established, helping us to better understand 

the physiological processes in the cells (Gonzalez and Kann 
2012). The disruption or impairment of physiological PPIs 
could result in malfunctional, pathological conditions that 
often cause illnesses, for example, the loss of an interaction 
between the Von Hippel-Lindau protein, a tumor suppressor 
protein, with the hypoxia-inducible factor, a transcription 
factor in the von Hippel-Lindau disease (Ohh et al. 2000). 
The loss of essential PPIs (Ohh et al. 2000) or interactions 
of a protein with aberrant ones (for example VDAC1 pro-
tein with phosphorylated tau) (Manczak and Reddy 2012) 
are known in many diseases. Studying the conditions of 
physiological PPIs and their networks can contribute to our 
knowledge about the role of specific proteins in the cell. On 
the other hand, knowledge on the changes in PPIs and their 
networks in disease stages will help us better understand 
the pathological changes, and find new possible treatments 
and/or biological markers for diseases. Up-to-date seven PPI 
modulators have been approved for clinical use, and drugs 
against at least 7 additional protein targets are in clinical 
development to treat various diseases (Lu et al. 2020). The 
accepted drugs with protein targets are a  Bcl-2 selective 
inhibitor (Venetoclax) (Korycka-Wolowiec et al. 2019), 
used in chronic lympohoblastic leukemia, a CCR5 inhibitor 
(Maraviroc) (Dorr et al. 2005), which blocks the interaction 
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between CCR5 and gp120 used in HIV therapy and a PD-1 
inhibitor (Keytruda) (Reck et al. 2016), Opdivo (Borghaei et 
al. 2015), Tecentriq (Socinski et al. 2018), Bavencio (Boyeri-
nas et al. 2015), Imfinzi (Antonia et al. 2017)), which inhibits 
the interaction of PD-1 with PD-1L and PD-2L, approved 
for the use in metastatic/unresectable melanoma, non-small 
lung cancer and Merkel cell carcinoma. 

PPIs were first discovered in the late 19th century by two 
independent groups as an antibody-antigen interactions. 
Von Behring and Kitasato studied the animal response to 
bacterial diphteria and tetanus toxins (von Behring and 
Kitasato 1991). The second study discovered PPI that origi-
nated from animals’ immunization experiments with plant 
toxins: ricin and abrin, and their physiological responses 
on intoxication (Ehrlich 1891a, 1891b). In the 1930s, Krebs 
described PPIs in the urea cycle (Krebs and Henseleit 1932), 
citric acid cycle (Krebs and Johnson 1937), and in the 
1950s, the glyoxylate cycle (Kornberg and Krebs 1957). In 
the 1940s, the phosphorylation of glycogen phosphorylase 
(PYG) was studied, where the conversion of the active form 
(PYG-a) to the inactive state (PYG-b) was observed, with 
the identification of AMP as a prosthetic group (Cori and 
Cori 1945). Subsequently, in the 1950s, the study of PYG 
continued with the discovery of ATP as the activational 
prosthetic group, which resulted in PYG being the first 
example of an enzyme regulated by phosphorylation (Krebs 
and Fischer 1962). 

In the 1960s, the first methods for studying PPIs were 
specifically developed. They include starch gel electropho-
resis, gel filtration, equilibrium ultracentrifugation and 
ultracentrifugation in sucrose density gradients (Gally and 
Edelman 1964). In the 1970s, Förster resonance energy 
transfer (Huang et al. 1975) and crosslinking technology 
(Bickle et al. 1972) were established, and used for the study 
of the topography of the bacterial S30 ribosomal complex 
(Huang et al. 1975). In the same decade the 2D electro-
phoresis emerged, which enabled the analysis of proteins 
in complex mixtures (O’Farrell 1975). In the 1980s, several 
new methods were developed which significantly advanced 
the PPI research, namely, surface plasmon resonance (SPR) 
(Liedberg et al. 1983), phage display (Smith 1985), yeast 
two-hybrid system (Y2H) (Fields and Song 1989), and mass 
spectrometry techniques, like, e.g., matrix-assisted laser 
desorption/ionization (MALDI) (Karas and Hillenkamp 
1988; Hillenkamp et al. 1991) and electrospray ionization 
(ESI) (Fenn et al. 1989). 

The development of DNA sequencing methods also sup-
ported the identification of novel proteins and PPIs. The 
first sequencing of a bacteriophage genome was carried out 
in the year 1977 (Sanger et al. 1977). In the year 1995, the 
first complete genome of a bacteria (H. influenzae) was se-
quenced (Fleischmann et al. 1995), and since then, genomes 
of different organisms have been sequenced, including the 

genome of H. sapiens (Collins et al. 2003). These efforts have 
revealed thousands of novel genes and proteins, whereby 
the functions of many of them are yet unknown and have 
to be discovered. Although many novel proteomic methods 
and their combinations have been established and adapted 
for PPIs study, only a small fraction of the overall PPIs have 
been investigated. Because most of all biological processes 
are mediated by PPIs, their detailed understanding is one of 
the major goals of modern biochemistry. 

Methods for PPIs studying

The methods for studying PPIs can be divided into three 
groups: a) in vivo, b) in vitro, and c) in silico methods. In vivo 
methods are based on experimenting on living organisms 
themselves, using various cellular models. In vitro methods 
are performed entirely in an environment outside of living 
organisms often using purified proteins. In silico methods 
are realized by computer simulations. The methods can be 
further divided as qualitative and quantitative. Methods used 
for the qualitative study of PPIs can prove that interaction 
between two or more proteins occurs. They include methods 
used to identify PPIs by libraries screening, validation of 
potential PPIs, structural characterization of PPI interfaces, 
including identifying binding sites of PPIs, interface size, 
complementarity between surfaces, and conformational 
changes upon complex formation. Determination of affinity 
of the interaction, the kinetics of the binding, thermodynam-
ics, stoichiometry, topology, hydrophobicity, stability of the 
interaction belong to the quantitative properties measured 
by several methods (Bongrand 1999). The most popular 
qualitative and quantitative methods for studying PPIs are 
presented and discussed below, and summarized in Table 1 
and 2.

In vivo methods 

The in vivo methods are carried out using living organisms, 
cell lines, and other single-cell models. Methods in this 
group mostly describe the interactions qualitatively, although 
some can be used to study certain quantitative properties. 
Although they apply to small-scale screenings, several of the 
methods were also adjusted to high-throughput scales. The 
models used for PPI studies are Escherichia coli (Joung et al. 
2000), Saccharomyces cerevisiae (Fields and Song 1989) or 
mammalian cell lines like HeLa, COS7 (Suchanek et al. 2005), 
Jurkat cell lines (Klockenbusch and Kast 2010) or murine 
cell lines (Vasilescu et al. 2004), Candida albicans (Stynen et 
al. 2010), rats (Sinsky et al. 2020), mice (Gonzalez-Lozano et 
al. 2020), neurons from Aplysia californica (Choi et al. 2003), 
protoplasts from Arabidopsis thaliana (Ehlert et al. 2006), 
and various cellular models (Embree et al. 2009). The most 
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popular methods in the in vivo group are protein-fragment 
complementation assays (Morell et al. 2009), bimolecu-
lar fluorescence complementation (Hu et al. 2002), Yeast 
(Fields and Song 1989), Bacterial (Joung et al. 2000) and 
Mammalian (Luo et al. 1997) two-hybrid systems, Förster 
resonance energy transfer (Helms 2008), fluorescence cor-
relation spectroscopy (Elson and Magde 1974), proximity 
ligation assay (Soderberg et al. 2006), rotating cell-based 
ligand binding assay (Bjorke and Andersson 2006) and 
single-molecule interaction microscopy (Perera et al. 2020), 
and several methods developed for in vivo PPIs analysis can 
be used also to study PPIs in vitro.

Protein-fragment complementation assays (PCA)

PCA is based on forming a  bimolecular complex of two 
non-active fragments of a reporter protein. These fragments 
are fused to the studied interacting proteins (called bait and 
prey), and upon their interaction, the protein reporter func-
tion is reconstituted (Remy and Michnick 2007). The most 
common proteins utilized in PCA are ubiquitin (Johnsson 
and Varshavsky 1994), fluorescent proteins GFP (Ghosh 
et al. 2000) or YFP (Hu et al. 2002), tobacco etch virus 
protease (Wehr et al. 2006), luciferase (Paulmurugan et al. 
2002; Remy and Michnick 2006), dihydrofolate reductase 
(Pelletier et  al. 1998), transcription factor Gal4 (Fields 
and Song 1989), β-lactamase (Galarneau et al. 2002) or 
β-galactosidase (Rossi et al. 1997). PCA can be used for 
studying PPI in vivo in multicellular organisms (Kerppola 
2006a), in vitro (Galarneau et al. 2002) or in living cells 
(Nyfeler et al. 2005). The use of some reporter genes, like 
β-galactosidase, may have a  drawback since natural and 
spontaneous association of its subdomains can occur, which 
may result in a background noice (Galarneau et al. 2002). 
This drawback can be overcome by using other enzymes 
like, e.g., β-lactamase (Spotts et al. 2002), or luciferase. For 
the luciferase complementation assay, the reconstituted lu-
ciferase from Gaussia princeps (Remy and Michnick 2006), 
or firefly (Paulmurugan et al. 2002) is used, and its activity 
is measured by luminescence. This assay exhibits higher 
sensitivity compared to fluorescent PCAs because the cellu-
lar luminescence background is absent. Another advantage 
of using luciferase is that the folding of the reconstituted 
enzyme is fast and reversible, enabling the use of nearly 
real-time analysis of interaction dynamics, for example, as 
demonstrated in the study on the PKB-SMAD3 association 
upon stimulation (Remy and Michnick 2006). 

The principle of bimolecular fluorescence complementa-
tion (BiFC) is the measurement of the fluorescent signal of 
a fluorescent protein which is reconstituted from its two non-
fluorescent protein fragments fused to the interacting bait 
and prey (Fig. 1) (Hu et al. 2002). BiFC was first described 
in E. coli using green fluorescent protein (Ghosh et al. 2000) M
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and later adapted for the study of PPIs in yeast (Barnard et 
al. 2008), plant (Bracha-Drori et al. 2004), and mammalian 
cell systems (Remy and Michnick 2004). BiFC was used also 
in several rarely used model organisms, as in Acremonium 
chrysogenum (Hoff and Kuck 2005), Sinapis alba (Stolpe et 
al. 2005), Agrobacterium tumefaciens (Atmakuri et al. 2003), 
Bacillus subtilis (Defeu Soufo and Graumann 2006) and 
Magnaporthe grisea (Zhao and Xu 2007). The fluorescence 
intensities can be measured with a fluorometer (Zamyatnin 

et al. 2006), flow cytometry (Morell et al. 2008), or can be 
directly visualized in subcellular locations using a fluores-
cence microscope (Kerppola 2006b). BiFC was also used to 
study PPIs in vitro, e. g. for the visualization of Ras-Raf and 
cofilin-actin interactions by venus fragments (Ohashi et al. 
2012). For the visualization of PPIs in a nanoscale resolution, 
BiFC can be combined with Photoactivated Localization 
Microscopy (BiFC-PALM) (Nickerson et al. 2014). BiFC can 
be also used for high-throughput screening which is mostly 
used in plant models (Gehl et al. 2009). 

The two-hybrid systems are currently the most preferred, 
popular and cost-effective approach to study PPIs in cellular 
models. They can be used in small-scale or high-throughput 
screening. The principle of two-hybrid systems is the resto-
ration of the function of a transcription factor or another 
reporter protein from its non-functional split fragments, 
which is reconstituted by bait and prey interaction (Fig. 2). 
Three experimental two-hybrid-systems are currently avail-
able: A) bacterial (B2H) (Joung et al. 2000), B) yeast (Y2H) 
(Fields and Song 1989), and C) mammalian (M2H) (Luo 
et al. 1997).

A) Bacterial two-hybrid system (B2H) mainly uses 
Escherichia coli. In B2H, one protein of interest is fused to 
a DNA binding domain, and the second protein of interest 
is fused to a  subunit of the E. coli RNA polymerase. The 
original B2H utilizes hisB gene and an auxotrophic E. coli 
strain as a reporter (Joung et al. 2000), which was over the 
years modified, where new variants were developed. 

Alternative B2H systems can be divided into two cat-
egories: 
1)	Systems based on a transcriptional activation or repres-

sion of reporter genes 
•	 In λcI gene repression, the λ repressor controls the 

lytic/lysogeny commitment of the bacteriophage λ, 
which allows the inclusion of the bacteriophage DNA 
into the E. coli chromosome, and repression of the 
expression of the lytic program genes of the bacteria 
(Dodd et al. 2001). The λ repressor is a dimer of two 
identical polypeptides, whereby each polypeptide 
consists of a  DNA-binding domain (DBD) and 
a dimerization domain. The dimerization domain is 
replaced by both bait and prey proteins resulting in 
two fusion proteins: λcI-bait and λcI-prey. This B2H 
system can have two read-outs. In case the proteins 
of interest do interact, λ  repressor is reconstituted 
which represses the transcription of the reporter gene 
(mostly lacZ fused to the λ promoter-operator). The 
second marker of interaction is the determination of 
the sensitivity of cells to phage infection, since the 
cells expressing a dimeric repressor are immune to 
infection. One of the drawback of the λcI system is 
that the DBD has naturally low dimerization ability, 
resulting in a basal level of repression activity. The 

Figure 2. Two-hybrid system. Bait protein X is fused to a DNA-
binding domain and the prey protein Y is fused to the transcription 
activation domain. If the bait protein X and prey protein Y do not 
interact, the reporter gene will not be expressed (A). In case the 
bait and prey proteins interact the reconstituted transcription factor 
can activate the expression of the reporter gene (B).

A

B

A B

Figure 1. Bimolecular fluorescence complementation using green 
fluorescent protein (GFP). The bait protein X is fused to the C-terminal 
fragment of GFP and the prey protein Y is fused to the N-terminal 
GFP fragment. In case the bait and prey proteins do not interact, GFP 
stays inactive and no fluorescence can be detected (A). If the bait and 
prey proteins interact, functional GFP protein is reconstituted result-
ing in fluorescence (B). 

A

B

A B



501Technologies for the identification and validation of protein-protein interactions 

second drawback is that it cannot be used for the 
screening of proteins that can homodimerize, because 
it will lead to repression without the bait-prey interac-
tion (Hays et al. 2000).

•	 The LexA system is analogous to the λcI system. LexA 
complex consists of DBD and dimerization domains, 
which in physiological conditions, dimerizes and func-
tions as a transcriptional repressor. In LexA system, 
the proteins of interest are fused to a DBD of LexA 
protein, the bait to wild-type, and prey to its mutated 
form (LexAm), to prevent LexA homodimerization. 
Additionally, also the hybrid operator is constructed, 
consisting of both hybrid (where only LexAm can 
bind), and wild type LexA binding sites. The interac-
tion of bait and prey leads to the heterodimerization 
of LexA with LexAm which results in the repression 
of the reporter gene. The advantage of the LexA over 
the λcI system is that the LexA system has no basal 
repressor activity, since the engineered LexA lack the 
intrinsic dimerization capacity (Dmitrova et al. 1998; 
Daines et al. 2002). 

•	 The repression by DNA looping assay can detect 
interactions between proteins, and is based on the 
transcriptional repression of a  reporter gene by the 
formation of loops. The reporter gene lacZ is under 
the transcriptional control of the araBAD promoter. In 
this system, the LexA operator half-sites are inserted 
between the araBAD promoter and the translational 
start of the lacZ gene. The dimerization domains of 
both AraC and LexA are substituted by bait and prey 
proteins. The transcriptional activator AraC fused 
with bait upon binding to the AraC operator upstream 
from the araBAD promoter initiates the expression of 
lacZ. In case the bait and prey proteins interact, the 
heterodimerization of the AraC-bait and LexA-pray 
occurs, which leads to the concurrent binding of fused 
LexA to the half-sites operator and AraC to the araC 
operator. This results in the formation of a DNA loop 
that represses the araBAD promoter (Kornacker et al. 
1998). The disadvantage of this system is that the fu-
sion of bait and prey proteins to the AraC and LexA 
can alter their affinity for the operator sites, and thus 
affect the efficiency of transcriptional repression by 
the DNA loop formation. Moreover, the cells have 
to maintain three plasmids (two expression vectors 
and one reporter gene) simultaneously, therefore the 
screening is more prone to artifacts. 

2)	Systems based on the reconstitution of an enzyme and/
or signaling transduction pathway: mouse dihydrofolate 
reductase two-hybrid system, and the adenylate cyclase 
two-hybrid system:
•	 The adenylate cyclase two-hybrid system (BACTH) is 

based on the reconstitution of a regulatory cascade that 

depends on cyclic adenosine 3´,5´-monophosphate 
(cAMP). The system uses the B. pertussis adenylate 
cyclase catalytic domain. This enzyme consists of 1706 
amino acids, of which the first 400 residues have cata-
lytic activity. The activity domain can be divided into 
two sub-domains: the first subdomain, a 25 kDa frag-
ment (T25, residues 1–224), contains the catalytic site, 
and the second subdomain, an 18 kDa fragment (T18, 
residues 225–399), contains the calmodulin-binding 
site. The bait and prey proteins are fused to either the 
T18 or T25 subunits of adenylate cyclase and expressed 
in a strain lacking adenylate cyclase (cya- strain). Upon 
interaction of bait and prey, the adenylate cyclase is 
reconstituted, cAMP is produced which subsequently 
interacts with the catabolic activator protein (CAP). 
This cAMP/CAP transcription regulation complex 
binds to promoters and regulates the transcription of 
reporter genes (maltose or lactose catabolic operons). 
This results in a capability to process lactose or maltose, 
which can be detected either on a medium containing 
X-gal (resulting in a colorimetric selection), or on a se-
lective media with added maltose or lactose as carbon 
sources where only bacteria expressing interacting 
proteins can grow (Karimova et al. 1998). The BACTH 
is currently the most used B2H.

•	 In murine dihydrofolate reductase (mDHFR) com-
plementation assay, the activity of the split enzyme is 
reconstituted when the split parts are in close prox-
imity, and the bait and prey proteins are fused to the 
split parts of the enzyme. The identification of PPI is 
performed in the presence of trimethoprim in media 
which selectively inhibits bacterial dihydrofolate 
reductase, and not its eukaryotic ortholog, making 
mDHFR essential for the growth of E. coli (Pelletier 
et al. 1998). This approach can also be performed in 
mammalian cell lines, where the mDHFR activity is 
detected by either cell survival, or by a fluorescence 
assay that uses fluorescein conjugate of methotrexate 
(Remy and Michnick 1999). 

B) Yeast two-hybrid system (Y2H) is the first developed, 
and currently the most used two-hybrid system to study 
PPIs. It was discovered in the late 1980s using Saccharomyces 
cerevisiae (Fields and Song 1989). In Y2H one interaction 
partner, the bait, is fused to the DNA-binding domain of 
a transcription factor, and the second interaction partner, 
the prey, is fused to the activation domain (AD) of the same 
transcription factor (Latchman 1990). Upon bait and prey 
interaction, the transcription factor is reconstituted, thereby 
regaining its activity and triggering the transcription of the 
reporter gene. 

Currently many modifications of the Y2H have been 
established based on yeast strains that utilize reporter genes 
other than lacZ (utilized in the original Y2H (Fields and 
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Song 1989)), that are either auxotrophic markers, or mark-
ers of phenotype sensitivity. Auxotrophic markers must be 
used with modified yeast strains that are auxotrophic for 
the particular marker, for example, LEU2, HIS3, ADE2, 
URA3 (Van Criekinge and Beyaert 1999), LYS2 (Serebriiskii 
et al. 1999), CYH2 (Leanna and Hannink 1996). The Y2H 
has many advantages, among them: a) eukaryotic system 
which is similar to the natural environment, b) cheap, c) 
possibility for high throughput, d) highly sensitive e) time-
efficient, and f) easy to perform. On the other hand, there 
are several drawbacks: a) since the interactions takes place 
in the nucleus the proteins must be soluble b) possible 
incorrect structure of proteins of interest due to missing 
mammalian folding cofactors, c) fused proteins may cause 
incorrect protein folding or instability, d) proteins could be 
expressed at non-physiological levels, e) post-translational 
modifications of proteins from different species might not 
occur appropriately in yeast, and e) potential occurrence of 
false positives and/or negatives, which requires additional 
validation experiments. 

Besides the development of Y2H using different reporter 
genes, several alternative systems with different mechanisms 
have been established and are described below. 

The interaction trap (Gyuris et al. 1993), also known as 
the LexA system, uses the bacterial LexA repressor bind-
ing domain as DBD fused with the bait. The prey protein is 
fused with the activation domain of the E. coli B42 protein 
(also called as acid blob). The yeast strain used contains two 
LexA-operator responsive reporters: a LexAop-GAL1-LacZ 
plasmid, and a LexAop-LEU2 gene present in a single copy 
on the chromosome. The DBD-bait protein is constitutively 
expressed by the plasmid, and the expression of the AD-prey 
is induced by addition of galactose. In glucose medium, 
only the DBD-fused protein is expressed, which is unable 
to activate the expression of reporter genes; therefore, 
yeasts do not grow on glucose medium lacking leucine. In 
a galactose medium, the expression of AD-prey is induced, 
and upon interaction with DBD-bait, the yeasts are able to 
grow without leucine, and have blue color in the presence 
of X-gal (Gyuris et al. 1993). The advantage of this system 
is the utilization of a Gal1 inducible promoter for the AD-
prey expression, which can be used in the study of toxic 
proteins in yeast.

The split-ubiquitin Y2H was developed as a solution to 
overcome the drawback of the classical Y2H which requires 
the interaction of studied proteins in the nucleus. The split-
ubiquitin Y2H works in the cytoplasm and utilizes the 
ubiquitin protein, whose natural role is marking of proteins 
for the degradation by the ubiquitin-specific protease. The 
ubiquitin is split into two non-functional fragments, the 
modified N-terminal ubiquitin domain, without the natural 
affinity for the C-terminal region, is fused to prey protein, 
and bait is attached to C-terminal fragment conjugated 

with murine dihydrofolate reductase (mDHFR). When bait 
and prey interacts, functional ubiquitin is reconstituted, 
mDHFR fused to the C-terminal of ubiquitin is cleaved and 
released, which can be observed by immunoblot analysis 
(Johnsson and Varshavsky 1994). For better readout of the 
split-ubiquitin Y2H easier three modifications have been 
developed: a) split-ubiquitin Y2H with rUra3p reporter 
protein, b) membrane yeast two-hybrid system or c) cytosolic 
yeast two-hybrid system.

In the split-ubiquitin Y2H with rUra3p reporter pro-
tein, instead of mDHFR, the system uses URA3 gene, an 
enzyme essential for the production of uracyl. Additionally, 
rUra3p protein is modified to be vulnerable for degradation 
by endogenous proteases. This enzyme is also able to convert 
5-fluoroorotic acid (5-FOA) to a toxic metabolite that causes 
cell death. In this system, if bait and prey interacts, rUra3p 
protein is cleaved from ubiquitin C-terminal fragment, 
and subsequently degraded. The system has two alternative 
read-outs upon bait and prey interaction: a) yeast colonies 
can grow on a medium containing uracyl and 5-FOA, and 
b) yeast colonies cannot grow on a medium without uracyl 
(Laser et al. 2000). 

If membrane proteins are expressed in the cytoplasm, 
they are very often insoluble and/or malfunctional. There-
fore, the split-ubiquitin based membrane yeast two-hybrid 
system (MbY2H) was developed. MbY2H is suitable for the 
study of interactions between membrane proteins that have 
at least one domain localized in the cytosol. Here, the bait 
membrane protein is fused to the C-terminal ubiquitin moi-
ety conjugated to transcription factors LexA-VP16 (VP16 
is a  transcriptional activator from herpes simplex virus, 
(Sadowski et al. 1988). The prey membrane protein is fused 
with the N-terminal ubiquitin moiety. Upon interaction of 
bait and prey, split-ubiquitin is reconstituted, recognized 
by ubiquitin-specific protease and the protein complex is 
cleaved. Subsequently, the liberated transcription factor en-
ters the nucleus, binds to LexA-binding sites in the promoter 
region, and induces transcription of reporter genes HIS3 and 
lacZ (Stagljar et al. 1998). 

The split-ubiquitin Y2H was also adapted for the screen-
ing of cytosolic proteins to overcome their interaction in 
the nucleus. In the cytosolic yeast two-hybrid system (cyto 
Y2H), the bait fused to the C-terminal ubiquitin moiety with 
an artificial transcription factor LexA-VP16 is anchored to 
the endoplasmic reticulum membrane by the fusion with the 
Ost4p protein. The prey attached to a mutated N-terminal 
ubiquitin moiety is expressed freely in the cytoplasm. In the 
case of bait and prey interaction, the mechanism of reporter 
gene activation is identical to MbY2H. The LexA-responsive 
reporter genes are in this case HIS3, ADE2 and lacZ which 
are integrated in the genome. This system can be used also 
for the identification of transcriptional activators (Mockli 
et al. 2007). 
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The advantages of the split-ubiquitin Y2H are a) the 
screening for interaction is mediated by the cleavage of 
ubiquitin, b) because the ubiquitin is a small molecule, its 
steric hindrance for interacting proteins is low, and c) the 
interaction need not be carried out in the nucleus (Johnsson 
and Varshavsky 1994).

RAS recruitment system (RRS) is able to bypass the 
transcriptional readout using the Ras signaling pathway, 
which is homologous between mammals and yeasts. The 
Ras system is based on two factors a) the Ras has to be local-
ized at the plasma membrane b) it has to be activated by the 
guanyl exchange factors (Cdc25 in yeast, and son of seven-
less (SOS) in mammals) to undergo a GDP-GTP exchange. 
A soluble bait protein is fused to an activated mammalian 
Ras. The prey protein is associated with the membrane, e.g. 
by myristylation. If the bait and prey do interact, the Ras 
activates downstream signaling, which results into rescue 
of the temperature-sensitive cdc25 yeast strain, which will 
be able to grow at 36°C (Broder et al. 1998). 

The reverse Ras recruitment system (rRRS-Y2H) is 
based on the same principle as RRS, with the difference 
that the bait is an integral membrane protein, and the prey 
protein is a soluble protein fused to active Ras (Hubsman 
et al. 2001). 

The SOS recruitment system (SRS-Y2H) also works 
similarly. The prey protein is fused to the membrane with 
an anchor (via myristylation). The non-active yeast Ras is 
localized at the membrane. A soluble bait protein is fused to 
the mammalian SOS. In the case that bait and prey interact, 
the SOS stimulates the Ras resulting in the downstream 
signaling (Aronheim et al. 1997).

The reverse two-hybrid system (rY2H) is built on the 
classical Y2H with the difference that the expression of the 
reporter gene leads to the generation of products that are 
toxic to the yeast. The rY2H utilizes a  counter-selection 
strategy where the disruption of an established PPI leads to 
cell viability. The reporter gene URA3 is used as a counter-
selection marker, because in the presence of 5-FOA, the 
enzyme orotidine 5’-phosphate decarboxylase, which is the 
product of the URA3 gene, converts this substrate to a toxic 
metabolite that causes cell death. This system can be used 
for the identification of compounds that inhibit the bait-prey 
interaction. In case of the inhibition of the interaction in the 
presence of the toxic metabolite (5-FOA) the viability of the 
cells is rescued (Vidal et al. 1996). Another alternative rY2H 
utilizes the cyh2 reporter gene, in which the interaction of 
bait and prey, restores the sensibility to cycloheximide in 
a  resistant strain (Leanna and Hannink 1996). rY2H can 
be used to identify residues required for protein-protein 
interaction by using a mutated copy of the cDNA encoding 
one of the proteins. cDNAs encoding proteins are then no 
longer able to interact, and can be sequenced to identify 
amino acids essential for interaction. rY2H can be also used 

for the identification of molecules that are able to dissociate 
known interactions (Vidal et al. 1996).

In the dual bait system (Serebriiskii et al. 1999), two baits 
to one prey protein are used. Commonly two different bait 
proteins (X1 and X2) are fused to two different DBD (e.g. 
LexA and λcI), and are co-expressed in the same cell. Both 
DBDs activate a different set of reporter genes. The interac-
tion of the prey protein with one of those bait proteins starts 
the transcription of either LexA-dependent reporter genes 
(lacZ and LEU2) if interacting with X1 bait protein, or λcI-
dependent reporter genes (gusA and LYS2) if interacting with 
X2 bait protein. If prey interacts with bait protein X1 and 
activates the LexA-dependent reporter genes, the positive 
interaction results in colorimetric selection on a medium 
containing X-gal, or the possibility to grow on a minimal 
medium lacking leucine. In the case that the prey protein 
interacts with X2 bait protein, λcI-dependent reporter genes 
are activated, and can be visualized by a colorimetric selec-
tion on a medium containing X-gluc, or growth on a minimal 
medium lacking lysine. The dual bait system is also able to 
differentiate higher versus lower affinity interactions. The 
advantage of this system is that the controls for false positive 
or nonspecific interactions can be incorporated in a single 
step, and the system allows the simultaneous analysis of 
protein interaction with two related or unrelated partners in 
a single cell; therefore, useful for a variety of high throughput 
and genome-oriented studies. 

The Y2H has seen many modifications in the last two 
decades, in order to mitigate the drawbacks of the original 
system. Besides above mentioned modifications, five less 
frequently used variants of Y2H have been developed: the 
G-protein signaling-based Y2H (Ehrhard et al. 2000), RNA 
polymerase III-based two-hybrid system (Marsolier et al. 
1997), extracellular proteins system (SCINEX-P) (Urech 
et al. 2003), Split-Trp system (Tafelmeyer et al. 2004) and 
repressed transactivator system (Hirst et al. 2001). 

The yeast three-hybrid system was developed to study 
three interacting partners (Zhang and Lautar 1996). Using 
this system, it is possible to detect Z-protein-mediated X/Y 
interaction, which cannot be performed with two-hybrid 
systems. The interactions of proteins in two-hybrid systems 
can be missed if a third protein is required for the interac-
tion of these proteins, or if a protein interacts with a domain 
formed through the interaction of two other proteins. The 
principle is similar to Y2H, where two proteins are fused to 
the DBD and AD of the Gal4 transcription factor, while the 
third protein is expressed with only a nuclear localization 
signal. The activities of both reporter genes lacZ and HIS3 
are only detected if all three proteins come together and 
form a complex (Zhang and Lautar 1996). This system can 
be used to study ligand-dependent receptor dimerization 
(Licitra and Liu 1996), or interactions between hybrid RNA 
molecules and proteins (SenGupta et al. 1996).
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C) Mammalian two-hybrid system (M2H) utilizes the 
same strategy/principle as the Y2H. The bait is fused to the 
transcription factor Gal4 DBD and the prey to the AD of the 
VP16 protein. The reporter gene used in the original M2H is 
chloramphenicol acetyltransferase (cat) which is under the 
control of five copies of the Gal4 binding sites upstream of 
an E1b promoter. The interaction of bait and prey proteins 
can be measured by the CAT assay (Luo et al. 1997). Similar 
to the Y2H and the B2H, several modified M2H have been 
developed over the last two decades, and can be classified 
into three categories: LUMIER (Barrios-Rodiles et al. 2005), 
MAPPIT (Eyckerman et al. 2001), and Split-TEV assay 
(Wehr et al. 2006).
•	 The luminescence-based mammalian interactome 

mapping (LUMIER) method was developed to enable 
an automatic high-throughput analysis for systematical 
mapping of PPI networks in mammalian cells. LUMIER is 
based on the co-expression of two interacting proteins, of 
which bait contains a FLAG-tag, enabling immunoprecipi-
tation, and the prey is fused to a Renilla luciferase, enabling 
luminescent detection of the interaction. After anti-Flag 
affinity purification, the luciferase activity is measured 
and compared to the negative control, for example, eluate 
from the non-affinity matrix. In the case, the proteins do 
interact the activity of luciferase is higher compared to the 
negative controls (Barrios-Rodiles et al. 2005).

•	 The mammalian protein-protein interaction trap 
(MAPPIT) is a modification of the M2H in which the 
PPIs takes place in an in situ environment. The bait and 
prey proteins are fused to fragments of a cytokine recep-
tor (CR). The bait protein is fused to a signaling-deficient 
CR, and the prey protein is tethered to a  CR with an 
intact recruitment site. Upon bait-prey interaction, the 
function of the receptor is restored and can be activated 
with an appropriate ligand. After ligand binding, pre-
associated Janus kinases (JAK) are activated by cross-
phosphorylation. Activated JAKs phosphorylate tyrosine 
residues of the receptor fragment coupled to the prey, 
which then act as docking sites for signal transducers and 
activators of transcription (STATs). Recruited STATs are, 
in turn, phosphorylated by the JAKs, what leads to their 
activation, subsequent dissociation from the docking 
sites and dimerization. The dimers are translocated to 
the nucleus where they induce STAT-dependent reporter 
gene transcription. Besides the bait-prey interaction, the 
reporter gene expression also depends on the addition of 
the proper cytokine ligand, which adds an extra layer of 
control over false positives. Since the read-out depends on 
activated STATs which are shuttled from the cytosol to the 
nucleus, the procedure depends on interactions occurring 
in the cytosol near the membrane (submembrane space). 
Other advantages of the MAPPIT are that the PPIs can 
be detected even in the presence of endogenous proteins, 

and that it does not rely on the nuclear translocation of 
bait and prey. The MAPPIT is suitable for the analysis 
of signal transduction cascades because the interaction 
occurs in the most physiologically relevant conditions, 
and also because modification-dependent PPIs can be 
detected (Eyckerman et al. 2001). 

•	 The principle of the split-TEV assay is based on the 
reconstitution of a proteolytic activity which can drive 
a reporter system of choice, rather than the reporter itself. 
Proteins of interest are fused to two fragments of the to-
bacco etch virus protease (TEV). Upon protein-protein 
interaction, protease activity of TEV is reconstituted, 
which cleaves a specific TEV recognition sequence. This 
results in either a proteolytic liberation and activation 
of a  reporter enzyme, such as, luciferase, or releasing 
a transcription factor which is transported to the nucleus 
and activates a reporter gene (Wehr et al. 2006). The ad-
vantage of this system is the ability to identify even weak 
and transient interactions, or interactions dependent on 
low abundant endogenous posttranslational modification 
systems, due to the irreversible reporter activation by 
TEV cleavage. It is possible to study PPIs of lower expres-
sion levels which would not be possible in the classical 
two-hybrid system. A disadvantage is that capturing of 
interaction kinetics is not possible since the system is 
irreversible (Wehr et al. 2006).
Two-hybrid systems using other model organisms were 

also developed using different model systems than those 
discussed above. The plant two-hybrid system (P2H) utilizes 
protoplasts of Arabidopsis thaliana (Ehlert et al. 2006). P2H 
system uses a strong 35S promoter for the control of Gal4 
AD and BD. The reporter gene used in this system is GUS 
(β-glucuronidase), which upon expression is measured by the 
GUS assay (Ehlert et al. 2006). The neuronal 2H system was 
developed in the neurons of Aplysia californica, and utilizes 
the GAL4 system with a lacZ reporter gene to study long-term 
memory (Choi et al. 2003). The insect two-hybrid system was 
established in a silkworm Bombyx mori. It utilizes the Gal4 
BD and the AD from a mouse nuclear factor-kappa B (NF-κB, 
also called p65), whereby both are under the control of the 
OpIE2 promoter. The reporter gene of the system is the firefly 
luciferase (Mon et al. 2009). Each of the three discussed two 
hybrid systems (Y2H, B2H. M2H) does have advantages and 
disadvantages, which are described in Table 3.

Förster and bioluminescence resonance energy transfer

Förster resonance energy transfer (FRET) method was 
developed as a microscope method utilizing the FRET phe-
nomenon (Förster 1948), and is more accurate in providing 
co-localization information in comparison to fluorescent 
microscopy. FRET was established as a  spectroscopic 
ruler in the 1960s to reveal proximity relationships of two 
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A B

Figure 3. Förster resonance energy transfer. Two chromophores, 
in this case, cyan fluorescent protein (CFP) and yellow fluorescent 
protein (YFP), are fused to the bait protein X and prey protein Y. If 
the bait X and prey Y proteins do not interact the energy transfer 
from the excited CFP to YFP will not happen (A). If the bait X and 
prey Y protein interact, CFP and YFP are in close proximity and the 
emission energy from excited CFP is transfer to YFP what results 
in the emission of fluorescence (B).

fluorescence-labeled sites in biological macromolecules 
(Stryer and Haugland 1967; Stryer 1978). In FRET, a donor 
chromophore is excited upon irradiation with light at a spe-
cific wavelength, which transfers its nonradiative energy to an 
acceptor chromophore through nonradiative dipole-dipole 
coupling (Lakowicz 1999; Helms 2008). The energy transfer 
can happen only if donor and acceptor chromophores are in 
close proximity, leading to the emitting of acceptors char-
acteristic fluorescence (Truong and Ikura 2001) (Fig. 3). In 
FRET, the donor and acceptor chromophores are covalently 
coupled to either the bait or prey proteins. Chromophores 
could be either small fluorescent dyes or fluorescent proteins 
(Sapsford et al. 2006; Stepanenko et al. 2011). Following 
predispositions have to be met for successful FRET: a) the 
overlap of donor emission and acceptor absorption spectrum 
must be significant and sufficient for energy transfer, b) 
emission spectrum of acceptor must be different from that 
of a donor, c) the distance between the acceptor and donor 
has to be less than 10 nm, and d) the dipole orientation of 
the acceptor and donor has to be aligned, ideally in a paral-
lel fashion (Sun et al. 2011). FRET can also be applied for 
high-throughput screenings (Song et al. 2011). 

FRET is also able to inform on the orientation of interact-
ing partners (Dos Remedios and Moens 1995), for example, 
as demonstrated for the interaction of a serotonin transporter 
with calmodulin kinase IIα (Steinkellner et al. 2015). The 
disadvantage is that, although this method can be used for 
the co-localization of PPIs, it still does not necessarily prove 
a  direct physical interaction. FRET could instead result 
from the proximity of proteins, for example in multiprotein 
complexes (Xing et al. 2016). 

Currently, the most commonly used FRET methods 
are FRET-AB and FRET-FLIM. The FRET-AB method, 
also called acceptor bleaching FRET, measures donor 
quenching in the presence of an acceptor. The rationale 
behind this approach lies in the loss of energy transfer 
from the donor to the acceptor when bleached, resulting 
in an increase in donor fluorescence intensity and lifetime. 

The measurement is accomplished by the comparison of 
the donor fluorescence intensity in the sample before and 
after the destruction of the acceptor with photobleaching 
(Kenworthy 2001), for example, as in the study of a non-
specific lipid transfer protein with fatty acid oxidation 
enzymes in peroxisomes (Wouters et al. 1998). Acceptor 
photobleaching is a straightforward method that does not 
require high-end microscopes, and the analyzed sample 
can serve as the additional control of the interaction. The 
drawback of FRET-AB is that the photobleaching of the 
acceptor can also bleach the donor. 

For the monitoring of dynamic events in the FRET, the 
fluorescence lifetime imaging FRET (FRET-FLIM) was 
developed. FLIM is based on the measurement of nano-
seconds long excited state of fluorophores within the cell 
which depends on the local environment surrounding the 
probe. The FRET-FLIM combination also enables the study 

Table 3. Comparison of different two-hybrid systems 

Two-hybrid systems Advantages Limitations

Yeast two-hybrid 
system

Cheap, post-translational modification of eukaryotic 
proteins, high sensitivity

Less suitable for membrane proteins, the possibility 
of improper folding and/or posttranslational 
modifications, high rates of false positives/negatives, 
the levels of expression might be too low  

Bacterial two-hybrid 
system

Screening of larger libraries compared to Y2H, 
higher transformation efficiencies and faster growth, 
no nuclear tag required, nor eukaryotic activation 
domains

The absence of posttranslational machinery might 
lead to improper folding

Mammalian two-
hybrid system

A suitable environment for human proteins, less time 
costly compared to Y2H

Not suitable for the screening of libraries, only few 
mammalian cloning systems are available

A B
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of dynamic PPIs in 2 to 3-dimensions (Elangovan et al. 2002; 
Chen and Periasamy 2004). 

Several other FRET modifications have been also devel-
oped, for example, spectral FRET (Neher and Neher 2004), 
single-molecule fluorescence resonance energy transfer (sm-
FRET) (Ha et al. 1996; Ha 2001), and homo-FRET (Yeow and 
Clayton 2007; Bader et al. 2009). Besides, a single-molecule 
three-color FRET was also built, which utilizes two acceptor 
fluorophores instead of one. The three-color FRET allows 
studying of three different interaction partners, and can 
provide three-dimensional spatial and temporal information 
on protein-protein interactions and complexes in single liv-
ing cells under physiological conditions (Hohng et al. 2004; 
Kim and Chung 2020). FRET and some of its modifications 
can be also applied for in vitro studies of PPIs (Elvekrog and 
Gonzalez Jr 2013).

Bioluminescence resonance energy transfer (BRET) is 
based on a similar principle like FRET. The only difference 
is that the resonance energy is transferred from an excited 
bioluminescent donor (commonly luciferase) to a fluorescent 
acceptor. For the activation and excitation of the biolumi-
nescent donor, a substrate is required (Xu et al. 1999; Dimri 
et al. 2016). 

Fluorescence correlation spectroscopy (FCS) and fluorescence 
cross-correlation spectroscopy (FCCS)

FCCS is a quantitative method used for the characteriza-
tion of PPIs in living cells. It was modified from FCS (Elson 
and Magde 1974), which is mainly used for PPIs studies in 
vitro. The FCS is based on the excitation of fluorescently 
labeled molecules in a small volume (femtoliters), whose 
diffusion out and into the detection volume causes a fluc-
tuation of fluorescence intensity, which is measured. After 
a  fluorescently labeled molecule binds to its interaction 
partner, its mobility is slowed, which is reflected in its fluc-
tuation rate (Langowski 2008). FCS can also determine the 
concentration and mobility (diffusion coefficient) of free 
interacting proteins (Langowski 2008; Dawes et al. 2020). 
FCS can be applied in vivo for qualitative confirmation of 
PPIs, for example, as described in the interaction of hu-
man immunodeficiency virus type 1 integrase with lens 
epithelium-derived growth factor/transcription co-activator 
p75 (Maertens et al. 2005). 

FCCS (Eigen and Rigler 1994; Schwille et al. 1997) can 
assess several additional parameters that cannot be measured 
by the FCS. It can determine the affinity, enzyme kinetics 
(Kettling et al. 1998) and oligomerization of the binding 
(Bacia et al. 2006). In comparison to FCS, the FCCS uses two 
spectrally distinct fluorophores for the labeling of interaction 
partners. After the interaction of proteins, the molecules 
diffuse through the focal volume in a synchronized man-
ner, inducing simultaneous fluctuations of the fluorescence 

signals in the two-color channels, resulting in a  positive 
cross-correlation readout (Bacia et al. 2006).

Both the FCS and FCCS methods can also be used in in 
vitro studies (Schwille et al. 1997; Kettling et al. 1998; Van 
Craenenbroeck and Engelborghs 1999).

Proximity ligation assay (PLA)

PLA (Fredriksson et al. 2002) is a  method utilizing anti-
bodies, nucleotides and fluorescence, and is used for the 
intracellular detection of PPIs. Protein partners of interest 
are first expressed in cells, which are fixed, permeabilized, 
and labeled with each protein-specific antibody, tagged with 
different short DNA oligonucleotide. After washing, the 
linear connector oligonucleotide is added. In the case that 
bait and prey interact, both PLA probe-oligonucleotides 
are annealed with linear connector oligonucleotide, con-
sequently forming a  circular structure that is covalently 
ligated (Soderberg et al. 2006). Subsequently, rolling circle 
amplification (RCA) is initiated, where one of the probes is 
used as a primer. Amplified DNA is detected by hybridization 
of a fluorescently labeled oligonucleotide complementary to 
a tag sequence in the RCA product, which can be analyzed 
by fluorescent microscopy. In this way, a  single-molecule 
sensitivity can be achieved (Soderberg et al. 2006; Jarvius et 
al. 2007). Alternatively, the visualization of PPIs in PLA can 
be also achieved by the combination of unmodified primary 
antibodies from different species with secondary antibodies 
tagged with short DNA oligonucleotides (Jarvius et al. 2007). 
PLA was recently applied in a high-throughput screening 
set-up for the identification of interaction partners of the 
nuclear lamina (Serebryannyy and Misteli 2019). 

Rotating cell-based ligand binding assay

This method can be used for the analysis of interaction of 
proteins expressed on the surface of cells with their ligands, 
and it has been widely used for the study of receptor-ligand 
interactions (De Jong et al. 2005). The assay works as fol-
lows: petri dish with the solid medium is divided into an 
active area, with target cells expressing the receptor, and 
reference area (lacking target cells). The solution with the 
radioactively labeled studied interacting partner (ligand) is 
added to obtain a homogenous solution on both areas of the 
petri dish. The activity of both areas are separately measured 
and compared. Using this method, it is possible to measure 
the association, dissociation, and affinity constants of PPIs 
(Bjorke and Andersson 2006). 

Single-molecule interaction microscopy (SMIM)

SMIM is a method used for the quantitative study of PPIs 
inside the cell, focusing mostly on antibodies. It is based 
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on the merge of point accumulation for imaging in the 
nanoscale topography (PAINT) method with extended 
imaging duration, enabled by inserting non-illuminating 
intervals between image frames (Perera et al. 2020). PAINT 
is a process that uses fast and transient dyes to capture several 
fluorescence points at once. If a fluorescently labeled prey 
binds to the immobilized bait a fluorescent signal appears as 
a diffraction-limited spot. This signal is destroyed after label 
dissociation or photo bleaching (Sharonov and Hochstrasser 
2006; Giannone et al. 2010). 

Overall, the in vivo methods do have many advantages 
over in vitro techniques. The environment of the interaction 
is closer to the physiological state in in vivo methods. Most 
of the methods can have high throughput, which makes 
them useful for large library screenings. The strength of 
these methods is the fact that, in most cases, no expensive 
infrastructure is required, and most of them (e.g. BiFC, FCS, 
FRET) have high sensitivity. The drawbacks are mainly the 
high rate of false positives or non-specific interactions. 

In vitro methods 

The second group of methods used for the study of PPIs 
are the in vitro methods, which are carried out outside of 
the organisms and their natural environment, very often 
using purified proteins. Many methods in this group can 
qualitatively describe interactions, and several of them can 
measure also quantitative parameters. With the qualitative 
methods, it is possible to screen for PPIs using libraries or 
confirm already discovered PPIs. The quantitative methods 
are able to measure several different properties of the PPIs. 
For example, the affinity constants, stoichiometry, enthalpy, 
entropy, and even properties like charge or molecular weight. 
Many of the original methods developed for in vitro studies 
have been also modified for in vivo systems. The in vitro 
methods have many advantages as they are fast, cheap, and 
in most cases they require a small amount of samples. The 
disadvantage of the in vitro systems is that the environment 
of the PPIs is different compared to the natural environment 
where the PPIs occur, which can lead to false positives. 
However, the advantages of in vitro methods in most cases 
outweigh their disadvantages. They are very often used for 
validation of interactions identified by in vivo systems, like 
for example two-hybrid systems. 

Affinity chromatography and co-immunoprecipitation (co-IP)

Affinity chromatography (also called affinity purification) 
and co-immunoprecipitation are currently the basic bio-
chemical approaches to the qualitative study of PPIs in an 
in vitro environment. 

By affinity chromatography, bait protein is covalently 
immobilized on a matrix (affinity resin). Alternatively, also 

non-covalent immobilization is possible, but in a high affini-
tive manner, such as, the biotinylated protein is immobilized 
on a streptavidin column (Green 1990; Qureshi and Wong 
2002). Lysate from cells or tissue is then applied to the af-
finity column and all prey proteins interacting with the 
immobilized bait are captured. After washing, the captured 
prey proteins are eluted (Cuatrecasas et al. 1968) by the ad-
dition of suitable agents, such as, related competitor ligand, 
high salt concentration, change of pH, detergent, etc (Ratner 
1974). The analysis and identification of bound proteins can 
be carried out by mass spectrometry (Gingras et al. 2007; 
Collins and Choudhary 2008), immunoblot analysis (Bochar 
et al. 2000), etc. Several types of PPIs could be identified 
by affinity chromatography, for example, antibody-antigen 
(Olmsted 1981), enzyme-substrate (Duckworth et al. 1972), 
enzyme-cofactor (Lowe and Dean 1971), enzyme-inhibitor 
(Chijiwa et al. 1989), and ligand-receptor (Cull et al. 1992). 

co-IP (Kessler 1975) is based on a similar principle as af-
finity chromatography. Interacting proteins are isolated from 
cell or tissue lysates with the help of antibodies specific for 
bait protein. The antibody is added to the sample, and the 
antibody-bait-prey complexes are isolated by e.g. protein-G 
(Akerström et al. 1985), or protein-A (Yaciuk 2007) magnetic 
or agarose beads which specifically bind antibodies. In case 
the co-IP is performed from antibody-containing samples 
(e.g. blood or some tissues), a lot of “unwanted” naturally 
present antibodies are also retained, which decreases the 
amount of purified specific complexes. This drawback can 
be overcome if the antibody is covalently coupled to mag-
netic or agarose beads, and subsequently used for immuno 
pull-down of bait-pray complexes. After washing of beads, 
the complexes can be eluted, analyzed, and identified by 
mass spectrometry, Western blot, or other methods (Lin 
and Lai 2017). 

Chemical cross-linking, label transfer and strep-interaction 
experiment (SPINE)

Chemical cross-linking (Bickle et al. 1972; Han et al. 1984; 
Fancy and Kodadek 1999) emerged as a method that helps 
to not only identify weak PPIs in vitro (Selkoe et al. 1982), 
but can be used also for the identification of interacting 
partners in vivo (Schmitt-Ulms et al. 2004). The chemical 
crosslinking is based on the introduction of a covalent bond 
between amino acids in close proximity, between two pro-
teins, or functional groups of one protein (gaining insights 
over the protein conformation) using chemical reagents 
called crosslinkers (Tang and Bruce 2009). Subsequently, 
the cross-linked complexes are purified and analyzed by 
biochemical methods (Western blot, ELISA, etc.), but most 
often by mass spectrometry (MS). In Cross-Linking Mass 
Spectrometry technology (XL-MS), either whole cross-
linked protein complexes are analyzed by multiple stages of 
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fragmentation in the mass spectrometer (so-called top-down 
approach) (Fig. 4) (Kruppa et al. 2003), or complexes are 
first cleaved by proteases and then peptides are analyzed by 
MS (bottom-up) (Young et al. 2000). The XL-MS method 
does have few obstacles. First, the miscleavage rate during 
enzymatic digestion could be increased, since the cleavage 
sites are often blocked by the crosslink, leading to increased 
peptide size. Secondly, the abundance of the cross-linked 
peptides compared to linear peptides is low. Therefore, 
the right choice of the linker in crosslinking reagent has to 
be considered, since it influences the positions where the 
cross-link is created, and the number of cross-links. The 
chemical crosslinkers commonly used are formaldehyde, 
amine-reactive crosslinkers, sulfhydryl reactive crosslink-
ers, or photoreactive crosslinkers (reviewed in (Sinz 2003)). 
For the top-down approach, several new cross-linkers have 
been developed, which are MS-cleavable. For example, DC4, 
DHSO, BMSO, and many more (for a comprehensive review, 
we refer the readers to the article (Matzinger and Mechtler 
2020)). The crosslinking is also possible to perform in vivo 
in cell models or higher organisms to study PPIs in their 
native environment. In the in vivo approach, the PPIs are 
first cross-linked in living cells or model organisms, for ex-
ample, by perfusion with a solution containing crosslinker. 
The PPIs are isolated, cleaved by proteases and analyzed by 
MS (Schmitt-Ulms et al. 2004). This approach was applied 
for the identification of amyloid peptide (Schmitt-Ulms et al. 

2004), and tau protein interaction partners (Schmitt-Ulms 
et al. 2004; Sinsky et al. 2020). Using the XL-MS method, it 
is possible to measure several quantitative properties of the 
PPIs. For example, to identify the exact amino acids of cross-
link, the topology of the interaction, the levels of interaction 
partners in the PPI, the abundance and orientation of the 
interaction (Chavez et al. 2011).

Likewise, chemical-crosslink label transfer incorporates 
the crosslinking methodology to study PPIs in vitro by 
labeled proteins (Fig. 5). The method uses a bifunctional, 
cleavable cross-linking agent which contains detectable 
tag (biotin, radiolabel, fluorescent). This crosslinker is first 
conjugated to bait protein, which is then used for studying 
interaction with prey. After the interaction of the modified 
bait with its prey, the cross-linking agent is activated to cross-
link bait and prey proteins. Then the complex is cleaved in 
such a manner that the detectable tag is transferred from the 
bait to prey protein. The resulting modified prey is analyzed 
by Western blot, MS, or by protein sequencing (Chen et al. 
1994; Fancy 2000; Lam et al. 2002). 

SPINE combines the advantages of the reversible 
crosslinking procedure by formaldehyde and specific pu-
rification of proteins by Strep-tag affinity chromatography. 
It works in a such way that the bait protein is engineered 
as a fusion protein with a strep-tag. After crosslinking, the 
protein complexes are purified by affinity chromatography 
using immobilized streptavidin or strep-tactin. Isolated 
complexes are subsequently eluted by biotin or desthiobiotin. 
Then crosslinks are reversed and the fractions of proteins are 
analyzed by immunoblotting (Herzberg et al. 2007). 

Affinity capillary electrophoresis (ACE)

ACE is based on the principle of capillary electrophoresis 
with few modifications (Virtanen 1974), which was first 
reported in the early 90s for the study of binding constants. 
ACE is a quantitative method that is based on the changes 
of electrophoretic mobility patterns of the studied protein 
upon interaction with other proteins or ligands (Chu et al. 
1992). Besides PPIs, it is possible to also study interactions 
of proteins with other ligands, for example, with drugs (Hail 
and Lee 1998), metal ions (Redweik et al. 2013), nucleic 
acids (Malonga et al. 2006), and other molecules. ACE al-
lows measuring binding constants (Chu et al. 1992; Avila et 
al. 1993), the charge of the formed complex (Colton et al. 
1998), and the binding stoichiometry. 

Display technologies

Display technologies are mainly used for the identifica-
tion of ligands of bait protein from libraries of peptides 
or proteins. Among them, the most popular are phage 
display (Smith 1985), the ribosome display (RD) (Hanes 

Figure 4. Chemical cross-linking. In the first step, protein com-
plexes are crosslinked in vivo or in vitro by a  cross-linker. The 
complexes are subsequently purified and enzymatically digested to 
peptides which are analyzed by mass spectrometry (MS). 
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and Plückthun 1997), and the mRNA display (Roberts and 
Szostak 1997). All display technologies possess the common 
feature that each protein molecule (phenotype) is linked 
with its encoding sequence (genotype). The bait protein is 
immobilized on a solid surface, and a library of potential 
prey-gene complexes are applied to immobilized bait. After 
washing, bound prey complexes are eluted, amplified, and 
analyzed by DNA sequencing. The link between pheno-
type and genotype, is maintained by phages themselves in 
phage-display (Smith 1985), by mRNA-ribosome-protein 
complexes in ribosome display (Hanes and Plückthun 1997), 
and by mRNA-protein molecules in mRNA display (Roberts 
and Szostak 1997). 

Phage display utilizes bacteriophages to noncovalently 
couple a  protein displayed on the phage surface with its 
DNA encoding sequence, which is inserted into one of the 
phage coat protein genes. Phage libraries displaying peptides 
or proteins (as big as 1011) are used for the screening and 
selection against immobilized bait protein. After washing, 
bound phages are eluted, amplified in bacteria, and used 
for the further round of selection (Smith 1985). After sev-
eral rounds of enrichment, single phages are amplified and 
their DNA is sequenced (Fig. 6). The phage display enables 
qualitative screening of interaction partners of proteins of 
interest. It can be divided into two groups: the combinato-
rial peptide phage display and the proteomic phage display. 
The combinatorial peptide phage display relies on highly 
diverse libraries to identify high-affinity short peptide ligands 
(Noren and Noren 2001). The proteomic phage display is 
used for the display of a target proteome, for example, scFv 
antibody fragments, cDNAs, ORFs, expression products 
from genomic DNA, or proteins from a designed synthetic 
oligonucleotide library. Over time several modifications of 
phage display have been developed. For detailed informa-
tion, we refer the readers to the dedicated review (Sundell 
and Ivarsson 2014). 

Ribosome display (RD), is a completely in vitro method 
which links the proteins of interest with their mRNA 
through a stalled ribosome-mRNA-protein complex. RD is 

performed using cell-free translational systems from bacte-
ria (Hanes and Plückthun 1997), wheat germ (Roberts and 
Paterson 1973), yeasts (Gasior et al. 1979; Tuite et al. 1980) or 
rabbit reticulocytes (Pelham and Jackson 1976). RD is heavily 
dependent on the integrity of the ribosome-mRNA-protein 
complexes. With RD, it is possible to screen large synthetic 
and natural proteome libraries with high diversities (>1012) 
(Hanes and Plückthun 1997). During the ribosome display, 
procedure library of identified proteins could be evolved, 
and binding properties could be improved which can help 
identify critical amino acids for the interaction. 

The mRNA display is also a completely in vitro method 
with many similarities to RD (Roberts and Szostak 1997). 
Before screening the mRNA library is first modified with 
puromycin at the 3`-end. During translation, mRNA mol-
ecules are covalently linked to synthesized polypeptides. 
Since the mRNA and polypeptide are covalently linked, 
complexes are more stable. After several rounds of selection, 
mRNA is reverse transcribed, amplified by PCR, cloned, and 
amino acid sequences or selected proteins are revealed by 
DNA sequencing. 

Isothermal titration calorimetry (ITC)

ITC (Wiseman et al. 1989) is currently the only method for 
the quantitative measurement of isothermal changes (ther-
modynamic parameters) upon protein binding by a simple 
titration. It is possible to determine the stoichiometry, en-
thalpy, entropy, Gibbs free energy and binding constants of 
the interaction. ITC measures the binding equilibrium of 
a ligand with its binding partner by determining the release 
or uptake of heat upon their association in the solution 
(Pierce et al. 1999). The basic experimental setup includes 
a sample cell and a reference cell placed in an adiabatic jacket. 
The sample cell contains the protein of interest, while the 
reference cell contains the buffer in which the sample is dis-
solved. Subsequently, the protein of interest is titrated with 
its interaction partner, resulting in uptake or release of heat. 
Temperature-sensitive circuits are used to detect thermal 

Figure 5. Label transfer. A. The bait protein is conjugated with a bifunctional, cleavable cross-linking agent which contains a detectable 
tag (label). B. Modified bait is incubated with its prey. After their interaction, proteins are crosslinked (C), the cross-linker is cleaved, 
whereby the tag is transferred to the prey protein (D). X, bait protein; Y, prey protein. 

A C DBA C DB
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differences between the reference and sample cell, which are 
subsequently analyzed (Pierce et al. 1999). 

Surface plasmon resonance (SPR)

SPR (Liedberg et al. 1983), is an optical real-time quantita-
tive method used for the measurement of PPIs: kinetics, rate 
of association and dissociation, affinity, stoichiometry and 
concentration. The SPR is based on the detection of refractive 
index changes that occur after the binding between the prey 
in solution and bait immobilized on the sensor chip surface 
(Rich and Myszka 2000). When monochromatic polarized 
light is reflected from a metal-coated interface (usually gold), 
the intensity of this reflected light is reduced at a specific in-
cident angle, which is termed the SPR angle (Fig. 7) (Nguyen 
et al. 2007). As the proteins interact, a change in the mass 
concentration at the metal surface occurs, which alters the 
refractive index and SPR angle at which polarized light is 
reflected. During the dissociation of the analyte, an inverse 
phenomenon is observed which allows the determination 
of the kinetic constants (Nguyen et al. 2015). 

Backscattering interferometry (BSI) and bio-layer interfer-
ometry (BLI)

BSI (Bornhop 1995) is a  quantitative method measuring 
binding affinities of two interacting partners, which similar 

to SPR, measures the changes in the refractive index, usu-
ally in a nanoscale (Swinney et al. 2000), resulting from the 
interaction of two proteins either immobilized or in a solu-
tion. It is based on the study of the backscattered interference 
pattern which is generated by a laser light that illuminates 
the microfluidic channel containing the protein interaction 
partners (Markov et al. 2004; Bornhop et al. 2007; Baksh et 
al. 2011). 

BLI is a real-time, label-free optical bioanalytical method 
based on the reflective property of white light that can be 
used to detect PPIs, and to quantitively measure several 
of their properties, like association, dissociation (binding 
kinetics), affinity and concentrations of proteins. In BLI, 
one protein is immobilized on the biosensor tip and the 
second protein is free in solution. If white light is applied 
to the biosensor tip, it is reflected back from two surfaces: 
immobilized protein on the biosensor tip surface and the 
reference surface. Light waves, which propagate back, 
interact and create an interference pattern. Some wave-
lengths show constructive interference, others destructive 
interference. If the immobilized protein on the biosensor 
tip surface interacts with the protein in solution, the shift in 
the interference pattern occurs. This interference is captured 
by a  spectrometer across the entire white light spectrum 
(Concepcion et al. 2009). 

Circular dichroism (CD)

CD (Greenfield and Fasman 1969) is built on changes in 
the spin angular momentum resulting from the differential 
absorption of left- and right-handed circularly polarized 
light, depending on the conformation of proteins i.e. dex-
trorotary or levorotary characteristics. The interaction of 
proteins does affect their conformation, thus shifting their 
CD spectrum. This can be examined at various concentra-
tions of binding partners and at different time points, which 
provides information about the binding constants (Woody 
1995; Greenfield 2004). 

Dual polarization interferometry (DPI)

DPI (Cross et al. 1999; Cross et al. 2003) is a label-free optical 
method that provides a real-time multiparametric measure-
ment of molecules, able to monitor molecular dimension, 
packing (layer refractive index and density), and gives 
information about stoichiometry and dissociation constant 
(Swann et al. 2004). The principle of the dual-polarization 
interferometry is the change in the refractive index and layer 
thickness above the waveguide surface, where bait and prey 
interaction occur, which alter the velocity of propagation of 
the light, in the sensing waveguide, resulting in a change of 
the phase position of the interference fringes dependent on 
protein interaction (Fig. 8) (Escorihuela et al. 2015).

Figure 6. Phage display. A. The first step in phage display is the 
creation of a phage library, where a library of peptides or proteins 
is displayed on the phage surface as a fusion with one of its coat 
proteins. B. The library is used for screening against immobilized 
bait protein (brown). After washing, only phages interacting 
with bait are retained (C). Eluted phages (D) are amplified (E) 
and used either for the next round of selection or proteins can 
be identified by sequencing of phage DNA. This cycle can be 
repeated several times. 
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Figure 8. Dual polarization interferometry. The light from the laser source is split into referential and sensing waveguides. The sensing waveguide 
contains a layer with bound bait protein, with its given refractive index (RI). The velocity of the light from the sensing waveguide is impacted 
by RI and thus influences the distribution of the interference fringes, which are created at the end of the waveguides. The binding of the bait 
protein with its prey will result in the change of the RI of the sample layer, thus changing the velocity and distribution of interference fringes.

Atomic force microscopy (AFM)

AFM is an in vitro method used to quantitatively measure the 
strength between two interacting ligands. It is based on the scan 
of a surface with a probe attached to a cantilever at a set distance 
or force (Binnig et al. 1986). The movements of the flexible 
cantilever can be monitored by changes in laser deflection of 
a reflective surface on the backside of the cantilever. After the 
proteins of interest are attached, one to the surface and the other 
to the cantilever, the interaction between them can be measured 
to characterize the strength of the binding (Lin et al. 2005). 

X-ray crystallography (XRC) and nuclear magnetic resonance 
(NMR)

XRC and NMR are the oldest analytical methods focus-
ing on resolving the structure of proteins and protein 
complexes. The availability of the protein structure of an 
unknown protein provides several useful information. 
The data from the XRC is a three-dimensional molecular 
structure from a protein crystal. The method uses the ex-
posure of a highly purified, concentrated and crystallized 
sample to X-ray beams and determining the structure by 
the analysis of diffraction patterns (Blundell et al. 1976). 

Although X-ray crystallography provides information 
about the structure of a  single protein or protein com-
plexes, it is overshadowed by other methods to study 
of PPIs because of the requirement of a purified crystal 
sample (Kobe et al. 2008). 

NMR is an established biophysical method for the 
study of intermolecular interactions. NMR can determine 
structures of large subunits and their complexes (Zuider-
weg 2002; O’Connell et al. 2009). The principle of NMR is 
based on three stages: the nuclear spins in a magnetic field, 
the perturbation of this polarization by a weak oscillating 
magnetic field, and the detection of the electromagnetic 
waves emitted by the nuclei. The structure of the PPIs can 
be studied by several NMR methods, for example, chemi-
cal shift perturbation mapping. In this method, the 15N-1H 
heteronuclear single quantum coherence spectrum of 
a 15N-labelled molecule allows following shifts of the amino 
acid resonance upon addition of an unlabelled partner, 
which can help to identify and localize the binding sites 
(Cala et al. 2014). Another NMR method used for the study 
of PPIs uses the Nuclear Overhauser effect to measure the 
distance between two protons, which takes advantage of 
the spatial information for the identification of interaction 
(Kaiser 1963; Cala et al. 2014). 

Figure 7. Surface plasmon 
resonance. A. The bait protein 
is immobilized on the metal 
surface layer. Applied polar-
ized light is reflected under 
a  specific angle (SPR angle; 
θ1). B. If the prey interacts 
with bait and creates complex, 
the refractive index near the 
surface changes what results 
in a  change of SPR angle of 
reflected polarized light (θ2). 
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Fluorescence polarization (FP)

FP (Perrin 1926; Weber 1952, 1960) or anisotropy spec-
troscopy, is a fluorescent method used for the quantitative 
study of interactions in solutions, where one of the reactants 
is relatively smaller (usually <1500 Da), compared to its 
interaction partner (>10 kDa). Smaller interaction partner 
must be fluorescent or labeled with a fluorophore. The FP is 
based on the quantification of the changes in fluorescence 
polarization of a fluorophore attached to the protein of inter-
est, while it undergoes rotational or translational movements 
during excitation. The degree of the emitted polarized light 
from the excited molecule is inversely proportional to the rate 
of molecular rotation (Fig. 9) (Du 2015). Unequal emission 
intensities are obtained along different axes of polarization 
that depend directly on the size of the fluorophore, which 
reveals information on specific PPIs. With fluorescence po-
larization, it is possible to measure dissociation constants of 
the interaction. Using FP it is also possible to identify new 
inhibitors for enzyme (reviewed in (Hall et al. 2016)). 

Microscale thermophoresis (MST)

MST is a method used for quantitative analysis of interac-
tions in a microliter scale and near-native conditions (bio-
logical liquids, lysate, blood plasma), and is based on the 
thermophoresis phenomenon which is the directed flow of 
molecules in a temperature gradient in a solution (Ludwig  
1856). Any variation of the chemical microenvironment of 
the fluorescent molecule results in a relative change of the 
fluorescence detected when a temperature gradient is applied 

(Jerabek-Willemsen et al. 2014; Mao et al. 2015). MST is 
based on two effects: a) temperature-related alteration of the 
fluorescence of the molecule which depends on its charge, 
size and hydration shell, and b) a change in its motion along 
the microscopic temperature gradient. MST provides infor-
mation about enzyme kinetics, dissociation and association 
constants, stoichiometry, enthalpy, entropy and Gibbs free 
energy. It measures interactions with essentially no limitation 
on molecule size or molecular weight.

In silico methods 

In recent years, the attention has been drawn closer to the 
study of interaction networks because properties of complex 
systems seem to be more determined by the protein-protein 
interactions, than by the characteristics of their single com-
ponents. The study of interaction networks could lead to 
the prediction of new PPIs, and development of new drugs 
which could modulate or interrupt PPIs in disease condi-
tions. Along with the progress in computer sciences, many 
in silico methods have been developed for the prediction 
of novel PPIs using proteomes from various organisms 
(Huynen et al. 2000). Many network databases of validated 
or predicted protein-protein associations and interactions 
have been created, for example, STRING (Szklarczyk et al. 
2019), DIP (Xenarios et al. 2002), PrePPI (Zhang et al. 2012) 
and the BioGRID (Stark et al. 2006; Oughtred et al. 2019). 
Several tools e. g. Cytoscape (Su et al. 2014), HIPPIE (Alanis-
Lobato et al. 2016), PINOT (Im et al. 2018), MIST (Arkian 
et al. 2017) are accessible which process the data from these 
databases, and facilitate the creation of PPI networks and 
allow subsequent analysis. 

The in silico methods can be divided into three groups 
according to their approach: 1) methods utilizing sequence-
based approaches, 2) methods utilizing structure-based 
approaches, and 3) the network analysis methods (Wu 
et al. 2009). Currently, the most used methods for the 
prediction of PPIs are ortholog-based sequence approach 
(Lee et al. 2008), domain-pairs-based sequence approach 
(Wojcik and Schächter 2001; Memišević et al. 2013), in 
silico two-hybrid system (Pazos and Valencia 2002), gene 
neighborhood (Dandekar et al. 1998), gene fusion (Enright 
et al. 1999; Tsoka and Ouzounis 2000) and phylogenetic 
tree (Fryxell 1996; Goh et al. 2000; Pazos and Valencia 
2001). For detailed information about currently used in 
silico methods, we recommend the readers to a  detailed 
review (Shatnawi 2015).

In silico methods are based on either statistical assump-
tions or machine learning, and are applied to protein 
sequences, structures or whole databases. Several in silico 
methods can predict potential PPIs with high probability 
mainly those which are based on ortholog-based sequence 
approach or domain-pairs-based sequence approach. Be-

Figure 9. Fluorescence polarization. The bait protein (X) is fused 
to a fluorophore (F), which undergoes rotational movements while 
being excited. A. The bait protein is not interacting with the prey 
(Y) therefore the excited fluorophore rotates rapidly and its emitted 
light is largely depolarized. B. The bait protein is interacting with 
the prey protein, which results into a slower rotation of the excited 
fluorophore and increased polarized light.
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cause results obtained by in silico methods are mainly predic-
tions it is in many cases necessary to prove those potential 
PPIs by “wet lab” methods.

Conclusions

Proteins are fundamental components of each organism 
where they play various important roles. Many processes in 
living organisms are based on the interactions between two 
or more proteins. The discovery and study of the PPIs has 
lead to better understanding of the basic processes occur-
ring in the organisms, which, when interrupted or altered, 
can be detrimental. After the discovery of the importance of 
proteins and their interactions, many novel methods to study 
PPIs have been developed. The methods can be divided into 
three different groups depending on the environment used 
in vivo, in vitro, and in silico. They can be applied for qualita-
tive and/or quantitative characterization of PPIs. Currently, 
the most preferred methods for the study of PPIs are the 
Y2H, co-immunoprecipitation and affinity chromatography, 
FRET, XL-MS, ITC and SPR. Many of the methods and their 
modifications do have their advantages and disadvantages, 
which have to be considered according to the requirements 
for the interactions studied. 
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