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ABSTRACT 

Proteins are the building blocks of life, and mainly perform their roles through 
protein-protein interactions (PPIs). Thus, PPIs are essential to the normal function 
of the cells and the body, and disturbances in these interactions are an underlying 
cause for many diseases. Because PPIs are so vital, multiple methods have been 
developed to study these interactions. Typically, the methods are based on reporter 
molecules, although label conjugation may disrupt PPIs. Several label-free methods 
have also been introduced, which can be categorized into surface-based and solution-
based approaches. Surface-based methods are often very sensitive, but they require 
protein conjugation to a solid surface. Solution-based methods, on the other hand, 
are fully conjugation-free but suffer from low sensitivity. 

In this thesis, a label-free, solution-based Protein-Probe method with nanomolar 
sensitivity was developed for studying protein thermal stability and interactions. The 
method is based on an external probe peptide, the Eu-probe, and it does not require 
conjugation to the interacting proteins, avoiding potential disruption of the reactions. 
The Eu-probe does not significantly bind to native, intact proteins, and the time-
resolved luminescence signal of the free probe is quenched by a modulator in the 
Protein-Probe solution. When denaturation reveals hydrophobic amino acids or 
binding events increase the overall surface area, the change in the protein structure 
enables the Eu-probe binding. Binding to the proteins protects the probe from the 
modulator and leads to a signal increase. 

The Protein-Probe was first applied to studying protein-ligand interactions and 
PPIs by observing their effect on protein thermal stability in thermal shift assays. 
PPIs were also monitored based on interaction-induced signal increase at elevated 
temperatures without a thermal shift, and in competitive thermal shift assays with 
small molecular ligands. The formation of large protein complexes and aggregates 
was successfully monitored at room temperature. The developed label-free Protein-
Probe method has improved sensitivity over the current solution-based PPI detection 
techniques. The method enables monitoring different interaction types, as the 
external probe binds to a wide variety of proteins in multiple assay concepts. Thus, 
the Protein-Probe is a promising new method for PPI studies. 

KEYWORDS: protein-protein interactions, label-free, time-resolved luminescence, 
Protein-Probe  
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TIIVISTELMÄ 

Proteiinit ovat yksi elämän rakennuspalikoista, ja ne toimivat pääasiassa proteiinien 
välisten vuorovaikutusten (PPI:t) kautta. Tämän vuoksi PPI:t ovat elintärkeitä 
solujen ja kehon normaalille toiminnalle, ja häiriöt vuorovaikututuksissa ovat usean 
sairauden takana. Koska PPI:t ovat niin keskeisiä, niiden tutkimiseen on kehitetty 
useita menetelmiä. Tyypillisesti menetelmät perustuvat reportterimolekyyleihin, 
vaikka niiden kiinnitys saattaa häiritä PPI:tä. On olemassa myös useita leimavapaita 
menetelmiä, jotka voidaan jakaa pintapohjaisiin ja liuospohjaisiin menetelmiin. 
Pintapohjaisilla menetelmillä on usein hyvä herkkyys, mutta niiden heikkous on että 
proteiini täytyy konjugoida kiinteään pintaan. Liuospohjaiset menetelmät taas eivät 
vaadi ollenkaan konjugaatiota, mutta kärsivät usein huonosta herkkyydestä. 

Tässä työssä kehitettiin leimavapaa, liuospohjainen ”Protein-Probe” menetelmä, 
jonka herkkyys on nanomolaarisella alueella. Menetelmä perustuu ulkoiseen 
koetinpeptidiin, Eu-koettimeen, joten tutkittavia proteiineja ei konjugoida. Eu-koetin 
ei sitoudu merkittävästi natiivirakenteisiin proteiineihin, ja Protein-Probe-liuoksessa 
oleva modulaattori sammuttaa vapaan koettimen aikaerotteisen luminesenssi-
signaalin. Muutokset proteiinien rakenteessa, kuten denaturaatiosta johtuva 
hydrofobisten aminohappojen paljastuminen ja vuorovaikutuksia seuraava pinta-
alan kasvu, mahdollistavat Eu-koettimen sitoutumisen. Sitoutuminen proteiineihin 
suojaa koetinta modulaattorilta ja johtaa näin signaalin kasvuun. 
 Protein-Probe-menetelmällä tutkittiin proteiini-ligandi- ja proteiini-proteiini-
vuorovaikutuksia seuraamalla niiden vaikutusta proteiinien lämpöstabiilisuuteen 
”thermal shift” määrityksissä. Vuorovaikutuksia havainnoitiin myös perustuen 
sitoutumisen aikaansaamaan signaalin nousuun korkeassa lämpötilassa, ja 
kilpailevissa thermal shift määrityksissä pienten ligandimolekyylien kanssa. Suurten 
proteiinikompleksien ja aggregaattien muodostuminen havaittiin huoneenlämmössä. 
Kehitetty leimavapaa Protein-Probe menetelmä on herkempi kuin nykyiset 
liuospohjaiset tekniikat, ja sillä on mahdollista tutkia erilaisia vuorovaikutuksia, 
koska ulkoinen koetin sitoutuu moneen eri proteiiniin useassa määritystyypissä. 
Protein-Probe-menetelmä on siis lupaava uusi menetelmä PPI-tutkimukseen. 

ASIASANAT: proteiinien väliset vuorovaikutukset, leimavapaa, aikaerotteinen 
luminesenssi, Protein-Probe  
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PPI Protein-protein interaction 
QCM Quartz crystal microbalance 
QCM-D Quartz crystal microbalance-dissipation monitoring 
qPCR Quantitative polymerase chain reaction 
QRET Quenching resonance energy transfer 
RNA Ribonucleic acid 
RT Room temperature 
RWG Resonant waveguide grating 
SA Streptavidin 
S/B Signal-to-background ratio 
SD Standard deviation 
SLS Static light scattering 
SPR Surface plasmon resonance 
TE Transverse electric 
TICT Twisted intramolecular charge transfer 
TIRE Total internal reflection ellipsometry 
Tm Melting temperature 
TM Transverse magnetic 
TRL Time-resolved luminescence 
UV Ultraviolet 
WT Wild type  



10 

List of Original Publications 

This dissertation is based on the following original publications, which are referred 
to in the text by their Roman numerals: 

I Vuorinen, E., Valtonen, S., Eskonen, V., Kariniemi, T., Jakovleva, J., Kopra, 
K. & Härmä, H. Sensitive label-free thermal stability assay for protein 
denaturation and protein-ligand interaction studies. Analytical Chemistry, 
2020; 92(5): 3512–3516.  

II Valtonen, S., Vuorinen, E., Kariniemi, T., Eskonen, V., Le Quesne, J., 
Bushell, M., Härmä, H. & Kopra, K. Nanomolar protein-protein interaction 
monitoring with a label-free Protein-Probe technique. Analytical Chemistry, 
2020; 92(24): 15781–15788. 

III Valtonen, S., Vuorinen, E., Eskonen, V., Malakoutikhah, M., Kopra, K. & 
Härmä, H. Sensitive, homogeneous, and label-free protein-probe assay for 
antibody aggregation and thermal stability studies. mAbs, 2021; 13(1): 
1955810. 

IV Kopra, K., Valtonen, S., Mahran, R., Kapp, J., Hassan, N., Gillette, W., 
Westover, K., Plückthun, A. & Härmä, H. Critical evaluation of the thermal 
shift assay suitability for small GTPase stability screening. Manuscript. 

The original publications have been reproduced with the permission of the copyright 
holders. 
 

 



 11 

1 Introduction 

As one of the essential macromolecule classes that form the basis of life, proteins 
have a variety of functions; from acting as structural supports to relaying intra- and 
intercellular signals. Often they perform these functions in complexes with other 
proteins, and protein-protein interactions (PPIs) have been studied for decades.1 
Because proteins control and mediate the normal function of the body on a cellular 
level, they can often cause malfunction: the impaired structure, absence, or 
overexpression of proteins may all lead to disease. 

Although a single mutated protein species can cause illness, the disease 
mechanism often relies on changes in the interactions. For example, in cancer, one 
mutated protein might activate a long signaling cascade despite the inhibitory and 
feedback mechanisms in the cell, if the mutation disrupts the PPI between the 
inhibiting compound and the mutated protein. The induced uncontrolled chain of 
PPIs might result in excessive proliferation of the cell and lead to tumor formation 
and cancer. Because PPIs are an important part of the progression of many diseases, 
the interacting proteins are also very interesting as drug targets.2 

Due to PPIs having such important biological functions, computational, cell-
based, and in vitro methods have been developed to study these interactions. 
Computational methods rely on the vast protein databases readily available today. 
These databases can be used to quickly and efficiently screen for novel PPIs, find 
new binding patterns, and elucidate the binding mechanisms. The results obtained 
with computational methods are not applicable to actual proteins in all cases, so the 
findings must be experimentally validated. Cell-based methods provide information 
on the PPI function under their natural, physiological conditions, and these methods 
may also be applicable for PPI screening. There are disadvantages to using living 
cells, however, such as laborious cell culturing and maintenance. 

Methods using purified proteins are, in a sense, a compromise between 
computational and cell-based methods. The PPIs are examined in laboratory 
experiments with actual proteins, but not necessarily under physiological conditions 
and in the presence of assisting proteins, post-translational modifications, and so on. 
Studying purified proteins is often the method of choice in drug development, for 
example, in which it is necessary to screen a vast number of potential drug candidates 
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in a cost-effective and timely manner. These in vitro methods may be roughly 
divided into label-based and label-free approaches. Label-based methods, which 
mainly utilize fluorescent labels, have been popular for decades and enable sensitive 
PPI detection. However, labels can interfere with the interactions; a disadvantage 
that can be overcome by label-free methods. A wide variety of label-free methods 
have been developed for studying PPIs, and these methods can be further categorized 
into surface-based and solution-based approaches, which have their own advantages 
and disadvantages. Despite the great quantity of existing methods, there is still an 
unfilled niche for novel techniques with improved sensitivity and precision, 
increased throughput, and better cost-effectiveness.
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2 Review of Literature 

2.1 Proteins 
Proteins, along with carbohydrates and nucleic acids, are a major class of 
biomolecules that govern all organisms. Proteins function as carriers for other 
molecules in the bloodstream, have structural roles both inside and outside of cells, 
are an important part of the immune system in the form of antibodies, mediate 
complex cell signaling cascades, catalyze reactions as enzymes, and much more.1 It 
is estimated that humans have several million different protein species, when all the 
modified forms are taken into account.3 

Proteins are macromolecules that consist of smaller “building blocks”, known as 
amino acids. There are twenty natural amino acids genetically encoded in 
eukaryotes.4 All amino acids have the same backbone structure: an amine group and 
a carboxyl group on either side of a central carbon that carries a side chain group. 
These side chains are what make different amino acids unique from each other. 
Based on their side chains, amino acids can be categorized into nonpolar (aliphatic), 
polar uncharged, positively charged, negatively charged, and aromatic amino acids. 
The properties of these side chains are the basis of protein structure and function.5 

In a cell, the protein-making translation machinery links amino acids by 
catalyzing an amide type peptide bond linkage between the amine and carboxyl 
groups. Several amino acids are linked into chains called peptides in a sequence 
determined by the DNA of the cell, forming the protein primary structure (Fig. 1). 
The peptides then fold into secondary structures, most commonly α-helices and β-
sheets, based on the properties of the amino acid side chains (Fig. 1).4 The peptide 
chains may also undergo post-translational modifications, in which the side chains 
of the amino acids or the terminal ends of the peptide chain are modified. These 
modifications affect the activity, stability, and localization of the proteins.6 Finally, 
the peptide chains with their secondary structures are further folded into the tertiary 
structure, which is also determined by the properties of the amino acid side chains 
(Fig. 1). The tertiary structure is formed via both covalent and non-covalent 
interactions. Correct folding into the tertiary structure often requires assistance by 
several chaperone proteins in the cells. 
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Proteins can be roughly categorized to globular, fibrous, and membrane proteins 
based on their tertiary structure. Globular proteins are somewhat soluble in water 
because their outer surface mostly consists of hydrophilic amino acids, and the 
hydrophobic amino acids are buried in the core of the protein. Globular proteins have 
many roles in the body, including as enzymes.8 Fibrous proteins are much less water 
soluble because they consist of long polypeptide chains that form fibrils or sheet-like 
structures. Fibrous proteins often have cytoskeletal, structural roles.9 Membrane 
proteins either interact with or are a part of the membranes of a cell. These proteins 
may be permanently embedded into the membranes or attach transiently and they 
function, for example, as transmembrane receptors or ion channels.10 

When the protein tertiary structure has been achieved, the functional protein can 
be released from the protein-making machinery and transported to an appropriate 
location. In some cases, however, several individual proteins attach non-covalently 
to form a quarternary structure (Fig. 1). The quaternary structure of proteins consists 
of identical or different subunits, and the subunit number varies from protein to 
protein.4 For example, C-reactive protein (CRP), which is active in inflammation, 
consists of five identical subunits. In contrast, hemoglobin, which carries oxygen in 
the blood, consists of two subunits with different structures. 

The protein structure is quite stable once the complex protein folding process is 
completed, but it is not completely resistant to change. Some conformational changes 
are required for protein function, such as the allosteric activation by ligands, but the 
protein structure may also become non-functional due to external stressors. Proteins 
are especially susceptible to environmental conditions once they are purified and 

Figure 1.  The structure of a model protein, proliferating cell nuclear antigen, which has a role in 
DNA replication. The primary structure of the protein consists of a chain of amino acids 
and is folded to secondary structures, such as β-sheets and α-helices. The secondary 
structures then come together to form the tertiary structure. Many proteins are functional 
upon achieving the tertiary structure. In some cases, the full functionality is gained only 
after forming a quaternary structure. Picture modified from the original.7 
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handled outside the self-balancing environment of the cell or body. Conditions such 
as high temperatures or changes in pH can lead to a loss of structure, i.e., 
denaturation. In the denaturation process, the amino acid sequence usually stays 
intact, but the protein structure is (partially) lost on the quaternary, tertiary, and/or 
secondary levels. Denaturation is reversible in some cases: once the denaturing 
factor has been removed, renaturation may take place. However, irreversible 
denaturation is also possible and may lead to a permanent loss of function.4,11 Harsh 
conditions, such as very high temperatures, may also lead to loss of function through 
protein degradation, in which deamidation or oxidation of the amino acid side chains 
occur. The conformational integrity of a protein may affect the resistance to thermal 
degradation, so denatured proteins are in some cases more susceptible to thermal 
degradation than native proteins.12 

Protein folding into the correct native form is a precarious process guided by the 
amino acid composition of the peptide, and a mutation of even one critical amino 
acid might make the folding impossible. Changes in the cell environment, such as 
pH fluctuation, can also affect the folding process negatively. Incorrect folding often 
brings hydrophobic amino acids to the exterior of the protein, forming a “sticky” 
surface that may lead to unwanted aggregation, i.e., self-association of protein 
molecules into stable complexes.4,13 Although the aggregation process often requires 
at least partial mis-/unfolding of proteins, correctly folded proteins may also 
aggregate due to inherent fluctuations of the local structure revealing sequences 
prone to aggregation.13,14 Fortunately, cells have mechanisms in plate to ensure that 
proteins are re-folded correctly (chaperones) or defective complexes are disposed of 
(e.g., proteasomes).15,16 If these mechanisms fail, protein aggregates may 
compromise the function of the cell and lead to several neurodegenerative diseases.17 
However, even when non-mutated proteins interact as intended, the structure can 
unfold in a small, controlled area to create the interaction interface of PPIs. 

2.2 Protein-protein interactions 
The mechanisms of PPIs and the structures of the interaction interfaces are 
introduced in the next section. The roles of PPIs and their relevance as a research 
target will also be discussed. 

2.2.1 Mechanisms of protein-protein interactions 
There are thousands of different protein interaction types, and it is estimated that 
hundreds of thousands of different binary PPIs take place in the human body.18–20 
Taking multi-protein complexes into account brings the number of distinct 
interactions even higher. Protein complexes can be homo-oligomers consisting of 
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identical proteins, or hetero-oligomers, where several different proteins form a 
complex. PPIs can also be divided into reversible and permanent interactions. 

Reversible, transient PPIs may constantly associate and disassociate, but the 
proteins might also stay associated until a specific signal is received through, e.g., a 
cellular signaling cascade.21 KRAS and RAF proteins, for example, bind transiently 
in one step of a signaling chain that activates DNA transcription and, eventually, cell 
proliferation. KRAS is a small GTPase that is activated by nucleotide exchange from 
guanosine diphosphate (GDP) to guanosine triphosphate (GTP), and after the 
activation KRAS can interact with the RAS-binding domain (RBD) of RAF (Fig. 2). 
The GTP-KRAS binding activates RAF, a protein kinase that phosphorylates the 
next protein in the signaling chain. As the GTP is hydrolyzed to GDP, KRAS 
dissociates from RAF until the next cascade is initiated.22,23 

As opposed to transient PPIs, Permanent PPIs do not normally dissociate once 
formed, except if the protein structure is lost due to, e.g., denaturation. For example, 
the bonds between protein subunits can be said to be permanent. Some proteins form 
so called “obligate complexes”, in which case the individual proteins are not stable 
enough to exist in the unbound state. For example, the heavy and light chains of 
antibodies practically always exist as a complex in the body.21 PPIs are also the basis 
for the aggregation of proteins: the proteins form non-native dimers that initiate the 
nucleation, followed by polymerization and aggregate growth.24 

The type of the PPI is tightly linked to the amino acid composition of the 
interaction surface and the bond preference of the amino acids. Thus, it may be 
possible to predict if the PPI is reversible or permanent based on the amino acids 

Figure 2. The interaction between the RAS protein (green) and RAS-binding domain (orange) of 
RAF. The interaction area is relatively flat and large, and most of the interacting amino 
acids are buried in the middle of the interaction interface. Picture modified from the 
original.24 
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found at the interaction interface. Equally, knowing the interaction type might enable 
prediction of what kind of bonds the amino acids will form—homo-oligomer 
domains, for example, have been observed to preferentially form bonds between 
identical amino acids.26 A wide variety of protein and protein pair structures have 
been characterized and deposited in databases such as the Protein Data Bank. These 
databases make it possible to computationally analyze a massive amount of data to 
determine trends in PPIs and interface structures, and to gain insight into the amino 
acid behavior at binding sites.26,27 The computational approach to studying PPIs will 
be discussed more in depth in section 2.4. 

In general, PPI interfaces are large and flat in shape, as seen in the interaction 
between RAS and RBD (Fig. 2).28,29 The interfaces consist of a core area, which is 
not in contact with the solvent during the interaction, and an outer rim, which is 
partly buried and shields the core from water. The buried interface core has 
hydrophobic properties, but not to the same extent as the interior of the protein. The 
composition of the rim is similar to that of the protein surface.30 Certain amino acids 
are found in the PPI interfaces more often than others: leucine is the most common 
amino acid, followed by arginine, which forms cation-π bonds with the aromatic 
rings of tryptophan and tyrosine. Aromatic amino acids, despite not often being 
present on the surface of the protein, are important components of the interfaces.31 
Specific groups of amino acids, called hot spots, contribute a large amount of binding 
energy, and the structures are often conserved across orthologous proteins that 
participate in PPIs. These hot spots contain predominantly tyrosine, tryptophan, and 
arginine, and are situated in the middle of the interface.31,32 

In addition to the protein structure, the binding environment of the PPI also 
affects the formation. Cell homeostasis often ensures that the conditions are suitable 
for PPIs in vivo and the interactions can take place as intended. However, when 
proteins are handled in vitro, the environmental conditions may have more drastic 
effects. One important factor is pH, as proteins have an ideal pH range where they 
function optimally, and changes in the pH can prevent the protein function and 
interactions with other proteins.33,34 Besides pH, ionic strength and salt concentration 
have an impact on PPIs, and an excessive salt concentration may disrupt the protein-
protein binding. Metal ions are also essential for some interactions, such as the 
formation of the hexameric insulin structure required for storing inactive insulin in 
the body.35,36 

Changes in the protein concentration affect what types of chemical bonds 
mediate PPIs. For example, electrostatic interactions are more important in dilute 
solutions than at high concentrations, whereas van der Waal’s forces are 
considerably more prominent when the protein concentration is high. Proteins work 
successfully in the crowded cell environment, but once a protein is isolated, a high 
concentration of the single protein species may cause problems, such as 
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aggregation.37,38 Additives (i.e., excipients) are required in the protein storage 
solution to keep the protein stable. Sometimes not only the stability, but the correct 
function of a protein relies on other molecules, such as nucleic acids. DNA, for 
example, can mediate PPIs during the process of DNA repair.39 Protein interactions 
may also be facilitated by scaffold structures, as is the case with eukaryotic initiation 
factor 4F (eIF4F), a protein complex promoting translation initiation. eIF4F consists 
of three proteins: eukaryotic initiation factor 4A (eIF4A; RNA helicase), eukaryotic 
translation initiation factor 4E (eIF4E; RNA-cap-binding protein), and eukaryotic 
translation initiation factor 4G (eIF4G; scaffold protein). eIF4G has binding domains 
for eIF4A, eIF4E, and other assisting proteins and it also binds directly to RNA. The 
eIF4F complex and the assisting proteins recruit the small ribosomal subunit to 
initiate mRNA translation—a function which the individual proteins are not capable 
of performing on their own.40,41 

2.2.2 The role of protein-protein interactions 
As previously mentioned, PPIs carry out an astonishingly wide variety of processes 
in cells, associating and dissociating as required. PPIs both initiate and inhibit 
complicated processes, and disrupting either role may lead to malfunctions in the 
cell.42 If an important process is not initiated, the function of the cell may be 
compromised, leading, for example, to metabolic disorders.43,44 On the other hand, 
if PPI regulation does not function due to a mutation, the result could be overactive 
cell signaling promoting uncontrolled proliferation, potentially leading to cancer.45 
Neurofibromatosis type 1, for example, can be caused by inherited or de novo 
mutations in the NF1 gene and, thus, the neurofibromin protein. Neurofibromatosis 
type 1 is the most common human disease predisposing to tumor formation, and the 
symptoms range from tumors of the nervous system to learning disabilities. 
Neurofibromin is a GTPase-activating protein, and one of its roles is to inactivate 
RAS by accelerating the hydrolysis of the bound GTP, leading to downregulation of 
the RAS signaling chain that promotes cell proliferation. Therefore, the absence of 
neurofibromin may lead to uncontrolled cell division and tumor formation. The 
constantly active RAS signaling chain may also adversely affect synapse plasticity 
and is one of the reasons behind the learning difficulties exhibited by 
neurofibromatosis patients. Neurofibromin has also other roles besides controlling 
RAS function, such as positive regulation of phosphorylation pathways related to 
cyclic adenosine monophosphate. Therefore, mutations in this one protein lead to 
defects both in the inhibition and initiation of essential processes.46 

As PPI malfunctions can cause several diseases, they are obviously interesting 
drug targets. However, the large size of protein-protein interfaces makes them 
difficult to target with small drug molecules, more so than the ligand binding sites 
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participating in protein-ligand interactions (PLIs). PLIs often enable using the ligand 
structure as a basis for the small molecule drug, but PPIs do not necessarily have 
such templates available. PPI interfaces often consist of amino acids that are not 
adjacent in the peptide chain, because the proteins are folded into secondary and 
tertiary structures (Fig. 2). For example, in α-helices, neighboring amino acids may 
be on the opposite sides of the helical structure, and not all of them necessarily 
contribute to the protein-protein binding. Furthermore, more than one domain of the 
protein may take part in the PPI, and amino acids that are nearby each other in the 
interaction interface may be very far apart in the peptide sequence. Therefore, 
isolating a peptide sequence from one of the interacting proteins to create a potential 
binder and drug candidate is usually not viable.47–51 In general, small molecule PPI 
drugs are also favored over large peptides because small molecules have a better 
bioavailability: they enter the systemic circulation more rapidly than large peptide 
molecules, and thus reach their target destination faster.47,52 

Despite the challenges, it has not been impossible to find PPI drugs. KRAS, 
which is mutationally activated in approximately 30 % of human cancers, was 
considered undruggable for decades, but in recent years several small molecule 
inhibitors have been developed and entered clinical trials.53,54 The first KRAS 
inhibitor was approved for clinical use by the FDA in 2021.55 This inhibitor, called 
AMG-510 or sotorasib, selectively targets KRAS mutant G12C, and it is intended 
for the treatment of non-small-cell lung cancer.55,56 The development of KRAS 
inhibitors has been enabled, in part, by identifying new potential binding pockets in 
the KRAS structure, such as the allosteric switch-II pocket.57 Developing allosteric 
molecules that affect the protein structure—and thus the binding affinity—may 
enable inhibiting PPIs indirectly even if the interaction interface is difficult to target. 
Allosteric modulation of PPIs has also been used successfully with transcriptional 
cofactor Med25, which contributes to tumorigenesis and has large, hydrophobic 
interaction interfaces that are challenging targets for small molecules.58 Although 
many PPI drugs still function through PLIs, understanding and detecting the 
formation of the targeted PPIs is of utmost importance in evaluating properties such 
as selectivity and potency of drug molecules. 

2.3 Label-based methods in in vitro PPI studies 
Studying the interactions of purified proteins in in vitro assays is a convenient way 
to research PPIs, as recombinant proteins can often be purchased relatively easily 
without needing to culture cells in-house. Fluorescence-based methods are the most 
popular approach for verifying and studying PPIs in a laboratory setting and may be 
divided into heterogeneous and homogeneous assays. In heterogeneous assays, such 
as enzyme-linked immunosorbent assay, the unbound label molecules must be 
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removed from the sample before measurement, which complicates the assay by 
adding extra steps. Homogeneous assays are performed with a mix-and-measure 
concept, which makes them simpler for the end user and more popular in PPI studies 
than heterogeneous assays. This chapter will focus on homogeneous label-based 
assays. First, the principles of fluorescence are briefly introduced, followed by 
discussion about fluorescence-based PPI detection. Examples of methods based on 
non-fluorescent labels are also given. 

Fluorescence takes place when a label molecule absorbs a photon and is excited 
to a higher energy state, then returns to the ground state and releases the photon, 
which is observed as emission (Fig. 3A). Due to internal conversions between the 
vibrational states of the excited molecule, the photon loses some of its energy, 
leading to emission at a longer wavelength compared to the excitation wavelength. 
The fluorescence emission intensity at the chosen wavelength is monitored with a 
fluorescence reader instrument, commonly a microtiter plate reader. The relaxation 
of the label molecules only takes nanoseconds, so continuous excitation is utilized 
to obtain several measurements. 

In in vitro assays, the fluorescent labels are often organic dyes, although labels 
such as quantum dots may also be used. The labels are commonly conjugated to 
purified proteins through reactive thiol or amine groups. The thiol groups of 
cysteines are a convenient target for labeling, as cysteines are not found in proteins 
very frequently, and site-specific labeling is enabled by mutationally introducing a 
cysteine to the protein. Maleimide is a widely used molecule that reacts with free 
cysteines in a highly specific manner and thus functions as a linker between the 
protein and the label. In the case of IgG1 antibodies, for example, maleimide does 
not react with intact sulfur bridges, but links the label to free thiol groups elsewhere 
in the antibody structure. The N-terminal amine group of proteins offers another 
possibility for site-specific labeling, although the pH of the labeling reaction must 
be chosen carefully to avoid conjugation to lysine side chains. For example, 
succinimidyl esters or isothiocyanates are used as the linker groups for attaching 
labels to the amines.59 

The most common fluorescence-based method for studying PPIs is Förster 
resonance energy transfer (FRET). FRET relies on the energy transfer between a 
donor molecule and an acceptor molecule (Fig. 3B). The donor emission spectrum 
overlaps with the acceptor absorbance spectrum, so the donor excites the acceptor 
molecule when they are in proximity. Upon return to the ground state, the acceptor 
molecule emits fluorescence at a wavelength longer than the donor emission. The 
energy transfer between the donor and acceptor occurs through a resonance-based 
dipole-dipole interaction instead of radiation. For the FRET energy transfer to take 
place, the donor and acceptor must be within 1-10 nm of each other, which enables 
studying PPIs with FRET.60,61 
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FRET is commonly monitored through signal intensity and lifetime. In the signal 
intensity approach, measuring the acceptor emission is the most reliable and least 
error-prone approach, as the acceptor produces a fluorescence signal only if the 
distance to the donor is small enough. Separate measurement of the donor 
fluorescence can be used as a control.62,63 In the lifetime approach, the time it takes 
for the fluorescent molecule to return from excited to ground state is observed. This 
is often performed by monitoring the emission decay of the donor molecule, as the 
donor decay is accelerated by energy transfer to the acceptor. Thus, decreased donor 
lifetime can be interpreted as a close proximity of the labels, i.e., the studied proteins 
interacting. 

There are also proximity-based PPI detection methods that do not use fluorescent 
labels, but instead utilize, e.g., radioactivity or chemiluminescence. In scintillation 
proximity assays, one protein is labeled with a radioactive atom, and another is 
labeled with a microscopic scintillant bead. When the radioactivity decays, the atom 
emits β-particles that can excite the scintillant and trigger light emission. However, 
the energy of the β-particles dissipates in water, so the scintillant and radioactive 

Figure 3.  Fluorescence and FRET in PPI monitoring. A. Jablonski diagram for conventional 
fluorescence. The absorption of a photon excites an electron to a higher energy state, 
and the subsequent return to ground state is observed as the emission of a photon on 
a longer wavelength. B. A model FRET system for monitoring PPIs, using cyanine dyes 
Cy3 and Cy5. When proteins labeled with a donor molecule (Cy3) and an acceptor 
molecule (Cy5) are far apart, there is no energy transfer between the labels. Upon 
protein interaction, the labels are brought into close proximity, enabling the energy 
transfer and acceptor emission. 
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atom must be within a specific distance of each other for the scintillant excitation to 
take place. The appropriate distance depends on which radioactive atom is used. 
Tritium, for example, must be within 1.5 µm of the scintillant bead. The advantage 
of scintillation proximity assays is that they are sensitive, and the long scintillation 
distance enables monitoring large protein complexes. The flip side is that the long 
distance may also lead to false positives, as the labeled proteins may come within 
the scintillation distance even when not interacting. Another issue is that handling 
and disposing of the radioactive components is difficult.64,65 

The AlphaScreen method relies on chemiluminescence. The interacting proteins 
are conjugated with latex particles: one bead contains a photosensitizer and the other 
chemiluminescent compounds. Irradiating the sample with a laser at 680 nm leads to 
the formation of singlet oxygen near the photosensitizer bead. If the beads are in 
close proximity, i.e., the labeled proteins interact, the singlet oxygen excites the 
chemiluminescent label, and a luminescence signal can be observed. The beads must 
be within 200 nm of each other for the singlet oxygen to reach the chemiluminescent 
compound, making it possible to monitor larger protein complexes than with FRET. 
However, the long distance may cause problems with false positives, similarly to 
scintillation proximity assays. The chemiluminescence emission is measured at a 
lower wavelength than what is used for the excitation, which removes the concern 
of autofluorescence and leads to a low background signal and high sensitivity. 
However, there are other sources of interference, such as the quenching of the singlet 
oxygen by antioxidants or metal ions.66,67 

In vitro methods do not usually measure PPIs under the physiological conditions, 
so it is likely that the obtained results do not directly correspond to interactions inside 
cells. Nevertheless, the techniques introduced above provide sensitive methods for 
studying PPIs, and they are very widely used. A common property of all these 
techniques is that one or more of the interacting proteins must be labeled with a 
fluorophore, an enzyme, or even a relatively large bead. The disadvantage of labeling 
the proteins is that the label might disrupt of prevent PPIs due to changes in the 
electrostatic charges compared to unlabeled proteins or by altering the binding sites, 
among other things. Even if the label is targeted precisely and does not disrupt the 
binding interface, large labels can cause steric hindrance. For example, the scintillant 
beads are extremely large compared to proteins, with diameters of 2–10 µm (whereas 
an average protein has a diameter below 10 nm), and the size of the AlphaScreen 
beads is approximately 250 nm.68 
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2.4 Computational and cell-based PPI studies 
The next section briefly discusses computational methods in the context of PPI 
studies. The chapter also introduces how cell- and lysate-based methods can be used 
in PPI research. 

2.4.1 Computational methods 
Computational methods for studying PPIs rely on the biological databases that 
nowadays are readily available. Because the relevant protein structure data has 
already been studied elsewhere and uploaded to the databases, computational PPI 
research does not necessarily require experimental work in the laboratory; however, 
the computational findings must always be experimentally verified. 

Computational methods aim to predict PPIs through a wide variety of techniques. 
These may be divided into network-, genome-, sequence-, structure-, and domain-
based methods. The network-based approach assumes that if two proteins have 
several common interaction partners, these two proteins also interact with each 
other.69 In genome-based methods, the genome of the organism is analyzed, and PPIs 
are predicted based on links between the genes coding the proteins. For example, if 
two genes are consistently found together in several organisms, the proteins they 
code could be PPI partners.69 

Sequence-based methods assume that if proteins with a homologous sequence 
interact in one species, they also form PPIs in other species. Structure-based methods 
employ the same strategy from the perspective of folded proteins: proteins that form 
similar structural domains are assumed to also have similar interactions.69 
Comparing only the sequence or structure might not always tell the whole truth, 
however. For example, two paralogs of the RNA helicase protein eIF4A, eIF4A1 
and eIF4A2, share a 90 % sequence homology and very conserved structures, but the 
function and interactions of these two proteins still differ.70–72 Homologous domains 
may also have very different sequences, so studying both aspects may be 
advantageous. Domain-based methods combine protein sequence and structure 
information to find patterns of interaction and recognition. These methods are 
limited, however, in that they usually focus on one individual domain at a time and 
do not take the effects of the other participating structures into account.69 In focusing 
on the specific structural information of the interacting proteins, sequence-, 
structure-, and domain-based methods use more detailed information than the 
network- or genome-based techniques. Domain-based studies of PPIs especially 
focus closely on the amino acid composition and the structural details of the PPI 
interface at the molecular level. 

At the amino acid level, computational methods aim to predict, discover, and 
understand the binding site structural patterns. Thousands of protein-protein 
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interface structures that have been resolved and uploaded to databases can be 
analyzed to determine which amino acids are the most common at a given type of 
interaction interface. In addition, the interactions of currently uncharacterized 
proteins may be predicted by comparing their sequence to the known binding site 
structures. Finding a kinase domain enables assigning a protein to the kinase protein 
family and may guide the interaction studies to the right direction, for example.26,27 
It may also be possible to assess the effects of mutations on PPIs without having to 
produce and test each mutated protein separately, and to screen for PPI drugs, though 
usually only in the context of finding small molecule inhibitors through PLIs.73,74 

Computational methods are an excellent starting point when searching for new 
PPIs, as they enable screening novel interactions from a vast amount of data without 
the need to acquire every protein. They are, however, the most powerful when used 
in combination with experimental studies, which are required to validate findings 
with real proteins. 

2.4.2 Cell- and lysate-based methods 
In contrast to the theoretical, calculation-based computational methods and the in 
vitro measurements with purified proteins, studying PPIs with in vivo methods can 
reveal information about cell function outside of a theoretical or lab setting. The term 
“cell-based methods” can refer to methods that study PPIs inside cells or using cells. 
The former group focuses on elucidating PPIs in living cells, cell function, and the 
impact of protein modifications on interactions. The latter group uses cells as tools 
for studying PPIs and does not necessarily give information on the function of PPIs 
inside cells in real time. Such methods are often used for screening for novel PPIs 
from large, artificial libraries, for example. 

FRET is the most common method for observing PPIs naturally taking place 
inside living cells, and it is used in cells similarly to in vitro assays, though there are 
differences. The most advantageous way to label the proteins in in vivo FRET studies 
is to directly produce recombinant fusion proteins in the cells, where the “label” 
protein naturally produces a bright fluorescent signal when exposed to excitation 
light. The first discovered fluorescent protein was green fluorescent protein, but 
since then several variants with different excitation and emission wavelengths have 
been produced and utilized in cellular FRET studies.75 Expressing two proteins of 
interest fused to reporters with compatible excitation and emission spectra enables 
taking FRET PPI measurements inside living cells in real time.62,75,76 Additionally, 
cellular FRET measurements are often performed under a microscope, enabling 
visualization of the cells and, thus, localization of the interaction. In fluorescence 
lifetime imaging assays, for example, the donor lifetime decay can be simultaneously 
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monitored in all pixels of the image, producing a comprehensive map of the PPIs in 
the cell.77,78 

Fluorescence correlation spectroscopy is another technique based on fluorescent 
labels that enables real-time measurements in cells. The method tracks the movement 
of fluorescently labeled molecules under a focused laser beam using a microscope. 
The number of labeled molecules in the measurement area determines the 
fluorescence intensity, and therefore it is possible to monitor diffusion of the labeled 
proteins. Protein complex formation is detected based on the effects on the diffusion, 
as large complexes have slower diffusion speed than individual proteins. It is also 
possible to calculate the binding kinetics of the interaction.79,80 If two interacting 
proteins are conjugated with distinct labels, the diffusion of both protein species can 
be recorded and cross-correlated, in which case the technique is called fluorescence 
cross-correlation spectroscopy.80,81 Both fluorescence correlation and cross-
correlation spectroscopy can achieve single-molecule sensitivity.79,81 

The label-related problems from which in vitro assays suffer, such as steric 
hindrance and interference with protein binding, also affect cell-based assays, 
especially when more than one protein is labeled. Additionally, both FRET and 
fluorescence (cross) correlation spectroscopy enable studying only a small number 
of interactions at any one time, as proteins of interest must be produced as fusion 
proteins inside the cells, complete with appropriate fluorescent labels. These 
methods are the most suitable for studying how the modification of one binding 
partner affects a known protein complex. 

Cells can also be used for high-throughput PPI screening with methods such as 
the two-hybrid method and phage display. The two-hybrid method is based on the 
two-domain structure of a transcription factor required for the transcription of a 
reporter gene. The screened proteins, bait and target, are produced as fusion proteins 
with the two domains of the transcription factor, often in yeast or bacterial cells. PPI 
between the bait and target brings the transcription factor domains into close enough 
contact that they gain functionality and enable the transcription of a reporter gene. 
Several kinds of reporter genes can be used, such as genes essential for survival or 
ones producing detectable reporter molecules.82,83 The two-hybrid method enables 
verifying PPIs in the cell environment, and millions of interactions can be screened 
relatively easily.84,85 

Phage-display is another cell-based method that makes it possible to screen large 
protein libraries for PPIs. In this approach, the genes of the studied proteins are fused 
with the coat protein genes of a bacteriophage, and the proteins are consequently 
displayed on the surface of the phages. These phages are produced in bacteria in 
large amounts, then exposed to immobilized bait protein. PPIs attach some of the 
phages to the bait, and the rest are washed away. The remaining phages are collected, 
and the process is repeated several times to enrich the interacting proteins, followed 
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by sequencing the genomes of the remaining phages to identify the binding proteins. 
To facilitate the expression on the phage surface, peptide fragments are often used 
instead of whole proteins.86–88 Phage display libraries can contain up to tens of 
billions of distinct protein fragments that are screened for interactions.89 In phage 
display, the screened interactions take place in a non-physiological environment, 
unlike in the two-hybrid methods, in which the proteins interact inside cells. 

In addition to using cells and phages as the screening vector, cells are also used 
in PPI screening in the form of lysates. Novel PPIs are screened from cell lysates 
using several immunoprecipitation-based techniques. The original form of (co-) 
immunoprecipitation, also called pull-down, uses antibodies to pull the interacting 
proteins out of the sample. A protein of interest is targeted with an antibody linked 
to a resin. As the target protein is pulled down, the interacting components come 
with it and can then be identified using, e.g., mass spectrometry.90 Affinity tagging 
functions in a similar way, but instead of using antibodies, the target protein is 
recombinantly produced with an affinity tag that is used for the pull-down.91 Another 
version of affinity tagging is tandem affinity purification, which utilizes a protease-
cleaved tag. After cell lysis and protein complex collection with the first tag, another 
purification can be performed using the second tag. This way, binders with a higher 
affinity can be obtained.92 Pull-down and affinity tagging methods make it possible 
to discover a variety of binding partners for one protein of interest and may enable 
identifying functional complexes consisting of multiple different proteins. 

Proximity labeling has a similar principle to affinity tagging assays, except that 
in proximity labeling more than one protein is tagged. In this method, proteins are 
labeled inside a living cell using, for example, a promiscuous biotin ligase produced 
as a fusion protein with a protein of interest. The ligase attaches biotin to proteins in 
a proximity-dependent manner, meaning that only the proteins from the specific area 
are biotinylated and separated from the cell lysate in the following affinity 
purification step. Identifying the biotinylated proteins with methods such as mass 
spectrometry provides information on which proteins usually function in close 
proximity in the cell environment. The biotinylated proteins may not all be direct 
interaction partners, as the promiscuous ligase does not differentiate between 
interacting proteins and those that are simply near each other in the cell, but the 
obtained results aid in discovering interaction networks.93 

Various forms of electrophoresis are also used to analyze cell lysates and detect 
and identify membrane protein complexes, for example. The cell lysate can be 
analyzed with native polyacrylamide gel electrophoresis (PAGE) to separate the 
protein complexes based on their size and charge. The same samples may then be 
denatured and run on a denaturing PAGE gel—now at a 90° angle compared to the 
first assay—to separate the subunits of the protein complexes. Electrophoresis-based 
methods are suitable for discovering protein pairs, followed by identification with, 



Review of Literature 

 27 

e.g., mass spectrometry.94,95 PAGE may also be combined with blotting methods, 
such as western blotting, in which the proteins are transferred to a membrane and 
probed with labeled antibodies. Far western blotting, in which the protein of interest 
is used as the labeled probe instead of antibodies, enables screening for novel PPI 
pairs, but also confirming interactions.96 

All in all, studying PPIs inside cells may provide valuable information about the 
interactions in the physiological context where they take place. Cell-based screening 
methods also enable searching for novel PPIs from large protein libraries or even the 
whole proteome of the cell in more or less physiological conditions, depending on 
the method. Not all laboratories have the capability and expertise to work with live 
cells, however, and in early screening studies it might not even be necessary. 

2.5 Label-free surface-based methods in PPI 
studies 

The next section introduces surface-based label-free methods for PPI monitoring. In 
this thesis, “label-free” is used to refer to a method where none of the interacting 
protein components are tagged with a label molecule, such as a fluorophore. 
“Surface-based” refers to methods where one of the binding partners is immobilized 
on a solid surface for the binding measurement. It could be argued that methods 
where coupling to surfaces is required should not be deemed label-free, but in this 
context label-free is only considered to exclude labeled proteins. 

2.5.1 Surface plasmon resonance 
Surface plasmon resonance (SPR) is a popular optical method for detecting PPIs. In 
SPR, a studied interacting protein is immobilized onto a thin metal film, often made 
of gold. The immobilization can be achieved directly, through adsorption or covalent 
binding, or via linker or binder molecules.97 If linkers are used, they are first directly 
coupled to the metal surface, and the studied protein may be attached to the linker 
molecule either covalently or through a more transient interaction. Covalent coupling 
can be achieved with amino-reactive groups, such as activated carboxyl groups.98,99 
On the other hand, proteins with tags such as biotin or a polyhistidine tail can be 
bound to a surface of streptavidin (SA) or Ni2+-nitrilotriacetic acid, 
respectively.100,101 Liquid containing the studied protein moves over the sensor 
surface in a flow cell, as depicted in Fig. 4A. 

On the opposite side of the metal film is a glass prism, through which polarized 
light travels to the backside of the film. Evanescent waves are formed under the right 
conditions and excite the surface electrons—plasmons—of the metal film, leading 
to resonance. For the SPR phenomenon to occur, the light must enter at a certain 
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angle that is predominantly defined by the refractive index of the liquid adjacent to 
the metal film. The refractive index, and thus the resonance angle, are altered by 
protein binding at the sensor surface. This is observed as a decrease in the reflection 
intensity at the previously optimal angle, which is recorded by the detector. The 
refractive index changes caused by the analyte mass density are linearly proportional 
to the number of bound molecules, which enables quantification of the interacting 
proteins.97,102 Because SPR is a mass sensor, studying the interactions of both small 
and large proteins is possible. The effective probing distance of the evanescent waves 
is affected by the wavelength of the SPR incident light, and while PPI measurements 
are usually performed in the visible or near-visible range (e.g., the Biacore 
instrument uses 760 nm), infrared wavelengths may be required for studying cells.103 

SPR measurements can be monitored in real time, and the kinetics of the 
interaction, i.e., the association and dissociation rates, can be calculated from the 
results (Fig. 4B). Because different solutions can be circulated in the flow cell, 
successive binding events can be easily monitored with buffer washes in 
between.102,104 The sensitivity of SPR is in the pico- to nanomolar range and can be 
further improved with materials other than gold as the sensor surface.102,105–107 One 
disadvantage of SPR is that it does not usually have very high throughput. However, 

Figure 4.  Surface plasmon resonance in monitoring PPIs. A. SPR detects protein binding based 
on mass increase at the sensor surface. One protein is conjugated to a thin metal film, 
often through an intermediate molecule such as dextran, and the interacting partner 
flows past the immobilized target protein. The light reflecting from the chip surface is 
monitored at a certain angle, and binding events are detected as a decrease in the 
intensity of the reflected light, because protein binding changes the refractive index of 
the surface. B. A schematic representation of typical SPR data with one protein 
concentration. The studied protein binds to its interaction partner in the association 
phase, with the binding gradually saturating. Flowing buffer solution over the chip leads 
to dissociation. The kinetic rate constants are usually calculated from several curves 
obtained with different analyte concentrations. 
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new assay formats and setups are constantly developed to increase the throughput 
through autosamplers and chips with several channels, for example.104,108 

2.5.2 Resonant waveguide grating 
Resonant waveguide grating (RWG) is another method that monitors the changes in 
the refractive index of the sensor surface, and it relies on a waveguide structure. The 
incident light is directed to the substrate layer at the bottom of the RWG sensor. On 
top of the substrate layer lies a two-dimensional grating with a high refractive index, 
made from, e.g., titanium oxide. The topmost cover layer fills the gaps of the grating 
material, and the studied proteins are conjugated to the liquid-exposed side of the 
cover layer using similar approaches as with SPR sensors. When the refractive 
indices of both the substrate and the cover layer are lower than that of the grating, a 
waveguide is created.109,110 Waveguides guide the light in a transverse pattern (i.e., 
perpendicular to the direction to which the light travels), relying on total internal 
reflection.111 The incident light is coupled into the waveguide and then reflected back 
to a detector. Changes to the thickness and composition of the biolayer change the 
wavelength of the reflected light, enabling PPI monitoring.109,110 

A special characteristic of RWG sensors is that they can be built on plastic films 
and incorporated to microtiter plates. This makes RWG a high-throughput method, 
as the assays can be performed on 96- or 384-well microtiter plates with a 
simultaneous measurement of all wells.110 Performing the assays in the microtiter 
plate format reduces the interferences caused by liquid flow and enables steady state 
analysis of the binding. Thus, RWG may detect low-affinity interactions that SPR 
might fail to accurately measure.112 The sensitivity of RWG sensors is in the pico- to 
nanomolar range and the measurements can be performed in real time, but endpoint 
measurements are more common in high-throughput screening (HTS).110,113,114 
However, RWG does not produce as detailed information about the binding kinetics 
as SPR does. Therefore, RWG is more suitable for the initial large-scale screening 
of PPIs, instead of detailed studies of known protein pairs.112 

2.5.3 Ellipsometry 
Ellipsometry is an optical method that is often used in a similar context as SPR, but 
instead of utilizing evanescent waves and resonance, ellipsometric measurements are 
based on monitoring the reflection of polarized light from a sensor surface. Incident 
light polarized both perpendicular (transverse electric, TE) and parallel (transverse 
magnetic, TM) to the plane of incidence is monitored, and the direction of the 
polarization affects how the light is reflected from the sensor surface. The surface 
often consists of silicon and silicon dioxide and is modified to enable the coupling 
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of proteins of interest. Protein binding is detected based on changes in the ratio of 
the reflections of the TM- and TE-polarized light.115,116 In spectroscopic 
ellipsometry, measurements are performed on several wavelengths to obtain more 
data and therefore more precise information.117 

Ellipsometry is suitable for observing the binding kinetics and quantification of 
the sample and detects picomolar protein concentrations. Both the amplitude and 
phase of the reflected light are measured, and they can be combined through 
algorithms and equations to acquire more information on the protein binding and 
orientation compared to methods such as SPR.117–119 The downside of ellipsometry 
is that the beam of light must pass through the sample liquid, unlike in SPR and 
related methods, which might set limitations for the sample material composition 
regarding properties such as opacity.115 Ellipsometry is also most suited for 
analyzing flat, uniform surfaces, so data interpretation may be challenging when 
studying uneven protein surfaces with varying thickness.117 

The measurement principle and setup of ellipsometry can also be combined with 
the components of SPR assays, in which case the method is called total internal 
reflection ellipsometry (TIRE). Namely, the stacked structure containing a prism, a 
metal film coated to a glass slide, and a flow cell are used. The proteins of interest 
are conjugated to the flow cell side of the metal film, similarly to SPR. Incident light 
that passes through the prism to the other side of the metal film is coupled to the film 
in a way defined by the properties of the sensing surface, i.e., proteins bound to the 
surface. The monitored property is still the change in the incident light polarization 
caused by the reflection. In TIRE, the incident light does not pass through the sample 
liquid, which enables the use of a wider variety of media. TIRE has a roughly 30-
fold higher sensitivity compared to ellipsometry, and the sensitivity can also exceed 
that of SPR. TIRE enables measuring binding affinities and kinetics with high 
accuracy.120–122 Although TIRE is suitable for PPI studies, the improved sensitivity 
may be more useful when studying the binding of relatively small molecules (Mw <1 
kDa).123 The complicated equipment required may also be expensive. 

2.5.4 Dual polarization interferometry 
Dual polarization interferometry (DPI) detects protein pairs and multiprotein 
complexes by utilizing two optical slab waveguides. One is the sensing waveguide, 
which is in contact with the sample, and the other one is a reference waveguide. They 
are separated by cladding material and stacked on silicon oxide (Fig. 5). Laser light 
directed into one end of the DPI sensor is coupled to the waveguide slabs that guide 
the light in a defined, transverse direction. At the opposite end of the sensor, the light 
passing through the two waveguides forms a two-dimensional interference pattern 
based on the interaction of the waves. The polarization of the laser is rapidly changed 
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between TE and TM, enabling the measurement of two different phase changes, 
similarly to ellipsometry.124,125 

The properties of the reference waveguide remain constant during the 
measurement, because it does not contact the sample. The protein of interest is 
typically covalently coupled to the sensing waveguide, which is exposed to a flow 
cell.126–128 When proteins immobilized to the sensor surface bind the studied proteins, 
the refractive index and the thickness of the molecule layer change, as does the phase 
of the light. This is recorded as alterations in the interference patterns with both 
polarities.124,125 DPI simultaneously monitors the phase changes with both TE and 
TM polarizations, and two interference patterns are recorded at almost the same time. 
Combining the results enables calculating both the refractive index (mass) and 
thickness of the protein layer. Therefore, DPI also provides information about the 
conformation of the bound proteins, and binding-caused structural changes can be 
monitored to some extent.125 This sets DPI apart from other mass-sensing methods 
such as SPR. Sub-picomolar sensitivity may be achieved with DPI.129 The initial 
kinetics obtained with the relatively long (e.g., 15 mm) sensor might not be entirely 
accurate, however, as reaching the desired protein concentration in the flow chamber 
may take over 10 seconds. Therefore, methods such as SPR, which may detect 
binding in a spot smaller than 0.5 mm2, might be more suitable for acquiring the 
initial binding kinetics.130 

Figure 5.  Dual polarization interferometry sensor. Two slab waveguides are stacked on top of 
each other, and the sensing waveguide is exposed to the sample material in a flow cell. 
Polarized light passes through both waveguides, and the molecules bound to the sensor 
surface affect the light traveling through the sensing waveguide. At the other end of the 
sensor, an interference pattern created by the two waveguides is monitored, giving 
information on protein binding. Rapidly altering the polarization enables measuring two 
separate phase changes. 
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2.5.5 Biolayer interferometry 
Biolayer interferometry (BLI) is yet another method that enables studying both the 
interactions between protein pairs and the formation of multiprotein complexes in 
real time. In BLI, the studied protein is bound to a biocompatible surface located at 
the tip of a glass cylinder sensor (Fig. 6). Directly above the biocompatible layer is 
an internal reference layer, and when incident light moves down the biosensor fiber 
and reaches the tip, both layers reflect the light back. The reflection waves either add 
together or cancel each other, creating an interference pattern, similarly to DPI. 
When additional molecules are bound to the biocompatible layer, the thickness of 
the layer changes, and so does the reflection, changing the interference pattern. The 
BLI sensors are usually purchased with pre-prepared biocompatible surface. For 
example, SA and antibodies can be used as primary coatings. Similarly to other 
described methods, it is possible to observe more than one successive protein binding 
event, because each protein layer increases the thickness of the biolayer. BLI is also 
suitable for monitoring binding kinetics.131 The result graphs obtained from BLI 
measurements are analogous to those of SPR assays (Fig. 4B) and the results are 
interpreted in a similar manner. 
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Figure 6.  Biolayer interferometry principle in PPI detection. Incident white light travels through the 
sensor cylinder to the tip, where the internal reference layer and biocompatible layer 
reflect it back. These two reflections create an interference pattern that is determined 
by the thickness of the biocompatible layer, i.e., what molecules are bound to the layer. 
Thus, the binding of proteins is observed. 
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The glass cylinder with the sensing surface at the tip is a unique feature of BLI, 
compared to the other introduced surface-based methods. BLI assays use a dip-and-
read concept, in which the sensor tips are dipped into solutions containing the studied 
proteins or wash buffers. Thus, the studied molecules are introduced to the sensor 
surface without the need for liquid flow, and it may be possible to collect and re-use 
the sample solution. The dip-and-read method can be performed on 96- or 384-well 
microtiter plates, which makes BLI an HTS-compatible method.131 Because there is 
no liquid handling and only the tips are moved, solutions that might clog flow 
channels can potentially be analyzed.114 However, not using liquid flow may affect 
the accuracy of the dissociation measurement, and the reproducibility of the assay 
might suffer.132 BLI sensitivity is in the low nanomolar range for PPI measurements, 
not quite reaching that of SPR.133 BLI is perhaps more suitable for HTS of 
interactions instead of detailed studies of one protein pair. 

2.5.6 Quartz crystal microbalance 
In quartz crystal microbalance (QCM) assays, much like in SPR assays, one protein 
of the studied PPI pair is attached to a gold surface either directly or via an 
intermediate binder molecule. QCM surfaces utilize similar conjugation methods as 
SPR chips, including SA/biotin and Ni2+-nitrilotriacetic acid/histidine pairs.134–136 
Despite the similarities in the chip structure and preparation, the method of detection 
differs from SPR: instead of an optical measurement, QCM utilizes acoustic 
detection, and the gold surface is attached to a piezoelectric quartz crystal. When an 
alternating current is applied to the quartz crystal, it oscillates at a frequency defined 
by its mass. To measure PPIs, the gold surface coated with the target protein is 
exposed to a flow cell, and a solution containing the studied binding partner flows 
over the surface. PPIs change the mass of the quartz crystal, which leads to a shift in 
the oscillation frequency and detection of the binding (Fig. 7A).134 

In addition to measuring only the frequency of the oscillation, it is possible to 
monitor the dissipation by momentarily cutting the current supply to the sensor (Fig. 
7B). This approach is called quartz crystal microbalance with dissipation monitoring 
(QCM-D), which provides information on the viscoelastic properties of the 
molecules adsorbed to the sensor surface, i.e., the rigidity of the surface. This gives 
insight into the conformation of the bound molecules, but also into the amount of 
adsorbed water.137,138 QCM and QCM-D are capable of monitoring PPIs and their 
kinetics, similarly to the other described surface-based methods. Both variants 
enable detecting sensor surface mass changes in the nanogram range, translating to 
picomolar sensitivity, but can also be applied to detecting very large objects, such as 
cells.139–141 The application areas of QMC and QMC-D often overlap with that of 
SPR. 
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The advantage QCM-D has over QCM and optical methods is that it can detect and 
recognize solvent adsorbed to the sensor surface. Depending on whether the surface 
is rigid (less water) or soft (more water), different equations are required to 
accurately relate the oscillation frequency to sensor surface mass. Because QCM-D 
acquires more precise information about PPIs, it is more suited for quantifying the 
proteins than QCM.137 QCM-D has a medium throughput, as there are instruments 
that can collect data simultaneously from several sensors.142–144 The sensor chips are 
also relatively inexpensive. The disadvantage of QCM and QCM-D is that because 
the methods sense mass in a very sensitive manner, they are also sensitive to 
environmental conditions and susceptible to contaminations. Therefore, careful 
cleaning of the flow cells and chips is required before the measurement, and, e.g., 
the temperature of the measurement should be controlled.137,145 

2.5.7 Electrochemical impedance spectroscopy 
Electrochemical impedance spectroscopy (EIS) monitors PPIs based on changes in 
the sensor surface impedance. The sensor structure consists of two conductors and a 
non-conducting surface between them, which are in contact with a flow cell. One 
protein is immobilized to the non-conducting surface, commonly through binders 
such as SA and biotin, although self-assembling thiol layers on a gold surface have 
also been used. An interdigitated electrode configuration can improve the sensor 
performance and sensitivity (Fig. 8A). In this configuration, the two electrodes are 
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Figure 7.  Schematic representations of QCM(-D) data. A. In a QCM measurement, protein 
binding is detected based on a decrease in the oscillation frequency of the sensor. The 
intensity of the change reflects the amount of bound protein. B. In QCM-D assays, also 
the dissipation of the oscillation is monitored after momentarily turning off the current 
supply. Protein binding makes the surface “softer” and increases the dissipation.  
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situated very close to each other, and proteins can be immobilized either between or 
on top of the electrodes.146,147 

Protein binding and PPIs change the impedance properties of the sensor surface, 
and EIS enables measuring of the formation of multiprotein complexes. The 
monitored parameter is resistance, if there is a redox-active component present, such 
as a reducing or oxidizing enzyme. However, most proteins do not have redox-
properties, and therefore PPI measurements are often performed by monitoring the 
capacitance in nonfaradaic EIS. The impedance is often determined at more than one 
frequency, and the results are commonly presented as a Nyquist plot, where each 
data point represents one measurement frequency (Fig. 8B).146,148,149 

Different high-throughput strategies have been developed for EIS 
measurements, and EIS enables measuring binding events and their strength with 
femtomolar or even attomolar sensitivity.149–151 The interdigitated electrode 
geometry enhances the impedance change monitoring at the solid-liquid interface of 
the sensor, where the protein binding takes place. Decreasing the gap between the 
electrodes further improves the sensitivity of the assay.146,152 However, EIS is also 
very sensitive to non-specific changes in the impedance, such as those caused by 
non-specific adsorption to the sensor surface and contamination of the electrodes.153 

Figure 8.  Electrochemical impedance spectroscopy principle for monitoring PPIs. A. The studied 
proteins are immobilized between electrodes on a non-conductive layer (side view). 
When additional proteins bind to the layer, the impedance properties of the sensor 
surface change, and the PPIs are detected. An interdigitated electrode configuration 
(top view) is used to improve the method functionality in bioanalysis. B. A schematic 
representation of EIS data, presented as a Nyquist plot. The dashed line represents the 
background signal produced by the sensor before protein binding, and the solid line 
represents the signal acquired upon PPI. 
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2.5.8 Protein microarrays 
Protein microarrays have been used in PPIs studies for over two decades. 
Traditionally they utilize fluorescently labeled probes, but label-free approaches 
have also gained in popularity.154–157 Resonance-, polarization-, and interference-
based optical methods, such as SPR and ellipsometry, can be utilized for microarray 
detection. The basic functional principles behind the methods are the same but the 
detection is often combined with imaging, which drastically increases the 
throughput. Thousands of proteins may be printed onto a chip in distinct spots, the 
incident light can be directed to the whole array at once, and the response from all 
the protein spots can be recorded simultaneously with a charge-coupled device 
camera.157,158 Automation further improves the throughput and makes protein 
microarrays a highly efficient tool for PPI research. 

The properties of protein microarrays, for example suitability for different 
interaction types, depend on which detection method is used. For example, TIRE has 
improved sensitivity over ellipsometry also in a microarray setting. However, 
although the optical detection methods largely retain their capabilities in the 
microarray format, the sensitivity is often reduced compared to the traditional assays, 
and the specificity of the method may also suffer.157 Producing microarray chips also 
requires specialized printing equipment, and the quality of the protein spots may 
vary. Furthermore, microarray measurements usually cannot be performed with the 
instruments designed for traditional label-free detection, and the instruments that are 
suitable for microarrays might not be interchangeable between different detection 
strategies. Protein microarrays are useful tools for screening PPIs with a high 
throughput, but the traditional forms of many label-free methods may be more 
suitable when only a relatively small number of interactions are studied. 

2.6 Label-free solution-based methods in PPI 
studies 

In this chapter, solution-based, label-free methods for monitoring PPIs are 
introduced. “Solution-based” method refers here to a technique where the interacting 
proteins are not immobilized on a surface and are instead free in the solution for 
interaction studies. 

2.6.1 Calorimetry 
Calorimetry measures the thermodynamics of chemical reactions, such as PPIs, by 
monitoring the heat produced or consumed by binding. Two common calorimetric 
methods for PPI detection are isothermal titration calorimetry (ITC) and differential 
scanning calorimetry (DSC). Both methods are based on two identical, temperature-
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controlled cells, a sample cell and a reference cell, which are located inside an 
adiabatic, insulated structure.159,160 

In ITC, the temperature of the system is kept constant. The reference cell 
contains buffer solution and the sample cell contains a protein of interest, and both 
cells are coupled to sensitive thermal detectors and heaters that keep the temperature 
constant between the two cells and the surrounding structure.159,161 PPIs are measured 
by incrementally injecting the second studied protein into the sample cell containing 
the counter protein (Fig. 9). When the incrementally added protein contacts its 
interaction partner, the temperature of the sample cell changes, and the intensity and 
direction of the change depend on the interaction type. Subsequently, the heater 
feedback circuit activates and adjusts the temperature back to the constant level, and 
the energy consumption caused by the interaction is recorded. The amount of power 
required to keep the temperature constant is proportional to the amount of bound 
interacting proteins. Protein binding is observed as large heat changes at the 
beginning of the experiment, if the affinity is sufficient, as most of the injected 
protein interacts. As the system gradually saturates, the response decreases (Fig. 
10A).159,161 
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Figure 9.  Isothermal titration calorimetry setup. The sample and reference cells are located inside 
an adiabatic jacket, where a constant power is applied to the reference cell. One 
interacting protein is inside the sample cell, and the other is slowly added with a syringe. 
The thermodynamics of the PPI change the sample cell temperature, followed by the 
feedback circuit equalizing the temperature with that of the reference cell. The PPI is 
observed by monitoring the fluctuation in the feedback power. 
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In DSC, calorimetry is combined to thermal ramping of the system. Constantly 
increasing the temperature leads to protein thermal denaturation, which consumes 
energy, and the thermal difference between the reference and sample cells is 
monitored. The measurement can be performed in two ways: power compensation 
and heat flux. The power compensation approach is similar to ITC detection. The 
sample and reference cells are not in contact, and separate heating and cooling 
elements control the temperature of each cell. The amount of energy required to 
maintain identical cell temperatures is monitored. In the heat flux approach, there is 
only one heater, and the cells are connected through a heat-conducting material. The 
temperature differences between the sample and reference cells result in a heat flow 
over the conducting material, which is measured.162 A DSC measurement monitors 
the thermodynamic parameters of protein denaturation, producing characteristic 
thermal profiles for proteins, and does not directly provide information about the 
interaction status of the studied protein. However, DSC can be applied to PPI studies 
when the interaction affects the thermodynamic properties of the target protein, as in 
this case distinct thermal profiles can be acquired with and without the potential 
interaction partner (Fig. 10B).163–165 

ITC monitors the affinity and kinetics of the PPI and provides information on the 
enthalpy and stoichiometry, obtained by fitting a curve to the individual peaks (Fig. 
10A). DSC can be used to determine the affinity and kinetics of a PPI reaction 
through comparing the thermal profiles of individual and complexed proteins. The 
method also measures the enthalpy of the denaturation and enables determining 
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Figure 10.  Schematic representation of calorimetry signals. A. In ITC data, each peak represents 
injection of the interacting protein (black, solid line). As the protein binding saturates, 
the peaks gradually become smaller. A curve is fitted on the peaks to calculate the 
stoichiometry, enthalpy, and affinity of the reaction (grey, dashed line). B. A DSC 
measurement produces a melting point peak for a protein. The melting temperature and 
enthalpy of the protein denaturation can be obtained through the curve fitting. PPIs that 
change the thermal profile may be detected with DSC. 
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melting temperatures (Tm) and temperatures of onset for the proteins or protein 
complexes. Tm is the temperature at which half of the protein or protein complex is 
denatured, whereas temperature of onset denotes the temperature where thermal 
changes begin to take place.159,160,166 The problem with DSC is that the PPI must 
affect the thermal stability of the protein in some manner to be detected. ITC, which 
is commonly regarded as the gold standard method of PPI studies, is also not without 
disadvantages. Both ITC and DSC traditionally suffer from high sample 
consumption in the micromolar range, as well as low throughput. However, advances 
have been made in both regards with nanocalorimeters, which consume less sample, 
and array calorimeters, which improve the throughput.164,167,168 That calorimetry is 
susceptible to minor differences in the sample materials is also a significant issue, as 
the method records such small temperature changes. For example, if the buffers of 
the two studied proteins are not identical regarding pH or salt concentration, the 
measurement may be disrupted.169 Exchanging the buffer of the studied proteins with 
two different methods might already lead to notable changes, so the experiments 
must be controlled carefully. 

2.6.2 Non-covalent external dyes 
Methods using fluorescent detection are well-established in solution-based PPI 
studies but, as previously discussed, conjugating labels to the target molecules may 
distort the assay results. External dyes, which are often environmentally sensitive, 
are an alternative way to utilize fluorescence without labeling the interacting 
molecules. Some of these dyes can also be covalently attached as labels, but in a 
label-free context they only interact with the proteins noncovalently, mainly through 
electrostatic and hydrophobic interactions. Thus, external dyes have a lower risk of 
structurally disrupting PPIs than covalently attached labels.170 

The fluorescence properties (intensity, emission maximum, lifetime) of the dyes 
depend on the viscosity, temperature, and polarity of their environment, mainly due 
to solvent relaxation and twisted intramolecular charge transfer (TICT). In solvent 
relaxation, polar solvent molecules surrounding the excited dye are aligned so that 
the energy level of the excited state is lower than in non-polar solvents. As a result, 
the dye emission is observed at longer wavelengths when measured in polar solvents 
compared to non-polar solvents.170 In TICT, an electron is transferred within the dye 
from a donor group to an acceptor group due to conformational changes (e.g., twists) 
in the dye molecule. This transfer reduces the energy level of the excited state. TICT 
may also lead to excitation relaxation through routes other than fluorescence, 
decreasing the dye quantum yield. Like solvent relaxation, TICT is more prominent 
in polar than non-polar solvents, and it may also promote solvent relaxation.170–172 
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There are several types of external fluorescent dyes with different mechanisms, 
such as rotational and polarity sensitive dyes. Rotational dyes, such as Thioflavin T, 
9-(dicyanovinyl)-julolidine, and Proteostat, are more affected by the viscosity of 
their environment than the polarity. They function through the TICT principle and 
produce more signal when their surroundings become more rigid. The rigidity 
changes can be caused by solvent properties, but also by protein interactions. In the 
study of PPIs, rotational dyes are mostly used for studying protein fibrillation and 
aggregation, because the protein complexes are very large and thus drastically 
change the viscosity of the dye microenvironment (Fig. 11A).172–176 

Another group of external dyes is more sensitive to the polarity of the 
environment. Examples of such dyes are 1-anilinonaphthalene-8-sulfonate (ANS), 
SYPRO Orange, and Nile Red. These dyes produce a low signal in an aqueous 
environment because the high polarity leads to solvent relaxation and/or quantum 
yield loss through TICT. When soluble proteins are denatured, their inner 
hydrophobic amino acids are exposed and offer a non-polar binding environment for 
the dyes. Upon binding, the dyes are protected from the effects of the polar solvent, 
and their fluorescence increases.170 Polarity-sensitive dyes can detect PPIs when the 
interaction exposes hydrophobic areas of the protein. For example, aggregation often 
leads to substantial changes in the structure of the proteins and enables the dye 
binding.177 However, PPIs do not always reveal the hydrophobic structures to such 
extent that dye binding is possible. Therefore, polarity sensitive dyes are often used 
for PPI detection in the thermal shift assay (TSA) format, also known as differential 
scanning fluorimetry (DSF).178,179 

In DSF assays, denaturing the proteins with elevated temperatures enables the 
binding of polarity-sensitive dyes, producing progressively more signal when the 
temperature increases and the denaturation proceeds. Individual proteins have their 
characteristic Tm values that can be obtained from the half point of the melting curve 
(Fig. 11B).180,181 Protein complexes are often more stable than individual proteins, 
causing a measurable increase in the Tm (Fig. 11C).178,179 The binding affinities of 
PPIs may be determined by monitoring the Tm values with several concentrations of 
one interaction partner.178 

DSF measurements are high-throughput-compatible because they can be 
performed in a microtiter plate format, and the fluorescence signals can be monitored 
with common fluorescence intensity plate readers. If the dye has suitable excitation 
and emission wavelengths, the DSF assay can even be performed using a quantitative 
polymerase chain reaction (qPCR) instrument. This setup enables simultaneous 
temperature ramping and fluorescence measurement. SYPRO Orange, for example, 
has optical properties compatible with the standard filters found in most qPCR 
devices. The disadvantage is the low sensitivity of the dyes: the required sample 
concentration is in the micromolar range, which leads to high protein consumption. 
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178,179,182,183 Furthermore, the DSF approach is not suitable for all proteins, as complex 
formation does not always affect the protein Tm. The proteins of interest might also 
not produce adequate thermal curves in the first place. In addition, surfactants pose 
a major issue for measurements with polarity-sensitive external dyes, as the dyes 
often bind to the micelles formed by the surfactant molecules. As surfactants are 
often found in protein storage buffers, sample dilution might be required to avoid the 
adverse effects and obtain reliable results. Viscosity-sensitive external dyes are less 
affected by surfactants than polarity-sensitive dyes, although high concentrations of 
some detergents, such as polysorbate, can still interfere with the measurement.184 

Figure 11.  The use of external dyes in PPI research. A. Rotationally sensitive dyes usually produce 
low signal when they are combined with native, monomeric proteins. Upon protein 
aggregation, the microenvironment of the dyes becomes more rigid, leading to 
fluorescence intensity increase. B. Proteins are denatured when subjected to high 
temperatures, and their internal hydrophobic amino acids are exposed. Polarity-
sensitive dyes are protected from the effects of the polar solvent upon binding to the 
hydrophobic areas and produce increased fluorescence signal at the measured 
wavelength. The Tm, at which 50 % of the protein is in the denatured form, can be 
calculated from the obtained melting curve. C. DSF can be used to observe PPIs based 
on their effect on the protein thermal stability. A Tm shift is observed when the proteins 
are monitored together if the proteins interact and the complex has different thermal 
stability compared to the individual proteins. 
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2.6.3 Intrinsic fluorescence 
Besides using conjugated labels or external dyes, it is possible to study PPIs using 
the fluorescence naturally produced by the studied proteins. Proteins have intrinsic 
fluorescence properties if they contain the aromatic amino acids phenylalanine, 
tyrosine, or tryptophan, which can be excited at UV wavelengths.185 Out of these 
three amino acids, phenylalanine has a low quantum yield, and tyrosine fluorescence 
is often naturally quenched. Tryptophan, on the other hand, has a sufficient quantum 
yield and, notably, different fluorescence lifetimes as determined by the non-
covalent interactions and polarity in the immediate vicinity of the side chain. The 
environment also affects the tryptophan fluorescence emission maximum: lower 
polarity leads to emission at shorter wavelengths. Thus, if protein binding changes 
the tryptophan environment, it is possible to observe PPIs through intrinsic 
fluorescence.186,187 Intrinsic fluorescence can also be utilized in DSF assays instead 
of external dyes for measuring and comparing the thermal stability of individual 
proteins and protein complexes. Tryptophan fluorescence is suitable for DSF assays 
because denaturation exposes the inner tryptophan residues to the polar solvent, 
redshifting the emission. The changes in the signal intensity are often observed at 
wavelengths of 330 and 350 nm, and their ratio.188 

Intrinsic fluorescence assays are not applicable to all situations, as they rely on 
the studied proteins containing tryptophans and the PPI changing the environment 
of these tryptophans. Interpreting the data is challenging, because many different 
factors, from the presence of charged groups to the composition of the solvent, can 
change the local tryptophan environment.189 On the other hand, the DSF assays 
require that the proteins and the complex produce thermal curves and that the 
interaction affects the thermal stability, which is not always the case. Although 
intrinsic fluorescence is utilized in PPI research, it is perhaps more useful in studying 
the structure of individual proteins. 

2.6.4 Circular dichroism spectroscopy 
Circular dichroism spectroscopy (CD) is mainly used for analyzing protein 
secondary structure, but it can also be applied to studying PPIs. In CD, circularly 
polarized ultraviolet (UV) light interacts with the peptide bonds, aromatic amino acid 
residues, and disulfide bridges of proteins.190 Light interacts differently with 
asymmetric molecules, such as the secondary structure of proteins, depending on 
whether the circular polarization of the light is left- or right-handed. If the 
polarization directions are not equal in the light reflected from a sample, the light 
becomes elliptically polarized, and the changes are quantified by the CD detector. 
Different secondary structures produce distinct CD bands at given wavelengths, so 
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the protein secondary structure can be inferred from the spectra (Fig. 12A). However, 
CD cannot resolve the protein structure in a more detailed level.191–193 

PPIs are detected based on the structural changes of the interacting proteins 
compared to the individual ones: if the interaction affects the structure of the 
optically active groups of the proteins, the CD spectrum changes (Fig. 12B). If there 
is no conformational change, PPIs can usually be detected based on the differences 
in the protein stability. Often, proteins are more stable in complex than individually, 
so denaturants or elevated temperatures have a different effect on the protein 
secondary structure based on the interaction status. CD can also be used to obtain 
dissociation and association constants by titrating the interacting proteins.194 CD is 
suitable for analyzing proteins and protein complexes over a wide size range and can 
even be utilized in aggregation monitoring.195 

The sample requirement of CD assays is in the micromolar concentration range, and 
the sample concentration should be determined accurately prior to the CD 
measurement to enable reliable interpretation of the structural data. The buffer 
composition must also be carefully considered when measuring in the far-UV region 
(<260 nm), because several commonly used buffer components, such as NaCl, 
absorb light at these wavelengths.190 Traditionally, the throughput of CD has been 
low, but in recent years the it has been increased through automation and the use of 
flow cells.196,197 

2.6.5 Nuclear magnetic resonance spectroscopy 
When it comes to structural data, CD has a low resolution and only provides 
information on the secondary structure. There are also methods for resolving protein 
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Figure 12.  Schematic representation of circular dichroism data. A. Typical CD spectra of α-helices, 
β-sheets, and unstructured (denatured) proteins. B. The spectrum produced by the 
protein complex differs from those of the individual proteins, enabling PPI detection. 
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complex structures in greater detail, such as nuclear magnetic resonance (NMR) 
spectroscopy. NMR can measure the structure of fully soluble proteins at the atomic 
level, in a near-physiological environment. Notably, it can also determine the 
structures of weakly interacting protein complexes that have dissociation constants 
of 10-4 M or higher.198 

NMR monitors how magnetically active nuclei absorb electromagnetic radiation 
on the radio frequency when exposed to a strong magnetic field.199 Under the effect 
of the magnetic field and electromagnetic radiation, nuclei have their own 
characteristic resonance frequency that is determined by the environment of the 
nucleus, i.e., the bonds to other atoms and the atoms that are within 5 Å from the 
resonating nucleus. Even otherwise identical nuclei give different signals, i.e., 
chemical shifts, at different positions in the protein structure, producing a distinct 
NMR spectrum for each protein. PPIs change the nuclei environment at the protein-
protein interface and can therefore be monitored by recording the changes through 
chemical shift perturbation analysis.200–202 

Not all nuclei can be measured with NMR, however, as the observed isotopes 
must contain an odd number of protons. For hydrogen, the most common isotope 
(1H) meets this demand, but the most abundant isotopes of, for example, carbon and 
nitrogen have an even number of protons. The less common variants 13C and 15N, 
which are often used in NMR measurements, must be integrated to the studied 
proteins through isotope enrichment. The isotope-enriched proteins are produced in 
cells grown in a media with, for example, only 15N available instead of the more 
common 14N. The isotope enrichment does not require any external conjugation to 
the protein and it very rarely affects the protein functionality. However, the use of 
recombinant proteins with appropriate isotopes complicates sample preparation. On 
the other hand, relying on the readily available 1H may lead to interference from the 
water molecules of the solvent. Another disadvantage of NMR is that a very high 
sample concentration is required, often in the millimolar concentration range. The 
protein complex size is also a limiting factor, with the upper size limit of 80–90 kDa 
making it more feasible to study only fragments of the interacting proteins instead 
of whole proteins.200,203 Although NMR is a powerful method for acquiring 
information on PPIs, the structure of the PPI interface, and the kinetics, the method 
is the most suitable for detailed studies of a specific, known protein-protein pair with 
suitable properties instead of screening through a large number of potential 
interactions. 

2.6.6 X-ray crystallography 
Like NMR, X-ray crystallography is a method than can resolve protein and protein 
complex structures in great detail. In X-ray crystallography, that the studied protein 
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complex must first be crystallized through vapor diffusion or by introducing a 
precipitant into the solution, for example. The measurement is performed by 
monitoring the diffraction of X-rays from the crystallized structure. The diffraction 
pattern changes based on the electron densities of the sample, so the 3D structure of 
the protein complex can be inferred from the pattern.204,205 

X-ray crystallography has an advantage over NMR, in that the size of the protein 
complex is not a limiting factor, so it is therefore possible to determine the structure 
of entire protein complexes. The need for crystallization, however, severely limits 
the usability of the method. A very high (saturated) protein concentration, often in 
the millimolar range, is required for crystallization, which leads to high sample 
consumption. Additionally, not all proteins—and particularly not all protein 
complexes—can be crystallized or form crystals of sufficiently high quality.206,207 
Crystal formation is especially hard to achieve with weakly interacting proteins.198 
In addition, it may be challenging to distinguish the protein-protein interface from 
the connections formed due to crystallization.208 

2.6.7 Cryogenic electron microscopy 
Single-particle cryogenic electron microscopy (cryo-EM) is another method that is 
able to determine the structure of protein-protein complexes in very high, even 
atomic, resolution. In addition, cryo-EM also enables visualization of the samples.209 
The protein complexes are applied onto EM grids and subsequently frozen to make 
it possible for the proteins to withstand the vacuum of the electron microscope. The 
freezing is performed by rapidly plunging the grids into liquid ethane, and the protein 
complexes are frozen onto the holey carbon surface of the EM grid in random 
orientations. The grid is then imaged with an electron microscope, in which an 
electron beam is focused on the sample and the image forms based on how the 
sample scatters the electrons. In single-particle cryo-EM, several randomly oriented 
particles are imaged in 2D, then computationally aligned and combined to obtain the 
3D structure of the complex. Biological samples are sensitive to radiation, which 
limits the possible strength of the electron beam during the measurement. A lower 
electron dose does not damage the sample as much, but also leads to a low signal-
to-noise ratio with conventional EM cameras. Obtaining the atomic resolution has 
been possible only after the introduction of direct electron detection devices.210 

Cryo-EM sample volumes are in the microliter range, and the concentration 
requirement is in the nanomolar or micromolar area, so the method consumes less 
sample than NMR or X-ray crystallography.211 Crucially, cryo-EM does not require 
crystallization, unlike X-ray crystallography, and the method enables determining 
the structure of very large protein pairs or even multiprotein complexes, unlike 
NMR. Thus, cryo-EM fills a gap between X-ray crystallography and NMR by 
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making it possible to determine the structure of large protein complexes that cannot 
be crystallized. Cryo-EM has a lower size limit of about 50 kDa, however, which 
limits the ability to obtain the structures of individual proteins.212 Fixing the proteins 
into the EM grid also means that determining dynamic structures is often not viable. 
Furthermore, variations in the sample preparation process may affect the obtained 
results. In addition, the atomic resolution has only been achieved very recently, and 
before this the protein structures have been obtained with the resolution of 3–4 Å.209 
The main disadvantage of cryo-EM is that, even when the lower resolution suffices 
and cutting-edge devices are not needed, the required instrumentation is specialized, 
expensive, and often not readily available. 

2.6.8 Scattering 
Measuring the intensity of light scattering of proteins provides information on 
protein size and molecular weight, and both static light scattering (SLS) and dynamic 
light scattering (DLS) are utilized in PPI studies. In both methods, a monochromatic 
light of high intensity is focused into the protein sample, and the intensity of the 
scattered light is monitored.213,214 PPIs are detected based on the scattering changes, 
as the protein complexes have a larger size and distribute differently in the solution 
compared to individual proteins. Scattering methods can detect size changes in the 
nanometer range, so it may be possible to study the binding between two proteins.215 
However, light scattering is often applied to studying the aggregation of proteins, as 
the drastic particle size changes caused by aggregation are relatively easy to detect.216 

In SLS, scattering is monitored continuously at one or several angles, and the 
mean intensity is recorded. Measurements are performed with a range of protein 
concentrations to obtain reliable data.217 In DLS, the measurement is performed 
several times in very short intervals, and light scattered from the proteins arrives to 
the detector in different phases depending on the positions of scattering particles. 
The phases of the scattered photons may be destructive or constructive compared to 
each other, creating a distinct interference pattern that reflects the position of the 
particles in the moment of the measurement, and sequential measurements produce 
different interference patterns. Small proteins have fast diffusion and cause rapid 
intensity changes at the detector, whereas large proteins or protein complexes cause 
slower changes. Diffusion coefficients can be calculated through the autocorrelation 
function based on the intensity fluctuations and their rate, and the hydrodynamic 
radii (i.e., size) of proteins can be detected. Scattering measurements enable PPI 
detection because protein complexes have larger hydrodynamic radii compared to 
individual proteins (Fig. 13). The more there are particles of certain size, the more 
light is scattered, which leads to increased signal intensity.214  
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Scattering studies enable determining the stoichiometry and dissociation constants 
of PPIs.215,218,219 The detection limits depend on the size of the studied particles, but 
individual large proteins (e.g., antibodies) can be detected in the nanomolar 
concentration range.216,219 The traditional cuvette format of the scattering 
measurements restricts the throughput, but improvements have been made by 
developing approaches that are compatible with microtiter plates or capillaries.219,220 
SLS is able to determine particle size down to 10 nm when measurements at multiple 
angles are used, meaning that the method cannot define the size of small, individual 
proteins. DLS, on the other hand, can determine hydrodynamic radii even below 1 
nm.214,216 However, both SLS and DLS have limitations, such as sensitivity to dust 
or other contaminating particles in the solution. Additionally, scattering is a 
qualitative method and does not enable quantifying of the protein complexes. There 
are also issues with the reproducibility, especially in the case of non-spherical and 
polydisperse particles.221 To obtain reliable results, the algorithms applied to 
calculating the protein sizes must be carefully chosen based on the properties of the 
sample, such as concentration, polydispersity, and viscosity.215,216 

2.7 Summary 
In conclusion, there are a wide variety of methods for studying and monitoring PPIs 
in a label-free manner using purified proteins. The properties of the introduced 
methods are summarized in Table 1. Each method has a different measurement 

Figure 13.  Schematic representation of scattering data. PPIs can be detected based on the 
increased diameter of the protein complex compared to that of the individual proteins. 
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principle, its own strengths and weaknesses, and is suitable for different purposes. 
In the context of drug development, for example, techniques with high throughput, 
such as BLI and external dyes, might be suitable for the initial screening of large 
protein libraries. Once potential binder molecules have been found, they may be 
further studied with medium-throughput methods, such as SPR, to obtain the most 
promising drug candidates with the highest affinities and specificities. 
Characterizing the complex structure and binding mechanics in detail with NMR, 
cryo-EM, ITC, and other low-throughput methods becomes viable after narrowing 
the studied interactions to only a handful. Some methods, such as SPR, may also be 
used in several levels of the drug development process, which facilitates the 
comparison of the results between different stages. 

Among the label-free methods introduced in this thesis, the surface-based assays 
generally have better sensitivity than the solution-based assays, and thus require less 
sample material. Some, such as BLI and RWG, are easily manufactured in an HTS-
compatible format. Nowadays, it is also possible to perform the detection of 
resonance-, polarization, and interference-based optical methods, such as SPR and 
ellipsometry, in an imaging format, often in combination with protein microarrays. 
This drastically improves the throughput compared to the traditional instruments. 
However, conjugating one of the studied proteins to a solid surface may distort the 
results. The surface itself can cause issues such as steric hindrance and electrostatic 
repulsion, and the effects may be different for each studied protein, requiring careful 
optimization.222 Immobilizing charged proteins might pose specific challenges, 
depending on the surface type.223 Regardless of the charge, binding proteins to a 
surface can render their interaction sites inaccessible, especially when the proteins 
are adsorbed to the sensor non-specifically. A balance must also be found with the 
liquid flow rate to ensure that concentration gradients are avoided and the liquid flow 
does not disrupt the interaction.224,225 In a sense, conjugation to a solid surface is akin 
to labeling the molecules, and has many of the same disadvantages. 

Solution-based label-free methods, on the other hand, are fully conjugation-free. 
Thus, they enable studying PPIs under conditions that more closely resemble the 
physiological environment, and some methods provide extremely detailed 
information about the interactions. For example, NMR and cryo-EM are excellent 
tools for studying the protein complex structure, and calorimetry yields information 
on the thermostability and reaction energetics. Unfortunately, most solution-based 
methods have a significantly lower sensitivity than surface-based methods, with 
detection limits in the micromolar range or higher. This limits the HTS capabilities 
of the methods, even when the assay setup and instrumentation would allow a high 
throughput. High protein concentration can also affect the properties of the protein 
in the solution and lead to concentration-dependent shifts in the measured Tm or the 
formation of undesired artefacts, such as aggregates. Thus, there is a niche to be 
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filled for solution-based PPI analysis techniques with improved sensitivity and HTS 
compatibility. 

As for the current trends in label-free PPI research, SPR and calorimetry seem 
to be holding their positions as the gold standard methods, even though both are 
already decades old and provide only low to medium throughput. Of course, these 
techniques have been improved over the years by developing new sensor materials 
and setups, and there are ongoing efforts to increase their throughput. However, 
when it comes to PPI screening, the microarray format holds perhaps the most 
promise, as it intrinsically has a very high throughput, and instruments suited for the 
microarray imaging may become more commonplace in the future. In the structural 
level of PPI studies, cryo-EM already stands to surpass NMR and X-ray 
crystallography, both of which face limitations regarding either the protein complex 
size or the crystallization requirement. So far, price has been a limiting issue with 
cryo-EM, but the technology required to reach atomic resolution will likely become 
less expensive in the coming years.  
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Table 1. Summary of label-free methods for studying PPIs with purified proteins. 

*High throughput in a microarray setting. 

Method Surface-
free 

Sensi-
tivity 

Through-
put Measures Properties 

SPR No pM-nM High* Binding Gold standard of surface-
based methods. 

RWG No pM-nM High Binding Microtiter plate format. 

Ellipsometry No pM High* Binding 

Measures both amplitude 
and phase of light; more 
detailed information than 

SPR. 

TIRE No pM High* Binding Combines ellipsometry 
and SPR. 

DPI No <pM Low Binding, 
conformation 

Measures both mass and 
thickness of protein layer. 

BLI No nM High Binding Microtiter plate format. 

QCM-D No pM Medium Binding, 
conformation 

Provides information also 
on adsorbed water. 

EIS No aM-fM High Binding Extremely sensitive but 
prone to interference. 

ITC Yes µM Low Binding, 
thermodynamics 

Monitors reaction enthalpy 
and stoichiometry. 

DSC Yes µM Low Thermal stability Thermal ramping. 

External dyes Yes µM High Thermal stability Thermal ramping. 
Microtiter plate format. 

Intrinsic 
fluorescence Yes µM High Thermal stability, 

structure 

Relies on tryptophan at 
convenient locations. 

Microtiter plate format. 

CD Yes µM Medium Structure, 
thermal stability 

Mainly for studying protein 
secondary structure. 

NMR Yes mM Low Structure Suitable for known protein 
pairs. 

X-ray 
crystallography Yes mM Low Structure Requires crystallization. 

Cryo-EM Yes nM-µM Low Structure Enables visualization. 

Scattering Yes nM High Size 
Primarily used for 

aggregation monitoring. 
Microtiter plate format. 
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3 Aims of the Study 

The main objective of this PhD work was to develop a novel label-free, homogenous, 
sensitive, easy-to-use platform for studying proteins in several concepts and 
situations in vitro. The principle and functionality of the method were initially 
established by measuring protein thermal stability and PLIs, and the assay was then 
applied to monitoring PPIs. In addition to detecting PPIs between two different 
interaction partners—both 1:1 pairs and protein complexes—the method was 
demonstrated for monitoring antibody aggregation in an in vitro setting. 

 
The aims of the original publications were: 

 
I To introduce the Protein-Probe method and establish its functionality by 

monitoring protein thermal profiles and ligand stabilization. 
 
II To demonstrate the Protein-Probe method in studying the interactions of 

protein pairs and multiprotein complexes. 
 
III To apply the Protein-Probe method for studying the stability and aggregation 

of diagnostic and therapeutic antibodies. 
 
IV To study the functionality of thermal shift assays using KRAS and its 

interaction partners as models.
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4 Materials and Methods 

For more details, please refer to the original publications. 

4.1 Luminescence and absorbance measurements 
Time-resolved luminescence (TRL) measurements were performed with Victor 1420 
multilabel counter (PerkinElmer; excitation 340 nm, emission 615 nm) (I) and Tecan 
Spark 20M (Tecan; excitation 340 nm, emission 620 nm) (I-IV), with 400–800 µs 
delay time and 400 µs integration time. Europium excitation spectra (250–500 nm; 
emission monitored at 620 nm) and emission spectra (550–800 nm; excitation at 340 
nm), as well as 1,1,3,3,3′,3′-hexamethylindodicarbocyanine (HIDC) excitation 
spectra (450–680 nm, emission monitored at 700 nm), emission spectra (630–850 
nm, excitation at 618 nm), and absorbance spectra (400–750 nm) were monitored 
with Tecan Spark 20M (II, III). Luminescence lifetimes were monitored with Varian 
Cary Eclipse Fluorescence spectrophotometer (Agilent Technologies) using 340 nm 
excitation, 615 nm emission, 0.1 ms delay and gate times, and the total measurement 
time of 3 ms (II, III). FRET measurements were performed using Tecan 
Infinite200Pro (Tecan) (530 nm excitation, 590 nm emission) (II). SYPRO Orange 
(excitation 485 nm, emission 590 nm) (I-IV) and ANS (excitation 350 nm, emission 
490 nm) (IV) luminescence was monitored with Tecan Spark 20M. Thermal ramping 
was performed using PTC-100 and PTC-200 Peltier Thermal Cycler (MJ Research) 
(I-IV). Absorbance measurements were performed on transparent 96-well plates 
(TOMTEC Plastics) (III). Black OptiPlate 384-well plates (PerkinElmer) (I-IV) and 
black or white low volume 384-well plates (Corning) (II, IV) were used for room 
temperature (RT) assays. Black Framestar 96- or 384-well plates (4titude) were used 
for thermal ramping studies (I-IV). 

4.2 Assay buffers 
The assay buffers were selected based on the specific requirements of the tested 
proteins. The buffers used in the main experiments are listed in Table 2. Formulation 
buffers, which were chosen according to the suggestions and specifications provided 
by a commercial partner, are listed in Table 3. 
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Table 2. Compositions of the main assay buffers. 

Table 3. Compositions of formulation buffers (III). 

Buffer Components 

Buffer 1 (I, III) 0.1x phosphate-buffered saline (PBS), 0.001 % (v/v) Triton X-
100 

Buffer 2 (II, IV) 10 mM HEPES (pH 7.5), 0.001 % (v/v) Triton X-100, 1 mM 
MgCl2, 20 mM NaCl 

Buffer 3 (II) 10 mM HEPES (pH 7.5), 0.001 % (v/v) Triton X-100 

Buffer 4 (II) 20 mM HEPES (pH 7.5), 100 mM KCl, 1 mM MgCl2 

Buffer 5 (IV) 10 mM HEPES (pH 7.5), 0.001 % (v/v) Triton X-100, 20 mM 
NaCl 

Buffer 6 (IV) 10 mM HEPES (pH 7.5), 0.001 % (v/v) Triton X-100, 1 mM 
EDTA, 20 mM NaCl 

Buffer 7 (II, IV) 20 mM HEPES (pH 7.5), 1 mM MgCl2¬, 10 mM NaCl, 0.01 % 
(v/v) Triton-X 100, 0.005 % (w/v) γ-globulins 

Modulation solution base (I-IV) 7.7 mM Na2HPO4, 6.1 mM citric acid, pH 4, 0.01% Triton X-100 

Buffer Base buffer pH Excipient 

Buffer 8 PBS 7.2 NA 

Buffer 9 Citrate-phosphate buffer 4 0.9 % (w/v) NaCl 

Buffer 10 Citrate-phosphate buffer 5 0.9 % (w/v) NaCl 

Buffer 11 Citrate-phosphate buffer 6 0.9 % (w/v) NaCl 

Buffer 12 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl 

Buffer 13 Citrate-phosphate buffer 8 0.9 % (w/v) NaCl 

Buffer 14 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 0.02 % (v/v) polysorbate 20 

Buffer 15 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 0.1 % (v/v) polysorbate 20 

Buffer 16 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 0.4 % (v/v) polysorbate 20 

Buffer 17 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 50 mM sucrose 

Buffer 18 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 150 mM sucrose 

Buffer 19 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 500 mM sucrose 

Buffer 20 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 30 mM sorbitol 

Buffer 21 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 100 mM sorbitol 

Buffer 22 Citrate-phosphate buffer 7 0.9 % (w/v) NaCl, 300 mM sorbitol 
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4.3 Protein-Probe preparation and characterization 

4.3.1 Europium-labeled peptide 
A nonadentate Eu3+-chelate, {2,2',2",2'"-{[4'-(4'"-isothiocyanatophenyl)-2,2',6',2"-
terpyridine-6,6"-diyl]bis(methylene-nitrilo)}tetrakis(acetate)}europium(III) (QRET 
Technologies) was conjugated to the N-terminus of the sensing peptide sequence 
(NH2-EYEEEEEVEEEVEEE; Pepmic) (I-IV). Isothiocyanate-activated Eu3+-
chelate (1 mg) was dissolved in 100 µL of MilliQ H2O and combined with 0.5 mg 
of the peptide in 100 µL of pyridine/H2O/triethylamine (9:1.5:0.1 ratio). The reaction 
was incubated 18 h at RT, then purified with reverse-phase adsorption 
chromatography using Dionex Ultimate 3000 LC system (Dionex, Thermo Fisher 
Scientific) with Ascentis RP-amide C18 column (Supelco Analytical, Sigma 
Aldrich). The eluent (50 mM TEAAc pH 7.0:ACN 100%) was used in a linear 
gradient (1 ml/min from 10:90 to 50:50 in 17 min). The Eu-probe concentration was 
determined by comparing the TRL signal of the probe to a Eu3+-standard (DELFIA, 
PerkinElmer) and assuming the ratio of Eu3+-chelate and peptide was 1:1. 

4.3.2 Modulation solution and the Protein-Probe 
The modulation solution base was prepared by combining 0.2 M Na2HPO4 and 0.1 
M citric acid in different ratios to achieve the desired pH values, diluting the 
phosphate-citrate buffer 1/10, and supplementing it with 0.01 % (v/v) Triton X-100. 
The combination of Na2HPO4 and citric acid was chosen because it enabled 
preparing buffers in the desired pH range. To prepare the modulation solution, 3.5 
or 4 µM HIDC was added. The Protein-Probe solution was made by supplementing 
the modulation solution with 1–1.5 nM Eu-probe. (I-IV) Unless otherwise specified, 
the sample volume was 8 µL, the Protein-Probe solution volume was 65 µL, and 
samples were prepared into Buffer 1 and assayed in triplicates. The TRL or 
luminescence signals were monitored after 5 min incubation at RT. 

The effect of modulation solution pH on the stability and TRL signal level of the 
Eu-probe was studied by monitoring the Eu-probe in pH 2–10 modulation solution 
without HIDC several times during a 130 min incubation. (I) An IgG1 monoclonal 
antibody (mAb; 80 nM, Tm 75.7 °C) was incubated for 3 min at RT or 80 °C (full 
denaturation) and combined with the Protein-Probe solution (3.5 µM HIDC, pH 2–
10), followed by monitoring the TRL signals. All subsequent assays were performed 
with the modulation solution buffered to pH 4. The Protein-Probe sensitivity was 
compared to SYPRO Orange by monitoring denatured IgG1 mAb (0–5 µM) (I), 
GDP-loaded KRAS (0–15 µM, Buffer 2) (II), and trastuzumab (0–6 µM) (III). 
SYPRO Orange was added in 2 µL, to 1x final concentration. 
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The excitation and emission spectra of the Eu-probe (1 nM) and HIDC (3.5 µM) 
were monitored both with and without denatured anti-CRP mAb (30 nM)/CRP (50 
nM) complex (II) and 1 µM aggregated trastuzumab (III). The lifetimes of Eu-probe 
(50 nM) and Protein-Probe solution (50 nM Eu-probe and 2–3.5 µM HIDC) were 
monitored both with and without denatured 1 µM anti-CRP mAb/0.2 µM CRP (II) 
and 1 µM aggregated trastuzumab (III). 

4.4 Thermal ramping assays 
The Protein-Probe solution contained 3–4 µM HIDC and 1 nM Eu-probe. SYPRO 
Orange was added in 12 µL (single step) or 2 µL (two-step) to the final 
concentrations of 5x and 1x, respectively. ANS was used in the final concentration 
of 10 µM. The tested temperatures were between 35 and 95 °C and 2–5 °C intervals 
were used. The samples were incubated for 3 min at each temperature and the 
Protein-Probe solution was added thereafter. SYPRO Orange assays were performed 
similarly in two steps, or the sample and SYPRO Orange were combined prior to the 
heating, followed by luminescence measurement. ANS assays were performed in 
one step, with the sample and ANS both added before the heating. 

Protein-Probe measurements. The thermal curves of all murine monoclonal 
antibodies (mAb1-mAb26, 80 nM, 2–3 replicates) (III), trastuzumab (80–2000 nM) 
(III), malate dehydrogenase (100 nM) (I), carbonic anhydrase (CA; 200 nM) with 
and without acetazolamide (AZA, 0–10 µM) (I), and SA (400 nM) with or without 
biotin (0–20 µM) were monitored in Buffer 1 (I). The CA/AZA and SA/biotin 
titrations were performed by combining 4 µL CA or SA with 4 µL of AZA or biotin, 
respectively. The samples were incubated for 3 min at 70 °C (CA) or 90 °C (SA), 
followed by the TRL signal measurement. 

CRP (0–50 nM) and anti-CRP mAb (IgG1, Tm 70.9 °C, 0–30 nM) were monitored 
in Buffer 3, individually or in combination. The individual and combined thermal 
curves of eukaryotic initiation factor 4A (eIF4A; 75 or 150 nM), eukaryotic 
translation initiation factor 4H (eIF4H; 500 or 1000 nM), and programmed cell death 
protein 4 (PDCD4; 75– 300 nM or 2 µM) were monitored in Buffer 4. In addition, 
eIF4A was monitored in Buffer 4 supplemented with 0.001 % Triton X-100. (III) 

The thermal curves of 50–100 nM KRAS (GDP-KRAS, 5'-guanylyl 
imidodiphosphate (GMPPNP)-KRAS, and mutants G13D, G12D, G12C, Q61L, and 
Q61R), and designed ankyrin repeat protein (DARPin) K27 (100 nM) were 
monitored in Buffer 2. KRAS mutants G13D and Q61R were also monitored in 
Buffers 5 and 6. Wild type (WT) KRAS or G12C were monitored in thermal ramping 
in combination with DARPins K27 (100 nM), K13 (0–200 nM), K19 (0–500 nM); 
inhibitors ARS-853 (0–5000 nM), ARS-1620 (0–5000 nM), AMG-510 (0–100 nM), 
and MRTX849 (0–100 nM); and GDP (0–900 µM), GTP (10 µM), and adenosine 
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triphosphate (ATP; 10 µM) in Buffer 2. KRAS G12C (50 nM) was also combined 
with DARPin K13 (50 nM) and AMG-510 (0–900 nM), MRTX849 (0–900 nM), 
ARS853 (0–20 µM), and ARS1620 (0–20 µM) in thermal ramping, in Buffer 2. (IV) 

SYPRO Orange and ANS measurements. The thermal curves of 2 µM IgG1 mAb 
(I), 2 µM eIF4A, 2 µM PDCD4 (II), and 2 µM trastuzumab (III), as well as 6 µM 
KRAS (WT or G12C mutant) with AMG-510 (0–20 µM), MRTX849 (0–20 µM), 
ARS853 (20 µM), and ARS1620 (20 µM) (IV) were measured using SYPRO 
Orange. The thermal stability of 6 µM KRAS was also monitored with 0–20 µM 
AMG-510 and MRTX849 using ANS. (IV) Trastuzumab, eIF4A, and KRAS and its 
binding partners were monitored using a single step protocol, whereas the IgG1 
thermal curve was measured using the two-step protocol, in which the SYPRO 
Orange solution was added after the sample incubation at an elevated temperature. 

4.5 Room temperature assays 
Assaying protein interactions. The affinities of inhibitors AMG-510 and MRTX849, 
and DARPins K13, K19, and K27 were monitored in a quenching resonance energy 
transfer (QRET) assay in Buffer 7 in a final volume of 15 µL. (II, IV) KRAS mutant 
G12C or KRAS WT were incubated for 5 min with the inhibitors (0.03–10 000 nM) 
or DARPins (1–1000 nM), respectively. K27 (2–6000nM), as well as GDP (2–
6000nM), was incubated with both GDP- and GMPPNP-loaded KRAS. The QRET 
detection solution (2.5 µM modulator MT2, 10 nM Eu3+-GTP) was added, and the 
Eu3+-GTP association was initiated with SOScat (10 nM). The TRL signal was 
monitored multiple times over 60 min. The eIF4A activity and specificity to eIF4H 
was monitored in FRET assays. (II) eIF4A (1.5 µM, 3 µL) and eIF4H (1.5 µM, 3 
µL) were combined with pre-annealed Cy3-/BHQ2-RNA complex (50 nM, 2 µL) 
and Cy3-RNA-complementary DNA (1 µM) with or without PDCD4 (0–10 µM, 2 
µL), followed by helicase reaction initiation by Mg2+ (2 mM)/ATP (5 mM) complex 
(2 µL). The FRET signals were monitored every 5 min for 45 min. 

Monitoring multiprotein complexes. Biotinylated bovine serum albumin (bio-
BSA, 20 nM) was assayed with SA (0–600 nM) in Buffer 3, with BSA (20 nM) as a 
negative control. (II) The Protein-Probe solution contained 6 µM HIDC and 4.5 nM 
Eu-probe. The interaction was confirmed by titrating the combination of 20 nM bio-
BSA and 200 nM SA with 0–10 µM biotin. The interactions between CRP (0–100 
nM) and anti-CRP mAb or two non-specific mAbs (0–500 nM) were monitored in 
Buffer 3, using Protein-Probe containing 3.5 µM HIDC and 1 nM Eu-probe. (II) 

Monitoring protein aggregation. Trastuzumab (32 µM) was stored at 60 °C for 
13 days, during which samples (2 µM) were monitored multiple times using the 
Protein-Probe, SYPRO Orange, and UV250. (III) The samples were incubated with 
SYPRO Orange (2 µL, 1x final concentration) or the Protein-Probe (3.5 µM HIDC, 



Materials and Methods 

 57 

1 nM Eu-probe) for 5 min before monitoring the luminescence or TRL signals. The 
absorbance at 250 nm was measured in quartz cuvettes, using 400 µL volume. 
Aggregate formation was also confirmed in native PAGE experiments on an 8 % 
tris-glycine gel with native, partially, or fully aggregated mAbs (5 µg/lane). The 
electrophoresis was performed according to the manufacturer’s instructions. 
Trastuzumab, mAb2, and mAb4 were aggregated by incubating the proteins for 3 
min at 85 °C (100 % aggregated) and mixed with intact mAbs to monitor the Protein-
Probe sensitivity for aggregation as the percentage of spiked aggregate. (III) The 
final concentration was 6 µM throughout the mAb aggregate series from 0 to 10 %. 
The Protein-Probe, containing 4 µM HIDC and 1.5 nM Eu-probe, was combined 
with 6 µL of samples. The background samples with baseline aggregation (“0 %”) 
were measured with six replicates, whereas the other samples were measured in 
triplicates. Six mAbs (30–34 µM) were stressed by storing them at -20, 4, 35, or 45 
°C for three weeks, then monitored at RT and elevated temperatures using the 
Protein-Probe as described in section 4.4. Trastuzumab, mAb1, and mAb11 were 
diluted to 6 µM to Buffers 8–22 (Table 4) and stored for four days at 65 °C 
(trastuzumab) or 45 °C (mAb1 and mAb11). mAb12-mAb17 were stored in Buffers 
9–13 for four days at 45 °C. The samples were diluted 1/10 to MilliQ H2O and (using 
4 µL sample) combined with the Protein-Probe solution in four replicates. The plate 
was briefly mixed and TRL signals were monitored multiple times during 60 min. 

4.6 Data processing 
The signal-to-background (S/B) ratios were calculated as µmax/µmin and the 
coefficient of variation as (σ/µ) x 100. In these formulas, µ is the mean value and σ 
is the standard deviation (SD). The denaturation temperatures, detection limits, half 
maximal effectivity concentration (EC50), and half maximal inhibitory concentration 
(IC50) values were calculated based on the fitted data using standard sigmoidal and 
linear fitting functions. The data were analyzed using Origin 2016 (OriginLab, 
Northampton, MA). 
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5 Results and Discussion 

5.1 Principle of the Protein-Probe method 
The studies included in this doctoral work developed and utilized the Protein-Probe 
method, which was introduced in Publication I and then applied to monitoring 
various proteins and their interactions under different conditions (II-IV). At the core 
of the Protein-Probe method is the Eu-probe: a peptide conjugated with a Eu3+-
chelate. The peptide moiety of the Eu-probe binds to denatured and aggregated 
proteins, but not significantly to intact, native, individual proteins. The exact 
mechanism of the Eu-probe interaction has not been determined, but the probe is 
assumed to bind to the hydrophobic regions that often become accessible after the 
unfolding/denaturation of soluble proteins. The Eu-probe binding is improved when 
the probe is protonated, and therefore the assays are performed in a modulation 
solution that has a low pH. The modulation solution also contains a quencher 
molecule, HIDC. When the Eu-probe is added, the solution is referred to as the 
Protein-Probe. 

The Eu3+-chelate has two components: a lanthanide ion, Eu3+, and an organic 
chelate moiety coordinating the ion. As lanthanide ions absorb light weakly, the 
chelate structure is required to effectively gather the excitation energy. The chelate 
also protects the ion from the quenching effect of water.61 Excitation of the chelate 
leads to a conversion from the singlet state to the triplet state through intersystem 
crossing, followed by energy transfer to the lanthanide ion. The lanthanide ion is 
excited, and the return to ground state is observed as emission.226 The excitation 
wavelength is chosen based on the properties of the organic chelate and the emission 
wavelength is dictated by the lanthanide ion, so the apparent Stokes shift is 
substantial, and crosstalk of the excitation and emission light is avoided.61,226 The 
Eu-probe is excited at 340 nm and the emission is measured at approximately 620 
nm. The absorption maximum of HIDC is 636 nm, and therefore HIDC effectively 
absorbs and quenches the Eu-probe emission inf the Protein-Probe solution (Fig. 14). 

Lanthanide ion emission decays in milliseconds, unlike that of conventional 
fluorophores, whose lifetimes are in the nanosecond scale. In a time-resolved assay, 
the measurement gate to the detector is opened 400 µs after the excitation pulse and 
closed again after another 400 µs, for example. Thus, autofluorescence from plastic 
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materials, biological samples, or other sources does not interfere with the 
measurement, and the assay sensitivity is improved. The quenching effect of HIDC 
considerably shortens the emission lifetime of the Eu-probe, typically from 1 ms to 
~0.1 ms. As a result, very low TRL signal is observed when the Eu-probe is free in 
the Protein-Probe solution. However, when the Eu-probe binds to a partially or fully 
denatured protein, the energy transfer from the Eu-chelate to HIDC is prevented, and 
the emission lifetime is prolonged. Thus, a high TRL signal is monitored during the 
chosen measurement window. This provides the basis for the Protein-Probe method. 

5.2 Proof-of-concept protein thermal stability and 
PLI studies 

To demonstrate the functionality and principle of the Protein-Probe technique, the 
method was first applied to monitoring the thermal denaturation of individual 
proteins in a similar fashion to commonly used external dyes such as SYPRO Orange 
and ANS. The Protein-Probe produces low TRL signal when the proteins are in their 
native form, denaturation is observed as a signal increase, and the melting curve 
eventually saturates when the protein is fully denatured. The Tm of the protein can 
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Figure 14.  HIDC effectively absorbs the Eu-probe emission. The emission spectrum of the Eu-

probe (black) and HIDC excitation (red), emission (blue), and absorbance (magenta, 
dashed line) spectra were monitored, and the results demonstrate that the Eu-probe 
emission maximum overlaps with HIDC excitation and absorbance wavelengths. Thus, 
HIDC effectively quenches the Eu-probe emission. 
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be determined using a sigmoidal fit, and the obtained value provides information on 
the thermal stability of the protein.180,227 In addition to the thermal profiling of 
individual proteins, the Protein-Probe method was applied to studying PLIs in 
thermal shift measurements. PLIs can affect the protein stability and cause a shift in 
the Tm, so they may be detected by comparing the melting temperatures of the 
individual proteins and the complexes (Fig. 15).183 

The Protein-Probe method was optimized in denaturation experiments with 
individual proteins. The pH of the modulation solution was tested from 2 to 10 
without and with IgG1 mAb (80 nM). The optimum pH for the method sensitivity 
was found to be 4, based on the S/B (heat-denatured/native mAb) and signal stability 
over time. (I) Thus, all the following tests were performed in modulation solution 
buffered to pH 4. Triton X-100 was also found to improve the S/B of the method and 
was therefore included in the modulation solution base buffer. The sensitivity of the 
Protein-Probe method evaluated by comparing it to SYPRO Orange, which is a 
popular external dye in thermal stability experiments. The Protein-Probe was found 

Figure 15.  The principle of the Protein-Probe method for monitoring protein thermal denaturation 
and PLIs. The Eu-probe does not bind significantly to individual, native proteins, and the 
free Eu-probe produces low TRL signal in the modulation solution. Binding to the inner 
hydrophobic regions of denatured proteins protects the Eu-probe from the quenching 
effect, and protein thermal curves can be monitored. Proteins have their characteristic 
melting temperatures (dashed line), which may be affected by ligand binding (solid line). 
Thus, PLIs can be detected as shifts in the melting temperature. 
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to have 30- to 100-fold higher sensitivity than SYPRO Orange, when fully denatured 
IgG1 mAb (I), KRAS (II), and trastuzumab (III) were titrated. This high sensitivity 
makes it possible to use nanomolar protein concentrations in the Protein-Probe 
assays. The Tm values obtained with the Protein-Probe were also found to be in a 
good agreement with those measured with SYPRO Orange, as demonstrated with, 
e.g., IgG1 mAb (I) and trastuzumab (III). 

Next, the complete thermal curves and Tm values of several individual proteins 
were measured with the Protein-Probe. For malate dehydrogenase, CA, and SA, the 
calculated respective Tm values of 44.6 ± 0.5, 67.9 ± 0.9, and 75.7 ± 0.1 °C were 
comparable to the literature values.228–230 (I) The Tm values measured for 2 µM 
PDCD4 using the Protein-Probe (59.7 ± 0.1 °C) and SYPRO Orange (60.0 ± 0.3 °C) 
were in good agreement. The thermal curves of eIF4A were measured in 150 nM 
with the Protein-Probe and in 2 µM with SYPRO Orange, and the resulting Tm values 
were 54.5 ± 0.1 °C and 50.3 ± 0.1 °C, respectively. (II) The minor difference in these 
values may be related to the use of different protein concentrations in the assays.  
Analyzing 26 different mAbs yielded melting curves and characteristic Tm values for 
all of them. The Tm values of mAb1-mAb3 were monitored from two separate 
batches, and the batch-to-batch variation was found to be insignificant, indicating 
good reproducibility of the Protein-Probe measurements (Fig. 16A). (III) 

The Protein-Probe was also applied to measuring the thermal profiles of WT and 
mutant KRAS to see if stability differences could be detected. (IV) The melting 
curves of WT KRAS and five mutants were observed with the Protein-Probe, and 
mutants G13D (Tm 47.7 ± 0.4 °C) and Q61R (Tm 66.5 ± 0.5 °C) had a clearly different 
thermal stability compared to WT KRAS (Tm 60.1 ± 0.3 °C). This was likely due to 
the differences in their intrinsic nucleotide exchange activity, which is known to 
affect GTPase stability; G13D has a rapid nucleotide exchange rate, whereas Q61-
mutants has a very low activity.231,232 

Mg2+ maintains the stable, nucleotide-bound form of KRAS, so the effect of 
removing Mg2+ from the buffer was studied in Protein-Probe assays with G13D and 
Q61R KRAS. (IV) G13D was destabilized equally by removing the Mg2+ and adding 
1 mM EDTA (Tm values 43.4 ± 0.6 and 43.6 ± 0.8 °C, respectively), whereas Q61R 
yielded Tm values of 59.2 ± 0.7 °C without Mg2+ and 50.6 ± 1.0 °C with 1 mM EDTA 
(Fig. 16B). The large Tm difference can be explained by the low nucleotide exchange 
activity of Q61R, as EDTA is required to bring this mutant to a fully nucleotide-free 
state. It was also observed that adding 10 µM GDP stabilized the G13D mutant 
greatly (ΔTm >10 °C) and had a moderate stabilizing effect on the WT KRAS but 
did not affect the Tm of KRAS Q61R. Similar results were obtained with GTP, 
whereas ATP had no effect on the KRAS stability. (IV) Different GTP-analogs were 
shown to stabilize KRAS to different extents. (IV) These results further corroborate 
the observation that the stabilization of KRAS is related to nucleotide binding, and 



Salla Valtonen 

62 

altogether the findings demonstrate that the Protein-Probe method is useful for 
monitoring protein stability changes caused by the buffer composition. 

Interestingly, it was observed that the protein concentration affects the Tm values 
observed with the Protein-Probe. For example, trastuzumab produced Tm values of 
76.3 ± 0.6 and 81.0 ± 0.2 °C when measured in 2000 and 80 nM concentrations, 
respectively (III), and the Tm values obtained for 50 nM KRAS (WT, Q61R, Q61L) 
were 8.4–11.8 °C higher than those observed with 1250 nM samples. (IV) This might 
be due to the sensitivity of the Protein-Probe method: 10 % denaturation, for 
example, produces a higher number of denatured protein molecules at a micromolar 
concentration than it does at nanomolar protein amounts. Therefore, detectable 
signal (and, thus, a melting curve) may be obtained earlier when the protein 
concentration is high. This means that the Tm values obtained with the Protein-Probe 
at low concentrations may not always precisely match with those determined by 
reference methods requiring more protein. Nevertheless, the results obtained with 
the individual proteins demonstrate that the Protein-Probe method can be applied to 
measuring the thermal denaturation and melting temperature of a wide variety of 
proteins, which provides the basis for the technique. 

In the next phase, the Protein-Probe suitability for studying PLIs in TSA format was 
evaluated. Combining 200 nM CA with AZA at 70 °C and 400 nM SA with biotin 
at 95 °C in a Protein-Probe assay yielded EC50 values of 248 and 597 nM, 
respectively. Based on these results, saturating ligand concentrations (5 µM AZA 

Figure 16.  The Protein-Probe can be used to monitor protein thermal stability. A. The thermal 
curves of three mAbs were monitored using two batches from each mAb. There was 
little difference between the batches, but a characteristic Tm was observed for all three 
mAbs (mAb1, red; mAb2, black; mAb3, blue). B. The buffer composition affected the 
stability of KRAS mutants G13D and Q61R. Removing Mg2+ from the buffer destabilized 
KRAS, as Mg2+ promotes maintaining the nucleotide-bound stable form of the protein. 
The extent of the destabilization depended on the intrinsic nucleotide activity of the 
protein, and achieving the nucleotide-free state with the less-active mutant Q61R 
required EDTA in the buffer. Data represent mean ± SD (n=3) 
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and 10 µM biotin) were monitored with CA and SA in a thermal ramping assay. (I) 
A thermal shift was observed with both proteins when the ligands were present (Fig. 
17A). For CA, the ΔTm was 2.1 °C, which is in accordance with literature values.229 
For SA, the precise ΔTm could not be determined due to instrumental limitations, as 
the Tm of the SA-biotin complex is higher than 100 °C.230 In the Protein-Probe assay, 
at ΔTm of over 15 °C was observed. 

The Protein-Probe was also applied to studying the interactions of KRAS mutant 
G12C and small molecular inhibitors. (IV) Many promising KRAS G12C inhibitors 
have been developed, including ARS853, ARS1620, AMG-510, and 
MRTX849.56,233–235 Out of these four inhibitors, AMG-510 and MRTX849 have the 
highest affinities to KRAS G12C, and their IC50 values were determined to be 20.7 
± 1.2 and 6.9 ± 0.8 nM, respectively. The interaction of KRAS G12C and 100 nM 
AMG-510 or MRTX849 resulted in clear thermal shifts in Protein-Probe assays, with 
thermal shifts of 24.8 and 15.6 °C, respectively (Fig. 17B). The interactions of KRAS 
G12C and ARS853 or ARS1620 were also detected as a Tm shift with the Protein-
Probe, with maximum stabilization achieved with 5 µM inhibitors. The Protein-
Probe results were confirmed to be accurate by monitoring the binding and thermal 
shift with the reference methods, SYPRO Orange and ANS. It was somewhat 
difficult to confirm the binding of AMG-510 and MRTX849, as especially AMG-
510 reduced the obtained luminescence signals at the selected micromolar 
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Figure 17. The Protein-Probe enables monitoring PLIs based on a Tm shift. A. The thermal profiles 
of 200 nM CA and 400 nM SA were monitored with their ligands (5 µM AZA and 10 µM 
biotin, respectively). In both cases, a thermal shift was observed, indicating binding. 
With CA, a thermal shift of 2.1 °C was detected. With SA and biotin, the ΔTm was over 
15 °C. B. KRAS mutant G12C (50 nM) was monitored with two covalently binding 
inhibitors, AMG-510 and MRTX849 (10 or 100 nM). The 10 nM concentration was 
insufficient to cause a major Tm shift, but the interaction with 100 nM AMG-510 and 
MRTX849 increased the Tm of KRAS G12C by 24.8 and 15.6 °C, respectively. Data 
represent mean ± SD (n=3) 
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concentrations. High AMG-510 and MRTX849 concentrations also affected the 
Protein-Probe method, but because the improved sensitivity of the method allowed 
the use of nanomolar inhibitor, this was not an issue. Based on the results of the PLI 
experiments, the Protein-Probe is suitable for monitoring the interaction between 
proteins and small molecular ligands, as observed from changes in the Tm. 

5.3 PPI studies 
The Protein-Probe was applied to monitoring PPIs in thermal ramping experiments, 
utilizing the same Tm-shift principle as with PLIs (Fig. 15). WT KRAS was studied 
with an artificial binder molecule, DARPin K27, which is known to be specific to 
the inactive GDP-bound form of KRAS. (II) First, it was determined that the K27 
affinity for GDP-KRAS was lower than 50 nM, and that K27 did not significantly 
bind to KRAS loaded with GMPPNP. GMPPNP, which is a GTP analog, was used 
owing to its better stability compared to GTP. When monitored with the Protein-
Probe in thermal ramping, GDP-KRAS and GMPPNP-KRAS produced thermal 
curves with and without K27, whereas no clear thermal curve was measured for 
individual K27. This was not unexpected, as DARPins are known to have high 
thermal stability, with melting temperatures exceeding 100 °C.236,237 The interaction 
between GDP-KRAS and K27 was clearly detectable from a thermal shift of 8.7 °C. 
With GMPPNP-KRAS, the addition of K27 led to an insignificant thermal shift, 
indicating no interaction (Fig. 18A). 

Interestingly, two other DARPins, K13 and K19, blocked KRAS nucleotide 
exchange in QRET assays with IC50 values of 177 ± 5.2 and 164 ± 1.6 nM, 
respectively, but did not affect the Tm of KRAS when monitored with the Protein-
Probe. (IV) However, it was hypothesized that the interaction between KRAS and 
K13 or K19 could be detected in a competitive TSA format, as the binding area of 
K13 and K19 overlaps with the binding site of covalent KRAS G12C inhibitors. 
Thus, complex formation with K13 or K19 was expected to decrease the substantial 
stabilizing effect of covalent inhibitors such as AMG-510 and MRTX849 (Fig. 18B). 
In thermal ramping assays, K13 completely blocked the stabilization by 100 nM 
AMG-510 and reduced the stabilizing effect of 300 and 900 nM inhibitor (Fig. 17B). 
Similar results were obtained with MRTX849, ARS853, and ARS1620. (IV) This 
demonstrates that the competitive approach enables the monitoring of PPIs based on 
thermal profiles, even when the interaction does not induce a thermal shift. 
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Other protein pairs were found that also did not produce a Tm shift as a result of 
interaction. For example, the binding of eIF4A and its modulators, eIF4H and 
PDCD4 did not yield clear changes in the Tm values. (II) In this case, a different 
approach was taken from the competitive TSA. After confirming in FRET assays 
that the activity of eIF4A was induced by eIF4H and inhibited by PDCD4, the 
interactions were studied in thermal ramping with the Protein-Probe by combining 
75 nM eIF4A with 0.5 and 1 µM eIF4H (Fig. 19A) and 75–300 nM PDCD4 (Fig. 
19B). The individual proteins produced only low to moderate TRL signal, but the 
complexes gave clear thermal curves. Both protein pairs produced the highest S/B 
ratios at 65 °C regardless of the concentrations, when the TRL signal of the complex 
was compared to individual PDCD4 or eIF4H. The maximum S/B values obtained 
this way were between 4.0 and 10.5. Combining the non-interacting proteins PDCD4 
and eIF4H did not lead to a signal increase at any temperature. These results 
demonstrate that it is possible to monitor PPI pair formation also by comparing the 
TRL signals of the complex and individual proteins at elevated temperatures.  
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Figure 18. PPIs were observed with the Protein-Probe based on changes in the Tm. A. When 100 
nM DARPin K27 was monitored with 50 nM GDP-KRAS, the 8.7 °C thermal shift 
indicated that selective binding took place. For 50 nM GMPPNP-KRAS the ΔTm was 
negligible, as the DARPin did not bind this form. B. KRAS G12C (50 nM, black) was 
measured with AMG-510 (100 nM, green; 300 nM, red, 900 nM, blue) without (solid 
lines) and with (dashed lines) 50 nM DARPin K13. The complex formation between 
KRAS G12C and K13 did not affect the KRAS Tm. However, K13 did block the KRAS 
G12C/AMG-510 interaction, making it possible to detect K13 binding based on the 
thermal profile. Data represent mean ± SD (n=3) 
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Next, multiprotein complexes were studied using bio-BSA/SA and CRP/anti-CRP 
mAb interactions as models. (II) In both cases, large complexes are formed: SA has 
four binding sites for biotin, and CRP has five binding sites for the mAbs. As more 
than one biotin is conjugated to the BSA and antibodies have two antigen binding 
sites, the formation of large protein networks is also possible. We hypothesized that 
the Protein-Probe could be applied to sensing the structural changes upon complex 
formation also at RT, due to the large size of multiprotein complexes (Fig. 20). 
However, complex formation at RT leads to less dramatic changes than the complete 
denaturation of proteins, so it was assumed that relatively high protein 
concentrations would be required to provide enough binding surfaces for the Eu-
probe. 

Figure 19.  PPIs were observed based on TRL signal increase at elevated temperatures. A. The 
interaction of 75 nM eIF4A and 0.5 or 1 µM eIF4H was observed in thermal ramping. 
The individual proteins produced only low to moderate TRL signal at all temperatures. 
When eIF4A and eIF4H were combined, clear thermal curves were detected. Thus, the 
binding can be monitored based on the elevated signal at high temperatures. B. The 
interaction between 75 nM eIF4A and 75–300 nM PDCD4 was also observed based on 
the signal increase at elevated temperatures. Especially 150 and 300 nM PDCD4 
yielded a high signal in combination with eIF4A in thermal ramping. Data represent the 
S/B ratio compared to buffer (mean ± SD, n=3). 
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SA and biotin bind with femtomolar affinity, which makes the interaction effectively 
irreversible.238 Therefore, bio-BSA/SA was a suitable proof-of-concept pair for the 
first tests. (II) Titrating 20 nM bio-BSA with 0–600 nM SA and monitoring the 
interaction with the Protein-Probe led to elevated TRL signals at increasing SA 
concentrations. Similar titration using SA and non-biotinylated BSA did not produce 
a signal increase. When the interaction between 200 nM SA and 20 nM bio-BSA 
was blocked with 0–10 µM biotin, the S/B ratio of the reactions with 0 and 10 µM 
biotin was 34, and an IC50 value of 306 ± 4 nM was observed. This indicated that 
free biotin blocks the interaction and confirmed that the observed high TRL signal 
resulted from the formation of the bio-BSA/SA complex. 

The interaction between the second large protein complex model, CRP and anti-
CRP mAb, also had a very high, picomolar affinity.239 CRP (0–100 nM) was 
combined with three mAbs (0–500 nM): a specific anti-CRP mAb and two non-
specific control mAbs. (II) The binding of CRP and the anti-CRP mAb was observed 
as elevated TRL signals at the RT measurement, similarly to bio-BSA and SA. The 
maximum S/B ratio was 4.3, as calculated by comparing the signal of the mAb/CRP 
complex to that of the individual mAb (Fig. 21A). This ratio was achieved with 
100 nM anti-CRP mAb and 20 nM CRP. At the higher mAb concentrations, the S/B 
values decreased because the TRL signal of the individual mAb increased. The 
highest S/B ratios across all the concentrations were achieved when the mAb:CRP 

Figure 20.  Measuring PPIs of large complexes with the Protein-Probe at RT. A. The Protein-Probe 
does not bind significantly to the individual proteins, leading to TRL signal quenching in 
the modulation solution. B. The formation of large protein complexes leads to structural 
modifications and an increase in the protein surface area, which enable Eu-probe 
binding. Thus, a high TRL signal is observed after complex formation. 
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ratio was 5:1, which was expected based on the pentameric structure of CRP. When 
CRP was combined with the non-specific mAbs, no significant S/B increases were 
observed, confirming that only specific interactions were monitored (Fig. 21B). 

The CRP/anti-CRP mAb interactions were also monitored in thermal ramping with 
the Protein-Probe, but clear Tm changes were not detected. (II) Thus, the complex 
was tested using a similar assay format as with eIF4A by combining low 
concentrations (0–10 nM) of CRP and mAbs at elevated temperatures. At these 
concentrations, individual CRP was undetectable at all temperatures, and the 
individual mAbs produced low to moderate TRL signal. At 90 °C, the CRP/anti-CRP 
mAb combination produced up to 7-fold higher specific signal compared to a non-
specific control mAb with CRP. Thus, increasing the assay temperature may enable 
monitoring multiprotein complexes with the Protein-Probe with improved sensitivity 
and less sample materials. 

Figure 21.  The interaction of CRP and mAbs was monitored at RT using the Protein-Probe. A. An 
increased S/B ratio was observed upon combining 0–100 nM CRP with 0–500 nM anti-
CRP mAb. The highest S/B value within each mAb concentration was obtained at 
mAb:CRP ratio of 5:1. The maximum S/B ratio was produced by 100 nM mAb in complex 
with 20 nM CRP. B. When CRP was combined with two non-specific, non-interacting 
mAbs, the increase in the S/B ratio was negligible, which demonstrates the specificity 
of the method. The S/B ratios of the two non-specific mAbs, presented here as averages 
with error bars, were highly similar. Data are presented as S/B ratios (mAb/CRP 
complex vs. individual mAb average TRL signals) (n=3). 
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5.4 Aggregation studies 
As it was demonstrated that the Protein-Probe can be applied to monitoring large 
protein complexes, we turned our attention to another PPI type: aggregation. One 
theory is that protein aggregation is often mediated by the hydrophobic core areas of 
proteins binding together, which leads to the formation of large, disordered clumps 
of protein.240 Because the Eu-probe binds to hydrophobic areas, we hypothesized 
that the Protein-Probe method could also be used for detecting protein aggregation 
(Fig. 22). All aggregation studies were performed in Publication III. 

Aggregation can cause problems with protein-based drugs, including therapeutic 
mAbs. The aggregation of a drug can endanger patient safety due to increased 
immunogenicity and reduce the efficacy of the drug molecule as a result of losing 
the binding activity, so it is important to carefully monitor the stability and integrity 
of therapeutic proteins.241 Trastuzumab, a therapeutic mAb commonly used in breast 
cancer treatment, and several murine mAbs were studied to demonstrate the Protein-
Probe suitability for detecting protein aggregation. First, the mAbs were 
intentionally aggregated and the aggregation was monitored as a function of time 

Figure 22.  Aggregation monitoring with the Protein-Probe. Proteins such as mAbs have a tendency 
to aggregate over time. The Protein-Probe does not interact significantly with the native, 
monomeric mAbs, but aggregation compromises the mAb structure and exposes the 
hydrophobic core areas for Eu-probe binding. The protection from the modulation 
solution leads to a high TRL signal, and thus protein aggregation can be detected with 
the Protein-Probe. 



Salla Valtonen 

70 

and concentration. The Protein-Probe was then applied to monitoring mAb 
aggregation under thermal stress and in different storage buffer compositions. 

The Protein-Probe sensitivity to aggregation was compared to two reference 
methods, SYPRO Orange and UV250, which are both suitable for monitoring protein 
aggregation.242,243 Trastuzumab (32 µM) was stored at 60 °C for 13 days, and several 
samples were taken during this time to be analyzed in 2 µM with all three methods. 
The detection limits, calculated as S/B = 3 compared to intact trastuzumab, were 18 
h, 123 h, and 205 h for the Protein-Probe, SYPRO Orange, and UV250, respectively 
(Fig. 23A). The Protein-Probe achieved an analytical limit of detection of only 1.2 h 
when calculated using 3*SD of the intact trastuzumab. The early detection limit 
implies that the Protein-Probe method could be suitable for detecting very early 
aggregation, potentially even at the nucleation phase. The sensitivity of the Protein-
Probe method was further studied by performing a percentual aggregation titration. 
Intact trastuzumab and two other mAbs were titrated with 0–10 % heat-aggregated 
mAb, keeping the total concentration at 6 µM. The Protein-Probe detected 
aggregation below 0.1 %, and a linear range of 0.04–3.3 % was achieved with all 
three mAbs (Fig. 23B). 
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Figure 23.  The Protein-Probe enabled early and sensitive detection of mAb aggregation. A. 
Aggregation was monitored as a function of time with the Protein-Probe (black), SYPRO 
Orange (red), and UV250 (blue). Trastuzumab (32 µM) was stored at 60 °C for 13 days, 
and the aggregation was monitored at various time points from 2 µM samples. The 
detection limits (S/B = 3, horizontal line) for the Protein-Probe, SYPRO Orange, and 
UV250 were 18, 123, and 205 h, respectively. Data are presented as the S/B ratio of 
trastuzumab stored at 60 °C and intact trastuzumab stored at 4 °C (mean ± SD, n=3). 
B. The Protein-Probe sensitivity to aggregation was tested by titrating intact mAbs with 
their aggregated counterparts. Trastuzumab (red), mAb2 (black), and mAb4 (blue) were 
monitored in 6 µM with 0–10 % aggregated mAb. Aggregation below 0.1 % was 
monitored with the Protein-Probe for all mAbs. Data are presented as background 
(monomeric mAb) reduced average signals (sample n=3, background n=6). 
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Next, six mAbs (30–34 µM) with melting temperatures from 60.4 ± 0.3 to 82.7 ± 0.2 
°C were stored for three weeks at -20, 4, 35, or 45 °C, and the aggregation was 
subsequently monitored in 80 nM concentration using the Protein-Probe. Out of 
these six mAbs, two were aggregated at all storage temperatures, as indicated by the 
high S/B ratios compared to buffer. Usually, mAbs are stable at -20 and 4 °C for 
several months, but in this case these results were not unexpected, as we purposely 
included mAbs that were already in poor condition before the experiment. Two 
mAbs yielded low S/B ratios regardless of the storage temperature, i.e., had a low 
aggregation tendency. The remaining two mAbs gave high S/B ratios only after 
storage at 45 °C, seemingly being susceptible to aggregation only at an elevated 
temperature (Fig. 24A). The results obtained with the Protein-Probe were also 
confirmed with PAGE using mAb4 and mAb10. Fully aggregated mAbs, which 
produced very high TRL signal with the Protein-Probe, were not able to enter the 
gel, whereas intact mAbs produced low TRL signal and clear PAGE bands. Partial 
aggregation resulted in both a band on the gel and accumulation at the edge of the 
loading well, as well as moderate TRL signal levels. 

Monitoring the melting curves of the six thermally stressed mAbs (80 nM) with 
the Protein-Probe revealed that partial aggregation did not affect the Tm of the mAbs. 
Total aggregation, on the other hand, made it impossible to obtain the Tm value, 
because the TRL signal was already saturated at RT. It was also observed that the 
Tm values of the mAbs did not directly predict their tendency to aggregate. For 
example, mAb5 only aggregated at 45 °C and had a Tm of 60.4 ± 0.3 °C, whereas 
mAb6 aggregated at all temperatures and had a Tm of 68.8 ± 0.4 °C. Thus, there 
seemed to be no evident link between protein thermal stability and aggregation. 

In the next step, storage buffer formulation tests were performed. Buffer 
composition is a major aspect in maintaining mAb stability during extended storage, 
and therefore it is of high importance to determine the optimal storage buffer. In our 
study, trastuzumab, mAb1, and mAb11 (6 µM) were stored for four days in 15 
different buffers (Table 3). PBS was chosen as the reference buffer, as it is an often-
used—if not ideal—buffer for the long-term storage of commercial mAbs. In 
addition, mAb12-mAb17 (two IgG1, two IgG2a, and two chimeric mAbs) were stored 
in buffers 9–13. All mAbs were kept at 45 °C to accelerate the aggregation, except 
trastuzumab, which has a higher thermal stability. To ensure that changes would be 
observed within the same incubation period as with the other mAbs, 65 °C was 
chosen for trastuzumab incubation. 

When buffers with pH 4–8 were tested, trastuzumab aggregation was reduced 
with increasing pH, and the lowest amount of aggregation was achieved in the pH 8 
buffer. This was slightly surprising, as a more acidic pH was expected to be more 
suitable based on the isoelectric point of trastuzumab (~8.7).244 mAb1 and mAb11 
were the most stable at pH 7, but less aggregation was observed at pH 4 compared 
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to pH 5 (Fig. 24B). However, the same tendency was not detected with the other 
tested mAbs. With mAb12-mAb17, the minimum amount of aggregation was 
achieved at pH 6 or 7, further demonstrating that near-neutral pH is optimal for 
storage. Thus, pH 7 phosphate-citrate + 0.9 % (w/v) NaCl was chosen as the base 
buffer for excipient testing. 

The storage buffers of protein drugs often contain additives that improve the 
stability of the product. In this study, we chose to test pH 7 phosphate-citrate buffer 
supplemented with a detergent (0.02–0.4 % (v/v) polysorbate-20), a disaccharide 
(50–500 mM sucrose), and a polyol (30–300 mM sorbitol), which are all used as 
excipients in mAb storage solutions.245 Polysorbate-20 had no effect on trastuzumab 
stability but increased the aggregation of mAb1 and mAb11 compared to the pH 7 
phosphate-citrate buffer. Sucrose and sorbitol, on the other hand, improved the 
stability of all three mAbs, especially at high concentrations. The lowest level of 
aggregation was monitored when the mAbs were stored in the buffer containing 300 
mM sorbitol, implying that this was the optimal buffer composition out of the tested 
excipients (Fig. 24B). 

The buffers were prepared according to the specifications of a commercial 
partner, and the chosen compositions are not very widely used for formulation 
testing. Therefore, the results obtained in this study concerning the aggregation 
propensity of these mAbs may not be widely applicable to mAb manufacturing. 
However, the goal of establishing the Protein-Probe as a suitable method for 
aggregation studies, in addition to monitoring PPIs between two different proteins, 
was achieved with this model setting. 
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Figure 24.  mAb aggregation caused by non-optimal storage conditions was monitored with the 
Protein-Probe. A. Six mAbs (32–24 µM) were stored at -20, 4, 35, and 45 °C for three 
weeks, then monitored with the Protein-Probe in 80 nM. Clear differences were 
observed in their inherent stabilities, with some mAbs aggregating under all storage 
temperatures and others appearing resistant to aggregation even at elevated 
temperatures. Data represent S/B ratios compared to buffer, calculated from average 
TRL signals (n=2). B. mAb1 (white), mAb11 (grey), and trastuzumab (black) (6 µM) 
were stored in 15 formulation buffers for 4 days at an elevated temperature, then 
monitored with the Protein-Probe after 1/10 dilution. PBS-normalized values >1 indicate 
increased aggregation compared to storage in PBS, and values <1 indicate increased 
stability. The lowest level of aggregation was monitored in near-neutral pH, and out of 
the tested excipients, 300 nM sorbitol had the most prominent stabilizing effect on all 
mAbs. Data represent PBS-normalized mean values (n=4). 
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6 Summary and Conclusions 

Proteins make life possible, and their normal function is enabled by PPIs. PPIs are 
an important target in both fundamental research, such as studying the normal 
function of the cell, and in applied research, such as in screening for new drug 
compounds to treat different diseases. A wide variety of methods exists for studying, 
analyzing, and screening PPIs. However, techniques that provide high sensitivity 
without the requirement of conjugating the interacting proteins to label molecules or 
solid surfaces are still lacking. 

In this doctoral study a novel, solution-based, label-free method was developed 
and applied to monitoring protein stability and interactions. The Protein-Probe 
method is based on a Eu-chelate-labeled sensing peptide, called the Eu-probe. The 
Eu-probe does not bind significantly to low concentrations of native, individual 
proteins, in which case a low TRL signal is observed due to the quenching effects of 
the modulation solution. Binding to denatured or aggregated proteins protects the 
Eu-probe from the quenching and results in a high TRL signal. 

The Protein-Probe method was introduced in Publication I, where it was used to 
monitor the melting curves of several individual proteins. CA and SA were also 
studied with their ligands, and ligand binding was successfully monitored based on 
thermal stability changes. The Protein-Probe was able to monitor proteins at low 
nanomolar concentrations, unlike the established TSA methods, such as SYPRO 
Orange or ANS. This reduced the sample consumption and the risk of sample 
aggregation. 

In Publication II, the Protein-Probe was applied to studying PPIs. The interaction 
of KRAS and an artificial binder molecule, DARPin K27, was successfully 
monitored based on the Tm shift. It was also demonstrated that the interaction may 
be monitored based on the high TRL signal produced by the protein complex but not 
the individual proteins. This was shown with eIF4A and two of its binding partners, 
eIF4H and PDCD4. The same principle was also demonstrated to be functional for 
detecting large protein complexes: CRP/anti-CRP mAb and SA/bio-BSA. The 
capability to measure PPIs independently of a thermal shift makes the Protein-Probe 
a versatile method. 
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The Protein-Probe technique was used to monitor mAb aggregation in 
Publication III. The Protein-Probe was proven to detect aggregation significantly 
earlier than the SYPRO Orange and UV250 reference methods. Clear differences 
were observed in the aggregation tendencies of several heat-stressed mAb samples, 
and the effects of pH and excipients on aggregation were studied in a storage buffer 
formulation test. Although the Protein-Probe is, unlike some traditional aggregation 
detection methods, not yet capable of determining the size of the aggregates, it still 
provides a sensitive, high-throughput alternative for methods such as rotationally 
sensitive dyes and DLS. 

In publication IV, the TSA concept and factors affecting the results were 
evaluated by studying KRAS with the Protein-Probe and other TSA methods. The 
buffer composition and sample protein concentration were demonstrated to affect 
protein thermal stability. The results show that comparison between Tm values 
obtained from different TSA studies is difficult, even when using the same method, 
and close attention must be paid to the assay details. The binding of KRAS mutant 
G12C and several covalent inhibitors was also successfully monitored with the 
Protein-Probe. The ability to use low inhibitor concentrations made it possible to 
avoid the inhibitor-induced signal loss observed with the reference methods. PPIs 
between KRAS and DARPins were monitored both in conventional thermal shift 
measurements and in a competitive TSA format, which demonstrated yet another 
assay design in which the Protein-Probe can be utilized. 

In conclusion, the developed Protein-Probe method fills the niche for a sensitive, 
label-free method for protein stability and interaction studies. The method has 
nanomolar sensitivity, an improvement over the micromolar concentration 
requirements of several currently available solution-based methods. The Protein-
Probe technique can be easily applied to monitor a wide variety of proteins and 
interaction types with only minimal modifications to the assay protocol or buffers. 
Samples can be considerably diluted, so the components of protein storage buffers 
do not easily interfere with measurements. The homogeneous, easy-to-use format 
and compatibility with microtiter plates of several sizes mean that the Protein-Probe 
method has great potential for HTS. 

The Protein-Probe requires a modulation solution with low pH to function, 
because protonation of the carboxylic groups is required with the current peptide 
structure of the Eu-probe. Unfortunately, low pH might affect the studied proteins 
by opening the structure and may even denature sensitive proteins. In addition, 
although the Protein-Probe method is versatile, the probe structure may lead to bias 
for certain interaction types while missing others. In assays performed at RT, a signal 
increase is not obtained if the interaction does not lead to at least partial unfolding, 
i.e., reveal enough hydrophobic structures. For example, the aggregation of non-
unfolded, native proteins may be difficult to detect. On the other hand, proteins that 
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have hydrophobic amino acids on the surface can produce elevated TRL signal even 
before denaturation. Regarding protein stability, only issues such as aggregation or 
thermal instability are currently detected with the Protein-Probe method, whereas 
other quality concerns, such as deamidation, cannot be monitored. Developing novel 
peptide probe structures might make the assays functional in a more neutral pH and 
enable monitoring interaction types and stability issues beyond those detected with 
the current probe. With the current system, protein concentration and assay buffer 
composition can also influence the Tm values, and this must be considered when the 
assays are planned, and kept in mind when experimental results are compared within 
assays or methods. 

Perhaps the most significant property of the current Protein-Probe method is that 
the thermal assays must be performed using a two-step protocol: first, the samples 
are heated, and then the Protein-Probe solution is added, as heating negatively affects 
the modulation solution. The two-step protocol complicates the assay, requires extra 
work, and increases the sample requirement. Ideally, the assay would be performed 
in one step, using a qPCR instrument for the detection. New modulator molecule 
structures might help achieve this goal, especially when combined with novel 
peptide probes. Furthermore, the method suitability for measuring chemical 
denaturation should be further investigated, as this approach would not require 
incubation at elevated temperatures. The method development is ongoing, and 
promising preliminary results have been acquired with concepts such as a one-step 
thermal assay protocol using a FRET approach. Thus, the work continues toward an 
improved assay setup for detecting PPIs in a label-free manner. 
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