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      The road goes ever on 
 
Over rock and under tree, 
By caves where never sun has shone, 
By streams that never find the sea; 
Over snow by winter sown, 
And through the merry flowers of June, 
Over grass and over stone, 
And under mountains in the moon. 

 
Roads go ever ever on 
Under cloud and under star, 
Yet feet that wandering have gone 
Turn at last to home afar. 
Eyes that fire and sword have seen 
And horror in the halls of stone 
Look at last on meadows green 
And trees and hills they long have known. 

 
The Road goes ever on and on 
Out from the door where it began. 
Now far ahead the Road has gone, 
Let others follow it who can! 
Let them a journey new begin, 
But I at last with weary feet 
Will turn towards the lighted inn, 
My evening-rest and sleep to meet. 
 

− J.R.R. Tolkien 
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ABSTRACT 

During the drug discovery process molecular libraries containing millions of 
molecules are screened to find a single potential drug with the highest potency and 
efficacy over unwanted side-effects. The whole drug development process usually 
takes more than a decade and requires billions of euros. Thus, new methods with 
improved cost and time effectiveness are vital for both improving primary screening 
of molecular libraries and verifying the results obtained via secondary screens. 

Drug discovery often utilizes methods based on photoluminescence, the 
emission of light from a luminophore molecule excited by photon absorption, e.g. 
fluorescence. The methods monitor changes in photoluminescence that are initiated 
by an event in the assay e.g. interaction of protein and ligand. In some methods, the 
detectability of the change can be enhanced by decreasing the luminescence of non-
interacting luminophores by quenching. Some luminophores are quenched by water 
but others require dedicated quencher molecules e.g. the acceptor molecules 
quenching donor luminophores in Förster resonance energy transfer (FRET). 

In the work presented in this thesis, the addition of a soluble quencher was 
utilized for developing two photoluminescence-based assays suitable for drug 
discovery for studying protein-ligand interactions (PLI), protein-protein interactions 
(PPI), and protease activity. The first method developed, QTR-FRET, utilizes 
soluble quencher to decrease the emission of non-interacting donor luminophore thus 
preventing it from interfering in the monitored acceptor channel. QTR-FRET 
improves conventional TR-FRET by permitting the investigation of low affinity PLI 
interactions requiring high donor luminophore concentrations and by enabling 
multiplexing via monitoring PLI and subsequent PPI. The second method, the 
Protein-Probe, was developed to measure the emission of external luminescence 
probe during its interaction with a target protein. The emission of non-interacting 
probe is reduced by soluble quencher. The Protein-Probe is suitable for monitoring 
the PLIs via their effect on the thermal stability of protein and the protease activity 
via the digested protein substrate. The Protein-Probe has 50-fold improved 
sensitivity compared to conventional methods. 

KEYWORDS: Drug discovery, Method, Photoluminescence, Quenching, FRET 
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TIIVISTELMÄ 

Varhaisen lääkekehityksen aikana miljoonia molekyylejä sisältävistä molekyyli-
kirjastoista seulotaan lääkemolekyyli, joka vaikuttaa sairauteen mahdollisimman 
tehokkaasti välttäen haitallisia sivuvaikutuksia. Yleensä lääkekehitysprosessi kestää 
yli vuosikymmenen ja kuluttaa miljardeja euroja. Tämän vuoksi uusia aika- ja 
kustannustehokkaita menetelmiä tarvitaan parantamaan ensisijaista seulontaa sekä 
varmistamaan niiden tulokset toissijaisella seulonnalla. 

Varhaisessa lääkekehityksessä hyödynnetään usein menetelmiä, jotka perustuvat 
fotoluminesenssiin, eli valon tuotantoon luminofori molekyylistä, joka on virittynyt 
fotonin imeytymisen vuoksi, kuten fluoresenssiin. Menetelmät tarkkailevat lumi-
nesenssiin vaihtelua, minkä saa aikaan tapahtuma määrityksessä kuten proteiinin ja 
ligandin vuorovaikutus. Joissain menetelmissä tapahtuman havaitsemista voidaan 
tehostaa sammuttamalla sitoutumattomien luminoforien luminesenssia. Jotkut 
luminoforit voidaan sammuttaa vedellä, mutta toiset vaativat erillisen molekyylin 
kuten Förster resonanssi energiasiirron (FRET) luovuttaja luminoforeja sammuttavat 
vastaanottaja molekyylit. 

Tässä väitöskirjassa liukoisen sammuttajan lisäystä käytettiin kehittämään kaksi 
lääkekehitykseen soveltuvaa fotoluminesenssimenetelmää, jotka tarkkailevat 
proteiini-ligandi (PLV), proteiini-proteiini vuorovaikutuksia sekä proteaasien aktii-
visuutta. Ensimmäiseksi kehitetyssä QTR-FRET menetelmässä sammuttajaa 
käytetään vähentämään sitoutumattomien luovuttaja-luminoforien valon tuotantoa, 
jolloin niiden aiheuttama häiriö vastaanottajamolekyylin luminesenssia mitattaessa 
vähenee. QTR-FRET mahdollistaa korkeaa luovuttajapitoisuutta tarvitsevien 
matalan affiniteetin PLV:en sekä kahden linkittyneen vuorovaikutuksen tarkkailun 
yhteisestä kaivosta. Toinen kehitetty menetelmä, Protein-Probe, mittaa erillisen 
koettimen luminesenssia sen sitoutuessa proteiiniin. Sitoutumattoman koettimen 
luminesenssi himmentyy liukoisen sammuttajan vaikutuksesta. Protein-Probella voi 
tarkkailla PLV:ia proteiinien lämpöpysyvyyden välityksellä, sekä proteaasien 
aktiivisuutta niiden hajottamien substraattiproteiinien kautta. Protein-Probe 
menetelmän herkkyys on 50-kertainen verrattuna vastaaviin menetelmiin. 

AVAINSANAT: Lääkekehitys, Menetelmä, Fotoluminesenssi, Sammutus, FRET  
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ADMET Absorption or administration, distribution, metabolism, excretion, and 
toxicological properties 
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CA Carbonic anhydrase 
CTA Clinical trial application 
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DMTA design-make-test-analyze 
DNA Deoxyribonucleic acid 
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FDA Food and drug administration 
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HTS High throughput screening 
HSPG Heparan sulfate proteoglycan 
ISO International Organization of Standardization 
ITC Isothiocyanate conjugation 
IC50 Half maximal binding affinity 
LANCE Lanthanide Chelate Excite 
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LUMO lowest unoccupied molecular orbital 
NAD(H) Nicotinamide adenine dinucleotide 
NAD(P)H Nicotinamide adenine dinucleotide phosphate 
MDH Malate dehydrogenase 
MG Malachite green 
PET Photoinduced electron transfer 
PLI Protein-ligand interaction 
PPI Protein-protein interaction 
PTM Post-translational modification 
PTX Pertussis toxin 
Qdot Quantum dot 
QRET Quenched resonance energy transfer 
QTR-FRET Quencher modulated time-resolved Förster resonance energy transfer 
RAF-RBD The Ras binding domain of the c-Raf kinase protein 
RO5 Lipinski Rule of Five 
Tb3+ Terbium (III) ion 
Tm denaturation temperature 
TR Time-resolved 
TR-FRET Time-resolved Förster resonance energy transfer 
TRL Time-resolved luminescence 
TSA Thermal shift assay 
SA Streptavidin 
SAR Structure-activity relationship 
S/B Signal-to-background 
SOS Son of sevenless 
S0 Ground state 
S2 Excited singlet state 
T1 Triplet state 
β2AR β2-adrenoreceptor 
1,8-ANS 8-Anilinonaphthalene-1-sulfonic acid 
2,6-TNS 2-(4-toluidino)-6-naphthalenesulfonic acid  
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1 Introduction 

The process of drug discovery and development takes 10 to 15 years, costs billions 
of euros, and necessitates multidisciplinary efforts.1–3 In the early phases of drug 
discovery, molecular libraries spanning millions of molecules are screened with 
primary assays for hit compounds directed against the target biomolecule involved 
in the disease.4–6 The initial hit compounds are confirmed with secondary assays, and 
their number expanded during the hit-to-lead process, which aims to enhance their 
selectivity and potency towards the target biomolecule.7,8 The hit-to-lead process 
results in lead compounds that are further optimized to improve their absorption and 
efficacy before preclinical investigation and guarantee their safety for clinical trials 
in humans.9,10 If the clinical trials result in a candidate drug with satisfactory efficacy 
against the target disease without endangering the health of the patient, the drug 
development process has been successful.11–13 

The clinical trials are the most expensive part of the drug development process. 
Thus, high quality drug discovery screening and validation is needed to avoid later 
phase dead-ends by avoiding drug candidates with too low efficiency towards the 
disease or significant health concerns. The initial drug discovery screening for hit 
compounds employs high-throughput screening (HTS) with primary screening 
methods.14 In the hit-to-lead stage, a variety of secondary screening methods aim to 
verify the results obtained previously. Both in vivo and in vitro assays are used for 
lead optimization. For preclinical testing, an increasingly human-like environment, 
i.e. from cell culture to mice models, is used.9,10 Since the process of drug discovery 
requires wide range of different methods, e.g. for screening verification and safety 
evaluation, new and improved methods are always of interest.  Ideally the assays 
should be sensitive, robust, and simple for automation purposes. The selection of the 
assay often comes down to the balance between reliability and cost- and time-
effectiveness.15 Assays can be divided into heterogenous assays which utilize 
separation of unbound reporter or analyte and homogenous which require no 
separation steps. Although heterogeneous assays provide higher sensitivity and 
robustness, homogenous assays are often used.  Homogenous assays based on 
photoluminescence are increasingly popular nowadays. 
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Photoluminescence is a type of luminescence that releases the excess energy 
obtained through photon absorption by the emission of light. The photon absorption 
excites an electron in the luminescent molecule to a higher energy state. Depending 
on the relaxation pathway of the excited electron, different types of 
photoluminescence, such as fluorescence, are emitted. The relaxation pathway also 
affects the wavelength of the emission and the emission lifetime.16–18 Some 
luminescent molecules like phosphors and lanthanide chelates have significantly 
longer lifetimes than typical fluorochromes. In time-resolved (TR) measurement, 
this property is used to minimize short-lived background signals from the instrument 
and environment.17,19–21 Most photoluminescence methods focus on monitoring the 
changes in luminescence emission associated with alterations in the assay system 
such as interactions of proteins or changes in their structure. The luminescence 
emission is often produced by luminescent labels conjugated to studied proteins or 
external luminescent probes such as fluorescent dyes interacting with different 
biomolecules. The intensity of the emission can be decreased by quenching in either 
a dynamic or static quenching format. Dynamic quenching is based on molecular 
collision, e.g. energy or electron transfer between the luminophore donor and 
quencher acceptor. During static quenching, the luminophore and quencher form a 
complex, which releases the absorbed excess energy in non-radiative forms, such as 
heat and molecular vibrations. These two quenching formats are not mutually 
exclusive, and in some cases, it is difficult to determine which format is employed. 
17,22,23 

A wide range of assay methods are based on photoluminescence quenching. The 
well-known FRET method, is based on dynamic quenching and the energy transfer 
between the donor and acceptor labels. FRET assays are often performed with 
luminescence labels with long-lived emission that enable time-resolved FRET 
measurements.17,24–26 FRET assays, such as LANCE and HTRF, are especially useful 
for investigating protein interactions with other proteins or small molecular ligands, 
and some methods enable membrane protein studies featuring living cells, such as 
Tag-lite and QRET.27–30 One approach is based on the dynamic quenching properties 
of water on common fluorescent dyes. In this case, the fluorescence is only emitted 
when the dye is not in close contact with water but bound to biomolecules such as 
proteins or lipid membranes. This binding can be affected by structural changes in 
the biomolecule, like protein denaturation, leading to measurable changes in the 
fluorescence emission. Differential scanning fluorometry (DSF) is one such method 
and is often employed for studying the thermal stability and aggregation of 
proteins.31–34 

The work presented in this thesis was focused on developing two new methods 
for drug discovery purposes, in particular for secondary screening with potential use 
for primary screening. The methods were homogenous microtiter plate assays based 
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on photoluminescence quenching and designed for protein interaction and digestion 
studies. In publication I, quencher mediated time-resolved FRET (QTR-FRET) 
provided an improvement on conventional TR-FRET for studying protein-ligand 
interactions (PLI) by decreasing the donor emission interference in the acceptor 
channel with a soluble quencher. The quencher addition increased the signal to 
background ratio (S/B ratio) and enabled the investigation of low affinity interactions 
requiring high donor concentrations. Publication II proved the capability of QTR-
FRET for single well PLI and protein-protein interaction (PPI) monitoring with two 
model assays. In publication III, a new Protein-Probe method was developed for 
investigating the thermal profiles of target proteins and ligand binding to the target. 
The Protein-Probe method is based on an external luminescent probe binding to a 
range of proteins, particularly in their denatured form and affected by the soluble 
quencher in the assay solution. In publication IV, the Protein-Probe was utilized for 
the evaluation of protease digestion activity with several unmodified substrate 
proteins. 
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2 Literature Review 

In this review of literature, methods based on FRET and photoluminescence 
quenching via water are considered in the context of the drug discovery process. 
First, the drug development process and the importance of assay development are 
introduced. Then the principles of photoluminescence and quenching are presented. 
Finally, methods based on dynamic quenching effects of water and FRET, akin to 
those developed during my thesis, are described. The main focus of this review is on 
the versatility of photoluminescence quenching for assay development in the interest 
of drug discovery. 

2.1 The Drug development process 
The development process for a single new drug takes on average of 10 to 15 years 
and can cost over billions of euros.1–3 It has evolved to a highly controlled process 
in order to regulate the unnecessary and life threatening side-effects of drugs like 
thalidomide causing embryopathy and diethylstilbestrol, causing cancers, birth 
defects and developmental abnormalities.35,36 Regulated development ensures the 
safety and efficiency of novel drugs in a cost effective way by relying on streamlined 
assays and methods during all its phases (Figure 1). This chapter focuses on the 
phases of drug discovery and especially early drug discovery. The early drug 
discovery of classic small molecular ligand is described as an example. 
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Figure 1. A Drug development process investigates millions of molecules to produce an as 

effective and safe drug as possible. The process is divided into drug discovery and 
clinical trials and can take up to 15 years and cost billions of euros. The drug discovery 
begins with target identification and validation, which determine the target for the drug 
compound based on its involvement with the disease. The selected target is then 
assayed in primary screening with molecular libraries to discover hit compounds that 
interact and affect the target in a desired manner. These hit compounds are then 
further developed during the hit-to-lead process to improve their potency and 
selectivity towards the target and produce lead molecules. The leads are then 
optimized for pre-clinical trials where only approximately 200 compounds remain. Pre-
clinical studies select up to five candidate drugs for clinical trial approval application 
and subsequent clinical trials. The clinical trials focus on proper usage and risk/benefit 
ratio of the drug. Clinical trials are separated into 4 phases with an increasing number 
of voluntary participants. The first three phases are conducted before applying for 
market approval for novel drug and if granted the safety and efficiency of the marketed 
drug is monitored in the final phase IV. 
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2.1.1 Target identification & validation, and molecular 
libraries 

Drug development starts from an unmet clinical need for an improved drug with 
reduced side-effects, or need for a novel drug for a disease without appropriate 
medicine.37 To begin with, the drug discovery process requires knowledge of the 
disease and its underlying cause. This is the focus of target identification, which 
utilizes pre-existing knowledge gathered on gene and protein identification, along 
with the importance of the target for metabolism and signaling.38 This biological 
target is often a gene or a protein, such as a receptor, enzyme or ion channel, involved 
in the disease. The chosen target must be druggable, ergo its binding with a potential 
drug must affect its function in a health beneficial way, without significantly 
interfering with other important metabolic pathways.39 

In traditional small molecule drug development, the target validation research 
establishes the involvement of the target in the disease and the binding site for the 
potential drug molecules. The biological activity and importance of the target are 
investigated and the effects of potential modulation for toxicity and disease efficacy 
are assessed. Extensive target validation helps to avoid project termination in the 
later drug development phases due to undruggability or inefficiency of the target. 
Rapid target validation and invalidation are enabled by genetic methods, computer 
modeling, biochemical and cellular assays.40 The most optimal target is highly 
selective, suitable for both biochemical and cellular assays, and has existing 
biological markers for evaluating the modulation responses accurately and 
reproducibly.41,42 The chosen target determines which molecular libraries contain 
ligands suitable for screening.3,40,43–45  

Molecular libraries contain an array of compounds with recorded information on 
their properties, such as structure, purity, quantity, and physiochemical 
characteristics. Depending on their application, these libraries can be categorized 
into diversity oriented libraries and focused libraries. Diversity oriented libraries 
contain a wider array of molecules with distinct structures and properties for 
screening a board range of biological activities.46 Focused libraries function in either 
a target-focused or ligand-focused manner, and consist of a set of structurally similar 
compounds designed for a specific purpose, e.g. inhibition of specific enzyme. 
Focused libraries can contain approved drug molecules with known safety profiles 
or compounds with known toxicity profiles.5 

Molecular libraries operate on the basis a chemical space, i.e. the area covered 
by all possible molecules under established principles and conditions, where a 
potential ligand for the target can be found. The chemical space containing all 
possible drug molecules is vast and only fraction of it is covered by molecular 
libraries.47,48 To increase the coverage, traditional small molecule libraries can be 
generated from a range of different sources, e.g. by exploring natural compounds, in 
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silico methods, structure or fragment-based approach, hybrid molecule design, and 
repurposing drugs.3,4,49 Traditionally, many drugs have originated from nature and 
multiple molecular libraries are still collected from or based on natural compounds.50 
Living organisms have been modified to produce new compounds, such as 
antibiotics, which are released by mold or fungi to battle against bacteria.51,52 
Another approach for producing novel molecules for libraries is based on mimicking 
the structure of a natural ligand or substrate of the target. In silico methods aid this 
process through computational analysis and artificial intelligence.53–57 In the 
fragment based approach, small molecular fragments with low affinity towards the 
target are combined to produce molecules with increased affinity.58,59 Novel 
compounds can be produced with the hybrid technique by conjugating molecular 
fragment or multiple molecules.60,61 Existing and approved drug molecules have also 
been collected for drug repurposing libraries. This approach minimizes failures 
caused by toxicity since the molecule has already passed toxicity evaluation.62–64 

In traditional small molecule libraries, the drug-likeness of compounds play an 
important role in improving the likelihood of the compound passing absorption, 
distribution, metabolism, excretion, and toxicity (ADMET) testing in later stages of 
drug discovery. The drug-likeness of compounds can be evaluated with sets of 
chemical parameters, such as Lipinski Rule of Five (RO5). RO5 states that for the 
compound to be orally active drug in humans it must contain no more than five 
hydrogen bond donors and ten hydrogen bond acceptors. Additionally the 
compounds must be highly lipophilic with octanol-water partition coefficient (log P) 
below 5 and the molecular mass of the compound cannot exceed 500 daltons. These 
rules are not absolute and many exceptions exist, e.g. antibiotics and vitamins, but 
RO5 nevertheless functions as a starting point.65–67 

The number of novel compounds in traditional small-molecule libraries has been 
greatly increased by the development of combinatory libraries such as DNA-encoded 
libraries (DEL).5,6,68 Combinatorial libraries enable storage of the whole library in 
one mixture for production of millions of compounds in a single synthesis process.5 
DEL achieves this by attaching an identifiable strand of DNA to each ligand 
compound, splitting the sample, and modifying the ligand and DNA-strand before 
pooling the samples once again. The process can be repeated multiple times for an 
increasing number of unique compounds in the library. When the DEL library is 
screened, target bound ligand-DNA is separated from unbound ligand-DNA 
compounds and identified by decoding the DNA strand by e.g. Sanger sequencing 
or mass spectroscopy. In addition to combinatory libraries, custom libraries based 
on an initial screen with virtual libraries have become a viable option.69 
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2.1.2 Hit compound discovery 
Hit compound discovery focuses on finding potential drug molecules and novel 
molecular structures based on their interactions with the target and effect on its 
modulation. An optimal hit compound leads to a desired effect on the target for 
diminishing the disease function and progression while having a minimal impact on 
normal biological functions. Hit discovery utilizes screening of molecular libraries 
to identify the hit compounds. As the libraries can span millions of molecules, high 
throughput screening (HTS) is utilized to accelerate the process and reduce overall 
costs. HTS operates by a combination of robotics,70 computing,71 liquid handling 
machinery72 and highly sensitive readers, enabling the screening of a minimum of 
10 000 samples per day.73 Rapid HTS, also called ultra HTS, is capable of screening 
100 000 samples in day.74,75 The HTS format is mostly restricted to a microtiter plate 
format, with 384 or more wells per plate.76 

In simple terms, HTS operates through an automated system that combines the 
reagents from stock plates into a test plate to perform the screening assay and observe 
the reaction with an automated detection device. From the results, the most 
interesting compounds, i.e. the initial hits, are selected based on their interaction with 
the target or effect in the assay. The initial hits are then rescreened under different 
conditions in multiple assays to ensure their effect on the target.3,14 The assays 
utilized in hit discovery vary from whole organism in vivo assays to biochemical and 
cell based in vitro assays (Figure 2).77 Although in vivo assays can provide highly 
accurate models of human morphology and physiology, they are rarely applied due 
to their relative complexity. However, zebrafish based methods have increased in 
popularity.78 In vitro cellular assays and high content screening provide an 
opportunity to study the pharmacological activity of hit compounds and their 
influence on cell growth and proliferation. The effects of hit compounds on 
transcription and translation of proteins along with complex signaling pathways can 
be studied. Cellular assays mostly utilize a monolayer of viable cells in the assay test 
plate and screen the molecular libraries against multiple targets.77,79–81 The 
biochemical assays, which are mainly used in classic small molecule drug design, 
focus on the interactions of screened ligands with purified target proteins or the effect 
of screened inhibitors on enzyme functions. These assays are popular due to their 
simplicity and often function in a competitive format in which the known ligand is 
displaced by the screened hit compound. The enzymatic assays often measure the 
activity of the enzyme in a non-competitive assay format. The monitoring of 
biochemical assays is mostly conducted optically via absorbance and luminescence, 
such as fuorescence.77,82,83 
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Figure 2. Assay types used in hit discovery. In vivo assays provide accurate models for human 

morphology but are less popular compared to simpler in vitro cellular and biochemical 
assays. Cell based in vitro assays focus not only on the effects of the screened 
compounds on the target biomolecule but also the whole metabolism and signaling of 
the cell. Biochemical assays are more focused and investigate specific interactions of 
target and screened ligands and the effects of ligands on enzymatic targets. 

HTS continues to develop as robotics, computational power and assay methods 
advance aiming to reduce the costs and time consumption of screening millions of 
molecules.3,14 Although the aim of HTS is to achieve low cost assays, e.g. ~0.1 
dollar/assay, with increasing library sizes and multiple HTS rounds this may amount 
to millions. These costs highlights the importance of not only molecular library 
selection and focused library utilization but also the significance of cost effective 
assays for reduced hit discovery expenses. Thus developing new assays is of high 
interest for drug discovery.  

For an assay to be suitable for drug discovery, it must be extremely reliable and 
robust with Z’ factor (Equation 1) values over 0.5 and a coefficient of variation 
(%CV) (Equation 2) of under 10 %. Both Z’ factor and %CV equations utilize 
standard deviations (σ) and mean values (µ) to evaluate the assay. Ideal assay also 
has a signal-to-background (S/B) ratio (Equation 3) of over 3 but, if the results have 
low variety values below 3 are acceptable. The assays must also be robust and allow 
slight changes to improve performance or convenience. For example, since most 
molecules in the libraries are stored in DMSO, the assay components must tolerate 
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at least 10 % DMSO.15,76 In addition, for ease of automation, the assay must operate 
with as low a number of steps and reagents as possible. Thus, label-free and 
homogenous methods are most optimal, albeit they have lower sensitivity compared 
to heterogeneous assays with a labelled target.84 Low sensitivity increases material 
consumption, costs, and can lead to other difficulties, such as solubility problems 
and spontaneous protein aggregation in biochemical assays relying on purified target 
proteins. Many biochemical assays are often designed for only a single target in some 
specific instance, which lowers their versatility.3,14,85  

 𝑍𝑍′𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1 − (3𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝+3𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛)
�𝜇𝜇𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝜇𝜇𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛�

 (1) 

 %𝐶𝐶𝐶𝐶 = 𝜎𝜎
𝜇𝜇

× 100 % (2)  

 𝑆𝑆
𝐵𝐵� 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚

𝜇𝜇𝑚𝑚𝑚𝑚𝑚𝑚
 (3) 

2.1.3 Hit-to-lead, lead optimization and pre-clinical studies 
The hit-to-lead process aims to produce optimal lead molecules by hit confirmation 
and expansion, which improve the potency and selectivity of the hit towards the target. 
The acquired lead compounds are optimized for improved efficiency and absorption, 
and preclinical investigation is performed to finalize safety for clinical trials. 

During the first stage of hit-to-lead, hit confirmation, the hit compounds are 
retested to confirm their activity with the target and to establish an initial ranking 
based on their efficiency. The efficiency is determined by generating dose response 
curves and verifying the half maximal binding affinity (IC50) and half maximal 
effective concentration (EC50). Hit compounds presenting false positives, assay 
interference, aggregation, or other problems, such as intellectual property issues and 
toxicity, are excluded. Hit confirmation initially relies on the same primary assays 
as hit discovery, generating dose response curves and retesting hits to ensure that 
errors leading to false positives during hit identification are eliminated. Remaining 
false positives are cleared by biochemical or cell-based counter-assays, which do not 
contain the target molecule, and orthogonal secondary screening assays, which 
provide distinct output from the primary assay in different assay conditions. The cell 
based assays also investigate the cytotoxicity of hit compounds either alongside or 
after these assays. Finally the false positives are eliminated by differing secondary 
assay formats e.g. by cell based secondary assays if primary assay was 
biochemical.4,7 The subsequent hit expansion step is used to screen analogues to 
determine structure-activity relationships (SAR) and find those with the highest 
selectivity and affinity towards the target and with lowest toxicity. Hit expansion 
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follows a design-make-test-analyze (DMTA) cycle, starting with hypothesis 
generation based on 3D models, existing SAR and ADMET data on similar 
compounds, and patents.86,87 The designed hit analogues can be synthesized, or 
chemically modified from hit compounds to create derivatives or chosen from a 
library. The assays utilized during test phase mimic those in hit validation and the 
analysis creates new design hypothesis for another cycle. Careful analysis of 
unsuitable molecules can result in improvements in the next cycle.3,4,8  

Lead optimization converts lead compounds to suitable candidates for pre-
clinical evaluation. It focuses on solving ADMET deficiencies to ensure that the 
potential drug is absorbed and properly distributed to the site of action in body before 
effectively metabolized and excreted without toxic metabolites. During lead 
optimization the large-scale manufacturing issues, such as additional preservatives 
and other inactive ingredients, are also considered.3,10 The optimization follows a 
DMTA cycle and begins with modification of the molecular structure of the lead 
compound based on desired properties.86–88 The modifications are mostly carried out 
by organic synthesis or biotechnological methods, aided by in silico modeling, if the 
structure of lead and target are known. The modifications are studied initially with 
in vitro methods before performing in vivo tests, which especially target toxicology 
investigation. Orthogonal methods based on cells and animal models are used to 
mimic physiological conditions. Lead optimization results in hundreds of 
compounds for pre-clinical testing and provides an estimation of their priority.9,89 

The main aim of preclinical testing is to ensure the safety of candidate drugs for 
clinical trials. The testing evaluates the pharmacokinetics and pharmacodynamics of 
candidate drugs and establishes safe doses for clinical trials. Pharmacodynamics 
focus on investigating the effect of the drug on the biological environment depending 
on the concentration, whereas pharmacokinetics observe how the drug is distributed 
and eliminated during metabolism. The pre-clinical tests are determined depending 
on the intended use of the candidate drug. For a typical drug, the tests include cell 
viability, proliferation, angiogenesis and apoptosis assays, along with in vitro 
permeability, toxicity and transporter testing and animal model studies.90 Preclinical 
testing follows good laboratory practices (GLP), which define the minimum 
requirements for research including study conduct, equipment, protocols, reports and 
quality assurance.91,92 Other regulatory aspects such as in International Organization 
of Standardization (ISO) quality management standards, animal ethic requirements 
and 3 R principle of reducing waste, reusing and recycling may apply as well. 
Adherence to these regulations is required for attaining approval for clinical trials, 
e.g. in the USA from the Food and Drug Administration (FDA). A complete clinical 
trial application (CTA) includes results and analysis of all pre-clinical studies and 
detailed plan on the clinical trial. Approval of CTA can take up to two years and 
FDA may request further investigation when necessary. 
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2.1.4 Clinical studies 
Clinical studies investigate the efficiency and safety of the drug on human participants. 
The clinical trial is divided into four parts and adheres to the principles of ADMET. In 
the initial Phase I trials the safety of the drug is studied on under hundred healthy 
volunteers. In Phase II the efficiency of the drug on the targeted disease or condition 
is investigated with thousand patients suffering from the said disease condition. This 
phase focuses on the short-term effects of the drug on the patient’s condition and if 
drug shows promise, preparations for the large-scale Phase III trial are initiated. In 
Phase III the proper dosage, administration and labeling instructions of the drug are 
determined. Possible interactions with other medication are also investigated and the 
overall benefit/risk ratio is determined. Other studies are also conducted, such as 
planning of full-scale production and testing required for drug approval application. In 
USA, this New Drug Application can run 100 000 pages, and more information may 
be requested before approval or rejection during two years.93,94 

After approval and drug marketing, the Phase IV studies begin to investigate the 
long-term effect and efficiency of the drug. Since the drug is distributed to a large 
population of patients, the opportunities to study its effects increase. These studies 
often focus on complications, such as side effects and drug interactions, as well as 
investigations on the drug effects on specific subgroups of patients, such as patients 
suffering from other existing conditions such as diabetes. Organizations responsible 
for approving the drug also require updates and periodic reports about the process of 
the studies.11–13 

2.2 Principles of quenching in photoluminescence  
Luminescence is the emission of light in the ultraviolet, visible, or infrared region of 
the electromagnetic spectrum. The source of the released excess energy determines 
the luminescence type, which are described as photo-, cathodo-, chemi-, electro-, 
mechano-, radio- and thermoluminescence.17 The focus of this thesis is 
photoluminescence, which refers to energy release due to photon absorption. The 
photo-, chemi- and mechanoluminescence also include subtypes. For 
photoluminescence these are fluorescence and phosphorescence, and their 
mechanisms will be further discussed in this chapter.95–97 

Quenching of photoluminescence refers to decreasing the intensity of emitted 
photoluminescence. Quenching is categorized into dynamic and static quenching, 
and occurs mainly by the following mechanisms: intersystem crossing, Förster 
resonance energy transfer (FRET), Dexter interactions or electron exchange, and 
photoinduced electron transfer. Two examples of dynamic quenching, the quenching 
of fluorescent dyes by water and FRET, are examined in more detail during this 
chapter, as they are significant for the assays developed during this thesis. 
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2.2.1 Photoluminescence 
Photoluminescence is a form of luminescence caused by electromagnetic radiation 
and photon absorption.16,17 The electromagnetic radiation leads to photon excitation 
of electrons to higher energy level. These electrons return to the non-excited state 
through a relaxation processes and release part of the absorbed energy as 
photoluminescence emission. Photoluminescence can be described by the 
parameters of intensity, quantum yield and lifetime. The intensity of luminescence 
refers to the number of photons emitted, typically per second. This can vary 
significantly between various substances. Quantum yield (ɸ) compares the number 
of photons emitted to the number of photons absorbed (Equation 4). This 
observation provides an indication of the proportion of the energy lost in a non-
emitting form and the efficiency of the luminescence. The quantum yield can be 
defined by the decay of the excited state, where kf is the rate constant for spontaneous 
emission of radiation and ∑iki is the sum of all rates of excited state decay. The ∑iki 
term includes the decays not related to emission, such as dynamic quenching and 
non-radiative relaxation.17,18 The fluorescence lifetime refers to the time the exited 
electron spends in the higher energy level before emission (Equation 5). This often 
follows first-order kinetics, where [S1] refers to the concentration of exited 
molecules at the timepoint t and [S1]0 to the concentration at ground state. Γ refers 
to the decay rate which is the combination of non-radiative Γnrad and radiative Γrad 
decay rates (Equation 6).17,98 

 𝛷𝛷 = 𝑘𝑘𝑓𝑓
∑ 𝑘𝑘𝑖𝑖

= 𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝑃𝑃ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠)

 (4) 

 [𝑆𝑆1] = [𝑆𝑆1]0𝑒𝑒−Γt  (5) 

 𝛤𝛤𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛤𝛤𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 + 𝛤𝛤𝑟𝑟𝑟𝑟𝑟𝑟 (6) 

Multiple forms of photoluminescence exist and to describe and distinguish them the 
Jablonski diagram is often employed (Figure 3). Jablonski diagram visualizes the 
electronic states of the photoluminescent molecule.17,98,99 The photoluminescence is 
initiated when a luminescent molecule absorbs electromagnetic radiation. This 
absorption of energy excites an electron of the molecule from the ground state (S0) to 
an excited singlet state, such as S1 or S2 (Figure 3). In the case of fluorescence, the 
electron relaxes back to the S0 through electron relaxation, which generally has a 
lifetime of around 10 ns. Compared to fluorescence, phosphorescence has a much 
longer lifetime, typically on the millisecond scale. This is the result of the intersystem 
crossing of the electron from the S1 state to the excited triplet state T1 (Figure 3). 
During this intersystem crossing, the spin of the exited electron reverses leading to the 
excited electron at T1 having a spin of the same direction with the electron at ground 
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state S0. The transition from T1 to S0 is forbidden due to the spin symmetry of the 
electrons. Thus the spin must reverse before the excited electron can relax to S0 and 
emit phosphorescence. For this reason, the T1 is sometimes called the forbidden state. 
In specific cases, when the spin of the exited electron at T1 reverses, it returns to S1 
before relaxing to S0 resulting in delayed fluorescence (Figure 3).17,100 

 
Figure 3.  This Jablonski diagram describes three types of photoluminescence processes; 

fluorescence, phosphorescence and time-resolved luminescence (TRL). For these types, 
the process of initial excitation is identical; photon absorption excites an electron from 
ground state to the excited singlet state S2 and it relaxed to S1 through vibrational 
relaxation and internal crossover. In the case of fluorescence, the electron relaxes from S1 
to S0 and emits the released energy with a general lifetime of 10 ns. For phosphorescence 
and TRL, the electron shifts from S1 to the triplet state T1 by intersystem crossing. 
Relaxation from T1 to S0 results in phosphorescence emission, which has an average 
lifetime between 1 and 10 ms. For TRL, an intramolecular energy transfer occurs from the 
excited organic chelate to the emitting lanthanide ion, resulting in the relaxation of chelate 
and excitation of a lanthanide ion electron to 5D. TRL is emitted when the excited electron 
relaxes to 7F and has a lifetime of between 1 and 0.1 ms. 

Photoluminescence measurements can be classified as steady-state and time-resolved 
measurements. The more commonly used steady-state measurements are performed 
with continuous exposure to light and recording of the emission. Steady-state 
measurements are most suitable for fluorescence due to its nanosecond timescale. Time-
resolved measurements record the decay of the photoluminescence after excitation by a 
brief pulse of light. Time-resolved measurements provide more information than steady-
state measurements, which only present an average of the time-resolved decay. Time-
resolved measurements can distinguish two fluorophores with similar spectral 
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information on the basis of their decay times, and monitor the luminescence of the target 
fluorophore after background autofluorescence has ceased. The latter type of “time-
domain measurements” do not technically monitor decay time. Instead, a steady-state 
intensity measurement of time-resolved luminescence (TRL) is performed after the 
excitation pulse (Figure 4). In most cases the intensity is measured after an initial delay 
of hundreds of microseconds, during which the background luminescence decays, and 
as a several hundred microseconds long measurement window. This cycle of excitation, 
delay and monitoring is performed multiple times to observe an average value of the 
intensity during the measurement window.  TRL monitoring uses mostly lanthanides 
such as terbium (Tb3+) and europium (Eu3+) exited through organic chelate, since the 
lanthanides have weak absorption properties. The energy absorption of the organic 
chelate excites an electron from S0 to T1 before the energy is transferred to the lanthanide 
through intramolecular transfer. The lanthanides emit by forbidden transitions involving 
4f orbitals from 7F to 5D (Figure 3). This leads to the aforementioned low absorption 
properties and long lifetime of the lanthanide chelate TRL emission.17,19–21 

 
Figure 4.  The timescale of TRL monitoring. During TRL monitoring the short-lived background 

signal, consisting mainly of environment emission of the assay plate and assay 
components, decays faster than the long-lived emission of lanthanide chelates. This 
property enables the monitoring of TRL after several hundred µs when the since 
decayed background emission will not interfere in the measurement window. This will 
enhance observed S/B ratio and improve the reliability and sensitivity of the method. 

During the photoluminescence process, some of the absorbed energy is released as 
measurable radiative emission. The remaining energy is released in non-radiative 
forms, mainly through internal conversions as well as vibrational and rotational 
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relaxation.17,98,101 During internal conversion, the electron rapidly relaxes from a higher 
to lower electronic state, such as from S2 to S1 or from S3 to S1, in a picosecond 
timescale (Figure 3). In addition to these non-radiative energy release processes, 
solvent relaxation, energy transfer, and rotational relaxation can decrease the energy 
released. The non-radiative energy loss between excitation and emission is visible in 
the spectrum of the molecule as Stokes shift (Figure 5). Stokes shift refers to the fact 
that the peak of the excitation spectrum is monitored at lower wavelength compared to 
the peak of the emission spectrum due to the energy loss between excitation and 
emission. The emission occurs at a higher wavelength since the energy levels decrease 
as the wavelength increases.17,102 Depending on the non-radiative energy loss, the 
luminescent molecules have different levels of Stokes shift, e.g. fluorescein and Cy5 
have Stokes shifts of 24 nm and 19 nm, respectively.103,104 Lanthanide chelates also 
have large differences between their excitation and emission wavelengths, e.g. 350 nm 
with Eu3+-chelates.105 Stokes shifts are affected by environmental conditions, such as 
solvent polarity, which may lead to an increased Stokes shift. A larger difference 
between excitation and emission peaks is a useful phenomenon for sensitive 
fluorescence detection, as emission wavelength can be readily separated from 
excitation, preventing interferences and improving multiplexing possibilities.106,107  

 
Figure 5.  The difference between excitation and emission wavelengths of luminophores are 

distinct for individual molecules. The emission wavelength of luminophore is higher 
compared to the excitation wavelengths since excitation requires more energy than what 
is released during emission. The energy loss is due to non-radiative forms of energy 
release, such as internal conversion and vibrational relaxation, occurring prior to 
emission. The difference between the excitation and emission wavelengths of molecule 
is called Stokes shift. For example, fluorescein has an average Stokes shift of 25 nm, 
whereas the difference between excitation and emission of Eu3+-chelate is 
approximately 350 nm. Stokes shift can be affected by the polarity of the surrounding 
environment, as more polar environments lead to increased Stokes shift. 
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2.2.2 Quenching of photoluminescence 
Quenching of photoluminescence refers to a process where the intensity of 
photoluminescence emission is decreased. It is categorized into dynamic and static 
quenching and occurs via variety of mechanisms like intersystem crossing, dexter 
interaction, FRET, and photoinduced electron transfer (PET). During this chapter, 
the differences between the two quenching categories are considered along with two 
examples of dynamic quenching: FRET and the quenching effect of water, as these 
mechanisms are important background in this thesis for the method development. 

Photoluminescence quenching can be categorized into two types: dynamic and 
static quenching (Figure 6).17 Dynamic quenching is caused by collision of excited 
luminescent molecule and the quencher. During dynamic quenching, the excited 
luminescent molecule returns to the ground state without photon emission as a result 
of molecular collision and interaction with the quencher. This interaction can be e.g. 
electron or energy transfer. In static quenching, a complex is formed between a 
luminophore and a quencher before the excitation occurs. This complex is non-
luminescent as the energy of the excited state is completely released in non-radiative 
forms, when the quencher is bound to the luminophore.17,22 

 
Figure 6.  Principles of the dynamic and static quenching. Dynamic quenching occurs through 

molecular collision of the fluorophore and quencher after excitation, and excitation 
energy is transferred to the quencher. The collision results in the fluorophore returning 
to ground state without photon emission. In static quenching a complex of fluorophore 
and quencher is formed before excitation. This complex is non-luminescent and has 
unique absorption spectrum. The excitation energy absorbed by the complex is released 
in non-radiative forms such as heat. 
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Multiple mechanisms of quenching exist, such as intersystem crossing, electron 
exchange or dexter interaction, FRET, and photoinduced electron transfer (PET). 
These mechanisms can be roughly categorized into dynamic type intersystem 
crossing, dexter interaction, and FRET and static quenching  type PET.17 Intersystem 
crossing occurs when the luminophore encounters a heavy atom, such as a halogen 
or triplet oxygen molecule, which causes the transition from singlet state to a triplet 
state. The long lived triplet state is quenched by the same quencher or relaxes to the 
ground state by non-radiative decay.17 Quenching by dexter interaction occurs 
between donor and acceptor when the excited electron in the lowest unoccupied 
molecular orbital (LUMO) of the donor is transferred to the acceptor. 
Simultaneously another electron is transferred from the highest occupied molecular 
orbital (HOMO) to the donor. This electron exchange process results in transferred 
energy from the donor to acceptor thus quenching the donor. The electron exchange 
depends on the spectrum overlap and short distance, generally under 10 Å ,between 
donor and acceptor.17 FRET functions similarly to dexter interaction between donor 
and acceptor but energy is transferred instead of an electron. As energy is transferred 
the excited donor returns to HOMO from LUMO and an electron of acceptor is 
excited to LUMO from HOMO.17 In PET the electron donor and acceptor form a 
complex that can return to ground state through non-radiative relaxation. During the 
complex formation, an electron from the donor is transferred to the acceptor and 
returns after relaxation and the complex is disrupted. The molecule excited in PET 
can either be the electron donor or acceptor, but the latter is more common.17 These 
quenching mechanisms are often difficult to distinguish and they are not mutually 
exclusive.17 

The Stern–Volmer equation describes the process of quenching (7). In the 
equation, F0 and F describe the fluorescence intensity in the absence and presence of 
quencher, respectively. The Stern–Volmer quenching constant, KSV, indicates the 
sensitivity of luminophore towards the quencher, whereas the bimolecular quenching 
constant kq refers to the accessibility of luminophores to the quencher, which affects 
the efficiency of the quenching. In the case of dynamic quenching, the KSV is 
replaced by KD. The [Q] reports the concentration of the quencher and τ0 indicates 
the lifetime of the luminophore without quencher. When plotted the equation yields 
a linear plot as the effect of quencher is concentration dependent.17,108–110 

 𝐹𝐹0
𝐹𝐹

= 1 + 𝑘𝑘𝑞𝑞𝜏𝜏0[𝑄𝑄] =  1 + 𝐾𝐾𝑆𝑆𝑆𝑆[𝑄𝑄] (7) 

The Stern–Volmer plot is not suitable for differentiating between dynamic and static 
quenching, since both types yield linear plots. Instead, these two quenching types are 
distinguished by the lifetime of the excited state of luminophore. Only dynamic 
quenching increases the decay of the observed luminescence, since it is a rate 
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process, which affects the whole population of excited luminophores. This is 
observed as shortening of lifetime. With static quenching this cannot be observed, 
since only the lifetime of non-quenched luminophores is measured as the complex 
formation prevents all emission from quenched luminophores. Static and dynamic 
quenching can also be differentiated by the absorption spectrum of the luminophore. 
Static quenching perturbs the luminophore spectrum when dynamic quenching has 
no effect on it (Figure 7). It is also possible for a single quencher to affect the 
luminophore by both quenching mechanisms. In such a case, the dynamic quenching 
can still be monitored and differentiated by lifetime measurements.17,23 

 
Figure 7.   Static quenching complex formation affects the spectrum of the quenched luminophore. 

The spectrum of luminophore is affected by the complex formation with the quencher 
during static quenching. The spectrum of the complex becomes perturbed as the 
monitored maximum intensity peaks decrease and shift. Such disturbance is not present 
in spectrum during dynamic quenching and can be utilized to distinguish between 
dynamic and static quenching. 

Most quenchers release the energy that they have received from the luminophore as 
light and thus are luminescent. Some quenchers are non-fluorescent and release the 
excitation energy through other means such as heat. These dark quenchers can be 
utilized in assays where the fluorescence of conventional quenchers interferes with 
the emission of other molecules. Dabcyl is an example of a dark quencher with an 
absorption maximum at 454 nm without measurable emission. As a quencher Dabcyl 
has high efficiency but requires close contact (Table 1).111 Black hole quenchers, 
which are capable of quenching across the whole visible spectrum, are especially 
common in assays. The black hole quencher BHQ-1 has similar functionality with 
Dabcyl but requires even closer contact with the quenched luminophore. Both these 
quenchers utilize a static quenching mechanism.112 Quenchers that release their 
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excess energy as a photon are more common. For example, the dyes Cy5 and Alexa 
Fluor 680 absorb energy through FRET from the donor simultaneously quenching 
it. Compared to Dabcyl and BHQ-1, the Cy5 and Alexa Fluor 680  are less efficient 
quenchers but function from longer distances from the luminophore as they utilize 
FRET based quenching (Table 1).17,113–115 All the mentioned quencher examples are 
organic molecules but inorganic quenchers, such as quantum dots (Qdot), graphene, 
and carbon nanotubes also exist and are applicable.116–119 

Table 1.  The structure and specifications of four organic quenchers: Dabcyl, BHQ-1, Cy5 and 
Alexa Fluor 680.120,121  

Name MW (Da) Absorption 
maximum (nm) 

Emission 
maximum (nm) 

Quenching 
efficiency (%) 

Förster 
radii (Å) 

Dabcyl 366 454 No emission 90a 9.3a 

BHQ-1 554 534 No emission 96b 2.6b 

Cy5 792 646 670 67a 56a 

Alexa Fluor 680 643 679 702 78a 57a 

Dabcyl Black Hole Quencher 1 

 
Cy5 

 

AlexaFluor 680 

 
a The values were obtained with Eu3+-chelate as donor.  
b The values were obtained with fluorescein as donor. 
* The R of the molecular structure refers to different structures depending on the quencher. The 
structure is employed for reactions e.g. conjugation. 

Photoluminescence quenching via energy transfer: Another dynamic quenching 
mechanism called FRET depends on the proximity of the donor luminophore and 
acceptor quencher, their spectral overlap, and dipole orientation.17 Typically, most 
quenching methods are dependent on the close distance (generally 10 Å) between 
the luminophore and quencher. This molecular contact may be in the form of either 
complex formation, as in static quenching, or diffusive encounter, as in dynamic 
quenching. The quenching efficiency is thus affected by factors influencing the 
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molecular contact probability, such as steric shielding and solvent viscosity. FRET 
is a dynamic method that functions over longer distances of generally 10-100 Å 
between the luminophore donor and quencher acceptor. This effect is observed in 
the differences between the Förster radii of static quenchers Dabcyl and BHQ-1 and 
FRET acceptors Cy5 and Alexa680 (Table 1). The distance between the donor and 
acceptor (r) affects the efficiency of FRET (E) with an inverse 6th-power law, where 
R0 refers to the distance of donor-acceptor pair at 50 % efficiency (Equation 8).17,24–

26 

 𝐸𝐸 = 1
(1+𝑟𝑟 𝑅𝑅0⁄ )6

 (8) 

For FRET to occur the emission spectrum of the donor must typically overlap with 
the absorption spectrum of the acceptor and an increased overlap leads to a higher 
likelihood of FRET. FRET occurs after excitation of the donor has elevated an 
electron of the donor from HOMO to LUMO. The energy transfer leads to the return 
of this electron to the HOMO along with the elevation of an acceptor electron to 
excited state. When the excited electron of the acceptor returns to the ground state, 
the energy is released as non-radiative heat or measurable emission. Since the energy 
of the donor is transferred to the acceptor, the luminescence intensity of donor 
decreases and quenching occurs.17 

The properties of the donor and acceptor affect the emission spectra obtained 
after FRET has occurred. If FRET is prevented, e.g. with an increased distance 
between the donor and acceptor, only donor emission is monitored regardless of 
acceptor properties (Figure 8). Low emission is also monitored from both donor and 
acceptor when dark quenchers function as acceptors. In situations like this, the 
excess energy initially absorbed by donor and transferred to acceptor is released in 
non-radiative forms. FRET generally results in high acceptor emission and lowered 
emission of the donor, as most acceptors are luminescent. FRET is also suitable for 
donors with long emission life-times enabling time-resolved FRET (TR-FRET) 
measurements. Long-lived excitation properties of donor lead to energy transfer to 
the acceptor thus resulting in long-lived emission.17,24–26 
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Figure 8.  Types of FRET mechanisms. Energy transfer between the donor luminophore and 

acceptor quencher is the basis of dynamic quenching, FRET. The energy transfer 
between donor and acceptor requires close molecular contact of generally 10-100 Å. 
The acceptor of the energy transfer functions either as a non-luminescent dark quencher 
or a luminescent quencher. In the case of a dark quencher, the energy transfer is 
monitored as the emission decrease of the donor luminophore, whereas energy transfer 
to the luminescent quencher is measured as the emission increase of the acceptor. Most 
methods rely on the latter acceptor monitoring as the emission increase is often more 
distinct than the decrease of the donor emission.  

Photoluminescence quenching via water: The quenching properties of water were 
first discovered with fluorescent dyes containing aromatic amino groups. Such 
fluorescent dyes, e.g. SYPRO Orange, 1-anilinonaphthalene-8-sulfonate (1,8-ANS), 
and 2-toluidinonaphthalene-6-sulfonate (2,6-TNS), have low fluorescence yields in 
aqueous solutions, which are greatly increased when proteins were added to the 
solution (Figure 9).122 It has been shown that 42 of the recommended common 
organic labelling fluorophores are quenched by water.32 This increase in fluorescence 
was affected by the concentration of added protein and its structural changes, such 
as denaturation, which enabled the use of water quenched fluorescence probes for 
studying structural properties. In addition to extrinsic dyes, the intrinsic fluorescence 
of many proteins, such as green fluorescent protein (GFP) and proteins containing 
L-tryptophan, are quenched when they come into contact with water. Additionally, 
fluorescent labels such as Mant and BODIPY, which are used for ATP and GTP 
labeling, are sensitive to the environmental quenching in aqueous solutions.123–125 
The exact mechanisms of the quenching properties of water are still debated but have 
been attributed to the effects of solvent polarity and transfer of electrons and 
protons.31,32 
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Figure 9.  Examples of fluorescence dyes quenched by water. The principle of fluorescent dye 

quenching via water is debated to occur due to the polarity of aqueous solution or 
electron or photon transfer. The quenching occurs via interaction of water with either the 
aromatic amine group, e.g. in SYPRO Orange, 2,6-TNS and 1,8-ANS, leading to 
electron transfer or aromatic hydroxyl group, like in the case of 2-Napthol leading to 
proton transfer. Additionally to these extrinsic fluorescence dyes, the intrinsic 
fluorescence of L-Tryptophan residues is quenched in aqueous solution. 

The high polarity of water facilitates an intramolecular charge transfer, which lowers 
the energy of singlet excited state and thus alleviates the transition to triplet state for 
quenching. This transition is likely a result of an aromatic acid group turning out from 
the plane of an aromatic ring, called the twist-conformation.126 For example, the dye 
1,8-ANS has a low emission in water, which increases in aprotic organic solvents and 
alcohol. The polarity offers only a partial explanation as the organic solvents and 
alcohol should have sufficient polarity for the intramolecular charge transfer.31 

Another hypothesis for the mechanism of water quenching relies on electron or 
proton transfer from the fluorescent dye to water. In the case of electron transfer, the 
aromatic amino group of the dye is surrounded by cluster of three or four water 
molecules. Formation of the water molecule cluster is enabled by hydrogen bonding. 
The bonds are strengthened by the transition of the fluorescent dye to an excited 
state, which leads to electron transfer from the amino group to the water molecule 
cluster and quenching.31,126 The second potential mechanism, proton transfer, 
requires transfer of an aromatic hydroxyl group, like that present in 2-napthol, 
(Figure 9). The excited state of 2-napthol results in proton transfer from the hydroxyl 
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group to a water molecule, which results in quenching of the 2-napthol 
emission.17,31,127 

2.3 Application of photoluminescence quenchers in 
homogenous assay formats for protein 
investigation 

Photoluminescence based methods are common in drug discovery processes, as their 
detection principles are simple, reliable, sensitive and applicable to HTS format. In 
many of these methods, quenching has an important role for improving detectability 
and minimizing false positives. Additionally, some methods monitor the emission of 
the quencher instead of the emission decrease of the quenched luminophore. The 
methods discussed in this section are of importance in the context of the methods 
developed during the studies presented in this thesis. The methods utilize FRET and 
the quenching effects of water for investigating proteins and their interactions and 
digestion in a homogenous microtiter well-plate format. Luminescence emission 
monitoring with standard plate readers is adequate for typical measurements, but 
increased performance may be obtained with more specific instrumentation. 

2.3.1 Assays utilizing FRET 
Assays utilizing the dynamic quenching mechanism of FRET between the 
luminophore donor and the quencher acceptor are one of the most popular and well-
established methods in drug discovery nowadays. Methods monitoring the emission 
of the quencher acceptor are more popular than those monitoring donor luminophore 
emission. Depending on the type of donor and acceptor labels, FRET methods are 
performed with either steady-state or time-resolved measurements. Time-resolved 
FRET methods are significantly more popular due to their higher sensitivity and 
robustness. There are many commercial FRET methods available for variety of 
purposes, some of which are discussed in this chapter. 

Steady-state FRET assays usually monitor the signal of extrinsic labels that are 
conjugated to the biomolecule analyte. In most cases the monitored signal is obtained 
from the luminescence emitted by quenchers acting as acceptors. Z’-LYTE monitors 
the extrinsic fluorescence of the acceptor and donor at different wavelengths thus 
providing the ratio between phosphorylated and non-phosphorylated molecules.128–

130 Exceptions to the extrinsic acceptor monitoring, such as monitoring the decrease 
of intrinsic emission of protein acting as donor, have also been employed. For 
example, donor protein tryptophan residues have been utilized for studying the 
conformation distribution of the prion protein repeat system with acceptor dansyl 
group attachments.131  
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The commercial Z’-LYTE assay was developed for monitoring kinase activity 
for screening and profiling purposes. The Z’-LYTE assay is initiated by a kinase 
reaction, which results in the phosphorylation of a tyrosine or serine/threonine 
residue of the labelled substrate peptide. The secondary reaction occurs in the 
development solution containing a site-specific protease. This cleaves all the non-
phosphorylated substrate peptides, while the phosphorylated substrate remains  
uncleaved as the phosphate group obscures the cleavage site. The intact substrate 
peptides retain their ability for energy transfer between their donor (coumarin) and 
acceptor (fluorescein) labels, and thus the fluorescence emission of acceptor is 
monitored at 535 nm. The FRET is prevented as cleavage separates the labels of non-
phosphorylated substrate peptide thus resulting in donor emission at 460 nm (Figure 
10). The Z’LYTE assay monitors the kinase activity as ratio of the emissions 
monitored at 460 nm/ 353 nm thus enabling kinase inhibitor and activator screening 
along with kinase profiling.128–130 Z’LYTE has µM level sensitivity with broad 
coverage of kinases and quantitative capabilities. Unfortunately, since it is based on 
a protease caspase, the screened molecules must not influence the activity of the 
studied caspase. Z’-LYTE also requires hours of incubation and involves a two-step 
protocol, which complicates its suitability for automation.128,130 

 
Figure 10. Principles of the steady-state FRET method, Z’-LYTE. The Z’-LYTE method provides the 

ratio of acceptor and donor emissions as a measure of  the phosphorylation activity of a 
kinase. Phosphorylation of the substrate peptide linking the donor and acceptor labels 
prevents the peptide cleavage during the development reaction thus keeping the donor 
and acceptor in close proximity and resulting in FRET. The FRET increases the acceptor 
emission at 535 nm. In the case of an inactive kinase, no phosphate group obscures the 
cleavage site during development reaction and the substrate linker peptide is cleaved by 
a site-specific protease. This cleavage prevents FRET and results in a high donor emission 
at 460 nm. The activity of the kinase is then monitored as the ratio of 460nm/ 535nm. 
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Time-resolved monitoring is significantly more popular compared to steady state 
FRET assays. TR-FRET assays employ lanthanide chelates or cryptates as donors to 
yield acceptor emission with increased lifetime. The longer lifetime enables time-
resolved monitoring, which leads to a decrease in the background luminescence, 
removing false-positives and improving the signal-to-noise ratio and sensitivity. The 
increased sensitivity enables superior miniaturization, with the requirement of less 
assay components improving cost effectiveness. TR-FRET assays mainly focus on 
monitoring the acceptor luminescence, like the commercial methods LANCE, 
HTRF, LanthaScreen and IMAP, but a few methods also measure donor 
luminescence, such as Trupoint.132–138 

The traditional LANCE and HTRF assays require two separate antibodies 
labelled with a donor and acceptor, which bind to separate sites of the analyte. The 
binding brings the antibodies to close proximity thus enabling energy transfer 
between the donor and acceptor labels and resulting in measurable acceptor emission 
(Figure 11A). These TR-FRET assays are suitable for a variety of analytes, such 
PLIs, PPIs, antibody interactions, and enzyme substrates for activity studies of, e.g. 
kinases and proteases. The main difference between LANCE and HTRF is the donor 
label. The HTRF assay uses lanthanide cryptates instead of the lanthanide chelates 
used in LANCE. Compared to chelates, the cryptate structure increases the tolerance 
of the assay to chemical conditions, such as divalent cations (Mn2+) and chelating 
agents, e.g. ethylenediaminetetraacetic acid (EDTA), which increase the dissociation 
of lanthanide chelates. Thus lanthanide cryptate emission persists longer compared 
to lanthanide chelates, and the HTRF assays are suitable for wider range of buffer 
compositions with increased sensitivity and robustness.29,139 LANCE assay 
mechanism features an acceptor labelled peptide with another site for 
phosphorylation. When phosphorylation occurs, the donor labelled antibody is 
bound to the acceptor labelled peptide and energy transfer occurs. Thus, by 
monitoring the acceptor signal, the phosphorylation rate of the peptide can be 
monitored (Figure 11B).137,138 The IMAP assay is designed for detecting kinase, 
phosphatase and phosphodiesterase activity. In the assay, the IMAP binding reagent 
brings the phosphate-linker, sensitizer-Tb3+ donor complex together with acceptor 
labelled phosphorylated peptide. When no phosphorylation occurs the binding 
reagent is unable to interact with the acceptor labelled peptide, and thus no acceptor 
signal is detected (Figure 11C).135,136 
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Figure 11.  The principles of LANCE, HTRF, LanthaScreen, and IMAP are based on TR-FRET, i.e. 

the combination of TRL and FRET. A) The analyte, such as protein-protein interaction, 
is detected through two distinct antibodies labelled with a FRET donor or acceptor. 
Depending on the platform, these labels are different even if the principle remains the 
same. B) The LanthaScreen and some LANCE assays function by monitoring the TR-
FRET between donor labelled antibody and acceptor labelled peptide. Increased TR-
FRET is detected when the peptide is phosphorylated. C) The IMAP system monitors 
the phosphorylation of the acceptor labelled peptide by measuring the TR-FRET signal. 
The IMAP binding reagent brings the phosphate-linker-sensitizer-donor complex close 
to the acceptor-peptide when the peptide is phosphorylated. 

These TR-FRET methods have a nanomolar level detection limit for interacting 
targets. They are selective and robust with low false positive and negative counts. 
Lance, HTRF, LanthaScreen and IMAP can study a multitude of targets, such as 
enzymes and protein interactions, and they are suitable for immunoassays and cell 
lysate samples. The main difficulties encountered by Lance, HTRF, and 
LanthaScreen arise from the requirement of specificity for the often used antibodies 
towards the chosen analyte. Additionally, assays featuring two antibodies also suffer 
from the hook effect. The latter occurs when a high concentration of analyte 
decreases the effectiveness of immune complex formation. This is due to the two 
antibodies not binding with the same analyte simultaneously. This mostly leads to 
false negatives or lower readings with single-step sandwich immunoassays.132–

138,140,141 In contrast to acceptor monitoring TR-FRET assays, the Trupoint assay 
monitors the decrease of donor luminescence function by the caspase activity, which 
cleaves the labelled substrate peptide and prevents the energy transfer between the 
donor and acceptor. The caspase activity thus results in increased donor emission 
and enables caspase ligand screening. Trupoint is also suitable for studying helicase 
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studies via sensory DNA. Unfortunately Trupoint requires higher µM level substrate 
concentrations, when compared to acceptor based TR-FRET assays 133,142 

TR-FRET assays have also been developed for studying receptor-ligand binding 
interactions in living cells, such as Tag-lite and quencher mediated resonance energy 
transfer (QRET) (Figure 12). Tag-lite is based on cloning the G protein-coupled receptor 
(GPCR) into a plasmid with a selection marker and transfecting the plasmid into a cell 
line. This selection marker expressed on the surface of the cell is then labelled with TR-
FRET donor cryptate before addition of acceptor labelled ligand molecule. This ligand-
acceptor binds to the GPCR, which brings it close to the donor. This initiates energy 
transfer, which allows the monitoring of acceptor signal. When the studied GPCR 
binding ligand is added it replaces the ligand-acceptor. This prevents the energy transfer 
and the acceptor signal decreases (Figure 12).30,143,144 The assay has also been modified 
for screening ligands for ligand-gated ion channel ligands.145 Tag-lite is suitable for 
kinetic studies for both rate of association and dissociation. As a TR-FRET based 
method, Tag-lite is sensitive and requires only small concentrations of labelled ligands. 
The drawbacks of Tag-lite include the required cloning and transfection, as well as 
modifications to the labels for each individual GPCR. 30,143,144 

 
Figure 12. Tag-lite and QRET are designed to monitor ligand binding to GPCRs in living cells. A) 

The Tag-lite method initially clones selection marker containing GPCR protein into 
plasmid and transfects the plasmid to living cell line. The GPCR is the expressed on the 
cell membrane and labelled with FRET donor cryptate. In the presence of ligand the TR-
FRET acceptor is unable to interact with the GPCR thus no acceptor emission is 
detected. When no ligand obscures the GPCR binding site for the acceptor it comes to 
proximity with the donor and TR-FRET occurs and increased acceptor emission can be 
monitored. B) The QRET method utilizes soluble quencher as TR-FRET acceptor. In 
the presence of GPCR ligand low donor emission is monitored it is quenched by the 
soluble quencher acting as TR-FRET acceptor. When no ligand is bound to GPCR the 
ligand labelled donor interacts with the membrane protein and is protected from the 
quenching effect of the TR-FRET acceptor. 
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QRET is a single label TR-FRET method that was developed for monitoring ligand 
binding to a GPCR called β2-adrenoreceptor (β2AR) in living cells. In the presence 
of the β2AR ligand, TR-FRET occurs between the pindolol bound Eu3+-chelate 
donor and soluble quencher acceptor, resulting in a decrease of Eu3+-chelate 
emission. When no ligand is present, the pindolol–Eu3+-chelate interacts with the 
β2AR, which separates it from the soluble quencher thus resulting in increased donor 
emission. The main advantage of QRET is the single-label format enabled by the 
soluble quencher, which reduces costs and increases efficiency of ligand screening 
as fewer compromises in assay design are required. Additionally to living-cell 
studies, QRET is suitable for immunoassays and studying post translational 
modification via peptide break assay.146,147 

2.3.2 Assays utilizing quenching by water 
The quenching effect of water is convenient and simplifies photoluminescence 
assays as no additional quencher is required. The quenching effect can affect both 
the intrinsic fluorescence obtained from the investigated proteins themselves and 
extrinsic luminescence from the added luminescent dyes. The intrinsic fluorescence-
based methods often utilize the fluorescence of tryptophan residues or the green 
fluorescent protein and its derivatives for detection. The extrinsic methods rely 
mainly on the addition of fluorescent dyes to the assay solution, such as SYPRO 
Orange and 1,8-ANS. The work presented in this thesis mainly focuses on extrinsic 
methods based on the conventional differential scanning fluorometry (DSF), which 
are often performed with either RT-PCR or a standard plate reader. DSF is mainly 
utilized for observing the thermal profiles of proteins and optimizing protein storage 
condition along with PLI screening.148–150 

The main principle of the use of DSF with extrinsic dyes relies on the disruption 
of the structure of the investigated target protein. The disruption reveals the 
hydrophobic regions of the target protein for fluorescence dye binding. The 
hydrophobic environment shields the dye from water thus decreasing the quenching 
effect and resulting in an increased emission. The structure of the target protein can 
be affected by variety of conditions, such as protein denaturation, aggregation and 
digestion or freeze-induced perturbations. In the case of heat denaturation, the 
emission increases as the hydrophobic regions are unveiled at increasing 
temperatures thus enabling fluorescent dye binding (Figure 13).32,151–153 Further 
heating to higher temperatures results in an emission decrease due to breakage of the 
hydrophobic regions. The monitored emissions can be plotted as a thermal profile 
curve, and the denaturation temperature (Tm) can be calculated from a sigmoidal 
fitting curve. The most popular use of DSF relates to the thermal shift assays (TSA) 
where an additional molecule, e.g. ligand or other protein, interacts with the target 
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protein and affects its thermal stability. In most cases, the molecule stabilizes the 
target protein thus resulting in a higher Tm as more energy is required for the 
denaturation of the interaction complex. TSAs are popular methods for screening 
potential ligand molecules and proteins binding to target proteins.32,151–153 The 
information obtained from DSF can be further used for a range of purposes, such as 
optimizing protein storage conditions, protein quantitation and aggregation. 

 
Figure 13.  The basic principle of the DSF method developed for monitoring the thermal stability of 

a target protein. The emission of the unbound fluorescent dye, e.g. SYPRO Orange, is 
quenched by the water in the assay solution in presence of the native target protein. 
During the assay, the sample is heated leading to the denaturation of target protein. The 
denaturation reveals the hydrophobic inner regions of the target protein thus enabling 
fluorescent dye binding. This binding protects the fluorescent dye from the quenching 
effect of water and thus the fluorescence emission of the dye increases. 

The thermal stability information obtained by DSF is suitable for optimizing protein 
storage conditions, especially in terms of solubility and stability. DSF screening of 
buffer conditions related to pH, component concentrations, and additives has 
alleviated problems with protein stability and aggregation and increased the success 
of crystallisation.154–156 Protein quantitation methods based on DSF determine the 
concentration of a target protein sample by comparing it to the standard curve 
typically assayed with BSA. The comparison utilizes samples heated at high 
temperatures to obtain emission from such commercial fluorescent dyes as 
AccuOrange and NanoOrange.157 At high temperatures, the dye interacts with the 
unfolded target and standard proteins, and is protected from the quenching effect of 
water. The emission of the dye reports the concentration of the target protein in 
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relation to the standard curve thus enabling DSF based quantitation. DSF is also 
utilized for studying the aggregation and fibril formation of proteins.158–160 The Tm 
obtained from the temperature profiles produced with conventional water quenched 
fluorescent dyes provides information on the aggregation likelihood of the sample 
when combined with size based assays.161 Dyes quenched by the rotation of a dye 
molecule such as Thioflavin T and ProteoSTAT are utilized in DSF for protein 
aggregation studies, even in non-thermal induced aggregation. The rotation of the 
dye molecule in aqueous solution prevents emission but aggregate formation 
immobilizes the rotation thus increasing emission. Thioflavin T is mainly used for 
detection of amyloid fibrils, whereas ProteoSTAT is suitable to variety of proteins.161 

The main strengths of extrinsic dyes in DFS are robustness and simplicity. DSF 
is suitable for variety of protein studies without requiring labelling or production of 
recombinant proteins. DFS is economical and accessible, requiring only RT-qPCR 
machinery suitable also for HTS.33,34 There are also limitations to extrinsic DSF, like 
its µM range sensitivity. Also, the chosen target protein must contain hydrophobic 
regions for fluorescence dye interaction during denaturation. Targets with 
hydrophobic regions available at room temperature lead to high initial emission and 
background, which can partially or completely mask the denaturation induced 
emission increase. Additionally, the target protein structure may affect the clarity of 
the obtained thermal profile. For example, some domains may have distinct thermal 
stability properties, and structural rearrangements during denaturation may perturb 
the thermal curve. Measurements of protein mixtures are also impossible since the 
observed denaturation curves cannot be related to their respective proteins.33 The 
choice of assay buffer is also limited as none of the components of the buffer can 
interact with the target protein or fluorescent dye. This includes detergents such as 
EDTA, which may interact with the fluorescent dyes and result in an emission 
increase at significantly lower temperatures.33,162 

In addition to extrinsic DSF methods, an intrinsic type of DSF named NanoDSF 
has been developed based on the fluorescence of tryptophan residues. The NanoDSF 
method is mainly performed with a specific instrument, such as the Prometheus 
NT.48 (designed by NanoTemper), and seldom with standard plate readers.163 
Another intrinsic DSF method called GFP-Basta is a heterogeneous assay based on 
a GFP tag fused to the target protein and reports its denaturation and subsequent 
aggregation after denatured, and folded complexes have been separated by 
centrifugation.148  

Additional protein quantitation method, named FluoroProfile, features 
eppicocconone, a compound with a low fluorescence emission in water. The 
FluoroProfile method monitors the increase of eppicocconone emission when the 
compound comes into contact with target protein. In contrast to DSF, thermal 
denaturation has no effect on the eppicocconone emission and heating is not required 
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for detection.164,165 In addition to protein quantification, the eppicocconone 
compound has also been utilized for real-time monitoring of protein digestion by 
trypsin. As the substrate protein was digested by the protease, the emission of 
eppicocconone decreased as it was no longer in contact with substrate protein. The 
method is compatible with natural substrate proteins and enables the removal of tags 
from recombinant proteins.166 

2.4 Summary 
Drug discovery is initiated with hit compound screening against the selected target 
biomolecule important for the disease function. The results of this primary screening 
have to be verified by secondary methods to ensure the effectiveness and safety of 
the chosen candidate drugs. The orthogonal secondary screening methods also 
investigate the absorption, distribution, metabolism and excretion of the compounds, 
and are important for optimizing the compound specificity, selectivity and stability. 
Thus a successful drug discovery process requires a multitude of methods with a 
variety of usages to avoid dead-ends resulting in an unsuitable compound in the later 
phases. The requirements for drug discovery suitable assays include cost- and time-
effectiveness with high reliability and robustness. Cost-effectiveness relies mainly 
on the sensitivity of the assay, as the biomolecules, such as enzymes and interacting 
proteins, are often the most expensive assay components along with the reporter 
molecules. Both cost- and time-effectiveness depend on the simplicity of the assay 
as less steps and components lead to less material consumption and a more rapid 
assay format. Automation and miniaturization also decrease costs and time 
requirements and have higher potential with simpler assay formats. The optimal 
assay is balanced between efficiency and reliability. Most often the cheapest assay 
may result in unreliable results, such as false positives and negatives thus requiring 
intensified secondary screening. High robustness of the assays enables minor 
changes to optimize productivity and efficiency without sacrificing assay reliability. 
Photoluminescence based methods often achieve desirable assay properties and have 
become one of the most useful tools for drug discovery, especially due to their 
homogenous format. Photoluminescence quenching is often useful for improving the 
signal-to-noise ratio of the assays and was used in the work presented in this thesis 
for developing new protein interaction and digestion assays. These novel assays were 
developed with the aim to function as secondary screening methods but also have 
potential to be used for primary screening.  

FRET methods are one of the most popular photoluminescence assays used in 
both cellular and biochemical assays for drug discovery. FRET based methods 
monitor the dynamic quenching mechanism FRET between the luminophore donor, 
and the quencher acceptor. FRET methods study the interactions of the donor and 
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acceptor label conjugated biomolecules by monitoring the increased rate of FRET 
when the labels come in close contact (10-100 Å). Their proximity initiates energy 
transfer from the excited donor to acceptor, which then emits the excess energy, 
mostly as luminescence. This property can be utilized for numerous purposes, such 
as investigating protein interactions with ligands or other proteins, e.g. with TruPoint 
or enzyme activity, like the phosphorylation by kinases with Z’-LYTE. Depending 
on the properties of the donor and acceptor, FRET is suitable for steady-state and 
time-resolved measurements. Methods utilizing time resolved monitoring, TR-
FRET, are especially popular due to their increased sensitivity and diminished false 
negatives and positives, when compared to steady-state FRET. For TR-FRET 
purposes, the commercial methods LANCE and LanthaScreen utilize lanthanide 
chelates as donor, whereas in case of HTRF more stable lanthanide cryptates are 
preferred.   

The FRET and TR-FRET methods are highly sensitive at the pM range and 
homogenous with simple mix and measure type protocols. With a slightly more 
complicated assay design, TR-FRET is also suitable for screening membrane protein 
ligands in viable cells. Unfortunately, FRET based methods require dual labelling of 
both donor and acceptor and often utilize antibodies, which require target specific 
design. In high donor concentration, the emission of especially non-quenched donor 
molecules may interfere in the acceptor channel and lead to false positives. The 
multiplexing possibilities of FRET and TR-FRET are generally quite low as the 
methods are designed for studying specific interactions (Table 2). 

The properties of luminescence quenching by water have been utilized for 
developing DSF methods. DSF is based on monitoring the increased emission of 
external fluorescent dye when the dye interacts with the hydrophobic regions of a 
target protein unveiled by thermal denaturation. This property enables the 
monitoring of protein thermal profiles and stability with DSF, in addition to protein 
aggregation and quantitation and storage optimization. Since ligand binding has an 
effect on the thermal stability of proteins, DSF can be utilized for ligand screening 
by monitoring the Tm of the target protein. The main advantage of DSF methods is 
the simplicity of the label-free format, since they rely on external dyes quenched by 
the water in the assay solution. The DSF method requires no specific labels or dyes 
for every target protein, which increases the assay versatility significantly but also 
complicates to study protein mixtures. DSF methods are suitable for studying low 
affinity interactions as a high ligand concentration has little effect on the quenching 
of fluorescent dye in aqueous solution. Alas, the simplicity leads to lower µM range 
sensitivity when compared to FRET based assays. Additionally, the DSF methods 
are unsuitable for investigation of membrane proteins and their ligands (Table 2). 
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Table 2.  Comparison between commercial methods and the methods developed during this 
doctoral thesis. 

  Energy 
transfer  

Quenching  
via water  Methods developed during thesis  

Method  FRET or  
TR-FRET  DSF  QRET and  

QTR-FRET  DSF  

Name  
Trupoint, 
HTRF, 

LANCE  

NanoOrange, 
NanoDSF  

QTR-FRET  
(Pub. I & II)  

The Protein-Probe  
(III & IV)  

Luminophore  
monitored  

Donor or 
acceptor  Fluorescent dye  Donor and 

acceptor  External Eu3+-probe  

Sensitivity  pM  µM  nM  nM  

Labels  Dual label  Label-free  Dual label  Label-free  

Steps  Single  Single  Single  Double  

Multiplexing  Yes  No  Yes  No  

Quantitative  Yes  Yes  Yes  Yes  

Targets  Specific  Non-specific  Specific  Non-specific  

Membrane proteins  Yes  No  No*  No  

* Utilizes QRET, which has capability for GPCR membrane PLI monitoring.  
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3 Aims 

The aim of this doctoral project was to develop two methods based on 
photoluminescence quenching. Both methods, QTR-FRET and the Protein-Probe, 
were developed with the view for suitability in drug discovery purposes, especially 
during secondary screening. The methods were thus developed to be performed in a 
homogenous multi-well plate format with simple design and high robustness. These 
methods are the basis of four scientific publications with two articles written about 
each. Both the QTR-FRET and the Protein-Probe were developed to be suitable for 
drug discovery purposes especially during secondary screening. Thus, the methods 
were developed to be performed in a homogenous multi-well plate format with 
simple design and high robustness. 
 
Specific aims of each publication: 

I The development of the QTR-FRET as combination of TR-FRET and QRET 
to enable low affinity PLI studies requiring high donor concentrations. 

II To enable single well detection for PLI and subsequent PPI with the QTR-
FRET method. 

III Development of a label-free Protein-Probe method for PLI screening with 
increased sensitivity compared to conventional DSF SYPRO Orange. 

IV To enable the Protein-Probe method for monitoring protease activity via 
variety of unmodified substrate proteins. 
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4 Materials and Methods 

In this chapter a summary of materials and methods used in is doctoral project are 
presented. Detailed descriptions can be found from original publications I–IV and 
their supplementary information. 

4.1 Luminescent probes and quenchers 
Fluorescent dye label conjugations: In the publications the luminescent probes with 
fluorescent dye labels: Cy5-SA (I), Alexa680-SA (I and II), and Alexa680-RAF-
RBD (II), were prepared by conjugation. The SA conjugations were performed by 
labelling SA with two-fold molar excess of Cy5 N-hydroxysuccinimide ester in 50 
µL (I) or with Alexa680 N-hydroxysuccinimide ester in 100 µL (II). The Ras 
binding domain of the c-Raf kinase protein (RAF-RBD) was labelled with two-fold 
molar excess of Alexa680 N-hydroxysuccinimide ester in 175 µL (II). The reactions 
were performed in 50 mM carbonate buffer (pH 8.3) and purified with NAP-5 
columns in 50 mM HEPES pH 7, and the degree of labeling was monitored by UV 
absorbance. 

Luminescent Eu3+-chelate complex conjugations: The Eu3+-chelate based 
probes, Eu3+-biotin (I), GTP-Eu3+ (I), γ-GTP-Eu3+ (II), and Eu3+-probe (II and IV) 
were conjugated by isothiocyanate (ITC) chemistry. In publication I, three Eu3+-
biotin complexes containing 7-, 9-, and 11-dentate Eu3+-chelates and two 2’/3’-GTP-
Eu3+ complexes containing 7- and 9-dentate Eu3+-chelates were prepared. The γ-
GTP-Eu3+ in publication II was synthesized from GDP to GTP-ethanolamine, which 
was then conjugated with excess of ITC-activated Eu3+-chelate. The Eu3+-probe in 
publications III and IV was prepared by conjugating ITC-activated Eu3+-chelate to 
the N-terminus of peptide sequence (NH2-EYEEEEEVEEEVEEE). The 
conjugations in all publications were performed by dissolving 1 mg Eu3+-chelate in 
water (100 µl) and mixing with the target, such as biotin, GTP, or peptide (0.5 mg), 
in 100 µl label buffer containing pyridine/H2O/triethylamine in a 9:1.5:0.1 ratio. 
After 18 h incubation at room temperature the product was purified with reverse-
phase liquid chromatography. The product concentration was determined by 
comparing the luminescence signal of the dissociated Eu3+-ion of the conjugation 
complex to commercially available Eu3+-standard in development solution. 
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Soluble luminescence quenchers: Several different quenchers were used in the 
publications, such as MT2 (I), MG (I and II) and 1,1,3,3,3′,3′-
hexamethylindodicarbocyanine iodide (III and IV). In publication I, MT2 acted as 
quencher for Eu3+-biotin conjugates, in addition to MG which quenched Eu3+-biotin 
and GTP-Eu3+ conjugates. In publication II, MG quenched both GTP-Eu3+ and γ-
GTP-Eu3+. In publication III and IV, 1,1,3,3,3′,3′-hexamethylindodicarbocyanine 
iodide quenched the emission of the Eu3+-probe. 

4.2 Instruments and measurement settings 
The luminescence emissions (TRL, QRET, TR-FRET, QTR-FRET and 
fluorescence) were measured with a Victor 1420 multilabel counter (I), plate reader 
from Labrox Ltd (II), and a Tecan Life Sciences Spark 20M plate reader (I–IV). The 
TRL and QRET emissions of Eu3+-chelates were measured at 615 nm (I–III) or 620 
nm (IV) with excitation at 340 nm using a delay time of 400 (I and III), 600 (II) and 
800 µs (IV), and an integration time of 400 µs. For the TR-FRET and QTR-FRET 
measurements of Cy5 (I), 340 nm excitation with 665 nm emission wavelengths and 
75 µs delay and integration times were used. The TR-FRET emission of Alexa680 
(I and II) was monitored with 340 nm excitation and 730 nm emission wavelengths, 
with 75 µs delay and 400 µs integration times. In publication III, SYPRO Orange 
fluorescence was measured with 485 nm excitation and 590 nm emission 
wavelengths. 

Several different instruments were used throughout the publications for 
purifications, thermal controlling, lifetime monitoring and quantification. The Eu3+-
chelate complex purifications were performed by reverse-phase liquid 
chromatography with a Dionex Ultimate 3000 LC –system and Ascentis RP-amide 
C18 column. The thermal denaturation (III and IV) was performed with a PTC-100 
Programmable Thermal Controller. The concentration of proteins and their labeling 
degrees were monitored with a Nanodrop 2000C spectrophotometer at A280 and A680 
(II). 

4.3 Assay buffers 
The composition of the buffers, HEPES and PBS, were varied on the basis of the 
requirements of the enzymes present in the assays. The main buffers for each 
publication are listed in the Table 3. 
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Table 3.  Buffer compositions in publications I–IV. 

Pub Sample buffer Usage 

I 1. 50 mM HEPES pH 7, 0.05 % Triton (w/v), 
150 mM NaCl, 0.05 % BSA Eu3+-biotin–SA-Cy5 

I 2. 25 mM HEPES pH 7, 0.01 % Triton (w/v), 
1 mM MgCl2, 10 mM NaCl, 0.005 % γ-globulin AVI-KRAS–SA-Alexa680 

II 3. 20 mM HEPES pH 7.5, 0.01 % Triton (w/v), 
1 mM MgCl2, 10 mM NaCl, 0.005 % γ-globulin 

Eu3+-GTP–KRAS–RBD-
Alexa680 

II 4. 20 mM HEPES (pH 7.5), 0.01% Triton (w/v), 
1 mM MgCl2, 0.4 mM MnCl2, and 0.005% γ-globulins KRAS glycosylation by TpeL 

II 5. 20 mM HEPES pH 7.5, 0.01 % Triton (w/v), 
5 mM NaCl, 5 mM EDTA G(i)α MgCl2 unloading buffer 

II 6. 20 mM HEPES (pH 7.5), 0.01% Triton (w/v), 
20 mM MgCl2, 5 mM MnCl2, and 0.005% γ-globulins 

γ-GTP-Eu3+-G(i)α–biotin-
NAD+–SA-Alexa680 

III 7. 0.1x PBS pH 7.5, 0.001 % Triton (w/v), Protein denaturation curves, 
SA–biotin, CA–AZA 

IV 8. 10 mM HEPES pH 7.5, 0.001 % Triton (w/v) Pronase digestion activity 

IV 9. 10 mM HEPES pH 7.5, 0.001 % Triton (w/v) Papain digestion activity  
and inhibition by E-64 

IV 10. 0.1x McIlvaine pH 3*, 0.001 % Triton (w/v) Pepsin digestion activity and 
inhibition by Pepstatin A 

III 
IV 11. 0.1x McIlvaine pH 4*, 0.001 % Triton (w/v) Modulation solution buffer for 

detection 

* 1x McIlvaine buffer was prepared by combining 0.2 M Na2HPO4 and 0.1 M citric acid in ratio 1:3.9 
and 1:1.6 for pH 3 and pH 4, respectively. 

4.4 Assay proteins 
The PLI, PLI/PPI and digestion substrate proteins studied during the doctoral thesis 
were purchased or obtained as kind gifts from collaborators. Avi-tagged KRAS was 
received from Jonas Kapp (University of Zurich, Switzerland), SOScat, RAS, and 
TpeL from Dr. William Gillette (Frederick National Laboratory, USA), eIF4A1 from 
John Le Quesne and Martin Bushell (University of Glasgow, UK), p120GAP from 
Stefan Veltel (Hochschule Bremen, Germany), PTX and G(i)α proteins from Moona 
Miettinen and Arto Pulliainen (University of Turku, Finland). 
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4.5 Assay protocols 

4.5.1 QTR-FRET (I & II) 
QTR-FRET was developed as a combination of TR-FRET and QRET (I): In 
publication I the SA binding assays were performed in a final volume of 50 µL of 
buffer 1 (Table 3) in triplicates. First the three Eu3+-biotin complexes containing 7-
, 9-, or 11-dentate Eu3+-chelates were compared in QRET, TR-FRET and QTR-
FRET assays. The comparison was performed by competitive biotin titration (0.050-
200 nM) in 1 nM of Cy5-SA for TR-FRET and QTR-FRET and 1 nM of SA for 
QRET. The biotin and Cy5-SA/SA were combined before addition of Eu3+-biotin (4 
nM) and 30 min incubation in room temperature. Then the QRET, TR-FRET, and 
QTR-FRET signals were monitored according to 4.2 and thereafter the quenchers 
MT2 and MG (20 µM) were added for QRET and QTR-FRET, respectively. After 
quencher addition the plates were incubated for 10 min at room temperature and 
QRET and QTR-FRET signals were measured. 

In publication I, Cy5-SA (10 nM) was incubated with and without biotin (3 µM) 
for 5 min and titration of the chosen Eu3+-biotin (9-denate Eu3+-chelate, 4-972 nM) 
was performed. Then 20 min incubation at room temperature took place and TR-
FRET signals were monitored before addition of soluble quencher MG, (0-120 µM). 
Thereafter the plate was incubated for 10 min and the QTR-FRET signals were 
monitored at 665 nm. 

The other interaction model assay in publication I, featuring Avi-KRAS–SA-
Alexa680, was performed in a final volume of 10 µL of buffer 2 (Table 3). 20 nM 
SA-Alexa680 and Eu3+-GTP (5 nM, 20 nM, or 80 nM) were combined in the Biotin-
KRAS titration (0–1200 nM) before initiating the nucleotide exchange with 10 nM 
SOScat. After 20 min incubation, the TR-FRET signals were measured before adding 
MG in a Eu3+-GTP concentration dependent manner (10 μM, 15 μM or 20 μM). 
After 15 min incubation, the QRET signals reporting PLI and QTR-FRET signals 
reporting PPI were measured as detailed in 4.2.  

Dual parametric monitoring of PLI and PPI with QTR-FRET (II): In publication 
II, the designed ankyrin repeat proteins (DARPins) K27 and K55 were utilized for 
blocking the PLI and PPI reactions between PLI KRAS–Eu3+-GTP and KRAS–RAF-
RBD, respectively. The KRAS (200 nM) was combined with the DARPins K27 (500 
nM) and K55 (5 µM) in 7 µl of buffer 3 (Table 3) and incubated for 10 min at RT. 
Then 6 µl of detection solution (Eu3+-GTP 25 nM, MQ 24 µM and RBD-Alexa680 
25 nM) was added and QRET, TR-FRET, and QTR-FRET signals were measured. 
Afterwards, SOScat (10 nM, 2 µl) was added to induce the nucleotide exchange to 
produce KRAS–Eu3+-GTP and result in subsequent KRAS/RAF-RBD interaction. 
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The QRET, TR-FRET, and QTR-FRET signals were monitored in intervals during 
60 min incubation at room temperature. 

For publication II, the Eu3+-GTP or Eu3+-GDP (25 nM) nucleotide exchange 
reaction of KRAS (200 nM) was performed with SOScat (10 nM) in 5 µL of buffer 3 
(Table 3) containing MG (15 µM) and incubated for 15 min at room temperature. 
Thereafter TpeL toxin (0-50 nM) and UDP-GlcNAc (25 μM) were added in 4 µL of 
buffer 4 (Table 3) to initiate the glycosylation reaction. Plates were incubated for 20 
min at room temperature before adding RBD-Alexa680 (25 nM) in 6 µL of buffer 3 
(Table 3) and monitoring QRET and QTR-FRET signals. 

The ADP-ribosylation reaction in publication II was performed with G(i)α (150 
nM), Pertussis toxin (PTX) (0-600 nM), and bio-NAD+ (25 nM) in buffer 5 (Table 
3). To unload the GDP from G(i)α, γ-GTP-Eu3+ (25 or 50 nM) was added with GTP 
(0 or 10 µM) in buffer 3 (Table 3) to enable γ-GTP-Eu3+ loading. The loading was 
monitored at 615 and 730 nm with 340 nm excitation for 30 min at room temperature 
before adding SA-Alexa680 to 15 µl total volume. The QRET and QTR-FRET 
signals were monitored for 90 min before adding 2 µl MG (20 or 35 µM) and 
monitoring signals after 30 min in room temperature. 

4.5.2 The Protein-Probe (III & IV) 
All Protein-Probe assays in publication III and IV were performed in two-steps by 
combining 8 µl of buffer 7 (Table 3) containing the studied protein of interest, 
ligands, and enzymes with 65 µl of the modulation solution (buffer 11 (Table 3), 3.5 
μM 1,1,3,3,3′,3′-hexamethylindodicarbocyanine iodide, and 1 nM Eu3+-probe). 
Thereafter the plates were incubated for 5 min at room temperature and the TRL 
signals were monitored as described in 4.2. 

Monitoring thermal denaturation of proteins and the effect of PLI with the 
Protein-Probe (III): In publication III, the thermal denaturation curve of IgG1 (80 
nM and 2 µM) was assayed with the Protein-Probe and SYPRO Orange methods, 
respectively. IgG1 samples were heated in 8 µL for 3 min with 5 °C temperature 
increments from 55 to 80 °C before addition of the Protein-Probe modulation 
solution or 2 µL SYPRO Orange (x1). After 5 min incubation at RT, the TRL and 
fluorescence signals were monitored as indicated in 4.2. Next the sensitivities of the 
Protein-Probe and SYPRO Orange were compared with titration of heat denatured 
(3 min, 80 °C) IgG1 (0-5 µM). After denaturation, modulation solution or SYPRO 
Orange was added, and signals were measured as previously. In addition to IgG1 the 
denaturation curves of three proteins, CA (200 nM), SA (400 nM), and MDH (100 
nM) were monitored with the Protein-Probe in thermal intervals 2-5 °C from 25 to 
90 °C. 
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Biotin (0-20 µM) and acetazolamide (AZA, 0-90 µM) were titrated in 
publication III with SA (400 nM) and CA (200 nM), respectively. The PLI 
combinations SA–biotin and CA–AZA were heated 3 min at 70 °C or 90 °C, 
respectively. Thereafter the modulation solution was added and TRL signals were 
monitored as stated in 4.2. Thereafter the thermal shifts initiated by the PLI 
interactions, SA–biotin and CA–AZA, were investigated by monitoring their 
denaturation curves with the Protein-Probe. SA (400 nM) and CA (200 nM) were 
heated for 3 min in intervals of 2-5 °C from 55 to 90 °C with and without biotin (10 
µM) and AZA (5 µM), respectively. The denaturation was monitored with the TRL 
signals of the Protein-Probe modulation solution as previously. 

The Protein-Probe methods for monitoring protease activity via the digestion of 
unmodified substrate proteins (IV): In publication IV, papain (0–16 µM) was titrated 
with intact (100 nM) and heat denatured (3 nM) CA (3 min at 75 °C) as a digested 
substrate. The titrations were performed with the substrate and protease in buffer 9 
(Table 3) by incubating the digestion reaction for 30 min at 37 °C before adding the 
modulation solution in buffer 1 (Table 3) and measuring TRL-signals. The inhibitor 
titration followed the same protocol by combining papain (1 or 100 nM for denatured 
and native CA, respectively) and E-64 inhibitor (0-400 nM) prior addition of the 
substrate, native (100 nM) or heat denatured (3 nM) CA. The samples were incubated 
for 30 min at 37 °C before the Protein-Probe addition and TRL-signal monitoring, 
as previously described. 

During the studies presented in publication IV, nine native substrate proteins 
(eIF4A1, PTX, MDH, SOScat, BSA, CA, KRAS, Gαi, p120GAP) at 25 and 50 nM 
concentrations were digested with pronase and papain (12.5, 25, 50 and 100 nM) in 
buffers 8 and 9 (Table 3), respectively. The digestion reactions were incubated for 
10 min at 37 °C, followed by potential post-digestion denaturation performed by 3 
min heating at 60 °C (p120GAP, PTX, MDH, eIF4A1, SOScat, Gαi, and BSA) or 70 
°C (KRAS, and CA). The Protein-Probe detection was then performed with both 
native and post-digestion denatured substrates. 
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5 Results and discussion 

The work presented in this doctoral thesis was focused on the development of two 
luminescence assays, i.e. the quencher modulated Time-Resolved Förster Resonance 
Energy Transfer (QTR-FRET) and the Protein-Probe. These assays utilized soluble 
quencher addition for decreasing the luminescence of unbound reporter molecules 
to increase the change in emission monitored after reporter binding. The main 
advantages of these assays are simplicity, high sensitivity, robustness, and 
versatility. These are important assay qualities, e.g. for drug discovery, which has a 
growing need for novel assays. 

During the first phase of the thesis, the QTR-FRET assay was developed based 
on QRET and TR-FRET (I and II). QTR-FRET was introduced in publication I as 
an improvement of conventional TR-FRET with increased S/B-ratio and enhanced 
functionality for studying low affinity interactions. The full potential of QTR-FRET 
was presented in publication II with two model assays for dual parametric 
monitoring of the PLI and subsequent PPI or post translational modification (PTM) 
in a single well format. 

In the second phase of the thesis a new Protein-Probe assay was developed 
utilizing external luminescent probe and soluble quencher (III and IV). In 
publication III, the Protein-Probe was used to monitor the changes in the target 
protein thermal profile affected by PLI. In publication IV, the ability of the Protein-
Probe to observe the activity of proteases by monitoring the digestion of unmodified 
protein substrates was investigated. The Protein-Probe assay successfully monitored 
molecular inhibition of proteases, and digestion activity in vide range of substrate-
protein screens. 

The main results of publications I-IV are summarized in the following chapter. 
More detailed results and discussion can be found in the original publications. 

5.1 QTR-FRET 
The QTR-FRET assay combines the soluble quencher addition utilized in QRET and 
the time-resolved energy transfer properties of TR-FRET. QTR-FRET delivers a 
method with a reduced background signal of donor luminescence observed in the 
acceptor measurement window (I) and a simple approach for dual parametric 
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monitoring of PLI and the subsequent PPI or PMT from a single well (II). The QTR-
FRET method is readily modifiable for studying different PLI and PPI or PMT 
combinations which will be demonstrated during following chapter. 

5.1.1 Protein-ligand interaction studies (I) 
In publication I the improvements of QTR-FRET functionality over QRET and TR-
FRET were demonstrated with two model PLI interactions between SA-Cy5 and 
Eu3+-biotin, and SA-Cy5/Avi-KRAS and Eu3+-GTP.  

The SA-biotin interaction model was chosen due to its femtomolar affinity, 
which enables more reliable comparison between QRET, TR-FRET, and QTR-
FRET, as full binding is expected in all three assays (Figure 14).167,168 With QRET 
the changes of Eu3+-biotin emission are monitored. In the presence of competing 
non-labelled biotin, the Eu3+-biotin is unable to interact with SA and its TRL 
emission is quenched by the soluble quencher (Figure 14A). When no competing 
biotin is present, the Eu3+-biotin interaction with SA reduces the local concentration 
of quencher in proximity of the Eu3+-biotin. Thus, the TRL emission of Eu3+-biotin 
is greatly increased. In TR-FRET, the interaction of Eu3+-biotin donor with SA-Cy5 
acceptor leads to energy transfer between the labels and TR-FRET signal emission 
by Cy5 (Figure 14B). The competing non-labelled biotin blocks this interaction and 
the energy transfer, thus preventing TR-FRET emission. In the TR-FRET assay, the 
unbound Eu3+-biotin emits TRL signal whether or not the energy transfer occurs. In 
QTR-FRET, the TRL signal of the unbound Eu3+-biotin is diminished by soluble 
quencher, like in the case of QRET (Figure 14B). The QTR-FRET monitors the 
interaction of Eu3+-biotin and SA-Cy5 through the Cy5 emission akin to TR-FRET. 
Thus the QTR-FRET assay functions as the combination of QRET and TR-FRET to 
prevent the TRL emission of Eu3+-biotin donor from interfering in the acceptor 
channel. 
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Figure 14. The detection mechanisms of three homogenous energy transfer systems used for SA-

biotin model assays. A) In the QRET assay the binding of Eu3+-biotin to SA is detected 
as the increase of TRL-signal. In the presence of competing biotin the Eu3+-biotin no 
longer interacts with SA but with soluble quencher, which prevents TRL emission. B) 
The TR-FRET assay monitors the energy transfer between the donor Eu3+-biotin and 
acceptor Cy5-SA when they are in close proximity by monitoring the TR-FRET emission 
of the Cy5 label. Additionally the unbound Eu3+-biotin emits TRL signal, which can 
interfere with the measurements in the TR-FRET acceptor channel. C) The QTR-FRET 
also monitors the TR-FRET emission of Cy5 label upon energy transfer from the Eu3+-
biotin. The TRL emission of the unbound Eu3+-biotin is reduced by quencher acting as 
second acceptor. 

For the SA-biotin interaction model, three Eu3+-biotin complexes named bio7, 
bio9, and bio11 were prepared with different Eu3+-chelate structures: 7-, 9-, and 
11-dentate Eu3+-chelates, respectively. The Eu3+-chelates have a similar basic 
structure but have additional iminodiacetate coordinating arms.169 These Eu3+-
chelates all have an excitation peak at 320–325 nm and dual emission peaks: the 
main at 615–620 nm and secondary at 695–700 nm. Both SA-Cy5 and MG 
excitation and absorption overlap with the Eu3+-chelate emission at 655 nm and 
616 nm, respectively. The MT2 quencher utilized in QRET is unsuitable for QTR-
FRET since the MT2 emission maximum is at 665 nm where QTR-FRET emission 
of SA-Cy5 is monitored. The functionality of the three Eu3+-biotins (4 nM) were 
compared in QRET, TR-FRET and QTR-FRET as competitive biotin titrations 
(0.050-200 nM) with 1 nM SA-Cy5 or SA. The QRET and QTR-FRET utilized 
MT2 and MG (20 µM) as quenchers. The S/B ratios were calculated by dividing 
the signals measured without including competing biotin with signals measured 
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including the biotin. The bio7 was most optimal for TR-FRET with an S/B ratio of 
14 and bio9 for QRET with an S/B ratio of 8. The quencher addition to TR-FRET 
to perform QTR-FRET did not have an effect on the bio7 S/B ratio but with bio9 
it resulted in the highest increase of the S/B ratio from 12 to 18. Thus the bio9, 
which was optimal for both QRET and QTR-FRET, was selected for further 
characterization of QTR-FRET. 

The high affinity of SA-biotin interaction resulted in full binding of SA with 
the low concentration of Eu3+-biotin (4 nM) in the initial assays. Under these 
conditions great improvements of QTR-FRET over TR-FRET are not expected. 
However, full binding of ligand to protein is seldom the case in more biologically 
relevant cases. Thus, the QTR-FRET functionality was demonstrated in increasing 
concentrations of Eu3+-biotin. Excess Eu3+-biotin, bio9, (4–972 nM) was titrated 
with increasing quencher (MG) concentrations (0–120 µM) with or without 
competing 3 µM biotin in Cy5-SA binding assay (Figure 15A). The assay was 
monitored with TR-FRET and QTR-FRET. In the TR-FRET assay, the Eu3+-biotin 
concentrations of 36 nM and below gave nearly identical S/B ratios (12–13). The 
ratio decreased significantly as Eu3+-biotin concentration increased due to the Eu3+-
chelate derived background signal at the 665 nm measurement channel.   The effect 
was reduced by the quencher in the QTR-FRET measurements at all Eu3+-biotin 
concentrations and provided increased S/B ratios. The optimal S/B ratio was 
detected with approximately 60 µM MG, except when using lowest Eu3+-biotin 
concentration (4 nM). Higher MG concentrations reduced also the specific signal 
obtained from samples thus lowering the S/B ratio. The highest S/B ratio increase 
of 7-fold compared to TR-FRET S/B ratios was detected with 330 nM Eu3+-biotin 
and 60 µM MG. The optimal quencher concentration decreased the Eu3+-biotin 
signal near the background level without decreasing the specific signal. The 
quenching of unbound Eu3+-biotin was intensified compared to the quenching of 
unbound Eu3+-biotin, which had linear signal repression in increasing MG 
concentrations (Figure 15B).  
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Figure 15. QTR-FRET provided an increased S/B ratio compared to TR-FRET. The Cy5-SA (10 

nM) Eu3+-biotin (4-972 nM) interaction model monitored the S/B ratio improvement 
during MG (0-120 µM) titration with and without competing biotin (3 µM). A) Compared 
to the TR-FRET monitoring at 0 µM MG the QTR-FRET with soluble quencher delivers 
improved S/B ratio in all Eu3+-biotin concentrations. TR-FRET S/B ratio is improved by 
additional Eu3+-biotin until a concentration of 36 nM, thereafter no S/B ratio increase 
was achieved. B) Increasing MG concentration lead to a decrease in the signal level 
when assayed with 36 nM Eu3+-biotin. With the added competing biotin (black, dashed) 
the decrease was enhanced compared to the linear decrease without it (black, solid). 
S/B ratio (red) increases until the sample containing competing biotin reaches 
background signal level. Data represent mean ± SD (n = 3).  

To demonstrate further applicability of QTR-FRET, a second model assay featuring 
Eu3+-GTP–Avi-KRAS and SA-Alexa680 interaction was designed. In the designed 
assay, the SOScat (10 nM) catalyzed the nucleotide exchange reaction of Avi-KRAS 
(0-1200 nM) with Eu3+-GTP (5 nM, 20 nM, and 80 nM). This nucleotide exchange 
was monitored with QRET as the Eu3+-GTP–Avi-KRAS interaction protects the Eu3+-
GTP from the soluble quencher, thus resulting in increase of TRL-signal. The 
following interaction of biotinylated Avi-KRAS with SA-Alexa680 (20 nM) enabled 
the energy transfer from the Eu3+-GTP donor to SA-Alexa680, thus facilitating TR-
FRET and QTR-FRET monitoring. The TR-FRET signals were monitored before 
addition of the quencher MG and monitoring QRET and QTR-FRET signals. The 
QTR-FRET improved the S/B ratio 3-fold compared to TR-FRET at highest Eu3+-GTP 
concentration (Figure 16A). This improvement was likely due to the increasing 
concentrations of non-bound Eu3+-GTP–Avi-KRAS complexes in the solution since 
the 20 nM SA-Alexa680 is inadequate for full binding. In this situation, the 
concentration of free Eu3+-GTP–Avi-KRAS increases the non-specific TR-FRET 
signal, whereas the specific signal stays constant. Thus, decreasing the Eu3+-GTP–Avi-
KRAS emission by quencher leads to higher S/B ratio of QTR-FRET compared to TR-
FRET (Figure 16A). In addition to an S/B ratio increase, the QTR-FRET enabled 
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monitoring the Eu3+-GTP interaction with Avi-KRAS through QRET as presented in 
the Figure 16B. This highlights the possibility of measuring two wavelengths in 
coupled assays of multiple analytes for monitoring separate binding events. 

 
Figure 16. The QTR-FRET method improved the S/B ratio and enabled monitoring of dual 

interactions. Avi-KRAS titrations monitored with TR-FRET, QTR-FRET, and QRET were 
performed with 5 nM (black), 20 nM (red), and 80 nM (blue) Eu3+-GTP in presence of 
SOScat (10 nM) and SA-Alexa680 (20 nM). A) TR-FRET (solid) monitoring in low Avi-
KRAS concentrations reported S/B ratios between 9 and 12, which decreased as Avi-
KRAS concentration increased. After MG (10-20 µM) addition, the QTR-FRET (dashed) 
monitored 3-fold improved S/B ratios. B) MG addition enabled QRET (solid) monitoring 
of SOScat catalyzed nucleotide exchange of Avi-KRAS with Eu3+-GTP from the same 
well together with QTR-FRET (dashed). Data represent mean ± SD (n = 3). 

The new QTR-FRET assay was compared to TR-FRET and QRET assays in two 
model PLI assays. In the QTR-FRET the background luminescence of non-bound 
Eu3+-ligand was efficiently reduced with the addition of the soluble quencher. This 
functionality enables the use of increased Eu3+-ligand concentrations, which is 
especially beneficial for studying low affinity interactions. The QTR-FRET assay also 
has the potential for monitoring dual-binding assays at different wavelengths. Firstly, 
the binding of Eu3+-ligand to its target is monitored with QRET at 615 nm and secondly 
the following energy transfer with QTR-FRET at the acceptor emission window. This 
was further investigated in the publication II and discussed in the following paragraph. 

5.1.2 Protein-ligand and subsequent protein-protein 
interaction studies (II) 

In publication II the potential of the QTR-FRET assay for monitoring PLI and 
subsequent PPI was investigated with two model assays. The first model monitored 
the nucleotide exchange of RAS with Eu3+-GTP association (PLI) followed PPI with 
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RAF-RBD-Alexa680. In the second model, the γ-GTP-Eu3+ association to G(i)α 
(PLI) and the following the post-translational modification (PTM) of ADP-
ribosylation of G(i)α catalyzed by PTX were measured. 

In the RAS model, the initial nucleotide exchange of GDP to Eu3+-GTP was 
performed by SOScat and monitored from increased TRL emission of Eu3+-GTP 
(Figure 17). If the nucleotide exchange is blocked and the Eu3+-GTP remains 
unbound, its TRL emission is quenched by the soluble quencher MG in the assay. 
Following the nucleotide exchange and PLI, the Eu3+-GTP–RAS complex binds to 
RBD-RAF-Alexa680 (PPI), which leads to energy transfer from Eu3+-chelate to the 
Alexa680 label, which then emits the TR-FRET signal. It was hypothesized that both 
the SOScat induced nucleotide exchange and the following RAS-GTP–RAF-RBD 
interaction and their inhibition can be monitored simultaneously, and this was 
demonstrated by two inhibitor molecules, DARPins. 

 
Figure 17. QTR-FRET is suitable for studying both nucleotide exchange (PLI) by SOS and the 

following RAS/RBD-RAF interaction (PPI) simultaneously in dual-parametric form. In the 
nucleotide exchange the GDP dissociation from RAS is initiated by SOScat thus enabling 
Eu3+-GTP association to RAS (PLI). The binding protects the Eu3+-GTP from the soluble 
quencher MG thus leading to increased TRL-signal. The Eu3+-GTP–RAS interaction 
facilitates binding of the complex to RBD-RAF-Alexa680 (PPI), which leads to energy 
transfer from Eu3+-chelate to Alexa680. Thereafter TR-emission of Alexa680 can be 
monitored to observe the PPI. 
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The QTR-FRET performance as a kinetic single well method was evaluated by 
investigating inhibition of KRAS nucleotide exchange and PLI with the DARPin 
K27 (500 nM) and RAS/RBD-RAF interaction using DARPin K55 (5 µM). These 
inhibitors were combined with Eu3+-GTP (25 nM), MG (25 µM), KRAS (200 nM), 
and RBD-Alexa680 (25 nM) before addition of SOScat (10 nM). When no inhibitor 
was present, QTR-FRET successfully distinguished the addition of SOScat and the 
nucleotide exchange of KRAS (PLI) as increasing TRL emission of Eu3+-GTP 
(Figure 18A). QTR-FRET also monitored the subsequent RAS–RAF-RBD 
interaction as TR-FRET emission of Alexa680 (Figure 18B). The addition of 
DARPin K27 inhibits the nucleotide exchange and subsequent RAS–RAF-RBD 
interaction and resulted in decrease of both TRL signal in Figure 18A and TR-FRET 
in Figure 18B. The K55 addition only reduced the TR-FRET signal in Figure 18B 
thus visualizing how K55 only blocks the RAS–RAF-RBD interaction. This 
difference in the inhibition effect is due to the different bindings sites of K27 and 
K55 to the RAS protein. 

The QTR-FRET capability for monitoring RAS regulation through 
glycosylation was also evaluated. The glycosylation of RAS is an example of a 
PTM that blocks the RAS–RAF-RBD interaction by inhibiting the nucleotide 
exchange, which was performed by bacterial clostridium perfringes lethal toxin 
(TpeL). In this assay, a nucleotide exchange with either Eu3+-GTP or Eu3+-GDP 
(25 nM) was performed before adding TpeL in increasing concentrations with 
UDP-GlcNAc (25 µM) sugar. The effect of KRAS glycosylation in increasing 
TpeL concentrations resulted in decreasing TR-FRET emission (Figure 18C). 
Additionally, this assay demonstrated the correct functionality of QTR-FRET as 
no TR-FRET signal was observed when Eu3+-GDP was loaded into KRAS, as 
KRAS-GDP does not interact with RAS–RAF-RBD (Figure 18C). These results 
indicate that the QTR-FRET assay is suitable for single well monitoring of 
nucleotide exchange and RAS/RAF-RBD interaction along with their inhibition. 
QTR-FRET also has potential for investigation of PTMs. 



Emmiliisa Vuorinen 

 60 

 
Figure 18. QTR-FRET monitoring of nucleotide exchange (PLI) and KRAS/RAF-RBD (PPI) in a 

single-well format. Eu3+-GTP (25 nM) association facilitated by SOScat (10 nM) to KRAS 
(200 nM) was monitored at 340/615 nm (A) and the subsequent KRAS–RAF-RBD (25 nM) 
interaction at 340/730 nm (B). Excluding SOScat (black) resulted in low TRF and TR-FRET 
signals, while including SOScat (red) led to a rapid increase of TRL-signal and slightly 
delayed TR-FRET signal increase. The Eu3+-GTP exchange and subsequent PPI are 
blocked by the inhibitor K27 (blue) thus low TRF and TR-FRET were observed. The 
KRAS/RAF-RBD interaction is interrupted by the K55 (magenta), which leads to a slight 
decrease of TRF and significant reduction of TR-FRET. All tests were performed with 24 
µM MG. C) The Eu3+-GTP or Eu3+-GDP loaded KRAS was glycosylated by increasing 
TpeL concentrations with UDP-GlcNAc sugar. This blocks the KRAS–RAF-RBD 
interaction, which was monitored as clear decrease of TR-FRET signal at 730 nm with the 
Eu3+-GTP loaded KRAS. No TR-FRET signal was monitored with Eu3+-GDP-KRAS as it 
does not enable KRAS–RAF-RBD interaction. Data represent mean ± SD (n = 3). 

The dual parametric assay format of QTR-FRET was next modelled with ADP-
ribosylation of GTP-binding G(i)α catalyzed by PTX. In the assay, the ADP-
ribosylation of G(i)α (150 nM) was performed with bio-NAD+ (25 nM) with 
increasing concentrations of PTX, before γ-GTP-Eu3+ (25 or 50 nM) loading in the 
presence and absence of GTP (10 µM). The previously utilized Eu3+-GTP lacked the 
required affinity with the G(i)α protein the new γ-GTP-Eu3+ had to be prepared. The 
G(i)α was loaded with γ-GTP-Eu3+ by MgCl2/EDTA exchange, where the EDTA 
chelates MgCl2 and unloads the GDP from G(i)α. The excess MgCl2 is then utilized 
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to load the γ-GTP-Eu3+ to G(i)α. ADP-ribosylation was monitored by adding SA-
Alexa680 (25 nM) and MG (20 or 35 µM) and higher TR-FRET and QTR-FRET 
signals were monitored as the PTX concentration increased (Figure 19A). MG 
addition increased the S/B ratios, which were calculated by comparing the signal of 
the GTP-blocked reaction to successful γ-GTP-Eu3+ loading. Additional TRL signal 
monitoring at 615 nm ensured that the PTX had no effect on the γ-GTP-Eu3+ loading 
(Figure 19B). At 615 nm the difference in S/B ratios were due to more complete 
G(i)α loading with increased γ-GTP-Eu3+ concentration. 

 
Figure 19. QTR-FRET dual-parametric monitoring of G(i)α γ-GTP-Eu3+ association and ADP-

ribosylation. The G(i)α (150 nM) ADP-ribosylation with biotin-NAD+ (25 nM) catalyzed 
by PTX (0–600 nM) was monitored by TR-FRET with additional SA-Alexa680 as 
acceptor and QRET. The signals of the γ-GTP-Eu3+ (25 or 50 nM) loaded G(i)α were 
divided by those with GTP to obtain S/B ratios. A) Additional MG (dashed vs. solid) 
improved the S/B ratios significantly especially with higher γ-GTP-Eu3+ concentration. 
B) The QRET signals were unaffected by ADP-ribosylation (dashed vs. solid) and only 
increased γ-GTP-Eu3+ association in higher concentration increased the S/B ratios. Data 
represent mean ± SD (n = 3). 

In summary, the QTR-FRET combines the single-label QRET and dual-label TR-
FRET techniques to provide a single well kinetic method for monitoring two 
interactions with high sensitivity. The method is also suitable for studying molecular 
inhibitors or modifications of interacting targets that affect the interactions. In 
addition it provides increased S/B ratio compared to the conventional TR-FRET 
since the background signal of donor emission is greatly reduced. Based on the 
results obtained with the model assays, QTR-FRET can be converted for new targets 
and inhibitors. 
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5.2 The Protein-Probe 
During the work presented in this thesis, a new assay, the Protein-Probe, was 
developed as a label free method based on an external Eu3+-probe reporter for 
investigating PLIs and protease activity. The Eu3+-probe has a peptide sequence that 
enables binding to proteins and especially their hydrophobic regions. During these 
studies, the Protein-Probe method has been applied for monitoring PLI through 
thermal stability of a target protein (III) and observing the digestion activity of 
proteases (IV). These approaches will be discussed during the rest of this chapter. 

5.2.1 Thermal profile and protein-ligand interaction studies 
(III) 

The Protein-Probe method was developed as an approach to study PLI and the 
stabilizing effect of ligand on the target protein. The design focused on simplicity 
through a label-free, rapid, and homogenous format with increased sensitivity 
compared to conventional TSAs. The conventional TSAs rely on the quenching 
effect of water upon the dye, e.g. SYPRO Orange, 1,8-ANS, or 1,6-TNS. The 
Protein-Probe TSA is based on a modulation solution containing a soluble quencher 
that prevents the TRL emission from the Eu3+-probe. The Eu3+-probe binds 
especially to the hydrophobic region of the proteins. The binding divides the Eu3+-
probe and the quencher, and results in TRL-signal increase. Since the hydrophobic 
core of a protein is exposed during denaturation, the thermal stability of the target 
protein can be studied with the Protein-Probe via the Eu3+-probe interaction. The 
target protein can be stabilized by interaction with a suitable ligand, which results in 
an increased denaturation temperature (Tm). The increased Tm results in the TRL-
signal of the Protein-Probe increasing in higher temperature compared to the non-
bound target protein. This principle enables the observation of PLI through thermal 
shift with the Protein-Probe assay (Figure 20). 
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Figure 20. The principle of the Protein-Probe method for TSA. In the modulation solution with 
soluble quencher the TRL-signal of Eu3+-probe is low in the presence of native protein. 
The TRL-signal increases when thermal denaturation exposes the hydrophobic core of 
the protein for Eu3+-probe interaction. Ligand interaction stabilizes the protein and thus 
increases the melting temperature, which leads to thermal shift and enables protein-
ligand interaction monitoring. 

Initially the Protein-Probe method was compared to the conventional TSA with 
SYPRO Orange dye. First, the reliability of the Protein-Probe was tested by 
monitoring the thermal profile of IgG1 (80 nM for Protein-Probe and 2 µM for 
SYPRO Orange) from 25 to 80 °C in 5 °C intervals. The assays were performed by 
heating IgG1 for 3 min in the sample buffer before adding the Protein-Probe 
modulation solution or SYPRO Orange and monitoring the Protein-Probe TRL-
signals and SYPRO Orange fluorescence. Both methods successfully observed the 
denaturation of IgG1, and the Tm values calculated from the denaturation curves were 
virtually identical at 67.0 and 66.6 °C for the Protein-Probe and SYPRO Orange, 
respectively (Figure 21A). Secondly, the sensitivities of the methods were compared 
in a titration assay of IgG1 heated to 90 °C. The Protein-Probe method resulted in a 
50-fold increase in the sensitivity calculated at the S/B ratio of 3 compared to 
SYPRO Orange (Figure 21B). These results highlight the potential of the Protein-
Probe as a reliable method with an increased sensitivity compared to conventional 
methods based on fluorescent dyes. 
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Figure 21. The Protein-Probe assay monitors the same melting temperature with increased 

sensitivity compared to SYPRO Orange. A) The melting curves of IgG1 (80 nM, 2 µM) 
were monitored with the Protein-Probe containing 1 nM Eu3+-probe (black) and SYPRO 
Orange (red), respectively. The Tm values obtained from sigmoidal fitting curves were 
effectively equal between methods. B) IgG1 titration (0-5 µM) at 80 °C revealed a  50-
fold sensitivity increase when monitored with the Protein-Probe (black) compared to 
SYPRO Orange (red), calculated at SB ratio of 3. Data represent mean ± SD (n = 3). 

The main aim of conventional TSA methods is to investigate the effect of PLI or PPI 
on the Tm of the protein to obtain information on the stabilizing effect of the ligand 
binding to the protein. The Protein-Probe was tested with two model proteins, SA 
and CA, with known ligands, biotin and AZA, respectively. Firstly, ligand titrations 
were performed at a temperature where the ligand stabilized the protein and prevents 
full denaturation. The Protein-Probe assay successfully detected the stabilization 
effect of increasing ligand concentration on the target protein (Figure 22A). Based 
on these results, a saturating concentration of ligand was chosen to test the TSA 
capability of the Protein-Probe. Denaturation curves for both proteins were 
successfully monitored with and without ligands and thermal shifts of 2.1 and >15 
°C were calculated for CA and SA, respectively (Figure 22B). With SA the 
stabilization effect of biotin resulted in a denaturation temperature above 100 °C, 
which was unfortunately unmeasurable.167 
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Figure 22. The Protein-Probe observed the ligand binding effect on the Tm of the studied protein. 

A) The Protein-Probe with 1 nM Eu3+-probe monitored biotin (black) and AZA (magenta) 
titration with SA (400 nM) and CA (200 nM) at denaturation temperatures. The EC50 
values for both ligands were in stoichiometry with their target proteins. B) The Protein-
Probe reported Tm values for SA (red, 400 nM) and CA (blue, 200 nM) with and without 
their respective ligand in saturating concentration, biotin (black, 10 µM) and AZA 
(magenta, 5 µM). There were clear thermal shift of 2.1 and >15 °C between the Tm of 
CA and CA–AZA and SA and SA-biotin, respectively. Data represent mean ± SD (n = 
3). 

In summary, it was concluded from  publication III that the Protein-Probe method 
is suitable for investigating the denaturation of proteins and the effects of ligand 
binding on the stability of proteins. The method is robust and highly sensitive, which 
enables the consumption of less proteins and ligand, minimizing the possibility of 
spontaneous aggregation and decreasing assay costs. As a homogeneous and label-
free multiwell-plate assay the Protein-Probe method is an attractive option for drug 
discovery purposes. 

5.2.2 Substrate independent digestion efficiency monitoring 
(IV) 

Another important target for novel drugs are proteases. They control multiple 
processes in human bodies, such as digestion and the immune system, and their 
impaired activity plays a part in many diseases e.g. HIV and cancer. Unfortunately, 
developing assays for proteases is complicated as each protease cleaves specific 
peptide sequences of the substrate protein, which makes the development of assays 
requiring the labeling of protease substrates particularly problematic. As a label-free 
assay the Protein-Probe assay provides a highly versatile alternative since the Eu3+-
probe is capable of binding to numerous natural substrate proteins. When these 
natural substrate proteins are digested, the Eu3+-probe is no longer bound to the target 
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substrate and protected from the soluble quencher in the Protein-Probe modulation 
solution. This decreases the TRL emission of the Eu3+-probe (Figure 23). Thus the 
digestion efficiency of proteases can be investigated with the Protein-Probe assay. 

 
Figure 23. The principle of the Protein-Probe for studying digestion efficiency. When the Eu3+-probe 

of the Protein-Probe interacts with the hydrophobic regions of intact substrate protein, it 
is separated from the soluble quencher in the modulation solution and emits TRL at 620 
nm. This interaction is prevented by substrate digestion by protease thus decreasing 
the TRL-signal of Eu-probe due to quenching. 

Concentration is known to affect the efficiency of proteases for substrate digestion. 
To study this with the Protein-Probe, papain was titrated with a model substrate, CA. 
Both heat denatured and native CA were digested, since denaturation is known to 
increase the TRL-signal obtained with the Protein-Probe. This assay was performed 
by digesting the heat denatured (3 min, 85 °C) CA (3 nM) and native CA (100 nM) 
with papain in 37 °C for 30 min. Modulation solution with 1 nM Eu3+-probe was 
then added and the TRL-signals were monitored. The Protein-Probe successfully 
monitored the digestion of denatured and native substrate CA with the EC50 values 
of 1.9 ± 0.1 nM and 0.14 ± 0.01 nM, respectively (Figure 24A). The decreased 
substrate concentration lowered the required protease amount for effective digestion 
while maintaining high S/B ratio. However, this effect was not linear, which could 
be explained by the open structure of the denatured protein being prone to digestion. 
Nonetheless, the results confirmed that digestion of both denatured and native 
substrate can be monitored with the Protein-Probe assay. 
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Figure 24. The Protein-Probe monitoring of heat denatured and native CA digestion by papain. In 

all assays the digestion were performed at 37 °C (30 min) before adding the Protein-
Probe modulation solution and measuring TRL-signals. A) Denatured (3 nM, black) and 
native (100 nM, red) CA were digested with increasing amounts of papain. The EC50 
values of 0.14 ± 0.01 nM and 1.9 ± 0.1 nM and S/B ratios of 59 and 62 were obtained 
with denatured and native CA, respectively. B) The inhibition of digestion of denatured 
CA (3 nM) and native CA (100 nM) by papain (1 or 100 nM, respectively) was 
investigated with titration of E-64. The obtained EC50 values were 8.9 ± 0.9 nM and 
24.7 ± 1.8 nM for the denatured and native CA, respectively. Data represent mean 
± SD (n=3). 

Abnormal digestion activity is linked to multiple diseases and protease inhibitor 
drugs have been developed to combat these issues. Thus inhibitor screening is an 
important property of every protease activity monitoring assay. Since inhibitor E-
64 blocks papain digestion, its effectiveness was investigated by E-64 titration in 
two papain substrate combinations; 1 nM papain with denatured CA (3 nM) and 
100 nM papain with native CA (100 nM). The inhibitor and protease were 
combined prior to substrate addition and digestion reaction. Then the modulation 
solution was added, and TRL signals monitored as previously. The EC50 values for 
denatured and native CA were 8.9 ± 0.9 nM and 24.7 ± 1.8, respectively (Figure 
24B). As expected, these values were different for each protease concentration and 
they were in accordance with reported literature values.170–172 These results suggest 
that the Protein-Probe method holds high potential for screening of novel protease 
inhibitors. 

To combat the problematic aspect of protease and substrate heterogeneity, the 
Protein-Probe assay was designed to monitor digestion activity irrespective of the 
substrate protein. This was demonstrated by monitoring the digestion activity of 
papain and pronase (0-100 nM) with nine different native model substrates, eIF4A1, 
PTX, MDH, SOScat, BSA, CA, KRAS, G(i)α, and p120GAP, at two concentrations, 
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25 and 50 nM. Since these substrates have unequal binding with the Eu3+-probe, they 
were exposed to heat denaturation (3 min at 60 or 70 °C) after the digestion reaction 
(10 min at 37 °C) to guarantee their detectability. The substrates were heat denatured 
after digestion to ensure that no effect befalls on the protease activity. In addition, 
the same set of native substrates was monitored without denaturation. 

The Protein-Probe assay detected digestion activity of both papain and pronase 
towards all substrates, calculated from the background-reduced TRL-signal decrease 
when the substrate was incubated with or without the protease. At the 50 nM 
concentration, seven of the nine substrates resulted in clear TRL-signal without post-
digestion denaturation. Heat denaturation increased the maximum signal 5–95 times 
above the signal obtained for four of the non-digested substrates. Significantly with 
MDH, which was undetectable in native form, the S/B ratio increased from 2.9 to 
291 (Figure 25). As the denaturation was carried out after digestion, it had no impact 
on the protease activity. However, the selection of substrate protein had a great effect 
on digestion efficiency, as pronase was most active with PTX and KRAS and papain 
with p120GAP and PTX. Both proteases required high concentrations for BSA 
digestion, as well as with G(i)α and CA for pronase and SOScat for papain. These 
results highlight the importance of substrate selection for specific protease studies. 
For further investigation of the results, MDH and eIF4A were chosen due to their 
different detectability. Native MDH resulted in low TRL-signals in both 
concentrations, whereas eIF4A was detectable even at 25 nM concentration. Heating 
increased the MDH obtained TRL-signals over 90-fold (Figure 25A & 25B) but only 
2.6-fold with eIF4A (Figure 25C & 25D). With both substrates the digestion 
efficiency was mainly affected by the protease and substrate concentrations. With 
the lowest protease concentration the digestion efficiency increased up to 7.1 and 1.4 
fold with post-digestion heated and native substrate, respectively. This effect 
diminished in higher protease concentrations, indicating that less protease is required 
to digest lower substrate concentrations. 
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Figure 25.The digestion of MDH and eIF4A by pronase and papain. The digestion activity of 

pronase and papain (0-100 nM) was monitored by the Protein-Probe with post digestion 
denatured (A & C) and native (B & D) MDH and eIF4A (25 or 50 nM). Native MDH 
yielded a low TRL-signal, which increased over 90 fold with denaturation. The eIF4A 
was detectable in the native form with only a slight, 2.9 fold, increase of TRL-signals 
obtained by denaturation. Data represent mean ± SD (n=3). 

The developed Protein-Probe method enables the monitoring of protease activity and 
inhibition with variety of unmodified substrate proteases in their denatured and 
native forms. This mimics the digestion of natural protease targets in cellular systems 
and provides an assay for studying inhibitor and substrate specificity. The Protein-
Probe is a highly sensitive and label-free method, requiring only nanomolar levels 
of proteins and external Eu3+-probe. The versatility of the Protein-Probe was 
enhanced with post-digestion denaturation of substrates that were at room 
temperature. This, however, had no effect on the digestion efficiency. These 
properties, together with the simple one step homogenous protocol, make the 
Protein-Probe assay highly desirable for protease targeting drug discovery and the 
first in its class of truly universal methods for proteases and their substrates. 
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6 Conclusions 

Drug development is an incredibly costly and time-consuming process. The initial 
drug discovery is important for ensuring the safety and effectiveness of the candidate 
drug before proceeding to the more costly clinical trials. In drug discovery a variety 
of in vitro and in vivo methods are employed, and new assays are always required to 
obtain more reliable results and to minimize costs and time consumption. Many of 
the methods utilized in drug discovery are based on photoluminescence and benefit 
from quenching, such as the FRET methods and the quenching effect of water 
discussed in this thesis. FRET and TR-FRET are the basis of many commercial 
biochemical methods, such as Z’-LYTE, LANCE, HTRF, and TruPoint. Some TR-
FRET methods, such as Tag-lite and QRET, utilize living cells to study membrane 
protein interactions. The fluorescent dye quenching in aqueous solution is utilized in 
DSF to study, e.g. protein characteristics, aggregation, and interactions in 
homogenous and label-free format. The methods presented in the literature review 
and developed during this thesis are compared in Table 2 at the end of literature 
review. 

The first method in this thesis, QTR-FRET, was developed as a combination of 
TR-FRET and QRET. The aim of the QTR-FRET approach was to improve the S/B 
ratio of conventional TR-FRET by reducing the interference of donor emission in 
the acceptor channel caused by excess donor concentration (I). The improvement is 
achieved by additional soluble quencher, which decreases the emission of the non-
bound Eu3+-donor. The donor quenching allows the use of higher donor 
concentrations, which enables investigation of low affinity interactions (I). QTR-
FRET also allowed single well monitoring of PLI and the following PPI in a real-
time format after energy transfer from donor to acceptor (II). This is enabled by 
monitoring the protein interaction with Eu3+-ligand (donor) at one wavelength (PLI) 
and the subsequent interaction of this protein-ligand complex with acceptor labelled 
protein at another wavelength (PPI). QTR-FRET can be used to monitoring the 
inhibition of both PLI and PPI separately and is suitable for similar targets as 
conventional TR-FRET. In contrast to multiplexing TR-FRET methods, which 
requires labeling of at least three compounds,  QTR-FRET only requires dual 
labeling of the ligand with the Eu3+-chelate donor and protein with FRET acceptor 
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dye. Still, the labeling may complicate the assay conversion to novel target 
biomolecule interactions and cause steric constraints, which will affect the PLI and 
PPI. QTR-FRET benefits from the same high sensitivity of time-resolved 
measurements and simplicity of homogenous assay format as TR-FRET. In the 
future the QTR-FRET method could be modified for studying multiple PLI and PPI 
models, e.g. for investigating the inhibition of these interactions. QTR-FRET also 
has potential for cell-membrane protein studies as QRET is already suitable for 
GPCR protein studies.  

The Protein-Probe method developed during the studies presented in this thesis 
is based on monitoring the TRL emission of an external probe containing Eu3+-
chelate. The emission of the unbound Eu3+-probe is quenched but Eu3+-probe 
interaction with the target protein prevents this quenching and results in increased 
TRL emission. In publication I, the Eu3+-probe interacted with the unfolding 
structure of the denaturing target protein and enabled PLI investigation by 
monitoring the thermal shift of the target protein. The novel Eu3+-probe and the 
utilized time-resolved measurements of the Protein-Probe resulted in 50-fold 
improved sensitivity, compared to conventional SYPRO Orange assay (I). This 
improvement lowers assay target protein consumption and thus decreases assay 
costs. Unfortunately, the component consumption is also increased since the two-
step protocol of the Protein-Probe requires individual samples for each temperature. 
A single-step protocol for the Protein-Probe method is currently under development 
and promising results have been obtained with an improved external probe. The 
Protein-Probe method was utilized in publication II for monitoring the protease 
activity though digestion of a variety of unmodified substrate proteins. The activity 
of proteases is monitored as emission increase and potential inhibitors result in 
decreased TRL-signal. The assay detectability of substrate protein is enhanced by 
thermal denaturation of the substrate, thus reducing the amount of substrate, protease 
and inhibitor required. The method functions at nM range and enables a multitude of 
protease and substrate combinations for screening a variety of inhibitors.   

In articles apart from those presented in this thesis, the Protein-Probe method has 
also been used to investigate a multitude of PPIs and the aggregation of antibodies. 
These PPIs have included complex formation of multiple proteins, and the 
aggregation monitoring capabilities were utilized for formulation studies. The 
potential of the Protein-Probe method for other enzyme studies apart from proteases 
is yet unexplored and could result in interesting new assays for enzyme activity 
investigations.  
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