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Abbreviations 
 
ADP adenosine 5′-diphosphate 
ADPR adenosine 5′-diphosphoribose 
AMP  adenosine 5′-monophosphate 
ATP adenosine5′-triphosphate 
DNA Deoxyribonucleic acid 
DMSO Dimethyl sulfoxide 
EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 
ELOB  Elongin-B   
ELOC Elongin-C  
FRET Förster resonance energy transfer 
g gravitational force 
GCI Grating coupled interferometry 
KD  Equilibrium dissociation constant  
koff  Dissociation rate constant  
kon  Association rate constant 
POI Protein of interest 
PROTACs Proteolysis targeting chimeras 
VHL von Hippel-Lindau E3 ubiquitin ligase 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



    
 
 
 

Abstract 
 
PROteolysis TArgeting Chimeras (PROTACs) are small heterobifunctional molecules that 
hijack the ubiquitin-proteasomal system in the cell to degrade a protein of interest. A PROTAC 
molecule brings the target molecule close to the E3 ligase, thus facilitating ubiquitination of the 
target molecule and tagging it for degradation. Current molecules are emerging as prospective 
tools in the drug discovery field with promising results. The current project involves the 
development of biophysical assays for PROTACs using SwitchSENSE Dynamic Biosensors 
and Creoptix WAVE instruments. Protein-PROTAC interactions were characterized with a 
novel FRET-based Y-structure assay using SwitchSENSE biosensor, which is considered a 
sensitive tool for ternary complex interaction characterization. NUDT5 (Nudix-linked to moiety 
X-5) and LSD1 (Lysine-specific histone demethylase 1A) have been used as the model systems. 
These proteins are thought to be involved in breast cancer, and acute myeloid leukemia 
progression, respectively and therefore are promising drug targets. The limited solubility of the 
PROTACs molecules and the stability of the model proteins during the assay development 
perturbed the obtainment of the results. However, a novel FRET-based Y-structure assay for 
SwitchSENSE biosensor showed very promising results for assessing the ternary complex 
(POI:PROTAC:E3 ligase) kinetics. Based on Creoptix WAVE results, it was investigated that 
NUDT5 reference compounds are tight binders, as no apparent dissociation was observed. 
Therefore, further development of the assays is needed. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



    
 
 
 

Popular Science Description 
 
PROteolysis TArgeting Chimeras (PROTACs) are novel small drug molecules designed to take 
over a cell's proteasomal degradation system to degrade target proteins. Such molecules consist 
of a “head”, linker, and “tail”. The “head” of the molecule binds to the protein of interest; the 
“tail” interacts with E3 ligase, which fulfils target ubiquitination, thus marking the molecule 
for degradation. During past years such drugs have gained more and more popularity due to 
their novel mode of action, which in perspective, can give rise to the overcoming of drug 
resistance, especially in cancer treatment. It has been already known that some PROTACs 
against prostate and breast cancer entered phase II clinical trials. Therefore, developing a 
sensitive assay, e.g. biophysical assays, for studying PROTACs is a crucial step for the 
development and characterization of the aforementioned drug molecules. For this purpose, it 
was decided to develop the assay using SwitchSENSE technology from Dynamic Biosensors. 
With this type of biosensor, one can measure affinity values in the picomolar range, thus making 
it a very sensitive technique for kinetic measurements of ternary complex formation. The 
standard assay is based on oscillation of the tethered protein-DNA conjugates coupled to 
complementary DNA strand with a fluorophore on a chip. Upon molecule binding, the 
switching speed changes; hence the interactions could be detected and characterized. PROTAC 
molecules make the ternary complex with protein of interest (POI) and E3 ligase, so a novel 
FRET-based Y-structure assay was used. That implied tethering the POI and E3 ligase to the 
two separate arms of Y-structure, each containing a different fluorophore. Upon the drug 
binding, two molecules will be in close proximity, which provides nonradiative energy transfer 
from one fluorophore to another, thus making it possible to detect the interaction. As the model 
systems, NUDT5 and LSD1 proteins were used. Those proteins are considered to take part in 
different types of cancer progression. Thus, such assay development could greatly facilitate the 
drug discovery process by selecting the appropriate PROTAC molecules. FRET-based Y-
structure assay showed some promising results with NUDT5 but not with LSD. The latter needs 
further development, possibly due to the model system poor stability in high DMSO 
concentrations and PROTACs insolubility. Due to the potential insensitivity of the standard 
SwichSENSE assay, it was decided to use the Creoptix WAVE instrument for testing the 
interactions of reference compounds with model systems. The obtained results indicate that the 
reference compounds to the NUDT5 are tight binders with slow dissociation, which is outside 
of the instrument’s measurement limits. The binding of the reference compounds and 
PROTACs to LSD1 could not be detected, therefore, the assay requires further development.  
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1.  Introduction 
 
PROTACs or PROteolysis TArgeting Chimeras are small heterobifunctional molecules used as 
novel tools for intracellular protein degradation. They consist of a “head” and a “tail” joined by 
a linker and work by connecting the target molecule, e.g. POI with E3 ligase, thus forming a 
ternary complex, which facilitates further ubiquitination and promotion of the proteasomal 
degradation  of  the  target  molecule  (Fig.1). 

 
Figure 1. PROTAC mechanism of action. (A) PROTAC structure consists of a head, and linker, 
represented by a wavy line, and a tail. (B) Represents the PROTAC mode of action that implies the 
promotion of a ternary complex formation between POI and E3 ligase by bringing them in proximity. 
This event facilitates and triggers polyubiquitination of the POI molecule with subsequent proteasomal 
degradation and release of the PROTAC with further drug involvement in the next degradation cycle. 
Created with BioRender.com  
 
The first mentioned PROTAC was the phosphopeptide-containing Protac-1 that was designed 
for targeting methionyl aminopeptidase 2 (METAP2) by Sakamoto K. M. et al. in 2001 [1]. 
There are several PROTAC categories: traditional, bioPROTACs and hybrid PROTACs. 
Therapeutic PROTACs possess conventional small-molecule ligands that bind to POI and E3 
ligase, bioPROTACs, in turn, have peptide ligands, and the last one is a mix of the previous 
two categories [2]. The other two types of currently known PROTACs molecules are 
photoProtacs and homo-PROTACs. The first ones are light-controlled molecules that possess 
a photo-removable group linked to one of the ligands either on the “head” or “tail” of the 
molecule; upon light exposure, the photosensitive group detaches, resulting in active PROTAC. 
Homo-PROTACs containing two identical parts are used to target E3 ligases and cause their 
self-degradation [3]. 
 
The essential characteristic of potent PROTACs activity is the formation of a stable ternary 
complex with further ubiquitination induction. Thus, the residence time of the drug should be 
enough to elicit the E3 ligase–PROTAC–POI ternary complex with subsequent ubiquitination, 
POI degradation, and further drug engagement in another degradation cycle. Therefore, 
according to Bond M.J. et al., even PROTAC with moderate affinity can be a potent degrader 
assuming sufficient ternary complex formation and consequent biological function 
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implementation  [3,4].  
 
 A bell-shaped dependency can describe the formation of the ternary complex on drug 
concentration. If PROTAC concentration is too high, the formation of unfavourable binary 
complexes, e.g. POI-PROTAC, E3 ligase-PROTAC, can be observed, thus leading to the so-
called hook effect. Furthermore, the POI and E3 ligase interactions can impact ternary complex 
stability and formation. Complex stability could be described by the cooperativity effect, which, 
in this case, implies the impact of the POI-PROTAC interaction on PROTAC affinity to the E3 
ligase and is defined as α = KDbinary/KDternary. Upon the formation of the favourable 
interactions between POI and E3 ligase, positive cooperativity (α>1) can be observed, thus 
minimizing the hook effect, conversely, negative cooperativity (α < 1) is seen when repulsive 
interactions occur in ternary complex [5,6]. The other component which improves PROTAC’s 
stability, efficacy and selectivity is a linker. The most widely used linker consists of 
polyethylene glycol (PEG) chains, however, pure lipophilic alkyl chains and heterocyclic 
scaffolds (e.g., piperazine/piperidines) can also be utilized [7]. 
  
PROTACs are also considered potent candidates for targeting undruggable proteins, so those 
which possess broad, shallow pockets or conversely smooth surfaces. In addition, 
overexpressed proteins, protein aggregates, complexes, scaffold proteins, and mutated proteins 
lead to the disease-like condition. Moreover, it was reported that multi-component protein 
complexes, which were considered challenging to degrade, could be targeted by PROTACs.  
 
The other PROTACs’ peculiarity is providing sub-stoichiometric catalysis; thus, one molecule 
takes part in several cycles of degradation of target molecules, hence decreasing possible toxic 
effects  [8,1,2,4]. Furthermore, it was investigated that PROTACs could potentially be novel 
tools for circumventing drug resistance evoked by mutations or target overexpression. For 
example, one can observe fast resistance occurrence to the kinase inhibitors facilitated by 
mutations in the target, resulting in activation of pro-survival pathways, and ineffective 
induction of cell death. Therefore, PROTACs can be a potent tool for overcoming of drug 
resistance in cancer treatment. These molecules can also reach organ or tumour specific target 
(e.g. Bcl-xL, BRD4 etc.) and provide degradation by utilizing specific E3 ligases [9,3].  
In addition, PROTACs have entered phase II clinical trials. It was reported that ARV-110 and 
ARV-47, which are PROTACS for androgen and estrogen receptors, respectively, are used to 
treat prostate and breast cancer. This data proves the efficacy and potential of PROTAC 
molecules [10,7]. 
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2.  Model systems  
 
2.1 NUDT5 
 
NUDT5 (Nudix-linked to moiety X-5) or NUDIX5 (Human nudix hydrolase 5) is ADP-sugar-
hydrolyse is a member of the Nudix hydrolase superfamily which possesses a highly conserved 
amino acid sequence motif GX5EX7REUXEEXGU, where U is Ile, Leu, or Val, that forms a 
loop-helix-loop structure. Members of this family usually eliminates either toxic nucleoside 
diphosphates (toxins) or nucleoside metabolites. NUDT5, in its turn, is an Mg2+ - dependent 
enzyme that hydrolyses ADP-sugar conjugates like ADPR and 8-oxo-dGDP. It was reported 
that NUDT5 could catalyze the synthesis of ATP in the presence of ADP in the nucleus, thus 
contributing to chromatin remodelling and gene regulation. With the absence of ADP, the 
enzyme acts as a pyrophosphatase by hydrolyzing ADPR to AMP and ribose 5′-phosphate 
(R5P) (Fig.2). NUDT5 is a homodimer that consists of an N-terminal domain responsible for 
dimerization, the catalytic Nudix domain, and the C-terminal extended α-helix [11].  
 
ADPR tethering occurs between the N-terminal domain in one subunit and Nudix catalytical 
domain in the other. The interaction between the adenine of the ADP and the enzyme is done 
via hydrogen bonds between N1 and N6 of the adenine and the amide nitrogen and carbonyl 
oxygen in Glu47 in one subunit, and between N7 of the base and Arg51 in the other subunit, 
thus defining selectivity of the enzyme by facilitating binding for ADP-sugars. Moreover, it is 
thought that three Mg2+ contribute to phosphate tethering to enzyme catalytical site [12, 13, 11, 
14,15].            

                              
Figure 2. NUDT5 homodimer 3D crystal structure [13, 12]. (a) Illustration of NUDT5-ADPR complex, 
where green and blue represent two protein subunits, ADPR substrate has a ball-stick representation in 
yellow colour. Each subunit contains 3 Mg2+ ions (not represented). (b) illustration of the NUDT5 
binding site with ADPR substrate, where green and blue represent 2 protein subunits, secondary 
structure elements are labelled correspondingly. ADPR binds the NUDT5 active site formed by the N-
terminal domain of one subunit and the Nudix catalytical domain of the other. Adapted from [11] 
 
It was reported that overexpression of NUDT5 was found in patients with estrogen positive 
(ER+) breast cancer and related to poor prognosis and relapse. The protein takes part in 
chromatin remodeling, by promotion of histone H1 dislocation, thus facilitating hormone-based 
gene regulation. Furthermore, it is thought that NUDT5 could assist in ATP-dependent 
chromatin remodelling by increasing the level of ATP from ADPR. Hence, the aforementioned 
enzyme could be a prognostic biomarker for cancer detection and a promising therapeutic target 
[14,44].  
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2.2 LSD1 
 
Lysine-specific histone demethylase 1A (LSD1or KDM1A) is a nuclear flavin-dependent 
histone demethylase that catalyses the removal of a methyl group from mono and demethylated 
Lys4 and Lys9 on nucleosomal histone (H3). Hence, it contributes to epigenetic regulation and 
gene expression by controlling their activation and repression. LSD1 3D structure includes 
three domains: the Swi3/Rcs8/Moira (SWIRM) domain, the Tower domain, and the catalytic 
amine oxidase-like (AOL) domain. SWIRM domain, positioned on N-terminus, shapes the 
substrate-binding groove and ensures nuclear localization of the protein. The Tower domain, 
which is located on the C-terminus, separates it into two parts, the left one interacts with flavin 
adenine dinucleotide (FAD), whereas the right one binds to the SWIRM domain, therefore takes 
part in the catalytic pocket formation. Helix-turn-helix motif, formed by the Tower domain, is 
the interaction site for the corepressor for the element-1-silencing transcription factor 
(CoREST) complex, which alleviates binding to the nucleosome. LSD1 catalytic mechanism is 
described further. The enzyme interacts with the Lys, in its turn, FAD attacks Cα within the 
methyl group, which is followed by formation of imine intermediate formation and FADH2. It 
is followed by hydrolysis resulting in demethylated Lys and formaldehyde generation. FADH2, 
in its turn, is re-oxidized to FAD by molecular oxygen resulting in H2O2 production (Fig.3) 
[16,17]. 

                                

 
 
Figure 3. LSD1 structure and mode of action. (A) Schematic representation of LSD1 structure. (B) 
LSD1 catalytic mechanism of action. (C) 3D structure of LSD1 with catalytic center within 
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AOL domain. Adapted from [17]. 
 
It was reported that LSD1 elevated activity is connected with cancer progression acute myeloid 
leukemia (AML) by modulating hematopoietic stem cells (HSCs) differentiation. Furthermore, 
LSD1 can interact with androgen receptors in the nucleus and activate hormone-responsive 
gene expression, promoting cancer cell growth. LSD1 expression is also connected with breast, 
prostate, lungs, and haematological cancer, contribution to the carcinogenesis, angiogenesis etc. 
[17,18]. 
 
 
2.3 E3 ligases. VHL 
 
E3 ligases are one of the main participants in the fulfilment of protein degradation by the 
ubiquitin-proteasome pathway thus being a tool for protein degradation. There are more than 
600 E3 ligases found in the human proteome, which can be categorized in 4 main families: 
HECT (homologous to the E6AP carboxyl terminus), RING (Really Interesting New Gene) 
finger, PHD (plant homeodomain) finger, and U-box families. RING family is considered one 
of the largest and further divides into APC/C (anaphase-promoting complex/cyclosome) and 
CRL (Cullin-RING-Ligase) subfamilies [10]. In general, RING family E3 ligases take part in 
cell proliferation, cell cycle, cell apoptosis and epithelial–mesenchymal transition [19]. This 
class of E3 ligases participates in ubiquitin direct transfer from E3 conjugating enzyme to a 
substrate molecule.  
 
CRL subfamily comprises E3 ligases that tend to be in a multi-subunit including Cullin scaffold, 
a RING-finger protein, an adaptor protein, and a substrate recognition protein. The Cullin 
scaffold brings together the RING finger protein and the adaptor protein (such as Elongin 
(EloB) and Elongin (EloC)); the Ring finger serves as a binding platform for the substrate and 
E2 ubiquitin conjugating enzyme; substrate recognition protein (e.g. von Hippel–Lindau tumor 
suppressor protein (VHL)) tethered to adaptor protein and fulfils substrate recognition function 
[20]. Therefore, VHL E3 ligase comprises from Cullin 2 (Cul2) and N-terminal VHL–EloB–
EloC  complex,  C-terminal  Rbx1  (Fig.4). 
 

               
  
Figure 4. Schematic representation of Cullin RING E3 ubiquitin ligases. Created with BioRender.com 
B. 3D structure of VHL E3 ligase complex [21]. 
 
In this section, VHL E3 ligase will be of a particular interest. According to the data obtained 
from The Human Protein Atlas (www.proteinatlas.org), one can observe vast organ distribution 

B 



   6  
 
 
 

of the protein thus making it very attractive and extensively studied for PROTAC utilization. 
VHL itself is a 24 kDa two domain protein that contains 2 structural domains: α and β, also N-
terminal acidic disordered domain. α domain is responsible for interactions with Elongin-
B/Elongin-C, Cullin-2 (Cul-2 box) etc. [21]; β domain takes part in other protein-protein 
interactions, as well as VHL localization [22].   
 
The most frequently used E3 ligases in PROTAC studies are MDM2, CRBN, VHL, and IAP, 
which are members of CRL family [6]. Nevertheless, von Hippel-Lindau (VHL) or cereblon 
(CRBN) E3 ligases are considered as the most widely used. For instance, VHL has been 
successfully used within PROTACs for elimination of bromodomain-containing proteins as 
BET proteins (Brd2, Brd3 and  Brd4),  protein  kinases  [23].  
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3. Biophysical Techniques 
 
3.1  SwitchSENSE  working  principle 
 
3.1.1  General  working  principle 
 
SwitchSENSE technology is based on the switching of the DNA strands conjugated with a 
fluorophore immobilized on a gold chip. These DNA strands hybridized to complementary 
DNA-POI conjugates forming DNA nanolevers, which oscillate up and down with certain 
frequency when alternating current is applied. When negatively charged DNA nanolevers are 
attracted to the gold surface, one can observe fluorophore quenches and upon their repelling, 
fluorescence of the dye is restored. Switching is detected by an electrically triggered time-
correlated single photon counter (E-TCSPC), which tracks the intensity of fluorescence. 
Therefore, after the analyte injection and its binding to the POI, oscillation of the levers is 
slowed down due to the increased hydrodynamic friction followed by the fluorescence intensity 
changes, which is detected. Overall working principle is depicted on Figure 5.   

 
Figure 5. General working principle of SwitchSense Dynamic Biosensor. Created with 
BioRender.com 
 
Therefore, one can measure KD, kon  and koff   of protein-DNA, protein-protein and protein-small 
molecule interactions, as well as the conformational change of proteins and their size, 
thermodynamic properties in real-time [24, 25].  
 
 
3.1.2 FRET-based Y-structure assay 
 
Förster resonance energy transfer (FRET) is non-radiative transfer of energy from the excited 
donor fluorophore to acceptor molecule (fluorophore or quencher) when both of these 
molecules are in a proximity (10-100 Å) to each other. This physical process is done via dipole–
dipole coupling. For FRET to occur, certain rules should be maintained: 1. spectral overlap 
between donor and acceptor fluorophore molecules should be kept; 2. Two fluorophores are 
supposed  to  be  in  a  close  proximity  (10-100  Å)  [26]. 
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FRET efficiency, ɛ, is proportional to the inverse sixth power of intermolecular distance 
between the donor and acceptor molecules, thus can be described by the following equation: 
 
																																																																									𝐸 = !!"

!!""	$"
                                                                  (2) 

 
where, R0 is the Förster radius that describes the distance between donor and acceptor molecules 
when the FRET efficiency is 50%; calculated as following: 
 
																																																						𝑅% =	0.21[𝑘&𝑄'𝑛()𝐽(𝜆)]*/,                                                 (3) 

 
where, QD is quantum yield of the donor, J(λ ) is the spectral overlap between donor emission 
and acceptor, n is the refractive index of the medium, κ2 is a dipole orientation factor   [27,28]. 
 
The working principle of FRET-based Y-structure assay has minor differences in comparison 
to the standard assay. The aforementioned assay implies formation of the Y-structure, which 
consists of the POI-DNA strand 1 conjugate hybridized to the complementary strand carrying 
green fluorophore, POI-DNA strand 2 conjugate hybridized to the strand carrying red 
fluorophore. Therefore, upon binding of the analyte to the target molecules, formation of the 
ternary complex will be observed, thus brining fluorophore in a needed proximity and ensuring 
FRET, so one can observe decrease in green and increase in red signal (Fig.6). 
 

                    
 
Figure 6. Illustration of the FRET-based Y-structure assay. Y-structure has two arms, the first 
one carries POI-DNA conjugate (L1) hybridized with the strand with red fluorophore. The 
second arm has POI-DNA conjugate (L2) hybridized with the strand with green fluorophore. 
Upon analyte addition, ternary complex formation is observed due to analyte binding to L1 and 
L2. This event brings red and green fluorophore in the needed proximity thus providing FRET. 
In between the measurements surface regeneration is done with the regeneration solution (1M 
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NaOH) solution which leads to the Y-structure removal from the surface. After this new 
measurement cycle can be performed starting with anew Y-structure immobilization [44] 
 
 
3.2 Nanoscale Differential Scanning Fluorimetry 
(nanoDSF) 
 
For evaluation of protein quality and stability, differential scanning fluorimetry using Tycho 
NT.6 instrument (Nanotemper Technologies GmbH Germany) was used. The principle of the 
method involves protein exposure to an increasing temperature gradient (from room 
temperature up to 95 oC) with a parallel tracking of the molecule’s unfolding by measuring its 
intrinsic fluorescence at 330 and 350 nm. Afterwards the signal ratio at 350/330 nm is obtained, 
hence illustrating the fluorescence  change  during  protein  unfolding  [40,29]. Upon data 
analysis, Ti is used for the assessment of protein stability (Fig.7). Ti is an inflection temperature 
that indicates the temperature when 50% of protein is unfolded. 

                               
Figure 7.  Illustration of the typical thermogram obtained with Tycho NT.6 instrument, where 
Ti indicates an inflection temperature with 50% of unfolded proteins. Reproduced from 45 with 
BioRender.com 
 
 
3.3 Creoptix WAVE 

 
The Creoptix WAVE instrument (Creoptix AG, Switzerland) utilizes the grating coupling 
interferometry technique (GCI). This method allows detecting changes in refractive index upon 
analyte binding utilizing the waveguide interferometry principle. The latter implies the 
transmission of the light beam through a liquid crystal, resulting in the generation of a phase 
shifted light beam and a reference beam that is coupled through the first and second grating 
regions in a Ta2O5 coated waveguide. The change in refractive index upon analyte binding to 
the immobilized target is sensed by the evanescence field; the latter is created near the surface 
of the waveguide as a result of the passing beams. Afterwards, the two aforementioned beams 
are coupled by the third grating, thus creating the interfered beam, which is then detected by an 
intensity detector (at the end of the interferometer (Fig.8)) [30,31,32,33]. 
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Figure 8. The working principle of the Creoptix WAVE biosensor. Created with 
BioRender.com 
 
The current method provides real-time kinetic measurements and allows to measure rate 
constants and KD. One can use cells, plasma, cell supernatant, virus-like particles (VLPs), 
liposomes, crude membrane preps, nanoparticles as targets [41] 
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4. Materials and Methods 
 
4.1 Compounds 
 
Compounds for NUDT5 were kindly provided by the Drug discovery and Development 
platform (DDD) of SciLifeLab, Uppsala. Reference compound 2 is a published inhibitor for 
NUDT5, which showed some promising results during cell-based assays. PROTAC 7716 is 
based on reference compound 2, whereas PROTAC 7376 has the base of reference compound 
1. Both reference compound 1 and 2 and PROTACs were reported to have poor solubility, 
which is ≤ 2 μM in PBS with 1% DMSO. PROTAC 7376 is of particular interest as it has shown 
promising results in cell assays done by a collaborating group. 
 
Table 1. NUDT5 compounds characteristics. Represented KD values were taken from the 
previous studies 
 

Name MW, g/mol KD, nM 
Reference 

compound 1 
466 

 
0.25-0.35 

Reference 
compound 2 

491 
 

0.4-1.6 

PROTAC 7716 1060 
 

- 

PROTAC 7376 1035 
 

28-38  

 
According to Roy et al., the estimated KD value for VHL binding part of the PROTACs 
compounds  is  29  nM  [34].  
 
Compounds for LSD1 were kindly provided by Beactica Therapeutics AB and represented in 
Table 2. 
 
Table 2. LSD1 compounds characteristics. *PROTAC BEA06841 was reported not to form 
ternary complex 
 

Name MW, g/mol KD, nM 
Reference 
compound 

369 378 

PROTAC 
BEA06841* 

1158 1.3 

PROTAC 
BEA06865 

1231 1.3 

 
 
4.2 Proteins 
 
As a model system, NUDT5 and LSD1 proteins were used. NUDT5 was kindly provided by 
Annette Roos from the Department of Cell and Molecular Biology at Uppsala University. The 
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aforementioned protein was previously expressed in E. coli BL21(DE3) and thus contains His-
tag. It is 28474 Da protein with theoretical pI 5.4 [38].  
 
LSD1 was kindly provided by the Department of Biochemistry at Uppsala University. LSD1 
construct 172-833 was previously expressed in E. coli Rosetta strain and thus contains a His-
tag. The protein’s molecular weight is 74.4 kDa as the purified LSD1 construct coded for 172-
833 amino acids, theoretical pI 7.3 [39]. 
 
 ELOB/ELOC/VHL complex was purchased from BPS Bioscience, where VHL (FLAG-2-212) 
25kDa, ELOB (FLAG-2-118) 14 kDa, ELOC (His-2-112) 13 kDa with overall theoretical pI 
4.7 [39].  
 
 
4.3 Amine coupling procedure 
 
4.3.1 Amine coupling procedure for standard assay 
 
POI was coupled to the DNA strand via amine coupling using the amine coupling kit 
4 (Dynamic Biosensors) that allows to couple 48mer oligonucleotide DNA strand (cNL-B48) 
to the primary amines such as N-terminus or Lys residues. All procedures were done according 
to the manufacturer’s instructions. Firstly, the ligand-strand modification was done, which 
implied the ligand strand dissolution in 40 μl of Buffer A (50 mM Na2HPO4/NaH2PO4 pH 7.2, 
150 mM NaCl) subsequent vortexing and spinning down; in parallel, the crosslinker was 
dissolved in 100 μl of ddH2O. Then 10 μl of crosslinker was added to the previously prepared 
ligand strand mix, followed by vortexing for 10 s, spinning down, and 5 min incubation at room 
temperature. Afterwards, loading to the pre-equilibrated with buffer C (50 mM 
Na2HPO4/NaH2PO4 pH 8.0, 150 mM NaCl) spin columns with further centrifugation at 1500g 
for 2 min was done. The activated DNA sample was collected in a flow-through and loaded to 
another spin column for the repeating of the purification step. The next step was ligand 
conjugation, which implied adding 0.5-50 mg/ml of the sample to the activated DNA after the 
purification step. For the ease of the procedure, 50 μl of 0.5-1 mg/ml of protein was added. The 
reaction mix was resuspended and incubated at room temperature for 1 hour [27,39]. 
 
 
4.3.2 Amine coupling procedure for Y-structure based 
assay 
 
In order to obtain protein-DNA conjugates for Y-structure based assay, amine coupling was 
performed. For that purpose, amine coupling kit 1 and kit 4 were used. POI was coupled to 
ligand strand 1, and E3 ligase was coupled to ligand strand 2. Otherwise, the coupling procedure 
is the same as for a standard assay, which was described above [27,36,37]. 
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4.4. Purification of the protein-DNA conjugates with 
ProFIRE system 
 
The protein-DNA conjugates were purified according to the manufacturer’s instructions using 
a prepacked anion-exchange column (Dynamic Biosensors). For appropriate purification, the 
sample volume was adjusted to 160 μl with buffer A. Column was equilibrated with buffer 
A (50 mM Na2HPO4/NaH2PO4 pH 7.2, 150 mM NaCl). After the sample loading, a buffer wash 
was done with buffer A, followed by elution with buffer B (50 mM Na2HPO4/NaH2PO4 pH 7.2, 
1M NaCl). The appropriate fractions were collected and subsequently buffer exchanged to 
PE40 (10 mM Na2HPO4/NaH2PO4 pH 7.2, 40 mM NaCl, 50 µM EDTA, 50 µM EGTA and 
0.05 % Tween20) using a centrifugal filter unit (3 kDa MWCO) (Dynamic Biosensors) Buffer 
exchange was done by the following protocol. 500 µl of the collected fraction was loaded in 
the centrifugal filter and spinned down at 13000 g for 10 min, the flow-through was discarded. 
The procedure was repeated for the remaining collected fraction. Consequently, 350 µl of PE40 
was added to the centrifugal unit and centrifuged at 13000g for 10 min. That was followed by 
loading 350 µl of PE40 with centrifugation at 13000g for 15 min. For a collection of the POI-
DNA conjugate, the filter was invertedly placed in a collection eppendrof tube and centrifuged 
for 2 min at 1000g.  
 
POI-DNA conjugate concentration was measured with NanoDrop 1000 Spectophotometer at 
260 nm absorbance and calculated using the following equation: 
 
                 c (POI-DNA conjugate) = A260 nm / (490,000 L mol-1 cm-1 * d)                      (4) 
 
where d – optical path length, which equals 10 mm in this case; 490,000 L mol-1 cm-1 is a 
DNA extinction coefficient for 48 nucleotide sequence [36,37,39]. 
 
 
4.5 Hybridization 
 
A Y-structure kit for FRET assay was used (Dynamic Biosensors) to obtain a Y-structure. The 
procedure was done according to the manufacturer’s instructions with slight modifications. 
Previously obtained POI-DNA conjugates should be prehybridized to the corresponding DNA 
adaptor strands with certain fluorophores: POI-DNA strand 1 to the red adapter strand 
possessing the red dye, and POI-DNA strand 2 to the green adaptor strand with the green dye. 
Therefore, one should prepare a reaction mixture: red adapter strand (400 nM) with POI-DNA 
strand 1 (500 nM) and green adapter strand (400 nM) with POI-DNA ligand strand 2 (500 nM) 
at a 1:1 ratio. This was followed by either the incubation at room temperature for 2 hours or at 
+4 oC overnight with subsequent mixing with buffer at a 1:1 ratio [38]. 
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4.6 SwitchSENSE assays 
 
4.6.1 Standard assay 
 
The measurements were done with SwitchSENSE Dynamic Biosensors DRX2 instrument 
(GmbH Germany). A standard multipurpose chip (MPC-48-1R) with red fluorophore coupled 
to the 48mer DNA strand was used during the measurements. For prevention of the nonspecific 
binding, surface passivation was done with the passivation solution (Dynamic Biosensors). 
Surface functionalization was done with 48mer DNA strand (cNL-B48-01) (500 nM) for 
detection of the best performing electrode with the highest fluorescence amplitude, best 
switching, and fluidics channel status check. The best performing electrode is supposed to have 
a fluorescence of 50 kilo counts per second (kcps).  
 
A split kinetics mode with dynamic settings was applied for the actual assay. For chip 
functionalization, firstly, the surface passivation was done, after that, either 100 nM or 500 nM 
of POI-DNA conjugate was used and incubated for hybridization with a complementary strand 
on the chip for 20 min. During the experiment HE140 (10 mM HEPES pH 7.4, 140 mM NaCl, 
50 µM EDTA, 50 µM EGTA and 0.05 % Tween20), PE140 (10 mM Na2HPO4/NaH2PO4 pH 
7.4, 140 mM NaCl, 50 µM EDTA, 50 µM EGTA and 0.05 % Tween20) was utilized as a 
running buffer, and HE40 (10 mM HEPES pH 7.4, 40 mM NaCl, 50 µM EDTA, 50 µM EGTA 
and 0.05 % Tween20), PE40 (10 mM Na2HPO4/NaH2PO4 pH 7.4, 40 mM NaCl, 50 µM EDTA, 
50 µM EGTA and 0.05 % Tween20) as an auxiliary (AUX) buffer. Association time was set to 
1 min and dissociation to 10 min. The flow rate was set to 100-500 µl/min. The aforementioned 
assay settings were carried out with switchBUILD software (Dynamic Biosensors). Surface 
regeneration was done in between the measurements of different analyte concentrations. 
Measurements were performed at RT. The analysis was carried out with the 
switchANALYSIS software [28,27]. 
 
 
4.6.2 FRET-based Y-structure assay 
 
An adaptor chip (ADP-48-0, Dynamic Biosensors) was used for the current assay. The assay 
setup for the FRET-based Y-structure assay is very similar to the standard assay described 
above. The kinetics mode with static settings was chosen. A certain voltage is applied during 
this mode to keep the Y-structure at the same position. As in the standard assay, surface 
passivation was performed, followed by Y-structure (100 nM) hybridization to the 
complementary DNA strand on the chip for 20 min. PE140 with 2% DMSO and PE140 with 
5% DMSO were used as a running buffer, and PE40 with 2% DMSO and PE40 with 5% DMSO 
as an AUX buffer. Association time was set to 1 min and dissociation time to either 3 min or 
10 min. The flow rate was set to 500 µl/min. The assay generation was carried out with 
switchBUILD software (Beta Version, Dynamic Biosensors). Measurements were done at RT. 
The analysis was carried out with the switchANALYSIS software (Dynamic Biosensors). 
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4.7 WAVE Creoptix experiments with 
NUDT5 and LSD1 model systems for reference compounds 
binding confirmation 
 
For kinetic measurements, a 4PCH chip with dextran coating was used. Prior to the coupling 
procedure, a chip conditioning with 0.1M borate buffer, pH 9.0 buffer was done with 
subsequent washing with 2X PBS, pH 7.0 buffer. Afterwards amine coupling procedure was 
performed using a 1:1 mixture of 1-ethyl3-(3-dimethylaminopropyl) carbodiimide (EDC) and 
N-Hydroxy succinimide (NHS). After the protein injection, 1M ethanolamine, pH 8.0, was used 
for surface passivation. 
  
NUDT5 protein (100 µg/ml) and LSD1 (100 µg/ml) immobilization was conducted for 10 
minutes with a flow rate of 5 µl/min using sodium acetate buffer, pH 4.0 and 10mM Bis-Tris, 
pH 7.0, respectively. The following equation was used to calculate the appropriate ligand 
density: 
 
																																																		𝑅𝑚𝑎𝑥	𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 = 𝑅𝐿 -.	/01234

-.	232/567
× 	𝑆𝑚                                 (5) 

 
where RL denotes the immobilized ligand pg/mm2, Rmax is desired level of the immobilized 
ligand, MW ligand and MW analyte is molecular weight of the ligand and analyte, respectively, 
Sm is stoichiometry of the analyte binding sites [43].  
 
WaveRapid kinetics assay was utilized for interaction kinetics measurements. This assay 
implies multiple pulse injections of a single analyte concentration with the increasing contact 
time of each next injection. The injection time was set to 120 s, dissociation time was set to 
1800 s with a flow rate of 50 µl/min. As a running buffer PE140 with 5% DMSO, pH 7.4 was 
used. DMSO (4.5-5.8%) calibration was also done. The obtained data were analyzed with the 
corresponding software. All measurements were done at RT [35].
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5.  Results  
 
Interaction kinetics using SwitchSENSE biosensor 
 
Analysis of binary interaction of NUDT5 with reference 
compounds using standard assay 
 
For kinetic measurements of the reference compounds' interaction with NUDT5, a standard 
chip with red reporter fluorophore (MPC-48-1R, Dynamic Biosensors) and dynamic mode were 
used. Kinetic analysis of the reference compounds 1 and 2 were done with the conditions 
denoted in Table 3. SwitchANALYSIS software was used for data visualization (Fig. 11). 
 
Table 3. Conditions used for kinetic measurement of reference compound 1 and 2. * prior to 
the measurements, reference compound 2 was heated up for 5 min at +60 oC; as was described 
previously, this step should have facilitated compound solubility. KD values for reference 
compound 1 and 2 were taken from the previous studies 
 

Compound KD, nM Concentration Buffer Time Flow rate 
Reference 
compound 1 

0.25-0.35 10 nM HE140 – 
running buffer 
HE40 – AUX 
buffer 
 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

  100 nM HE140 – 
running buffer 
HE40 – AUX 
buffer 
 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

  10 nM, 5 nM, 
2.5 nM 

HE140 – 
running buffer 
HE40 – AUX 
buffer 
 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

Reference 
compound 2* 

0.4-1.6 100 nM HE140 – 
running buffer 
HE40 – AUX 
buffer 
 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

  500 nM HE140 – 
running buffer 
HE40 – AUX 
buffer 
 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 
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  50 nM HE140 – 
running buffer 
+ 2% DMSO 
HE40 – AUX 
buffer 
+ 2% DMSO 

Association 
time 60 s 
Dissociation 
time 15 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

  50 nM, 25 nM HE140 – 
running buffer 
+ 2% DMSO 
HE40 – AUX 
buffer 
+ 2% DMSO 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

  50 µM HE140 – 
running buffer 
+ 5% DMSO 
HE40 – AUX 
buffer 
+ 5% DMSO 

Association 
time 60 s 
Dissociation 
time 3 min 

For 
association 
50µl/min 
For 
dissociation 
50µl/min 

 

   
 

Figure 11. Sensorgrams representing association (A) and dissociation phases (B) for reference 
compound 1(10 nM) and NUDT5. No association or dissociation is observed during the kinetics 
measurements.  
 
The sensorgrams in Figure 10 were taken as examples, as all the trials for reference compounds 
1 and 2 didn't show any response. In practice, one should observe a decrease of the signal during 
association because the binding event would lead to the increase in hydrodynamic friction of 
the switching complex, thus slowing down the switching of the DNA nanolever, which results 
in the decrease of the signal. An increase in signal should be observed during the dissociation.  
 
 
Analysis of the NUDT5-PROTAC-VHL ternary complex 
formation using FRET-based Y-structure assay 
 
To evaluate the kinetics of the NUDT5-PROTAC-VHL ternary complex formation, the FRET-
based Y-structure assay was used All of the kinetic measurement for PROTAC 7716 was 
performed at 50 nM concentration in the following running buffer: PE140 with 5% DMSO 
(Fig.12, Table 4, Fig. 13, Table 5). The association time was set to 1 min and dissociation time 
to 3.1 min. The experiment was done in one replicate. 
 

A B 
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Figure 12. Sensorgrams for kinetic measurements for PROTAC 7716 showing decrease in signal of the 
green fluorophore resulting the FRET event due to a ternary complex formation. Where A represents 
association phase, B illustrates dissociation phase. Blue line represents obtained fluorescence signal as 
a function of time, orange line illustrates the fitting of the model to the data (1:1 binding model) that 
was done by switchANALYSIS software 
 
Table 4. Obtained kinetic data for the ternary complex formation of the NUDT5-PROTAC 
7716-VHL complex 
 

KD, nM kon, M-1 s-1 koff, s-1 
N/A 3.53 ± 0.90 × 106 N/A 

 
No koff values were obtained as well as no KD for the PROTAC 7716 kinetics measurements. 
Sensorgrams showed poor data fit, indicating that the set time for association and dissociation 
may not be enough for the measurement. However, according to the manufacturer, the red 
fluorophore should be used as a reporter upon using the aforementioned assay.  
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Figure 13. Sensorgrams representing the kinetics of the ternary complex formation of the NUDT5-
PROTAC 7716-VHL complex showing increase in the red fluorophore signal due to the FRET event. 
Where A represents association phase, B illustrates dissociation phase. Blue line represents obtained 
fluorescence signal as a function of time, orange line illustrates the fitting of the model to the data (1:1 
binding model) that was done by switchANALYSIS software 
 
Table 5. Kinetic data of the ternary complex formation of PROTAC 7716 and NUDT5 
 

KD, nM kon, M-1 s-1 koff, s-1 
10.3 ± 34.2 1.19 ± 0.53 × 106 1.23 ± 4.04 × 10-2 

 
Based on the 1:1 fitted data, PROTAC7716 has a KD of 10.3 ± 34.2 nM and can be described 
as a tight binder, however one can notice that the koff is low (Table 5), indicating slow 
dissociation, conversely kon value is moderate to high, indicating moderate to fast association.  
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Kinetic measurements for PROTAC 7376 at 50 nM concentration in (PE140) + 2% DMSO 
running buffer. Association time was set to 3.1 min, and dissociation time was set to 10 min. 
The obtained results are depicted in Fig. 14 and Table 6, Fig. 14 and Table 7. Experiment was 
done in one replica. 
 

        
 

       
 
Figure 14. Sensorgrams representing the kinetics of the NUDT5-PROTAC 7376 - VHL ternary 
complex formation showing increase in the red fluorophore signal due to the FRET event. Where A 
represents association phase, B illustrates dissociation phase. Blue line represents obtained fluorescence 
signal as a function of time, orange line illustrates the fitting of the model to the data (1:1 binding model) 
that was done by switchANALYSIS software 
 
Table 6. Kinetic data of the ternary complex formation of PROTAC 7376 and NUDT5 
 

KD, nM kon, M-1 s-1 koff, s-1 
17.8 ± 24.1 2.72 ± 3.67 × 105 4.84 ± 0.69 × 10-3 

 
Sensorgrams illustrate a good 1:1 fit of the data, however, one may notice 2 peaks, possibly due 
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to the air injection. Calculated values in Table 6 describe the tight binding of the PROTAC 
7376 to the POI, as KD is in the nanomolar range, as well as moderate kon and slow koff rates, 
illustrating moderate association and slow dissociation, respectively. 
 

      
 

     
 
Figure 15. Sensograms for kinetic measurements for NUDT-PROTAC 7376-VHL ternary complex 
PROTAC 7376 showing increase in red fluorophore signal due to the occurred FRET. Where A 
represents association phase, B illustrates dissociation phase. Blue line represents obtained fluorescence 
signal as a function of time, orange line illustrates the fitting of the model to the data (1:1 binding model) 
that was done by switchANALYSIS software 
 
Table 7. Kinetic data of the ternary complex formation of PROTAC 7376 and VHL 
 

KD, nM kon, M-1 s-1 koff, s-1 
7.31 ± 2.12 6.09 ± 1.7 × 105  4.45 ± 36.8 × 10-4 

 
The obtained graphs illustrate a good fit with a simple reversible 1:1 interaction model. 
PROTAC 7376 shows high affinity, indicating tight binder, moderate kon rate, describing the 
moderate binding event, slow koff rate, meaning slow dissociation event.  
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Analysis of binary interaction of LSD1 with reference 
compounds using standard assay 

 
For interaction evaluation of LSD1 with reference compound, standard assays with dynamic 
and static modes were used. Conditions for the kinetic measurements as well as results are 
illustrated in Fig. 16 and Table 8.  
 
Table 8. Conditions used for assessment of LSD1 interaction with reference compound, where 
* Static mode indicates the type of assay where a certain voltage is applied to keep DNA 
nanolevers in an upward position during the experiment. Thus, upon the analyte binding, the 
change in fluorophore vicinity is detected, resulting in signal alteration. The represented flow 
rates, time for association and dissociation were picked up according to the simulations and tips 
depicted with the switchBUILD software as well as previously obtained results 
 

Compound KD Concentrations Buffer Time Flow rate 
Reference 
compound 

378 nM 10 µM PE140 – running 
buffer 
PE40 – AUX 
buffer 

Association 
time 2 min 
Dissociation 
10 min 

For 
association 
200 µl/min 
For 
dissociation 
1000 µl/min 

  10 µM PE140 + 0.5 mM 
TCEP – running 
buffer 
PE40 + 0.5 mM 
TCEP – AUX 
buffer 

Association 
time 2 min 
Dissociation 4 
min 

For 
association 
100 µl/min 
For 
dissociation 
1000 µl/min 

*Static mode  10 µM PE140 + 0.5 mM 
TCEP + 2% 
DMSO – running 
buffer 
PE40 + 0.5 mM 
TCEP + 2% 
DMSO – AUX 
buffer 

Association 
time 2 min 
Dissociation 4 
min 

For 
association 
100 µl/min 
For 
dissociation 
1000 µl/min 

 

         
 
Figure 16. Example of the sensorgram obtained for kinetics measurement of the reference compound 
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with LSD1 in PE140 running buffer, representing both association and dissociation. 
 
According to Figure 16, there is no association or dissociation observed. Figure 16 is an 
example of the sensorgram for binding evaluation between the reference compound and LSD1. 
None of the conditions described in Table 8 worked.  
 
 
Analysis of the LSD1-PROTAC-VHL ternary complex 
formation using FRET-based Y-structure assay 
 
For the assessment of PROTAC interaction with LSD1 FRET-based Y-structure assay was 
used. Used conditions as well as sensorgrams are depicted in Table 9 and Fig 16, respectively.  
 
Table 9. Conditions for the FRET-based Y-structure assay with LSD1 
 

Compound KD, nM Concentrations Buffer Time Flow rate 
BEA06865 1.34  25 nM, 50 nM PE140 + 0.5 mM 

TCEP + 2% 
DMSO – running 
buffer 
PE40 + 0.5 mM 
TCEP + 2% 
DMSO – AUX 
buffer 

Association 
time 1 min 
Dissociation 
time 10 min 

500 µl/min 

  25 nM, 50 nM, 
100 nM 

PE140 + 0.5 mM 
TCEP + 2% 
DMSO – running 
buffer 
PE40 + 0.5 mM 
TCEP + 2% 
DMSO – AUX 
buffer 

Association 
time 1 min 
Dissociation 
time 10 min 

500 µl/min 

BEA06865 1.34 500 nM PE140 + 2% 
DMSO 
PE40 + 2% 
DMSO 

Association 
time 1 min 
Dissociation 
time 10 min 

500 µl/min 

BEA06841 1.29 500 nM PE140 + 2% 
DMSO 
PE40 + 2% 
DMSO 

Association 
time 1 min 
Dissociation 
time 10 min 

500 µl/min 
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Figure 17. The obtained sensorgrams with no association and dissociation for PROTAC BEA06865. A 
Illustrations of the obtained signals for association (A1) and dissociation (A2) from green fluorophore. 
B. Illustrations of the obtained signals for association (B1) and dissociation (B2) from red fluorophore 
 
The results illustrated in Figure 17 are typical results for binding assessment between 
PROTACs and LSD1. None of the represented conditions in Table 9 worked as no FRET was 
observed, thus indicating no binding between the PROTACs and the studied protein, VHL.  
 
 
Interaction characterization of NUDT5 and reference 
compounds binary complex using Creoptix WAVE 
instrument 
  
Evaluation of the interactions of reference compounds 1 and 2 with NUDT5 were performed. 
Measurements were done using PE140 with 5% DMSO as a running buffer using waveRAPID 
mode. 100 µg/ml of NUDT5 was immobilized on a surface, which resulted in RL~14301 RU 
hence, experimental Rmax = 138.8 RU. The results of the measurement are illustrated in Fig. 
18. All of the measurements were done in one replica. 
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Figure 18. Sensorgram illustrating waveRAPID measurements for reference compound 1 (A) and 2 (B), 
respectively, where I – injection, A – association, D - dissociation 
 
According to the obtained results, the tested compounds showed an interaction with NUDT5, 
however, binding couldn’t be characterized due to a strong interaction with no apparent 
dissociation observed.   
 
 
Interaction characterization of LSD1 and reference 
compound binary complex using Creoptix WAVE 
instrument 
 
Reference compound interactions with LSD1 were assessed with waveRAPID mode. 
Measurements were done using PE140 with 5% DMSO as a running buffer mode. 100 µg/ml 
of LSD1 was immobilized on a surface which resulted in RL~16464.1 RU hence, experimental 
Rmax = 81.5 RU. The results of the measurement illustrated on Fig. 19. 
All the measurements were performed in one replica. 
 

 
Figure 19. Sensogram depicting waveRAPID kinetics measurements with reference compound and 
LSD1, where where I – injection, A – association, D - dissociation 
 
According to the sensorgram, a hint on an interaction of the reference compound with LSD1 
was detected. The results obtained with WAVE software are doubtful as the experiment run 
was done simultaneously with the NUDT5 protein and the corresponding reference compounds, 

B 
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and non-specific binding of the reference compound 2 to LSD1 was potentially detected. 
However, the depicted graph doesn’t represent an actual binding. 
 
 
Evaluation of protein stability and quality with NanoDSF 
 
During the experiments with reference compounds and PROTACs, buffers containing 2% and 
5% DMSO were used due to the compounds' poor solubility. For that reason, NUDT5 and LSD1 
stability checks were done using differential scanning fluorimetry with the Tycho NT6 
NanoTemper instrument in the running buffer PE140 with and without DMSO (Fig. 9). 
  

   
Figure 9. Assessment of the protein’s stability in the buffer with and without DMSO. (A) The black 
line indicates NUDT5 protein in the PE140 buffer; the pink line corresponds to NUDT5 protein PE140 
with 2% DMSO. Vertical lines refer to the inflection temperature (Ti) indication first unfolding. (B) 
Black line corresponds to the reference (NUDT5 protein in PE140 buffer), and the blue line indicates 
NUDT5 in PE140 with 5% DMSO. Vertical lines correspond to the inflection temperature showing the 
protein’s unfolding 
 
According to the NanoDSF results, NUDT5 is stable in PE140 buffer, as the depicted curve is 
smooth with one inflection point. With the Ti equals 66.4 oC. Whereas the obtained Ti for 
NUDT5 in PE140 buffer and PE140 with 2% DMSO showed a difference between the 
inflection points that equals 5 oC, the other inflection point was also detected at 85.6 oC. 
Regarding the stability of NUDT5 in PE140 with 5% DMSO the inflection temperature was 
61.2 oC, 82.8 oC, and 90.3 oC (Fig.8).  
   
The same experiment was done for LSD1 (Fig.10). 

A B 
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Figure 10. NanoDSF results for LSD1 stability measurement. The orange line refers to LSD1 in the 
PE140 buffer; the blue line indicates LSD1 in PE140 with 2% DMSO buffer. Vertical lines correspond 
to the inflection temperature.  
 
According to the results for LSD1, protein’s inflection temperature points in PE140 equal 
Ti=49.7 oC, Ti = 56.6 oC and 62.2 oC. were detected. Regarding LSD1 in PE140 with 2% 
DMSO, a slight shift in the inflection temperature for LSD1 in buffer, which results in 0.3 oC, 
was detected. 
 
 The stability of the VHL E3 ligase in presence of 5% DMSO was checked previously and 
reported as stable. 
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6. Discussion 
 
The aims and objectives of the current project were to develop a biophysical assay for studies 
of the kinetics of the ternary complex (POI:PROTACs:E3ligase) formation using biosensors as 
well as to contribute to hit compounds optimization in cancer treatment research. For this 
reason, such proteins as NUDT5 and LSD1 were chosen to be model systems for biosensor 
assay development, as those proteins are thought to participate in hormone-based gene 
expression during cancer progression, which makes them prospective drug targets.  
 
Interaction kinetics analysis between NUDT5 protein and reference compounds was done using 
biosensors SwitchSENSE Dynamic Biosensors DRX2 instrument. So, the analysis of the binary 
interactions of NUDT5 and reference compounds was carried out, which resulted in no signal 
detection. The possible reason for no observed interactions might be poor compounds' 
solubility. So, one can try heating up compounds for an increased time interval. Furthermore, 
multiple freeze-thaw cycles and water absorption could contribute to compound precipitation 
[40]. The other reason might be the stability of NUDT5. Furthermore, as POI-DNA conjugates 
are obtained with amine coupling, which cannot be controlled, one may assume that the 
coupling has occurred closer to the interaction site, causing some steric hindrance to molecules' 
tethering. Therefore, different coupling methods can be tried in prospective, e.g. thiol coupling 
or coupling via His-tag, as a protein has both Cys residues and His-tags. More data points should 
be made for more accurate interaction evaluation, which can be done by increasing the number 
of concentrations tested by making 0.1-100-fold dilutions of the compounds KD. The other 
cause of interaction absence may be simply due to the low molecular weight of the reference 
compounds. So, upon their binding, no increase in hydrodynamic friction, thus, no observed 
change in switching was detected. That may indicate the inefficiency and insensitivity of the 
current assay for testing small compounds. 
 
After that, NUDT5-PROTAC-VHL ternary complex formation was analysed using a FRET-
based Y structure assay with SwitchSENSE Dynamic Biosensor. The first assessment was 
performed with PROTAC 7716 at 50 nM concentration in the following running buffer: PE140 
with 5% DMSO. According to the manufacturer, a red fluorophore signal should be considered 
a reporter. Thus, the obtained KD for red reporter fluorophore is in the nanomolar range, 
indicating that the molecule is a tight binder (Table 5). The obtained koff values point to low to 
moderate dissociation (Table 5). Although, the observed curve fitting (Figure 12, Figure 13) of 
the model to the data lacks precision. More data points are required for more accurate results 
as well as a longer dissociation time. The observed fluorescence signal is low, either due to the 
ternary complex formation, resulting in dye quenching or DMSO presence. As it was reported 
by Zehentbauer F.M. et al. that DMSO had an impact on rhodamine 6G fluorescent dye 
intensity resulting in its decrease [43]. As the used fluorescent dye is commercial and nothing 
is known about its characteristics, one may consider changing the fluorescence dye for better 
fluorescent intensity during the aforementioned experimental conditions. 
 
The other kinetic measurements were done with PROTAC 7376 at 50 nM concentration in 
(PE140) + 2% DMSO running buffer. The obtained sensorgrams for both green and red 
fluorophores depicted good curve fitting (Figure 14, Figure 15). The obtained KD and koff  values 
indicate that PROTAC 7376 is a tight binder with slow dissociation (Table 6, Table 7). 
However, as in the case with PROTAC7716, both reported green and red signals are low, 
possibly due to the ternary complex formation or high DMSO concentration. 
 
Subsequent interaction analysis with LSD1 protein was done with SwitchSENSE Dynamic 
Biosensor. Firstly, an assessment of binary interactions of LSD1 with reference compound was 
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carried out. Despite the conduction of multiple trials described in Table 8, no signal was 
observed (Figure 16). Therefore, the reasons may be the same as in the case with NUDT5 
protein and reference compounds: compound insolubility as well as low molecular weight, 
which is not sufficient for influencing the switching mode of DNA nanolevers; protein’s 
instability, amine coupling to the DNA strand close to the binding site that may cause steric 
hindrance, method insensitivity, nonspecific binding of the protein to the neighbouring 
nanolevers. Therefore, utilization of another coupling method (e.g. thiol-based coupling, His-
tag coupling) and a range of DMSO concentrations (e.g. 1-5% DMSO) are other conditions to 
be tried in future perspective.  
 
For the evaluation of the ternary LSD1-PROTAC-VHL complex formation, a FRET-based Y 
structure experiment was conducted using SwitchSENSE Dynamic Biosensor. However, none 
of the trials represented in Table 9 worked, resulting in no observable signal (Figure 17), which 
could be due to quenching of the fluorophores either by proteins or PROTACs, insufficient 
association time or compound solubility, and protein instability. The recommended flow rate 
of 500 µl/min was set, though mass transport limitations can also be the case, thus, the flow 
rate can be slowed down. Otherwise, the same solutions described above for the LSD1 
interaction with the reference compound can be regarded as an improvement for further 
experiments. 
 
No signal was obtained when analyzing the binary complex of the reference compounds and 
proteins of interest with the DRX2 instrument. It was decided to do the analysis using the 
Creoptix WAVE instrument. The kinetic interactions of NUDT5 with reference compounds 
were detected. However, no dissociation was observed. Mass transport limitations can impact, 
as no distinct curvature is observed, thus indicating a potential too low flow rate. Although, 
insufficient association time and a low flow rate can also impact mass transport. Therefore, the 
possible solution is to increase the flow rate or increase the association and dissociation time 
and maintain the same flow rate. As mentioned previously, compound insolubility and protein 
stability can be a reason for the absence of a good signal. Therefore, the solutions regarding 
compound solubility mentioned previously can be applied. 
 
Binary interactions of LSD1 with reference compounds were also analyzed with the Creoptix 
WAVE instrument. However, no distinct binding event was detected (Figure 19). The depicted 
curve may represent non-specific binding of reference compound 2 to LSD1, as one of the 
indicators of such binding is not significant curvature of the graph. The aforementioned 
compound dissociates poorly, thus, one can assume that it didn’t dissociate from LSD1 as the 
sensorgrams with both reference compounds are very similar (Appendix, Figure 3A). However, 
the depicted graph doesn’t represent an actual binding event, possibly due to protein’s 
instability in buffer, compound instability or insolubility. Therefore, a repeat of the experiment 
is required. 
 
As mentioned before, during all the experimental setups, a possible reason for no observed 
interactions could have been proteins’ stability. Thus, nanoDSF measurements were conducted. 
According to the obtained graphs (Figure 9) and corresponding inflection temperatures, 
NUDT5 stability is shifted and can be concluded as less stable as there is a big difference 
between the inflection points of the protein in a buffer at 2% and 5% DMSO. The same 
experiment was done with LSD1, concluding with a slight shift in the inflection temperature 
for the protein in PE140 with 2% DMSO buffer. It could indicate that the protein is not so stable 
in the current buffer with and without 2% of DMSO. 
 
Thus, shifted stability of NUDT5 and the poor stability of LSD1 protein could explain the 
absence of interactions and, consequently, no observed signal during the biosensor experiments. 
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Therefore, to increase stability, in prospective, one can try adding 1-5% glycerol, or a reducing 
agent, e.g. TCEP. Also, as NUDT5 requires Mg2+ and LSD1 needs FAD for catalysis, these 
cofactors can stabilize the protein. Furthermore, buffer composition and pH adjustments could 
be made. In the case of LSD1, the running buffer had pH 7.4, and as the protein’s pI is close to 
the buffer pH=7.4, buffer pH can be increased up to pH 8.0. 
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7.  Conclusion 
 
The obtained results from DSF and SwitchSENSE showed that model system optimization and 
assay optimization are needed. Although, the results obtained with FRET-based Y-structure 
assay for ternary complex formation with PROTAC 7716 and 7376 at 50 nM concentration 
using NUDT5 as a model system, showed KD = 10.3 ± 34.2 nM and KD = 7.31±2.12 nM, 
respectively. More data points are needed for further PROTAC 7716 and 7376 interaction 
assessment, as well as longer dissociation time. Based on Creoptix WAVE results, reference 
compounds for NUDT5 protein are very tight binders, thus, the assay also requires 
development. Although, the other techniques, such as isothermal titration calorimetry (ITC), 
MicroScale Thermophoresis (MST), quartz crystal microbalance (QCM), bio-layer 
interferometry (BLI) could be used. SwitchSENSE and Creoptix WAVE based assays 
optimization is needed for LSD1 interaction assessment with PROTAC compounds as the latter 
showed no observed interactions due to potential insolubility of compounds. 
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Appendix A 
 

 
Figure 1A. Typical chromatogram of POI-DNA strand 1 conjugate purification with anion 
exchange chromatography using ProFIRE instrument. Where the first peak indicates unbound 
protein, the second one POI-DNA conjugate, the third peak represents unbound DNA 
molecules.  
 

 
 
Figure 2A. Representation of the NUDT5 immobilization on multiple purpose chip  
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Figure 3A. Illustration of nonspecific interactions with reference compound 2 and LSD1. 
Where I is injection, A means association phase, D represents dissociation phase 


