
 

 

 

 

 

 

Scuola Universitaria Superiore IUSS Pavia 

 

Development and optimization of versatile screening 
methodologies in the context of DNA-encoded chemical 

libraries 
 

 

A Thesis Submitted in Partial Fulfilment of the Requirements  

for the Degree of Doctor of Philosophy in 

 

BIOMOLECULAR SCIENCES AND BIOTECHNOLOGY 

by 

Alessandro Sannino 

 

November 2020  
 





 

 





 

 

 
 

 

 

 

Scuola Universitaria Superiore IUSS Pavia 

 

Development and optimization of versatile screening 
methodologies in the context of DNA-encoded chemical 

libraries 
 

 

A Thesis Submitted in Partial Fulfilment of the Requirements  

for the Degree of Doctor of Philosophy in 

 

BIOMOLECULAR SCIENCES AND BIOTECHNOLOGY 

by 

Alessandro Sannino 

Supervisor: Prof. Dr. Federico Forneris, Department of Biology and Biotechnology “L. 
Spallanzani”, University of Pavia 

Co-supervisors: Dr. Florent Samain, Philochem AG;  
Prof. Dr. Dario Neri, Institute of Pharmaceutical Sciencies, ETH Zürich / Philochem 

AG 

 

November 2020 





 

 





 

 

SUMMARY 

For many years, the discovery of novel small molecule drugs has been performed by 
screening large libraries of compounds one-by-one against a validated target of 
pharmaceutical interest. Given that conventional methodologies based on high-throughput 
screening (HTS) are highly demanding in terms of time and logistics, novel screening 
platforms have been developed and implemented in modern drug discovery. In this 
context, DNA-encoded chemical libraries (DECLs) have emerged as a powerful and 
versatile tool for lead identification.  

In a classical DECL setting, small organic molecules are individually coupled to distinctive 
DNA oligonucleotide tags which serve as amplifiable identification barcodes and facilitate 
the construction of combinatorial libraries of unprecedented size. Typically, the 
identification of binding molecules from DECLs relies on affinity selection procedures 
against a solid-supported target, followed by PCR amplification and DNA sequencing. 

However, the performance of affinity selection procedures has been narrowly investigated 
so far. This thesis presents a strategy for the quantitative analysis of affinity selection 
experiments using three sulfonamide-functionalized ligands with different affinity to 
carbonic anhydrase IX (CAIX) – a well-known validated tumor associated antigen – as 
model compounds. Firstly, quantitative PCR procedures (qPCR) were implemented in 
order to evaluate the recovery and selectivity for affinity selection procedures performed 
using conventional solid supports. Secondly, the recovery of individual CAIX ligands was 
determined in the context of a single pharmacophore library, containing 360000 DNA-
encoded compounds. Collectively, the results show that conventional affinity capture 
procedures are efficient for the identification of high-affinity ligands but may be suboptimal 
for the recovery of binders with a Kd in the micromolar range. 

Indeed, micromolar binders are characterized by limited kinetic stability of their complex 
with the cognate protein target, leading to loss of recovery upon implementation of 
stringent washing procedures. In this context, the use of photocrosslinking reactions may 
help to “lock the equilibrium” and prevent the disruption of the interaction between 
putative binders and their target proteins.  

Thus, we aimed at developing and performing a systematic evaluation of a novel 
photocrosslinking screening methodology, featuring a library displayed on single-stranded 
DNA, which could be hybridized to a complementary oligonucleotide carrying a diazirine 
photoreactive group as a terminal crosslinker. Investigation of model selection experiments 



 

against CAIX revealed a recovery of individual binders up to 10%, which was mainly 
limited due to the high reactivity of intermediate carbene species, generated during the 
photocrosslinking reaction. In the first set of experiments, model sulfonamide ligands 
featuring acetazolamide and p-phenysulfonamide were recovered more efficiently 
compared to their counterparts based on 3-sulfamoyl benzoic acid, which were 
characterized by a lower binding affinity towards the target. Systematic optimization of 
experimental parameters revealed suitable conditions for the implementation in a real 
DECL library, featuring 669’240 combinations of two sets of building blocks. Compared 
to conventional affinity capture procedures, the photocrosslinking methodology provided 
better discrimination towards the identification of low-affinity CAIX ligands over the 
background noise. 

The results show that DECL libraries in the single-stranded format are versatile discovery 
tools that can be used for the construction of encoded self-assembling chemical libraries 
(ESAC) and for the implementation of photocrosslinking methodologies. The present 
results support both methodologies (affinity capture and photocrosslinking strategies) for 
the identification of new binders, which could be lost within the screening process. 



 

 

RIASSUNTO 

Tradizionalmente, la scoperta di nuovi farmaci inizia con una fase di screening di vaste 
librerie di composti chimici mirati contro uno specifico target di interesse. Dato che le 
procedure convenzionali basate su metodi “high-throughput” possono essere subottimali 
in termini di tempo e costi di ricerca, nel corso degli anni sono state sviluppate ed 
implementate nuove tecnologie per l’utilizzo nella moderna ricerca farmaceutica. In questo 
contesto, l’utilizzo di librerie chimiche codificate dal DNA è stato determinante per la 
scoperta di nuove molecole farmacologicamente attive. 

La costruzione di una libreria prevede la coniugazione di ciascuna molecola organica a uno 
specifico frammento di DNA che codifica inequivocabilmente la sua natura e facilita la 
sintesi di vaste librerie combinatoriali di composti chimici. 

Tipicamente, la ricerca di ligandi in grado di legare determinati targets proteici si basa su 
procedure di screening di affinità contro una proteina immobilizzata su una determinata 
fase solida, seguita da amplificazione in PCR e tecniche di sequenziamento del DNA. 

Tuttavia, il rendimento delle procedure moderne utilizzate per lo screening di librerie 
codificate dal DNA non è stato ancora sufficientemente valutato. In questa tesi è presentata 
una strategia per l’analisi quantitativa dell’efficienza di metodologie di selezione, utilizzando 
tre ligandi modello basati su solfonammidi, in grado di legare l’anidrasi carbonica IX 
(CAIX) con affinità diversa. Inizialmente, il lavoro ha previsto l’implementazione di 
procedure di amplificazione in PCR quantitativa per l’analisi quantitativa della resa di 
recupero e della selettività dei metodi di selezione utilizzando supporti solidi comunemente 
utilizzati in cromatografia di affinità. Successivamente, la quantificazione della resa di 
ciascun ligando è stata determinata utilizzando una libreria a singolo farmacoforo, 
contenente 360’000 molecole organiche. I risultati hanno evidenziato che le procedure di 
selezione convenzionali sono efficienti per l’identificazione di ligandi ad alta affinità, ma 
possono essere subottimali nel riconoscimento di molecole caratterizzate da una costante 
di dissociazione micromolare. 

I complessi tra ligandi micromolari e i rispettivi targets sono infatti caratterizzati da una 
bassa stabilità cinetica, che puó portare a una rottura del legame e a un abbassamento della 
resa di recupero, a seguito della fase di lavaggio per rimuovere i composti non-leganti. Per 
questo motivo, si possono utilizzare determinate procedure di “photocrosslinking”, per 
poter stabilizzare l’interazione tra ligandi e targets e bloccare l’equilibrio irreversibilmente. 



 

In questo lavoro di tesi è stata sviluppata ed eseguita una valutazione sistematica di una 
procedura di selezione basata su “photocrosslinking”, utilizzando una libreria costruita su 
un singolo filamento di DNA e ibridato a un oligonucleotide coniugato a una diazirina 
fotoreattiva. L’analisi di procedure di screening utilizzando composti modello e anidrasi 
carbonica IX ha permesso la determinazione di rese di recupero fino al 10%, limitate 
dall’elevata reattività delle specie carbeniche intermedie generate durante la reazione di 
crosslinking. Inizialmente, i ligandi solfonammidici contenenti acetazolamide e p-
fenilsolfonammide sono stati recuperati con un’efficienza maggiore, al contrario di quelli 
basati su m-fenilsolfonammidi, caratterizzati da una costante di affinità meno favorevole. 
Lo studio sistematico delle variabili sperimentali ha permesso l’ottimizzazione della 
procedura e l’implementazione per lo screening di una libreria, contenente 669’240 
molecole organiche. In confronto alle procedure di selezione tradizionali basate su 
cromatografia di affinità, la metodologia di “photocrosslinking” ha permesso una migliore 
discriminazione dei ligandi micromolari dal resto della libreria. 

I risultati hanno mostrato che le librerie codificate da codici di DNA a singolo filamento 
sono versatili e possono essere utilizzate non solo per la costruzione di librerie chimiche 
“DNA-encoded” ad auto-assemblaggio (ESAC), ma anche per l’utilizzo di procedure di 
“photocrosslinking”. In conclusione, i due metodi di screening – su fase solida e basati su 
“photocrosslinking” – possono essere utilizzati in maniera complementare e 
rispettivamente per il riconoscimento di ligandi ad alta e bassa affinità. 
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1.INTRODUCTION 

 

1.1 SCREENING PLATFORMS USED IN DRUG DISCOVERY 

The discovery of specific molecules (e.g., small molecules or biologics), which exhibit 
activity against biological targets remains a challenging task for the chemistry, biology and 
biomedical science field and thus requires a multidisciplinary approach. [1] 

In pharmacology, a small molecule drug (SMD) is a molecularly defined chemical entity 
characterized by low molecular weight (MW < 1000 Da) with a diameter in the order of 
10-9 m.  These physical parameters allow small molecules to rapidly diffuse across cell 
membranes and reach cytoplasmatic intracellular targets. [2] Moreover, small molecule 
drugs often work rapidly, reversibly and their activity depends on their concentration. Their 
pharmacokinetic properties – ADME (Adsorption, Distribution, Metabolism and 
Excretion) are also peculiar, and they can be administrated by a variety of routes, including 
orally. [3] 

It has been proposed that small organic molecules must comply with the Lipinski’s Rule of 
Five (Ro5) in order to be considered “drug-like”. [ 4 ] The rule was formulated by 
Christopher Lipinski, based on the experimental observation of physicochemical 
parameters of many oral drugs available in the market. The rule can be summarized as 
follows: 1) hydrogen bond donors ≤ 5; 2) hydrogen bond acceptors ≤ 10; 3) molecular 
weight ≤ 500; 4) clogP ≤ 5. 

Biologics are products derived from living organisms (e.g., human, animal or 
microorganisms) and thus can contain components of living organisms. [5] Typical biologic 
drugs include monoclonal antibodies, nucleic acids, cells and recombinant proteins. The 
popularity of these medicines has been increasing over the last decade, thanks to the 
advances in biotechnology and bioanalytical methods. In terms of specificity and 
biocompatibility, these drugs are often preferred over small molecule preparations since 
they may contain proteins which interact in specific cellular processes (e.g., cancer, 
autoimmune diseases). Side effects of biologics largely depend on the method of 
introduction into the body, which is mainly by intravenous injection. Moreover, the high 
costs of production and evaluation of biopharmaceutical drugs reflect their high price of 
sales in the market.  
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Recent approval trends and the current pipeline show that small molecules are still 
preferred on the market. In 2019, the FDA approved 48 novel drugs, 73% of which were 
small molecules. (Figure 1.1). [6] This trend is partially justified by the high costs of 
production and evaluation of biopharmaceutical drugs, which is reflected in their price of 
sales in the market. However, the discovery of novel drugs remains a costly process that 
takes in average more than a decade from discovery to approval [7]. In the past, the 
discovery of new medicines mainly relied on the optimization of novel natural product 
derivatives. [8] With the advent of novel screening technologies (e.g., high-throughput drug 
screening and combinatorial chemical libraries), drug discovery shifted the focus from the 
traditional drug discovery process (e.g., use of medicinal plants) to small molecule synthesis. 
Further development in the production and design of novel methodologies used for the 
synthesis and screening of compound libraries will likely improve the time and costs of 
drug discovery programs and the risk of late-stage failure. [9] 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.  A. Annual numbers of FDA’s Center for Drug Evaluation and Research (CDER) approvals 
of new molecular entities (NMEs) and biologics licence applications (BLAs) from 1993 to 2019. B. 
CDER approvals by modality. NMEs include small molecules and oligonucleotides. Protein-based 
candidates - nanobodies, fusion proteins, antibody-drug conjugates (ADC) and monoclonal 
antibodies (mAb) are approved as BLAs. Image adapted from: “2019 FDA drug approvals – Nature 
Reviews drug discovery”. [6] 
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1.1.1 Screening Platforms Used in Drug Discovery 

Nowadays, early drug discovery programs start with the screen of hundreds or thousands 
of molecules against a validated target of interest. The target can be defined as a molecular 
entity (e.g., protein, gene, enzyme, receptor) which is involved in a specific biological 
process. [10] The identification of a target is followed by characterization of the molecular 
mechanisms in which the target is involved. Defining the “druggability” [ 11 ] – the 
likelihood of being able to modulate the activity of a target using a small molecule drug – 
is crucial in determining the success of a drug discovery program. A “druggable” target is 
accessible to a small molecule or a large biologic, and upon binding, elicits a measurable 
biological response within in vitro and in vivo biophysical experiments. 

Following the validation of a target, compound screening assays are performed during the 
hit identification and lead discovery phase. In principle, a variety of screening platforms 
can be used to identify “hit molecules”, including high-throughput screening (HTS), 
fragment screening, ligand-based and structure-based computational methods and 
combinatorial libraries. These techniques will be introduced in the following paragraphs.  

 

1.1.1.1 High Throughput Screening (HTS) 

Large libraries of compounds (e.g., chemical libraries comprising 103–106 compounds) can 
be screened against a validated drug target using high-throughput screening (HTS). 
Secondary hit validation assays are generally performed in a second phase to confirm the 
mechanism of binding and position. [12, 13] 

HTS assays are typically performed in microtiter plates (e.g., 96-, 384- or 1536-well formats) 
and utilize liquid-dispensing and plate-handling robotics for automation. These screens 
have the potential to analyze between 104–105 samples per day. Screenings are performed 
at a compound concentration which is typically between 1–10 µM, but this parameter can 
be varied to identify compounds with lower or higher activity. [14, 15] In the past two 
decades, pharmaceutical companies have invested billions of dollars in building 
multimillion compound libraries, which typically deliver drug leads against many classes of 
targets.  

However, Chen et al. [16] reported a success rate as low as 0.0001% in the identification of 
inhibitors against JIP-JNK. This limitation arises when traditional compound libraries are 
screened for protein-protein interactions (PPIs) [17], which represent a class of challenging 
targets due to the highly dynamic and large interfacial areas. These findings are supported 
by Santos et al. [18], which states that small molecule drugs address a limited range of targets 
(e.g., Rhodopsin-like G protein-coupled receptors, ion channels, kinases, nuclear 
receptors). Further improvements in library design and fine-tuning of physicochemical 
parameters are needed to enable a systematic validation of the chemical space.   
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Another limitation of HTS is the use of complex laboratory automation (e.g., liquid 
handling devices, sensitive detectors, robotics), which may be demanding in terms of 
management, costs and logistics. [19] 

 

1.1.1.2 Fragment-Based Drug Discovery (FBDD) 

Fragment-based drug discovery (FBDD) is a target-based method used to identify small 
organic starting points (“fragments”) which can be further optimized to drug-like leads and 
clinical candidates by chemical growing and/or linking (Figure 1.2). [20–22]  

The procedure relies on the screening of a small number of low molecular weight fragments 
against a target of interest to identify compounds which give meaningful interactions with 
the protein.  In analogy with Lipinski’s Rule of Five, it has been proposed that these 
fragments should follow the “rule of three” (Ro3) (molecular weight ≤ 3; number of 
hydrogen bond donors and acceptors ≤ 3; clogP ≤ 3). [23] 

Hits arising from an FBDD screen typically display a dissociation constant (Kd) in the range 
of 0.1–10 mM and above. Therefore, sensitive detection methods are required for the 
assessment of binding (e.g., X-ray crystallography, NMR, surface plasmon resonance, HTS 
screens at high concentration) [ 24 ]. Calorimetry methods (e.g., isothermal titration 
calorimetry) are suited for FBDD because they are sensitive to weakly binding ligands and 
can provide an accurate read-out of functional activity. 
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Figure 1.2. Comparison between high-throughput screening (HTS) and fragment-based drug 
discovery. (FBDD). Using HTS (A), large libraries of compounds are screened against a target of 
interest to identify potential binders, which can be subsequently optimized. In FBDD (B), the 
identification of a lead molecule starts with the identification of binding fragments, which can be 
linked (B.1) or grown (B.2) to generate more potent molecules. 

 

It has been demonstrated that simple organic fragments have a higher probability of 
binding to complex active sites. [25]  High molecular weight molecules can be sterically 
excluded from these sites.  Binding fragments generate an entropy loss of the biological 
system through the formation of a high-quality interaction. [26, 27] It has been argued that 
a molecule must sufficiently interact with the target in order to overcome an entropy loss 
of 15 – 20 kJ mol-1 [28], that is due to a reduction in the motion of the molecule from its 
solution state to bound state. This is not an issue for larger molecules (MW > 500 Da) that 
can make multiple interactions with a protein, whereas small fragments can overcome this 
energy barrier only by making particularly strong interactions with a protein. [29] Since the 
energy penalty has already been “paid” by the single fragment to the protein, additional 
interactions after optimization of the lead can only improve the binding affinity of the 
molecule towards the target. [21] 

FBDD has been extensively used for challenging targets as binding sites in protein-protein 
interactions (PPIs). [30] Fesik and co-workers [31] reported the discovery of single-digit 
nanomolar myeloid cell leukemia-1 (Mcl-1) inhibitor using an NMR-based screen of an 
extensive fragment library. In 2016, Davies et al. [32] described the identification of a potent 
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nanomolar small molecule inhibitor of Kelch-like ECH-associated protein-1 (KEAP1) 
using fragment-based drug discovery. 

 

1.1.1.3 Computer-Aided Drug Design (CADD) methods  

Computer-aided drug design (CADD) methods represent a class of computational 
techniques that can be used to identify chemical structures which are most likely to bind a 
target of interest. [ 33– 35 ] The purpose of the method is generally to screen large 
compound libraries (> 1012 molecules) and identify “smaller clusters” of predicted active 
compounds. Further optimization of lead compounds is then performed through the 
improvement of biological properties (e.g., metabolism and pharmacokinetics properties 
(DMPK), ADMET). [36] 

Virtual screenings (VS) can be classified in two main groups: target-structure dependent 
and ligand-based. [37] Structure-based methods (SBVS) require an in-depth knowledge of 
the target structure, which makes possible the use of molecular docking experiments of 
ligands into protein binding sites [38, 39]. Ligand-based virtual screenings (LBVS) utilize 
the information derived from available small molecules which are biologically active (e.g., 
chemical similarity criteria) and from predictive quantitative-structure-activity relationship 
(QSAR) models. [40]  

Small molecules are typically screened using algorithms that make use of structural 
representations of the compounds (2D or 3D) and molecular descriptors. These 
mathematical parameters describe a specific molecular property, which might be 
experimentally determined (e.g., logP octanol/water) or theoretically calculated from the 
chemical structure (e.g., Gibbs free energy). [41] Generally, structure-based methodologies 
are preferred when soluble proteins can be crystallized, whereas ligand-based is suited for 
compounds with high affinity to the target. [42] 

 

1.1.2 The Role of Combinatorial Chemistry 

Combinatorial chemistry has provided novel synthetic methodologies for the synthesis of 
focused or diverse chemical libraries with a wide range of chemical moieties (e.g., small 
molecules, complex natural products, peptides, macrocycles, peptidomimetics). [43] 

The concept of combinatorial chemistry was born with the development of solid-phase 
peptide synthesis methodologies, implemented by Bruce Merrifield et al. in 1963. [44] The 
authors reported the synthesis of a tetrapeptide (H-Leu-Ala-Gly-Val-OH) on polystyrene 
resin beads using Cbz-protected amino acids. In the following years, other research groups 
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reported the synthesis of peptides [45], oligonucleotides [46] and oligosaccharides [47], 
which provided the experimental basis of modern combinatorial chemistry. 

In 1992, Ellman and Bunin [48] reported the synthesis of substituted benzodiazepines 
using solid-phase synthesis. This work represented the first application of combinatorial 
chemistry for the synthesis of drug-like small molecules and extended the type of chemical 
reactions that could be applied on solid-phase (e.g., amidation, carbonyl-amino 
condensations, N-alkylations). 

The first example of combinatorial “split-and-pool” approach was described by Furka et al. 
[ 49 ] and applied to solid-phase peptide synthesis. A combinatorial pool of organic 
molecules can be synthesized by iterations of “splitting” and “pool” steps of solid-phase 
intermediates for separate reactions with different chemical reagents (“building blocks”). 
The number of generated products depends on the number of building blocks and “split-
and-pool” iterations (Figure 1.3). 

Since that time, combinatorial chemistry approaches have evolved and have been 
automatized to enhance productivity and efficiency in drug discovery. The “marriage” 
between combinatorial chemistry and high-throughput screening techniques to hit 
identification seemed to be convenient to generate large libraries of compounds which 
could be screened against various targets of interest.  
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Figure 1.3. Representative synthetic scheme for the generation of a 3 x 3 combinatorial chemical 
library using combinatorial “split-and-pool” synthesis. For the first coupling reaction, resin beads are 
distributed into three wells and reacted with various building blocks (A, B, C). After coupling, the 
products are pooled, and the resulting mixture is split and reacted with the second set of building 
blocks (D, E, F). The size of the library is calculated from the number of building blocks used in each 
step (3 x 3 = 9). 
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The next problem to address was the identification of active compounds after the library 
screening. Due to the low concentration of each molecule in the library mixture, “tagging” 
(referred as “encoding”) strategies suitable for chemical compounds became a relevant 
issue. 

Several encoding strategies have been proposed and implemented for small molecule 
combinatorial chemical libraries.  Examples include encoding by positional or spatial 
tagging such as Chiron Mimotipes [50], “teabags” [51], radio-frequency tags [52], chemical 
encoding by molecular mass [53] and electrophoric molecular tags [54].   

In parallel with the implementation of novel encoding strategies, the development of 
biochemical display technologies (e.g., phage display libraries) provided the idea of using 
DNA oligonucleotides as a means of encoding. The implementation led to the generation 
of DNA-encoded chemical libraries, which will be discussed in detail in the next paragraph. 
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1.2 DNA-ENCODED CHEMICAL LIBRARIES 

The concept of DNA-encoded chemical libraries (DECLs) has been derived from the 
research work on encoded combinatorial libraries of polypeptides, commonly referred as 
“phage display libraries”, which have played a significant role for protein engineering and 
several research fields. [55– 62]  

The technology was first described by George P. Smith in 1985, and it encompasses the 
display of polypeptides on filamentous E. coli phage M13 by fusing the peptide of interest 
to the gene III of a filamentous phage. [ 63] Phage libraries can be used for several 
applications, including B- and T- cell epitope mapping, [64, 65] selection of target-binding 
peptide motifs [66] and development of peptide-mediated drug delivery systems. [67, 68] 

The potential binding epitope (“phenotype”) is displayed on a single particle (“phage”), 
which contains the encoding genetic information (“genotype”). Upon binding to a protein 
target through affinity capture experiments (“biopanning”), binders are identified by 
amplification of the encoding genotype. A typical affinity capture experiment involves the 
panning of the library on a solid-supported antigen, washing out of the non-binders and 
recovery of putative binders by elution. Generally, three to five rounds of biopanning are 
required in order to obtain targets that bind with high affinity. [69] 

In 1990, McCafferty and Winter [70] suggested using phage display for the discovery and 
production of recombinant antibodies with desired specificities.  

Several biological drugs (>40) have been discovered from antibody phage display 
technology. [62] Adalimumab (Humira®; AbbVie Inc., formerly Abbott Laboratories, 
North Chicago, IL) is a fully-human antibody which was discovered thanks to antibody 
phage display technology with a “guided selection” method involving a mouse mAb against 
tumor necrosis factor (TNF). [71] The human IgGk antibody is approved for the treatment 
of several forms of arthritis [72], Crohn’s disease [73] and ulcerative colitis. [74] 

The power of phage display stems from the physical linkage between phenotype and 
genotype and the ability to build libraries that range from 106 to 1011 distinct drug 
candidates. [ 75 ] The physical connection between the displayed polypeptide and the 
encoding gene allows facile recognition of the binding protein after affinity selection. 
Moreover, phage display technologies have provided inspiration for DECLs, a powerful 
technology which can be applied to the discovery of small molecule organic ligands (Figure 
1.4). 
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Figure 1.4. Schematic representation of antibody phage display libraries (A) and DNA-encoded 
chemical libraries (B). In antibody phage display libraries, the phenotype (an scFv antibody fragment) 
is displayed on the surface of a filamentous phage, and it is physically linked with the genotype, which 
contains the genetic information. Similarly, in DNA-encoded chemical libraries, each molecule is 
encoded by a different set of DNA oligonucleotides, which serve as amplifiable identification 
barcodes. 

 

1.2.1 Historical Overview of DNA-Encoded Chemical Libraries 

In 1992, Sidney Brenner and Richard Lerner described in a theoretical article the possibility 
of coupling solid-phase peptide and oligonucleotide synthesis using orthogonal chemistry 
and “split-and-pool” methodologies. [ 76 ] Using this procedure, a final library of 
polypeptides can be obtained after cleavage from a pore glass synthesis matrix (“CPG”), 
and each molecule is encoded by a DNA oligonucleotide (Figure 1.5). The synthetic 
assembly of the oligonucleotide can be performed through stepwise ligation of DNA 
fragments. The encoding oligonucleotide merely serves as “identifier” for the 
corresponding peptide structure after cloning and sequencing, since it is not a biologic 
genotype. The resulting DECL library can be screened using affinity selection 
methodologies, in full analogy with phage display techniques. 
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Figure 1.5. Schematic representation of the library synthesis proposed by Brenner and Lerner. In the 
first step, a solid-phase surface (e.g., beads, represented in gray) is functionalized with a general DNA 
oligonucleotide which serves as PCR primer binding site. The resin is split in two aliquots and one 
amino acid (e.g., Gly, Met) is coupled on the bead. The oligonucleotide sequence is orthogonally 
extended with a 6-mer DNA oligonucleotide, which univocally identifies a set of building blocks. The 
repetition of split-and-pool cycles leads to the generation of a 2 x 2 x 2 tripeptide library. Gly: glycine; 
Met: methionine. 

 

The first implementation of this approach was studied by S. Brenner and K. Janda [77] and 
the group of M. A. Gallop. [78] Brenner and Janda proposed the synthesis of an encoded 
library of pentapeptides by alternating parallel combinatorial synthesis of the peptide and 
the oligonucleotide sequence on the same bead, in a split-and-pool fashion. Gallop et al. 
exemplified the Brenner and Lerner approach by synthesizing a library of 800000 
heptapeptides, performing seven alternating of “split-and-pool” steps using D- and L-
amino acids. The library was subjected to on-bead screening using fluorescent-activated 
cell sorter (FACS)-based selections and delivered a peptidic binder against the fluorescent 
monoclonal antibody D32.39.  

In 1995, Kinoshita and Nishigaki [79] demonstrated the feasibility of enzymatic ligation 
procedures as a means for tagging chemical entities generated in a combinatorial fashion. 
Beads are not required for the chemical synthesis, but the procedure must be compatible 
with the presence of oligonucleotide tags and subsequent procedures (e.g., enzymatic 
ligation, PCR amplification). 
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These crucial publications outlined key concepts at the basis of DECL technologies, 
including combinatorial chemical synthesis, polymerase-chain reaction amplification, DNA 
sequencing and hit validation of drug candidates.  

At the beginning of 2000s, DECL libraries were developed by directly attaching small 
molecule compounds to DNA oligonucleotides, without the use of beads. [80, 81] Several 
groups in academia and industry started to synthesize libraries of unprecedented size, which 
provided an economic and feasible platform to explore larger chemical spaces.  

Nowadays, DECLs can present >100 billion compounds for selection by a target of 
interest. For example, companies as Hitgen, X-Chem and Nuevolution have assembled libraries 
containing 400 billion, 200 million and 40 trillion of compounds, respectively. [82] As a 
comparison, the size of a standard HTS library is restricted to a few million of compounds 
due to the costs of synthesis and managing such extensive collections. It has been estimated 
that the synthesis and screening of an HTS library would cost between $0.4 and $2 billion 
(ca. $1100 per compound), while screening a DECL library of 800 thousand compounds, 
would cost around $150000 ($0.0002 per compound). [83] Once prepared, libraries can be 
stored in a “single tube” and used for thousands of selections in a multiplex form. Since 
the compound are assayed at once, the costs of screening are negligible compared to one-
by-one assay formats. 

1.2.2 Classification of DNA-Encoded Chemical Libraries 

 

 

Figure 1.6. Representative examples of single pharmacophore (A) and dual pharmacophore (B) 
DECLs designs. Building blocks are represented as circles, and the respective encoding regions are 
represented with colored bars. The DNA oligonucleotide strands are represented in bold lines. 
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From a synthetic point of view, DNA-encoded chemical libraries can be grouped into 
“single pharmacophore” libraries and “dual pharmacophore” libraries. In contrast to the 
first format, where only one chemical moiety is displayed on a DNA strand, “dual 
pharmacophore” libraries feature two independent small organic molecules in close 
proximity (Figure 1.6). Various synthetic strategies can be implemented for library 
synthesis, which will be further described in the next paragraphs. 

 

1.2.2.1 Single Pharmacophore DNA-Encoded Chemical Libraries 

The traditional approach used for the synthesis of single pharmacophore DNA-encoded 
chemical libraries relies on a procedure named “DNA-recorded” (also named “DNA-
encoded”) synthesis. [84] Using this method, the chemical synthesis is “recorded” by a 
series of short DNA oligonucleotides which can be ligated in a stepwise manner.  

In principle, DNA-recorded synthesis can be carried out using short double-stranded 
(dsDNA) or single-stranded DNA fragments (ssDNA). The two approaches are different 
and lead to the generation of “single-stranded” or “double-stranded” DECLs.  

The use of dsDNA has been described by several groups both in academia and industry. 
[85– 88]. In principle, individual fragments can be covalently linked by enzymatic or 
chemical ligation. [89] Clark et al. [86] described the construction of a DECL library using 
a combination of enzymatic and chemical synthesis in split-and-pool and using a double-
stranded DNA encoding. (Figure 1.7). 

The precursor used for the library synthesis was a short DNA duplex (“headpiece”) which 
was further elongated after each step of the chemical synthesis using short dsDNA coding 
oligos. The authors claimed that the presence of a duplex structure would prevent 
denaturation reactions on the heterocyclic bases within the DNA helix during the library 
synthesis. In fact, although DNA is considered a chemically stable macromolecule, it can 
undergo several side reactions (e.g., loss of DNA bases, depurination, deamination, 
cleavage of phosphodiester bonds) that could lead to loss of information and failure in the 
PCR amplification. [90–92]. Moreover, thanks to the heterodimeric structure, the DNA 
strand interferes less likely with the binding to a putative target (single-stranded DNA can 
bind to single-stranded DNA-binding proteins as protection means against mutations). [86] 
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Figure 1.7. A. Stepwise ligation strategy used by Clark et al. for the construction of a DNA-encoded 
chemical library (“DECL-A”). [86] The complementary DNA oligonucleotides are linked by a short 
oligonucleotide sequence (“headpiece”) which supports the synthesis of the library. The coupling of 
the first set of building blocks is followed by an enzymatic ligation, exploiting a 3’ two-base overhang. 
The encoding scheme is represented for the construction of a two-building block library. B. Schematic 
representation of DECL-A. The library is based on the presence of a triazine scaffold, which is 
substituted stepwise with 192 Fmoc amino acids and two sets of 192 amines. BB: building block. 

 

Neri et al. described the encoding of DNA-encoded chemical libraries by using ssDNA 
oligonucleotides. [85, 93– 99]. In this setting, the first building block is attached to one 
extremity at the 5’ end of an amine-functionalized oligonucleotide, which contains a short 
portion (six to eight bases) designed to be distinctive for each building block (“barcode”). 
The identity of the second building block is encoded by ligation using a partially 
complementary oligonucleotide (“DNA adapter”), which can be washed away upon 
denaturing washes and HPLC purification (Figure 1.8). As an alternative, a Klenow fill-in 
polymerization procedure can be exploited by using a reverse complementary 
oligonucleotide, which is partially annealed to the library strand. [95, 98] The 
oligonucleotide can be introduced as a final barcode element, for the encoding of a 
subsequent synthetic step, or as a library identifier (Figure 1.8). The main difference 
between the two approaches is that the latter leads to the generation of a “double-stranded 
DECL”, where the two complementary oligonucleotide fragments are not chemically 
ligated. These procedures have been used to synthesize libraries up to three sets of building 
blocks. [93–99].  
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Figure 1.8. Encoding schemes implemented by the Neri group. A. Encoding by enzymatic ligation. 
B. Encoding by Klenow polymerization. BB: building block. 

 

An alternative methodology for the synthesis of DECLs has been pioneered by the group 
of David Liu and referred to as “DNA-templated” synthesis. [100] The methodology relies 
on DNA-directed chemical reactions to promote the coupling of diverse sets of building 
blocks. The interaction of two nucleobases through hydrogen bonds is known to accelerate 
bimolecular reactions and to increase the local concentration of the reactants in solution 
(Figure 1.9A). [101] 

The authors described the implementation of DNA-templated synthesis for the 
construction of a 65-members library of macrocycles, which can be particularly challenging 
to synthesize using conventional ways. The authors described the use of a 48-base DNA-
linked lysine derivative used as “DNA template” to direct three steps of DNA-directed 
amine acylation reactions with building blocks conjugated to 10-mer or 12-mer biotinylated 
oligonucleotides. These DNA strands were complementary with three unique coding 
sequences, displayed on the template. [100] After each coupling, suitable cleavage steps are 
required to allow the next coupling step to proceed, and the reagent oligonucleotides are 
removed by affinity capture with streptavidin-linked magnetic beads.  However, a limitation 
of this approach is that the template sequences must be carefully designed and validated, 
to avoid base mismatch regions and ensure encoding fidelity for subsequent applications 
(e.g., polymerase chain-reaction amplification).  
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Figure 1.9. Schematic representation of DNA-templated synthesis (DTS) applied for the construction 
of DNA-encoded chemical libraries. A. Classical DTS approach used for the generation of a single 
pharmacophore library comprising of two building blocks. After annealing of the oligonucleotides, 
the first building block (BB1) reacts covalently with a small molecule-DNA conjugate (BB2). At the 
end of the coupling step, the connection between BB2 and the corresponding oligonucleotide is 
cleaved. The resulting DNA fragment is removed. B. A universal DNA strand containing 
polydeoxyinosine regions (polyI) is used as a general template to direct the synthesis of the chemical 
library after sequential hybridizations and coupling steps.  

 

Using an alternative approach, Li et al. reported the use of a single “universal template 
code”, which is capable of directing chemical reactions with multiple small molecule-DNA 
conjugates displaying various encoding sequences. [ 102 ] The universal DNA 
oligonucleotide contains multiple regions of polydeoxyinosines (“polyI”) as anticodons, 
which can form “omega” structures upon unspecific hybridizations with the four 
nucleotide bases. This feature is known to improve DTS reaction yields (Figure 1.9B). [100] 

A tridimensional evolution of the classical linear DNA-templated encoding strategy was 
implemented by Vipergen and referred as “Yoctoreactor®”.  This methodology relies on 
the annealing and subsequent enzymatic ligation of three-way DNA-hairpin-looped 
junctions that display chemical moieties. In the first step, two single-stranded DECLs are 
mixed with a third oligonucleotide, which assists the self-assembling of the libraries. Upon 
the formation of a three-way junction construct, two sets of building blocks are then 
coupled by DTS reaction, and the resulting library is purified by polyacrylamide gel 
electrophoresis. After cleavage of the linker and DNA ligation, the procedure is repeated 
to generate a library displaying three sets of building blocks. The final step involves a PCR 
primer extension to generate the complementary strand. After hybridization, the building 
blocks are transferred onto a core acceptor site, and the final library is obtained in double-
stranded format (Figure 1.10A).  [103, 104]   
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Another procedure named as “DNA-routing” was described by Harbury group. [105, 106] 
The procedure features sequential sequence-specific immobilization reaction and 
purification/elution steps on resin containing complementary DNA codons (Figure 1.10B). 

 

 

Figure 1.10.  A. Schematic representation of the Yoctoreactor® design for the construction of single 
pharmacophore DECL. B. DNA routing approach as described by Harbury et al.  Individual DNA 
oligonucleotides are split (“routed”) into sequential cartridges, each containing a complementary 
DNA sequence. The DNA fragments allow the DTS reaction between oligonucleotides and building 
blocks and serve as PCR amplifiable identification tags. 
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1.2.2.2 Dual Pharmacophore DNA-Encoded Chemical Libraries 

The Neri group has pioneered an alternative strategy for the construction of large and high-
purity DNA-encoded chemical libraries. This approach relies on the combinatorial 
assembly of complementary encoded sublibraries to form a dual pharmacophore library 
(encoded self-assembling chemical libraries – ESAC). [107–109] 

The encoding strategy used for the construction of ESAC libraries has been described in 
detail by Wichert et al. [110] One sublibrary (“sublibrary A”) is prepared by coupling sets 
of individual building blocks to the end of 5’-amino-modified DNA oligonucleotides.  The 
other set of building blocks is coupled to a single oligonucleotide which contains an abasic 
region (“d-spacer”). The resulting DNA strands are ligated to distinctive coding oligos to 
yield the sublibrary B. The resulting sublibraries can be annealed, and a code-transfer 
strategy (Klenow fill-in DNA polymerization step) allows the transfer of the code B onto 
the complementary strand (Figure 1.11).  

 

Figure 1.11. A. Schematic representation of the ESAC library design. B. Library construction as 
described by Wichert et al. [110] BB = Building block. 

 

This feature allows the identification and recognition of adjacent binding fragments, which 
can be exploited in fragment-based drug discovery (FBDD) programs, where single 
moieties can be engaged in two distinct non-overlapping binding events. The overall 
increase in binding affinity is due to “chelate effect”. [111] In analogy with FBDD, the two 
moieties have to be arranged into a single organic molecule. For this purpose, various 
bifunctional linkers need to be tested and screened to yield binding molecules devoid of 
DNA. [112] The identification of the best linker-building block combination may be 
facilitated by hit validation methodologies using locked nucleic acid (LNA) derivatives. 
[113, 114] 
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Using self-assembly, ESAC libraries are versatile and have a higher degree of flexibility in 
the arrangement of building blocks compared to classic single pharmacophore DECLs.  
Moreover, small sublibraries can potentially yield large DECLs, which are characterized by 
a high degree of purity, as each DNA conjugate is distinctively HPLC-purified, analyzed by 
LC-MS, and mixed in equimolar amounts. The two sublibraries are then mixed together, 
yielding a library which retains the initial high quality of the two parental derivatives. Library 
purity is a key parameter in DECL chemistry, since split-and-pool-based libraries may 
suffer from insufficient homogeneity due to low reaction yields. [115, 116] 

Reddavide et al. [ 117 ] reported the application of “dynamic recombination” for the 
synthesis of “ESAC-type” libraries. The principle is based on “dynamic combinatorial 
chemistry” (DCC), which employs reversible covalent chemistry [118] (e.g., disulfide bond, 
Schiff-base formation) to create dynamic systems of transient small molecule adducts in 
thermodynamic equilibrium. In comparison with ESAC, the two sublibraries have a short 
complementary DNA strand which enables the formation of a heat-induced DNA-
encoded dynamic combinatorial chemical library (hi-EDCCL). The two sublibraries can 
hybridize to form unstable dsDNA interactions due to thermodynamic instability. Upon 
addition of the target protein, the thermodynamic equilibrium is shifted towards the 
generation of potent bidentate ligands. Therefore, the protein can be considered as a 
template for the in-situ generation of potent binders through chemical stabilization of 
unstable adducts. After a round of selection, the non-binding pairs can be “shuffled” by 
heating and used for a second round of selection to identify the best combinations. 

As an alternative, Zhou et al. [119] reported the use of a photocrosslinking reaction to 
“freeze” the shifted thermodynamic equilibrium prior to hit decoding. The authors 
described the construction of an EDCCL library starting from two sublibraries containing 
p-stilbazole moieties in the encoding region. Upon mixing with the target protein, the 
dynamic exchange of each binding pair is frozen by UV-irradiation. The resulting duplexes 
are then isolated for hit identification and decoded by DNA sequencing. 

More recently, a second generation EDCCL has been reported, which utilizes a Y-shaped 
DNA construct [120] for the dynamic enrichment of potent binding pairs (Figure 1.12).  
The procedure is based on the synthesis of a third DNA strand at the end of the selection 
procedure by enzymatic ligation as means for recording the relationships between binders 
in close proximity. 
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Figure 1.12. A. Schematic representation of hi-EDCCL approach as described by Reddavide et al. [117] 
B. Library design described by Zhou et al. [119]. The resulting protein-ligand complexes are 
irreversibly locked by using a photocrosslinking reaction. C. Second generation of EDCCL using a Y-
shaped library design. Upon binding to the target protein, the phosphorylated strand C can be ligated 
to the strand B to allow the read-out of the binding pair combination. BB = Building block. 

 

Dual pharmacophore chemical libraries can also be constructed using peptide nucleic acids 
(PNA). Winssinger et al. [121–123] proposed the use of DNA templates and PNAs for the 
generation of heterodimeric and multimeric self-assembling structures (Figure 1.13). PNA-
based encoded libraries may be more compatible with reaction conditions than the 
corresponding DECLs (PNAs are more stable than DNA). [124] The libraries can be 
generated by stepwise ligation of PNA fragments, but unlike DNA, PNAs cannot be 
amplified by a suitable amplification procedure (e.g., PCR). For this purpose, the use of a 
DNA strand, which directs the assembly of PNAs through the formation of a chimeric 
PNA/DNA assembly, can be exploited as a template for a subsequent PCR amplification 
after screening against target proteins. 
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Figure 1.13. Encoding strategy using PNA/DNA strands. Chemically modified PNAs are hybridized 
to a DNA scaffold which contains the complementary coding sequences. PNA = Peptide nucleic acid. 
BB = Building block. 

 

1.2.3 Success stories in DNA-Encoded Chemistry 

Several examples of hits discovered using different implementations of the DECL 
technology have been reported in literature. [115] 

A micromolar ligand against IL-2 (interleukin-2) has been discovered by Leimbacher et al., 
[98] by screening a two-building block library featuring 100 different amino acids and 300 
carboxylic acids. (Kd = 2.5 µM by fluorescence polarization). By comparative analysis and 
inspection of 100 selections, the 2-methylindole emerged as important moiety for the 
recognition of the antigen.  

A ligand that inhibits tankyrase-1 (IC50 = 290 nM, as measured by enzymatic PARylation 
assay) was derived from a three-building block library of 103200 members, based on a 
central diamine scaffold featuring two sets of carboxylic acids (240 x 230). [125] 

GlaxoSmithKline (GSK) identified a 2 nM antagonist for neurokinin 3 through screening 
a 41 million members single pharmacophore library, synthesized using three steps of split-
and-pool (64 hydroxy- and amino acids, 854 and 758 amines respectively. [126] Each set 
of building blocks was displayed on a central 1,3,5- triazine scaffold. Noticeably, triazine-
based libraries have also yielded high-affinity ligands to a disintegrin and metalloproteinase 
with thrombospondin motifs (ADAMTS4), [127] Aurora A kinase and p38 mitogen-
activated protein kinase (MAPK), indicating the versatility of this chemical structure for 
library design. [86] 

DECL chemistry has also been exploited to generate libraries based on macrocyclic peptide 
scaffolds which can be useful to address challenging targets (e.g., protein-protein 
interactions). [128, 129] David Liu and collaborators reported the identification of a 40 nM 
inhibitor of insulin-degrading enzyme (IDE) by using a library of 256000 macrocycles 
synthesized using a DNA-templated synthesis approach. [ 130 ] Similarly, scientists at 
Ensemble isolated XIAP inhibitors (X-linked inhibitor of apoptosis protein) with IC50 = 
140 nM from a library of 16000 cyclic peptides. [131] 



Development and optimization of screening methodologies used in DECLs 

 

23 

Li et al. [132] reported the synthesis of a single pharmacophore library based on a fixed 
macrocyclic scaffold with antiparallel β-sheets, which displayed three sets of building 
blocks. Specific binders could be isolated against a variety of proteins (e.g., carbonic 
anhydrase IX, horseradish peroxidase, tankyrase I, human serum albumin, alpha-1-acid 
glycoprotein, calmodulin, prostate-specific antigen and tumor necrosis factor).  

Scientists at Vipergen have described the synthesis of a linear library of >12 million 
compounds by using Yoctoreactor® technology and involving three series of acylation, 
reductive amination and urea formation steps. The library delivered a MAPK14 inhibitor 
in the single-digit nanomolar Kd range, as assessed in cellular assays. [133] 

Dual pharmacophore libraries based on self-assembling technology have also been very 
productive.  ESAC library allowed the identification of a 190 nM binder against alfa-1-acid 
glycoprotein (AGP), thanks to the synergistic action of two building blocks. [110]. It is 
worth to notice that the individual fragments did not exhibit any activity when singularly 
assayed by fluorescence polarization and isothermal titration calorimetry (ITC), suggesting 
the importance of chelate-binding effects for molecular recognition. 
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1.3 SCREENING METHODOLOGIES IN DNA-ENCODED CHEMISTRY 

Various screening methodologies have been implemented to select and identify binders to 
a specific protein of interest using DNA-encoded chemical libraries. [134]. In analogy with 
phase display technologies, large collections of encoded compounds can be selected using 
affinity selection procedures (Figure 1.14). 

In antibody phage display selections, a library of antibodies is incubated with a target 
protein of interest, which is immobilized on a solid-phase. Selective binders are captured 
on the affinity support, whereas a large fraction of non-binders is washed away. The 
selected phage particles are amplified by bacterial infection and subsequent amplification 
to generate a secondary library, which can be screened in the next panning. As an 
alternative, infected bacteria can be directly plated and screened (Figure 1.14A). [69] 

DECL libraries can be screened using a similar procedure based on affinity capture 
procedures. After elution of putative binders, the resulting DNA barcodes can be amplified 
by PCR, followed by high-throughput DNA sequencing (Figure 1.14B). 

 

Figure 1.14. Conventional affinity selection strategies using phage display (A) and DNA-encoded 
chemical libraries (B). PCR = Polymerase chain reaction. ELISA = enzyme-linked immunosorbent 
assay. 

Affinity based selection methodologies are generally performed using purified and 
immobilized targets of interest. However, various selection methodologies have been tested 
and implemented both in academia and industry setting, which can also occur in solution 
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(e.g., photocrosslinking, interaction-dependent PCR). The main advantage of the latter 
procedures is that the binding event is recorded in the same solution and does not involve 
the use of a third phase (e.g., solid), which makes mass transport events negligible. 

 

1.3.1 Solid-Phase Affinity Selections 

The most common selection methodology relies on the immobilization of a purified 
protein target of interest onto a solid support (e.g., referred also as “matrix” or “resin”). 
This process is also defined as “affinity chromatography”. The protein can be immobilized 
by covalent/non-covalent binding onto the resin, and then incubated with the DECL.   

Non-covalent binding usually requires solid supports that can be functionalized with 
specific functionalities (e.g., metal ions, proteins) to allow the capture of the target by using 
a “molecular tag”. [135] The tag is typically expressed on the surface of a recombinant 
protein.  Many affinity tags suitable for affinity chromatography have been recently 
developed (e.g., Streptavidin/Biotin-based tags, His-Tag). [136] 

Biotinylated proteins can be purified by chromatography on streptavidin-functionalized 
solid supports. The interaction between streptavidin and biotin has an affinity constant of 
Kd = 10-15 M and thus requires strong denaturing conditions to elute the protein (e.g., heat, 
urea, chaotropic agents). Proteins can be selectively biotinylated by incorporating a specific 
15 amino acid peptide sequence (“Avi-Tag”) which allows single-site biotinylation in 
correspondence to a specific lysine residue within the sequence. This prevents 
overbiotinylation of the protein, which can compromise the activity of the target. [137,138] 

The polyhistidine affinity tag (“His-Tag” or His6) consists of six histidine residues which 
are consecutively assembled and attached to either the C or N terminus of a recombinant 
protein. [139] Histidine is an amino acid which can form coordination bonds with various 
bivalent transition metals (e.g., Co2+, Ni2+, Zn2+, Fe3+). In a typical setting, the metal ions 
are associated with a specific stationary-phase matrix (e.g., nitriloacetic acid, iminodiacetic 
agarose), which coordinates the metal ion. [140] As the affinity matrix does not involve the 
use of a protein, ion-metal affinity chromatography (IMAC) procedures are amenable to 
denaturing agents (e.g., ionic detergents, weak reducing agents). The elution step is typically 
carried out by using imidazole solution, which competes with the His-Tag for binding to 
the metal-charged resin.  

Covalent binding involves the direct linkage of the target to the resin by using reactive 
functional groups on the protein (e.g., primary amines, sulfhydryles, aldehydes, carboxylic 
acids) and activated solid-phase matrixes (e.g., alkyl halides). It is typically an irreversible 
covalent interaction (Figure 1.15). [141, 142] 
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Figure 1.15. Example of supports used in solid-phase affinity selections. A. Solution-phase biotinylated 
targets can be conveniently transferred onto a solid support by association with coated streptavidin. 
B. Immobilized metal ions (e.g., Co2+, Ni2+)- nitriloacetic acid (NTA) chelates allow the capture of 
polyhistidine (His6)-tagged protein by complex formation. C. Solid supports activated with CNBr 
allow the covalent capture of proteins in solution by formation of isourea derivatives.  

 

Various solid supports have been tested for affinity chromatography (e.g., sepharose beads, 
resin columns, magnetic beads, chromatography resin tips).  In 2006, Dumelin et al. 
described a screening procedure based on the use of sepharose beads which were 
functionalized with streptavidin, for the screening of biotinylated antigens. [143]. Target 
proteins can be also covalently functionalized with CnBr-activated sepharose beads for 
covalent functionalization [94, 95]. 

Over the past decade, screening protocols have changed, and sepharose beads were 
replaced by magnetic beads. [144] Magnetic beads are produced as superparamagnetic iron 
oxide particles that are coated with inert silane derivatives. [145] They have a diameter 
which can range between 1-4 µm and are non-porous (Figure 1.16A). For this reason, they 
often exhibit less non-specific binding compared to porous supports. Moreover, due to 
their magnetic properties, the beads can be conveniently separated by using a magnetic 
rack, which facilitates the pipetting and decanting of samples. The use of magnetic beads 
as solid supports enabled the transition from manual to automated selections, which were 
first described by Decurtins et al. [144] 
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As an alternative approach, resin tips can be used for the screening of DNA-encoded 
chemical libraries. The biotech company Phynexus, Inc offers products for automated-high 
throughput protein purification (PhyTip® columns) which rely on the principle of Dual 
Flow Chromatography (DFC) (Figure 1.16B) [146]. 

 

 

Figure 1.16. A. Graphic representation of the magnetic beads (“Dynabeads”) used in solid-phase 
affinity selection experiments. The beads are composed by a porous polystyrene matrix (orange 
circle), which is filled with magnetic iron oxide particles (gray dots). The external polymeric coating 
(depicted in brown) can be functionalized by introducing reactive moieties, used to bind specific 
biomolecules. The binding events between DECLs and proteins occur on the surface of the bead.  B.  
Resin tips used for affinity chromatography. The bottom of each tip is functionalized with a resin bed, 
which is contained by a top and bottom screen of woven mesh. In analogy with the magnetic beads, 
the resin can be functionalized with various reactive groups. The purification of biomacromolecules 
relies on the dual flow chromatography principle. 

 

Solution-phase biomacromolecules can be purified by using a bi-directional flow (back-
and-forth block) of a mobile phase across a stationary phase.  The stationary phase is at the 
end of the pipette tip, where there is a column bed contained by a woven mesh. The mobile 
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phase is continuously aspirated and ejected in each step (sample loading, column washing 
and elution). The columns are miniaturized and operate in parallel up to 96 with the use of 
automated liquid handlers. Thanks to the dual flow system, the number of interactions per 
time is optimized (there are multiple chances of interaction) and the time is sufficient to 
drive the equilibrium of sample and column to completion (no effect of slow capture 
kinetics). For this reason, the interactions between analyte, solid and mobile phase are only 
dependent on the column and mobile phase (Figure 1.16).  

 

1.3.2 Solution-Phase Affinity Selections 

Solution-phase screening methodologies allow the identification of hits from DECLs 
without the implementation of a solid-phase affinity capture step before library selection. 
[85] Solid-supported proteins may display altered binding capacity or even the complete 
loss of activity in comparison with their soluble forms.  Steric hindrance can prevent the 
target protein from being successfully screened, depending on the target orientation and 
site of binding. Moreover, many complex targets (e.g., targets for modulating protein-
protein interactions, GPCRs, membrane proteins and live cells) have to be screened in their 
native environment. In response, few strategies have been described for the selection of 
protein directly in the liquid-phase (Figure 1.17). 
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Figure 1.17. Overview of the solution-phase affinity selection methodologies used for DECL 
screenings. A. Interaction-dependent PCR (IDPCR) approach. The DNA-tagged ligands are mixed 
with a target protein functionalized with a DNA oligonucleotide. The resulting interaction allows the 
formation of a stable hairpin, which and allows the transfer of the coding region on the same DNA 
strand by PCR extension. B. DNA photoaffinity labeling (DPAL) approach. The DNA-tagged ligands 
are hybridized with a short oligonucleotide, which carries a photoreactive group. Upon UV irradiation, 
a stable protein-ligand complex is formed. The binding pair protects the corresponding DNA tags 
from ExoI digestion. C. Ligate-crosslink-purify approach. Single-stranded DECLs are functionalized 
with a DNA-photocrosslinker at the end distal to the small molecule. Upon irradiation, the resulting 
complex can be purified by gel electrophoresis and analysed by DNA sequencing. D. Binding Trap 
Enrichment (BTE) approach implemented by Vipergen. Water oil-emulsion can be used to trap the 
resulting protein-ligand complexes upon binding events. The DNA-tagged protein and the DNA-
tagged ligands are joined by ligation, which irreversibly records the binding information. PCR = 
Polymerase chain reaction. 
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David Liu et al. [ 147 ] proposed and implemented the use of interaction-dependent 
polymerase chain-reaction (IDPCR) for the simultaneous evaluation of all the ligand-target 
binding pairs from a single solution containing libraries of ligands and targets. Both ligands 
and targets are tagged with an encoding DNA oligonucleotide strand. Upon binding, the 
two strands can hybridize with each other and form a pseudo intramolecular hairpin. The 
corresponding intermolecular process (DNA duplex formation due to non-specific 
hybridization) would not occur since the complementary regions are too short to hybridize. 
The resulting hairpin serves as a starting point for primer extension and subsequent PCR 
amplification. Thanks to IDPCR, the procedure is highly sensitive, and it can be performed 
in a few hours. Similarly, the same authors described the determination of DECL 
ligand/target interactions using unpurified protein cell lysates (IDUP). [148] The protein 
cell lysate can be functionalized with DNA oligonucleotide tags by using DNA-barcoded 
target specific antibodies or SNAP-tag moieties.  Using this procedure, Liu and co-workers 
reported the discovery of a novel micromolar inhibitor of MAP2K6 from a focused DNA 
conjugate library and a cytosolic mixture of 236 SNAP-tagged and DNA-barcoded human 
kinase proteins. [149] 

Alternative solution-phase methodologies rely on the use of crosslinking reactions and 
hairpin formation to stabilize protein-ligand complexes and facilitate their identification. 
[150, 151] Zhao and co-workers have developed a novel method for screening non-
immobilized and purified proteins, which is based on DNA photoaffinity labeling (DPAL) 
[152]. The authors described the use of a short (6-8 mer) DNA strand which bears a 
photoreactive azidophenyl group at 5’-extremity. The strand can hybridize at the primer 
binding site region of the DNA conjugate strand. Upon binding to protein and 
photoirradiation, a stable covalent hairpin-like structure is formed, which protects the 
binding pair from being digested by treatment with ExoI exonuclease at 37 °C. The 
encoding DNA tags of each non-binder is destroyed, whereas ligand-protein complexes 
survive and can be decoded or subjected to iterated selections. 

Since this method is limited to DECLs with small molecules conjugated at the 3’ end of 
DNA oligonucleotides, Shi et al. [153] studied the application of a novel selection method 
based on “ligate–crosslink–purify”. The DNA-encoded library is enzymatically ligated with 
a terminal DNA-photocrosslinker conjugate (PC-DNA) at the end distal to the small 
molecule. Since PC-DNA contains a small sequence complementary to the primer binding 
site, it can form a stable hairpin structure (Tm = 54.5 °C) which allows the crosslinker to 
be close to the small molecule. Upon irradiation, a stable covalent protein-ligand complex 
is formed, which can be purified by gel electrophoresis before PCR amplification and hit 
deconvolution.  

Since this method requires further steps for library functionalization (e.g., enzymatic 
ligation), the same group reported the use of a polymerase-based selection methodology 
and target-directed photocrosslinking for selecting DECLs against non-immobilized 
targets. [154]  
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Other solution-phase methods rely on the use of in vitro compartmentalization (IVC) for 
the isolation of ligands which bind proteins. IVC enables the generation of cell-like 
compartments in vitro, which are designed to contain no more than one gene. [155] An 
emulsion-based technology (Binding Trap Enrichment, BTE®) was developed by Vipergen, 
which allows the formation of cell-like compartments in vitro for the screening of 
Yoctoreactor® libraries (yR). [103, 104, 133] Water-in-oil emulsions can be used to isolate 
individual protein-ligand complexes, where proteins and ligands are tagged with a DNA 
oligonucleotide. The binding information is “recorded” by enzymatic ligation in a droplet. 
Since binding events can also occur between non-specific binders and proteins (which are 
randomly trapped within the droplet) high dilution of the selection components is required 
to reduce the selection noise.  

 

1.3.3 Recent Advances in Screening Methodologies 

 

1.3.3.1 Selectivity binding assays 

DECLs are characterized by a high rate of “promiscuous” compounds, which can act as 
binders for diverse proteins belonging to the same family (e.g., kinases) or dissimilar. These 
small molecules are often referred to as PAINS (Pan-assay Interference Compounds) [156, 
157] and can give false-positive results in ligand-binding assay screening formats.  Typically, 
a certain number of functional groups are shared by many PAINS. [158, 159] In a binding 
screen, these compounds can be washed away by simply “panning” the library against a 
large excess of diverse untagged proteins or including it in the screening assay. These 
assessments can also be performed during the hit validation step, through resynthesis of 
the putative ligand and assessment of its binding properties against other proteins.  

Targets and off-targets can be screened in the same assay format by using differential 
recognition tags (e.g., orthogonal tags in affinity, fluorescence emission). [160] A procedure 
has been described for OBOC (“one-bead-one-compound”) libraries, which relies on the 
use of a two-color screening strategy for the selective identification of small molecules that 
can preferentially bind to specific antigen-binding sites of antibodies rich in the serum of 
patients with active tuberculosis (“target”). [161] After library panning and incubation with 
the targets, library beads that exhibited a high level of red fluorescence (binding to the 
target) were sorted using FACS (Figure 1.18).  
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Figure 1.18. Schematic representation of two-color screening strategy used to identify ligands from an 
OBOC library. The protein target and the off-target are labeled in red and green respectively. The two 
targets are mixed and incubated with the library. Upon binding, the library beads are sorted by using 
FACS, depending on the fluorescence color. Beads which exhibit red fluorescence are collected and 
analysed by sequencing. OBOC = one-bead-one-compound; TB = tuberculosis. 

 

1.3.3.2 Cell-based screening assays 

Certain protein targets require screenings in their native cell-environment. This applies to 
proteins that cannot be recombinantly expressed and purified in their active form (e.g., 
GPCRs, ion channels, receptor tyrosine kinases). Wu et al. [162] described selections against 
immobilized NK3 (neurokinin-3)-overexpressing cells using a DECL of 4.1 x 107 members.  
For this purpose, HEK293-derived cells were transduced with recombinant BacMam 
viruses encoding the targets of interest. After library incubation at 37 °C, cells were washed 
and library members eluted by heating the cells at 95 °C. A limitation of this method is the 
high expression of the protein target, which can be problematic if the protein is toxic at 
high concentrations (e.g., ion channels) or for the discovery of low-affinity ligands. Bradley 
and co-workers also described the selection of PNA-encoded libraries against chemokine 
receptors and integrins directly on live cells. [163, 164] 

Cai et al. [165] studied the application of covalent crosslinking to enable DECL selections 
for both membrane and intracellular targets. A cyclic cell-penetrating peptide (cCPP12) 
developed by Pei and co-workers [166] was attached to the extremity of the library to allow 
cellular uptake. The authors assessed the amount of amplifiable DNA remaining in cells by 
qPCR analysis of cell lysates (1% and 11% respectively for 60-bp DNA-cPP12 and 140-bp 
DNA-cPP12) and the cytosolic delivery of DNA to protein targets by the HaloTag-based 
chloroalkane penetration assay (CAPA) [167, 168]. Upon internalization of the library, the 
transient interaction between a cytosolic protein and a DNA-tagged ligand is trapped by 
covalent cross-linking. After lysis of the cells, the resulting complexes are captured on beads 
and subsequently identified by DNA sequencing (Figure 1.19). 
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Figure 1.19. A. Graphical representation of the screening methodology on cells as described by Cai et 
al. [165]. This approach relies on the use of cell-penetrating peptides (cCPPs) to allow the delivery of 
the library across the cell membrane. Upon internalization and binding to a cytosolic ligand, the 
protein-ligand complex is stabilized by chemical crosslinking. B. Chemical structure of the cell-
penetrating peptide used for the experiments (cCPP12). cCPPs generally display positively charged 
amino acids (e.g., lysine, arginine) or alternating patterns of polar and non-polar groups to allow cell 
internalization. 

 

1.3.3.3 Functional screening assays 

In contrast with affinity-based selection methodologies, other assay formats (“functional 
screening assays”), which can provide complementary information to affinity data (e.g., 
activity) have been described. Compounds are scored as “hit” depending not only on their 
binding properties but also on their biological function (assessed in vitro or in cells). 
Screening conditions can be adjusted to demand a high level of selectivity.  

This approach has been applied to the screening of OBOC (“one-bead-one-compound”) 
DECLs using a droplet-based microfluidic system. [169]. Each library bead is incorporated 
with an enzyme (ATX, phosphodiesterase) and a fluorogenic ATX substrate into a picoliter 
droplet. By using the microfluidic system, library beads are directed toward a laser, and a 
certain amount of compound is released upon cleavage of a photochemical linker. Due to 
the enzymatic reaction, the fluorescence intensity arises if the compound displayed on the 
single bead is active, thus enabling the sorting of the beads depending on the intensity 
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threshold. The encoded tags of the beads are then amplified and sequenced to reveal the 
identity of the putative hits. 

Similarly, MacConnell et al. described the implementation of a microfluidic circuit that 
enables functional screening assays using DNA-encoded compounds on beads. The device 
combines assay reagents and carries out library beads distribution into picoliter-scale 
droplets. Then, after photochemical cleavage from the beads, the dosed droplets are 
incubated with the target and sorted based on their fluorescence intensity. [170] 
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1.3.4 DNA Decoding by Next-Generation Sequencing 

The identification of ligands using DECL technology requires the implementation of 
appropriate decoding strategies after library selection. In the early days of DECL research 
work, the main aim was to demonstrate that the DNA barcoding was a feasible strategy for 
the encoding. Since libraries were much smaller, traditional sequencing techniques (e.g., 
Sanger sequencing) were employed to check the decoding efficiency. [108, 171] 

The means for library selection decoding have improved over the last decade. Microarray-
based methods [108] were replaced by high-throughput sequencing (NGS – “next-
generation sequencing”) [95], which had a great impact on decoding efficiency. Modern 
strategies rely on NGS technologies, such as Roche’s 454 Genome Sequencer FLX system 
(formerly 454 Life Sciences) or Illumina’s HiSeq 2500 System (Solexa).  

Next-generation sequencing techniques rely on multiple PCR cycles to allow the 
amplification of the signal. The process can be performed by using emulsion PCR or bridge 
PCR techniques. In emulsion PCR, individual DNA molecules are isolated as aqueous 
bubbles within an oil phase along with primer-coated beads. The polymerase chain reaction 
amplifies the genetic information from each DNA molecule and “coats” the beads with 
several DNA copies. In bridge PCR, sequencing templates are immobilized on a 
proprietary flow cell surface which is coated with primers complementary to the DNA 
library fragments. Upon addition of the polymerase and nucleotides, double-stranded 
bridged structures are formed, which are subsequently denatured to form clustered single-
stranded DNA fragments. Several iterations of the process lead to localized clusters of 
DNA strands on the solid support (Figure 1.20). 
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Figure 1.20. Schematic workflow of the Illumina high-throughput sequencing technology. The DNA 
strands are ligated to single DNA adapters and immobilized on a flow lane by hybridization to solid-
supported DNA anticodons. After primer extension and denaturation, the resulting single-stranded 
DNA oligonucleotides anneal to a second DNA anticodon and form bridge structures, which can be 
further extended. Iteration of the clonal amplification process generates clusters of bridged structures, 
which are cleaved and denatured to form single-stranded DNA strands. The DNA sequencing step 
uses nucleotides bearing cleavable fluorescent groups at the 3’-OH end. Each nucleotide is added 
one-by-one, and each fluorescence signal is recorded to allow the identification of the original 
sequence. 

 

The sequencing step typically relies on the “sequencing by synthesis”, where a 
complementary strand is synthesized using a polymerase enzyme and fluorescently tagged 
deoxynucleotides (dNTPs). Since the fluorescent group acts as a reversible terminator, only 
one of the four bases (A, T, C, G) can be added per round.  After each cycle, the machine 
identifies the added base by measuring the fluorescence emission. Once the color is 
recorded, the fluorophore is washed away, and the process is repeated. [172] 

In 2008, the Neri group reported the use of NGS techniques for the deconvolution of 
DECLs using the Roche’s 454 Genome Sequencer. [95] The authors described the 
construction of a single pharmacophore DNA-encoded chemical library containing 4000 
compounds (DEL4000). The library was screened against MMP3, streptavidin and IgG and 
high-throughput sequencing decoding yielded preferential enrichment of binding 
molecules. 
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In 2016, Decurtins et al. have described a highly detailed and systematic procedure suitable 
for the analysis of selection outputs using Illumina high-throughput sequencing analysis 
(“Illumina’s HighSeq 2500 system”). [144] 

The procedure can be applied to single pharmacophore and dual pharmacophore libraries 
(ESAC). After affinity selection, the recovered DNA fragments can be amplified by a two-
rounded PCR amplification. The first PCR (PCR1) amplifies the selected encoded library 
members separately for each selection. In order to distinguish individual affinity selections, 
two sets of primers (“Illumina PCR1a” and “Illumina PCR1b”) are introduced, allowing 
the parallel high-throughput drug screening (HTDS) of different selection experiments on 
the same Illumina flow lane. The number of selections that can be pooled together and 
analyzed depends on the library size and the desired counts per selections. Typically, the 
Illumina HiSeq 2500 system achieves read-lengths of 150 bp and delivers 150 million of 
readable sequences per flow lane, which is sufficient for the analysis of library sizes between 
105–108 library members. After PCR purification of the PCR reactions (using commercial 
PCR purification kits) the amplified fragments can be used as templates for the second 
round of PCR (PCR2). This amplification step introduces two other primers “Illumina 
PCR2a” and Illumina PCR2b, which are required for the Illumina HiSeq device as 
recognition adapters.  [144] 

Nowadays, this technology is used for the decoding of DECL selections by the Neri Group 
and Philochem. 

 

1.3.5 Data Analysis 

HTDS data are delivered as very large raw data files (up to 50–60 Gb per Illumina flow 
lane), which generally require further data analysis. A C++ evaluation program was 
developed by Neri et al. for the generation of output data files that can be and analyzed by 
using a MATLAB script. [144] The final selection output is a “selection fingerprint” which 
enables the tridimensional visualization of the “counts” associated to each library member 
and the determination of the “relative enrichment factor” above the library members. 
Typically, these fingerprints are cross-compared with the ones obtained with the naïve 
library (where no compound should be enriched) and after selection on empty beads (useful 
to determine sticky compounds and off-target ligands which may give a positive signal).  

Traditionally, the analysis of DECL selections involves the visualization of a two- or three-
dimensional scatter plot (“cubic view”) where each point represents a unique library 
member. The sequencing counts can be visualized on an orthogonal axis. The enrichment 
of n-synthons can indicate the presence of SARs, binding models or can be associated with 
the presence of truncated products.  
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However, there is no general standard of how enrichment fold should be calculated and 
reported.  Generally, enrichment factors are evaluated dividing the number of counts 
calculated for each library member to the mean counts per library member (“noise”). [144] 
This enables an estimation of the enrichment per each building block. As an alternative, 
Buller et al. have described the use of a negative binomial distribution to model selection 
counts and determine p values for enriched compounds. [94, 173, 174] 

Satz et al. described a simple mathematical method that can be used as a basis for 
computational simulations of DECL selections. [ 175 , 176 ] Equilibrium association 
constants can be derived and assessed from sequencing counts, which take the yield of the 
chemical synthesis into account. The authors proposed plotting count data of selected 
library members against various protein concentrations from multiple selection 
experiments to better estimate affinity constant. 

Faver and co-workers [177] proposed the use of a normalized z-score enrichment metric 
using a binomial distribution model. This metric allows a more quantitative measure of 
DECL selection data across multiple experiments and allows direct quantitative 
comparisons of enrichment of n-synthons in DECLs.  
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1.4 AIMS AND STRUCTURE OF THE THESIS 

As previously described in the previous paragraphs, DECLs can be screened using various 
selection methodologies. In most cases, libraries are screened using solid affinity capture 
procedures, which have been adapted from antibody phage display technology. Although 
the performance (in terms of recovery and selectivity) of phage display libraries has been 
systematically investigated in model systems, the performance of individual steps (e.g., 
affinity capture, washes, elution) in the selection procedures has been scarcely assessed so 
far. 

The first aim of the research (Paragraph 2.1) was to develop an analytical methodology 
based on quantitative PCR for the analysis of selection experiments, in order to evaluate 
the efficiency of classical affinity capture methodologies performed on various solid-phase 
supports (e.g., magnetic beads, resin tips). Selection experiments were performed using a 
model target, carbonic anhydrase IX (CAIX) using various DNA-tagged ligands 
(corresponding to reported sulfonamide-based small molecule ligands against CAIX) and 
a single pharmacophore DECL. 

The second aim of the thesis was to implement an efficient DECL solution-phase screening 
methodology based on a photocrosslinking strategy to enhance the discrimination of high 
and medium affinity ligands (e.g., Kd in the micromolar range; Paragraph 2.2) A systematic 
evaluation of experimental parameters revealed conditions that are suited for library 
screening and cross-compared with affinity capture procedures. 

Affinity selection data rely not only on the affinity selection performance but also on the 
quality of the library, which can be critical for downstream applications (e.g., PCR 
amplification). An on-going project is introduced in Paragraph 2.3., where proof-of-
concept experiments are performed to demonstrate the feasibility of a solid-phase DECL 
synthesized on TentaGel® resin beads. 





 

 

2. RESULTS AND DISCUSSION 

2.1 QUANTITATIVE ASSESSMENT OF AFFINITY SELECTION 
PERFORMANCE BY USING DNA-ENCODED CHEMICAL LIBRARIES 

 

This paragraph is adapted with permission from Sannino, A.; Gabriele, E.; Bigatti, M.; 
Mulatto, S.; Piazzi, J.; Scheuermann, J.; Neri, D.; Donckele, E. J.; Samain, F. Quantitative 
Assessment of Affinity Selection Performance by Using DNA-Encoded Chemical 
Libraries ChemBioChem 2019, 20, 955–962. [178] Copyright © 2019 Wiley‐VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

My contribution to this work was first to develop an analytical methodology based on 
qPCR for the investigation of the efficiency of selection procedures by using DNA-
encoded chemical libraries. For this purpose, I have designed and performed all the 
experiments described in paragraph 2.1.2, which included:  1) synthesis of DNA-tagged 
sulfonamide ligands; 2) model selection experiments against polyhistidine-tagged and 
biotinylated carbonic anhydrase IX using magnetic beads and resin tips; 3) analytical 
method development of qPCR methodologies for the analysis of model selection outputs; 
4) qPCR-based quantification, data analysis and investigation of the impact of different 
selection parameters on the screening procedures. In the second part of the project, I have 
performed the screening experiments in multiple conditions using a single pharmacophore 
DECL available in-house. I have developed a novel analytical procedure for the direct 
analysis of DECL selection outputs by PCR and carried out the quantification experiments, 
data analysis and evaluation of high-throughput sequencing results using a proprietary 
MATLAB script (developed at Philogen). 

 

 

2.1.1 Introduction 

As seen in the previous paragraphs, DECLs are large collections of organic compounds, 
and less expensive than conventional libraries used for HTS screenings. For this reason, 
DECLs are increasingly being used to discover binders against protein targets of 
pharmaceutical and biological interest. [Paragraph 1.2, 85, 86, 179–180] 
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In most cases, DECLs are screened using affinity capture procedures, which have been 
adapted from similar work, previously performed using antibody phage display libraries 
(Paragraph 1.3). Most commonly, a protein target of interest is immobilized onto magnetic 
beads or on resins. Libraries are incubated with the affinity support, and preferential 
binders are recovered after a series of washing steps. [144] 

The performance (in terms of recovery and selectivity) of antibody phage display library 
selections has been systematically investigated in model systems. [66, 70, 181– 185]  Those 
studies are facilitated by the fact that individual phage particles can be “counted” by 
infecting E.coli bacteria, leading to individual colonies on selective plates. [181] These 
quantification procedures have a very broad dynamic range (from individual phages up to 
more than 1013 phage particles). Surprisingly, model selection experiments on phage 
antibodies have revealed that the conventional affinity capture procedures are not very 
efficient.  

For example, Mutuberria and co-workers [181] reported the recovery of as little as 105 
phage antibodies from an input of 6 x 1011 particles (corresponding to a 0.0021 % recovery 
rate). These possible limitations are often compensated by the use of multiple copies of 
library members in selection experiments. For example, it is customary to screen libraries 
containing billions of different phage antibodies, starting from a total population of >1013 
phage particles (e.g., > 104 copies for each antibody clone). [181, 186, 187] Interestingly, 
the use of library subsets leads to suboptimal recovery of antibody clones, which typically 
have a lower affinity to the target. [188] 

The efficiency of DECL selection procedures has been scarcely investigated so far. Direct 
quantification of individual DNA barcodes is possible by qPCR techniques, [153, 189–
193] but this technology has a limited sensitivity, due to the unspecific amplification of 
oligomeric primer structures. [190] Alternatively, investigators have studied the 
performance of selection procedures by inspecting the features of library fingerprints from 
DNA sequencing results, comparing DECLs before and after selections. [95, 98, 134, 175 
191, 194]. 

In this work, we have used ligands specific to carbonic anhydrase IX (CAIX, a tumor-
associated antigen) as tools for the quantitative evaluation of selection procedures, which 
are commonly used in academia and industry. [85, 144] Carbonic anhydrases (CAs) 
represent an important family of zinc-containing metalloenzymes which catalyse the 
reversible formation of carbonic acid, starting from carbon dioxide and water (CO2 + H2O 
⇋ H+ + HCO3-).  Their activity allows the regulation of acid-base equilibria in physiological 
systems.  CAIX is a homodimeric accessible membrane protein, which is over-expressed 
in clear-cell renal cell carcinomas and at sites of hypoxia. [195–196] The most widely 
studied class of CAIX inhibitors are aromatic sulphonamides. The nitrogen atom of the 
sulphonamide forms a reversibly complex with the Zn2+ ion present in the catalytic pocket 
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and blocks the active site. Claudiu Supuran and others have described a large number of 
CAIX ligands, differing in binding affinity and specificity. [197] CAIX ligands have been 
used for molecular imaging applications, [198–200] for functional protein inhibition [201] 
and drug delivery. [202] 

Ligands of different affinity were used both in model selections and in a library comprising 
360000 members. Inspection of recovery rates and selectivity for different ligands at 
different concentrations has revealed that conventional affinity capture procedures can be 
very efficient for high affinity (Kd < 1 µM) binders, if multiple copies of individual 
compounds are used in selection experiments. However, inspection of DECL selections 
performed with copies of individual compounds ranging from 104 to 108 revealed a 
dramatic drop of compound recovery efficiency below 105 copies per library member used 
as input. Collectively, the findings of our study provide a rationale for the efficient 
execution of DECL selections and may stimulate research on novel screening procedures, 
which may be required when very large libraries (e.g., those containing billions of 
compounds) are used. 
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2.1.2 Results 

 
Model selection experiments with pairs of DNA derivatives 

We used human carbonic anhydrase IX (CAIX) as a model protein to evaluate the 
performance of DECL selections. This homodimeric protein is a target of pharmaceutical 
interest, for which several inhibitors have been described and characterized in terms of 
dissociation constants (Kd) and other biochemical parameters. [198, 199, 203 , 204 ] 
Acetazolamide (AAZ) is a potent CAIX inhibitor with a reported Kd value of 13 nM, [198] 
whereas benzenesulfonamide-based ligands [p-sulfamoylbenzoic acid (SABA);  3-
sulfamoylbenzoic acid (m-SABA)][205] display a reduced binding affinity (Kd = 216 nM 
[198] and 19 µM, respectively). (Figure 5.1, Paragraph 5.1)   

The three CAIX ligands were chemically coupled to one amino-tagged DNA fragment (96 
bp) and mixed with a different DNA fragment in 1:1 ratio and at various concentrations, 
in order to assess experimental recovery rates. (Figure 2.1) Ligand capture procedures were 
performed using both biotinylated CAIX on streptavidin-coated supports or polyhistidine-
tagged protein preparations on metal-based supports, using suitable washing procedures. 
[144] After selection, the DNA fragments were eluted and quantified by qPCR (Figure 2.1). 

 

Figure 2.1. A. Schematic representation of DNA-tagged ligands directed against CAIX. R: AAZ, 
SABA, m-SABA. B. Setup of model selection procedures. 
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Figure 2.2 shows the results of six selection experiments (P) performed against biotinylated 
CAIX, immobilized on C1 streptavidin-coated magnetic beads or Phynexus tips as 
chromatographic supports. Both procedures have been often used in the past for DECL 
selections. Negative control experiments (NP) were performed on “empty” beads and resin 
tips, which had not been coated with CAIX. All experiments were carried out using 
identical amounts of DNA input, corresponding to 1011 copies of each molecule before 
selection (I). The DNA fragments were quantified by qPCR methodologies, with 
calibration curves that were established for each experiment (Figure 5.2, Paragraph 5.1). 

 

Figure 2.2. qPCR-based quantification of DNA-tagged CAIX ligands after model selections plotted 
on a logarithmic scale. For each capture experiment, 1011 copies of DNA were used (input, I). The 
results obtained for DNA fragments coupled to CAIX ligands are depicted in green, whereas negative 
control results associated with unmodified DNA structures were depicted in gray. A range of detection 
(R.O.D.) can be derived from the comparison of output DNA quantities in selections performed with 
(protein, P) or without (no protein, NP) immobilized CAIX. The lowest limit of detection, which was 
determined by the onset of a PCR signal associated with primer dimers formation, is also indicated 
(Background, BKG). To facilitate visualization of the quantification range, a gray area is plotted in 
each graph, which corresponds to the upper standard deviation bar for the BKG signal. 
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The lowest limit of quantification in our qPCR procedures was determined by the onset of 
a background noise (BKG), caused by the formation of primer dimers. An experimental 
range of detection (R.O.D.) was derived by the comparison of DNA output values in 
selections performed in the presence (P) or the absence (NP) of CAIX. [190] 

The DNA derivatives of AAZ (e.g., the CAIX ligand with highest binding affinity) were 
eluted with a ~10% recovery rate, on both magnetic beads and Phynexus tips. In the 
experimental conditions used, the recovery was ~100-times more efficient, compared to 
negative control experiments, performed in the absence of immobilized CAIX (Figure 2.2). 
Selections with SABA derivatives were also efficient on magnetic beads, but the recovery 
rate dropped when Phynexus tips were used (Figure 2.2). Surprisingly, m-SABA (a 
micromolar CAIX binder) exhibited a less efficient recovery and no detectable enrichment 
compared to uncoated NP controls for both capture methods (Figure 2.2).  

Similar findings were observed when polyhistidine-tagged CAIX was used as the target 
antigen. We first evaluated the recovery of DNA derivatives of AAZ in various 
experimental settings. (Figure 2.3) High recovery rates were always observed with AAZ on  
magnetic beads, and the results were confirmed by comparison with resin tips supports. 
(Figure 2.4). Interestingly, SABA derivatives were captured more efficiently on Phynexus 
tips. 
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Figure 2.3. qPCR quantification of the DNA-tagged AAZ (green) and negative control (gray) recovery 
after model selections against polyhistidine-tagged CAIX. The results are plotted in logarithmic scale. 
The experiments were performed changing different experimental conditions (e.g., protein 
concentration, quantity of Tween-20 in the wash solutions and elution method). NP: no protein 
selection. 
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Figure 2.4. qPCR-based quantification of DNA-tagged CAIX ligands after model selections against 
polyhistidine-tagged CAIX. 

 

These results indicate that high-affinity ligands are efficiently recovered in various 
experiments, while binders with moderate affinity may benefit from the execution of 
screening procedures in multiple conditions. 

Individual fractions (flow-through, washes and elution) in the selection experiments with 
biotinylated CAIX were evaluated, in order to assess any loss of DNA. For all three CAIX 
ligands, most of the DNA (>90%) was lost in the flow-through or in the first wash (almost 
10%), while a smaller portion of the input (~0.1%) was recovered in the following washing 
steps (Figure 2.5). These results may indicate a suboptimal contact between ligands and 
affinity capture support, in analogy to what had previously been reported for antibody 
phage selections. [181] 
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Figure 2.5. qPCR-based quantification of DNA-tagged CAIX ligands in individual fractions (flow-
through, FW; washes, W1–W5; elution, E) of the selection experiments with biotinylated CAIX. 
Negative controls results are depicted in gray. 

 

Selection experiments with DNA-encoded chemical libraries 

The selection experiments described in the previous section provided information about 
the relative recovery and specificity for CAIX ligands of different affinity when the DNA 
derivatives were used with a large number of copies (1011). In real libraries, the number of 
copies for individual compounds is typically much lower, and those molecules are diluted 
in a molar excess of other chemical structures. In order to gain insight on the efficiency of 
DECL selections in various experimental conditions, we screened a library, comprising 
359652 members, which was based on a synthetic strategy previously described by our 
group (Figure 2.6). [98] 
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Figure 2.6. Schematic representation of a DECL, comprising 359652 members. Building blocks (BBs) 
AAZ, SABA, and m-SABA were incorporated in the second reaction step, thus facilitating the 
quantification of CAIX selections by both DNA sequencing and qPCR. One of the many building 
blocks in position two that could be considered as a negative control for the selection experiments 
was acetic acid (AA). 

 

The library consisted of 246 amino acids which had subsequently been capped by reaction 
with carboxylic acids or other reagents (e.g., isothiocyanates, sulphonyl chlorides, etc.). 
AAZ, SABA and m-SABA were among the 1462 building blocks used in the second 
reaction step, thus facilitating the quantification of ligand recovery both by qPCR (Figure 
5.3, Paragraph 5.1) and by the analysis of sequence-derived DECL fingerprints. [190] We 
performed selections using various amounts of input DNA, capture methods and washing 
procedures. The results are summarized in Table 2.1.  
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Table 2.1 Selections performed against CAIX in a real library setting. Experiments were performed 
using an input of library set at 2.46 x 1010 copies for each CAIX ligand (AAZ, SABA, m-SABA) displayed 
as a second building block. Evaluated experimental conditions: type of protein variant (e.g., 
polyhistidine-tagged and biotinylated-tagged), protein concentration, amount of Tween-20 in the 
washes, method used). Method A: Affinity selection against biotinylated CAIX using streptavidin-
coated beads; Method B: Affinity selection against hisCAIX using Dynabeads His-tag Pull-down. The 
recovery of each portion of the library containing a specific CAIX ligand as second building block  
was calculated by using the following formula: (DNA output/DNA input) * 100.   

Entry Ligand Protein Protein Conc. (µM) Tween % Method DNA Output  Recovery % 
1a AAZ hisCAIX 1 0.01% B 1.25 x 108 0.5074 
1b AAZ hisCAIX 2.5 0.01% B 7.82 x 107 0.3180 
1c AAZ hisCAIX 1 0.10% B 1.28 x 108 0.5195 
1d AAZ hisCAIX 2.5 0.10% B 1.46 x 108 0.5938 
1e AAZ bCAIX 1 0.05% A 1.05 x 108 0.4256 
1f AAZ bCAIX 2 0.05% A 1.02 x 108 0.4154 
1g AAZ bCAIX 1 0.10% A 1.12 x 108 0.4566 
1h AAZ bCAIX 2 0.10% A 1.04 x 108 0.4241 
1i AAZ no protein no protein 0.01% B 3.91 x 104 0.0002 
1j AAZ no protein no protein 0.10% B 3.51 x 104 0.0001 
1k AAZ no protein no protein 0.05% A 1.20 x 105 0.0005 
1l AAZ no protein no protein 0.10% A 1.72 x 105 0.0007 
2a SABA hisCAIX 1 0.01% B 2.22 x 107 0.0902 
2b SABA hisCAIX 2.5 0.01% B 2.15 x 107 0.0875 
2c SABA hisCAIX 1 0.10% B 2.29 x 107 0.0930 
2d SABA hisCAIX 2.5 0.10% B 3.54 x 107 0.1439 
2e SABA bCAIX 1 0.05% A 4.33 x 107 0.1762 
2f SABA bCAIX 2 0.05% A 4.58 x 107 0.1862 
2g SABA bCAIX 1 0.10% A 4.55 x 107 0.1851 
2h SABA bCAIX 2 0.10% A 4.81 x 107 0.1956 
2i SABA no protein no protein 0.01% B 5.39 x 105 0.0022 
2j SABA no protein no protein 0.10% B 6.91 x 105 0.0028 
2k SABA no protein no protein 0.05% A 1.44 x 105 0.0006 
2l SABA no protein no protein 0.10% A 1.16 x 105 0.0005 
3a m-SABA hisCAIX 1 0.01% B 4.66 x 106 0.0190 
3b m-SABA hisCAIX 2.5 0.01% B 4.55 x 106 0.0185 
3c m-SABA hisCAIX 1 0.10% B 3.73 x 106 0.0152 
3d m-SABA hisCAIX 2.5 0.10% B 5.42 x 106 0.0220 
3e m-SABA bCAIX 1 0.05% A 5.46 x 106 0.0222 
3f m-SABA bCAIX 2 0.05% A 6.27 x 106 0.0255 
3g m-SABA bCAIX 1 0.10% A 6.31 x 106 0.0256 
3h m-SABA bCAIX 2 0.10% A 6.42 x 106 0.0261 
3i m-SABA no protein no protein 0.01% B 1.52 x 106 0.0062 
3j m-SABA no protein no protein 0.10% B 1.74 x 106 0.0071 
3k m-SABA no protein no protein 0.05% A 2.56 x 105 0.0010 
3l m-SABA no protein no protein 0.10% A 3.60 x 105 0.0015 
4a AA hisCAIX 1 0.01% B 7.91 x 105 0.0032 
4b AA hisCAIX 2.5 0.01% B 1.19 x 106 0.0048 
4c AA hisCAIX 1 0.10% B 5.80 x 105 0.0024 
4d AA hisCAIX 2.5 0.10% B 1.08 x 106 0.0044 
4e AA bCAIX 1 0.05% A 3.63 x 106 0.0147 
4f AA bCAIX 2 0.05% A 4.61 x 106 0.0187 
4g AA bCAIX 1 0.10% A 3.45 x 106 0.0140 
4h AA bCAIX 2 0.10% A 4.22 x 106 0.0172 
4i AA no protein no protein 0.01% B 2.38 x 105 0.0010 
4j AA no protein no protein 0.10% B 8.78 x 104 0.0004 
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For illustrative purposes, a representative subset of data is displayed in Figure 2.7. A total 
amount of 3.6 x 1013 DNA-encoded molecules was used as input, which corresponds to 
2.46 x 1010 molecules (I) containing each of the DNA-tagged CAIX ligands (AAZ, SABA, 
m-SABA). After an affinity capture step on CAIX-coated magnetic beads, AAZ was 
recovered with the highest efficiency (nearly 0.5% of the input), while the recovery of 
SABA and m-SABA derivatives was 0.1% and 0.01%, respectively. The selectivity of the 
capture procedures can be assessed by inspection of the results obtained in the absence of 
protein and of the recovery of negative-control DNA conjugates (e.g., those carrying a 
terminal acetyl moiety instead of a CAIX ligand as BB2) (Figure 2.7). 

 

Figure 2.7. qPCR results of CAIX selection experiments performed with a library based on two sets of 
building blocks. The portion of the library corresponding to the use of AA as a capping reagent for 
the second reactions step was used as a negative control (AA). Selections were also performed on 
affinity supports, without immobilized CAIX. I: Input; P: protein selections; NP: no protein selections.  

 

We performed selections at different library input conditions (ranging from 104 to 108 
copies of each library member). In order to obtain the number of library members featuring 
AAZ, SABA or m-SABA moieties, a multiplication times 246 would be needed 
(corresponding to the 246 building blocks in position 1, which were capped with each of 
the CAIX ligands). The DNA amount of the elution fraction was analysed by qPCR (Figure 
2.8) and the results were correlated with the quantitative aspects of the fingerprints, derived 
from the sequence analysis of the library before and after affinity capture (Figure 2.9). As 
shown in Figure 2.8, below a library input of 104 copies per library member (2.46 x 106 

copies for each CAIX ligand), the three CAIX ligands are not discriminated in terms of 
their enrichment factor, revealing that the procedure may be suboptimal in these 
conditions. 
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Figure 2.8. qPCR quantification of the recovery of CAIX ligands (AAZ, SABA, m-SABA) after 
selections against biotinylated CAIX, using different inputs of the library (ranging between 2.46 x 1010 
and 2.46 x 103 copies for each CAIX ligand). Each CAIX ligand is displayed as a second building block 
in a DECL library. The results are plotted in logarithmic scale. 

 

Figure 2.9 shows representative fingerprints in two different graphical representations. The 
top panels correspond to standard two-dimensional representations of selection results for 
libraries based on two sets of building blocks. [85] The bottom panels correspond to 
“cumulative plots”, which were obtained by summing up the sequence counts of all library 
members, featuring a given building block in position 2. Inspection of the selection 
fingerprints revealed a clear enrichment of AAZ and SABA derivatives, compared to most 
other building blocks in position 2 for all input conditions, except for the lowest amounts 
(e.g., 104 copies of each library member, 2.46 x 106 copies of sulfonamide derivatives). The 
calculation of the total enrichment factors quantified for each sulfonamide derivative is 
shown in Figure 2.10.  
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Figure 2.9. Sequencing results of library selections against biotinylated CAIX. Selections were 
performed with different inputs of the library, ranging from 104 to 108 copies for each library member 
(2.46 x 1010 to 2.46 x 106 library members capped with each CAIX ligand). A. Selection fingerprints. 
The individual library members are univocally identified by their codes 1 (ranging from 1 to 246) and 
codes 2 (ranging from 1 to 1462). The number of counts is displayed as dots of different colors and 
ranges from 0 to 2500. The cutoff threshold was set at 60 counts. CAIX ligands (AAZ, SABA, m-SABA) 
are identified by different codes 2. B. Cumulative plots obtained by summing up the sequence counts 
of all library members containing each building block 2 (code 2). 

 

Interestingly, other novel fragments were found to bind to CAIX in an avid and selection 
manner. The binding properties of these derivatives will be published elsewhere. The 
cumulative plot results for m-SABA were only slightly higher than the background, 
indicating potential problems associated with the recovery of binders with single-digit 
micromolar potency.  
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Figure 2.10. Total enrichment factors calculated for each CAIX ligand (AAZ, SABA and m-SABA).  
Selections were performed using different inputs of the library (ranging between 2.46 x 1010 and 2.46 x 
106 copies for each CAIX ligand). Enrichment Factors were calculated with the following formula: 

                             𝐸𝐸.𝐹𝐹. =
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (𝑝𝑝𝑐𝑐𝑝𝑝 𝐵𝐵𝐵𝐵) 𝑥𝑥 𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐 𝑐𝑐𝑐𝑐𝑙𝑙𝑝𝑝𝑐𝑐𝑝𝑝𝑙𝑙

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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2.1.3 Discussion and Conclusion 

We have used CAIX ligands of different affinity and DNA-encoded chemical libraries in 
order to quantitatively assess the recovery and selectivity of binders in affinity capture 
procedures. The capture methods used in the study (e.g., streptavidin- or metal-based 
supports, magnetic beads vs resin) were the ones which are most commonly utilized both 
in the industrial and academic setting. [85] Some of the main findings can be summarized 
as follows. 

High-affinity binders (e.g., AAZ with a Kd = 13 nM) are always efficiently recovered, 
irrespective of the affinity capture methodology that was used. The typical recoveries 
ranged between 10 and 80% per capture step, starting from relatively high input quantities 
of DNA-encoded compound. 

A decrease in binding affinity for CAIX ligands led to a decrease in capture efficiency. 
Surprisingly, m-SABA (a micromolar binder) exhibited poor recoveries and selectivity in 
most experimental conditions, casting doubts about the potential of reliably identifying 
micromolar hits using conventional selection methodologies. 

Individual capture methods may show advantages and disadvantages, which are ligand- and 
protein-related. Thus, an empirical optimization procedure (e.g., testing various target 
immobilization and capture conditions) is likely to be important for future screening 
campaigns. [98] The results obtained by qPCR assessment of capture efficiency were 
confirmed by the sequence-based evaluation of selections, performed with a DNA-
encoded chemical library, containing both established and novel building blocks, capable 
of CAIX recognition. Interestingly, when the amounts of individual library members 
dropped below a certain threshold (approx. 105 copies of individual library members) 
selection efficiency dropped dramatically (Figure 2.9). Collectively, these findings indicate 
that libraries should be synthesized in sufficiently large amounts, allowing for the use of at 
least 105 (and preferably 106) input copies of DNA-encoded compounds. 

Some groups have reported the use of two consecutive affinity capture steps, prior to DNA 
sequencing. [206, 207] This methodology appears to be reasonable with hits comparable 
to SABA or AAZ are found. However, hits of lower potency are most probably lost if two 
consecutive screening procedures are performed. Our observations are largely in keeping 
with the results of Krusemark and colleagues, who studied the efficiency of affinity capture 
selections using DNA-encoded peptides, capable of binding to CBX. [194] The authors 
found that lower enrichments and recoveries of ligands are obtained for lower ligand 
affinity to both CBX7 and CBX8 ChDs. If the findings of both studies are confirmed for 
other proteins, there may be a need for the development of more efficient selection 
methods, particularly for targets for which only hits with micromolar potency can be 
expected. Possible directions include the use of cross-linking after affinity capture 
(Paragraph 1.3.2), use of chromatographic procedures with rebinding potential, capillary 
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electrophoresis separations [208, 209]. Potentially, tethering approaches [210– 214] with 
reversible covalent capture steps [215] could stabilize the interaction of weak binders with 
target proteins of interest.  

 
The use of qPCR methods and DNA sequencing to quantitatively evaluate DNA-encoded 
chemical library selections revealed that conventionally used procedures are efficient for 
the capture of high-affinity ligands but may fall short for the recovery of binders with 
intermediate affinity. The findings of this study provide a rationale and a motivation for 
the development of novel selection methodologies, that may facilitate the identification of 
specific ligands against “difficult-to-drug” protein targets. 
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2.2 EVALUATION OF PHOTOCROSSLINKING PARAMETERS FOR THE 
IMPLEMENTATION OF EFFICIENT DNA-ENCODED CHEMICAL 
LIBRARY SELECTIONS 

 

This paragraph is adapted with permission from Sannino, A.; Gironda-Martínez, A.; Gorre, 
É. D.; Prati, L.; Piazzi, J.; Scheuermann, J.; Neri, D.; Donckele, E. J.; Samain, F. Critical 
Evaluation of Photo-cross-linking Parameters for Efficient DNA-Encoded Chemical 
Library Selections. ACS Comb. Sci. 2020, 22, 204−212. Copyright © (2020) American 
Chemical Society. [216] 

My contribution to this work was first to develop a photocrosslinking selection 
methodology using DNA-encoded chemical libraries. I have designed and performed all 
the experiments reported in paragraph 2.2.2., which included: 1) design of the structure of 
the photoreactive DNA-ligand assemblies; 2) synthesis and characterization of model 
photoreactive DNA-conjugates; 3) design of a screening procedure based on 
photocrosslinking; 4) selection experiments against CAIX and analysis of the outputs by 
qPCR, gel electrophoresis and ELISA experiments; 5) study of different selection 
parameters and optimization of the procedure. In the second part of the project, I have 
implemented the studied methodology for the screening of a single pharmacophore DECL 
available in-house. For this purpose, I have designed and synthesized a photoreactive 
DECL analogue, and performed the selection experiments against carbonic anhydrase IX, 
using both the photocrosslinking methodology and solid-phase affinity selection 
procedures. I have carried out the qPCR quantification of the selection outputs and the 
analysis of the sequencing results. I have contributed to the off-DNA synthesis of the 
ligands identified from DECL screenings and hit validation by fluorescence polarization. 

 

2.2.1 Introduction 

Conventionally, DECLs are screened using affinity-capture procedures, in which the target 
protein of interest is immobilized on solid supports, [144] in full analogy to what has 
previously been described for other classes of encoded combinatorial libraries (e.g., phage 
display antibody libraries). As discussed in Paragraph 2.1, we have recently evaluated the 
performance of affinity capture methodologies for DECLs and shown that high-affinity 
binders can efficiently be recovered, while the identification of medium-affinity ligands 
(e.g., those with a Kd value in the micromolar range) may be more problematic. Indeed, 
micromolar binders are often characterized by a rather limited kinetic stability of their 
complex with the cognate protein target, leading to loss of recovery upon the 
implementation of stringent washing procedures. [178] In this context, the use of 
photocrosslinking reactions may stabilize the interaction between putative binders and their 
target protein. [119, 150–154, 165, 192] 
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Since covalent crosslinking was first introduced by Westheimer in the early 1960s [217],  
chemical crosslinking has been increasingly being used as a tool for the discovery of 
protein-protein, [218, 219] protein-DNA, [220, 221] and protein-ligand interactions. [222] 
Despite the significance, few crosslinkers are available including benzophenone, [223] 

arylazide, [224, 225] sulfonyl fluoride, [165] and diazirine moiety. [152, 226– 229] In respect 
of photocrosslinking, diazirine is utilized as a photoreactive group, which upon irradiation 
generates a carbene that covalently binds to the protein of interest. The most significant 
feature of carbenes is their ability to rapidly form a covalent bond with the nearest molecule 
(e.g., amino acids of the protein) through C–C, C–H, O–H and X–H (X = heteroatom) 
insertions. [152, 226–229] We decided to use an alkyl diazirine group in our study due to 
its stability at room temperature, its absorption at longer-wavelengths (350–365 nm), 
reducing damage to the targeted biological system and its short lifetime upon irradiation 
and subsequent high reactivity. [230] In general, photocrosslinking efficiency is reported to 
be low since carbenes can rapidly be quenched in aqueous media. [231, 232] However, this 
feature is actually an advantage since it minimizes unspecific crosslinking. Only those ligand 
molecules that have a certain affinity will react covalently to the protein, whereas unbound 
ligand molecules will react with water before being able to undergo non-specific reactions 
with the protein of interest. [228, 229] This approach offers a number of conveniences for 
assembly of a DNA-encoded small molecule with a DNA-linked diazirine group and 
therefore expands the capabilities of DECL selections. By “locking” the transient 
interaction of DECL ligands to the target, crosslinking can give improved enrichment of 
ligands over non-ligands, particularly for low-affinity binders. [150–154, 165, 192] 

Most libraries described so far were based on double-stranded DNA. It appears that 
ssDNA libraries may be more flexible, allowing the construction of encoded self-
assembling chemical libraries (ESAC), [107–109, 117, 123] innovative screening techniques 
(e.g., interaction-dependent PCR) [147] and in this study the hybridization with a 
complementary oligonucleotide-photocrosslinker conjugate. The implementation of a 
photocrosslinker at the 5’ end of an oligonucleotide primer may be particularly convenient, 
as it would allow a templated DNA polymerization step after successful ligand binding and 
crosslinking reaction. 

The use of photocrosslinking reactions for the screening of various types of DECLs has 
previously been reported. [150–154, 165, 192] Zhao and coworkers developed a DNA-
based protein labeling method, named DNA-programmed affinity labeling (DPAL), in 
which a DNA-linked small molecule guides the capture and the identification of its target 
through photocrosslinking. In this work, the authors reported a methodology based on 
ligand-directed photocrosslinking, followed by ExoI digestion of non-binders and hit 
decoding.   

Krusemark et al. [192] developed an approach for applying photocrosslinking selections, 
employing a tethered ssDNA construct, which allows for a reactive group to be appended 
to DNA-encoded ligands after equilibration with protein targets. The authors tested several 
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reactive groups (e.g., electrophiles and photoreactive groups) and compared crosslinking 
efficiency in model selection setting, reporting photocrosslinking efficiencies between 12 
and 36%.  

Here we describe the implementation and systematic evaluation of a photocrosslinking 
screening procedure, featuring encoded compounds on the 5’ end of a single-stranded 
DECL, which can be hybridized to a complementary strand, used to display a diazirine 
group as photoreactive moiety on the 3’ end. This approach shares the same design of 
encoding self-assembling chemical libraries (ESAC) [107–109, 117, 123] and it was adapted 
to be compatible with single pharmacophore libraries based on splint ligation. [85, 93–99] 
We demonstrate the ability to enrich DNA-encoded ligands after photocrosslinking 
selection both in model selections and real library setting. 
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2.2.2 Results 

 

Model Selections with characterized CAIX sulfonamide inhibitors 

We used carbonic anhydrase IX (CAIX) as target protein in both model selections and in 
library screenings. [195–197] Figure 2.11 shows a schematic representation of model 
screening procedures based on photocrosslinking. Individual small molecule ligands 
(depicted as green circles) were chemically attached on distinct 48-mer DNA tagged 
oligonucleotides, carrying a unique 6-base pairs sequence codon used as a bar code. The 
DNA-ligand derivatives were subsequently paired with a partially complementary 
oligonucleotide carrying a diazirine at the 3' end and featuring an abasic region in 
correspondence of the DNA barcode on the cognate strand (Figure 5.8, Paragraph 5.1). 
[107–109] We and others have previously described how to synthesize single-stranded 
DECLs, using splint ligation procedures. [85, 93–99] At first, it was convenient to equip 
the complementary strand, carrying the photoreactive moiety, also with a fluorescent amide 
(FAM) at the 5’ end, thus allowing easy detection of the fluorescent conjugates in gel 
electrophoresis experiments.  

Indeed, individual encoded compounds on DNA or large DECLs can be hybridized to a 
universal photoreactive DNA strand, allowing complex formation with target proteins of 
interest, followed by affinity capture in denaturing experimental conditions. The efficiency 
of screening procedures can be quantitatively assessed using qPCR, ELISA, electrophoretic 
mobility shift assay (EMSA) or by DNA sequencing and sequence counts. [178] The 
formation of a stable complex of a DNA-encoded ligand with the target protein of interest, 
initially driven by the compound displayed on DNA, can be covalently “locked” by 
irradiation and covalent bond formation. 
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Figure 2.11. A. Schematic representation of DNA-tagged ligands paired with a complementary 
fluorophore-labeled DNA-tagged photoreactive group. R: AAZ, SABA, m-SABA, Cl-SABA, NC. B. 
Setup of model selections based on the photocrosslinking methodology. 

 

As depicted in Figure 2.11, the photocrosslinking approach was implemented in model 
selections by using polyhistidine-tagged CAIX (his-CAIX), and four reported [178, 197, 
198] and characterized CAIX sulfonamide inhibitors of various affinities. (Paragraph 2.1.2) 
Experimental dissociation constants of the fluorescein-labeled acetazolamide (AAZ), p-
sulfamoyl benzoic acid (SABA), 4-chloro-3-sulfamoylbenzoic acid (Cl-SABA), and 3-
sulfamoyl benzoic acid (m-SABA) and derivatives were determined by off-DNA 
fluorescence polarization yielding Kd values of 8.7, 192, 500 and 1030 nM, respectively.  
(Figure 5.11). Negative control experiments were performed using free amino-DNA 
oligonucleotide (FAM-DNA-NC) as input. 
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Figure 2.12. SDS-PAGE analysis from FAM-DNA-AAZ and FAM-DNA-NC crosslinking with CAIX, 
after Coomassie staining (left panel) and FAM fluorescence imaging (right panel). Lanes: 1–4: CAIX-
AAZ-FAM complex after UV-irradiation (Input FAM-DNA-AAZ: 0.005 – 0.05 – 0.5 – 5 pmol). Protein 
concentration: 2 μM. Lane 5: only FAM-DNA-AAZ, no protein control. Lane 6: CAIX-AAZ-FAM, no 
UV-irradiation control. Lane 7: CAIX-NC-FAM after UV-irradiation (Input FAM-DNA-NC: 5 pmol). 
Protein concentration: 2 μM. Lane 8: only FAM-DNA-NC. Lane 9: CAIX-NC-FAM, no UV-irradiation 
control. Lane 10: CAIX control. Lane 11: F8 antibody FITC-conjugated was used as fluorescence 
control. 

 

Figure 2.12 shows the results of gel electrophoresis analysis for various quantities of 
photoreactive FAM-DNA-AAZ derivatives, ranging from 0.005 to 5 pmol (lanes 1–4). The 
FAM-DNA-CAIX ligand was incubated with an excess quantity (100 pmol) of non-
immobilized his-CAIX in solution to pre-form the protein-ligand complex, which was 
subsequently UV-irradiated at 365 nm. Crude reaction mixtures were then analyzed by 
SDS-PAGE. The polyacrylamide gel was stained with Coomassie Blue or imaged with a 
fluorescence detector, revealing the covalent formation of a photocrosslinking product 
between CAIX and the photoreactive ligand with a yield of 10% (lane 4). It has previously 
been reported that quantitative photocrosslinking yields may be prohibitive, because of the 
instability of carbene intermediates. [231, 232] Surprisingly, no crosslinking product was 
detected when FAM-DNA-NC was used as input (lanes 7–9). The formation of covalent 
adduct was also qualitatively monitored by ELISA (Figure 5.12, Paragraph 5.1) to assess 
the signal to noise with and without irradiation.  
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Figure 2.13. qPCR quantification of FAM-DNA-CAIX ligands after model selections against 
polyhistidine-tagged CAIX plotted on a logarithmic scale. I: Input; IR: Protein selection with UV-
irradiation; NIR: Protein selection without UV-irradiation; NP: Selection on empty beads in the 
absence of the protein. The results obtained for each FAM-DNA-CAIX ligand are depicted in green. 
A range of detection (R.O.D.) can be derived from the comparison of output DNA quantities in 
selections performed in the presence (IR) or in the absence (NP) of CAIX. 

 

Fifteen selection experiments were performed against his-CAIX, as displayed in Figure 
2.13. The FAM-DNA-CAIX ligands were incubated with the non-immobilized protein in 
solution. The protein-ligand complexes were further subjected to UV-irradiation (IR) at 
365 nm and subsequently captured on Dynabeads magnetic cobalt-based beads. Selection 
control experiments were also carried out without UV-irradiation (NIR) of the protein-
ligand complexes. Control experiments were performed on empty beads using the 
irradiation conditions in the absence of the protein (NP). Identical amounts of FAM-DNA-
CAIX ligands, corresponding to 3 x 109 DNA copies of each molecule before selection, 
were used as input (I). 

The captured protein-ligand complexes were then subjected to denaturing stringent washes. 
Eluted FAM-DNA ligands were analyzed and quantified by qPCR, with standard 
calibration curves established for each experiment (Figure 5.13, Paragraph 5.1). An 
experimental range of detection (R.O.D.) was determined by comparison of DNA output 
selections carried out in the presence (IR) or in the absence of protein (NP). [178] The 
recovery of FAM-DNA-AAZ ligands varied from 5% yield in the normal conditions to 
0.1% and 0.01% for the (NIR) and (NP) control experiments respectively. Similar findings 
were observed for the FAM-DNA derivatives of SABA, Cl-SABA and m-SABA, despite 
lower recovery efficiencies (0.55% - 0.16% - 0.11%, respectively). In these experimental 
conditions, the FAM-DNA-NC derivative was also recovered with an efficiency of 0.1%, 
thus suggesting that the methodology may require further optimization to improve the 
discrimination of low- affinity ligands.   
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Figure 2.14. A. Preparation of DNA-CAIX ligands for selection experiments. B. The distinct DNA-
CAIX binders were pooled in 1:1 ratio and used in the selection experiments as input. After the 
screening, the amount of the eluted DNA molecules was quantified by qPCR using sequence-specific 
primer sets. 

 

To gain an insight into the efficiency of the photocrosslinking screening methodology, we 
then assessed the selectivity of the procedure by performing selection experiments with a 
pool of DNA-CAIX ligands comprising a distinct PCR primer sequence for further qPCR 
quantifications (Figure 2.14). The 48-mer DNA-CAIX ligands, AAZ, SABA, Cl-SABA, and 
m-SABA were annealed with a distinct 80-mer complementary DNA-diazirine conjugate 
comprising a unique qPCR primer sequence (Figure 5.9, Paragraph 5.1). After Klenow-fill-
in polymerization, which allows the primer region to be transferred onto the 
complementary strand, the distinct double-stranded DNA-CAIX ligands were pooled in 
equimolar ratio. (Figure 2.14A). 

Selection experiments were carried out in similar conditions as described above and 
quantified by qPCR (Figure 5.14. Paragraph 5.1). The orthogonal primer design was 
evaluated by standard curve calibration experiments (Figure 5.15, Paragraph 5.1). We 
performed selections by using various amounts of protein (Figure 2.15) quenching methods 
and buffer formulations (Figure 2.16) and analyzed the eluted DNA-CAIX ligands by 
qPCR.  
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Figure 2.15. Evaluation of the recovery yield and selectivity after model selections against his-CAIX, 
used at different protein concentrations. (2 nM – 20 nM – 200 nM – 2000 nM – 4000 nM). A pool of the 
photoreactive DNA-CAIX ligands (3 x 109 copies for each conjugate) was used as input. The pool of 
conjugates was incubated with different concentration of protein before UV irradiation. After 
denaturation of the protein, capture on magnetic beads/washes/elution, the number of DNA 
molecules in the output solution was analyzed by qPCR. The quantity of the DNA after selection is 
plotted in logarithmic scale (green bars).  Selection against empty beads (no protein, 0) was included 
as a negative control.  We observed a correlation between recovery and binding constants of the 
ligands. The best recovery yields were obtained with a protein concentration of 2 μM. At 4 μM protein 
concentration, we observed a decrease of the recovery yield, probably determined by oversaturation 
of the beads (hook effect).  
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Figure 2.16. A) qPCR quantification of model selection experiments performed using a pool of DNA-
CAIX ligands as input. I: Input, IR: Protein Selection with UV-irradiation; NIR: Protein Selection no 
UV-irradiation; NP: Selection in the absence of protein. Different experimental conditions were 
evaluated to optimize the recovery of DNA-CAIX ligands, the selectivity of the screening procedure 
and the R.O.D. (range of detection). Results are plot in logarithmic scale. Conditions b-c. Effect of 
denaturing quenching conditions adding 5% SDS in the incubation buffer after UV-irradiation. 
Conditions d-g. Effect of ionic strength, adding various quantities of NaCl (aq) in the incubation 
buffer. Conditions h-j. Effect of blocking additives in the incubation buffer (HS: Herring Sperm) k. 
Optimized conditions for the screening methodology. 
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A total amount of 1.5 x 1010 of DNA-encoded molecules, corresponding to 3 x 109 copies 
of each DNA-tagged CAIX ligand was used as input (I), After incubation with 
polyhistidine-tagged CAIX, UV-irradiation, affinity capture of the protein-ligand 
complexes and stringent denaturing washes, the eluted DNA-CAIX ligands were analyzed 
by qPCR (IR). The selectivity of the screening procedure was defined as the ratio between 
the recovery of the DNA-CAIX ligands (green bars) and the recovery of the free amino-
DNA oligonucleotide (DNA-NC). In optimized conditions (entry k; Figure 2.16) DNA-
AAZ ligands were recovered with the highest efficiency (8% of recovery), whereas the 
recovery yields of the medium and low-affinity ligands (SABA, Cl-SABA, m-SABA) were 
less efficient (1.7%, 0.13%, 0.15% each). In these experimental conditions, the recovery of 
AAZ and m-SABA were 2500 and 43 times more efficient than the DNA-NC selection, 
suggesting that the methodology can potentially provide good discrimination of the 
putative binders over the background signal. 

We also investigated the effect of the background on the screening procedures in model 
selections, which represents a critical variable when performing DECL screenings (Figure 
6).  DNA-CAIX ligands (AAZ or m-SABA) were mixed with DNA-NC at various input 
ratios (1:1 and 1:100). The quantity of DNA-CAIX ligands was fixed at 3 x 109 copies each. 
The pools were panned against his-CAIX following qPCR analysis of the outputs. (Figure 
6A). The DNA-CAIX ligand / DNA-NC ratio before and after selection was assessed from 
the recovery ratios of each species, after qPCR quantification. At an initial DNA-
AAZ/DNA-NC and DNA-m-SABA/DNA-NC 1:1 ratio, the DNA-CAIX ligands became 
the major species in the mixture (ratio after selection: 1136 and 81, respectively) after one 
round of selection. Surprisingly, both the highest (DNA-AAZ) and the lowest affinity 
derivative (DNA-m-SABA) were enriched from 0.01 to 31 and 1.28 (corresponding to an 
enrichment of 3100 and 128, respectively) after one round of selection, when using an 
initial 1:100 ratio of DNA-CAIX ligand / DNA-NC derivative (Figure 2.17). 
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Figure 2.17. A. DNA-AAZ or DNA-m-SABA mixed with various quantities of DNA-NC (1:1 and 1:100 
ratios, respectively). The DNA quantity of DNA-AAZ or DNA-m-SABA was fixed at 3 x 109 DNA 
copies. The pooled DNA ligands were used as input in model selection experiments. B. Amount of 
DNA-AAZ, DNA-m-SABA and DNA-NC before (I) and after selection (IR). The recovery of each 
DNA-tagged ligand was also assessed after selection on empty beads (NP). Recoveries of DNA 
amounts are reported in percentage. C. Ratios of DNA-AAZ/DNA-NC and DNA-m-SABA/DNA-
NC quantities before and after selection. 
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To correlate the qPCR findings with the sequence count features stemmed from a 
photocrosslinking screening experiment, we screened a library, comprising 669240 
members, based on a previously described strategy. [98, 178] AAZ, SABA, Cl-SABA, and 
m-SABA were among the second set of 1430 building blocks chemically attached at the 5’ 
extremity of a single-stranded DNA library based on a splint ligation procedure. (Figure 
2.18A).  This library was hybridized to a single partially complementary strand, featuring 
the diazirine photoreactive moiety at the 3’ end and two abasic regions in correspondence 
of the DNA barcodes (Figure 5.10, Paragraph 5.1). The Klenow-fill-in polymerization 
allowed the library identifier (sequence codon C) to be transferred onto the complementary 
strand. Photocrosslinking selections against CAIX were performed using an input of 106 
copies per library member. The eluted DNA was then analyzed by DNA sequencing. 
(Figure 2.18B) shows representative sequencing fingerprints after selection in UV-
irradiation conditions (IR), no UV-irradiation (NIR) and on empty beads in the absence of 
protein (NP). 

 

Figure 2.18. A. Schematic representation of a single pharmacophore DECL library, comprising 669240 
members, displayed at the 5’ end. Code 1: red; Code 2: blue; Code 3 (library identifier): orange. The 
individual library members are univocally identified by their codes 1 (BB1, ranging from 1 to 468) and 
2 (BB2, ranging from 1 to 1430). The library was used as input in photocrosslinking screenings against 
polyhistidine-tagged CAIX. The selection output was evaluated by DNA sequencing. B. Selection 
fingerprints. The number of counts is correlated with the color of dots. Cutoff threshold set for the 
images: 40 counts. IR = UV-irradiation control; NIR = No UV-irradiation control; NP = No Protein 
control. 
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We did not observe a significant enrichment of CAIX ligands in the NIR (No UV-
irradiation) control and after selection on empty beads (NP). These findings were 
consistent with the results obtained in the model selection experiments described above. 
By inspection of the UV-Irradiation control fingerprint (IR), we observed the selective 
enrichment of two combinations of building blocks (BB1/BB2 = 146/586; BB1/BB2 = 
146/49), which corresponded to three sulfonamide derivatives. Those combinations 
exhibited an enrichment factor (E.F.) of 2803 ± 121 (corresponding to the highest E.F.) 
and 869 ± 75, respectively (Figure 2.18B). To validate the methodology, we performed 
fluorescence polarization measurements on the off-DNA small-molecule fluorescent 
derivatives and determined an experimental dissociation constant of 105 ± 4 nM 
(BB1/BB2 = 146/586) and 116 ± 6 nM (BB1/BB2 = 146/49 (Figure 5.17, Paragraph 5.1). 

The photocrosslinking screening output was contrasted with the sequence count profile 
obtained with solid-phase affinity capture procedures, which are often used for DECL 
screening campaigns (Figure 2.19) (Paragraph 1.3.1). 

 

 

Figure 2.19. A. Schematic representation of DECL selections performed using photocrosslinking (left 
panel) and solid-phase affinity capture (right panel). B. Top panel: Sequencing fingerprints of library 
selections against his-CAIX. The cutoff threshold was set at 80 counts. CAIX ligands (AAZ, SABA 
and m-SABA) are identified by different codes 2. Bottom panel: Cumulative plots obtained with the 
sum of total sequence counts of the library members featuring CAIX ligands (AAZ, SABA, m-SABA). 
Cumulative enrichment factors (E.F.) were calculated dividing the cumulative counts by the average 
counts of single library members in each selection. 
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The single-stranded single pharmacophore library described in the previous section was 
annealed with a 34 mer-oligonucleotide comprising a distinct library-identifier codon 
(Figure 2.19A). After Klenow fill-in polymerization, the sequence codon was transferred 
onto the complementary strand to obtain a double-stranded DECL. This library was used 
as input for solid-phase affinity capture selections against the immobilized purified his- 
CAIX. After incubation of the library with the solid-supported protein, non-denaturing 
washes, the eluted DNA molecules were analyzed by DNA sequencing. Figure 2.19B 
features the "cumulative plots" defined as the cumulative counts of the sum of library 
members, featuring known CAIX-binding fragments (AAZ, SABA, m-SABA), compared 
to all other library members.  The background signal of the procedure can be assessed from 
the cumulative counts of negative control-DNA conjugates carrying a terminal acetyl 
moiety (AA). The affinity capture method provided better discrimination between high-. 
medium- and low- affinity binders towards CAIX whereas the photocrosslinking method 
allowed better discrimination between low-affinity binders (featuring the m-SABA moiety) 
and background (AA) and provided higher enrichment factors of the medium and low-
affinity ligands. The methodology may thus be used not only for the discovery of high-
affinity ligands but also for single-digit micromolar binders, which are often undetectable 
with conventional affinity capture techniques. 

 

2.2.3 Discussion and Conclusion 

We have used CAIX ligands of various affinities ranging from nanomolar to micromolar, 
to examine the recovery and selectivity of selection procedures by qPCR and high 
throughput DNA sequencing. Conventional affinity capture procedures were compared 
with a screening strategy, based on photocrosslinking. Our study indicates that both affinity 
capture procedures and photocrosslinking methods can efficiently recover binders out of 
very large DEL libraries. The photocrosslinking methodology may be better suited for the 
identification of medium affinity binders (e.g., single-digit micromolar ligands). 
Photocrosslinking may stabilize the ligand-protein complex by locking the equilibrium 
irreversibly. [150–154, 165, 192] 

The photocrosslinking method suffers from certain limitations. It appears that an upper 
limit for photoconversion may be reached, which cannot be improved by additional 
irradiation. [233– 236] It is not known, at present, whether photocrosslinking may be 
further enhanced by the choice of different photoreactive groups (e.g., trifluoromethyl 
phenyl diazirines, benzophenone or aryl azide) or by the spatial proximity between protein 
and DNA-encoded ligand. [150, 151] Crosslinking efficiency might be improved by the use 
of benzophenone, as a photoreactive group, which has the discrete property of repeated 
photoactivation to form a triplet ketyl diradicals (not found in the case of diazirine or aryl 
azide) by prolonged UV-irradiation. [223] 
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The performance of the sequential use of photocrosslinking and affinity capture may 
ultimately be limited if the protein-ligand complex is not quantitatively recovered. [192] As 
an alternative, Li and coworkers developed a polymerase-extension based screening 
procedure against non-immobilized proteins. Indeed, it is worth noting that their current 
scheme is limited to single-stranded DNA-encoded chemical libraries with encoded 
compounds at the 3’ end. [154] 

The construction of DNA-encoded libraries featuring DNA in single-stranded format 
opens various opportunities (e.g., the use of complementary strands with 
photocrosslinkers, the conversion into the double-stranded format or the self-assembly 
with complementary libraries, yielding dual pharmacophore repertoires) [107–109, 117, 
123] without any apparent disadvantage. We anticipate that DNA barcodes in single-
stranded format may be broadly applicable for experimental goals, which have, so far, 
mainly been tackled with double-stranded DNA tags. 

Encoded chemical libraries in single-stranded DNA format are versatile discovery tools 
that can be used for the construction of standard double-stranded libraries or for the 
implementation of photocrosslinking-based selection methodologies. Our study indicates 
that both affinity capture selection methods and photocrosslinking procedures are 
complementary. The latter methodology may be better suited for the identification of low-
affinity binders (single-digit micromolar), that could be lost during the washing steps in 
conventional affinity capture procedures. 

  



Alessandro Sannino 
 

 

74 

2.3 DEVELOPMENT OF A ONE-BEAD-ONE-COMPOUND DNA-
ENCODED CHEMICAL LIBRARY (OBOC DECL) BASED ON SINGLE-
STRANDED DNA. 

 

2.3.1 Introduction 

Combinatorial synthesis and “split-and-pool” strategies have allowed the production of 
large libraries of molecules, characterized by high molecular diversity. The solid-phase 
combinatorial synthesis [43–47] has enabled the generation of molecular collections of 
organic molecules known as “one-bead-one-compound” (OBOC) libraries. [237] Such 
collections display several copies of the same chemical compound on a single bead and 
have a great potential for the identification of binding molecules against targets of 
pharmaceutical interest. [238, 239] However, practical aspects such as automation, solvent 
compatibility, and chemical analysis may restrict its applicability in drug discovery. [240, 
241] Typically, the elucidation of hit structures from library repertoires occurs by mass 
spectrometric (MS/MS) fragmentation analysis, which may be unfeasible for the 
assessment of stereochemical and regiochemical diversity. [ 242 , 243 ]. Thus, various 
synthetic encoding tags (Paragraph 1.1.2) have been explored to circumvent such 
limitations, of which nucleic acids as encoding molecules have become particularly 
attractive. For this purpose, DNA-encoded solid-phase synthesis (DESPS) has emerged as 
a powerful tool for the generation of DNA-encoded OBOC libraries. [76, 170]. The use of 
DNA-encoding tags may facilitate the identification of hit compounds by PCR 
amplification and next-generation sequencing. [85]  

In the early days of DESPS, libraries were primarily assembled on solid-phase using 
inorganic supports (e.g., controlled pore glass, CPG) for the synthesis of polypeptide 
chains. [76, 77]. The use of solid-phase matrixes allows the implementation of various 
reaction conditions (e.g., organic solvents), which are not suitable for the synthesis of 
DECL in solution. Moreover, such synthetic methodologies are in principle compatible 
with a much broader selection of chemical building blocks, which are compatible for the 
generation of more complex molecules (e.g., macrocyclic scaffolds, cyclic peptidomimetics) 
[244, 245]. The introduction of more advanced activity-based screening methodologies has 
sparked a renewed interest in DNA-encoded OBOC libraries, (e.g. DESPS), which have 
been collectively investigated by academia and industry. [246– 250]. 

MacConnell et al. [247] described a DESPS synthetic procedure for the preparation of 
libraries on TentaGel® Rink amide resins, comprising steps of reactions in organic solvents 
and enzymatic ligation of encoding dsDNA oligonucleotides.  The synthesis requires the 
use of a bifunctional linker (“scaffold”, e.g., Fmoc-protected alkyne), which once bound 
on beads is used for the orthogonal synthesis of organic molecules and DNA-encoding in 
“split-and-pool” fashion. The final DESPS product is a covalently resin-bound oligomeric 
product, carrying a DNA oligonucleotide tag.  
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A similar strategy was also employed by Paciaroni et al. [248] for the construction of an 
OBOC library based on an aldehyde scaffold, which can be converted into structurally 
diverse products (e.g., amines, carboxylic acids, alkynes) by using known synthetic 
reactions. The implementation of these chemical transformations requires minimum 
optimization, since it is virtually possible to use any organic solvent on beads. In contrast, 
solution-phase DECL synthesis requires the use of aqueous solvents, resulting in a limited 
scope of chemical reactions.  

Brunschweiger et al. [249] developed a strategy for the synthesis of DNA-coupled 
isoquinolones and pyrrolidines on solid-phase by using ytterbium- and silver-mediated 
imine chemistry. The authors reported the use of a protected single-stranded DNA 
synthesized by standard phosphoramidite chemistry and bound to a controlled pore glass 
(CPG) matrix to initiate the construction of a DECL. After library synthesis in parallel 
fashion, the DNA conjugates are cleaved from the solid support and ligated to DNA 
hairpins, each containing encoding sequences for each heterocyclic structure. Recently, the 
same group reported a similar strategy for the implementation of Ugi-four-component 
reactions (Ugi-4CR) on solid-phase coupled DNA. [250] 

As seen in the previous examples, OBOC libraries are typically encoded by sequential 
enzymatic ligation steps promoted by base-paired fragments. [247–250] However, the use 
of single-stranded DNA oligonucleotides (ssDNA) for the encoding of OBOC libraries 
has been narrowly investigated so far.  

In this study, we have explored the feasibility of the single-stranded DECL encoding on a 
solid-phase. The generation of a solid-supported library may be advantageous compared to 
the "in-solution" library synthesis strategy [85, 95–99], which simplify the purification steps 
(e.g., omission of HPLC purifications) after iterated steps. Moreover, single-stranded 
(ssDNA) DECL libraries may be more flexible, allowing the construction of encoded self-
assembling chemical libraries (ESAC), [107–108, 109, 117, 123] and innovative screening 
techniques, including interaction-dependent PCR [147] and photocrosslinking 
methodologies.  



Alessandro Sannino 
 

 

76 

2.3.2 Results 

We have first investigated a single-stranded DNA-encoding setting suitable for the 
synthesis of a representative OBOC DECL library (Figure 2.20) The 10 µm Monosized 
amino-functionalized TentaGel® microspheres were used as solid support.  TentaGel®-
based resins are composed by grafted copolymers consisting of low-crosslinked polystyrene 
matrix and polyethylene glycol (PEG), and their use has been described by several groups 
both in academia and industry. [251, 252] The hydrophobic and hydrophilic properties of 
the resin became attractive for the construction of DECL libraries. 
 
 

 

Figure 2.20. Design of a two-building block OBOC-DECL library. BB1: building block 1; BB2: 
building block 2. 

 

The use of a trifunctional Fmoc-amino acid alkyne scaffold can be particularly convenient 
for the coupling on the solid support, chemical library synthesis (after cleavage of the Fmoc 
group) and DNA encoding. [247] A substoichiometric amount of the organic molecules 
displayed on the solid matrix is covalently linked to a 45-mer single-stranded DNA 
oligonucleotide (“universal code”) through copper-catalyzed azide-alkyne cycloaddition 
(CuAAC) click chemistry. The universal DNA strand presents complementary bases for 
the subsequent splint ligation of phosphorylated sequences (e.g., code 1, code 2). The final 
product is a solid-phase-bound organic molecule tethered to an encoding DNA 
oligonucleotide, which can be released in solution after cleavage of the ester moiety 
(“cleavable group”). 

Such a design requires extensive optimization of critical steps (i.e. coupling on the solid 
support, splint ligation of ssDNA oligonucleotides performed on TentaGel®) in order to 
yield DECLs of high purity.  



Development and optimization of screening methodologies used in DECLs 

 

77 

Therefore, we have first evaluated the efficiency of the coupling reaction on solid-phase 
and the enzymatic ligation step, which is required for the encoding of sets of building 
blocks displayed on DECLs. To initiate our studies, we adapted a synthetic procedure 
described by Paciaroni et al. [248], which was originally used for the synthesis of an OBOC 
DECL library based on dsDNA encoding. The synthetic procedure involves alternating 
coupling and ligation steps on TentaGel® in split-and-pool fashion.  

 

Figure 2.21. A. Synthetic sequence adopted for the synthesis of the DNA conjugate on solid-phase. B. 
Ligation procedure on solid-phase. 

 

Figure 2.21 represents the trifunctionalized scaffold covalently immobilized on TentaGel® 
beads through amide bond formation using diisopropylcarbodiimide / ethyl 
cyano(hydroxyamino)acetate (DIC/OXYMA) as coupling reagent. The resulting solid-
phase-bound alkyne derivative was then subjected to click reaction in CuAAC conditions 
with a substoichiometric amount of a 45-mer ssDNA azidopentoic derivative, to reach a 
DNA loading on beads of 1%. As reported in literature, [247] the use of higher loading 
capacities may be detrimental for the subsequent enzymatic ligation procedures, due to 
steric hindrance. The corresponding DNA derivative was then subjected to enzymatic 
splint ligation with a 3’-phosphorylated 29-mer oligonucleotide (code 1), which presents a 
6-base pair-encoding region for the first set of building blocks. The implementation of 
denaturing washes conditions after the reaction is necessary for the complete removal of 
the DNA adapter oligonucleotide, which could remain bound to the product due to 
Watson-Crick base pairings. 
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The quantification of the products after each step was determined by LC-MS analysis and 
qPCR quantification, after cleavage of the linker with NaOH solution. The amount of 
DNA molecules amplified by qPCR is correlated to the number of sites accessible for 
enzymatic ligation, which can be limited by steric hindrance.  

In this experimental setting, both the click and the ligation reaction were inefficient (2% 
and 1% of DNA recovery) as determined by qPCR quantification.  

 

Figure 2.22 Encoding strategies used in literature (A) [248] and developed in this study (B) for the 
functionalization of TentaGel® resin beads with DNA oligonucleotides. 

 

Therefore, we explored the possibility to perform the click reaction on the scaffold with 
the DNA-azido derivative to ensure a stoichiometric ratio of DNA encoding tags and small 
molecule scaffolds. The resulting DNA-scaffold derivative can be conveniently purified by 
HPLC and supported on TentaGel® beads by solid-phase amide bond formation. An 
additional step of capping of the unreacted amino groups is required to quench the beads 
(Figure 2.22). 
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First, we screened various conditions with the aim to improve the coupling step on solid-
phase (Figure 2.23).  

 

Figure 2.23.  Optimization of the amino coupling reaction on TentaGel® beads.  

 

We used various concentrations of reactants, coupling methodologies and loadings of 
substoichiometric amounts of the DNA-scaffold. As shown in Figure 2.23, the increase of 
the amount of DMF in the reaction mixture, led to better conversion of the substrate (entry 
d: 67% yield; entry e: 4%). The high swelling properties of TentaGel® resins allow the 
creation of enlarged reaction volumes, which can be critical for the chemical synthesis in 
high purities and yields. [ 253 ] The coupling procedure based on the N-
hydroxysulfosuccinimide/1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (sNHS/EDC) 
method provided a better conversion in contrast with EDC/HOAt/MMM (entry k: 87%; 
entry d: 67%). However, using the former method, the reaction mixture contained more 
impurities, as assessed by LC-MS. Therefore, entry d was the best compromise in terms of 
quality and yield. 

After the optimization of the coupling procedure, we performed a systematic evaluation of 
the ligation reaction conditions in order to improve the conversion of the product. We 
sought to investigate the effect of different experimental variables, including annealing and 
reaction temperature, catalytic amounts of T4 DNA ligase and quantity of organic solvent 
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in the reaction mixture. Each test was performed in separated wells, and the amount of 
ligation product was determined by qPCR analysis after NaOH cleavage. (Figure 2.24).   

As shown in Figure 2.24, the best conversions were obtained including a pre-annealing step 
at 95 °C and increasing the reaction temperature to 30 °C and 37 °C. (entires o–r). 
Surprisingly, small amounts of organic solvent in the reaction mixture (e.g., DMF, DMA, 
THF), which are generally used for the swelling of resin beads, can lead to complete 
inhibition of the enzymatic reaction. Moreover, the quantity of the enzyme was downscaled 
to 2 U/pmol of substrate. 

 

Figure 2.24 Optimization of the enzymatic ligation conditions using single-stranded DNA 
oligonucleotides. Ann. T.: Annealing Temperature.  
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2.3.3 Discussion and Conclusion 

 

We have implemented a novel synthetic design for the synthesis of OBOC DECL libraries 
based on ssDNA encoding and supported on TentaGel® resin beads while optimizing 
coupling and ligation test reactions to assess and optimize the overall conversion of ligated 
product. Collectively, the results show that DESPS methodologies can be conveniently 
used for the synthesis of small molecule-DNA oligonucleotide derivatives bound to solid-
phase matrixes. DESPS methodologies can be efficient for the production of DECL 
libraries up to four building blocks [247], which can be chemically coupled in order to 
synthesize polypeptide chains and macrocyclic structures. In recent years, various synthetic 
methodologies have been developed for the synthesis of complex heterocyclic and 
macrocyclic scaffolds (e.g., cyclopeptides, [244, 245] pyrimidines, [254] benzodiazepine-
based scaffolds, [ 255 ] oxadiazoles [ 256 ]). Moreover, the use of high-throughput 
instrumentation (e.g., filter plates, automated liquid handling systems) enables both 
synthesis and purification of large libraries in an efficient time and cost manner. [247] 

Recent advances in screening methodologies (e.g., Paragraph 1.3.3) have also contributed 
to the growing interest in solid-phase-bound libraries. Collections of chemical compounds 
displayed on resin can be conveniently screened on beads by fluorescence sorting and 
selected in functional screening assays against enzymatic targets. [169, 170] The presence 
of a cleavable linker between the organic molecules and the solid support may allow the 
release of the library in solution and therefore, the implementation of classical screening 
methodologies (e.g., affinity selections). (Paragraph 1.3.1–1.3.2) 

The use of single-stranded DECL libraries opens various opportunities (e.g., ESAC 
libraries, photocrosslinking methodologies) [107–109, 117, 123]. The implementation of 
DESPS strategies for the synthesis of such collections can be beneficial in terms of time 
and reaction yields. However, optimal conditions for the enzymatic splint ligation and 
purification of resin-bound intermediates are required in order to reduce the amount of 
unreacted DNA oligonucleotides, which can reduce library purity and integrity. 

In conclusion, this preliminary study provided a rationale for the construction of single-
stranded DECLs on solid supports, which can be versatile synthetic tools for the 
production of chemical libraries on-beads.





 

 

 

3. CONCLUDING REMARKS AND FUTURE OUTLOOK 

 

During the PhD work, we have implemented analytical and synthetic methodologies useful 
for the improvement of the DECL platform. In particular, most of the effort was focused 
on the optimization and development of novel screening procedures suitable for drug 
discovery using DECL libraries to enhance the quality of hit identification campaigns.  

In the first part of the project (Paragraph 2.1), we have quantitatively evaluated the 
efficiency of screening procedures based on solid-phase affinity capture, which are used 
both in the industrial and academic setting. The recovery of CAIX ligands of different 
binding affinity and DECL libraries was assessed by qPCR quantification and analysis of 
the features of DNA sequencing fingerprints. The data suggested that high-affinity ligands 
(e.g., AAZ) are almost quantitatively recovered. In constrast, the identification of 
micromolar binders (e.g. m-SABA) may require additional and extensive optimization of 
selection parameters (e.g., type of target immobilization, capture conditions, library inputs) 
to minimize recovery losses (e.g., in the washes fraction). Nevertheless, the results indicated 
that both qPCR analysis and DNA sequencing results could be efficiently used for 
evaluation studies of the DECL technology. 

These findings provided a rationale for the development of a novel DECL screening 
method, which can be exploited for the identification of micromolar hits. In the second 
part of the PhD work (Paragraph 2.2), we have developed and optimized a selection 
procedure using ssDNA DECL libraries and photocrosslinking reactions in solution. 
Overall, our results demonstrated that the procedure is suitable for the identification of low 
and medium affinity ligands (e.g., micromolar Kd). Therefore, the photocrosslinking 
methodology provided complementary information to conventional DECL affinity capture 
procedures on solid supports. Notably, the results provided evidence that ssDNA DECL 
libraries can be conveniently hybridized with chemically modified complementary 
oligonucleotides, which can be useful for many applications (e.g., ESAC libraries, affinity 
maturation and photocrosslinking selections). 

For this reason, in the final part of the project (Paragraph 2.3), we focused our attention 
on the development of a novel synthetic route for the generation of ssDNA DECL libraries 
in OBOC format. Such libraries can be conveniently screened using the procedures 
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described in this thesis (e.g., affinity capture, photocrosslinking) or using activity-based 
screening assays. The preliminary results have shown that DESPS approaches are versatile 
for the synthesis of ssDNA DECL libraries in a fast and convenient manner. 

Collectively, the results presented in this thesis provided a rationale and motivation for the 
improvement of the DECL platform, which can be versatile for the discovery of specific 
ligands against ”difficult-to-drug” protein targets. 

Future research should consider the potential effect of screening parameters for the 
identification of high-, medium-, and low-affinity binders, and therefore the use of multiple 
selection conditions for the confirmation of putative binders to proteins of interest (e.g., 
quantity of library input, protein concentration, buffer, solid support for affinity capture, 
wash and elution conditions). As an example, high and low protein amounts in a screening 
assay may facilitate the identification of weak and strong small molecule binders 
respectively. Therefore, it may be useful to perform DECL selections at different 
concentrations. Moreover, each protein target may require orthogonal screening 
methodologies based on alternative capture procedures (e.g., screening in solution), in 
order to minimize the risk of selection artefacts (e.g., unspecific binding, presence of 
PAINS).  

DECL library selections based on photocrosslinking represent a promising tool for the 
identification of low- affinity ligands, thanks to the irreversible stabilization of protein-
ligand complexes in solution. In future, alternative crosslinkers may be implemented (e.g., 
electrophilic crosslinkers, photoreactive groups) to improve the conversion yield, which 
can be limited by side-reactions of the intermediate carbene species. The design of the 
photoreactive library described in this thesis can be in principle applied for the encoding 
of a variety of crosslinkers (e.g., displayed on the 3’ end of the photoreactive strand), thus 
allowing the identification in parallel of the most effective probe in terms of ligand recovery 
and sequencing counts. Future studies could investigate the use of photocrosslinkers for 
the screening of difficult protein targets in a native cell environment (e.g., GPCRs). The 
synthetic approach, described in this thesis, is compatible with the use of cell-penetrating 
peptides (e.g., cPP12), [165] which can be covalently attached to the 5’ end of the 
photoreactive DNA strand, making the library permeable to the cell membrane. 

However, it is worth noting that novel screening methodologies should be developed in 
parallel with innovative library technologies in order to accelerate drug discovery processes. 
The application of orthogonal technologies (e.g., self-assembling chemical libraries, 
photocrosslinking methodologies, DESPS procedures) is likely to be relevant for the 
discovery of chemical leads of high potency and favourable characteristics. 
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4. MATERIALS AND METHODS 

 

4.1 CHAPTER 2.1: GENERAL PROCEDURES 

 

4.1.1 List of the oligonucleotides and PCR primers 

 

Custom oligonucleotides were purchased by LGC Biosearch Technologies, Inc and 
delivered as lyophilized solids. The solids were further purified by EtOH precipitation and 
redissolved in H2O. The final concentration was determined by UV absorbance 
measurement at 260 nm using a NanoDrop instrument. 

Oligonucleotide A 

5’-GGAGCTTCTGAATTCTGTGTGCTGCGCGCGCGAGTCCCATGGCGC-3’ 

Modification: 5’-C6-Aminolink 

MW: 14056 Da 

Oligonucleotide B 

5’-CGGATCGACGCGCGCGCGCGTCAGGCAGCTTGAGTGGCGACCGTGCAGAGC-3’ 

Modification: 5’-Phosphorylated 

MW: 15888.2 Da 

Oligonucleotide C 
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5’-GGAGCTTCTGAATTCTGTGTGCTGCGCGCGCGAGTCCCATGGCGCCGGATCGAC
GCGCGCGCGCGTCAGGCAGCTTGAGTGGCGACCGTGCAGAGC-3’ 

Modification: 5’-C6-Aminolink 

MW: 29927.2 Da 

Oligonucleotide D 

5’-GCTCTGCACGGTCGCCACTCAAGCTGCCTGACGCGCGCGCGCGTCGATCCGGCG
CCATGGGACTCGCGCGCGCAG CACACAGAATTCAGAAGCTCC-3’   

MW: 29464 Da   

Oligonucleotide E 

 5’-AACATCCTCAGTCATCACACATCGTATCCACGAGCGTCAGGCAGCGAGCAAGAT
GCGTGCGTGTGCA-3'            

Modification: 5’- C6-Aminolink 

MW: 20785.4 Da 

Oligonucleotide F 

5’-TGCACACGCACGCATCTTGCTCGCTGCCTGACGCTCGTGGATACGATGTGTGATG
ACTGAGGA-3’ 

MW: 19430.6 Da 

PCR primers 

Primer_DL_1: 

5’-GGAGCTTCTGAATTCTGTGTGCT-3’ 

Primer_DL_2: 

5’-CTCTGCACGGTCGCCACTC-3’ 

Primer_NC_1: 
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5’-ACATCCTCAGTCATCACACATCG-3’ 

Primer_NC_2: 

5’-GCACACGCACGCATCTTG-3’ 

Sequences of the forward and the sequence-specific reverse primers (RP) used to quantify 
AAZ, SABA and m-SABA in the library (LB) experiments. The specific sequences are 
highlighted in bold. 

Forward primer LB:   

5’-GGAGCTTCTGAATTCTGTGTGCTG-3’ 

Reverse primer_AAZ 

5’-CTGCACGGTCGCGCGAGAC-3’ 

Reverse primer SABA 

5’-TGCACGGTCGCCGCTGCT-3’ 

Reverse primer m-SABA 

5’-CTGCACGGTCGCCCTTCAT-3’ 

Reverse primer_AA 

5’-GCTCTGCACGGTCGCATACGGA-3’ 

Sequences of the forward and the reverse primers used to amplify the library for the total 
DNA quantification: 

Forward primer LB:   

5’-GGAGCTTCTGAATTCTGTGTGCTG-3’ 

Reverse primer LB: 

5’-GCTCTGCACGGTCGC-3’ 
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4.1.2 Procedures for on-DNA reactions 

 

4.1.2.1 Ethanol Precipitation  

To aqueous DNA solutions, 10% (v/v) of 5 M NaCl was added, followed by 2.5–3 volumes 
of cold EtOH. The colloidal solution was left for 1 h at −20 °C and then centrifuged at 4 
°C for 30 min. at 14000 rpm. The resulting supernatant was discarded, and the pellet was 
rinsed once with cold 80% EtOH. After centrifugation for another 5 min at 4 °C at 14000 
rpm, the supernatant was discarded, and the pellet was dried using a SpeedVac. The 
recovered samples were dissolved in an appropriate buffer for subsequent analysis or 
experiments. GP1 was generally performed after each chemical reaction.  

4.1.2.2 DNA-conjugation of Fmoc-amino acids as building block 1 (DNA-BB1) 

Fmoc-amino acid in DMSO (12.5 µl, 200 mM), N-hydroxysulfosuccinimide (s-NHS) (20 
µl, 333 mM) in DMSO/H2O (2:1), followed by 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) in DMSO (24 µl, 100 mM) were added in 
DMSO (200 µl) and stirred for 30 min at 30 °C. Amino-modified 45-mer oligonucleotide 
in H2O (4 µl, 0.15 nmol) in MOPS buffer (50 µl, 100 mM, pH 8.0, 1 M NaCl) was then 
added. The reaction mixture was stirred for 16 h at 37 °C. The DNA was precipitated 
following the procedure described in Paragraph 4.1.2.1 and was purified by RP-HPLC on 
an XTerra® C18 semipreparative using a gradient of eluent A (TEAA 100 mM) and eluent 
B (TEAA 100 mM in 80% ACN). The fractions containing the product were combined 
and lyophilized to obtain DNA-BB1, as determined by measuring the UV absorbance at 
260 nm of a water solution on a Thermofisher Nanodrop 2000.  

Procedures for DNA-conjugation of carboxylic acids /sulfonylchlorides 
/iso(thio)cyanates/ amines as second diversity elements (DNA-BB1-BB2)  

4.1.2.3 Amide bond formation method with DMT-MM 

 Carboxylic acid in DMSO (12.5 µl, 200 mM), 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methyl-morpholinium chloride (DMT-MM, 12 µl, 200 mM) were dissolved in 32.5 µl of 
DMSO and stirred for 15 min at 25 °C. DNA in H2O (4 µl, 0.15 nmol) diluted in MOPS 
buffer (3-(N-morpholino)propanesulfonic acid, 35 µl, 100 mM, 1M NaCl, pH = 8) and 
H2O (37 µl) was added to the mixture and the reaction was stirred at 25 °C for 16 h. The 
DNA was precipitated following the procedure described in Paragraph 4.1.2.1 and analyzed 
by LC-MS. 
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4.1.2.4 Amide bond formation method with EDC/HOAt/DIPEA 

Carboxylic acid in DMSO (12.5 µl, 200 mM), EDC (4 μl, 300 mM), 1-Hydroxy-7-
azabenzotriazole (HOAt, 4 μl, 60 mM) and DIPEA (4 μl, 300 mM) were dissolved in 32.5 
μl of DMSO and stirred for 15 min at 25 °C. DNA in H2O (4 μl, 0.15 nmol) was diluted 
in MOPS buffer (35 μl, 100 mM, 1M NaCl, pH = 8) and H2O (37 µl) was added to the 
mixture, and the reaction was stirred for 16 h at 37 °C. The reaction was quenched with 
NH4OAc (25 μl, 500 mM) and agitated for 30 min at 37 °C. The DNA was precipitated 
following the procedure described in Paragraph 4.1.2.1 and analyzed by LC-MS. 

4.1.2.5  Amide bond formation method with s-NHS/EDC  

Carboxylic acid in DMSO (12.5 µl, 200 mM), s-NHS (20 µl, 333 mM) in DMSO/H2O (2:1), 
followed by EDC in DMSO (24 µl, 100 mM) were added in DMSO (200 µl) and stirred for 
30 min at 30 °C. DNA in H2O (4 µl, 0.15 nmol) diluted in triethylamine hydrochloride 
buffer (TEA•HCl, 50 µl, 500 mM, pH = 10.0) was then added. The reaction mixture was 
stirred for 16 h at 37 °C. DNA was precipitated following the procedure described in 
Paragraph 4.1.2.1 and was analyzed by LC-MS.  

4.1.2.6 Reductive amination reaction 

4-formylbenzoic acid (12.5 μL 200 mM) in DMSO (200 μl), s-NHS (20 μl, 333 mM) in 
DMSO/H2O (2:1), followed by EDC in DMSO (24 μl, 100 mM) were added in DMSO 
(200 μl) and stirred for 30 min at 30 °C.  DNA in H2O (4 μl, 0.15 nmol) diluted in 
TEA•HCl (50 μl, 500 mM, pH = 10.0) was then added. The reaction mixture was stirred 
for 16 h at 37 °C. DNA was precipitated following the procedure described in Paragraph 
4.1.2.1, and used for the second step without any further purification. The crude pallet was 
dissolved in H2O (6 μl, 0.1 nmol) and in phosphate buffer (5 μl, 2 M, pH = 5.5). Amine in 
DMSO (25 μl) was added to the DNA mixture, and the reaction was heated up to 40 °C 
for 3h. NaCNBH3 in CH3CN (3.5 μl, 100 mM) was then added, and the reaction was 
agitated overnight at 40 °C. DNA was precipitated following the procedure described in 
Paragraph 4.1.2.1 and was analyzed by LC-MS.  

4.1.2.7 Reverse coupling reaction 

Succinic anhydride in DMSO (15 μl, 200 mM) and DMAP (1.2 μl, 200 mM) were added to 
a solution of DNA in H2O (5 μl, 20 nmol,) and TEA•HCl buffer (10 μl, 500 mM, pH = 
10.0). The reaction mixture was stirred for 3 h at 60 °C. After completion of the reaction 
by LC-MS, the DNA conjugate was precipitated using procedure described in Paragraph 
4.1.2.1, and used for the second step without any further purification. The crude pallet was 
dissolved in H2O (37 μl, 0.1 nmol), MOPS buffer (35 μl, 100 mM, 0.5 M NaCl, pH = 8.0), 
amine in DMSO (15 μl, 100 mM) followed by DMT-MM (12 μl, 208 mM) were added. The 
reaction mixture was agitated overnight at 37 °C. DNA was precipitated following the 
procedure described in Paragraph 4.1.2.1 and was analyzed by LC-MS.  
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4.1.2.8 Carbamoylation with iso(thio)cyanates 

DNA in H2O (5 μl, 0.1 nmol), iso(thio)cyanate dissolved in DMSO or CH3CN (10.5 μl, 
100 mM) was diluted in Sodium Borate buffer (26 μl, 500 mM, pH = 9.4). The reaction 
mixture was stirred at 40 °C overnight. DNA was precipitated following the procedure 
described in Paragraph 4.1.2.1and was analyzed by LC-MS.  

4.1.2.9 Sulfonylation with sulfonyl chlorides 

DNA (0.1 nmol) was diluted in Sodium Borate buffer (26 μl, 500 mM, pH 9.4) and sulfonyl 
chloride in CH3CN (10.5 μl, 100 mM) was added, and the reaction mixture was stirred 
overnight at 40 °C. DNA was precipitated following the procedure described in Paragraph 
4.1.2.1 and was analyzed by LC-MS.  

4.1.2.10 Klenow polymerization reaction  

The pool of 246 DNA-amino acid conjugates (0.1 nmol) was dissolved in water (75.4 μl) 
and MOPS buffer (10 μl, 100 mM, pH 7.9). The second set of oligonucleotides (100 μM, 
Code 2-n, 1 < n < 1500, 5’-GCT CTG CAC GGT CGC XXXXXXX GCT GCC TGA 
CGC-3’), which allowed the unambiguous identification of BB2, was added. The solution 
was stirred at room temperature for 15 min. dNTPs (10 μl, 5 mM) and Polymerase (54 
units per μl, 1.5 μl) were then added to the DNA solution. The mixture was left for 1 h at 
room temperature. All the samples were analyzed by ion-exchange cartridge gel with 
QiAxcel Advanced Instrument (QIAGEN).  

 

4.1.3 Synthesis of DNA-tagged ligands 

 

4.1.3.1 Ligation procedure (synthesis of oligonucleotide C) 

Oligonucleotide A (1 eq., 21.7 μl, 5 nmol) and oligonucleotide B (1.5 eq, 21.4 μl, 7.5 nmol), 
DNA-RNA adapter in H2O (1.58 eq, 9.2 μl, 7.9 nmol), 10x ligation reaction buffer (20 μl, 
New England Biolabs) and H2O (145 μl) were mixed and heated up to 50 °C for 15 min. 
The mixture was allowed to cool down to 22 °C and T4 DNA-ligase (5000 U, 12.5 μl, New 
England Biolabs) was then added. The ligation process was left at room temperature for 
16 hours. The reaction was then heated up to 65 °C for 10 min to inactivate the ligase. 
DNA was precipitated following the procedure described in Paragraph 4.1.2.1. The crude 
mixture was purified by RP-HPLC on an XTerra® C18 semipreparative using a gradient 
of eluent A (TEAA 100 mM) and eluent B (TEAA 100 mM in 80% ACN). The fractions 
containing the product were combined and lyophilized to obtain the desired ligated 
product, as determined by measuring the UV absorbance at 260 nm of a water solution on 
a Thermofisher Nanodrop 2000. LC-ESI-MS: 29926 m/z, found: 29926.09 m/z. 
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4.1.3.2 Conjugation of 4-sulfamoyl benzoic acid (SABA) and 3-sulfamoyl 
benzoic acid (m-SABA) with oligonucleotide C (DMT-MM method)  

Reaction with amino-modified 96-mer oligonucleotide was performed using the procedure 
described in Paragraph 4.1.2.3.  The DNA conjugate was purified by 2x EtOH precipitation 
and purified by DNA-Clean Up spin column (QIAquick PCR Purification Kit, Qiagen) and 
subsequently analyzed by ESI-LC-MS. ESI-LC-MS (SABA-DNA): 30109.2 m/z, found: 
30107.69 m/z. ESI-LC-MS (m-SABA-DNA): 30109.2 m/z, found: 30107.57 m/z. 

4.1.3.3 Conjugation of 4-Oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-
yl)amino)butanoic acid (AAZ) with oligonucleotide C (EDC/S-NHS 
method)  

Reaction with amino-modified 96-mer oligonucleotide was performed using the procedure 
described in Paragraph 4.1.2.5.  The DNA conjugate was purified by 2x EtOH precipitation 
and purified by DNA-Clean Up spin column (QIAquick PCR Purification Kit, Qiagen) and 
subsequently analyzed by ESI-LC-MS. ESI-LC-MS: (AAZ-DNA, 30189.31 m/z, found: 
30188.27 m/z). 

4.1.3.4 Thermal hybridization  

Oligonucleotides C, D, E, F were first diluted at a concentration of 1010 copies of DNA/μl. 
Equimolar amounts of complementary oligos (oligonucleotide-tagged ligand C/D and 
oligonucleotide E/F, respectively) were mixed and heated up at 95 °C for 10 min. The 
mixture was allowed to cool down slowly at room temperature. The products were stored 
at –20°C and directly used for the affinity selections assays. 

 

4.1.4 Affinity selections procedures 

 

4.1.4.1 Affinity selection against biotinylated CAIX (KingFisher) 

Streptavidin-coated magnetic beads C1-type (10 μl suspensions) were washed with 3 x PBS 
(Phosphate Buffer Saline, 500 μl, 50 mM sodium phosphate, 100 mM NaCl, pH = 7.4) and 
resuspended in PBS (100 μl). By using a KingFisher magnetic particle processor, the 
magnetic beads were transferred to a solution of PBS and biotinylated target (CAIX) at a 
certain concentration (1 μM, 2 μM) and incubated for 30 min with continuous gentle 
mixing. The beads were washed (2 x 3 min, 200 μl) with PBST-biotin (50 mM sodium 
phosphate, 100 mM NaCl, pH 7.4, 0.05% - 0.1% Tween-20, 100 μM biotin) and washed 
once (1 x 3 min) with PBST (200 μl, 50 mM sodium phosphate, 100 mM NaCl, pH = 7.4, 
0.05% - 0.1% Tween-20). The protein-coated beads were transferred to a solution of the 
DNA conjugate and the negative control (1011 copies, ratio 1:1) in PBST (100 μl) containing 
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0.3 mg/ml herring sperm and incubated for 1 h with continuous gentle mixing. For the 
library selections: The library (10x copies /lib. member) was diluted in PBST (100 μl) 
containing 0.3 mg/ml herring sperm and incubated for 1 h with continuous gentle mixing. 
The beads were removed and washed with PBST (5 x 30 s, 200 μl) and incubated with 
TRIS buffer (100 μl, 20 mM, pH = 8.4). The DNA conjugates were released by heat 
denaturation of the proteins (95 °C, 10 min) and the beads were separated. The eluate was 
analyzed by quantitative PCR and/or amplified by PCR and submitted to the Functional 
Genomics Center in Zürich for high-throughput DNA sequencing on an Illumina HiSeq 
2500. 

4.1.4.2 Affinity selection against polyhistidine-tagged CAIX (KingFisher) 

 Dynabeads His-Tag Pull-Down (Invitrogen, 10103D, 12 μl suspension) were washed with 
3 x binding buffer (500 μl, 50 mM sodium phosphate, 300 mM NaCl, pH = 8, 0.01%/ 
0.1% Tween-20) and resuspended in binding buffer (100 μl). By using the KingFisher 
magnetic particle processor, the magnetic beads were transferred to a solution of binding 
buffer and his-tagged target (CAIX) at a certain concentration (1 μM / 2.5 μM) and 
incubated for 30 min with continuous gentle mixing. The beads were washed (3 x 3 min, 
200 μl) with binding buffer and subsequently transferred to a solution of the DNA 
conjugate and the negative control (1011 copies, ratio 1:1) in pull-down buffer (100 μl, 3.25 
mM sodium phosphate, 70 mM NaCl, pH = 7.4, 0.01%/ 0.1% Tween-20), containing 0.3 
μg/ml herring sperm. For the library selections: The library (10x copies /lib. member) 
was diluted in in pull-down buffer (100 μl, 3.25 mM sodium phosphate, 70 mM NaCl, pH 
= 7.4, 0.01%/ 0.1% Tween-20), containing 0.3 μg/ml herring sperm. The beads were 
incubated for 1 h with continuous gentle mixing. The beads were removed and washed 
with pull-down buffer (5 x 30 s, 200 μl) and incubated with elution buffer (100 μl, 300 mM 
imidazole, 50 mM sodium phosphate, 300 mM NaCl, pH = 8, 0.01% Tween-20) for 30 
min. After the incubation, the beads were separated. The eluate was analyzed by 
quantitative PCR and/or amplified by PCR and submitted to the Functional Genomics 
Center in Zürich for high-throughput DNA sequencing on an Illumina HiSeq 2500.  

4.1.4.3 Affinity selection against biotinylated CAIX (PhyNexus) 

 The DNA conjugate and a negative control (1011 copies, ratio 1:1) were incubated for 30 
min at room temperature with the biotinylated target (CAIX, 50 μl, 2 μM) in B&W selection 
buffer (50 mM Sodium Phosphate, 100 mM NaCl, pH = 7.4, 0.05% Tween-20) containing 
0.2 mg/ml herring sperm. For the library selections: Library (10x copies/ lib. member) 
was incubated with the biotinylated target (CAIX, 50 μl, 2 μM) in B&W selection buffer 
(50 mM Sodium Phosphate, 100 mM NaCl, pH = 7.4, 0.05% Tween-20) containing 0.2 
mg/ml herring sperm. Streptavidin resin tips columns (5 μl) were pre-equilibrated with 3 x 
200 μl Binding & Wash buffer (B&W, 50 mM Sodium Phosphate, 0.05% Tween-20, 100 
mM NaCl, pH = 7.4). After pre-equilibration, the tips were dipped into the target solution 
(6 cycles, 90 μl). After the incubation, tips were washed with 8 x 200 μl B&W buffer (1 
cycle, 190 μl) and released into the elution buffer (100 μl, TRIS, 10 mM, pH 8.5). The eluate 
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was analyzed by quantitative PCR and/or amplified by PCR and submitted to the 
Functional Genomics Center in Zürich for high-throughput DNA sequencing on an 
Illumina HiSeq 2500. 

4.1.4.4 Affinity selection against polyhistidine-tagged CAIX (PhyNexus) 

The DNA conjugate and a negative control (1011 copies, ratio 1:1) were incubated for 30 
min at room temperature with the histidine-tagged target (CAIX, 50 μl, 2 μM) in pull-down 
buffer (50 mM Sodium Phosphate, 100 mM NaCl, pH = 7.4, 0.01% Tween-20) containing 
0.3 mg/ml herring sperm. Streptavidin resin tips columns (5 μl) were pre-equilibrated with 
3 x 200 μl Binding & Wash buffer (B&W, 50 mM Sodium Phosphate, 0.01% Tween-20, 
100 mM NaCl, pH = 7.4). After pre-equilibration, the tips were dipped into the target 
solution (6 cycles, 90 μl). For the library selections: Library (10x copies/ lib. member) 
was incubated with the histidine-tagged target (CAIX, 50 μl, 2 μM) in pull-down buffer (50 
mM Sodium Phosphate, 100 mM NaCl, pH = 7.4, 0.01% Tween-20) containing 0.3 mg/ml 
herring sperm. After the incubation, tips were washed with 8 x 200 μl B&W buffer (1 cycle, 
190 μl) and released into the elution buffer (TRIS, 100 μl, 10 mM, pH = 8.5). The eluate 
was analyzed by quantitative PCR and/or amplified by PCR and submitted to the 
Functional Genomics Center in Zürich for high-throughput DNA sequencing on an 
Illumina HiSeq 2500. 

 

4.1.5 Quantitative PCR General Procedure 

In an Optical 8-Cap Strip (Applied Biosystems) were combined in a total volume of 25 μl: 
DNA template (2.5 μl) (selection eluate or water for the no-template control “NTC”), 200 
nM forward primer (0.5 μl, 10 μM in H2O), 200 nM reverse primer (0.5 μl, 10 μM in H2O), 
PowerUP SYBR Green Master Mix (12.5 μl, Applied Biosystems no. 100031508) and 9 μl 
H2O. All qPCR experiments performed with SYBR Green were conducted at 50 °C for 2 
min, 95 °C for 2 min, and then 40 cycles of 95 °C for 15 sec (denaturation), 60 °C for 1 
min (annealing/extension). The specificity of the reaction was checked by melt curve 
analysis or by gel electrophoresis. The corresponding Ct values were correlated with the 
absolute quantity of DNA through standard curve calibration experiments.  
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4.2 CHAPTER 2.2: GENERAL PROCEDURES 

 

4.2.1 List of the oligonucleotides and PCR primers 

 

Elib2_1 

5’-GGAGCTTCTGAATTCTGTGTGCTGAAACGTCGAGTCCCATGGCGCAGC-3’ 

Modification: 5’-C6-Aminolink 

MW:  14994.6 Da 

Elib2_2 

5’-GGAGCTTCTGAATTCTGTGTGCTGAAACTGCGAGTCCCATGGCGCAGC-3’ 

Modification: 5’-C6-Aminolink 

MW: 14994.6 Da 

Elib2_3 

5’ – GGAGCTTCTGAATTCTGTGTGCTGAAAGCTCGAGTCCCATGGCGCAGC – 3’ 

Modification: 5’-C6-Aminolink 

MW: 15043.7 Da 

Elib2_4 

5’-GGAGCTTCTGAATTCTGTGTGCTGAAAGAGCGAGTCCCATGGCGCAGC-3’ 

Modification: 5’-C6-Aminolink 

MW: 14994.6 Da 
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Elib2_5 

5’-GGAGCTTCTGAATTCTGTGTGCTGACATCGCGAGTCCCATGGCGCAGC-3’ 

Modification: 5’-C6-Aminolink 

MW: 14970.7 Da 

d-spacer 

5’-CATGGGACTCGddddddCAGCACACAGAATTCAGAAGCTCC-3’ 

Modification: 5’ - (PO4)3- ; 3’-C6-Aminolink 

MW: 12058.74 Da 

E4 DNA – RNA chimeric adapter 

5’-CGA GUC CCA TGG CGC AGC TGC-3’, bold: RNA portions 

MW: 6520.17 Da 

FAM-Elib4 

5’-CCTGCATCGAATGGATCCGTGGTCGAATTGCAGCTGCGC-3’ 

Modification: 5’- FAM  

MW: 12497.87 Da (no counter ions); 12537.26 Da (fully protonated) 

Elib4_1 

5’-TCCTGCATCGAATGGATCGATACTCGCTGGCAGCTGCGC-3’ 

 MW:  11959.78 Da 

Elib4_2 

5’-ATAACTTCACTGCCGTGTCCATGAACAGAGCAGCTGCGC-3’  

MW: 11936.79 Da 
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Elib4_3 

5’-AAGTCTCGTCAATTCACACTGTTGGCGATGCAGCTGCGC-3’ 

MW: 11958.80 Da 

Elib4_4 

5’-ACGTACGTCTCATGTGATGCACATGTATCGCAGCTGCGC-3’ 

MW: 11958.80 Da 

Elib4_5 

5’-GCTTGGGTGTATTGCACTAGCGTCAAGGCGCAGCTGCGC-3’ 

MW: 12055.34 Da 

Elib6_code 

5’-GCTCTGCACGGTCGCCTGAGATGTAGGATCACGCTGCCTGACGCdddddddCGTCG
ATCCGGCGC-3’ 

MW: 19024.57 Da (no counter ions); 19089.21 Da (fully protonated) 

DNA adapter_Elib6 

5’-CGAGTCCCATGGCGCCGGATCGACG-3’ 

MW:  7669 Da 

Library Construction Code 1 

5’-GGAGCTTCTGAATTCTGTGTGCTGXXXXXXCGAGTCCCATGGCGC-3’ 

Library Construction Code 2 

5’-CGGATCGACGYYYYYYYGCGTCAGGCAGC-3’ 

Modification: 5’ - (PO4)3- 
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Library Construction Code 3 

5’-GCTCTGCACGGTCGCCTGAGATGCTGCCTGACGC-3’ 

MW: 10411. 8 Da 

DNA Adapter Code1_Code2 

5’-CGATCCGGCGCCAT-3’ 

MW = 4224.78 Da 

 

PCR Primers  

 

LB_FP 

5’-GGAGCTTCTGAATTCTGTGTGCTG-3’ 

Primer_ESAC qPCR 

5’-CCTGCATCGAATGGATCCGTG-3’ 

Primer_AAZ_1 

5’-TCTGAATTCTGTGTGCTGAAACGT-3’ 

Primer_AAZ_2 

5’-TCCTGCATCGAATGGATCGATACT-3’ 

Primer_SABA_1 

5’-TCTGAATTCTGTGTGCTGAAACTG-3’ 

Primer_SABA_2 

5’-ATAACTTCACTGCCGTGTCCATGA-3’ 
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PrimerClSABA_1 

5’-TCTGAATTCTGTGTGCTGAAAGCT-3’ 

PrimerClSABA_2 

5’-AAGTCTCGTCAATTCACACTGTTG-3’ 

PrimermSABA_1 

5’-TCTGAATTCTGTGTGCTGAAAGAG-3’ 

PrimermSABA_2 

5’-ACGTACGTCTCATGTGATGCACAT-3’ 

Primer_NC_1 

5’-GGAGCTTCTGAATTCTGTGTGCTGACATCG-3’ 

Primer_NC_2 

5’-GCTTGGGTGTATTGCACTAGCGTC-3’ 
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4.2.2 Synthesis of DNA-tagged ligands for model selection experiments 

 

4.2.2.1 Synthesis of AAZ_Elib2_1 

 

 

AAZ carboxylic acid derivative (4-Oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-
yl)amino)butanoic acid) in DMSO (12.5 µl, 200 mM), s-NHS (20 µl, 333 mM) in 
DMSO/H2O (2:1), followed by EDC in DMSO (24 µl, 100 mM) were added in DMSO 
(200 µl) and stirred for 30 min at 30 °C. The oligonucleotide (Elib2_1, 25 µl, 0.66 mM in 
H2O) diluted in triethylamine hydrochloride buffer (TEA•HCl, 50 µl, 500 mM, pH = 10.0) 
was then added. The reaction mixture was stirred for 16 h at 37 °C. The DNA conjugate 
was purified by EtOH precipitation, followed by RP-HPLC. ESI-LC-MS analysis: 
theoretical m/z: 15256.87 m/z; found m/z: 15255.98. 

 

4.2.2.2 Synthesis of SABA_Elib2_2 

 

 

SABA (4-sulfamoyl benzoic acid) in DMSO (12.5 µl, 200 mM), 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methyl-morpholinium chloride (DMT-MM, 32.5 µl, 208 mM in H2O) were 
dissolved in 12 µl of DMSO and stirred for 15 min at 25 °C. The oligonucleotide (Elib2_2, 
25 µl, 0.66 mM in H2O) diluted in MOPS buffer (3-(N-morpholino)propanesulfonic acid, 
35 µl, 100 mM, 1M NaCl, pH = 8.0) and H2O (12 µl) was added to the mixture, and the 
reaction was stirred for 16 h at 25 °C. The DNA was purified by EtOH precipitation, 
followed by RP-HPLC. ESI-LC-MS analysis: theoretical m/z: 15176.89; found m/z: 
15176.99. 

 



Alessandro Sannino 
 

 

100 

4.2.2.3 Synthesis of Cl-SABA_Elib2_3 

 

 

Cl-SABA (4-chloro-3-sulfamoyl benzoic acid) was conjugated to the oligonucleotide 
Elib2_3, as previously described in Paragraph 4.2.2.2. ESI-LC-MS analysis: theoretical m/z: 
15212.24; found m/z: 15211.63. 

 

4.2.2.4 Synthesis of m-SABA_Elib2_4 

 

 

m-SABA (3-sulfamoyl benzoic acid) was conjugated to the oligonucleotide Elib2_4, as 
previously described in Paragraph 4.2.2.2. ESI-LC-MS analysis: theoretical m/z: 15226.9; 
found m/z: 15226.25. 

 

4.2.2.5 Synthesis of DA-d-spacer (DA-d-spacer) 

 

 

Sulfo-SDA (Sulfo NHS Diazirine, 5 µl, 200 mM in H2O), d-spacer (65 µl, 304 µM) were 
dissolved in triethylamine hydrochloride buffer (TEA•HCl, 45 µl, 500 mM, pH = 10.0). 
The reaction was stirred overnight at 37 °C. The DNA conjugate was purified by EtOH 
precipitation and RP-HPLC. ESI-LC-MS analysis: theoretical m/z: 12168; found m/z: 
12168.20. 
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4.2.2.6 Ligation of FAM-Elib4 to DA-d-spacer: synthesis of DA-FAM-Elib4 

 

 

DA-d-spacer (25 µl, 80 µM), FAM-Elib4 (26 µl, 100 µM), E4 chimeric DNA/RNA adapter 
(13.3 µl, 300 µM) were dissolved in H2O (111 µl) and 10 x T4 DNA Ligase Reaction buffer 
(B0202S, New England Biolabs) was added (20 µl). A pre-hybridization step was performed 
for 2 min at 90 °C, and the mixture was allowed to cool down at 25 °C. T4 DNA Ligase (5 
µl, 400 U/ µl, New England Biolabs) was added, and the reaction was left 14 h at 16 °C, 
before inactivating the ligase for 10 min at 65 °C. The crude ligation product was checked 
by ESI-LC-MS (theoretical m/z: 24687 found m/z: 24686.58) and directly used for the 
next step. (Paragraph 4.2.2.8) 

 

4.2.2.7 Ligation of unique qPCR primer sequences to d-spacer (DA_Elib4_X) 

 

 

The ligation procedure described in Paragraph 4.2.2.6 was used to perform the ligations of 
different PCR-primers. The encoding strategy is displayed in Figure 5.9. 
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4.2.2.8 RNAse adapter degradation 

The crude ligation solution (100 µl) was treated with RNAse HII (2 µl) in 10x ThermoPol 
Reaction Buffer (10 µl, New England Biolabs). The degradation of the adapter was confirmed 
by gel electrophoresis analysis on Novex™ TBE-Urea Gels 15% (Invitrogen). The product 
was purified by nucleotide removal columns (Smartpure DNA Purification Kit, 
Eurogenentec), redissolved in H2O and the concentration evaluated by Nanodrop 
measurement. 

4.2.2.9 Klenow hybridization 

 

                                                                                                                    

                   FAM-DNA-CAIX Ligand                    DNA-CAIX Ligand 

 

Elib2 conjugates and DA-Elib4 derivatives (with/without FAM) conjugates (reaction scale: 
50 pmol) were dissolved in H2O (final volume: 100 µl) and NEBuffer™ 2 (10 µl, New 
England Biolabs). The code Elib2_5 was used to construct the respective FAM-DNA-NC 
and DNA-NC derivatives. A pre-hybridization step was performed for 2 min at 90°C, and 
the mixture was allowed to cool down at 25°C. The DNA Polymerase I, Large (Klenow) 
Fragment (1 µl, New England Biolabs) and deoxynucleotide solution mix (4 µl, 5 mM) were 
added and incubated for 1 h at 25°C. The reaction was checked by gel electrophoresis 
analysis on Novex™ TBE-Urea Gels 15% (Invitrogen). The product was purified by 
QIAquick PCR Purification Kit (Qiagen) and the concentration evaluated by Nanodrop 
measurement.  The corresponding derivatives (FAM-DNA CAIX ligands and DNA-CAIX 
ligands) were used as input in model selection experiments. The DNA encoding strategy is 
displayed in Figure 5.8 and Figure 5.9.  
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4.2.3 Synthesis of the single pharmacophore DECL  

 

 

 

The encoding strategy is displayed in Figure 5.10. The coupling procedures of the first set 
of building block 1 (BB1) and building block 2 (BB2) were performed as described in 
Paragraph 4.1.2. 

 

4.2.3.1 Ligation Procedure for single-stranded DNA library synthesis 

The pool of the code 1-BB1 (1.4 μl, 1 mM H2O) conjugates, the corresponding code 2 (2.1 
μl, 1 mM H2O) and DNA adapter Code1_Code2 (1.4 μl, 2 mM H2O), were mixed and 
incubated at room temperature for 1 hour. In a separate vial, a master mix of the 
corresponding amount of 10x T4 DNA-ligase buffer (1.7 μl, New England Biolabs), water 
(0.15 μl) and T4 DNA-ligase (0.2 μl, 400 U/μl, New England Biolabs) was prepared and 
added to the oligo mixture. The ligation process was left for 16 h at 16 °C, before 
inactivating the ligase for 10 min at 65 °C. The formation of the desired ligated product 
was confirmed by gel electrophoresis analysis. The mixture was dried over SpeedVac, and 
the DNA pellet was directly used for the coupling of the second building block (BB2). 
After the reaction, the pool of the DNA conjugates was purified by ionic exchange 
chromatography (IE-HPLC). 
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4.2.3.2 Klenow Polymerization 

 

The single-stranded single pharmacophore library (31.7 µl, 3.15 µM) and Code 3 (2 µl, 50 
µM) were dissolved in H2O (50.3 µl) and NEB Buffer 10x (10 µl). A pre-hybridization step 
was performed at 95 °C for 2 min, and the mixture was allowed to cool down at 25 °C. 
The DNA Polymerase I, Large (Klenow) Fragment (2 µl, New England Biolabs) and 
deoxynucleotide solution mix (4 µl, 5 mM) were added and incubated for 1 h at 25 °C. The 
reaction was checked by gel electrophoresis analysis on Novex™ TBE-Urea Gels 15% 
(Invitrogen). The library was purified by QIAquick PCR Purification Kit (Qiagen), redissolved 
in 100 µl and the concentration evaluated by Nanodrop measurement.  
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4.2.4  Synthesis of the Photoreactive Library 

 

4.2.4.1 Ligation procedure: Synthesis of the photoreactive DNA-strand (DA-
Elib6) 

 

 

DA-d-spacer (25 µl, 80 µM), Elib6_code (5.20 µl, 500 µM), DNA adapter_Elib6 (8 µl, 500 
µM) were dissolved in H2O (49 µl) and 10 x T4 DNA Ligase Reaction buffer (New England 
Biolabs) was added (10 µl). A pre-hybridization step was performed at 90°C for 2 min, 
before the mixture was allowed to cool down at 25°C. T4 DNA Ligase (2.5 µl, 400 U/ µl, 
New England Biolabs) was added, and the reaction was left for 14 h at 16 °C, before 
inactivating the ligase for 10 min at 65 °C. The crude ligation product was checked by LC-
MS (theoretical m/z: 31239 found m/z: 31238.42). The product was purified by QIAgen 
PCR Purification Kit (Qiagen) to remove the excess of code and adapter. The 
concentration was evaluated by Nanodrop measurement, and the product was directly used 
for the next step. 

 

4.2.4.2 Klenow polymerization 

 

The single-stranded single pharmacophore library, prepared as described in Paragraph 
4.2.3.1, (30 µl, 1.31 µM) and the DA-Elib6 (19 µl, 2.11 µM) were dissolved in H2O (35.5 
µl) and NEB Buffer 10x (10 µl). A pre-hybridization step was performed for 2 min at 95 
°C, before the mixture was allowed to cool down at 25 °C. The DNA Polymerase I, Large 
(Klenow) Fragment (1.5 µl, New England Biolabs) and deoxynucleotide solution mix (4 µl, 5 
mM) were added and incubated for 1 h at 25 °C. The reaction was checked by gel 
electrophoresis analysis on Novex™ TBE-Urea Gels 15% (Invitrogen). The library was 
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purified by QIAquick PCR Purification Kit (Qiagen) and the concentration evaluated by 
Nanodrop measurement. 

 

4.2.5 Screening Methodologies 

 

4.2.5.1 Optimized photocrosslinking screening methodology  

The photoreactive DNA-CAIX ligands (0.005 pmol) or the photoreactive library (106 
copies / lib member) and the 6x-histidine-tagged CAIX (10 µl, 10 µM) were incubated for 
1 h in PBS Gibco 1x (final volume: 50 µl, final protein concentration: 2 µM) containing 0.3 
mg/ml Herring Sperm (Thermofisher) and 0.1 M NaCl. The incubation solution was 
transferred in a 96-well micro test plate (Ratiolab), and UV irradiated over ice for 20 min at 
365 nm using a UVP CL-1000 Ultraviolet Crosslinker (Hoefer). After the UV reaction, the 
reaction was quenched with a solution of 10% SDS in H2O (final concentration: 5% in 100 
µl). Dynabeads His-Tag Pull-Down (12 µl / selection, Invitrogen) were washed with 3 x PBS 
containing 0.01% Tween-20 and resuspended in the same buffer (100 µl / selection). By 
using the KingFisher Magnetic Particle Processor, the magnetic beads were transferred to 
the target solution and incubated for 1 h with continuous gentle mixing. The beads were 
washed (5 x 2 min, 200 µl) with washing buffer (PBS Gibco 1x, 0.2% SDS, 0.2% Tween-
20) and incubated with elution buffer (100 µl, 10 mM NaH2PO4, 0.3 M NaCl and 200 mM 
Imidazole) for 20 min. After incubation, the beads were separated. Experiments were 
conducted in duplicate. The eluate was analyzed by qPCR and/or amplified by PCR and 
submitted to the Functional Genomic Center Zürich for high-throughput DNA 
sequencing on an Illumina HiSeq 2500 Instrument.  

 

4.2.5.2 Affinity selection against polyhistidine-tagged CAIX  

Dynabeads His-Tag Pull-Down (12 µl / selection, Invitrogen) were washed with 3 x 
binding buffer (500 ml; 50 mM sodium phosphate, 300 mM NaCl, pH 8.0, 0.01 %/ Tween-
20) and resuspended in binding buffer (100 µl). By using the KingFisher magnetic particle 
processor, the magnetic beads were transferred to a solution of binding buffer and His-
tagged target (CAIX) at a certain concentration (2 µM, 100 µl) and incubated for 30 min 
with continuous gentle mixing. The beads were washed (3 x 3 min, 200 µl) with binding 
buffer and subsequently transferred to a solution of the library (106 copies / lib. member) 
in pull-down buffer (100 µl; 3.25 mM sodium phosphate, 70 mM NaCl, pH 7.4, 0.01 % 
Tween-20), containing herring sperm (0.3 mg/ml, Thermofisher). The beads were 
incubated for 1 h with continuous gentle mixing. The beads were removed and washed 
with pull-down buffer (5 x 30 s, 200 µl) and incubated with elution buffer (100 µl, 10 mM 
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NaH2PO4, 300 mM NaCl and 200 mM Imidazole) for 30 min. After incubation, the beads 
were separated. The eluate was amplified by PCR and submitted to the Functional 
Genomics Center in Zürich for high-throughput DNA sequencing on an Illumina HiSeq 
2500 instrument.  

 

4.2.6  Quantitative PCR: General Procedure 

In an Optical 8-Cap Strip (Applied Biosystems), in a volume of 25 µl, the following were 
combined: DNA template (2.5 µl; selection eluate or water for the no-template control), 
forward primer (0.5 µl, 10 µM in H2O), reverse primer (0.5 µl, 10 µM in H2O), 
SensiFAST™ SYBR Hi-ROX PCR MasterMix (12.5 µl, Bioline) and H2O (9 µl). qPCR 
program:  2 min at 95°C (hold), 5 s at 95 °C, (denaturation) 10 s at 60°C (annealing), 10 s 
at 72 °C (extension). The number of denaturation/annealing/extension cycles was set at 
40. The corresponding Ct values were correlated with the absolute quantity of DNA 
through standard curve calibration experiments. The experimental measurements are 
plotted as absolute quantities of DNA molecules (DNA copies) in 100 µl. The specificity 
of the reactions was checked by melt curve analysis or gel electrophoresis.  Melt curve 
program: 15 s, 95 °C, 60 °C to 95 °C, 0.3 °C/min.  
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4.2.7  Hit Validation: Synthesis of small-molecule FITC derivatives 

 

4.2.7.1 Synthesis of AAZ - FITC (compound 1) 

 

 

 

To a solution of 4-Oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butanoic acid (0.1 
mmol, 1 eq, 28 mg) in DCM (1 ml) trimethylamine (0.3 mmol, 3 eq, 80 µl) was added. Once 
dissolved, FITC-(PEG)2 amine (0.1 mmol, 1 eq, 57 mg) and HATU (0.11 mmol, 1.1 eq, 42 
mg) were added. The reaction was stirred overnight at 25 °C. The crude was evaporated in 
vacuo and purified by inverse phase HPLC (r.t.: 4.65 min, H2O/MeCN, from 30% to 60%, 
5.0 ml/min, 5 min run), obtaining a yellow powder (23 mg, 28%). 1H NMR (400MHz, 
DMSO-d6) δ = 10.03 (br. s., 2 H), 8.39 - 8.24 (m, 3 H), 8.09 (br. s., 1 H), 8.00 (dd, J1 = 4.6 
Hz, J2 = 4.6 Hz, 1 H), 7.74 (d, J = 8.1 Hz, 1 H), 7.23 - 7.15 (m, 1 H), 6.71 - 6.66 (m, 2 H), 
6.64 - 6.53 (m, 4 H), 3.64 - 3.54 (m, 8 H), 3.42 (t, J = 6.0 Hz, 2 H), 3.20 (m, 2 H), 2.292 (m, 
2H), 2.78 - 2.70 (m, 2 H). 13C NMR (100MHz, DMSO-d6) δ = 180.78, 172.02, 171.00, 
168.73, 167.61, 164.43, 161.32, 159.72, 152.11, 143.75, 141.55, 129.26, 126.74, 124.30, 
112.81, 109.94, 102.45, 87.13, 80.14, 69.76, 69.31, 68.66, 45.98, 43.89, 30.48, 29.59. LCMS 
(ES+) m/z 800.0 (M+H)+. TOF-MS (ES+): C33H34N7O11S3 [M+H]+ calculated: 800.1473, 
found: 800.1452.  
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4.2.7.2 Synthesis of SABA - FITC (compound 2) 

 

 

To a solution of 4-sulfamoylbenzoic acid (0.1 mmol, 1 eq, 20 mg) in DCM (1 ml), 
trimethylamine (0.3 mmol, 3 eq, 80 µl) was added. Once dissolved, FITC-(PEG)2 amine 
(0.1 mmol, 1 eq, 57 mg) and HATU (0.11 mmol, 1.1 eq, 42 mg) were added. The reaction 
was stirred overnight at 25 °C. The crude was evaporated in vacuo and purified by inverse 
phase HPLC (r.t.: 4.67 min, H2O/MeCN, from 30% to 62%, 5.0 ml/min, 6 min run), 
obtaining a yellow powder (33 mg, 45%). 1H NMR (400MHz, DMSO-d6) δ = 10.12 (br. 
s., 3 H), 8.73 (t, J = 5.6 Hz, 1 H), 8.28 (s, 1 H), 8.17 - 8.05 (m, 1 H), 8.03 - 7.96 (m, 2 H), 
7.93 - 7.84 (m, 2 H), 7.73 (m, 1 H), 7.48 (s, 2 H), 7.19 (d, J = 8.4 Hz, 1 H), 6.68 (d, J = 2.5 
Hz, 2 H), 6.64 - 6.51 (m, 4 H), 3.69 (br. s., 2 H), 3.64 - 3.53 (m, 8 H), 3.45 (m, 2 H). 13C 
NMR (100MHz, DMSO-d6) δ = 180.77, 168.73, 165.54, 159.67, 152.08, 147.93, 147.42, 
146.43, 141.53, 137.49, 132.31, 129.25, 128.06, 126.74, 125.83, 124.26, 116.59, 112.77, 
109.91, 102.45, 83.20, 72.00, 69.79, 69.01, 68.65, 43.89. LCMS (ES+) m/z 721.1 (M+H)+. 
TOF-MS (ES+): C34H33N4O10S2 [M+H]+ calculated: 721.1633, found: 721.1624. 

 

4.2.7.3 Synthesis m-SABA - FITC (compound 3) 
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To a solution of 3-Sulfamoylbenzoic acid (0.1 mmol, 1 eq, 20 mg) in DCM (1 ml), 
trimethylamine (0.3 mmol, 3 eq, 80 µl) was added. Once dissolved, FITC-(PEG)2 amine 
(0.1 mmol, 1 eq, 57 mg) and HATU (0.11 mmol, 1.1 eq, 42 mg) were added. The reaction 
was stirred overnight at 25 °C. The crude was evaporated in vacuo and purified by inverse 
phase HPLC (r.t.: 4.67 min, H2O/MeCN, from 30% to 62%, 5.0 ml/min, 6 min run), 
obtaining a yellow powder (30 mg, 41%). 1H NMR (400MHz, DMSO-d6) δ = 10.32 - 9.95 
(m, 3 H), 8.79 (t, J = 5.6 Hz, 1 H), 8.32 (m, 1 H), 8.28 (s, 1 H), 8.13 (br. s., 1 H), 8.09 - 8.00 
(m, 1 H), 8.00 - 7.92 (m, 1 H), 7.82 - 7.71 (m, 1 H), 7.67 (dd, J1 = J2 =7.7 Hz, 1 H), 7.44 
(br. s., 2 H), 7.21 - 7.14 (m, 1 H), 6.73 - 6.65 (m, 2 H), 6.64 - 6.50 (m, 4 H), 3.68 (br. s., 2 
H), 3.64 - 3.54 (m, 8 H), 3.45 (m, 2 H). 13C NMR (100MHz, DMSO-d6) δ = 180.56, 168.52, 
165.15, 159.54, 151.90, 147.58, 147.02, 144.38, 141.33, 135.05, 132.04, 130.13, 129.13, 
128.94, 128.11, 124.73, 116.38, 112.63, 109.74, 102.23, 82.26, 69.63, 68.80, 68.43, 43.66. 
LCMS (ES+) m/z 721.1 (M+H)+. TOF-MS (ES+): C34H33N4O10S2 [M+H]+ calculated: 
721.1633, found: 721.1630. 

 

4.2.7.4 Synthesis Cl-SABA - FITC (compound 4) 

 

 

 

To a solution of 4-chloro-3-sulfamoylbenzoic acid (0.1 mmol, 1 eq, 23 mg) in DCM (1 ml), 
trimethylamine (0.3 mmol, 3 eq, 80 µl) was added. Once dissolved, FITC-(PEG)2 amine 
(0.1 mmol, 1 eq, 57 mg) and HATU (0.11 mmol, 1.1 eq, 42 mg) were added. The reaction 
was stirred overnight at 25 °C. The crude was evaporated in vacuo and purified by inverse 
phase HPLC (r.t.: 4.75 min H2O/MeCN, from 30% to 62%, 5.0 ml/min, 6 min run), 
obtaining a yellow powder (35 mg, 46%). 1H NMR (400MHz, DMSO-d6) δ = 10.02 (br. s., 
2 H), 8.85 (t, J = 5.4 Hz, 1 H), 8.46 (m, 1 H), 8.28 (s, 1 H), 8.15 - 7.99 (m, 2 H), 7.80 - 7.63 
(m, 4 H), 7.19 (d, J = 8.4 Hz, 1 H), 6.72 - 6.53 (m, 6 H), 3.72 - 3.65 (m, 2 H), 3.64 - 3.53 
(m, 8 H), 3.44 (m, 2 H). 13C NMR (100MHz, DMSO-d6) δ = 180.56, 176.08, 172.72, 168.51, 
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164.36, 159.51, 151.89, 141.33, 141.10, 133.32, 133.13, 131.62, 131.44, 129.42, 129.04, 
128.13, 126.53, 125.48, 124.08, 116.40, 112.60, 109.72, 102.23, 69.62, 69.57, 68.75, 43.67. 
LCMS (ES+) m/z 755.0 (M+H)+. TOF-MS (ES+): C34H32N8ClN4O10S2[M+H]+ calculated: 
755.1243, found: 755.1237. 

4.2.7.5 Synthesis of 146/586 - FITC  

 

 

Scheme 4.1. Synthetic route of compound 146/586 FITC (compound 9). 
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Synthesis of compound 5  

To a solution of 2-chloro-5-sulfamoylfuran-3-carboxylic acid (0.44 mmol, 1 eq, 100 mg) in 
DCM (1 ml), DIPEA (1.3 mmol, 3 eq, 250 µl) was added. (R)-2-Amino-6-tert-
butoxycarbonylamino-hexanoic acid methyl ester (0.44 mmol, 1 eq, 114 mg), HOAt (0.22 
mmol, 0.5 eq, 30 mg) and HATU (0.53 mmol, 1.2 eq, 200 mg) were then subsequently 
added. The reaction was stirred for 2 h at 25 °C. The crude was evaporated in vacuo, diluted 
in DCM and washed with NH4Cl twice. The organic phases were dried and purified by 
silica gel chromatography (DCM:MeOH 100:0 to DCM:MeOH 93:7) yielding compound 
5 as a white powder (194 mg, 95%). 1H NMR (400MHz, CD3CN) δ = 7.36 (s, 1 H), 7.07 
(br. d, J = 6.8 Hz, 1 H), 6.10 (br. s., 1 H), 5.29 (br. s., 1 H), 4.52 (td, J = 5.1, 7.9 Hz, 1 H), 
3.72 (s, 3 H), 3.03 (m, 2 H), 1.93 - 1.71 (m, 2 H), 1.55 - 1.33 (m, 13 H). 13C NMR (100MHz, 
DMSO-d6) δ = 171.20, 168.49, 164.65, 164.07, 159.05, 145.67, 144.86, 143.35, 77.38, 52.90, 
45.28, 33.75, 28.31, 25.40, 22.89. LCMS (ES+) m/z 490.1 (M+Na)+. TOF-MS (ES+): 
C17H26ClN3NaO8S [M+Na]+ calculated: 490.1221, found: 490.1008. 

Synthesis of compound 6 

HCl 4 M in 1,4-dioxane (1.0 eq.) previously cooled to 0 °C was added to a 1 M solution of 
compound 5 in DCM. The reaction was stirred and slowly warmed to room temperature 
for 2 h. The mixture was evaporated in vacuo, Et2O was added, and the mixture was 
evaporated several times until a yellowish powder was obtained (compound 6; 290 mg, 
quantitative). The crude was used for the following step without further purification. 

Synthesis of compound 7 

To a solution of 4-sulfamoylbenzoic acid (0.2 mmol, 1 eq, 45 mg) in DCM (1 ml), DIPEA 
(0.6 mmol, 3 eq, 104 µl) was added. Compound 6 in 1 mL of DMF (0.2 mmol, 1 eq, 90 
mg), and HATU (0.24 mmol, 1.2 eq, 91 mg) were then added. The reaction was stirred 
overnight at 25 °C. The crude was evaporated in vacuo, diluted in DCM and washed with 
NH4Cl twice. The organic phases were dried and purified by silica gel chromatography 
(DCM:MeOH 100:0 to DCM:MeOH 95:5) obtaining compound 7 as a reddish powder (88 
mg, 80%). 1H NMR (400MHz, CD3CN) δ = 8.03 - 7.86 (m, 4 H), 7.41 (s, 1 H), 7.26 (br. t, 
J = 6.1 Hz, 1 H), 7.20 (br. d, J = 7.1 Hz, 1 H), 5.96 (br. s., 4 H), 4.52 (td, J = 4.8, 10.0 Hz, 
1 H), 3.71 (s, 3 H), 3.39 (s, 2 H), 1.86 (s, 2 H), 1.64 (s, 2 H), 1.54 - 1.42 (m, 2 H). 13C NMR 
(100MHz, DMSO-d6) δ = 171.62, 169.91, 165.07, 164.49, 159.47, 152.68, 151.86, 146.09, 
145.28, 139.24, 129.04, 63.67, 53.32, 45.70, 34.17, 28.73, 23.21. LCMS (ES+) m/z 551.0 
(M+H)+, TOF-MS (ES+): C19H24ClN4O9S2 [M+H]+ calculated: 551.0673, found: 551.0664. 
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Synthesis of 146/586 (compound 8) 

To a solution of compound 7 (0.054 mmol, 1 eq, 30 mg) in THF (20 mM), a solution of 20 
mM LiOH (aq) (0.054 mmol, 1 eq, 2.75 ml) was added. The reaction was stirred overnight 
at 25 °C. The crude was then neutralized with 1 M HCl(aq) (c.a. 50 µl), evaporated in vacuo, 
ACN was added, and the mixture was evaporated several times until a white powder is 
obtained. The product (compound 8) was used for the following step without further 
purification. LCMS (ES+) m/z 537.0 (M+H)+. 

Synthesis of 146/586 - FITC (compound 9) 

To a solution of 146/586 (compound 8; 0.019 mmol, 1 eq, 10 mg) in DMF (1 mL), DIPEA 
(0.058 mmol, 3 eq, 12 µl), FITC-(PEG)2 amine (0.02 mmol, 1.1 eq, 10 mg), HOAt (0.01 
mmol, 0.5 eq, 1.5 mg) and HATU (0.02 mmol, 1.1 eq, 7.6 mg) were added. The reaction 
was stirred overnight at 25 °C. The crude was evaporated in vacuo and purified by inverse 
phase HPLC (r.t.: 4.74 min, H2O/MeCN, from 30% to 68%, 5.0 ml/min, 7 min run), 
obtaining compound 9 as a yellow powder (9.0 mg, 44%). 1H NMR (400MHz ,DMSO-d6) 
δ = 10.15 (br. s., 2 H), 8.64 (s, 1 H), 8.40 - 8.27 (m, 2 H), 8.22 - 8.11 (m, 1 H), 8.05 (s, 1 H), 
8.01 - 7.94 (m, 1 H), 7.94 - 7.85 (m, 2 H), 7.75 (m, 2 H), 7.59 (s, 1 H), 7.46 (s, 1 H), 7.18 (d, 
J = 8.4 Hz, 1 H), 6.72 - 6.49 (m, 6 H), 4.36 - 4.24 (m, 1 H), 3.75 - 3.64 (m, 2 H), 3.63 - 3.51 
(m, 8 H), 3.45 - 3.37 (m, 2 H), 3.29 - 3.17 (m, 3 H), 3.10 (dd, J = 4.6, 7.1 Hz, 2 H), 1.86 - 
1.26 (m, 6 H). 13C NMR (100MHz, DMSO-d6) δ = 179.16, 172.10, 169.39, 165.55, 165.22, 
164.97, 159.95, 153.16, 152.34, 146.57, 145.76, 144.25, 139.72, 138.02, 135.70, 134.89, 
132.43, 129.51, 128.25, 126.05, 125.09, 120.50, 112.14, 110.17, 107.26, 103.03, 102.70, 
81.20, 70.09, 69.42, 53.79, 46.17, 44.59, 34.65, 29.21, 23.68. LCMS (ES+) m/z 1056.0 
(M+H)+. TOF-MS (ES+): C45H47ClN7O15S3 [M+H]+ calculated: 1056.1981, found: 
1056.1987.  

  



Alessandro Sannino 
 

 

114 

4.2.7.6 Synthesis of 146-49 – FITC (compound 14) 

 

 

 

Scheme 4.2. Synthetic route of compound 146/49 FITC (compound 14). 
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Synthesis of compound 10 

To a solution of 4-sulfamoylbenzoic acid (1 mmol, 1 eq, 201 mg) in DCM (1 ml), DIPEA 
was added (3 mmol, 3 eq, 500 µl). (R)-2-Amino-6-tert-butoxycarbonylamino-hexanoic acid 
methyl ester (1 mmol, 1 eq, 260 mg), HOAt (0.5 mmol, 0.5 eq, 68 mg) and HATU (1.2 
mmol, 1.2 eq, 456 mg) were added. The reaction was stirred for 2 h at 25 °C. The crude 
was evaporated in vacuo, diluted in DCM and washed with NH4Cl twice. The organic phases 
were dried and purified by silica gel chromatography (DCM:MeOH 100:0 to DCM:MeOH 
93:7) obtaining compound 10 as a white powder (376 mg, 85%). 1H NMR (400MHz, 
DMSO-d6) δ = 8.91 (br. d, J = 7.3 Hz, 1 H), 8.07 - 7.99 (m, 2 H), 7.95 - 7.88 (m, 2 H), 7.63 
- 7.35 (m, 2 H), 6.79 (br. t, J = 5.6 Hz, 1 H), 4.51 - 4.32 (m, 1 H), 3.66 (s, 3 H), 3.00 - 2.83 
(m, 2 H), 1.92 - 1.68 (m, 2 H), 1.36 (s, 13 H). 13C NMR (100MHz, DMSO-d6) δ = 172.22, 
165.66, 165.48, 147.58, 146.50, 137.97, 137.69, 77.97, 53.98, 45.13, 31.86, 29.19, 25.50, 
23.70. LCMS (ES+) m/z 465.1 (M+Na)+. TOF-MS (ES+): C19H29N3O7SNa [M+Na]+ 
calculated: 466.1618, found: 466.1611. 

Synthesis of compound 11 

4 M HCl in 1,4-dioxane (1.0 eq.) previously cooled to 0 °C, was added to a 1 M solution of 
compound 10 in DCM. The reaction was stirred and slowly warmed to room temperature 
for 2 h. The mixture was evaporated in vacuo, Et2O was added, and the mixture was 
evaporated several times until a yellowish powder was obtained (compound 11; 290 mg, 
quantitative). The crude was used without further purifications for the next step. 

Synthesis of compound 12 

To a solution of 4-sulfamoylbenzoic acid (0.94 mmol, 1.1 eq, 189 mg) in DCM (1 ml), 
DIPEA (4.3 mmol, 5 eq, 500 µl) was added. Once dissolved, compound 11 in 1 mL of 
DMF (0.85 mmol, 1 eq, 296 mg), and HATU (1 mmol, 1.2 eq, 390 mg) were added. The 
reaction was left stirring for 2 hours. The crude was evaporated in vacuo, diluted in DCM 
and washed with NH4Cl2 two times. The organic phases were dried and purified by silica 
gel chromatography (DCM: MeOH 100:0 to DCM: MeOH 85:15) obtaining compound 12 
as a white powder (376 mg, 85%). 1H NMR (400MHz, DMSO-d6) δ = 8.93 (d, J = 7.4 Hz, 
1 H), 8.65 (t, J = 5.6 Hz, 1 H), 8.06 - 8.00 (m, 2 H), 8.00 - 7.95 (m, 2 H), 7.95 - 7.86 (m, 4 
H), 7.47 (br. s., 4 H), 4.54 - 4.39 (m, 1 H), 3.65 (s, 3 H), 3.30 - 3.18 (m, 2 H), 1.94 - 1.77 (m, 
2 H), 1.65 - 1.51 (m, 2 H), 1.51 - 1.35 (m, 2 H). 13C NMR (100MHz, DMSO-d6) δ = 171.80, 
165.24,165.06, 159.46, 158.86, 163.16, 152.60, 147.08, 144.35, 140.55, 135.27, 133.01, 
129.03, 64.16, 53.56, 45.71, 31.44, 28.77, 23.29. LCMS (ES+) m/z 527.8 (M+H)+. TOF-MS 
(ES+): C21H27N4O8S2 [M+H]+ calculated: 527.1265, found: 527.1268. 
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Synthesis of 146/49 (compound 13) 

To a solution of compound 12 (0.075 mmol, 1 eq, 40 mg) in THF (0.1 M), a solution of 2 
M LiOH aq. (0.23 mmol, 3 eq, 115 µl) was added. The reaction was stirred overnight at 25 
°C. The crude was then neutralized with 1 M HCl aq. (about 250 µl) and evaporated in vacuo. 
ACN was added, and the mixture was evaporated several times until a white powder was 
obtained. The product 146/49 (compound 13) was used for the following step without 
further purification. LCMS (ES+) m/z 513.0 (M+H)+ 

Synthesis of 146/49 FITC (compound 14) 

To a solution of 146/49 (compound 13; 0.019 mmol, 1 eq, 10 mg) in DMF (1 ml) was 
added DIPEA (0.058 mmol, 3 eq, 12 µl), FITC-(PEG)2 amine (0.02 mmol, 1.1 eq, 10 mg), 
HOAt (0.01 mmol, 0.5 eq, 1.5 mg) and HATU (0.02 mmol, 1.1 eq, 7.6 mg) were added. 
The reaction was stirred overnight at 25 °C. The crude was evaporated in vacuo and purified 
by inverse phase HPLC (r.t.: 4.25 min, H2O/MeCN, from 30% to 68%, 5.0 ml/min, 7 min 
run), obtaining compound 14 as yellow powder (10 mg, 51%). 1H NMR (400MHz, DMSO-
d6) δ = 10.29 - 10.01 (m, 3 H), 8.78 - 8.58 (m, 2 H), 8.30 (br. s., 1 H), 8.15 (br. s., 1 H), 8.11 
- 7.93 (m, 4 H), 7.93 - 7.85 (m, 3 H), 7.80 - 7.71 (m, 1 H), 7.54 - 7.42 (m, 3 H), 7.19 (d, J = 
8.4 Hz, 1 H), 6.68 (d, J = 2.3 Hz, 2 H), 6.64 - 6.53 (m, 4 H), 4.44 (br. s., 1 H), 3.69 (br. s., 
2 H), 3.59 (br. s., 8 H), 3.44 (br. s., 2 H, overestimated due to H2O), 3.26 (br. s., 3 H), 3.11 
(s, 2 H), 2.83 (s, 2 H), 1.76 (br. s., 2 H), 1.64 - 1.50 (m, 2 H), 1.50 - 1.28 (m, 3 H). 13C NMR 
(100MHz, DMSO-d6) δ = 181.05, 172.28, 169.00, 165.85, 165.72, 165.54, 159.94, 152.34, 
147.64, 146.78, 146.56, 141.83, 138.03, 137.75, 137.49, 129.51, 128.69, 128.32, 128.25, 
126.04, 126.94, 124.51, 116.80, 113.04, 110.18, 102.70, 101.13, 100.99, 100.67, 83.45, 70.09, 
70.04, 69.45, 69.26, 54.04, 46.19, 44.13, 31.923, 29.25, 23.76. LCMS (ES+) m/z 1033.0 
(M+H)+. TOF-MS (ES+): C47H50N7O14S3 [M+H]+ calculated: 1032.2578, found: 
1032.2563. 
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4.2.8 Fluorescence Polarization procedure 

 

FITC small molecule derivatives were dissolved in DMSO obtaining 10 µM stock solutions. 
Stocks were serially diluted with PBS Gibco 1X pH = 7.4 at a concentration of 20 nM. A 
serial dilution of the protein in PBS Gibco 1X (starting from 10–4 to 10–11 M) was prepared 
in a 384-wells plate. The FITC-labeled small molecule solution was added in each well at a 
final concentration of 10 nM.  After incubation for 30 min, the fluorescence was measured 
with a 384-well microplate reader.  The raw data were exported as anisotropy values and 
plotted against protein concentration. The data were fitted on Kaleida Graph using the 
following equation (1): 

 

𝐴𝐴 = 𝛼𝛼 × 𝐿𝐿0 + (𝛽𝛽 − 𝛼𝛼)  ×  
1
2

 ×  �(𝑃𝑃0 + 𝐿𝐿0 + 𝐾𝐾𝑑𝑑) −�(𝑃𝑃0 +  𝐿𝐿0 + 𝐾𝐾𝑑𝑑)2 + 4𝑃𝑃0𝐿𝐿0� 

 

A = measured anisotropy, [P] = protein concentration, L0 = initial ligand concentration, 
α, β = coefficients.  
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4.3 CHAPTER 2.3: GENERAL PROCEDURES 

 

4.3.1 List of the oligonucleotides and PCR primers 

 

Universal code 

5’-GGAGCTTCTGAATTCTGTGTGCTGGCCTCGCGAGTCCCATGGCGC-3’ 

Modification: 5’–C6-AminoLink 

Code 1 

5’-CGGATCGACGGTCTCACGCGTCAGGCAGC-3’ 

Modification: 5’ - (PO4)3- 

DNA Adapter  

5’-CGATCCGGCGCCAT-3’ 

MW = 4224.78 Da 

 

PCR primers 

 

LB_FP 

5’-GGAGCTTCTGAATTCTGTGTGCTG-3’ 

Code1_RV 

5’-GCGCCATGGGACTCGC-3’ 

Code2_RV 

5’-GCTGCCTGACGCGTGAG-3’ 
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4.3.2 Synthetic procedures 

 

4.3.2.1 Synthesis of the Fmoc-alkyne trifunctional scaffold (compound 17) 

 

 

 

Synthesis of compound 15 

Fmoc-3-Amino-5-hexynoic acid (334 mg, 1 mmol, 1 eq.) was diluted in DCM (5 mL) then 
2-[2-(2-trityloxyethoxy)ethoxy]ethanamine (391 mg, 1 mmol, 1 eq.), 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide HCl (EDC, 170 mg, 1.1 mmol, 1.1 eq.), 1-Hydroxy-7-
azabenzotriazole (HOAt, 68 mg, 0.5 mmol, 0.5 eq.) and N-Methylmorpholine (330 µl, 3 
mmol, 3eq.) were added. The reaction was left stirring overnight at room temperature. The 
solvent was removed at reduced pressure, diluted with DCM and washed twice with water 
(2 x 10 mL). The collected organic phases were dried on Na2SO4, deposited on silica and 
quickly purified by flash column chromatography (DCM/MeOH 100:0 to 97:3) yielding 
Trt-protected 1 635 mg (88%). The trityl protected compound 1 (600 mg, 0.83 mmol) was 
diluted in DCM (7.2 mL) and treated with 800 µl TFA. The reaction was followed by TLC 
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and after three hours the solvent was removed, and the excess of TFA stripped with 3 
consecutive aliquots of toluene. The crude was purified by flash column chromatography 
(DCM/MeOH 100:0 to 90:10) yielding 302 mg compound 15 (yield: 76%). 

Synthesis of compound 16 

Succinic anhydride (200 mg, 2 mmol, 1eq.) and DMAP (49 mg, 0.4 mmol, 0.2 eq.) were 
added to a solution of tert-butyl 2-aminoacetate HCl (334 mg, 2 mmol, 2eq.) in DCM (20 
mL). The reaction was stirred overnight, then the solvent removed at reduced pressure and 
the crude diluted in water. The aqueous solution was acidified with HCl 1M (pH=4) and 
extracted with EtOAc (5 x 20 mL). The organic phases were dried on Na2SO4, and the 
solvent was evaporated in vacuo. The obtained compound 16 (240 mg, 51%) was used 
without further purification for the subsequent reaction.  

Synthesis of compound 17 

DCC (57 mg, 0.275 mmol, 1.1 eq.), DMAP (33 mg, 0.275 mmol, 1.1 eq.) and compound 
15 (116 mg, 0.25 mmol, 1 eq.) were added to a solution of compound 16 (58 mg, 0.25 mmol, 
1 eq.) in DCM (20 mL). After 3 hours, a second addition of 1 equivalent of DCC and 
compound 15 was performed. The reaction was left stirring overnight. After filtration, the 
solvent was removed, and the crude diluted in water and was extracted with DCM. The 
organic phases were dried on Na2SO4 and purified by flash column chromatography 
(DCM/MeOH 100:0 to 95:5) to obtain the product with traces of 1. The crude was then 
directly deprotected by treatment with TFA 50% in DCM (5 mL) for 2 hours. The solvent 
was removed in vacuo, and the product was purified by chromatography (DCM/MeOH 
100:0 to 80:20) to obtain 40 mg compound 17 (25% over two steps). 
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4.3.2.2 Synthesis of N3-DNA conjugate  

 

 

A solution of 5-azidopentanoic acid in DMSO (12.5 µl, 200 mM) was diluted with 32.5 µl 
of DMSO and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride 
(DMT-MM; 8.5 µl, 300 mM in H2O) was added. The solution was stirred for 15 min at 25 
°C. The oligonucleotide (universal code; 15 µl, 0.66 mM in H2O) was dissolved in MOPS 
buffer (35 µl, 100 mM, 1 M NaCl, pH = 8.0) and H2O (22 µl), and the solution was added 
to the mixture. The reaction was stirred for 16 h at 25 °C. The DNA conjugate was purified 
by EtOH precipitation, followed by RP-HPLC.   

4.3.2.3 Synthesis of the DNA-functionalized scaffold  

 

 

 

The DNA conjugated azido-valerate (8 µl, 500 µM H2O) was diluted in MOPS (8 µl, 100 
mM,1 M NaCl, pH 8). Compound 3 (4 µl, 40 mM DMSO), TBTA (4 µl, 60 mM DMSO), 
CuSO4•5 H2O (4 µl, 50 mM H2O) and (+)-Sodium L-ascorbate (4 µl, 70 mM H2O) were 
subsequently added, and the reaction was let to proceed for 2 h at 37 °C. The DNA was 
purified by EtOH precipitation, followed by RP-HPLC.  
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4.3.2.4 Coupling of the DNA-functionalized scaffold on TentaGel resin beads 

TentaGel® M NH2 resin beads (5 mg, 0.23 mmol/g, 10 µm, 11 µmol, Rapp Polymere) were 
added to an Eppendorf and swelled in 0.5 mL DMF at room temperature for 1 h. The resin 
was centrifuged, and the solvent was removed. Then, the resin was deprotected with 0.5 
mL of a 20% piperidine in DMF solution and stirred at room temperature for 2 x 30 min. 
The beads were centrifuged and washed 5 times with DMF. The resin was diluted in 0.434 
mL of DMF, and a premixed solution of EDC/HOAt/NMM 100/20/100 mM (60 µl) was 
added to the resin. The DNA conjugate 4 (5 nmol, 1% loading) was diluted in 140 µl of 
MOPS buffer and 24 µl of H2O and subsequently added to the resin. The resulting mixture 
was shaken at 37 °C for 16 hours. The resin was then centrifuged and washed with DMF 
3 times. An aliquot of the beads (5%) was treated with 100 µl NaOH 0.2 M overnight at 
37 °C to cleave the DNA for LC-MS and qPCR analysis (80% yield). 

The remaining free amino functionalities on the beads were capped by incubating for 4 
hours at 37 °C the resin with a pre-activated solution of benzoic acid (48 µl, 200 mM 
solution in DMSO) with EDC/HOAt/NMM 100/20/100 mM (48 µl) in 450 µl of DMF. 
The solid was then centrifuged and washed with 3 x DMF.  

 

4.3.2.5 Splint ligation procedure 

The resulting functionalized resin (4000 pmol) was equilibrated in 500 µl BTPWB (50 mM 
NaCl, 0.04% Tween-20, 10 mM bis-tris propane, pH 7.6) in an Eppendorf tube for 1 hour 
at r.t. The resin was centrifuged and washed with 3 x 500 µl BTPWB and 2 x 500 µl BTPLB 
(50 mM NaCl, 10 mM MgCl2, 1 mM ATP, 0.02% Tween-20, 10 mM bis-tris propane, pH 
7.6). The resin was aliquoted in Eppendorf tube (150 pmol each, 190 µg), Code 2 (4.5 µl, 
50 µM, 1.5 eq.), DNA adapter (6 µl, 50 µM, 2 eq), BTPLB (9 µl) and water (67 µl) were 
added. The resin was heated at 95 °C for 1 minute and let cool down for 30 minutes. Then 
another aliquot of BTPLB (3 µl) and water (26 µl) was added, and T4 DNA ligase (400 
U/µl, 0.75 µl) was mixed. The solution was stirred at 30 °C overnight. The supernatant was 
removed, and the resin was washed with BTPWB (5 x 100 µl). Then, the denaturing buffer 
(100 µl; 25 mM bis-tris propane, 6 M urea, 0.02% Tween-20, pH 8) was added to the solid 
and incubated for 4 h at 37°C. The resin was washed with 2 x 100 µl denaturing buffer and 
5 x 100 µl BTPWB. The resin was cleaved with 100 µl NaOH 0.2 M and incubated at 37°C 
overnight for LC-MS and qPCR analysis. 
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5. SUPPLEMENTARY FIGURES AND TABLES 

 

5.1 SUPPLEMENTARY FIGURES 

 

 

Figure 5.1. Fluorescence polarization assay of m-SABA. The assay was performed following the 
procedure previously described by Bigatti et al. [112]  A dissociation constant of 19 μM ± 2 μM was 
observed. 
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Figure 5.2.  Representative calibration curves (A) used for the qPCR quantification of DNA-tagged 
ligands and negative controls in model selection experiments. The orthogonality of each primer set 
was checked by melt curve analysis (B) to ensure no-cross amplification reactions during the analyses. 
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Figure 5.3. Representative calibration curves used for qPCR quantification of DECL library in model 
selection experiments. A. Calibration curves used in sequence-specific primer design experiments. 
Each primer set was used for the quantification of ligand recovery, each containing one of the DNA-
tagged CAIX ligands (AAZ, SABA, m-SABA) and an acetyl group as a terminal moiety.  B. Calibration 
curve used for the quantification of library recovery after selection. 
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Figure 5.4. Schematic representation of the encoding strategy used for the construction of the 
Leimbacher library. Building blocks 1 (BB1) are coupled to 45-mer DNA oligonucleotides (DNA 1) 
through a C6 amino linker (C6-AminoLink). Each DNA strand contains an encoding region (code 1), 
which is specific for each building block 1. After the coupling reaction between BB1 and building 
blocks 2 (BB2), a Klenow fill-in polymerization procedure is used to introduce a second barcode 
element (DNA 2), which encodes the second set of building blocks (BB2). 
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Figure 5.5. qPCR quantification of library recovery after selections against biotinylated CAIX plotted 
on a logarithmic scale. For each experiment, different inputs of the library (total DNA input, white 
bar) were used, ranging between 3.6 x 1013 and 3.6 x 106 copies of total DNA. The respective outputs 
(total DNA output, black bar) are depicted in black. P = Protein selections against biotinylated CAIX; 
NP = No protein selection.  
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Figure 5.6. Gel electrophoresis analysis after PCR1 both after protein selections (P) and no protein 
selection (NP). Below an input of 104 (P) / 106 (NP) copies per library member, primer dimers 
formation was observed. These results showed a correlation with the quantitative PCR results, where 
the total amount of DNA in the output was calculated (Figure 5.5). 
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Figure 5.7. Enrichment factors calculated for representative binding pairs, containing the three CAIX 
ligands, after library selections and sequencing. Selections were performed with different inputs of 
library, ranging between 108 and 105 copies per library member. Enrichment factors were calculated 
using the following formula: 

                                                 𝐸𝐸.𝐹𝐹. =
 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  𝑥𝑥 𝑐𝑐𝑐𝑐𝑠𝑠𝑐𝑐 𝑐𝑐𝑐𝑐𝑙𝑙𝑝𝑝𝑐𝑐𝑝𝑝𝑙𝑙
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑙𝑙𝑐𝑐𝑝𝑝 𝑐𝑐𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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Figure 5.8. Graphical representation (A) and oligonucleotide sequence (B) of the FAM-DNA-CAIX 
ligands used for the model selections against CAIX using the photocrosslinking procedure.  
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Figure 5.9. Graphical representation (A) and oligonucleotide sequences (B) of the DNA-CAIX ligands 
used as input in selection experiments. The sequences of the primers used for the qPCR quantification 
are displayed in (B).  
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Figure 5.10. A. DNA encoding scheme of the single-stranded single pharmacophore library 
synthesized using a splint-ligation procedure. DNA-encoded compounds are displayed at the 5’ end 
of a 45-mer oligonucleotide carrying a sequence codon (Code 1, red), which is used to encode the first 
set of building blocks (BB1, red).  After split-and-pool of the first set of conjugates, a 29-mer 
oligonucleotide carrying the second sequence codon (Code 2, blue) was ligated through splint-
ligation, using a 14-mer DNA adapter. B. DNA-encoding scheme of the photoreactive library.  C. 
Double-stranded DNA library analogue of the DECL above mentioned (A).  
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Figure 5.11.Fluorescence polarization measurements of the CAIX-ligands-FITC (AAZ - FITC, SABA 
- FITC, Cl-SABA - FITC, and m-SABA - FITC) used as positive controls in the photocrosslinking 
model selection setting. Kd meaurements: AAZ - FITC (Kd = 8.7 ± 0.5 nM; R= 0.99936), SABA - FITC  
(Kd = 192 ± 7 nM; R = 0.99956), Cl–SABA - FITC (Kd = 503 ± 21 nM; R = 0.99943), and m-SABA - 
FITC (Kd = 1.029 ± 0.045 μM; R = 0.99942).  
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Figure 5.12. The formation and stability of a covalent adduct between his-CAIX and the FAM-tagged 
oligonucleotide carrying the photoreactive moiety using an ELISA procedure. A monoclonal antibody 
specific to fluorescein was used as the primary reagent, eventually leading to the concentration of 
horseradish peroxidase onto the target protein immobilized on a solid support and to the conversion 
of a chromogenic substrate.  Lane 1: CAIX-AAZ-FAM-complex after UV Irradiation at 365 nm (IR) 
(Input: FAM-DNA-AAZ: 5 pmol) Protein concentration: 2 μM, Lane 2: no UV irradiation control 
(NIR). Lane 3: no protein control (NP). Lane 4: CAIX-NC-FAM-complex after UV Irradiation at 365 
nm (IR) (Input: FAM-DNA-NC: 5 pmol) Protein concentration: 2 μM. Lane 5: NIR control. Lane 6: 
NP control. Lane 7 – 10: controls. (lane 7: his-CAIX treated with anti-6X His tag (HRP) (coating 
control); lane 8: his-CAIX treated with anti-FITC IgG/anti-IgG-HRP antibody. Lane 9: F8-FITC 
treated with anti-FITC HRP/anti-IgG-HRP. Lane 10: blank of the method. 
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Figure 5.13. Representative calibration curves and melt curve profile used for the qPCR 
quantification of FAM-DNA CAIX ligand derivatives in model selection experiments. The 
calibration curve is plotted in a semi-logarithmic scale. Primer sets used for the 
quantification:  FAM_DNA_CAIX ligand Primers: LB_FP; ESAC_q_PCR RP. 
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Figure 5.14. Representative calibration curves used for the qPCR quantification of DNA-CAIX ligand 
derivatives after model selection experiments. Calibration curves are plotted in semi-logarithmic scale. 
Primers sets used for the quantification: DNA_AAZ (PrimerAAZ_1, PrimerAAZ_2); DNA_SABA            
(PrimerSABA_1/PrimerSABA_2); DNA_Cl_SABA (PrimerClSABA_1/PrimerClSABA_2); DNA_m-
SABA (PrimermSABA_1 / PrimermSABA_2); DNA_NC (PrimerNC_1 / PrimerNC_2). 

 



Development and optimization of screening methodologies used in DECLs 

 

137 

 

 

Figure 5.15. Evaluation of the orthogonality of the qPCR primer sets used for the quantification of 
DNA-CAIX ligands. Each DNA-CAIX ligand (quantity: 106 copies of DNA molecules) was quantified 
with various sets of primers (Primers_AAZ, Primers_SABA, Primers_Cl-SABA, Primers_mSABA, 
Primers_NC). 1: DNA-AAZ; 2: DNA-SABA, 3: DNA-Cl-SABA, 4: DNA-mSABA, 5: DNA-NC. The 
lowest limit of detection is also indicated (6, no template control). Results show that each ligand is 
efficiently amplified only by the corresponding primer set, respectively (green bar). Cross-
amplification is not efficient when primer sets are not compatible with a template having non-
complementary primer binding sites (black bars).   
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Figure 5.16. Evaluation of the optimal UV irradiation time for the photocrosslinking reaction. Model 
selections were performed against his-CAIX (2 μM). Photoreactive DNA-AAZ ligand (3 x 109 copies 
of DNA molecules) was used as input. The incubation mixtures of DNA-AAZ and CAIX were 
irradiated for different time frames. After denaturation of the protein, capture on magnetic 
beads/washes/elution, the quantity of DNA molecules in the output solution was analyzed by qPCR. 
The quantity of the DNA after selection is plotted in logarithmic scale (green bars). After 20 minutes, 
no improvement in the recovery yield was observed.  
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Figure 5.17. Fluorescence polarization measurements of 146_586 FITC and 146_49 FITC derivatives.  
Kd measurements: 146/586_FITC: Kd = 105 ± 4 nM, R= 0.99951, 146/49_FITC: Kd= 116 ± 6 nM  R= 
0.99912.  
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  A                             B 

     

Figure 5.18. Representative 15% TBE-Urea gel electrophoresis of the model DNA-CAIX ligand 
photoreactive derivatives. Lane 1: DA_Elib4_X before Klenow fill-in. Lanes 2-6: DNA-CAIX ligand 
derivatives after Klenow polymerization B. Representative 15% TBE-Urea gel electrophoresis analysis 
of the photocrosslinking library. Lane 1: Single-stranded single pharmacophore library Lane 2: 
Photoreactive strand (DA_Elib6) Lane 3: Photoreactive library after Klenow fill-in polymerization. 
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Figure 5.19 Representative calibration curves and melt curves used for the quantification of the 
universal code (A) and ligation product (B) in the experiments described in Paragraph 2.3.2. 
Calibration curves are plotted in a semi-logarithmic scale. A. Primers sets used for the quantification: 
A. LB_FP; CODE1_RV. B. LB_FP: CODE2_RV.
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7.ABBREVIATIONS 

6-FAM: 6-carboxyfluorescein 

AAZ: acetazolamide 

ACN: acetonitrile 

ADME: absorption, distribution, metabolism and excretion 

ADMET: absorption, distribution, metabolism, excretion and toxicity 

BB: building block 

bp: base pair 

BTE: binding trap enrichment 

CADD: computer-aided drug design 

CAIX: carbonic anhydrase IX 

Cbz: benzyloxycarbonyl group 

Cl-SABA: 4-chloro-3-sulfamoyl benzoic acid 

CPG: controlled pore glass 

cPP: cell-penetrating peptide 

Ct: cycle threshold 

CuAAC: copper(I)-catalyzed azide-alkyne cycloaddition 

DCC: dynamic combinatorial chemistry 

DECL: DNA-encoded chemical library 



Alessandro Sannino 
 

 

146 

DESPS: DNA-encoded solid-phase synthesis 

DFC: dual flow chromatography 

DIC: 1,3-diisopropylcarbodiimide 

DIPEA: N,N-diisopropylethylamine 

DMA: dimethylacetamide 

DMF: dimethylformamide 

DMPK: Drug Metabolism and Pharmacokinetics 

DMSO: dimethylsulfoxide 

DMT-MM: 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl-morpholinium chloride 

DNA: deoxyribonucleic acid 

dNTPS: deoxynucleoside triphosphate 

DPAL: DNA-programmed affinity labelling 

dsDNA: double-stranded DNA 

DTS: DNA-templated synthesis 

EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDCCL: DNA-encoded dynamic combinatorial chemical libraries 

ESAC: encoded self-assembling chemical library 

ESI: electrospray ionization 

FACS: fluorescence-activated cell sorting 

FDA: Food and Drug administration 

FITC: fluorescein isothiocyanate 
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Fmoc: fluorenylmethyloxycarbonyl 

FP: fluorescence polarization 

GPCRs: G protein-coupled receptor 

HFIP: hexafluoroisopropanol 

His: polyhistidine tag 

HOAt: 1-hydroxy-7-azabenzotriazole 

HPLC: high-performance liquid chromatography 

HRP: horseradish peroxidase 

HTDS: high throughput drug screening 

HTS: high throughput screening 

IDPCR: interaction-dependent PCR 

IDUP: interaction determination using unpurified proteins 

IgG: immunoglobulin G 

IL-2: interleukin-2 

IMAC: ion metal affinity chromatography 

ITC: isothermal titration calorimetry 

IVC: in vitro compartmentalization 

Kd: dissociation constant 

LBVS: ligand-based virtual screening 

LC-MS: liquid chromatography-mass spectrometry 

LNA: locked nucleic acid 
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logP: partition coefficient octanol-water 

m-SABA: m-sulfamoyl benzoic acid 

MeOH: methanol 

MOPS: 3-(N-morpholino)propanesulfonic acid 

NGS: next-generation sequencing 

NMM: N-methylmorpholine 

NMR: nuclear magnetic resonance 

OBOC: one-bead-one-compound 

OXYMA: ethyl cyanohydroxyiminoacetate 

PAINS: pan-assay interference compounds 

PBS: phosphate-buffered saline 

PC: photocrosslinker 

PCR: polymerase chain reaction 

PEG: polyethylene glycol 

PNA: peptide nucleic acid 

PPI: protein-protein interaction 

qPCR: quantitative PCR 

QSAR: quantitative structure-activity relationship 

RP-HPLC: reversed-phase HPLC 

rpm: revolutions per minute 

s-NHS: sulfo N-hydroxysulfosuccinimide 
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SABA: p-sulfamoyl benzoic acid 

SAR: structure-activity relationship 

SBVS: structure-based virtual screening 

scFv: single-chain variable fragment 

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SM: small molecule 

SMD: small molecule drug 

ssDNA: single-stranded DNA 

TEA: triethylamine 

TEAA: triethylammonium acetate 

TFA: trifluoroacetic acid 

THF: tetrahydrofuran 

TLC: thin-layer chromatography 

UV: ultraviolet 
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