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DARPins (designed ankyrin repeat proteins) are small non-antibody binders. Their stability, high 

expression in prokaryotic cells, and lack of disulfide bridges make them interesting research topic 

for therapeutic and diagnostic use. 

In this study, a previously constructed DARPin library was screened against two target proteins 

with clinical significance (undisclosed, referred as X and Y). Phage display biopanning was used 

for isolating binders. The enrichment of binders was confirmed with phage immunoassay from 

total panning output and from individual clones. With four panning rounds, >50 % hit rate against 

X and >15 % against Y were achieved, when signal to background ratios over three were counted 

as hit. The best binders against X and Y showed S/B ratios over 400 and 250, respectively. That 

confirmed the success of selections. To create even stronger binders against target Y, DARPins 

from fourth round were combined with peptide linkers of multiple lengths. New bivalent library 

was screened with off-rate panning to select the strongest binders. Individual DARPins showing 

the highest binding in immunoassay were produced and the binding was characterized. Best 

binders for both X and Y had affinities in nanomolar range (<10 nM). 

Afterwards, validated binders could be taken into further development such as screened for 

functional properties against the target proteins. At this state, the study has proven the 

effectiveness of used library and methods for binder discovery, even against potentially 

challenging proteins. In the future, the pipeline could be used as a platform for early-stage drug 

development for multiple different targets. 
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Abbreviations 

ADC Antibody-Drug Conjugate 

AR2G Amine Reactive 2nd Generation biosensor for Octet 

ATP Adenosine Triphosphate 

BLI Biolayer Interferometry 

BSA Bovine Serum Albumin 

CAR-T cell Chimeric Antigen Receptor T cell 

CFU Colony Forming Unit, the number of individual cells or viruses  

DARPin Designed Ankyrin Repeat Protein 

DBCO Dibenzocyclooctyne, a compound used in chemical linking  

DELFIA Dissociation-Enhanced Lanthanide Fluorescent Immunoassay 

DDM n-Dodecyl β-D-Maltoside 

DNA Deoxyribonucleic Acid 

DTT Dithiothreitol 

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

EGFR Epidermal growth factor receptor 

ELISA Enzyme-Linked Immunosorbent Assay 

EU Europium (label used in immunoassays) 

Fab Fragment Antigen-Binding region 

Fc Fragment Crystallizable (region of antibody) 

GST Glutathione S-Transferase, commonly used as a protein fusion tag 

HER2 Human Epidermal Growth Factor Receptor 2 

IgG Immunoglobulin G, a type of antibody 

IMAC Immobilized Metal Affinity Chromatography 

IM Intramuscular (injection route) 

IPTG Isopropyl β-D-1-thiogalactopyranoside 

IV Intravenous (injection route) 

KD Dissociation constant 

MMAE Monomethyl auristatin E, short peptide cytotoxin 

MOI Multiplicity of infection, number viral particles per host cell 

MOPS 3-(N-Morpholino)propanesulfonic acid 

NEB New England Biolabs, a supplier of molecular biology reagents 

NHS N-Hydroxysuccinimide 

O/N Overnight, e.g., incubation of bacterial cultures 

OD600 Optical Density at 600 nm, typically from bacterial culture 

PCR Polymerase Chain Reaction 

PET Positron Emission Tomography 

qPCR Quantitative Polymerase Chain Reaction  

R0 Initial DARPin library used in the study 

RT Room Temperature 

S/B Signal-to-Background ratio 

scFv Single-Chain Variable Fragment (antibody) 

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis 

SPAAC Strain-Promoted Azide-Alkyne Cycloaddition 

SRP Signal Recognition Particle 

TCEP Tris(2-carboxyethyl)phosphine 
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1 Introduction 

1.1 Drug discovery and protein therapeutics 

Modern drug discovery starts from discovering a mechanism and pathway of a certain 

disease. From a pathway, a target, typically protein such as an enzyme, G-protein coupled 

receptor, ion channel, or membrane transport protein, is chosen. Target needs to play a 

critical role in the disease so that altering the function of target with a drug can have an 

impact as a treatment. Once the target is chosen, the appropriate modality is determined 

(e.g., small molecule, large molecule, covalent, or non-covalent inhibitor) and a Target 

Molecule Profile (TMP) is developed. The TMP outlines detailed requirements, including 

binding affinities, desired functionality, pharmacokinetic properties, and the intended 

route of administration, which is considered early due to its impact on development. Next 

step is to discover compounds that interact with the target, either through covalent or non-

covalent bonding. Interaction is characterized, compounds with validated desirable 

function to target are called leads. Biophysical properties such as solubility and stability 

are further evaluated. (Blass, 2015; Wyatt et al., 2011). 

Before approval as a drug, the safety is ensured by extensive testing. Multiple tests with 

cells and animals are conducted. In phase I or first in human clinical study, the main 

objective is to ensure the safety of the drug candidate and to determine tolerated dosing. 

Size of test group is typically blow 100. If no side effects are assumed initially, Phase I is 

typically conducted with healthy test group. In phase II, the objective leans more heavily 

into determining the therapeutic effectivity of the drug. Group of over 100 patients is 

typically used. Different drug dosages are used to find optimal one. If the results are 

favourable and market landscape stays positive, phase 3 is started with chosen dosage and 

larger 1000 scale patient group. Proven effectiveness and limited adverse events 

compared to the benefits can lead into regional approval, and the drug can be sold in the 

market. (Blass, 2015; Piantadosi, 2024). 

Small molecules are the biggest molecule group used as drugs. To achieve high affinity, 

small molecules often require a hydrophobic pocket in the target, limiting the pool of 

druggable targets. Molecules are typically found in big libraries by screening in-vitro, 

computationally or by combining these methods. Due to stability and good tissue 
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penetration, small molecules can typically be administered orally and the compound 

reaches the target tissue by diffusion. (Blass, 2015). 

Antibody-based therapeutics have become popular over the past decades, market 

exceeding 200 billion USD in 2023. (MarketsandMarkets, 2024). Antibodies are an 

example of protein-based therapeutics. They are capable of binding to virtually any target 

due to their large binding site, paratope, where each amino acid can form multiple non-

covalent bonds with a target. Antibodies can be bispecific and they can be linked to 

different drug molecules, creating antibody drug conjugates, ADCs. (Goulet & Atkins, 

2020). 

Large size (~150 kDa for IgG) and complex structure of antibodies requires eukaryotic 

host cells for production and results in relatively low yields. Disulfide-bond containing 

structure is limited in stability and functions only in extracellular oxidizing conditions. 

These properties increase the production and storage costs and limit the use cases for 

antibodies (Plückthun, 2015). Additionally, the patent landscape related to antibody 

development, production, and utilization is complex, introducing licence and other legal 

costs.  

To tackle the challenges with antibodies, improvements to antibody structure have been 

made regarding stability, immunogenicity, and pharmacokinetics. Different antibody 

frameworks have been utilized. Nanobodies are small, single domain antibodies derived 

from camelids. They are easy to produce recombinantly. Small size also contributes to 

certain pharmacokinetics, including good tissue penetration. Small and simple structure 

can be achieved by using scFv (single-chain variable fragment) antibodies, where light 

and heavy variable chains are linked together, creating one chain with size of ~25 kDa. 

Fab fragment has more complex structure that is closer to an antibody. In Fab, only Fc 

region is left out resulting in ~50 kDa protein. (Jin et al., 2023). 

Cyclic peptides are a wide group of small (0.5-2.5 kDa) proteins that differ from 

antibodies structurally and conceptually. There is no constant region and most of the 

amino acids participate in binding the target molecule. The group includes compounds in 

therapeutic uses such as hormones (oxytocin) and antibiotics (vancomycin). While most 

cyclic peptide therapeutics target extracellularly, some of them in development are 

capable of crossing the cell membrane. Due to cyclic structure, the peptides are typically 

produced in cells using non-ribosomal synthesis. They can also be fully synthesized 
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chemically. These methods allow using non-natural amino acids, outside the 20 amino 

acids that are not used in ribosomal protein synthesis, further diversifying the possible 

structures. For library selection, most short peptides can be displayed by ribosomal 

translation utilizing methods such as ribosome or phage display (principles explained in 

chapter: 1.4. Display methods). Unless the cyclic structure is inherently formed through 

disulfide bonds between cysteine residues, cyclization can be induced chemically after 

translation. (Cary et al., 2017; Ji et al., 2024). 

Another approach are alternative scaffold binder proteins, where the structure is not 

related to antibodies. The general concept is still the same, protein consists of constant 

amino acids providing the base structure and variable amino acids contributing to the 

binding reaction. One promising group of alternative scaffold proteins are Designed 

Ankyrin Repeat Proteins, DARPins.  

1.2 DARPins  

1.2.1 Ankyrin repeat 

 

Figure 1. Example 3D model of an ankyrin repeat protein explains the stability of cysteine-free 
structure. P18 (PDB entry 1BU9) is a protein responsible for regulating the cell cycle by 
inhibiting human CDK4 receptor. (a) Side chains of residues constituting the hydrophobic core 
of p18 protein are coloured magenta. (b) The hydrogen bonding network of p18 in its alpha-
sheets is coloured magenta. From Li et al., 2006. 

 

Ankyrin repeat is one of the most common protein structures in eukaryotes and viruses, 

participating in various physiological processes in cells which involve protein-protein 

binding. The protein consist consists of multiple motifs formed by 30-34 amino acid in 

helix-turn-helix conformation. Cross-bonding amino acids in tertiary structure are 

relatively close also in primary sequence, simplifying the folding process. No disulfide 

bonds are found on the structure; the generally beneficial bond regarding stability would 

only form outside cell cytoplasm and could be problematic in protein engineering. The 
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tertiary structure protein is stabile regardless, due to various noncovalent interactions 

between helixes (Figure 1). (Li et al., 2006).  

1.2.2 Development of DARPins 

Designed Ankyrin Repeat Proteins are developed based on ankyrin repeat. The general 

idea (Figure 2) is to have modular binder with the possibility to change the number or 

order of the repeats. Deriving the structure from naturally occurring proteins potentially 

reduces unwanted immunoreactions from patient in therapeutic use (Binz et al., 2003).  

 

Figure 2. Idea behind DARPins. (A) Repeat module contains variable amino acids and forms 
the binding surface. Compatible interfaces form hydrophobic interactions, stabilizing the 
structure. Capping repeat provides hydrophilic surface at the ends of the protein, further 
stabilizing the structure and improving the physical properties. (B) Compatible building blocks 
offer flexibility to determine the size of a binder, maintaining continuous binding surface. From: 
Forrer et al., 2003 

1.2.3 DARPin characteristics  

DARPins are relatively small (14−18 kDa), easy folding proteins that have a stable, 

monomeric, cysteine free structure. They can be produced in prokaryotic cells and are 

functional even in reducing intracellular conditions. These properties make them an 

interesting research topic for drug development (M. T. Stumpp et al., 2008). 

Structurally, DARPins consist of N-cap, C-cap, and one or more repeats in between with 

repeating amino acid sequences. Each repeat module contains 6 – 7 variable amino acids, 

depending on the design. The number of repeat modules can be increased, improving the 

stability of the protein. Size of the binding site and number of variable amino acids is 

simultaneously increased, potentially improving the binding capacity. As a downside, the 
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size of a library to cover all the possible variants increases exponentially with each 

additional variable amino acid (Park & Cochran, 2010).  

DARPins can be further developed. As an example, loop-DARPins have expanded 

binding surface that allows higher affinities and wider range of targets. That was achieved 

by changing the variable part in a middle repeat into a loop form, increasing the number 

of amino acids. Loop form makes the binding site flexible and convex, opposite of typical 

DARPins with concave binding site, improving the binding properties to picomolar range 

(Schilling et al., 2014). 

Two or more DARPins can easily be linked together using protein linkers and standard 

protein engineering methods (Verdino et al., 2018). Affinity tags can easily be added or 

other molecules conjugated. Small side and simple structure allow production of 

DARPins in E. coli. Yields of 200 mg/l can be achieved and purification step is simple 

due to high stability (M. T. Stumpp et al., 2008). 

1.3 Applications of DARPins 

1.3.1 Research and diagnostics 

Versatility and makes DARPins suitable for research and diagnostic use. They could be 

used in ELISA type in-vitro diagnostic tests, replacing antibodies. Efficient production 

could lower the cost making fast testing even more affordable and thus accessible 

globally. Utilising DARPins in place of antibodies in in-vitro diagnostics could improve 

test accuracy and specificity. 

Another use is as biosensors (Plückthun, 2015). Functional intracellular biosensor 

systems have been demonstrated (Kummer et al., 2013). Specific binding allows using 

labelled DARPins in biomedical imaging such as PET (Vorobyeva et al., 2019). In 

research purposes, many types of binders are utilized. DARPins have been used as 

crystallization agents for otherwise challenging proteins for X-ray crystallography. 

(Sennhauser & Grütter, 2008) 

1.3.2 DARPins as therapeutics  

Easy modifications and versatility of DARPins enable use cases like antibodies and 

beyond. In therapeutic use, individual DARPins can have functional effect inhibiting, 
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neutralizing or activating various targets such as enzymes, receptors or proteins in 

signalling pathways. Unlike antibodies, use of DARPins are not limited to extracellular 

targets (Amstutz et al., 2005; Verdurmen et al., 2015).  

Virtually all the current protein-based therapeutics are administered by injection 

intravenously (IV), subcutaneously (SC) or intramuscularly (IM). Proteolytic nature of 

human digestive system typically prevents oral administration, a typical route for small 

molecule drugs (Vugmeyster et al., 2012). Due to stability and easy availability in gram 

scale, other administration routes could be worth testing with DARPins (M. T. Stumpp et 

al., 2008). Recently, oral administration has been demonstrated in mice with stability 

optimized DARPins (Simeon et al., 2021). 

DARPins have been engineered against acute allergic reactions. Most severe of them is 

anaphylaxis, a potentially fatal condition triggered by certain food or drug molecule 

causing rapid increase in histamine and other allergy-related mediators. Adrenaline 

injection is mostly used acute treatment, but it only alleviates acute symptoms such as 

breathing difficulties without reducing the allergic reaction. IgE antibody is mostly 

responsible for the initial recognition of antigen, and it binds to FcεRI receptor with high 

affinity. Pennington’s research team selected DARPins against IgE to act as 

noncompetitive inhibitors. It successfully prevented IgE binding and removed already 

bound antibody from the receptor, dissociation of the complex would normally be slow. 

By affinity maturation and rational linking of three DARPins together, inhibition 

properties were demonstrated, significantly better than antibody reference, omalizumab. 

Termination of signalling was tested in human blood cells and supressing allergic reaction 

was demonstrated in mice. (Kim et al., 2012; Pennington et al., 2021). 

1.3.3 DARPin drug conjugates 

Antibody drug conjugates (ADCs) have demonstrated success in research, clinical testing 

and as approved drugs. Target specific antibody carries typically cytotoxic compound to 

the target tissue. (Shastry et al., 2023). When conjugated with other molecules, DARPins 

can also act as carriers. In that case, DARPin just need to have a binding property, and 

the conjugate is functional molecule. The approach requires lower concentration of 

effective molecules and allows utilizing molecules with otherwise narrow or non-existent 

therapeutic window; in other words, when toxic dose of free molecule approaches or 

exceeds the effective dose. (Zhang et al., 2022). 
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Functional DARPin drug conjugates have been construed and researched. One of them 

(Karsten et al., 2022) targets EGFR and has MMAE, a cytotoxic short peptide, as a 

payload. To conjugate MMAE into DARPin, strain-promoted azide-alkyne cycloaddition 

(SPAAC) reaction was utilized with DBCO containing linker and azide-labeled DARPin. 

MMAE is a common compound used in ADCs. It acts by preventing microtubule 

formation, leading into cell apoptosis (Best et al., 2021).  

1.3.4 Radio DARPins 

In radio-DARPins, the effective conjugate is a radioactive compound and DARPin is 

binding into tumor-specific target for example. Radioactive compounds conjugated to 

antibodies are demonstrated previously. (Lizak et al., 2023) 

Advancements in preclinical studies have been achieved with radio-DARPin. MP0712 is 

DLL3 targeting DARPin from Molecular Partners. DLL3 is overexpressed in many 

cancers, especially lung cancer (Owen et al., 2019). MP0712 has a radioactive lead 

isotope 212Pb as payload.  (Orano Med, 2024) 

1.3.5 Multispecific DARPins and switch platform 

When different DARPins are linked together, the product can bind to multiple epitopes, 

making the binding bi- or multivalent and thus stronger. When targeting pathogens with 

fast changing surface proteins such as RNA viruses, or tumor targets, having multiple 

DARPins also protects the binding capabilities against individual mutations. Bispecific 

antibodies have already been approved for clinical use, most often activating immune 

cells as cancer treatment (Esfandiari et al., 2022). Similar mechanisms of action can be 

achieved with DARPins linked together.  

With recently patented method, is possible to construct a DARPin combination that binds 

to two different targets while the binding is mutually exclusive. That enables activating 

and inactivating the DARPin based on the presence of specific sensor target, creating 

switch-DARPin. Binding of sensor target prevents the therapeutic DARPin from binding 

to its target. Multispecific DARPin can also activate in presence of sensor target, that 

requires interaction between three DARPins. In initial configuration, DARPin in the 

middle binds to the therapeutic DARPin, preventing the binding to therapeutic target. 

Second DARPin and sensor-DARPin have mutually exclusive binding properties. 
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Binding of sensor target activates therapeutic DARPin by preventing second DARPin 

inhibiting it. The approach is useful if the therapeutic target is equally present in healthy 

tissue.  For example, therapeutic DARPin could be functional only in certain tumour 

microenvironment, targeting proteins that would cause serve side effects if targeted 

without tissue-specific method. (FONTAINE et al., 2023). Similar approaches have been 

utilized with antibody based therapies (Kamata-Sakurai et al., 2021). 

1.3.6 Car-T cell therapy 

CAR-T cell (Chimeric Antigen Receptor T cell) therapy is clinically used treatment 

against cancer (Mullard, 2022). The cells naturally act as part of human immune system 

identifying antigens with the surface antibodies. T-cells can release cytotoxins to kill the 

recognized targets or release cytokines to activate other parts of the immune system. For 

therapy, CAR-T cells are extracted from a patient and genetically engineered to express 

the selected antibody. When injected back to patients, modified CAR-T-cells identify and 

neutralize the intended target based on the antibody binding. (Johnson & June, 2016) 

Human immunoglobulin derived scFvs are mostly used as binder proteins. Other 

scaffolds have been utilized such as nanobodies, to improve the stability of binding 

proteins. DARPins have been researched for that purpose as well. Similar performance 

compared to other technologies has been obtained. (Nix & Wiita, 2024). On top of tumour 

targets, DARPin based CAR-T cell therapy could be used to eliminate HIV (human 

immunodeficiency virus) possessing cells. (Patasic et al., 2020).  

1.3.7 DARPin therapeutics in clinical trials 

Despite extensive research, there are currently no DARPin based therapeutics in the 

market. Researchers from University of Zurich have founded Switzerland-based company 

Molecular Partners (SWX:MOLN) that focuses on commercializing the DARPin 

technology. A few DARPin therapeutics have advanced to clinical testing, all developed 

by or in partnership with Molecular Partners.  

Previously, one therapeutics was not approved after phase 3 trial due to its side effects. 

Abicipar, MP0112 is a single domain DARPin. It was developed as a treatment for 

neovascular age-related macular degeneration, a common retinal disease among elderly 

people, causing vision loss. It targets anti–vascular endothelial growth factor and is 
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administered by sequential intravitreal injections. Compared to antibody fragment based 

ranibizumab, similar therapeutic effect was achieved with lower injection frequency. The 

issue was higher incidence of intraocular inflammation (>15 %) during the first 52 weeks 

compared to ranibizumab (0.3 %). During the later 52 weeks, the inflammation was in 

similar level for both. The reason for inflammation was unclear but it was speculated to 

be caused by impurities from E. coli production. After optimizing the production 

conditions, incidence of inflammation was reduced to 8.9% among the group. (Allergan, 

2020; Khurana et al., 2021) 

MP0250 (Figure 3) is a trispesific DARPin inhibiting vascular endothelial growth factor 

(VEGF) and hepatocyte growth factor receptor (HGF). Both targets have significant role 

in development of multiple myeloma (MM). Inhibiting both targets simultaneously 

reduces the risk of cancer becoming resistant to the treatment. Clinical evaluation of 

MP0250 discontinued after phase 1b due to the lack of evidence on antitumor activity and 

due to existence of alternative treatments. The trial was executed with 33 patients relapsed 

/ refractory multiple myeloma (RRMM), meaning the disease has returned after treatment 

or does not respond to a treatment. The patients were simultaneously injected with 

bortezomib/dexamethasone which is a typical treatment for MM. While the overall 

response rate (patients with partial recovery or better, ⩾50% reduction in biomarkers, 

Durie et al., 2006) was 32 %, it is challenging to separate effects of different drugs. The 

trial lacked a group with only MP0250 treatment, also control group without MP0250 

treatment. (Baird et al., 2021; Binz et al., 2017; Knop et al., 2024) 

Figure 3. Protein structure of MP0250 drug candidate, similar structure is shared among other 
multispecific drug candidates from Molecular Partners. DARPins are linked together with 
polypeptide linkers. Therapeutic target specific domains (HGF and VEGF) are located in the 
middle. Human serum albumin (HSA) binding domains are in the edges to improve 
pharmacokinetic properties such as half-life in serum. (From Binz et al., 2017) 

MP0274 is HER2 (human epidermal growth factor receptor 2) targeting drug candidate. 

While it is expressed in low levels in healthy tissue, in roughly 20 % of breast cancers 

overexpress HER2, especially advanced ones. Overexpression in cancer increases cell 

division and limits apoptosis. MP0274 has specificity to two different epitopes in HER2 
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increasing its binding capacity, which supresses cell growth or induces apoptosis in cells. 

In a case study with a 37-year-old female patient with metastatic HER2 positive breast 

cancer, 13 cycles of MP0274 treatment over a half year period lead to 78% tumor 

reduction. In total 22 patients were tested with different dosages in phase 1. The woman 

presented in case study was the only patient with the highest dosage (12 mg/kg) and the 

only one with significant response to the treatment. no severe side effects were observed 

meaning maximum tolerated dose was not reached. (Fiedler et al., 2017; Fischer et al., 

2022) 

MP0317 is a multi-specific switch-DARPin for solid tumors, targeting fibroblast 

activation protein (FAP) and CD40. CD40 is a transmembrane protein that activates 

immune cells. Normally, targeting CD40 causes severe side effects by nonspecific 

activation. In contrast, MP0317 is active only in presence of FAP, target overexpressed 

by cancer-associated fibroblasts. That enables targeting CD40 only in specific tumor 

microenvironment, reducing side effects by peripheric CD40 activation. The safety was 

proven in phase I clinical trial with different doses, as well as sufficient efficiency to 

forward in clinical testing. (Gomez-Roca et al., 2024; Ioannou et al., 2021; N et al., 2022; 

Steeghs et al., 2024) 

MP0310 is a immune cell activating bispecific DARPin drug candidate for solid tumors. 

General issue with immune cell targeting binders have been side effects caused by 

immune cell activation outside of tumour microenvironment. MP0310 binds to 4-1BB 

(CD137) on T-cell. T-cells are activated when enough 4-1BB are clustered on its surface. 

That only happens in presence of FAP overexpressed by cancer cells, that other domain 

of MP0310 binds to. (M. T. Stumpp et al., 2020). Phase 1 was completed in 2022 

(Molecular Partners AG, 2022). In press release (Molecular Partners, 2022) Molecular 

Partners indicated positive results from phase 1 that support further studies, but the data 

is not published.  

Ensovibep (MP0420) is a potential treatment against Covid19. Angiotensin-converting 

enzyme 2 (ACE2) is a surface protein that the enables Covid19 entering the host cell. 

Trispesific DARPin binds to the receptor with all the domains preventing the interactions. 

Trispecificity prevent the virus becoming resistant by a single mutation. MP0420 

demonstrated strong performance in preclinical studies, both in vitro and in vivo dwarf 

hamster model, independent of virus variant.  (M. Stumpp, 2021). The clinical trials 
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advanced to phase 2 with 485 hospitalized covid patients. However, as a conclusion, 

ensovibep did not improve patient recovery (ACTIV-3/TICO Study Group, 2022). 

Molecular Partners has also MP0423 with similar structure and mechanism of action. 

(Rothenberger et al., 2021) 

MP0533 is tetraspecific T-cell engager against acute myeloid leukemia (AML). One 

domain binds to T-cells activating CD3 protein while three domains target AML specific 

targets CD33, CD123 and CD70. As avidity to all three targets is higher than to individual 

protein, cytotoxicity to healthy cells which express only one antigen is supposed to be 

low. First in human clinical data with 37 participants was published recently. As adverse 

events 24 patients 65% had cytokine release syndrome (CRS) but out of those, only 3 

incidents were grade 3, severe or medically significant. Infusion-related reactions were 

also common, with 21 events, 4 incidences were grade 3. 50% of patients showed 

reduction in bone marrow blasts, white blood cells related to leukemia. The data was 

encouraging to continue clinical testing. (Jongen-Lavrencic et al., 2024). 

1.4 Display methods 

1.4.1 Purpose and general concept 

To enable binder selection from the library, display technologies are utilized. The idea is 

to have the binder library in protein-form while it is physically connected the translated 

protein’s DNA or RNA sequence. DARPins interact with the with the target only as 

proteins, and amplification or almost any additional work with binders requires access 

the DNA of the protein. Cell-free display methods such as ribosome, mRNA, and DNA-

display utilize in vitro translation and reverse transcription produce complex containing 

protein and RNA or DNA. In phage, and other cell-based methods, proteins are translated 

by the cells and expressed as surface proteins.  

In cell free methods and in phage display, binders are selected from the library by 

biopanning. The displayed library is presented to the target that is typically immobilized 

to some surface. The surface is washed, and the remaining binders are collected. Due to 

really small binder - non-binder ratio in the initial library, the panning is repeated usually 

multiple times with amplified outputs. In cell-based displays, amplification is done by 

growing the cells and for phage, by multiplying them in the host cells. For cell free-

displays, RNA is reverse transcribed if necessary and DNA is amplified by PCR. Cell 
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free methods are generally capable of handling libraries with 1012-1014 binders, while cell-

based systems are usually limited to 108 molecules. Phage display functions with diversity 

up to 1011. (Park & Cochran, 2010) 

1.4.2 Cell-free methods 

Ribosome display has widely been used for DARPin libraries. Compared to other display 

methods, ribosome display enables using largest libraries. The method relies on complex 

of RNA, ribosome and expressed protein. DNA is transcribed into RNA and translated in 

vitro. RNA sequence after the expressed protein prevents ribosome detaching from RNA. 

As stop codon is not reached, protein stays in the complex. The complex is held together 

only by non-covalent bonds. That makes ribosome display sensitive to harsh panning 

conditions. (Hanes & Plückthun, 1997; Park & Cochran, 2010).  

Like ribosome display, the concept of mRNA display is similar. Instead of protein-

ribosome-RNA complex, expressed protein is covalently connected to mRNA via 

puromycin linker. The link is relatively stable, and lack of ribosome reduces unwanted 

interactions with the target. Both ribosome and mRNA display are sensitive to RNA 

degradation due to poor stability of RNA and commonness of RNase as contaminant. The 

biopanning is typically carried out in ambient temperature for that reason. (Park & 

Cochran, 2010). 

In DNA-display, mRNA is reverse transcribed into cDNA after translation and covalently 

linked to the protein. That creates a robust complex that can be used in various panning 

conditions. Linking the cDNA to the protein is not trivial. While many different methods 

exist (Kurz et al., 2001; Tabuchi et al., 2001), challenges in creation of protein-DNA 

complex has limited wider adaptation of the display method.  

Recent advancements in linking have enabled one pot reaction from DNA to protein-

cDNA complex with commercially available reagents. Transcribed mRNA is crosslinked 

to puromycin-containing oligonucleotide linker. Protein is translated and linked to 

puromycin. RNA is reverse transcribed using the oligo linker as primer. Transcription, 

crosslinking, in vitro translation, and reverse transcription reactions are carried out 

sequentially in approximately two hours. (Zeng et al., 2023).  

DNA display with simple protocol and short generation time would combine the speed, 

accuracy and capacity of RNA display with robustness of phage display. Free selection 
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of panning conditions does not limit the type of targets. That would make DNA display 

an attractive method and allow wider adoption of it.  

1.4.3 Phage display 

Phage display offers a robust and stabile display platform While the size of the library is 

more limited compared to cell free methods, it is still significantly higher compared to 

other cell-based display methods. Display with M13 filamentous bacteriophage is widely 

used with antibody libraries while secretion (Sec) pathway is utilized. Proteins need to be 

in unfolded form in E. coli cytoplasm. That naturally occurs with antibodies, but the fast 

folding of DARPins is causes low display level. Using signal recognition particle (SRP) 

instead, enables protein translocation towards periplasm while still being translated. 

(Steiner et al., 2008).  

For display, DARPins are cloned into phagemid vector. When E. coli is transformed with 

the vector and transfected with helper phage, the cells produce phage that are expressing 

individual DARPins as their P3 surface proteins. After selection round, phage can be 

amplified in the same E. coli strain. 

1.4.4 Cell surface display 

By linking the displayed protein to one of the surface or transmembrane proteins of the 

cell, many different hosts can be used as display platforms. Fluorescence-activated cell 

sorting (FACS) is generally used for selection. In that case, the target is tagged with 

fluorescence label, and the complex is freely binding to the cells expressing binder. 

Assuming similar expression level among cells, bound fluorescent labelled target is 

relative to the affinity of the expressed binder. Dedicated device for flow cytometry 

measures fluorescence from each cell and sorts the cells according to given parameters. 

When calibrated, cell sorting enables extracting cells and binders with desired affinities. 

High-throughput devices are capable of handling up to 109 cells. To get more accurate 

information about affinity related to display levels, it is possible to normalize target 

binding by the display level. In dual-color FACS, target and displayed protein are labelled 

with different labels. Display level and affinity can be considered separately and binder 

expressing cells selected based on both parameters. (Park & Cochran, 2010). 
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Prokaryotic, bacterial display, such as E. coli is the simplest example of cell surface 

display. Simple production and easy genetical modifications are the main advantages. 

Due to simple translation system, expressing more complex proteins can be a challenge. 

With DARPins, that should not be an issue due to their easy foldability and lack of need 

for post translational modifications. Large library can be preselected with magnetic cell 

sorting (MACS) before FACS (Song et al., 2019).  

Yeast being eukaryotic organism has capability of displaying more challenging proteins, 

also to perform most post-translational modifications. Up to 109 cfu libraries have been 

reported with yeast display, but typically 106-107 cfu is more achievable (Könning & 

Kolmar, 2018; Park & Cochran, 2010). Yeast display can be combined with higher 

throughput selection methods to narrow down the initial library and therefore increase the 

display capacity (Schütz et al., 2016). 

Mammalian display is usually done in CHO (Chinese Hamster Ovary) cells or HEK 

(Human Embryo Kidney) cells. On mammalian cell surface, a complex protein is the 

closest to its natural form, especially if meant to be produced in mammalian host such as 

antibodies. Other advantage in using eukaryotic or mammalian display is higher display 

capacity in an individual cell. As a result, affinity estimate is more precise during cell 

sorting. (Park & Cochran, 2010; Zhou et al., 2010).  

1.5 DARPin library  

The DARPin library used in the experiment (referred as R0 in experimental part) has been 

developed in Turku University by PhD Tuomas Huovinen et al. DARPins in the library 

(Fig 4) have variable amino acids in second diversity motif, D2. With six amino acids 

fully randomized, the library has theoretical diversity of 2.4 x1011. The design allows 

affinity maturation after the first selection rounds by randomizing variable regions also 

on D1 and C-cap. 

DARPin DNA had been cloned into VCM M13 phagemid vector to enable phage display. 

The signal sequence was optimized, leading into improved display efficiency (Kulmala 

et al., 2022). Having the theoretical diversity limited by only one motif of DARPin fully 

randomized, enables achieving better coverage of the library with phage display. 
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Figure 4. 3D structure of DARPin and the corresponding DNA sequence. Variable locations 
(ZZZ) in D2-repeat contain randomized amino acids excluding proline and cysteine. Variable 
locations in D1 and C-cap (TMY) contain degenerate mix of tyrosine and serine. Unidentical 
corresponding codons in D1 and D2 enable repeat specific DNA modifications. 

1.6 Aims of the study 

The library from University of Turku had previously been tested against a few well-

known proteins with positive outcome (not published data). In this study, clinically 

relevant targets were used. The library was screened with phage display against two 

undisclosed target proteins, X and Y in collaboration with the Biologicals unit of Orion 

Pharma. In parallel, glutathione-S-transferase (GST) was used as a positive control 

protein for selections. GST is generally used as a protein tag.  

From panning outputs, binders against X and Y were validated and characterized without 

additional maturation steps. Multiple binders against both targets with high affinity and 

wide epitope coverage was a desired outcome. That means that DARPins need to bind to 

different locations in the target. 

In antibody related work, the compound that antibody binds is usually referred as antigen. 

The term is shortened from “antibody generator”. For clarity, in this work, proteins that 
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DARPins are selected against are generally referred as targets, the term used more 

frequently in drug development context. 
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2 Materials and Methods 

2.1 Biopanning 

Neutravidin coated beads were produced using Dynabeads™ Antibody Coupling Kit 

(Thermo Fisher) and 25 µg neutravidin per 1 mg of beads. The beads were diluted to 

concentration of 10 mg/ml. Bead capacity was tested using excess (=0,2*1,25 µg/5*10 

µg) biotinylated EU-labelled BSA. Fluorescence signal was compared to M280 

dynabeads and to an old batch of neutravidin coated beads.  

4 ml R0 phage stock at 5*1012 cfu/ml was diluted 1:4 with TBS and precipitated using 

1/5 v/v PEG-NaCl on ice for 60 min. After spinning 20000 rcf for 10 minutes the 

precipitate was dissolved in 1 ml TBS. Phage titers were determined by oligonucleotide-

directed chelate complementation assay OCCA (Lehmusvuori et al., 2012) or by qPCR. 

Details for each panning round are shown in Table 1. Following general protocol was 

used for biopanning with beads: 

The beads were prewashed 2 x with 1 ml TBT-0.05 (TBS + 0.05 % w/v Tween) and once 

with 1 ml TBS. Beads were incubated in rotation with biotinylated target at 0.5 ml in 

target specific buffer 0,5 h at room temperature.  Target coated beads were washed 3x 

with panning buffer. Phage binding was done at 1 ml RT in rotation for 1h. Beads were 

washed 3x and the tubes were changed after 1st and 3rd wash. Phages were eluted from 

beads with 60 µg/ml trypsin in 100 µl 30 min reaction RT. Phages were infected into 1 

ml log-phase (OD600 0.2-0.7) XL1-b cells by 60 min incubation at 37 C, followed by 

plating to GTC plates. 

For phage production, the overnight growth from plates was harvested and inoculated to 

SB medium with 50 µg/ml tetracycline and 50 µg/ml chloramphenicol at OD 0.05. When 

reaching a log phase at 37 C, around 20 MOI VMC M13 helper phage was added. In 

practice, 0.5 µl helper phage stock was added for 1 ml cell culture. After additional 60 

min incubation, 30 ug/ml kanamycin was added followed by an overnight incubation at 

30 C. The culture was centrifuged 4000 rcf 10 min and phage were precipitated from the 

supernatant using 1/5 v/v PEG-NaCl on ice for 60 min. After spinning 20000 rcf for 10 

minutes, the precipitate was dissolved in 1 ml TBS. The phage stock was used for next 

panning round or for phage immunoassay.  
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The first attempt of round one is marked as PN in table 2. Dr. Tuomas Huovinen repeated 

the panning. That output (TH) was used in second round. The third round was done as 

panning in solution. Instead of immobilized target, the phages were incubated in low 

concentration of biotinylated target for 1 h. The phage-target complexes were rapidly 

captured in 5 min incubation with streptavidin beads. In fourth panning, the aim was to 

lower the number of nonspecific binders by extending the washing step. Antigen was 

immobilized in streptavidin plate. The unbound material was washed four times with plate 

washer using Kaivogen washing buffer. After phage binding, the plate was washed 16 

times. Each reaction was done in three parallel wells that were combined after elution. At 

the same time, the fourth panning round was conducted using beads and standard 

protocol.  

Table 2. Panning details. 

Round 

  

 

 

Target and 
condition 

Target 
immobilization 
or capture   

Bead, µl 

(10 
µg/µl) 

Biotinylated 
target 

Phage 
input, 
µl/CFU 

Phage 
production 
after 
panning 
round, ml 

 

R1 PN 

 

X, Y, XTa, YT, GST 
M280 
Streptavidin 20 Saturated (1 µg) 

400/ 

4e12 

 

- 

R1 TH 

 

X, Y, XT, YT, GST MyOne STR C1 20 Saturated (8 µg) 500 / 5e12b 

 

20  

R2 

 

X, Y, XT, YT, GST Neutravidin 10 Saturated (1 µg) 20 / 2e11 c 

 

5  

R3  

 

XT, YT, GST 

M280 

Streptavidin 10 
1 nM (in 
solution) 1 / 1e10 

 

5  

R3d  

 

X, Y 
M280 
Streptavidin 10 

1 nM (in 
solution) 4 / 4e10 

 

5  

R4-1 

 

X, Y, XT, YT   
Streptavidin 
plate - 50 ng /well 1 / 1e10 

 

5 

R4-2 

 

X, Y, XT, YT   
M280 
Streptavidin 10 Saturated (2 µg) 1/ 1e10 

 

5 

R5e 

 

Y 
M280 
Streptavidin 5 

1 nM (in 
solution)  5 / 5e10 

 

5 

a. T: with Tween-20, containing 0.05 % w/v Tween in the binding and 0.1 % w/v in washing buffer. 

b. For R1 TH, the deep freezed phage stock was not precipitated for glycerol removal. 

c. Phage titer for later rounds was assumed phage stock titer obtained by standard protocol (1E13 cfu/ml)  

d. Round three was repeated for Tween-free reactions with R2 stock with higher phage input. 

e. Combination library from Y-DARPins by off-rate and in-solution panning. Phage production volume 

represents amplification of the library before the panning. 
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For screening, the colonies were picked into 96-plate containin g 160 ul LB medium with 

tetracycline, chloramphenicol and 0.5 % glucose. From O/N culture, 2 µl growth was 

taken into phage production plate containing LB, T and C. After 5 hours of incubation, 

20 MOI helper phage was added and incubated O/N. Cells were centrifuged and 2 µl 

supernatant was used in phage immunoassay. 

 

2.2 Phage immunoassay 

Phage immunoassays were performed in streptavidin coated clear well-plate (Kaivogen). 

The plate was saturated with 50 ng target protein incubated in 100 µl Kaivogen assay 

buffer at RT low shaking for 30 min. Wells were washed 4x. Phage sample was incubated 

in 1 h in 100 µl of assay buffer, followed by 4 x plate wash. 50 ng N1-EU anti-VMC-

M13 antibody was incubated for 45 min before washing the plate 4x. 200 µl DELFIA 

enhancement solution was added, and the plate was incubated 10 min in shaking before 

measurement with Victor 1420 Multilabel Counter.  

For binder enrichment measurement, PEG-NaCl purified phage stock from each panning 

round was used in triplicate, targeting 1e7 phage per well. For colony screening, 2 µl of 

supernatant from phage production plate was used without dilution. As background, wells 

with phage and without target were used. 

2.3 DARPin combination library 

DNA was extracted from XL1 5 ml overnight culture. Mix of Y and YT from round four 

was amplified, and linkers were added by primers (PCR 1 in table 3) in 8 parallel 

reactions. The product was purified with PCR purification kit. After BspQI digestion and 

gel extraction, samples were ligated combinatorially using T4 ligase. The product (6 

parallel samples) was gel extracted and amplified (PCR 2). PCR purification and Sfil 

digestion were followed by BspQI digestion. The product was gel extracted but the 

relative amount of correct size product was low in the gel. Gel-ex product was amplified 

again with higher annealing temperature. After Sfil and BspQI digestion, DNA was gel 

extracted and ligated with pEB3v3a vector.  

XL1b cells were transformed using 2 µl of ligation product directly (from total 100 µl) in 

80 µl electrophoresis reaction (Bio-Rad Genepulser 1.25 kV, 25 µF, 200 Ω). Rest of the 
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ligation product was concentrated with Zymo purification kit to 6 µl. Electrophoresis was 

repeated with 2 µl of the concentrated product. The cells were recovered with 1 ml SOC 

medium and incubated 60 min at 37 C and 300 rpm, followed by phage production. 

Table 3. PCR reactions for combination library creation 

N:o Template Forward 
primer 

Reverse 
primer 

Linker between DARPins Annealing 

1 R4 
output, 
DNA 
miniprep 
from XL1 
culture 

 

TH348  

TH348  

TH348  

TH348 

JT0013  

JT0014  

JT0015  

JT0016 

JT001  

JT002  

JT003  

JT004 

TH347 

TH347 

TH347 

TH347 

 

 60 C 

 

2 Ligated 
ARD-ARD 

TH348 TH347 1:GGGS 

2:GGGGSGGGGS 

3:GGGGSGGGSGGGGS 

4:GGGGSGGGGSGGGSGGGGS 

5:GGGGSGGGGSGGGSGGGGS
GGGGS 

6:GGGGSGGGGSGGGSGGGGS
GGGGS-GGGGS 

 

60 C 

 

3 Amplified 
ARD-ARD 

TH348 TH347 As PCR 2 65 C 

 

Binder selection from combination library (5th round) was performed as off rate panning. 

The panning followed the principle of round 3 except after phage binding, unbiotinylated 

target was added in the reaction to compete with biotinylated target for 30 min. In parallel, 

one reaction was conducted with only the biotinylated target. 

2.4 Sequencing 

A plate of each X- and Y-binders were sequenced at Eurofins genetics. Liquid culture 

samples were sent on Eurofins Colony Sequencing Plate. M13rev-29 Standard Primer 

was used.  

The sequences were initially analyzed using Biopython package. DARPin amino acid 

sequence was extracted and saved in a .csv file with the following python commands: 
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import csv 

from Bio import SeqIO 

from Bio.Seq import Seq 

with open("path_of_a_precreated_csv_file", 'w', newline='') as csvfile: 

    seqwriter = csv.writer(csvfile, delimiter=' ', quotechar='|', 

quoting=csv.QUOTE_MINIMAL) 

    for record in SeqIO.parse("path_of_the_fasta_file", "fasta"): 

        seqwriter.writerow([   record.description[-3:], 

Seq(record.seq[record.seq.find('GATCTGGGTAAAAAA'):])[0:1000], 

Seq(record.seq[record.seq.find('GATCTGGGTAAAAAA'):]).translate()[0:350]]) 

The csv file was analyzed in Microsoft Excel, comparing the variable region of DARPins 

and looking for enriched amino acid sequences. 

2.5 Production construct 

Production vector pOri 966 contained His-tag in N-terminus of the produced protein. Two 

methods were used to clone DARPins from pEB3v3a into pOri 966. The traditional 

restriction digest method relied on complementary sticky ends in the fragments created 

by restriction enzymes. NEB High Fidelity Assembly kit has the same principle as Gibson 

assembly, complementary overhangs are aligned during assembly.  

In restriction enzyme-based approach, DARPins were amplified from XL1- pEB3v3a 

liquid culture with PCR (Table 4) and F1 and R4. PCR product was purified with 

NucleoSpin Gel and PCR Clean-up kit (MACHEREY-NAGEL), digested with restriction 

enzymes BamHI and Kpnl (NEB) and purified again with the kit. POri 966 plasmid 

backbone was produced in DH5α (NEB) and purified using NucleoBond Xtra Midi EF 

(MACHEREY-NAGEL). After BamHI / Kpnl digestion, vector was gel-extracted using 

0.8 % agarose gel and NucleoSpin Gel and PCR Clean-up kit. The insert was ligated into 

vector in 50 µl reaction using T4 ligase and 1:3 vector-insert ratio. 

NEB High Fidelity Assembly kit was used according to kit instructions. Vector backbone 

was amplified in PCR with R18 and F19. Insert DARPins were amplified from XL1- 

pEB3v3a using primers F6 and R8. PCR products were purified with NucleoSpin kit. 

Assembly time with NEB High Fidelity kit was extended to 60 min. 

For heat-shock transformation, 2 µl T4 ligation product or 0.5 µl Gibson assembly 

product was added to 12.5 µl DH5α cells and incubated on ice 30 min. Heat shock was 

30 seconds at 42 C, followed by 2 min incubation on ice. Cells were recovered in 250 µl 
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SOC medium and incubated at 37 C 800 rpm for 90 min. 125 µl of cells were spread on 

LB kanamycin (K) plates. After O/N at 37 C (alternatively over weekend at 22 C), single 

colonies were spread into plates. DNA from single colony from secondary plate was 

produced in 5 ml overnight culture. The success of the cloning was analyzed by PCR 

using intra-DARPin primers F11 R12. DNA was extracted from positive cultures with 

Miniprep (Qiagen).  

Table 4. General PCR conditions used in DARPin amplification for production. 

Step Temperature Time 

Hot start 95 °C Manual 

Initial denaturation 98 °C 0:30 

Denaturation 98 °C 0:10 

Annealing 60 °C 0:20 

Extension 72 °C 0:30 

Steps 3-5 repeated 30 times 

Final extension 72 °C 2:00 

Hold 10 °C Manual 

2.6 Production and purification 

0.5 µl vector was transformed into NiCo (NEB) production strain. Multiple colonies from 

O/N plate were transferred to 5 ml LB-K preculture. 4 x 125 µl preculture was inoculated 

into 4x 2500 µl TB-K on 24-well pate and grown at 37 C for 2 hours. Temperature was 

lowered to 18 C and IPTG was added. After 18 h incubation at 250 rpm, cells were 

harvested by centrifuging at 3000 g 15 min 4 °C. If not lysed directly, the pellet was 

frozen using liquid nitrogen and stored at –80 °C.  

For lysis, 4 x 25 µl lysozyme solution was added. The pellet was resuspended into 4x 250 

µl lysis buffer and four pellets were collected. 10 µl DNase mix was added and incubated 

on ice for 5 min. Cell lysate was centrifuged twice 1 h at 20000 rcf and diluted into 5 ml 

IMAC buffer. 

DARPins were extracted in one step purification using affinity chromatography with Äkta 

and Ni columns. The chromatography was run with IMAC buffer. Elution fractions were 

collected and concentrated with 5 ml centrifugal filter with 3 kDa cut-off. 1:1 buffer 

exchange to IMAC was performed to reduce imidazole concentration after elution. For 

gel imaging, 20 µl sample was incubated with 8 µl reducing buffer at 95 C for 3 min.  
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2.7 Affinity measurement 

DARPins binding to target was measured with OctetRED96e using SA streptavidin 

sensors and 1x Octet buffer in PBS pH 7.4 with measurement protocol shown in Table 5.  

Table 5. Octet measurement protocol 

Data Name Assay Time Reagent Flow Rate 

Sensor Check 30 Buffer 1000 

Loading 600 100 nM biotinylated target 1000 

Baseline 120 Buffer 1000 

Association 600 DARPin  1000 

Dissociation 600 Buffer 1000 

 

Data was analyzed in Octet® Analysis Studio using global fitting and 1:1 model.  

2.8 Epitope binning 

A competitive sandwich assay was created for epitope binning. DARPins were buffer 

exchanged into PBS. DARPin was immobilized on 20 mM EDC and 10 mM NHS 

preconditioned AR2G sensor in 10 mM acetate pH 5 buffer. Target protein was let bind 

to immobilized DARPin. Last step was in premix of second DARPin and target, keeping 

target concentration constant. 

2.9 List of reagents 

Table 6.1. Reagents used  

TBS  50 mM Tris-HCl at pH 7.5, 150 mM NaCl 

PEG-NaCl 20 % w/v PEG8000, 2.5 M NaCl 

Panning buffer X 1X TBS, 0.2mM DTT, 1 % BSA 

Panning buffer XT 1X TBS, 0.2mM DTT, 1 % BSA, 0.05 % Tween (0.1 %  Tween in 
washing) 

Panning buffer Y 1X TBS, 0.2mM DTT, 1 % BSA, 2mM MgCl, 0.2 mM ATP 

Panning buffer YT 1X TBS, 0.2mM DTT, 1 % BSA, 2mM MgCl, 0.2 mM ATP 0.05 % Tween 
(0.1 % Tween in washing) 

Panning buffer 
GST 

1X TBS, 1 % BSA, 0.05 % Tween (0.1 % Tween in washing) 

SOC medium 0.5% Yeast Extract, 2% Tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM, 
MgCl2, 10 mM MgSO4, 20 mM Glucose, pH 7.5 

LB medium 30 % tryptone. 20 % yeast extract 10 % MOPS, all w/v 

GTC-plate 15 % agar, 0.5% glucose, 25 μg/ml chloramphenicol, 10 μg/ml 
tetracycline w/v 
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TB-medium  

Trypsin  60 ug/ml in TBS, diluted from stock (6 mg/ml in 1 mM HCl) 

IMAC buffer 25 m MTris pH 8.0, 250 mM NaCl, 0.5 mM TCEP 

IMAC elution 25 m MTris pH 8.0, 250 mM NaCl, 0.5 mM TCEP, 0.5 mM imidazole 

Lysis buffer 5 mM Tris pH 8.0, 250 mM NaCl, 10 % glycerol, 0.2% DDM, 2mM TCEP 

DNase mix 2.5 mg/l DNase I, 0.4 M MgCl, 0.01 M CaCl 

Octet kinetics 
buffer 

PBS + 0.1% BSA, 0.02% Tween-20 and 0.05% sodium azide 

PBS 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4  

 

Table 6.2. Primers 

JT001 TATATAGCTCTTCCGCCACCACCCGCTGCTTTTTGCAGAACTT 

JT002 TATATAGCTCTTCCACTGCCGCCACCACCCGCTGCTTTTTGCAGAACTT 

JT003 TATATAGCTCTTCCACTGCCGCCACCACCACTGCCGCCACCACCCGCTGCT 

TTTTGCAGAACTT 

JT004 TATATAGCTCTTCCACTGCCGCCACCACCACTGCCGCCACCACCACTGCCG 

CCACCACCCGCTGCTTTTTGCAGAACTT 

JT0013 TATATAGCTCTTCTGGCGGCAGTGATCTGGGTAAAAAACTGCTG 

JT0014 TATATAGCTCTTCCAGTGGTGGTGGCGGCAGTGATCTGGGTAAAAAACTGC 

TG 

JT0015 TATATAGCTCTTCTAGTGGTGGTGGCGGCAGTGGTGGTGGCGGCAGTGATC 

TGGGTAAAAAACTGCTG 

JT0016 TATATAGCTCTTCCAGTGGTGGTGGCGGCAGTGGTGGTGGCGGCAGTGGT 

GGTGGCGGCAGTGATCTGGGTAAAAAACTGCTG 

P-Da F1 CACAGATCTGGTACCACCGGTAGCGATCTGGGTAAAAAACTGCTGGAAGCA 

GCACG 

P-Da F4 TCAGTCGACTCATCAATTAAGCTTGGATCCGCCGGTCCCTCACGCTGCTTTT 

TGCAGAACTTCTGC 

P-Da F6 ATGGGATCGCACCATCACCATCACCATCATCACAGATCTGGTACCACCGGTA 

GCGATCTGGGTAAAAAACTGCTGGAAGCAGCACG 

P-Da F8 TAATTAACCTCGAGGCTCAGTCGACTCATCAATTAAGCTTGGATCCTTATCAC 

GCTGCTTTTTGCAGAACTTCTGC 
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3 Results and Discussion 

3.1 Biopanning and binder enrichment 

During production, neutravidin beads unintentionally settled during overnight incubation 

as the rotator stopped. When compared to commercial streptavidin beads and previous 

batch of neutravidin beads, the batch of neutravidin beads showed less binding capacity 

compared to commercial streptavidin beads and previously coated neutravidin beads but 

biotin binding was on acceptable level (Figure 5).  

 

 

 

 

 

 

 

 

 

 

Figure 5. Biotinylated BSA binding capacity of different beads. Bead capacity was tested by 
binding an excess of biotinylated EU-labelled BSA on 5 µg of beads in triplicate. After washing 
the microbeads were incubated in enhancement solution and the solution was transferred on 
96-well plate for time-resolved fluorescence measurement. 

In panning, reactions with and without commonly used detergent Tween were performed 

against both X and Y. Target specific buffers were used preserve the target structure as 

well as possible. With that approach, lack of detergent caused the beads to scatter around 

the tube instead of pelleting normally in presence of a magnet. That resulted in visually 

noticeable loss of beads in washing and at the same time prolonged the time of that step. 

Both factors may have decreased the phage output. Including BSA in washing buffer 

seemed to improve the pelleting.  

GST was chosen as a positive control because the binders could be further utilized as 

biotechnological tools, e.g., for pull-down experiments and as detection reagents in 

immunoassays and western blotting containing GST-tagged proteins. GST was panned 

only with Tween-TBS buffer. 
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Starting from the second round, background panning reactions without targets were 

performed. The outputs are shown in table 7 and figure 6. With almost all the targets, 

output-background ratio constantly increased over the panning rounds.   

Table 7. Panning outputs calculated from dilution plates. With GST, only 3 panning rounds were 
performed. In sample names, + and – represent panning with and without antigen, respectively. 
R4.1 was performed with streptavidin plate and R4.2 with magnetic beads. 

Round X- X+ XT- XT+ Y- Y+ YT- YT+ GST- GST+ 

R1 - 3.6E+07 - 7.2E+06 - 2.5E+07 - 1.0E+07 - 2.9E+06 

R2 1.2E+05 2.8E+05 3.3E+04 5.2E+06 2.5E+05 1.2E+06 1.4E+05 2.8E+06 3.2E+04 5.5E+04 

R3 4.7E+03 1.0E+06 1.0E+03 4.4E+04 1.8E+04 1.4E+06 1.0E+03 2.5E+05 5.0E+02 1.3E+04 

R4.1 6.1E+04 1.2E+07 1.7E+04 4.1E+06 1.3E+05 9.2E+06 0.0E+00 4.4E+06 - - 

R4.2 6.1E+04 4.6E+06 1.7E+04 3.1E+06 1.3E+05 3.9E+06 6.9E+04 2.5E+06 - - 

 

Figure 6. Positive panning / background ratios from of phage outputs. For YT R4 plate, the ratio 
could not be calculated as no colonies were formed in the background sample. The ratio 
indicates the portion of phage that bind to the target and not just to magnetic beads or tubes.  

Binder enrichment was measured in phage immunoassay. The DARPin expressing phage 

were let bind to immobilized target protein. Phage binding was measured by adding 

europium labelled anti-phage antibody and measuring the signal. Enrichment from 

panning output represents polyclonal measurement. Colony screening on the other hand 

was performed with monoclonal samples. With monoclonal immunoassay, stronger 

DARPin binding to the target results in higher signal. With polyclonal sample, high signal 

is a result of both strong binding and the large number of binders in the sample. Even if 

these qualities are not necessarily distinguishable from the result, polyclonal phage 

immunoassay gives an overview of binder enrichment after a biopanning round.  
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Based on the significant enrichment according to phage immunoassay (Figure 7), colony 

screening was already performed from the third panning round. One more panning was 

still performed and colony screening was repeated for fourth round and for the panning 

with combination library. 

 

Figure 7. Binder enrichment in panning output based on polyclonal phage immunoassay over 
the first three panning rounds. R0 (the initial phage library) was once measured against each 
target.  

3.2 Colony screening 

Colonies were picked from dilution dishes to 96 well plates, phage were produced and 

screened with phage immunoassay. Unlike assumed from biopanning outputs, the hit 

rates (where S/B >3) from the third round were low for both X and Y. Percentages of 

binders from screened samples were 28 %, 43 %, 22 % and 3 % for X, XT, Y, and YT, 

respectively. In contrast, significant binder enrichment was achieved with GST already 

on round three, hit rate being 89 %.  

Due to low output, bead-based panning and plate panning, rounds 4.1 and 4.2, were 

combined in colony screening. Hit rates for X, XT, Y, and YT were 61 %, 46 %, 26 %, 

and 5 %, respectively.  
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Figure 8 Signal-background ratios of colony screening samples from rounds 3, 4, and 5. R5.1 
represent off-rate panning of combination library and R5.2 the corresponding in-solution 
panning.  

3.3 DARPin combination library 

As protein Y was considered more interesting target, the combination library was created 

from R4 Y and R4 YT outputs combined. The idea was to create stronger binders by 

bivalent binding Outputs were amplified with different linker-containing primers, ligated 

together to twin-DARPins and subcloned into pEB3v3a vector. Transformation into XL1 

cells was successful (Figure 9). With background subtracted, over 50 000 insert-

containing transformants were expected.  

Outputs from both concentrated and direct transformation were used to produce phage 

stock used in round 5 panning.  Phage outputs from R5 were relatively low (Figure 10). 

Still, compared to background (same background sample for both panning reactions), the 

outputs for off-rate and in-solution pannings were 52-fold and 350-fold. Lower output in 

off-rate panning was expected as competing unbiotinylated target was added to remove 

high off rate phage from biotinylated antigen.  

Colony screening (Figure 8) from round 5 revealed that off-rate panning produced more 

high S/B binders compared to panning without competing antigen. Still, similar and even 

higher S/B ratios observed from round 4 individual Y-DARPins. As S/B ratios are not 
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always comparable and combination DARPins were not further characterized, accurate 

information of binding properties is not available.  

Figure 9. Electroporation of pEB3v3a-ARD-ARD product into XL1b cells. Ligation control 
without insert was used as background sample. With direct transformation and with 
concentrated product, backgrounds were 3 % and 14 %, respectively, compared to positive 
transformation. 

 

Figure 10. Panning output from round 5. In off-rate sample, competing unbiotinylated antigen 
was added after binding. Lower output is expected compared to in-solution sample with 
biotinylated antigen only. Binder enrichment phage immunoassay for was not performed for R5 
samples.  
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3.4 Sequencing 

X and Y - binders with the highest S/B ratios from colony screening phage immunoassays 

were picked from R4 to the fill two 96 sequencing plates, one for each target. Most of the 

sequenced DARPins were unique. Out of 84 successfully sequenced Y-DARPins, there 

were three pairs with the same sequence, (YH7, YF11), (YG7, YTA9), and (YTB6, 

YTC6). For X, number of successful sequences was 90 and 5 pairs had identical sequence, 

(XC2, XC3), (XD2, XD3), (XF5, XF6), (XG6, XG7) and (XH5, XH6). Low number of 

identical colonies in screening indicates relatively low overall binder enrichment. 

Identical clones in X-plate being adjacent rises a suspicion of cross-contamination during 

colony screening.  

Looking at hydrophobicity of variable amino acids (Mozhaev et al., 1988), panning 

without tween produced more hydrophobic DARPins on average for Y but less 

hydrophobic for X (Table 8). For either group, the difference was not statistically 

significant. Based on the results, the presence of detergent does not significantly favour 

binding based on the binder’s hydrophobicity.  

Table 8. Average hydrophobicity of variable amino acids in sequenced DARPins. P-values for 
null hypothesis (X=XT, Y=YT) were calculated with average hydrophobicity of variable region in 
individual DARPins using two-sided Mann-Whitney U-test (Mann & Whitney, 1947; 
Scipy/Scipy/Stats/_mannwhitneyu.Py at v1.14.1 · Scipy/Scipy, n.d.)  

X XT Y YT 

12.33 12.37 12.33 12.24 

p-value=0.36 p-value=0.43 

 

3.5 Production construct 

Both F1 R4 and F6 R9 PCR amplified DARPins successfully. Heat shock transformation 

with ligation product produced typically > 100 colonies in the selection plate. Clones 

were verified with PCR with intra-DARPin primers (Figure 11) Most of the clones by 

restriction digest method were positive but typically negative ones as well. With NEB 

HiFi assembly, significantly more clones were positive compared to restriction digest 

method.  
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Figure 11. Electrophoresis of a F11, R12 PCR validation of a DARPin in the production vector 
cloned by restriction digest. F1, R4-amplified DARPin was used as positive control (last sample) 
and an empty vector as negative control. Samples with longer PCR product (XTE4-1, XTE4-2, 
YH4-2) were considered negative.  

3.6 Production and purification 

Both TB medium with IPTG induction and MagicMedia™ auto induction medium were 

used for production. Protein production was determined by UV absorbance at 280 nm 

with Nanodrop spectrometer. Production levels from 10 ml volume were generally low 

(Table 9), all below 0.2 g/l. One sample, YB5 resulted in negative protein concentration, 

which showcases the relative inaccuracy of the measurement in low concentrations.  

Table 9. Yields from 10 ml production after purification and concentration. M in the name means 
production with auto induction medium.  

Sample Yield, µg  Sample Yield, µg 

YE2 22  XG5 1808 

YD2 54  XE9M 156 

YB4 23  XG5M 68 

YC11 75  XD9 37 

YE8 44  XA3 189 

YH4 41  XC4 936 

YB5 -33  XB11 727 

YG3 54  XC4-2 48 

YE10 101  XD9M 31 

YG11 44  XC5 563 

YE9 218  XC10 272 
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Based on SDS-page images (Figure 12), one-step purification was effective enough, most 

of the protein was DARPin. Only XB11 showed clear protein bands other than produced 

DARPin. It seems that samples with low measured protein concentrations (YB4, YE2) 

did not contain any protein. These samples were not further processed. Some of the flow-

through samples were also run in the gel. Some FT samples were empty, especially YG11 

and YH4 that in gel were located away from concentrated samples. Flow through samples 

loaded next to concentrated samples (XA3, XB11, XC4) showed a visible protein band. 

It is unclear whether protein was already in the flow through sample, or it was flown to 

the well from the nearest concentrated sample when loading the gel. In either situation, 

most of the protein remained in the concentrated sample.  

 

Figure 12. SDS-PAGE of purified DARPins stained with coomassie blue. Flow-through (FT) 
samples from 3 kDa cut-off filter are directly after the concentrated sample or marked 
separately.  

 

Despite similar molecular weight of DARPins in the gel, protein bands are in notably 

different positions. All DARPins are roughly 15 kDa with histidine tag and bands on gel 

were a bit above the 13 kDa ladder. The length of the amino acid chain is the same, the 
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only difference comes from variable amino acids. All the protein samples were treated 

similarly with sodium dodecyl sulphate (SDS) before loading. Proteins are supposed to 

be in completely unfolded state but in case of DARPins it could be possible that some 

unfolded parts are still present. No glycosylation should be present from E. coli 

production. SDS binding is amino acid dependent to some extent so different amino acid 

composition may result in different net charge of the protein (Kielkopf et al., 2021). 

3.7 Affinity measurement 

DARPins were first screened at 1 µM binding concentration to select binders and 

conditions for more precise measurements. As expected, part of the produced DARPins 

bound to the target and some of them not at all. A few example graphs are shown in figure 

13.  

 

Figure 13. Affinity screening with Octet at 1000 nM concentration. Red line is fitting of 1:1 
kinetic model, blue is the measurement data. First two examples (XC4, YE9) associate (0-300s) 
and dissociate (300-600) relatively fast. YE10 initially seemed a binder with low dissociation 
rate. XD9 did not show any binding behaviour. 

 

Different binding profiles were found in more precise measurements (Figure 14). As an 

example, sample XC4 had the highest association rate among the measured samples. Still, 
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due to fast dissociation rate, affinity was much lower than the best ones.YE10 was a 

notable example where binding looked promising during the initial screening at but 

delivered unreliable results from measurement with lower binder concentrations. Total 

four DARPins against Y showed such uncertain binding behaviour, but none among X-

binders. The affinity measurement was performed using standard buffers. It could also be 

tested with target specific buffers, same that were used in panning reaction.  

 

 

Figure 14. Affinity measurement examples. Binder concentrations 100, 20, 4, and 0.8 nM were 
used. 

 

The best DARPins had nanomolar affinities and most of them were in desired level for further 

testing (Table 10). It needs to be noted that no affinity maturation was done. S/B ratio was 

expected to correlate negatively with dissociation constant KD. For all samples, Pearson 

correlation coefficient between S/B and KD was 0.05, excluding the ones with low signal 

response. For X-DARPins, the negative correlation was strong, coefficient being -0.87. 

 

Table 10. Measured affinities from produced binders, measured with multiple binder 
concentrations. S/B ratio is from colony screening phage immunoassay. In last four samples, 
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the signal response was significantly lower than other samples and the affinity measurement 
may not be reliable. 

Sample S/B ratio KD (M) Kon (1/Ms) Koff(1/s) Note 

XC5 207.9 8.90E-09 7.07E+04 6.29E-04 

 

XA3 190.0 1.14E-08 6.57E+04 7.46E-04 

 

XB11 158.6 3.56E-08 7.66E+04 2.73E-03 

 

XC10 156.1 2.27E-08 9.97E+04 2.26E-03 

 

XC4 205.1 1.74E-08 2.46E+05 4.29E-03 

 

XG5M 128.0 3.15E-08 6.50E+04 2.05E-03 

 

XG5 128.0 3.67E-08 2.07E+04 7.59E-04 

 

YE9 160.8 3.91E-09 4.92E+05 1.92E-03 

 

YD2 39.7 7.96E-09 1.73E+05 1.38E-03 

 

YH4 292.4 1.84E-08 8.36E+04 1.54E-03 

 

YB4 38.3 1.35E-08 1.20E+05 1.62E-03 

 

YE8 226.6 2.43E-08 7.66E+04 1.86E-03 

 

YG11 15.7 1.90E-08 9.92E+04 1.88E-03 

 

YE10 41.6 <1.0E-12 3.08E+03 <1.0E-07 Low response 

YC11 2.1 <1.0E-12 1.95E+04 <1.0E-07 Low response 

YG3 51.7 <1.0E-12 6.95E+03 <1.0E-07 Low response 

YE2 42.1 <1.0E-12 7.28E+03 <1.0E-07 Low response 

 

High off-rates and average affinities were almost expected as only one repeat module was 

fully randomized. If binders are considered for affinity maturation, the best approach may 

be to choose the DARPins with the highest on-rate as off-rate is expected to mainly 

improve when binding amino acids are added to DARPin. However, depending on the 

final application, need for epitope coverage needs to be considered as well when selecting 

binders.  

3.8 Specificity  

In almost any use case it is important that the only the intended binding reactions happen. 

In research, unintended binding can lead into false results. In therapeutic use, DARPin 

binding into other molecule than targeted, can cause unwanted side effects. For 

specificity, Y-binders were tested against target X (Figure 15).  None of the binders 

showed significant increase in signal during association at 100 nM binder concentration. 

That indicates that cross-binding to different target is not significant.  
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To make the results more comprehensive, binding with higher DARPin concentration and 

with different antigens could have been tested. Especially testing with targets sharing 

structural similarities with X and Y could have been more challenging test for specificity. 

Negative binding result to similar target would indicate high binding specificity to just 

one protein. 

 

 

Figure 15. Cross binding of Y-DARPins to target X. Association 0 - 300 s, dissociation 300 - 
900 s 

3.9 Epitope binning 

At first, a simple measurement was tested. Two DARPins at 500 nM concentration were 

sequentially bound to the immobilized target (Figure 16). If the second DARPin was 

bound to the different epitope, the signal would increase. For the best results, both 

DARPins should have high affinity in the similar level.   
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Figure 16. Illustration of epitope binning setups with BLI, target immobilised to the sensor. (A) 
First DARPins (red) bind into immobilized target (violet). (B) If the binding site of second 
DARPin (green) is different, both DARPins can bind simultaneously, increasing the signal. In 
case of competitive binding (C), signal is not increased. Created with biorender.com. 

 

Most the measurements resulted in decreasing signal, making it challenging to draw a 

conclusion (able 11 and figure 17). Pairs (XC5, XA3) and (XC10, XB11) look the most 

promising for noncompetitive binding, the reactions were the only ones with increasing 

signal. The signal decrease can be explained by fast dissociation of the first DARPin. If 

the binding of the second is weak, there may be less bound DARPin in the end 

independent of the binding sites. If the first DARPin is weak, signal may increase even 

in case of competitive binding. To make the results more reliable, all the combinations 

could have been measured both directions, including second association with the same 

DARPin and with no DARPin.  

Table 11. Signal change over the second association with immobilized target and two DARPins 
binding sequentially. Based on hypothesis, the higher the signal change (coloured green), the 
more likely the binding is noncompetitive. 

  DARPin in second association 

 
 

XC5 XA3 XC10  XG5M XB11 XG5 XC4 

DARPin in 
the first 
associ-  

ation 

XC5 
 

0.0493 -0.0708 -0.2086 -0.0962 -0.1928 
 

XA3 -0.0076 
 

-0.0812 -0.2368 -0.1209 -0.2047 
 

XC10  
   

-0.0923 0.0437 -0.0622 -0.0222 

A B C B 
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Figure 17. Example graphs of epitope binning measurements with immobilized target. Left: XA3 
- XC5, right: XA3 - XG5M. First (higher line) and second association (lower line) are presented 
in the same time axis, both starting at 0 s. Signal in the association of the second DARPin was 
dominated by dissociation of the first DARPin. 

To eliminate the effect of the dissociation, the second association reaction could include 

equal concentration of the first DARPin. Even in that case, it could be challenging to 

distinguish weak noncompetitive binder from strong competitive. In practice, this would 

consume more DARPins, which needs to be considered when planning the initial 

production. Increasing the production volume would be easy. 

In second experiment using sandwich-type epitope binning method, the first DARPin was 

immobilized on amino-coupling sensor (Figure 18). Due to lack of material, only Y-

binders were measured with that method. 10 nM target and 100 nM second DARPin was 

used. In these conditions, steady state was not reached. Free target was used as positive 

control, in that case no binder is competing. As negative control, the same DARPin as 

immobilized was competing in the second association. Another negative control was with 

just buffer, creating the situation where no free target is available.  

Signal from epitope binning with YE9 immobilized are shown in figure 19, YE8, YE10 

and YH4 were close or above the positive control. These could be potential DARPins to 

bind to different epitope than YE9. YB4 and YD2 were close to negative control. YB4 

and YD2 with YE9 had the highest affinities among Y-DARPins. Most positive samples 

for noncompetitive binding with YE9 were YE10 and YH4. 
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Figure 18. Epitope binning method with immobilized DARPin. (A) The target binds to 
immobilized DARPin, signal increases. (B) Second DARPin binding to different epitope while 
keeping target concentration the same, should cause a slight signal increase. (C) Alternatively, 
competing DARPin dissociates target protein from immobilized DARPin, leading into decreasing 
signal. Created with biorender.com. 

When immobilizing weaker DARPin YE8 (Figure 20), contrary results were obtained 

regarding YE9-YE8 interaction. Signal was notably decreasing during second association 

with YE9, giving strong evidence for competing binding reaction. Other samples where 

signal was decreasing were YD2 and YB4. However, negative control (same DARPin, 

YE8 competing) behaved almost like positive control (with no competing binder). That 

questions the reliability of the used method. The binders that seemed to have a different 

epitope than immobilized YE8 and YE9 were YE10, YH4 and YE8. At the same time, 

these had the weakest affinities among the tested group. As YE8 cannot be 

noncompetitive with itself, the challenge remains the same with this method, how to 

distinguish weak competitive binding from noncompetitive. Full testing with all 

permutations would still be needed to validate the results.  

No clear example was found where two DARPins would bind to different epitopes. 

Neither is the conclusion that all the measured DARPins would bind to the same site in 

the target. Such case is unexpected as target should have multiple possible binding sites 

available. One possibility is competitive binding even without competitive binding. 

Another way to verify two different binding sites would be to create double-DARPin from 

each combination with a linker. If the avidity of the combination is higher than the affinity 

of an individual binder, there would be evidence that two DARPins bind to different 

epitopes.   

A B C 
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Figure 19. Epitope binning data with DARPin YE9 immobilized. Top from left: positive control, 
target with no competing binder; negative control, YE9 competing in second association 
negative control, no target in second association; YD2. Bottom row from left to right: YE8, YE10, 
YH4, YB4 

 

Figure 20. Epitope binning with YE8 immobilized. From left: YE9; positive control (only target); 
negative control (YE8).  

3.10 General discussion 

From general point of view, the results were quite expected. Binders with acceptable 

affinities were found against both targets. Epitope binning could not be confirmed 

successful and would require further research. In this section, improvements to the 

methods used in research are suggested. Also, different approaches in the whole process 

are considered.   

While phage display is a robust technology for biopanning, ribosome or DNA-based 

display system would have a capacity to handle larger number of clones. Utilizing that in 

biopanning could increase the coverage of the theoretical diversity of the library and 

increase the probability of enriching the best binders. Moreover, with cell free display, 

there is one expressed protein per complex. That eliminates the multivalent binding that 

makes binding strength dependent on the display level and is likely present in phage 

display.  
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Based on sequencing, binder enrichment was not strong. It means that the diversity in the 

output was high, possibly leading into situation where some of the strongest binders were 

not characterized due to large number of weaker binders. Screening with phage 

immunoassay did not seem to be necessarily accurate to predict the affinity of the binder. 

For these reasons, continuing the characterization with larger set of binders from colony 

screening could potentially present new even higher affinity binders. It could be possible 

to do cloning into production vector in 96 plate form to speed up the process.  

 The enrichment itself could be improved with additional panning rounds. Another 

approach would be NGS of the whole panning output instead of colony picking and 

screening. Instead of S/B from phage immunoassay, characterized binders would be 

chosen based on the frequency of repetition of sequence in the panning output. If 

functional, that approach could be less labour-intensive compared to phage immunoassay 

and more sensitive for less advanced binder enrichment. 

Relatively low hit rate on round 4 could have affected the creation of the twin-DARPin 

library. It is possible that limited coverage of all combinations in the combination library 

and low hit rate resulted in the situation where selected twin-DARPins only contain one 

unit responsible for binding. Stronger binding compared to individual would require two 

DARPins bind to different epitopes in DARPin. It is also possible that the binding is 

biased towards certain epitope. That would further decrease the possibility of having 

DARPins binding to two epitopes. 

In current approach, after selections, binders were produced, screened as soluble proteins, 

then measured for more precise affinity, and lastly epitope binning was attempted. While 

clear results were not got from epitope binning, the method optimization could improve 

the outcome. If rational design of multispecific binder is the main objective, 

computational prediction of binding site could be an option. One pipeline (Radom et al., 

2019) only requires DARPin sequence and target structure as input and predicts the 

structure of the binding complex, revealing the epitope for each DARPin. Recent 

advancements in AI-based protein structure prediction tools such as Alpha Fold 2 (Jumper 

et al., 2021), could eliminate the need for determining the protein structure with 

traditional methods such as X-ray crystallography. That would enable using the pipeline 

with proteins, structures of which were not available or were not even possible to 

determine with traditional methods.  



47 
 

4 Conclusions 

The aims of the study were achieved in most parts, providing strong evidence for the 

functionality of the DARPin library against different targets. Despite some target related 

challenges and using special biopanning conditions, binders were found against both the 

targets. Characterization of DARPins was successful except from epitope binning. There 

was still room for improvement if the pipeline is reused with other targets. Most 

importantly, binder enrichment and epitope binning could be enhanced.  

Continuation from this study could include screening for functional properties of the 

binders. If stronger binding is needed, found binders could be affinity maturated. Larger 

number of DARPins from panning round four could be tested as in this study, only a 

fraction of them were characterized. 

Even as such, the work was a proof of concept for using the DARPin library as a platform 

for early-stage drug discovery even against potentially challenging targets. Moreover, 

well-behaving binder with trivial modification into stabile multi-specifics can be assumed 

to have multiple potential use cases. Validating the functionality of the library opens 

possibilities to use it for binder selection for many types of research, diagnostic or 

therapeutic purposes.  
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