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Abstract  

Protein-protein interactions and interactions with other molecules including DNA and RNA, 

play an important role in a range of biological activities and processes in all living cells. 

Understanding of protein-protein interactions, new approaches, and tools for their 

modulations are valuable for medicine, biotechnology, and drug development. We used the 

interleukin-10 family of cytokines as a model system for our research of biological 

interactions and modulation of their functions. A key prerequisite to study biological 

processes and a detailed understanding of biomolecular interactions is a recombinant protein 

that is stable under a broad range of conditions. Recombinant protein expression in sufficient 

yield and quality is often a challenging task. Therefore, we aimed at developing new 

approaches in protein design and production. In the first part of our study, we modified IL-24, 

a member of the IL-10 family to increase its expression and stability. We demonstrated that 

protein engineering is a powerful tool in research of difficult protein targets. In the second 

part of our study, we adopted new approaches in designing new protein scaffolds suitable for 

use in the ribosome and yeast display techniques. Protein scaffolds have become promising 

alternatives to antibodies in protein drug development. We described a new scaffold selection 

with a stable structure based on mining of crystal structures in the Protein Data Bank, 

computational evaluation of the selected candidates, and their experimental examination. In 

the third part of this work, we focused on development of bivalent binders able to bind both 

receptors (IL-28R1 and IL-10R2) for interferon lambda. We demonstrated that such bivalent 

binders (or double binders) mimic function of natural cytokines and trigger the downstream 

signalization. Finally, we described the development of a new yeast display platform with 

enhanced secretion of reporter fluorescence protein (eUanG2) on the yeast surface. This new 

platform allowed us a fast labeling-free selection of interferon lambda mimicking binders. 

  



 

 

Abstrakt (In Czech) 

Protein-proteinové interakce, stejně jako interakce s dalšími molekulami například DNA a 

RNA, hrají důležitou roli v široké škále biologických aktivit a procesů v živých buňkách. 

Pochopení proteinových interakcí, nové přístupy a nástroje pro modulaci těchto interakcí jsou 

důležité pro medicínskou a biotechnologickou oblast výzkumu a vývoje. Jako modelový 

systém pro studium biologických interakcí a modulaci biologických funkcí jsme využili 

interleukiny z rodiny 10. Podmínkou studia biologických procesů a pochopení 

biomolekulárních interakcí je příprava rekombinantních proteinů, které jsou stabilní v 

širokém spektru podmínek. Exprese rekombinantních proteinů v dostatečném množství a 

kvalitě je ale často náročným úkolem. Naším cílem bylo proto vytvořit nové přístupy k 

produkci složitých proteinů. V této práci popisujeme modifikaci interleukinu-24 (IL-24), 

člena skupiny IL-10 rodiny pomocí níž jsme dosáhli zvýšení exprese a stability IL-24. Práce 

ukazuje, že aplikace proteinového inženýrství je vhodným nástrojem pro studium složitých 

proteinů. V druhé části této práce jsme se zaměřili na nové postupy v přípravě malých 

vazebných proteinů (skafoldů). Malé vazebné proteiny se staly ve vývoji proteinových léčiv 

slibnou alternativou k široce využívaným protilátkám. Nové vazebné proteiny se stabilní 

strukturou jsme selektovali na základě výběru struktur z databáze 3D struktur makromolekul 

(Protein Data Bank), následného počítačového modelování vybraných kandidátů a 

experimentálního ověření jejich vhodnosti. Dva z kandidátů se ukázaly jako vhodné a dále 

s nimi v laboratoři pracujeme. Třetí část projektu byla zaměřena na vývoj bivalentních 

vazebných proteinů schopných vázat dva cílové proteiny, v našem případě buněčné receptory 

cytokinů. Podařilo se nám připravit bivalentní vazebné proteiny mimikující funkci cytokinu 

Interferon lambda. V poslední části této práce popisuji vývoj nové platformy pro kvasinkový 

displej s vylepšenou sekrecí reportérového fluorescentního protein (eUnaG2) na povrchu 

kvasinek. Nová platforma umožnila rychlou a snadnou detekci dalších bivalentních 

vazebných proteinů mimikující interferonovou odpověď bez použití protilátek.  
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1. Introduction 

Specific protein-protein interactions play a key role in biology by regulating and executing 

biological processes, including intracellular and extracellular communication of living cells. 

Protein-protein interaction studies are important for understanding the functional relationship 

between protein molecular properties and their function in health and disease. The ability to 

modify protein properties would fundamentally open new ways to their therapeutic, 

diagnostic, and general biotechnological use. A powerful tool in protein science is protein 

engineering. Protein engineering together with directed evolution techniques enables altering 

biological functions by modulation, inhibition, or stabilization of protein-protein interactions. 

The development of small binding protein molecules by evolution-based approaches has been 

useful in a wide range of applications from academic research to the development of viable 

drug candidates as therapeutic alternatives to antibodies. The present study focuses on the 

modulation of protein-protein interactions by combining new approaches in protein 

engineering, in vitro selection techniques, and computational design. 

Here, I introduce the results of my work, published in four publications. During my PhD 

studies, I was also involved in other projects that did not relate to the topic of the thesis; this 

work is not discussed here.  

1) Flexible regions govern promiscuous binding of IL-24 to receptor IL-20R1 and IL-22R1. 

2) Protein Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Scaffold for 

Directed evolution. 

3) De novo development protein binders mimicking Interferon lambda signaling 

4) A protein engineered, enhanced yeast display platform for rapid evolution of challenging 

targets. 
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1.1 Interferons and interleukins 

Interferons (IFNs) and interleukins (ILs) are small secreted proteins belonging to a larger 

group of cellular messenger molecules called cytokines. Since the first discovery of interferon 

in 1957 by Alick Isaacs and Jean Lindenmann [1], the IFNs have been showed to mediate 

immunomodulatory functions and play a major role in modulating innate and adaptive 

immune reactions against viral infections [2], intracellular bacteria [3], [4], antiproliferative 

and antitumor immunity [5], [6], [7].  

Interferons are present in cartilaginous fish, bony fish, birds, and mammals. They are divided 

into three independent groups: Type I (IFN-I), type II (IFN-II), and III (IFN-III) according to 

their protein sequence, differences in genomic localization, structural features and biological 

activities. (Pollard et al., 2013). All three IFN types, together with IL-10 related proteins, are 

grouped into a larger family of class II α-helical cytokines. They are characterized by the α-

helical fold consisting of six α-helices, four of them form the compact structural core. They 

all bind to receptor molecules on the cell surface initiating the JAK/STAT signalling cascade 

(Janus Kinase and Signal Transducer and Activator of Transcription pathway). Transcription 

of particular IFN-stimulated genes (ISGs) depends on the combination of the cytokine and the 

cellular receptors (Figure 1.1A) [8].  
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Figure 1.1A The interferon (IFN) signaling pathway via JAK/STAT. The binding of the ligand to the 

extracellular part of its receptor leads to cell response mediated by the JAK/STAT signaling pathway. The 

binding of ligand brings the intracellular part of the receptors-associated tyrosine kinase of the JAK family in 

close proximity leading to activation of the JAK proteins. In the following step, JAK proteins phosphorylate 

tyrosine residues of the STAT family proteins. This leads to STAT dimerization and subsequent activation of the 

IFN-stimulated genes (ISGs). In the case of Interferon types I and III, the tyrosine phosphorylation of the STAT 

leads to the formation of a complex with IFN-regulatory factor 9 (IRF9). This complex is translocated to the 

nucleus and binds DNA. Thus, the interferon stimulation leads to the transcriptional regulation of hundreds of 

genes. (Source: [9]). 
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1.1.1 Type I and II interferons 

The type I interferons include interferon α (IFN-α, 13 subtypes) and related IFN-β, IFN-ε, 

IFN-κ and IFN-ω (human). All 13 human IFN-α subtype genes are located on chromosome 9. 

IFN-δ and IFN-τ were described in pigs and cattle, respectively, and other subtypes were 

described in fish species. Interferons type I signal through the type I IFN heterodimeric 

receptor complex IFNα receptor 1 (IFNAR1) and receptor 2 (IFNAR2) subunits leading to the 

phosphorylation of STAT1 and STAT2 proteins. Phosphorylation of STAT3, STAT4, 

STAT5, and STAT6 were described in different cell types [10], [11], [12]. Type I exhibit a 

wide breadth of biological functions such as anti-proliferative, anti-viral, induction of pro-

apoptotic genes and proteins, modulation of differentiation and stimulation of cytotoxic 

activity on a variety of cells in the immune system (T cells, NK cells, monocytes, 

macrophages, and dendritic cells) [13]. Their distinct functions were shown to be related to 

different affinities of IFN- α subtypes to receptors 1 and 2 [14]. 

In contrast to type I, there is only one member of type II interferon - interferon gamma, IFN-γ, 

in the human genome. Its gene is located on chromosome 12 and is structurally different from 

type I IFNs. IFN-γ is produced by certain immune cells including the natural killer (NK) cells, 

T cells, and natural killer T cells and by Th1 CD4 and CD8 cytotoxic suppressor cells. The 

IFN- γ homodimer signals through a ternary with receptors IFN-γR1 and IFN-γR2 subunits 

triggering the JAK/STAT pathway [15], [16], [17]. IFN-γ induces both pro- and anti-

inflammatory responses and plays an important role in modulation of both innate and adaptive 

immune response against viral, intracellular bacterial infection, and tumors. The proper 

function of pleiotropic interferon gamma is critical for maintaining immune balance and 

homeostasis. Aberrant or disturbed IFN-γ expression is associated with a number of 

autoinflammatory and autoimmune diseases [18], [19], [20]. Therefore, there is an effort to 

develop IFN-γ based agonistic or antagonistic immunomodulatory drugs. IFNs have been 

useful in a variety of cancer diagnoses and viral diseases such as chronic myelogenous 

leukemia, metastatic malignant melanoma or cancer. IFN-α has been approved for the 

treatment of chronic hepatitis B and hepatitis C and it is also effective in the treatment of 

diseases caused by retroviruses [21]. Interferon gamma recombinant protein (IFN- γ1b, 

Actimmune) is an approved recombinant protein drug [22]. Later, associated with different 

diagnoses, antagonist antibody (HuZAF) was approved [23], [24]. 
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1.1.2 Type III interferons 

Interferons lambda (IFN-λs), also known as type III IFNs, have been discovered by two 

independent research groups [25], [26]. Human interferons lambda consist of four members 

with alternative synonymous names (in bracket): IFN-λ1 (IFNL1, IL-29), IFN-λ2 (IFNL2, IL-

28A), IFN-λ3 (IFNL3, IL-28B), and IFN-λ4 (IFNL4). The newest member of interferons 

lambda IFN-λ4 was described in 2013 [27]. Interferons lambda are classified into the IL-10 

family as they share structural and genomic similarities and signaling through the common 

IL-10 receptor subunit 2 (IL-10R2). Type III interferons as well as type I and II are induced 

by viral and bacterial infections and have an important role in both innate and adaptive 

immune responses similarly to other interferon groups [28].  

IFN-λs have been shown to play an important role in viral infections e.g.: human 

immunodeficiency virus (HIV1) [29], hepes virus type 2 [30], [31], hepatitis B virus and 

hepatitis C virus [32], [33], human cytomegalovirus CMV [34], vesicular stomatitis virus 

(VSV) [35] and a number of respiratory viruses (influenza A and B, human 

metapneumovirus) [36]. It was also described that IFN-λs inhibit the replication of SARS-

CoV-2 (severe acute respiratory syndrome coronavirus 2) in mice models [37]. Different 

pathogenic bacteria such as Listeria monocytogenes, Staphylococcus aureus, Staphylococcus 

epidermidis, Enterococcus faecalis, and Mycobacterium tuberculosis were shown to induce 

IFN-lambda genes in intestinal LoVo cells, lung epithelial cells A549, HepG2 hepatocytes, 

and BeWo trophoblastic cells. These findings suggest an important role of IFN-λs in 

modulation of the immune response to intracellular bacteria in epithelial tissues [38]. All type 

III interferons are located on the human chromosome 19 and share a high degree of similarity, 

which suggests single origin and the existence of their common ancestor. IFN-λ1-3 share high 

amino acid sequence homologies (IFN-λ2 and IFN-λ3 share 96 %, IFN-λ1 share 74 % identity 

with IFN-λ2). Whereas IFN-λ4 share only 41 % similarity to IFN-λ3 [39]. 

The crystal structure of IFN-λ1 and IFN-λ3 reveals a four-helix bundle structure typical for 

class II cytokines. Comparison among structures of IFN-λ1, IFN-λ3, and class II cytokines 

showed structural homology between IFN-λ, interleukin 22 (IL-22), and interleukin 19 (IL-

19) [40], [39]. 
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IFN-λs mediate their biological activities through a heterodimeric receptor complex, initiating 

the common JAK/STAT phosphorylation-dependent signaling cascade. The receptor 

complexes for IFN-λs consist of the two subunits: α-subunit IFN-λR1 (also called IL-28RA or 

IL-28R1) and β-subunit IFN-λR2 (also called IL-10RB or IL-10R2). Interestingly, the IL-

10R2 is shared by the IL-10, IL-22, and IL-26. The IL-28R1 subunit expression is highly 

restricted and expressed exclusively in epithelial cells including hepatocytes, macrophages, 

and plasmacytoid dendritic cells [25], [26], [41]. Despite their similarity, IFN-λs possess 

different binding affinities to their receptors [42]. IFN-λ binding to its receptors results in 

activation of receptor-associated JAK1 and Tyk2 kinases. Following, tyrosine 

phosphorylation of STAT1 and STAT2 (activation of the STAT3, STAT4, and STAT5 was 

detected as well) leads to dimerization and subsequent association with IFN-regulatory factor 

9 (IRF9) and the formation of a transcription complex designated IFN-stimulated gene factor-

3 (ISGF3). Following nuclear translocation, the ISGF3 complex binds to interferon-stimulated 

response elements (ISREs) in the genome and induces the transcription of IFN-stimulated 

genes (ISGs) [26], [43].  

Type I and type III interferons activate the same intracellular signaling pathway and similar 

biological responses including antiviral and antitumor activities [44]. However, there are 

some differences between interferon type I and type III interferons. Most type I IFNs genes 

lack introns, whereas type III genes have 5 or 6 exons. Type I and III IFNs show significant 

differences in the transcription regulation, which is controlled by different combinations of 

Interferon Regulatory Factors (IRFs) and Nuclear Factor-κB (NF-κB) [43]. Type I receptors 

(IFNAR1 and IFNAR2) are ubiquitously expressed unlike the type III receptors that are 

expressed mostly on epithelial cells. Therefore the IFN-λ´s antiviral effect is prominent only 

in epithelial barriers such as gastrointestinal, respiratory, and reproductive tracts [45], [36]. 

Type I interferons tend to be more potent, more pro-inflammatory. Type III interferons 

showed slower kinetics than type I. Type III interferons usually act as the first line of defense 

against viruses at barrier tissues [43], [46], [47].  

Since the discovery of interferons, they have been used for therapeutic applications with 

tremendous clinical achievements. IFNs type I was anticipated to be effective therapies 

against multiple malignancies. However, type Is are associated with adverse side effects, 

which are linked to their ubiquitous actions supported by expression of their receptors in a 

wides spectrum of cell types. Such side effects limit the application of type I and also of type 
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II IFNs [48]. On the other hand, IFN-λs cause minimal side effects because of expression of 

their receptors restricted to cells in the epithelial tissues. Therefore, type III interferons show 

high potential for clinical application as a promising agent for the treatment of the respiratory 

and gastrointestinal viral infection and cancer therapy [49], [50]. Type III also possesses a 

direct effect against cancer cells by inhibiting cell proliferation and promoting apoptosis [51].  

 

1.1.3 IL-10 family 

Interleukins, together with related interferons (IFN), belong to the class II cytokine group of 

cellular messenger molecules with immunomodulatory functions. The interleukins are divided 

into several family groups according to genomic location, structure, receptor usage, and 

biological function [52]. ILs have been subjected to intensive studies to understand and 

ultimately modulate their signaling since the imbalance in this system can lead to various 

diseases such as allergy or autoimmunity disorders [53], [54], [55] 

The Interleukin-10 family includes nine members: IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, 

IL-28A, IL-28B, and IL-29. FIL-10 interleukins have a generally low sequence homology, for 

instance, IL-22 and IL-10 share only 22% sequence identity, but highly preserved 

characteristic α-helical fold consisting of six helices labeled A to F [56], [57], [58], [59]. 

While IL-10, IL-22, and IL-26 are produced by immune cell types; IL-19, IL-20, and IL-24 

can be secreted by both tissue cells (non-immune cell types) and immune cell types.  

The primary role of IL-10 family interleukins in the immune system is the protection of cells 

against viral and bacterial infections, induction of antiviral responses, stimulation of the 

epithelial cell proliferation, antipoetic response, tissue healing, and restoring homeostasis 

[60]. The signaling requires interactions of interleukin 10 members with two cognate 

transmembrane receptors called receptor 1 and 2 (R1, R2) or alpha and beta (IL-10R1, IL-

10R2, IL-20R1, IL-20R2, IL-22R1, and IFNL R1) (Figure 1.1B). The signalization occurs via 

the common JAK/STAT pathway and primarily activates STAT3 [61]. 
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Figure 1.1B: Signaling partners of IL-10 family: The interleukin-10 (IL-10) family of cytokines signals via 

heterodimeric receptor subunits. IL-19, IL-20, and IL-24 signal via IL-20 R1 and IL-20 R2 receptors. IL-24 

signals via two heterodimeric receptor subunits IL-22R1/ IL-20R2 and IL-20R1/IL-20R2.IL-10 signals through a 

complex of IL-10R1 and IL-10R2. IL-22 signals via an IL-22R1 subunit in combination with an IL-10R2 

subunit. Signaling through these cognate cell surface receptors initiates the activation of canonical Janus kinase 

(JAK)-signal transducer and activator of transcription (STAT) signaling pathways. Figure copied from [61]. 

 

Human IL-10 is a homodimeric protein with both immunostimulatory and anti-inflammatory 

properties. IL-10 regulates and inhibits the expression of pro-inflammatory molecules such as 

TNF, IL-1, IL-6, IL-8, and other cytokines. Immunosuppressive functions reduce the tissue 

damage caused by these cytokines and thus maintain and restore tissue homeostasis [62].  

Overexpression or mistimed production of IL-10 can inhibit a pro-inflammatory response 

[63], thus some pathogens including Plasmodium spp [64], Leishmania spp [65], 

Mycobacterium [66], and Lymphocytic choriomeningitis virus [67] can evade the immune 

control. Several pathogens are able to mimic the immunosuppressive effect of IL-10 to limit 

the host immune system. The deficiency of the IL-10 is connected to the development of 

autoimmune diseases including inflammatory bowel disease (chronic inflammatory disorder 

of the gastrointestinal tract), psoriasis, and rheumatoid arthritis [68].  

Interleukin 24 (IL-24) forms an IL-20 subfamily together with IL-19, IL-20, IL-22, and IL-26 

according to the sharing receptors and similar biological functions such as modulation of the 

defense mechanism, tissue repair process, metabolic processes, and communication between 
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epithelial cells and immune system [69]. The shared receptor IL-10RB is expressed 

ubiquitously, while the expression of the specific receptors IL-22RA and IL-20RB is 

restricted to certain tissue giving the IL-20 members specific functions [70], [71] 

 

1.2 High-affinity protein binders   

Biological functions of many proteins are dependent on specific interactions with other 

biomolecules. Antibodies are specialized binding proteins and represent a rapidly growing 

class of human therapeutics [72]. Monoclonal antibodies have a range of disadvantages that 

limit their applicability. These limitations relate to the size of the antibody (about 150 kDa), 

expensive manufacturing, stability, solubility, and flexibility. The patient related side effects 

of protein drugs vary between flu-like symptoms to liver failure or even inducing autoimmune 

diseases. Therefore, there has been a motivation to overcome some of these drawbacks by 

developing protein engineered small non-antibody scaffolds for human therapy and imaging 

application [73], [74], [75], [76]. High-affinity binders have become a tool in molecular 

biology research and biotechnology, clinical diagnostics, drug development, therapeutics, and 

bioimaging [77]. 

These artificial high-affinity protein binders (protein scaffolds) possess significant benefits 

over commonly used antibodies, such as smaller size and low molecular weight, more 

effective penetration into the tissue, higher stability, flexibility, higher productivity, and lower 

cost of production. Moreover, protein engineering allows to modify specificity, function, and 

activity of these protein therapeutics [78], [79]. Several protein scaffolds have been tested and 

proven to be useful in a wide range of applications from academic research to the clinical 

development phase, making these protein scaffolds viable drug candidates as therapeutic 

alternatives to antibodies [80]. Growing development of the in vitro selection technologies, 

such as ribosome, yeast or phage displays enable selection of specific high-affinity binders 

based on scaffolds. Examples of successfully used scaffolds are DARpin (designed ankyrin 

repeat proteins) [81], Atrimers [82], Kunitz domain [83], AdNectin [84], Affibody [85], 

Nanobody, Anticalin [86], Avimer[87] and more (Figure 1.2A).  
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Figure 1.2A: Structure of protein scaffolds. The loops that recognize the antigen are colored in red and 

disulfides are highlighted in yellow (Figure copied from: [80]). 

 

Medical treatment by therapeutics based on proteins has developed dramatically over the last 

40 years since the approval of recombinant insulin [88]. Over 200 different protein drugs and 

peptides have been proved by FDA (US Food and Drug Administration) [89]. The FDA has 

approved many recombinant proteins as biotechnology medicines, antibody-drug conjugates, 

vaccines, enzymes, natural/recombinant cytokines, and interferons [90]. Several of the small 

protein scaffolds have been under clinical and preclinical development. KalbitorW, an 

inhibitor used for the treatment of hereditary angioedema, has been approved by the FDA 

(ecallantide; Dyax) despite being based on the non-antibody scaffold Kunitz domain [91], 

[92]. Affibodies have been developed for imaging applications and allow the visualization of 

metastases in vivo using positron emission tomography (PET) [93].  

 

1.3 Directed evolution  

Directed evolution is a robust and highly effective method to engineer and improve protein 

properties, functions, and metabolic pathways. Directed evolution in the laboratory mimicking 

natural evolution requires a generation of diversified genes and a high-throughput screening 

method to identify the proteins with desired properties [94]. In the past decade, numerous 

molecular biology techniques have been developed to create genetic diversity. The single-
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gene libraries can be created by several methods such as random mutagenesis [95], site-

directed or saturation mutagenesis [96], gene shuffling [97], and de novo synthesis. Library 

size is limited by molecular cloning protocols and by host transformation efficiency. High-

throughput methods such as Fluorescence Activated Cell Sorting (FACS) enable screening or 

selection of gene variants. Thus, the directed evolution techniques represent a powerful tool 

for protein engineering. The basic directed evolution procedure consists of four main steps 

(Figure 1.3A). Firstly, the diversified DNA library is created. A diverse gene library is 

translated into corresponding protein products. Following, the screening and selection of 

variants with desired functions are performed by high-throughput methods. Subsequently, the 

DNA is replicated and used as a starting point for other rounds of diversification and 

screening or selection. The basic steps of directed evolution are shown in figure 1.3A. 

 

Figure 1.3A: Steps of the directed evolution in the laboratory: 1. Diversification of the DNA library. 2. 

Translation of DNA library to the protein product. 3. Screening and selection by high-throughput methods. 4. 

New diversification of selected library. Figure copied from: [94].  
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1.3.1  Yeast surface display 

Yeast surface display is one of the in vitro directed evolution methodologies and represents an 

exceptionally powerful tool. The yeast display, together with phage display [98], bacteria 

display [99], mammalian display[100], ribosome display [101] has been proven to be an 

effective method for human antibody engineering, protein affinity, and stability engineering, 

directed evolution of enzymes and scaffold-based proteins with therapeutic potential and 

biological applications [102], [103], [104]. The yeast display technique is based on the 

expression of the bait (protein binder or its library) in high copy numbers on the surface of 

Saccharomyces cerevisiae [105]. Prey protein (targeted protein) is fluorescently labeled and 

the binding is analyzed by Fluorescence Activated Cell Sorting (FACS). Yeast surface display 

enables to generate and screen large protein libraries up to 109 variants. The expression and 

display of protein on the surface of bacteria [99] have been established but the eukaryotic 

cells offer the advantage of posttranslational modification machinery as well as protein 

quality control. Stabilizing mutations can be applied in order to enhance protein stability, 

folding and expression [106]. The basic yeast display system (Figure 1.3B) is based on a-

agglutinin mating complex consisting of two subunits Aga1p and Aga2p [107]. The Aga2p 

protein fusion is encoded on plasmid and expression is under the control of galactic-inducible 

promoter (GAL1); in opposite the Aga1p is encoded on the yeast genome. Assembly of 

Aga1p and Aga2P is covalently anchored by disulfide bonds. The C-terminal tag attached to 

the N-terminus of the binding protein allows immunofluorescence staining and thus the 

protein expression can be verified using the Fluorescence Activated cell Sorting (FACS). Cell 

surface-displayed variants can be detected by using fluorescent-labelled antibodies [108] or 

by using fluorescent proteins [109].  
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Figure 1.3B: Yeast surface display setup: Aga1p is anchored to the cell wall. Aga2p is covalently linked via 

two disulfide bonds to Agap1. The protein of interest is fused to the Aga2p protein on its C-terminus. The 

fluorescence can be detected by using fluorescence antibodies binding to epitope tags c-myc and HA 

(hemagglutinin). Figure copied from: [110].  
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2 Aims 

The main aim of my study was de novo development of novel small protein binders able to 

modulate signalization cascades of cytokines from the family of interleukin 10 (FIL-10) and 

thus in a favorable way modulate the mammalian immune defense system. The fundamental 

motivation was to advance the methodology, develop new approaches in protein engineering 

and directed evolution techniques, and develop robust protein binders with a potential for 

clinical applications.  

I. Protein engineering of IL-24 based on homology models built from structures of 

IL-20 and IL-19. Prediction of the most stable variants by PROSS server. 

Production of the most stable variants of IL-24. Crystal structure determination. 

 

II. Design, development of the novel high-affinity protein scaffolds. Selection of 

high-affinity antagonist to FIL-10 targets. Modulation of protein-protein 

interaction by directed evolution techniques (ribosome and yeast display).  

 

III. Development of binders to both interferon lambda (IFN-λ) receptors (IL-28R1 and 

IL-10R2). Targeted modulation of IFN-λ interactions by in vitro directed evolution 

technique. Development of the bivalent binders based on molecular scaffolds with 

the ability to trigger the biological response in human cell lines. 

 

IV.  Enhancement and simplification of the yeast display technique. Preparation of the 

scaffold libraries in plasmids optimized for enhanced non-labeling yeast display 
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3 Results and discussion 

3.1 Engineered IL-24 

Flexible regions govern promiscuous binding of IL24 to receptor IL-20R1 and IL-22R1: 

FEBS JOURNAL. Zahradnik J., Kolářová L.,  PelegY.,  Kolenko P., Svidenska S., 

Charnavets T., Unger T., Sussman J., Schneider B. (2019), 286, 3858-3873 

Protein engineering offers the possibility to modulate various protein properties such as 

stability, expression, and solubility. Optimizing recombinant protein properties may be crucial 

for research studies or biotechnology applications where more stable proteins are required. In 

our study, we aimed to overcome the challenging production of IL-24, a member of the 

interleukin 10 family. IL-24 signals via two heterodimeric receptors complexes IL-22R1/IL-

20R2 and IL-20R1/IL-20R2 [111], [112]. We used homology modeling and protein 

engineering to improve the challenging production of IL-24. We managed to predict the 

structure and produce several IL-24 PROSS [113] and FireProt [114] stabilized variants in 

high yields in E.coli. We named the most stable PROSS-designed variant IL-24P7. 

Unfortunately, the most stable variant IL-24P7 lost its affinity to both IL-20R1 and IL-22R1 

(receptors 1) resulting in the abolishment of its signaling capacity. In order to restore the 

binding capacity to receptors, we introduced mutation back to wild-type. The reintroduction 

of just one critical residue (T198R) led to the restoration of binding to receptors 1 a thus the 

signaling ability. The new, stabilized and highly soluble protein enabled us to determine the 

crystal structure of IL-24B, PDB ID 6gg1.  

 

3.1.1 Design of stabilized IL-24 variants 

We attempted to produce IL-24 wild type by creating different constructs and purifying the 

protein in different production systems e. g. Schneider S2 cells, human HEK293 cell, and 

Escherichia coli (refolding of inclusion bodies). The production, solubility, and stability of 

the resulting proteins were insufficient in all efforts. Therefore, we took advantage of the new 

protein engineering techniques and designed more stable IL-24 variants using the combination 

of the two algorithms PROSS and FireProt protein stabilization server. PROSS uses known 

3D structures. The 3D structure was not known at the time, so we decided to use homologous 

models based on known structures of related cytokines IL-20 (PDB 4DOH) and IL-19 (PDB 
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1N1F). By combining outputs from multiple models, we obtained three different constructs 

that possessed a different number of mutations, IL-24P3, IL-24P5, and IL-24P7 (Table 3.1A). 

We verified expression, solubility, and stability with all three constructs. Results showed the 

best protein properties for IL-24P7 construct with the highest number of 34 mutations. This 

variant was stabilized at 24°C. 

Table (3.1A): Characterization of the PROSS-designed IL-24 variants. A) IL-24 WT and PROSS designed IL-

24 variants (IL-24P3, P5, P7). Melting was measured by MST. STAT3 phosphorylation was measured by Signal 

STAT3 Reporter (luc) Kit on HeLa cells and compared to IL-24 WT. B) Reverse engineering of IL-24P7 variant. 

IL-24B was crystallized and deposited to PDB as 6GG1. IL-24B4 is a variant with restored affinity to signaling 

receptors 1. In the Var B variants, we reverted residues at the interface with IL-20R2, in Var A, at the interfaces 

with the receptors 1 (IL-20R1, IL-22R1) 
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3.1.2 Restoring the binding of IL-24P7 to IL-20R1 and IL-22R1 

The most stable variant, IL-24P7 with 34 mutations, showed a significant increase in 

expression level in E.coli. The measurement of binding affinity to receptors 1 (IL-20R1 and 

IL-22R1) showed low affinity to both receptors (Figure 3.1A). Therefore, we investigated a 

novel IL-24 structure (PDB ID 6DF3) solved during our ongoing experiments in order to 

uncover the influence of the PROSS-introduced mutation to the affinity of IL-24 variants to 

receptor 1. We identified residues that interfered with receptor binding sites (for receptor 1 

and receptor 2). We prepared reverse engineered PROSS variants of IL-24P7 (variants A for 

residues at the interface with receptor 1 binding and variants B for residues at the interface for 

receptor 2 binding) by changing mutations back to the wild-type (Figure3.1A). The resulting 

variant containing four reverted mutations (V145L, L146Q, V148R, and S149K) on the 

interface for IL20R2 had a similar affinity as IL-24 WT. The binding affinity to IL-20R1 was 

restored with a single residue (T198R) of the PROSS-designed changes back to the wild-type, 

but this resulted in a less stable protein, which we named IL-24B. The restored binding 

affinity was accompanied by the ability to activate STAT3. The side effect was decreasing of 

the thermal stability by 9 °C relative to IL-24P7. The Figure 3.1A shows the sequence 

alignment of the IL-24 wild-type, PROSS variant IL-24 with 34 mutations, and IL-24B with 

reverse mutations resulting in 30 mutations in comparison to IL-25 WT. 
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Figure 3.1A: Multiple sequence alignment of IL-24 sequences. WT= wild-type sequence corresponding to 

UniProt ID Q13007. PR=PROSS output sequence, P7 (IL24-P7)=modified PROSS variant described in the text, 

B (IL-24B)= sequence of IL-24P7 including four residues mutated back to WT. The mutations in IL-24 variants 

are labeled as the black boxes above sequences. The blue background shows residues at the interface with receptor 

1 and the yellow background show residues at the interface with receptor 2.  

 

3.1.3 Crystal structure of IL-24B 

We solved the crystal structure of one variant named IL-24B based on IL-27P7 with 30 

mutations relative to the human IL-24 wild-type (Q13007). The IL-24B structure was solved 

at 1.3 A resolution and deposited to PDB as 6GG1 (Figure 3.1B). We compared the stabilized 

variant IL-24B with IL-24 from the ternary complex (PDB: 6DF3-53) and we demonstrated 

the same overall structural similarity.  

 

 

Figure 3.1B: The purification of the IL-24B recombinant protein and structure of IL-24B (PDB 6GG1). A) 

The superposition of the IL-24B (PDB 6GG1-green) over IL-24 WT-red. B) The crystal structure of the IL-24B 

drawn as planks and pipes.  
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3.2 Development of the robust ProBi scaffold 

Protein Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Scaffold 

for Directed evolution. Viruses. Ngoc P.P., Huličiak M., Biedermannová L., Černý J., 

Charnavets T., Fuertes G., Herynek Š., Kolářová L., Kolenko P., Pavlíček J., Zahradník 

J., Mikulecky P., Schneider B. (2021), 13, 190 

 

High-affinity binders or so-called small non-antibody protein scaffolds have been proven to 

be useful in biotechnology and clinical application, diagnostics or therapeutics [115], [116], 

[117]. Protein scaffolds represent alternatives to antibodies [80]. High-affinity protein binders 

possess significant benefits over commonly used monoclonal antibodies such as smaller size 

and low molecular weight, more effective distribution into tissues, higher stability, flexibility, 

higher productivity, and lower cost of production [118], [77],[119]. This study focused on 

developing, engineering, and selecting of novel protein scaffolds. Here, we describe the 

procedure of the selection of protein candidates from Protein Data Bank (PDB) [120], 

screening and computational evaluation of mutable regions, expression and characterization 

of protein scaffolds. We introduce de novo protein scaffold ProBi (Protein Binder) that 

comprises two independently mutable patches on its surface. The ProBi scaffold was tested 

for its applicability by generating high-affinity variants to IL-10[121], [122] by using in vitro 

directed evolution techniques [123].  

 

3.2.1 Selection of small protein scaffold candidates 

The first step of the procedure was to select the appropriate candidates from the Protein Data 

Bank database (PDB). We strived for suitable structure, small size, monomeric protein, 

solubility, low number of cysteine residues, with no ligand and cofactors, easy expression in 

E.coli, and it should not be toxic or immunogenic. According to these criteria, we chose 12 

candidates for further investigation (Table 3.2A).  
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Table 3.2A: List of the selected candidates suitable for de novo scaffold. 
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In the next step, we looked for the possibility to mutate the surface patches while preserving 

the stability of the selected candidates. We combined two different approaches: multiple 

sequence alignment and in silico saturation mutagenesis by the FoldX program [124]. In 

multiple sequence alignment, we aligned homologous protein from a different organism using 

UniProt BLAST, and conservation of each amino acid was calculated. We performed in silico 

saturation mutagenesis to evaluate the mutability of the residues by the FoldX program. For 

further examination, we excluded four candidates. In eight candidates, each position was 

substituted by all of the 20 standard amino acid residues, and free energy differences (ΔΔG) 

were calculated. By a combination of these two approaches, we selected mutable residues 

followed by visual searching on the 3D structure of each protein candidate suitable surface 

region (mutable surface patch). We obtained five protein candidates with at least one mutable 

surface patch, in three of them even two mutable patches. Each patch obtained at least 10 

mutable residues suitable for ribosome display libraries.   

 

3.2.2 Characterization of protein scaffolds candidates 

We continued with five protein candidates-4PSF [125], 1N3Y [126], 4I3B[127], 1W2I [128], 

and 2F3L [129]. We tested the expression level, solubility, and stability of selected 

candidates. We cloned candidates with N-terminal and C-terminal His-tag, produced them in 

E.coli BL21(DE3) at different temperatures, and performed two-step purification procedures 

based on Ni-NTA agarose beads and size exclusion chromatography. We obtained three 

protein candidates at high purity (4PSF, 1N3Y, 4I3B) and one at a lower purity level (2F3L). 

We also tested the dynamic light scattering and thermal stability of candidates. In order to 

verify the mutability of the selected scaffold variants, we performed alanine mutation 

scanning and mutated calculated residues in each patch to alanine [130], [131]. In this stage, 

we worked with 3 chosen scaffolds 4PSF, 1N3Y, 4I3B (Figure 3.2B). Alanine mutants of the 

1N3Y and 4PSF expressed well and were soluble for 4PSF PatchN and PatchC and 1NY3 

PatchN. We decided to continue with the 4PSF scaffold due to its easy expression, solubility, 

thermal stability, monodispersity and circular dichroism spectra.  
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Figure 3.2B: Surface patches of mutable residues of selected protein candidates of PDB IDs 4PSF, 1N3Y, 4I3B. 

Each protein scaffold candidate has two mutable surface patches PatchN (red) and PatchC (cyan). 

 

3.2.3 Construction and testing of ProBi scaffold to IL-10 

The main interest here was to create a robust and universal protein scaffold suitable for 

ribosome and yeast display, directed evolution techniques. In order to receive such a universal 

scaffold, we removed 16 amino acids of the N-terminus of the 4PSF scaffold, which appeared 

to make both mutable Patches not accessible for target protein during yeast display selection. 

Furthermore, we omitted C-terminal residues that were not visible in the original 4PSF 

structure electron density map. We integrated N-terminal Strep-tag for protein purification 

and c-Myc tag on C-terminus for detection of expressed variants by using Fluorescence-

Activated Cell Sorting (FACS). 

We termed this new scaffold ProBi-WT. The new scaffold was trained against IL-10 with 

protein as the target. We performed selection runs of ribosome display for the fourth time. 

After that we selected 190 random colonies for a small-scale expression and verified binding 

to target IL-10 using ELISA assay. During preselection, we selected 10 variants (Figure 3.2C) 

with a high affinity to IL-10 and low non-specific binding to BSA, skimmed milk, and IL-29. 

We tested the binding affinity of purified selected clones by MST (MicroScale 

Thermophoresis) [132] showing the best affinities for two clones G3 and F5 with dissociation 

constant (KD) 208 nM and 6 nM (Figure 3.2C). We also tested the ability of G3 and F5 

variants to inhibit the IL-10 signaling pathway by competitive binding assay on the 

RAW264.7 cell line. We chose this line because it expresses both IL-10R1 and IL-10R2 on its 

surface. We did not see any inhibition. 
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A) 

 

B) 

 

 

Figure 3.2C: A) The amino-acid sequence alignment of ProBi-WT scaffold and selected high-affinity binders to 

IL-10 (A2-G6). The yellow represents amino acids of ProBi-WT and the green color represents selected variants. 

B): The microscale Thermophoresis (MST) curves of two best ProBi IL-10 binders (F5, G3) in two different 

buffers.  
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3.3  Development of the bivalent binders mimicking cytokine function  

De novo developed protein binders mimicking Interferon lambda signaling. FEBS 

Journal. Kolářová L., Zahradník J., Huličiak M., Mikulecký P., Peleg Y., Shemesh 

M., Schreiber G., Schneider B. 

 

In this study, we aimed to develop de novo small protein binders based on the ability to 

trigger signalization in human cell lines and thus mimic the biological function of selected 

cytokines. Cytokines are an important class of signaling proteins, that play an important role 

in native immunity against viruses and bacteria. Therefore, cytokines are important targets for 

medical treatment. The therapeutics based on proteins represent a growing field [79], [89], but 

only a few protein drugs are aimed at boosting or enhancing native signalization cascades and 

thus overcome some diseases. In addition, most cytokines are sensitive proteins that are hard 

to express. Therefore, the production of a small protein scaffold with optimized properties and 

stable structure capable of triggering designed biological function is desirable. We describe a 

procedure of engineering and selection of the protein scaffold called double binder (or 

bivalent binder) with the ability to mimic the cytokine signalization. We focus our research on 

IFN-λ cytokines for their novelty and the importance of their biological functions. They are 

viable tools for curing respiratory and gastrointestinal viral infections [50] and have a great 

potential of IFN-λ in immunotherapy because they promise less severe side effects compared 

to the other interferon therapies [133]. IFN-λ includes four secreted cytokines (IL-28A, IL-

28B, IL-29, IFNL4) belonging to the Interleukin-10 family that signal through binding to the 

extracellular domains of IL-28 receptor 1 (IL-28R1) and IL-10 receptor 2 (IL-10R2) [25]. 

Therefore, we aimed at developing scaffolds with two mutable patches, double binder or 

bivalent binder, able to bind both receptors simultaneously. Such a feature mimics the 

function of cytokines and/or other proteins signaling through simultaneous binding to two 

receptors. This project consisted of three main steps. In the first step, we selected binders 

from several yeast display libraries to bind lambda receptors IL-28R1 and IL-10R2 separately. 

In the second step, we created bivalent binders or double binders able to bind both receptors 

simultaneously. Finally, we selected variants with the ability to trigger biological responses in 

human cell lines.  
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3.3.1 Selection of bivalent binders to IL-10R2 and IL-28R1 

In the first step, we created six yeast display libraries from five different scaffolds (ProBi 

[134], Sso7d [135], Kan-Nfr [136], GP2 [137], Knottin [138]). The ProBi scaffold has two 

mutable patches (PatchN and PatchC) (Figure 3.3A). Each library was pre-selected against 

IL-28R1 and IL-10R2 separately. We performed four selection rounds of yeast display 

combined with Fluorescence Activated Cell Sorting (FACS). Naïve libraries were selected 

with starting concentration of the target receptors 4 µM. Subsequently, we gradually 

decreased the concentration of IL-28R1 and IL-10R2 proteins from 2.5 to 1 µM and 500 nM 

to increase the selection stringency. We obtained binding populations only for the ProBi 

(PatchN and PatchC), Kan-Nfr, and Sso7d scaffold.  

 

Figure 3.3A: Protein scaffolds used to create six different libraries. The mutable patches are color-highlighted. 

The PatchN of the ProBi scaffold is in cyan, the PatchC in red. 

 

In the second step, we created five new bivalent binder DNA libraries from pre-selected 

scaffolds by a combination of molecular cloning and recombination in yeast cells. Only the 

molecule (bivalent binder), that is able to bind both receptors simultaneously is able to trigger 

the biological response. We combined two different approaches in order to create the bivalent 

binders. In the first approach, we combined the DNA from the ProBi PatchN (pre-selected 

against IL-10R2) and the ProBi PatchC (pre-selected against IL-28R1) (Figure 3.3B), thus we 

created one molecule with two binding sites. The library of scaffold variants was named 

ProBi-NC. In the second approach, we used the fusion of the two scaffold molecules Sso7d 

and Kan-Nfr by merging the DNA libraries using different polypeptide linkers (Figure 3.3B). 

This process resulted in four new libraries BiBi-A, B, C, and D (according to the used linker). 
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Following, we selected variants from new bivalent binder libraries showing simultaneous 

binding.  

 

 

Figure 3.3B. Two different approaches to create a bivalent binder: (A) combination of two mutable patches PatchN 

and PatchC of the ProBi scaffold resulting in the new library ProBi-NC. (B) fusion of two different scaffolds 

(Sso7d and Kan-Nfr) by a linker peptide. (C) table of linkers used to create bivalent binders. (D) Simultaneous 

binding measured by FACS. The x-axis represents binding to IL-28R1 (APC fluorescence), the y-axis binding to 

IL-10R2 (FITC fluorescence). Each FACS-sorting dot plot represents 100 000 binding events, each dot represents 

a cell. The green area highlights the region containing selected double binders (gating strategy). 
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3.3.2 Screening of signalization bivalent binder variants  

Bivalent binders showing simultaneous binding to both receptors (IL-28R1 and IL-10R2) 

were subjected to the final signalization screening. The formation of the ternary complex 

between IFN-λ and two cognate receptors IL-28R1 and IL-10R2 initiate the phosphorylation 

of the STAT proteins [43]. In order to facilitate the screening process targeting ternary 

complex assembly, we optimized an intracellular phospho –protein staining for the flow 

cytometry (PhosphoFlow cytometry) [139] and focused on the ability to analyze the phospho-

STAT1 signal.  

To avoid time-consuming protein purification, we measured the interaction between the 

responsive human cell line HeLa and proteins displayed on the EBY-100 Saccharomyces 

cerevisiae surface instead of purified proteins. The procedure designed Cell-Cell Interaction 

PhosphoFlow is shown in Figure 3.3C. Figure 3.3C shows the comparison between the 

purified protein IFN-λ1 and displayed on yeast surface. We screened over 100 clones and 

gained more than 20 positive variants. Subsequently, we cloned the six best signaling variants 

to E. coli expression system, purified proteins, and characterized their signaling capacity. 

Only two variants showed suitable solubility, stability, and low aggregation level. To prove 

our findings, we repeated the PhosphoFlow cytometry with purified signaling variants (Figure 

3.3C).  
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Figure 3.3.C: (A)The cell-cell interaction phosphoflow procedure. (B) Top plots show a comparison of 

signalization of the purified IFN-λ1protein and IFN-λ1displayed on yeast surface. The x-axis represents 

phosphorylation of STAT1 (APC-fluorescence), y-axis represents FCS-H side scatter. The plots show negative 

control (only HeLa cells), autoinduction (HeLa cells transfected with IL-28R1 and IL-10R2, not induced), positive 

control of the purified IFN-λ1protein from S2 cells (200 ng/ml ~6nM), and IFN-λ1 displayed on EBY-100 surface. 

The plots below show examples of two yeast display signaling variants (BiBi-A1 and ProBi-P5) and the signaling 

of the same variants after two-step purification. 

 

3.3.3 Gene expression of purified bivalent binders 

Next, we evaluated type III interferon-induced gene expression triggered by our best signaling 

variants for a set of 10 genes (MX1, OAS1, OAS3, OASL, CXCL10, IFIT1, IFIT3, IFIH1, 
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IFI6, BST2) that are known from literature to be upregulated in response to IFN-λs stimulus 

[140]. To strengthen our experiments, we used two different cell lines HaCat and HeLa. Both 

cell lines have receptors for interferon lambda on their surface. Gene expression levels 

(mRNA) were determined after 24 hours using RT-qPCR. 

First, we treated HeLa and HaCat cells with purified IFN-λ1 200 ng/ml for 24 hours. We 

observed a low expression level (less than two-fold change in seven genes) in HeLa cells. 

Therefore, we decided to work only with HaCat cells. Following, we validated the gene 

induction by our two bivalent binders (BiBi-A1 and ProBi-P5). Cells were treated with 2µM 

of purified bivalent binders (Figure 3.3.D). The bivalent binder BiBi-A1 showed more than a 

two-fold increase in all six genes, whereas ProBi-P5 only in one gene (OAS1). Therefore, we 

decided to continue with BiBi-A1 and repeated the induction with a range of concentrations to 

demonstrate the dose-dependent effect. Cells were treated with 4µM, 2µM, 1µM, and 500nM 

of purified protein BiBi-A1 and 200 ng/ml IFN-λ1 as a positive control and were compared to 

their non-treated (NT) controls and negative controls represented by HeLa cells treated with 

the Kan-Nfr scaffold protein. In conclusion, the interferon-induced genes were all induced by 

the bivalent binder, but the detected response was weaker than in the control treatment with 

IFN-λ1.  

 

Figure 3.3:D. Relative gene expression in HaCat cells responding to IFN-λ1, BiBi-A1, and ProBi-P5 treatment. 

(A) HaCat cells were cells treated with 200 ng/ml IFN-λ1, 2 µM BiBi-A1, and 2 µM ProBi-P5 for 24 hours and 

analyzed by RT-qPCR. The data are means from two independent measurements. (B) HaCat cells were treated for 

24 hours with 4 µM, 2 µM, 1 µM, and 500 nM BiBi-A1 and 200 ng/ml IFN-λ1. The data are means from four 

independent measurements. The data presented (“Fold-change”) are relative expression levels compared to those 

of untreated and negative control cells and normalized with the B2M gene.  
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3.4 Enhanced yeast display platform for directed evolution 

A protein engineered, enhanced yeast display platform for rapid evolution of 

challenging targets. ACS Synthetic Biology. Zahradník J., Debabrata D., Marciano 

S., Kolářová L., Charendoff Ch. I., Subtil A., Schreiber G.  

 

Yeast surface display is a popular method used in directed in vitro evolution and generating 

high-affinity protein binders. The method is applied frequently in research, biotechnology 

application, and therapeutic development. The traditional yeast display method is based on the 

expression of the protein library on the surface of Saccharomyces cerevisiae. [105]. The 

protein of interest is linked to anchor the protein a-agglutinin mating complex, consisting of 

two subunits Aga1p and Aga2p. The naïve protein library is attached to the C-terminal tag of 

Aga2p. This method enables an efficient genotype–phenotype linkage for the high-throughput 

single-cell analysis on Fluorescent Activated Cells Sorter (FACS) [107]. 

In this study, we improved the common pCTcon2 plasmid for yeast display based on antibody 

labeling by protein and DNA engineering. The aim was to develop a new platform with a 

wide range of applications, simplify the process of generating new protein-protein 

interactions, increase the speed, and lower the cost of the process. We incorporated optimized 

reporter proteins eUnaG2 and DnbALFA and created several C- and N-terminal fusion 

vectors. With the new, enhanced system, we obtained a stronger expression signal over the 

traditional c-myc labeling. The newly designed pJYD plasmids allow both traditional 

antibody labeling and labeling-free using fluorescence reporter, showing up to a four times 

higher separation between positive and negative populations on flow cytometry. Moreover, 

this platform enables monitoring the surface and the total expression of protein, including the 

endoplasmic reticulum retained fraction. This analysis allowed us to apply protein 

engineering to hard-to-produce proteins as we demonstrated on the example of the WD40 

domain of the human ATG16L1 [141]. 

 

3.4.1 Plasmid construction and reporter engineering 

We modified the pCTcon2 plasmid by replacing the ApmR gene with KanR, and trimmed all 

unnecessary sequences for lac operon, T7, T3 promoter, and F1 origin of replication. The new 
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plasmid, designed pJYD, is 1301 bp shorter than the original pCTcon2. We screened several 

fluorescent proteins including mNeonGreen [142], the yeast-enhanced green fluorescent 

protein (yeGFP) [143], bilirubin-inducible fluorescent protein UnaG [144], FMN-inducible 

fluorescent protein iLOV [145], biliverdin-binding far-red fluorescent proteins dFP-mini 

[146], GAF-FP [147], TDsmURFP [148] with two Y56R mutations [149], IFP1.4, [150] and 

miRFP670nano [151]. In addition, we tested two peptide tags recognizing nanobodies: BC2 

nanobody (nbBC2) [152] and ALFA nanobody (nbALFA) [153]. We compared the 

fluorescence intensity of selected fluorescence proteins expressed on yeast surface by flow 

cytometry and we evaluated the findings by fluorescence microscopy (Figure 3.4A). 

The evaluation of fluorescent proteins by fluorescent microscopy was a critical step since the 

proteins folding inside the endoplasmic reticulum or other endomembrane compartments can 

be a source of impediments. We observed higher fluorescent false-positive signal emitting 

from the inside of the cells by yeGFP and far-red fluorescence miRF60nano compared to the 

UnaG fluorescence protein showing surface expression (Figure 3.4A). Based on results from 

flow cytometry, fluorescent microscopy, and considering protein properties, we decided to 

use UnaG for further examination. Both nanobodies (nbALFA and nbBC2) showed a high 

level of expression on the yeast surface. However, nbALFA showed higher affinity to its tag. 

Next, we calculated the stabilizing mutation predicted by the PROSS server and consensual 

design. It was described previously that the enhanced UnaG protein, called eUnaG showed a 

higher fluorescent intensity and stability [154]. Therefore, we randomly incorporated 

mutations computed by PROSS, thus creating a UnaG mutation library. We selected clones of 

the UnaG library with the strongest fluorescence. Figure 3.4A shows the improvement of 

fluorescent intensity during three engineering steps of UnaG. In addition, we incorporated N-

glycosylation mutations to increase the surface polarity. The final enhanced protein was 

created by the incorporation of 10 mutations in total (Figure 3.4A). New eUnaG2 showed an 

increased fluorescence intensity by 5-fold and 10°C higher thermal stability relative to UnaG. 

Additionally, we engineered the ALFA-tag binding nobody to increase its thermal stability.  
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Figure 3.4.A: Fluorescent microscopy: A) yeast enhanced yegGFP, the false-positive signal from the 

endoplasmic reticulum of yeast (marked by white arrow). B) Bilirubin dependent UnaG, the expression on yeast 

surface. C) and D) miRF670 nano protein, inside (false-positive) fluorescence hypostatized localization in 

vacuoles. E) Flow cytometry histogram presenting green fluorescence signal difference between negative cell 

populations and positive cell populations during protein engineering steps of the UnaG fluorescent protein. F) 

Final eUnaG2 showing ten incorporated mutations depicted in 3D structure of the UnaG protein (PDB id 4i3b). 

 

3.4.2 Design of yeast display platform 

In the next step, we constructed several plasmids in order to achieve an optimal yeast display 

setup. We incorporated the eUnaG2 or DnALFA selected reporter proteins into N-or C-

terminal plasmids and tested several linkers and signal peptides. The comparison of 

construction between common pCTcon2 and newly designed vectors are shown in Figure 

3.4B. We compared the expression of the E.coli UNG protein by using traditional yeast 

display based on antibody labeling (pCTcon2) and the newly designed pJYDC vector 

allowing antibody labeling as well as using the eUnaG2 fluorescent reporter for detection. We 

obtained a 4.7 times better separation between non-expressing cells and expressing cells with 

pJYDC-UNG compared to pCTcon2-UNG. (Figure 3.4B).  
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Next, we analyzed expression levels of different plasmid arrangements: N- or C- terminal 

coupling of expressed protein to Aga2p. We cloned 16 different proteins into pJYDN plasmid 

(N-terminal library, C- terminal eUNag2 fluorescent reporter) and pJYDC1 (C-terminal 

library, N- terminal eUNag2 fluorescent reporter). Figure 3.4B shows the preferable N-

terminal expression.  

 

 

 

Figure 3.4.B: Comparison between traditional and newly designed yeast display platforms: A) 

Traditional yeast display setup based on antibody labeling. B) Newly developed yeast display 

platform based on fluorescent reporter protein fused on N- or C-terminus of the Aga2p protein. C) 

Comparison of UNG protein expression by using the original pCTcon2 plasmid and pJYDC plasmid. 
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Both plasmids were labeled by anti c-myc and Alexa Fluor 488 (red and orange histograms) and 

eUnaG2 reporter detection (black line on the histogram). D) The difference in yeast surface 

expression between N-terminal and C-terminal protein fusion with Aga2p on pJYD vectors. The graf 

shows 16 different protein expressions. 

 

3.4.1 Application of the enhanced yeast display platform  

Application of yeast display is frequently limited by low or no expression of original 

cytoplasm proteins in the secretion pathway. These proteins fail to undergo the yeast protein 

quality control and therefore are retained in the endoplasmic reticulum. The traditional 

arrangement of the yeast display is based on antibody labeling that allows only surface 

expression monitoring and the information about retention in the endoplasmic reticulum is 

lost. 

Our yeast display platform was developed to also serve as a tool for analysis of protein 

expression on the surface and total expression, including retained fraction. This approach 

enables application of protein engineering to hardly expressed proteins. As an example, we 

optimized the WD40 domain of ATG16L1 [141]. The initial expression attempts of wild-type 

failed. Following, we incorporated the PROSS stabilizing mutation resulting in four designed 

variants (D2, D7, D9, D10) with a different number of stabilizing mutations. Only design D7 

showed weak surface expression (Figure 3.4C). We decided to apply the protein engineering 

strategy, including cysteine and glycosylation analysis. We obtained a new D7b variant 

showing 10 times higher surface exposure than the designed variant D7 (Figure 3.4C).  
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Figure 3.4.C: Analysis of surface and total expression of WD40 by yeast: Flow cytometry 

measurement, dot plot represents surface expression detected by mNeon-DnALFA (upper panel), total 

expression detected by fluorescent reporter eUnaG2. 

 

In the next step, we verified the applicability of our yeast display platform. We generated six 

protein libraries based on four previously published scaffolds-Sso7d, Knottin and GP2, 

3LYV. Furthermore, we created two new scaffold candidates Kan-Nfr (aminoglycoside-3′-

phosphotransferase of type V) and 3EFR-Crf (biotin ligase ID2 from Aquifex aeolicus C-

terminal domain fragment). We targeted mutable positions on each scaffold by using the 

FoldEX program. All libraries were utilized to select high-affinity protein binders. As target 

proteins (baits), we chose Streptavidin-APC and IL-28R1. Libraries were pre-selected in the 

first round independently against a 1µM target to decrease the complexity of the library. 

Subsequently, the pre-selected libraries were pooled and we continued with selection against 

decreasing concentration of the targets. After the selection, twenty colonies were sequenced 

and screened for binding. We obtained two high-affinity variants from 3LYV and 3EFR-Cfr 

library for Streptavidin-APC target and one variant from Sso7d library. We calculated the 

equilibrium dissociation constant of all four candidates by flow cytometry resulting in 

KD≥500 nM (3LYV), 28±1.6nM (3EFR-Cfr), 2.4±1.1 nM (clone 6 SSo7d).  
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4 Conclusions 

This thesis describes a complex study of modifications of cytokine molecules to modulate 

their production, stability, interactions and function. 

Here I summarize the content of four publications and their most important findings. 

I. We showed that prediction of stabilizing mutation by the PROSS server based on 

homologous models is effective. Engineered protein variants of IL-24 were more 

amenable to downstream manipulation, easily purified with higher yields than the 

wild type. We solved the crystal structure of stabilized variant IL-24B (PDB 6gg1). 

 

II. The new robust protein binder probe based on the structure of the PDB code 4psf 

was developed. The scaffold has a robust fold and, quite importantly, has two 

mutable regions on its molecular surface. The binding affinity and specificity of the 

scaffold towards IL-10 were created de novo by using techniques of directed 

evolution.  

 

III. Based on in-house and other scaffold molecules, we developed bivalent binders 

interacting specifically with two cytokine receptors thus mimicking the biological 

function of the cytokine IFN-λ1.  

 

IV. We established a new yeast display platform allowing both antibody labeling and 

labeling-free essays. Moreover, the platform enables simple qualitative and 

quantitative analysis of total or surface protein expression. 
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