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Abstract (EN) 
 

Protein-protein interactions (PPI) have essential roles in life processes, and abnormal PPI are 

associated with many human diseases. Given their importance, PPI have received increasing 

attention and became drug targets. However, the design of specific PPI and their modulation is 

challenging. Cytokine-receptor interactions are especially important in the regulation of the 

immune system. Interleukin-10 (IL-10) over-production results in excessive immunosuppressive 

effects, tumor growth and infection. The interaction between interferon gamma receptor 2 

(IFN-γR2) and interferon gamma (IFN-γ) leads to activation of downstream signaling pathways 

but the mechanism of such interaction is elusive. Interleukin-24 (IL-24) is another cytokine that 

signals through receptors sharing the interleukin-20 receptor 2 (IL-20R2) subunit and has 

important roles in autoimmunity and cancer.   

 

The aims of this Ph.D. thesis are to study PPI from several aspects emphasizing their specificity. 

The first goal is to develop a novel protein scaffold and subsequently evolve it into a high-

affinity binder specific for human IL-10. The second goal is to understand the structural basis for 

receptor specificity of human IFN-γ. The third goal is to modulate the binding affinity between 

human IL-24 and its receptor IL-20R2 by using photo-responsive non-canonical amino acids and 

light.  

 

The N-terminal domain of a monomeric human protein (PIH1 domain-containing protein 1), 

with a fold different from previously known non-antibody scaffolds, was designed as our novel 

scaffold called 57aBi. The functionality of such a new scaffold was demonstrated by training it 

as a nanomolar-affinity binder against IL-10 using methods of directed evolution. The structures 

of two binders solved by X-ray crystallography showed that the evolved proteins share a similar 

fold as the parental scaffold. In addition, the crystal structure of IFN-γR2 revealed the 

importance of certain residues, glycosylation and disulfide bond formation on specific 

interactions with both interferon gamma receptor 1 (IFN-γR1) and IFN-γ. Regarding the 

photocontrol of the binding between IL-24 and IL-20R2 by genetic code expansion, a 

photocaged tyrosine residue, nitrobenzyl-tyrosine (NBY), on IL-20R2 was found to be sufficient 

to diminish PPI, and binding was restored upon UV light irradiation. Another NBY substitution 

on IL-24 triggered the Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) 

signaling cascade upon exposure to 365-nm light. 

 

In summary, by a combination of directed evolution, structural biology, and photoxenoprotein 

engineering, I have shed light into the specificity and modulation of PPI involving cytokines and 

their receptors. 

  



 
 

 

Abstrakt (CZ) 

 

Protein-proteinové interakce (PPI) mají zásadní roli v životních procesech a jejich abnormality 

jsou často spojené s vznikem nemocí. Vzhledem ke své důležitosti dostávají PPI čím dál tím více 

pozornosti a staly se cíli zásahu různých léčiv. Návrh konkrétních PPI a jejich modulace je však 

náročný. Interakce cytokinů s jejich receptory jsou zvláště důležité při regulaci imunitního 

systému. Nadměrná produkce interleukinu-10 (IL-10) má za následek nadměrné 

imunosupresivní účinky, růst nádoru a infekci. Interakce mezi receptorem interferonu gama 2 

(IFN-γR2) a interferonem gama (IFN-γ) vede k aktivaci signálních drah, ale mechanismus takové 

interakce je stále nepopsaný. Interleukin-24 (IL-24) je další cytokin, který signalizuje 

prostřednictvím receptorů sdílejících receptorovou podjednotku 2 interleukinu-20 (IL-20R2) a 

má důležitou roli v autoimunitě a rakovině. 

Cílem této Ph.D. práce je studium PPI z několika hledisek s důrazem na jejich specifičnost. 

Prvním cílem je vyvinout nové proteinové lešení, které bude následně použito pro vývoj 

vysokoafinitního pojiva specifického pro lidský IL-10. Druhým cílem je pochopení strukturního 

základu receptorové specifity lidského IFN-γ. Třetím cílem je modulace vazebné afinity mezi 

lidským IL-24 a jeho receptorem IL-20R2 za použití foto-responzivních nekanonických 

aminokyselin a světla. 

N-terminální doména monomerního lidského proteinu nazvaného PIH1, s odlišnou strukturou 

od dříve známých neprotilátkových proteinových lešení, byla navržena jako naše nové 

proteinové lešení nazvané 57aBi. Funkčnost této molekuly byla demonstrována jejím vývojem 

jako vazebného proteinu cíleného proti IL-10 s nanomolární vazebnou afinitou pomocí metod 

řízené evoluce. Struktury dvou vazebných látek řešené rentgenovou krystalografií ukázaly, že 

námi vyvinuté proteiny sdílejí podobné složení s původní molekulou. Krystalová struktura IFN-

yR2 navíc odhalila důležitost určitých aminokyselin, glykosylace a tvorby disulfidových vazeb pro 

specifické interakce jak s interferonovým gama receptorem 1 (IFN-yR1), tak s IFN-y. Pokud jde o 

kontrolu vazby mezi IL-24 a IL-20R2 za použití světla a expanze genetického kódu za účelem 

vložení nekanonické na světlo citivé aminokyseliny, bylo zjištěno, že aminokyslina nesoucí 

fotoklec, nitrobenzyl-tyrosin (NBY), na IL-20R2 je dostatečně účinná k potlační vzniku PPI. Po 

opětovném UV ozáření došlo k obnovení vazby. Pomocí další implementace NBY do IL-24 a  po 

vystavení záření o vlnové délce 365 nm se navíc podařilo i spustit signální kaskádu JAK/STAT. 

Kombinací řízené evoluce, strukturní biologie a fotoxenoproteinového inženýrství byla 

osvětlena problematika specifičnosti a modulace PPI zahrnující cytokiny a jejich receptory.  
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I. INTRODUCTION 

A. Protein-protein interactions 

Protein-protein interactions (PPI) and their networks are fundamental to many biological 

processes [1]. Protein homo- and hetero-oligomerization and subsequent formation of 

biomolecular complexes and organelles without membranes play pivotal roles in our body such 

as signal transduction, membrane transport, electron transfer, muscle contraction, and others. 

Aberrant PPI are associated with many human pathological conditions including cancer, 

infectious diseases, and neurodegenerative diseases [1]. Since drug targets have traditionally 

been enzymes or ion channels, interference of specific PPIs via small-molecule binding 

indicated new potential therapeutic targets. However, PPI modulation through small molecules 

is challenging and PPIs are often regarded as “undruggable” targets [2]. This is due to several 

reasons. First, the interface area of the interactions is large, usually reaching more than 1500 

Å2, and highly hydrophobic. Second, the interfaces tend to lack clear grooves or pockets typical 

for enzyme targets. Third, many amino acid residues are involved in forming the interfaces and 

the resulting affinities are high. Additionally, intrinsically disordered proteins with highly 

dynamic structures, which interact with various partners, are also considered “difficult to drug” 

due to missing binding clefts and the myriad of conformations [3].  

B. Cytokines 

In the human immune system, communication between cells is critical to regulate the 

development and growth of the body, to keep self-tolerance, and to protect the body from 

pathological events such as infectious agents (microorganisms, parasites) and the formation of 

cancerous cells. A major means of cellular communication is through cytokines.  

Cytokines are small, secreted proteins that act as messengers to convert the original 

intercellular stimulus into intracellular signal. By binding to their cognate membrane-bound 

receptors on target cell surface, cytokines activate the corresponding signaling pathway, 

leading to a cascade of changes as a response [4]. Depending on the stimulation, either 

physiological or pathological, the cellular responses can be different such as changes in gene 

expression patterns, cytoskeleton reorganization, inflammation, immunomodulatory effects, 

and release of secretory vesicles [5]. Cytokines are produced by cells of the immune system but 

also by a variety of non-immune cells including fibroblasts, epithelial cells, endothelial cells and 

stromal cells [6]. Cytokines can be further classified as interleukins (ILs), interferons (IFNs), 

chemokines, lymphokines and tumor necrosis factors. 

Cytokines are involved in both innate immunity and adaptive immunity of the immune 

response system. The innate immune system gives the first immediate reaction against any sort 

of potential invaders. Such a response is very fast but not specific, it has no memory and is not 

strong. These changes kick-start the innate inflammatory response that establishes a physical 

barrier to minimize the spread of infection. As the innate immune system is running out of 
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steam, the adaptive immune system, which is more specific, effective and has memory, takes 

over. Depending on the type of invader, the immune response is driven to either the humoral 

immunity or cell-mediated immunity. The first is involved in antibody production of B cells and 

memory B cells, and the latter is involved in antigen-presenting cell activation and a cytotoxic T 

cell response. 

Cytokine-related disorders lead to several heath issues such as autoimmune diseases, allergic 

diseases, and immunodeficiency diseases. Autoimmune disease occurs when the immune 

system is hyperactive and attacks the organism’s own healthy tissues as if they originated in 

foreign organisms. Allergy is elicited when the immune response is excessive and harmless 

antigens are recognized as serious invaders. In the case of immunodeficiency diseases, the 

immune system is responding insufficiently to infections or malignancies [6]. 

In the lab, we concentrate on a specific group of cytokines, so called family of interleukin 10. 

The members of the family are important members of native immunity system. Moreover, 

these proteins are all potential targets for medical applications. Studying the IL-10 family is our 

long standing focus and up-to-now the lab research has been published in several papers: IL-10 

[7, 8], IL-24 [9, 10], IL-29 [11], IFN- γ [12], [13], [14] [15] and other ILs such as IL-9 [16]. 

C. Cytokines of the interleukin-10 family 

ILs can be classified by various criteria; we will use the system combining functional and 

structural features of these signaling molecules. The IL-10 family of cytokines is assigned based 

on the structure homology, shared usage of receptor complexes, and similar and overlapping 

downstream signaling pathways. ILs belonging to the IL-10 family are produced by both innate 

and adaptive immune cells. They show indispensable functions as effectors and regulatory 

molecules of the immune system in cases of infection, inflammation, tissue homeostasis, 

autoimmunity, and cancer [17, 18]. 

The IL-10 family includes important immune proteins IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28, 

and IL-29, which are considered as class two α-helical cytokines. The genes encoding IL-10, IL19, 

IL-20 and IL-24 map to chromosome 1; IL-22 and IL-26 are located together with IFN-γ on 

chromosome 12; whereas IL-28A, IL-28B and IL-29 co-localize on chromosome 19. Amino acid 

sequences of these ILs are not conserved, displaying only 20-30% homology, but their 

secondary structures are highly similar. They comprise of six α-helices (A–F) and connecting 

loops, with four helices compacted into a left-handed four-helix bundle [19].  

The IL-10 family members modulate their target cells by binding to the extracellular domain of 

their corresponding membrane-bound receptors in order to activate a cascade of endogenous 

phosphorylation events, particularly the JAK-STAT signal transduction pathway (Figure 1). 

Receptors consist of two chains (R1 and R2 or RA and RB). Even though all cytokines display 

high structural homology, shared use of receptor complexes, and have similar roles as 

important immuno-regulators, they also have unique roles including immune suppression (IL-
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10), skin biology (IL-19 and IL-20), tumor suppression (IL-24), antiviral responses (IL-28 and IL-

29) [6], and others [20]. 

 

Figure 1: The IL-10 family of cytokines share common receptor subunits. The IL-10 signals via complex of 

IL-10R1/IL-10R2. The IL-19, IL-24, IL20 signal via complexes of IL-20R1/IL-20R2 and IL-22R1/IL-20R2. The IL-

22 signals via complex of IL-22R1/IL-10R2. The IL-26 signals via complex of IL-20R1/IL-10R2. The IL-28 and 

IL-29 signal via complex of IFN-λR1/IL-10R2. Reprinted from [6] with permission, copyright © 2011 

American Academy of Allergy, Asthma & Immunology. Published by Mosby, Inc. All rights reserved.  
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1. Interleukin-10 

a. Discovery 

The anti-inflammatory IL-10, initially described and named as cytokine synthesis inhibitory 

factor (CSIF) by Fiorentino’s group in 1989, was found to be secreted by activated murine Th2 

cells. CSIF prevented the production of other ILs and IFN by activated Th1 cells [21]. Later, the 

human IL-10 was also proved to exhibit CSIF activity [22]. Moreover, both mouse and human IL-

10 exhibited extensive homology to an open reading frame from BCRFI of Epstein-Barr virus 

(EBV) genome [22, 23], and others such as herpesvirus and poxvirus [24, 25]. These viral 

homologs are able to bind the human IL-10 receptors and share suppressive properties of 

human IL-10, suggesting the virus’s strategy to suppress host response [26].  

b. Gene 

The IL-10 gene is mapped on chromosome 1 (q31-32) [27]. It is 2 kb long and contains 5 exons 

encoding for signal peptide, loops and helix folds [28]. IL-10 gene expression is controlled at the 

transcriptional level by the transcription factors Sp1 and Sp3 and at the post-transcriptional 

level through sequences in the 3'-untranslated region [29] [30].  

c. Protein structure 

The secreted functional unit of IL-10 is a non-covalently linked homodimer, each monomer 

consists of 178 amino acids with a molecular weight of ~18 kDa. Its X-ray structure is deposited 

in the protein data bank (PDB) as ID 2ILK (Figure 2) [31]. 

 

Figure 2: Structure of human IL-10 dimer. The two monomers (in ribbon representation) are distinguished 

in blue and yellow colors. Figure created with ChimeraX from PDB ID 2ILK [31]. 
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d. Receptor interaction 

The IL-10 communicates with target cells by binding to its specific receptors IL-10R1 and IL-

10R2 on the cell surface. The IL-10 homodimer binds to a hetero-tetrameric receptor complex 

made up of two IL-10R1 and two IL-10R2 chains [32], with high affinity (dissociation constant of 

50-200 pM) [33]. The crystal structure of the complex between IL-10 and IL-10R1 reveals that 

two IL-10 molecules bind to the IL-10R1 dimer. A monomer of IL-10 contains 6 α-helices: 4 

helices are donated from one chain and 2 helices are donated from another asymmetric chain. 

A subunit of soluble IL-10R1 contains two domains and each one has a β-barrel like structure. 

The structure is deposited as 1J7V on the PDB [34]. The structure of the complex between the 

IL-10 and its receptors has not been determined yet.  

e. Signal transduction 

The intracellular part of IL-10R1 and IL-10R2 are bound to Jak1 and Tyk2 constitutively [35, 36]. 

Upon binding of IL-10 to the receptor complex, Jak1 and Tyk2 are activated [37], followed by 

phosphorylation of STAT1, STAT3, and STAT5 [38]. As a result, SOC1 and SOC2, known as 

signaling inhibitors, are expressed [39]. 

f. Functions 

• The IL-10 is an important immune regulator due to its immunosuppressive, anti-

inflammatory and stimulatory effects in immune system. 

The IL-10 is a pleiotropic cytokine that is produced by various myeloid- and lymphoid-derived 

immune cells participating in both innate and adaptive immunity. Mainly, IL-10 exerts its 

immunosuppressive functions to protect tissue damage caused by exaggerated and 

uncontrolled inflammatory effector responses, especially during the resolution phase of 

infection and inflammation. It also functions to maintain homeostasis with gut microbes [18]. 

As an immune suppressor, the IL-10 downregulates the function of activated 

monocytes/macrophages and dendritic cells via repressing their production of pro-

inflammatory cytokines and antigen-presenting capacity. Moreover, by diminishing the antigen-

presenting capacity of monocytes via downregulation of MHC class II surface expression, IL-10 

indirectly prevents excessive antigen-specific human T cell activation and proliferation [40-44].  

The anti-inflammatory effects of IL-10 are driven by binding to its cognate receptors highly 

expressed on monocytes/macrophages. The activated Jak1-Tyk2-Stat3 cascade results in STAT3-

mediated transcription of genes encoding proteins such as Bcl-3 and Etv-3 that suppress the 

expression of pro-inflammatory genes. As a result, the anti-inflammatory response is limited 

[45].  

In contrast to its inhibitory effect, the IL-10 also has a stimulatory effect in B cells. IL-10 

enhances the survival of human B cells as well as their proliferation, differentiation into plasma 

cells, and isotype switching [46]. 
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• IL-10 plays various roles in autoimmunity, allergy, cancer and infection. 

Since IL-10 is a multifunctional cytokine being both a potent immune-suppressor and immune-

stimulator, its expression must be tightly regulated. Otherwise, altered IL-10 expression levels, 

identified by SNPs and microsatellites, can lead to the development of a large number of 

serious diseases including autoimmune disorders, cancer, allergies and infectious diseases [6]. 

o IL-10 deficiency results in unrelenting immune activation [47]. 

This is the case in chronic inflammatory bowel diseases [48] (e.g. Crohn’s disease [49]), psoriasis 

[50], rheumatoid arthritis [51], and after organ transplantation [52]. Given its multiple anti-

inflammatory functions as well as its repression of pro-inflammatory cytokines, IL-10 is a 

potential therapeutic target for the treatment of autoimmune and inflammatory diseases. 

Clinical studies showed that administration of recombinant IL-10 provided benefits in patients 

with Crohn’s disease [53], psoriasis [50], and rheumatoid arthritis [54].  

The IL-10 may also represent a potential anti-tumor immunotherapy in human patients with 

cancer because IL-10 stimulates the expansion and cytotoxicity of tumor-infiltrating CD8+ T 

cells, which play a key role in killing tumor cells. Mice deficient in IL-10 show weakened tumor 

immune surveillance but recovering IL-10 levels by overexpression protected transgenic mice 

against cancer development. Clinical trials of cancer patients treated with IL-10 showed that IL-

10 activates tumor-infiltrating CD8+ T cells, therefore limiting the development of solid tumors 

[55-57] (table 1). 

The IL-10 has a protective role in allergic diseases. Experimental evidence suggests that IL-10 

expressed by APC cells in the respiratory tract is reduced in patients with asthma. Moreover, 

allergen-specific T helper 2 (Th2) cells and their cytokines promote the allergic airway 

inflammation [58]. Therefore, one of the strategies for the treatment of allergic patients is to 

use IL-10 producing dendritic cells to downregulate allergen-specific T helper 2 responses [59]. 

o The IL-10 over-production results in unwanted immunosuppressive effects, tumor growth 

and infection [47]. 

The IL-10 has a pathogenic role in autoimmune diseases, like systemic lupus erythematosus 

(SLE), since IL-10 was reported also to be a growth factor for human B cells, to promote 

antibody production, class switching, and plasma cell differentiation [60, 61]. The severity of 

SLE correlates with high amounts of serum IL-10 and autoantibodies [62]. Using anti IL-10 mAb 

to treat patients with SLE was proved effectively in clinical trials [63] (table 1). These studies 

showed that developing IL-10 antagonists helps to control SLE pathogenesis and therapy. 

Epstein–Barr virus latently infected B-cells are the precursors of EBV-associated malignancies. 

EBV not only uses its IL-10 homolog that binds IL-10 receptor to increase proliferation [64] and 

protect infected EBV-infected B-cells from immune recognition [65], but also enhances host IL-

10 production to promote cell survival and development of associated malignancies [66]. 
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In infectious diseases, elevated IL-10 production have been found in lungs and sera of patients 

with advanced tuberculosis [67]. This suggests a potential use of IL-10 antagonists for hard-to-

treat patients with tuberculosis.  

A paradoxical dual role of IL-10 in cancer has been presented with both tumor-repressing and 

tumor-promoting functions [56, 68]. 

 

 

Table 1: Clinical trials targeting interleukin IL-10 and IL-24. Adapted from [69] with permission. 

  

Cytokine Intervention Indication Clinical stage Sponsor 

IL-10 Tenovil (rhuIL-10) Crohn’s disease Phase I/II N/A Schering-Plough 

Research 

Institute 

Dekavil (F8-IL-10) Rheumatoid 

arthritis 

Phase II NCT02076659 

Phase II NCT02270632 

Philogen/Pfizer 

Tenovil TM (IL-

10) 

Acute pancreatitis Phase 

II NCT00040131 (terminated) 

Merck Sharp & 

Dohme 

IL-10 Psoriasis Phase II NCT00001797 National Cancer 

Institute 

Prevascar (rhuIL-

10) 

Cicatrix, wound 

healing 

Phase II NCT00984646 Renovo 

AG011 

(engineered 

Lactococcus lactis 

secreting human 

IL-10) 

Ulcerative colitis Phase I/II NCT00729872 ActoGeniX N.V. 

AM0010: 

PEGylated 

human IL-10 

Solid 

tumors/pancreatic 

cancer 

Phase I NCT02009449 

Phase III NCT02923921 

ARMO 

BioSciences 

BT063 (antibody 

to neutralize IL-

10) 

Systemic lupus 

erythematosus 

Phase II NCT02554019 Biotest 

IL-24 INGN 241 (Ad-

mda-7) 

Melanoma Phase II NCT00116363

  

Introgen 

Therapeutics 
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2. Interleukin-24 

a. Discovery 

The IL-24 gene was initially named melanoma differentiation-associated gene-7 (mda-7) by Paul 

Fisher’s group in 1995. In their experiments, fibroblast interferon and mezerein were used to 

treat melanoma cells to terminate differentiation and suppress growth and tumorigenic 

abilities. Through subtractive hybridization of cDNA libraries, the mda-7 mRNA levels were 

found to be elevated in melanoma cells compared to non-induced cells. Observing that the 

treatment of human melanoma cells results in growth suppression and increased mda-7 

expression, suggested that the mda-7 gene may function as a negative regulator of melanoma 

progression [70]. Moreover, mda-7 was proposed as a novel tumor suppressor in various 

cancers [71, 72].  

The Mda-7 gene is mapped on human chromosome 1q32. Human mda-7 consists of seven 

exons and six introns encoding a protein with 206-residues, 49 of them serve as an N-terminal 

signal peptide for protein secretion. Primary structure analysis also shows IL-10 sequence 

signature from amino acids 101-121 and phosphorylation sites. Moreover, there are three 

putative N-glycosylation sites at amino acids 95, 109, and 126 resulting in the expression of 

several isoforms with molecular weights ranging from 18.3 kDa to 35 kDa. Besides, protein 

expression profiling studies showed that Mda-7 is present in many immune cell types such as 

thymus, spleen, and peripheral blood leukocytes [73, 74].  

Through sequence homology analysis, rat and mouse orthologues of human mda-7 were 

identified. The rat C49a gene was found to be associated with fibroblast proliferation in wound 

healing [75] and the rat Mob5 gene was shown to encode a cytokine-like secreted protein 

activated by the Ras oncogenes [76]. FISP protein was found as a secreted IL-4-induced-protein 

from Th2 cells [77]. 

Taken into account its chromosomal location, expression profile and cytokine-like properties, 

mda-7 was eventually renamed to IL-24 by the Human Gene Organization (HUGO) [78]. 
 

b. Protein structure 

The structure of human IL-24 in a ternary complex with the extracellular domains of two 

receptors (IL-22R1 and IL-20R2) has been solved by X-ray crystallography at 2.5 Å resolution and 

deposited on PDB as entry 6DF3 [79]. The complex was formed between the high affinity 

receptor IL-20R2 and IL-24 fused to the low affinity receptor IL-22R1 through a peptide linker. 

IL-24 has a 4-helix bundle fold even though it contains 6 helices; without any disulfide bond 

[79]. Later, the structure of a highly mutated receptor-free human interleukin IL-24, which was 

solved at 1.3 Å resolution and deposited to PDB as 6GG1 by our lab [9]. The structure of this 

isolated engineered IL-24 showed similarity to the native IL-24 in the complex form (Figure 3), 

except for the formation of a disulfide bond. As noted, native IL-24 and engineered IL-24 were 

produced in different systems, Drosophila S2 cells and E. coli, respectively [9]. 
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Figure 3. Superimposition of two IL-24 structures: the engineered IL-24 (PDB ID 6GG1) [9] in blue over the 

native IL-24 (PDB ID 6DF3) [79] in cyan. (A) Side view. (B) Top view. Figure created with ChimeraX from 

these two PDB IDs. 

 

c. Receptor interaction 

There are three membrane-bound receptors for IL-24 comprising IL-22R1, IL-20R1, and IL-20R2. 

IL-24 signals through heterodimers made of combination of these receptors IL-20R1/IL-20R2 

and IL-22R1/IL-20R2. IL-20R2 is present in both receptor complexes. While IL-20R1/IL-20R2 

dimer is shared among IL-19, IL-20, and IL-24; the IL-22R1/IL- 20R2 dimer is shared between IL-

20 and IL-24. Therefore, the IL-24 belongs to IL-20 subfamily of cytokines [74, 80, 81].  

 

d. Signal transduction 

Like all IL-10 family cytokines, the IL-24 triggers signaling via the Tyk2/Jak1 pathway, which 

continuously activates downstream transcription factors (STAT1/STAT3) through 

phosphorylation [82]. This pathway is regulated by SOCS proteins [83]. Upon binding of IL-24 to 

the extracellular domains of its heterodimeric receptors and forming a hetero-trimer complex, 

the IL-24 signals via JAK-STAT pathway in epithelial cells [74] and in ovarian carcinoma cell line 

[81].  

In addition to this well-established JAK/STAT-dependent mechanism, different JAK/STAT-

independent mechanisms have been reported [84]. For instances, IL-24 induces apoptosis in 

melanoma, breast, fibrosarcoma, and prostate cancer cell lines independently of the STAT3 

pathway [85, 86]. Moreover, non-secreted intracellular IL-24 protein is also able to induce 

apoptosis in prostate cancer cell lines [87]. In these cases, IL-24 binds to distinct intracellular 

molecular partners such as protein kinase A (PKR), sigma 1 receptor, and respiratory chain 

protein Grim19 to activate PKR-driven inflammatory response [88], cancer-specific apoptosis in 

the endoplasmic reticulum and plasma membrane [89], and recruitment of STAT3 to 
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mitochondria [90], respectively. Additionally, signaling of IL-24 through other JAK/STAT-

independent mechanisms have been discovered, such as the p38 mitogen-activated protein 

kinase (MAPK) pathway [84]. These results indicate the complexity of IL-24 signaling in the 

regulation of cellular responses (figure 4) and the potential importance of IL-24 as a drug target 

[84]. 

 

Figure 4. The interaction partners of IL-24: the IL-20 receptors at the plasma membrane, which trigger the 

well-established JAK/STAT-dependent signaling mechanism, and several proteins found in different cellular 

compartments, which give rise to alternative JAK/STAT-independent mechanisms. Reprinted from [84] 

with permission. 

 

e. Functions 

Nowadays, the IL-24 is considered an effective cancer-killing cytokine due to its potent 

anticancer effect, and a pleiotropic immuno-modulatory cytokine due to its relevance in 

immune response, host defense, and tissue homeostasis (reviewed in [91, 92]).  

• The IL-24 is a target in cancer therapy. 

The antitumor role of IL-24 has been extensively studied and confirmed in diverse human 

cancer cells, such as inhibition of cancer invasion, metastasis, angiogenesis and cancer stem cell 

growth; and induction of cancer apoptosis, and autophagy (figure 5) [93-98]. IL-24 became a 

therapeutic target in Phase I/II clinical studies using intra-tumoral injections of an inactivated 

adenovirus containing the mda-7 construct [Ad-mda7; INGN-241] [99].  
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Figure 5: IL-24 regulates autophagy and subsequent cell death through interaction with its receptors. 

Reprinted from [100] with permission, © 2019 Published by Elsevier Ltd. 

 

Meanwhile, the unique aspects of IL-24 antitumor “bystander” activity has been observed in 

many studies from cell, preclinical animal models and in a Phase I/II clinical trial in patients with 

advanced cancers. Transfection of normal cells with IL-24 gene creates a secreted IL-24 protein 

product that can effectively activate apoptosis on distant tumors, which did not initially receive 

this gene product, through IL-24 dimeric receptor pairs on the cell surface [86, 101].  

Interestingly, it has also been reported that IL-24 fragments can be separately transcribed as 

different splice variants which cause tumor apoptosis by inducing several different pathways 

[102]. 

Several types of gene therapy methods relying on transfection of cells with IL-24 gene, and of 

protein-based therapy method aimed for sufficient penetration of recombinant IL-24 protein 

into tumor have been investigated and developed. They are virus-mediated gene delivery [99], 

T cells expressing IL-24 [103], recombinant IL-24 protein [98, 104] and nanoparticle-mediated 

delivery [105]. 

• Therapeutic Potential of Targeting IL-24 in immunity. 

The IL-24 is mainly produced and secreted by both immune and non-immune cells such as T 

cells, B cells, monocytes, macrophages, NK cells, keratinocytes, and fibroblasts [106]. The IL-24 

displays various functions in autoimmunity, inflammation, and infectious diseases. 

o Depending on the type of autoimmunity and the site of inflammation, IL-24 exhibits both 

pro-inflammatory or anti-inflammatory properties. 

The IL-24 displays a pathological role in autoimmune diseases such as psoriasis or rheumatoid 

arthritis (RA). Psoriasis is a chronic inflammatory disease of the skin resulting from the excessive 
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proliferation and differentiation of keratinocytes. Elevated IL-24 and its IL-20R2 receptor levels 

plus its stimulatory effect of pro-inflammatory molecules causing skin lesions, suggest that IL-24 

might be a factor in the pathogenesis of psoriasis, particularly promoting skin inflammation 

[107]. RA is an inflammatory autoimmune disease that can lead to progressive joint damage 

and disability. Increased IL-24 levels are observed in RA patients and have been proved to 

promote mononuclear cell infiltration, which is a hallmark of chronic inflammation. Moreover, 

anti-inflammatory treatment of RA patients decreased IL-24 levels [108]. 

However, the IL-24 can also play a protective role in autoimmune diseases. Inflammatory bowel 

disease (IBD) is a chronic inflammation of the gastrointestinal tract. Studies showed increased 

expression of IL-24 in inflamed mucosa of active IBD patients. IL-24 targets colonic epithelial 

cells to enhance JAK/STAT1 phosphorylation and expression of SOC3 and mucins, supporting 

their suppressive effects of mucosal inflammation in IBD [109].  

o The IL-24 is a potential treatment for infectious diseases. 

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis. Significantly, 

lower levels of MDA-7/IL-24 have been found in patients with active TB compared to those with 

a latent TB infection. Since IL-24 was shown to regulate IFN-γ in TB patients and IFN-γ is well 

known for therapy of TB patients, IL-24 might be a treatment option for these patients [110]. 

3. Interleukin-20 receptor 2 

The IL-20R2 is a transmembrane protein detecting IL-19, IL-20, and IL-24 by its extracellular 

region and transducing the signal across the membrane to intracellular JAK phosphorylases. IL-

20R2 pairs with either IL-20R1 or IL-22R1 to form heterodimeric cytokine receptors IL-20R1/IL-

20R2 or IL-22R1/IL-20R2. The IL-20R1/IL-20R2 receptor complex is shared among IL-19, IL-20, 

and IL-24, while the IL-22R1/IL-20R2 receptor complex is a shared between IL-20 and IL-24 [18]. 

Therefore, IL-20R2 is the common subunit of both receptor complexes. Its 3D structure from 

PDB ID 6DF3 is illustrated in Figure 6 [79]. 

Binding between the extracellular domain of the receptors, either IL-22R1/IL-20R2 or IL-

20R1/IL-20R2, and their corresponding cytokines [74] induces signaling cascade in the target 

cells through JAK/STAT pathway, which subsequently activates the expression of downstream 

transcription factors particularly STAT1 [85], STAT3 [111] and STAT5 [112]. 

The IL-20 receptors, which are expressed by various cell types, play a role in the reciprocal 

interaction between immune and non-immune cells including keratocytes, epithelial and 

endothelial cells [20]. The communication between leukocytes and epithelial cells is facilitated, 

thus enhancing defense and tissue repair processes [113]. 

Even though IL-19, IL-20, and IL-24 display structural homology, signal through the same set of 

receptors, and induce the same signaling pathways, they also display unique biological 

functions in immune regulation, tissue homeostasis, host defense, and oncogenesis. This could 
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be explained by the different binding affinities to their shared receptor complexes, which could 

induce distinct signaling and regulation [20]. Despite the promiscuity in the receptor use of IL-

19, IL-20, and IL-24 (Figure 1), their physiological effects appear quite distinct: immune activity 

with IL-19, skin biology with IL-20, and tumor apoptosis with IL-24 [111].  

The elevated expression of IL-19, IL-20 and IL-24 in patient samples are associated with 

immunity-related diseases such as psoriasis, RA, and IBD diseases. In contrast to their 

pathogenic role in skin inflammation found in psoriasis and RA, they play a protective and even 

therapeutic role in inflamed intestine in IBD [113]. Besides, the three cytokines are also 

involved in promoting Staphylococcus aureus infection in mice and humans. S. aureus gives rise 

to the majority of human skin and soft tissue infections, and is a major infectious cause of 

mortality. Neutralization of IL-20R2 by antibody improves the outcome of bacterial infections 

and changes the susceptibility to infection [114].  

The IL-20R2 receptor expression levels have been reported in muscle invasive bladder cancer 

[115], and papillary renal cell carcinoma [116]. A study revealed that IL-19 stimulated IL-20R2–

expressing tumor cells to raise tumor cell proliferation in bone and bone metastasis. Therefore, 

a new strategy to cure lung cancer bone metastasis could be based on IL-20R2 blockage [117]. 

 

 

Figure 6: Structure of IL-20R2. Figure created with ChimeraX from PDB ID 6DF3 [79]. 
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4. Interferon gamma receptor 2 

The IFN-γR2 is the crucial cell-surface receptor of IFN-γ. A matured 310 amino acid IFN-γR2 

comprises three domains including an intracellular domain, a transmembrane domain and an 

extracellular domain. This extracellular domain consists of five cysteines and six potential N-

linked glycosylation sites making its molecular weight in the range of 61 to 67 kDa [118].  

The IFN-γR2 plays an important role in IFN-γ signalization, influencing innate and adaptive 

immunity against pathogens and tumors [119, 120]. Based on the analysis of its sequence 

similarity, it is classified in the class two receptor family including IFN-γR1, receptors of 

interferon-α and interferon-β (IFN-α and IFN-β), receptors of IL-10 and IL-20, and receptors of 

other interleukins belonging to the IL-10 family [121]. The IFN-γ homodimer signals through 

forming a ternary complex with receptors IFN-γR1 and IFN-γR2 subunits, consequently 

activating the JAK/STAT signaling cascade. The IFN-γ binds to its high affinity receptor IFN-γR1 

to form a binary complex. Subsequently, the IFN-γR2 must interact with this binary complex to 

form a ternary complex [122-124]. The signaling pathway is shown in Figure 7A. 

 

Figure 7:  

(A) IFN-γ signals via the JAK/STAT pathway upon binding to its two membrane-bound receptors (IFN-γR1 

and IFN-γR2) and formation of a ternary complex. Reprinted from [125] with permission, copyright © 2015 

Elsevier Ltd. All rights reserved. 

(B) The structure of the binary complex consists of an IFN-γ homodimer (orange) and IFN-γR1 (blue). Figure 

created with ChimeraX from PDB ID 1FYH [126]. 

 

Before my paper had been published, the structure of a binary complex (Figure 7B) comprising 

a homodimer IFN-γ bound to its high affinity IFN-γR1 had been solved, PDB ID 1FYH [126] and 
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PDB ID 1FG9 [127], but the detailed biophysical and structural characterization of IFN- γR2 was 

missing. 

After my paper where we solved the structure of IFN-γR2 (PDB ID 5EH1) [14], the structure of 

the ternary complex comprising two IFN-γ, two IFN-γR1 and two IFN-γR2 was solved and 

deposited as PDB ID 6E3K [128] (Figure 8). 

 

Figure 8: The ternary complex of IFN-γ consists of two IFN-γ molecules (orange), two IFN-γR1 (blue) and 

two IFN-γR2 (pink). (A) Side view of the complex. (B) Top view of the complex. Figure created with 

ChimeraX from PDB ID 6E3K [128].  
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D. Protein scaffold engineering 

1. Establishment of protein scaffold engineering 

a. Antibody engineering 

• Monoclonal antibodies (mAb) 

Antibodies help us to effectively fight pathogens because of their capacity to neutralize antigen 

function via direct interaction. In 1975, hybridomas, which are hybrid cells arising from the 

fusion of mouse antibody-producing B-lymphocytes with mouse myeloma from an immunized 

donor, were established to produce highly specific monoclonal antibodies in vitro in massive 

cultures for the first time [129]. The hybridoma technology became a gateway for generating 

tens of thousands of research tools and therapeutic antibodies [130]. However, it has been 

reported that the DNA/protein sequence information of monoclonal antibodies can get lost in 

case hybridoma cell lines die, and different production batches lead to distinct antibody 

specificity. As a result, experiments using antibodies generated by hybridoma technology may 

not always be reproducible [131]. 

• Recombinant antibodies 

The rapid growth of recombinant DNA technology, x-ray crystallography, and computer 

modeling of protein structure and folding, has had a positive impact on the field of protein 

engineering [132]. Protein production and engineering can also be applied to antibodies. The 

first solved antigen-binding fragment (Fab) crystal structures in 1970s illustrate the variable and 

constant parts of immunoglobulins and reveal the “Ig-fold” [133, 134]. Moreover, the positions 

of hypervariable amino acid sequences are displayed and are believed to furnish the 

conformation and antigen-binding specificity [133, 134]. Simultaneously, the recombinant DNA 

technology, which also started in early 1970s, was first applied to the production of 

recombinant antibodies, a chimeric mouse-human Ig antibody, in 1984. This chimeric antibody 

consists of Fab of immunized-mouse monoclonal antibody and the constant fragment (Fc) 

region genes of human immunoglobulin [135]. In contrast to monoclonal antibody production 

by hybridoma technology, using recombinant DNA techniques these two fragments are inserted 

into a plasmid and expressed in the target host cell such as bacteria or eukaryotic cell lines 

[135].  

• Antibody derivatives 

In 1980s, phage display represented a major technological breakthrough due to its ability of 

physical coupling between the desired phenotype (e.g. high affinity and high selectivity binding 

protein) and the genotype (DNA sequence) [136]. In 1990, the single-chain variable fragments 

(scFv), derived in immunized mice against hen egg-white lysozyme, were successfully displayed 

on filamentous phages and showed to bind to antigens [137]. This achievement opened 

prospects of antibody engineering. The application of antibody engineering along with 
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combinatory library techniques resulted in the successful selection of novel high-affinity binders 

bypassing the need for antigen immunization.  

In contrast to the advantages offered by mAbs, the properties of antibody derivatives still have 

several limitations. The large size (approximately 150 kDa molecular weight) limits their 

efficient tumor and tissue penetration [138] and hinders the binding of intracellular antigenic 

epitopes [139]. Furthermore, post-translational modifications, such as disulfide bonds and/or 

glycosylation, require costly and time-consuming eukaryote cell cultures. In addition, it may be 

difficult to add chemical handles and linkers for further drug conjugation in an efficient and 

site-specific manner [140]. Moreover, the mix of heavy and light chains demands complicated 

genetic constructions. Last but not least, the missing Fc region is important to prolong antibody 

circulation in blood because of Fc binding to various cell types [141]. 

Therefore, the motivation to overcome such limitations resulted in antibody engineering 

targeting shortened antibody variants, including the variable domains of heavy and light chain 

in Fab region. Since these domains include the antigen binding segments, their antigen 

neutralization properties are similar to full-length antibodies. Ig derivatives such as scFv (25 

kDa), and single domain antibodies (VHH/nanobody) (15 kDa) satisfying the need of both small 

size and absence of disulfide bond formation are nowadays commonly used in antibody 

engineering. Their small size facilitates tumor penetration [142]. Moreover, combinatorial 

antibody technologies provide a rational strategy to isolate antibodies with tailored properties 

against virtually any target, both in basic research and for medical therapy [143]. Engineered 

domains keep a typical β-barrel fold (Ig-fold). ScFv antibodies show the most promising traits 

exploitable for application in human medicine and basic research [143]. 

Disadvantages of small-size Ig derivatives include their short half-life character in vivo, and poor 

retention times in the target tissues [142, 144]. Besides, unexpected effects of the truncated 

scFv antibodies and nanobodies of non-human origin may occur, such as lower avidity due to 

reduced binding sites and the required humanization processing for reducing immunogenicity, 

respectively [145]. 

b. Protein scaffold engineering 

• The idea of protein scaffold 

The concept of engineered protein scaffolds for molecular recognition arose in the late 1990s 

after the first successful selection of antibodies after phage display [146, 147]. The concept of 

protein scaffolds is simple: scaffolds are structurally stable (robust) polypeptide frameworks 

that need not be based on antibodies. Indeed, several detrimental aspects of both traditional 

mAbs and engineered antibodies prompted the development of non-Ig binding proteins [142, 

144, 145]. 

Protein scaffolds are binding proteins whose architecture is not necessarily an Ig fold, and their 

primary structure can be mutated (evolved) to render useful high affinity protein binders for 
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various biotechnological applications. Protein scaffolds are expected to keep the advantageous 

features of antibodies, i.e., constant regions that hold/maintain the overall folding stability and 

variable regions that provide plasticity responsible for high affinity and specificity binding. 

However, in contrast to mAbs, protein scaffolds are usually small molecules (less than 200 

residues), lack disulfide bonds, have a stable fold, and are easy to produce, ideally in bacterial 

expression systems [141, 147].  

Based on the 3D fold, there are two categories of non-antibody protein scaffolds. Those that 

resemble the β-sandwich structure of Ig domains, and those that have structures different from 

the Ig domains. In the case of Ig-fold protein scaffolds, they contain loops analog to the 

complementarity-determining regions (CDRs) of Igs. Such scaffolds, e.g. monobodies and 

anticalins, are targeted for randomization to create antibody-like binding libraries. On the other 

hand, there are non-Ig-fold protein scaffolds, which differ from the Ig-fold, such as DARPins, 

affibodies, Kunitz scaffold, etc (Figure 9). 

There are two major strategies to create binding sites on the scaffolds. The first one is to 

modify an existing binding site and the second is to implement a new binding site for the target. 

During the last 15 years, more than 50 different protein scaffolds have been developed [148]. 

Here is a summary of currently used non-antibody protein scaffolds: 

o Ig-fold protein scaffolds  

These are protein scaffolds that closely resemble the β-sandwich structure of Ig domains. 

Monobody/Adnectin scaffold is based on the tenth extracellular domain of human fibronectin 

III (10Fn3) whose natural target is integrin. 10Fn3 adopts an Ig-like β-sandwich fold with loops 

at one end but lacks the central disulfide bridge. Such loops, which are similar to the third CDRs 

of an Ig variable domain, are targeted for randomization in scaffold design  [149]. Another 

example is the anticalin scaffold, which is based on the lipocalins (Lcns). Lcns naturally bind 

small ligands at a ligand pocket surrounded by four structurally variable loops at the open end 

of an 8-stranded β-barrel. In scaffold design, this binding interface of Lcns is randomized to 

generate antibody-like variants [150]. 

o Non-Ig-fold protein scaffolds  

These protein scaffolds have various folds and are of different sizes. The well-established 

DARPin scaffold is based on a consensus sequence of the abundant ankyrin repeat proteins 

(ARPs). The ankyrin repeat fold provides amino acid positions in structurally rigid regions that 

can be randomized to make binding surfaces for a repertoire of proteins. Another example is 

the affibody scaffold based on the Z domain of the staphylococcal surface protein A, which 

naturally binds the Fc of Igs. The affibody structure is a three α-helix bundle. Two α-helices of 

the bundle are diversified while generating the library [151].  
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Figure 9: Structures of non-antibody protein scaffolds. Positions targeted for randomization are 

highlighted in red, and disulfides in yellow. Source [152]. 

 

• Antibody and protein scaffold achievements 

Until 2015, six products of recombinant antibody therapeutics were granted first marketing 

approvals and 39 mAbs candidates were in phase III clinical trials as therapeutics [153].  

Many small scaffolds have also proven themselves useful in a broad range of applications, from 

laboratory research tools to imaging, diagnostics, and therapeutics [154-156]. Some of these 

scaffolds have entered clinical trials [152, 157].  

 

2. Directed evolution based on display technologies 

Directed evolution of proteins is a variant of engineering techniques that mimics the natural 

evolution of protein sequences. Natural evolution of proteins have existed since the emergence 

of life on Earth. Genes are mutated and their corresponding proteins evolve to adapt to 

environmental challenges. Directed evolution has been newly established in laboratory settings 

to speed up the evolution of enzymes and binding proteins for basic research (e.g. aminoacyl 

tRNA-synthetases for genetic code engineering) and human therapeutics (e.g. design of 

antibodies and protein scaffolds) [136]. 
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Figure 10: The four key steps in a cycle of directed evolution. Reprinted from [158] with permission, 

copyright © 2015, Springer Nature Limited. 

 

Directed evolution of binding proteins is a powerful method to identify high affinity and high 

specificity binders for a given target. For this purpose, the selection of protein binders is 

facilitated by display technologies that provide a physical link between phenotype (high affinity 

and high selectivity binding protein) and genotype (DNA sequence). There are two basic types 

of display technologies: cell-based display (such as yeast display, bacteria display and phage 

display) and cell-free display including ribosome display and mRNA display. In cell-based 

display, the genetic information (DNA) of a binder is packed inside a cell or virus (yeast, bacteria 

or phage), and the translated binders are displayed on the surface for binding assays against 

target proteins. In cell-free display, the gene information (mRNA) of a binder is associated 

physically to a translated binder via either stalled ribosomes (ribosome display) or puromycin 

linkage (mRNA display) [159-162].  

Directed evolution campaigns based on display technologies generally consist of four steps 

illustrated in Figure 10. 

a. Diversification 

The preparation of a combinatorial library is the first step. A combinatorial library is a collection 

of diverse DNA sequences. For the construction of a pool of binder variants, the number and 

position of randomized residues needs to be well defined in advance. The mutated residue 

positions can be contiguous or scattered along the coding sequence depending on their precise 

arrangement within the three-dimensional fold. The number of randomized residues and the 

set of allowed amino acid side chain exchanges determine the library diversity. The complexity 

of starting library, so-called naïve library, is an important factor that determines the success 

rate of the subsequently selection steps. The higher the complexity, the higher the number of 

possible variants. However, this does not mean that all targeted residues are actually mutated 

because of practical limits in molecular cloning techniques. The combinatorial library is usually 
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made by diversifying the parental DNA sequence of the scaffold at defined positions. These 

positions are randomized by introducing degenerate codons such as NNN (completely 

randomized including stop codon), NNS/NNK (partially randomized) where S = G or C, and K = G 

or T. 

b. Translation 

The library is then submitted to either in vitro transcription/translation (e.g. in ribosome 

display), or transformation into cells for in vivo transcription/translation (e.g. in yeast display) 

[158]. 

c. Selection  

One of the critical factors of display techniques is library complexity. These are theoretical 

library sizes in different displays: phage (109), bacteria (108-10), yeast (107), ribosome (1013-14) 

and mRNA (1013-14). Since cell-free displays perform cell-free protein translation, there is no 

limit of cell transformation efficiency as in cell-base display techniques; hence, more diverse 

libraries can be generated in the former. Therefore, cell-free display may be suitable with naïve 

libraries for the first round of selection. Since library complexity is reduced after several rounds 

of selection, cell-based display technologies may be employed in the following steps [141, 163]. 

During the selection procedure, the immobilized target – typically protein ligands, are mixed 

with a pool of translated binders. Unbound scaffold mutants that do not bind strongly are 

washed away, and the bound binders are collected. The affinity between binders and the 

targets is enhanced by affinity maturation strategies: (1) Several rounds of selection, (2) 

Gradually increased stringency of selection such as tuning target concentration or 

association/dissociation time, as well as adding competitors with free ligands. (3) 

Randomization of coding sequence of selected binders by several options of mutagenesis such 

as error-prone PCR, site-directed mutagenesis, or gene shuffling [158].  

d. Replication 

The DNA of a pool of selected binders and/or random individual binders can be sequenced for 

alignment analysis, and the corresponding proteins are produced in larger scale for stability, 

affinity, and specificity measurements. The replicated genes serve as the initial source for 

subsequent rounds of library diversification [158]. 

 

3. Ribosome display 

Ribosome display is an in vitro evolution technology suitable for the generation of binding 

proteins with high affinity for their targets. A prerequisite for the selection of binding proteins 

from combinatory libraries is the coupling of genotype (mRNA) and phenotype (protein). This 

linkage is accomplished by an mRNA/ribosome/protein ternary complex that is formed during 

cell-free translation. To obtain such a complex, the 3’ terminal DNA coding region of the library 

is genetically fused to a spacer lacking the stop codon. The stop codon in mRNA is responsible 

for recruitment of the release factors to stop translation. Therefore, when ribosome goes along 
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and decodes the mRNA to synthesize a polypeptide, without stop codon, the ribosomal 

complex does not receive the signal to be disassembled. Subsequently, the 

mRNA/ribosome/protein complex binds to the surface-immobilized target of interest via its 

nascent protein variant. Next, in the selection step, the unbound complexes are washed away, 

while the mRNA of bound complexes are collected and analyzed.  

Cell-free translation systems can be obtained from bacteria extracts or purified translation 

components. Therefore, the naïve highly diverse library and the library after selection can be 

directly submitted for in vitro translation without an extra step of cell transformation. This 

minimizes the effect of reduced transformation efficiencies. The selection is performed by a 

surface-immobilized target coated on magnetic beads or microtiter plates for use on enzyme-

linked immunosorbent assays (ELISA). After a binding event, the mRNA is eluted and reverse-

transcribed to generate cDNA which continues to be used in the next round of selections or it is 

used directly to produce proteins for detailed biophysical characterization [164]. The ribosome 

display method is illustrated in Figure 11. 

 

Figure 11: Illustration of ribosome display technology. Reprinted from [164] with permission, copyright © 

2007, Springer Nature America, Inc. 
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E. Photoxenoprotein engineering 

1. Introduction of photoxenoprotein engineering 

Light is one of the most pervasive and persistent of environmental stimuli. Because of this, 

living matter possess a wide range of proteins, so-called photoreceptors or photosensory 

receptors, to sense and respond to electromagnetic radiation from the UV to the near infrared 

ranges [165]. These receptors convert light absorption into metabolic changes including 

alterations in gene expression, cell differentiation, molecular trafficking, etc. Overall, 

photosensory signaling underlies important biological processes like vision, circadian rhythms, 

and photosynthesis, to name but a few.  

In order to study and manipulate biological processes with the same precision as nature, 

chemical biologists have developed a number of optical tools. The main advantages of using 

light to control protein activity are its non-invasiveness and spatiotemporal accuracy [166]. 

There are two major approaches to design photocontrol in proteins, both based on molecular 

engineering in response to light activation and deactivation. Fundamental to both approaches is 

using receiver molecules, chromophores, which absorb photons at a particular wavelength to 

subsequently change the structure and/or function of the protein in which they are embedded. 

Optogenetics (or hybrid protein optogenetics/optobiochemistry to be more precise  [167]) 

involves fusing an intrinsically photosensitive protein to a target protein, while 

photoxenoprotein engineering involves the incorporation of a photosensitive group directly 

into the target protein [166, 168]. 

Protein functions such as ligand binding, catalysis, multimerization, conformational change, 

allosterism, and affinity to other proteins or nucleic acids often depend on a few critical 

residues. In photoxenoprotein engineering, these critical residues mediating protein activity are 

replaced with light-responsive non-canonical amino acids (ncAA), which render the protein 

light-responsive. As a result, proteins containing light-responsive ncAA, so-called 

photoxenoproteins, are generated. Upon exposure to light, the photoactive group of ncAA is 

transformed and thereby the protein activity is controlled [169]. 

2. Light-responsive non-canonical amino acids 

Twenty genetically encoded canonical amino acids serve in nature as protein building blocks. 

Non-canonical amino acids are non-proteinogenic amino acids that are either found naturally in 

specific organisms or are synthetically made in a laboratory. There are three major types of 

light-responsive ncAAs including photocaged, photoswitchable, and photocrosslinkable ncAAs 

[169]. 

Photocaged ncAAs are powerful tools for transient blocking of binding interfaces. The 

photocaged ncAA can simply replace a residue that is essential for binding. Upon irradiation, 

the “cage” moiety of the ncAA is relased (decaging or uncaging), through breaking of a covalent 

bond (photolysis), which sets free a canonical amino acid (or another ncAA) (Figure 12A). Thus, 
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after photo-induced cleavage of the light-sensitive protecting group, the biological activity of 

the protein is regained. The photodecaging reaction is irreversible. Most commonly used 

photocaged ncAAs are caged variants of tyrosine (containing nitrobenzyl, nitropiperonyl, or 

coumarin groups), or of lysine, cysteine, serine, histidine, glutamate, aspartate [166, 170]. One 

commonly used example is ortho-nitrobenzyl-tyrosine (NBY) [171] (Figure 12A). 

Photoswitchable ncAAs can be used to achieve reversible manipulation of protein function. By 

inserting them close to the entrance of the binding site (or in an allosteric site), the ncAA can 

act as a lid blocking the entry of the ligand in one configuration. Illumination initiates bond 

isomerization (trans/cis or E/Z), and may be toggled in both directions by using suitable 

wavelengths, i.e., the photoisomerization reaction is reversible. Most available photoswitchable 

ncAAs are azobenzene derivatives of phenylalanine (e.g. AzoF) (Figure 12B) [172]. 

Photocrosslinkable ncAAs are inserted near a binding site so that protein-ligand interactions 

occur as in the wild-type system. Upon irradiation, the ncAA locks the ligand permanently onto 

the modified protein. To this end, protein–ligand or protein-protein interactions, especially 

those transient in nature, can be captured (“frozen”) and analyzed. The photocrosslinking 

reaction is also irreversible. Most photocrosslinkable ncAAs described so far are derivatives of 

phenylalanine and lysine containing benzophenones or diazirines, for example azibutyl-lysine 

(ABK) (Figure 12C) [173]. 

These photocontrollable ncAAs are utilized in a broad range of applications such as functional 

studies on proteins, tool development for in vivo fundamental studies, therapeutic approaches, 

production of challenging peptides and proteins and from biotechnology to industry [169]. The 

successful performance of photoxenoprotein engineering strongly relies on efficient 

incorporation of ncAAs to target proteins, often through genetic code expansion (GCE) 

technology [174, 175]. 
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Figure 12: Examples of the three major classes of light-responsive ncAAs. (A) The photocaged ncAA NBY 

[171]. (B) The photoswitchable ncAA AzoF [172]. (C) The photocrosslinkable ncAA ABK [173]. NBY=(ortho-

)nitrobenzyl-tyrosine, AzoF=azobenzene-phenylalanine, ABK=azibutyl-lysine, R=any atom. Figure created 

with Marvin Sketch. 

 

3. Genetic code expansion technology 

GCE refers to a set of tools for reprogramming the genetic code to enable the incorporation of 

more types of amino acid carrying desired properties, thus expanding the diversity and 

functionality of proteins [174-177]. Nowadays, more than 200 ncAAs can be incorporated into 

proteins by the GCE method for a wide range of applications. GCE includes several strategies to 

introduce ncAAs site-specifically into proteins in vivo e.g. stop codon suppression, sense codon 

reassignment, quadruplet decoding, nucleic acid alphabet expansion from four to six bases 

[178]. 

The standard or canonical genetic code consists of 64 codons, in which 61 are sense codons 

encoding 20 canonical amino acids and the remaining 3 are nonsense codons (UAA, UGA and 
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UAG) that do not encode any amino acid. Once the ribosome translation machinery encounters 

sense codons, they recruit the corresponding aminoacylated tRNAs, according to codon-

anticodon interactions, to add an amino acid and prolong the polypeptide chain. The coupling 

of amino acid to tRNA is catalyzed by enzymes called aminoacyl-tRNA synthetases (aaRS), which 

hence constitute the “readers” of the genetic code. Once the ribosome encounters stop 

codons, they recruit release factors to terminate translation. Overall, four elements (ncAA, 

codon, tRNA and aminoacyl-tRNA synthetase) become targets for expanding the genetic code 

(Figure 13). 

The stop-codon suppression strategy was developed during the eighties and is still nowadays 

the most utilized implementation of GCE [175, 179]. The stop codon suppressor tRNACUA, whose 

anticodon is modified to recognize the UAG (amber) stop codon, enables to insert its cognate 

non-canonical amino acid. In 1989, by using amber suppressor tRNACUA, which is chemically 

acylated by the specific ncAA, the ncAA was incorporated into protein in vitro [180]. Later in 

2001, the orthogonal tyrosyl-tRNA-synthetase MjTyrRS/tRNACUA protein/RNA pair from 

Methanocaldococcus jannaschii (Mj) was added to the E. coli translation system enabling the 

host cells to incorporate non-standard amino acids into proteins. In principle, the native 

MjTyrRS charges tyrosine to its cognate tRNACUA , but not to any E. coli tRNAs. Evolution of this 

MjTyrRS/ tRNACUA pair by random mutagenesis allowed researchers to create a polyspecific 

synthetase that is able to incorporate other structurally similar ncAAs in response to the UAG 

codons in E. coli [175]. More and more orthogonal aaRS/tRNACUA pairs have been developed 

that expand the number of genetically encoded non-canonical amino acids in E. coli and other 

hosts, like mammalian cells. Among these ncAAs are several photocontrolled ncAA, including 

analogs of tyrosine [171, 181, 182], lysine [183, 184], cysteine [185, 186], serine [187], histidine 

[188], aspartate [189], glutamate [190, 191] and tryptophan [192].  

Several difficulties complicating the use of the GCE method to introduce ncAAs are: (1) 

presence of truncated versions (along with the full-length protein) because of competition 

between suppressor tRNA and release factor for binding to the amber codon, (2) low 

expression yields (sometimes insufficient for subsequent studies) compared to wild-type [193].  
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Figure 13: The genetic code expansion technology via stop codon suppression. Left panel, native 

translation system. Right panel, orthogonal translation system illustrating the four key elements: the 

aminoacyl-tRNA synthetase (aaRS), the tRNA, the codons, and the unnatural or non-canonical amino 

acids. Source: [194]. 

 

General steps for performing genetic code expansion via stop codon suppression:  

• DNA construction: site-directed mutagenesis of the to-be-mutated residues on the target 

protein into the recoded codon (typically UAG), which must be different from the stop 

codon to end the translation (typically UAA or UGA). 

• NcAA-protein expression: co-expression of plasmid encoding target protein with another 

plasmid containing the orthogonal translation system i.e. suppressor tRNA and aaRS specific 

for the ncAA to be incorporated.  The NcAA itself must be usually supplemented to the cell 

culture medium.  
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II. GOALS 

There are two general goals of this thesis: (I) studying the specificity of PPI and (II) modulation 

of the strength of PPI. As model proteins, I use human cytokines from the family of interleukin 

10 and their receptors. The goals can be further divided as follows: 

(I). Specificity of PPI 

A. To develop a general strategy to find new protein scaffolds and transform them into 

specific binders of human IL-10. 

B. To solve the structure of IFN-γR2 by X-ray crystallography to help understand the 

molecular basis for IFN-γ specificity. 

(II). Modulation of PPI 

C. To develop a photoxenoprotein engineering strategy based on genetically encoded 

photocaged ncAA and recombinantly expressed interleukin/receptor pairs to control the 

interaction between IL-24 and IL-20R2 by light.  
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III. RESULTS 

A. Develop a general strategy to find new protein scaffolds and evolve a selected scaffold into 

an interleukin-10 binder. 

Pham, P. N., M. Huličiak, L. Biedermannová, J. Černý, T. Charnavets, G. Fuertes, Š. Herynek, L. 

Kolářová, P. Kolenko, J. Pavlíček, J. Zahradník, P. Mikulecky and B. Schneider (2021). "Protein 

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

Evolution." Viruses 13(2). 

My contribution: searching structures on PDB, sequencing analysis, cloning-expression-

purification of wild type scaffold candidates and binder variants, ribosome display experiments, 

affinity measurement, protein crystallization.    

 

Supplemented paper: 

Kolenko, P., P. Mikulecky, P. N. Pham, M. Maly and B. Schneider (2023). "Diffraction anisotropy 

and paired refinement: crystal structure of H33, a protein binder to interleukin 10." J Appl 

Crystallogr 56(Pt 4): 1261-1266. 

My contribution: protein production and crystallization. 

 

Summary  

Antibodies have reached the drug market. However, nowadays is also well accepted that 

scaffold proteins with smaller size and simpler architecture provide structural plasticity to 

create high affinity binding interfaces against various medical ligands thereby complementing, 

and potentially surpassing, antibodies. Protein scaffolds have delivered promising results in 

different application fields. There are limitations to the use of the existing scaffolds such as 

patent monopoly, short half-life, immunogenicity, and low accessibility to the target area [141]. 

Therefore, we believe that mining novel scaffolds to enrich the current portfolio can provide 

more chances to yield safer and more potent drugs.   

A compact structure with a rigid core and good tolerance to residue substitution without losing 

its structural integrity and stability is the most important attribute of a structurally robust 

protein scaffold. Other important properties are small size for good tissue penetration, 

thermostability, in vivo pharmacokinetics, and non-immunogenicity. All these features can be 

accounted for and thoroughly evaluated via a systematic stepwise selection procedure 

including search of suitable structures in the Protein Data Bank (PDB), a series of computational 

predictions of protein stability, and experimental screens. The most advanced scaffold would 

subsequently be mutagenized at defined residues to prepare a highly diversified DNA 

combinatorial library for in vitro directed evolution in combination with ribosome display to 

select the highest affinity variants against a medically important protein, IL-10. 

https://doi.org/10.3390/v13020190
https://doi.org/10.3390/v13020190
https://doi.org/10.3390/v13020190
https://doi.org/10.1107/S160057672300479X
https://doi.org/10.1107/S160057672300479X
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The IL-10 is well known for its function as an immune repressor. Under physiological conditions, 

IL-10 is an important regulator of the immune system due to its immunosuppressive, anti-

inflammatory, and stimulatory effects. Contrary to investigations suggesting its protective role 

in autoimmunity, allergy, and cancer, overexpression of IL-10 is associated with the 

pathogenesis of systemic lupus erythematosus, EBV-associated malignancies, and tuberculosis. 

Anti-IL-10 mAb were proved effective in clinical trials to treat patients with autoimmune 

disease SLE [63], suggesting that developing IL-10 antagonists is beneficial to control/treat 

cancers, EBV malignancies, and drug-resistant tuberculosis patients [63, 64, 67]. EBV not only 

uses its IL-10 homolog that binds IL-10 receptor to increase its proliferation and protect 

infected EBV-infected B-cells from immune recognition, but also enhances host IL-10 

production to promote its survival and development. Therefore, neutralization/downregulation 

of IL-10 activity is a potential therapeutic approach.  

Hereby, we present a step-by-step method starting from the selection of a novel protein 

scaffold, based on 4PSF, until the generation of variants with high affinity (~10-200 nM) against 

human IL-10. The workflow of these steps is shown in Figure 14. 
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Figure 14: Workflow for the selection of novel scaffolds and their evolution. 
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1. Screening of suitable protein scaffold candidates from the PDB 

The first step was to scan promising protein structures from the database of protein data bank 

(PDB). We set the selection criteria that protein candidates should possess high-resolution X-ray 

crystallography structure, molecular weight under 25 kDa, single domain, and expression in E. 

coli. The resulting hundreds of structures underwent further elimination based on literature 

review excluding structures with reported toxicity, ligand, cofactor addition for structure 

stabilization, or were previously unpublished as scaffold for directed evolution elsewhere. This 

process narrowed down the list to 12 final candidate structures listed in table 3.  

PDB 

code 

UniProt Protein name Structure  Resolution 

(Å) 

Source 

organism 

Size 

(kDa) 

Expression 

host  

Refe-

rence  

 

4PSF Q9NWS0 PIH1D1 N-terminal 

domain 

 

1.58 Homo 

sapiens 

15 E. coli 

BL21 

(DE3) 

[195]  

1N3Y P20702 Alpha-X beta2 

integrin I domain 

 

1.65 Homo 

sapiens 

22 
E. coli 

BL21 

(DE3) 

[196]  

4I3B P0DM59 Fluorescent protein 

UnaG wild type 

 

1.20 Anguilla 

japonica 

15 E. coli 

BL21 

(DE3) 

[197]  

2F3L B1WVN5 Lumenal Rfr-domain 

protein 

 

2.11 Cyanothece 

sp. 51142 

20 E. coli 

BL21 

(DE3) 

[198]  

1W2I P84142 Acylphosphatase 

 

1.50 Pyrococcus 

horikoshii 

10 E. coli C41 [199]  

4NBO Q9HD15 Steroid receptor 

RNA activator 

protein carboxy-

terminal domain 
 

2.81 Homo 

sapiens 

13 E. coli 

BL21 

(DE3) 

[200]  

3APA O60844 Human pancreatic 

secretory protein 

ZG16p 

 

1.65 Homo 

sapiens 

16 E. coli 

BL21 

(DE3) 

codon + 

[201]  
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4IGI E9PWQ3 Collagen VI alpha3 

N5 domain 

 

1.20 Mus 

musculus 

22 E. coli 

BL21 

Rosetta  

[202]  

2W4P P07311 Human common-

type 

acylphosphatase 

variant, A99G 
 

1.70 Homo 

sapiens 

11 E. coli C41 [203]  

4LKT Q01469 Human Epidermal 

Fatty Acid Binding 

Protein (FABP5) 

 

2.57 Homo 

sapiens 

15 E. coli 

BL21 

(DE3) 

[204]  

4MJJ Q14183 C2A domain of 

DOC2A 

 

2 Homo 

sapiens 

15 E. coli To be 

publi

shed 

 

4JOX Q939T0 Cry34Ab1 protein 

 

2.15 Bacillus 

thuringiensis 

14 E. coli To be 

publi

shed 

 

Table 3: Structures and properties of twelve scaffolds. Protein structures created with ChimeraX from PDB 

ID 4PSF [195], 1N3Y [196], 4I3B [197], 2F3L [198], 1W2I [199], 4NBO [200], 3APA [201], 4IGI [202], 2W4P 

[203], 4LKT [204], 4MJJ and 4JOX. 

 

The 2W4P and 4LKT were excluded due to their structural similarity to candidates 1W2I and 

4I3B. Moreover, 4MJJ and 4JOX were removed because of missing publications associated to 

PDB entries.  

4PSF 1N3Y 4I3B 2F3L 1W2I 4NBO 3APA 4IGI 

    
 

  
 

Figure 15: Eight selected scaffolds: 4PSF, 1N3Y, 4I3B, 2F3L, 1W2I, 4NBO, 3APA and 4IGI. Protein structures 

created with ChimeraX from PDB ID 4PSF [195], 1N3Y [196], 4I3B [197], 2F3L [198], 1W2I [199], 4NBO 

[200], 3APA [201], 4IGI [202]. 
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2. In silico identification of mutable patches on the surfaces of the scaffold candidates 

The eight scaffolds (Figure 15) were analyzed to determine highly conserved residues, 

structurally essential residues, and poorly conserved residues. Both highly conserved residues 

and structurally essential residues, that are responsible for protein function and/or overall fold, 

must be preserved. Poorly conserved residues, which can in principle be substituted without 

overall structural change, would be targeted for constitution of the binding interface. The 

arrangement of conserved residues in space is expected to generate a rigid core structure that 

holded the poorly conserved region, which is more flexible and tolerant to residue 

substitutions. To select the residues to be mutated for the generation of a novel binding 

interface, we employed two strategies.  

a. Multiple sequence alignment  

Homologous sequences from different species were aligned to identify the percentage of 

conservation at each amino acid position. Highly conserved residues (>90%) were ruled out.  

b. In silico saturation mutagenesis 

Mutation scanning using the FoldX program was employed to evaluate the mutability of each 

residue. For each scaffold, each residue was substituted by the other 20 standard residues and 

calculated the corresponding free energy differences (ΔΔG in kcal/mol) between WT and 

mutants were calculated (kcal/mol). We subsequently calculated the mutability score of each 

residue as the percentage of mutations satisfying ΔΔG <0 (stability) or 0< ΔΔG < 0.5 (slightly 

destabilizing).  

Residues fulfilling conservation values lower than 90% and FoldX mutability scores larger than 

50% were considered mutable residues. These selected residues were mapped on 3D structure 

to visualize whether they constitute mutable surface patches suitable for directed evolution. 

Since highly diverse library increases the probability of selecting desired binders against the 

target ligands and ribosome display can handle 1013
 to 1014 variants, mutable surface patches 

containing 10 to 12 mutable residues were selected. Three scaffold candidates 4PSF, 1N3Y, 4I3B 

comprise of two mutable patches, while 2F3L, 1W2I consist of one mutable patch. Thus, both 

sets were selected. Other three scaffolds do not contain any surface patch were excluded 

(Figure 16). 

4PSF 1N3Y 4I3B 2F3L 1W2I 4NBO 3APA 4IGI 

    
 

  
 

Figure 16: Five selected scaffolds (4PSF, 1N3Y, 4I3B, 2F3L and 1W2I) and three unselected scaffolds (4NBO, 

3APA and 4IGI). Protein structures created with ChimeraX from PDB ID 4PSF [195], 1N3Y [196], 4I3B [197], 

2F3L [198], 1W2I [199], 4NBO [200], 3APA [201], 4IGI [202]. 
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3. Characterization of the solubility and stability of scaffold candidates 

We continued to check the solubility and purification simplicity of five scaffolds. Two constructs 

bearing an N-terminal His-tag and a C-terminal His-tag were made for each scaffold. Protein 

expression and solubility were done at four different temperatures (16 °C, 25 °C, 30 °C and 37 

°C). Since 1W2I expression required a special bacteria strain, E. coli C43 (DE3), which were 

designed for toxic proteins, 1W2I was excluded. 4PSF, 1N3Y, 4I3B and 2F3L were highly soluble 

at 16 °C as N-terminal His-tag constructs, while C-terminal His-tag construct largely eliminated 

their expressibility. Moreover, while 4PSF, 1N3Y, 4I3B were highly pure after a two-step 

purification, 2F3L showed a contaminant on SDS-PAGE. Hence, we carried on with only 4PSF, 

1N3Y, and 4I3B (Figure 17). Next, oligomerization of purified proteins was measured by 

dynamic light scattering (DLS), and the secondary structure and thermal stability were both 

determined by circular dichroism (CD) spectroscopy. All three scaffolds (4PSF, 1N3Y, 4I3B) were 

found mainly as monomers with the expected secondary structure content and high melting 

temperatures of 75 °C, 57 °C, and 47 °C, respectively.  

4PSF 1N3Y 4I3B 2F3L 1W2I 

    
 

Figure 17: Three selected scaffolds (4PSF, 1N3Y and 4I3B) and two unselected scaffolds (2F3L and 1W2I). 

Protein structures created with ChimeraX from PDB ID 4PSF [195], 1N3Y [196], 4I3B [197], 2F3L [198], 

1W2I [199]. 

 

a. Potential interfaces for degeneration 

The six mutable surface patches of the three scaffolds were highlighted (Figure 18). We named 

them based on the patch location near the N-terminus or C-terminus of the protein. 4PSF 

PatchN, 4PSF PatchC, 1N3Y PatchN, 1N3Y PatchC, 4I3B PatchN and 4I3B PatchC consisted of 10, 

10, 10, 11, 12 and 11 mutable residues, respectively. 

4PSF 

PatchN 

4PSF 

PatchC 

1N3Y 

PatchN 

1N3Y 

PatchC 

4I3B 

PatchN 

4I3B 

PatchC 

  
    

Figure 18: Three selected scaffolds (4PSF, 1N3Y and 4I3B) with two mutable surface patches (PatchN and 

PatchC) each (highlighted in red, cyan and pink respectively). Protein structures created by ChimeraX from 

PDB ID 4PSF [195], 1N3Y [196], 4I3B [197]. 
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4. Characterization of alanine mutants, solubility and thermostability 

The tolerance to mutagenesis of the six scaffolds was validated by substituting all mutable 

residues on the surface patches to alanine. The expression, solubility, oligomerization and 

melting temperature of alanine mutants were measured in order to determine the “hit” 

mutants that behaved similarly as the wild type. 

The Ala 4I3B PatchN and Ala 1N3Y PatchC aggregated into inclusion bodies. Low (10%) solubility 

compared to WT 4I3B was observed for Ala 4I3B PatchC. Three scaffolds (4PSF PatchN, 4PSF 

PatchC, 1N3Y PatchN) were selected (Figure 19) because they were as highly soluble as their 

WT, being also monodisperse and with acceptable high melting temperatures.  

4PSF 

PatchN 

4PSF 

PatchC 

1N3Y 

PatchN 

1N3Y 

PatchC 

4I3B 

PatchN 

4I3B 

PatchC 

  
    

Figure 19: Three selected scaffolds (4PSF PatchN, 4PSF PatchC, 1N3Y PatchN) and three unselected 

scaffolds (1N3Y PatchN, 4I3B PatchN and 4I3B PatchN). Protein structures created with ChimeraX from 

PDB ID 4PSF [195], 1N3Y [196], 4I3B [197]. 

 

5. Decision of most satisfied scaffold and make combinatorial library 

Sticking of protein on capillaries and sensor chips used in microscale thermophoresis (MST) and 

surface plasmon resonance (SPR) is problematic. Therefore, we check whether 4PSF, 1N3Y and 

their Ala mutants stick to these accessories. 1N3Y and 1N3Y PatchN were suitable for MST 

experiments but not for SPR. 4PSF, including its two mutants, were applicable for both MST and 

SPR. Considering these data together with the highest thermal stability (67 °C), we eventually 

decided 4PSF PatchC was our scaffold for directed evolution (Figure 20).  

4PSF 

PatchN 

4PSF 

PatchC 

1N3Y 

PatchN 

  
 

Figure 20: 4PSF PatchC was eventually chosen as the final scaffold  for directed evolution. Protein 

structures created with ChimeraX from PDB ID 4PSF [195],and 1N3Y [196]. 
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This 4PSF PatchC scaffold was called initially Probi. However, we renamed 57aBi due to trade 

mark of Probi. Ten mutable residues highlighted in red were randomized for DNA library 

construction. These residues were E110, T114, R117, E118, D122, N125, Q127, N129, E131, and 

R133 (numbering according to the 4PSF PDB entry).  

QPGFCIKTNSSEGKVFINICHSPSIPPPADVTEEELLQMLEEDQAGFRIPMSLGEPHAELDAKGQGCTAYDVA

VNSDFYRRMQNSDFLRELVITIAREGLEDKYNLQLNPEWRMMKNRPFMGSISQQNIR. 

The DNA library was synthesized by GENEWIZ company by the degenerate NNK codons 

technology with estimation of 78 % library correctness, which was considered sufficient for 

further work. 

 

6. Ribosome display with human IL-10 

 

Figure 21: Scheme of ribosome display as set-up in our lab. 

 

In ribosome display, the ternary complex (mRNA, ribosome, and binder), which is made by cell-

free translation system, was incubated with surface-immobilized IL-10. After successful binding 

events and removal of non-specific binders, the mRNA is eluted, reversely transcribed to cDNA, 

and amplified via PCR technique. The DNA information of high affinity binders was then 

analyzed or another round of selection for affinity maturation to reach the desired affinity is 

added (Figure 21). 
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7. Characterization of IL-10 binders 

After several rounds of ribosome display, the obtained binders, whose high affinity estimated 

by ELISA, were produced and their affinity were measured by MST. In initial preselection 

process, six variants bound unexpectedly background to BSA were acquired. Therefore, we 

optimized preselection process. As the result, two binders, named F5 and G3, interacted with 

IL-10 with high specificity and affinity, 6 nM and 208 nM, respectively (Figure 22). The melting 

temperature of these two binders were lower than WT protein, but still in the range of practical 

use. However, these binders were not able to inhibit signaling pathway of IL-10 and its 

receptors IL-10R2, checked by a competitive binding assay and phosphorylated STAT3 (pSTAT3) 

detection in WB.  

 

Figure 22: Determination of binding affinities (reported as dissociation constants, Kd) between evolved 

57aBi binders and IL-10 by MSTs. Source: [7]. 
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8. Binder crystallization 

Six binder proteins arising from initial preselection process (in μM affinity range) were 

crystallized. Four crystals of six variants diffracted at a low resolution ranging from 6 to 8 Å. One 

binder formed crystal with high resolution 1.2 Å structure, deposited under the PDB entry ID 

7AVC [7] and solved by the molecular replacement method using original 4PSF structure. The 

crystal structure of another binder at lower resolution (2.73 Å) was deposited under the PDB 

entry uID 8BDU [8] and solved by diffraction anisotropy and paired refinement method. In 

comparison, the overall structures of three proteins, one WT and two binders, are highly similar 

(Figure 23). This confirms that the fold of 5aBi scaffold is stable. 

 

Figure 23: Comparison of protein structures between wild-type and two evolved binders. The superposition 

and individual 3D structures of three proteins demonstrates the stability of the fold: WT (violet), H33 

(yellow) and J61 (blue) variant with PDB ID 4PSF [195], 8BDU [8] and 7AVC [7], respectively. Mutated 

residues are highlighted in red. Figure created with ChimeraX from the mentioned PDB IDs. 

 

From the results collected through all steps of workflow, we confirmed that the randomization 

on 57aBi did not significantly affect the overall structure. Therefore, 57aBi is applicable for 

directed evolution by ribosome display. 
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B. Solving 3D protein structure of interferon gamma receptor 2 

Mikulecky, P., J. Zahradnik, P. Kolenko, J. Cerny, T. Charnavets, L. Kolarova, I. Necasova, P. N. 

Pham and B. Schneider (2016). "Crystal structure of human interferon-gamma receptor 2 

reveals the structural basis for receptor specificity." Acta Crystallogr D Struct Biol 72(Pt 9): 

1017-1025. 

My contribution: assistance in protein crystallization and structure determination. 

 

Summary  

IFN-γ functions through binding to its cognate receptor, IFN-γR2. Therefore, IFN-γR2 plays 

important immune regulatory roles in innate and adaptive immunity against viral, bacterial and 

protozoal infections. The interaction between IFN-γ and IFN-γR2 leads to activation of 

downstream signaling pathway but the structural basis of such interaction is elusive. A three-

dimensional (3D) structure of IFN-γR2, which has not been solved yet, would help to 

understand the signaling mechanism at the molecular level. There are three parts including: 

• Biophysical characterization of the extracellular domain of human IFN-γR2 

• Structure determination of IFN-γR2 by X-ray crystallography. 

• Comparison of IFN-γR2 to other cytokine receptors to find binding specificity. 

1. Biophysical characterization of the extracellular domain of human interferon gamma 

receptor 2 

N-linked glycosylation is critical for IFN-γR2 production through stabilization of the protein fold 

and facilitation of the transport to and/or across the cellular membrane. Five of the six 

predicted glycosylation sites of IFN-γR2 were confirmed by mass spectrometry and X-ray 

crystallography. There were no significant differences in melting temperature between the 

glycosylated and deglycosylated IFN-γR2 proteins from CD spectroscopy and thermal shift 

assays. The secondary structure of the two proteins was highly similar. Moreover, removal of 

these glycosylation sites abolished protein expression. 

Disulfide bonds are not critical for the stability of IFN-γR2 fold. There are two S-S bonds 

identified by mass spectrometry. The melting temperature of glycosylated and deglycosylated 

forms of IFN-γR2 treated with reducing agents is similar (~1 °C difference).  

2. Structural features of interferon gamma receptor 2 

The structure of IFN-γR2 (UniProt entry P38484) was solved at 1.8 Å resolution (PDB ID 5EH1 

[14]). It comprises an N-terminal D1 domain, composed of three β-strands stacked on a layer of 

four β-strands, and a C-terminal D2 domain, created by four β-strands arranged against four 

other β-strands, are connected by a short linker. The overall structure belongs to the 

immunoglobulin fold with fibronectin type III topology (Figure 24).  

https://doi.org/10.1107/s2059798316012237
https://doi.org/10.1107/s2059798316012237
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In further analysis, D1 domain contains a distinct structural motif of six stacked residues (Lys68, 

Trp74, Arg114, Trp126, Arg116 and His123) that contributes significantly to the overall stability 

of the whole domain (Figure 24a). The important role of tryptophan residues in stabilizing the 

fibronectin fold by stitching together two β-strands is supported by charged residues, especially 

arginine, in D1. 

The structure reveals two sugar moieties attached to Asn110 and Asn137 (N-linked 

glycosylation), which sandwich the hydrophobic sidechain of Trp131 avoiding its exposure to 

the solvent (Figure 24b).  

A unique structural feature of IFN-γR2 is the specific positioning of an aromatic residue 

(Phe109) in the recognition epitope (Figure 24c). 

 

Figure 24: Structural characterization of IFN-γR2 showing its two domains (D), D1 and D2 (PDB ID 5EH1 

[14]) Source: [197]. 

(a) Residues K68, W74, R114, W126, R116 and H123 (in orange) of the D1 domain form a stacking motif 

on the IFN-γR2 surface.  

(b) Two N-Acetyl-d-glucosamine (NAG, in blue) sugars, bound to N110 and N137, sandwich W131 (in 

orange), thus decreasing its hydrophobicity.  

(c) Superposition of the aromatic binding epitope between IFN-γR2 (F109 in green) and other cytokine 

receptors (in orange, red) including IL-10R2 (Y82 PDB ID 3LQM [193]), gp130 (F169 PDB ID 1BQU [194) and 

IL-2R2 (Y103 PDB ID 4GS7 [195]). There is no corresponding aromatic residue in IL-20R2 (PDB ID 4DOH 

[196)].  
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3. Structure and sequence alignments revealed important features of cytokine receptors. 

Structure-based bioinformatics analysis in combination with multiple sequence alignment 

helped to determine the putative binding sites of IFN-γR2 to IFN-γ and IFN-γR1 (Figure 25). 

 

Figure 25: Structural differences between D1 and D2 domains of 12 class 2 cytokine receptors quantified 

by their RMSD values. RMSD values smaller and larger than the average are colored in blue and red, 

respectively. Source: [14]. 

 

The residues of IFN-γR2 highlighted in red had highly variable positions and were assumed to 

constitute the binding interface for IFN-γ and IFN-γR1 (mapped on the structures in Figure 26a). 

Moreover, sequence alignment of IFN-γR2 from distinct species revealed that he highest 

sequence variability occurs at positions coinciding with these structurally variable regions 

(Figure 26b). 
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Figure 26: Structure and sequence alignments of IFN-γR2 (PDB ID 5EH1). Source: [14]. 

(a) Structural alignment of D1-D2 domains from nine IFN-γR2 variants. Two regions in D1 (red and yellow) 

and one region in D2 (green) are highly variable.  

(b) Sequence alignment of IFN-γR2 from 90 species with the sequentially most variable regions (cyan) and 

conserved regions (purple) illustrated on the surface of the IFN-γR2 structure.  
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C. Modulation of the interaction between interleukin-24 and interleukin-20 receptor 2 by 

photoxenoprotein engineering 

Pham, P. N., J. Zahradnik, L. Kolarova, B. Schneider and G. Fuertes (2023). "Regulation of IL-

24/IL-20R2 complex formation using photocaged tyrosines and UV light." Front Mol Biosci 10: 

1214235. 

My contribution: photoxenoprotein design, cloning, expression and purification of parental IL, 

receptor and their ncAA variants, MST affinity measurement, cell signaling performance and 

protein detection by western blot. 

 

Summary 

Human IL-24 had been used as anti-tumor cytokine in Phase I/II clinical studies using virus-

mediated gene delivery [99] and other delivery strategies [98, 103-105]. Tumor inhibition can 

be achieved either by overexpressing IL-24 inside the tumor or by overexpressing secreted IL-24 

from distant cells based on the “bystander” activity. According to the latter effect, secreted IL-

24 can “travel” and bind its receptors on the surface of tumor cells to trigger the Tyk2/Jak1 

signaling pathway, leading to downstream activation of the transcription factor STAT3 via 

phosphorylation [86, 101]. Besides tumor treatment, IL-24 is also suggested as a therapeutic 

target for TB and IBD patients [109, 110]. 

Since many physiological and pathophysiological roles of IL-24 critically depend on its binding to 

cognate receptors, we believe that controlling such interaction between IL-24 and the shared 

receptor IL-20R2 could be beneficial for basic and applied research. Using light to switch 

ON/OFF cytokine-receptor interaction provides a high temporal and spatial resolution. 

Photoxenoprotein engineering, where ”hot spot” residues on the target protein are replaced 

with light-responsive ncAAs such as NBY via GCE technology, is an approach commonly used for 

the temporal blockage of protein activity [205, 206]. NBY contains the “bulky” photocage 

nitrobenzyl, which is aimed at blocking the binding interface, and the tyrosine moiety. Upon 

illumination, the tyrosine-photocage bond is cleaved, leaving the canonical tyrosine on the 

protein and thus restoring binding. NBY has been applied successfully to block/unblock antigen-

antibody interactions [207-212] but to the best of my knowledge has not been used to 

photocontrol non-antibody-based protein interactions yet. 

We hereby demonstrated proof-of-concept for employing NBY and UV light to control the 

association between IL-24 and IL20-R2 (Figure 27). The presence of NBY on tyrosine 70 of IL-

20R2, which is part of the binding interface with IL-24, successfully blocked the interaction. This 

was followed by its decaging, i.e. “cage” removal, upon illumination recovers the interaction. 

Existence of the ON/OFF binding was assessed by affinity measurements, from MST and yeast 

surface display, and cell signaling assays detecting phosphorylated STAT3. 

https://doi.org/10.3389/fmolb.2023.1214235
https://doi.org/10.3389/fmolb.2023.1214235
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Figure 27: The combination of photocaged non-canonical amino acids, ortho-nitrobenzyl-tyrosine (NBY) 

residue, and UV light to control the interaction between IL-24 and IL-20R2. (A) In the absence of 

illumination, the presence of the cage at the interface blocks the association between the two partners. (B) 

After UV illumination, the cage is excised, the native tyrosine is generated, and the IL-24/IL-20R2 complex 

can be formed. Source [10]. 

 

1. Photoxenoprotein design 

In order to achieve soluble expression in E. coli, we employed the PROSS algorithm to optimize 

the sequences of human IL-24 [9] and IL-20R2. The mutated IL-24 (renamed as IL-24B4) and IL-

20R2 (renamed as IL-20R2D) sequences consisted of 29 and 23 mutations relative to their wild-

type counterparts, respectively. According to the crystal structure of the ternary complex (IL-

24/IL-20R2/IL-22R1) (PDB ID 6DF3) [79], these mutations were not located on the binding 

interface between IL-24 and IL-20R2.  

Tyrosine is frequently found in the “hot spots” (regions of the amino acid residues on the PPIs 

interface that contribute to the binding-free energy) of binding interfaces [213]. We identified 

three tyrosine candidates at the interface of IL-24 and IL-20R2: two in IL-20R2 (Y70 and Y74) 

and one in IL-24 (Y204) (Figure 28A). The phenolic hydroxyl group of Y70 makes a hydrogen 

bond with the ε-amino group of lysine 135 in IL-24 (Figure 28B). The sidechain OH of Y74 is H-

bonded to the backbone CO group of leucine 117 in IL-24 (Figure 28C). Y204 makes Van der 

Waals interactions with lysine 210 of IL-20R2 (Figure 28D). From these analyses, we prepared 

four constructs: three single mutants: IL-20R2D Y70NBY, IL-20R2D Y74NBY, and IL-24B4 

Y204NBY; and one double mutant IL-20R2D Y70NBY/Y74NBY.  
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Figure 28. Selection of target residue positions for the installation of photocaged tyrosines. Source [204]. 

(A) Structure of the complex between IL-24 (blue) and IL-20R2 (red). The three target tyrosines (Y70 of IL-

20R2, Y74 of IL-20R2 and Y204 of IL-24) participating in interleukin/receptor interactions are indicated in 

green. 

(B) Interaction between Y70 (IL-20R2) and K135 (IL-24) via H-bonding. 

(C) Interaction between Y74 (IL-20R2) and L117 (IL-24 via H-bonding.  

(D) Interaction between Y204 (IL-24) and K210 (IL-20R2) via Van der Waals contacts. 

 Figure created with Visual Molecular Dynamics software from PDB ID 6DF3 [79]. 

 

2. Genetic code expansion for photoxenoprotein production 

In order to obtain IL-24 and IL-20R2 photoxenoproteins, NBY photocaged ncAA and the evolved 

orthogonal tyrosyl-tRNA-synthetase (MjTyrRS*) and amber suppressor tRNA (tRNACUA) pair 

were employed in E. coli cells. Since the incorporation of NBY into cytokine and receptor is 

based on amber suppression, tyrosine codons at residue positions 70, 74 and 204 were 

replaced by TAG codons. The plasmids encoding for either IL-24B4 or IL-20R2D were co-

transformed with plasmids encoding both aminoacyl-tRNA synthetase (aaRS) and tRNACUA. 

Bacterial media were supplemented with NBY.    

3. Purification and characterization of photoxenoproteins 

Because of the competition betwen tRNACUA and release factors, full-length proteins are mixed 

with truncated ones. Therefore, Strep tag was placed at the C-terminal end for protein 

purification to fish out the full-length proteins only. Size-exclusive chromatography was used to 

increase purity and to eliminate biotin from the affinity chromatography step. Six proteins 

including two parental IL-24B4, IL- 20R2D and four mutants IL-20R2D Y70NBY, IL-20R2D 

Y74NBY, IL-24B4 Y204NBY, IL- 20R2D Y70NBY/Y74NBY and IL- 20R2D Y70NBY/Y74NBY were 

obtained in high purity as seen by well-defined single bands on SDS-PAGE. Mass spectrometry 

was used to confirm the presence of NBY in the mutants. The secondary structures of these 

mutants, characterized by circular dichroism (CD) spectroscopy, revealed that while IL-24B4 

variants are mostly α-helical, IL-20R2D variants are richer in antiparallel ß-sheets, in line with 

their crystal structures. Differential scanning fluorimetry indicated that IL-24 variants were 

more stable than IL-20R2D variants, with melting temperatures of ~60°C vs. ~40°C, respectively.  
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4. Decaging efficiency upon UV irradiation 

Decaging by UV irradiation is expected to release the nitrobenzyl moiety, i.e. the photocaged 

part, of NBY to both regenerate the canonical protein and restore binding. Six proteins in buffer 

solution, two parental and four mutants, were submitted to UV irradiation and their decaging 

efficiencies were assessed by mass spectrometry. The decaged mutant mass should be identical 

to the parental protein and lower than that of the non-decaged mutant mass by 135 Da 

(corresponding to the mass of the nitrobenzyl moiety) in the single-mutant case (270 Da in 

double-mutant case).  MS data showed that all NBY-containing mutants were efficiently 

photolyzed by UV light, thereby regenerating the native tyrosine residue present at that 

position.  

5. Monitoring photocontrol by affinity measurement in solution 

a. Affinity measurement by MST  

MST measurements, which are based on temperature-induced changes in fluorescence 

intensity, were done by using fluorescently labeled receptor IL-20R2 variants at a fixed 

concentration and mixing with varying concentrations of non-labeled parental IL-24B4. IL-24B4 

Y204NBY was excluded because of insufficient protein yields. Two mutants, IL-20R2D Y74NBY 

and IL- 20R2D Y70NBY/Y74NBY, bind to IL-24B4 with similar affinities (approximately 500 nM) in 

comparison to parental IL-20R2D (Table 4). Only the IL-20R2D Y70NBY variant showed low 

binding affinity (approximately 100 uM) to its cytokine in the dark (Figure 29A, Table 4). From 

the MST result, IL- 20R2D (-/+ UV) showed differential binding to affinities to IL-24B4 (Figure 

29A, Table 4). This probably meant a side effect of UV on proteins. The binding affinities of IL- 

20R2D (+UV) and IL-20R2D Y70NBY (+UV) were similar (within 5%) suggesting that UV-light 

restores native-like binding affinities (Figure 29A, Table 4). We concluded that IL-20R2D 

Y70NBY was so far the most promising candidate for photocontrolling cytokine-receptor 

interactions in solution. We continued to confirm the behavior of IL-20R2D Y70NBY by another 

method, yeast surface display. 
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Table 4: Dissociation constant (Kd) values (measured from MST and yeast display assays with purified 

proteins in solution)) and half-maximum effective concentrations (EC50) values (measured from pSTAT3 

production in cell signaling assays) of IL-24B4 and IL-20R2D variants. Source [10]. 

 

 

 

Figure 29. Quantification of binding affinities by two different methods: MST and yeast surface display. 

Solid lines in panels (A) and (B) are fits to retrieve the dissociation constants (Kd) values shown in Table 4. 

Source: [10]. 

(A) MST experiments.  

(B) Yeast surface display experiments. 

 

b. Affinity measurement by yeast surface display 

In yeast surface display, the set-up is opposite to MST. The yeast, which expressed IL-24B4 

(fixed concentration) fused to a fluorescent protein on its surface, was incubated with different 

concentrations of fluorescently labeled receptors IL- 20R2D (-/+UV) and IL-20R2D Y70NBY (-
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/+UV). Binding events were detected by fluorescence from each binding partner and then 

analyzed by flow cytometry.  

In agreement with MST results, yeast display showed low levels of complex formation between 

IL-20R2D Y70NBY and IL-24B4 in the absence or UV illumination. High binding affinities, similar 

to the parental IL-20R2D, were observed upon UV irradiation and subsequent decaging (Figure 

29B). We noticed that the binding affinities estimated by MST in diluted protein solution were 

lower (approximately 100-fold) than those determined by yeast display in crowded membrane 

environment (Figure 29, Table 4), most likely due to avidity (multiple interaction events) 

effects. In summary, from both methods, we concluded that IL-20R2D Y70NBY is a potential 

photoxenoprotein to control the interaction with IL-24 by UV light in solution.  

 

6. Monitoring photocontrol by detection of activated signaling pathway 

The effect of the presence/absence of interaction between IL-24 and IL-20R2 can be proved via 

the presence/absence of phosphorylated STAT3 (pSTAT3), respectively (Figure 30), which is a 

well-known marker for intracellular signaling dependent on IL-24 and other cytokines. The 

parental IL-24B4 with/without UV decaging (-/+ UV) and the IL-24B4 Y204NBY (-/+ UV) were 

added to the culture medium of HeLa cells for 30 minutes to trigger signaling, then cells were 

harvested and proteins were extracted. Next, pSTAT3 was detected by anti-pSTAT3 mAbs via 

SDS-PAGE and Western Blot (WB). Since the limited expression levels of endogenous receptors 

IL-20R2 and IL-22R1 in HeLa cells leads to a weak signal of pSTAT3, transient transfection with 

plasmids encoding the receptors is necessary to achieve amounts of pSTAT3 that can be 

quantified accurately.   

In negative control experiments with transfected cells alone, little pSTAT3 was present in cells 

(background). Two different concentrations of IL-24 variants were added to saturate the 

pSTAT3 amount and detection. pSTAT3 was detected as a thick band in response to the addition 

of parental IL-24B4 (-/+ UV), showing that this engineered IL-24 version was able to activate the 

JAK/STAT signaling pathway and that UV illumination did not significantly affect IL-24 function. 

pSTAT3 levels in response to IL-24B4 Y204NBY were somewhat higher in the presence than in 

the absence of UV illumination. It meant this ncAA mutant blocks to some extent the binding to 

its receptor, and photocage removal partially restored the interaction. The differential response 

to UV excitation was small, but it was initial evidence to show that IL-24B4 Y204NBY could be a 

promising candidate to photocontrol protein interactions in a cellular environment.  

We have not tested IL-20R2D Y70NBY in cell signaling assays due to the background levels of 

pSTAT3 production upon IL-20R2D addition. However, these experiments might be optimized in 

the future. 
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Figure 30: Signaling assays in HeLa cells expressing IL-20R2 and IL-22R1. Source [204]. 

(A) Production of phosphorylated STAT3, detected by antibodies anti-pSTAT3, upon addition of two 

interleukin-24 variants (before/after UV decagin at λ = 365 nm, for 5 min, at 100 mW).  

(B) Quantification of pSTAT3 production by Western blot (normalized by tubulin) as a function of the 

added interleukin-24 variants (before/after UV decaging) and concentrations. The bars indicate the mean 

and standard deviation of two independent experiments.  
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IV. DISCUSSION 

A. Development of 57aBi scaffold and evolution of 57aBi-based binders. 

An intriguing and so far unexploited feature of our main scaffold, so-called 57aBi, is that it 

contains two mutable interfaces, N- and C-terminal, that may evolved to interact 

simultaneously with two different partners. These double binders could mimic the interaction 

mechanism of natural cytokines, which is based on the formation of a ternary complex with two 

receptors [11]. Furthermore, this approach would lead to the creation of bispecific binders, 

which has been achieved to some extent with antibodies [214] but are typically challenging to 

design [215]. Moreover, 57aBi-derived bispecific binders could work as “synthekines” that bind 

to non-natural receptor hetero-dimers to activate new unexplored cellular responses [216]. 

Our second developed scaffold, the 1N3Y PatchN, designed from protein alpha-X beta2 integrin 

I domain [196], could also be employed for binder development in the near future [16]. 

Protein structures that failed our stringent selection process, for instance 4I3B and 1N3Y PatchC 

lacked expression of Ala variants, could still be reconsidered as scaffolds.  We noticed they 

contain 11 and 12 mutable residues, respectively, compared to 10 residues in the case of 4PSF 

and 1N3Y PatchN. By reducing the number of mutable residues, these proteins might pass the 

selection criteria and become novel scaffolds.  

Ribosome display technology was prioritized due to the high complexity of scaffold library. 

However, other display technologies could also be included in our pipeline. Specifically, the 

yeast display technology, which provides certain advantages such as high-throughput detection 

by fluorescence-activated cell sorting (FACS), may be utilized for binder selection, affinity 

maturation and improvement of specific features [217].  

Even though we do not expect 57aBi-derived binders to be immunogenic, since the scaffold 

originates from a human protein [195], the immunogenicity of binders has to be checked on a 

case-by-case basis for use in medical purposes. If binders would turn immunogenic and hence 

unsuitable for therapeutical applications, they could still be used for molecular imaging. 

Binders G3 and F5 did not showed inhibitory ability by sequestering IL-10 and preventing 

activation of the signaling pathway. In order to identify truly inhibitory binders, there are 

several approaches that could be employed such as testing other binders, using different cell 

types (THP-1 or U937), or trying different signaling assays besides pSTAT3 detection. 

The cross-reactivity of IL-10 binders to other cytokines and other unrelated proteins will be 

checked. 
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B. The structure of interferon gamma receptor 2. 

Our structure of isolated IFN-γR2 promotes the exploration of structure of the full ternary 

complex, thus rendering a better understanding of the functioning of this immunity cascade.  

Indeed, the crystal structure of the ternary signaling complex (PDB ID 6E3K [128]) was 

eventually solved by molecular replacement using our deposited model (PDB ID 5EH1) [128]. 

The structural superposition of this IFN-γR2 in the ternary complex and our IFN-γR2 shows high 

similarity (Figure 31).  

 

Figure 31:  Overlaid cartoons of IFN-γ ternary complex (IFN-γ in orange, IFN-γR1 in blue and IFN-γR2 in 

pink, coordinates taken from [128]) and our IFN-γR2 in green (coordinates taken from [14]). The structure 

reveals that IFN-γR2 makes extensive contacts with both the IFN-γ dimer and with IFN-γR1. Figure created 

with ChimeraX from PDB ID 6E3K (ternary complex) and 5EH1 (free IFN-γR2). 

 

Interestingly, a novel splice site mutation in patients with primary immunodeficiency has been 

found recently [218]. The mutation caused deletion of three amino acids in one of the variable 

loops of IFN-γR2 that we predicted to control the binding specificity for IFN-γ.  
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C. Modulation of the interaction between interleukin-24 and interleukin-20 receptor 2 by light. 

NcAA incorporation by GCE may cause a decrease of protein yield [219]. Therefore, it is 

important that the parental proteins can be produced in decent amounts. The bioinformatics-

designed IL-24B4 and IL-20R2D, containing a large number of mutations compared to the WT, 

are suitable as parental proteins for this ncAA photoxenoprotein engineering study because 

they can be produced in E. coli in sufficient quantity and quality.  

The IL-20R2D Y70NBY, one of all four produced variants, was a “hit” in the sense that it was 

able to modulate cytokine/receptor interactions as examined by MST and yeast surface display. 

IL-20R2D Y70NBY showed low affinity for IL-24B4 in the dark, and regained native-like (nM) 

affinity after UV light activation. This result agreed with several antibody studies using antibody 

fragments, scFv, nanobodies and intrabodies, which showed that a single NBY residue at a 

critical position is sufficient to diminish antigen-antibody interactions, while binding is restored 

upon light exposure [207-210].  

The parental IL-24B4 and caged/decaged IL-24B4 Y204 variants showed minimal albeit 

reproducible differences in cell signaling assays. The apparent higher efficiency of Y70 in 

blocking heterocomplex assembly compared to Y204 might be due to its location at the core of 

the interface [79]. 

While the IL-20RD2 Y70NBY clearly reduced the binding affinity for IL-24B4, the IL-20R2D 

Y74NBY and the double mutant IL-20R2D Y70NBY/Y74NBY did not significantly alter PPI. This 

puzzling result is in agreement with the non-additive effect of mutations on protein activity, 

known as epistasis [220, 221]. 

Instead of using a soluble version of IL-20R2D, one could directly express the full-length 

receptor containing NBY on the surface of Hela cells. This can be done by employing a NBY-

specific orthogonal translation system derived from Methanosarcina barkeri in future studies 

[181]. Alternatively, a competition cell-based assay could be performed in which the soluble 

photocaged receptor would interfere the binding of the cytokine to the cell-surface receptor. 

However, in the negative control having soluble IL-20R2D without cytokine, cellular pSTAT3 was 

unexpectedly detected. This problem can be circumvented by using universal reporter cell lines 

and/or reporter assays based on gene expression [222, 223] instead of pSTAT3 detection by 

WB. 

Moreover, photocaged ncAA permit a one-time activation of PPI, which may not always be 

desirable. For instance, sustained cytokine-dependent JAK/STAT may drive excessive 

transcription of genes involved in inflammation, angiogenesis and survival [224]. Alternatively, 

photoswitchable ncAA [172, 225, 226] may enable bidirectional photocontol of cytokine-

receptor interactions for more demanding applications where reversibility is essential. 

Photoswitchable cytokines could be activated with light of a given wavelength (triggering 

complex formation with the paired receptor and subsequent phosphorylation of STAT3), and 

deactivated with light of another color that would switch off the JAK/STAT cascade.  
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V. CONCLUSIONS 

The conclusions of the present Ph.D. thesis can be summarized as follows: 

(I). Specificity of PPI  

A. Selection and evolution of novel scaffolds specific for IL-10.  

A systematic procedure based on three pillars (bioinformatics analysis of protein 

structures deposited on PDB, theoretical predictions and experimental examinations) 

was developed to eventually select two novel protein scaffolds: the human PIH1 

domain-containing protein 1 (PDB ID 4PSF [195]), and the alpha-X beta2 integrin I 

domain (PDB ID 1N3Y [196]).  

One of the two mutable interfaces of 4PSF, designated as 57aBi, was trained through 

ribosome display to bind specifically to the medically important human IL-10 with 

nanomolar affinity.  

B. The crystal structure of the human IFN-γR2 reveals the structural basis for receptor 

specificity. 

According to structure and sequence alignments of related receptors, three structurally 

highly variable regions most likely bring about binding specificity for IFN-γ.  

(II). Modulation of PPI 

C. Modulation of the interaction between the IL-24 and IL-20R2 by photoxenoprotein 

engineering. 

A photocaged tyrosine residue (NBY) introduced by GCE at a critical residue position in 

IL-20R2, Y70, diminished the formation of IL-24/IL-20R2 complex in solution. Upon UV 

illumination, the hetero-complex was assembled with nanomolar affinity. 

A photocaged tyrosine residue (NBY) introduced by GCE at a critical residue position in 

IL-24, Y204, disrupted to a certain extent the JAK/STAT signaling pathway in cells that 

could be partially reactivated upon UV illumination.  
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