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Abstract

Protein engineering attracts more attention as a powerful tool of biotechnology and medicine.
Small, engineered proteins derived from protein molecules of stable fold, the so called scaffolds,
are potential replacements of supplements of more widely used antibodies. In this thesis, I
introduce utilization of two scaffold molecules designed in our laboratory for development of
stable and specific protein binders of high affinity. This thesis discusses the development of
binders interacting with medically important human cytokines and their cellular receptors,
interleukin-10, interleukin-28 receptor, and interleukin-9 receptor alpha. Recombinant cytokine
and receptor proteins were expressed in eukaryotic cells in high yields and quality and served as
molecular targets for selections using various display methods of directed evolution. We
demonstrated that application of ribosome and yeast display methods or their unconventional
combination in a newly developed integrated pipeline leads to successful generation of high

affinity and specificity binders based on newly designed protein scaffolds called 57aBi and 57bBi.



Abstract in Czech

Proteinovému inzenyrstvi se dostava ¢im dal tim vice pozornosti jakozto uzitenému nastroji
v oblasti biotechnologii a moderni mediciny. Malé, uméle vytvotrené molekuly odvozené ze
stabilnich proteind, tzv. skafoldd, jsou potencidlni ndhradou Siroce pouzivanych protilatek. V této
praci predstavuji vyuziti dvou takovychto skafoldii navrzenych v nasi laboratofi pro vyvoj
stabilnich vazebnych proteind s vysokou vazebnou afinitou i specifitou. Tato prace pojednava
konkrétné o vyvoji dvou vazebnych molekul interagujicich s lékatsky dilezitymi lidskymi
cytokiny a jejich bunécnymi receptory - jmenovité s interleukinem-10, receptorem interleukinu-
28 a alfa receptorem interleukinu-9. Rekombinantni cytokiny i oba receptory byly ve vysoké
kvalité a s vysokymi vytézky produkovany v eukaryotickych buiitkach a slouZzily jako molekuldrni
cile pro selekci pomoci displejovych metod fizené evoluce. Prokazali jsme, ze aplikace
ribozomalniho a kvasinkového displeje, nebo jejich nekonvenéni kombinace vede k uspésnému
generovani vysoce afinitnich a specifickych vazebnych molekul zalozenych na nové navrzenych

proteinovych skafoldech nazvanych 57aBi a 57bBi.
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1 Introduction

Protein engineering has undergone enormous dynamic development as a modern biotechnological
approach over the past twenty years. Small scaffold-derived non-antibody protein binders
engineered for high affinity, stability, and specificity to their molecular targets are promising tools
as the alternatives to the established, more widely used monoclonal antibodies. In comparison with
the latter, the protein scaffolds are smaller in size, do not contain posttranslational modifications,
have typically a higher stability, are cheaper to be produced, and do not require lengthy animal

Immunization.

Combinatorial libraries of the protein scaffolds are selected by so called selection display methods.
Evolution of the selection display methods started in the eighties of the 20" century with the
development of phage display [1]. Since then, more than ten cell surface-based and cell-free
display selection methods were developed and have been used for selection of the protein binders

recognizing a wide range of clinically relevant targets.

Proteins of clinical importance also include cytokines and their receptors. Cytokines play a key
role in immune system’s initial responses to viral or bacterial infections. Also, dysregulation of
the cytokines signalling pathways can lead to the development of autoimmune diseases or cancer.
Thus, modulation of cytokine pathways using small scaffold-derived proteins can be a promising

strategy in therapy or diagnostics of these diseases.

Hereby, I am presenting the results of my work during PhD study published in two impacted
scientific journals and one manuscript accepted to be published. The presented research focuses
on the strategies for development of small protein binders based on the scaffold concepts
developed originally in our laboratory. By using display methods, we have developed binders of
human cytokines and their receptors, interleukin-10 (IL-10), interleukin-28 receptor (IL-28R), and
interleukin-9 specific receptor subunit alpha (IL-9Ra).



1.1 Interleukins and their receptors

Interleukins are secreted signalling molecules belonging to the group of cytokines participating in
regulations of immune system. These molecules are produced in various cell types, but leukocytes
are their main source. This gave them their name which is composed of two parts: "inter" related
to a mean of communication and "leukin" derived from cell population responsible for their major
production [2]. The first identified interleukin was Interleukin-2 in 1965, originally named

blastogenic factor [3].

Interleukins have varying functions. Some of them can act as pro-inflammatory factors (IL-1, IL-
4,IL-6, IL-8, IL-12), others perform the opposite, anti-inflammatory functions (IL-6, IL-10). Thus,
the role of interleukins in organism is much greater than was initially thought and their effect
depends mainly on the cell population bearing the receptors recognized by the particular
interleukin. Interleukins can thus act as growth factors and differentiation inducers [4, 5] but also

as pro-apoptotic molecules [6].

Most cytokine receptors are composed of two receptor subunits. The first receptor subunit, its
extracellular part, is responsible for interleukin binding with high specificity and affinity. The
second subunit then serves as signal transducer with intracellular components of downstream
signalling pathways induced by interleukin molecule binding to its receptor. Signalling via
interleukin receptors can lead to cell proliferation [7] or apoptosis of the affected cells [§]
depending on which signalization cascade is triggered by interleukin. Interleukins can signal via
MAP kinase pathway [9], PI-3 kinase pathway [10], NF-kB pathway [11] and many other
pathways but the most typical is JAK-STAT signal pathway [12, 13]. Modulation of the cytokine-
induced signalling pathways provides an excellent therapeutic strategy for autoimmune diseases

[14, 15] and for inhibition of the progression of various cancer types [16, 17].

There are currently more than 50 cytokines, interleukins, and interferons known to be encoded in
the human genome. For greater clarity, cytokines were categorized into subgroups so-called
families according to their structure, function, location in genome, receptor usage and biological

function [18, 19].



1.1.1 IL-10 family cytokines

The family of the IL-10 related cytokines comprises of nine members, namely IL-10, IL-19, IL-
20, IL-22, IL-24, IL-26, and IL-28A, IL-28B, IL-29, the last three are also classified as type III
interferons IFN-A2, IFN-A3, IFN-A1. These interleukins are grouped into the IL-10 family based
on their shared common receptor usage, downstream signalling, and high similarity in secondary
structure. The secondary structure of IL-10 family interleukins is represented by six bundled a-
helixes [20]. However, despite the fact the structure of the interleukins in this family is highly

conserved, the sequence homology between individual members is very low [21, 22].

Cytokines of the IL-10 family are signalling via heterodimeric receptors. Some of the receptor
subunits, IL-10R2, IL-20R1, or IL-20R2, can be shared by the same cytokine [19] (Figure 1).
Signalization via receptors leads to activation of the specific kinases JAK1 and Tyk2 that
phosphorylate the signal transducer and activator of transcription (STAT) protein molecule.
Phosphorylated STAT molecules then form dimers and enter the nucleus, where they act as
transcription factors. In IL-10 family signalization, STAT1, STAT2, STAT3 and STATS are
involved. STAT3 is present in both dimeric states, as homodimer, or heterodimer with STAT1 or

STATS molecules [23].
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Figure 1. Members of IL-10 family and their cellular heterodimeric receptors. IL-10R2 is shared by IL-10, IL-22, IL-
26 and IL-29 cytokine. IL-20R1 is shared by IL-19, IL-24 and IL-26. IL-20R2 is shared by IL-19, IL-20, IL-24. IL-
22R1 is common for IL-20, IL-22 and 1L24. Taken from [24].

Interleukin-10 (IL-10) cytokine

IL-10 is an anti-inflammatory cytokine, first described in 1991 as human cytokine inhibitory
factor. To be specific, IL-10 is responsible for regulating the expression of pro-inflammatory
interleukins, mainly IL-1, IL-6 and IL-8 [25, 26]. IL-10 has significant role in survival of B
lymphocytes and their proliferation, typically by inhibition of molecules produced by macrophages
and Th1 cells. [27, 28].

The gene of human IL-10 consists of 5 exons and is localized on chromosome 1 [29]. Cytokine is
produced by T lymphocytes of Th2 phenotype, regulatory T lymphocytes (Tre), B lymphocytes,
monocytes, macrophages, mast cells, NK cells, neutrophils or dendritic cells [30].

In contrast with other IL-10 family members, IL-10 forms homodimer, where each domain consists
of 178 amino acids. According to homodimer structure of the IL-10, receptor complex is hetero
tetramer consisting of two homodimers: IL-10R1 and IL-10R2 (Figure 1), where IL-10R1 part is
responsible for specific binding to IL-10 ligand. Binding of the ligand to the receptor leads to
activation of the receptor-associated kinases JAK1 and Tyk2 and phosphorylation and
dimerization of STAT3 molecule [31].

Currently, there are many diseases described to caused by over-expression of IL-10 or its signalling
partners. Overproduction of IL-10 cytokine is also associated with autoimmune myocarditis [32],



systemic lupus erythematosus [33], melanoma [34] and other cancer types [35, 36], what makes
IL-10 clinically important target.

Interleukin-28 (IL-28) cytokine and its receptor

IL-28 has two isoforms — I[L-28A, also called IFNA2 and IL-28B (IFNA3). Sequence homology of
these two isoforms is very high, about 96%. Human IL-28 was discovered in 2002 using genomic
screening processes together with IL-29. Amino acid sequence and structure of IL-28 is very
similar to IL-29 (IFNAT) [37, 38]. Due to this similarity, these interleukins (interferons) are sharing
the same receptor, composed of two subunits IFNAR1 and IL-10R2 (Figure 1).

Genes encoding the human isoforms of IL-28 are located on chromosome 19 on the same arm
together with the gene encoding IL-29. Expression of IL-28 is induced as a response to viral
infection by T lymphocytes and macrophages [38, 39]. IL-28 has significant role in adaptive
immune response and it also increases cytotoxic potential of CD8" T lymphocytes [40].

Signalling via heterodimeric receptor goes along the same principle as in case of IL-10. IL-28 is
binding specifically to IFNAR1. Binding leads to JAK1 and Tyk2 kinases activation followed with
downstream STAT phosphorylation, dimerization and nuclear translocation and binding to
interferon-stimulated response elements (ISREs) or IFN-stimulated genes (ISGs) [37].

Protective role of IL-28 is well documented and this cytokine is commonly used as supplement to
influenza vaccines [40]. Development of the vaccine to HIV is also based on strategy with IL-28B
cytokine supplementation [41].

1.1.2 common 7y chain (yC) cytokines

Common vy chain (yC) cytokines, also referred as IL-2 cytokine family, is represented by IL-2, IL-
4, IL-7, IL-9, IL-15 and IL-21. These cytokines signal through heterodimeric or heterotrimeric
receptor sharing common 7y chain (Figure 2) [42]. First cytokine discovered is member of this
family and it was IL-2 in 1965 as growth factor of T lymphocytes. On the top of this, further studies
pointed out that IL-2 is crucial for proliferation of the NK cells during immune response [43].
Major signalling pathway of the IL-2 family cytokines is JAK-STAT. Signal transduction is
induced via binding of the cytokine to the receptor. The specific receptor subunit then associates
with common y chain. Dissociation constant of binding affinity of the IL-2 to heterodimeric IL-
2RP/yC receptor complex is about 10 M [44]. Receptors subunits of the complex are formed by
3 domains. After activation, short intracellular domain recruit Janus family kinases JAK1 or JAK3.
The activation of the JAK kinases results in phosphorylation and subsequent activation of the
STATI1, STAT3, STATS5A or STATSB transcription factors [42].
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Figure 2. Cytokines of the IL-2 family. Interleukins are sharing common 7y chain (yC) receptor subunit [24].

Cytokines of the IL-2 family belongs to the most studied cytokines due to their application in
immunotherapy and tumor inhibition. That was the primary call for development of longer-term
circulating and more stable variants derived from IL-2 family cytokines. Using this approach, these
engineered cytokines were successfully used in lymphoma treatment as they are associated with
reduced toxicity in form of pulmonary edema, one of the most common IL-2 treatment-caused
toxicity, where novel designed IL-2-based therapeutic provides improved antitumor response in

vivo [45, 46].

Interleukin-9 (IL-9) cytokine and its receptor

Identical to IL-2, IL-9 was identified in mice as growth factor of T cells. IL-9 is produced by Th9
helper cells after induction by TGF-f and IL-33 cytokine [42, 47]. Further, the role of IL-9 is to

stimulate mast cells and Th17 cells proliferation and prevent them to undergo apoptosis [48].

Molecular weight of IL-9 is 14 kDa. Human IL-9 is a protein formed of 144 amino acids, which
can be glycosylated on four different Asparagine sites. The gene of human IL-9 is located on

chromosome 5 in association with IL-4, IL-5 and IL-13 genes [49].



IL-9 binds two different receptor subunits, the specific alpha chain, also called IL-9 receptor a (IL-
9Ra), and the common gamma chain that is conserved and shared with other IL-2 family members.
IL-9Ra has intracellular, transmembrane and extracellular domain. Whole receptor consists of 522
amino acids [50]. IL-9 receptor is displayed on the T cells and the highest expression was detected
on Th2 and Th17 cells [51, 52]. In addition, secreted IL-9 can influence B cells and might lead to
an increasing level of IgE molecules. Signalization is initiated by binding of the IL-9 to its
heterodimeric receptor and subsequent activation of JAK1 kinase, associated with IL-9Ra and
JAK3, common y chain associated kinase, leads to cross-phosphorylation leading to activation of
STATI, STAT3 and STATS transcription factors [53]. Despite that IL-9 signals mostly by the
JAK/STAT pathway, it can also induce the MAP kinase and NFkB pathways [54, 55].

An emerging importance of IL-9 was highlighted with increasing number of diseases where it
played significant role in pathogenesis or progression. IL-9 overexpression is most often referred
to in connection with respiratory diseases, mainly asthma and tuberculosis. Higher levels of
secreted IL-9 can also trigger development of coronary diseases, Crohn’s disease or Inflammatory
bowel disease [56-59]. Modulation of the pathways by blocking IL-9 or its receptor can be one of

the promising strategies how to reduce severity of these diseases.

1.2 Protein scaffolds

Novel small non-antibody protein binders derived from protein scaffolds are fast becoming more
and more promising tools in field of protein engineering. Their low molecular weight associated
with better tissue penetration, absence of posttranslational modification and highly stable fold
making them a serious competitor to conventionally used monoclonal antibodies. Proteins derived
from scaffolds can be produced in high yields and in soluble form by prokaryotic systems growing

in minimal media. Such approach cuts their production costs to minimum, too.

Protein scaffolds are derived from well-known structure, usually small domain of larger protein.
Importantly, some of pre-calculated amino acids on the surface can be randomized without
disruption of scaffold molecule. Using randomization of amino acids in chosen positions, we can
change binding properties of the scaffold and make it to be able to bind different clinically
interesting targets [60]. Randomization is set on DNA level during synthesis process where

combinatorial libraries of protein scaffolds are generated. There are various strategies in



preparation of combinatorial libraries. The best price-performance ratio has the NNK library
synthesis. Compared to fully NNN synthesis approach where all three STOP codons can be
introduced into scaffold sequence, NNK offers potential occurrence of only one STOP codon. The
most powerful approach is so called TRIM where whole codon triplet for amino acid is added.
Using this synthesis strategy, you can avoid presence of all three STOP codons and also codons
encoding unwanted amino acid such as cysteine and thus avoiding also formation of disulphide

bonds [61].

An approach when amino acid positions on the scaffold chosen for randomization are
predetermined by calculations is called directed mutagenesis. Combinatorial libraries can be also
created by random mutagenesis tools such as Error-prone PCR. This method is usually selected
for secondary mutagenesis for small improvement of binding properties of already existing
binders. Error-prone PCR method is based on replication using DNA polymerase with suppressed
exonuclease corrective activity. Such polymerase then introduces the mutations into sequence of
binder during amplification of combinatorial libraries by PCR. Frequency of occurring mutations

can be easily set by number of PCR reaction cycles or by concentration of template DNA [62].

Small protein binders derived from protein scaffolds have already shown their therapeutic
potential. There are many scaffold-based proteins in advanced clinical phases of testing. Short
overview of the most frequently used protein scaffolds and their structures is displayed in Table 1
and Figure 3. Each scaffold is described in more details in separate chapter with a focus on its

clinical application.

Table 1. List of eight most frequently used protein scaffolds, their parental protein and fold type

Scaffold molecule Parental protein Fold type
Albumin-binding domain Streptococcal protein G a-helical
Adnectin Fibronectin type III domain B sandwich
Affibodies Z domain of protein A a-helical
Affimers Phytocystatin B-sheet, a-helical
Anticalin Lipocalin B-barrel, a-helical
DARPins Ankyrin repeats a-helical
Knottin Cellohydrolase B-sheets
Nanobodies Camelid antibody B-sheets
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Figure 3. (A) Structure of ABD scaffold design by Ahmad et al. 46 residues long segment of Streptococcal Protein G
(PDB ID: 1GIT; residues 20-65) [63]. (B) Structure of Adnectin-1 binding SRC Co-Activator Binding to PXR.
Structure taken from complex with human pregnane X receptor ligand domain (PDB ID: 4S0S; residues 7-93) [64].
(C) Structure of Affibody scaffold, 58 residues long segment (PDB ID: 2B87; residues 1-58). Structure solved by
[65]. (D) Structure of Affimer type II scaffold - Adhiron, 77 residues long segment (PDB ID: 4N6U; residues 32-108)
Structure taken from [66]. (E) Structure of Petrobactin-binding engineered Anticalin, 172 residues long segment (PDB
ID: 6GQZ; residues 5-176) Structure taken from [67]. (F) Structure of DARPins molecule, 156 residues long segment
(PDB ID: 4J7W; residues 12-167) Source [68]. (G) Structure of CXC-chemokine-binding Knottin scaffold variant,
54 residues long segment (PDB ID: 6131; residues 12-65) Structure taken from [69]. (H) Structure of BCDO90-M?2
Nanobody variant targeting human ErbB3 receptor, 126 residues long segment (PDB ID: 6F0D; residues 1-126)
Structure taken from [70].

1.2.1 Albumin-binding domain (ABD)

ABD scaffold is small three-helical domain from Streptococcal Protein G (Figure 3A). There were
more than a hundred ABD variants with altered specificity, increased affinity and stability
engineered [71]. Ahmad et al. analysed 46 residue-long segment from the third albumin-binding
domain of Streptococcal G protein (PDB ID: 1GJT, residues 20-65) where 15 amino acids residues
were chosen for further randomization. Reported thermal stability of circa 70 °C after
incorporation of Alanine into chosen randomization positions qualified this domain as promising
candidate [63]. Concept was then proven by successful selection of ABD-based protein binders

against human prostate secretory protein 94 (PSP94) and Shiga Toxin 1 B subunit [72, 73].



Albumin-binding domain has wide possibilities of use not only as a protein scaffold. Domains are
fused with another protein, example g. trichosantin, to help its expression, solubility or stability in

vitro and in vivo [74].

1.2.2 Adnectin

Adnectin protein scaffold is based on the Fibronectin type III domain, naturally occurring in
extracellular matrix [75]. The first selection to demonstrate Adnectin for scaffold application was
performed in 1998 by phage display aiming at ubiquitin molecule [76]. The methodology for the
selection of the binders was extended also to mRNA display and scaffold was commercialized as
Trinectin and later as Adnectin. The structure of the scaffold consists of B strands bundled with
loops forming B sandwich (Figure 3B). Flexible loops are responsible for binding to the molecular

targets and are often chosen for amino acid randomization [77].

Adnectin scaffold-based protein binders were successfully selected to specifically recognise and
inhibit Epidermal growth factor receptor and Insulin-like growth factor receptor [78] and also

Vascular endothelial growth factor receptor-2, marker of glioblastoma [79].

1.2.3 Affibodies

Scaffold for Affibodies molecules is an engineered IgG-binding domain (called Z domain) of the
Staphylococcal protein A. Affibodies have three a-helical fold (Figure 3C), where 13 surface
amino acids on helixes 1 and 2 were chosen for randomization. Amino acid sequence of helix 3 is
constant and responsible for structure stability. Molecular weight of Affibodies is about 6,5 kDa,

protein scaffold is composed of 58 amino acids [80, 81].

Affibody scaffold-derived variants have broad range of application. Selected proteins were used
for detection of human cancer marker epidermal growth factor receptor 2 in metastasizing cells.
Engineered variants were successfully used as colorectal cancer therapeutics and also in

commercial ELISA kits as detection components [82-84].

1.2.4 Affimers

Affimer scaffold provides B-sheets and a-helical fold (Figure 3D), where loops connecting these
ordered regions are responsible for binding to target molecules after its amino acid randomization.

The first type of Affimers is based on human Stefin A protein. The second, more frequently used

10



type of Affimers, originally called Adhirons, is based on plant Phytocystatin protein engineered
for highly soluble and thermostable monomeric form. Molecular weight of Affimers scaffold is 12

kDa [66, 85].

To date, Affimers variants have been selected against a wide range of molecules reaching up to
picomolar affinities [86]. Recently, scaffold derived binders K3 and K6 that can recognize specific
conformation of the inactive Ras depending on bounded GDP and lock it in its inactive state have
been selected. Ras mutation are currently the most often oncogenic drivers of different tumor
development. Affimer variants provide a strategy how to maintain Ras GTPase activity at the

normal level [87].

1.2.5 Anticalin

Parental proteins of Anticalin scaffold are Lipocalins with molecular weight in range of 16-19
kDa. Tertiary structure of the scaffold is formed by B-barrel with attached a-helix (Figure 3E).
Anticalin scaffold was developed and successfully used in many selection processes by research
group of prof. Arne Skerra in Munich, Germany. Combinatorial libraries of Anticalin scaffolds
are generated by randomization of a set of about 20 amino acids on its surface specifically in

loop regions [88, 89].

A huge advantage of this scaffolds is their human origin. Lipocalins are human plasmatic
proteins, what minimizes the risk of the immune response and antibody generation after drug

administration to patients [90].

Notably, there are several potential drugs candidates based on Anticalin scaffold in preclinical
and clinical phases of tests. One of recombinant version of Anticalin-A1M (a-microglobulin)
was admitted in 2018 to clinical phase I study by the Swedish Medical Products Agency, while
A1M variant is promising drug candidate in treatment of acute kidney injury and preeclampsia
[91, 92]. One recombinant Lipocalin-based protein binder is already in the phase III of clinical
trials. This engineered Lipocalin variant has origin in blood-sucking tick saliva and is
successfully used as inhibitor of human pro-inflammatory C5 protein connected with induction

of autoimmune diseases [93].
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1.2.6 DARPins

Designed ankyrin repeat proteins (DARPins) are composed of a-helical repeat motifs that are
bundled with loops to create a compact stable folded domain (Figure 3F). DARPins usually consist
of 4-6 repeats, leading to a right-handed solenoidal structure. One ankyrin repeat used in scaffold

is formed of 33 amino acids, in average. [94, 95].

The combinatorial libraries of one ankyrin repeat designed in Pliickthun’s laboratory contains
structurally important fixed positions and six variable non-conserved surface amino acid positions

chosen for further randomization, that are engaged in interaction with the target of interest [96].

Whole concept of DARPins is based on immune system of jawless vertebrates. Adaptive immunity
of these animals is composed of leucine-rich repeat helical-folded proteins. This system is a
homologue to antibody generation in immune response of mammals where sets of antibodies are
randomly generated. Similarly, random recombination occurs in these leucine-rich proteins, thanks

to which the protein can acquire specificity and affinity to the pathogenic molecule [97].

DARPins-derived protein binders showed their potential as inhibitors of c-Jun N-terminal kinases
isoforms 1 and 2 involved in apoptosis and inflammation processes in eukaryotic cells [98].
Another EpCAM-binding DARPIns variants are used as diagnostic molecules of this epithelial cell
adhesion marker in ovarian cancer, most lethal gynaecological malignancy [99]. Most recently, a
set of anti-gephyrin DARPin clones were successfully used in identification of gephyrin clusters

in rat neuron culture and mouse brain tissues which were previously overlooked [100].

1.2.7 Knottin

Knottins are versatile class of protein scaffolds known for their robust B-stranded structure (Figure
3G) and small size. Peptides selected from Knottin libraries represent the smallest binders from
scaffold molecules listed in Table 1. They have been shown to possess high stability that, together
with small size and the ability to penetrate different tissues, makes them a promising diagnostic
and therapeutic agents. Of note, they manifest strong resistance to human cell proteases which is
supported mainly by presence of so called cysteine knot structure formed by three disulphide bonds

improving protein compactness [101].
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Getz et al. have identified Knottin scaffold derived from kalata B1 protein, member of cyclotide
family. Seven amino acids positions of total 30 amino acid-length protein were chosen for
randomization in the sixth loop of protein. Therefore, this loop exhibiting amino acids with highest
variability across the cyclotide family was selected for further editing. Combinatorial libraries of
scaffold were then selected for binding to a-thrombin using bacterial display selection method
assisted with Fluorescence Activated Cell Sorting (FACS). Selected binders provided affinity to

a-thrombin in nanomolar range [102].

Using Knottin scaffold molecules, DX-88 Exallantide variant was engineered as a potent
Kallikrein inhibitor specifically binding with strong 44 pM affinity. This inhibitor was approved
as a drug for the treatment of hereditary angioedema [103]. According to Microscale
thermophoresis measurement results, Sankaran et al, developed Knottinn-based inhibitors of
trypsin with inhibition constants in nanomolar range. These Knottin variants can be so used for

immobilization of B-trypsin at the supramolecular surfaces [104].

1.2.8 Nanobodies

Nanobodies are of a similar size as Affimers, their molecular weight is in range of 12-14 kDa.
They are derived from variable antigen-binding domain of heavy chains of camelid origin [105].
According to structure of the variable domain of the antibody heavy chain, Nanobodies are
composed of anti-parallel B-sheets (Figure 3H). Nanobodies are generated in camelid (camels,
lamas, alpacas) or shark by immunization process followed by lymphocyte isolation and their
nucleic acid extraction. Specific variable antigen-domain of heavy chains are then amplified by
PCR and cloned into bacterial strains for expression. The whole process usually last about four
months [106]. Eventhough Nanobodies have antibody origin, their production in prokaryotic
system, absence of posttranslational modification such as glycosylation and disulphide bonds

formation categorized them to Protein scaffolds class.

Affinities of Nanobodies-based variants are in the picomolar and nanomolar range. The highest
affinities using Nanobodies were obtained in selection of binding to the commercial purification
ALFA-tag and by detection of Nup proteins in bioimaging [ 107, 108]. Nanobodies have improved

resolution in biological imaging methods. Higher resolution using Nanobodies variants instead of
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antibodies is caused by smaller distance between epitope and conjugated fluorophore so the

linkage error is reduced (reviewed in [109]) .

1.3 Selection display methods

Crucial step after construction of combinatory libraries of scaffold molecules is their selection
against target molecule of interest. Scaffold-derived binders are selected and screened to obtain
high affinity, specificity to selected targets or stability improvement by so called display selection

methods.

The versatile principle of selection display methods is that there is a linkage between genotype and
phenotype during selection process. Nomenclature of these methods is based on that the protein or
peptide variants of interest are displayed on cell or virus surface or in cell free systems. Thanks to
that, we can conceptually divide selection display methods to surface-based, representing by
phage, bacterial or yeast display and cell-free selection display methods including ribosome and

mRNA displays [110].

Each of the selection display methods provide some advantages but also has its limitations. In
general, cell-free display methods are more suitable for selection of cell-toxic proteins and also for
larger combinatorial library selection, because they can cover theoretical complexity up to 10,
On the other hand, cell-based display selection methods guarantee only well-folded and soluble

proteins and peptides will be displayed [111, 112].

1.3.1 Phage display

The most often referred and utilized method among combinatorial library selection approaches is
phage display. Evolution of phage display started in 1985 by George Smith, who displayed short
linear peptide on the surface of bacteriophage envelope. Peptides displayed on viruses were then
selected for binding to a predefined antibody [1]. Since that moment phage display has undergone
extensive development and moreover laid the foundations for the evolution of new surface-based

display methods.

Currently, most frequently used viruses for presenting variants of combinatorial libraries on their
envelopes are M13 bacteriophage, Fd filamentary phage and T7 lytic bacteriophage. Peptide
libraries are usually displayed in fusions with N-termini of capsid proteins plll, pVL, pVII or pIX
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or their truncated forms. The capsid of M 13 bacteriophage allows to present approximately 2700
copies of protein variant on their major coat protein pVII. More copies can be presented using

additional minor coat proteins [113, 114].

Initial step of phage display using M13 bacteriophage is its infection of bacterial host (E. coli).
Subsequently, DNA of phage is injected into the cytoplasm and replicated inside the bacteria. DNA
of combinatorial libraries in fusion with p-type envelope protein is transcribed by bacterial system
and fused proteins are expressed followed by M13 capsid formation with displayed thousands of
copies of protein binder variant. M13 is non-lytic bacteriophage, escaping the host without lysing
its membrane which comes with a small limitation, that only small peptides can be presented on
their surfaces. In comparison, T7 lytic bacteriophage is able to display protein composed of 1200
amino acids. Amplified and purified viruses are then incubated with immobilized molecular target,
followed by series of washing steps while high affinity bounded binders displayed on phage
envelope are not washed away. These virus variants are subsequently eluted using acidic or high
salt concentrated buffers and amplified in bacterial host cells. Selection process is called Bio
panning and usually there are three to five rounds performed. In final round, viral DNA encoding
the proteins with best binding properties is isolated and cloned into vector for bacterial expression

[114, 115]. The scheme of phage display selection is shown in the Figure 4.
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Figure 4. Scheme of Phage display selection. Bacteriophages infect host bacterial cells and are multiplied in them.
Phages are then incubated with target molecule. Those variants, which present binders recognizing target with high
affinity are used for repeated infection of the host cell [116].

Based on phage display, another viral-envelope derived displays were designed. Retroviral
display’s usage of eukaryotic mammal host cells is an advantageous option for selection of
combinatorial libraries of glycoproteins and proteins requiring posttranslational modifications.
Murine leukaemia virus (MLV) envelope spike glycoprotein Env proved to be especially amenable
for displaying of foreign peptides or glycoproteins. Limitation of this method is its complexity.
Retroviral display is applicable for combinatorial libraries with complexity no more than 10°
theoretical variants [117, 118]. Equivalent to retroviral display is baculoviral display.
Baculoviruses belong to large cDNA viruses group affecting the cells of insect host. According to
this, variants selected using baculoviral display method can pose with different posttranslational
modification in comparison to modification during retroviral display selection. Baculoviral display
is commonly used for development of protein binders which requires posttranslational acylation
or phosphorylation [119]. Finally, adenoviruses commonly used as genes delivery systems in a
gene therapy showed their ability to display isolated peptides on their envelopes and significantly

increased gene transduction, specifically in glioma cell lines [120].
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However, phage display is the oldest approach among all display selection methods, it is still
successfully utilized in development of therapeutics and diagnostic molecules. Many of those were
patented under their trademark and authorized by FDA (Food and drug administration), e.g.
Gamifant ® aiming at IFNy approved in 2018 or Tremfya™, inhibitor of IL-23 signalling pathway,
helping in Psoriasis treatment [121, 122].

1.3.2 Yeast display

The second most frequently used surface-based selection method is yeast display. This technology
is the most powerful affinity screening method because one yeast cells, generally Saccharomyces
cerevisiae, can display from ten up to hundred thousand copies of protein binder variant on its
surface. In comparison with phage display, yeast surface can display even 100x more copies of
protein variant than frequently used bacteriophage M13. Displayed protein variant are usually in
fusion with cell-wall Agglutinin protein Aga2p, which is bounded to Agalp protein via two
disulphide bonds. Strategy of usage of cell-wall protein Agglutinin as anchor for combinatorial
libraries of peptides was developed by Boder and Witrupp in 2000 and to this date, this strategy is
the most frequently used in yeast display selection [123, 124]. However, there are different fusion
proteins available to exploit in library presentation. As an alternative, proteins can be fused to

both C- or N-terminal ends of Cwp2p, Tiplp, Tirl or Flolp yeast cell-wall proteins [125].

Plasmid construct for yeast display based on Agglutinin designed by Boder and Witrup is
considered as a golden standard, encoding two epitopes (c-myc and hemagglutinin (HA) tags) for
further detection by flow cytometry. These tags can be detected/labelled by fluorescent antibody
conjugates as a proof of expression of displayed variants on the yeast surface. These plasmids also
contain Galactose or lactose promoter for induction of expression of Agglutinin-displayed binder
protein complex. DNA of combinatorial libraries is cloned into this construct, usually by
recombination. S. cerevisiae yeast cells are then transformed with plasmid construct via
electroporation. Yeast cells are cultivated and expression of proteins is induced by activation of
one of above-mentioned promoters. Cells presenting library variants on their surface are then
incubated with fluorescent antibody conjugate-labelled molecular target. Selection is associated
with flow cytometry analysis. Variants with proven expression on yeast surface by fluorophore,
attached to target labelled with the second fluorophore are then separately sorted. Selected yeast

cells can be used in another selection round or, in case of final round, DNA of selected variants is
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isolated, transcribed and translated into protein [123]. Scheme of yeast display selection is shown

in Figure 5.
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Figure 5. Scheme of yeast display selection. Yeast cells are transformed with plasmid containing DNA combinatorial
library in fusion with yeast cell-wall protein. Proteins are displayed on the yeast surface and interact with target
molecule. Yeasts with expressed protein and bound target are then sorted by FACS. DNA of this variants is then
isolated and analyzed [126].

Methodology of yeast display selection was also a subject for some minor improvements. Of note,
Israeli group developed so called Enhanced yeast display platform. Zahradnik et al. introduced
surface exposure-tailored reporter eUnaG2, modified GFP encoded in plasmid into Agglutinin
protein system. Fluorescent reporter is localized downstream the protein variant sequence which
means reporter will be detected only in case of fully-translated and well folded variants after
expression. It overcomes requirement to label via antibody which unfortunately might provide
some non-specific binding. Thus, system is more stable and importantly, cost of yeast display

selection process 1is significantly reduced [127].

Yeast display was chosen by numerous research groups for development of specific high affinity
protein binders and antibodies. Recently, tissue inhibitors of metalloproteases were successfully

engineered using this methodical approach [128]. Ban et al. significantly improved the specificity
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of 12F6 antibody recognising small hapten molecules by Error-prone mutagenesis approach

followed with yeast display selection [129].

1.3.3 Bacterial display

Bacterial prokaryotic cells have very fast generational doubling times and life cycle. According to
this, bacterial system is the most frequently used system for expression of recombinant proteins.
Nowadays, bacterias are not used only for production of proteins into cytoplasm but also for
presenting protein combinatorial libraries on their surface with increasing frequency. To display
combinatorial libraries, one can use both, Gram-positive (G+) or Gram-negative (G-) bacteria
strains [130]. G+ bacteria, such as Bacillus subtilis, display their proteins as fusions with cell wall
proteins. In contrast, G- bacteria are presenting recombinant proteins in fusion with outer
membrane proteins, lipoproteins or flagellar proteins, well reviewed in [131]. E. coli (G- strain) is
the most frequently used bacterial strain due to its high transformation efficiency and high
expression level. In comparison with G+ bacteria and also yeast display, absence of the cell wall

makes isolation of DNA much easier and also much faster.

In 2009, dual biosensor based on bacterial display was developed. Bacterial surface was covered
with streptavidin and contains engineered gold-binding peptide which has affinity to SPR (Surface
Plasmon resonance) biosensor. E. coli can be then immobilized on biosensor surface and provide
recognition layer for binding of biotinylated molecules. Such engineered biosensor is promising
diagnostic and analytical tool [132]. Another therapeutic application of the binders developed by
this selection approach could be found in cancer treatment. For instance, proteins that bind and
mediate internalization into breast carcinoma human cells were presented on the surface of non-

pathogenic E. coli [133].

1.3.4 Ribosome display

Ribosome display is powerful selection method that covers the highest complexity of the
combinatorial libraries. The only limitation is the number of ribosomes in cell-free reaction during
in vitro transcription and translation. As the transcription and translation is performed in bacterial
lysate, usually E. coli S30 in vitro system, transcription and translation is done in one step.
Combinatorial libraries to be transcribed and subsequently translated in vitro are designed with in

vitro transcription and translation elements T7 promoter, a stem loop and ribosome binding on its
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5"end. On 3’ end, there is an absence of the STOP codon what leads to formation of stable complex
of mRNA-ribosome and protein where ribosome serves as a linker between genotype and protein
phenotype [111]. Whole complex binding to immobilized target on plastic surface or magnetic
beads is mediated through the protein molecule. Subsequent selection steps in ribosome display

and final mRNA isolation is closely related to the immobilization strategy [134].

According to the protocol developed in 2006 by Pliickthun’s research team, which is considered
as golden standard for ribosome display, target is immobilized on hydrophobic plastic of microtiter
plates using coating bicarbonate buffer. Microtiter plate is then blocked by bovine serum albumin
(BSA) to cover remaining hydrophobic sites on the plastic. Addition of stable complexes of
mRNA-ribosome-protein is followed by binding of complexes via proteins to immobilized target.
Unbound or weak-attached complexes are washed away in the series of washing steps. In
subsequent rounds of ribosome display, washing conditions are getting stricter. The number of
washing steps as well as concentration of used detergent in washing buffer are increasing. The
selectivity in the process is safeguarded by decreasing concentration of immobilized target in each
round of selection. Only strongly attached complexes bound to target via protein will remain. The
mRNA of these complexes is isolated and purified following addition of EDTA containing solution
which causes ribosome disruption and mRNA release. Isolated mRNA is then re-transcribed in
reverse transcription reaction to cDNA. The result is DNA library with reduced complexity. In the
final round of ribosome display selection, DNA library is cloned into a vector suitable for bacterial
expression of protein variants, e.g. to analyse binding properties of selected binders [135].

Ribosome display selection process is shown schematically in Figure 6.
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Figure 6. Scheme of ribosome display selection. DNA libraries are transcribed and translated while forming stable
mRNA-ribosome-protein complex. Complexes bind immobilized target. Unbound complexes are washed away while
bound complexes are a source of isolated mRNA. The resulting DNA, after reverse transcription of eluted mRNA,
then enters the next round of selection [136].

Over the past 20 years, ribosome display underwent many improvements and many variations were
introduced into this method. Bacterial in vitro systems were enriched of GroEL, GroES, Dnal,
DnaK or GrpE chaperones, which help with proper folding of selected proteins to obtain their
native conformation [137]. Further, there is a ribosome display based on in vitro components
purified of bacterial lysates (PURE system) free of nucleases and release factors. This means
absence of STOP codon in combinatorial library design is not required [138]. Buchanan et al.
improved the stability of their protein binders by unconventional adding of dithiothreitol (DTT)
during selection process. This approach of stability optimization is based on altering the redox

potential in reaction [139].

There were many successful selections based on prokaryotic in vitro ribosome display
subsequently using eukaryotic translational systems based on yeast, insect or reticulocyte cell
lysates. These systems are suitable for selection of glycosylated binders and proteins with more

complexed stabilized quaternary structures, e.g. by cysteine disulphide bonds [140, 141].
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Application of ribosome display selection method gave birth to many promising protein binders
for medical purposes. For example, diagnostic reagents capable of revealing early symptoms of
hepatitis C virus presence [ 142], synthetic proteins that modulate human Frataxin as prevention of
development of Friedreich’s Ataxia disease [143] or high-affinity inhibitors of C3-mediated

complement occurring in immune disorders affecting mainly kidneys [144].

1.3.5 mRNA display

mRNA display technology was invented in 1997 and together with ribosome display, mRNA
display is in vitro method which provides many advantages — the biggest complexity coverage,
selection of cell-toxic proteins or incorporation of unnatural amino acids into protein binders
during selection process. Technique of mRNA display is most often used in selection of short

peptides consisting of no more than 100 amino acids [145, 146].

In mRNA display, protein variant of combinatorial library is simply linked to its encoding mRNA.
Linkage is accomplished by presence of puromycin antibiotic at 3’ end of nucleic acid which
mimics 3’ end of an attached aminoacylated tRNA. Unlike that, puromycin is not removed but acts
like a bridge between protein and mRNA. The big advantage of this method is that after selection
against molecular target, mRNA can be directly re-written from bounded mRNA-protein

complexes to DNA by reverse transcriptase [145].

Over the last years, mRNA display selection technique has been used to develop specific and high
affinity ligands. Proteins composed of synthetic amino acid were successfully selected using this
display technique against SARS-CoV2 Spike protein of Corona virus while the affinities of the
best binders were in nanomolar range [147]. Recently, there were patented small peptides

generated by mRNA display specifically recognizing programme-death ligand PD-L1 [148].
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2 Aims

The main aim of my PhD study was to develop small protein binders specifically recognising
cytokines or their receptors with an emphasis on innovation of the used methodical approaches.

The main objective can be subdivided into three tasks:

¢ Engineering of novel scaffold molecules applicable in development of high affinity binders

against IL-10 cytokine using ribosome display selection method

e Development of the bivalent binder based on protein scaffold recognising IFN-A1 receptors
IL-28 receptor 1 (IL-28R1) and IL-10 receptor 2 (IL-10R2) and confirmation that the
binder(s) potentiate the IFN-A1 signal transduction pathway

e Development of a new methodical platform for selection of high specific scaffold-derived

protein binders to IL-9Ra subunit
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3 Results

The findings presented in this dissertation thesis were published in two articles in peer reviewed

journals and one manuscript accepted for publishing. These articles are methodically and topically

linked. Each of the articles describes development of a different novel small protein binder derived

from scaffold molecules using selection display techniques. The articles and manuscript are

attached in the appendix. My contribution to these articles is as listed below:

1.

Protein Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Scaffold for
Directed evolution — molecular biology experiments (cloning of combinatorial libraries of
the 57aBi scaffold, ribosome display selection, expression and purification of IL-10 and
novel protein binders, ELISA screening method), biophysical experiments (microscale
thermophoresis affinity determination, measurements of thermostability of novel protein
binders), data analysis, preparation of original draft of the article, graphical content

preparation

De novo developed protein binders mimicking Interferon lambda signalling — molecular
biology experiments (cloning of combinatorial libraries of the scaffolds, yeast display
selection, expression and purification of novel protein binders), data analysis, preparation

of the graphical content

Combined in vitro and cell-based selection display method producing specific binders
against IL-9 receptor in high yields — molecular biology experiments (cloning of
combinatorial libraries of scaffolds, ribosome and yeast display selection, expression and
purification of IL-9Ra novel binders, ELISA specificity tests), biophysical experiments
(microscale thermophoresis affinity determination), data analysis, preparation of original

draft of the article, graphical content preparation
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3.1 Development of 57aBi protein scaffold

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

Directed evolution. Viruses. Ngoc P.P., Huli¢iak M., Biedermannova L., Cemy J., Charnavets
T., Fuertes G., Herynek S., Kolafova L., Kolenko P., Pavli¢ek J., Zahradnik J., Mikulecky P.,
Schneider B. (2021), 13, 190

Because of intellectual property reasons, ProBi scaffolds was in 2022 re-named to 57aBi and this

name will be used in all following discussions. Results to be discussed in Discussion section are

listed in tables and figures and were taken from [149].

Table 2. The list of potential scaffolds candidates that were selected for detailed analysis.

PDB Code UniProt Protein Name Sour.ce Size (kDa) Size (aa) Numb-er of
Organism Cysteines
PIH1D1
APSFE QINWS0 N-terminal Homio sapiens 15 138 3
domain
IN3Y P20702 . Alpha-X betaZl Homio sapiens 22 198 0
integrin [ domain
Fluorescent Anouilla
413B PODM59  protein UnaG wild jnpé:mim 15 139 0
type ’
Lumenal Cyanothece sp
2F3L BIWVN5 Rfr-domain 51142 o 20 184 2
protein -
W2l P84142  Acylphosphatase 1}" rococeis 10 91 0
1orikoshii
Steroid receptor
RNA activator
4NBO Q9HD15 protein Homio sapiens 13 111 2
carboxy-terminal
domain
Human pancreatic
3APA 060844 secretory protein  Homio sapiens 16 141 0
ZGlép
41GI E9OPWQ3 Collagen VI allphaS Mus musculus 22 203 0
N5 domain
Human
2W4P P07311 common-type Homio sapiens 11 99 0
acylphosphatase
variant, A99G
Human Epidermal
4LKT Q01469  Fatty Acid Binding  Homio sapiens 15 138 6
Protein (FABP5)
4amy] Q14183 Cz%@gﬁ“ °F Homo sapiens 15 138 5
. Bacillus
4JOX Q939T0 Cry34Ab1 protein 14 123 0

thuringiensis
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Figure 7. Surface of the 3 most promising scaffold candidates and their Protein data bank (PDB) identification
numbers. Regions chosen for mutation are highlighted.

Table 3. Number of mutated residues of the scaffold candidates — WTs and their mutants, expression state, level of
expressions in soluble form and Melting temperature.

Protein Scaffold

Number of Mutated

Candidate Variant Residues Expression Solubility Tm
4PSF-WT 0 Yes Very good 75°C
4PSF-allAla-PatchN 10 Yes Very good 60 °C
4PSF-allAla-PatchC 10 Yes Very good 67 °C
IN3Y-WT 0 Yes Very good 57 °C
IN3Y-allAla-PatchN 10 Yes Good 51°C
IN3Y-allAla-PatchC 11 Yes Not soluble N/A
413B-WT 0 Yes Good 47 °C
413B-allAla-PatchN 12 No No. N/A
expression
413B-allAla-PatchC 11 Yes Poor N/A
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Table 4. Amino acid sequences of 57aBi scaffold WT and selected variants against IL-10. Positions of 57 aBi-WT

chosen for further mutation are yellow highlighted. Randomized amino acids in selected variants after ribosome

display are highlighted in green.

- Position
g
>PEEFERFRAEAscA8Nadadagdagihgeag
WT R EL YV ITTIARTEG GLEDI KYNTL QOQLNZPEWRM
A2 RGLVIRTIAQRGTIETFI KYT LT LALNZPIRWTIM
A3 R PLVIRTIAVGGLTERIEKYSGTLSLPZPILWRM
B4 RRLVIRTIARTAGTLTELI KYSTU LNTLWPZPWSM
C4 RVLVILTIALTLSGLEVWVE KYZRTLALQPVWYM
c1 RLLVILTIAIVGLEWIEKYZPTLZPTLVZPLWEM
C12 RGLVIETIAPTG GLEWIE KYT FTLTLTLETPSWCM
E3 RGLVIGIAHURGTLESI KYYLRTLGPIRWWM
F5 RRLVITTITIALURGTLETLI KY®PTLUCLZRTPAWHM
G3 R RLVIATIAPNGLTERIEKYTTU LHT LTZPTWSM
Gé6 R GLVIFTIAVGGLESI KYL LTLDTLETPTLWHM
F5 variant in Tris (pH 8.0) buffer G3 variant in Tris (pH 8.0) buffer
15
101
g 107
E 5
g °
5 !
< :
0+ 0
‘4 Kd = 6 nM Kd = 208 nM
10IIE-11 1.0EI—10 1.0é-09 10EI-08 1DI‘E-O? 1.0|IE-06 10é-05 1.0&-04 1.0é-ﬂO ‘\.Oé-OQ 1.0é-08 1.0E'-07 10EI—06 1.OEI-05 1.0E'-D4 1.0é-03
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Figure 9. Microscale thermophoresis curves of the two best binders against IL-10 and their determined dissociation

constants.
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3.2 Development of bispecific binder signalling via IL-28 receptor

De novo developed protein binders mimicking Interferon lambda signaling. FEBS Journal.
Kolafova L., Zahradnik J., Huli¢iak M., Mikulecky P., Peleg Y., Shemesh M., Schreiber G.,
Schneider B.

Results to be discussed in Discussion section are listed in tables and figures and were taken from

[150].

ProBi Sso7d Knottin

Figure 10. Secondary structures of scaffolds chosen for development of bispecific binders recognising IL-28 receptor.
Mutable patches of the scaffolds are highlighted.
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Figure 11. Simultaneous binding of the bivalent binders to IL-28 receptor measured by FACS method. Bivalent

proteins recognising both subunit were positive on FITC and APC fluorescence. Green area determined the presence
of double binders, which were sorted.
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Phosphorylated Tyr701 of STAT 1 molecule was detected after the addition of positive control IFN-A and bispecific
binders. Level of phosphorylated STAT 1 molecule is presented on x-axis as APC fluorescence.
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Figure 13. Expression of genes activated by signalling via IL-28 receptor after addition of positive control IFN-A and
bispecific binders in HaCat cells. (A) Gene expression induced by positive control, Bibi Al and ProBi PS5; (B) Gene
expression induced by positive control and Bibi Al at a different concentration.
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3.3 Selection of high-specific binders against IL-9 receptor a subunit

Combined in vitro and cell-based selection display method producing specific binders

eve

against [L-9 receptor in high yields. FEBS Journal. Huli¢iak M., Biedermanova L., Berdar

D, Herynek S., Kolatova L., Tomala J., Mikulecky P., Schneider B. (Manuscript to be
published).

MAWSHPQFEKSMAQGPGQPGFC IKTNSSEGKVFINICHSPSIPPPADVTER MAWSHPQFEKSMARQEQDIVFLIDGSGSISSRNFATMMNEVRAV
ELLOMLEEDQAGFRIPMSLGEPHAELDAKGQGCTAYDVAVNSDFYRRMONS ISQFQRPSTQFSLMQFSNKFQTHFT FEEFRRSSNPLSLLASVEQ
DFLRELVITIAREGLEDKYNLQLNPEWRMMKNRPFMGSIGSEQKLI SEEDL LQGFTYTATAIQNVVHRLFHAS YGARRDAAKILIVITDGKKEGD

SLDYKDVIPMADAAGI IRYAIGVGLAFQNRNSWKELNDIASKPS
QEHIFKVEDFDALKDIQNQLKEKIFAIEGGSEQKLISEEDL

Figure 14. Secondary structures and amino acid sequences of (A) 57aBi scaffold and (B) 57bBi scaffold used in
selection process against IL-9Ra. Red labelled amino acids were calculated for randomization.
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Figure 15. Competitive yeast display selection of the combinatorial libraries of the 57aBi and 57bBi scaffolds by flow
cytometry. Expression of protein variant were detected as FITC fluorescence, binding to IL-9Ra as PE-A fluorescence.
Double fluorescence positives yeast cells from quadrant Q2 were sorted.
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(B)

ELISA of 57aBi & 57bBi variants after the yeast
display and the 6% round of ribosome display
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Figure 16. ELISA specificity tests of protein binders selected against IL-9Ra by (A) five rounds of ribosome display
and by (B) six rounds of ribosome display and one round of yeast display. Binders were testing for binding to (A) IL-
9Ra and BSA and also to (B) non-specific receptor subunit y chain.
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Figure 17. Microscale thermophoresis curves of the best (A) 57aBi and (B) 57bBi scaffold binder to IL-9Ra and their
determined dissociation constants.
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4 Discussion

4.1 Development of S7aBi protein scaffold

Eventhough monoclonal antibodies are considered to be the golden standard for diagnostic and
therapeutic purposes with a wide range of applications 21* century witnessed arrival of a new
potent rival in the form of non-globulin small protein binders derived from so called protein
scaffolds [151]. Small scaffold derived binders are associated with several advantages over
antibodies. Because of their smaller size, protein binders are able to better penetrate different
tissues. Most frequently used protein scaffolds are Anticalin and DARPins with molecular weight
in range of 15-20 kDa, compared to the molecular weight of 150 kDa in case of an prototypic
monoclonal antibody [88, 95]. Unlike antibodies the scaffold-based proteins are not
posttranslationally modified and can therefore be expressed in bacterial systems. This makes the
cost of their production much lower. They also provide an opportunity to avoid the ethical problem
with exploitation of animals and their immunization. These are the major calls for novel scaffold
molecules development. In our study published by Pham et al [149] in 2021, we described the
whole process of development of novel scaffold molecule design which concluded with its

successful application for generation of high affinity binders recognising IL-10.

Protein scaffold can be derived from some small independent binding domain of larger well-known
protein complex, such as in case of ABD scaffold based on Albumin binding domain of
Streptococcal Protein G [63]. We considered this fact during seeking process for potential scaffold
candidates. As a part of initial process we searched the Protein Data Bank using following criteria.
Firstly, novel protein scaffold should provide well-known structure, solved with high resolution.
Secondly, expression of soluble form of the scaffold should be feasible in bacterial strains and
thirdly, scaffold candidates should not be toxic or immunogenic. We were also seeking for proteins
without cysteine amino acids in the sequence to avoid further problems with scaffold folding in
bacterial expression systems. Based on these criteria, we have chosen 12 candidates based mainly

on small human and murine protein binding domains. Scaffold candidates are listed in Table 2.

To determine and select the amino acid positions for further randomization we performed in silico
saturation mutagenesis. Analysis was done by FoldX programme which calculated free energy

differences (AAG) after substitution of each position of scaffold candidate sequence by all of the
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20 standard amino acids. According to calculations we determined amino acids with high level of
conservation and structural importance and which surface amino acids can be used for further
randomization. Ideally, selected randomized patch should consist of 10 amino acids so that the
complexity of the subsequently created combinatorial libraries of the scaffolds could be covered
by ribosome display method. Theoretical coverage of complexity by ribosome display is 10"
[111]. According to these criteria we continued with five scaffold candidates PIHID1 N-terminal
domain (under PDB ID: 4PSF), Alpha-X beta2 integrin I domain (1N3Y), fluorescent protein
UnaG wild type (413B), Lumenal Rfr domain protein (2F3L) and Pyrococcal Acylophosphatase
(1W2I). These five scaffold candidates were expressed in bacterial strains in two versions - with
N- and C- terminal His tag for further Ni-NTA affinity chromatography purification. We found
that only candidates under PDB ID 4PSF, IN3Y and 4I3B were expressed in soluble form and
were purified with high purity level. We also measured melting temperatures of the candidates to
determine their thermostability. In order to verify the correct estimation of calculated mutable
positions, we inserted alanine amino acid into positions chosen for randomization in 4PSF, IN3Y
and 4I3B candidates and we repeated the purification and biophysical experiments. Surface

patches of mutable residues of these three candidates are displayed in Figure 7.

Table 3 represents the data of expression level of candidates and their mutated variants, their
solubility and melting temperatures. 413B candidate was excluded from further testing because of
its low expression level of the soluble form in E. coli BL21 DE3 bacterial strain. IN3Y candidate
can be produced in its soluble form only in N-terminal mutated patch version while it still holds
well-folded structure up to a temperature of 51 °C. High, long lasting thermal stability is also a
common feature that makes scaffolds more favourable compared to monoclonal antibodies. In
2020, Kalichuk et al. developed small protein binders derived from only 60 amino acids Aho7c
scaffold, group of the Affitins molecules, originating from thermophilic archaea Acidianus
hospitalis that can survive temperatures up to amazing 96 °C and is still functional in pH range 0-

12 [152].

The best results of our tested variants were recorded for 4PSF candidate. This molecule can be
independently mutated on both N- and C-termini. Both mutated variant has high expression level
of their soluble forms and their thermostabilities were over 60 °C. Initial name of scaffold was

ProBi, but later, because of intellectual property reasons, it was re-named to 57aBi. C-terminal
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mutated patch variant of the 57aBi scaffold was chosen for selection by ribosome display. To
demonstrate the 57aBi scaffold potential we decided to select the combinatorial library of the
scaffold against Interleukin-10 (IL-10). IL-10 is helical protein of IL-10 family and its
overexpression usually leads to development of various types of cancer [34, 35]. IL-10 was
isolated form insect cells and purified by affinity chromatography followed with size exclusion
chromatography. Proper selection of molecular target in display methods is always critical step.
Selection with inhomogeneous and impure target leads to the generation of binders with low
specificity level. We suggest to purify the target at least by two-step purification process The
resulting purified IL-10 met the criteria of a suitable target and was used in ribosome display

selection.

Combinatorial library of 57aBi scaffold was synthetized using NNK codon strategy described
early in more details (page 8, chapter 1.2 - Protein scaffolds). The constructed library consisted
also of N-terminal Strep II tag and C-terminal c-myc tag for its further purification and detection.
Combinatorial libraries were then selected by four rounds of ribosome display according to
standard ribosome display protocol developed in Pliickthun’s laboratory [135]. For reduction of
non-specificity of the final scaffold-derived binders we introduced some modifications. Instead of
classic use of BSA as a blocking agent we altered it in specific rounds of selection by skim milk
protein mixture. We also introduced pre-selection process to harness final specificity set up of the
binders. Combinatorial libraries were incubated with non-specific targets before specific selection
by ribosome display: BSA, skim milk proteins and IL-29 - member of IL-10 family with similar
structure fold. Variants recognising these non-specific targets were excluded before selection

process initiation.

Selected variants acquired after ribosome display selection were characterized by ELISA assay to
determine the binding level to IL-10 specific target and non-specific binding to BSA, skimmed
milk and IL-29. Protein binders and their amino acid sequences with the highest affinity to IL-10
and the lowest affinities to non-specific targets are shown in Table 4. These candidates were

selected to undergo final biophysical characterization.

As a final step, we measured the affinity of the candidates by Microscale thermophoresis in
different buffers, aggregation level and their melting temperatures. IL-10 was labelled and titrated

by 57aBi variants. The results show that two promising binders F5 and G3 variants with highest
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affinities in Tris buffer. (50mM Tris, 300mM Nacl) were identified. Dissociation constants of the
binders were in nanomolar ratio, which is considered as a very strong binding in nature. According
to the results from nanoDSF measurements of the melting temperatures of chosen variants and
data from dynamic light scattering, both 57aBi scaffold-derived binders F5 and G3 have high
thermal stability (51°C for F5 and 58°C for G3 in Tris buffer) and the level of aggregation was

very low.

However, for engineering and development of high-affinity binders against IL-10, candidate under
PDB ID 4PSF, currently called 57aBi, was chosen. We also worked with the second scaffold
candidate IN3Y in further selection of binders against IL-9Ra. The scaffold was named 57bBi.
Both 57aBi and 57bBi scaffolds provide robust structures for development of non-globulin small
protein binders. Due to their high thermostabilities and human origin, thus protein variants derived
from these scaffolds may be used in future as the drugs for clinical use which will be stable at
human body temperature and will not potentiate of immune responses. In comparison, previously
mentioned Streptococcal-based ABD scaffold proteins or Affibody-based binding variants with
Staphylococcal origin can increase the risk of inflammatory responses after their application into

the organism [63, 80].

4.2 Development of bispecific binder signalling via IL-28 receptor

In this study based on Kolarova et al, [150] we aimed to design bivalent binder with specificity to
the both IL-28 receptor subunits, IL-28R1 and IL-10R2. Engineered protein binder should mimic
biological function of its natural ligand IFN-A. As signalization triggered by these type of INFs
has significant protection role in viral infections [40]. We decided to enhance the signalisation by
unnatural bispecific ligand. In case of failure of signalling capabilities of IL-28R natural interferon
ligands, our engineered binder can act as backup option how to avoid the dysregulation of the
immune system after viral infection and prevent the development of associated diseases. Our
hypothesis, i.e. the possibility to use small bispecific scaffold-based binder to trigger the
signalization was also supported by similar studies where bispecific antibodies and antibody-drug
conjugates were successfully used in cancer therapies. Several drugs and dozens others based on
this concept are in various phases of the clinical development or have already been approved by

FDA agency. Recently, well reviewed in [153].
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Our strategy of the bispecific binder development was divided into two different approaches — to
develop two binders independently and then connect them via a flexible protein linker or develop
binder based on one scaffold molecule with two mutable patches. For the second purpose was
chosen our-designed 57aBi scaffold which can be mutated independently on C- or N- terminus,

while these mutations do not lead to disruption of the scaffold structure [149].

In the beginning, we created combinatorial libraries of the five different scaffolds. Used scaffolds
and their secondary structures are displayed in Figure 10. 57aBi scaffold (previously called ProBi)
was randomized on both termini, so two different combinatorial libraries of this scaffold were
created. Libraries were then selected by four rounds of yeast display separately against IL-28R1
and IL-10R2. Recombinant receptors subunits, especially their extracellular domains were
produced in Drosophila S2 expression system. Both subunits were expressed in soluble form and
were purified by two-step process where initial affinity chromatography was followed by size
exclusion chromatography. This purification process guaranteed high purity and homogeneity of

the extracellular parts of receptor.

After four rounds of the yeast display selection, we obtained the population of the binders
recognising receptor subunits only based on 57aBi scaffold (both C- and N- termini randomized
variants), Sso7d scaffold and Kan-Nfr scaffold. Sso7d is very small, only 7 kDa ultra-stable
scaffold with origin from hyper thermophilic Sulfolobus solfactaricus [154]. Kan-Nfr is a new 9
kDa protein scaffold developed at the Weizmann Institute of Science in Israel, specifically
designed for yeast display selection [127]. Both, Sso7d and Kan-Nfr were kindly provided by our
colleagues from Protein-Protein Interaction laboratory of Weizman Institute of Science in Israel.
Knotin and GP2 scaffolds, both with randomized positions in loops, were excluded from the next
screening for IFN-A mimicking protein because we did not get satisfactory population of binders
after yeast display selection. 57aBi, Kan-Nfr and Sso7d Affitin scaffolds with randomization
positions on helixes or B — sheets motifs have been shown to have a greater binding preference to
IL-28R structure. Strategy to use 5 different scaffolds proved to be very important and beneficial
for our intent. Each scaffold provides unique interface for randomization. This also supports our
previous work with novel scaffold molecules development and thus expand the platform of

successfully used scaffolds such as Anticalin or DARPins.
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Binders pre-selected in previous yeast display step were then used for the creation of the five
libraries of bivalent binder constructs, that were able to simultaneously bind both subunits of IL-
28 receptor. Firstly, the fusions of the best pre-selected binders derived from Sso7d and Kan-Nfr
scaffolds were created by their linkage via designed protein linker resulting in creation of four new
bivalent binder libraries called Bibi — A, B, C, D. The fifth bivalent binder library called Probi-NC
was based on independently mutated patches of 57aBi scaffold, where one patch obtained library
with affinity to IL-28R1 and the second to IL-10R2. New constructs of the bivalent binder libraries
were tested to bind both receptors subunits at the same time using flow cytometry (Figure 11). 100
000 variants of each library that simultaneously bind both receptor subunits (i.e. variants that were

positive for both fluorophore) signals were sorted and screened for their signalling potential via

IL-28R.

Final signalization study of the bivalent binders was done by flow cytometer and specific
phosphorylation of Tyrosine site 701 of STAT 1 molecule was determined. STAT 1 is normally
phosphorylated as a product of Jak kinase activity after binding of the IFN-A to IL-28 receptor
[155]. Assay was performed on human HeLa cells presenting both IL-28 receptor subunits on their
surface. To avoid time and material consumption, we decided to first display binders on the surface
of the S. cerevisiae cells. Those protein variants, which were able to trigger signalization were then
purified and tested again to trigger JAK-STAT signalization. Figure 12 shows the comparison
between signalization via natural IFN-A, BiBi-A1 and ProBi-P5 variants displayed on yeast cell or
as purified proteins. These variants showed in form of purified protein the highest stability,
solubility and low aggregation. Level of signalization via purified proteins is comparable with cell-
presented variants. This validates our designed yeast-presenting protein method as powerful well-

set screening platform for selection of signalling bivalent binders.

As the final step, we evaluated expression of 10 genes triggered after signalling through IL-28
receptor, specifically MX1, OAS1, OAS3, OASL, IFIT1, IFIT3, IFI6, IFIH1, BST2 and OASL, to
be known as over-expressed after IFN-A signalling [156]. Evaluation was performed by RT-qPCR
in HaCaT cells transfected with DNA of both receptor subunits. HaCaT cell system proved to be
more suitable for expression of IL-28 receptor than transfected HeLa cells. First, cells were treated
with natural ligand IFN-A1 as positive control and then with BiBi-A1 and ProBi-P5 purified

proteins. To sum up, expression of mentioned genes was induced by both novel bispecific binders,
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with BiBi-Al showing stronger stimulation (Figure 13A). Due to this fact, we repeated the
experiment with BiBi-A1 binder only, set in different concentrations. Results from Figure 13B
demonstrates that although the signalling followed by activation of gene expression of mentioned
genes is initiated after adding BiBi-A1 bivalent binder, expression is at much lower level than after
stimulation by natural IFN-A1 ligand. To sum up binders’ affinities and signalling capacity need

to be increased, their production and stability optimized.

Nevertheless, we presented a proof of concept for development of bispecific binders also based on
our own-designed scaffold molecule 57aBi and most importantly, powerful platform for their
selection. Unfortunately, it is not always certain, that unnatural ligand will modulate the biological
activity due to its binding to the molecular target. Another possible optimization in this approach
could be small modification of our existing bivalent binders by secondary mutagenesis tools to
enhance their signalling potential. For example, Karlsson et al, edited one domain of bivalent
protein with an already existing affinity to two viral oncoproteins to develop even more stronger
binder to human papillomavirus. Such binder can be used for treatment of chronic infection caused

by viruses [157].

4.3 Selection of high-specific binders against IL-9 receptor a subunit

The basic criterion for the evaluation of the quality of antibody or protein binders is their high
affinity to their molecular targets. There are protein binders based on scaffolds that have incredibly
strong binding affinity to their targets. For example, Lindborg et al, engineered dimeric Affibody
molecule that bound to its target staphylococcal protein A with an estimated affinity 16 pM [158].
Another, more recent example is selection of peptide binder with affinity to SARS-CoV-2 Spike
receptor binding. Dissociation constant of the binding was 750 pM [159].

Although the high affinity is very important parameter for binding, specificity is often
underestimated and even more important. The effect of lower affinity protein binders or antibodies
can still be modulated by increasing their concentration. On the other hand, once low specificity
is set, binder can interact with any molecule it comes into closer contact and becomes useless.
Hereby, in study Huliciak et al, we demonstrate the strategy for development of high specificity

protein binders recognising specific subunit of IL-9 receptor.
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Indeed, there were attempts for direct blocking of IL-9 by antibodies. In 2013, MEDI-528
monoclonal antibody recognising this interleukin was used in asthma models for inhibition of
mucus production during asthma disease in adult patients. The results of this study were not
satisfactory. Addition of MEDI-528 antibody has no effect in mucus production and asthma
treatment of the patients [160]. We can discus, that monoclonal antibody probably binds IL-9 in
region which is not responsible for receptor binding and do not block interaction between IL-9 and
receptor. According to this, we decided to aim directly to the receptor, especially onto its

extracellular domain using our protein binders derived from scaffold molecules.

IL-9 belongs to common y-chain family. That means, that all members of this family are sharing
non-specific receptor and have one or two specific receptor subunit [42]. As we wanted to

modulate the only IL-9 initiated signalling, we aimed on its specific subunit IL-9Ra.

For the purpose of selection of highly specific protein binders we chose two protein scaffolds
designed in previous study [ 149]. 57aBi scaffold, 15 kDa helical domain of chromatin remodelling
complex PIHID1 (PDB ID: 4PSF) and 22 kDa 57bBi integrin domain previously designed under
PDB ID: IN3Y [161, 162]. Secondary structures of scaffolds and their amino acid sequences are
displayed in Figure 14. Combinatorial libraries of the scaffolds were synthetized using NNK
strategy. Library constructs contained N-terminal Strep II purification tag and C-terminal detection
c-myc tag. DNA of these constructs of the scaffolds was then transcribed and translated in vitro in
lysate of E. coli and selected in five rounds of ribosome display against extracellular domain of

specific IL-9R a subunit.

Of note, we performed so called subtractive panning before each round of the ribosome display to
avoid the presence of the non-specific binders. We have adopted this method from Rothe et al,
where the method of subtractive panning was successfully used in selection of human anti-CD28
single chain variable fragments of antibodies [163]. The principle of the method is that you
incubate combinatorial libraries of proteins with various non-specific targets before specific
selection by ribosome display. In our case, we used bovine serum albumin (BSA) protein. Because
we perform ribosome display selections in 96 microplate wells it is enough to simply pipet library
into the next well for another negative pre-selection by subtractive panning. This system has great
potential for further automation, as well. You can cover 96 wells of microplates with different

mixtures of non-specific targets and pre-select your library to high specificity. However, as
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mentioned below, we can dramatically improve specificity much easier by implementation of one
round of competitive yeast display. Altogether the methodology of subtractive panning should be
mainly used for specificity tuning after selection process as negative targets use molecules with
similar structures to discriminate the binding of the novel binders to targets with structural

similarity.

Another innovation how to increase specificity of our final protein binders is based on utilization
of protein-free blocking reagents. In standard ribosome display protocol, hydrophobic surface of
the plastic microplate is blocked by protein-based BSA reagent [135]. As an alternative to BSA,
proteins of skim milk or fish-gelatine proteins are commonly used [164, 165]. First non-protein
blocking reagent was used in 1993 and were based on Polyvinylpyrrolidone (PVP). Currently,

there are many commercial protein-free reagents available on the market.

After five rounds of ribosome display, we performed an ELISA specificity screening test. 16
binders derived from the both 57aBi and 57bBi scaffolds were tested for binding to IL-9 specific
receptor subunit o and to BSA as negative control. Figure 16A shows binding level and comparison
of the binding to IL-9 receptor subunit and to BSA. Protein variants recognise specific subunit of
the receptor in the first place, but a residual binding to BSA in some variants is still present. Due

to this reason, we decided to continue selections but with a little slightly modified strategy.

Combinatorial libraries after 5™ round of ribosome selection were cloned into yeast vector and one
round of the competitive yeast display was performed. Yeast cell displaying protein variants on
their surface were competing for IL-9Ra in a low, only 100 nM concentration. The competitive
display was based on the fact that a single yeast cell can display up to hundred thousand copies of
the variant on its surface [123]. Only the yeast cells with the best binder expression level which
show the highest affinities towards fluorescently-labelled IL-9Ra are detected and sorted using
flow cytometry assay (Figure 15). Implementation of the yeast display selection method into this
methodical platform has another advantage as only properly folded protein variants expressed by
yeast system in soluble form can be transported and displayed on the cell wall [123]. By
implementing yeast display, we excluded variants which were not fully-translated but passed

through previous ribosome display selection rounds.

41



After yeast display, DNA of selected combinatorial library was isolated and re-cloned again into
vector suitable for ribosome display. Additional 6" round of ribosome display was performed,
preceded by three rounds of subtractive panning instead of the classical one-step subtractive
panning with BSA. From the point of view of binding kinetic, it makes more sense to us to perform

3 fast pre-selection subtractive panning procedures before ribosome display selection.

After the yeast display selection and the sixth round of ribosome display, selected variants were
again tested by ELISA specificity test in same conditions as after 5" round of ribosome display.
However, in this testing we also coated another negative control, non-specific subunit of IL-9R-
common 7y chain. Figure 16B shows, that selected binders have significant specificity to IL-9
receptor o subunit while binding to BSA is on the background level. Small group of variants reports
the binding to non-specific receptor subunit y chain, but in comparison with binding to specific

receptor subunit is it negligible.

To estimate the affinities of the selected binders, one binder derived from the both scaffolds was
chosen for microscale thermophoresis measurement. Figure 17 represents the MST curves of the
57 aBi-D14 and 57bBi —D06, which proved their binding to IL-9Ra. We estimated the affinities

in micromolar and nanomolar ratio.

However, the biological affinity of the natural IL-9 ligand to IL-9 receptor is much higher, about
100 pM [166], our selected variants can be further maturated to obtain higher affinity by secondary
mutagenesis tools, for example by Error-prone PCR. One of example, when authors shifted the
binding affinity from nanomolar to picomolar range using the Error-prone approach is the
development of Anticalin-based protein binder targeting human prostate-specific membrane
antigen (PSMA) [167]. We believe that with improved affinities and lasting set specificity level

can be our protein binders very promising in their further medical applications.

Finally, here we present our concept of the methodical platform for creation of high specific
binders. As initial step is advantageous to use ribosome display selection which is suitable for
selection of the combinatorial libraries with the highest theoretical complexity [111]. Critical step
was implementation of the yeast display after the 5™ round of ribosome display selection. My
suggestion for next selection process is that yeast display should be introduced after the 2" round

of ribosome display when is certain the complexity of the library can be covered by yeast display
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selection. By implementation of the yeast display in initial rounds of procedure we discriminate

the insoluble, bad folded and not fully-translated variants in further selections.

Selected binders produced by these unconventional combination of cell-free and surface-based
display methods should serve for next analyses to find out their potential in inhibition of the
signalling pathway triggered by IL-9 connected with development of asthma and respiratory
diseases. Protein binders might as well serve as detection molecules of overexpressed IL-9
receptors as disease markers. There is well-known methodical approach for generation of
fluorescent proteins by using non-canonical amino acids. Non-canonical amino acids provided
modified side chains that could be incorporated into protein binders sequence. Fluorescent
molecules of various wave lengths could be easily attached to the side chains via so called click
chemistry. Elegance of use of non-canonical amino acid is that it can be easily incorporated into

protein scaffold sequence during its expression in bacterial expression systems [168].
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5 Conclusions

This dissertation thesis describes the development of novel non-antibody small protein binders
derived from originally developed scaffold protein molecules targeting medically important

cytokines or their receptors.

We successfully introduced two novel scaffold protein molecules called 57aBi and 57bBi. Ten
amino acids of each scaffold were chosen for randomization. 57aBi scaffold showed its ability to
be mutated on two different surface patches so that it is potentially able to bind two targets. The
scaffold concept was proven by selection high affinity protein binders against human interleukin
10 (IL-10) cytokine, where the combinatorial library of the 57aBi scaffold was selected by
ribosome display. The potential ability to bind two target molecules by 57aBi was proven by
developing bivalent binder mimicking the function of the human IFN-A1 cytokine. Scaffold-based
binders were trained to interact with both receptor subunits required to trigger the JAK-STAT

signalization pathway.

Finally, we extended the available pipelines of the directed evolution by combining cell-free
ribosome display and cell-based yeast display. This methodologically unconventional combination
of these two selection methods and their thoughtful modifications into one integrated pipeline
enabled us to select binders of human IL-9 receptor subunit alpha of sub-micromolar affinity. The
combination of both selection methods into one pipeline was motivated by the need to maximize
specificity to the target protein. In the project, we succeeded in developing specific IL-9Ra binders

derived from both 57aBi and 57bBi scaffolds.
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Abstract: Engineered small non-antibody protein scaffolds are a promising alternative to antibodies
and are especially attractive for use in protein therapeutics and diagnostics. The advantages include
smaller size and a more robust, single-domain structural framework with a defined binding surface
amenable to mutation. This calls for a more systematic approach in designing new scaffolds suitable
for use in one or more methods of directed evolution. We hereby describe a process based on
an analysis of protein structures from the Protein Data Bank and their experimental examination.
The candidate protein scaffolds were subjected to a thorough screening including computational
evaluation of the mutability, and experimental determination of their expression yield in E. coli,
solubility, and thermostability. In the next step, we examined several variants of the candidate
scaffolds including their wild types and alanine mutants. We proved the applicability of this
systematic procedure by selecting a monomeric single-domain human protein with a fold different
from previously known scaffolds. The newly developed scaffold, called ProBi (Protein Binder),
contains two independently mutable surface patches. We demonstrated its functionality by training
it as a binder against human interleukin-10, a medically important cytokine. The procedure yielded
scaffold-related variants with nanomolar affinity.

Keywords: directed evolution; protein scaffold; protein engineering; computational saturation;
ribosome display; interleukin-10

1. Introduction

Many biological functions depend on specific protein-protein interactions. Protein
engineering offers the possibility to tune these interactions by developing de novo binding
partners [1-3] or by mutating the interaction partners using computational design [4,5]. A
powerful tool of protein engineering is to generate protein binders by the in vitro directed
selection techniques [6-8] or to use evolution-based approaches to increase the stability of
recombinant proteins [9-11].

A prototype of a binding protein is an antibody, a highly selective and adaptive
molecule capable of binding to a huge spectrum of partners. The antibody-based binders
have been indispensable not only in research experiments but also in clinical trials and
tens of them are biologicals approved by Federal Drug Administration. However, several
suboptimal properties of these molecules such as their large size (~150 kDa), cross-reactivity,
and necessity of animal immunization during the preparation, motivated the development
of binders with alternative structures [12,13]. These novel artificial high-affinity binders
are called “small non-antibody protein scaffolds” [14-16]. The advantage of scaffolds over
antibodies is their typically higher stability and lower cost of production. The most widely
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used scaffolds are designed Ankyrin repeats (dARPins), lipocalin domain {anticalins), and
Ig-binding domain of Staphylococcal Protein A (affibodies) [17-19]. Some of the small
protein scaffolds were already proven to be useful in a wide range of applications, from
academic research to clinical imaging, diagnostics, or therapeutics [20-23], and others
are even in clinical trials [24,25]. In our previous work, we used the albumin-binding
domain (ABD) of Streptococcal Protein G as a scaffold protein. We engineered its binding
against human [FNy [26] and interleukin-23 receptor [27] using computational design and
ribosome display.

The exploration of non-antibody protein scaffolds is still a young field compared to
the research of antibodies and the full potential of scaffolds has not yet been uncovered.
Therefore, we are convinced that there is ample space to expand the current portfolio of
protein scaffolds so that they can complement antibodies and interact with new target
molecules. Therefore, a systematic method to streamline the development of new scaffolds
with desired properties would be beneficial but relatively few attempts can be found
in the literature [18,28,29]. In general, a good small protein scaffold should display a
high stability, together with flexibility of binding. The desired properties thus include
tolerance to mutations during diversification, thermostability, in vivo integrity, and non-
immunogenicity. Moreover, the variants of the protein scaffold must be efficiently evolvable
to achieve high affinity and specificity towards target proteins. Therefore, the properties of
the potential small protein scaffold must be thoroughly evaluated.

In this work, we present a systematic stepwise procedure for the selection of new and
structurally robust protein scaffolds. The procedure starts with a wide search of suitable
structures in the Protein Data Bank (PDB) [30], followed by a series of computational and
experimental screens to select the most robust candidates as novel, small protein scaffolds.
We demonstrate the applicability of our method by selecting a protein scaffold called ProBi
(Protein Binder) that fulfills all the criteria of stability and mutability, and comprises not
one, but two independently mutable surface patches.

We tested the applicability of the ProBi scaffold by generating its variants with high
affinity to a target protein using in vitro directed evolution techniques. As the target, we
selected a medically important protein, interleukin-10 (IL-10), a member of the cytokine su-
perfamily. IL-10 is an immune repressor [31], with numerous investigations suggesting its
major impact in inflammatory, malignant, and autoimmune diseases. IL-10 overexpression
was found in certain tumors and is considered to promote tumor development [32]. Also,
some viral homologs can bind to the [L-10 receptor 1 [32] and mimic the immunosuppres-
sive effects of IL-10. Thus, proteins binding IL-10 and interfering with its signaling have a
great potential for diagnostic and therapeutic purposes.

To generate ProBi-based binders to IL-10, we created a DNA library by randomization
of 10 amino acids on one of the ProBi surface patches and used the ribosome display
technique to screen for ProBi variants with the highest affinity. We successfully generated
binders of the newly developed ProBi protein scaffold with affinities of ~10 and ~200 nM
against IL-10.

2. Materials and Methods
2.1. Selection of Suitable Protein Structures from the Protein Data Bank

The Protein Data Bank (PDB) [30] was searched for potential protein scaffolds using the
following criteria: (1) small size (molecular weight in range of 10-25 kDa); (2) monomeric
protein with a reasonably high-resolution X-ray structure (<3.0 A); and (3) produced in
Expression Organism of E. coli for ease of expression. Proteins matching these initial search
criteria were then manually curated to meet additional rules: structure (protein fold class)
(1) should differ from the previously published protein scaffolds; (2) should differ from the
other selected structures in the set; (3) should contain a low number of cysteine residues
and disulfide bonds, (4) should not be toxic or immunogenic, (5) should not contain any
ligand or cofactor, and (6) should be soluble and easy to purify (according to the source
literature).
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2.2. In Silico Identification of Mutable Surface Patches on Protein Scaffolds Candidates

(a) Multiple sequence alignment. For each of the scaffold candidate proteins, a simi-
larity search was performed for the related amino acid sequences from different species
using the UniProt BLAST service (www.uniprot.org/blast) with default parameters (Target
database = UniProtKB, E-Threshold = 10, Matrix = blosum62, Filtering = None, Gapped =
yes, Hits = 250). The identical sequences were subsequently removed using a script and
the remaining ones were aligned using Clustal W [34] in the UGENE program [35]. The
conservation of each sequence position was calculated.

(b) In silico saturation mutagenesis. The mutability of the surface amino acid residues
was evaluated by in silico mutation scanning using the FoldX program [36] by applying
the “positionscan” FoldX Keywords: In all proteins, each position was substituted by all of
the 20 standard amino acid residues, and the corresponding free energy differences (AAG)
between the mutant and the wild-type (WT) structure were calculated; the calculations
included self-mutations leading to AAG = (. Positions in which most of the mutations were
stabilizing (AAG < 0), or only slightly destabilizing (AAG < 0.5 keal/ mol), were identified
and the mutability score for each position was calculated as a percentage of mutations
fulfilling these criteria.

(c) Sequence and structural evaluation. The mutable residues, identified by multiple
sequence alignment and in silico saturation mutagenesis, were located on the 3D structure
of each protein scaffold candidate. We then visually searched for continuous surface
regions consisting of mutable residues. The regions where the mutable residues were close
together in both sequential and structural space we termed the mutable surface patch.
Ideally, the patch should contain 10-12 residues to fulfill the theoretical complexity suitable
for ribosome display. If the identified patch contained less than 10-12 residues with the
highest mutability score, we completed the patch by a small number of neighboring surface
residues with slightly lower mutability scores.

2.3. Production of Proteins

(a) Cloning of recombinant proteins. The genes coding the selected five protein scaffold
candidates—PSE 1N3Y, 413B, 1W2l, and 2F3L, were ordered in the form of DNA strings
(ThermoFisher Scientific, Waltham, MA, USA) with codons optimized for expression in
Escherichia coli but without a stop codon. The DNA strings were cloned into the pET-26b(+)
vector using Ndel and Xhol restriction enzymes in frame with C-terminal His-tag. Also,
the DNA strings were used as templates for polymerase chain reaction (PCR) to add the
N-terminal His-tag and stop codon. These N-terminally tagged proteins were cloned into
the pET-26b(+) vector using Ndel and Xhol restriction enzymes. Final constructs were
labeled as pET26b-4PSF-WT, etc.

The genes coding the variants of three protein scaffold candidates—4PSF, IN3Y, and
4I3B, with all mutable residues changed to alanine amino acid, referred to as allAla mutants,
were ordered in the form of DNA strings with N-terminal His-tag and C-terminal stop
codon. The DNA strings were digested by Ndel and Xhol restriction enzymes and cloned
into the pET-26b(+) vector. Final constructs were labeled as pET26b-4P5F-allAla, etc.

The ProBi-WT protein and its variants were amplified by the PCR method using the
ProBi-cloning-for and ProBi-cloning-rev primers (Table 51). The created fragments were
cleaved by Ncol and BamHI restriction enzymes and cloned into the pRDVsm or pETsm
vectors (Figure 51).

The genes encoding the interleukin-10 (residues 19-179 of UniProt entry P22301) and
interleukin-29 (residues 20-200 of UniProt entry QBIU54) were ordered in the form of a
DNA string with codons optimized for expression in Drosophila melanogaster. The DNA was
cleaved by Bglll and Xhol restriction enzymes and cloned into a pMTH vector (a modified
version of pMT-BiP-V5-His_A vector where recognition site for the Agel restriction enzyme
is exchanged for Xhol enzyme). The final construct contained IL-10 or IL-29 protein with
N-terminal BiP signal peptide and C-terminal His-tag. Final constructs were labeled as
pMTH-IL10cd and pMTH-IL29cd.

64



Viruses 2021, 13, 190

Lof20

(b) Expression and purification of recombinant proteins. The recombinant protein
scaffold candidates were produced in E. coli BL21(DE3) strain. In addition, the expression
of TW3I scaffold was tested in E. coli C41(DE3) and C43(DE3) strains. The bacteria were
cultivated in LB medium (Sigma-Aldrich, St. Louis, MO, USA) at 37 °C until OD600 =
0.6, followed by the addition of 1 mM isopropyl-beta- D-thiogalactopyranoside (IPTG) for
induction of expression. Then the cultivation continued for 4 h at 37 and 30 °C or overnight
at 25 and 16 °C. The cells were harvested by centrifugation (5000 g, 15 min, 4 °C) and
stored at —20 °C. The cells were resuspended in LH buffer (20 mM Na-Phosphate buffer,
pH 7.3, 100 mM NaCl), and disrupted by ultrasound. The soluble fraction was separated
by centrifugation (40,000 g, 20 min, 4 °C) and passed over the Ni-NTA agarose beads
equilibrated in LH buffer. The beads were washed by LH buffer supplemented by 10 mM
imidazole and proteins were eluted by LH buffer containing 200 mM imidazole.

The recombinant ProBi variants were produced in E. coli BL21-Gold(DE3) in LB
medium (Sigma-Aldrich) at 37 °C until OD600 = 0.6, followed by the addition of 1 mM
IPTG for induction of expression. Then cultivation continued overnight at 18 °C. The cells
were harvested by centrifugation (5000 g, 15 min, 4 °C) and stored at —20 *C. The cells
were resuspended in LS buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA), and
disrupted by ultrasound. The soluble fraction was separated by centrifugation (40,000 g,
20 min, 4 “C) and passed over the StrepTactin XT resin equilibrated in LS buffer. The resin
was washed by L5 buffer and proteins were eluted by BXT buffer (100 mM Tris, pH 8.0,
150 mM NaCl, 1 mM EDTA, 50 mM biotin).

The constructs pMTH-IL10cd and pMTH-IL29d for expression of recombinant [L-10
and IL-29, respecﬁvely, in insect 52 cells were pmduced and puriﬁed similarly as IFNgRZZ in
the previous report [37]. Briefly, 52 cells were cultivated in Insect-XPRESSTM Protein-free
Insect Cell Medium (Lonza) and protein expression was induced by the addition of CuSO4.
IL-10 and IL-29 proteins were secreted into the medium and stored at —80 “C.

All proteins were further purified to homogeneity by size exclusion chromatography
at16 °C using Superdex 75 10/300 Increase, Superdex 200 10/300 Increase, or Superdex
75 16/600 column (GE Healthcare, Ch.icago, IL, USA). The column was equi.librated in
phosphate-buffered saline (PBS) pH 7.4 (for protein scaffold proteins and all Ala mutants),
20 mM Tris, pH 7.5, 100 NaCl (for preliminary crystallization trials), or in 50 mM Tris, pH
8.0, 300 mM NaCl (for ProBi variants and IL-10 protein). Samples were analyzed by 15%
sodium dodecy] sulphate—polyacrylamide gel electrophoresis (SDS-PAGE).

2.4. Biophysical Characterization of Recombinant Proteins

(a) Oligomerization and melting temperature of protein scaffold candidates and
allAla mutants. The oligomeric state of proteins and their monodispersity was measured
by dynamic light scattering (DLS) using a ZetaSizer Nano Z590 (Malvern Panalytical,
Malvern, UK) instrument and quartz cuvette ZEN2112. The secondary structure and
folding of proteins were analyzed by circular dichroism (CD) spectra using a Chirascan
Plus spectrometer (Applied Photophysics, Surrey, UK) in steps of 1 mm over the wavelength
range 200-260 nm. Samples were diluted with PBS buffer, pH 7.4, to a concentration of
0.2 mg/ mlL. The individual spectra were measured in a 0.01 cm path—lengﬂ'l quartz cell at
a temperature of 25 °C. The CD signal was recorded as the ellipticity, and the resulting
spectra were buffer-subtracted. The melting temperatures of proteins were evaluated using
either the CD spectrometer or nanoDSF technology. The CD melting measurements were
performed by using the 0.1 cm path-length quartz cell. The samples were heated from
20 to 85 °C, and the sample absorption was recorded at 280 nm in 1 °C increments at a
rate of 0.5 °C/min. The nanoDSF technology was implemented in the Prometheus NT.48
instrument (NanoTemper, Miinchen, Germany). The samples were loaded into standard
capillaries and heated from 20 to 95 °C at arate of 1 °C/min. The melting temperatures
(Tm) were estimated from the first derivative of the melting curves.

(b) Testing protein suitability for affinity measurements. The applicability of protein
scaffold candidates and allAla mutants for affinity measurements using the microscale

65



Viruses 2021, 13, 190

5of20

thermophoresis (MST) and surface plasmon resonance (SPR) was tested. For MST, pro-
teins were labeled using the Monolith Protein Labeling Kit RED-NHS (Amine Reactive)
according to the manufacturer’s protocol. The samples were loaded into three types of
capillary (standard, hydrophilic, and hydrophobic) and inserted into the Monolith NT.115
instrument (NanoTemper). The capillary scan was performed immediately, and then sam-
ples were incubated in the instrument for 1 h and re-measured. An alternative approach
was implemented for SPR. The GLC sensor chip was inserted into the ProteOn XPR36
instrument, washed but not activated. The samples in different channels were passed
over the un-activated chip to estimate the non-specific binding of proteins to the surface
of the chip itself. The running buffer (PBS, pH 7.4, 0.005% Tween-20) was used in the
control channel.

2.5. Crystallization and Structure Determination

The crystallization solution included J61 at a concentration of 10 mg/ mL in a buffer
containing 100 mM NaCl, 20 mM Tris, pH 8.0. Crystals were prepared using the hanging-
drop vapor-diffusion method with the reservoir solution containing 5% (v/ ) glycerol and
4 M sodium formate. Crystals required cryo-protection with 20% glycerol before flash
freezing in liquid nitrogen and the diffraction experiment.

The final diffraction data were collected at the Helmholz—Zentrum Berlin (Bessy II) on
abeamline 14.1 at 100 K. The diffraction images were processed using the XDS program [38]
and scaled using the AIMLESS program [39] from the CCP4 program package [40]. The
phase problem was solved by molecular replacement using PHASER [41] using monomeric
4PSF structure [42] as a search model. The structure was refined using the REFMACS5
program [43] using 95% of reflections as a working set and 5% or reflections as a test set.
Manual corrections to the model were done using the graphic COOT program [44]. The
last run of several cycles of refinement was performed using all reflections and anisotropic
ADPs. The structure quality was checked using the validation tools implemented in CCP4,
MOLPROBITY [45], and the PDB. Final data processing statistics and structure refinement
statistics are shown in Table S2.

2.6. Construction of DNA Library of ProBi Scaffold (PatchC)

The earlier design of the DNA library [46] was adopted with small changes regarding
restriction enzyme recognition sites and N- and C-terminal tags. Our ribosome display
DNA construct contained a T7 promoter, 5 stem-loop, ribosome binding site, N-terminal
Strep-tag, open reading frame encoding the ProBi scaffold library, and C-terminal e-Myc-
tag fused to TolA-spacer without stop codon. The library of ProBi scaffold (PatchC) was
prepared by the GENEWIZ company using NNK codons technology. We selected ten
residues to be randomized. The initial synthetic DNA library was amplified by PCR and
then used in the first selection round of ribosome display.

2.7. Selection of Novel Binders by In Vitro Ribosome Display

The previous protocols from Pluckthun’s laboratory regarding the in vitro selection
by ribosome display [46,47] were adopted and adjusted. All the following steps were first
performed with the ProBi-WT scaffold to establish and verify the protocol.

(a) Preparation of the mRNA-ribosome-protein (MRF) complex. The DNA library
was amplified by PCR (supplemented by 6% DMSO) with primers T7b and Tol Ak (Table
51) using Q5 polymerase (New England Biolabs, Ipswich, MA, USA) with an annealing
temperature of 66 °C. Asa template, either the starting DNA library in the first selection
round was used or the sorted DNA library cloned into the pRDVsm vector in the next
rounds. The resulted amplicon contained a T7 promoter, 5 stem-loop, ribosome binding
site (RBS), start codon, N-terminal Strep-tag I1, scaffold library, C-terminal c-Myc-tag, tolA
spacer, and 3 stem-loop without stop codon. The amplicon was purified from 1% agarose
gel and used in the following cell-free protein synthesis step. We utilized RTS 100 E. coli
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HY Kit (Biotechrabbit) according to manufacturer recommendations to create the MRP
complex composed of mRNA, ribosome, and protein scaffold variants.

(b) Ribosome display selection rounds. The Nunc PolySorp plate (Invitrogen, Carlsbad,
CA, USA) was coated with anti-His antibody (His-tag Monoclonal Antibody (HIS.HS8) by
Invitrogen) diluted to a final concentration of 25 ug/mL in bicarbonate coating buffer
(pH 9.6). All following steps were undertaken in the TBS buffer, pH 7.4. Blocking of plate
and incubation of scaffold variants with proteins were undertaken either by an initial
preselection process or an optimized preselection process described below.

(c) Initial preselection process. The plate was blocked by 3% bovine serum albumin
(BSA) during all rounds. The MRP complex supplemented by 0.5% BSA and heparin
(200 mg/mL}) was added to the Preselection well that was coated with a mixture of 3%
BSA, interferon-gamma (IFNg, 25 ug/mlL), and the 4PSF wild type protein (4PSF-WT,
25 ug/mlL). The reaction was incubated for 1 h at4 °C.

(d) Optimized preselection process. The plate was blocked by either 3% BSA (used in
the first and third round) or by 3% dry skimmed cow milk (used in the second and fourth
round). The MRP complex supplemented by 0.5% BSA and heparin (200 mg/mL) was
added to the Preselection well that was coated with a mixture of 3% BSA, IFNg (25 ug/mL),
IL-29 (25 ug/mL), and 4PSE-WT (25 pg/mL). The reaction was incubated for 1 h at4 °C.

(e) Selection process. The preselected MRP complex was transferred into the Selection
well that contained IL-10 (25 ug/mlL) as a target molecule and incubated again for 1 h
at 4 °C. In each round, the well was washed by different cycles of washes and increas-
ing concentration of Pluronic F-127 in TBS buffer. The conditions were as follows: First
round-5 wash cycles with 0.10%, second round-10 wash cycles with 0.15%, third and
fourth-round-10 wash cycles with 0.20%. The library complex was incubated with an EB
buffer (50 mM Tris-Acetate, 150 mM NaCl, 50 mM EDTA, pH adjusted to7.5) containing 5.
cerevisiae RNA (1 mg/mL) and heparin (200 mg/mL) to release the mRNA. The mRNA
was purified by the High Pure RNA Isolation Kit (Roche, Basel, Switzerland) according to
the manufacturer’s instructions and used in the GoScript Reverse Transcription System
(Promega, Dane County, WI, USA} with ProBi-cloning-rev primer according to the man-
ufacturer’s instruction. The created cDNA was amplified by PCR (supplemented by 6%
DMS0) with primers ProBi-cloning-for and ProBi-cloning-rev using Q5 polymerase (New
England Biolabs). The resulted amplicon was cloned into the pRDVsm vector using Neol
and BamHI restriction enzymes and T4 ligase (New England Biolabs). The pRDVsm-ProBi
was used in the following preselection and selection process. After the fourth round, the
amplicon was cloned into the pETsm vector and transformed into BL21(DE3)-Gold (Agilent,
Santa Clara, CA, USA) for affinity estimation by enzyme-linked immunosorbent assay
(ELISA) and characterization.

2.8, Characterization of Novel Binders

(a) ELISA assay. The Nunc PolySorp plate (Invitrogen) was coated with anti-His
antibody (His-tag Monoclonal Antibody (HIS.H8) by Invitrogen) diluted to a final concen-
tration of 5 ug/mL in bicarbonate coating buffer (pH 9.6). All following steps were done in
the PBS-P buffer (PBS buffer, pH 7.4, 0.1% Pluronic F-127). For the first evaluation of the
binding of 190 variants, the wells were blocked by 1% BSA, then IL-10 (10 pg/mL) was
attached as a target molecule, and samples were applied in the form of cell lysates. For
initial specificity mapping of 47 variants, the wells were blocked by 3% dry skim milk, 3%
BSA, or 1% BSA. The wells with 1% BSA were further incubated with either IL-10 or [L-29
(10 pg/mL), and samples were applied in the form of cell lysates. For affinity estimation
of 10 selected variants, the wells were blocked by 1% BSA and then incubated with IL-10
(10 ug/mL) as a target molecule. Then the samples in the form of proteins purified on
StrepTactinXT were applied. Finally, the binders were detected by horseradish peroxidase
(HRF)-conjugated antibody against the C-terminal e-Mye-tag and TMB-2 as substrate.

(b) Inhibitory assay. Murine RAW264.7 cells were cultured in DMEM medium sup-
plemented with 10% FBS. The mixture containing IL-10 (final concentration of 10 ng/mL)
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and ProBi variants (concentrations ranging from 160 ng to 100 ug/mL) was added to
the cells and incubated for 30 min. The plates with cells were placed on ice, medium
discarded, and washed with a cold PBS buffer. The cells were disrupted by a cold RIPA
buffer supplemented by protease and phosphatase inhibitors. An amount of 20 g of total
protein was resolved using 10% Tris-Glycine SDS-PAGE gel and transferred to nitrocellu-
lose membrane using Trans-Blot Turbo Transfer System according to the manufacturer’s
instructions. Membranes were blocked by 5% BSA in TBST buffer and incubated with anti-
bodies against Y705-STAT3 (dilution 1/700) and alpha-tubulin (dilution 1/5000) diluted in
5% BSA in TBST buffer. Blots were washed in TBST buffer and incubated with appropriate
HRP-conjugated secondary antibodies diluted in 1% BSA in TBST buffer. Membranes were
treated with ECL solution (Merck M.illipore, Bu.rlington, MA, USA) and visualized on the
Azure c600 instrument.

(c) Affinity measurements. The binding affinity in a solution was measured using the
Monolith NT.115 instrument to monitor microscale thermophoresis (MST). The composition
of the Assay buffer was 50 mM Tris, pH 8.0, 300 mM NaCl, and 0.1% Pluronic F-127. The
IL-10 with C-terminal His-tag was labeled in assay buffer using the Monolith His-tag
Labeling Kit RED-tris-NTA kit according to the manufacturer’s instructions. The labeled
IL-10 was titrated by ProBi variants diluted in an assay buffer and incubated for 10 min at
room temperature. The reaction mix was loaded into standard capillaries and MST was
monitored using Medium MST power and 60% of LED power. The analysis of interaction
was done in MOLAffinity Analysis v2.3 software.

(d) Circular dichroism. The folding of new ProBi variants was measured by Circular
dichroism spectra the same way as done with allAla mutants of protein scaffold candidates
but with a final concentration of 0.1 mg/ mL.

3. Results and Discussion

This work aimed to formulate and test a general procedure for selecting “small engi-
neered non-antibody protein scaffolds” [15,16] suitable for generating artificial recombinant
high-affinity binders by methods of targeted in vitro evolution. The systematic procedure
for the development and testing of a new stable small protein scaffold presented in this
work consists of two main parts comprising the steps graphically represented in Scheme 1
and summarized below:

Search for scaffold in silico analysis: Production & quality
candidates in PDB structure & sequence of the 5 candidates

The final binder Ribosome display The resulting
selection analysis against IL-10 ProBi scaffold

Scheme 1. The procedure for the development of a new stable small protein scaffold.

(I) Development of a novel scaffold:
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(i) Selection of suitable protein candidates from the Protein Data Bank.

(ii) In silico identification of mutable patches on the surfaces of the scaffold candidates.
(iii) Characterization of soluble wild-type variants of the scaffold candidates.

(iv) Testing the stability of the potential scaffolds.

(v) Testing the suitability of the scaffold candidate(s) for in vitro evolution.

(wi) Construction of the final ProBi scaffold.

(IT) Application of the ProBi scaffold on the IL-10 target as a model system:

(i) Selection of novel ProBi-based binders by ribosome display.

(ii) Characterization of the novel ProBi-based binders.

(iii) Further development of scaffold selection and improvement of ProBi-based binders.

3.1. Development of a Novel Scaffold
3.1.1. Selection of Suitable Protein Structures from the Protein Data Bank

The first step of the procedure was to search for appropriate structures within the
Protein Data Bank (PDB) database [30] performed by the members of the laboratory. The
initial search was based on visual inspection of several hundred structures of small (less
than 25 kDa) monomeric proteins solved by X-ray crystallography. The search results were
limited to proteins known to be expressed in Escherichia coli. We finally selected about 100
structures that were further evaluated based on the literature data. Our selected candidates
should (i) be new protein scaffolds, (ii) be based on different folds, (iii) preferably contain
no or low number of cysteines, (iv) not to be toxic, (v) not to need any cofactor to maintain
the structure, and (vi) be easy to purify.

We chose 12 proteins (Table 1) for closer structural examination and a more in-depth
literature review. During this step, we excluded 2W4P [48] and 4LKT [49] because of
structural similarities with other selected non-human candidates, TW2I [50] and 413B [51],
respectively. Furthermore, we eliminated 4M]] and 4]JOX because the manuscripts were not
published at that time and we could not check their expression and purification protocols.
To the best of our knowledge, none of the eight finally selected proteins had previously
been used as a scaffold for directed evolution.

3.1.2. In Silico Identification of Mutable Surface Patches on the Protein Scaffold Candidates

On the surface of the eight candidate scaffolds, we looked for continuous patches
consisting of residues that may be mutated without destabilizing the overall structure. To
identify such mutable residues, we combined the analysis of protein sequence conservation
with in silico saturation mutagenesis. We did not limit our search only for loop seg-
ments [28] because protein scaffolds could be mutated also at flat surfaces or combinations
of loops and helices [18].

(a) Multiple sequence alignment. Sequences of protein homologs from different
organisms for the eight protein scaffold candidates were aligned and the conservation of
each amino acid position was calculated.

(b) In silico saturation mutagenesis. To evaluate the mutability of the residues, we
performed in silico mutation scanning using the FoldX program [36]. Every amino acid
position in each of the eight candidates was substituted by all of the 20 standard amino
acid residues, and the corresponding free energy differences (AAG) between the mutant
and the wild-type structure were calculated. Thus, each position in the protein sequence
was characterized by 20 AAG values. We identified spots in which most of the mutations
were stabilizing (AAG < 0), or only slightly destabilizing (0 < AAG < 0.5 kecal /mol). We
calculated the mutability score for each position as a percentage of mutations fulfilling
these criteria.

(c) Sequence and structural evaluation. For the selection of mutable residues, we
combined the evolutionary conservation and mutability scores. Positions with identity
conservation <90% and FoldX mutability score >50% were considered mutable. Next,
we mapped the mutable residues onto the protein 3D structures. We visually identified
mutable positions and selected those constituting compact patches on the protein surface.
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We preferred those patches consisting of residues that were not only structurally, but also
sequentially close together, for ease of the subsequent library construction. To achieve
a high variability of the designed DNA library, we selected 10-12 mutable residues, the
numbers typically used in ribosome display experiments [57,58]. In cases where the patches
contained less than 8-10 predicted mutable residues, we chose additional neighboring
solvent-accessible residues to bring the total number of residues to 10.

Table 1. List of protein scaffold candidates that were selected for closer in silico structural analysis and literature review.
The first five candidates were chosen for further experimental characterization.

Source

Number of

PDB Code UniProt Protein Name . Size (kDa) Size (aa) . Reference
Organism Cysteines
PIH1D1
4PSF QINWS0 N-terminal Homo sapiens 15 138 3 [42]
domain
IN3Y poozoz | Alpha-Xbetal o coviens 22 198 0 [52]
integrin I domain
Fluorescent Ancuilla
4138 PODMS9  protein UnaG wild e 15 139 0 [51]
japonica
type
Lumenal
2P BIWVN5  Rérdomain  C/OCCSP. 20 184 2 (53]
protein
wal P84142  Acylphosphatase ?;:‘:;‘;gﬁs 10 91 0 [50]
Steroid receptor
RMNA activator
ANBO QUHD15 protein Homo sapiens 13 111 2 [54]
carboxy-terminal
domain
Human pancreatic
3APA 060844 secretory protein  Homio sapiens 16 41 0 [55]
ZGl6p
41a1 E9PWQ3 C"“;ge;‘;’:‘:i'rfhae’ Mus musculus 2 203 0 [56]
Human
2WAP P07311 COMMONYPE 115 sapiens 1 99 0 [48]
acylphosphatase
variant, A99G
Human Epidermal
4LKT Q01469 Fatty Acid Binding  Homo sapiens 15 138 [ [49]
Protein (FABDS)
M) Quiss  CAdeman Ot pomo sapiens 15 138 5 Purbfixe |
. Bacillus To be
4JOX Q939T0D Cry34Ab1 protein thuringiensis 14 123 0 published

In five candidate proteins, we found at least one mutable surface patch, in three of
them even two independent patches (Figure 1). We excluded three proteins—4NBO [54],

3APA [55], and 41GI [56], since they did not contain any suitable surface patch.
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Figure 1. Surface patches of mutable residues identified in the structures of Protein Data Bank (PDB) IDs 4PSF [42], TN3Y [52],
and 413B [51]. The proteins are shown as ribbons in semitransparent surface representation. Residues constituting PatchN
and PatchC in each protein are colored red and cyan, respectively.

3.1.3. Characterization of Soluble Wild-Type Variants of the Potential Scaffolds

We continued with five small protein scaffold candidates—4PSF [42], IN3Y [52],
4I3B [51], TW2I [50], and 2F3L [53]. We analyzed the expression level, solubility, pu-
rification simplicity, oligomerization state, secondary structure, and thermal stability of
their wild-type (WT) variants.

(a) Protein expression and solubility. We prepared two versions of each scaffold
candidate, first with N-terminal His—tag and second with C-terminal H.is—tag. We tested
the expression and solubility of these five proteins in E. coli BL21(DE3) at four different
temperatures, 37, 30, 25, and 16 °C. We detected high expression levels and excellent
solubility of 4PSE, IN3Y, 413B, and 2F3L with the N-terminal His—tag at 16 “C. The solubility
varied with temperature. We were not able to express 4PSE, 1IN3Y, and 413B proteins with
the C-terminal His—tag. In the case of TW2I, the protei.ns were not expressed in E. coli
BL21(DE3) strain, only in E. coli C41(DE3) and C43(DE3) cells which are usually used for
the expression of toxic proteins. Therefore, we decided to exclude the 1W2I protein.

(b) Protein purification. We continued with the purification of the remaining four
proteins—4PSE, IN3Y, 413B, and 2F3L, all of them as variants with the N-terminal His-tag.
We performed a two-step purification pmeedure, first on Ni-NTA agarose beads and second
by size exclusion chromatography. We isolated the 4PSE, IN3Y, and 4I3B proteins at very
high purity, but the 2F3L showed a minor band of either a homodimer or a non-relevant
protein contaminant on SDS-PAGE (Figure 2A). The purified proteins retained solubility
without aggregation and degradation at 4 “C in 20 mM sodium phosphate buffer at pH 7.5
and 100 mM NaCl in the range of days and weeks.

(c) Oligomerization. We used dynamic light scattering (DLS) to measure the oligomer-
ization of purified proteins. The 4PSE, IN3Y, and 4I3B proteins were monodisperse and
monomeric based on the intensity-based parﬁcle size distribution with Z—averages of 4.6,
5.4, and 44 nm in diameter, respectively (Figure 2B). Although the 2F3L protein was
monodisperse, the Z-average of 7.8 nm in diameter was higher than expected. It correlates
with the impurities appearing on SDS-PAGE (Figure 2A). Since other than monomeric
states of a protein would complicate biophysical measurements and binding assays, we
decided to exclude 2F3L.

(d) Secondary structure. We checked the folding of the remaining three protein
scaffold candidates, 4PSE, 1N3Y, and 413B, by circular dichroism (CD) measurements in the
ultraviolet (UV) range (Figure 3). Based on the standard analysis of CD spectra using the
CDNN software [59], the spectra of all three proteins showed features of regular secondary
structures. In case of 4PSF and 1IN3Y the combination of a.lpha—heliees and beta-sheets, in
case of 413B mainly of beta-sheets, agreeing qualitatively with the features of the respective
crystal structures.
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Figure 2. (A) Sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE, 15%) analysis and (B) dynamic
light scattering (DLS) measurement of the purified protein scaffold candidates with N-terminal His-tags after size exclusion
chromatography. The 4PSE, TN3Y, and 413B proteins were isolated to high-purity as monomeric proteins. On the contrary,
2F3L showed minor contaminations around 45 kDa on SDS-PAGE gel and DLS measurement confirmed the presence of
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Figure 3. Far-ultraviolet (UV) circular dichroism (CD) spectra of three scaffold candidates. The
results indicate that all three proteins acquire the expected secondary structure features. The 4PSF
(red) and TN3Y (blue) showed a combination of alpha-helices and beta-sheets, wheneas the 4138
(black) formed mainly beta-sheets.

(e) Thermal stability. We determined the thermal stability of proteins by measuring
their melting temperature (Tm) using a circular dichroism technique. The melting tempera-
tures of the WT variants of 4PSF, IN3Y, and 413B were 75 °C, 57 °C, and 47 °C, respectively.

3.1.4. Testing the Stability of the Potential Scaffolds

Before starting a directed molecular evolution campaign, we experimentally verified
the mutability of the predicted surface patches, for which we mutated all selected residues
in each surface patch to alanines. The alanine-scanning mutagenesis is a method used
to identify the structural role of protein residues [60-62]. The idea was that the protein
scaffold candidate should sustain the expression, solubility, and folding upon forming a
large relatively hydrophobic surface patch of alanines.

Each of three small protein scaffold candidates, 4PSF, 1N3Y, and 41I3B, has two mutable
surface patches, either closer to N-terminus (PatchN) or C-terminus (PatchC) (Figure 1).
Therefore, we constructed six allAla mutants. We performed the same characterization
of the allAla mutants as for the WT proteins. The number of mutated residues, protein
expression, solubility, and melting temperatures are summarized in Table 2. Based on these
results, we decided not to continue with the 413B candidate because its allAla mutants
did not express well or were only poorly soluble. The 1IN3Y-allAla mutants were both
expressed, but only the PatchN was soluble. The best results were achieved for 4PSF
because both its all Ala-PatchN and allAla-PatchC variants were expressed and soluble.
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Table 2. Properties of three most promising wild-type (WT) protein scaffold candidates and their
allAla variants. The melting temperatures (Tm) were measured by circular dichroism.

Protein Scaffold Number of Mutated . L
Candidate Variant Residues Expression  Solubility Tm
4PSF-WT 0 Yes Very good 75°C
4PSF-allAla-PatchN 10 Yes Very good 6l °C
4PSF-allAla-PatchC 10 Yes Very good 67 °C
IN3Y-WT 0 Yes Very good 57 °C
1N3Y-allAla-PatchMN 10 Yes Good 51°C
IN3Y-allAla-PatchC 11 Yes Not soluble N/A
413B-WT 0 Yes Good 47°C
413B-allAla-PatchN 12 No NG\_ N/A
expression
413B-allAla-PatchC 11 Yes Poor N/A

Next, we performed control measurements to check for non-specific binding of the
1N3Y and 4P5F scaffold candidates and their allAla mutants. We measured their binding
to the capillaries used for microscale thermophoresis (M5T) and to sensor chips for surface
plasmon resonance (SPR) (Figure 52). We determined that the IN3Y-WT and 1N3Y-allAla-
PatchN were applicable for MST but not for SPR because they non-specifically bind to
a clean surface of the SPR sensor chip. We observed no such effects with any of the
4PSF variants.

Considering all the findings, we chose the 4PSF protein as the best scaffold candidate.
The WT protein as well as the allAla mutants were expressed at high vield, soluble and
easy to purify, were monodispersed and folded, and possessed appropriate characteristics
for MST and SPR affinity measurements. We selected the 4PSF C-terminal surface patch
(PatchC) for further work because the 4PSF-PatchC-allAla mutant had the highest melting
temperature among the allAla mutants.

3.1.5. Testing the Suitability of the Scaffold Candidates for In Vitro Evolution

First, we constructed a degenerate DNA library for ribosome display. The selected
PatchC of the 4PSF scaffold candidate had 10 calculated mutable residues (Figure 4). The
random mutagenesis of these 10 positions gave rise to the maximal diversity of more
than 1012 variants, which agreed with the potential diversity suitable for ribosome dis-
play [57,58]. The DNA library was synthesized by GENEWIZ company by the degenerate
NNK codons technology. The same company estimated library correctness as being 78%,
which was sufficient for further work.

Next, we performed pilot ribosome display selection and crystallization of variants.
We took advantage of directed evolution to train the 4PSF scaffold candidate to bind the
IL-10 protein as the target molecule. Pilot experiments were undertaken to establish the
ribosome display protocol for the initial preselection process (see section Section 3.2.2
below). After the fourth selection round of ribosome display, we selected eight random
colonies for two-step purification and crystallization trials. We used commercial screens for
preliminary crystallization trials and then manually optimized the conditions to get better
diffracting crystals. We started the crystallization with seven variants (G14, G21, H25, H33,
[61,]70, and ]93). We observed a crystallization process of six variants, and only the G21 did
not result in any crystal form in our tested screens. Four variants created crystals with low
diffraction quality (ranging 6 to 8 A). Crystallization of the J61 variant resulted in crystals
diffracting up to a high resolution (1.2 A). We have solved the structure with the molecular
replacement method using the original 4PSF structure [42]. The structure, deposited under
the PDB entry ID 7AVC, was similar to the original 4PSF structure with root mean square
deviation of 0.93 A calculated on 129 Cex atoms (Figure 53). The fold remains stable even
after nine mutations at the selected positions. Thus, we established the suitability of the
4PSF scaffold candidate for in vitro evolution by ribosome display. Because the affinity
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of the J61 variant to IL-10 was only in the micromolar range we continued in the effort to
develop higher affinity binders.
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Figure 4. The amino acid sequences of the wild-type (WT) 4PSF protein scaffold and its selected variants with the highest
affinity to interleukin-10 and the lowest affinity to interleukin-29, bovine serum albumin (BSA), and skimmed milk. The
yellow color represents amino acids of 4PSE-WT protein that were mutated (in green) in scaffold variants. The residue
numbering corresponds to the PDB entry 4PSE.

3.1.6. Construction of the Final ProBi Scaffold

The final 4PSF scaffold construct used for directed evolution experiments, termed
ProBi-WT hereafter, consists of three sequence segments (Figure 5): (i) the N-terminal
Strep-tag to simplify purification; (ii) the 4PSF scaffold segment; (iii} the C-terminal c-
Myc-tag. It was added to detect variants expressed properly to the c-Myc tag and exclude
fragments emerging because of premature stop codons or frameshifts in the randomized
DNA library. The expression level, solubility, and biophysical features of this new ProBi
scaffold construct were similar to the original scaffold candidate.

MAWSHPQFEK SMAQGPGQOPG FCIKINSSEG KVFINICHSF SIPPPADVTE EELLOMLEED
AGFRIPMSL GEPHAELDAK GQGCTAYDVA VNSDFYRRMQ NSDFLRELVI ITAREGLEDK
YNLQLNPEWR MENRFFMGS IGSEQKLISE EDL

Figure 5. The amino acid sequence of the wild type ProBi-WT protein scaffold. The N-terminal Strep-tag and C-terminal
c-Myc-tag are in bold, the 4PSF scaffold segment is in italic. The ten mutable amino acid residues forming the PatchC are
highlighted in red.

3.2. Application of the ProBi Scaffold on the Inferleukin-10 (IL-10) Target as a Model System
3.2.1. Selection of the Target Protein

Cytokines from the family of interleukin-10 are medically important signaling proteins
of native immunity [31-33]. Immunosuppressive effects of the prototypical member of the
family, IL-10, which may hinder immunotherapeutic strategies of cancer therapy [32], are
not completely understood. In addition, monodispersity, cD spectra, and signaling on the
RAW?264.7 murine cell line of recombinant [L-10 produced in the laboratory encouraged
use of this cytokine as the biologically relevant and molecularly well-defined target for
our study.
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3.2.2. Selection of Novel ProBi-Based Binders by Ribosome Display

(a) Initial preselection process. We performed four selection rounds of ribosome
display, with the following preselection conditions: incubation for an hour with a mixture
of BSA, I[FNg, and ProBi-WT scaffold; blocking solution 3% BSA for all rounds. After the
fourth round, we selected 190 random colonies (together with ProBi-WT) for a small-scale
expression in deep-96-well plates and for detection of binding to IL-10 using the ELISA
assay. We took advantage of the C-terminal c-Myc-tag to reveal those clones that have
the correct open reading frame and bind the IL-10. From these, we selected 47 clones
with the highest signal for larger-scale expression in deep-24-well plates. These 47 clones
were tested for binding to IL-29, which shares the IL-10R2 receptor with IL-10 [63]. We
discovered that most of the clones showed binding to IL-29 as well as to [L-10. Most
variants also displayed non-specific binding to BSA and skimmed milk.

(b) Optimized preselection process. To decrease the non-specific binding of ProBi
variants to BSA and milk proteins, we optimized the preselection conditions. The initial pre-
selection conditions were extended in three ways. We (1) included IL-29 to the preselection
mix; (2) varied the blocking solution between BSA (used in the first and third round) and
skimmed milk (used in the second and fourth round); and (3) performed the preselection
reaction in three consecutive wells. Otherwise, we completed the ribosome display the
same way as in the point a) above. The optimization of the preselection monitored on 190
variants led to a decrease of non-specific binding to the BSA and milk to 50% and 60%,
respectively, of the binding to IL-10. For further characterization, we selected 10 variants
(Figure 4) with high affinities to [L-10 and low affinities to [L-29, BSA, and milk. We created
the phylogenetic tree that is described in Supporting Information (Figure 54).

3.2.3. Characterization of Novel ProBi-Based Binders

(a) Affinity estimation by ELISA assay. We expressed and purified ten selected variants
by one step purification on affinity StrepTactinXT resin and performed ELISA measure-
ments to estimate their affinities to IL-10 and BSA (data not shown). We discarded six
variants with the highest binding background to BSA and continued with four variants for
more detailed characterization.

(b) Affinity measurements by MST. We expressed and purified ProBi-WT and its four
variants labeled F5, G3, A2, and G6 by two-step purification on affinity StrepTactinXT
resin and size exclusion chromatography. We successfully measured the I1-10 binding
affinities of two variants, G3 and F5 (Figure 6). Their dissociation constants (Kd) are shown
in Table 3. The F5 variant had the highest affinities, 6 nM in Tris (pH 8.0) buffer, and 15 nM
in Hepes (pH 7.5) buffer, respectively. We detected binding of the A2 variant to IL-10 but
we were not able to reach the bound (saturation) state of the binding curve. Therefore,
we only estimated the affinities to be higher than 1 uM. The G3 variant assembled into a
dimer, and the A2 and F5 variants behaved the same way as the ProBi-WT protein. The Gé
variant showed the highest tendency to form oligomers (data not shown) and, therefore, it
was discarded.
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Figure 6. The microscale thermophoresis (M5T) curves of two best ProBi IL-10 binders, F5 and G3. The results showed that
the change of buffer from Tris to Hepes and pH from 8.0 to 7.5 did not affect the affinities.

Table 3. Variants of the ProBi scaffold sorted by their affinities to [L-10. The table shows affinities,
response amplitude during microscale thermophoresis (MST) measurements, number of replicates
of the MST measurements, and melting temperatures (Tm) measured by the nanoDSF method.
Not measurable indicates that the affinity is so low that it falls beyond the dynamic range of the
MST technique.

ProBi Variant Response
(Butfer Affinity Amp‘iim e Replicates Tm
WT (Tris) Mot measurable  Not measurable 3 66 °C
F5 (Tris) 6nM 14 4 51°C
F5 (Hepes) 15 nM 27 3 N/A
G3 (Tris) 208 nM 12 3 58°C
G3 (Hepes) 364 nM 7 3 N/A
A2 (Tris) =1 uM N/A 2 48°C

To evaluate the affinities of ProBi variants to IL-10, we utilized the microscale ther-
mophoresis technique that utilizes low material consumption [64]. We used a commercial
kit to fluorescently label the IL-10 with C-terminal His-tag as a target molecule and titrated
it by evolved ProBi variants with the N-terminal Strep-tag. The measured affinities are
shown in Table 3. We did not detect binding of IL-10 to the parental wild-type ProBi
scaffold in our binding buffer (50 mM Tris-HCI, pH 8.0, 300 mM NaCl, 0.1% Pluronic F-127).
We cannot measure the affinities to BSA and milk in our MST setup because they do not
possess His-tag for labeling.

(c) Characterization of ProBi variants with the highest affinity. The chromatograms
from size exclusion chromatography and SDS-PAGE analysis of purified proteins are shown
in Figure 55. We measured the melting temperature (Tm) of the variants (Table 3) finding
that Tm was lower than for the WT protein, but still in a range acceptable for practical
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purposes. We confirmed the folded structure of the selected ProBi variants with a high
content of alpha helices according to their circular dichroism spectra (Figure 56).

(d) Inhibitory assay. We tested potential of the G3 and F5 variants to inhibit the
IL-10 signaling pathway by a competitive binding assay on the RAW264.7 cell line, which
expresses both IL10R1 and IL10R2 receptors on the cell surface. We used ProBi-WT protein
as a negative control. Using these experimental conditions, we observed no inhibition of
the IL-10 signaling pathway by either G3 or F5 (Figure 57). We hypothesize that these ProBi
variants bind to the surface of IL-10 in such a way that they do not prevent IL-10 binding
to the receptors IL10R1 and/ or IL10R2 and do not block the signalization.

In order to identify truly inhibitory binders with a potential medical use, we need to
include more ProBi variants, correlate their activity with the effect of neutralizing anti-1L-10
antibodies, test the inhibition on more cell types (e.g., THP-1 or U937), and possibly monitor
signalization by outcomes other than STAT3 phosphorylation. The ProBi IL-10 binders
developed as a proof of principle will have to be engineered further in order to inhibit the
signaling pathway of IL-10 cytokine.

3.2.4. Further Development of Scaffold Selection and Improvement of Probi-Based Binders

We are aware that the procedure of scaffold selection can be optimized, and here we
discuss possible future modifications of the present protocol.

(a) The first step of our procedure, the visual screening of the PDB, can be performed
more systematically. A possible way would be to automate selection of monomeric small
proteins and the following identification of mutable patches on their surfaces by in silico
screening by employing the FoldX [36] or Rosetta [65] programs. We can also include
proteins that were produced not only in E. coli expression systems because the expression
level and solubility of the tested scaffolds can be tested in a high-throughput format.

(b) The proposed workflow will be further tested by development of our second
candidate scaffold, protein alpha-X beta2 integrin [ domain (UniProt ID P20702, structure
of PDB ID 1N3Y [52]) in the near future.

(c) The selectivity of the best ProBi binders to other IL-10 family cytokines was tested
only by the ELISA pre-screening against IL-29 (Section 3.2.2). Further development of the
binders would undoubtedly require thorough checking of their cross-reactivity to more
cytokines and other proteins.

(d) A substantial challenge for possible medical use of the binders is their immuno-
genicity [24]. We do notexpect the ProBi-based binders to be immunogenic as the scaffold is
derived from the human PIH1 domain-containing protein 1 (UniProt ID Q9INWS0, structure
of PDB ID 4PSF [42]). However, potentially immunogenic scaffolds could be repurposed
for molecular imaging [16].

(e) The directed evolution methodologies [66,67] offer avenues to development of
proteins with new properties. Over the years, several display techniques [68,69] have
evolved and they offer alternative and complementary ways to the selection of optimal
protein molecules for the task. In this work, we make use only one of the display tech-
niques, ribosome display. Because the yeast display offers certain advantages compared
to ribosome display, we designed the final ProBi scaffold construct to be directly used by
both methods. Therefore, we included the C-terminal c-Myec-tag that is widely used for
high-throughput detection in Fluorescence-activated cell sorting (FACS).

(f) The protein scaffolds as well as antibodies typically bind just one interaction partner.
Two independently mutable patches on one protein scaffold molecule could open a way
to train binders to interact simultaneously with two partners. Therefore, we aimed at
scaffolds with two mutable patches. Such a feature would mimic a function of natural
proteins, such as cytokines and/or other proteins signaling through simultaneous binding
to two receptors i.e., via formation of a ternary complex. The protein scaffolds can also
work as “synthekines” to engineer non-natural receptor heterodimers that could activate
new unexplored cellular responses [70].
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4. Conclusions

Protein scaffolds represent a great engineering tool that could complement functions
of more commonly used antibodies in high-affinity binding of biomolecular targets. We
think that there is no “one-scaffold-fits-all” and that the development of new scaffolds
tailored to specific functions is crucial for real-life applications, e.g., regulation of signaling
pathways in vivo, biologics, and molecular imaging.

Visual inspection of several hundred structures from the PDB, in silico investigation
of about 100 selected candidates, and finally experimental examination of 12 of them, led
to selection of two potentially useful scaffold proteins. The first candidate was based on
the human PIH1 domain-containing protein 1 (UniProt ID Q9NWS0, structure of PDB ID
4PSF [42]) and the second one on the alpha-X beta2 integrin I domain (UniProt ID P20702,
structure of PDB ID 1N3Y [52]). The latter of the two candidates is going to be developed
further in the near future.

We preferred the 4PSF protein structure because it contained two surface patches
amenable for independent mutagenesis. Thus, we modified the 4PSF protein construct into
the protein scaffold construct called ProBi that was ready to be used in both ribosome and
veast display technology. For the purpose of this work, we focused on one of the patches
and utilized the ribosome display to evolve the ProBi scaffold into the binders of interleukin-
10 with nanomolar affinity. In the future, we plan to include more scaffold candidates
and concentrate on their other features, such as signaling inhibition, immunogenicity, and
selectivity.

In this work, we present a proof of concept methodology to identify protein structures
that could be converted into a new protein scaffold constructs. We experimentally proved
that at least one of them could be adapted into binders of a medically important target with
nanomolar affinity by methods of directed evolution.

Supplementary Materials: The following are available online at hitps:/ /www.mdpi.com/1999-491
5/13,/2/190/s1, Table 81: List of primers, Table 52: Data processing statistics of PDB entry 7AVC.
Figure 51: DNA sequences of internal arrangement within (A) the pRDVsm and (B) pETsm vectors.
Figure 52: Testing of non-specific binding of scaffold candidates. Figure S3: Structural alignment.
Figure 54: The phylogenetic tree of ten ProbBi scaffold variants. Figure 55: SD5-PAGE (15%) analysis
of purified ProBi variants. Figure 56: Circular dichroism spectra of (A) ProBi scaffold. Figure 57:
Inhibition of the IL-10 signaling pathway estimated by a competitive binding assay.
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We hereby describe the process of design and selection of nonantibody
protein binders mimicking cytokine signaling. We chose to mimic signaling
of IFN-L1, type 3 interferon (also known as IL-29) for its novelty and the
importance of its biological functions. All four known interferons 2 signal
through binding to the extracellular domains of IL-28 receptor 1 (IL-28R1)
and IL-10 receptor 2 (IL-10R2). Our binders were therefore trained to bind
both receptors simultaneously. The bifunctional binder molecules were
developed by yeast display, a method of directed evolution. The signaling
capacity of the bivalent binders was tested by measuring phosphorylation
of the JAK/STAT signaling pathway and production of mRNA of six
selected genes naturally induced by IFN- &1 in human cell lines. The newly
developed bivalent binders offer opportunities to study cytokine-related
biological functions and modulation of the cell behavior by receptor activa-
tion on the cell surfaces alternative to the use of natural IFN-A.

Introduction

Medical treatment by therapeutics based on protein
molecules has expanded dramatically over the last
40 years since the approval of recombinant insulin [1].
Currently, over 200 different protein drugs and peptides
have been approved by the US Food and Drug Admin-
istration [2]. The development of biologicals has acceler-
ated with advancement of protein engineering methods
that opened ways to modify the specificity, affinity,
function and activity of protein molecules [3,4].
Monoclonal antibodies represent the most successful
and rapidly growing class of human therapeutics, but
they have some disadvantages related to their large
molecular weight, high price and limited stability.

Abbreviations

Therefore, researchers look for alternatives keeping the
medical effectiveness of antibodies but eliminating
their imperfections. A great potential is attributed to
high-affinity protein binders based on so-called small
protein scaffolds [5,6]. Examples of scaffold-based bio-
logicals approved for the clinical use are Kunitz
domain (Ecallantide), a plasma kallikrein inhibitor
used for the treatment of hereditary angioedema [7,8].

One of target systems for medical treatment are
cytokines, an important class of signaling proteins
serving as modulators of native immunity barrier
against bacteria and viruses. Interferons lambda, also
known as type III interferons (IFN-is), has been

BiBi, bivalent binder based on two monovalent binders linked by a short peptide; FACS, fluorescence-activated cell sorting; GP2, DNA
libraries of the scaffolds variants; IFN-2, interferon lambda; IL-10R2, interleukin 10 receptor 2; IL-28R1, interleukin 28 receptor 1; IL-29,
interleukin 29; JAK/STAT, janus kinase/signal transducer and activator of transcription signaling pathway; Kan-Nfr, Scaffold aminoglycoside-
3'-phosphotransferase of type VIII N-terminal domain fragment (aminoacid Hi-5) - 90P); Knottin, cystine knot scaffold; ProBi, protein bivalent
Binder based on the in-house developed protein scaffold; ProBi-PatchC, Protein Binder with mutable positions on C-terminus; ProBi-PatchN,
Protein Binder with mutable positions on N-terminus; RT-gPCR, reaktime quantitative polymerase chain reaction; Sso7d, DNA binding

protein 7.
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discovered by two independent research groups [9,10].
IFN-is consist of four members: IFN-A1 (also called
IL-29), IFN-A2 (IL-28A), IFN-33 (IL-28B) and IFN-
w4 [10.11]. All four belong to the IL-10 family of
cytokines as they share genomic organization, and sig-
nal through the common IL-10 receptor subunit 2 (IL-
10R2). They also share a similar fold with other 1L-10
cytokines [12] and the subfamily of monomerc IL-20,
=22, =24, and all four IFN-As also share the architec-
ture of the ternary signaling complex [13-16]. Interfer-
ons & signal through the heterodimeric receptor
complex composed of shared IL-10R2 and specific IL-
28 receptor (IL-28R1). Complex formation initiates
phosphorylation of intracellular STAT1 and STAT2
proteins (signal transducer and activator of transcrip-
tion proteins) and the subsequent chain of events lead-
ing to the expression of downstream genes. Activation
of alternative STAT3, STAT4 and STATS was also
reported [9,10,17,18].

Owverall, the IFN-A response is similar to the
response of type I interferons (IFN-x and IFN-f) but
in contrast to the type 1 interferons, the IFN-A-specific
receptor is expressed only in epithelial cells [19,20].
Inhibition or stimulation of the IFN-A signaling, there-
fore, influences only specific tissues and potential
adverse side effects are less likely than in the case of
influencing the more general IFN-x and IFN-J signal-
ing. IFN-is thus represent a promising alternative
therapeutic target for the treatment of respiratory and
gastrointestinal viral infections. Especially, its pro-
found ability to control the inflammatory response at
mucosal sites makes this cytokine subfamily a timely
target in the light of the SARS-CoV-2 pandemic [21].

Considering the potential of IFN-&s for medical use
as antiviral agents, we focused on triggering the signal-
ization of one of the IFN-ks, IFN-A1 (IL-29), by
de novo engineered nonantibody protein binders. To
achieve the goal, we adopted one of the powerful tech-
niques of directed evolution [22], veast display [23],
that allows screening for desired properties. We

Table 1. Yeast display DNA library based on pJYDNn plasmid.

L. Kolafova et al

combined the binder selection process with
fluorescence-activated cell sorting (FACS) to achieve
high-throughput guantitative screening of combinato-
rial libraries. To simplify the overall process, we
applied protein engineered tailored reporter proteins
[24]. The final de novo-developed protein binders initi-
ate IFN-A1 signaling as shown by the analysis of
STAT1 phosphorylation and induction of selected
genes detected by RT-gPCR analysis.

Results and discussion

Overview

De novo development of a protein molecule mimicking
the IFN-A signaling requires engineering of a protein
molecule that simultaneously binds to two receptors,
IL-28R1 and IL-10R2 and the analysis of whether the
binder can tum on the signalization pathway. The latter
may depend on the stereo-specificity of the ternary com-
plex [25]. We describe the process of selection in four
parts. Part I reports on engineering of protein scaffolds
that interact separately with either IL-28R1 or IL-10R2.
In Part II, we recount how these monovalent protein
binders were further modified to create bivalent binders
capable of simultaneous binding to both IL-28R1 and
IL-10R2. Part III describes IFN-J signalization screen-
ing. The signalization of the binder variant population
was measured as phosphorylation in the IFN-A-
responsive HeLa cells induced by the binders displayved
directly on the yeast cells. In Part IV, we tested whether
two promising de nove purified binders induce expres-
sion of genes in a similar way to IFN-L.

Part I: Engineering of IL-28R1 and IL-10R2 high-
affinity binders
Design of DNA libraries

We started with five protein scaffolds (Table 1, Fig. 1)
to increase the odds for identification of high-affinity

Scaffold FDB ID Uniprot Residues PDB Size (kDa) Random codons® FACS selection
ProBi (PatchC) [26] 4psf [31] QINWS0 Q17-1144 15 & IL-28R1

ProBi (PatchM) [26] 4psf [31] QINWS0 Q17-1144 15 & IL-10R2

Sso7d [27] 1ss0 [32] P61991 A1-K62 7 7 IL-28R1
Kan-Mfr [24] 4h06 [33] Q9FamMb Hi—&)-P90 10 10 IL-10R2

GP2 [28] 2wnm [34] PO3704 K35-P79 5 g < 7%

Knottin [29] Tebh [38] PE2694 T1-L36 5 8 < 7%

Following the selection results, further experiments continued against IL-28R1 with ProBi PatchC and Sso7d, and against IL-10R2 with ProBi
PatchM and Kan-Nfr. Scaffolds. GP2 and Knottin did not achieve any significant enrichrment.

“Mumber of randomized codons. The NNK/MNNS degeneration was used.
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ProBi Sso7d

Knottin

De nowvo protein binders mimicking Interferon-i signaling

Kan-Nfr GP2

Fig. 1. Protein scaffolds used to create six different libraries. The mutable patches are color highlighted, the N-terminal ProBi patch in cyan,
the C-terminal in red. Sequences of the scaffolds are listed in Table 51. Cartoons were drawn by the ChimeraX program [43].

binding proteins. The DNA and protein sequences of
all protein scaffolds are listed in Table S1. The ProBi
scaffold has two mutable surface patches (called
PatchN and PatchC, Fig. 1). They were initially estab-
lished for ribosome display, so each Patch contains 10
mutable amino acid positions [26]. For veast display,
we used six positions to reduce the complexity of
library. We also created four libraries according to
previously published protein scaffolds: Sso7d [27], GP2
[28], Knottin [29] and Kan-Nfr [24]. The quality of all
libraries was verified by DNA sequencing of 20 ran-
domly selected clones. Sequence alignment showed no
redundant clones implying high diversity (Fig. S1).

Yeast display

We utilized an enhanced yeast display selection tech-
nigue, in which the protein expression is detected by
bilirubin inducible fluorescent protein [24]. The high-
affinity variants were selected against target proteins,
purified recombinant extracellular parts of IL-28RI
and IL-10R2. The yeast display method and produc-
tion of all proteins used in the study (IFN-A, recep-
tors, all scaffolds and their variants) are described in
the Methods section.

Selection of protein scaffolds binding to monovalent
receptor

We performed four consecutive rounds of veast display
by Fluorescence-Activated Cell Sorting (FACS) [30]. We
collected yeast cells based on two parameters, (a) expres-
sion level of protein scaffold on the veast surface, and
(b) amount of target protein bound to veasts. We regu-
larly sorted between 20 000 and 50 000 cells in the
double-positive area. The sorting and gating strategy is
shown in the Fig. S2. Naive librares were screened
against the target protein with a starting concentration

The FEBS Journal (2021) @ 2021 Federation of European Biochemical Societies

of 4 pm. Subsequently, we gradually decreased the con-
centration from 2.5 um to 1 pm and a final concentra-
tion 500 nm was used to increase selection stringency.
The selection with the lowest concentration of IL-28R1
was repeated to reach higher enrichment of the double-
positive population. Two libraries, Kan-Nfr and ProBi-
PatchMN, showed enrichment in the population of IL-
10R2-binding cells from an initial 2% in the first round
of selection to approximately 20% in the fourth run.
Knottin, GP2, Sso7d and ProBi-PatchC showed no sig-
nificant enrichment to IL-10R2 (< 7%). Only librares
ProBi-PatchC and Sso7d showed enrichment of binding
population of IL-28R1 to approximately 25%. On the
basis of these selection results we decided to continue
with libraries showing enrichment of binding population
to IL-28R1 and IL-10R2 above 20% after the fourth
round of FACS selection — ProBi (PatchN and PatchC),
Ss507d and Kan-Nfr libraries (summanzed in Table 1).
Knottin and GP2 libraries were not enriched for any
receptor.

Part II: Selection of protein scaffold candidates
showing simultaneous binding

Design of bivalent libraries

Simultaneous binding of protein scaffold variants to
both receptors is a prerequisite to trigger signalization.
The previous experiments resulted in four DNA
libraries — ProBi-PatchC and Sso7d for I1L-28R1,
ProBi-PatchN and Kan-Nfr for IL-10R2 (Table 1).
These monovalent DNA libraries were combined by
the restriction-free cloning technigue [36] and homolo-
gous recombination in  Saccharomyces cerevisiae
EBY 100 [37] to create bivalent DNA libraries. All con-
structs were based on pJYDNn plasmid {Addgene 1D:
162450) [24]. Since the binding sites on receptors were
unknown, we applied two different strategies to create
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scaffold constructs binding both receptors with funda- molecules such as interleukins and interferons. The
mentally different binding modalities. fact that bivalent ProBi is one compact molecule sim-

(a) We utilize the unique feature of the ProBi scaf- plifies the downstream process. We combined the
fold — two mutable patches (PatchN and PatchC) on DNA library of ProBi-PatchC preselected against 1L-
one protein molecule (Fig. 2A, reported previously in 28R1 and ProBi-PatchN against IL-10R2 to produce a
[26]). This approach imitates the mnatural signaling new DNA library of scaffold variant called ProBi-NC.

A B Cc
C Linker
IL-28R1 IL-10R2  IL-28R1 IL-10R2 Probi °|
o - BiBi-A | FSOKLDINLLDNVVNSSYHGEGVSGG
linker BiBi-B | GAARAFDOIDNAPEEKARGITINTS
BiBi-C | DASEGFRGAAM
BIBI-D |SGGGGNGENGSGGSNGENGSGES
ProBi-NC BiBi-A,B,C,D
D ProBi-NC BiBi-A BiBi-B BiBi-C BiBi-D

uniisy

Lof 4 v e e 3t

ut w o oW ow

uru pug

uni pig

FITC fluorescence (IL-10R2 binding) [RFU]

wt w g

uni yig

w o

APC fluorescence (IL-28R1 binding) [RFU]

'

Fig. 2. Design of bivalent binders and simultaneous binding of IL-28R1 and IL-10R2 measured by FASC. Two different approaches to create
a double binder were used: (A} combination of two mutable patches in one molecule (ProBi scaffold), and (B) fusion of two different
scaffolds (Sso7d and Kan-Nfr) by a linker peptide. (C) Table of linkers used to create bivalent binders. (D) Simultaneous binding measured by
FACS. The x-axis represents IL-28R1 binding (APC fluorescence), the y-axis represents IL-10R2 binding (FITC fluorescence). Each FACS-
sorting dot plot represents 100 000 binding events. The green area highlights the region containing selected double binders (gating
strategy).
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1. Hela cells seeding 3. Incubation of HelLa with yeast cells 5. Fixation and permeabilization 7. PhosphoFlow
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Fig. 3. Schematic procedure of the Cell-Cell Interaction PhosphoFlow method. The detailed procedure is described in the method section.

(b) The second approach is the fusion of indepen-
dent protein scaffold molecules into a two-domains
protein scaffold (Fig. 2B). We merged the DNA
library of Sso7d and Kan-Nfr preselected against IL-
28R1 and IL-10R2, respectively, using flexible
polypeptide linkers. The resulted bivalent DNA
libraries of scaffold variant are called BiBi-A, -B, -C
and -D where -A, -B. -C and -D denote the used lin-
ker. The length and composition of a particular linker
(Fig. 2C) can influence the interactions. Therefore, we
tested multiple possibilities to achieve the optimal con-
figuration to trigger an artificial signalization.

Selection of protein scaffolds simultaneously binding to
two receptors

Initially, we preselected bivalent scaffold libraries
against each receptor independently. Following this,
we created five bivalent libraries coding for potential
bivalent binders. These libraries, called ProBi-NC and
BiBi-A, BiBi-B, BiBi-C and BiBi-D, were subjected to
another four selection rounds against 1L-28R1 and IL-
10R2 receptors. The concentration of each receptor
was 200 nM in each sorting run. The receptors were
labeled by different amino-reactive fluorescent dyes. In
the subsequent round, we incubated both receptors
with veast cells displaying the binder variants on their
surfaces. We collected double-positive cells that appear
near the diagonal of the FACS records (Fig. 2D).
Despite that, bivalent libraries were designed to bind
both IL-28R1 and IL-10R2, not all FACS selections
enriched double binders. Of the five screened libraries,
only four, ProBi-NC, BiBi-A, BiBi-B, BiBi-C, were
enriched during the four rounds of yeast display; BiBi-
D showed no significant enrichment after the third
round. The populations after the fourth sorting were
plated and 10 single colonies were analyzed by DNA
sequencing. The resulting sequences (Fig. 53) suggest
certain level of sequence convergence. The sequences
of the ProBi-PatchN and Sso7d N-terminal parts of
the binders are variable, but they do show preferences.
For instance, the Sso7d part of the BiBi-A, -B, -C, -D
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libraries displays 5 serine and 5 aspartate residues at
mutable position 20, 7 leucine residues at position 21
and 10 proline residues at the position 25 (Fig. 53). As
will be shown later, overall, the best tested binder is
BiBi-Al. Quite significantly, the mutable residues of
BiBiAl (in wellow in Fig. 83) are SLGPTHV-
GHRGMVGRERL, the residues among two most fre-
quently occurring residues when one aligns sequences
of BiBi-A, -B, -C and -D libraries. In this sense, the
evolution of the BiBi-A library is close to convergence.
In contrast, we do not have any immediate explana-
tion for a low complexity of the ProBi-Patch C library
and its resemblance to the WT sequence and decided
to report ProBi-P binders because one of the tested
binders, ProBi-P5, signals as discussed in section IV.

Part lll: Screening of signalization of yeast-
displayed binders by Cell-Cell Interaction
PhosphoFlow method

The IFN-is" signalization starts with formation of the
cytokine-receptor complex on the cell surface, followed
by signal transduction and resulting in phosphoryla-
tion of STAT molecules that could be detected by
antibodies. Western blot detecting the p-STAT mole-
cules is the most routinely used method, but it is labo-
rious and has low throughput. Another approach to
evaluate the intracellular phosphorylation at single cell
level is p-STAT fluorescence flow cytometry (Phos-
phoFlow Cytometry). To avoid a time-consuming pro-
tein purification, we developed the process utilizing
direct interaction between responsive human cell line
and whole veast cells expressing proteins on their sur-
face We called this new approach Cell-Cell Interaction
PhosphoFlow method (CCIPF). Schematic representa-
tion of our process approach is shown in Fig. 3.

Cell—cell interaction phosphoflow method screening

Scaffold wvariants showing simultaneous binding to
both receptors were subjected to signalization screen-
ing experiments on a single-cell resolution level. The
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BD™PhosphoFlow procedure for fixation and perme-
abilization of the HeLa cells (https://www.
bdbiosciences.com/en-us /resources/protocols) was opti-
mized and followed by punfied IFN-A1 calibrations
using western blot and PhosphoFlow. The immunoblot
analysis  suggested that doses between 100 and
200 ngmL™" of IFN-Al are optimal to activate
STATI1 phosphorylation. Indeed, the same concentra-
tions triggered a strong PhosphoFlow signal as identi-
fied by Phospho-STAT1 (Tyr701) antibody conjugated
with Alexa Fluor® 647 (Fig. 84). Having identified the
optimal signaling condition, we examined whether the
signalization can be triggered by IFN-L1 displayved on
EBY-100 Saccharomyces cerevisige nstead of a puri-
fied protein. In our proof-of-concept experiment, HeLa
cells were transfected with IL-28R1 and IL-10R2 and
incubated with either purified IFN-A1 protein or IFN-
hl-expressing veast cells. By comparing FACS plots
“Yeast displayed IFN-A1" and ‘Purified IFN-AI’
(Fig. 4A), we conclude that the yeast surface-exposed
IFN-A1 protein triggers phosphorylation of STATI
molecules in HeLa cells. Therefore, the new procedure
is a viable approach to screen for signaling clones. We
screened over 100 randomly picked clones from all
libraries binding both receptors receiving more than 20
signaling variants. According to the CCIPF data, we
identified six best signaling candidates. These positive
hits were subjected to validation and characterization
steps (Part 1V).

Part IV: Gene expression of purified binders

The unique hits obtained from the screening experi-
ments were cloned to an E. coli expression system,
proteins were purified and characterized and further
subjected to signaling analysis by PhosphoFlow cytom-
etry and gene induction experiments.

Expression and purification of the signaling variants

The unigue hits were cloned into two different E. coli
expression system vectors: pET26b with N-terminal
His-tag and pET28bdSumo with N-terminal his-
bdSumo tag [38]. The recombinant protein candidates
(BiBi-Al, -A7, -B2, -C1 and ProBi-P4, -P5) were pro-
duced in E. coli BL21(DE3) and E. coli BL21(GOLD).
Among all tested expressions, only two produced in
pET26 (BiBi-Al, ProBi-P5) met our requirements for
protein guality represented by high solubility, stability
and low aggregation properties; sequences of both
variants are in Table S2. We measured binding affini-
ties of these two variants to both receptors by flow
cytometry binding analysis (Fig. 4B, C). The ProBi-P3
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and BiBi-Al had a binding affinity to IL-28R1 of
about 500 nm and 450 nm respectively. The binding to
IL-10R2 had an affinity of Kp > 2 pm for both biva-
lent binders. We attempted to determine K values by
microscale thermophoresis (MST), but no successful
setup was found for IL-28R1, likely because of its
stickiness.

Signaling assay and gene induction evaluation

To evaluate the ability of the most promising IFN-j-
mimicking candidates BiBi-Al and ProBi-P35, we tested
their ability to trigger STAT1 phosphorylation by
applying our optimized BD"™Phosphoflow. HeLa cells
do not express naturally high level of the receptors. In
order to reach a higher expression level of both IFN-A
receptors and test the activity of the binders in HeLa
cells, we overexpressed HeLa cells by transfection with
IL-28R1 and IL-10R2. The HeLa cells were treated
with 2 pm of the purified double binder variants for
30 min and 200 ngmL™" (" 6 nm) IFN-A1 as a positive
control. Results are shown in Fig. 4A. The signal of
the BiBi-Al- and ProBi-P5-purified proteins is approx-
imately three times lower than for the IFN-L1-positive
control. This was expected considering affinities of
these two candidates to both receptors. Unlike the
IFN-L1 control, both candidate proteins were tested in
a concentration below their affinity saturation level
(= 90% binding).

To further test the ability of BiBi-Al and ProBi-P5
to mimic the IFN-A signaling, we measured induction
of genes known to be upregulated in response to
IFN-is stimulus [39], MXI, OASI, OAS3, IFITI,
IFI6, BST2, OASL, CXCLI10, IFIT3, IFIHI, by RT-
PCR. HaCat and HeLa cells were induced with
200 ngmL™" (" 6 nm) of purified IFN-A1 or binders
for 24 h; the experiments were performed in dupl-
cates. We observed a more than two-fold increase in
induction of nine genes in nontransfected HaCat cells
but only three genes in nontransfected HeLa cells
(data not shown). We overexpressed IL-28R1 and IL-
10R2 in HeLa cells, but the level of gene expression
remained low, especially compared to HaCat cells.
We, therefore, decided to continue experiments only
with HaCat cells and to measure the expression levels
of just six genes (MXI1, OAS1, OAS3, 1FITL. IFIe6,
BST2) that showed the highest response to IFN-A1
treatment.

Expression of the six genes induced by IFN-LI,
BiBi-Al and ProBi-P5 binders in HaCat cells is sum-
marized 1 Fig. 5A.  Cells were treated with
200 ngmL™" ("6 nm) IFN-AI, 2 pm BiBi-Al and
ProBi-P5 for 24 h; the mRNA concentrations were
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Fig. 4. Screening of signaling variants binding both IL-28R1 and IL-10R2. (A) PhosphoFlow screening performed on BD LSRFortessa™
SORP. The x-axis represents phosphorylation of STAT1 (APC-fluorescence channelp-STAT1 (Tyr701) conjugated with Alexa Fluor® 647), the
y-axis represents FCS-H side scatter. The plots show negative control (only Hela cells), autoinduction (Hela cells transfected with IL-28R1
and IL-10R2, not induced), positive control of the purified IFN-A1protein from S2 cells (200 ng-mL "} and IFN-A1 displayed on EBY-100
surface (107-10% yeast cells). The plats below show examples of two yeast display signaling variants (BiBi-A1 and ProBi-P5) and the
signaling of the same variants after two-step purification (described in Part IV). (B} Flow cytometry-based binding affinity analysis of ProBi-P5
(triangles), BIBA1 (empty dots) and IFN-L1 (black dots) binding to fluorescently labeled IL-28R1 (left graph) and IL-10R2 ithe middle graph).
The experiment was performed in triplicates. (C) Histogram of the affinity assessment by FACS. The left bar shows the average of the Kp
values measured for IFN-L1, the middle one Kp for BiBi-Al, the right one for ProBi-P5. Colored points indicate values of the individual
measurements.

analyzed by RT-gPCR. The bivalent binder BiBi-Al
showed higher than a two-fold increase in all six genes,
whereas the induction caused by ProBi-P5 was

significant (about four-fold) only in one gene, OASIL.
Therefore, we decided to demonstrate the dose effect
on the gene expression only for BiBi-Al (Fig. 5B).
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Fig. 5. Relative gene expression in HaCat cells responding to IFN-L1, BiBi-A1 and ProBiPS treatment. (A) HaCat cells were treated with
200 ng-mL " IFN-LT, 2 uw BiBFAT and 2 e ProBi-P5 for 24 h and analyzed by RT-gPCR. (B) HaCat cells were treated for 24 h with 4, 2,
1 pwm and 500 nw BiBi-A1, the IFN-41 concentration was always 200 ngmL~". The fold change is presented in the y axis as the relative
expression levels compared to the negative control cells and normalized to the B2M gene. The data are means and their standard estimated
errors caleulated from two independent experiments (&) and from four independent experiments (B) are indicated.

Cells were treated with 4, 2, 1 pm and 500 nm of puri-
fied BiBi-Al and 200 ngmL™" (" 6 nm) IFN-AI as a
positive control and were compared to their non-
treated (NT) controls and negative controls repre-
sented by HaCat cells treated with the Kan-Nfr
scaffold protein.

The lower gene induction observed for ProBi-P5
may be a result of stereospecific hindrance of the two
receptors, one relative to the other, when binding
ProBi-P5. In contrast, BiBi-A1 has its two binding sur-
faces located on two domains fused by a linker. The
resulting flexibility apparently solves the stereospecific
hindrance. The observed difference in behavior of
BiBi-Al and ProBi-P5 also suggests that having a pre-
cise relative conformation of the two receptors one rel-
ative to the other is not crucial for signaling [25,40]. In
summary, expression of six analyzed genes induced by
exposure to IFN-A1 were all increased by the bivalent
binder BiBi-A 1, but response was weaker than in the
control treatment with IFN-A1.

Conclusions

We applied protein engineering techniques to develop
de novo-developed nonantibody protein binders able to
trigger the biological response of one of the IFN-is,
IFN-A1 (aka IL-29). To match or even beat the ability
of evolution-tested antibodies to bind at high affinity
and specificity 1s a challenging task but we were moti-
vated by the proven plasticity of the used protein scaf-
folds, available protein engineering tools and successes
of others.

The development of an agonist protein in this pro-
ject contrasts with most others that typically aim at
inhibiting the targeted biomolecule. In our work, we
combined new approaches with the veast display
methodology using engineered reporter proteins [24]
and high-throughput gquantitative screening by FACS.

IFN-L1 triggers signaling by binding to two recep-
tors, specific IL-28R1 and receptor IL-10R2 shared
with other cytokines of the IL-10 group. The ‘double
binders’, binding both IL-28R1 and IL-10R2, were
selected from five different scaffolds; three of them
turned more useful. In the first step, we separately
sorted binders of IL-28R1 and IL-10R2. These prese-
lected libraries were then linked to form new libraries
with two preselected interfaces combined, one for IL-
28R 1 and the other for IL-10R2. Double binders were
selected by using four rounds of FACS experiments by
measuring simultaneous binding to both receptors flu-
orescently labeled by different dyes. These FACS
experiments were followed by PhosphoFlow cytometry
choosing only signaling variants; the signaling clones
were identified easily. We improved a method of mea-
suring protein signalization by PhosphoFlow cytome-
try, where the inductor of the signalization is displayed
directly on the veast surface and signalization is mea-
sured in HeLa cells.

To prove the usability of the binders, we expressed,
purified and characterized six best signalmg variants
but only two of them, BiBi-Al and ProBi-P5, were
purified in high yield and passed our quality require-
ments. The ability to trigger biological response of

BiBi-Al and ProBi-P5 was tested on the HaCat cell line
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by RT-gPCR. The lower gene mduction observed for
ProBi-P5 is likely linked to its lower binding affinities
(Fig. 4B) or may be a result of stereospecific hindrance
of the two receptors, one relative to the other [25].

Further development of the binders for therapeutic
application would require several additional steps. Bin-
ders affinity and signaling capacity need to be
increased, their production and stability optimized.
Furthermore, studies of their biological properties
need to be performed including the critical issue of
immunogenicity, a complex phenomenon that is
known to be influenced by factors outside of the
molecular structure of the therapeutic agent [5].

To summarize, we present here a new approach for
the generation of artificial protein binders mimicking
signaling of a human cytokine, in our case IFN-L1.
We experimentally proved that two de novo-developed
proteins switch the IFN-A1 signaling as shown by
PhosphoStat and increased expression of the six rele-
vant genes as detected by RT-gPCR analysis of
mRNA expression. We propose that our approach
represents a viable way to develop new biologics that
activate cytokine signaling pathways.

Materials and methods

Cell lines

HeLa and HaCat cell lines were kindly provided by Dr.
Cyril Bafinka and Dr. Petr Maly (Institute of Biotechnol-
ogy) respectively. The cell lines were maintained in Dul-
becco’s Modified Eagle Medium (DMEM) high glucose
medium (catalog number 41965039, Thermo Fisher Scien-
tific, Waltham, MA, USA) and regularly subcultured
according to the ATCC culturing method (cat. CCL-2).
The Drosophila melanogaster Schneider S2 cells were culti-
vated in the HyClone SFX Insect medium (Cat.N.-
HYCLSH30278.02, Cytiva, Freiburg im Breisgau,
Germany) supplemented with 10% FBS for subculturing or
in serum-free medium for protein expression experiments.

Cloning, expression and purification of the
lambda proteins by Drosophila S2 expression
system

Cloning, expression and purification were processed simi-
larly to [41] and [38].

Construction of DNA libraries for veast display with a
single randomized patch

The library of ProBi scaffold (PatchC) was synthetized by
the GENEWIZ company using NNK codons technology
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[26]. The DNA library of ProBi scaffold (PatchN) was con-
structed by the restriction-free cloning technique described
by Peleg er al [42]. DNA library was amplified by PCR
using NNS randomized primers (six codons) and KAPA
HiFi Hot Start Ready Mix (Cat. N. KK2602, Roche,
Switzerland, Basel). The PCR fragment (amplified DNA
library) was purified with NucleoSpin Gel and PCR Clean-
up kit (Macherey-Nagel) according to manufacturer’s pro-
tocol. Purified DNA (10-12 pg per library) was mixed with
pIYDNn (pJYDNn, Addgene ID 162450) plasmid (4 pg)
cleaved by Ndel and BamHI restriction enzymes, and elec-
troporated to Saccharomyces cerevisiae EBY 100 strain and
grown overnight as described in [37]. The library size was
estimated to be ~ 10* by plating serial dilutions on selection
plates lacking tryptophan. The library was further exam-
ined for the correct gene insertion and for targeted muta-
tions introduced into the gene by sequencing of 20 single
clones. The remaining four DNA protein libraries of pro-
tein scaffolds — Sso7d, Kan-Nfr, GP2 and Knottin — using
pJYDNn plasmid optimized for labeling-free yeast display
were provided by Prof. Gideon Schreiber (Laboratory of
Protein-Protein  interaction, Weizmann Institute of
Science).

Construction of DNA libraries for veast display for
bivalent scaffold constructs

DNA from preselected libraries with the single random-
ized patch was isolated by Zymoprep kit (Zymo
Research) according to the manufacturer’s protocol and
amplified by PCR. We combined the pre-selected library
of ProBi (PatchN) scaffold and the preselected library of
ProBi (PatchC) scaffold by recombination procedure in
yeast [37] to obtain a new bivalent ProBi library in
pJYDNn plasmid. Similarly, the DNA of preselected
Sso7d and Kan-Nfr libraries were cloned in yeast plas-
mid pJYDn by homologous recombination in yeast in
the position between Nhel and BamHI restriction sites.
Sso7d and Kan-Nfr were fused together by polypep-
tide linkers to create multiple constructs with different
flexible linkers, resulting in four new libraries-BiBi-A, -B,
-C and -D.

Yeast plasmid isolation and sequencing

Aliquots of transformed yeast cells were collected by cen-
trifugation (3000 g, 3 min) and DNA was isolated using a
Zymoprep kit (Zymo Research) according to the manufac-
turer’s protocol. Two microliters of DNA were electropo-
rated in E. coli Cloni 10G strain, cells were plated on
selective LB plates with 100 mg-L~" kanamycin and colo-
nies were grown overnight at 37 °C. Single-colony plasmid
DNA was isolated using a Qiagen miniprep kit according
to the manufacturer’s instructions from 3 mL of LB media.
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Yeast display preselection muns of DNA libraries

Yeast libraries grown in SD-CAA media (composition:
20 g glucose, 6.7 g yeast nitrogen base, 5 g Bacto casa-
mino acids, 5.4 g Na:HPO,, 8.56 g NaH-PO,; per 1 L)
overnight at 30 °C were used as inoculum. The overnight
culture was diluted in SG-CAA medium (prepared as for
SD-CAA, but used 20 g galactose instead of glucose, sup-
plemented with 1 nm bilirubin dissolved in DMSO, to
final ODgg = 0.5-1 and grown at 20 °C for 24-48 h).
One milliliter of induced yeast cells was collected (3000 g,
3 min), washed twice in cold PBS supplemented with
0.1% (w/v) BSA at pH 7.4 (PBSB buffer), the pellet was
resuspended in 50 pL of PBSB and mixed with biotiny-
lated receptors (IL-10R2 and TL-28R1) to the final con-
centration and incubated on ice for 1 h. Then, yeast cells
were collected, washed with PBSB buffer and labeled with
secondary reagent streptavidin-allophycocyanin (APC) in
the final volume of 50 pL (1 : 100 dilution) and incubated
for 1 h on ice. Yeast cells were washed three times and
resuspended in | mL of PBSB buffer and sorted on BD
FACSAria™ Fusion. Expression signal of displayed
libraries was analyzed by fusion with reporter protein —
bilirubin-inducible fluorescence protein eUnaG2 (pJYDNn
vector, excitation 498 nm, emission 527) [24] Targeted
proteins were covalently modified with biotin, amine reac-
tive biotinylation reagent (EZ-Link Sulfo-NHS-LC-Biotin
) and subsequently labeled with streptavidin conjugated
with fluorochrome (Streptavidin-APC). No compensation
was applied. Negative cells, EBY 100 cells, without plasmid
or nonlabeled cells were used to determine the negative
population and set quadrant gating. Selected yeast cells
(double-positive) were sorted into SD-CAA medium and
grown for 24-48 h. Overnight grown culture was used as
inoculum for a consecutive round of selection. Aliquots of
the sorted yeast cells were routinely plated in parallel as
single colonies on SD-CAA agar plates, picked and grown
on | mL of SD-CAA for further sequencing and affinity
determination.

Yeast display for simultaneous binding

The new bivalent libraries were sorted four times against
IL-28R1 and IL-10R2 following the same procedure as
described above (Yeast surface display). The receptors were
labeled by different amino-reactive fluorescent dyes, IL-
28R1 by far-red CF®640R succinimidyl ester dye (APC flu-
orescence analog) and IL-10R2 by CF®488A succinimidyl
ester dye (FITC fluorescence analog) which allowed its
detection by standard FACS laser/filter setup. The labeling
with 1: 4 (Protein : dye) ratio was performed in 0.1 M
bicarbonate buffer (pH 8.2). Excess of unreacted/hy-
drolyzed dye was removed by dialysis (GebaFlex tubes,
Geba, 8000 MWCO) to PBS supplemented with | mm Tris-
HCIL, pH 8.0 overnight at 4 °C.
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Screening of the bivalent candidates by
PhosphoFlow cytometry and biological
characterization

PhosphoFlow eyvtometry: Cell—cell interaction
PhosphoFlow

The human HeLa cell line was grown in high-glucose
DMEM (Cat. N. D5796, Sigma Aldrich, Schnelldorf, Ger-
many) supplemented with 10% fetal bovine serum (FBS)
and 1x penicillin-streptomycin. HeLa cells were cultivated
in a 24-well plate, incubated overnight at 37 °C and trans-
fected with full length of IL-28R1 and IL-10R2 cloned into
pcDNAJ.1 expression vector. Transfection was performed
according to the jetPRIME® transfection reagent proce-
dure (Polyplus). HeLa cells were treated with IFN-L1 as
positive control and yeast cells displayed bivalent binders
(or purified proteins) for 30 min. Following, the cells were
washed with PBS and treated with 0.5% trypsin and incu-
bated for 5 min in 37 °C, centrifugated (800 g, 5 min,
4 °C) and washed in PBSB buffer. Stimulated /unstimulated
cells were fixed with 1 mL of 2% paraformaldehyde
(10 min, RT) and then permeabilized with 1 mL of MeOH
(30 min, ice). Permeabilized samples were spun
(1600 r.p.m, 5 min, 4 °C), washed in PBSB buffer and
stained with Phospho-Statl (Tyr701), Alexa Fluor® 647
Conjugate and incubated for | h on ice. The spin cells were
washed and resuspended in 200 pL of PBSB buffer and
analyzed by BD LSRFortessa' ™ SORP flow cytometer.

Sereening and affinity determination by flow evtometry

Aliquots of expressed cells (10%) were collected (3000 g,
3 min) and washed in PBSB buffer. Subsequently, the cell
pellets were suspended in analysis solutions across a range
of concentrations (pM—nM range) of biotinylated receptors
(IL-10R2 and IL-28R1). The expression and binding signals
were determined by flow cytometry using BD LSRFortes-
sa'™ SORP. Green fluorescence channel (FL-1, FITC) was
used to record the expression of positive cells, and a far-red
fluorescent channel (FL-4, APC) for binding signals. No
compensation was applied. The mean FL4-A fluorescence
signal values of FLI-A-positive cells, reduced by mean
FL4-A- of FL1-A-negative cells, were subjected for Kpyp
(Kp measured by Yeast display) computations of the stan-
dard noncooperative Hill equation fitted by nonlinear least-
squares regression using Python 3.7 [24].

Western blot assay

Examination of p-STAT! was measured by western blot
assay using the following antibodies: polyclonal anti-
pSTATI (Tyr701) (Santa Cruz Biotechnology Inc., Dallas,
TX, USA), polyclonal anti-STATI (Santa Cruz Biotechnol-
ogy Inc.) and monoclonal anti-s-tubulin (Cat.N. T9026-
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100UL, Sigma Aldrich). HeLa cells were treated as
described above. Levels of phosphorylation were followed
after 30 min treatment with IFN-AL1 as the positive control
(10200 ng-mL~"). Total protein concentration was deter-
mined by bicinchoninic acid (BCA) protein assay (Thermo
Scientific), and equal amounts were separated by SDS/
PAGE electrophoresis. Quantitative analysis of band inten-
sities on western blots was performed with Image Studio
Lite software.

Reverse transcriptase and quantitative Polymerase
Chain Reaction analysis

The extent of expression of IFN-Al-stimulated genes was
measured using RT-PCR and qPCR performed in Gene
Core facility in Biocev, Czech Republic. The sequences of
the primers used are detailed in Table S3. HeLa and HaCat
cells (treated and nontreated group) were collected in 1.5-
mL tubes containing 1 mL of TRI Reagent® - RNA isola-
tion reagent (Sigma-Aldrich, T9424) and stored in a
—80 °C freezer. Samples were homogenized using vortex.
Total RNA was isolated following the manufacturer’s man-
ual. The final total RNA was diluted in 100 pL of IxTE
buffer (Invitrogen, 12 090-015). The concentration of RNA
was measured using Nanodrop 8000 (Thermo Scientific),
and the quality of RNA was analyzed using Fragment
Analyzer (AATI, Standard Sensitivity RNA analysis kit,
DNF-471). RT-qPCR analysis was performed using 800 ng
of total RNA obtained from isolation. Reverse transcrip-
tion was performed using Grand Script Super Mix Tataa
Biocenter) according to the manufacturer’s protocol in
20 pL volume. Synthesized ¢cDNA was diluted four times
in IXTE buffer and 2 pL of final cDNA was added to the
qPCR reaction (2x SYBRGreen mix, TATAA Biocenter,
400 nv primers mix and Nuclease-free water to final vol-
ume 10 pL). Protocol for gPCR was: 30 s at 95°C; 50
cycles of 95 °C for 5 s, 60 °C for 30 s and 72 °C for 10 s;
followed by melting curve analysis. Relative expression
levels were calculated by the CT (cycle threshold) relative
quantitation (RQ) method, using the untreated control and
negative control cells as the calibrator sample and (B2M)
as the endogenous control detector (reference gene levels
measured on the same sample). All the experiments were
performed using biological triplicates. For gPCR. data, the
average of at least three independent biological replicates is
shown, with their affiliated standard errors.

Cloning, expression and purification of the signaling
variants

The DNA from selected signaling bivalent binder candi-
dates were isolated from yeast by Zymoprep kit (Zymo
Research) and recloned into the pET28(+) vector using RF
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cloning. Verified plasmids were transformed to expression
E. coli BL2I(DE3). Cells were incubated at 30°C
(220 r.p.m.) to ODg, = 0.6 and then they were transferred
to 20 °C and expression was initialized by the addition of
IPTG (0.5 mm) and expression continued for 16 h. Cultures
were harvested by centrifugation (5000 g, 15 min, 4 °C),
washed once with PBS buffer. Cells were disintegrated by
sonication (15 min of cycles 20 s pulse and 40 s cooling,
30% intensity) in Tris-HCI buffer, pH 8 and a soluble frac-
tion was isolated by centrifugation (40 000x g). Classified
lysates were purified by gravity flow columns loaded with
Pure Cube Ni-NTA agarose resin (1 mL, Cube Biotech,
Germany) and pre-equilibrated with 50 mm Tris-HCI1 pH 8§,
300 mm NaCl. The unbound fraction was washed with
50 mm Tris—=HCI, 300 mm NaCl, 10 mm imidazole, pH §
(10 CV) and the proteins were eluted 50 mm Tris-HCI,
100 mmv NaCl, 250 mm imidazole, pH 8. All proteins were
further purified to homogeneity by size exclusion chro-
matography at 16 °C using Superdex75 10/300 Increase or
Superdex 75 16/600 column (GE Healthcare). The column
was equilibrated in PBS pH 7. Samples were analyzed by
15% SDS/PAGE.
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Abstract

We combined cell-free ribosome display and cell-based yeast display selection to build specific
protein binders to the extracellular domain of the human interleukin 9 receptor alpha (IL-9Ra).
The target, IL-9Ra, is the receptor involved in the signaling pathway of IL-9, a pro-inflammatory
eytokine medically important for its involvement in respiratory diseases. The successive use of
modified protocols of ribosome and yeast displays allowed us to combine their strengths - the
virtually infinite selection power of ribosome display and the production of (mostly) properly
folded and soluble proteins in yeast display. The described experimental protocol is optimized to
produce binders highly specific to the target, including selectivity to common proteins such as
BSA., and proteins potentially competing for the binder such as receptors of other cytokines. The
binders were trained from DNA libraries of two protein scaffolds called 57aB1 and 57bBi
developed in our laboratory. We show that the deseribed unconventional combination of
ribosome and yeast displays is effective in developing selective small protein binders to the
medically relevant molecular target.
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Introduction

Small engineered non-antibody molecules derived from protein scaffolds are promising
alternatives to antibodies as research tools or for medical applications [1]. The properties of
small, stable protein molecules - protein scaffolds - can be moditfied to selectively bind specific
targets by randomizing amino acids in carefully selected positions.

Protein scaffolds are used as alternatives and/or supplements to monoclonal antibodies for
research [2], diagnostics [3], and treatment purposes [4] because they possess several advantages
over the more frequently used monoclonal antibodies: they are smaller, non-glycosylated, and
easier to produce in prokaryotes. Of increasing importance seems to be that there is no need for
animal immunization to produce them and that their production can be cheaper than production of
antibodies.

Some scaffolds have been successfully exploited to develop binders that are currently in
advanced stages of clinical trials [5] [6]. Treatment by protein binders derived from the Anticalin
scaffold is promising in the areas of immuno-oncology. metabolic and respiratory diseases [7].
For instance, the Anticalin scaffold variant PRS050 was engineered into a variant effectively
recognizing and preventing activation of VEGF-A, a marker of solid tumors [8]. Despite that tens
of scaffolds are in use, they are mostly used in basic research projects and only a few have
undergone biopharmaceutical development up to the clinical stage [9]. We believe this is an
indication that there is a need for enrichment of the portfolio of scaffolds to suit a wider range of
applications and to improve their applicability.

The standard strategy to develop high affinity binders based on a scaffold protein is to perform
selection from combinatorial DNA libraries using one of the selection display methods. Widely
used techniques for this purpose are the non-cell-based ribosome display and the cell-based yeast
display: each has its strengths and limitations. Ribosome display 1s an in vifro method. providing
the highest complexity. Its theoretical number of 10' produced variants is practically limited
only by the number of the ribosomes used in the reaction [10]. However. this technique can lead
to the selection of incompletely translated and poorly expressed variants. This is a lesser issue in
yeast display, where the final binding variants need to be properly folded to be displayed on the
surface of a single yeast cell [11]. On the other hand, the complexity of yeast display cannot
compete with the complexity of ribosome display. its automatization is also complicated.

For our display selection experiments, we used two scaffold molecules developed in our
laboratory [12]. The first scaffold called 57aBi has already been successfully trained to bind
human IL-10 [12] and to function as interferon-lambda 1 surrogate [13]. The second scaffold
called 57bBi 1s used here for the first time. 57aBi and 57bB1 are trained to recognize the
extracellular domain of the human IL-9 receptor o-chain (IL-9Ru). We decided to target the IL-9
signaling pathway because IL-9 is an important pro-inflammatory cytokine that signals via
binding to its specific receptor IL-9R¢ and common gamma chain ¢ytokine receptor subunit
which IL-9 shares with the other members of the IL-2 interleukin family [14]. Besides its normal
funetion in defense against viruses, IL-9 is involved in triggering several respiratory diseases
such as asthma [15]. Specific inhibition of IL-9Ra might therefore prove beneficial in treatment
of these illnesses.

Successtul development of a protein binder is typically evaluated by the affinity to its target
molecule. However, a high specificity of the binding is of the same if not of higher importance.
While the problem of a lower affinity can be solved by increasing the concentration of the binder
in the system. binder’s non-specificity can cause severe side effects rendering the binder useless
for any therapeutic purposes. This was the call for development of our methodical platform where
highly specific protein binders would be selected and trained. The platform we present here offers
an unconventional combination of medified in vitro subtractive ribosome display and cell-based
competitive yeast display selection techniques in one workflow to boost their advantages and
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minimize flaws. The pipeline 1s employed here for development of protein binders produced in a
soluble form and in high yields and specifically binding the medically relevant target. IL-9Ra.

Results and Discussion
Preparation of DNA libraries of the protein scaffolds

Our target for development of protein binders is the extracellular domain of the human IL-9
receptor d-chain (IL-9Ra. Uniprot code Q01113. residues 41-270). To generate the binders. we
used variants of two protein scaffolds called 57aBi and 57bBi, which were previously developed
in our group [12]. In each scaffold protein. we identified ten mutable residues (Figure 1). for
which we created degenerated DNA libraries. The usability of the 57aBi scaffold was shown
previously by successful selection of variants binding the human IL-10 at ~10 nM affinity [12].
57aBi is based on PIHID1 N-terminal domain Alpha-X beta2 integrin I domain, PDB ID 4PSF
[16]. Performance of the other scaffold, 57bBi. is tested in this work: it is based on the erystal
structure of alpha-X beta2 integrin domain, PDB ID IN3Y [17].

The combinatorial DNA libraries for the ribosome display were synthesized using NNK codons
technology. This partial randomization approach has been very successful in both academia and
industry, as it introduces only one STOP codon. compared to the fully randomized NNN
methodology that can introduce up to all three STOP codons to libraries. The NNK approach still
has a better price-performance ratio compared to a potentially more powerful TRIM or Trimer
technology that cannot generate STOP codons and lowers the risk of synonymous mutations [18].

Overview of the workflow of binder selection

We used the combinatorial libraries of the 57aBi and 57bBi scaffolds to select binders against
extracellular domain of IL-9Ru using directed evolution. For the initial steps of our workflow, we
used the ribosome display technique. sinee it allowed us to screen the largest applicable library
size amongst the display methods [10]. However. we modified the typical ribosome display
workflow in three ways: (a) we utilized protein-free blocking reagents, (b) we introduced one to
three subtractive pre-selection rounds (subtractive panning). and (¢) after the fifth round of
ribosome display, we performed one round of competitive yeast display to increase the speeificity
of binders and ensure good expression levels. The pipeline can be schematized as follows:

SubP - RiD1 - SubP - RiD2 - SubP - RiD3 - SubP - RiD4 - SubP - RiD5 - YstD - SubP - RiD6

where SubP stands for subtractive panning, RiD for ribosome display. and YstD for veast display.
The steps of the selection process are discussed below.,

Ribosome display using protein-free blacking reagents

To increase binding specificity, we utilized protein-free blocking reagents in the ribosome display
process. In the standard protocols. the target protein is immobilized on the surface of microplates
and their surface 1s blocked by protein-based blockers, BSA protein [19] [20]. non-fat skimmed
milk [21] or gelatin [22] [23]. These proteins can and apparently do serve as unwanted selection
targets. lowering the specificity of the selected variants.

To inerease the selective power of ribosome display we utilized protein-free blocking reagents.
One of the first protein-free solution used as blocking agent in immunochemieal studies was
polyvinylpyrrolidone (PVP) [24]. Nowadays, there are several protein-free reagents available on
the market that are suitable for use in both membrane- and plate-based binding assays: we used
Pierce Protein-Free (PBS) Blocking Buffer (Thermo Scientific, USA).
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Figure 1. Protein sequences of the combinatorial libraries of the (A) 57aB1 and (B) 57bB1 scaffolds. On top, the
mtial, “wild type” sequences are displayed with their ten mutable sites highlighted i yellow. The following ten
sequences demonstrate sequence variability after the fifth round of the ribosome display (mutated residues in cyan.
inadvertently mutated in black); the last two lines show sequences of the best binders after the 6th round of ribosome
display and yeast display (the mutations i pink). The sequences are shown for the region with the 10 mutable
residues corresponding to residues 138-164 of UniProt Q9NWSO0 for 57aB1 and residues 164-221 of UniProt P20702
for 57bB1. Posttion numbers refer to positions on the scaffold proteins 57aB1 and 57bBi.

Preselection by subtractive panning

To avoid the selection of non-specific binders, we decided to include subtractive panning mto our
workflow. The method of subtractive panning has been introduced to ribosome display selection
to inerease the binding specificity of single chain variable antibody fragments (scFvs) [25]. It was
shown to be effective to avoid binding to the carrier protein [26]. to develop specific antibodies
recognizing HM-1 killer toxin [27], or to identify MKN-45, a poorly differentiated diffuse gastric
adenocarcinoma cell line [28].

Every ribosome display selection round of the 57aBi and 57bBi combinatorial libraries towards
IL-9Ro was preceded by one-step subtractive panning against BSA. After the fifth round of
selection, 16 variants of each scaffold were cloned into a vector for protein expression in E. coli
BL21-Gold (DE3) strain. The DNA of these clones was 1solated and sent for sequence analysis.
Ewven after five rounds of ribosome display. the sequences still showed high variability in the ten
mutated positions (Figure 1). The 57aBi scaffold had mutations only in the randomized positions,
while the 57bBi scaffold had two clones (A 05, A 11) with mutations outside of the randomized
positions and five clones (A 01. A 05, A 8 A 10, A 16) with codon deletion without open
reading frame shift.

The elegance of the subtractive ribosome display method is that only the non-binding variants in
the supernatant from the non-specific target well are displaced into the neighboring well on one
microplate that contains the specific target. This setup makes this method suitable for further
automatization, which is a big advantage of ribosome display compared with in vive selection.
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Targets for pre-selection steps can be chosen independently in each round and they do not need to
be labeled with fluorescent antibodies, which decreases the costs.

(&) ELISA of 57aBi & 57bBi variants after the 5t (B) ELISA of 57aBi & 5TbBi variants after the yeast
round of ribosome display display and the 6" round of ribosome display
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Figure 2. ELISA binding assays of the 57aBi and 57bBi scaffold variants towards IL-9Ra, BSA and towards
common gamma chain cytokine receptor subunit, labeled gammacC in the figure. Variants are ordered according to
the strongest binding towards [L-9Ra. (A) Clones selected after 5th round of the ribosome display. (B) Clones
selected after the additional yeast display and the 6th round of ribosome display with three step subtractive
preselection.

Pre-selection strategies in the 6th round of ribosome display

We evaluated the binding of the variants after the 5th round using ELISA assays (Figure 2A).
Binding of some variants is relatively strong but binding to BSA remains also high. We therefore
decided to test the power of the pre-selection process by running the 6th round of ribosome
display in two different setups: (1) one round and (2) three rounds of subtractive panning.
However, even these preselection steps did not resolve the issue of no or low expression and
relatively high affinity to BSA. In addition. we detected only a small number of variants
recognizing IL-9Ra. Some defective variants can be proteins shortened by the STOP codons
present at the mutable sites of 57aB1 or 57bBi. some can simply be insoluble. To eliminate clones
with low expression and/or low solubility. we incorporated yeast display into the pipeline, as
deseribed in the next section.

Competitive yeast display improved expression and solubility

To alleviate low production and solubility of binders after the 5th round of ribosome display. we
decided to implement a yeast display step into the selection workflow. Firstly. only properly
folded. and soluble protein scaffold variants could be secreted and exposed on the yeast surface.
Secondly, only fully translated scaffold variants retained the C-terminal ¢-mye tag, which was
detected by a fluorescent-labeled antibody. Expressed and soluble binders presented on the yeast
surface then competed for IL-9Ra (used at 100 nM concentration). Bound IL-9Ra was detected
by another antibody with conjugated fluorophore (Figure 3A).

Following the competitive yeast display. the resulting DNA library underwent another 3-step
subtractive preselection against BSA and the 6th round of ribosome display selection against IL-
9Rau. The harvested variants were tested for binding towards IL-9Ra. BSA, and the shared
receptor for IL-9. the commeon gamma chain eytokine receptor subunit (UniProt P31785

ILRG2 HUMAN, residues 23-255). The results of the ELISA assay showed that the additional
selection by yeast display improved dramatically the selectivity of binding to IL-9Ra compared
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to BSA and common gamma chain cytokine receptor subunit (Figure 2B). While the affinity to
BSA is still detectable after 5th round of ribosome display (Figure 24), it is at the background
level after the yeast display and 6th round of ribosome display. In addition, binding to the
cominon ganmuma chain cytokine receptor subunit is also undetectable for most variants.

Switching between two display techniques significantly improved binding specificity of selected
binders to the target and decreasing it to unwanted molecules, in our case BSA and common
gamma chain. It can be explained by the different environment in each technique, the non-
specific variants oceurring in one of them lose their binding partners in the other selection
technique and are discarded during the selection process. A few rounds of ribosome display
should be used in the initial steps of the selection to take advantage of the ability of ribosome
display to deal with high complexity of libraries. After the complexity is reduced. veast display
eliminates selection of incompletely and/or poorly expressed variants. The final round of
ribosome display ensures that binders can be produced by a prokaryotic expression system (albeit
in the cell-free system).

FITC-A fluoraphore

PE-A fluarophaore

S57aBi

w? i

PE-4

0 o? 1

P4 <

Figure 3. Yeast display of 57aB1 and 57bB1 scaffolds trained to bind IL-9Ra protein. (A) Scheme of competitive
yeast display selection: (1) vector with cloned combinatorial library. (2) protein binder variant displayed on the yeast
surface, (3) anti c-myc APC comjugated antibody used to detect fully translated scaffold variant. (4) IL-9Ra. (5) anti-
IL-9Ra PE conjugated antibody used to detect bound target IL-9Ra. (B) Flow cytometry assisted veast display
selection of the combinatonal libraries of the 57aB1 and 57bB1 scaffolds performed after the 5th round of ribosome
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display. The panel Legend shows strategy of the detection of expression of the variants on the yeast cell surface and
binding to IL-9Ra subunit with fluorescent antibodies. Variants of the 57aBi and 57bBi combinatorial libraries
presented on the yeast cell surface were incubated with 100 nM IL-9Ra and were compeeting for binding for 1 hour.
Cells with fluorescence posttivity on FITC22-A and PE-A (double positives) in quadrant Q2, which exhibit both
good expression level and binding affinity to IL-9Ro, were sorted and their plasnud DNA was 1solated.

Affinity measurement of two best binder candidates

Affinities of the IL9-Ra binders were measured for two best binders, one derived from the 57aBi
scaffold and one from the 57bBi scaffold by Microscale thermophoresis (MST) as dissociation
constants Kq (Figure 4. Table 1) in triplicates. The affinity measured for the best 57aBi variant
57aBi1-D14 was 5 uM. the best 57bBi variant 57bBi-D06 had a higher affinity, 510 nM.
Untrained 57aBi-WT used as a negative control had unmeasurably low affinity to IL9-Ra. The
affinity of natural ligand of IL9-Ra. IL-9. was 43 nM. The IL-9 affinity to [L-9Ro has been
previously reported in literature as sub nanomolar [29]. This high affinity has been estimated for
the mouse IL-9/ IL9-Ru system by MST-unrelated method directly in the cell culture of murine

T-cell population.

(A) Affinity of 57aBi-D14: Kd = 5,000 nM

(B) Affinity of 57bBi-D06: Kd = 510 nM
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Figure 4. Affinity measurement between human interleukin 9 receptor alpha (IL-9Ra) and its ligands measured by
mucroscale thermophoresis (MST). The curves show level of binding between IL-9Ra and (A) 57aBi1-D14 variant,
(B) 57bBi-D06 variant, (C) IL-9 (natural ligand. positive control), (D) 57aBi-WT (negative control).
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Table 1. Results of the affinity measurement between human interleukin 9 receptor alpha
(IL-9Rqa) and its ligands measured by microseale thermophoresis (MST).

| Affinity [nM]  Amplitude  No. of replicates

57aBi-WT | not measurable - 3

IL-9 43 17 3
57aBi1-D14 5.000 13 3
576B1-D06 510 16 3

Comparing the MST affinities of the binders and IL-9 indicates a need for further affinity
maturation of binders. The difference between the measured affinities of the binders and IL-9
suggests that further use of secondary mutagenesis tools such as such as error-prone PCR. and
rational computer-driven design has a good chance to further increase of binder affinities.
Increasing binder’s affinity would be the first step towards their use for diagnostic or therapeutic
purposes that would need to be followed by proving their power to disrupt the IL-9 signaling
pathway. However, these steps are beyond the scope of this methodological work.

Conclusions

In this work, we present a proof-of-concept study combining two display selection methods into
one workflow. We demonstrated that the combination of in vifre ribosome and cell-base yeast
display methods presents a powerful tool for the selection of highly expressed and specific
protein binders. We used this platform to select binders agaimst the specific IL-9 receptor, IL-
9Ro. an important member of the IL-9 signaling pathway that is involved in regulating
inflammation and response to viruses.

We used ribosome display technique in the initial selection steps. as it enabled us to cover the
high-complexity libraries. After several rounds of ribosome display. as the complexity of the
combinatorial library was reduced, we introduced yeast display. This enabled us to select only
well-folded and fully translated protein variants with a high expression level in the soluble form.
Importantly, the implementation of yeast display into the workflow increased the specificity of
the selected variants to IL-9Ra and eliminated non-specific binding to BSA and to the common
gamma chain cytokine receptor subunit.

During the selection process in the ribosome display we applied subtractive panning against a
non-specific BSA target. This. together with the usage of non-protein blocking reagents instead
of protein-based solutions helped to increase the specificity of binders to the target protein, IL-
9Ra.

For the ereation of combinatorial libraries of protein variants, we used two protein scaffolds,
57aBi and 57bBi. previously designed in our laboratory. The experiments presented here show
that the newly developed pipeline combining in vitro, and cell-based selection display methods 1s
effective in producing soluble speeific binders.

Materials and methods
Construction of DNA library of scaffolds

The 57aBi and 57bBi scaffolds were designed and ten amino acid positions for randomization in
each of them were selected m previous studies (Figure 5) [12]. The combinatorial libraries of
both 57aBi and 57bBi scaffolds were synthesized by the GENEWIZ company using NNK codons
technology. The DNA construct contained an open reading frame coding the protein scaffold
sequence, elements for in vitre transcription and translation (T7 promoter, 5 stem loop and
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ribosome binding site), and restriction sites on both termini. In addition, the libraries consisted of
N-terminal Strep-tag II peptide for further purification and C-terminal e-mye detection tag
followed by TolA-spacer. For further selection by ribosome display technique, there was an
absence of STOP codon for ereation of a stable complex of mRNA/ribosome/protein. The
ordered DNA libraries were amplified by PCR using T7b and TolAk primers (Table 2).

Cloning of recombinant proteins

Gene for human IL-9Ra extracellular domain (Uniprot Q01113 residues 41-270) was ordered in
the form of DNA string (Thermo Fisher, Waltham, MA, USA) with optimized codons for their
expression in the eukaryotic system. The DNA was cloned into a pMTH vector [12] to obtain a
final construct of human IL-9Ra extracellular subunit with N-terminal BiP signal peptide and C-
terminal His-tag purification tag (UniProt code Q01113 residues 41-270) containing C-tferminal
6xHis purification tag. and cloning sites in bold.

RSSVTGEGQG PRSRTETCLT NNILRIDCHW SAPELGQGSS PWLLETSNQA PGGTHECILE
GSECTVVLPFP EAVLVPSDNF TITFHHCMSG REQVSLVDPE YLPREHVELD PP3SDLOSNIS
SGHCILTWSI SPALEPMTTL LSYELAFKEKQ EEAWEQAQHE DHIVGVIWLI LEAFELDPGE
IHEARLEVQM ATLEDDVVEE ERYTGQWSEW SQPVCFQAPQ RQGPLIPPWG WPLEHHHHHH

The DNA coding human common gamma chain cytokine receptor subunit (UniProt code P31785
residues 23-255) was kindly provided by prof. Jamie Spangler (Johns Hopkins University,
Baltimore, MD). The gene was cloned into gWiz vector (Genlantis, San Diego. CA, USA).

Table 2. List of used DNA primers. Specific set of 57aBi_for/rev and 57bBi_for/rev were
used for amplification of scaffolds open reading frame sequence. Primers T7b and TolAk
served for amplification of ordered DNA libraries including ribosome display elements.

Primer name | Sequence
57aBi_for | AAGTCCATGGCACAGGGA
57aBi_rev | GTTCGGATCCGATGGAGCCCATGAATG
57bBi_for | AAGTCCATGGCAAGACAGGAG
57bBi_rev | GTTCGGATCCACCCTCAATG
T7b | ATACGAAATTAATACGACTCACTATAGGGAGACCACAACGG
TolAk | CCGCACACCAGTAAGGTGTGCGGTTTCAGTTGCCGCTTTCTITCT
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(A) 57aBi

MAWSHPQFEKEMAQGPCOPCFCIKTNSSEGKVFINICHEPSIPER MAWSHPQFEKSMARQEQDIVFLIDGSGS ISSRN FATMMN
ADVTEEELLOMLEEDOAGFRIPMSLGEPHAELDAKGOGCTAYDVA FVRAVISQFORPSTOFSLMOFSHNEFQTHFTFEEFRRSSN
VNSDFYRRMONSDELRELVITIAREGLEDEYNLQLNFEWRMMENER PLSLLASVHOLOGFTYTATAIQONVVHRLFHASYGARRDA
FFMGEIGSEQELISEEDL AKILIVITDGKEEGDSLDYKDVIPMADAAGIIRYAIGYG
LAFQNENSWEELNDIASKPSQEHIFEVEDFDALRDIONGQ
LEEKIFAIEGGSEQRKLISEEDL

Figure 3. Structures of (A) 57aB1 scaffold and (B) 57bB1 scaffold and their amino acid sequences. Ten red labeled
positions of each scaffold were chosen for further randomization. Scaffolds contain Strep-tag II purification tag on
N-termunus and c-myc detection tag on their C-terminus (in bold).

Expression and purification of proteins

The recombinant human IL-9Rau extracellular domain was produced similarly as described
elsewhere [30]. Briefly. the Schneider 2 msect (S2) cells were transfected and further cultivated
in an Insect-XPRESS Protein-free Insect Cell Medium (Lonza. Bazel, Switzerland). Protein
expression was induced by addition of CuSOus and secreted IL-9Ra protein was purified via Ni-
NTA affinity chromatography followed with size exclusion chromatography using Superdex 200
Increase 10/300 GL column (Figure 6. Figure 7A). The column was equilibrated into the buffer
containing 50 mM Tris pH 8.0 and 300 mM NaCl. Human IL-9 (UniProt P15248 residues 19-
144) used as a positive control in the microscale thermophoresis affinity essay was produced as a
recombinant protein in the S2 insect cells and purified in the same way as IL-9Ra.
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Figure 6. Size exclusion chromatography of IL-9Ra extracellular domain followed after N1-NTA affinity
chromatography. Elution fractions 19-21 were collected for further assays and were analyzed via SDS PAGE.
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(&) SDS PAGE of IL-9Ra after NINTA and 5EC purification {B) 505 PAGE of 57aBi and 57bBi scaffolds after SEC
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Figure 7. (A) SDS PAGE of IL-9Ra extracellular domain purified by Ni-NTA affinity chromatography and size
exclusion chromatography. (B) SDS PAGE of 57aBi and 57bB1 WTs and two best binders of both scaffolds: 57aBi-
D11, 57aB1-D14; 57bB1-D06. 57bB1-D14 after two-step purification (Streptactin XT purification and size exclusion
chromatography).

The expression of human common gamma chain protein (CD132) was done in suspension
adapted HEK293T cells kindly provided by Dr. Radu A. Aricescu [31]. The adaptation for
suspension cultivation is deseribed elsewhere [32]. The cells were transfected in high density.
Briefly. 800 = 108 HEK293T cells were centrifuged (90 g. 5 min) and resuspended in 34 mL of
ExCELL293 medium. The cell suspension was then transferred to 1 L square-bottom flask. To
that. 800 pg of plasmid DNA dissolved in 6 mL of PBS for cell eultures was sterile-filtered and
mixed. Linear 25 kDa polyethyleneimine (IPET) in a ratio of 1:3 DNA:IPEI (w/w) was added
directly to the culture. The cell suspension was incubated on a shaker for 90 minutes at 37 °C,
135 rpm. The culture was topped with fresh medium to 400 mL and valproic acid [33] was added
to a final 2 mM conecentration. The culture was harvested 5 days post-transfection. The
supernatant was filtered (0.22 pun filter). diluted with PBS (1:1 volume ratio) and loaded toa 5
mL INDIGO Ni-Agarose column. Impurities were washed off with PBS and pre-eluted with 25
mM Imidazole in PBS. Protein was eluted with 250 mM Imidazole in PBS. concentrated to 250
pL and loaded to Superdex 200 10/300 GL column equilibrated with 10 mM HEPES buffer pH
7.5 and the appropriate fractions were collected.

WTs of 57aBi and 57bB1 scatfolds and two best binding variants derived of each scaffold were
purified in-two steps, firstly by affinity chromatography using Streptactin XT resin (Iba,
Géttingen, Germany) followed by size exclusion chromatography using Superdex 200 Increase
10/300 GL column (Figure 7B). The column was equilibrated into the buffer containing 50 mM
Tris pH 8.0 and 300 mM NaCl. Purified proteins were then analyzed by SDS PAGE to
demonstrate their solubility and expression level in E. coli.

Preparation of cell lysates for ELISA testing

Libraries after the fifth and sixth ribosome display selection were cloned into pETsm vector (a
modified pET-26b(+) vector containing N-terminal Strep-tag IT peptide and C-terminal c-mye tag
with Stop codon) [12]. Chemically competent E. coli BL21-Gold (DE3) strain was transformed
with this vector according to standard protocol for transformation of chemocompetent cells.

Protein expression was evaluated on 16 random clones of both 57aBi1 and 57bBi variants. Cells
were cultivated in LB medium with kanamyein antibiotic in the deep 24-well plate. After the
cultivation, cells were harvested by centrifugation (1100 g, 60 min). Cell pellets were
resuspended and lysed in B-PER Bacterial Protein Extraction Reagent (ThermoFisher, Waltham,
MA USA) by shaking at 300 rpm for 45 min. Lysates were clarified by centrifugation (1100 g, 60
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min). Resulted supernatants containing binding variants were analyzed for binding to IL-9
receptor subunits and BSA by ELISA assay.

Construction of mRNA-ribosome-scaffold complex

Constructs coding combinatorial libraries of 57aB1 and 57bBi scaffolds designed for ribosome
display were transeribed and translated in one step at 30 °C for 6 hours using RTS 100 E. eoli HY
commercial kit (Biotechrabbit, Berlin, Germany). Because of the absence of STOP codon. a
stable mRNA-ribosome-scaffold complex was formed. Complexes were held on ice until
processed in the subtractive pre-selection in the ribosome display.

Subtractive pre-selection in ribosome display

Subtractive pre-selection was done before every round of ribosome display selection. Stable
complexes of mRNA-ribosome-scatfold were supplemented by 0.5% BSA and 200 mg/mL of
heparin in PBS buffer and incubated for either 1 x 60 min or 3 x 30 min at 4 °C with 3% BSA
immobilized on the plastic surface of Nunc Polysorp plate (Invitrogen, Waltham, MA, USA).

Ribosome display selection

Supematants from the pre-selection wells contained the pre-selected mRNA-ribosome-scaffold
complexes then were transferred into the selection wells coated with IL-9Ra diluted in
Bicarbonate coating buffer pH 9.6. Concentrations of coated target protein, concentrations of
used Pluronic F-127 detergent, and number of washing steps during the selection process varied
in the individual rounds of display method (Table 3). Complexes of mBNA-ribosome-scatfold
were incubated with IL-9Ra for 60 min at 4 °C. The well was washed with TBS pH 7.4 buffer
containing Pluronic F-127 detergent. The library complexes were incubated with an Elution
buffer (EB) composed of 50 mM Tris acetate, 150 mM NaCl, 50 mM EDTA. final pH 7.5. EB
contained 1 mg/mL of S.cerevisiae RNA and 200 mg/mL of heparin. EDTA causes disruption of
the mRNA-ribosome-scatfold complex. and mRNA is then isolated using High Pure RNA
isolation Kit (Roche, Switzerland) according to the manufacturer’s instruetions. The purified
mRNA was reverse transcribed using GoSeript Reverse Transcription System (Promega.
Madison. WI, USA) using reverse primers 57aBi_rev and 57bBi_rev (Table 2) according to the
manufacturer’s protocol. The reverse transcribed cDNA was amplified by PCR using commercial
Q5 polymerase (New England Biolabs, Ipswich, MA, USA) with 57aBi_for and 57aBi_rev
primers for 57aBi library. and 57bBi1_for and 57bBi_rev primers for 57bBi library. The amplified
DNA was cloned into the pRDVsm vector [12] with Neol and BamHI restriction enzymes and
ligated with T4 ligase (New England Biolabs, Ipswich, MA, USA). Libraries cloned in pPRDVsm
vector were used for further selection and pre-selection processes. In final rounds of ribosome
display selections, DNA libraries were cloned into the pETsm vector and transformed into E. coli
BL21-Gold (DE3) chemocompetent cells (Agilent, Santa Clara, CA, USA) for analysis of
sequences of the selected protein binders. and for evaluation of their binding properties by ELISA
assays.
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Table 3. Concentrations of coated target molecules (IL-9Ra). concentrations of Pluronie
F-127 detergent in washing buffer and number of washing steps of specific round during
ribosome display selection.

Selection Target concentration Pluronic F-127 Number of washing
round [ug/mL] concentration [%] steps
1 25 0.10 5
2 25 0.15 10
3 15 0.20 10
4 15 0.20 10
5 10 0.20 15
6 10 0.20 15

Construction of DNA libraries for yeast display selection and yeast cell transformation

DNA libraries after the fifth round of ribosome display selection were cleaved with Ndel and
BamHI restriction enzymes and cloned into the pETcon(-) plasmid (Plasmid #41522, Addgene,
Watertown, MA, USA) using T4 ligase (New England Biolabs, Ipswich, MA. USA).

S. cerevisiae EBY 100 competent cells (Invitrogen, Waltham, MA. USA) were cultivated in YPD
medium (10 g/L Yeast nitrogen base, 20 g/L Peptone, 20 g/L Glucose) at 30 °C and until OD600

reached 1.6. Cells were collected by centrifugation (3000 rpm, 3 min}. Pellets were washed twice
with 50 mL of ice-cold water and once with 50 mL of ice-cold Electroporation buffer containing

1 M Sorbitol and 1 mM CaCl.

Pellets were resuspended in 20 mL of 0.1 M LiAc with 10 mM DTT and shaked in a culture flask
for 30 min. Cells were again collected by centrifugation (3000 rpm. 3 min), washed once by 50
mL of ice-cold Electroporation buffer, and resuspended i 200 pL of the same buffer. The cells
were kept on ice until electroporation.

Cells were gently mixed with plasmid containing combinatorial libraries and transferred to a pre-
chilled BioRad GenePulser cuvettes (BioRad, Hercules, CA, USA). Cuvettes were kept on ice for
5 min. Then, cells were transformed with prepared plasmid by electroporation at 2.5 KV and 25
uF.

Electroporated cells were transferred into 8 mL of 1 M Sorbitol/YPD media 1n a ratio 1:1. Cells
were cultivated at 30 °C for 1 hour. then collected by centrifugation (3000 rpm. 3 min). and
resuspended in 50 mL of SDCAA media (6.7 g/'L Yeast nitrogen base. 5 g/'L Bacto casamino
acids, 5.4 g/L NaaHPO4, 8.56 g/L NaH2POu. 20 g'L Glucose) and grew overnight.

Yeast display selection

The electroporated yeast cells (1 mL) were added to a mixture of 1 mL of SDCAA media and 9
mL SG-CAA media (6.7 g’'L Yeast nitrogen base. 5 g/L Bacto casamino acids, 5.4 g/l Na;HPOy,
8.56 g/L NaHPOa. 20 g/L Galactose). Cells were cultivated overnight at 20 °C. When the veast
cells consumed all the glucose in the media mixture, they started to metabolize galactose. The
protein scatfold variants were under the galactose promoter. therefore they were expressed and
further displayed on the yeast cell surface.

Yeast cells presenting our protein binders on their surface were harvested by centrifugation (3000
rpm1, 5 min) and resuspended in 1 mL of PBS buffer supplemented with 0.1 % BSA (PBS-B). IL-
9Ro in final concentration 100 nM was added and the reaction was incubated at 4 °C for 2 hours.

Cells were harvested by centrifugation (3000 rpm. 5 min). washed with PBS. and resuspended in
50 uL of PBS-B buffer together with 1 pL of chicken anti-c-mye tag antibody (BioLegend, San
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Diego, CA, USA). Reaction was held on 1ce for 1 hour. After the incubation. cells were washed
again, resuspended in 50 nL of PBS-B buffer together with 1 uL of anti-IL-9Ru antibody
conjugated with PE and 1 pL of anti-chicken secondary antibody conjugated with APC (both
BioLegend, San Diego. CA, USA). The reaction was incubated on ice for 1 hour. The cells were
washed twice and resuspended in 1 mL of PBS-B buffer. Samples were analyzed using BD
FACSAria flow cytometer. Variants with detected double fluorescence signals (Figure 3B) were
sorted into a fresh SDCAA medium.

Yeast plasmid isolation

Sorted yeast cells with presented protein scaffold variants binding IL-9Ra subunit were cultivated
and recovered in SDCAA medium overnight at 30 °C. Cells were collected by centrifugation
(3000 rpm. 5 min) and plasmid DNA was isolated using the Zymoprep kit (Zymo Research.
Irwine, CA. USA) according to the attached manufacturer's protocol. Isolated DNA was used for
transformation of chemocompetent E. eoli TOP10 strain. Cells were plated on LB agar plates
with 100 pg/L kanamyecin antibiotic and colonies were grown overnight at 37 °C. Plasmids from
single colonies were isolated using QIAprep Spin Miniprep Kit (Qiagen. Hilden, Germany)
according to the attached manufacturer's protocol. DNA was then cleaved by Neol and BamHI
restriction enzymes and cloned into the pRDVsm vector for the sixth round of selection by
ribosome display.

ELISA assay

Nune Polysorp 96-well microplate from Invitrogen was covered with 10 ug/mL of IL-9Ra or
common gamma chain cytokine receptor subunit diluted in Bicarbonate coating buffer pH 9.6.
The plate was then blocked with 3% BSA diluted in PBS-P buffer (PBS buffer + 0.1% Pluronic
F127). One control plate was also covered with 3% BSA for detection of negative background
level of binding. Plates were washed three times with PBS-P butfer.

Each plate well was filled with a cell lysate prepared from a different single colony expressing
protein scaffold variant. Binding reaction was running for 1 hour and plates were washed three
times. The C-terminal ec-mye detection tag of the binders was detected via anti-c-mye antibody
conjugated with horseradish peroxidase (HRP) (Abcam. Cambridge, UK). Reaction was
incubated for 1 hour and plates were washed three times to remove the unbounded antibody.
Then a specific TMB-2 one step substrate (Thermo Scientific. Waltham, MA, USA) for the
peroxidase was added and reaction was stopped with 2 M HaS04. Absorbance at 450 nm was
measured.

Microscale thermophoresis

According to ELISA results, affinity of 57-aBi-D14 and 57-bBi-D6 variants were estimated by
Microscale thermophoresis (MST) using the Monolith NT.115 instrument: as a negative control
was used 57aBi-WT, as the positive control S2-cell expressed IL-9. IL-9Ru was labeled via c-
terminal His tag with RED-tris-NTA labeling kit according to attached kit protocol. Protein
binders were diluted in buffer 50 mM TRIS: pH=8. 300 mM NaCl and 0.1% Pluronic F-127. IL-
9Ru was then titrated by protein binders and mix was loaded into NT.115 Standard treated
capillaries and MST was measured using Medium MST power and 60% of LED power. MST
measurements were done in MO.Control program and data were analyzed in MO.Affinity
Analysis v2.2.4 software (both NanoTemper Technologies. Munich, Germany).
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