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Abstract (EN)

Protein-protein interactions (PPl) have essential roles in life processes, and abnormal PPl are
associated with many human diseases. Given their importance, PPl have received increasing
attention and became drug targets. However, the design of specific PPl and their modulation is
challenging. Cytokine-receptor interactions are especially important in the regulation of the
immune system. Interleukin-10 (IL-10) over-production results in excessive immunosuppressive
effects, tumor growth and infection. The interaction between interferon gamma receptor 2
(IFN-yR2) and interferon gamma (IFN-y) leads to activation of downstream signaling pathways
but the mechanism of such interaction is elusive. Interleukin-24 (IL-24) is another cytokine that
signals through receptors sharing the interleukin-20 receptor 2 (IL-20R2) subunit and has
important roles in autoimmunity and cancer.

The aims of this Ph.D. thesis are to study PPl from several aspects emphasizing their specificity.
The first goal is to develop a novel protein scaffold and subsequently evolve it into a high-
affinity binder specific for human IL-10. The second goal is to understand the structural basis for
receptor specificity of human IFN-y. The third goal is to modulate the binding affinity between
human IL-24 and its receptor IL-20R2 by using photo-responsive non-canonical amino acids and
light.

The N-terminal domain of a monomeric human protein (PIH1 domain-containing protein 1),
with a fold different from previously known non-antibody scaffolds, was designed as our novel
scaffold called 57aBi. The functionality of such a new scaffold was demonstrated by training it
as a nanomolar-affinity binder against IL-10 using methods of directed evolution. The structures
of two binders solved by X-ray crystallography showed that the evolved proteins share a similar
fold as the parental scaffold. In addition, the crystal structure of IFN-yR2 revealed the
importance of certain residues, glycosylation and disulfide bond formation on specific
interactions with both interferon gamma receptor 1 (IFN-yR1) and IFN-y. Regarding the
photocontrol of the binding between IL-24 and IL-20R2 by genetic code expansion, a
photocaged tyrosine residue, nitrobenzyl-tyrosine (NBY), on IL-20R2 was found to be sufficient
to diminish PPI, and binding was restored upon UV light irradiation. Another NBY substitution
on IL-24 triggered the Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT)
signaling cascade upon exposure to 365-nm light.

In summary, by a combination of directed evolution, structural biology, and photoxenoprotein
engineering, | have shed light into the specificity and modulation of PPI involving cytokines and
their receptors.



Abstrakt (CZ)

Protein-proteinové interakce (PPI) maji zasadni roli v Zivotnich procesech a jejich abnormality
jsou Casto spojené s vznikem nemoci. Vzhledem ke své dlleZitosti dostdvaji PPI ¢im dal tim vice
pozornosti a staly se cili zdsahu rGznych |éCiv. Navrh konkrétnich PPI a jejich modulace je vSak
narocny. Interakce cytokinl s jejich receptory jsou zvlasté dulezité pti regulaci imunitniho
systému. Nadmérnd produkce interleukinu-10 (IL-10) md& za ndsledek nadmérné
imunosupresivni Uc¢inky, rdst nddoru a infekci. Interakce mezi receptorem interferonu gama 2
(IFN-yR2) a interferonem gama (IFN-y) vede k aktivaci signalnich drah, ale mechanismus takové
interakce je stdle nepopsany. Interleukin-24 (IL-24) je dalSi cytokin, ktery signalizuje
prostfednictvim receptor( sdilejicich receptorovou podjednotku 2 interleukinu-20 (IL-20R2) a
ma duleZitou roli v autoimunité a rakoviné.

Cilem této Ph.D. prace je studium PPl z nékolika hledisek s dirazem na jejich specifi¢nost.
Prvnim cilem je vyvinout nové proteinové leseni, které bude ndsledné pouZito pro vyvoj
vysokoafinitniho pojiva specifického pro lidsky IL-10. Druhym cilem je pochopeni strukturniho
zakladu receptorové specifity lidského IFN-y. Tretim cilem je modulace vazebné afinity mezi
lidskym IL-24 a jeho receptorem IL-20R2 za pouZiti foto-responzivnich nekanonickych
aminokyselin a svétla.

N-terminalni doména monomerniho lidského proteinu nazvaného PIH1, s odliSnou strukturou
od dfive znamych neprotildtkovych proteinovych leseni, byla navriena jako nasSe nové
proteinové leSeni nazvané 57aBi. Funkénost této molekuly byla demonstrovana jejim vyvojem
jako vazebného proteinu cileného proti IL-10 s nanomolarni vazebnou afinitou pomoci metod
fizené evoluce. Struktury dvou vazebnych latek feSené rentgenovou krystalografii ukazaly, ze
nami vyvinuté proteiny sdileji podobné slozeni s plvodni molekulou. Krystalova struktura IFN-
yR2 navic odhalila dlilezitost urcitych aminokyselin, glykosylace a tvorby disulfidovych vazeb pro
specifické interakce jak s interferonovym gama receptorem 1 (IFN-yR1), tak s IFN-y. Pokud jde o
kontrolu vazby mezi IL-24 a IL-20R2 za poutZiti svétla a expanze genetického kédu za ucelem
vloZeni nekanonické na svétlo citivé aminokyseliny, bylo zjiSténo, Ze aminokyslina nesouci
fotoklec, nitrobenzyl-tyrosin (NBY), na IL-20R2 je dostatecné ucinna k potlaéni vzniku PPI. Po
opétovném UV ozareni dosSlo k obnoveni vazby. Pomoci dalsi implementace NBY do IL-24 a po
vystaveni zareni o vinové délce 365 nm se navic podafrilo i spustit signdlni kaskadu JAK/STAT.

Kombinaci Ffizené evoluce, strukturni biologie a fotoxenoproteinového inzenyrstvi byla
osvétlena problematika specifiénosti a modulace PPI zahrnujici cytokiny a jejich receptory.
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Acronym or symbol  Description

aaRS Aminoacyl-tRNA synthetase

ARPs Ankyrin repeat proteins

APC Antigen presenting cell

Fab Antigen-binding fragment

AzoF Azobenzene-phenylalanine

BSA Bovine serum albumin

CcD Circular dichroism

CDRs Complementarity-determining regions
Fc Constant fragment

CSIF Cytokine synthesis inhibitory factor
DSF Differential scanning fluorimetry
DLS Dynamic light scattering

ELISA Enzyme-linked immunosorbent assays
EGFR Epidermal growth factor receptor
EBV Epstein-Barr virus

AAG Free energy differences

GCE Genetic code expansion

ABK Azibutyl-lysine (Photo-lysine)

Igs Immunoglobulins

IBD Inflammatory bowel disease
IFN-y Interferon gamma

IFN-yR1 Interferon gamma receptor 1
IFN-yR2 Interferon gamma receptor 2
IFN-A Interferon lambda

IFN-AR1 Interferon lambda receptor 1
IFNs Interferons

IL-10 Interleukin-10

IL-10R1 Interleukin-10 receptor 1

IL-10R2 Interleukin-10 receptor 2

IL-19 Interleukin-19

IL-20 Interleukin-20

IL-20R1 Interleukin-20 receptor 1

IL-20R2 Interleukin-20 receptor 2

IL-22 Interleukin-22

IL-22R1 Interleukin-22 receptor 1

IL-24 Interleukin-24

IL-26 Interleukin-26

IL-28 Interleukin-28

IL-29 Interleukin-29

ILs Interleukins

JAK/STAT Janus Kinase/Signal Transducer and Activator of Transcription

Lens Lipocalins



MS Mass spectrometry

Mda-7 Melanoma differentiation-associated gene-7
Tm Melting temperature

Mj Methanocaldococcus jannaschii
MST Microscale thermophoresis
MAPK Mitogen-activated protein kinase
mAb Monoclonal antibody

NAGs N-Acetyl-d-glucosamines

NK Natural killer

ncAA Non-canonical amino acids

NBY Nitrobenzyl-tyrosine

pSTAT3 Phosphorylated STAT3

PDB Protein data bank

PKR Protein kinase A

PPI Protein-protein interactions

RA Rheumatoid arthritis

RMSD Root mean square deviation
scFv Single-chain variable fragments
SPR Surface plasmon resonance

SLE Systemic lupus erythematosus
Th2 T helper 2

3D Three-dimensional

B Tuberculosis

Tyk2 Tyrosine kinase 2

TyrRS Tyrosyl-tRNA-synthetase

WB Western blot

WT Wild-type
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I. INTRODUCTION
A. Protein-protein interactions

Protein-protein interactions (PPI) and their networks are fundamental to many biological
processes [1]. Protein homo- and hetero-oligomerization and subsequent formation of
biomolecular complexes and organelles without membranes play pivotal roles in our body such
as signal transduction, membrane transport, electron transfer, muscle contraction, and others.
Aberrant PPl are associated with many human pathological conditions including cancer,
infectious diseases, and neurodegenerative diseases [1]. Since drug targets have traditionally
been enzymes or ion channels, interference of specific PPIs via small-molecule binding
indicated new potential therapeutic targets. However, PPl modulation through small molecules
is challenging and PPIs are often regarded as “undruggable” targets [2]. This is due to several
reasons. First, the interface area of the interactions is large, usually reaching more than 1500
A2, and highly hydrophobic. Second, the interfaces tend to lack clear grooves or pockets typical
for enzyme targets. Third, many amino acid residues are involved in forming the interfaces and
the resulting affinities are high. Additionally, intrinsically disordered proteins with highly
dynamic structures, which interact with various partners, are also considered “difficult to drug”
due to missing binding clefts and the myriad of conformations [3].

B. Cytokines

In the human immune system, communication between cells is critical to regulate the
development and growth of the body, to keep self-tolerance, and to protect the body from
pathological events such as infectious agents (microorganisms, parasites) and the formation of
cancerous cells. A major means of cellular communication is through cytokines.

Cytokines are small, secreted proteins that act as messengers to convert the original
intercellular stimulus into intracellular signal. By binding to their cognate membrane-bound
receptors on target cell surface, cytokines activate the corresponding signaling pathway,
leading to a cascade of changes as a response [4]. Depending on the stimulation, either
physiological or pathological, the cellular responses can be different such as changes in gene
expression patterns, cytoskeleton reorganization, inflammation, immunomodulatory effects,
and release of secretory vesicles [5]. Cytokines are produced by cells of the immune system but
also by a variety of non-immune cells including fibroblasts, epithelial cells, endothelial cells and
stromal cells [6]. Cytokines can be further classified as interleukins (ILs), interferons (IFNs),
chemokines, lymphokines and tumor necrosis factors.

Cytokines are involved in both innate immunity and adaptive immunity of the immune
response system. The innate immune system gives the first immediate reaction against any sort
of potential invaders. Such a response is very fast but not specific, it has no memory and is not
strong. These changes kick-start the innate inflammatory response that establishes a physical
barrier to minimize the spread of infection. As the innate immune system is running out of
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steam, the adaptive immune system, which is more specific, effective and has memory, takes
over. Depending on the type of invader, the immune response is driven to either the humoral
immunity or cell-mediated immunity. The first is involved in antibody production of B cells and
memory B cells, and the latter is involved in antigen-presenting cell activation and a cytotoxic T
cell response.

Cytokine-related disorders lead to several heath issues such as autoimmune diseases, allergic
diseases, and immunodeficiency diseases. Autoimmune disease occurs when the immune
system is hyperactive and attacks the organism’s own healthy tissues as if they originated in
foreign organisms. Allergy is elicited when the immune response is excessive and harmless
antigens are recognized as serious invaders. In the case of immunodeficiency diseases, the
immune system is responding insufficiently to infections or malignancies [6].

In the lab, we concentrate on a specific group of cytokines, so called family of interleukin 10.
The members of the family are important members of native immunity system. Moreover,
these proteins are all potential targets for medical applications. Studying the IL-10 family is our
long standing focus and up-to-now the lab research has been published in several papers: IL-10
[7, 8], IL-24 [9, 10], IL-29 [11], IFN-y [12], [13], [14] [15] and other ILs such as IL-9 [16].

C. Cytokines of the interleukin-10 family

ILs can be classified by various criteria; we will use the system combining functional and
structural features of these signaling molecules. The IL-10 family of cytokines is assigned based
on the structure homology, shared usage of receptor complexes, and similar and overlapping
downstream signaling pathways. ILs belonging to the IL-10 family are produced by both innate
and adaptive immune cells. They show indispensable functions as effectors and regulatory
molecules of the immune system in cases of infection, inflammation, tissue homeostasis,
autoimmunity, and cancer [17, 18].

The IL-10 family includes important immune proteins IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28,
and IL-29, which are considered as class two a-helical cytokines. The genes encoding IL-10, IL19,
IL-20 and IL-24 map to chromosome 1; IL-22 and IL-26 are located together with IFN-y on
chromosome 12; whereas IL-28A, I1L-28B and IL-29 co-localize on chromosome 19. Amino acid
sequences of these ILs are not conserved, displaying only 20-30% homology, but their
secondary structures are highly similar. They comprise of six a-helices (A—F) and connecting
loops, with four helices compacted into a left-handed four-helix bundle [19].

The IL-10 family members modulate their target cells by binding to the extracellular domain of
their corresponding membrane-bound receptors in order to activate a cascade of endogenous
phosphorylation events, particularly the JAK-STAT signal transduction pathway (Figure 1).
Receptors consist of two chains (R1 and R2 or RA and RB). Even though all cytokines display
high structural homology, shared use of receptor complexes, and have similar roles as
important immuno-regulators, they also have unique roles including immune suppression (IL-



10), skin biology (IL-19 and IL-20), tumor suppression (IL-24), antiviral responses (IL-28 and IL-
29) [6], and others [20].

IL-10R1 IL-10R1 IL-20R1 IL-22R1 IL-22R1 IL-20R1 IFNLR1

Figure 1: The IL-10 family of cytokines share common receptor subunits. The IL-10 signals via complex of
IL-10R1/IL-10R2. The IL-19, IL-24, IL20 signal via complexes of IL-20R1/IL-20R2 and IL-22R1/IL-20R2. The IL-
22 signals via complex of IL-22R1/IL-10R2. The IL-26 signals via complex of IL-20R1/IL-10R2. The IL-28 and

IL-29 signal via complex of IFN-AR1/IL-10R2. Reprinted from [6] with permission, copyright © 2011
American Academy of Allergy, Asthma & Immunology. Published by Mosby, Inc. All rights reserved.



1. Interleukin-10

a. Discovery

The anti-inflammatory IL-10, initially described and named as cytokine synthesis inhibitory
factor (CSIF) by Fiorentino’s group in 1989, was found to be secreted by activated murine Th2
cells. CSIF prevented the production of other ILs and IFN by activated Th1l cells [21]. Later, the
human IL-10 was also proved to exhibit CSIF activity [22]. Moreover, both mouse and human IL-
10 exhibited extensive homology to an open reading frame from BCRFI of Epstein-Barr virus
(EBV) genome [22, 23], and others such as herpesvirus and poxvirus [24, 25]. These viral
homologs are able to bind the human IL-10 receptors and share suppressive properties of
human IL-10, suggesting the virus’s strategy to suppress host response [26].

b. Gene
The IL-10 gene is mapped on chromosome 1 (q31-32) [27]. It is 2 kb long and contains 5 exons
encoding for signal peptide, loops and helix folds [28]. IL-10 gene expression is controlled at the
transcriptional level by the transcription factors Sp1l and Sp3 and at the post-transcriptional
level through sequences in the 3'-untranslated region [29] [30].

c. Protein structure
The secreted functional unit of IL-10 is a non-covalently linked homodimer, each monomer
consists of 178 amino acids with a molecular weight of ~18 kDa. Its X-ray structure is deposited
in the protein data bank (PDB) as ID 2ILK (Figure 2) [31].

Figure 2: Structure of human IL-10 dimer. The two monomers (in ribbon representation) are distinguished
in blue and yellow colors. Figure created with ChimeraX from PDB ID 2ILK [31].



d. Receptor interaction

The IL-10 communicates with target cells by binding to its specific receptors IL-10R1 and IL-
10R2 on the cell surface. The IL-10 homodimer binds to a hetero-tetrameric receptor complex
made up of two IL-10R1 and two IL-10R2 chains [32], with high affinity (dissociation constant of
50-200 pM) [33]. The crystal structure of the complex between IL-10 and IL-10R1 reveals that
two IL-10 molecules bind to the IL-10R1 dimer. A monomer of IL-10 contains 6 a-helices: 4
helices are donated from one chain and 2 helices are donated from another asymmetric chain.
A subunit of soluble IL-10R1 contains two domains and each one has a B-barrel like structure.
The structure is deposited as 1J7V on the PDB [34]. The structure of the complex between the
IL-10 and its receptors has not been determined yet.

e. Signal transduction
The intracellular part of IL-10R1 and IL-10R2 are bound to Jakl and Tyk2 constitutively [35, 36].
Upon binding of IL-10 to the receptor complex, Jakl and Tyk2 are activated [37], followed by
phosphorylation of STAT1, STAT3, and STAT5 [38]. As a result, SOC1 and SOC2, known as
signaling inhibitors, are expressed [39].

f. Functions

e The IL-10 is an important immune regulator due to its immunosuppressive, anti-
inflammatory and stimulatory effects in immune system.

The IL-10 is a pleiotropic cytokine that is produced by various myeloid- and lymphoid-derived
immune cells participating in both innate and adaptive immunity. Mainly, IL-10 exerts its
immunosuppressive functions to protect tissue damage caused by exaggerated and
uncontrolled inflammatory effector responses, especially during the resolution phase of
infection and inflammation. It also functions to maintain homeostasis with gut microbes [18].

As an immune suppressor, the IL-10 downregulates the function of activated
monocytes/macrophages and dendritic cells via repressing their production of pro-
inflammatory cytokines and antigen-presenting capacity. Moreover, by diminishing the antigen-
presenting capacity of monocytes via downregulation of MHC class Il surface expression, IL-10
indirectly prevents excessive antigen-specific human T cell activation and proliferation [40-44].

The anti-inflammatory effects of IL-10 are driven by binding to its cognate receptors highly
expressed on monocytes/macrophages. The activated Jak1-Tyk2-Stat3 cascade results in STAT3-
mediated transcription of genes encoding proteins such as Bcl-3 and Etv-3 that suppress the
expression of pro-inflammatory genes. As a result, the anti-inflammatory response is limited
[45].

In contrast to its inhibitory effect, the IL-10 also has a stimulatory effect in B cells. IL-10
enhances the survival of human B cells as well as their proliferation, differentiation into plasma
cells, and isotype switching [46].



e |L-10 plays various roles in autoimmunity, allergy, cancer and infection.

Since IL-10 is a multifunctional cytokine being both a potent immune-suppressor and immune-
stimulator, its expression must be tightly regulated. Otherwise, altered IL-10 expression levels,
identified by SNPs and microsatellites, can lead to the development of a large number of
serious diseases including autoimmune disorders, cancer, allergies and infectious diseases [6].

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

This is the case in chronic inflammatory bowel diseases [48] (e.g. Crohn’s disease [49]), psoriasis
[50], rheumatoid arthritis [51], and after organ transplantation [52]. Given its multiple anti-
inflammatory functions as well as its repression of pro-inflammatory cytokines, IL-10 is a
potential therapeutic target for the treatment of autoimmune and inflammatory diseases.
Clinical studies showed that administration of recombinant IL-10 provided benefits in patients
with Crohn’s disease [53], psoriasis [50], and rheumatoid arthritis [54].

The IL-10 may also represent a potential anti-tumor immunotherapy in human patients with
cancer because IL-10 stimulates the expansion and cytotoxicity of tumor-infiltrating CD8+ T
cells, which play a key role in killing tumor cells. Mice deficient in IL-10 show weakened tumor
immune surveillance but recovering IL-10 levels by overexpression protected transgenic mice
against cancer development. Clinical trials of cancer patients treated with IL-10 showed that IL-
10 activates tumor-infiltrating CD8+ T cells, therefore limiting the development of solid tumors
[55-57] (table 1).

The IL-10 has a protective role in allergic diseases. Experimental evidence suggests that IL-10
expressed by APC cells in the respiratory tract is reduced in patients with asthma. Moreover,
allergen-specific T helper 2 (Th2) cells and their cytokines promote the allergic airway
inflammation [58]. Therefore, one of the strategies for the treatment of allergic patients is to
use IL-10 producing dendritic cells to downregulate allergen-specific T helper 2 responses [59].

o The IL-10 over-production results in unwanted immunosuppressive effects, tumor growth
and infection [47].

The IL-10 has a pathogenic role in autoimmune diseases, like systemic lupus erythematosus
(SLE), since IL-10 was reported also to be a growth factor for human B cells, to promote
antibody production, class switching, and plasma cell differentiation [60, 61]. The severity of
SLE correlates with high amounts of serum IL-10 and autoantibodies [62]. Using anti IL-10 mAb
to treat patients with SLE was proved effectively in clinical trials [63] (table 1). These studies
showed that developing IL-10 antagonists helps to control SLE pathogenesis and therapy.

Epstein—Barr virus latently infected B-cells are the precursors of EBV-associated malignancies.
EBV not only uses its IL-10 homolog that binds IL-10 receptor to increase proliferation [64] and
protect infected EBV-infected B-cells from immune recognition [65], but also enhances host IL-
10 production to promote cell survival and development of associated malignancies [66].
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In infectious diseases, elevated IL-10 production have been found in lungs and sera of patients
with advanced tuberculosis [67]. This suggests a potential use of IL-10 antagonists for hard-to-

treat patients with tuberculosis.

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

tumor-promoting functions [56, 68].

Cytokine
IL-10

IL-24

Intervention

Tenovil (rhulL-10)

Dekavil (F8-IL-10)

Tenovil T™M (IL-
10)
IL-10

Prevascar (rhull-
10)

AGO011
(engineered
Lactococcus lactis
secreting human
IL-10)

AMO0010:
PEGylated
human IL-10
BT063 (antibody
to neutralize IL-
10)

INGN 241 (Ad-
mda-7)

Indication

Crohn’s disease

Rheumatoid
arthritis
Acute pancreatitis

Psoriasis

Cicatrix, wound
healing
Ulcerative colitis

Solid
tumors/pancreatic
cancer

Systemic lupus
erythematosus
Melanoma

Clinical stage

Phase I/Il N/A

Phase Il NCT02076659

Phase Il NCT02270632

Phase

11 NCT0O0040131 (terminated)
Phase I NCT00001797

Phase Il NCT00984646

Phase I/Il NCT00729872

Phase | NCT02009449
Phase Il NCT02923921

Phase Il NCT02554019

Phase Il NCT00116363

Sponsor

Schering-Plough
Research
Institute
Philogen/Pfizer

Merck Sharp &
Dohme
National Cancer
Institute
Renovo

ActoGeniX N.V.

ARMO
BioSciences

Biotest

Introgen
Therapeutics

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



2. Interleukin-24

a. Discovery
The IL-24 gene was initially named melanoma differentiation-associated gene-7 (mda-7) by Paul
Fisher’s group in 1995. In their experiments, fibroblast interferon and mezerein were used to
treat melanoma cells to terminate differentiation and suppress growth and tumorigenic
abilities. Through subtractive hybridization of cDNA libraries, the mda-7 mRNA levels were
found to be elevated in melanoma cells compared to non-induced cells. Observing that the
treatment of human melanoma cells results in growth suppression and increased mda-7
expression, suggested that the mda-7 gene may function as a negative regulator of melanoma
progression [70]. Moreover, mda-7 was proposed as a novel tumor suppressor in various
cancers [71, 72].

The Mda-7 gene is mapped on human chromosome 1g32. Human mda-7 consists of seven
exons and six introns encoding a protein with 206-residues, 49 of them serve as an N-terminal
signal peptide for protein secretion. Primary structure analysis also shows IL-10 sequence
signature from amino acids 101-121 and phosphorylation sites. Moreover, there are three
putative N-glycosylation sites at amino acids 95, 109, and 126 resulting in the expression of
several isoforms with molecular weights ranging from 18.3 kDa to 35 kDa. Besides, protein
expression profiling studies showed that Mda-7 is present in many immune cell types such as
thymus, spleen, and peripheral blood leukocytes [73, 74].

Through sequence homology analysis, rat and mouse orthologues of human mda-7 were
identified. The rat C49a gene was found to be associated with fibroblast proliferation in wound
healing [75] and the rat Mob5 gene was shown to encode a cytokine-like secreted protein
activated by the Ras oncogenes [76]. FISP protein was found as a secreted IL-4-induced-protein
from Th2 cells [77].

Taken into account its chromosomal location, expression profile and cytokine-like properties,
mda-7 was eventually renamed to IL-24 by the Human Gene Organization (HUGO) [78].

b. Protein structure

The structure of human IL-24 in a ternary complex with the extracellular domains of two
receptors (IL-22R1 and IL-20R2) has been solved by X-ray crystallography at 2.5 A resolution and
deposited on PDB as entry 6DF3 [79]. The complex was formed between the high affinity
receptor IL-20R2 and IL-24 fused to the low affinity receptor IL-22R1 through a peptide linker.
IL-24 has a 4-helix bundle fold even though it contains 6 helices; without any disulfide bond
[79]. Later, the structure of a highly mutated receptor-free human interleukin IL-24, which was
solved at 1.3 A resolution and deposited to PDB as 6GG1 by our lab [9]. The structure of this
isolated engineered IL-24 showed similarity to the native IL-24 in the complex form (Figure 3),
except for the formation of a disulfide bond. As noted, native IL-24 and engineered IL-24 were
produced in different systems, Drosophila S2 cells and E. coli, respectively [9].



Figure 3. Superimposition of two IL-24 structures: the engineered IL-24 (PDB ID 6GG1) [9] in blue over the
native IL-24 (PDB ID 6DF3) [79] in cyan. (A) Side view. (B) Top view. Figure created with ChimeraX from
these two PDB IDs.

c. Receptor interaction
There are three membrane-bound receptors for IL-24 comprising IL-22R1, IL-20R1, and IL-20R2.
IL-24 signals through heterodimers made of combination of these receptors IL-20R1/IL-20R2
and IL-22R1/IL-20R2. IL-20R2 is present in both receptor complexes. While IL-20R1/IL-20R2
dimer is shared among IL-19, IL-20, and IL-24; the IL-22R1/IL- 20R2 dimer is shared between IL-
20 and IL-24. Therefore, the IL-24 belongs to IL-20 subfamily of cytokines [74, 80, 81].

d. Signal transduction
Like all IL-10 family cytokines, the IL-24 triggers signaling via the Tyk2/Jakl pathway, which
continuously activates downstream transcription factors (STAT1/STAT3) through
phosphorylation [82]. This pathway is regulated by SOCS proteins [83]. Upon binding of IL-24 to
the extracellular domains of its heterodimeric receptors and forming a hetero-trimer complex,
the IL-24 signals via JAK-STAT pathway in epithelial cells [74] and in ovarian carcinoma cell line
[81].

In addition to this well-established JAK/STAT-dependent mechanism, different JAK/STAT-
independent mechanisms have been reported [84]. For instances, IL-24 induces apoptosis in
melanoma, breast, fibrosarcoma, and prostate cancer cell lines independently of the STAT3
pathway [85, 86]. Moreover, non-secreted intracellular IL.-24 protein is also able to induce
apoptosis in prostate cancer cell lines [87]. In these cases, IL-24 binds to distinct intracellular
molecular partners such as protein kinase A (PKR), sigma 1 receptor, and respiratory chain
protein Grim19 to activate PKR-driven inflammatory response [88], cancer-specific apoptosis in
the endoplasmic reticulum and plasma membrane [89], and recruitment of STAT3 to
9



mitochondria [90], respectively. Additionally, signaling of IL-24 through other JAK/STAT-
independent mechanisms have been discovered, such as the p38 mitogen-activated protein
kinase (MAPK) pathway [84]. These results indicate the complexity of IL-24 signaling in the
regulation of cellular responses (figure 4) and the potential importance of IL-24 as a drug target

[84].
Extracellular @ IL-20 receptors
Cytoplasm .
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Figure 4. The interaction partners of IL-24: the IL-20 receptors at the plasma membrane, which trigger the
well-established JAK/STAT-dependent signaling mechanism, and several proteins found in different cellular
compartments, which give rise to alternative JAK/STAT-independent mechanisms. Reprinted from [84]
with permission.

e. Functions
Nowadays, the IL-24 is considered an effective cancer-killing cytokine due to its potent
anticancer effect, and a pleiotropic immuno-modulatory cytokine due to its relevance in
immune response, host defense, and tissue homeostasis (reviewed in [91, 92]).

e ThelL-24 is a target in cancer therapy.

The antitumor role of IL-24 has been extensively studied and confirmed in diverse human
cancer cells, such as inhibition of cancer invasion, metastasis, angiogenesis and cancer stem cell
growth; and induction of cancer apoptosis, and autophagy (figure 5) [93-98]. IL-24 became a
therapeutic target in Phase /Il clinical studies using intra-tumoral injections of an inactivated
adenovirus containing the mda-7 construct [Ad-mda7; INGN-241] [99].
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Figure 5: IL-24 regulates autophagy and subsequent cell death through interaction with its receptors.
Reprinted from [100] with permission, © 2019 Published by Elsevier Ltd.

Meanwhile, the unique aspects of IL-24 antitumor “bystander” activity has been observed in
many studies from cell, preclinical animal models and in a Phase /Il clinical trial in patients with
advanced cancers. Transfection of normal cells with IL-24 gene creates a secreted IL-24 protein
product that can effectively activate apoptosis on distant tumors, which did not initially receive
this gene product, through IL-24 dimeric receptor pairs on the cell surface [86, 101].

Interestingly, it has also been reported that IL-24 fragments can be separately transcribed as
different splice variants which cause tumor apoptosis by inducing several different pathways
[102].

Several types of gene therapy methods relying on transfection of cells with IL-24 gene, and of
protein-based therapy method aimed for sufficient penetration of recombinant IL-24 protein
into tumor have been investigated and developed. They are virus-mediated gene delivery [99],
T cells expressing IL-24 [103], recombinant IL-24 protein [98, 104] and nanoparticle-mediated
delivery [105].

e Therapeutic Potential of Targeting IL-24 in immunity.

The IL-24 is mainly produced and secreted by both immune and non-immune cells such as T
cells, B cells, monocytes, macrophages, NK cells, keratinocytes, and fibroblasts [106]. The IL-24
displays various functions in autoimmunity, inflammation, and infectious diseases.

o Depending on the type of autoimmunity and the site of inflammation, IL-24 exhibits both
pro-inflammatory or anti-inflammatory properties.

The IL-24 displays a pathological role in autoimmune diseases such as psoriasis or rheumatoid
arthritis (RA). Psoriasis is a chronic inflammatory disease of the skin resulting from the excessive
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proliferation and differentiation of keratinocytes. Elevated IL-24 and its IL-20R2 receptor levels
plus its stimulatory effect of pro-inflammatory molecules causing skin lesions, suggest that IL-24
might be a factor in the pathogenesis of psoriasis, particularly promoting skin inflammation
[107]. RA is an inflammatory autoimmune disease that can lead to progressive joint damage
and disability. Increased IL-24 levels are observed in RA patients and have been proved to
promote mononuclear cell infiltration, which is a hallmark of chronic inflammation. Moreover,
anti-inflammatory treatment of RA patients decreased IL-24 levels [108].

However, the IL-24 can also play a protective role in autoimmune diseases. Inflammatory bowel
disease (IBD) is a chronic inflammation of the gastrointestinal tract. Studies showed increased
expression of IL-24 in inflamed mucosa of active IBD patients. IL-24 targets colonic epithelial
cells to enhance JAK/STAT1 phosphorylation and expression of SOC3 and mucins, supporting
their suppressive effects of mucosal inflammation in IBD [109].

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

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis. Significantly,
lower levels of MDA-7/1L-24 have been found in patients with active TB compared to those with
a latent TB infection. Since IL-24 was shown to regulate IFN-y in TB patients and IFN-y is well
known for therapy of TB patients, IL-24 might be a treatment option for these patients [110].

3. Interleukin-20 receptor 2

The IL-20R2 is a transmembrane protein detecting IL-19, IL-20, and IL-24 by its extracellular
region and transducing the signal across the membrane to intracellular JAK phosphorylases. IL-
20R2 pairs with either IL-20R1 or IL-22R1 to form heterodimeric cytokine receptors IL-20R1/IL-
20R2 or IL-22R1/IL-20R2. The IL-20R1/IL-20R2 receptor complex is shared among IL-19, IL-20,
and IL-24, while the IL-22R1/IL-20R2 receptor complex is a shared between IL-20 and IL-24 [18].
Therefore, IL-20R2 is the common subunit of both receptor complexes. Its 3D structure from
PDB ID 6DF3 is illustrated in Figure 6 [79].

Binding between the extracellular domain of the receptors, either IL-22R1/IL-20R2 or IL-
20R1/IL-20R2, and their corresponding cytokines [74] induces signaling cascade in the target
cells through JAK/STAT pathway, which subsequently activates the expression of downstream
transcription factors particularly STAT1 [85], STAT3 [111] and STATS5 [112].

The IL-20 receptors, which are expressed by various cell types, play a role in the reciprocal
interaction between immune and non-immune cells including keratocytes, epithelial and
endothelial cells [20]. The communication between leukocytes and epithelial cells is facilitated,
thus enhancing defense and tissue repair processes [113].

Even though IL-19, IL-20, and IL-24 display structural homology, signal through the same set of
receptors, and induce the same signaling pathways, they also display unique biological
functions in immune regulation, tissue homeostasis, host defense, and oncogenesis. This could
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be explained by the different binding affinities to their shared receptor complexes, which could
induce distinct signaling and regulation [20]. Despite the promiscuity in the receptor use of IL-
19, IL-20, and IL-24 (Figure 1), their physiological effects appear quite distinct: immune activity
with IL-19, skin biology with IL-20, and tumor apoptosis with IL-24 [111].

The elevated expression of IL-19, IL-20 and IL-24 in patient samples are associated with
immunity-related diseases such as psoriasis, RA, and IBD diseases. In contrast to their
pathogenic role in skin inflammation found in psoriasis and RA, they play a protective and even
therapeutic role in inflamed intestine in IBD [113]. Besides, the three cytokines are also
involved in promoting Staphylococcus aureus infection in mice and humans. S. aureus gives rise
to the majority of human skin and soft tissue infections, and is a major infectious cause of
mortality. Neutralization of IL-20R2 by antibody improves the outcome of bacterial infections
and changes the susceptibility to infection [114].

The IL-20R2 receptor expression levels have been reported in muscle invasive bladder cancer
[115], and papillary renal cell carcinoma [116]. A study revealed that IL-19 stimulated IL-20R2—
expressing tumor cells to raise tumor cell proliferation in bone and bone metastasis. Therefore,
a new strategy to cure lung cancer bone metastasis could be based on IL-20R2 blockage [117].

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

The IFN-yR2 is the crucial cell-surface receptor of IFN-y. A matured 310 amino acid IFN-yR2
comprises three domains including an intracellular domain, a transmembrane domain and an
extracellular domain. This extracellular domain consists of five cysteines and six potential N-
linked glycosylation sites making its molecular weight in the range of 61 to 67 kDa [118].

The IFN-yR2 plays an important role in IFN-y signalization, influencing innate and adaptive
immunity against pathogens and tumors [119, 120]. Based on the analysis of its sequence
similarity, it is classified in the class two receptor family including IFN-yR1, receptors of
interferon-a and interferon-B (IFN-a and IFN-), receptors of IL-10 and IL-20, and receptors of
other interleukins belonging to the IL-10 family [121]. The IFN-y homodimer signals through
forming a ternary complex with receptors IFN-yR1 and IFN-yR2 subunits, consequently
activating the JAK/STAT signaling cascade. The IFN-y binds to its high affinity receptor IFN-yR1
to form a binary complex. Subsequently, the IFN-yR2 must interact with this binary complex to
form a ternary complex [122-124]. The signaling pathway is shown in Figure 7A.

(A) Type Il IFN

IFNGR1

Plasma membrane

Cytosol

GAS  ANVNVZANV/ANVZA\V/AN

Figure 7:

(A) IFN-y signals via the JAK/STAT pathway upon binding to its two membrane-bound receptors (IFN-yR1
and IFN-yR2) and formation of a ternary complex. Reprinted from [125] with permission, copyright © 2015
Elsevier Ltd. All rights reserved.

(B) The structure of the binary complex consists of an IFN-y homodimer (orange) and IFN-yR1 (blue). Figure
created with ChimeraX from PDB ID 1FYH [126].

Before my paper had been published, the structure of a binary complex (Figure 7B) comprising
a homodimer IFN-y bound to its high affinity IFN-yR1 had been solved, PDB ID 1FYH [126] and
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PDB ID 1FG9 [127], but the detailed biophysical and structural characterization of IFN- yR2 was
missing.

After my paper where we solved the structure of IFN-yR2 (PDB ID 5EH1) [14], the structure of
the ternary complex comprising two IFN-y, two IFN-yR1 and two IFN-yR2 was solved and

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

Figure 8: The ternary complex of IFN-y consists of two IFN-y molecules (orange), two IFN-yR1 (blue) and
two IFN-yR2 (pink). (A) Side view of the complex. (B) Top view of the complex. Figure created with
ChimeraX from PDB ID 6E3K [128].
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D. Protein scaffold engineering
1. Establishment of protein scaffold engineering
a. Antibody engineering

e Monoclonal antibodies (mAb)

Antibodies help us to effectively fight pathogens because of their capacity to neutralize antigen
function via direct interaction. In 1975, hybridomas, which are hybrid cells arising from the
fusion of mouse antibody-producing B-lymphocytes with mouse myeloma from an immunized
donor, were established to produce highly specific monoclonal antibodies in vitro in massive
cultures for the first time [129]. The hybridoma technology became a gateway for generating
tens of thousands of research tools and therapeutic antibodies [130]. However, it has been
reported that the DNA/protein sequence information of monoclonal antibodies can get lost in
case hybridoma cell lines die, and different production batches lead to distinct antibody
specificity. As a result, experiments using antibodies generated by hybridoma technology may
not always be reproducible [131].

e Recombinant antibodies

The rapid growth of recombinant DNA technology, x-ray crystallography, and computer
modeling of protein structure and folding, has had a positive impact on the field of protein
engineering [132]. Protein production and engineering can also be applied to antibodies. The
first solved antigen-binding fragment (Fab) crystal structures in 1970s illustrate the variable and
constant parts of immunoglobulins and reveal the “Ig-fold” [133, 134]. Moreover, the positions
of hypervariable amino acid sequences are displayed and are believed to furnish the
conformation and antigen-binding specificity [133, 134]. Simultaneously, the recombinant DNA
technology, which also started in early 1970s, was first applied to the production of
recombinant antibodies, a chimeric mouse-human Ig antibody, in 1984. This chimeric antibody
consists of Fab of immunized-mouse monoclonal antibody and the constant fragment (Fc)
region genes of human immunoglobulin [135]. In contrast to monoclonal antibody production
by hybridoma technology, using recombinant DNA techniques these two fragments are inserted
into a plasmid and expressed in the target host cell such as bacteria or eukaryotic cell lines
[135].

e Antibody derivatives

In 1980s, phage display represented a major technological breakthrough due to its ability of
physical coupling between the desired phenotype (e.g. high affinity and high selectivity binding
protein) and the genotype (DNA sequence) [136]. In 1990, the single-chain variable fragments
(scFv), derived in immunized mice against hen egg-white lysozyme, were successfully displayed
on filamentous phages and showed to bind to antigens [137]. This achievement opened
prospects of antibody engineering. The application of antibody engineering along with
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combinatory library techniques resulted in the successful selection of novel high-affinity binders
bypassing the need for antigen immunization.

In contrast to the advantages offered by mAbs, the properties of antibody derivatives still have
several limitations. The large size (approximately 150 kDa molecular weight) limits their
efficient tumor and tissue penetration [138] and hinders the binding of intracellular antigenic
epitopes [139]. Furthermore, post-translational modifications, such as disulfide bonds and/or
glycosylation, require costly and time-consuming eukaryote cell cultures. In addition, it may be
difficult to add chemical handles and linkers for further drug conjugation in an efficient and
site-specific manner [140]. Moreover, the mix of heavy and light chains demands complicated
genetic constructions. Last but not least, the missing Fc region is important to prolong antibody
circulation in blood because of Fc binding to various cell types [141].

Therefore, the motivation to overcome such limitations resulted in antibody engineering
targeting shortened antibody variants, including the variable domains of heavy and light chain
in Fab region. Since these domains include the antigen binding segments, their antigen
neutralization properties are similar to full-length antibodies. Ig derivatives such as scFv (25
kDa), and single domain antibodies (VHH/nanobody) (15 kDa) satisfying the need of both small
size and absence of disulfide bond formation are nowadays commonly used in antibody
engineering. Their small size facilitates tumor penetration [142]. Moreover, combinatorial
antibody technologies provide a rational strategy to isolate antibodies with tailored properties
against virtually any target, both in basic research and for medical therapy [143]. Engineered
domains keep a typical B-barrel fold (Ig-fold). ScFv antibodies show the most promising traits
exploitable for application in human medicine and basic research [143].

Disadvantages of small-size Ig derivatives include their short half-life character in vivo, and poor
retention times in the target tissues [142, 144]. Besides, unexpected effects of the truncated
scFv antibodies and nanobodies of non-human origin may occur, such as lower avidity due to
reduced binding sites and the required humanization processing for reducing immunogenicity,
respectively [145].

b. Protein scaffold engineering
e The idea of protein scaffold

The concept of engineered protein scaffolds for molecular recognition arose in the late 1990s
after the first successful selection of antibodies after phage display [146, 147]. The concept of
protein scaffolds is simple: scaffolds are structurally stable (robust) polypeptide frameworks
that need not be based on antibodies. Indeed, several detrimental aspects of both traditional
mAbs and engineered antibodies prompted the development of non-lg binding proteins [142,
144, 145].

Protein scaffolds are binding proteins whose architecture is not necessarily an Ig fold, and their
primary structure can be mutated (evolved) to render useful high affinity protein binders for
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various biotechnological applications. Protein scaffolds are expected to keep the advantageous
features of antibodies, i.e., constant regions that hold/maintain the overall folding stability and
variable regions that provide plasticity responsible for high affinity and specificity binding.
However, in contrast to mAbs, protein scaffolds are usually small molecules (less than 200
residues), lack disulfide bonds, have a stable fold, and are easy to produce, ideally in bacterial
expression systems [141, 147].

Based on the 3D fold, there are two categories of non-antibody protein scaffolds. Those that
resemble the B-sandwich structure of Ig domains, and those that have structures different from
the Ig domains. In the case of Ig-fold protein scaffolds, they contain loops analog to the
complementarity-determining regions (CDRs) of Igs. Such scaffolds, e.g. monobodies and
anticalins, are targeted for randomization to create antibody-like binding libraries. On the other
hand, there are non-lg-fold protein scaffolds, which differ from the Ig-fold, such as DARPins,
affibodies, Kunitz scaffold, etc (Figure 9).

There are two major strategies to create binding sites on the scaffolds. The first one is to
modify an existing binding site and the second is to implement a new binding site for the target.
During the last 15 years, more than 50 different protein scaffolds have been developed [148].
Here is a summary of currently used non-antibody protein scaffolds:

o lg-fold protein scaffolds

These are protein scaffolds that closely resemble the B-sandwich structure of Ig domains.
Monobody/Adnectin scaffold is based on the tenth extracellular domain of human fibronectin
[Il (10Fn3) whose natural target is integrin. 10Fn3 adopts an Ig-like B-sandwich fold with loops
at one end but lacks the central disulfide bridge. Such loops, which are similar to the third CDRs
of an Ig variable domain, are targeted for randomization in scaffold design [149]. Another
example is the anticalin scaffold, which is based on the lipocalins (Lcns). Lcns naturally bind
small ligands at a ligand pocket surrounded by four structurally variable loops at the open end
of an 8-stranded B-barrel. In scaffold design, this binding interface of Lcns is randomized to
generate antibody-like variants [150].

o Non-lg-fold protein scaffolds

These protein scaffolds have various folds and are of different sizes. The well-established
DARPin scaffold is based on a consensus sequence of the abundant ankyrin repeat proteins
(ARPs). The ankyrin repeat fold provides amino acid positions in structurally rigid regions that
can be randomized to make binding surfaces for a repertoire of proteins. Another example is
the affibody scaffold based on the Z domain of the staphylococcal surface protein A, which
naturally binds the Fc of Igs. The affibody structure is a three a-helix bundle. Two a-helices of
the bundle are diversified while generating the library [151].
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Figure 9: Structures of non-antibody protein scaffolds. Positions targeted for randomization are
highlighted in red, and disulfides in yellow. Source [152].

e Antibody and protein scaffold achievements

Until 2015, six products of recombinant antibody therapeutics were granted first marketing
approvals and 39 mAbs candidates were in phase lll clinical trials as therapeutics [153].

Many small scaffolds have also proven themselves useful in a broad range of applications, from
laboratory research tools to imaging, diagnostics, and therapeutics [154-156]. Some of these
scaffolds have entered clinical trials [152, 157].

2. Directed evolution based on display technologies

Directed evolution of proteins is a variant of engineering techniques that mimics the natural
evolution of protein sequences. Natural evolution of proteins have existed since the emergence
of life on Earth. Genes are mutated and their corresponding proteins evolve to adapt to
environmental challenges. Directed evolution has been newly established in laboratory settings
to speed up the evolution of enzymes and binding proteins for basic research (e.g. aminoacyl
tRNA-synthetases for genetic code engineering) and human therapeutics (e.g. design of
antibodies and protein scaffolds) [136].
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Figure 10: The four key steps in a cycle of directed evolution. Reprinted from [158] with permission,
copyright © 2015, Springer Nature Limited.

Directed evolution of binding proteins is a powerful method to identify high affinity and high
specificity binders for a given target. For this purpose, the selection of protein binders is
facilitated by display technologies that provide a physical link between phenotype (high affinity
and high selectivity binding protein) and genotype (DNA sequence). There are two basic types
of display technologies: cell-based display (such as yeast display, bacteria display and phage
display) and cell-free display including ribosome display and mRNA display. In cell-based
display, the genetic information (DNA) of a binder is packed inside a cell or virus (yeast, bacteria
or phage), and the translated binders are displayed on the surface for binding assays against
target proteins. In cell-free display, the gene information (mRNA) of a binder is associated
physically to a translated binder via either stalled ribosomes (ribosome display) or puromycin
linkage (mRNA display) [159-162].

Directed evolution campaigns based on display technologies generally consist of four steps
illustrated in Figure 10.

a. Diversification
The preparation of a combinatorial library is the first step. A combinatorial library is a collection
of diverse DNA sequences. For the construction of a pool of binder variants, the number and
position of randomized residues needs to be well defined in advance. The mutated residue
positions can be contiguous or scattered along the coding sequence depending on their precise
arrangement within the three-dimensional fold. The number of randomized residues and the
set of allowed amino acid side chain exchanges determine the library diversity. The complexity
of starting library, so-called naive library, is an important factor that determines the success
rate of the subsequently selection steps. The higher the complexity, the higher the number of
possible variants. However, this does not mean that all targeted residues are actually mutated
because of practical limits in molecular cloning techniques. The combinatorial library is usually
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made by diversifying the parental DNA sequence of the scaffold at defined positions. These
positions are randomized by introducing degenerate codons such as NNN (completely
randomized including stop codon), NNS/NNK (partially randomized) where S=Gor C,and K=G
orT.

b. Translation
The library is then submitted to either in vitro transcription/translation (e.g. in ribosome
display), or transformation into cells for in vivo transcription/translation (e.g. in yeast display)
[158].

c. Selection
One of the critical factors of display techniques is library complexity. These are theoretical
library sizes in different displays: phage (10°), bacteria (10%19), yeast (107), ribosome (10%3-14)
and mRNA (10314, Since cell-free displays perform cell-free protein translation, there is no
limit of cell transformation efficiency as in cell-base display techniques; hence, more diverse
libraries can be generated in the former. Therefore, cell-free display may be suitable with naive
libraries for the first round of selection. Since library complexity is reduced after several rounds
of selection, cell-based display technologies may be employed in the following steps [141, 163].

During the selection procedure, the immobilized target — typically protein ligands, are mixed
with a pool of translated binders. Unbound scaffold mutants that do not bind strongly are
washed away, and the bound binders are collected. The affinity between binders and the
targets is enhanced by affinity maturation strategies: (1) Several rounds of selection, (2)
Gradually increased stringency of selection such as tuning target concentration or
association/dissociation time, as well as adding competitors with free ligands. (3)
Randomization of coding sequence of selected binders by several options of mutagenesis such
as error-prone PCR, site-directed mutagenesis, or gene shuffling [158].

d. Replication
The DNA of a pool of selected binders and/or random individual binders can be sequenced for
alignment analysis, and the corresponding proteins are produced in larger scale for stability,
affinity, and specificity measurements. The replicated genes serve as the initial source for
subsequent rounds of library diversification [158].

3. Ribosome display

Ribosome display is an in vitro evolution technology suitable for the generation of binding
proteins with high affinity for their targets. A prerequisite for the selection of binding proteins
from combinatory libraries is the coupling of genotype (mRNA) and phenotype (protein). This
linkage is accomplished by an mRNA/ribosome/protein ternary complex that is formed during
cell-free translation. To obtain such a complex, the 3’ terminal DNA coding region of the library
is genetically fused to a spacer lacking the stop codon. The stop codon in mRNA is responsible
for recruitment of the release factors to stop translation. Therefore, when ribosome goes along
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and decodes the mRNA to synthesize a polypeptide, without stop codon, the ribosomal
complex does not receive the signal to be disassembled. Subsequently, the
mRNA/ribosome/protein complex binds to the surface-immobilized target of interest via its
nascent protein variant. Next, in the selection step, the unbound complexes are washed away,
while the mRNA of bound complexes are collected and analyzed.

Cell-free translation systems can be obtained from bacteria extracts or purified translation
components. Therefore, the naive highly diverse library and the library after selection can be
directly submitted for in vitro translation without an extra step of cell transformation. This
minimizes the effect of reduced transformation efficiencies. The selection is performed by a
surface-immobilized target coated on magnetic beads or microtiter plates for use on enzyme-
linked immunosorbent assays (ELISA). After a binding event, the mRNA is eluted and reverse-
transcribed to generate cDNA which continues to be used in the next round of selections or it is
used directly to produce proteins for detailed biophysical characterization [164]. The ribosome
display method is illustrated in Figure 11.
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Figure 11: lllustration of ribosome display technology. Reprinted from [164] with permission, copyright ©
2007, Springer Nature America, Inc.
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E. Photoxenoprotein engineering
1. Introduction of photoxenoprotein engineering

Light is one of the most pervasive and persistent of environmental stimuli. Because of this,
living matter possess a wide range of proteins, so-called photoreceptors or photosensory
receptors, to sense and respond to electromagnetic radiation from the UV to the near infrared
ranges [165]. These receptors convert light absorption into metabolic changes including
alterations in gene expression, cell differentiation, molecular trafficking, etc. Overall,
photosensory signaling underlies important biological processes like vision, circadian rhythms,
and photosynthesis, to name but a few.

In order to study and manipulate biological processes with the same precision as nature,
chemical biologists have developed a number of optical tools. The main advantages of using
light to control protein activity are its non-invasiveness and spatiotemporal accuracy [166].
There are two major approaches to design photocontrol in proteins, both based on molecular
engineering in response to light activation and deactivation. Fundamental to both approaches is
using receiver molecules, chromophores, which absorb photons at a particular wavelength to
subsequently change the structure and/or function of the protein in which they are embedded.
Optogenetics (or hybrid protein optogenetics/optobiochemistry to be more precise [167])
involves fusing an intrinsically photosensitive protein to a target protein, while
photoxenoprotein engineering involves the incorporation of a photosensitive group directly
into the target protein [166, 168].

Protein functions such as ligand binding, catalysis, multimerization, conformational change,
allosterism, and affinity to other proteins or nucleic acids often depend on a few critical
residues. In photoxenoprotein engineering, these critical residues mediating protein activity are
replaced with light-responsive non-canonical amino acids (ncAA), which render the protein
light-responsive. As a result, proteins containing light-responsive ncAA, so-called
photoxenoproteins, are generated. Upon exposure to light, the photoactive group of ncAA is
transformed and thereby the protein activity is controlled [169].

2. Light-responsive non-canonical amino acids

Twenty genetically encoded canonical amino acids serve in nature as protein building blocks.
Non-canonical amino acids are non-proteinogenic amino acids that are either found naturally in
specific organisms or are synthetically made in a laboratory. There are three major types of
light-responsive ncAAs including photocaged, photoswitchable, and photocrosslinkable ncAAs
[169].

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

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

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

bond (photolysis), which sets free a canonical amino acid (or another ncAA) (Figure 12A). Thus,
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after photo-induced cleavage of the light-sensitive protecting group, the biological activity of
the protein is regained. The photodecaging reaction is irreversible. Most commonly used
photocaged ncAAs are caged variants of tyrosine (containing nitrobenzyl, nitropiperonyl, or
coumarin groups), or of lysine, cysteine, serine, histidine, glutamate, aspartate [166, 170]. One
commonly used example is ortho-nitrobenzyl-tyrosine (NBY) [171] (Figure 12A).

Photoswitchable ncAAs can be used to achieve reversible manipulation of protein function. By
inserting them close to the entrance of the binding site (or in an allosteric site), the ncAA can
act as a lid blocking the entry of the ligand in one configuration. Illlumination initiates bond
isomerization (trans/cis or E/Z), and may be toggled in both directions by using suitable
wavelengths, i.e., the photoisomerization reaction is reversible. Most available photoswitchable
ncAAs are azobenzene derivatives of phenylalanine (e.g. AzoF) (Figure 12B) [172].

Photocrosslinkable ncAAs are inserted near a binding site so that protein-ligand interactions
occur as in the wild-type system. Upon irradiation, the ncAA locks the ligand permanently onto
the modified protein. To this end, protein—ligand or protein-protein interactions, especially
those transient in nature, can be captured (“frozen”) and analyzed. The photocrosslinking
reaction is also irreversible. Most photocrosslinkable ncAAs described so far are derivatives of
phenylalanine and lysine containing benzophenones or diazirines, for example azibutyl-lysine
(ABK) (Figure 12C) [173].

These photocontrollable ncAAs are utilized in a broad range of applications such as functional
studies on proteins, tool development for in vivo fundamental studies, therapeutic approaches,
production of challenging peptides and proteins and from biotechnology to industry [169]. The
successful performance of photoxenoprotein engineering strongly relies on efficient
incorporation of ncAAs to target proteins, often through genetic code expansion (GCE)
technology [174, 175].
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Figure 12: Examples of the three major classes of light-responsive ncAAs. (A) The photocaged ncAA NBY
[171]. (B) The photoswitchable ncAA AzoF [172]. (C) The photocrosslinkable ncAA ABK [173]. NBY=(ortho-
)nitrobenzyl-tyrosine, AzoF=azobenzene-phenylalanine, ABK=azibutyl-lysine, R=any atom. Figure created
with Marvin Sketch.

3. Genetic code expansion technology

GCE refers to a set of tools for reprogramming the genetic code to enable the incorporation of
more types of amino acid carrying desired properties, thus expanding the diversity and
functionality of proteins [174-177]. Nowadays, more than 200 ncAAs can be incorporated into
proteins by the GCE method for a wide range of applications. GCE includes several strategies to
introduce ncAAs site-specifically into proteins in vivo e.g. stop codon suppression, sense codon
reassignment, quadruplet decoding, nucleic acid alphabet expansion from four to six bases
[178].

The standard or canonical genetic code consists of 64 codons, in which 61 are sense codons
encoding 20 canonical amino acids and the remaining 3 are nonsense codons (UAA, UGA and
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UAG) that do not encode any amino acid. Once the ribosome translation machinery encounters
sense codons, they recruit the corresponding aminoacylated tRNAs, according to codon-
anticodon interactions, to add an amino acid and prolong the polypeptide chain. The coupling
of amino acid to tRNA is catalyzed by enzymes called aminoacyl-tRNA synthetases (aaRS), which
hence constitute the “readers” of the genetic code. Once the ribosome encounters stop
codons, they recruit release factors to terminate translation. Overall, four elements (ncAA,
codon, tRNA and aminoacyl-tRNA synthetase) become targets for expanding the genetic code
(Figure 13).

The stop-codon suppression strategy was developed during the eighties and is still nowadays
the most utilized implementation of GCE [175, 179]. The stop codon suppressor tRNAcua, whose
anticodon is modified to recognize the UAG (amber) stop codon, enables to insert its cognate
non-canonical amino acid. In 1989, by using amber suppressor tRNAcua, which is chemically
acylated by the specific ncAA, the ncAA was incorporated into protein in vitro [180]. Later in
2001, the orthogonal tyrosyl-tRNA-synthetase MjTyrRS/tRNAcua protein/RNA pair from
Methanocaldococcus jannaschii (Mj) was added to the E. coli translation system enabling the
host cells to incorporate non-standard amino acids into proteins. In principle, the native
MjTyrRS charges tyrosine to its cognate tRNAcua, but not to any E. coli tRNAs. Evolution of this
MjTyrRS/ tRNAcua pair by random mutagenesis allowed researchers to create a polyspecific
synthetase that is able to incorporate other structurally similar ncAAs in response to the UAG
codons in E. coli [175]. More and more orthogonal aaRS/tRNAcua pairs have been developed
that expand the number of genetically encoded non-canonical amino acids in E. coli and other
hosts, like mammalian cells. Among these ncAAs are several photocontrolled ncAA, including
analogs of tyrosine [171, 181, 182], lysine [183, 184], cysteine [185, 186], serine [187], histidine
[188], aspartate [189], glutamate [190, 191] and tryptophan [192].

Several difficulties complicating the use of the GCE method to introduce ncAAs are: (1)
presence of truncated versions (along with the full-length protein) because of competition
between suppressor tRNA and release factor for binding to the amber codon, (2) low
expression yields (sometimes insufficient for subsequent studies) compared to wild-type [193].
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Figure 13: The genetic code expansion technology via stop codon suppression. Left panel, native
translation system. Right panel, orthogonal translation system illustrating the four key elements: the
aminoacyl-tRNA synthetase (aaRS), the tRNA, the codons, and the unnatural or non-canonical amino
acids. Source: [194].

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

e DNA construction: site-directed mutagenesis of the to-be-mutated residues on the target
protein into the recoded codon (typically UAG), which must be different from the stop
codon to end the translation (typically UAA or UGA).

e NcAA-protein expression: co-expression of plasmid encoding target protein with another
plasmid containing the orthogonal translation system i.e. suppressor tRNA and aaRS specific
for the ncAA to be incorporated. The NcAA itself must be usually supplemented to the cell
culture medium.
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Il. GOALS

There are two general goals of this thesis: (I) studying the specificity of PPl and (II) modulation
of the strength of PPl. As model proteins, | use human cytokines from the family of interleukin
10 and their receptors. The goals can be further divided as follows:

(1). Specificity of PPI

A. To develop a general strategy to find new protein scaffolds and transform them into
specific binders of human IL-10.

B. To solve the structure of IFN-yR2 by X-ray crystallography to help understand the
molecular basis for IFN-y specificity.

(11). Modulation of PPI

C. To develop a photoxenoprotein engineering strategy based on genetically encoded
photocaged ncAA and recombinantly expressed interleukin/receptor pairs to control the
interaction between IL-24 and IL-20R2 by light.
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Ill. RESULTS

A. Develop a general strategy to find new protein scaffolds and evolve a selected scaffold into
an interleukin-10 binder.

Pham, P. N., M. Huli¢iak, L. Biedermannova, J. Cerny, T. Charnavets, G. Fuertes, S. Herynek, L.
Kolarova, P. Kolenko, J. Pavli¢ek, J. Zahradnik, P. Mikulecky and B. Schneider (2021). "Protein
Binder (ProBi) as a New Class of Structurally Robust Non-Antibody Protein Scaffold for Directed
Evolution." Viruses 13(2).

My contribution: searching structures on PDB, sequencing analysis, cloning-expression-
purification of wild type scaffold candidates and binder variants, ribosome display experiments,
affinity measurement, protein crystallization.

Supplemented paper:

Kolenko, P., P. Mikulecky, P. N. Pham, M. Maly and B. Schneider (2023). "Diffraction anisotropy
and paired refinement: crystal structure of H33, a protein binder to interleukin 10." J Appl
Crystallogr 56(Pt 4): 1261-1266.

My contribution: protein production and crystallization.

Summary

Antibodies have reached the drug market. However, nowadays is also well accepted that
scaffold proteins with smaller size and simpler architecture provide structural plasticity to
create high affinity binding interfaces against various medical ligands thereby complementing,
and potentially surpassing, antibodies. Protein scaffolds have delivered promising results in
different application fields. There are limitations to the use of the existing scaffolds such as
patent monopoly, short half-life, immunogenicity, and low accessibility to the target area [141].
Therefore, we believe that mining novel scaffolds to enrich the current portfolio can provide
more chances to yield safer and more potent drugs.

A compact structure with a rigid core and good tolerance to residue substitution without losing
its structural integrity and stability is the most important attribute of a structurally robust
protein scaffold. Other important properties are small size for good tissue penetration,
thermostability, in vivo pharmacokinetics, and non-immunogenicity. All these features can be
accounted for and thoroughly evaluated via a systematic stepwise selection procedure
including search of suitable structures in the Protein Data Bank (PDB), a series of computational
predictions of protein stability, and experimental screens. The most advanced scaffold would
subsequently be mutagenized at defined residues to prepare a highly diversified DNA
combinatorial library for in vitro directed evolution in combination with ribosome display to
select the highest affinity variants against a medically important protein, IL-10.
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The IL-10 is well known for its function as an immune repressor. Under physiological conditions,
IL-10 is an important regulator of the immune system due to its immunosuppressive, anti-
inflammatory, and stimulatory effects. Contrary to investigations suggesting its protective role
in autoimmunity, allergy, and cancer, overexpression of IL-10 is associated with the
pathogenesis of systemic lupus erythematosus, EBV-associated malignancies, and tuberculosis.
Anti-IL-10 mAb were proved effective in clinical trials to treat patients with autoimmune
disease SLE [63], suggesting that developing IL-10 antagonists is beneficial to control/treat
cancers, EBV malignancies, and drug-resistant tuberculosis patients [63, 64, 67]. EBV not only
uses its IL-10 homolog that binds IL-10 receptor to increase its proliferation and protect
infected EBV-infected B-cells from immune recognition, but also enhances host IL-10
production to promote its survival and development. Therefore, neutralization/downregulation
of IL-10 activity is a potential therapeutic approach.

Hereby, we present a step-by-step method starting from the selection of a novel protein
scaffold, based on 4PSF, until the generation of variants with high affinity (~10-200 nM) against
human IL-10. The workflow of these steps is shown in Figure 14.
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(1) Screening of suitable protein scaffold candidates from the Protein Data Bank

o% 2

LItE rature review

l (3) Characterization of scaffold candidate solubility and thermo-stability

@

l Identification of potential interfaces for degeneration

(6) Ribosome display with human IL-10

(7) Characterization of IL-10 binders

(8) Binder crystallization

Figure 14: Workflow for the selection of novel scaffolds and their evolution.
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1. Screening of suitable protein scaffold candidates from the PDB

The first step was to scan promising protein structures from the database of protein data bank
(PDB). We set the selection criteria that protein candidates should possess high-resolution X-ray
crystallography structure, molecular weight under 25 kDa, single domain, and expression in E.
coli. The resulting hundreds of structures underwent further elimination based on literature
review excluding structures with reported toxicity, ligand, cofactor addition for structure
stabilization, or were previously unpublished as scaffold for directed evolution elsewhere. This

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

PDB
code

4PSF

IN3Y

413B

2F3L

1W2I

4NBO

3APA

UniProt

QONWSO0

P20702

PODM59

B1WVN5

P84142

QSHD15

060844

Protein name

PIH1ID1 N-terminal
domain

Alpha-X beta2
integrin | domain

Fluorescent protein
UnaG wild type

Lumenal Rfr-domain
protein

Acylphosphatase

Steroid receptor
RNA activator
protein carboxy-

terminal domain

Human pancreatic
secretory  protein
ZG1l6p

Structure

Resolution
(A)

1.58

1.65

1.20

2.11

1.50

2.81

1.65

Source
organism

Homo
sapiens

Homo
sapiens

Anguilla
japonica

Cyanothece
sp. 51142

Pyrococcus
horikoshii

Homo
sapiens

Homo
sapiens

Size
(kDa)

15

22

15

20

10

13

16

Expression
host

E. coli
BL21
(DE3)

E. coli
BL21
(DE3)

E. coli
BL21
(DE3)

E. coli
BL21
(DE3)

E. coli C41

E. coli
BL21
(DE3)

E. coli
BL21

(DE3)
codon +

Refe-
rence

[195]

[196]

[197]

[198]

[199]

[200]

[201]



41Gl E9PWQ3 Collagen VI alpha3 1.20 Mus 22 E. coli [202]

N5 domain musculus BL21
Rosetta
2W4pP  P07311 Human  common- 1.70 Homo 11 E. coliC41 [203]
type sapiens
acylphosphatase
variant, A99G
4LKT Q01469 Human Epidermal 2.57 Homo 15 E. coli [204]
Fatty Acid Binding sapiens BL21
Protein (FABP5) (DE3)
4MJJ Q14183 C2A domain  of 4:}\ X 2 Homo 15 E. coli To be
DOC2A L (:"};' sapiens publi
’J/\‘ 4 shed
e
4J0X  Q939T0 Cry34Ab1 protein 2.15 Bacillus 14 E. coli To be
thuringiensis publi

shed

Table 3: Structures and properties of twelve scaffolds. Protein structures created with ChimeraX from PDB
ID 4PSF [195], IN3Y [196], 4I3B [197], 2F3L [198], 1W2I [199], 4NBO [200], 3APA [201], 4Gl [202], 2W4P
[203], 4LKT [204], 4MJJ and 4JOX.

The 2WA4P and 4LKT were excluded due to their structural similarity to candidates 1W2I and
413B. Moreover, 4MJJ and 4JOX were removed because of missing publications associated to
PDB entries.

4PSF IN3Y 413B 2F3L 1W2I 4NBO 3APA 4|Gl

Figure 15: Eight selected scaffolds: 4PSF, 1N3Y, 4I13B, 2F3L, 1W2I, 4NBO, 3APA and 4IGlI. Protein structures
created with ChimeraX from PDB ID 4PSF [195], IN3Y [196], 413B [197], 2F3L [198], 1W2I [199], 4NBO
[200], 3APA [201], 41GI [202].
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2. Insilico identification of mutable patches on the surfaces of the scaffold candidates

The eight scaffolds (Figure 15) were analyzed to determine highly conserved residues,
structurally essential residues, and poorly conserved residues. Both highly conserved residues
and structurally essential residues, that are responsible for protein function and/or overall fold,
must be preserved. Poorly conserved residues, which can in principle be substituted without
overall structural change, would be targeted for constitution of the binding interface. The
arrangement of conserved residues in space is expected to generate a rigid core structure that
holded the poorly conserved region, which is more flexible and tolerant to residue
substitutions. To select the residues to be mutated for the generation of a novel binding
interface, we employed two strategies.

a. Multiple sequence alignment
Homologous sequences from different species were aligned to identify the percentage of
conservation at each amino acid position. Highly conserved residues (>90%) were ruled out.

b. Insilico saturation mutagenesis
Mutation scanning using the FoldX program was employed to evaluate the mutability of each
residue. For each scaffold, each residue was substituted by the other 20 standard residues and
calculated the corresponding free energy differences (AAG in kcal/mol) between WT and
mutants were calculated (kcal/mol). We subsequently calculated the mutability score of each
residue as the percentage of mutations satisfying AAG <0 (stability) or 0< AAG < 0.5 (slightly
destabilizing).

Residues fulfilling conservation values lower than 90% and FoldX mutability scores larger than
50% were considered mutable residues. These selected residues were mapped on 3D structure
to visualize whether they constitute mutable surface patches suitable for directed evolution.
Since highly diverse library increases the probability of selecting desired binders against the
target ligands and ribosome display can handle 10'3 to 10* variants, mutable surface patches
containing 10 to 12 mutable residues were selected. Three scaffold candidates 4PSF, 1N3Y, 4I3B
comprise of two mutable patches, while 2F3L, 1W2I consist of one mutable patch. Thus, both
sets were selected. Other three scaffolds do not contain any surface patch were excluded
(Figure 16).

4PSF IN3Y 413B 2F3L 1wW2i 4NBO 3APA 41Gl

&

Figure 16: Five selected scaffolds (4PSF, 1N3Y, 413B, 2F3L and 1W2I) and three unselected scaffolds (4NBO,
3APA and 4IGl). Protein structures created with ChimeraX from PDB ID 4PSF [195], IN3Y [196], 4I3B [197],
2F3L [198], 1W2I [199], 4NBO [200], 3APA [201], 4IGI [202].
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3. Characterization of the solubility and stability of scaffold candidates

We continued to check the solubility and purification simplicity of five scaffolds. Two constructs
bearing an N-terminal His-tag and a C-terminal His-tag were made for each scaffold. Protein
expression and solubility were done at four different temperatures (16 °C, 25 °C, 30 °C and 37
°C). Since 1W2I expression required a special bacteria strain, E. coli C43 (DE3), which were
designed for toxic proteins, 1W2Il was excluded. 4PSF, 1N3Y, 4I13B and 2F3L were highly soluble
at 16 'C as N-terminal His-tag constructs, while C-terminal His-tag construct largely eliminated
their expressibility. Moreover, while 4PSF, 1N3Y, 413B were highly pure after a two-step
purification, 2F3L showed a contaminant on SDS-PAGE. Hence, we carried on with only 4PSF,
1N3Y, and 4I3B (Figure 17). Next, oligomerization of purified proteins was measured by
dynamic light scattering (DLS), and the secondary structure and thermal stability were both
determined by circular dichroism (CD) spectroscopy. All three scaffolds (4PSF, 1N3Y, 413B) were
found mainly as monomers with the expected secondary structure content and high melting
temperatures of 75 °C, 57 °C, and 47 °C, respectively.

4PSF IN3Y 413B 2F3L 1W2i

Figure 17: Three selected scaffolds (4PSF, 1N3Y and 413B) and two unselected scaffolds (2F3L and 1W2I).
Protein structures created with ChimeraX from PDB ID 4PSF [195], IN3Y [196], 413B [197], 2F3L [198],
1wW2I[199].

a. Potential interfaces for degeneration
The six mutable surface patches of the three scaffolds were highlighted (Figure 18). We named
them based on the patch location near the N-terminus or C-terminus of the protein. 4PSF
PatchN, 4PSF PatchC, 1N3Y PatchN, 1N3Y PatchC, 413B PatchN and 413B PatchC consisted of 10,
10, 10, 11, 12 and 11 mutable residues, respectively.

4PSF 4PSF 1N3Y 1IN3Y 413B 413B
PatchN PatchC PatchN PatchC PatchN PatchC

SR A

Figure 18: Three selected scaffolds (4PSF, 1N3Y and 413B) with two mutable surface patches (PatchN and
PatchC) each (highlighted in red, cyan and pink respectively). Protein structures created by ChimeraX from
PDB ID 4PSF [195], IN3Y [196], 4I13B [197].
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4. Characterization of alanine mutants, solubility and thermostability

The tolerance to mutagenesis of the six scaffolds was validated by substituting all mutable
residues on the surface patches to alanine. The expression, solubility, oligomerization and
melting temperature of alanine mutants were measured in order to determine the “hit”
mutants that behaved similarly as the wild type.

The Ala 413B PatchN and Ala 1N3Y PatchC aggregated into inclusion bodies. Low (10%) solubility
compared to WT 4I3B was observed for Ala 4I13B PatchC. Three scaffolds (4PSF PatchN, 4PSF
PatchC, 1IN3Y PatchN) were selected (Figure 19) because they were as highly soluble as their
WT, being also monodisperse and with acceptable high melting temperatures.

APSF 4PSF IN3Y IN3Y 413B 413B
PatchN PatchC PatchN PatchC PatchN PatchC

> &y %

Figure 19: Three selected scaffolds (4PSF PatchN, 4PSF PatchC, 1N3Y PatchN) and three unselected
scaffolds (1IN3Y PatchN, 413B PatchN and 413B PatchN). Protein structures created with ChimeraX from
PDB ID 4PSF [195], IN3Y [196], 4I13B [197].

5. Decision of most satisfied scaffold and make combinatorial library

Sticking of protein on capillaries and sensor chips used in microscale thermophoresis (MST) and
surface plasmon resonance (SPR) is problematic. Therefore, we check whether 4PSF, 1N3Y and
their Ala mutants stick to these accessories. IN3Y and 1N3Y PatchN were suitable for MST
experiments but not for SPR. 4PSF, including its two mutants, were applicable for both MST and
SPR. Considering these data together with the highest thermal stability (67 °C), we eventually
decided 4PSF PatchC was our scaffold for directed evolution (Figure 20).

4PSF 4PSF IN3Y
PatchN PatchC PatchN

Rk
D/ k

Figure 20: 4PSF PatchC was eventually chosen as the final scaffold for directed evolution. Protein
structures created with ChimeraX from PDB ID 4PSF [195],and 1N3Y [196].
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This 4PSF PatchC scaffold was called initially Probi. However, we renamed 57aBi due to trade
mark of Probi. Ten mutable residues highlighted in red were randomized for DNA library
construction. These residues were E110, T114, R117, E118, D122, N125, Q127, N129, E131, and
R133 (numbering according to the 4PSF PDB entry).

QPGFCIKTNSSEGKVFINICHSPSIPPPADVTEEELLOMLEEDQAGFRIPMSLGEPHAELDAKGQGCTAYDVA
VNSDFYRRMQNSDFLRELVITIAREGLEDKYNLQLNPEWRMMKNRPFMGSISQQNIR.

The DNA library was synthesized by GENEWIZ company by the degenerate NNK codons
technology with estimation of 78 % library correctness, which was considered sufficient for
further work.

6. Ribosome display with human IL-10

Ribosome display vector

DNA Library
T T
T
NN NE NN NN EREE N + ©
J Digestion and ligation
Individual cloning screening into ribosome display vector
and protein characterization
- l PCR amplification
Digestion and ligation ;
into ribosome display vector %ﬁ%ﬁ;
Or into expression vector L L
l Transcription and translation in vitro

DNA fragment fW\/\/\@
T e
Fgﬁ- Ternary complex

Reverse transcription

and PCR amplification l Binding and Washing
mRNA mRNA
AAANN____RNA elution /\/\/\/\/@
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Interleukin with C-terminal tag

S Immobilized surface

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

In ribosome display, the ternary complex (mRNA, ribosome, and binder), which is made by cell-
free translation system, was incubated with surface-immobilized IL-10. After successful binding
events and removal of non-specific binders, the mRNA is eluted, reversely transcribed to cDNA,
and amplified via PCR technique. The DNA information of high affinity binders was then
analyzed or another round of selection for affinity maturation to reach the desired affinity is
added (Figure 21).

37



7. Characterization of IL-10 binders

After several rounds of ribosome display, the obtained binders, whose high affinity estimated
by ELISA, were produced and their affinity were measured by MST. In initial preselection
process, six variants bound unexpectedly background to BSA were acquired. Therefore, we
optimized preselection process. As the result, two binders, named F5 and G3, interacted with
IL-10 with high specificity and affinity, 6 nM and 208 nM, respectively (Figure 22). The melting
temperature of these two binders were lower than WT protein, but still in the range of practical
use. However, these binders were not able to inhibit signaling pathway of IL-10 and its
receptors IL-10R2, checked by a competitive binding assay and phosphorylated STAT3 (pSTAT3)
detection in WB.
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Figure 22: Determination of binding affinities (reported as dissociation constants, Kd) between evolved
57aBi binders and IL-10 by MSTs. Source: [7].
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8. Binder crystallization

Six binder proteins arising from initial preselection process (in uM affinity range) were
crystallized. Four crystals of six variants diffracted at a low resolution ranging from 6 to 8 A. One
binder formed crystal with high resolution 1.2 A structure, deposited under the PDB entry ID
7AVC [7] and solved by the molecular replacement method using original 4PSF structure. The
crystal structure of another binder at lower resolution (2.73 A) was deposited under the PDB
entry ulD 8BDU [8] and solved by diffraction anisotropy and paired refinement method. In
comparison, the overall structures of three proteins, one WT and two binders, are highly similar
(Figure 23). This confirms that the fold of 5aBi scaffold is stable.

Superposition Qf_4PSF, 8BDU and 7AVC 4PSF (WT)

7AVC (J61)

Figure 23: Comparison of protein structures between wild-type and two evolved binders. The superposition
and individual 3D structures of three proteins demonstrates the stability of the fold: WT (violet), H33
(vellow) and J61 (blue) variant with PDB ID 4PSF [195], 8BDU [8] and 7AVC [7], respectively. Mutated
residues are highlighted in red. Figure created with ChimeraX from the mentioned PDB IDs.

From the results collected through all steps of workflow, we confirmed that the randomization
on 57aBi did not significantly affect the overall structure. Therefore, 57aBi is applicable for
directed evolution by ribosome display.
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B. Solving 3D protein structure of interferon gamma receptor 2

Mikulecky, P., J. Zahradnik, P. Kolenko, J. Cerny, T. Charnavets, L. Kolarova, I. Necasova, P. N.
Pham and B. Schneider (2016). "Crystal structure of human interferon-gamma receptor 2
reveals the structural basis for receptor specificity." Acta Crystallogr D Struct Biol 72(Pt 9):
1017-1025.

My contribution: assistance in protein crystallization and structure determination.

Summary

IFN-y functions through binding to its cognate receptor, IFN-yR2. Therefore, IFN-yR2 plays
important immune regulatory roles in innate and adaptive immunity against viral, bacterial and
protozoal infections. The interaction between IFN-y and IFN-yR2 leads to activation of
downstream signaling pathway but the structural basis of such interaction is elusive. A three-
dimensional (3D) structure of IFN-yR2, which has not been solved yet, would help to
understand the signaling mechanism at the molecular level. There are three parts including:

e Biophysical characterization of the extracellular domain of human IFN-yR2
e Structure determination of IFN-yR2 by X-ray crystallography.
e Comparison of IFN-yR2 to other cytokine receptors to find binding specificity.

1. Biophysical characterization of the extracellular domain of human interferon gamma
receptor 2

N-linked glycosylation is critical for IFN-yR2 production through stabilization of the protein fold
and facilitation of the transport to and/or across the cellular membrane. Five of the six
predicted glycosylation sites of IFN-yR2 were confirmed by mass spectrometry and X-ray
crystallography. There were no significant differences in melting temperature between the
glycosylated and deglycosylated IFN-yR2 proteins from CD spectroscopy and thermal shift
assays. The secondary structure of the two proteins was highly similar. Moreover, removal of
these glycosylation sites abolished protein expression.

Disulfide bonds are not critical for the stability of IFN-yR2 fold. There are two S-S bonds
identified by mass spectrometry. The melting temperature of glycosylated and deglycosylated
forms of IFN-yR2 treated with reducing agents is similar (~1 'C difference).

2. Structural features of interferon gamma receptor 2

The structure of IFN-yR2 (UniProt entry P38484) was solved at 1.8 A resolution (PDB ID 5EH1
[14]). It comprises an N-terminal D1 domain, composed of three B-strands stacked on a layer of
four B-strands, and a C-terminal D2 domain, created by four B-strands arranged against four
other B-strands, are connected by a short linker. The overall structure belongs to the
immunoglobulin fold with fibronectin type Ill topology (Figure 24).
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In further analysis, D1 domain contains a distinct structural motif of six stacked residues (Lys68,
Trp74, Argl14, Trp126, Argl16 and His123) that contributes significantly to the overall stability
of the whole domain (Figure 24a). The important role of tryptophan residues in stabilizing the
fibronectin fold by stitching together two B-strands is supported by charged residues, especially
arginine, in D1.

The structure reveals two sugar moieties attached to Asn110 and Asn137 (N-linked
glycosylation), which sandwich the hydrophobic sidechain of Trp131 avoiding its exposure to
the solvent (Figure 24b).

A unique structural feature of IFN-yR2 is the specific positioning of an aromatic residue
(Phe109) in the recognition epitope (Figure 24c).

/

| @

N7,

|
|

Figure 24: Structural characterization of IFN-yR2 showing its two domains (D), D1 and D2 (PDB ID 5EH1
[14]) Source: [197].

(a) Residues K68, W74, R114, W126, R116 and H123 (in orange) of the D1 domain form a stacking motif
on the IFN-yR2 surface.

(b) Two N-Acetyl-d-glucosamine (NAG, in blue) sugars, bound to N110 and N137, sandwich W131 (in
orange), thus decreasing its hydrophobicity.

(c) Superposition of the aromatic binding epitope between IFN-yR2 (F109 in green) and other cytokine
receptors (in orange, red) including IL-10R2 (Y82 PDB ID 3LQM [193]), gp130 (F169 PDB ID 1BQU [194) and

IL-2R2 (Y103 PDB ID 4GS7 [195]). There is no corresponding aromatic residue in IL-20R2 (PDB ID 4DOH
[196)].
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3. Structure and sequence alignments revealed important features of cytokine receptors.

Structure-based bioinformatics analysis in combination with multiple sequence alignment
helped to determine the putative binding sites of IFN-yR2 to IFN-y and IFN-yR1 (Figure 25).

PDB code 1fg9 Seh1 1j7v 3lgm 4doh 4doh 3dig 3g%v 30g6 3sed 3sed 2pug
Chain ID C A R A 3 B R A B A ¢ T
Receptor | IFNyR1 ~ IFNyR2  IL10RT  ILT0R2  IL20R1  IL20R2  IL22R  1L22BP  IL28R  IFNaR1 IFNaR2  TF
IFNyR1 082 087
FNyR2 127 079 093
IL10R1 1.22 1.12 1.07
IL10R2 1.00 1.14 1.05
IL20R1 0.93 132 089
IL20R2 1.32 1.23
IL22R 1.20 1.09
IL22BP 132 094 120 118 [ 117 093 102 e 111
IL28R 1.21 116 134 129
IFNaR1 1.16 096 131 133
IFNgR2 135 [ 0
TF 138 116 123 126 [ 104

Figure 25: Structural differences between D1 and D2 domains of 12 class 2 cytokine receptors quantified
by their RMSD values. RMSD values smaller and larger than the average are colored in blue and red,
respectively. Source: [14].

The residues of IFN-yR2 highlighted in red had highly variable positions and were assumed to
constitute the binding interface for IFN-y and IFN-yR1 (mapped on the structures in Figure 26a).
Moreover, sequence alignment of IFN-yR2 from distinct species revealed that he highest
sequence variability occurs at positions coinciding with these structurally variable regions
(Figure 26b).
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Figure 26: Structure and sequence alignments of IFN-yR2 (PDB ID 5EH1). Source: [14].

(a) Structural alignment of D1-D2 domains from nine IFN-yR2 variants. Two regions in D1 (red and yellow)
and one region in D2 (green) are highly variable.

(b) Sequence alignment of IFN-yR2 from 90 species with the sequentially most variable regions (cyan) and
conserved regions (purple) illustrated on the surface of the IFN-yR2 structure.
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C. Modulation of the interaction between interleukin-24 and interleukin-20 receptor 2 by
photoxenoprotein engineering

Pham, P. N., J. Zahradnik, L. Kolarova, B. Schneider and G. Fuertes (2023). "Regulation of IL-
24/IL-20R2 complex formation using photocaged tyrosines and UV light." Front Mol Biosci 10:
1214235.

My contribution: photoxenoprotein design, cloning, expression and purification of parental IL,
receptor and their ncAA variants, MST affinity measurement, cell signaling performance and
protein detection by western blot.

Summary

Human IL-24 had been used as anti-tumor cytokine in Phase I/Il clinical studies using virus-
mediated gene delivery [99] and other delivery strategies [98, 103-105]. Tumor inhibition can
be achieved either by overexpressing IL-24 inside the tumor or by overexpressing secreted IL-24
from distant cells based on the “bystander” activity. According to the latter effect, secreted IL-
24 can “travel” and bind its receptors on the surface of tumor cells to trigger the Tyk2/Jak1
signaling pathway, leading to downstream activation of the transcription factor STAT3 via
phosphorylation [86, 101]. Besides tumor treatment, IL-24 is also suggested as a therapeutic
target for TB and IBD patients [109, 110].

Since many physiological and pathophysiological roles of IL-24 critically depend on its binding to
cognate receptors, we believe that controlling such interaction between IL-24 and the shared
receptor IL-20R2 could be beneficial for basic and applied research. Using light to switch
ON/OFF cytokine-receptor interaction provides a high temporal and spatial resolution.
Photoxenoprotein engineering, where “hot spot” residues on the target protein are replaced
with light-responsive ncAAs such as NBY via GCE technology, is an approach commonly used for
the temporal blockage of protein activity [205, 206]. NBY contains the “bulky” photocage
nitrobenzyl, which is aimed at blocking the binding interface, and the tyrosine moiety. Upon
illumination, the tyrosine-photocage bond is cleaved, leaving the canonical tyrosine on the
protein and thus restoring binding. NBY has been applied successfully to block/unblock antigen-
antibody interactions [207-212] but to the best of my knowledge has not been used to
photocontrol non-antibody-based protein interactions yet.

We hereby demonstrated proof-of-concept for employing NBY and UV light to control the
association between IL-24 and 1L20-R2 (Figure 27). The presence of NBY on tyrosine 70 of IL-
20R2, which is part of the binding interface with IL-24, successfully blocked the interaction. This
was followed by its decaging, i.e. “cage” removal, upon illumination recovers the interaction.
Existence of the ON/OFF binding was assessed by affinity measurements, from MST and yeast
surface display, and cell signaling assays detecting phosphorylated STAT3.
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Figure 27: The combination of photocaged non-canonical amino acids, ortho-nitrobenzyl-tyrosine (NBY)
residue, and UV light to control the interaction between IL-24 and IL-20R2. (A) In the absence of
illumination, the presence of the cage at the interface blocks the association between the two partners. (B)
After UV illumination, the cage is excised, the native tyrosine is generated, and the IL-24/IL-20R2 complex
can be formed. Source [10].

1. Photoxenoprotein design

In order to achieve soluble expression in E. coli, we employed the PROSS algorithm to optimize
the sequences of human IL-24 [9] and IL-20R2. The mutated IL-24 (renamed as IL-24B4) and IL-
20R2 (renamed as IL-20R2D) sequences consisted of 29 and 23 mutations relative to their wild-
type counterparts, respectively. According to the crystal structure of the ternary complex (IL-
24/IL-20R2/IL-22R1) (PDB ID 6DF3) [79], these mutations were not located on the binding
interface between IL-24 and IL-20R2.

Tyrosine is frequently found in the “hot spots” (regions of the amino acid residues on the PPIs
interface that contribute to the binding-free energy) of binding interfaces [213]. We identified
three tyrosine candidates at the interface of IL.-24 and IL-20R2: two in IL-20R2 (Y70 and Y74)
and one in IL-24 (Y204) (Figure 28A). The phenolic hydroxyl group of Y70 makes a hydrogen
bond with the e-amino group of lysine 135 in IL-24 (Figure 28B). The sidechain OH of Y74 is H-
bonded to the backbone CO group of leucine 117 in IL-24 (Figure 28C). Y204 makes Van der
Waals interactions with lysine 210 of IL-20R2 (Figure 28D). From these analyses, we prepared
four constructs: three single mutants: [L-20R2D Y70NBY, IL-20R2D Y74NBY, and IL-24B4
Y204NBY; and one double mutant IL-20R2D Y70NBY/Y74NBY.
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Figure 28. Selection of target residue positions for the installation of photocaged tyrosines. Source [204].

(A) Structure of the complex between IL-24 (blue) and IL-20R2 (red). The three target tyrosines (Y70 of IL-
20R2, Y74 of IL-20R2 and Y204 of IL-24) participating in interleukin/receptor interactions are indicated in
green.

(B) Interaction between Y70 (IL-20R2) and K135 (IL-24) via H-bonding.

(C) Interaction between Y74 (IL-20R2) and L117 (IL-24 via H-bonding.

(D) Interaction between Y204 (IL-24) and K210 (IL-20R2) via Van der Waals contacts.
Figure created with Visual Molecular Dynamics software from PDB ID 6DF3 [79].

2. Genetic code expansion for photoxenoprotein production

In order to obtain IL-24 and IL-20R2 photoxenoproteins, NBY photocaged ncAA and the evolved
orthogonal tyrosyl-tRNA-synthetase (MjTyrRS*) and amber suppressor tRNA (tRNAcua) pair
were employed in E. coli cells. Since the incorporation of NBY into cytokine and receptor is
based on amber suppression, tyrosine codons at residue positions 70, 74 and 204 were
replaced by TAG codons. The plasmids encoding for either IL-24B4 or IL-20R2D were co-
transformed with plasmids encoding both aminoacyl-tRNA synthetase (aaRS) and tRNAcua.
Bacterial media were supplemented with NBY.

3. Purification and characterization of photoxenoproteins

Because of the competition betwen tRNAcua and release factors, full-length proteins are mixed
with truncated ones. Therefore, Strep tag was placed at the C-terminal end for protein
purification to fish out the full-length proteins only. Size-exclusive chromatography was used to
increase purity and to eliminate biotin from the affinity chromatography step. Six proteins
including two parental IL-24B4, IL- 20R2D and four mutants IL-20R2D Y70NBY, IL-20R2D
Y74NBY, IL-24B4 Y204NBY, IL- 20R2D Y70NBY/Y74NBY and IL- 20R2D Y70NBY/Y74NBY were
obtained in high purity as seen by well-defined single bands on SDS-PAGE. Mass spectrometry
was used to confirm the presence of NBY in the mutants. The secondary structures of these
mutants, characterized by circular dichroism (CD) spectroscopy, revealed that while 1L-24B4
variants are mostly a-helical, IL-20R2D variants are richer in antiparallel B-sheets, in line with
their crystal structures. Differential scanning fluorimetry indicated that IL-24 variants were
more stable than IL-20R2D variants, with melting temperatures of ~60°C vs. ~40°C, respectively.
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4, Decaging efficiency upon UV irradiation

Decaging by UV irradiation is expected to release the nitrobenzyl moiety, i.e. the photocaged
part, of NBY to both regenerate the canonical protein and restore binding. Six proteins in buffer
solution, two parental and four mutants, were submitted to UV irradiation and their decaging
efficiencies were assessed by mass spectrometry. The decaged mutant mass should be identical
to the parental protein and lower than that of the non-decaged mutant mass by 135 Da
(corresponding to the mass of the nitrobenzyl moiety) in the single-mutant case (270 Da in
double-mutant case). MS data showed that all NBY-containing mutants were efficiently
photolyzed by UV light, thereby regenerating the native tyrosine residue present at that
position.

5. Monitoring photocontrol by affinity measurement in solution
a. Affinity measurement by MST

MST measurements, which are based on temperature-induced changes in fluorescence
intensity, were done by using fluorescently labeled receptor IL-20R2 variants at a fixed
concentration and mixing with varying concentrations of non-labeled parental IL-24B4. IL-24B4
Y204NBY was excluded because of insufficient protein yields. Two mutants, IL-20R2D Y74NBY
and IL- 20R2D Y70NBY/Y74NBY, bind to IL-24B4 with similar affinities (approximately 500 nM) in
comparison to parental IL-20R2D (Table 4). Only the IL-20R2D Y70NBY variant showed low
binding affinity (approximately 100 uM) to its cytokine in the dark (Figure 29A, Table 4). From
the MST result, IL- 20R2D (-/+ UV) showed differential binding to affinities to IL-24B4 (Figure
29A, Table 4). This probably meant a side effect of UV on proteins. The binding affinities of IL-
20R2D (+UV) and IL-20R2D Y70NBY (+UV) were similar (within 5%) suggesting that UV-light
restores native-like binding affinities (Figure 29A, Table 4). We concluded that IL-20R2D
Y70NBY was so far the most promising candidate for photocontrolling cytokine-receptor
interactions in solution. We continued to confirm the behavior of IL-20R2D Y70NBY by another
method, yeast surface display.
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Method MST Yeast Cell
display signaling
{(pSTAT3)
Partner 1 Partner 2 Ka {(nM) Ka {(nM) ECso (nM)
1L-2484 1L-20R2D 630+1400.3 5.0:0.610.3 0.28+0.07
1L-24B4 Y204NBY IL-20R2D N.P. N.D. 0.9+0.5
1L-24B4 Y204NBY + UV 1IL-20R2D N.P. N.D. 0.76+0.24
IL-24B4 IL-20R2D + UV 37004400 9.641.6 N.P.
1L-24B4 IL-20R2D Y70NBY >94000 >3400.3 N.P.
IL-24B4 IL-20R2D Y70NBY + UV 33001600 7.620.4 N.P.
11-24B4 I1-20R2D Y74ANBY 430+0,30 N.D.H).3 N.P.
1-2484 11-20R2D Y70NBY/Y74NBY 570+60 N.D N.P.

Table 4: Dissociation constant (Ka) values (measured from MST and yeast display assays with purified

proteins in solution)) and half-maximum effective concentrations (ECso) values (measured from pSTAT3

production in cell signaling assays) of IL-24B4 and IL-20R2D variants. Source [10].
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Figure 29. Quantification of binding affinities by two different methods: MST and yeast surface display.
Solid lines in panels (A) and (B) are fits to retrieve the dissociation constants (Ka) values shown in Table 4.
Source: [10].

(A) MST experiments.

(B) VYeast surface display experiments.

Affinity measurement by yeast surface display

In yeast surface display, the set-up is opposite to MST. The yeast, which expressed IL-24B4
(fixed concentration) fused to a fluorescent protein on its surface, was incubated with different
concentrations of fluorescently labeled receptors IL- 20R2D (-/+UV) and IL-20R2D Y70NBY (-
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/+UV). Binding events were detected by fluorescence from each binding partner and then
analyzed by flow cytometry.

In agreement with MST results, yeast display showed low levels of complex formation between
IL-20R2D Y70NBY and IL-24B4 in the absence or UV illumination. High binding affinities, similar
to the parental IL-20R2D, were observed upon UV irradiation and subsequent decaging (Figure
29B). We noticed that the binding affinities estimated by MST in diluted protein solution were
lower (approximately 100-fold) than those determined by yeast display in crowded membrane
environment (Figure 29, Table 4), most likely due to avidity (multiple interaction events)
effects. In summary, from both methods, we concluded that IL-20R2D Y70NBY is a potential
photoxenoprotein to control the interaction with IL-24 by UV light in solution.

6. Monitoring photocontrol by detection of activated signaling pathway

The effect of the presence/absence of interaction between IL-24 and IL-20R2 can be proved via
the presence/absence of phosphorylated STAT3 (pSTAT3), respectively (Figure 30), which is a
well-known marker for intracellular signaling dependent on IL-24 and other cytokines. The
parental IL-24B4 with/without UV decaging (-/+ UV) and the IL-24B4 Y204NBY (-/+ UV) were
added to the culture medium of Hela cells for 30 minutes to trigger signaling, then cells were
harvested and proteins were extracted. Next, pSTAT3 was detected by anti-pSTAT3 mAbs via
SDS-PAGE and Western Blot (WB). Since the limited expression levels of endogenous receptors
IL-20R2 and IL-22R1 in Hela cells leads to a weak signal of pSTAT3, transient transfection with
plasmids encoding the receptors is necessary to achieve amounts of pSTAT3 that can be
qguantified accurately.

In negative control experiments with transfected cells alone, little pSTAT3 was present in cells
(background). Two different concentrations of IL-24 variants were added to saturate the
pSTAT3 amount and detection. pSTAT3 was detected as a thick band in response to the addition
of parental IL-24B4 (-/+ UV), showing that this engineered IL-24 version was able to activate the
JAK/STAT signaling pathway and that UV illumination did not significantly affect IL-24 function.
pSTAT3 levels in response to IL-24B4 Y204NBY were somewhat higher in the presence than in
the absence of UV illumination. It meant this ncAA mutant blocks to some extent the binding to
its receptor, and photocage removal partially restored the interaction. The differential response
to UV excitation was small, but it was initial evidence to show that IL-24B4 Y204NBY could be a
promising candidate to photocontrol protein interactions in a cellular environment.

We have not tested IL-20R2D Y70NBY in cell signaling assays due to the background levels of
pSTAT3 production upon IL-20R2D addition. However, these experiments might be optimized in
the future.
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Figure 30: Signaling assays in Hela cells expressing IL-20R2 and IL-22R1. Source [204].
(A) Production of phosphorylated STAT3, detected by antibodies anti-pSTAT3, upon addition of two
interleukin-24 variants (before/after UV decagin at A = 365 nm, for 5 min, at 100 mW).

(B) Quantification of pSTAT3 production by Western blot (normalized by tubulin) as a function of the
added interleukin-24 variants (before/after UV decaging) and concentrations. The bars indicate the mean
and standard deviation of two independent experiments.

50



V. DISCUSSION
A. Development of 57aBi scaffold and evolution of 57aBi-based binders.

An intriguing and so far unexploited feature of our main scaffold, so-called 57aBi, is that it
contains two mutable interfaces, N- and C-terminal, that may evolved to interact
simultaneously with two different partners. These double binders could mimic the interaction
mechanism of natural cytokines, which is based on the formation of a ternary complex with two
receptors [11]. Furthermore, this approach would lead to the creation of bispecific binders,
which has been achieved to some extent with antibodies [214] but are typically challenging to
design [215]. Moreover, 57aBi-derived bispecific binders could work as “synthekines” that bind
to non-natural receptor hetero-dimers to activate new unexplored cellular responses [216].

Our second developed scaffold, the 1N3Y PatchN, designed from protein alpha-X beta2 integrin
| domain [196], could also be employed for binder development in the near future [16].

Protein structures that failed our stringent selection process, for instance 413B and 1N3Y PatchC
lacked expression of Ala variants, could still be reconsidered as scaffolds. We noticed they
contain 11 and 12 mutable residues, respectively, compared to 10 residues in the case of 4PSF
and 1N3Y PatchN. By reducing the number of mutable residues, these proteins might pass the
selection criteria and become novel scaffolds.

Ribosome display technology was prioritized due to the high complexity of scaffold library.
However, other display technologies could also be included in our pipeline. Specifically, the
yeast display technology, which provides certain advantages such as high-throughput detection
by fluorescence-activated cell sorting (FACS), may be utilized for binder selection, affinity
maturation and improvement of specific features [217].

Even though we do not expect 57aBi-derived binders to be immunogenic, since the scaffold
originates from a human protein [195], the immunogenicity of binders has to be checked on a
case-by-case basis for use in medical purposes. If binders would turn immunogenic and hence
unsuitable for therapeutical applications, they could still be used for molecular imaging.

Binders G3 and F5 did not showed inhibitory ability by sequestering IL-10 and preventing
activation of the signaling pathway. In order to identify truly inhibitory binders, there are
several approaches that could be employed such as testing other binders, using different cell
types (THP-1 or U937), or trying different signaling assays besides pSTAT3 detection.

The cross-reactivity of IL-10 binders to other cytokines and other unrelated proteins will be
checked.
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B. The structure of interferon gamma receptor 2.

Our structure of isolated IFN-yR2 promotes the exploration of structure of the full ternary
complex, thus rendering a better understanding of the functioning of this immunity cascade.
Indeed, the crystal structure of the ternary signaling complex (PDB ID 6E3K [128]) was
eventually solved by molecular replacement using our deposited model (PDB ID 5EH1) [128].
The structural superposition of this IFN-yR2 in the ternary complex and our IFN-yR2 shows high
similarity (Figure 31).

Figure 31: Overlaid cartoons of IFN-y ternary complex (IFN-y in orange, IFN-yR1 in blue and IFN-yR2 in
pink, coordinates taken from [128]) and our IFN-yR2 in green (coordinates taken from [14]). The structure
reveals that IFN-yR2 makes extensive contacts with both the IFN-y dimer and with IFN-yR1. Figure created
with ChimeraX from PDB ID 6E3K (ternary complex) and 5EH1 (free IFN-yR2).

Interestingly, a novel splice site mutation in patients with primary immunodeficiency has been
found recently [218]. The mutation caused deletion of three amino acids in one of the variable
loops of IFN-yR2 that we predicted to control the binding specificity for IFN-y.

52



C. Modulation of the interaction between interleukin-24 and interleukin-20 receptor 2 by light.

NcAA incorporation by GCE may cause a decrease of protein yield [219]. Therefore, it is
important that the parental proteins can be produced in decent amounts. The bioinformatics-
designed IL-24B4 and IL-20R2D, containing a large number of mutations compared to the WT,
are suitable as parental proteins for this ncAA photoxenoprotein engineering study because
they can be produced in E. coli in sufficient quantity and quality.

The IL-20R2D Y70NBY, one of all four produced variants, was a “hit” in the sense that it was
able to modulate cytokine/receptor interactions as examined by MST and yeast surface display.
IL-20R2D Y70NBY showed low affinity for IL-24B4 in the dark, and regained native-like (nM)
affinity after UV light activation. This result agreed with several antibody studies using antibody
fragments, scFv, nanobodies and intrabodies, which showed that a single NBY residue at a
critical position is sufficient to diminish antigen-antibody interactions, while binding is restored
upon light exposure [207-210].

The parental IL-24B4 and caged/decaged IL-24B4 Y204 variants showed minimal albeit
reproducible differences in cell signaling assays. The apparent higher efficiency of Y70 in
blocking heterocomplex assembly compared to Y204 might be due to its location at the core of
the interface [79].

While the IL-20RD2 Y70NBY clearly reduced the binding affinity for IL-24B4, the IL-20R2D
Y74NBY and the double mutant IL-20R2D Y70NBY/Y74NBY did not significantly alter PPI. This
puzzling result is in agreement with the non-additive effect of mutations on protein activity,
known as epistasis [220, 221].

Instead of using a soluble version of IL-20R2D, one could directly express the full-length
receptor containing NBY on the surface of Hela cells. This can be done by employing a NBY-
specific orthogonal translation system derived from Methanosarcina barkeri in future studies
[181]. Alternatively, a competition cell-based assay could be performed in which the soluble
photocaged receptor would interfere the binding of the cytokine to the cell-surface receptor.
However, in the negative control having soluble IL-20R2D without cytokine, cellular pSTAT3 was
unexpectedly detected. This problem can be circumvented by using universal reporter cell lines
and/or reporter assays based on gene expression [222, 223] instead of pSTAT3 detection by
WB.

Moreover, photocaged ncAA permit a one-time activation of PPI, which may not always be
desirable. For instance, sustained cytokine-dependent JAK/STAT may drive excessive
transcription of genes involved in inflammation, angiogenesis and survival [224]. Alternatively,
photoswitchable ncAA [172, 225, 226] may enable bidirectional photocontol of cytokine-
receptor interactions for more demanding applications where reversibility is essential.
Photoswitchable cytokines could be activated with light of a given wavelength (triggering
complex formation with the paired receptor and subsequent phosphorylation of STAT3), and
deactivated with light of another color that would switch off the JAK/STAT cascade.
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V. CONCLUSIONS

The conclusions of the present Ph.D. thesis can be summarized as follows:

(1). Specificity of PPI

A. Selection and evolution of novel scaffolds specific for IL-10.

B.

A systematic procedure based on three pillars (bioinformatics analysis of protein
structures deposited on PDB, theoretical predictions and experimental examinations)
was developed to eventually select two novel protein scaffolds: the human PIH1
domain-containing protein 1 (PDB ID 4PSF [195]), and the alpha-X beta2 integrin |
domain (PDB ID 1N3Y [196]).

One of the two mutable interfaces of 4PSF, designated as 57aBi, was trained through
ribosome display to bind specifically to the medically important human IL-10 with
nanomolar affinity.

The crystal structure of the human IFN-yR2 reveals the structural basis for receptor
specificity.

According to structure and sequence alignments of related receptors, three structurally
highly variable regions most likely bring about binding specificity for IFN-y.

(11). Modulation of PPI

C.

Modulation of the interaction between the IL-24 and IL-20R2 by photoxenoprotein
engineering.

A photocaged tyrosine residue (NBY) introduced by GCE at a critical residue position in
IL-20R2, Y70, diminished the formation of IL-24/IL-20R2 complex in solution. Upon UV
illumination, the hetero-complex was assembled with nanomolar affinity.

A photocaged tyrosine residue (NBY) introduced by GCE at a critical residue position in
IL-24, Y204, disrupted to a certain extent the JAK/STAT signaling pathway in cells that
could be partially reactivated upon UV illumination.
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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
itas 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 IL-10 receptor 1 [33] 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 = blosumé2, Filtering = None, Gapped =
ves, 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” Fold X 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 = 0. 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—4PSE, IN3Y, 413B, IW2I, 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 pelymerase 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-4PSE-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-4PSF-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 S1). 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 Q8IU54) were ordered in the form of a
DNA string with codons optimized for expression in Drosopltila 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-IL29¢d.
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(b) Expression and purification of recombinant proteins. The recombinant protein
scaffold candidates were produced in E. cofi BL21(DE3) strain. In addition, the expression
of 1W3I 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 (5000x 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 (40,000x 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, pI 8.0,
150 mM NaCl, 1 mM EDTA, 50 mM biotin).

The constructs pMTH-IL10cd and pMTH-IL29cd for expression of recombinant IL-10
and IL-29, respectively, in insect S2 cells were produced and purified similarly as IEINgR2 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 [L-29 proteins were secreted into the medium and stored at —80 °C.

All proteins were further purified to homogeneity by size exclusion chromatography
at 16 °C using Superdex 75 10/300 Increase, Superdex 200 10/300 Increase, or Superdex
75 16 /600 column (GE Healthcare, Chicago, IL, USA). The column was equilibrated 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 dodecyl 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/mL. The individual spectra were measured in a 0.01 cm path-length 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 technelogy 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 a rate 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
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thermophoresis (M5T) 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 Defermination

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/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 REFMAC5S
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 52.

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 c-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% DMSQO) with primers T7b and TolAk (Table
51y using Q5 polymerase (New England Biolabs, Ipswich, MA, USA) with an annealing
temperature of 66 °C. As a 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 IL, scaffold library, C-terminal c-Myec-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.H8) by
Invitrogen) diluted to a final concentration of 25 pug/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/mL), and the 4PSF wild type protein (4PSE-WT,
25 ug/mL). The reaction was incubated for 1 hat 4 °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),
1L-29 (25 ug/mlL), and 4PSF-WT (25 nug/mL). The reaction was incubated for 1 hat 4 °C.

() Selection process. The preselected MRP complex was transferred into the Selection
well that contained IL-10 (25 pg/mL) 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 to 7.5) containing S.
cerevisiae RNA (1 mg/mL) and heparin (200 mg/mL) to release the mRINA. 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%
DMSQO) 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 Necol
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.HS) 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 ug/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 IL-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
(HRP)-conjugated antibody against the C-terminal c-Myc-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 ng/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 ug 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 Millipore, Burlington, 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 MO.Affinity 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 sifico 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.

(vi) Construction of the final ProBi scaffold.

(II) 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 Nevel 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. Qur 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 2WA4P [48] and 4LKT [49] because of
structural similarities with other selected non-human candidates, 1W2I [50] and 4I3B [51],
respectively. Furthermore, we eliminated 4M]] and 4JOX 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 kcal /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 P20702 mﬁggﬁ( dboertfjm Homo sapiens 22 198 0 [52]
Fluorescent Anouilln
413B PODM59  protein UnaG wild g 15 139 0 [51]
type japonica
Lumenal c the
2F3L BIWVN5 Rfr-domain e T 20 184 2 [53]
protein
Pyrococcus
Wzl P34142 Acylphosphatase horikoshii 10 91 0 [50]
Steroid receptor
RNA activator
4NBO Q9HD15 protein Homo sapiens 13 111 2 [54]
carboxy-terminal
domain
Human pancreatic
3APA 060844 secretory protein  Homo sapiens 16 141 0 [55]
ZGlép
acl  popwos  “ONEBERVIAPRD e scutus 2 203 0 [56]
Human
2WAP PO7311 as;f;‘g;z;}ggie Homeo sapiens 1 99 0 [48]
variant, A9G
Human Epidermal
4LKT Q01469  Fatty Acid Binding ~ Homo sapiens 15 138 6 [49]
Protein (FABP5)
C2A domain of . To be
4M]] Q14183 DOC2A Home sapiens 15 138 5 published
. Bacillus To be
4JOX Q939T0 Cry34Abl protein Hiuringiensis 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—4NBQ [54],
3APA [55], and 4IGI [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], IN3Y [52],
and 4133 [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—4PSI' [42], IN3Y [52],
413B [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 Ilis-tag and second with C-terminal Iis-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 4P5SF, IN3Y, and 4131 proteins with
the C-terminal Ilis-tag. In the case of 1W2I, the proteins were not expressed in E. cofi
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 1TW2I protein.

(b) Protein purification. We continued with the purification of the remaining four
proteins—4PSF, 1N3Y, 413B, and 2F3L, all of them as variants with the N-terminal His-tag.
We performed a two-step purification pracedure, first on Ni-NTA agarose beads and second
by size exclusion chromatography. We isolated the 4PST, IN3Y, and 4138 proteins at very
high purity, but the 2I'3L 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 4PSF, IN3Y, and 413B proteins were monodisperse and
monomeric based on the intensity-based particle 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, 4PSF, IN3Y, 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 4P5I" and 1N3Y the combination of alpha-helices and beta-sheets, in
casc of 4135 mainly of beta-sheets, agreeing qualitatively with the features of the respective
crystal structures.
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(A) SDS-PAGE analysis . (B) Dynamic light scattering (DLS)
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Figure 2. (A) Sedium 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 ITis-tags after size exclusion
chromatography. The 4PSE IN3Y, and 413B proteins were isolated to high-purity as monomeric proteins. On the contrary,
2F31. showed minor contaminations around 45 kDa on SDS-PAGE gel and DILS measurement confirmed the presence of

bigger particles.
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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 4PST
(red) and 1IN3Y (blue) showed a combination of alpha-helices and beta-sheets, whereas the 4I13B
(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 4PSI, IN3Y, and 4135 were 75 °C, 57 °C, and 47 °C, respectively.

3.1.4. Testing the Stability of the Potential Scaffolds

Before starting a directed molecular evelution 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 hydrephobic surface patch of alanines.

Each of three small protein scaffold candidates, 4PSF, IN3Y, and 4I3B, 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 4I3B candidate because its allAla mutants
did not express well or were only poorly soluble. The 1N3Y-allAla mutants were both
expressed, but only the PatchN was soluble. The best results were achieved for 4PSF
because both its allAla-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 E . Solubilit T
Candidate Variant Residues xpression olubiiity m
4PSE-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
1IN3Y-allAla-PatchC 11 Yes Not soluble N/A
4I3B-WT 0 Yes Good 47 °C
413B-allAla-PatchN 12 No No . N/A
expression
413B-allAla-PatchC 11 Yes Poor N/A

Next, we performed control measurements to check for non-specific binding of the
1IN3Y and 4PSF scaffold candidates and their allAla mutants. We measured their binding
to the capillaries used for microscale thermophoresis (MST) and to sensor chips for surface
plasmon resonance (SPR) (Figure 52). We determined that the IN3Y-WT and IN3Y-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 cbserved no such effects with any of the
4PSFE 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 yield, 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,
J61,]70, and J93). 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 Ce 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 [L-10 was only in the micromolar range we continued in the effort to
develop higher affinity binders.

- Position

-g (=} = i o Lag] = e o0 L= = - o oy =t uy =T (=2} = ™ ol [32] =

== = e (e e e (e i e i [ S R [ B B P S B R S e B P e
WT R EL YV I TTIAREGTLTEDZE KYNTLOGCLDNZPTEWTEREM
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B4 RRLVIURKRTIARTU GLTELIE KYS5LNTLWTPZPWSSM
C4 R vLVvVILTIALTLUGTLTEVIEKYZ RTLALOGQ?PVWYM
Ci1 RLLVIULTIAIVVGLTEWEKYZPTLUZPTLVPLWEM
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Go RGLVITFIAVGGLTESI KYT LT LT DTLETPTLWHM

Figure 4. The atnino acid sequences of the wild-type (WT) 4PSF protein scaffold and ifs selected variants with the highest
affinity to interleukin-10 and the lowest affinity fo intetleukin22, bovine serun albumin (BSA), and skimimed tnilk. The
vellow color represents amino acids of 4PSF-WT protein that were mufated (in green) in scaffold variants. The residue
numbeting cotresponds to the PDB entry 4P5E.

3.1.6. Construction of the Final ProBi Scatfold

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 simplity purification; (ii) the 4PSF scaffold segment; (iii} the C-terminal c-
Mye-tag. It was added to detect variants expressed properly to the c-Myc tag and exclude
fragments emerging because of premature stop cedons or frameshifts in the randemized
DNA library. The expression level, solubility, and biophysical features of this new ProBi
scaffold construct were similar to the original scaffold candidate.

MAWSHPQFEK SMAQOGPGOPG FCIRKTNSSEG KVFINICHSFP SIFPPADVTE EELLOMLEED
AGFRIPMSIL GEPHAELDAK GQGCTAYDVA VNSDFYREMQ NSDFLRELVI TIAREGLEDK

YNLQLNFPEWR MEKNRPFMGS IGSEQKLISE EDL

Figure 5. The amino acid sequetice of the wild type ProBi-WT profein scatfold. The N-terminal Strep-tag and C-terminal
e-Myre-tag ate in bold, the 4PSF scaffold segment is in italic. The ten tnuitable atnino acld residues fortming the PatchC ate
highlighted in red.

3.2, Application of the ProBi Scaffold on the Interlenkin-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]. Inmunosuppressive 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
RAW264.7 murine cell line of recombinant IL-10 produced in the laboratory encouraged
use of this cytokine as the biclogically 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, IFNg, 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 IL-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 IL-10 and low affinities to IL-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 [L-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 IL-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 G6
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 (MST) 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 affinitics.

Table 3. Variants of the ProBi scaffold sorted by their affinities to IL-10. The table shows affinities,
response amplitude during microscale thermophoresis (MST) measurements, number of replicates
of the MST measurements, and melting temperatures (T'm) 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

(Buffer) Affinity Amplitude Replicates Tm
WT (Tris) Not 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
3 (Hepes) 364 nM 27 3 N/A
A2 (Tris) >1 pM N/A 2 48 °C

To evaluate the affinities of ProBi variants to [1.-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 ITis-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-HCl, 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-PAGL analysis of purified proteins are shown
in Figure S5. 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-IL-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 1D 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 [[.-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 not expect the ProBi-based binders to be immunogenic as the scaffold is
derived from the human PIH1 domain-containing protein 1 (UniProt ID QINWS0, 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-Myc-tag that is widely used for
high-throughput detection in Flucrescence-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 Q9NWSO, 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
yeast 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 https:/ /www.mdpi.com /1999-491
5/13/2/190/s1, Table S1: List of primers, Table 52: Data processing statistics of PDB entry ZAYC.
Figure S1: DNA sequences of internal arrangement within (A) the pRDVsm and (B) pETsm vectors.
Figure 52: Testing of non-specific binding of scaffold candidates. Figure 53: Structural alignment.
Figure S4: The phylogenetic tree of ten ProBi scaffold variants. Figure 55: SDS-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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1. Introduction

The diffraction quality of a crystal is usually different in
various reciprocal space directions. Diffraction anisotropy can
be caused by crystal growth, the crystal shape, the modulated
volume of the irradiated crystal during the measurcment and
the arrangement of molecules inside the crystal. This
phenomenon is often not a scrious issuc lor a successful
structure determination. Most ol the macromolecular refine-
menl programs are able o work with weak dillraction aniso-
tropy. But severe diffraction anisotropy may represent a
serious threat. The difficulties may appear in the process of
phasing and/or structure refinement. However. several
computational tools have been developed to analyse or even
account for diffraction anisotropy, e.g. AIMILESS (Evans &
Murshudov, 2013), STARANISO (Tickle et al., 2018) and
Diffraction Anisotropy Server (Strong et al., 2006). These
methods perform anisotropic cut-off of the data together with
rescaling of intensities or structure factors with scales
depending on the analysis and model of anisotropy employed
by each program. These modifications are benelficial [or a large
number of crystal siructures and are reporied in Section 2
(Rupp, 2018).

Paired refinement is a modern method lor delermining the
high-resolution  cut-oll ol dillraction data (Karplus &
Diederichs, 2012). For this method, the reference dala are
selecled on the basis ol a conservative cut-oll [e.g. (Ifo (D)} <
2]. More and more rellections are added to the model
refinement in a stepwise manner, and their positive or nega-
tive contribution is evaluated on a number of criteria, mainly
R:.ee calculated on the reference data. Recently, the method
has been implemented in the program PAJREF (Maly et al.,
2020, 2021). However, the current protocol implemented in

0} PAIREF docs not consider the anisotropic diffraction quali-

OPEN a ACCESS tics of the crystals. Both the reference data and the cvaluated

Published under a CC BY 4.0 licence reflections arc in the form of spherical shells.
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‘We investigated the possibility of combining corrections for
diffraction anisotropy with the standard paired refinement
approach. The crystals of our target protein H33 showed
serious anisotropy in the diffraction qualities. H33 is an arti-
ficial protein binder that was selected during a directed
evolutionary study (Pham et al, 2021); it is a variant of the
protein scaffold derived from the N-terminal domain of the
PIHID1 domain of the R2TP cochaperone complex (PDB
entry 4psf; Hotejsi et al., 2014). The scaffold was trained using
the ribosome display technique to bind human interleukin-10
(IL-10), a cytokine of human innate immunity (El Kasmi ez al.,
2007). Blocking or potentiating IL-10 signalization by artifi-
cially evolved non-antibody binders such as H33 could be an
important component of the treatment of inflammatory,
malignant and autoimmune diseases in which IL-10 plays a
role. However, our understanding of the structural aspects of
the binding between the binders and IL-10 is quite limited. So
far, we have solved the structure of only one IL-10 binder
called J61 (PDB entry 7ave; Pham ez al., 2021). Therefore, a
newly solved structure of H33 will aid in the design of new
potent and selective binders.

In our work, we introduced an approach to perform paired
refinement using the anisotropic data. Anisotropic scaling
proved to have a positive impact on the quality of the
observed electron density.

2. Materials and methods
2.1. Protein production and crystallization

Protein production, purification and basic characterization
have been described previously (Pham et al., 2021). Briefly, the
synthesized DNA strings were cloned into the pET-26b(+)
vector. The plasmid was used for transformation into the
Escherichia coli strain BL21(DE3). The bacteria were grown
in LB medium, and protein expression was induced by the
addition of isopropyl-beta-D-thiogalactopyranoside. After cell
disruption, the soluble fraction was separated by centrifuga-
tion and the protein was purified from the cell lysate by affinity
chromatography using Strep-Tactin XT resin. The last purifi-
cation step was performed using size-exclusion chromato-
graphy (Superdex 75 16/600 column).

The crystals were prepared using the hanging-drop vapour-
diffusion method from a protein solution that contained
20mM Tris, 100 mA NaCl pH 8.0 and the protein at a
concentration of 10 mg ml™. The protein crystallized in a
wide range of crystallization conditions. However, the crystals
diffracted poorly. The final crystallization conditions were 1 M
(NH4)>S04, 1% (w/v) PEG 3350, 0.1 M bis-Tris pH 5.5. Cryo-
protection with 20% (v/v) glycerol was necessary before flash-
freezing in liquid nitrogen.

2.2. Diffraction data collection and processing

The synchrotron data were collected on beamline P13
(Cianci et al, 2017) operated by EMBL Hamburg at the
PETRA III storage ring (DESY, Hamburg, Germany). The
diffraction images were processed with XDS (Kabsch, 2010)

up to 2.3 A resolution. The data quality metrics [decrease in
(Ilo(I)}, decrease in CCyp] indicate radiation damage that
started immediately after 180" of total oscillation and
progressed to the end of the measurement. Therefore, only
half of the images (3600) were used for further data evalua-
tion. Such data treatment should remove the possible impact
of absorbed dose on the resulting diffraction anisotropy. Initial
scaling of the data was performed using AIMLESS (Evans &
Murshudov, 2013). The data were severely anisotropic
according to a number of indicators. For example, the esti-
mates of the diffraction limits reported by AIMLESS [based
on criterion for {H/o(I)) > 1.5 in the highest-resolution shell]
were 328 and 265 A along the hk plane and the ! axis,
respectively.

Due to severe diffraction anisotropy, the unmerged scaled
data from XDS (XDS_ASCII.HKL file) were merged and
corrected for anisotropy using the STARANISO server
(Tickle er al, 2018) with four different local spherical (I .../
(I mean)} cut-offs going down from 1.2 (STARANISO default
value, A1.2 data) to 1.0 (A1.0 data), 0.75 (A0.75 data) and the
lowest available value 0.5 (A0.5 data). The free flags were
generated with the program FREERFLAG (Briinger, 1992).
Initially, free flags were generated for the Al.2 data. The free
flags for the A1.0 data were generated with the option to copy
already existing flags for reflections in the A1.2 data. A similar
approach was used for the generation of free flags for the
AO0.75 and AO0.5 data. This approach was necessary to maintain
the pairwise consistency of the free flags within the different
data. Data quality indicators are shown in Table 1.

The phase problem was solved by molecular replacement
using PHASER (McCoy et al, 2007) employing the J61 variant
of the protein binder from the same directed evolutionary
study (PDB entry 7avc; Pham et al., 2021) as a search model.
Data with the highest (1,can/0(Imean)} cutoff (A1.2) were used.
Two molecules were found in the asymmetric unit. Due to the
low resolution of the data and the unstable refinement
(unacceptable number of Ramachandran outliers and bad
bond angles) in REFMACS (Murshudov et al, 2011), the
structure was restrained to the original scaffold of the PDB
entry 4psf refined at 1.58 A (Hofej§i er al, 2014) with
PROSMART (Nicholls et al,, 2012). The structure was refined
with isotropic atomic displacement parameters (ADPs) and no
TLS domains defined. Manual corrections to the model were
performed with Coot (Emsley et al., 2010).

For the manually launched paired refinement, the data with
the highest cut-off (A1.2) were initially chosen. Refinement of
the structure model restrained to the structure of PDB entry
4pst with REFMAC5 was used. To keep the same refinement
scheme as used previously, three cycles were performed in
each paired refinement step. We also performed several
manual paired refinements with ten cycles of refinement.
Although the results differ in exact values, this change did not
lead to a different decision on data usage. Several criteria were
evaluated during the paired refinement. Mainly, drops in
overall Ry, and Ry, were monitored. In addition to that,
Riree in the highest-resolution shell did not exceed the value of
0.42 (the theoretically perfect model gives an R value of 0.42
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Table 1
Data collection and processing statistics.

Values in parentheses are for the highest-resolution isotropic shell

Diffraction source Petra II1, P13
Wavelength {(A) 0.976
Temperature {K) 100

Crystal-to-detector distance {mm) 576.1
Exposure per image (s} 0.04
Images collected/processed 7200/3600
Space group 22

a=b,c{A) 123.13, 190.11
Dataset Al2 AlD ADTS
Local {I/o(I}} cut-off 12 1.0 075
Resolution range (A) 47.53-3.291-2.58 47.53-3.261-2.56 47.53-3.201-2.52
(2.83-2.58) (2.80-2.56) (2.76-2.52)
Total No. of reflections 198331 (8000) 204983 (8055) 215735 (8090}
No. of unique reflections 15698 (785) 16246 (812) 17151 (858)
Spherical completeness (%) 674 (14.4) 68.1 (14.6) 682 (14.3)
Hllipsoidal completeness (%) 94.5 (79.7) 94.6 (77.9) 94.3 (73.8)
Multiplicity 12.6 {10.2) 12.6 (9.9) 12.6 (94)
{Lio(Iyy 173 (1.9) 16.7 (16) 159 (13)
Reneas 0.114 (1.843} 0.117 {2.045) 0.121 (2.546)
Roim 0.032 (0.559) 0.033 {0.629) 0.034 (0.801)
CCip 0.999 (0.5903 0.999 {0.529) 0.999 (0.436)
cc 0.999 (0.861} 0.999 {0.832) 0.999 (0.780)

ADS

0.5

47.53-3.13-247
(2T1-24T)

230863 (8194)

18374 (919)

692 (14.8)

U2 (71.3)

126 {8.9)

148 {0.8)

0.127 (3.775)

0.036 (1216)

0.999 {0.224)

0.999 {0.605)

Iso
Isotropic data
47.53-2.80
(2.95-2.80)
237010 {36042)
18372 (2625}
100 (100}
NiA
12.9 (13.7)
14.0 (1.0)
0.129 (5.545)
0.036 (1.476)
0.999 (0.628)
0.999 (0.878)

1 Lowest high-resolution diffraction limit afier anisotropic cut-off

against random data with no twinning and no translational
non-crystallographic symmetry; Evans & Murshudov, 2013),
and the values of CC, .y and CCpg. did not exceed the value
of CC* (see Table 1). The main results of the paired refine-
ment are shown in Table 2. The decrease in Ry and Ry
values in all three steps indicates that the addition of the
progressively weaker reflections improved the model quality
against the same (stronger) data. Therefore, A0.5 data were
used in further structure refinements. The exact values of the
final Ryo and Ry in the fifth column of Table 2 cannot be
directly compared because they were calculated against
different data. Although the differences in the R and Ry,
values can be considered marginal, they are comparable to
values published in previous studies (Karplus & Diederichs,
2012; Maly et al, 2020, 2021).

The final model refinement using ten cycles was carried out
using all reflections (work and free) of the A0.5 dataset. Jelly
body protocol was used to release the previously used and
necessary restraints. The quality of the structure stereo-
chemistry was checked using the validation tools in Coot
(Emsley et al, 2010), CCP4 (Agirre et al., 2023; Winn et al.,
2011), MOLPROBITY (Chen et al, 2010) and the Protein
Data Bank (Berman et al., 2003). The quality indicators of the
final structure refinement are shown in Table 3. Raw diffrac-
tion data are available from https:/doi.org/10.5281/zenodo.
4033811. The structure coordinates were deposited under
PDB entry 8bdu.

For analysis of the additional value of anisotropic scaling
along with paired refinement in terms of data quality and
observed electron density, data processed in the standard
(isotropic) way were used in paired refinement with a 2.9 A
starting resolution. The complete cross-validation procedure
implemented in PAIREF extended the resolution to 2.8 A

Table 2
Progress of paired refinement using data with a continuously decreasing
{I'a(D)} cutoff.

Initial R values in X— ¥ steps are calculated using the model refined with data
X against data X. Final R values are calculated using the model refined with
data ¥ against data X

Unique
Resolution  reflections Initial Final

Dataset (A) added Ryo/Risee  Ryori/Riree A Rywori/Riree
Al2 47.53-329t 02228/

-258 02560
Al2—>A10 47533261 548 0.2228/ 02202/ —0.0026/

-2.56 02560 02525 —0.0035
A10—A075 47.53-3201 905 0.2248/ 02214/ —0.0034/

-2.52 02572 02538 —0.0034
ADT5— A0S 47.53-3131 1123 0.2287/ 02247/ —0.0040/

247 02611 02583 —0.0028

t Lowest high-resolution diffraction limit after anisotropic cut-off

Table 3
Structure refinement statistics.

Values in parentheses are for the highest isotropic resolution shell.

Resolution (A) 47.53-3.131-247 {2.71-2.47)

No. of residues/mon-H atoms 266/2071
Roun 0219 (0.355}
Reree 0.255 (0.368)
CCyom 0.993 (0.492)
CCee 0.913 (0.590}
No. free reflections 910
Ra . 0.223 (0.376}
Average ADP (A7) 82
R.ms. deviations from ideal
Bond lengths (A) 0.010
Angles (°} 1.755
Ramachandran ploti
Allowed 261 {99.6%)
Gutliers 1{0.4%})
Solvent content (%) 76

$ As calculated by MOLPROBITY. 1t The lowest high-resolution diffraction Hmit
after the anisotropic cut-off.
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3. Results and discussion

The artificially generated binder H33 was successfully crys-
lallized and the diffraction data were collected. The crystal
diffracted anisotropically, and correction of the intensities [or
diffraction anisotropy was performed. The crystal structure
was solved and refined using the A1.2 data. The high-resolu-
tion diffraction limit was cxtended using the paired refinement
procedure to that of the A(0.5 data. The Al.5 data were used
for final structurc refincment.

The structurc of binder H33 is highly similar to that of
binder J61 (Pham er al., 2021) from the same study. The root
mean squarc deviation calculated on 128 Co atoms is lower
than 1.2 A. The structurc has an unusually high solvent
content of 76% (Kantardjiell & Rupp. 2003). This high solvent

content is present in <2% of the crystal structures in the PDB.
The solvent content is probably responsible for the low
dilfraction quality ol the crystals.

Previous studies have shown that dilfraction anisotropy is
not strictly dependent on crystal packing (Rober! et al., 2017).
The molecules in the crystal of binder H33 are arranged in
tubules perpendicular to the z axis of the crystal lattice. The
tubules have large channcls of solvent between them. The
planes with the normal vector perpendicular to the z axis are
the least occupied with molecules [see Fig. 1(h)]. In contrast,
no large channcls arc prcsent in the plancs with normal
vectors perpendicular to the x or v axis.

Using the data range according to paircd refinement may
tesult in an improvement of the observed clectron density
(Karplus & Diederichs, 2015; Maly ef al., 2020). Correction for

Figure 1

{a) Structurc of thc monomeric binder H33 determined using the A0S data in a sccondary structure representation. (b)—(c) Unit ccll filled with
molecules viewed from different perspectives. (d)-(f) Residue Leu75 (chain A) with the 2mF, — DF, electron density (blue mesh) at the level of
0.15¢ A ? calculated for the model before the paired refinement procedure using data A1.2, the output model from the paired refinement procedure
using the A0.5 data and the model from the isotropic paired refinement procedure using the Iso data, respectively. (g)—(i} Residue Leu73 (chain A) with
the 2miF7, — DF, clectron density at the 1o level for the same combination of modcl versus data as in the previous triplicate. Graphics were gencrated
with CCP4M G (McNicholas et al., 2011).
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the anisotropy in the diffraction qualities was also shown to
improve the observed electron density (Tickle et al., 2018).
Paired refinement using shells reflecting the diffraction
anisotropy is not automated in any pipeline. The available
software, for example PAIREF (Maly et al, 2020) and PDB-
REDO (Joosten et al., 2014), use the addition of reflections in
spherical shells by increasing the spherical high-resolution
diffraction limit. Here, we propoese the addition of reflections
with the same expected information content in non-spherical
shells.

The quality of the electron density depends on the
diffraction data and the structural model. In our analysis, we
compared electron density maps of (i) the starting model for
the paired refinement refined using the Al.2 data against the
A1.2 data, (ii) the resulting model from the paired refinement
refined using the A0.5 data against the A0.5 data and (iii) the
optimal model from the paired refinement using the Iso data
at2.8 A resolution. The electron density maps were calculated
with fast Fourier transformation using the same prid spacing to
avoid possible bias (Urzhumtsev ez al, 2014). The electron
density map from the Iso data is the least detailed [see
Fig. 1(f)]. Corrections for diffraction anisotropy using the
STARANISO server (Tickle et al., 2018) and using the A1.2
data dramatically improved the quality of the observed elec-
tron density maps. No differences were observed with the
extension of data from A1.2 to A0.5.

The number of reflections in the A0.5 data is approximately
equal to that of the Iso data. Apparently, their information
content is different. The anisotropic cut-off in the A0.5 data
removed a significant portion of noisy reflections. The
Iso dataset contains reflections in the weak directions with a
low signal-to-noise ratio. Moreover, it does not contain a
portion of the strong reflections in the strong directions
that are present in the A0.5 data at a resolution higher than
28A.

In our case, both approaches to data optimization (correc-
tion for diffraction anisotropy and paired refinement) have
proved useful. Although improvement in observed electron
density did not occur after paired refinement of data corrected
for diffraction anisotropy, 2676 unique reflections (14.5% from
18374 reflections in total) were added to the refinement
scheme using the A0.5 data. This addition was validated by the
decrease in R values (see Table 2).

The current trend in data quality evaluation (paired
refinement) is to investigate the ‘additional value’” of more and
more observations involved in model refinement. Conven-
tional indicators of the quality of the diffraction data are no
longer relevant for the estimation of the high-resolution
diffraction limit. The diffraction anisotropy makes the
problem even more difficult. Our crystal structure was deter-
mined at a nominal diffraction limit of 2.47 A. However, closer
inspection of the diffraction data statistics shows that the
diffraction data become dramatically incomplete at better
than 3.13 A resolution. The highest-resolution shell of reflec-
tions has a spherical completeness lower than 15%. This
indicator must be considered when comparing structures
refined ‘with the same diffraction limits’.
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Interferon-y receptor 2 is a cell-surface receptor that is required for interferon-y
signalling and therefore plays a critical immunoregulatory role in innate and
adaptive immunity against viral and also bacterial and protozoal infections. A
crystal structure of the extracellular part of human interferon-y receptor 2
(IENyR2) was solved by molecular replacement at 1.8 A resolution. Similar to
other class 2 receptors, IFNyR2 has two fibronectin type I1I domains. The
characteristic structural features of IFNyR2 are concentrated in its N-terminal

Edlited by Z. 5. Derewenda, Universily of
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Keywords: inlerleron-y receplor 2; libronectin

type Il domain; class 2 cytokine receptors. domain: an extensive m—cation motif of stacked residues KWRWRH, a NAG-
W-NAG sandwich (where NAG stands for N-acetyl-p-glucosamine) and finally
PDB reference: interferon-y receplor 2, Sehl a helix formed by residues 78-85, which is unique among class 2 receptors. Mass
spectrometry and mutational analyses showed the importance of N-linked
Supporting information: this article has elvcosylation to the stability of the protein and confirmed the presence of two

supporting information at journals.iucr.orgid

disulfide bonds. Structure-based bioinformatic analysis revealed independent
evolutionary behaviour of both receptor domains and, together with multiple
sequence alignment, identified putative binding sites for interferon-y and
receptor 1, the ligands of IFNyR2.

1. Introduction

[nterferon-y receptor 2 is a cell-surface receptor that
represents a crucial molecule in the interferon-y (IFNy)
signalization pathway, influencing innate and adaptive immu-
nity against pathogens and tumours (Schoenborn & Wilson,
2007; Lin & Young, 2013). The signalling cascade is initiated
by the binding of IFNy to its high-affinity cell surface receptor
1, forming a binary complex with a structure that has already
been determined [PDB entries 1fg9 (Thiel e/ af., 2000) and
1iyh (Landar et al., 2000)]. However, to activate this binary
complex and activate the JAK/STAT signalization pathway
(Jung et al.. 1987, Cook ef al., 1994: Hemmi et al., 1994), IFNy
receplor 2 must participate in a ternary complex created by
a homodimer of IFNy, two molecules of receptor 1 and
molecule(s) ol receptor 2. To date, detailed structural and
biophysical characterization of TFNy receptor 2, the key
molecule for proper IFNy signalization, is lacking.

From its sequence similarity, [FNy receptor 2 (also known
as IFNy receptor B chain or accessory factor 1, AF-1), has
been classified as a member of the class 2 receptor family. This
large group of cytokine receptors includes TFNy receptor 1,
receptors of interferon-a and interferon-B, receptors of
interleukin-10 and interlenkin-20, and receptors of other
interleukins belonging to the TL-10 family (Langer et al,
2004). The mature TFNy receptor 2 protein comprises of 310
amino acids and has a predicted molecular mass of 35 kDa. It

. 8 . consists of a relatively short 69-amino-acid intracellular
OPEN ACCESS domain, a 21-amino-acid transmembrane domain and a 220-
Acta Cryst. (2016). D72, 1017-1025 hitp: #idx.doi.org/10.1107/5205979831 6012237~ 1017
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amino-acid extracellular domain that is structured into two
fibronectin type III domains. The extracellular domain
contains five cysteine residues and six potential N-linked
glycosylation sites. Such extensive glycosylation contributes to
a significant size heterogeneity, which is observed even when
the receptor molecule is isolated from the same cell type; the
molecular weight of mature receptor 2 of human interferon-y
ranges from 61 to 67 kDa (Bach et al, 1995).

Despite its biological significance, three-dimensional strue-
tural data on IFNy receptor 2 are lacking. Here, we report a
1.8 A resolution crystal structure of the extracellular portion
of IFNy receptor 2 (hereafter called IFNyR2); the structure
has been deposited in the Protein Data Bank as entry Sehl.
The structure and sequence of IFNyR2 are discussed in the
context of the structures and sequences of the related class 2
cytokine receptors, with emphasis on the sequentially closest
receptors of interleukins from the IL-10 family. Structure-
based and sequence-based alignments suggested regions
securing binding specificity of these receptors for their cyto-
kine ligands.

2. Materials and methods
2.1. Cloning, expression and purification of IFNyR2

The gene encoding the extracellular part of IFNyR2 (resi-
dues 28-247 of UniProt entry P38484) was cloned into a
Drosophila pMT-BiP-V5-His_A vector using Bglll and Agel
restriction enzymes in frame with an N-terminal BiP signal
peptide and a C-terminal 6 xHis tag. This expression vector
was co-transfected into insect Schneider S2 cells along with
the pCoBlast selection plasmid using Effectene Transfection
Reagent according to the manufacturer’s instructions.
Blasticidin-resistant S2 cells were selected by growing the cells
in HyClone SFX Medium supplemented with 10% FBS and
25 pg ml ! blasticidin S. Large-scale protein expression was
achieved after expansion and substitution into HyClone SFX
serum-free medium, and protein expression was induced by
the addition of 0.75 mM CuSO, for 6 d (the cell concentration
was approximately 35 million per millilitre) and 1.5 mM
CuSQ, for a further 2 d until the percentage of living cells did
not decrease below 95%. After expression, the cells were
discarded by centrifugation and the medium containing
secreted glycosylated IFNyR2 protein was supplemented with
the following additives at the following final concentrations:
5mM CaCl,, 1 mM NiSQ,, 250 mM NaCl and 50 mM Tris—
HCI pH 8. The protein was purified on an IMAC HP column
charged with NiSO, and equilibrated with EQ buffer (50 ma{
Tris—=HCI pH 8, 500 mM NaCl). The column was washed with
W buffer (50mM Tris—-HCl pH 8, 500 mM NaCl, 20 mM
imidazole pH 8) and the protein was eluted with EL buffer
(50 mM Tris—HCI1 pH 8, 500 mM NaCl, 250 mM imidazole pH
8). It was further purified to homogeneity by size-exclusion
chromatography at room temperature on a Hil.oad 16/600
Superdex 200 pg column (GE Healthcare) equilibrated with
HN buffer (10 mM HEPES pH 7.5, 100 mM NaCl). Samples
were analyzed by 12% SDS-PAGE.

IFNyR2 was produced in insect cells as a secreted protein
bearing oligosaccharide moieties of approximately 10 kDa
according to SDS-PAGE analysis. Deglycosylation by peptide:
N-glycosidase F (PNGase F) or endoglycosidase H (Endo H)
with a C-terminal Strep-tag (§S1, Supporting Information) was
performed after purification of IFNyR2 on an IMAC column
during dialysis against TN buffer (50 mM Tris buffer pH 8,
150 mM NaCl) or HN buffer, respectively. Endoglycosidases
were removed on a Strep-Tactin column and the nonbound
fraction containing IFNyR2 was further purified by size-
exclusion chromatography in HN buffer.

The single IFNyR2 variants (N110Q, N137Q and N231Q,
respectively) were introduced using the QuikChange II Site-
Directed Mutagenesis Kit (Agilent Technologies). Primers are
listed in Supplementary Table S1. The fully mutated IFNyR2
variant bearing N56Q, N110Q, N137Q and N2310 mutations
was obtained as a GeneArt Strings DNA Fragment and was
cloned with the same protocol as the wild type. The expression
and purification of all IFNyR2 variants were performed in the
same way as described above.

2.2. Biophysical measurements

Circular-dichroism (CD) spectra were recorded using a
Chirascan-plus spectrometer (Applied Photophysics) in steps
of 1nm over the wavelength range 185-260 nm. Samples
diluted with water to a concentration of 0.2 mgml™" were
placed into the holder in a 0.05 cm path-length quartz cell and
individual spectra were recorded at a temperature of 23°C.
The CD signal was expressed as the ellipticity and the
resulting spectra were buffer-subtracted. To analyze the ratio
of secondary structures, we used the CDNN program (Béhm ez
al., 1992) provided with the Chirascan CD spectrometer. CD
melting measurements were performed using samples diluted
with water to a protein concentration of 0.5 mg ml™*. A 10 mm
path-length quartz cell was placed into the thermostated
holder and sample absorption was recorded at 280 nm in 1°C
increments at a rate of 0.5°C min~" over the temperature
range 20-85°C with an averaging time of 12 s. Melting curves
were normalized to relative values between 0.0 and 1.0 to
visually magnify differences between the melting profiles, and
the melting temperature (T,,) was estimated from the first
derivative of the melting curves.

2.3. Glycosylation analysis and disulfide-bond determination

IFNyR2 glycosylation sites were determined by MALDI-
MS analysis preceded by protein digestion as described
previously (Plihal ez al, 2004). Disulfide bonds in IFNyR2
were determined by SDS-PAGE and subsequent identifica-
tion by mass spectrometry (MS) in analogy to the previously
described procedure (Pompach er 4l., 2009). 20 pg of sample in
nonreducing conditions was loaded onto a 4-12% gradient gel
(Life Technologies) in the presence of 200 pM cystamine.
Bands corresponding to highly glycosylated IFNyR2
were excised and subjected to in-gel deglycosylation and
proteolysis. Deglycosylation using Endo H (New England
Biolabs) was carried out for 4 h at 37°C and the resulting
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Table 1
Data-collection statistics and structure-refinement parameters.

Values in parentheses are for the highest resolution shell.

X-ray source MX 141, HZB
Wavelength {(A) 0.91841

Total oscillation angle {°} 180

Resolution range (A) 62.88-1.80 (1.91-1.80)
Space group P6,22

a=b =58102, ¢ = 377.266
688675 (110540)
36723 (5733)

Unit-cell parameters (A)
No. of measured reflections
No. of unique reflections

Average multiplicity 18.8 (19.3)
Completeness (%} 99.9 (99.8)
Average Ilo(I) . 176 {2.5)
Overall B factor from Wilson plot (A% 20
Average B factor (A7) 28
No. of non-H atoms
Protein 1734
Saccharides 42
Waters 311
All 2121
erge 0.148 (1.395)
Half-data-set correlation coefficient CC,z 9.9 (81.2)
No. of reflections, test set 1820
Final Ryor/Rireo/ Ran 0.160/0.222/0.151
Ramachandran plot
Residues in favoured region 213 (96.3%]
Residues in allowed regions 219 [89.1%]
Outliers 2 [0.9%]

partly deglycosylated sample was digested with trypsin
(sequencing grade, Promega) for 12 h at 37°C at a protei-
neenzyme ratio of 30:1(w/w). After digestion, the tryptic
peptide mixture was desalted on a peptide MicroTrap column
(Michrom Bioresources) and separated on a reversed-phase
C18 column (Acclaim PepMap 100, 5 pm, 0.1 x 20 mum;
Thermo Scientific). The mobile phases consisted of 0.1%
formic acid in 2% acetonitrile (solvent A) and 0.1% formic
acid in 98% acetonitrile (solvent B). Peptides were eluted
under the following gradient conditions: 2—-45% solvent B in
40 min, 45-95% solvent B in S5min. The flow rate was
0.5 plmin™" and the column was directly connected to the
mass spectrometer. Mass spectra were acquired on a solariX
XR FTMS instrument equipped with a 12 T superconducting
magnet (Bruker Daltonics). For the identification of disulfide
bonds, we used the Links algorithm, previously described as
ASAP (Automated Spectrum Assignment Program; Schilling et
al., 2003). To generate deconvoluted spectra and export the m/
z values, we used a script utilizing the SNAP 2.0 algorithm of
the DataAnalysis 42 software suite (Bruker Daltonics).

2.4. Crystallization and diffraction data collection

Crystals of Endo H-deglycosylated IFNyR2 receptor were
grown using the sitting-drop vapour-diffusion method in 96-3
three-well Intelli-Plate trays (Art Robbins Instruments). The
reservoir solution consisted of 0.1 M MES pH 5.0, 10% PEG
6000 (final pH 6.0): condition No. 61 of The JCSG Core I Suite
(Qiagen). Drops consisting of 02 pul protein sample
{15 mg ml~" protein in HN buffer) and 0.2 pl reservoir solu-
tion were prepared with a Gryphon liquid-pipette robot
(Dunn Labortechnik) and were equilibrated against 100 pl
reservoir solution. Crystals appeared after 30 d of incubation

at 291 K. Crystals were mounted in Round LithoLoops
(Molecular Dimensions) and flash-cooled in liquid nitrogen
after cryoprotection in 20%(v/v) glycerol. X-ray diffraction
data were collected at 100 K on beamline MX 14.1 of the
BESSY II synchrotron-radiation source at the Helmholtz-
Zentrum Berlin (HZB). A native data set was collected at a
wavelength of 0.918 A.

2.5. Data processing, structure determination and refinement

The diffraction and refinement statistics are summarized in
Table 1. Diffraction data were processed and scaled using the
XDS program package (Kabsch, 2010). The structure was
solved with BALBES (Long et al., 2008), but the structure
model needed significant manual remodelling. Only the
C-terminal domain of IFNyR2 was found and the initial R
factors were about 0.49 and 0.52 for Ryeu and Ryee, TESpEC-
tively. Residues missing from the initial model were built in
with significant help from ARP/WARP (Langer et al., 2008);
manual corrections and building were performed using Coot
(Emsley & Cowtan, 2004). Refinement was then carried out
with REFMACS (Murshudov ez al, 2011) and the structure
was validated by MolProbity (Chen et al., 2010). The coordi-
nates and structure factors have been deposited in the PDB
with accession code 5ehl.

2.6. Sequence and structural bioinformatics

The UniProt database was searched with the BLAST tool
(Camacho et al., 2009) using the sequence of the extracellular
part of IFNyR2 as the query sequence. The automated result
was manually reviewed to select 90 sequences from different
species. These sequences were used to calculate a multiple
sequence alignment with Clustal Omega (Sievers et al, 2011)
as implemented in UGENE (Okonechnikov et al,, 2012). The
ConSurf server (Glaser et al., 2003) was used to estimate the
evolutionary conservation of amino-acid positions in the
protein structures. The calculations were based on the crystal
structure of IFNyR2 (PDB entry 5ehl) and the alignment
prepared by Clustal Omega. Structural comparison was
prepared by MatchMaker as implemented in the UCSF
Chimera software (Pettersen et al., 2004).

Root-mean-square deviation (r.m.s.d.) values between the
N- and C-terminal domains were calculated using VMD
(Humphrey et al,, 1996). The backbone atoms of 34 sequen-
tially conserved residues in each domain (listed in Supple-
mentary Table S2) were used for the structure superposition of
all possible pairs of N- and C-terminal domains of the 12
available crystal structures of class 2 cytokine receptors. The
VMD commands measure fit and move were used for the
structural overlay, followed by measure rmsd operating on the
same selection of residues and backbone atoms for the
calculation of rm.s.d. values. The stability of the N-terminal
domain of IFNyR2 was estimated by calculating the pairwise
interaction energy at the DFT-D level as detailed in Supple-
mentary Fig. 83.
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3. Results and discussion
3.1. Summary

IFNyR2 was produced in inscct S2 cells, purified, char-
acterized by biophysical tcchniques (Fig. 1) and its crystal
structurc was solved at 1.8 A resolution. Fig. 2 highlights somc
of the structural features of IFNyR2; Figs. 3 and 4 provide a
comparison of IFNyR2 to the other cytokine receptors from
the class 2 [amily, with the aim ol correlating the sequences
and structures of these proteins.

3.2. Glycosylation and overall fold stability

The IFNyR2 protein has six potential glycosylation sites
{AsnS6, Asnll0, Asnl37, Asn231, Asn85 and Asn219), of
which the first four were confirmed by mass-spectrometric
analysis as glycosylated in our construct: the crystal structure
later revealed that position Asn85 was also glycosylated. The
grealest helerogeneily was observed at posilion Asnl37. To
remove oligosaccharide moieties from these residues, we used
two endoglycosidases, Endo IT and PNGase F, bul both
enzymes leflt several lorms ol IFNyR2 with residual
glycosylation as observed by a distribution of molecular mass
on SDS-PAGE (Supplementary Tig. §1). Mass spectromelry
identiflied w(1-3)-fucose al position Asn231. Because a(1-3)-
fucose abolishes the activity of both endoglvcosidases, its
presence is a likely to be reason for the mass distribution of
IFNyR2. Dcglycosylation by Endo H caused an approxi-
mately 7 kDa shift in molecular weight on SDS-PAGE and, in
contrast to deglycosylation by PNGase, did not induce protein
oligomerization, as checked by size-exclusion chromato-
graphy. Measurements using CI> spectroscopy (Fig. 1) and
thermal shilt assay (§S1 in Supporting Information and
Supplementary Fig. S2) showed no signilicant dillerence in
melting temperatures between the glycosylated and Endo H-
deglycosylated forms of the IFNyR2 protein. Because the CD
specira of these two forms are also virtually identical, we

H0r —— IFNyR2, glycosylated

— IFNyR2, deglycosylated

20

Ellipticity (mdeg)
=
T

—10 b

180 190 200 210 220 230 240 250 260
Wavelength (nm)
Figure 1

belicve that deglycosylation docs not influcnce the sccondary
structure of TFNyR2. Although the CD specira of IFNyR2
and IFNyR1 differ considerably (Cerny et al, 2015), both
proteins belong Lo the same fold of the fibronectin type T
domain lamily (Plam PF00041).

Besides deglvcosylation by the endoglycosidases, we
designated asparagine-to-glutamine mutants to decrease the
level of glycosylation. We prepared a fully mutated TFNyR2
variant bearing N36Q, N1100Q, N1370Q and N231(Q mutations
NT110Q, N137Q and N231Q,
respectively. All of these constructs were transfected into
insect S2 cells, but none of them were secreted into the cell-
culture medium. This corrclates with the carlier observation
that IFNy¥R2 mutants with changed glycosylation patterns
were located in the cyloplasmic [raction {Moncada-Vélez,
2013). Structurally significant is glycosylation at positions
Asnll0 and Asnl37, where the bound N-acetyl-p-glucos-
amine (NAG) residues sandwich Trpl31 (Fig. 2b), thus
shiclding its hydrophobic surfaces from solvent. As suggested
by the [ailure o express andfor purily the N56Q, N110Q,
N137Q and N231Q mutants. glycosylation is necessary l[or
IFNyR2 production by stabilizing the fold and transport to
and/or across Lhe cellular membrane.

and single-point mutants

3.3. The IFNyR2 fold is stable without disulfide bonds

IFNyR2 contains five cysleine residues, and our mass-
spectrometric analysis identificd disulfide bonds linking Cys86
to Cys94 and Cys209 to Cys234. We observed the same protein
mobility under nonreducing and reducing conditions during
SDS-PAGE analysis. The melting temperature of both
glycosylated and deglycosylated IFNyR2 measured by
thermal shill assay (Supplementary Fig. §2) decreased by only
~1°C in the presence ol 5mM TCEP (a reducing agent (o
break the disulfide bonds), so that the IFNyR2 fold is stable
without S—S§ bonds. This conlrasts with the behaviour of
IFNyR1 (Fountoulakis ¢f al., 1990}, in which the protein [old is

— IFNyR2, glycosylated
—— IFNyR2, deglycosylated

—=

08 -

0.06 I

0.6

0.4

.00 —————

First derivative of melting curve of IFNyR2

w40 s e T 80 90

Temperature (°C)

Absorption at 280 nm

02

0.0 -

20 30 40 50 60 70 80
T'emperature (°C)

Left: circular-dichroism {CI}) spectra of glycosylated and deglycosylated IFNyR2. The CD spectra of both proteins are highly similar, suggesting that the
partial removal of the oligosaccharide moictics did not affect the overall structure of IFNyR2. Right: normalized melting curves measured from
temperaturc-dependent CD spectra at 280 nm. The melting temperaturc was cstimated as 64°C for both glycosylated and deglycosylated IFNyR2.
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stabilized to a large extent by S—S bridges. The fifth IFNyR2
cysteine residue, Cys174, does not form an intramolecular
S$—S bridge but is bound to a monomeric cysteine. Binding ol
free cysteine to the sterically accessible Cys174 probably
oceurs alter secreting IFNyR2 into the cell-cullure medium,
which contains free cysteine and stabilizes the monomeric
form of TFNyR2.

3.4. The overall structure of the extracellular portion of
IFNyR2

The structure of IFNyR2 was solved at 1.8 A resolution and
electron density was observed [or amino-acid residues 28-240
of UniProt cntry P38484, except for two two-residue loops.
Data-collection and refinement parameters are shown in
Table 1. The cxtraccllular part of the TFNyR2 molccule
consists of two domains (Fig. 2}, the N-terminal D1 domain of
UniProt residues 28-133 and the C-terminal D2 domain of
residucs  144-247. Both domains belong to the immuno-

Figure 2
Left: ribbon and surface representations of the IFNpR2 structure. D1 and D2 indicate domains 1 and 2, respectively. Insets: (@) residucs Lys68, Trp74,
Arglld, Tepl126, Argl16 and His123 of the D1 domain form a stacking motif on the TFNyR2 surface. (b) N-Acetyl-p-glucosamines {NAGs; blue})
glycosylating Asnl110 and Asnl37 sandwich Trpl31 (orange). reducing its hydrophobic character. (¢) The superposition of aromatic binding epitopes
shows differences between IFNyR2 (Phel(9 in green) on one side and promiscuous shared cytokine receptors on the other [in red; Tyr82 of 1L10R2
{PDB cntry 3lqm; Yoon ¢f al., 2010}, Phcl69 of gpl130 (PDB cntry 1bqu; Bravo et al., 1998) and Tyrl03 of y. receptor (PDB cntry 4gs7; Ring et al., 2012)].
No corresponding aromatic residuc is observed in IL20R2 (Logsdon ef al., 2012).

globulin fold with fibroncctin type III topology, forming
pB-sandwiches (Plam PF00041). The inler-domain Lorsion angle
is approximaltely 1207, similar o those ol IFNyR1 {Thiel et al.,
2000; Walter et af., 1995) and human tissue factor (Harlos et al.,
1994}: the D1-D2 torsion angle is delined in Supplementary
Table $3. The D1 domain is composed of three f-strands
stacked on a layer of four f-strands, and the D2 domain is
created by four fstrands arranged against four other
B-strands; both domains are connected by a short linker
(residues 134-143 in TFNyR2) comprising a short helix that is
also found in IFNyR1, human tissuc factor and other recep-
tors.

3.5. Structural motifs in D1 and D2

D1 contains a distinct structural motif of six stacked rcsi-
dues: Lys68, Trp74, Argl14, Trpl26, Argll6 and His123. The
average distance between the mean planes of the individual
side chains of this extensive w—cation intcraction is 3.65 A.

Acta Crysl. (2016). D72, 1017-1025
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Analysis of the interaction cnergics in D1 revealed that the residues corresponding to Tip49, Scrl24 and the Cys86/Cys96
molil contributes signiflicantly (o the overall stabililty of the  pair [orming a disullide bond in TFNyYR2. A unique [(eature of
whole domain. These six surface residues are involved in  IFNyR2 D1 is a short helix {residues 78-85), which is present

interactions that are comparable in strength Lo the hydro-  in no other discussed receptor structure.

phobic core of the domain and are likely to play an important Sequential and structural comparison of D2 revealed a
role in the process of domain folding. The residues responsible considerable sequence variability, within which we identified
for domain stability are depicted in Supplementary Fig. S3, in the conservation of two proline residues, Pro142 and Pro143,
which the colour and thickness of the cartoon representation and the structurally well conserved motif 175-YNVAXW-180,
show the relative interaction energy per residue ranging from with rm.sd. values about 1 A but low sequence similarity.
low (blue) to high (red) stabilizing values. Another characteristic structural feature of D2 is the forma-

An analogous stacking motif with thc conscnsus scquence tion of a disulfide bridge between Cys209 and Cys234. Higher
WSXWS (Bazan, 1990) has been predicted by sequence values for the B factors in D2 indicate its higher flexibility
alignments in D1 of the class 1 receptor family (McElroy ef al,  comparcd with D1. A higher flexibility of D2 compared with
2009), but such a motif is missing in thc D2 domains of both D1 was also indicated in our previous studics of IFNyR1
class 1 and class 2 receptors. Based on the presence of the (Mikulecky et al., 2013; Ccrngf el al.. 2015).

KWRWRH motif in IFNy¥R2, we performed structural align-

ment of the class 2 receptor structurcs and discovered a similar . . .

but sequentially noncontinuous motif with the sequence 3.6. .Structuml alignment of domains D1 and D2 in IFNyR2
(X)WRWR(X), where X is K, R or I The important role of ~ and in other class 2 receptors

large aromalic trypltophan residues in stlabilizing the (ibro- We performed alignment ol the IFNyR2 structure with the
nectin fold by stitching together two B-strands is accompanied 11 remaining available structures ol the class 2 receptor [amily
in D1 by a structural role for charged residucs, cspecially  in order to gauge their similarity and reveal their unique
arginines. Besides the discussed (X)WRWR(X) molil, we  leatures. The alignment was measured by overlapping 34
found a tlight overlap ol a continuous chain ol residues  residues in the N-lerminal D1 and the same number ol resi-
R-L/V-R-A (residues Argll4-Leull5-Argll6-Alall7 in dues in the C-terminal D2; the rm.s.d. values of the over-
IFNyR2): the average rm.sd. between molils [rom (wo lapped residues are listed in Fig. 3 and the overlapped residues
receplors is 0.6 A The other important residues that are are listed in Supplementary Table S52. The D1 domains are
conserved in D1 of the available class 2 receplor structures are mutually more similar than the D2 domains, as highlighted by

PDB code 1g9 5eh1 1jv 3lgm 4dch 4doh 3dig 3g%v 30g6 3sed 3sed 2puq
Chain ID q A R A E B R A B A ¢ T

Receptor [FNyRT  IFNyR2  ILT0RT  ILT0R2  IL20R1  IL20R2 IL22R  1L22BP IL28R  IFNaR1  IFNaR2 TF
IFNyR1 0.82 0.87 1.35 1.12 0.85
IFNyR2 1.27 0.7% 0.93 0.97 0.85 1.45 125 1.04

IL10R2 100 114 105 089 095 111 093
IL20R1 093 132 089 133 159 136 115
IL20R2 132 123 099 133 8 48 125 121
IL22R 1.20 109 | 08 @ 104 1200 119 | 087 098 103
IL228P 132 094 120 1.8 093 102 116 111 | 096
IL28R 1.21 116 134 129 130 145 091 109 IO 086
IFNaR1 116 0% 131 133 133 126 H 177 094 120
IFNaR2 135 [ w0 2 9 114 | 146 122 143 102
TF 138 116 123 126 |44d 10 e e [ o
Figure 3

Structural differences between the N-terminal (D1) and C-terminal (D2) domains of 12 class 2 eytokine receptors gauged by the r.m.s.d. values for
backbone atoms of their 34 residucs. R.m.s.d. valucs comparing D1 and D2 domains arc shown above and below the diagonal, respectively. For instance,
comparison between D1 of IL20R2 and IL22BP gives an rm.s.d. of 0.66 A; the rmisd. between their D2 domains is 1.30 A, Rm.s.d. valucs that arc
smaller and larger than the off-diagonal average r.m.s.d. value are highlighted in blue and red hues, respectively. The diagonal (in grey) shows the lowest
rm.s.d. values for 34 residues from D1 and D2 within each receptor structure; the r.m.s.d. between D1 and D2 of 1L10R2 is .89 A. References to the
analyzed structures are as follows: IFNyR1, Thiel ez al. (2000); IFNyR2, this work: 1L10R1, Josephson er afl. (2001); 1L10R2, Yoon et al. (2010): 1L20R1
and [L20R2, Logsdon et al. {2012); IL22R, Blcicher er al. (2008); IL22BP, de Moura ef al. (2009); IL28R, Miknis f al. (2010); [IFNeR1 and IFNaR2,
Thomas ef al. {2011); TF (human tissuc factor), Larscn ef al. (2007).
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blue and red hues in Fig. 3; the average r.m.s.d. between two
D1 domains is 0.95 A and that between two D2 domains is
13A.A high similarity within D1 and D2, respectively, indi-
cates that modulation of the specificity of receptors takes
place in only a few variable regions, which are discussed below.

D1 domains bear two conflicting structural features: strict
fold conservation reflected by high structural similarity of the
selected residues, and at the same time the presence of two
structurally highly variable leops corresponding to residues
70-73 and 97-107 in IFNyR2. The third variable loop was
located in the D2 domain (residues 162-171 in IFNyR2); the
loops are coloured red and yellow for D1 and green for D2 in
Fig. 4. Given the fairly uniform core of both domains and
variability concentrated in the three localized regions, we
suggest that the binding specificity of the individual receptors
is controlled by these variable regions. However, there is
another factor that contributes to the receptor specificity, the
different mutual orientation of D1 and D2 (Supplementary
Table S3), which displaces these variable regions to different
positions, thus providing a unique binding interface for each
receptor.

Several structural and sequential features of receptors of
interferon-¢ and interferon-8 (PDB entry 3se4; Thomas et al.,
2011), here labelled IFNaR1 and IFNaR2, distinguishes them
from the other analyzed receptors. Specifically, IFNaR1 is
composed of four instead of two domains; here, we analyzed
D1 and D2. The D3-D4 pair cannot be analyzed as D4 is not
resolved in the electron density. Further dissimilarities of
IFN«R1 and IFN«R2 are found in the composition of their 7—
cation motifs: in IFN«R1 only four residues stack in D1
(Trpdo, Arg76, Trp87 and Arg78) and three in D3 (Trp250,
Arg279 and Trp291), while D1 of IFNaR2 does not have the
motif at all and is replaced by the motif YVTV.

3.7. Similarity among receptors and consequences for
evolution

As discovered previously (Yoon et al., 2010), an aromatic
tyrosine or phenylalanine residue situated in the cleft between
D1 and D2 of gpl30 (PDB entry 1bqu; Bravo et al., 1998), y.
(PDB entry 4gs7; Ring et 4l., 2012) and IL10R2 (PDB entry
3lqm; Yoon et al., 2010) serves as the key binding epitope of
promiscuous class 1 and 2 receptors, implying the existence of
a common ancestor. Superposition of these receptor structures
shows that the orientation of Phel09 and three residues in
epl30, y. and IL10R2 are quite different (Fig. 2c¢). No
preferred rotamer of Phel09 overlaps the three former resi-
dues without significant rebuilding of the IFNyR2 backbone.
The structural difference between IFNyR2 and the other
receptors, especially IL10R2, is significant and suggests that
there is not a common binding epitope for these receptors.

Significant sequence similarity between IFNyR2, IL10R2
and IL20R2 (20-25% sequence identity among different
species; analysis not shown) points to their evolutionary
relationship. If proven, it would be analogous to the evolu-
tionary relationship between receptors 1 of the cytokines
IFNyR1, IL10R1 and IL20R1 (Langer et al., 2004). We may

therefore hypothesize that these three cytokine systems have
evolved from a common ancestral system: while interferon-y
evolved early in evolution and is known in fish species (Savan
et al., 2009), its receptor 2 emerged later in connection with the
evolution of amphibians. The specific function of IFNyR2
therefore evolved from an older promiscuously functioning
molecule. A likely candidate is IL10R2, because it is evolu-
tionarily older and is known in primitive fishes, while IL20R2
emerges similarly to IFNyR2 in amphibians. The lack of a
common binding epitope between IFNyR2 and the other class
2 receptors, notably IL10R2 (Fig. 2¢), indirectly supports this
hypothesis.

3.8. The sequence alignment of IFNyR2 from various species
suggests its binding interface

In an attempt to identify the putative interface by which
IFNyR2 forms a functional ternary complex with its binding
partners interferon-y and receptor 1, we aligned the IFNyR2
sequences from 90 species and used the ConSurf server to
project the consensus onto the structure of IFNyR2 (Fig. 4b).
The 32 conserved residues (purple in Fig. 4b) are mainly
located in the inward arched part of the U-shaped receptor
molecule. This part of the molecule contains the previously
described stacking motif (Fig. 2a) and plays an important role
in maintaining the overall structure. The 34 most variable
residues are predominantly on the opposite side of the
molecule (cyan in Fig. 4b). These regions of sequentially least
conserved residues coincide with the location of the structu-
rally variable loops derived by the superposition of receptor
structures. We therefore conclude that the putative IFNyR2
interface for forming the active ternary complex with IFNy
and IFNyR1 is likely to be in the receptor 2 region with the
most variable residues. This conclusion is supported by an
analogous observation in the IFNyR1 system: the least
sequentially conserved residues form the interface with the
binding partner (Mikulecky et al, 2013).

The composition of the ternary signalling complexes of
dimeric cytokines discussed here, IFNy and IL-10, is under-
stood less than for monomeric examples such as IL-20, for
which the ternary complex has a known crystal structure
(Logsdon et al., 2012). One of the reasons is the existence of
two binding interfaces in the dimeric cytokines and the
resulting different and more complex steichiometry of the
complexes; the crystal structure of an IFNy-IFNyR1 complex
with an unexpected 2:3 stoichiometry serves as an example
(Thiel et al., 2000). The topology and structure of the signalling
ternary complex of IFNy have been extensively studied and
reviewed (Pestka et al., 1997; Hoffmann et al, 2015). Experi-
ments in solution and on the cell surfaces indicated a 2:22 or
2:2:1 stoichiometry of the signalling IFNy complex (Marsters
et al., 1995); cross-linking of different components of the IFNy
complex expressed in cloned cell lines have shown direct
contact between IFNyR1 and IFNyR2 (Krause et al, 2006)
and also between IFNy and IFNyR2 (Kotenko et al., 1995).
The newly determined structure of IFNyR2 may spur new
experiments exploring the topology and three-dimensional
structure of the signalizing ternary complex of IFNy.

Acta Cryst. (2016). D72, 1017-1025
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Figure 4

Structurally variable regions and a proposed interaction interface of the cytokine receptors. (a) Cartoon representation of the structural superposition of
the D1 and D2 domains of the nine receptor structures. The backbone of the sclected residucs (listed in Supplementary Table $2) was superimposed
independently for cach domain and was then drawn on top of the TFNyR2 structure. The aligned cores of both domains overlap tightly (for r.m.s.d.
values, sce Fig. 3), but two regions in D1 (red and yellow) and one in D2 (green) arc highly variable. (b) Scquences of IFNyR2 from 90 specics with the
sequentially most variable regions coloured cyan and conserved regions in purple drawn on the surface of the IFNyR2 structure by ConSurf (Glaser et
al., 2003). The IFNyR?2 free cysteine Cys174 1s highlighted in yellow. (@) and (b) show IFNyR2 in the same oricntation.

4. Conclusions Fig. 2a). Analysis of the rceeptor structurcs revealed three
structurally highly variable regions (Fig. 4a}, which most likely
bring about binding spccificity for their intcracting partners.
This hypothesis is [urther supporied by the alignment ol
IFNyR2 sequences from various species, which identified the
highest sequence variability at positions coinciding with the
structurally variable regions (Fig. 45). An important structural
leature distinguishing IFNyR2 f(rom the related IL10R2,
gpl130 and y. receptors is the specific positioning of the
aromalic recognilion epitope in IFNyYR2 (Fig. 2¢).

We believe that the determination of the structure of the so-
far missing component of the interferon-y signalling complex
will enable a deeper understanding ol the [unctioning of this
important immunity cascade.

A partially deglycosylated extracellular part of the interferon-
y receptor 2, IFNPR2, was crystallized and its structure was
determined at 1.8 A resolution and deposiled in the PDB with
accession code Sehl. The electron-densily map was inler-
preted [or amino-acid residues 28-240, apart [rom two short
loops. The TFNyR2 structure revealed the lold common Lo
other cytokine receptlors: two libronectin type IIT domains
connected by a short linker. IFNyR2 is a glycoprotein with
five ol the six potential N-linked glycosylation sites glvcosyl-
ated, as confirmed by mass spectrometry and the crystal
structure. Our analysis of glycosylation also uncovers the role
of the oligosaccharide moictics at Asnl110 and Asnl37, which
sandwich Tirpl31 and shicld its hydrophobic aromatic ring
from the solvent. Both potential disulfide bonds form but are
not critical for the stability of IFNyR2, as it is also stablc in a
reducing environment. The fifth cysteine Cys174 is bound to
the monomeric cysteine.

Structurc and scquence alignments revealed some impor-
tant features of the 12 class 2 receplors. Their N-terminal D1
domains are more mutually similar than their C-terminal D2
domains (Fig. 3). D1 carrics a distinctive so far unrccognized
structural fealure: a sw—cation motil ol sequentially distant  This study was supported by the Czech Science Foundation
stacked residues (X)WRWR{X) (KWRWRH in IFNyR2:  (GA CR) grant No. 16-205078 and by project BIOCEV
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Human interleukin 24 {IL-24) is a multifunctional cytokine that represents an
important target for autoimmune diseases and cancer. Since the biological
functions of IL-24 depend on interactions with membrane receptors, on-
demand regulation of the affinity between [L-24 and its cognate partners
offers exciting possibilities in basic research and may have applications in
therapy. As a proof-of-concept, we developed a strategy based on
recombinant soluble protein variants and genetic code expansion technology
to photocontrol the binding between IL-24 and one of its receptors, IL-20R2.
Screening  of non-canonical ortho-nitrobenzyl-tyrosine  (NBY}  residues
introduced at several positions in both partners was done by a combination of
biophysical and cell sighaling assays. We identified one position for installing NBY,
tyrosine70 of IL-20R2, which results in clear impairment of heterccomplex
assembly in the dark. Irradiation with 365-nm light leads to decaging and
reconstitutes the native tyrosine of the receptor that can then associate with
IL-24. Photocaged IL-20R2 may be useful for the spatiotemporal control of the
JAK/STAT phosphorylation cascade.

KEYWORDS

protein-protein interactions (PPI), interleukin-24, cytokines, optobinders, genetically
encoded non-canonical amino acids {ncAA), photocaged proteins, ortho-
nitrobenzyltyrosine (NBY), photoxenoprotein engineering

1 Introduction

IL-24 is a multifunctional cytokine playing key roles in immune response, host defense,
tissue homeostasis, and cell proliferation (Ma et al,, 20115 Rutz et al., 2014; Liu etal,, 2023). It
is a member of a broader family of [L- 10 related cytokines including IL-10, IL-19, IL-20, [L-
22, IL-24, IL-26, IL-28 and I[L-29 (Akdis et al, 2011). An increase in the expression levels of
IL-24 is connected to autoimmune diseases, such as psoriasis (Kragstrup et al, 2008),
inflammatory bowel disease (Andoh et al,, 2009), and rheumatoid arthritis (de Melo et al.,
2012). Moreover, a large number of studies suggest anticancer properties for IL-24, such as
stimulation of apoptosis and autophagy, or inhibition of angiogenesis, invasion and
metastasis (Menezes et al., 2018). Given the anti-oncogenesis effects of [L-24, it became
a pharmacological target and even reached phase I clinical trials (Cunningham et al., 2005).
Accumulated evidence strengthened the concept of the “bystander effect” according to which
secreted IL-24, either in normal or cancer cells, induces tumor apoptosis in presence of IL-
20/IL-22 receptors (Su et al., 2005).
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FIGURE 1

Ihe concept of this study. (A) The association between IL-24 and
IL-20R2 is diminished upon genetic encoding of a photocaged
tyrosine {ortho-nitrebenzyl-tyrosine or NBY) into one of the two
binding partners {IL-20R2 in the figure). The non-cancnical

amino acid must be introduced at a position, a priori unknown, which
eilher blocks essential prolein-protein interactions (e.g., hydrogen
bonds] or causes steric clashes preventing a correct configuration of
the interaction interface. (B) Irradiation with UV light (365 nm
wavelength) releases the cage and reconstitutes a canonical tyrosine
residue {and thus restores the native protein) that can now recognize
the binding partner with the same affinity as the wild-type complex.

Membrane-bound receptors for 1L-24 comprise 1L-22R1, IL-
20R1, and 1L-20R2. IL-24/receptor interactions are mediated by the
extracellular domains of these receptors. IL-24 signals through both
the 1L-20 (IL-20R1/1L-20R2) 1L-20R1/1L-
20R2 heterodimers (Dumoutier et al., 2001; Parrish-Novak et al.,

receptor and
20025 Wang et al,, 2002). Upon binding and heterotrimer formation,
IL-24 triggers a signaling cascade in the target cells through Janus
Kinase/Signal Transducer and Activator of Transcription (JAK/
STAT) pathway, which subsequently activates downstream
transcription  factors, like STAT3 and STATI, through
phosphorylation (Wang and Liang, 2005).

Since many physiological and pathophysiological roles of 1L-24
critically depend on its interaction with cognate receptors (Wang
et al, 2002; Wang et al.,, 2004), we hypothesize that controlling the
binding between 11-24 and the shared receptor 1L-20R2 could be
useful for both basic research and therapeutics. The use of light to
switch ON and OFF protein-protein interactions offers superior
capabilities in terms of temporal and spatial resolution (Hoorens
and  Szymanski, 2018). We speculate that assays based on
photocontrolled interleukins and/or their cognate receptors may
be applied to the detection of specific interleukins, the screening of
anti-interleukin/anti-receptor antibodies, or the screening of JAK/
STAT inhibitors.

From the molecular engineering point of view, there are two
major approaches to control protein functions by light
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(Kneuttinger, 2022). The first is hybrid protein optogenetics,
where a chimera between an intrinsically light-responsive protein
and a target protein is made. The second is photoxenoprotein
engineering, where the target protein is modified at defined
residues with light-responsive non-canonical amine acids
(ncAA). NcAA can be incorporated into proteins by genetic
code expansion technology through an orthogonal aminoacyl-
tRNA synthetase (aaRS)/tIRNAcy4 pair (Manandhar et al,, 2021).
Several photocontrolled ncAA have been genetically encoded in
Escherichia coli and mammalian cells, including analogs of
tyrosine, lysine, cysteine, serine and histidine (Wu et al., 2004;
Deiters etal., 2006; Lemke et al., 2007; Gautier et al., 2010; Arbely
etal., 2012; Nguyen et al., 2014; Hauf et al., 2017; Luo et al., 2017;
Baumann et al., 2019; Cheung et al., 2023). We choose to
photocage tyrosines in the form of ortho-nitrobenzyl-tyrosine
(NBY) for two reasons. First, NBY has been proposed as a
universal proximal cage for the temporal blockage of protein
activity (Wang et al, 2019; Wang et al,, 2021). Second, NBY has
been successfully employed to photocontrol antigen-antibody
interactions (Bridge et al, 2019; Jedlitzke et al, 2019; Joest
Mootz, 2022; O'Shea et al.,

et al.,, 2021; Jedlitzke and 22; 2022;
Yilmaz et al.,, 2022; Bridge et al., 2023).

Thus, as a first step towards the photocontrol in vivo of
cell signaling pathways that rely on IL-24-mediated complex
formation, we designed and successfully tested the following
in vitro approach with purified proteins recombinantly expressed
in E. coli (Zahradnik et al., 2019) (Figure 1). Incorporation of
photocaged NBY residues at positions critical for molecular
recognition into either IL-24 or IL-20R2 would keep the
protein partners incompetent for binding and unable to
convey the signal. Following the removal of the cage by UV
irradiation, the native protein structure and activity (binding and
signaling) would be restored resulting in complex formation. In
the future, the ability to switch OFF the binding between 1L-24
and IL-20R2 in the dark and switch it ON by UV light may find
applications in immunology and possibly also in therapeutics.

2 Materials and methods
2.1 Miscellaneous chemicals

pEVOL-NBY was a gift from Dr. Petr Schultz (Deiters et al,
2006). NBY was purchased from Accela. For a more complete list of
reagents, please refer to Supplementary Table S0.

2.2 Gene cloning

An engineered IL-24 variant named I1-24B4 had been sequence-
optimized to achieve soluble expression in E. coli following structural
bioinformatics design (Zahradnil et al,, 2019). This sequence contains
29 mutations relative to wild-type IL-24 (Supplementary Table 51,
residue numbering according to UniprotKB Q13007). A pHisSumo
vector containing such interleukin-24 variant with an N-terminal
HisSumo tag (Zahracnik et al, 2019) was used as the starting material
for cloning. We used the primers 1 and 2 (Supplementary Table 52) to
sandwich the 1L-24 gene between an N-terminal HisSumo-tag and a
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C-terminal Strep-tag. The final construct was labeled as pHisSumo_
IL-24B4_CStrep (Supplementary Figure SLA).

An IL-20R2 variant sequence, referred to as IL-20R2D, which
was also optimized to be expressed and soluble in E. coli, contained
23 mutations relative to the wild-type (Supplementary Table S1
residue numbering according to UniprotKB Q6UXLO0). The design
details can be found in the main text and Supplementary Note S1.
The ordered DNA string consists of a HisSumo tag and a Strep tag
flanking IL-20R2 at the N-terminus and C-terminus, respectively.
The final construct was labeled as pHisSumo IL-20R2D_CStrep
(Supplementary Figure S1B).

TAG triplets to incorporate non-canonical amino acids were
introduced in the plasmid sequences by standard site-directed
mutagenesis using primers 5 to 11 (Supplementary Table 82).

2.3 Protein expression

To express proteins with canonical amino acids, the pHisSumo_
IL-24B4_CStrep and pHisSumo_IL-20R2D_CStrep plasmids were
transformed into E. coli BL21 Al strain. The bacterial cells were
grown in TB medium containing 1.2% tryptone, 2.4% yeast extract,
0.5% glycerol, 33.7 mM Na,HPO,, 22.0 mM KH,PO,, 8.55 mM
NaCl, 18.7 mM NH,CI, 2mM Mg8O,/MgCl,, and metal mix.
The antibiotic kanamycin was supplied to the medium and cells
were grown at 30°C with shaking at 200 rpm. When bacterial
OD600 reached 0.6 to 0.8, cells were induced with IPTG and
arabinose at 0.1mM and 0.02%
respectively, and grown at 16°C for another 20 h.

v/v final concentration,

For proteins containing non-canonical amino acids, plasmids
encoding the proteins-of-interest were co-transformed in BL21 AL
with pEVOL-NBY, a plasmid encoding a tyrosyl tRNA synthetase
derived from Methanocaldococcus jannaschii specific for ortho-
nitrobenzyl-tyrosine (MjNBYRS) and its cognate suppressor
tRNA (tRNAcya) (Deiters et al., 2006).

Bacteria were grown at 30°C and shaking at 200 rpm in TB
medium described above including antibiotics kanamycin and
chloramphenicol. During culturing, we prepared a 50 mM stock
of NBY by resuspending the amino acid in 50% DMSO heated at
70°C and adding NaOH dropwise until a homogeneous solution was
obtained. When bacterial OD600 reached between 0.4 and 0.5, NBY
was added to the culture at a final concentration of 1 mM. After
25 more minutes, the temperature was decreased to 16°C, and cells
were induced by both IPTG and arabinose at 0.1 mM and 0.02%
final concentration, respectively. Overnight-grown bacteria (20 h at
16°C) were separated from the medium culture by centrifugation at
5,000 g for 10 min at 4°C. All cell pellets were stored at —80°C until
needed.

2.4 Protein purification

The cell pellet was suspended in cold washing buffer 50 mM
Tris, pH = 8, 100 mM NaCl and sonicated 2s on, 2 s off during
5min with 50 W power on ice. The fraction of soluble proteins was
collected by centrifuging at 40 000 g for 20 min at 4°C and the
supernatant was passed over streptactin XT agarose beads
equilibrated at room temperature by 50mM Tris, pH = 8,
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150 mM NaCl, 1mM EDTA. After brief incubation for the
proteins containing Strep tag to bind to the beads, the unbound
proteins were washed with the same buffer. Commercial elution
buffer BXT (100 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA,
50 mM biotin) was used to elute the bound Strep-tagged proteins.
All the eluted proteins were further purified by size-exclusion
chromatography (SEC) using a Superdex 75 Increase 10/300 GL
column (GE Healthcare, Chicago, IL, United States) equilibrated
with buffer 50 mM Tris, pH = 8, 100 mM NaCl.

IL-24B4 was digested with Sumo protease to remove the
N-terminal HisSumo tag by at a ratio 1:200 (protease:protein) at
room temperature overnight (16 h). The digestion mixture was
passed over nickel-NTA agarose beads. Uncleaved IL-24 and the
cleaved HisSumo fragment were retained on the beads, while cleaved
IL-24 without the N-terminal HisSumo tag was recovered from the
flow-through. Cleaved IL-24 was subsequently purified by SEC as
described before, pooled and concentrated.

2.5 Protein characterization

The quality and quantity of all protein samples was checked by
electrophoresis, UV/Visible spectroscopy, and mass spectrometry
(de Marco et al., 2021). Proteins were analyzed by 15% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and stained with Coomassie Blue. UV/Vis spectra were taken in a
Nanodrop spectrophotometer (DeNovix) using 10 mm pathlegnth
cuvettes. The protein extinction coefficient at 280 nm, estimated
from the sequence using web server (https://web.expasy.org/
protparam/) was used to calculate protein concentration based on
Beer-Lambert law.

For mass spectrometry analyses, proteins were diluted with
100 uL of 5% acetic acid in water and loaded onto Opti-trap
C4 cartridge (Optimize Technologies), washed 4 times with
250 uL of 5% acetic acid in water and eluted with 100 pL of 80%
acetonitrile, 3% acetic acid. Proteins were analyzed by direct infusion
using syringe pump at a flow rate 3 uL/min connected with an
electrospray ion source of TimsTOF Pro mass spectrometer (Bruker
Daltonics). The mass spectrometer was externally calibrated using
0.1% (w/w) sodium trifluoracetate. Proteins were measured in
positive mode. The data were processed using SNAP algorithm-a
part of DataAnalysis 5.3 software (Bruker Daltonics). Deconvoluted
spectra were generated using the UniDec 5.0.2 software (University
of Oxford) (Marty et al., 2015). IL-20R2D and IL-20R2D Y70NBY
were also measured on a high resolving power and high accuracy
15T SolariX XR FT-ICR mass spectrometer (Bruker Daltonics),
Expected protein masses (average and monoisotopic) were
calculated with 2M data acquisition, by submitting the protein
sequerces to the website https://web.expasy.org/compute_pi/,

The circular dichroism spectra were measured using a 0.1 em
quartz cuvette on ChirascanTM-plus spectrometer (Applied
Photophysics). Proteins were diluted in buffer (Tris 50 mM NaCl
100 mM pH = 8.0) to final concentration of ~0.15 mg/mL. The data
were recorded in the range of wavelengths of 190-260 nm with a
step of 1 nm and time-per-point of 1s at room temperature. The
resulting spectra were water-subtracted and normalized to the
concentration of the corresponding sample and are given as
molar circular dichroism (Ag) vs wavelength. The data were
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processed by CDNN 2.1 software and BestSel (https://bestsel elte.hu/
index.php) (Micsonai et al., 2022).

Label-free protein unfolding assays were done by detecting the
temperature-dependent change in tryptophan fluorescence at
emission wavelengths of 330 and 350 nm (Alexander et al,
2014). Melting temperatures
maximum of the first derivative of the fluorescence ratios (F350/

were determined from the
F330). For thermal unfolding experiments, the proteins were diluted
to a final concentration of ~0.15 mg/mL. The samples were loaded
into UV capillaries (NanoTemper Technologies) and experiments
were carried out using the Prometheus NT.48.

2.6 UV-decaging

200 pL of the proteins at 200 nM concentration were transferred
to 1 mm path-length cylindrical cells (Hellma) and irradiated at
365 nm with an LED (Thorlabs M365L2) attached to a collimator
(Thorlabs SM2F32-A) at 100 mW of power for 5 min at room
temperature. Irradiated proteins were used immediately.

2.7 Affinity measurements by MST

We determine the binding affinity (dissociation constant) by

MicroScale  Thermophoresis  (MST) using a  Monolith
NT.115 instrument (NanoTemper Technologies) (Jerabek-
Willemsen et al, 2014). 200nM of IL-20R2D, IL-20R2D

Y70NBY, IL-20R2D Y74NBY, or IL-20R2D Y70NBY/Y74NBY
were labeled with an NTA-conjugated fluorescent dye as
recommended by the kit His-Tag Labeling RED-tris-NTA second
generation. Binding assays were performed in buffer 50 mM Tris,
pH = 8, 100 mM NaCl, 0.02% pluronic F127. The instrument
settings were 20% MST power and 40% LED power. Data from
triplicate experiments were fitted to mass-action kinetics by using
the NT Analysis software version 1.5.41:

F(C)_A+B(C+CT+K,1\(C+CT+K4)24CCT) W

2c¢r

Where F(c) is the fluorescence signal as a function of
concentration; ¢ is the concentration of IL-24B4 (unlabeled) c7 is
the concentration of IL-20R2D variants (fluorescently labeled), which
was held constant at 50 nM; and K is the dissociation constant; A is
the titration curve baseline; B is the titration response range. To
facilitate the comparison between datasets with distinct values of A
and B, the fraction of bound molecules (normalized between zero and
one) was calculated as:

)

Fractionbound = M;A
B
2.8 Affinity measurements by yeast display

Yeast surface display of IL-24B4 and subsequent binding
experiments were performed by using the enhanced yeast display
plattorm pJYDC1l plasmid (Addgene ID: 162458) and
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Saccharomyces cerevisine EBY100 strain (Zahradnik et al, 2021a).
The bait, an IL-24B4 version including an N-terminal linker of
17 amino acids, was cloned between Ndel and BamHI sites (see full
construct sequence in Supplementary Table S1), and transformed
into yeast by lithium acetate method. Protein expression was
achieved by cultivation in galactose-rich expression media 1/9 at
20°C for 24 h (Zahradnik et al., 2021a). Prey proteins (IL-20R2D,
[L-20R2D Y70NBY and their UV irradiated versions) were
labeled by using CF*640R succinimidyl ester dye (Biotium) in
1:3 M excess.

The binding affinities of labeled IL-20R2D versions to IL-24B4
expressed on yeast surface were determined by flow cytometry titration
experiments. We used 5 different concentrations (500, 100, 20, 4, and
0.1 nM) of labeled prey protein in PBS buffer supplemented by 1 g/L of
Bovine Serum Albumin Fraction V (PBSB buffer, Sigma-Aldrich,
Cat#10735078001), and 10nM bilirubin  (Sigma-Aldrich, Cat#
14370) for activation of eUnaG2 fluorescence (excitation at 498 nm,
emission at 527 nm). To increase the control over the measurement,
we enriched the suspension by addition of 05% of IL-24S, an
engineered clone featuring 300 times tighter binding, which was
obtained by yeast display affinity maturation (Supplementary Table
S1 and Supplementary Figure $2).

Binding suspensions were incubated overnight at 4°C, washed
twice with ice-cold PBSB and analyzed by using CytoFLEX S Flow
Cytometer (Beckman Coulter, United States, Cat#. NO-V4-B2-
Y4). The gating and analysis strategies were described previously
(Zahradnik et al,, 2021a; Zahradnik et al., 2021b). Briefly, the
unspecific binding signals were subtracted from the binding
signals and a Eq. | was fitted to the data by nonlinear least-
squares regression using Python v3.7 (https://www.python.org).

2.9 JAK/STAT signaling assays in human cells

HeLa cells were gown in a media containing Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 1% of PenStrep and 1% of sodium pyruvate. To ensure
sufficient amounts of the receptors IL-20R2 and IL-22R1, two
plasmids encoding the native sequences (Supplementary Table
51) were constructed (oligos 12 to 15 of Supplementary Table §2)
and co-transfected in HeLa cells (0.66 pg of [L-20R2 and 1.33 ug
of IL-22R1) using the jetPrime transfection reagent (Polyplus
114-07) following manufacturer’s instructions. The next day, the
cells were treated for 30 min with the obtained interleukin
variants at the indicated concentrations. After the incubation
period, the plates were put on ice, the media discarded, and cells
were washed with cold PBS buffer. Then, 100 L of RIPA lysis
buffer (Tris 50 mM pH = 8.0, NaCl 150 mM, EDTA 5mM,
IGEPAL CA-630 1%, sodium deoxycolate 10%, SDS 10%)
supplemented with protease and phosphatase inhibitors was
added to each well. Cells were scraped and put into Eppendorf
tubes for 20 min on ice, followed by centrifugation at 4°C,
18,000 g for 30 min. Protein concentration in the supernatant
fraction was quantified by the BCA assay (QPRO BCA kit from
Cyanagen) using BSA as the standard. Equal protein amounts
loaded on SDS-PAGE gels. Western blotting to
nitrocellulose membranes was done in a Transblot Turbo Bio-

were

rad system. For immunoblotting we use two primary antibodies:
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anti-phospho-STAT3 (Tyr705, D3A7) monoclonal antibody
raised in rabbit, and anti a-tubulin monoclonal antibody
raised in mouse (Sigma). As secondary antibodies we used
anti-mouse or anti-rabbit peroxidase-conjugated IgG. One
milliliter of peroxidase substrate was added to the membranes
and the resulting chemiluminiscence was imaged using an
Azured00 system. All original Western blot images can be
found in the Supplementary Zip file. Band quantification was
done in Image] (https://imagejnih.gov/ij/indexhtml) as
previously described (Stael et al, 2022). The band intensities
of pSTATS3 were divided by the corresponding band intensities of
tubulin and subtracted from a control experiment (untreated
cells). Normalized and background-subtracted band intensities
were plotted as a function of the concentration of added variant
and a dose-response curve was fitted to the data:

PSTAT3 Y

fubulin 1+ (ECsefc)™ ®)

‘Where Y. is the maximum observed signal, ECs; is the half
maximal effective concentration, ¢ is the concentration of added
interleukin (IL-24B4, IL-20R2D and their NBY counterparts),
and #z is the Hill coefficient (which was fixed to 1, i.e, non-
cooperative binding, to prevent overfitting due to the reduced
number of points).

3 Results

3.1 Protein design combining canonical and
non-canonical amino acid mutagenesis

In vitro testing of photo-induced changes in binding affinity
requires pure and active protein partners. We designed engineered
variants that are more amenable to downstream manipulations and
may be used as surrogates of wild-type proteins after a scrutiny of
their performance.

3.1.1 Enhancing solubility and stability with
canonical amino acids

In our previous work, we successfully optimized the sequence
of IL-24 based on canonical amino acid mutagenesis to achieve
soluble expression in E. coli hosts (Zahradnik et al., 2019). Here
we have applied a similar approach to the high affinity receptor of
1L-24, the IL-20R2. In order to obtain an stabilized soluble
extracellular portion of IL-20R2 protein, we employed PROSS
algorithm (Goldenzweig et al., 2016) (Supplementary Note S1,
Supplementary Table S1, Supplementary Figure S$2, and
Supplementary Figure S3A). We then tested the expression of
our newly designed IL-20R2D in E. coli BL21 (DE3) under the
control of T7 promoter and compared it to IL-20R2 wild-type
under the same conditions. Unlike the wild-type gene, our
construct is expressed as a soluble protein in large quantities
~20mg.L" (Supplementary Figure S3B). Subsequent CD and
melting measurements showed evidence of a folded protein
(Supplementary Figure $3C) with a melting temperature of
~45°C  (Supplementary Figure S3D). The protein showed
considerable stability and retention of binding to IL-24B4
(Zahradnik et al., 2019).
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3.1.2 Adding photocontrol with photocaged ncAA

As mentioned before, we chose to photocage tyrosine residues
with the o-nitrobenzyl moiety. We then looked for tyrosine residues
at the binding interface between IL-24B4 and IL-20R2D. Since no
high-resolution structure exists of the complex between the variants
used in the present study, we used the X-ray crystal structure of the
homologous native ternary complex (IL-24/IL-22R1/IL-20R2, PDB
ID: 6DF3) (Lubkowski et al, 2018) (Figure 2A). The structure
suggests that the main contribution to complex formation are the
contacts between IL-24 and IL-20R2. The IL-24/IL-20R2 interface is
shown schematically in 2D (Supplementary Figure S4A). The
interface area covers ~900 A? and is stabilized by several forces
including 13 hydrogen bonds (H-bonds), 2 potential salt bridges,
and a number of polar, water-mediated and hydrophobic contacts.
We identified three tyrosine candidates: one in IL-24 (Y204), and
two in IL-20R2 (Y70 and Y74). The phenolic hydroxyl group of
tyr70 in IL-20R2 makes a hydrogen bond (H-bond) with the
g-amino group of lys135 in IL-24 (Figure 2B). The sidechain OH
of tyr74 in IL-20R2 is H-bonded to the backbone CO group of
leull7 in IL-24 (Figure 2C). Finally, tyr204 in IL-24 makes Van der
Waals interactions with lys210 of IL-20R2 (Figure 2D) and is also
involved in H-bond interactions with IL-22R1 (Supplementary
Figures $4B-E). Considering all these data, we prepared three
single mutants: IL-24B4 Y204NBY, IL-20R2D Y7ONBY and IL-
20R2D Y74NBY. In addition, we prepared the double mutant of IL-
20R2D Y70NBY/Y74NBY.

3.2 Production and characterization of
photocaged interleukins and receptors

For the design of the final constructs, we considered one
additional phenomenon. Codon decoding by orthogonal
aminoacyl-tRNA synthetase/tRNAcy, pairs is not 100% efficient,
Le, protein translation can also terminate at the introduced codon
resulting in a mixture of truncated and full-length proteins that can
be difficult to separate. To avoid such a problem, we added a
C-terminal Strep-tag. All our final constructs express target
proteins containing a HisSumo tag at the N-terminus and a
Strep-tag at the C-terminus. First, we checked whether addition
of the Strep tag alters the yield of IL-24B4 and IL-20R2D. The purity
was assessed by SDS-PAGE (Figure 3A). In the case of IL-24B4, the
HisSumo tag was removed to avoid interference with downstream
affinity measurements by microscale thermophoresis (MST). This is
because for MST, the His-tagged target protein is non-covalently
labeled with a NTA-conjugated fluorescent dye. Mixing with
another protein containing a His-tag will cause the dye to re-
equilibrate between the two binding partners thus confounding
the experiment. Sumo-free IL-24B4 is shown in Figure 3A (right
panel).

To obtain proteins with NBY incorporated at specific positions,
an evolved orthogonal aminoacyl tRNA-synthetase (MNBYRS) and
suppressor tRNA (tRNAy4) pair was added to the native bacterial
translation system (Deiters et al., 2005). Moreover, the bacteria cells
were fed with the dissolved non-canonical amino acid NBY in TB
culture medium. The expressed full-length non-canonical receptors
were purified by one-step Strep-tag procedure as done for the
parental proteins. In addition, the negative controls without NBY
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FIGURE 2

{IL-24). (D) Close-up view of Van der Waals contact between lysine210 {IL-20R2) and tyrosine204 (IL-24).

Seleclion of largel residues for subslitulion wilh pholocaged counterparts. (A) 3D model of the complex belween IL-24 (blue) and IL-20R2 (red)
based on X-ray crystallography (PDB 6DF3). The three chosen tyrosines {tyrosine /0, tyrosine /4, and tyrosine204) are highlighted in green. (B) Close-up
view of the H-bond between tyrosine70 (IL-20R2) and lysine135 {IL-24). (C} Close-up view of the H-bond between tyrosine/4 (IL-20R2) and leucinell’
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FIGURE 3

100 mM pH = 8.

Expression, purification and characterization of parental and caged interleukins. (A} SDS-PAGE of all purified variants fused to SUMQ (left panel) and
SUMO-cleaved IL-24B4 (right panel). (B) Circular dichroism spectra expressed as per residue maolar absarplicn {Ag). (C) Thermal denaluration curves
expressed as the normalized first derivative of the fluorescence emission ratio between 350 nm and 530 nm. (D) Size-exclusicn chromatograms of all
studied variants before (solid lines) and after (dashed lines) UV irradiation. The molecular weight of gel filtration markers is shown on tep. The
asterisks indicate the expected elution volumes for both monomeric and dimeric assemblies. Data in panels (B), (C) and (D) were taken in Tris 50 mM Nacl
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FIGURE 4

Analysis of the effect of protein UV irradiation by mass
spectrometry. Decorvoluted mass spectra of the six interleukin
variants used in this study before (solid lines) and after (dashed lines
with filled areas) exposure to light {A = 365 nm, 5 min at 100 mw)

No significant mass changes are observed for the parental proteins {IL-
20R2D and IL-24B4) upon UV irradiation. NBY-containing IL-20R2D
and IL-24B4 are converted back to IL-20R2D and IL-2484,
respectively, by UV light. Average masses can be found in
Supplementary Table S3

supplement were performed for size comparison. Clear bands at the
expected molecular weight were found in the case IL-24B4
Y204NBY (Supplementary Figure S5A) IL-20R2D Y7ONBY, IL-
20R2D Y74NBY (Supplementary Figure S5B) in the presence of
ncAA. On the contrary, for the samples without added NBY there
were essentially no proteins (Supplementary Figure S5). These
results suggest that the ncAA NBY was incorporated into the
interleukins and their receptors at selected residues only in E. coli
cells containing both the non-canonical amino acid and the
orthogonal translation machinery.

To check whether NBY was indeed present in the purified
polypeptides, mass spectrometry was employed (Figure 4). The
experimentally determined masses are very close to the
theoretical masses (plus/minus 2 Da) (Supplementary Table §3).
We did not detect mis-incorporation of phenylalanine residues or
reduction of the nitro group, two common issues associated to the
genetic encoding of NBY (Koch et al, 2022). These results confirm
unambiguously that the non-canonical amino acid NBY was
introduced into the target proteins at high levels.

We further characterized the obtained protein variants by
circular dichroism (CD) and differential scanning fluorimetry
(DSF). The CD spectra of the IL-24B4 variants showed two
minima at ~208 nm and ~224 nm (Figure 3B). In opposition, the
CD spectra of the 1L-20R2D variants featured a single minimum
around 207 nm (Figure 3B). Analysis of secondary structure content
revealed that 11.-24B4 variants were enriched in a-helices while 1L-
20R2D mutants contained predominantly antiparallel fi-sheets
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(Supplementary  Table S1) in agreement with their crystal
structures. Analysis of melting temperatures by DSF indicated
significant differences in thermal stability among the mutants
(Figure 3C). IL-24 variants were more stable than IL-20R2D
variants, ~60°C vs. ~40°C, respectively (Supplementary Table S5).
In both cases, NBY reduced the protein’s melting temperature. The
largest effect was observed in the double mutant (Y70NBY/
Y74NBY) that had ~10°C lower melting temperature than the
parental protein. Therefore, although the introduced NBY caused

minimal structural changes, protein stability was reduced.

3.3 Testing the effect of UV irradiation

Supplementary Table 56 shows the employed UV wavelengths
together with protein’s UV/Visible absorption spectra. Prior to
measuring protein affinities and cellular signaling, we checked
the effect of UV light on protein oligomerization and molecular
weight by size-exclusion chromatography (SEC) and mass
spectrometry. According to SEC (see chromatograms in
3D), the apparent molecular weights of all studied
variants lay in between the expectation for a monomer and a
dimer (Supplementary Table 56). Therefore, at least two
interpretations are possible. Either the proteins are in monomer/
dimer equilibrium or they feature an expanded (“open”) monomeric
conformation The NBY mutations tend to make the proteins more
aggregation prone and substantial protein amounts were found in
the void volume. Importantly, no major changes in the elution
profiles were observed before/after UV and no large aggregates were

Figure

found upon UV exposure. However, UV-irradiated samples eluted
earlier than the non-irradiated counterparts (Supplementary Table
56).  Although partial UV-induced dimerization cannot be
completely ignored, we conclude that a molecular interaction
with a 1:1 stoichiometry is a suitable analytical model.

Second, we ruled out any potential UV-induced photodamage to
the proteins. The masses of IL-24B4 and 1L-20R2D before and after
illumination were virtually identical, suggesting that the irradiances
used in this study are insufficient to cause significant residue
modifications (Figure 4). Next we checked the efficiency of
decaging. We shined UV light on the 4 NBY-containing variants
and observed that the mass decreased ~135 Da (or ~270 Da in the
case of the double mutant), which corresponds to that of the
nitrobenzyl moiety, making it indistinguishable from the mass of
canonical variants (Figure 4). For better visualization of the mass
difference we also show detailed mass spectra of 35+ charge state
(Supplementary Figure §7).

Thus, we prove that all photocaged interleukins/receptors can be
efficiently decaged by UV irradiation, thereby regenerating the
parental proteins natively containing a tyrosine residue (or
residues in the case of the double mutant).

3.4 Measuring interleukin-receptor
interactions and their effects

Having found conditions for efficient decaging, we next
monitored the effect of the produced interleukin variants on IL-
24/1L-20R2 complex formation in three environments of increasing
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TABLE 1 Binding affinities between IL-24B4 and IL-20R2D variants, Dissociation ¢

(Ks and

half. N

10.3389/fmolb.2023.1214235

| effective

as the mean = s.d. (3 biological replicates for MST, 3 technical replicates for yeast display, and 2 technical replicates for Western blot).

Method = MST Yeast dispiay Cell signaling (pSTAT3)
Partner 1° Partner 2 K4 (nM) Ka® (nM) ECsp" (nM)
IL-24B4 IL-20R2D° 630 £ 140 50 £ 06 028 = 0.07
1L-24B4 Y204NBY 1L-20R2D° NP N.D. 09405
IL 2484 Y204NBY + UV IL20R2D° NI ND. 076 = 0.24
IL-24B4 IL-20R2D + UV 3,700 = 400 96 1 1.6 N.P.
IL 24B4 IL20R2D ¥7ONBY 594,000 ~2000 N.P.
IL-24B4 IL-20R2D Y7ONBY + UV 3,300 - 600 7.6 104 N.P.
IL24B4 IL-20R2D Y74NBY 430 + 30 ND. N.P.
IL-24B4 IL-20R2D Y7ONBY/Y7ANBY 570 1 60 ND N.P.

"For microscale thermophoresis (MST) experiments the partner 2 was held constant and partner 1 titrated, while the opposite is true for yeast display experiments.

"K; values obtained from yeast display should be considered apparent because they reflect not only affinity but also avidity due to the high protein densities on the cell surface.
“Production of phosphorylated STAT3 (pSTAT3) as a function of added partner 1. Note that in this case the partner 2 corresponds to [1-20R2/11-22R1, expressed in Hela cells.
N.IJ, means not determined; N.P, indicates a measurements that it is not pessible due to low sample amounts or limitations of the cell assays (see main text more details).
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FIGURE 5
Estimation of binding affinities by microscale thermophoresis and yeast surface display. (A) Fraction of bound molecules as a function of IL-2484
concentration according to MST experiments. (B) Fold-change in binding affinity relative te IL-24B4/1L-20R2D without UV irradiation of the four studied
variants (IL-20R2D, IL-20R2D Y/ONBY, IL-20R2D Y/4NBY, and IL-20R2D Y/ONBY/Y /4NBY) by MS1. The bars represent the average and standard
deviation of 3 independent experiments. No significant binding was detected for the mixtures between IL-20R2D Y70NBY and IL-24B4 within the
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retrieve the dissociation constants (see Ky values in Table 1).

complexity (Supplementary Figure 58). First, with both interacting
partners free in solution by MST. Second, with one binding partner
immobilized on the yeast cell surface and the other in solution by
veast display. Finally, with the receptors natively inserted in the
membrane of human cells and the others exogenously added (o (he
growth media. The first two methods directly report on IL-24/IL-
20R2 binding affinities, while the latter is sensitive to the impact that
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such interactions have on signal transduction through the JAK/
STAT pathway.

3.4.1 MST measurements

We delermined binding allinities by MST, which measures
temperature-induced changes in fluorescence intensity, using
fluorescently labeled variants at a fixed concentration and mixing

frontiersin.org

108



Pham et al.

with variable amounts of unlabeled binding partners. Unfortunately,
the obtained amounts of IL-24B4 204NBY were too low. Hence, we
concentrated on NBY-containing mutants of [L-20R2D for which
we obtained sufficient yields for biophysical studies. The dissociation
constant (K;) of the complex between IL-24B4 and IL-20R2D is
~0.5 UM (see K, values in Table | and raw data in Supplementary
Figure 59) in agreement with the literature (Zahradnik et al., 2019).
Exposure to UV light slightly diminished the binding affinity by a
factor of 6 (compare green and violet traces in Figure 5A). Of the
three tested varfants containing photocaged non-canonical amino
acids, IL-20R2D Y74NBY and the double-mutant IL-20R2D
Y70NBY/Y74NBY bound to IL-24B4 with similar affinities as
their canonical counterparts (Figure 5B). Non-irradiated IL-
20R2D Y7ONBY showed virtually no binding to IL-24B4 within
the concentration range used (Figure 5A), suggesting a decrease of
binding affinity by a factor of at least 300 relative to the canonical
complex (Figure 5B). Gratifyingly, photoconversion of IL-20R2D
Y70NBY back to IL-20R2D by UV light shifted the binding curve
towards the values observed for the canonical protein (Figure 5A).
Thus, we found one residue position in IL-20R2D, Y70, where NBY
significantly blocks the heterodimerization with IL-24B4. In such a
case, complex formation can be observed after cage photolysis by
UV light. Unexpectedly, the double-mutant displayed high binding
affinity in the absence of UV irradiation suggesting non-additive
effects of the two mutations where the inhibitory effect of Y7O0NBY is
somehow compensated for by Y74NBY.

3.4.2 Yeast display measurements

To support the previous results in a more cellular context, we
also estimated binding affinities using yeast display. The four
purified and fluorescently labeled IL-20R2D variants (canonical
and non-canonical, with and without UV stimulation) were
different
expressing on their surface IL-24B4 fused to a fluorescent

incubated at concentrations with yeast cells
protein. The fluorescent signal arising from each binding
partner was then analyzed by flow cytometry (Supplementary
Figure S10). In these plots, binding events appear along the
diagonal. UV illumination did not cause a significant change
(2-fold reduction) in the population of IL-20R2D/IL-
24B4 complex (Figure 5C). In the case of IL-20R2D Y70NBY
in the absence of UV light, complex formation with [L-24B4 was
largely attenuated within the range used

(Figure 5C). Upon illumination, the number of heterodimers

concentration

increased and reached similar levels as for the canonical complex
(Figure 5C). The apparent K; values, including both affinity and
avidities, are listed in Table 1.

When comparing the relative trends, both MST and yeast
display agree in suggesting low levels of complex formation
between IL-20R2D Y70NBY and IL-24B4 in the absence of light.
However, the binding affinities estimated by yeast display were
higher (approximately 100-fold) than those determined by MST in
diluted protein solutions, probably due to avidity (multiple
interaction events) and crowding effects. In summary, the two
methods point to two completely different binding scenarios. On
one hand, low binding affinity of IL-20R2D Y70NBY (caged
receptor) against IL-24B4 in the dark. On the other hand, high
binding affinity (similar to the parental proteins) upon UV
illumination and subsequent decaging.
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3.4.3 Cell signaling assays

Eventually, we measured the ability of our engineered
variants IL-20R2D and IL-24B4 to activate the JAK/STAT
signaling cascade in a human cell line (HeLa). To this end, we
quantified  the levels of the transcription factor
STAT3 phosphorylated at tyrosine705 (pSTAT3 for short),
which is a well-known marker implicated in the signaling of
IL-24 and other cytokines (Darnell et al, 1994). pSTAT3 levels
after 30 min exposure with canonical or non-canonical
interleukin variants were determined by Western blotting
using an anti-pSTAT3 antibody and subsequent enhanced
chemiluminiscence detection.

Initially, we checked whether our engineered versions (IL-
24B4 and IL-20R2D) and the endogenous levels of native
receptors (IL-20R2 and IL-22R1} present in Hela cells can
yield detectable amounts of pSTAT3. As a positive control we
used interferon-a (IFNa), a cytokine that is known to induce
rapid changes in JAK/STAT phosphorylation and initiate the
1989).
pSTAT3 was found in non-transfected cells regardless of the
presence of IL-24B4 (Supplementary Figure S11A). On the
contrary, significant amounts of pSTAT3 were found in

signaling (Pellegrini et al, Little production of

transfected cells upon addition of IL-24B4 (Supplementary
Figure S11A) suggesting that Hela cells express limited
amounts of endogenous receptors and require a boost of IL-24
receptors to enhance signal-to-noise. Similar amounts of
pSTAT3 were found in the case of interferon-a stimulation
(Supplementary Figure S11B). To test the capability of IL-
20R2D to transduce biological signals, we created a chimeric
receptor (IL-20R2DC) where the extracellular portion of full-
length IL-20R2 was replaced by the designed IL-20R2D
(Supplementary Table S1). The results (Supplementary Figure
$11C) support the notion that IL-20R2DC can bind IL-24B4 and
trigger signaling.

Surprisingly, we found that IL-20R2D signals through the
same receptors and pathway although at high protein
S12A).  Signal
transduction through IL-20R2 was previously observed for
[FNaR2 (Pattyn et al, 1999). Such a background level of
pSTAT3 induction by IL-20R2D would complicate the
interpretation of the results when both IL-24B4 and IL-20R2D
are present. Taken together, these results confirm that the
designed variants, IL-24B4 and IL-20R2D, recapitulate the role
of native proteins, ie., [L-24B4 binds its cognate membrane-
bound receptors (IL-20R2, IL-22R1) and initiates the TAK/STAT
pathway. However, a limitation of our cell signaling assays is that

concentrations  (Supplementary  Figure

they do not unambiguously inform on the effect of IL-20R2D.

Therefore, we focused on the IL-24B4 Y204NBY mutant,
which could be purified in sufficient amounts for the cell
assays. We measured the intracellular levels of
pSTAT3  reporter  after incubation with  different
concentrations of IL-24B4 and IL-24B4 Y204NBY without and
with UV irradiation (Supplementary Figure S12B). The more IL-
24B4 was added to the cells the more pSTAT3 was obtained until
saturating levels were reached. A non-cooperative Hill model was
fitted to the dose-response curves (Supplementary Figure 512C)
and the resulting half-maximal effective concentration (ECs,)
values are reported in Table 1. The EC,, of caged IL-24B4
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FIGURE 6

Signaling assays in Hela cells transfected with plasmids encoding
IL-20R2/IL-22R1. (A) Western blots showing the production of
phosphorylated STAT3 (pSTAT3) upon induction of JAK/STAT
signaling pathway by exogenously added amounts of IL-2484

and its photocaged variant Y204NBY both in the presence and
absence of UV irradiation {k = 365 nm, 5 min at 100 mw). (B)
Quantification of pSTAT3 {normalized by tubulin) as a function of the
added variants and concentrations. The bars represent the average
and standard deviation of 2 independent experiments

Y204NBY was ~3 times larger than that of parental IL-24B4 but
similar to the decaged counterpart considering experimental
uncertainties. At concentrations higher than ECs, all four IL-
24B4 variants behaved similarly as expected (Figure 6). Only at
concentrations near ECs, the caged Y204NBY variant signaled
less than the parental protein, and UV irradiation increased
pSTATS3 levels but without reaching the amounts observed for
the parental protein (Figure 6). We conclude that IL-24B4
Y204NBY is another promising candidate for future studies.

4 Discussion

Since the interaction between human interleukin-24 and its
receptor 1L-20R2 triggers the JAK/STAT signaling pathway, and
acts on angiogenesis and cell proliferation, we are interested in
controlling this interleukin-receptor system. In this work, we have
genetically encoded in each binding partner ortho-nitrobenzyl-
tyrosine, an unnatural photocaged analogue of tyrosine, to
photoregulate 1L-24/11-20R2 interactions. Our main finding is
that IL-20R2D Y7ONBY and, to a lesser extent, IL-24B4
Y204 hamper complex formation and subsequent activation of
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the STAT3 cascade. Mild UV irradiation partially restores
heteroassociation and cell signaling,

4.1 Photocontrolling protein-protein
interactions involving interleukins with ncAA

Protein-protein interactions (PPI) lie at the heart of many
biological processes ranging from metabolic pathways to
signaling cascades. Moreover, abnormal PPI are associated with
various diseases, including cancer (Lu et al., 2020). Therefore, the
modulation of PP1 is important not only for basic research but also
for the development of new drugs. Research related to the control of
PPI has focused primarily on antigen-antibody interactions (Lucchi
et al., 2021).

Among several approaches to photocontrol PPl (Carrasco
Lopez et al., 2020; Gil et al., 2020), genetically encoded photo-
responsive non-canonical amino acids offer several advantages: i) a
precise level of temporal and spatial control over protein binding; ii)
the small size of the modification (typical caging groups are less than
500 Da in size); and iii) the possibility of generating the modified
protein directly by the biosynthetic machinery within the cell
(Courtney and Deiters, 2018). However, there are also challenges
associated with their use. First, the suppression efficiencies are
variable, context-dependent and may result in severe drops of
protein yields, particularly in the case of multi-site incorporation
{Amiram et al., 2015). Second, the introduction of non-native side-
chains may affect protein folding, stability, binding and dynamics
(Rogers et al., 2018; Kesgin-Schaefer et al., 2019; Chaudhari et al.,
2022). Third, due to the usually large interfacial areas that are
stabilized by multiple non-covalent interactions (hydrogen bonds,
hydrophobic interactions, etc.), targeting PPI with single-residue
perturbations is not straightforward, typically requiring extensive
screening campaigns (Bridge et al, 2019; O'Shea et al,, 2022). This
contrasts with the photocontrol of interactions between proteins and
small ligands or substrates, which typically depend on one or a
reduced number of residues closely localized in space, eg., an
enzyme’s catalytic site (Nguyen et al., 2014; Zhou et al,, 2020).

The interleukin 10 family, which includes IL-24, plays
important roles in cell differentiation, apoptosis, and tumor
growth, and thus represents an attractive therapeutic target
(Chada et al, 2005 Cunningham et al, 2005). Disrupted
cytokine-receptor signaling and JAK/STAT phosphorylation
cascade may lead to a variety of diseases, such as skin
conditions, and disorders affecting the immune
system (Aaronson and Horvath, 2002; Hu et al, 2021).
Members of the IL-10 are also involved in host-pathogen
have potential in the

cancers,

interactions, wound healing, and

treatment of respirator, inflammatory and autoimmune

diseases (Iyer and Cheng, 2012; Traupe, 2017; Liu et al., 2023;
Reis etal,, 2023). To the best of our knowledge, there is only one
example of inhibition of the interaction between 1L-24 and its
receptors, which is based on antibody binding to IL-20R1 and IL-
22R1 (Chada et al,, 2001). The light-dependent assembly between
1L-24 and its receptors may be an alternative route toward the
development of a new therapeutic strategy to combat such
diseases and conditions.
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4.2 Heterologous expression of interleukins
and receptors containing ncAA

To obtain IL-24, the IL-20R2, and their
photoactivatable variants, we combine canonical and ncAA
mutagenesis.

receptor

Depending on protein sequernce and need for post-translational
modifications, obtaining sufficient yields of stable proteins can be a
serious bottleneck. Obtaining “difficult” proteins requires multiple
expression attempts (Peleg and Unger, 2012) or cumbersome and
cost-ineffective expression systems (Hopkins et al, 2010). On top of
these effects, the incorporation of ncAA may cause further decreases
in protein yields and alter protein stability or function in ways that
are difficult to predict (Chaudhari et al., 2023). Indeed, all our
proteins of interest are naturally N-glycosylated and bear disulfide
bonds, which make them hard to produce in traditional E. coli
expression systems. Production of wild-type IL-24 in high quantities
is only possible with the co-expression of its interacting partner
(Lubkowski et al., 2018). Overall, protein production renders the IL-
24 signaling complex a very challenging target for (photo)
xenoprotein engineering. Therefore, we adopted an alternative
strategy to obtain active proteins while avoiding long and severe
optimization trials based on structure- and sequence-based protein
design using the 20 canonical amino acids (Goldenzweig et al,
2016). Such a bioinformatics design optimizes the amino acid
sequence of IL-24 and IL-20R2 to stabilize their expression in
bacteria, rendering them more suitable for functional studies.
Both engineered variants, named IL-24B4 and IL-20R2D, are
biologically active and support signal transduction through the
JAK/STAT pathway.

Next, the light-inducible variants are made by adding a
photocaged amino acid, NBY, into IL-24B4 and IL-20R2D by
genetic code expansion technology. We looked for candidate
residues In both interacting partners and found three target
tyrosines. The single tyrosine mutant of IL-24B4, Y204NBY, did
not express at sufficient and cost-effective levels for subsequent
biophysical investigations by MST. Thus, [L-24B4 Y204NBY could
only be studied in cell assays, which require relatively low amounts
of material. In the case of the receptor, all ncAA variants including
two single mutants and one double mutant were purified at the
required amounts for all three methods employed in this work
(MST, yeast display and human cell assays). NBY did not
substantially affect protein conformation but it had a negative
impact on protein’s thermal stability, particularly in the case of
the double mutant.

4.3 Monitoring IL-24 - IL-20R2 interactions
by biophysical methods and cell assays

IL-24B4 Y204NBY exhibits
differences in cell signaling assays when comparing parental and

minimal albeit reproducible

caged variants.

We find one clear “hit” confirmed by both MST and yeast
display: IL-20R2D Y70NBY shows low affinity for IL-24B4 and
the interaction can be activated by UV light to reach native-like
levels. This in line with previous studies reporting that a single
NBY residue is sufficient to diminish PPI (Bridge et al, 2019;
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Tedlitzke et al., 2019; Joest et al., 2021; Tedlitzke and Mootz, 2022).
Here we used an innovative approach of yeast surface display to
gain better control over our experiment and see the residual
concentrations. We mixed yeasts expressing IL-24B4 with a
low amount of yeasts expressing its affinity matured
counterpart, which has more than two orders of magnitude
higher affinity (IL-248). The analysis showed detectable but
low, below saturation, binding sighals of IL-248 with IL-20R2D
Y7ONBY (Supplementary Figure S10). Given the difference in
binding affinity, the concentration of binding-capable ligands was
below 1% of total concentration.

Unfortunately, due to limitations in our signaling assays,
including both the choice of synthetase and the background
signaling effect of IL-20R2D, we could not test the effect of IL-
20R2D Y70NBY in human cells. It was previously reported that
dimerization of [FNaR2 is sufficient for induction of interferon-
regulated genes but not for full activity (Pattyn et al., 1999). Here,
we show that purified IL-20R2D added to the cells can trigger
signaling albeit at high concentrations, This problem may be
partially circumvented by using general reporter cell lines and/
or reporter assays based on gene expression (Mock et al., 2020; Cho
et al,, 2023) with further research needed. As an alternative to the
genetic encoding of NBY in sequence-optimized truncated
receptors recombinantly expressed in E. coli, one could
biosynthetically incorporate photocaged tyrosines in full-length
IL-20R2 receptors expressed in HeLa cells by using an orthogonal
translation system derived from Methanosarcina barkeri (Arbely
et al., 2012).

The more effective blocking of heterocomplex assembly with
Y70NBY compared to Y204NBY can be rationalized in structural
terms: Y70 of IL-20R2 is found at the core of the IL-24/IL-
20R2 interface while Y204 of IL-24 s located in a flexible region
at one edge of the interaction surface. We notice that the use of NBY
to photocontrol IL-24-dependent PPI necessitates further
improvements. YZ0NBY and particularly Y204NBY do not fully
prevent complex assembly, but rather shift the binding equilibrium
higher affinities). IL-24/IL-
20R2 complex may still be formed and signal transduction

towards concentrations  (lower
started if large concentrations of photocaged binding partners are
employed. In principle, substantial affinity differences between
native and caged variants are preferred. The dynamical range is
much narrower for IL-24B4 Y204NBY (3-fold difference in ECsp)
than for IL-20R2D YZ7ONBY (at least 300-fold difference in K;
according to both MST and yeast display). Larger dynamical
ranges could be achieved through the installment of photocages
on each partner, for instance Y70NBY in IL-20R2D and Y204NBY
in IL-24B4. Although residues at the binding interface seem the
natural choice for replacement, other distant sites may also influence
PPI through allosteric communication, which has been reported for
some interleukins (Bowman and Geissler, 2012; De Paula et al,
2020).

Strikingly, the two single mutants (IL-20R2 Y70 NBY and IL-
20R2D Y74NBY) and the double mutant (IL-20R2D Y7ONBY/
Y74NBY) show clear signs of non-additive effects on protein
binding. Y7ONBY inhibits association with IL-24B4 while
Y74NBY and Y7ONBY/Y74NBY do not significantly alter
protein-protein interactions. Non-additive interactions between
mutations (epistasis) are common in proteins and play a crucial
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role in protein engineering (Reetz, 2013). There Is no clear picture of
the mechanisms that cause epistasis, although effects on protein
stability, conformation and dynamics have all been invoked (Starr
and Thornton, 2016). Our CD and thermal denaturing experiments
suggest minimal differences among the mutants. All variants show
similar secondary structure content. The melting temperature of the
mutants is reduced with respect to the parental proteins and the Tm
of the double mutant Y70NBY/Y74NBY is further reduced thus
suggesting additive effects. Therefore, protein structure and thermal
stability do not seem to be the major causes of the negative
(antagonistic/deleterious) epistasis ohserved when combining
Y70NBY and Y74NBY mutations. We hypothesize that the two
alter IL-20R2D
phenomenon that has been described for other proteins (Wagner
et al,, 1995; Acevedo-Rocha et al,, 2021).

Interestingly, we found evidence that in some cases UV-

mutations together structural  dynamics, a

irradiation alone reduced the binding affinity. Although we
did not detect
modifications, e.g., photo-oxidation (the masses of I[L-24B4
and IL-20R2D before/after UV are virtually identical), the
affinity between IL-24B4 and IL-20R2 was reduced 6-fold
(MST-based experiments) or 2-fold (yeast surface display

clear signs of photoinduced chemical

experiments). This result implies that our UV irradiation
protocol damages the proteins to a certain extent. We suggest
that by carefully controlling the illumination conditions
(wavelength, power density and time) such an undesired effect
may be eliminated. Moreover, UV light can potentially damage
nucleic acids depending on the dose used and it does not

penetrate deeply into tissues (Kielbassa et al., 1997).
Consequently, for in vivo applications requiring native-like
binding affinities it would be beneficial to use other

photocages. Suitable candidates would be the nitropiperonyl
moiety, which features longer absorption wavelengths (Gautier
etal, 2010; Luoetal., 2017) or coumarins, which can be activated
by two-photon excitation in the near infrared range (Luo et al.,
2014). Apart from photocaged ncAAs, which
unidirectional OFF-to-ON switch of protein binding by light,
one could use other ncAA. For instance, in applications requiring

enable

bidirectional photocontrol of protein binding (Jankovic et al.,
2019; et al, 2020; Zhang 2022),
photoswitchable  ncAA  like  azobenzene-phenylalanine
constitute an excellent alternative (Bose et al,, 2005; Luo et al,,
2018; Tsraeli et al., 2021).

Overall, our results suggest the feasibility of regulating
interactions involving protein partners from the interleukin
family, IL-24 and IL-20R2, with UV light and photocaged
tyrosines introduced at certain residue positions. In the future,

Myrhammar et al,

other cytokine/receptor pairs and non-antibody-based protein
scaffolds (Kolafova et al, 2021; Pham et al,, 2021; Hulidiak et al,,
2023} may benefit from a similar approach and offer excellent
interaction control.
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