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Abstract
A key prerequisite for a deeper understanding of biological processes at molecular level is a
detailed description of the three-dimensional structure of interaction partners and their
complexes. We adopted the IFN-γ complex as our model system. Even though IFN-γ is one of
the key modulators of the immunity response, which has been studied intensively for more
than 60 years, the structure of the accessory receptor chain and the understanding of the IFN-γ
complex is still lacking. In this work we firstly discussed the binary system between IFN-γ
and its high affinity receptor R1 which is structurally known. Using a new innovative
methodology we focused on the modulation of the affinity between IFN-γ and its receptor R1.
Our approach was based on the modulation of protein – protein stability by mutating cavities
in the proteins´ structure and increasing the affinity about seven-fold. Secondly, we
crystallized and solved the structure of the IFN-γ receptor 2, the accessory receptor molecule.
Our analysis of variable residues on the surface of the structures of type II family receptors, to
which receptor 2 belongs, revealed the putative binding site for IFN-γ. In the third part of our
work, we crystallized IFN-γ from olive flounder Paralichthys olivaceus and solved its
structure at 2.3 Å resolution (PDB code 6f1e). This structure differs from the other IFN-γ
structures and indicates how the fish IFN-γ diverged while preserving the overall fold. We
resolved a co-evolutionary aspect between IFN-γ and its high affinity receptor by using
bioinformatics and biophysical experiments. Finally, we integrated our results obtained by
different techniques and postulated the topology of the IFN-γ ternary complex based on our
structure of IFN-γR2, SAXS data, and mutational scanning.

Abstrakt (In Czech)
Klíčovým požadavkem pro detailní porozumění biologických procesů, až na molekulární
úroveň, je znalost struktury interagujících molekul a jejich komplexů. Jako modelový systém,
pro naši studii, jsme si zvolili IFN-γ. Ačkoliv je tato molekula jedním ze zásadních
modulátorů imunitní odpovědi, a je studována již více než 60 let, tak struktura přídavného
receptoru (IFN-γR2) a porozumění celému komplexu je nedostačující. V této práci jsme se
nejprve zabývali binárním systémem IFN-γ s jeho receptorem, který vykazuje vysokou afinitu
k IFN-γ a prostorová struktura obou dvou molekul je známa. Zaměřili jsme se tedy
na modulaci afinity mezi IFN-γ a tímto receptorem. Náš přístup spočíval v inovativní metodě
založené na modulaci stability protein-proteinových interakcí pomocí mutagenizace
aminokyselinových zbytků umístěných uvnitř struktury proteinu. Podařilo se nám zvýšit
afinitu testované interakce sedmkrát. Druhá část projektu byla zaměřena na krystalizaci,
vyřešení a popis struktury druhého – přídavného receptoru pro IFN-γ. Naše analýza
variabilních aminokyselinových zbytků na povrchu tohoto proteinu a strukturně příbuzných
receptorů z rodiny typu II odhalila možné vazebné místo pro IFN-γ. Ve třetí části naší práce
jsme se zaměřili na krystalizaci IFN-γ z platýze druhu Paralichthys olivaceus a tuto strukturu
jsme vyřešili s rozlišením 2.3 Å (identifikační číslo proteinové databáze PDB: 6f1e). Získaná
struktura se liší od ostatních známých struktur IFN-γ a indikuje divergenci rybích proteinů,
i když celkové uspořádání a topologie molekuly (z angl.: fold) jsou stejné. Biofyzikální
a bioinformatické pokusy navržené na základě této struktury nám umožnili vyřešit aspekty
koevoluce mezi IFN-γ a jeho receptorem 1. Všechny získané poznatky, doplněné o data
z mutagenizačních experimentů, SAXS techniky a analýz krystalových struktur, nám na závěr
práce umožnili postulovat topologii ternárního komplexu IFN-γ .

List of Abbreviations
FIL10

Interleukin-10 family

GAS

Gamma activator sequence

IFN

Interferon

IRF

Interferon response factor

JAK

Janus Kinase

NK

Natural killer cells

PPI

Protein – protein interactions

RCSB PDB

Research Collaboratory for Structural Bioinformatics Protein Data Bank

SAXS

Small Angle X-ray diffraction

SOCS

Suppressor of cytokine signaling

SPR

Surface plasmon resonance

STAT

Signal Transducer and Activator of Transcription

TGF

Transforming growth factor

TIRF

Total internal reflection fluorescence

List of Contents
1. Introduction .......................................................................................................................1
1.1. Cytokines .......................................................................................................................2
1.2. Interferons .....................................................................................................................2
1.2.1. Type I interferons ....................................................................................................3
1.2.2. Type II interferons ...................................................................................................3
1.2.2.1. Interferon gamma ...............................................................................................4
1.2.3. Type II interferons ..................................................................................................11
1.3. Cytokine receptors ........................................................................................................12
1.3.1. Type II cytokine receptors ......................................................................................13
1.3.1.1. Interferon gamma receptor 1..............................................................................14
1.3.1.2. Interferon gamma receptor 2..............................................................................15
1.3.1.3. Interferon gamma ternary complex....................................................................17
2. Aims......................................................................................................................................18
3. Results and discussion........................................................................................................19
3.1. IFN-γR1 cavities.............................................................................................................19
3.1.1. IFN-γR1 cavities study design.................................................................................20
3.1.2. Binding kinetics determination................................................................................22
3.2. Structural biology analysis of IFN-γR2.......................................................................24
3.2.1. Crystallization of IFN-γR2, data collection and structure refinement.....................24
3.2.2. IFN-γR2 and its characteristics................................................................................25
3.2.3. Comparison of class II receptors..............................................................................27
3.3. Interferons type II and their receptors in fish species................................................28
3.3.1. Structure of IFN-γ from Paralichthys olivaceus......................................................28
3.3.2. Phylogeny of fish IFN-γ and its receptors...............................................................29
3.3.3. Coevolution of fish IFN-γ with its receptors...........................................................30
3.4. The topology of the ternary complex...........................................................................32
3.4.1. Determination of the binding site of IFN-γR2.........................................................32
3.4.2. Low resolution topology..........................................................................................34
4. Conclusions..........................................................................................................................36
5. References............................................................................................................................37
6. Curriculum vitae.................................................................................................................53
7. Supplements.........................................................................................................................56

1.

Introduction

Structural biology is an exciting interdisciplinary field of life sciences branching molecular
biology, biochemistry, biophysics, and bioinformatics. It focuses on detailed description of
three-dimensional structures of biological macromolecules – a key component of all known
life forms. The main objects of structural biology studies are proteins and nucleic acids.
Structural biology is not just studying their spatial arrangement, but also functional aspect on
a molecular level with the effort to understand them [1].
Proteins and their interactions are the dominant carriers of functions in the living cell. A cell
is an open system which needs an information input from the environment, its transfer and
analysis to accommodate necessary reactions. These functions are mediated by receptor
proteins and subsequent signalization cascades. In the population of multicellular organisms,
the need for communication between cells arises. This communication between cells is also
mediated mainly, but not exclusively, by proteins and their cognate receptors. The present
study focuses on the structural aspects of one of these communication channels involved in
the human immune system – the interferon gamma system. Although there are more than four
thousand of scientific papers with the key word “interferon gamma” published every year, the
structural aspects of ternary complex are not completely resolved. The complexity, novelty,
and potential applications motivated us to analyze this difficult target. The following chapters
introduce the results of my work on this project. The results were published in three
publications:
1) Redesigning Protein Cavities as a Strategy for Increasing Affinity in Protein-Protein
Interaction: Interferon- Receptor 1 as a Model
2) Crystal structure of human interferon-c receptor 2 reveals the structural basis for
receptor specificity
3) Interferons type II and their receptors R1 and R2 in fish species: evolution,
structure, and function
To extend my thesis and complete the scientific contribution of our work, I also included the
major findings from the manuscript under preparation. Because of the manuscript
incompleteness, it is not included in full as a supplement.
4) Topology of complexes between interferon-gamma and extracellular portions of its
two receptors R1 and R2
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1.1

Cytokines

The origin of the word cytokine well describes its meaning. It comes from Greek words - cyto
and kytos that mean cell and movement. Cytokines can be described as molecules traveling
between cells. In fact, cytokines represent a category of small secreted proteins that mediate
signaling and immunomodulatory effects between cells in an autocrine, paracrine, and
endocrine fashion. Cytokines may be further divided into smaller functional categories
chemokines, interferons, interleukins, lymphokines, and tumor necrosis factors. Regardless
the category, they all regulate a broad spectrum of cell processes by their activation or
inhibition. The response is mediated by specific cytokine receptors on the cell surface [2].

1.2.

Interferons

Interferon, the first discovered cytokine, is a small protein described more than 60 years ago
by two phenomenal British researchers Alick Isaacs and Jean Lindenmann [3]. The name
interferon has been inspired by its ability to interfere with a viral infection. Subsequently,
other molecules with the same ability were described. Therefore, the need for classification of
these molecules emerged. Interferons were divided into three independent type groups (I, II,
III) according to their differences in sequences, cognate receptors, genome localization, and
cellular traits. Even today, thanks to the systematic genomics research new interferons are
being discovered. A good example is the human interferon λ4 discovered in 2013 [4] and fish
interferons [5]. Interferons were described in extant cartilaginous fish and their presence in
the earliest gnatohostomes is expected [6]. Thus, they represent ancient immunity elements.
The exact role of interferons in organisms emerged later and is still under investigative
debates. They modulate myriads of cellular processes and play a crucial role in modulating
innate and adaptive immune reactions against various stimuli, including viruses [7],
intracellular bacteria [8,9], and also intrinsic signals from tumors and proliferating cells [10].
All three types of interferons are secreted proteins with their detection receptors on the cell
surface. The primary high affinity receptors capture the interferon molecule; the second
receptors, which are accessory factors, play modulatory roles. The affinities of the second
receptors are usually lower and bind after the formation of the binary complexes. Following
this ternary complex formation, a signal is transmitted into the cell cytoplasm and a signaling
cascade via the Janus Kinase (JAK) and Signal Transducer and Activator of Transcription
(STAT) pathway occurs. A combination of different JAKs and STATs results in the
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regulation of transcription of various interferon-regulated genes [11] and also in the regulation
of the stability of various mRNA and other epigenetic signals.

1.2.1 Type I interferons
The interferon type I family is the biggest one with five structurally dissimilar members and
17 proteins overall in humans: interferon α (IFN-α, 13 subtypes), IFN-β, IFN-ε, IFN-κ, and
IFN-ω. This family is even broader in some other species. IFN-δ and IFN-τ were described in
pigs and cattle, respectively, and many subtypes were described in fish species. Members of
type I are co-localized with strong gene synteny on chromosome 9 in humans, which suggests
their origin by gene duplication [12].
The type I interferons signal through only one ternary receptor complex, but with large
differences in the response. Thus, they cannot be viewed as iso-molecules. All type I members
bind to IFNα receptor 1 (IFN-αR1) and receptor 2 (IFN-αR2) subunits. Subsequent
JAK/STAT pathways differ significantly. Usually IFN-α subtypes bind JAK1, STAT1, and
STAT2 proteins. For other types and specific cells STATs3-6 can be activated [13,14,15]
[15]. The descent outcomes in the cellular responses are modulated by differential expression,
binding affinities [16], and JAKs/STATs [17,18,19].

1.2.2 Type II interferons
The type II interferon family is unique in its structure. It seems that all canonical members are
dimers in contrast to monomers in the type I and III family*. The non-canonical members are
fusion proteins with an IFN-γ domain (XP_006012494.1) and their protein products or
biological role is unknown.
Type II interferon genes evolved early in the chordate evolution together with type I
interferons. It is assumed that they have evolved from a class II helical cytokine ancestor.
Unfortunately, there are no data of when and how the dimerization occurred. Representatives
of the type II family are IFN-γ, which is the exclusive member in all tetrapods, and IFN-γ is
accompanied by IFN-γrel in fish species. The gene for IFN-γ is located on chromosome 12 in
humans together with genes from the interleukin 10 family (FIL10). This genomic
organization can be found in all tetrapods. The gene for IFN-γrel is not located on the same
chromosome and its origin has been proposed by duplication of the whole genome.
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The IFN-γ molecule signals through the formation of the ternary complex comprising of IFNγ, IFN-γ receptor 1 (IFN-γR1), and IFN-γ receptor 2 (IFN-γR2). The dimeric behavior of IFNγ implies the formation of a ternary complex with more complex stoichiometries than in the
case of other interferons. It is expected that the IFN-γ binds to two molecules of IFN-γR1 and
to two IFN-γR2 [20], but other possibilities are not excluded. The mutation of one interface
with the IFN-γR1 resulted in the formation of a 1:1 complex in vitro and addition of this
mutant variant of IFN-γ to the cells led to an antiviral effect.
Unlike the widely expressed receptors, the IFN-γ molecule itself is produced only by immune
system cells, including the natural killer (NK) cells, CD4 T helper 1 (Th1) cells, and CD8
cytotoxic suppressor cells [21,22]. Although the cellular sources of IFNγ are limited, almost
all cell types can respond to it. This regulation scheme is also characteristic for type II
interferons [23].

(* - Members of the type III family might form dimers by intermolecular disulfide bridges.
The biological role of this phenomenon is not known and the possibility of experimental
artifact cannot be excluded.)
1.2.2.1 Interferon gamma
The functions of IFN-γ are pleiotropic. On one hand IFN-γ is able to modulate the innate and
adaptive immune response against pathogens and tumors and on the other hand its presence is
required to maintain immune homeostasis [24]. Moreover, an altered, disturbed, or aberrant
IFN-γ expression and protein is associated with a number of auto-inflammatory and
autoimmune diseases [25,26,27].
The IFN-γ molecule is a glycoprotein borne from a single 6 kb gene located on the human
chromosome 12 (I2q24. 1) in the vicinity of IFN-γ antisense RNA 1 on one side (IFNG-AS1,
Gencode Gene: ENSG00000255733.5) and genes for IL-26 and IL-22 on the other side
(Gencode Gene: ENSG00000111536.4). The IFN-γ gene shares a pattern of interleukins from
the family of interleukin 10 with 4 exons and 5 introns [28].
The processing of the IFN-γ protein includes two major steps: Secretion with the N-terminal
cleavage of the signal peptide and cleavage of C-terminal propeptide. The naïve single
polypeptide chain with 143 amino acids has 16.7 kDa, but the two glycosylation sites (Asn48,
Asn120) that are variably N-glycosylated increase the molecular mass up to 25 kDa [29]. The
4

C-terminal propeptide proteolytic cleavage is responsible for IFN-γ alternative endings at
predominant G157, minor G150, and minor G161 [30]. Therefore, the mature protein
molecular weight may vary between 34 kDa and 50 kDa in its native homodimer state [28].
Variations in the term of single nucleotide polymorphism, which result in amino-acid
changes, are defined at positions 29 and 160 (UniProtKB - P01579).
Three-dimensional structures of the IFN-γ protein have been solved by X-ray diffraction.
There are multiple different IFN-γ structures solved from four different organisms: human,
1hig [31], 1fg9 [32], 3bes [33]), rabbit Oryctolagus cuniculus 2rig [34], bovine, 1d9c [35],
1RFB [36], and fish Paralichthys olivaceus 6f1e [37]. The entire structures showed a unique
similar interferon gamma fold, which is composed of two identical subunits, each with 6
alpha helices (A – F) parallel to the dimer twofold axis (Figure 1.2A). An exception was
found in the P. olivaceus IFN-γ structure that has a similar fold, but one additional helix G at
the C terminus in one monomer [37] (Figure 3.3A). The first four helices from one subunit
form a four-helix bundle with a cleft that allows intertwining of the C-terminal helix from the
second subunit. By contrast to the IL-10 dimer there are multiple hydrophobic contacts among
all of the helices, but most are between the C and D helices. The C helices are the most
hydrophobic in the structure and are buried in the core of the dimer [31].

5

Figure 1.2A – Three dimensional structures of mammalians IFN-γ. a) The side view of the
structure of human IFN-γ (pdb 1fg9, [32]). The two monomers in the homodimer are depicted
in yellow and white. b) The top view representation of human IFN-γ represented in (a). The
helices A-F are marked in one monomer. c) Comparison of IFN-γ monomer from different
mammals: human 1fg9 (yellow, [32]), rabbit 2rig (green, [34]), and bovine, 1d9c (blue, [35]).

Effective signalization of IFN-γ in cells requires the formation of a ternary complex between
IFN-γ, its high affinity cell receptor IFN-γ receptor 1 (IFN-γR1) and accessory factor IFN-γ
receptor 2 (IFN-γR2). Initial experiment-based assumptions describing the receptors
distribution were with free receptors on the cell membrane [38], but later the pre-assembly of
receptors has been proposed [39]. The re-examination of previous findings by new
microscopic super-resolution techniques, e.g. FTIR microscopy, finally denies the existence
of the preassembly complex as an artifact of receptor over-expression (Jacob Piehler,
University of Osnabrück, Molecular and cellular determinants of cytokine receptor activation,
6

Molecular Perspectives on Protein-Protein Interactions conference, December 3-7, 2017,
paper will be published). IFN-γ interacts with IFN-γR1 and forms a binary complex, which is
targeted subsequently by IFN-γR2 to form the final ternary complex. The signaling complex
creation results in the reorientation of receptor intracellular domains and thereby initiates the
JAK/STAT pathway, which is used by more than 50 cytokines, growth factors, and hormones
for gene regulation [40]. Recently it has been shown that the JAK/STAT pathway works
under cooperative crosstalk with other ubiquitous pathways, including MAP kinase, PI3
kinase, CaM kinase II, and NFκB to regulate specific IFN-γ effects [41,42]. There are also
hypotheses that a certain level of signal specificity is mediated by endocytosis and
localization [43,44].
The first subsequent events after ternary complex formation are the binding of JAK2 on the
IFN-γR2 cytoplasmic domain and JAK1 on the IFN-γR1, respectively. In contrast, some
reports assume the constitutive presence of JAK1 and JAK2 kinases associated with the
intracellular domain of IFNgR1 and IFNgR2, respectively [21,45]. After the signalization
complex assembly, the kinases are activated by binding to their cognate receptor partner.
These activations lead to a cascade of phosphorylation reactions between kinases and the
proteins themselves commonly referred as auto-transphosphorylation. At the last stage,
activated JAK1 phosphorylates Y457 of IFNgR1. This residue is the critical one for forming a
docking site for STAT1 that is further activated by phosphorylation, probably by JAK2 [46].
The above-mentioned phosphorylation cascade takes less than one minute [47].
After STAT1 undergoes specific phosphorylation, dimerization, two scenarios are possible.
The STAT1 homodimer enters the nucleus and directly induces changes in the expression of
hundreds of primary regulated genes by the interaction with the so-called GAS site (for
gamma activator sequence, [48]). Moreover, one of the primary activated genes is known as
interferon response factor 1 (IRF1) which subsequently activates dozens of secondary
response genes with mainly immunomodulatory functions. The negative regulators of this
pathway are SOCS (suppressors of cytokine signaling) proteins. They inhibit the
phosphorylation of JAKs and STAT1 and drive them out of the nucleus [49]. This pathway is
known as the canonical or classical pathway (Figure 1.2B). Although the classical model
describes only the STAT1 homodimer other complexes such as STAT1 / STAT2 and
STAT1/STAT1/IRF-9 or STAT1/STAT2/IRF-9 may form [50,51].
The second scenario is called a non-canonical IFN-γ signaling pathway (Figure 1.2B). It
involves creation of the IFN-γ /R1/STAT1α/JAK1/JAK2 complex and its subsequent
7

endocytosis [43]. The nuclear localization signal (NLS) and polycationic C-terminus present
in the IFN-γ molecule are responsible for targeting the whole complex to the cell nucleus and
thus for the non-canonical IFN-γ signaling [52,53]. This pathway is however not completely
described. Other signaling scenarios include the association of receptors with lipid microdomains and their clathrin-dependent internalization or clustering of receptors with other
proteins and triggering clathrin-independent endocytosis [44].

Figure 1.2B – Schematic representation of canonical and non-canonical pathways in IFN-γ
signaling. A) The classical pathway of IFN-γ signaling consists of a ternary complex
assembly, a phosphorylation cascade and the translocation of STAT1 homodimer into the
nucleus. B) The non-classical pathway is driven by endocytosis and nuclear transport of the
whole complex. Details of both pathways are described in chapter 1.2.2.1. (The Figure was
adopted from Johnson et. al. 2013 [54]).

The major sources of IFN-γ in the body are T cells, natural killer cells, and natural killer T
cells [55]. The expression has been identified also in macrophages, dendritic cells, and B cells
[56]. The mechanisms which regulate IFN-γ expression of immune cells include various
extracellular signals [57] and also internal signals like DNA epigenetic control [58]. The most
proficient extracellular signals are associated with infections by viruses [59,60], bacteria [61]
[62], or intracellular protozoans including Toxoplasma gondii [63] and Leishmania donovani
[64]. Almost all cell types can respond at least to some extent to an IFN-γ stimulus (The
Human protein atlas accession: IFNGR1, IFNGR2) [65,51].
8

Biological functions of IFN-γ (Figure 1.2C) were historically considered to be proinflammatory. This attribute was concluded by its ability to strongly activate macrophages
which are crucial for host defense against intracellular pathogens and inflammatory tissue
changes. This activation is further exacerbated by a positive autocrine feedback loop [66,67]
[38]. Furthermore, this picture was strengthened with the paradigm of an IFN-γ driven Th1
immune response [68]. The current picture is a more complex one that is based on pleiotropic
IFN-γ functions and balanced pro- and anti-inflammatory responses to IFN-γ signaling [69]
[24]. The major functions in modulation of pro- and anti-inflammatory responses are
summarized in Figure 1.2C.

Figure 1.2C – The overview of the most general functions of interferon gamma. The left part
of the picture highlights the pro-inflammatory functions and the right shows the antiinflammatory effects. Green arrow lines correspond to stimulatory effects whereas the red
lines depict inhibitory effects. (Original picture was published by Kelchterman et al. [69]).

The delicate signaling by IFN-γ is very sensitive to any changes. Therefore, it is not surprising
that IFN-γ is associated with numerous auto-inflammatory and autoimmune diseases. Specific
alleles are associated with higher susceptibility to multiple sclerosis [70], tuberculosis [71]
[72,73], aplastic anaemia [74], kidney angiomyolipomas [75] or they can even protect against
9

tuberculosis [76] or be important for hepatitis C virus clearance [77]. The altered protein
expression is connected with systemic lupus erythematosus [78,79] and chronic inflammatory
arthritis [80]. Aberrations of interferon gamma are also associated with some tumor types
[81,82,83]. All these findings have led to efforts of researchers to develop IFN-γ based
agonistic or antagonistic immunomodulatory therapies. Recombinant protein (Actimmune) is
an approved drug [84]. Antagonistic effects are available by approved antibody (HuZAF)
used for treatment of psoriasis [85], rheumatoid arthritis, and multiple sclerosis [86].
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1.2.3 Type III interferons
Type III interferons belong with their genomic organization [87], sequence, and structure to
the Interleukin-10 family of cytokines but their antiviral properties rank them into the
interferon group. This group of interferons is the most recent one [88] and has four different
subtype members known as interferons lambda (IFN-λ1 – 4). Their categorization in FIL10
yielded alternative synonymous names: IFN-λ1 = IL-29, IFN-λ2 = IL-28A, IFN-λ3 = IL-28B.
All type III interferons are located on the human chromosome 19 and share a high degree of
similarity, which suggests the existence of their common ancestor. The IFN-λ2 and IFN-λ3
share 96 % of similarity which corresponds to 8 mutations. IFN-λ1 is not as similar (74 %
identity and 82 % positivity with IFN-λ2) and IFN-λ4 is not similar (40.8 % similarity to λ3).
IFN- λ4’s differences arise as a consequence of a large frame-shift mutation generating a new
sequence, interestingly with all the disulfide bridges preserved [89].
The type III interferon signaling complex is formed by IFN-λ1 – 4, IFN-λ receptor 1 (IFNλR1, IL-28R1 alternatively) and interleukin 10 receptor 2 (IL-10R2). Unlike other interferons
the receptor complex is not specific only for interferons lambda but IL-10R2 is shared also
with other members of the FIL10 family such as IL-10, IL-22, and IL-26. This phenomenon is
known as receptor sharing or receptor promiscuity and is common for FIL-10 and some other
interleukin families. Although the interferons type I and III signaling is mediated through
completely different receptors (IFN-αR1 vs. IL-28R1, etc.), the subsequent signalization
cascade utilizes the same JAK1, tyrosine kinase 2 (TYK2), and common JAK/STAT pathway
to stimulate their activities [90,91].
Lambda interferons are responsible for modulating the host response to pathogens. Despite a
high degree of homology, they have markedly different antiviral activities. Interestingly,
almost every cell type expresses IFN-λ1 – 3 as a consequence of a viral infection, but the
primary producers are myeloid and plasmacytoid dendritic cells. The major role for
interferons lambda seems to be in airway epithelial cells after respiratory virus infections.
Because of the receptors for interferons lambda are restricted to this and other barrier tissue
cells. Only a small subset of immune cells expresses receptors. This pattern gives a great
potential for lambda interferons in immune therapy, because less severe side effects are
expected than observed in other interferon therapies [92].
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1.3.

Cytokine receptors

Cytokine receptors are cell surface proteins which are able to transmit the incoming signal
provided by cytokine through the cell membrane. Therefore, they represent the bridge
between extracellular and the intracellular signals. A large proportion of cytokine related
illnesses are connected with these receptors [93,94]. Receptors are usually variable by
multiple possible isoforms and single nucleotide polymorphisms displaying thus a wide range
of potential functional changes.
A classification of cytokine receptors has been proposed on the basis of their threedimensional structures and recognizes six independent receptor families (Figure 1.3A): Type
I and II cytokine receptors, Immunoglobulin family receptors, Tumor necrosis factor family,
Chemokine receptors, and Transforming growth factor beta receptors.
The first two groups type I cytokine receptors and type II cytokine receptors are composed of
an assembly of usually 2 fibronectin III domains. They significantly differ in the S-S bond
pattern and in the presence of specific motifs. Type I cytokine receptors have four conserved
cysteine residues in the N-terminal region and WSXWS motif located in close proximity to
the transition between extracellular and transmembrane parts of receptors [95]. The
recognition of type II cytokine receptors can be performed by an analysis of a sequentially
discontinuous motif (X)WRWR(X), where X is K, R, or H. This feature together with detailed
characterization of type II receptors is described bellow in the manuscript entitled: "Crystal
structure of human interferon-c receptor 2 reveals the structural basis for receptor specificity
"[96].
Immunoglobulin receptor superfamily members are composed of several types of Ig-like
domains [97]. The name of this family has been proposed due to their homology with
immunoglobulin, cell adhesion molecules, and some cytokines. The tumor necrosis factor
receptor family is a cytokine receptor family with the ability to bind tumor necrosis factors
(TNFs) by an extracellular cysteine-rich domain [98]. Many members of this family have
non-cytokine ligands like extracellular parts of other receptors. Chemokine receptors are
receptors with the ability to bind cytokines that are able to induce chemotaxis. The name was
derived from the term chemotactic cytokines. Chemokine receptors are structurally G proteincoupled receptors containing 7 transmembrane domains [99]. The last family of cytokine
receptors is the Transforming growth factor receptors (TGF). They are homo- or heterodimers
and transduce the signal by adopting serine or threonine kinase activity [100].
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Figure 1.3A – Structural comparison of representatives from six receptor families within
cytokine receptors. Type II cytokine receptors (in color) are described in detail in this thesis
(chapter 1.3.1). The following structures were depicted: IL-2Rα, 2b5i [101]; IFN-γR1, 1fg9
[32]; Killer cell immunoglobulin-like receptor, 2dl1 [102], Tumor necrosis factor receptor,
1ext [103]; C-X-C chemokine receptor type 4, 4rws [104]; type II Transforming Growth
Factor Beta receptor, 4p7u [105].

1.3.1. Type II cytokine receptors
As mentioned, type II cytokine receptors are structurally formed mostly by two Fibronectine
type III domains. The family can be divided by function into high affinity receptors and low
affinity receptors. The high affinity receptors are IFN-γR1 (Uniprot P15260), IL-10R1
(Q13651), IL-20R1 (Q9UHF4), IL-22R1 (Q8N6P7), IL22BP, and IL-28R1 (Q8IU57)). Their
corresponding low affinity receptors or so-called accessory chains are IFN-γR2 (P38484), IL10R2 (Q08334), IL-20R2 (Q6UXL0). The term accessory chain is more appropriate because
the affinity of IL-20R1 to IL-20 is lower than IL-20R2 [106]. The signaling ternary
complexes are heterodimers or multimers with high and low affinity components. By
comparing the number of receptors in both group, the need for receptor sharing, which is
characteristic trait for FIL10 is evident. In contrast to FIL10, both receptors of IFN-γ are
unique and specific only for IFN-γ signaling.
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1.3.1. 1. Interferon gamma receptor 1
The human IFN-γR1 (Uniprot P15260, CD119) is a transmembrane glycoprotein with a single
transmembrane α-helix. The protein is encoded by a 30-kb gene located on chromosome 6
[107,108]. The gene consists of five exons encoding the extracellular domain and two exons
encoding the intracellular part of the protein [21]; the corresponding mRNA is 2.3 kb long
[109]. The nascent polypeptide undergoes an endoplasmic reticulum secretory pathway
together with an S-S bond formation, glycosylation, and cleavage of signal peptide (AA 1-17)
[110,111]. The mature receptor has 472 amino acids with a predicted mass of 52.5 kDa. The
extracellular, transmembrane, and intracellular parts correspond to the amino acids 18 – 245,
246 – 266, and 267 – 489, respectively (Figure 1.3B).
There are known natural variants of the receptor with altered signaling. Immunodeficiency
27A is known as the disease caused by mutations in IFN-γR1 [112]. The mutations C87Y
[113], V61E [114], and the multiple deletion variants [115] are very severe because they
completely abrogate IFN-γ signaling which increases susceptibility to mycobacterial
infections and immune disbalance.
The first structure of IFN-γR1 has been solved as a part of the binary complex between IFNγR1 and IFN-γ in the year 1995 [20]. Later the D1 domain was crystallized [116] and other
binary complexes have been solved [32,117]. The only available structure of free IFN-γR1 is
the chicken structure [118]. Extracellular domain is composed of two fibronectin type III
domains [119] connected by a short linker with six residues. The D1 domain is composed of
residues 14–102 and forms a β-sandwich with three β-strands stacked on a layer of four βstrands. The D2 domain is composed of amino acid residues 114–221 and forms a similar βsandwich with four strands stacked on four β-strands. The linker between both domains is
common for other members of the type II receptor family and allows variations of the hinge
angle [32].
The extracellular domain of IFN-γR1 contains four confirmed glycosylation sites at residues
17, 62, 69, and 162 [32], one variable at residue 240 [120,121] and four S-S bond clearly
visible in the electron density maps [32]. The disulfide bonds are formed between residues
Cys77-Cys85, Cys122-Cys167, Cys195-Cys200, and Cys214-Cys235, and are crucial for
activity [122]. The oligosaccharide moieties contribute to the molecular weight of the receptor
by approximately 25 kDa [123].
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The IFN-γR1 extracellular part is responsible for mediating high-affinity binding of IFN-γ.
The affinity of this interaction was measured by SPR with Kd 30.8 nM [124] and has a very
high specificity [109]. The interaction between IFN-γR1 and IFN-γ is mediated by extensive
contacts. The D1 and D2 domains form an angle complementary to the V-shaped IFN-γ
molecule. Receptor loops bind to helix A, the AB loop, and helix B on the one monomer of
IFN-γ [20].
The intracellular domain structure is unknown. Mutation studies demonstrate the presence of
so called Box 1 and Box 2 motifs on the intracellular domain which collaborate in the
association and activation of Jak1 [125]. Some guidance can be extracted from the structure of
interferon lambda receptor 1 (IL-28R1) with human kinase Jak1 (PDB: 5l04) [126]. The
receptor chain creates a long stretch intercalated into the Jak1 structure with only a very
limited amount of a secondary structure. The same situation can be observed in the structure
of the human TYK2 FERM and SH2 domains with an IFNAR1 intracellular peptide (PDB:
4po6) [127]. Both structures showed that box1 and box2 regions bind simultaneously to the
FERM and SH2-like domains of JAK1. The further intracellular parts of receptors were
studied only by mutations and residues Tyr457, Asp458, and His461 were found to be
functionally important [128].

1.3.1. 2. Interferon gamma receptor 2
The second IFN-γR2 receptor (UniProt P38484) is similar to IFN-γR1 in many ways (Figure
1.3B). It is borne by a 33-kb gene on chromosome 21 [129,130] and consists of 7 exons [131].
The IFN-γR2 protein comprises of 310 amino acids with a predicted molecular mass of 35
kDa. Contrary to IFN-γR1, the intracellular part is very short (residues 269 – 337). The
transmembrane part (248 – 268) and the extracellular parts (28 – 247) are similar to IFN-γR1.
The IFN-γR2 gene variability is rather high and connected to the manifestation of a severe
disease known as immunodeficiency 28 [132,133,134]. Interestingly, one of the mutations
leading to IFN-γR2 associated immunodeficiency is due to a gain of N-glycosylation [133].
The extracellular domain of IFN-γR2 is structured into two Fibronectin type III domains with
5 cysteine residues and 6 potential N-linked glycosylation sites (Asn56, Asn85, Asn110,
Asn137, Asn219, and Asn231). Glycosylation contributes to the significant size
heterogeneity, even in the same cell type, with Mr values that range from 61 to 67 kDa [135].
The analysis of the IFN-γR2 structure is the subject of one paper included in the thesis and
will be described further in detail [96]. In the last 6 years, our knowledge of ternary
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complexes increased due to solving the IL-20 ternary complex (PDB: 4doh) [106] and the
interferon lambda ternary complex (PDB: 5t5w) [136]. Based on the analogy with these
complexes, we assume that for the IFN-γ binding the interactions with both IFN-γR1 and
IFN-γR2 are important. This has been suggested by Pestka et al. using cross-linking
experiments [137]. IFN-γR2 plays a minor role in IFN-γ binding but it is crucial for signaling
[45].
The transcription of IFN-γR2 is highly regulated [138] although it appears in many cells
together with IFN-γR1. As expected, Th1 cells are producers of IFN-γ but they down-regulate
the expression of IFN-γR2 becoming IFN-γ unresponsive. In contrast to Th1 cells, Th2 cells
are responsive to IFN-γ but they cannot produce IFN-γ itself [135,139].

Figure 1.3B – Comparison of human receptors for IFN-γ. Although different localization, the
receptors’ extracellular parts are similar in size and overall shape. They significantly differ in
the number of cysteines, intracellular domains, and their biochemical and biophysical
characteristics.
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1.3.1. 3. Interferon gamma receptor complex
Although the multiple cytokine ternary complexes were solved (Table 1.3A), the structure of
the IFN-γ ternary complex remains undiscovered. The homodimeric nature of IFN-γ increases
the complexity of the ternary complex, the feature that can be possibly used to tune the
cytokine receptor signaling [140]. Deeper knowledge of the ternary complex will enable us to
uncover this issue.

Table 1.3A – Known structures of ternary signaling complexes
Cytokine / receptor ternary complex composition

PDB ID

Reference

Growth hormone/ GHbp/ GHbp

3hhr

[141]

Erythropoietin/ sEPOR/ sEPOR

1eer

[142]

1f6f

[143]

Interleukin-6/ IL-6Rα/ IL-6Rβ

1p9m

[144]

Interleukin-2/ IL-2Rα/ IL-2Rβ/ γ-chain

2b5i

[101]

Interleukin-13/ IL-13Rα/ IL-4Rα

3bpo, 2erj

[145,146]

Interleukin-20/ IL-20R1/ IL-20R2

4doh

[106]

IFN-λ3/ IL-28R1/ IL-10R2

5t5e

[136]

Placental lactogen/ prolactin receptor/ prolactin
receptor
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2.

Aims

The ultimate aims of this study are the development of novel approaches in the field of
modulation of protein – protein interactions (PPIs). A model system used for the study is IFNγ and its receptors IFN-γR1 and IFN-γR2 and description of their ternary complex. We
concentrated on the insufficiently studied IFN-γR2, mechanisms of formation of the ternary
complex IFN-γ/R1/R2, and the complex evolution.

I.

Modulation of PPIs by changing the stability of a protein – protein complex. The
process is aimed at changing amino-acid residue in the receptor cavities and the
development of a novel technique for such stability modifications. This novel
approach might complement the current methodological portfolio and enable to
preserve the interaction interface intact.

II.

Production, biophysical, and structural characterization of IFN-γR2.
Characterization of specific features for this receptor and other members of the type
II family. The structural biology analysis of IFN-γR2 was important to extend the
present knowledge of protein structure and enable the study of its interaction with
IFN-γ

III.

Phylogeny of type II interferons in fish species and analysis of their co-evolution.
Production, biophysical, and structural characterization of some fish IFN-γ signaling
molecules. Analysis of possible interaction pairs by biophysics and bioinformatics
approaches. The results can shed a light on the fish type II interferon system that is
more diverse than the mammalian one.

IV.

The study of topology and structure of complexes between IFN-γ and extracellular
portions of its two receptors IFN-γR1 and IFN-γR2.
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3

Results and discussion

We applied different strategies to modulate the affinity of the extracellular part of human
IFN-γR1 to IFN-γ. The first set of mutations was on the interface between both partners [124]
and is not included in this thesis. The study was followed by a study of "cavity" mutants
(chapter 3.1). In the second paper described in the thesis, we focused on the unknown
structure of IFN-γR2 and solved it. This enabled us to characterize the structure in detail and
propose some features important for the IFN-γ ternary complex (chapter 3.2). The acquired
knowledge has allowed us to study the evolutionary aspects of the IFN-γ ternary complex and
to describe putative changes that shaped the interfaces between receptors. The evolutionary
aspect of all parts of the ternary complex are analyzed in the third publication which describes
the evolutionary aspect together with the structure of IFN-γ from the Japanese halibut
Paralichthys olivaceus (chapter 3.3). Finally, we focused on the ternary complex topology
and composition (chapter 3.4).

3.1 IFN-γR1 cavities
Černý, J., Biedermannová, L., Mikulecký, P., Zahradník, J., Charnavets, T., Šebo, P.,
Schneider, B. (2015): Redesigning Protein Cavities as a Strategy for Increasing
Affinity in Protein-Protein Interaction: Interferon-γ Receptor 1 as a Model. Biomed
Res Int 2015: 716945.
The approach to influence the affinity between IFN-γR1 and IFN-γ was developed in our
laboratory. The idea of the study is built on the premise that the majority of PPI studies are
based on structural properties of the interface [147] but significant contribution to the binding
affinity is given by conformational dynamics and thus by entropic forces. The entropic
penalty of binding can be reduced by lowering complex flexibility. The contribution of
flexibility to the entropic penalty in protein-protein complexes has been shown previously by
molecular dynamics simulations [148].
We analyzed in detail two available binary complexes with four slightly different IFN-γ and
IFN-γR1 interactions in the available crystal structures of 1fyh [117] and 1fg9 [32]. We did
not include the uncomplexed IFN-γR1 chains because their structure is significantly different
from the structure of the receptor bound to IFN-γ. The cavity mutant methodology was
described in a publication (Supplement 1) and is described in detail in chapters 3.1.1 – 3.1.2.
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This study is a follow-up study to Mikulecky et al paper Increasing affinity of interferon-γ
receptor 1 to interferon-γ by computer-aided design [124] and is briefly discussed to keep the
topic in context.

3.1.1 IFN-γR1 cavities study design
Crystal structures of complexes were analyzed by the 3V program [149] to identify the
cavities useful for our study. This analysis revealed a different number and size of cavities for
each binary interaction system used (Table 3.1A). The structure of cavities is highlighted in
Figure 3.1A. We subsequently analyzed 52 amino acids forming the cavities in the in silico
mutation analysis by empirical force field implemented in the FoldX software [150]. We
searched for mutants that would increase the stability of IFN-γR1 and/or the affinity to IFN-γ.
We focused on the selection of 12 promising positions, out of 200 analyzed that were
predicted in similar manner in at least three crystal structures. The positions were analyzed by
comparison of changes of free energies (ΔΔG) calculated using the FoldX program supported
by averaged 500 snapshots of 10 ns molecular dynamics relaxation. Three different changes
of free energy were calculated – ΔΔG of folding of IFN-γR1 in complex, ΔΔG of folding of
free IFN-γR1, and ΔΔG of binding. The results of these computations for the 12 promising
positions in the IFN-γR1 chain C (PDB 1fg9) are shown in Figure 3.1B. Analogical matrices
were calculated for the 3 remaining IFN-γ and IFN-γR1 complexes. All selected IFN-γR1
variants were cloned, expressed, and purified to homogeneity. All mutants were also
combined with the previously identified N96W mutant located on interaction interface [124].
The purified proteins were characterized in detail by biophysical techniques and the change of
binding affinity was accessed by Surface Plasmon resonance (SPR) measurements.

20

Table 3.1A – Cavities in the four binary complexes between IFN-γR1 and IFN-γ (PDB: 1fg9,
1fyh). The receptor chains are labeled according to PDB file.

1
2
3
4
5
6
7
8

Surface [Å2]*

Number of residues
lining the cavity†

Residues selected
for mutation

134
133
470
262
120
165
177
138

7
5
14
9
6
7
7
5

V35, A114
D124
H222
-

Cavity observed in IFN R1 chain of
1fg9
1fyh
CD
BE
CD
CD
BE
CD
E
CD
E
D
BE
C
B

*Surface calculated with a probe radius of 0.25 ˚A for cavities combined from all relevant receptor chains.
†Some residues are shared by neighboring cavities.

Figure 3.1A – The binary complex between IFN-γ and IFN-γR1 from the crystal structure of
PDB code 1fg9 [32]. The molecules of IFN-γR1 are drawn in blue and the IFN-γ homodimer
is in yellow. The protein cavities analyzed in this study are drawn as red surface and numbered
from the top (N-terminus) to the bottom (C-terminus). Analyzed mutants are located in the
cavities 1 (V35, A114), 3 (D124), and 4 (H222)
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Figure 3.1B – Changes of free energies (ΔΔG values, average value from 500 10 ns molecular
dynamic relaxation snapshots) calculated using the FoldX program for 12 promising residues
located in the IFN-γR1 chain C protein cavities (PDB 1fg9 [32]). Conditional formatting is
used to highlight the differences. Red color indicates stabilization (negative ΔΔG values), blue
color is for positive ΔΔG values (destabilization). 1) ΔΔG of folding of IFN-γR1 in complex;
2) ΔΔG of folding of free IFN-γR1; 3) ΔΔG of binding;

3.1.2 Binding kinetics determination
Only four consensus candidates were chosen from the 12 promising positions for the
verification. Interestingly, two mutations (V35L and H222Y) were predicted to increase ΔΔG
for both the complexed and free IFN-γR1 and the second pair (A114E and D124N) was
predicted to slightly improve ΔΔG of binding (complex) while their ΔΔG of folding were
destabilizing. Affinities relative to wt measured by SPR for all cavity mutants are shown in
Figure 3.1C together with the analysis of N96W and cavity double mutants. The dissociation
constants (

values) for the four selected “cavity” single amino acid mutants showed almost

no change in affinity. Conservative changes were acquired for H222Y (decrease) and V35L
(increase). The combination of cavity mutants with previously identified N96W showed more
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interesting results and additive effects. Except the N96W + D124N mutant the measured
affinities were significantly higher than wt and N96W alone. Moreover, the stability
measurement showed a correlation of our results with computed stability differences analyzed
in the term of ΔΔG changes. These results proved the suitability of this method for
modulation of protein-protein interactions.

Figure 3.1C – SPR measured affinities between the IFN-γ single chain variant [117] and IFNγR1"cavity mutants". Values are normalized to wt IFN-γR1 (labeled WT). The mutation
N96W is the best mutant located on interaction interface identified in our previous study
[124].
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3.2 Structural biology analysis of IFN-γR2
Mikulecký, P., Zahradník, J., Kolenko, P., Černý, J., Charnavets, T., Kolářová, L.,
Nečasová, I., Pham, P.N., Schneider, B. (2016) Crystal structure of human interferon-γ
receptor 2 reveals the structural basis for receptor specificity. Acta Crystallogr D
Struct Biol 72(9):1017-25.

The molecular structure of the extracellular portion of human IFN-γR2 was investigated. This
study uncovered the structure of the so far missing part of the IFN-γ complex and also the last
unknown structure of the class II receptor family. It was also the critical prerequisite for the
study of the whole ternary complex composition. The structure has been solved by molecular
replacement phasing at 1.8 Å crystallographic resolution. A structure-based bioinformatics
analysis and comparison with other members of class II family receptors revealed
independent structural and evolutionary aspects of IFN-γR2. We also identified the putative
binding site for interferon gamma by an analysis of variable regions and by the analogy with
other receptors. Obtained results were described in a structural biology oriented journal
publication (Supplement 2) and the structure was deposited into PDB under the code: 5eh1.

3.2.1 Crystallization of IFN-γR2, data collection and structure refinement
After the initial trials’ failure to produce IFN-γR2 in bacterial expression systems we adopted
Drosophila melanogaster Schneider´s S2 cells. The cell line was derived by Dr. Imogene
Schneider from the late stages of Drosophila embryos [151]. We cloned the extracellular part
of IFN-γR2 (residues 28–247; UniProt P38484) into the pMT/BiP/V5-His A vector by BglII
and AgeI restriction enzymes to create an expression construct with N-terminal insect BiP
signal peptide and C-terminal His tag. We transfected the S2 cells with constructed plasmid
and established a stable cell line in a HyClone SFX-Insect medium supplemented by
Blasticidine S. This procedure led to good production with the overall yield of approximately
50 mg/L. The purified protein was deglycosylated by Endoglycosidase H and crystals were
grown by using the sitting-drop vapor-diffusion method. The diffraction quality crystals were
mounted, cryoprotected and the data were collected at 100 K on beamline MX 14.1 of the
BESSY II synchrotron-radiation source at the Helmholtz-Zentrum Berlin (HZB). Diffraction
data were processed, scaled (XDS program package, [152], and solved by a molecular
replacement pipeline (BALBES, [153]). Subsequent refinement was carried out with
REFMAC5 [154]. The structure was validated and deposited into the PDB database.
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3.2.2 IFN-γR2 and its characteristics
The IFN-γR2 protein produced in S2 cells has a classical type II receptor structure. The
receptor is composed of two Fibronectine type III domains connected by a short linker. The
extracellular part of the receptor has five potential glycosylation sites (Asn56, Asn110,
Asn137, Asn231, Asn85) occupied and only one glycosylation site was not used (Asn219).
Interestingly, glycosylation at positions Asn110 and Asn137 shields the hydrophobic surface
of Trp131 by formation of a sandwich-like structure (Figure 3.2A). We confirmed the
indispensability of these two glycosylations by a mutation study. The disulfide bond analysis
identified bonds linking Cys86 to Cys94, Cys209 to Cys234, and the fifth residue Cys174
forms an unusual S-S bond to free amino acid cysteine probably due to its occurrence in the
culture media. Our analysis of the structure revealed a distinct structural motif of six stacked
residues interacting by π-cation interaction: Lys68, Trp74, Arg114, Trp126, Arg116, and
His123 (Figure 3.2A). An analogous stacking motif is known from the type I receptor family
as the motif with the consensus sequence WSXWS [119].

Figure 3.2A – Structure of IFN-γR2 in ribbon and surface representations. Insets: (a) Stacking
motif of residues Lys68, Trp74, Arg114, Trp126, Arg116, and His123 in the D1 domain. (b)
N-Acetyl-d-glucosamine attached to Asn110 and Asn137 (NAGs; blue) forms a sandwich
with Trp131 (orange) and thus shields its hydrophobic character. (c) The superposition of
matching central residues of binding epitopes among IFN-γR2 (Phe109 in green), IL-10R2
(Tyr82) [155], gp130 (Phe169) [156], and γc (Tyr103) [157].
25

In an attempt to find the interface on the IFN-γR2 surface that binds to its ligand IFN-γ, we
computed an alignment of IFN-γR2 sequences from 90 different species and used the ConSurf
server [158] to indicate sequence (dis)similarities as they project on the surface of the only
known structure of IFN-γR2 (Figure 3.2B). The residues that are subject to the fastest
evolution form one patch on the IFN-γR2 surface. This patch is situated between D1 and D2
domains and centered on the F109. This residue is in the virtually identical position (Figure
3.2A) in all known receptor structures IL10R2 (PDB entry 3lqm; [155]), Phe169 of gp130
[PDB entry 1bqu; [156]), and Tyr103 of γc receptor (PDB entry 4gs7; [157]). We therefore
hypothesize that the surface patch putatively interacting with IFN-γ is situated among these
highly variable residues.

Figure 3.2B – Structurally variable regions in the IFN-γR2 structure and the proposed
interaction interface with IFN-γ. Color coded sequence variability was produced by using an
alignment of IFN-γR2 from 90 different species and the ConSurf server [158]. The most
variable regions are colored cyan and conserved regions are drawn in purple. The free cysteine
attached on odd Cys174 is highlighted in yellow. The putative interface creates a circle of
highly variable residues in the middle of the IFN-γR2 structure.
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3.2.3 Comparison of class II receptors
We performed a structural alignment of all structures of class II receptors by overlapping all
possible receptor pairs (in total 144 pairs). Domains D1 and D2 were aligned independently
and the mutual angle between D1 and D2 domains varied among receptors and was discarded
for a better alignment. The numerical representation of the alignment results is shown in
Figure 3.2C. Interestingly, the D1 domains are mutually more similar than the D2 domains.
Our analysis of class II receptors also showed a similar motif, but sequentially non-continuous
with the sequence (X)WRWR(X), where X is K, R, or H. An analysis of interaction energies
for this motif suggests that it contributes significantly to the overall stability. Besides the
motif (X)WRWR(X) we found a continuous chain of residues R-L/VR-A (residues Arg114Leu115-Arg116-Ala117 in IFN-γR2). The comparison of D2 revealed a considerable
variability, two conserved proline residues, Pro142 and Pro143, a structurally well conserved
motif 175-YNVAXW-180, and a disulfide bridge between Cys209 and Cys234 (IFN-γR2
numbering).

Figure 3.2C – The global comparison of all 12 members of the class II cytokine receptor
family. The structural differences between the N-terminal (D1, above diagonal) and Cterminal (D2, below diagonal) domains are gauged by the root mean square deviations
(r.m.s.d.) for backbone atoms of their 34 residues. The diagonal (in grey) shows the lowest
r.m.s.d. values for 34 residues from D1 and D2 of each receptor. The differences among
r.m.s.d are highlighted by color: lower values of r.m.s.d. are in blue, i.e. more similar
structures, red indicates less similar structures. References to the analyzed structures are as
follows: IFN-γR1 [32]; IL-10R1 [159]; IL-10R2 [155]; IL-20R1 and IL-20R2 [106]; IL-22R
[160]; IL22BP [161]; IL28R [162]; IFN-αR1 and IFN-αR2 [163]; TF (human tissue factor)
[164]
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3.3 Interferons type II and their receptors in fish species
Zahradník, J., Kolářová, L., Pařízková, H., Kolenko, P., Schneider, B. (2018)
Interferons type II and their receptors R1 and R2 in fish species: Structure, function &
evolution. Fish Shellfish Immunol 79, 140-152
Type II interferons evolved early in the evolution of chordates and are therefore present
in extant cartilaginous fish, bony fish, as well as in tetrapods [165]. Fish and tetrapods split
about 225 - 333 million years ago and they show a specific evolutionary adaptation [166].
Therefore, the teleost fish are an attractive target for studying evolution. Their attractiveness
is strengthened by their vast genomic variability [167]. In contrast to the mammalian type II
interferon, the fish type II family is broader in majority of species, consisting of two
independent members, IFN-γ and fish-specific IFN-γ related (IFN-γrel) proteins. Moreover, in
some fish species the interferon genes are additionally duplicated resulting in more copies.
This huge variability of type II interferons in fish species motivated us for a deeper analysis.
We did a thorough phylogeny study of IFN-γ and its receptors in fish species. Based on this
phylogeny, we studied their-whose co-evolution in fish species and supported our
computations by biophysical interaction measurements. To shed a light on the differences of
fish type II we determined the crystal structure of IFN-γ from olive flounder Paralichthys
olivaceus (PDB code 6f1e) and the low-resolution topologies of four other fish interferons by
Small Angle X-ray diffraction (SAXS). Our results were published in the official journal of
the International Society of Fish and Shellfish Immunology.
3.3.1 Structure of IFN-γ from Paralichthys olivaceus
After an extensive screening for multiple fish interferons we established a Paralichthys
olivaceus IFN-γ production from E. coli Rosetta (DE3) without any tags. The easy
purification was enabled by the extreme pI of the protein (10.5). Diffraction quality crystals
were obtained only after elimination of 11 amino-acids at the C terminus. The structure was
solved at 2.3 Å resolution only after experimental phasing using selenourea labeling [168].
Our data were deposited into the PDB database under the ID 6f1e. It shows the expected
homodimer with an IFN-γ fold, but with some unpredicted features (Figure 3.3A). One
monomer depicted in Figure 3.3A by blue color is not composed of six α-helices as in all
other known IFN-γ structures, but of seven with the additional helix G close to the Cterminus. The second interesting feature distinguishing the IFN-γ from Paralichthys olivaceus
from its mammalian counterparts is the mutual orientation of helices D and E, which resulted
in the extension of the whole structure.
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Figure 3.3A – Three-dimensional structure of the IFN-γ from Paralichthys olivaceus (PDB
6f1e, in left). Monomers are drawn in blue and white. Helices are displayed in cylinders
representation and labeled A – G. The right part shows the superposition of the IFN-γ from
Paralichthys olivaceus with the human IFN-γ (PDB 1fg9, [32]). The top and bottom images
are related by an approximately 90° rotation.

3.3.2 Phylogeny of fish IFN-γ and its receptors
We performed an extensive search for all available IFN-γ complex members in available
databases (NCBI Protein, UniProt and Ensembl). Only a small proportion of sequences were
correctly annotated. Other hits were carefully considered if they belonged to IFN-γ complex
members. The majority of proteins were identified by using gene synteny with human
genome. We identified or newly annotated 28 IFN-γ and IFN-γrel, 60 IFN-γR1, and 40 IFNγR2. The changes of annotations for all IFN-γ, IFN-γR1, and IFN-γR2 were recorded,
reflected in ZFIN (Zebrafish Information Network; zfin.org), and submitted to the NCBI
database. After curating our data, the ZFIN database created a new consistent nomenclature of
IFN-γ, IFN-γrel, IFN-γR1, IFN-γR1-like, and IFN-γR2 proteins identified in fish species.
All successfully gained sequences were subjected to the phylogenetic analysis by the
Bayesian inference and maximum likelihood methods. Our results are summarized in Figure
3.3B. The phylogeny of IFN-γ protein genes confirmed the existence of two closely related
type II members in fish species – IFN-γ and the IFN-γ related protein IFN-γrel. Surprisingly,
we observed that there are likely two independent groups of IFN-γrel proteins: IFN-γ relC
occurring in Cypriniformes, Characiformes and Siluriformes, and IFN-γrelA occurring in
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Acanthomorpha. Our data for IFN-γR1 proteins indicate the presence of two distinct genes
(IFN-γR1 and IFN-γR1-like) in all fish orders except the evolutionarily oldest one, Holostei.
This situation was expected due to the presence of two type II interferons. In contrast to IFNγR1 proteins the phylogeny of the extracellular domains of fish IFN-γR2 almost exactly
reflects the evolution of fish species and no fission occurs. Therefore, there is no evidence for
the two groups of IFN-γR2 corresponding to two completely different ternary complexes. We
hypothesized the receptor sharing of IFN-γR2 which is common for the accessory chains
belonging to class II cytokine receptors [155].

Figure 3.3B – Phylogeny of fish IFN-γ (top left), IFN-γ receptor 1 (top right), and IFN-γ
receptor 2 (bottom) inferred by Bayesian inference. Branches with posterior probability lower
than 0.5 were collapsed. Color scheme reflects fish classification.

3.3.3 Coevolution of fish IFN-γ with its receptors
The detailed phylogeny inference enabled us to study the molecular co-evolution between two
identified receptors R1, IFN-γ and IFN-γrel proteins. We tested the interactions both
programmatically by searching for the coevolution of the receptor-ligand pairs and
experimentally by determination of interaction Kd. The computations were performed on the
level of phylogeny by using the Parafit software [169]. For the receptor-ligand co-evolution at
the amino acids level we used the i-COMS web-server [170]. Unfortunately, our Parafit
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computations were not significant due to the low p-values. Despite this it can be concluded
that IFN-γ more likely to co-evolve with IFN-γ R1 and not with IFN-γR1-like. Results of iCOMS on aminoacid co-evolution level were also not demonstrable. Analysis revealed core
associated coevolving pairs rather than intermolecular contacts, a previously reported
,common problem of covariance-based methods [171]. In contrast to the bioinformatics,
biophysical measurements showed consistent results of interaction between IFN-γ and IFNγR1 with approximately 100 nM Kd for three different fish species. The interaction pair IFN-γ
and IFN-γR1-like also exhibits measurable affinity which is almost three times higher (~300
nM). Our results are thus in good agreement with the previous results in Zebrafish [172] and
can be generalized.

Figure 3.3C – Graphical representation of co-evolution between IFN-γ and IFN-γR1 in fish
species. Phylograms were computed by Bayesian inference and correspond to Fig. 3.3B. Red
links between the receptor and the ligand correspond to significant evolutionary links (p-value
lower than 0.1). Green links correspond to the interactions we confirmed biophysically.
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3.4 The topology of the ternary complex
Manuscript in preparation: Zahradník, J., Mikulecký, P., Biedermannová, L., Černý, J.,
Klumpler, T., Kolářová, L., Kukačka, Z., Pham, P.N., Schneider, B.: Topology of
complexes between interferon-gamma and extracellular portions of its two
receptors R1 and R2.
All knowledge gained during the study of IFN-γ enabled us to investigate the topology of the
ternary complex, which is currently unknown. Most of the current models of the ternary
complex suggest that it comprises of two R1 receptor chains [20,173] and two R2 chains
[174,175] forming thus a symmetrical complex. However, various experimental data
including ours suggest that the situation is more complex. The crystal structure of IFN-γ in
complex with R1 shows an unexpected stoichiometry of 1:3 (one IFN-γ dimer interacting with
three IFN-γR1 chains) [32]. Moreover, signaling activity was observed in a modified IFN-γ
with only one binding site for IFN-γR1 but two for IFN-γR2 [117]. The formation of the
assumed symmetrical complex is therefore not a necessary prerequisite for signaling. The
hypothesis behind our study is that the variability in ternary complex topology is an important
biologically relevant trait with a consequence on signaling.
Our investigation is still ongoing and the manuscript is being prepared. Nevertheless, I would
like to briefly introduce the most important parts of our results on ternary complex to
complete the story about IFN-γ covered in my thesis. The results will be published in an
impacted scientific journal with a biophysical and biochemical scope.

3.4.1 Determination of the binding site of IFN-γR2
The crucial missing part of our knowledge about the ternary complex is the location of the
binding interface for the IFN-γ. Unfortunately, the direct measurement of binding affinity and
the alanine scanning or other common technique are restricted due to the affinity between
IFN-γ and IFN-γR2 (below detection limit). A similar observation was described for the IL10R2 in the ternary complex with IFN-λ [136]. Therefore, we developed a new competitive
assay based on the dual luciferase reporter system. The principle of the assay was simple. The
native ternary complex assembly on the cell surface competed with the artificial ternary
complex added to the cell media. The artificial complex consists of the extracellular portion of
IFN-γR1 and the extracellular portion of different mutants of FN-γR2. The competition was
recorded by a measurement of different luciferase activation under the control of GAS
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element. To increase the signal to noise ratio in our assay we did not use alanine scanning but
the more dramatic changes of amino acid. We analyzed these mutations: K12Q, K48Q,
M55Y, S75Y, S77Y, D83K, E122R, D142R, F147G, D175R, K195Q, F199A, and H203A.
The results are shown in Figure 3.4A. Our results showed that residues at positions 48, 77,
83, 142, and 195 are at the interface or in its close proximity. This result is in good agreement
with our previous bioinformatics study [96].

Figure 3.4A – Determination of IFN-γR2 binding site. The left schema represents a Consurf
server [158] analysis of variable regions in the IFN-γR2 structure with sphere representation
of mutated residues. The most variable regions are colored cyan and conserved regions are
drawn in purple. Only high (cyan) to medium (white) residues were considered for the study.
The right structure highlights in red the mutations with significant impact on IFN-γR2 activity
in the competition assay.
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3.4.2 Low resolution topology
To simplify this section all the data and methodology are only briefly introduced and I focus
on the results and their discussion. To elucidate the topology of the complexes of IFN-γ with
its receptors, we performed multiple Small Angle X-ray Scattering (SAXS) experiments. Our
data showed high concentration dependency and therefore we decided to use the combination
of size exclusion chromatography with SAXS (SEC-SAXS technique) [176]. Only this
approach gave us relevant data which were analyzed mainly by rigid body modeling. We
generated tens of models with different settings. The models were grouped according to their
similarity and those biologically not relevant were discarded. The surface representation of
the best model group is shown in Figure 3.4B. The position of IFN-γR2 in the ternary
complex can be supported by analogy with IL-20 [106] and IFN-λ3 [136]. The position of the
second receptor can be inferred by structural superposition of R1 chains. The result for this
superposition is shown in Figure 3.4B, panel c.
Interestingly, both molecular weight calculations and models showed only one IFN-γR2
molecule bound in the complex. Similar results were obtained with different concentrations of
IFN-γR2. Our preliminary data suggest the presence of 1:2:1 complex in the solution, which
is a different model of IFN-γ complex than is generally assumed. Our results show high
asymmetry. We do not exclude the possibility of the existence of 2:2:2 complexes which are
generally expected but this stoichiometry is probably not the major one. Therefore, we
propose that complex 2:2:1 is fully able to activate the Jak kinases and induce the cell
response. The delicate balance between complexes may be used as a regulatory mechanism.
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Figure 3.4B – Determination of IFN-γ ternary complex topology by SAXS technique and the
analogy with known ternary complexes of FIL10 members. a) The putative position of the
IFN-γR2 chain obtained from the SEC-SAXS analysis. The yellow and green represents
individual halves of the symmetrical IFN-γ binary complex observed in pdb 1fg9 [32]. The
position is indicated by ambient surface based on superposition of individual SEC-SAXS
solutions (rigid body modelling). Side view representation. b) Top view representation of (a).
c) Determination of the putative position of IFN-γR2 by analogy with known ternary
complexes. The IFN-γ binary complex os represented in ambien surface representation. The
top view is similar to (b). The R1 chains were superimposed and the position of accessory
chains of IL-20 [106] and IFN-λ3 [136] is shown in blue and yellow, respectively. The
corresponding R1 chains and ligands are not displayed.
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4. Conclusions
This thesis describes a complex study of protein-protein interactions and their modulation in
the IFN-γ ternary complex. It summarizes the content of three published manuscripts and one
manuscript in preparation. These are the most important results:

I.

The novel methodology which can be used for modulation of protein-protein
interactions was successfully described. The method is based on the stabilization of
interaction partners therefore lowering their flexibility. Lower flexibility decreases
the entropic penalty which acts against binding.

II.

The human IFN-γR2 was produced, purified, and crystallized. The structure was
solved at 1.8 Å and deposited into PDB under the accession 5eh1. The structure was
precisely described and compared with other class II cytokine receptor family
members.

III.

Fish members of the IFN-γ signaling complex were identified, annotated, and
inferred by bioinformatic analysis. The comparison of fish evolution and the
phylogeny of signaling complex members showed interesting information about the
type II cytokine in fish. There are at least two type II interferon members IFN-γ and
IFN-γrel. We identified also two specific receptors IFN-γR1 and IFN-γR1-like but
only one IFN-γR2. Interaction affinities of three pairs of IFN-γ/ IFN-γR1 and IFN-γ/
IFN-γR1-like were biophysically determined and the crystal structure of IFN-γ from
olive flounder Paralichthys olivaceus was solved at 2.3 Å (PDB code 6f1e). The
unique features were identified and described. The structure enabled us to describe
molecular co-evolution between IFN-γ and its high affinity receptor.

IV.

The SEC-SAXS technique and mutations scanning was successfully used to analyze
the IFN-γ ternary complex topology. By combined bioinformatic, biophysical, and
biochemical methods we characterized the putative binding interface between IFN-γ
and IFN-γR2.
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