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A B S T R A C T

Interferon gamma (IFN-γ) is one of the key players in the immune system of vertebrates. The evolution and
properties of IFN-γ and its receptors in fish species are of special interest as they point to the origin of innate
immunity in vertebrates. We studied the phylogeny, biophysical and structural properties of IFN-γ and its re-
ceptors. Our phylogeny analysis suggests the existence of two groups of IFN-γ related proteins, one specific for
Acanthomorpha, the other for Cypriniformes, Characiformes and Siluriformes. The analysis further shows an ancient
duplication of the gene for IFN-γ receptor 1 (IFN- γR1) and the parallel existence of the duplicated genes in all
current teleost fish species. In contrast, only one gene can be found for receptor 2, IFN- γR2. The specificity of the
interaction between IFN- γ and both types of IFN- γR1 was determined by microscale thermophoresis mea-
surements of the equilibrium dissociation constants for the proteins from three fish species. The measured
preference of IFN- γ for one of the two forms of receptor 1agrees with the bioinformatic analysis of the coe-
volution between IFN- γ and receptor 1. To elucidate structural relationships between IFN-γ of fish and other
vertebrate species, we determined the crystal structure of IFN-γ from olive flounder (Paralichthys olivaceus,
PoliIFN-γ) at crystallographic resolution of 2.3 Å and the low-resolution structures of Takifugu rubripes,
Oreochromis niloticus, and Larimichthys crocea IFN-γ by small angle X-ray diffraction. The overall PoliIFN-γ fold is
the same as the fold of the other known IFN- γ structures but there are some significant structural differences,
namely the additional C-terminal helix G and a different angle between helices C and D in PoliIFN-γ.

1. Introduction

Interferons are proteins described by Isaacs and Lindenmann more
than 60 years ago [1]. The name interferon is derived from the ability to
interfere with viral infections. Interferons evolved in early chordates
and represent ancient immunity elements [2]. Interferon gamma (IFN-
γ) is now considered to be one of the key molecules in the regulation of
the innate and adaptive immunity [3].

1.1. Interferon-γ and its signaling

IFN-γ is the only member of type II cytokines in mammals and plays
a significant role in cell defense against intracellular pathogens. The
IFN-γ function is best described in humans, where it mediates Th1
immunity and activates macrophages. The signaling of IFN-γ is initiated
by the binding of the IFN-γ active form, a noncovalent homodimer, to
receptor R1 [4–7] and subsequently to receptor R2 [8,9]. Formation of
the IFN-γ/R1/R2 ternary complex results in spatial changes to cyto-
plasmic domains of receptors [10]. It leads to the binding of Janus

activator kinase (JAK2) to the cytoplasmic part of receptor 2 and the
attachment of JAK1 to the cytoplasmic part of receptor 1 [11], and the
subsequent JAKs auto phosphorylation and phosphorylation of R1
[12,13]. This phosphorylation creates a binding site for the signal
transducer and activator of the transcription (STAT1). After STAT1 is
phosphorylated, it dimerizes and enters the cell nucleus where it in-
duces expression of a variety of genes [14]. This sequence of events is
described as the canonical pathway of IFN-γ signaling. So-called non-
canonical IFN-γ signaling involves the endocytosis of the IFN-γ/R1/R2
complex, the creation of the IFN-γ/R1/STAT1α/JAK1/JAK2 complex
and its transport to the nucleus. The IFN-γ nuclear localization signal
(NLS) and polycationic C-terminus are crucial for the non-canonical
IFN-γ signaling [15,16]. The IFN-γ/R1/Stat1α complex is responsible
for the specificity of the interaction with the DNA regulatory sequences
known as GAS - gamma interferon activation sites [17].

1.2. Interferon-γ in fish species

Teleost fish are an attractive target for studying evolution due to
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their vast genomic variability [18]. During their evolution fish under-
went three rounds of whole genome duplications (WGD) [19,20]. Two
of these duplications are common to all vertebrates, the third one is
specific for teleost fish. It occurred after fish and tetrapods split about
225–333 million years ago and it shows a specific evolutionary adap-
tation of fish [21]. Salmonid fish underwent one more WGD 96 million
years ago [22], so did common carp (Cyprinus carpio) 12 Mya, [23]. In
contrast to mammalian genomes, teleost genomes contain additional
multiple families of active transposable elements which play an im-
portant role in the accelerated evolution of fish species [18]. Signaling
pathway studies in fish provide important clues for understanding the
evolution of specific immune adaptations of the antiviral defense
system in early tetrapods and teleosts. Understanding the fish immune
system may thus help the aquaculture industry's fight against fish
viruses, whose occurrence remains a significant limiting factor in
aquaculture production as well as in the sustainability of biodiversity in
the world's oceans [24].

Type II interferon genes evolved early in the chordates evolution
and are therefore present in extant cartilaginous fish (sharks and rays),
bony fish, as well as in tetrapods [25]. It is assumed that they have
evolved from a class II helical cytokine ancestor. Unlike humans with
only one IFN-γ, the fish type II interferon family is broader in some
species, consisting of two members, IFN-γ and fish-specific IFN-γ related
(IFN-γrel) proteins. Moreover, in some fish species the IFN-γ gene is
additionally duplicated resulting in two similar IFN-γ copies.

The first identified fish IFN-γ molecule was from the japanese puf-
ferfish (Takifugu rubripes, Fugu) genome [26]. The IFN-γ gene was lo-
calized in the locus, which contains cytokine genes from the interleukin
10 family – IL-22 and IL-26. These interleukins are tightly linked to IFN-
γ in other species as well, including human, mouse, and frog. This fact
supports the idea of gene synteny and helps IFN- γ identification in
various genomes [21,27]. In salmonids and common carp, two IFN-γ
genes are present likely due to the fourth WGD. Comparative studies of
duplicated copies of IFN-γ were performed for atlantic salmon (Salmo
salar) [28], common carp (Cyprinus carpio) [29] and rainbow trout
(Oncorhynchus mykiss) [30]. Both IFN-γ paralogs appear to be biologi-
cally relevant and have a similar regulatory mechanism in these species.

Only some of the IFN-γ genes have been described at protein level.
The FuguIFN-γ protein (UniProtKB - Q708J2) is expressed as 189 amino
acid long pre-protein with the signal peptide 22 amino acids long and
one potential glycosylation site. The gene composed of 3760 nucleo-
tides (85% AT content) has 4 exons and 3 introns, which is similar to
the composition of mammalian IFN-γ genes [26]. Approximately the
same gene and protein characteristics were identified in rainbow trout
(188 aa, AT rich) [31].

The biological functions of IFN-γ as well as its signaling pathways in
fish are similar to those in mammals [31]. The highest expression level
of IFN-γ has been found in the spleen, gill, and kidney of black seab-
ream (Acanthopagrus schlegelii) [32] or zebrafish (Danio rerio) [33]. The
IFN-γ expression is induced by various stimuli including lipopoly-
saccharides and poly I:C. IFN-γ has been shown to induce an in-
flammatory response and to protect the host from bacterial infection by
stimulating the expression of genes of pro-inflammatory cytokines [31]
in large yellow croaker (Larimichthys crocea) [34], atlantic cod (Gadus
morhua) [35], nile tilapia (Oreochromis niloticus) [36], and atlantic ha-
libut (Hippoglossus hippoglossus L.) [37].

1.3. Interferon-γ related protein in fish species

The comparative genomics analysis of the zebrafish and fugu gen-
omes revealed the presence of a second IFN-γ gene in the locus con-
taining interleukin 10 family genes. This gene was named interferon
gamma 2 because of a low amino acid identity (17.0%) with the ori-
ginal IFN-γ gene [27]. The name interferon gamma related (IFN-γrel)
gene was proposed later to distinguish between these two distinct genes
and the highly similar IFN-γ copies in salmonids and cyprinids [38].

The IFN-γrel is not a clear homolog of the mammalian IFN-γ as
identified by its gene synteny. Despite the sequence divergence, the
genomic localization seems to be well conserved. Therefore, it is as-
sumed that IFN-γrel originated by the duplication of the IFN-γ gene
[21,27]. The IFN-γrel protein has been widely accepted as a second
member of type II family [38]. Some hypotheses suggest that the novel
IFN-γrel protein might have diverged, acquired a new function, and
therefore have different affinities to the receptors [21,27]. The IFN-γrel
gene has been identified mostly in the cyprinid family including zeb-
rafish [27], grass carp (Ctenopharyngodon idella) [39], common carp
[29], and gold fish (Carassius aurutus L.) [40], and also channel catfish
(Ictalurus punctatus, Siluriformes) [41], and in fugu (T. rubripes, Acan-
thomorpha) [27]. C-termini of IFN-γrel sequences show significant dif-
ferences, which indicates the existence of multiple IFN-γrel isoforms
[31].

The zebrafish cDNA of the IFN-γrel gene encodes a 171-aa peptide
with the 25-aa long signal sequence; the mature protein is 17.3 kDa in
weight with two putative glycosylation sites [27]. Expression of
common carp IFN-γrel protein was reported with N terminal 6xHis tag
but without analysis of the protein [42].

The differences between IFN-γ and IFN-γrel signaling are poorly
understood. The fish and human IFN-γ have analogical functions [43]
and also IFN-γrel in Cypriniformes regulates antibacterial and antiviral
activity. IFN-γrel is known not to be able to induce the genes of Toll-like
receptors [44], and of interferon regulatory factors 1 [30] and 11 [38].
Studies of IFN- γrel bioactivity in ginbuna crucian carp (Carassius aur-
atus langsdorfii) have reported that it is active as a monomer. This would
be surprising because IFN-γ is known to function as a homodimer [45].

1.4. Interferon-γ receptors in fish species

Human IFN-γ induces a cell response through a receptor complex
consisting of an IFN-γ homodimer and extracellular domains of two
molecules of receptor 1 (IFN-γR1) and extracellular domains of two
receptors 2 (IFN-γR2). The receptor molecules contain one conserved
glycosylation site, an extensive cation-π motif in the D1 domain [9],
and highly conserved cysteine residues capable of forming three po-
tential disulfide bonds in R1 [46] and two in R2. All these signatures
rank IFN-γ receptors into the class II receptor family with two fi-
bronectin type III domains labeled D1 and D2 [47]. The intracellular
part of receptors exhibits conserved potential phosphorylation sites.
The phosphorylation sites are targeted by Jak1, Protein kinase C
[48,49] and STAT1 [50] in the IFN-γR1, and by Jak2 [51] and leucine-
leucine internalization motif in the IFN-γR2 [52].

Isoforms of interferon-γ receptors 1 and 2 were described in goldfish
(Carassius auratus L.), zebrafish [40,53], rainbow trout, and stickleback
(Gasterosteus aculeatus) [54]. Phylogenetic analysis places the teleost
IFN-γR1 receptors separately from those of higher vertebrates and
further still from IFN-γR2 sequences. IFN-γR1 exhibits higher expres-
sion levels than IFN-γR2 and a significantly higher expression in mac-
rophages than in other cell types. The expression of IFN-γR2 is more
tightly regulated than the expression of IFN-γR1. IFN-γR2 gene synteny
shows a conserved locus containing four clustered genes coding for IFN-
γR2, interleukin 10 receptor beta (IL-10RB), interferon-α receptor 1
(IFN-αR1) and interferon-α receptor 2 (IFN-αR2) genes, similarly to the
locus synteny in the human genome [54]. Two isoforms of IFN-γR1,
named IFN-γR1-1 and IFN-γR1-2, were described in zebrafish and
goldfish. An expression analysis in zebrafish tissues showed a sig-
nificantly higher expression of IFN-γR1-1 than IFN-γR1-2, in goldfish
there was a high expression of IFN-γR1-1 in the kidney and spleen, but
also a high expression of IFN-γR1-2 in the brain [55]. Microscopy
binding studies indicate that IFN-γR1-1 binds to IFN-γ1 but not to IFN-
γR2, and IFN-γR1-2 preferentially binds to IFN-γrel [55].
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1.5. Subject of this study

Even though the fish type II interferon system is actively studied, its
many important aspects are still unknown. This is especially true for the
biophysical studies of complex interactions between different type II
interferons and their receptors. Here we report a thorough phylogeny
study of IFN-γ, its receptors, and their co-evolution in fish species based
on the combination of sequence and structure-based bioinformatics.
The bioinformatic results are discussed in the light of the determined
crystal structure of IFN-γ from olive flounder (PDB code 6F1E), the low-
resolution topologies obtained by Small Angle X-ray diffraction (SAXS),
and the binding affinities between IFN-γ and receptors of three species.

2. Methods

2.1. Expression and purification of recombinant IFN-γ proteins

Genes encoding for the interferon gamma proteins are detailed in
Supplementary Material Table S1a; they are Takifugu rubripes TrubIFN-
γ, Uniprot Q708J2, AA: 23–189; Oreochromis niloticus OnilIFN-γ,
I3KNL7, AA: 23–206; Paralichthys olivaceus PoliIFN-γ, B3IXK1, AA:
24–198; Ctenopharyngodon idella CidIFN-γ2, gb AGG22551.1, AA:
26–182; Epinephelus coioides EcoiIFN-γ, gb AFM31242.1, AA: 22–200;
Larimichthys crocea LcroIFN-γ, gb AIZ77177.1, AA: 22–200; variant of
PoliIFN-γΔR with the C terminal deletion AA: 24–187. The genes were
modified by a restriction enzyme site removal and optimization, ob-
tained as DNA Strings (Thermo Fisher Scientific, Table S1a), and cloned
to pET26b using restriction free cloning [56] or Transfer-PCR [57] in
the position of NdeI and XhoI. All primers are listed in Table S1b. All
used clones were verified by sequencing and single colony isolates were
isolated by QIAprep® Miniprep Kit and used to transform expression
hosts E. coli Rosetta™(DE3). Expression plasmids with OnilIFN-γ, Tru-
bIFN-γ and PoliIFN-γ were deposited in Addgene plasmid repository
(https://www.addgene.org/) under IDs 107287, 107288 and 107289
respectively. The cultures were grown in LB medium (1.0% tryptone,
0.5% yeast extract, 1.0% sodium chloride; pH 7.0) supplemented by
trace elements TE (1mM MgSO4, 0.3 mM CaCl2, 170 μM EDTA,30 μM
FeCl3, 6 μM ZnCl2, 1 μM CuCl2, 0.3 μM CoCl2, 1 μMH3BO3, 70 nM
MnCl2) in 5 L Erlenmeyer flasks with 1 L of LBTE medium in Max Q
4000 shaker, Barnstead, Lab-Line (250 rpm, 30 °C). Heterologous ex-
pression was induced by 1mM IPTG at OD600 of 0.6, the expression
temperature was lowered to 16 °C and growth continued for 16 h. Cells
were harvested by centrifugation (5000 g, 10min, 4 °C) and stored in
−20 °C for further use. Two-step purifications of interferons were based
on SP Sepharose and gel filtration chromatography providing usually
10mg/L of single band purity protein. Cells were disintegrated by so-
nication (Sonicator 3000, Misonix, 15–20W) in buffer, (phosphate
buffer saline, PBS: 137mM NaCl, 2.7mM KCl, 10mM Na2HPO4,
1.8 mM KH2PO4) treated with 5 U/ml Benzonase® Nuclease, centrifuged
(40 000 g, 4 °C, 30min), and loaded on a HiTrap SP HP 5ml (Ge
Healthcare) column. Elution was performed by gradient 0–2M NaCl
(200mM Na2HPO4, 50mM NaH2PO4, 2mM EDTA, 4mM benzamidine,
pH 7.3). Fractions with IFN-γ (eluted by high salt over 1M NaCl) were
immediately pooled and loaded on a HiLoad 16/600 Superdex 75 gel
chromatography column pre-equilibrated in citrate buffer (100mM, pH
6.0). All operations were performed on a NGC Chromatography system
(Bio-Rad). The purified proteins were concentrated by Vivaspin Protein
Concentrator Spin Columns to 10mg/ml and directly used for crystal-
lization or biophysical measurements. Identities of all expressed pro-
teins were verified by mass spectrometry.

2.2. PoliIFN-γ protein crystallization and data collection

Crystals of PoliIFN-γ (Fig. S1) were grown using the hanging-drop
vapor-diffusion method in a Greiner pre-greased 24 well Combo Plate
with reservoir solution (optimized screen condition Index HT A9,

Hampton research) consisting of 0.1M Bis-Tris pH 5.5, 3M NaCl and
drops consisting mixture of 1 μl protein solution (10mg/ml protein in
100mM citrate buffer, pH 6.0) and 1 μl precipitant solution (the same
as reservoir solution). After the growth during 2–3 days at ambient
temperature (about 293 K), crystals were mounted in Round LithoLoops
(Molecular Dimensions), some of them soaked with selenourea ac-
cording to the method described previously [58], cryo-protected in 25%
glycerol, and flash-cooled in liquid nitrogen.

The X-ray diffraction data were collected at 100 K on the 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 Å, anomalous dispersion data set from a crystal soaked with
selenourea were collected at a wavelength of 0.979 Å. The diffraction
data statistics are shown in Table 1.

The PDB database (www.rcsb.org, [59]) was searched for the other
IFN-γ structures using the Sequence & Structure Alignment and com-
parison tools; they are all mammalian: human, 1HIG [60], 1FG9 [5],
3BES [61]), rabbit Oryctolagus cuniculus 2RIG [62], and bovine Bos
taurus 1D9C [63], 1RFB [64].

2.3. PoliIFN-γ data processing, structure determination and refinement

The diffraction data were processed using the XDS program package
[65] and scaled using the program Aimless [66] from the CCP4 program
package [67]. The positions of selenium atoms were found using the
SHELX program package [68] using the data up to the resolution of
2.7 Å. Experimental phases were used in the program ARP/wARP [69]
to build the initial model that was later used for structure determination
using the native data set. Model building and manual corrections were
performed using COOT [70], automated refinement procedures were
performed using the program REFMAC [71]. The structure quality was

Table 1
Data processing statistics and structure refinement parameters. Values in par-
entheses refer to the highest resolution shell.

Native dataset Selenourea soak

PDB code 6F1E not deposited

Data processing statistics

Wavelength (Å) 0.91841 0.97934
Space group P212121 P212121
Unit-cell parameters a, b, c (Å); α, β,

γ (°)
78.1, 78.1, 441.8
90.0, 90.0, 90.0

57.7, 83.0, 95.1
90.0, 90.0, 90.0

Resolution range (Å) 47.30–2.30
(2.38–2.30)

49.31–2.29
(2.37–2.29)

No. of observations 260,836 (24,236) 674,517 (57,880)
No. of unique reflections 20,255 (2032) 21,043 (1892)
Data completeness (%) 99.6 (97.4) 99.1 (92.1)
Average redundancy 12.9 (11.9) 32.1 (30.6)
Average I/σ(I) 13.5 (0.9) 18.9 (2.3)
Solvent content (%) 64.2
Matthews coefficient (Å3/Da) 3.4
Rmerge 0.102 (2.711) 0.138 (1.806)
Rpim 0.042 (1.163) 0.034 (0.455)
CC1/2 0.999 (0.559) 0.999 (0.737)

Structure refinement parameters

Rwork 0.227
Rfree 0.297
Rall 0.229
Average B-factor (Å2) 78
RMSD bond lengths from ideal (Å) 0.014
RMSD bond angles from ideal (°) 1.599
Number of non-hydrogen atoms 2286
Number of water molecules 38
Ramachandran statistics: residues in

favored regions (%); number of
outliers

100; 0
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analyzed using MOLPROBITY [72]. The final structure parameters are
shown in Table 1. The coordinates and structure factors have been
deposited in the PDB [59] with the accession code 6F1E.

2.4. Expression and purification of recombinant IFN-γ receptor proteins

The extracellular parts of IFN-γ receptors of P. olivaceus, T. rubripes,
and O. niloticus were produced by the Drosophila S2 expression system.
The complete gene sequences, which were characterized in most cases
as a putative protein, were acquired from the GenBank database,
manually inspected by global alignments, shortened into extracellular
parts only (chapter 2.8), and optimized for the Drosophila codons by the
Life Technologies web optimization service. DNA Strings (Table S1a)
were cloned into a modified pMT-BiP-V5-His_A vector using Gibson
assembly [73] in the position BglII and XhoI restriction sites (Tables S1a
and S1b). This procedure leads to the IFN-γR1 genes in frame with the
BiP signal peptides and C-terminal 6x HisTags. Drosophila Schneider S2
cells were transfected by using Effectene Transfection Reagent
(Quiagen) according to the manufacturer's instructions together with
selection plasmid pCoBlast. Stable cell lines were established by
growing the S2 cells in HyClone SFX Medium supplemented with 10%
FBS and 25 μg/ml Blasticidin S. The established cell lines were trans-
ferred and maintained in FBS-free SFX medium for expression batches.
The protein expression was induced by addition of 1.0mM CuSO4. The
cell-free medium (1 L) was prepared by centrifugation at 8000 g, 4 °C,
20 min and subsequently precipitated by addition of CaCl2 to the final
concentration of 5mM, NiSO4 (1mM), NaCl (250mM), and Tris-HCl,
pH 8 (50mM). This solution was centrifuged (10 000 g, 4 °C, 20min)
and filtered (0.45 μm) prior to the IMAC purification by standard pro-
cedure. Eluted fractions (300mM imidazole) were directly loaded on
the HiLoad 16/600 Superdex 75 (GE Healthcare) equilibrated by
10mM Hepes, pH 7.5; 100mM NaCl buffer. The samples were analyzed
by 12% SDS-PAGE and verified by mass spectrometry.

2.5. Protein glycosylation and disulfide bond analysis

The protein glycosylation and S-S bond formation were determined
by protein trypsinization in solution or in 12% SDS-PAGE and sub-
sequent analysis by MALDI-MS according to the previously published
methods [9,74,75].

2.6. Biophysical measurements

Circular dichroism (CD) spectra were acquired on the Chirascan-
plus spectrometer (Applied Photophysics) with wavelength steps of
1 nm (185–260 nm) at 20 °C, protein concentrations of 0.1 mg/ml; the
buffer spectra were subtracted. Results were analyzed by the CDNN
software [76]. Protein melting curves were recorded by detecting the
change of the tryptophan fluorescence at 330 and 350 nm between
20 °C and 95 °C (step 1 °C/min) with protein concentrations 1–3mg/ml
using Prometheus NT.48 (NanoTemper Technologies). Affinity mea-
surements were performed by MicroScale Thermophoresis (MST) using
a Monolith NT.115 instrument by NanoTemper Technologies. The re-
ceptors for IFN-γ from different species were labeled by the Monolith
His-Tag Labeling Kit RED-tris-NTA provided by NanoTemper Technol-
ogies according to manufacturer's instructions. The labeled proteins
were measured in a citrate buffer pH 6.0 at concentration of 200 nM
with ranging concentration of a ligand and MST power 20–80%. Data
from triplicates were analyzed by the MO.Affinity Analysis software
version 2.1.2030.

2.7. Small angle X-ray diffraction experiments

The SAXS data were collected at the EMBL P12 beamline (DESY,
Hamburg). Data were collected at 293.15 K at wavelength 1.24 Å with
samples at four different concentrations. Sample to detector (PILATUS

2M, Dectris Ltd.) distance was 3.0m, covering a scattering vector
(q=4πsin(θ)/λ) range from 0.0027 to 0.48Å−1. Data were collected,
pre-processed and subtracted using the automated acquisition and
analysis SAXS pipeline [77].

The scattering-derived parameters were determined using
PRIMUSqt r3709 [78], the pair-distance distribution function was de-
termined using GNOM v4.6. [79]. The similarities of SAXS profiles were
evaluated by the SIBYLS Beamline workflow (http://sibyls.als.lbl.gov/
saxs_similarity/).

2.8. Sequence based bioinformatics

The known sequences of IFN-γ and IFN-γ receptors were down-
loaded from the NCBI Protein, UniProt and Ensembl databases (https://
www.ncbi.nlm.nih.gov/protein/, http://www.uniprot.org/, http://
www.ensembl.org/). The resulting set of sequences was used for
pBLAST and tBLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi, [80])
search of homologous proteins in bony fish species (taxid 7898). Mul-
tiple rounds of BLAST were performed in an iterative fashion: we
started with sequences annotated as IFN-γ (IFN-γ R1, IFN-γ R2), and in
each subsequent round, newly identified sequences with E-value above
threshold 0.01 were added to the dataset and used for the next round of
search. The procedure stopped when no yet unobserved sequences were
found. In case the BLAST hit was genomic DNA without annotation, the
genes and their products were predicted using the Exonerate software
(version 2.2.0) [81]. Genes for fish IFN-γR2 were also identified among
fish genomic sequences available at the NCBI Sequence Viewer 3.22.0
(https://www.ncbi.nlm.nih.gov/projects/sviewer/) taking advantage
of their clustering with better annotated genes of the transmembrane
protein 50B (TMEM50B). The sequences of the prospective IFN-γ and
receptor proteins were manually checked and those that were trun-
cated, duplicate or probably incorrectly based on alignment analysis
were removed; the resulting list of the genes accepted for the analysis is
provided in Supplementary Table S2a, the discarded ones in Table S3.
Sequences from Lepisosteus oculatus (Holostei) were added to the data-
sets as outgroups, because Holostei diverged from the teleostean fish
before the occurrence of the last, teleost-specific WGD.

The extracellular domains of IFN-γR1 and IFN-γR2 were predicted
by the alignment using Muscle version 3.8.31 [82] with the sequences
of human receptors and further validated by transmembrane helix lo-
calization by the TMHMM Server v. 2.0 [83] and by the SignalP 4.1
Server [84] (CBS Prediction Servers).

For phylogenetic analysis, the sequences of IFN-γ and the extra-
cellular domains of IFN-γ receptors were aligned by Muscle version
3.8.31. Four sequences of IFN-γ (AHZ62713.1, KKF32167.1, XP_
008399113.1, XP_014906354.1) were aligned separately from the rest
because of their low sequence homology and added to the alignment
using the Muscle “-profile” option. Aligned sequences were trimmed
automatically by the trimAl tool (version 1.2rev59) with “–strict” op-
tion [85]. Phylogenetic trees were constructed by Bayesian inference
using MrBayes 3.2.6 [86] with the best fitting model of evolution
chosen by ProtTest 3.4.2 [87], and by a maximum likelihood approach
using the online version of PhyML 3.0, (http://www.atgc-montpellier.
fr/phyml/, [88]) with the substitution model selected by SMS [89]
according to BIC, BIONJ starting tree, the NNI type of tree improvement
and branch supports computed by aLRT SH-like. The trees were vi-
sualized and edited using FigTree (http://tree.bio.ed.ac.uk/software/
figtree/) and TreeGraph 2 [90]. The similarities between results ob-
tained by the different tree inference methods were computed by
Compare2Trees, version September 2011 [91].

Coevolution between IFN-γ and its receptors was tested using the
Parafit function [92] from the R package ape [93] with 999 permuta-
tions and the Cailliez correction for negative eigenvalues. Associations
between all pairs of protein molecules coming from the same organism
were tested. Results were visualized using the R package phytools [94].
Coevolution at amino acid level for IFN-γ and IFN-γR1 was investigated
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using the i-COMS web-server [95] with MI, plmDCA, and mfDCA sta-
tistics. Multiple sequence alignments used as input were generated by
Muscle from previously gained sequences according to i-COMS format
requirements.

2.9. Structural bioinformatics

Structural comparisons and root-mean-square deviation (RMSD)
values were calculated by MatchMaker as implemented in the UCSF
Chimera software [96] with the Needleman-Wunsch algorithm and
BLOSUM62 matrix. We used the BLOSUM 45-60, BLOSUM 80, and PAM
matrices for very dissimilar or short sequences according to the Pearson
rules [97,98]. The starting model for homology modeling was prepared
by USF Chimera, the models were calculated by Modeller 9.19 [99,100]
and the resulting structural alignment was used for the phylogeny study
complemented by protein sequences of all known IFN-γ and receptor
structures. The topology of the disulfide bonds was used as constrains
for the modeling. To remove the effect of different mutual orientation
of D1 and D2 domains of the extracellular parts of the receptors [9], the
domains were modeled and aligned separately by using the known
structures of the receptors [5,9,101]. For each sequence, two models
were generated. Variable parts were re-modeled by the loop-refinement
tool in Chimera and the DOPE-HR protocol [102].

3. Results and discussion

3.1. Summary of results

Fish IFN-γ were produced in E. coli, purified (Supplementary Fig.
S1), characterized (Supplementary Figs. S2a and b), the crystal struc-
ture for PoliIFN-γ was solved at 2.3 Å resolution (PDB entry 6F1E,
Fig. 1); the structures of other proteins were analyzed by the SAXS
technique (Fig. S3). The phylogeny of IFN-γ and the receptors was
subjected to comparison with fish evolution (Fig. 2) together with a
further analysis of the components of the IFN-γ ternary complex: IFN-γ
(chapter 3.3, Fig. 3 and Figs. S4a and b), IFN-γR1 (chapter 3.4, Fig. 3
and Figs. S5a and b) and IFN-γR2 (chapter 3.6, Fig. 3 and Figs. S6a and
b). Fig. 4 displays the arrangement of gene clusters of IFN-γ and IFN-
γR2. Finally, we describe the molecular coevolution between IFN-γ and
its receptors (chapter 3.5) based on phylogeny (Fig. 5) and our bio-
physical experiments (Fig. S7).

3.2. Structure of PoliIFN-γ and the related IFN-γ

The interferons-γ PoliIFN-γ, OnilIFN-γ, TrubIFN-γ and LcroIFN-γ
were produced from E. coli Rosetta (DE3) without the use of affinity
tags in contrast to the previous studies of fish interferon gamma with
TrxA (pET-32a), or N-terminal His tag [34] [42]. The purification
protocol was set up on a SP Sepharose anion column in a similar
manner as for human IFN-γ (Fig. S1) [7]. This procedure was very ef-
ficient due to the extreme pI of fish interferons (10.5 for PoliIFN-γ) and
led to the overall yield of approximately 20mg per L of E. coli culture.
No or poor expression was obtained for CidIFN-γ2 and EcoiIFN-γ in-
terferons. The PoliIFN-γ was also produced from S2 cells with some of
the three potential glycosylation sites occupied by insect type of N-
glycosylation, with a mass shift of approximately 3 kDa for monomer
(SDS-PAGE analysis) but with very low yields (0.1 mg/L). Folding of all
interferons was checked by CD spectroscopy and by measuring their
melting temperatures (Fig. S2a).

Diffraction quality crystals were obtained only for PoliIFN-γ; the
final construct was shortened by 11 amino-acids at the C terminus to
obtain better diffracting crystals. The other interferons were prone to
form non-diffracting needle-like structures. The structure of PoliIFN-
γΔR (GenBank: BAG50577.1 [103]) was solved at 2.3 Å resolution by
experimental phasing on PoliIFN-γ (wild type, 2.7 Å) using the sele-
nourea labeling [58].

The PoliIFN-γ crystal structure is a homodimer with 175 amino-
acids in each chain corresponding to the molecular weight of
2×20.4 kDa. The electron density map can be interpreted for 144 and
126 residues in chain A and B, respectively, both chains are quite si-
milar with the root mean square deviation (RMSD) between 115 Cα
pairs 0.75 Å. The amino acid residues 91–110, insertion characteristic
for IFN-γ proteins from Acanthomorpha, are not resolved in the electron
density.

The overall fold of PoliIFN-γ is similar to the fold of other known
IFN-γ structures but significant differences were observed (Fig. 1). Most
importantly, the first monomer of PoliIFN-γ is not composed of six α-
helices as in all other known IFN-γ structures, but of seven. The addi-
tional α-helix unobserved in mammalian IFN-γ was resolved close to
the C-terminus of chain A, the corresponding residues in chain B are
disordered. The presence of this α-helix, labeled G in Fig. 1, is inter-
esting in the light of the previously published speculation [21] about
the interaction between the C-terminal amino acids and the receptor 1.
The helix G can therefore play a role in the IFN-γ - receptor interactions.

Another feature distinguishing the PoliIFN-γ structure from the

Fig. 1. Three-dimensional (3D) structure of the IFN-γ dimer from Paralichthys olivaceus (PoliIFN-γ, PDB 6f1e, this work, left), and the superposition of PoliIFN-γ and
human IFN-γ (PDB 1FG9 [5], right). The α-helices are displayed as cylinders, top and bottom images are related by approximately 90° rotation.
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known mammalian IFN-γ structures is the mutual orientation of helices
D and E (Fig. 1). Repositioning of these helices in PoliIFN-γ, relative to
the other IFN-γ structures, opens up their angle by almost 20° and re-
sults in the extension of the PoliIFN-γ structure. In consequence, neither
of the PoliIFN-γ chains can be superimposed over the other known IFN-
γ structures; RMSD between chains A of PoliIFN-γ and 1FG9 is 8.2 Å,
and 7.5 Å for 1D9C when 121 (113) pairs of Cα atoms are considered.
The close relationship between the IFN-γ molecules is observed when
only the N-terminal helices A, B, C are superimposed; the RMSD values
are 1.1 Å and 1.2 Å for the 40 Cα pairs for 1FG9 (Fig. 1) and 1D9C,
respectively. The use of the Smith-Waterman algorithm and PAM ma-
trices resulted in the identification of additional similarity regions
among structures in loops between helix E and the first part of helix F
(RMSD 0.58 Å for 19 pairs). Interestingly, the PoliIFN-γ structure is
more similar to the human IFN-γ bound to receptor 1 (1FG9, [5]) than
to the free form (1HIG [60]).

We measured the SAXS data of the expressed IFN-γ proteins to vi-
sualize their low-resolution structures. A comparison of the SAXS de-
rived molecular envelope of PoliIFN-γ in solution with its crystal
structure displays a general agreement. The similarity of the SAXS de-
rived molecular envelopes of PoliIFN-γ and the other expressed fish

IFN-γ proteins confirms that they all occur in solution as homodimers
and it suggests their overall similarity (Fig. S3).

3.3. Evolution of IFN-γ and IFN-γrel proteins

We performed an extensive manual and computer alignment-driven
search for all available IFN-γ sequences in fish species in the NCBI
Protein, UniProt and Ensembl databases. The search yielded 63 se-
quences of IFN-γ and IFN-γ related proteins (Table S2) from 44 fish
species, 28 of which were previously not correctly annotated as IFN-γ or
IFN-γrel. One protein sequence was predicted by us from the genomic
nucleotide sequence (Table S2b). The changes of annotations for all
IFN-γ, IFN-γR1 and IFN-γR2 were recorded in Zebrafish Information
Network (ZFIN, zfin.org) and were also submitted to the NCBI database.
Based on our data, 18 new RefSeq database entries of IFN-γ and IFN-
γrel, 55 new RefSeqs of IFN-γR1 and 30 new RefSeqs of IFN-γR2 were
created. They are marked by bold font in Supplementary Table S2a. The
new nomenclature introduced by ZFIN is ifng1 for IFN-γ gene and ifng1r
for IFN-γrel gene.

To uncover the evolutionary relationships between the retrieved
IFN-γ sequences we conducted a phylogenetic analysis by the Bayesian

Fig. 2. Fish phylogeny (left, based on
[104]) compared with the cladogram of fish
IFN-γ and IFN-γ related proteins (right).
Posterior probabilities of the internal bran-
ches computed by the MrBayes software are
shown for the IFN-γ tree. Branches with
posterior probability lower than 0.70 were
collapsed. The position of the second cluster
of Acanthomorpha sequences has low sup-
port and is thus unclear (marked by dashed
line). The tree of fish phylogeny shows only
orders with at least one representative of
IFN-γ, IFN-γR1, or IFN-γR2 proteins in our
set. There are no known IFN-γ, only IFN-
γR1 entries for Clupeiformes. The stars mark
the position of teleost-specific and sal-
monid-specific whole genome duplications
[20] [19]. Pictures (from top to bottom):
Holostei: Lepisosteus oculatus; Elopomorpha:
Anguilla japonica; Osteoglossomorpha: Scler-
opages formosus; Clupeiformes: Clupea har-
engus; Cypriniformes: Cyprinus carpio; Silur-

iformes: Ictalurus punctatus; Salmonidae: Oncorhynchus mykiss; Acanthomorpha: Poecilia reticulata; Cypriniformes: Cyprinus carpio; Acanthomorpha: Poecilia reticulata; all
fish pictures from Wikimedia Commons, edited.

Fig. 3. Phylogeny of fish IFN-γ (top left), IFN-γ re-
ceptor 1 (top right) and IFN-γ receptor 2 (bottom).
Branches with posterior probability lower than 0.5
were collapsed. The trees were computed by the
Bayesian inference. Color scheme is analogous to
Fig. 2. Details at the species level are given in
Supplementary Figs. S4a and b; S5a, b and S6a, b.
(For interpretation of the references to color in this
figure legend, the reader is referred to the Web ver-
sion of this article.)
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inference (Figs. 2 and 3 and Fig. S4a) and maximum likelihood methods
(Fig. S4b) according to the previously published computations
[105,106]. The topologies of the trees calculated by these two methods
reflect fish phylogeny quite well and are quite similar. Differences were
located only at the level of species and genera; the similarities were
84% for IFN-γ, 94% for IFN-γR1 (chapter 3.4), and 86% for IFN-γR2
(chapter 3.6). The phylogeny is summarized in Fig. 2, more details can
be found in Figs. S4a, b, S5a, b (IFN-γR1), and S6a, b (IFN-γR2).

Fig. 3 summarizes our phylogenetic calculations of IFN-γ and its two
receptors. The analysis shows clear separation of IFN-γ and IFN-γrel
into two clearly separated paralogs of human IFN-γ (“canonical IFN-γ”).
IFN-γrel then forms two distinct clusters - one comprises proteins of
Cypriniformes, Siluriformes, and Characiformes orders (further referred to
as IFN-γrelC), the other was detected in Acanthomorpha (IFN-γrelA).

To test the possibility that IFN-γrel proteins form two independent
groups, we looked at the IFN-γ gene locus structure (Fig. 4a). In

genomes of D. rerio (Cypriniformes), I. punctatus (Siluriformes), Astyanax
mexicanus (Characiformes) and P. reticulata (Acanthomorpha) the IFN-γ
and IFN-γrel genes are adjacent and in the same orientation (Fig. 4a – II-
IV, data for A. mexicanus not shown), while there is no annotated gene
in this location in the genome of S. formosus (Osteoglossomorpha)
(Fig. 4a – I). This could be the result of three different scenarios: 1. The
IFN-γ gene was duplicated once prior to the teleostean split and the
second copy has been lost in S. formosus. 2. The IFN-γ gene was du-
plicated once after Osteoglossomorpha have diverged from the rest of
teleosts. 3. The IFN-γrel of Cypriniformes and IFN-γrel of Acanthomorpha
originated in two independent duplications of the IFN-γ gene. Further
investigation is needed to decide, which of these hypotheses is true. The
hypothesis of single IFN-γ gene duplication that occurred prior to the
teleostean diversification [27] cannot be dismissed, because we could
identify only 4 IFN-γrelA sequences that had a low sequence homology
compared to the rest of the set and the position of their subtree (Fig. 3)

Fig. 4. IFN-γ and IFN-γ receptor 2 gene clusters in different species, annotation according to the NCBI Sequence Viewer and mutual sequence homology. (a) IFN-γ
genes in: S. formosus, Osteoglossomorpha; D. rerio, Cypriniformes; I. punctatus, Siluriformes; P. reticulata, Acanthomorpha. The cluster of S. formosus was constructed from
two different scaffolds. (b) IFN-γR2 genes physically co-localized in H. sapiens and selected fish species: Homo sapiens; Callorhinchus milii, Chondrichthyes; L. oculatus,
Holostei; Esox lucius, Esociformes; P. reticulata, Acanthomorpha, Cyprinodontiformes; Maylandia zebra, Acanthomorpha, Cichlidae. The E. lucius IFN-λR1 gene likely
belongs to the IFN-αR2 family despite that it is annotated as interferon-λ receptor 1. The two grey colored genes in M. zebra genome are likely not analogous to any
other gene in the cluster and the function of their products is unknown [107]. The white arrows mark the orientation of genes, the red vertical lines indicate that the
genome sequence is incomplete in this position. The lengths of genes and intergenic regions are not to scale. Only protein-coding genes are shown. The exact genomic
locations and the gene identifications are listed in Tables S4a and c. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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had a low statistical weight. Also, the question remains whether all
Acanthomorpha have the IFN-γrelA protein, or if it occurs only in some
species from this largest group of present fish species.

Salmonidae fish also possess two different IFN-γ proteins. However,
these proteins are highly similar (over 90% of amino acid identity for O.
mykiss and S. salar) and thus form only one cluster in the phylogenetic
tree (Figs. S4a and S4b). These proteins likely originated in the last
whole genome duplication, which Salmonidae underwent approxi-
mately 96 Mya [22]. Similarly, two different sequences of IFN-γ and
two sequences of IFN-γrel in tetraploid C. carpio [23] result from the
recent whole genome duplication (approx. 12 Mya) and a more recent
wave of segment duplications (2.3–6.8 Mya).

3.4. Phylogeny of fish IFN-γ receptor 1

The database and BLAST search yielded 96 sequences of IFN-γ re-
ceptor 1 (Table S2a), 60 of them were previously not annotated as such.
The sequences come from 44 different fish species, 32 of which were
also represented by at least one representative in the IFN-γ dataset.
Most of the species are represented by two distinct IFN-γR1 protein
sequences, the observation has already been published for C. auratus
and D. rerio [55]. The available data indicate that the IFN-γR1 protein is
represented by two distinct genes in all fish orders except the evolu-
tionary oldest one, Holostei. These two IFN-γR1 proteins are not close
isoforms; their overall amino acid identity is below 30% (Table 2).

Moreover, additional close IFN-γR1 isoforms have been identified in the
genome of C. carpio [108], O. kisutch, Sinocyclocheilus grahami, S. an-
shuiensis, S. rhinocerous, and Clupea harengus, in the first five cases
probably as a result of duplication of the whole genome.

We performed a phylogenetic study for all found sequences of the
extracellular domain of IFN-γR1. Intracellular domains have been ex-
cluded from the comparison because of their low sequence homology.
The IFN-γR1 sequences are split into two independent clusters (Fig. 3,
Figs. S5a and S5b), as expected from their low sequence homology.
Further on, these two groups are named IFN-γR1 and IFN-γR1-like as in
the ZFIN database. The genes of IFN-γR1 and IFN-γR1-like groups are
located on different chromosomes in genomes of fish species spanning
across the whole teleostean phylogenetic tree (Table S4b). Thus, it is
likely that the origin of the second IFN-γR1 copy lies in the teleost-
specific whole genome duplication.

3.5. Coevolution between IFN-γ and IFN-γ receptors

Having two homologs of IFN-γ (canonical IFN-γ and IFN-γrel) and
two homologs of IFN-γR1, a question arises what ligand-receptor pairs
signal. The previous in vitro [55] and in vivo [53] results have suggested
that canonical IFN-γ binds preferably to IFN-γR1-like (designated also
as Crfb13), but not to IFN-γR1 (Crfb17), while both IFN-γR1 and IFN-
γR1-like are important for IFN-γrelC signaling. We decided to test this
hypothesis both programmatically by searching for the coevolution of

Fig. 5. The analysis of phylogenetic coevolution of IFN-γ (left) and IFN-γR1 (right). Trees computed by the Bayesian inference were used, branches corresponding to
IFN-γrelA and IFN-γrelC were removed from the IFN-γ tree. All links between the receptor and ligand from the same species were tested. Significant evolutionary
links are shown as red lines. A link was considered significant if the p-value of both test statistics implemented in the Parafit function was lower than 0.1.
Experimentally tested pairs of IFN-γ and IFN-γR1 are shown as green lines; all three are not significant. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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the receptor-ligand pairs, and experimentally by biophysical measure-
ments of the equilibrium dissociation constants (Kd; Table 3 and Fig.
S7).

We computationally tested the coevolution between: (i) IFN-γ and
IFN-γR1; (ii) IFN-γ and IFN-γR1-like; (iii) IFN-γrelC and IFN-γR1, and
(iv) IFN-γrelC and IFN-γR1-like. We also performed tests of coevolution
between Cypriniformes IFN-γ and both IFN-γR1 and IFN-γR1-like to
compare it with the results for IFN-γrelC. Similar tests for IFN-γrelA
were not performed due to a low number of sequences (4) available for
this group. IFN-γ showed no significant coevolution with either IFN-γR1
or IFN-γR1-like, however, the test statistics are much higher (and thus
the proteins are more likely to have coevolved) for the relationship with
IFN-γR1 (p-value=0.078 for IFN-γR1; p-value=0.421 for IFN-γR1-
like). In addition, no coevolving pairs were discovered for IFN-γ and
IFN-γR1-like proteins, while there were 11 significantly coevolving
pairs observed for IFN-γ and IFN-γR1 proteins (Fig. 5). IFN-γrelC shows
significant coevolution with IFN-γR1-like (p-value= 0.028), but not
with IFN-γR1 (p-value=0.198), while Cypriniformes IFN-γ showed no
significant coevolution with either IFN-γR1 or IFN-γR1-like. Our results
are thus not in an agreement with the previous results [53,55], as they
support the hypothesis that IFN-γ binds to IFN-γR1, while the evolution
of IFN-γrelC is driven mainly by its relation with IFN-γR1-like.

The binding affinities between IFN-γ and receptor 1 were measured
by microscale thermophoresis (MST). In agreement with our coevolu-
tion computations, the MST determined that Kd values show stronger
binding between IFN-γ and receptors R1 with an average affinity
around 100 nM (Table 3). The Kd of receptors R1-like proteins have
significantly weaker binding affinities and Kd values above 300 nM
(Table 3). However, the observed differences in Kd values are within
one order of magnitude and can be overcome by avidity or con-
centration effects on the cell surfaces. Receptor concentration on the
cell surface is not known and can differ significantly according to the
cell type or cell's previous activation. Situation is even more complex if
we take into account the function of the receptors. Receptors 1 (R1 and
R1-like) serve as high affinity binders but the signalization is finally
triggered by low affinity receptors 2. Therefore, the biological function
may be determined not only by the affinities of receptor 1.

3.6. Phylogeny of fish IFN-γ receptor 2

At the time of this study, only three fish IFN-γR2 proteins were
annotated in the public databases (L. oculatus, Holostei; O. mykiss,
Salmonidae; S. salar, Salmonidae) and their sequential similarities were
not sufficient to search for more IFN-γR2 genes by BLAST. We therefore
decided to search for potential IFN-γR2 genes using their genomic lo-
cation. In the human genome, the IFN-γR2 gene is clustered with genes
coding for IFN-λR2, IL10RB, IFN-λR1 and the transmembrane protein
50B (TMEM50B) (Fig. 4b). The locus structure remains the same for
cartilaginous fish C. milii (Chondrichthyes) and is very similar also in L.
oculatus (Holostei). Thus, we have benefited from the gene synteny and
searched for the IFN-γR2 gene in fish genomes using a better annotated
gene TMEM50B. This procedure and the subsequent rounds of BLAST
searches yielded 43 different IFN-γR2 sequences coming from 38 fish
species.

The structure of the IFN-γR2 locus is quite diverse among different
fish species (Fig. 4b). The phylogenetic trees of the extracellular do-
mains of fish IFN-γR2 computed by the Bayesian inference and max-
imum likelihood approach (Fig. 3, Figs. S6a and b) are almost identical
(86% similarity, chapter 3.3) and both trees match almost exactly the
evolution of fish. There are only two differences: (i) the presence of two
distinct groups of Salmonidae IFN-γR2, whose origin most probably lies
in the Salmonid-specific whole-genome duplication, and (ii) the pre-
sence of two distinct IFN-γR2 molecules for Cichlidae species (Table S3).
The Cichlidae IFN-γR2 proteins for O. niloticus, Haplochromis burtoni,
and M. zebra are colocalized, possess over 90% amino acid identity, and
form one cluster in the phylogenetic tree. Therefore, the two genes for
IFN-γR2 are likely the consequence of a recent gene duplication event.

The global test of coevolution of IFN-γR2 with IFN-γ was not sta-
tistically significant (p-value 0.13), but this result is not surprising due
to the low expected binding affinity between IFN-γR2 and IFN-γ [109].
On the other hand, IFN-γR2 seems to be coevolving with both IFN-γR1
and IFN-γR1-like (p-values 0.02 and 0.05). Our previously discussed
data suggest that IFN-γ signals by interacting with IFN-γR1 and IFN-γrel
signals by interacting with IFN-γR1-like. The significant coevolution of
IFN-γR2 with both IFN-γR1 and IFN-γR1-like then implies that IFN-γR2
is involved in signaling of both IFN-γ and IFN-γrel. The promiscuity of
the second receptor is a common feature for receptors of the closely
related interleukin 10 family [109,110]. However, we cannot rule out
the existence of the second IFN-γR2 molecule if its gene was located in a
different locus; in any case, this putative gene sequence would be dis-
similar from sequences of the known IFN-γR2. An indirect support for
the existence of a second IFN-γR2 are the previously published ex-
perimental results [53], according to which IFN-γR2 (termed there
Crfb6) is important for IFN-γrelC signaling, but not for IFN-γ signaling.

Our attempts to compute the receptor-ligand co-evolution at amino
acids level by i-COMS web-server [95] and correlate its results with
structural models failed. The majority of coevolving pairs were core-
associated rather than intermolecular, which has been reported pre-
viously [111]. The coevolution between fish IFN-γ and its receptors is
driven by frequent remodeling of the structure in the loop regions,

Table 2
Amino acid identity of the two distinct IFN-γR1 receptors of selected fish species.

Species Order IFN-γR1
NCBI protein ID

IFN-γR1-like
NCBI protein ID

Amino acid
identity %

Scleropages formosus Osteoglossomorpha KPP62969.1 XP_018604991.1 28
Danio rerio Cypriniformes AAI63407.1 NP_001165063.1 23
Ictalurus punctatus Siluriformes XP_017312731.1 XP_017319969.1 21
Oncorhynchus kisutcha Salmonidae XP_020335651.1 XP_020315962.1, XP_020315966.1 28/28
Poecilia reticulata Acanthomorpha XP_008417877.1 XP_008427408.1 27
Tetraodon nigroviridis Acanthomorpha AEI70477.1 AEI70478.1 25

a The dataset contains three IFN-γR1 sequences for Oncorhynchus kisutch. Two of them are highly similar, the amino acid identity indicates the similarity of the two
close homologous sequences with the third one.

Table 3
The interaction affinities of the IFN-γ proteins and the extracellular parts of
their receptors 1. The affinities were measured as equilibrium dissociation
constants Kd by microscale thermophoresis. All interactions between IFN-γ and
receptors 1 from different species have Kd values larger than 20 μM. The pre-
vious SPR experiment with the human proteins determined the Kd value as
31 ± 1 nM [7].

Interaction partners Kd for IFN-γR1 [nM] Kd for IFN-γR1-like [nM]

PoliIFN-γ 123 ± 15 321 ± 23
TrubIFN-γ 106 ± 8 384 ± 42
OnilIFN-γ 136 ± 8 317 ± 34
humanIFN-γ 41 ± 1 –
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which is caused by insertions or deletions in the gene (Fig. S8).

3.7. Computer modeling of the structures of IFN-γ receptors 1 and 2 and
their binding interfaces with IFN-γ

The molecules of IFN-γ receptors 1 and 2 are composed of two
immunoglobulin-like β-sheet domains called D1 and D2, both with fi-
bronectin type-III topology (Pfam PF00041) [5,9]. The topologies of
both domains are well conserved among class 2 cytokine receptors
[112] [113]. The D1 domains are composed of three β-strands stacked
on a layer of four β-strands that form sandwich-like structure and are
also characteristic by an extensive cation π-stacking motif and one
structurally conserved S-S bond [9]. The D2 domains form a similar β-
sandwich structure with four β-strands stacked on the remaining four β-
strands. This core of the class 2 cytokine receptors is fairly uniform and
our sequence alignments support their existence also in fish receptors.

Homologous models of the structures of IFN-γ receptors 1 and 2
(Fig. 6) were built for the expressed proteins from species P. olivaceus,
T. rubripes, and O. niloticus. The models of IFN-γR1 were computed
based on the human (pdb 1FG9 [5]) and chicken (pdb 4EQ2, 4EQ3
[101]) structures of receptor 1 by using UCSF Chimera [96] and
Modeller 9.19 [99,100]. The S-S bond formation patterns were used as
constraints for the modeling (Fig. S2b). The models showed two ex-
pected Fibronectin type III domains with a majority of significant
structural changes located in the loop L6 of the D2 domain (in 1FG9
residues 138–148). At the same time, the RMSD of the core parts of the
compared proteins were below 1 Å. The structurally most variable part
in our models of IFN-γR1 corresponds to the loop L6, which forms the
recognition interface with the IFN-γ loop AB and helices B and F'. This is
consistent with the assumption that the IFN-γ/IFN-γR1 recognition is
controlled by the three loops located between the receptor 1 domains
D1 and D2 [114] and by their mutual orientation [9]. We therefore
assumed that the corresponding parts of the fish proteins contribute in a
similar mutual position to the IFN-γ/R1 recognition.

Models of the second receptor IFN-γR2 were generated by the same
methodology, using the crystal structures of human IFN-γR2 (pdb 5eh1

[9]) considering also IL10RB (pdb 3lqm [109]). In contrast to the IFN-
γR1 models, most structural changes in the models of IFN-γR2 were
identified in two D1 domain loops (residues 48–56, 70–81 in 5EH1).

4. Conclusions

Our bioinformatic analysis of IFN-γ and the extracellular parts of its
two receptors disclosed unexpected diversity of sequences and revealed
new attributes of evolution of this essential immunity signaling
pathway in fish species. Our sequence database mining resulted in
newly identified or annotated genes coding for the proteins partici-
pating in the IFN-γ signaling system: 28 IFN-γ and IFN-γrel, 60 IFN-γR1,
and 40 IFN-γR2. The phylogeny of IFN-γ protein genes confirmed the
existence of a group of proteins closely related to but distinct from IFN-
γ named IFN-γrel. We discovered 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
Acanthomorpha.

Similarly to the existence of two groups of IFN-γ, the phylogeny and
sequence alignments of IFN-γ receptors 1 manifest the existence of two
independently evolving groups of genes labeled IFN-γR1 and IFN-γR1-
like. The specificity of the binding between IFN-γ and the two types of
IFN-γR1 was tested computationally by the tightness of their coevolu-
tion, and by the biophysical measurements of affinities between pairs of
these proteins from three fish species (Table 3). Our coevolution studies
as well as the measurement of affinities show that IFN-γ has a higher
affinity for IFN-γR1 than for IFN-γR1-like so that the latter molecule is
likely diverging from the original function. In contrast to IFN-γ and IFN-
γR1, there is no sign of existence of two separate IFN-γR2 genes.
However, this possibility cannot be ruled out in case the gene for the
putative second R2 group is dissimilar and located in a different locus.

In summary, we have shown that three functionally tightly linked
molecules, IFN-γ, IFN-γR1, and IFN-γR2, have probably underwent
distinct evolutionary events: (i) IFN-γ being duplicated independently
in at least two groups of fish; (ii) IFN-γR1 being duplicated once and
preserved in both copies in all the descendants; (iii) IFN-γR2 probably

Fig. 6. Computer models of structures of the PoliIFN-γR1, TrubIFN-γR1, OnilIFN-γR1 (a) and PoliIFN-γR2, TrubIFN-γR2, OnilIFN-γR2 (b). The PoliIFN-γR1 model
was based on structure of the human receptor 1 (1FG9 [5]), PoliIFN-γR2 model on structure of the human receptor 2 (5eh1 [9]). The RMSD color scheme shows the
closeness of the modeled receptors to their respective template crystal structures. The models were built by minimization using the default setting in Chimera [96].
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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not being duplicated at all. The differences between the IFN-γ signaling
in fish and mammals are illustrated by the graphical abstract.

An independent insight into IFN-γ evolution has been achieved by
solving the crystal structure of IFN-γ from Paralichthis olivaceus. The
structure of the PDB accession code 6F1E was solved by selenourea
experimental phasing and revealed a fold observed in IFN-γ molecules
from mammalian species: a homodimer composed of two four helix
bundles. The structure however shows significant differences. Most
notably, one PoliIFN-γ monomer exhibited an additional helix G at the
C terminus and the dimer is more extended compared to the mamma-
lian counterparts because the angle between helices C and D opens it up
(Fig. 1). The information based on the crystal structure of PoliIFN-γ was
complemented by measuring the solution SAXS data of IFN-γ proteins
from three fish species and confirmed the dimeric form and shapes
compatible with the shape of the known IFN-γ crystal structures.

We believe that our phylogeny work and the solved crystal structure
of PoliIFN-γ helps the understanding of the complex phenomenon of
IFN-γ evolution in fish species and of early stages of immunity devel-
opment in vertebrates.
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