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Interferons (IFNs) play a major role in orchestrating the innate immune response toward viruses in
vertebrates, and their defining characteristic is their ability to induce an antiviral state in responsive cells.
Interferons have been reported in a multitude of species, from bony fish to mammals. However, our current
knowledge about the molecular function of fish IFNs as well as their evolutionary relationship to tetrapod IFNs
is limited. Here we establish the three-dimensional (3D) structure of zebrafish IFN¢1 and IFN®2 by crystal-
lography. These high-resolution structures offer the first structural insight into fish cytokines. Tetrapods
possess two types of IFNs that play an immediate antiviral role: type I IFNs (e.g., alpha interferon [IFN-«] and
beta interferon [IFN-f]) and type III IFNs (lambda interferon [IFN-A]), and each type is characterized by its
specific receptor usage. Similarly, two groups of antiviral IFNs with distinct receptors exist in fish, including
zebrafish. IFN&1 and IFN®2 represent group I and group II IFNs, respectively. Nevertheless, both structures
reported here reveal a characteristic type I IFN architecture with a straight F helix, as opposed to the
remaining class II cytokines, including IFN-\, where helix F contains a characteristic bend. Phylogenetic trees
derived from structure-guided multiple alignments confirmed that both groups of fish IFNs are evolutionarily
closer to type I than to type III tetrapod IFNs. Thus, these fish IFNs belong to the type I IFN family. Our results

also imply that a dual antiviral IFN system has arisen twice during vertebrate evolution.

Interferons (IFNs) are small helical cytokines defined by
their ability to inhibit viral replication in responsive cells (13).
IFNs have been identified in vertebrates from bony fish to
mammals (3, 5, 12, 32). They have been playing a key role in
regulating host-pathogen interactions for more than 450 mil-
lion years and are subjected to high evolutionary pressures.

In mammals, there exist three types of IFNs, defined by their
receptor utilization. Type I IFNs are the archetypal IFNs; they
consist of multiple subtypes with alpha interferon (IFN-a) and
beta interferon (IFN-B) being the best described. Type I IFNs
signal through a heterodimeric complex consisting of the IFN-
a/B receptor 1 (IFNAR1) and IFNAR?2 chains (37). Type 11
IFN has only one member designated gamma interferon (IFN-
v). IFN-y does possess some antiviral activity but is mainly an
immunomodulatory cytokine acting on leukocytes (42). Type
III IFNs, also known as lambda interferon (IFN-\), are struc-
turally distinct from type I IFNs (10) and use a different re-
ceptor complex made up of the interleukin 10 receptor 2 (IL-
10R2) and IFN-\ receptor 1 (IFNLR1) chains (15, 35).
Despite the fact that the IL-10R2 chain is shared with several
other class II cytokines (IL-10, IL-22, IL-24, and IL-26), type
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IIT IFN signaling in responsive cells is highly similar to that of
type I IFNs but not to that of IL-10 (44). Type I and type III
IFN signaling is mainly mediated via interaction of activated
STATI and STAT2 (STAT stands for signal transducers and
activators of transcription) with IRF9 (interferon regulatory
factor 9), forming the transcription factor ISGF3 (interferon-
stimulated gene factor 3). The primary biological difference
between type I and III IFNs is receptor distribution, with the
type I receptor found on essentially all nucleated cells, while
only a limited subset of cells, primarily of epithelial origin,
seems to respond to type III IFNs (27, 36).

The structures of all three types of mammalian IFNs to-
gether with those of other class II helical cytokines (IL-10,
IL-19, and IL-22) are now available (4, 10, 24, 33, 41, 43). They
share a structural basis, consisting of six secondary structure
elements (A through F), which are connected by loops of
different lengths. In general, elements A, C, D, E, and F form
a-helices, whereas element B is less ordered and more vari-
able. Helices A, C, D, and F form a four-helical bundle, which
defines the structural core of class II helical cytokines. Helix F
is straight in type I IFNs, whereas it contains a characteristic
bend in the other cytokines. Due to the straight helix F, type I
IFNs adopt a characteristic elliptical shape resembling that of
an American football, clearly distinguishing their three-dimen-
sional (3D) structure from the other class II helical cytokines.
Thus, structural evidence indicates that cytokines of the IL-10
family, as well as type II and type III IFN, are structurally
closer to one another than to type I IFN (11).

Bony fish have a clear homolog of IFN-vy (46), and a second
relatively diverse family of IFNs, which is highly induced dur-
ing viral infection and possesses characteristics of both mam-
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malian type I and III IFNs. Since IFN-y is not covered by the
present study, we will from now on refer to the second set of
IFNs simply as “fish IFNs.” These fish IFNs have been de-
scribed in several fish species (3, 18, 20, 30) with most species
possessing multiple IFN genes (39). Using a bioinformatics
approach, Zou et al. identified two distinct groups of fish IFNs
(45). Subsequent work demonstrated that both IFN groups
possessed antiviral activity (19) and signaled through distinct
but related receptor complexes (2). We deliberately use
“group” referring to fish IFN and “type” referring to mamma-
lian IFN as not to imply any direct relation, and thus, fish
group I is not necessarily equivalent to mammalian type I. In
zebrafish, group I includes two members, IFN¢$1 and IFN4,
and uses a receptor complex consisting of cytokine receptor
family member bl (CRFB1) and CRFBS. Group II also has
two members, IFN$2 and IFN¢3, that signal via a receptor
complex consisting of CRFB2 and CRFBS (2).

The evolution of IFNS, in particular type I and III IFNs, has
been intensely debated (9, 16, 20). As described above, the
cloning of IFNs from several fish species further fuelled this
debate. On the basis of sequence similarities and predicted
structural features, some authors have claimed fish IFNs to be
related to type I IFNs (31, 45), but the similarity values are too
low for traditional phylogenetic analysis to yield definite an-
swers to this question (20, 23, 24). In contrast, using receptor
structure, we proposed that fish IFN is related to type III IFNs
(17). Another argument in this favor, namely, gene structure,
has been discarded by the recent finding of intron-containing
type I IFN genes in amphibians (28).

The three-dimensional structures of proteins carry substan-
tial information on both function and possible phylogenetic
relationships. We established the 3D structure of zebrafish
IFNs from both groups and used this structure to produce
structurally guided alignment of vertebrate class II cytokines.
Our structural data firmly establish the two groups of zebrafish
IFNs as homologs of the mammalian type I IFNs. We discuss
the possible evolutionary scenarios of class II helical cytokines
in light of these structural results.

MATERIALS AND METHODS

Protein expression and purification. The IFN¢1 and IFN&2 constructs were
made as previously described (2). Expression and purification of the zebrafish
IFNs were done as previously described for human IFN-A3 (7). However, the
buffer used for size exclusion chromatography was replaced with 150 mM NaCl
and 20 mM morpholineethanesulfonic acid (MES) (pH 6.5), and the eluted
protein was used immediately for crystallization.

Crystallization and structural determination. (i) IFN¢2. The initial screening
was done using the index Screen system (Hampton Research) at both 4°C and
room temperature (RT). Optimal crystals were grown by mixing equal volumes
of protein solution with reservoir solution containing 0.2 M MgCl,, 0.1 M
HEPES (pH 7.5), and 25% polyethylene glycol 3350 (PEG 3350) at 4°C. Upon
optimization of these conditions, it was established that 0.2 M MgCl,, 22% PEG
3350, and 0.1 M HEPES (pH 8) and 4°C gave the best crystals. The crystals
appeared after 6 to 10 weeks. When the initial hits were used for seeding, crystals
would appear in 2 or 3 days. They were flash frozen in a cryo buffer containing
0.2 M MgCl,, 25% PEG 3350, 0.1 M HEPES (pH 8), and 17.5% glycerol. Data
were collected at the 1911-3 beam line at the MAX laboratory (Lund, Sweden)
at 0.8742 A. The data were indexed using HKL2000 and scaled using scale-
pack to 1.49 A. The crystals belonged to space group P6, with unit cell lengths
a =84215A,b = 84215 A, and ¢ = 45.209 A and angles a = 9°, B = 9°, and
vy = 12°

The phases were obtained by quickly soaking the crystals in 0.2 M MgCl,, 25%
PEG 3350, 0.1 M HEPES (pH 8), 15% glycerol, and 500 mM Nal. The data were
collected at the 1911-3 beam line at the MAX laboratory at a wavelength of 1.5
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A. The data were indexed using HKL2000 (26) and scaled using scalepack to 2.19
A. A single iodine site was found by a single-wavelength, anomalous dispersion
approach using SHELX (34). The site found using SHELX was transferred to
SHARP (6), and a full single isomorphous replacement with anomalous scatter-
ing approach, using the iodide derivative and native data set, was adopted. The
initial structure was built using Resolve (40), and successive cycles of building
and refinement were done in coot (8) and Phenix (1). The final R and R;,. values
were 0.1413 and 0.1874, respectively, at a resolution of 1.49 A. See Table 1 for
details.

(ii) IFN 1. Initial screening was done using the index Screen system (Hamp-
ton Research) at both 4°C and RT. Optimal crystals were grown by mixing equal
volumes of protein solution with reservoir solution containing 0.2 M NaCl, 0.1 M
Bis-Tris (pH 5.5), and 25% PEG 3350 at RT. Upon optimization of these
conditions, it was established that 0.2 M NaCl, 20% PEG 3350, 0.1 M HEPES
(pH 6.5), 3% Jeffamine M-600 gave the best crystals. Needle-shaped crystals
appeared after 2 to 5 days. They were flash frozen in a cryo buffer containing 0.2
M NaCl, 25% PEG 3350, 0.1 M HEPES (pH 6.5), 3% Jeffamine M-600, and
17.5% glycerol. Data were collected at the 1911-3 beam line at the MAX labo-
ratory at 0.8742 A. The data were indexed using HKL2000 (26) and scaled using
scalepack to 2.1 A. The crystals belonged to space group P2, with unit cell
lengths @ = 46.766 A, b = 60.743 A, and ¢ = 49.679 A and angles « = 9°, =
9°, and y = 93.341°.

The phases were obtained by molecular replacement in Phaser (21) using a
poly(A) model of IFN¢2 lacking helix F. The initial structure was built using
Phenix (1), and successive cycles of building and refinement were done in coot
(8) and Phenix. The final R and Ry, values were 0.2372 and 0.1813, respectively,
at a resolution of 2.1 A. See Table 1 for details.

Phylogenetic analysis. Automated alignment was done using Clustal W2.0.12.
Signal peptides and N- and C-terminal portions of the cytokines were removed
leaving approximately 130 amino acids. All sequences were found at the NCBI
data bank (NCBI accession numbers given after the cytokine sequence names)
(human IFN-a2 [hulFNA2], NP_000596.2; hulFNA5, NP_002160; hulFNAS,
NP_002161.2; human IFN-B [huIlFNB], NP_002167; Gallus gallus (chicken)
IFN-al [galFNA1], CAA63214; galFNA2, CAA63216; galFNA3, CAA63216.1;
galFNB, CAAG63217; Xenopus tropicalis IFN1 [xtIFN1], CAO03085; xtIFN2,
CAO003086; xtIFN3, CAO03087; xtIFN4, CAO03088; xtIFN5, CAO03089; Gal-
lus gallus TL-10 [galL-10], NP_001004414; xtIL-10, NP_001165400; huIL-10,
NP_000563.1; Danio rerio (zebrafish) IL-10 [drIL-10], NP_001018621.2; human
IFN-A2 [huIFNL2], NP_742150; hulFNL3, NP_742151; hulFNL1, NP_742152;
galFNL, NP_001121968.1; xtIFNL3, ACV32136.1; xtIFNL2, ACV32135.1;
xtIFNL1, ACV32134.1; drIFN1, NP_997523.1; drIFN2, NP_001104552.1;
drIFN3, NP_001104553.1; drIFN4, NP_001155212.1; drIFNG, NP_998029.1; hu-
IFNG, NP_000610.2; galFNG, NP_990480.1; xtIFNG, ABU54059.1).

Structure-guided alignment was performed manually with the help of available
3D structures (PDB accession numbers or entry codes given after the cytokines;
IL-10, 2H24; IFN-2, 1RH2; IEN-A3, 3HHC; IFN-y, 1EKU). IL-10 and IFN-y
exist as dimers where the E and F helices of one subunit occupy the position of
the other subunit; an artificial monomer was then generated by keeping regions
A to D of one subunit and regions E and F of the other subunit. 3D structures
were superposed two by two using coot, and matching amino acids were identi-
fied with the help of MacPyMol.

After generating a multiple alignment either using Clustal or guided by the
structure, phylogenetic analysis was performed on the Mobyle portal (http:
//mobyle.pasteur.fr). Parsimony analysis was done with the protpars program.
Neighbor-joining analysis was done by first running the protdist program, fol-
lowed by the neighbor program. Maximum likelihood was done with the phyml
program, using the SPR option for tree topology search. Sets containing 1,000
bootstraps were analyzed in each case; in all other cases, default parameters were
used.

RESULTS

Structure of recombinant IFN¢1 and IFN@2. Recombinant
zebrafish IFNs were produced in Escherichia coli, and their
bioactivity was tested as reported previously (2) (see Fig. S1 in
the supplemental material). IFN$1 and IFN&2, which could be
produced at high purity and were highly biologically active,
were selected for crystallization and structural determination.
Crystallization was carried out as described in Materials and
Methods. Due to the high quality of the IFN$2 crystals and the
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TABLE 1. Statistics of crystallographic data for the zebrafish interferons”

Parameter”

Value for IFN¢

IFN&1 (native)

IFN&2 (native) IFN¢2 (iodine)

Data collection statistics (MAX laboratory)

Energy (keV) 14,199 13,565 8,331
Space group P2, P6, P6,
Unit cell lengths
a, b, ¢ (A) 48.8, 62.2, 51.3 84.2,84.2, 452 84.1, 84.1, 45.2
a, B,y (°) 90.00, 91.42, 90.00 90.00, 90.00, 120.00 90, 90, 120
Mosaicity (°) 0.83 0.21 0.24
Resolution (A) 50-2.09 50-1.49 50-2.2 (2.3-2.2)
No. of unique reflections 17,632 30,020 18,512
Redundancy 3.5(24) 5.4 (4.0) 55(.7)
Completeness (%) 96.3 (78.9) 98.1 (84.9) 99.9 (99.8)
(Do) 12.4 (2.15) 26.16 (4.7) 8.2 (12.6)
Rierge (%) 14 (35.6) 5.5 (20.6) 9.0 (13.2)
Refinement statistics
Reryst (%) 0.1813 0.1413
Ry (%) . 0.2372 0.1874
Est. coord. error (A) 0.26 0.25
Est. phase error (°) 24.00 16.90
RMSD from ideal
Bond length (A) 0.008 0.005
Bond angle (°) 1.033 0.838
Wilson B-factor (A%)
Protein 24.51 19.42
Water 30.69 37.38
Other ligands 74.00
No. of atoms 2,776 1,552
No. of water molecules 179 265
No. of other molecules 2 Ni 0
Ramachandran plot
Favored (%) 98.71 100
Allowed (%) 100 100

@ Statistics for data collection and phases are shown.

? Est. coord. error, estimated coordinate error; RMSD, root mean square deviation.
¢ The values for the interferons found by using the iodide derivative and native data set are shown. The values in parentheses are the values for the highest-resolution

shells.

derived diffraction data, we solved the IFN&2 structure first
and used this structure as a partial model for obtaining the
phases for IFN¢1.

(i) Structure of IFN@2. Cryo-protected IFNé2 crystals dif-
fracted to 1.49 A, which to our knowledge is the highest res-
olution obtained for any class II helical cytokine. The phases
were determined using an iodine derivative, and an initial
model was built automatically by Resolve (40). This model was
completed manually and refined; it includes residues 6 to 156.
The structure of IFN&2 is shown in Fig. 1A and B. Details of
data collection, phasing, and refinement are given in Table 1.
The final structure reveals a typical type I IFN architecture
with 6 structural elements designated A through F (Fig. 1A),
and with the exception of element B, they are all a-helical. The
core of the structure is made up of helices A, C, D, and F that
are oriented in the up-up-down-down orientation typical for a
class II helical cytokine. Helix F is long and straight, giving the
molecule an elongated shape resembling an American football,
which is the hallmark of type I IFNs. As expected, two disulfide
bridges are present, one linking the N terminus to helix D and
one linking the AB loop to helix F, which is analogous to the
disulfides found in mammalian IFN-a. Element B is well de-
fined in the crystal structure but does not adopt a defined
secondary structure.

(i) Structure of IFN&1. The crystals were cryo-protected
with glycerol and diffracted to 2.08 A. The structure was solved
with Molecular Replacement, using a polyalanine model of
IFN¢2, excluding helix F, as a search model. Helix F was
excluded in the search model because it is the defining differ-
ence between type I and III IFNs, and we did not want to
introduce any bias. The model was completed manually and
includes residues 4 to 160 of the mature peptide. Details of
data collection and refinement are given in Table 1; the struc-
ture is shown in Fig. 1C and D. IFN¢1 is structurally highly
similar to IFN&2, adopting the same basic type I IFN archi-
tecture with 6 structural elements designated A through F. As
expected, the structure contains one disulfide bridge, connect-
ing the N terminus to helix D.

(iii) Comparing the structures of IFN¢1 and IFN$2. The
two fish IFN structures overlay well with a root mean square
deviation (RMSD) value of 1.85 A, where the most noticeable
differences are the lengths of helices C and F (Fig. 1E). Helix
C is longest in IFN¢2, consisting of 23 amino acids as opposed
to only 19 in IFN¢1. When looking at helix F, that of IFN1 is
the longest containing 25 amino acids, whereas in IFN¢2, it
spans 19 amino acids. The available structural and mutational
data from human type I and III IFNs indicate that receptor
binding is primarily located on helices A and F (10, 25). How-
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FIG. 1. Structure of the zebrafish interferons. (A) Cartoon representation of the structure of IFN$2 (PDB accession number or entry code
3PIW). The structural elements are labeled A through F. The two disulfides are shown in yellow. (B) Electron density (20) of a fraction of the
F helix in IFN¢2 is shown. Residues from helix F are labeled. (C) Cartoon representation of the structure of IFN¢$1 (PDB entry code 3PIV). The
structural elements are labeled A through F. The single disulfide is shown in yellow. (D) Electron density (20) of a fraction of the F helix in IFN¢1
is shown. Residues from helix F are labeled. (E) Comparison of the structures of IFN¢1 (red) and IFN$2 (cyan). The two molecules have been

superimposed in coot using SSM superimpose.

ever, as IFNé1 and IFN2 display roughly equal biological
activity, the different lengths of helices C and F do not appear
to affect receptor binding. This is probably because the differ-
ences in helices C and F are found in the opposite end of the
molecule as the expected receptor binding site. This has, how-
ever, not been experimentally confirmed. In other words, de-
spite their limited sequence homology (19% identical amino
acids) and the fact that they bind different receptors, the 3D
structures of IFN¢1 and IFN¢2 are very similar.

(iv) Comparison of zebrafish IFNs to mammalian members
of the class II cytokine family. Structurally, type I IFNs con-
stitute their own distinct group within the class II helical cyto-
kine family, typified by a straight helix F. This is opposed to the
characteristic bending of helix F in other class II helical cyto-
kines, including class IIT IFNs (11). Figure 2, top panel, shows
the comparison of IFN¢1 with human IFN-a, IFN-A, and IL-
10; IFN®2 is superimposed on the same cytokines in the bot-
tom panel of Fig. 2. From this comparison, it is clear that
structurally, both IFN-¢1 and IFN¢2 belong to type I IFNs.
The RMSD values support this view, as the differences be-
tween the value for IFN¢1 versus the values for IFN-a and
IFN-B are 2.14 A and 1.60 A, respectively, whereas the values
for distance to IL-10 and IFN-\ are 3.04 A and 3.40 A, respec-
tively. The same is true for IFN¢2; the RMSD values versus
IFN-o and IFN-B are 2.00 A and 1.75 A, respectively, whereas
the distances to IL-10 and IFN-\ are 3.51 A and 3.17 A,
respectively (Table 2). On the sequence level, type I IFNs are
characterized by the presence of a conserved motif (CAWE) in
helix F, which is also found in IFN$2. A closer examination of
the structure reveals that this motif is part of a larger conserved
structural motif formed around the EF loop and the junction
of helices C, E, and F (Fig. 3). In the following, the amino acid

numbering is according to IFN&2, and the capital letters in
parentheses refer to the helix within which the given amino
acid is found. Trp142(F) and Trp80(D) form a hydrophobic
core, Glul43(F) of helix F interacts with both helices C and E,
while Vall45(F) and Argl46(F) interact with both the D helix
and the AB loop. In addition, Leul32(E) and Leul28(E)
found at the end of helix E form a hydrophobic pocket with
Vall45(F) and Leu70(C). These interactions are conserved in
the two groups of fish IFNs and among mammalian type I IFNs
as well (allowing for conservative substitutions only). Extend-

IFN¢1

IFN¢2

FIG. 2. Comparison of the zebrafish interferons to mammalian
type II cytokines. (Top) Comparison of IFN¢1 to human IFN-a2
(PDB accession number or entry code 1RH2), IFN-A3 (PDB entry
code 3HHC), and IL-10 (PDB entry code 2H24). (Bottom) Compar-
ison of IFN¢2 to human IFN-a2, IFN-\3, and IL-10. The molecules
have been superimposed in coot using SSM superimpose.
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TABLE 2. Root mean square deviations of the alignment of
selected type I cytokine structures”

RMSD value for cytokine pair:

Cytokine

IFN¢1 IFN¢2 IFN-a IFN-B  IFN-A  IL-10  IFN-y
IFNé1 1.85 2.14 1.60 3.40 3.04 343
IFN2 2.00 1.75 3.17 3.51 3.90
IFN-a 2.29 332 2.98 4.01
IFN-B 3.23 3.79 3.56
IFN-) 2.80 2.56
1L-10 3.06

“ The structures of IFN$1, IFN¢2, IFN-«, IFN-B, IFN-A3, IL-10, and IFN-y
were superimposed in coot using SSM superimpose. The root mean square
deviation (RMSD) values generated by coot are shown.

ing the motif to the middle of helix E, we observed that posi-
tion 125 is always an F or Y in type I IFNs. Looking at the
structures, it can be seen that Y/F125 of type I IFNs and fish
IFNs can interact with residues of helix F (Fig. 3).

The overall structural motif described here seems conserved
among all type I IFNs and locks the N-terminal end of helix F
to the other helixes in the four-helix bundle and is most likely
responsible for the characteristic fold of type I IFNs. Among
the vast number of known type I IFNs, there are examples
lacking one or more of the described residues. However, one
has to keep in mind that the specific activities of these subtypes
are largely unknown and thus also the functional consequence
of these substitutions. The only exception seems to be Y/F125,
which appears to be universally conserved.

IFN®1 is lacking one of the two otherwise conserved disul-
fide bridges connecting the beginning of helix F to the AB loop
and is thus missing the “C” of the CAWE motif. Nevertheless,
IFN®1 retains a robust antiviral activity (2, 17, 19) (see Fig. S1
in the supplemental material). Our crystallographic data indi-
cate that the interactions around the CAWE motif are of
sufficient strength to maintain the fold even in the absence of
this disulfide bridge.

Phylogeny of IFN. The phylogeny of fish IFNs has been
debated in recent years. Until now, traditional sequence align-
ment and subsequent calculation of phylogenetic trees has not
given a clear answer (28, 32, 38, 39). Indeed, we reached a
similar conclusion when, using protein sequences of IL-10 and
type 1, type II, and type III IFNs of zebrafish (Danio rerio),
clawed frog (Xenopus tropicalis), chicken (Gallus gallus), and
human (Homo sapiens), we generated a multiple alignment
using Clustal W (see Fig. S2 in the supplemental material) and
constructed a phylogenetic tree (see Fig. S3 in the supplemen-
tal material). In this tree, IFN-y and IL-10 both form mono-
phyletic groups. Type III IFNs from clawed frogs, chickens,
and humans are also clearly monophyletic, but with no clear
homologs in fish. Zebrafish group I IFNs appear as a sister
group; however, the bootstrap values are low, and thus, there
is no firm statistical support for this. Finally, the type I IFN side
of the tree is almost useless, as no relationship between two
proteins from different species is supported by a significant
bootstrap value. Zebrafish group II IFNs cluster with human
and chicken type I IFNs, but only very loosely. This is surpris-
ing, given the clear structural similarity that we observe be-
tween fish IFNs and mammalian type I IFNs. However, phy-
logenetic reconstruction is entirely dependent on the assumed

STRUCTURE OF ZEBRAFISH INTERFERONS 8185

sequence alignments, and automatic alignment procedures
such as the one used here (Clustal W) become unreliable with
proteins that share less than 30% identity (14). Furthermore,
Clustal W assumes a certain phylogeny prior to alignment,
which in our case could lead to circular arguments. Thus, we
generated a protein alignment guided by our structures (Fig.
4A) and used this alignment to infer the phylogeny of the IFN
family members. The resulting phylogenetic tree (Fig. 4B)
shows that both IFN¢1 and IFN¢2 group with mammalian
type I IFNs. Different tree-generating algorithms (parsimony,
distance, and maximum likelihood) yielded similar results (Fig.
4C). In all cases, the existence of a “type I IFN clade” that
encompasses fish IFNs and mammalian type I IFNs was found
to be supported by high bootstrap values. This result was based
on similarities over the whole sequence and not only on the
shape of specific regions (i.e., helix F and the CAWE motif)
and reinforces our previous conclusion: fish IFNs of both
groups belong to the type I IFN family, both structurally and
phylogenetically.

DISCUSSION

Here we present the crystal structures of IFN¢1 and IFN¢$2
from zebrafish. The IFN¢$1 and IFN$2 structures are very
similar to one another as well as to the structures of mamma-
lian type I IFNs. This was a surprise to us, as we had previously
argued that fish IFNs were orthologs of mammalian type III
IFNs (17). However, aligning IFN sequences from distantly
related species using standard alignment tools is problematic,
due to the low level of sequence conservation. Solving the 3D
structure of fish IFNs thus yielded unique additional informa-
tion that could be used to generate an improved protein align-
ment. Although this approach is not without its drawbacks—
such as a possible subjective bias, or excessive influence of
convergent evolution—we believe that the phylogenetic rela-
tionships inferred from this alignment are much more reliable
than the previous ones.

Evolutionary trees, calculated using different algorithms but
all based upon the structural alignment, place zebrafish IFNs
of both groups firmly within the type I IFN clade. However,
because of low bootstrap values at the IFN$1/IFN$2 node, our

FIG. 3. The CAWE motif of IFN2. Conserved residues in type I
interferons in the vicinity of the CAWE motif are shown as sticks. The
residues in the CAWE motif are colored orange. The highly conserved
aromatic residue (Phe) is colored red. Visible helices and loops are
labeled. See text for details.
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FIG. 4. Structure-guided alignment of class II cytokines. (A) Multiple alignment of zebrafish IFN¢1 and IFN2 with human class II cytokines,
established from superimposing crystallographic structures. Amino acids have been colored according to the principal orientation of the side chain,
using the code at the bottom of the alignment; if the orientation of the side chain is ambiguous or unknown, the amino acid was left in black.
Alpha-helical regions are shown on a yellow background. Cysteines engaged in disulfide bridges are depicted in bold type. Exon boundaries are
represented by underlined letters (the last amino acid coded by an exon and the first amino acid coded by the next exon). Gaps introduced to
maximize alignment are indicated by dashes. (B) Phylogenetic tree obtained using a distance (neighbor-joining) method, deduced from the
alignment in panel A. The “type I IFN clade” is circled. Bar, 0.5 amino acid substitutes. (C) Consensus cladograms obtained from the alignment
in panel A, with the IFN-y sequence chosen as an outgroup. For each node, the bootstrap support values (out of 1,000 replicates) are given for
distance, parsimony, and maximum likelihood methods by the top, middle, and bottom numbers, respectively.

data cannot help determine which of the two groups of fish
IFNs (if any) would be the true ancestral gene of tetrapod type
I IFNSs. This could well be due to the fact that the last common
ancestor of zebrafish and mammals had only one IFN gene,
and we suspect that the duplication events leading to the two
groups of fish IFNs happened after the split between the an-
cestor of tetrapods and that of teleost fish. In such a case, it is
meaningless to discuss which of the zebrafish IFNs is more
closely related to tetrapod type I IFNs. At any rate, our data
strongly suggest that fish IFNs and mammalian type I IFNs
share a ancestor, which had the archetypal structure of a type
I IFN.

If both group I and II fish IFNs are members of the type I
IFN family, what about the origin of type III IFN? A recent
study by Qi et al (28) clearly demonstrated that tetrapod type
IIT IFNs form a monophyletic group but shed little light on
their origin. If structure can be considered an instrumental
criterion, then we have to consider that type III IFNs are
derived from an IL-10-related cytokine. This origin is also
suggested by the fact that the type III IFN receptor complex is
made up of IL-10R2 and IFNLRI1 with the latter being en-
coded by a gene that lies in tandem with IL-22R1 in all se-
quenced tetrapod genomes. This genomic position suggests
that IFNLR1 and IL-22R1 have been generated by tandem
duplication of a parental gene. Thus, we consider a scenario

where type III IFN would be derived from the IL-10/1L-22
family as being the most likely.

The question now arises why bony fish and tetrapods both
independently diversify their IFN systems? By “diversification
of their IFN systems,” we are referring to acquisition of mul-
tiple IFN systems with different receptor complexes, not to the
diversification of the ligands in the context of a fixed receptor.
A first reason for this duplication would be fighting viral es-
cape. Viruses often evolve inhibitors of the IFN systems (29),
and evolving multiple receptor-ligand systems is an obvious
counterstrategy. However, we consider this interpretation to
be oversimplified, particularly since type I and type III IFN
systems share substantial parts of their intracellular signaling
machinery, which could be targeted by viral inhibitors (44).

Then why has it been evolutionary advantageous to evolve
two independent IFN systems, as clearly happened in both the
bony fish and amniote lineages? First, the mechanism is clearly
different, as in fish, a straightforward duplication of the paren-
tal IFN receptor gene leads to the creation of the two CRFBL1
and CRFB2 receptor chains, which still share the CRFBS re-
ceptor subunit. Simultaneously, duplication of the genes en-
coding the ligand was then followed by separate coevolution of
receptor-ligand interaction, resulting in the current situation
with two separate but related systems. The origin of the IFN-A
family is less clear and discussed above, but it is unlikely that
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IFN-A is directly evolutionarily related to the type I IFNs. How-
ever, the underlying functionality which drove evolution toward
two IFN systems might be very similar. Most viruses enter our
body via the epithelium, and thus epithelial cells suffer from high
rates of viral infection. In mammals, IFN-\ appears to be a first-
line defense IFN, with primary receptor expression in cells of
epithelial origin (27, 36). Thus, due to the limited tissue tropism,
type III IFN expression can protect high-risk tissues without the
toxicity associated with a full activation of the type I IFN system.
This view is supported by recent studies, providing strong evi-
dence for a critical role of IFN-A in controlling viral infection in
both lung and gut epithelia (22, 23). However, at present, it is
unclear whether a similar division of labor exists between the two
IFN systems found in fish. Experiments are under way to establish
the distribution of the CRFB1 and CRFB2 receptor subunits in
zebrafish.
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