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Interferon (IFN)-N1 [also known as interleukin (IL)-29] belongs to the
recently discovered group of type III IFENs. All type III IFNs initiate
signaling processes through formation of specific heterodimeric receptor
complexes consisting of IFN-AR1 and IL-10R2. We have determined the
structure of human IFN-\1 complexed with human IFN-NR1, a receptor
unique to type III IFNs. The overall structure of IFN-\1 is topologically
similar to the structure of IL-10 and other members of the IL-10 family of
cytokines. IFN-AR1 consists of two distinct domains having fibronectin type
I topology. The ligand-receptor interface includes helix A, loop AB, and
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Keywords: helix F on the IFN site, as well as loops primarily from the N-terminal
cytokine; domain and inter-domain hinge region of IFN-AR1. Composition and
crystallography; architecture of the interface that includes only a few direct hydrogen bonds
antiviral; support an idea that long-range ionic interactions between ligand and
immunity; receptor govern the process of initial recognition of the molecules while
signaling hydrophobic interactions finalize it.

Published by Elsevier Ltd.
Introduction IL-28B, respectively.’ IFN-\s, together with IFN-a./ 3,

the classical type I IFNs, serve as master regulators of

Interferon (IFN)-N1, IEN-N2, and IFN-N3 are class @ multifaceted antiviral response. * Antiviral activities

II cytokines' belonging to the recently identified
group of type III IFNs.? These cytokines were also
designated as interleukin (IL)-29, IL-28A, and
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of IFN-N\s have been demonstrated against a broad
variety of viruses in cell culture experiments and in
vivo. For example, IFN-A\s have been shown to inhibit
infection by the hepatltls C virus (HCV) and the
hepatitis B virus,”° a number of respiratory viruses
infecting epithelial cells (influenza A and B, respira-
tory syncytial virus, human metapneumov1rus and
severe acute resplratory syndrome),” and herpes
simplex virus type 2° and cytomegalovirus (CMV).’
Both type I and type III IFNs are co-produced by
various nucleated cells in response to live viral
infections and to a variety of stimuli (lipopolysac-
charides, poly I:C, bactenal/ viral DNA) triggering
toll-like receptor signaling.' Moreover, both types of
IFNs activate the same signal transduction path-
ways, including formation of the IFN-stimulated
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gene factor 3 transcription complex.” Both types of
TFNs induce expression of the same set of genes®'*!
and, therefore, have very similar biological activities
that include strong intrinsic antiviral activity.'

However, whereas type I IFNs are able to activate a
potent antiviral state in a wide variety of cells,*'? t?;pe
IIT IFNs are primarily active on epithelial cells."*'*
The cell-type selective action of type III IFNs is
possible because each type of IFN engages its own
unique receptor complex for signaling and because of
the distinct expression pattern of IFN receptors. Type
I IFNs signal through a common cellular IFN-o./f
receptor complex composed of two unique subunits,
IFN-aR1 and IFN-aR2, which are ubiquitously
expressed.''” However, type III IFNs signal through
an IFN-N receptor complex, which consists of a
unique IFN-NR1 chain and a shared IL-10R2 chain,
the latter also being the second subunit of the IL-10,
IL-22, and IL-26 receptor complexes.' In contrast to
the ubiquitously expressed IFN-a/f receptor sub-
units and the IL-10R2 chain, the IFN-AR1 chain is
expressed primarily by epithelial cells and den-
dritic cells restricting action of type III IFNs to
epithelial cells.">'* IL-10 has been shown to have low
affinity for the IL-10R2 component of the receptor
complex!® and IFN-A1 is presumed to have low
affinity for IL-10R2 as well.

In addition to the well-known antiviral activity of
IFN-N\, it has been demonstrated that IFN-A may
have anticancer activity as well. IFN-\s have been
shown to reduce proliferation of several cancer cell
lines such as the colorectal-cancer-derived HCT116
cells,” glioblastoma LN319 cells,* and aneuroendo-
crine BON1 tumor cells.'” In certain esophageal
cancer cell lines, it has been found that IFN-\1 can
inhibit their growth through G1 phase arrest and
have enhanced antitumor effects in combination
with anticancer chemotherapeutics.'® Other
agents such as IFN-vy or the proteasome inhibitor
Bortezomib can augment the antiproliferative and
pro-apoptotic effects of IFN-\ in cancer cells.'**
With the use of murine tumor models, IFN-\ has
been shown to inhibit the growth of MCA205
fibrosarcoma cells in vivo®' and retard or suppress
the growth of B16 melanoma cells'*** and BNL
hepatoma cells in mice.”> These studies suggested
that investigation of IFN-N could have benefits not
only for treatment of viral diseases such as chronic
hepatitis C but also as a cancer chemotherapeutic.
Given the more limited expression of IFN-AR1
throughout the body, it is also likely that use of
IFN-\ as a treatment option would be generally
tolerated better than treatment with more ubiqui-
tously recognized IFNs, such as IFN-a and IFN-B.

All three known type III IFNs demonstrate limited
amino acid similarity to both type I IFNs and IL-10-
related cytokines.!'? On the other hand, the level of
amino acid conservation is very high among
members of the IFN-N family (96% similarity

between IFN-A2 and IFN-N3), yet the activity of
IFN-N3 and IFN-N2 differs by 16-fold, whereas
IFN-N3 is 2-fold more active than IFN-A1.**
Knowledge of the structural details of the IFN-\
receptor complexes may provide insights into the
differential activity of these cytokines. The known
IFN and IL receptor subunits including IL-10R1
and IL-10R2 are structurally related, share a low
degree of amino acid similarity in their extracellular
domains (with the identity to IL-10R1 ranging from
11% to 13%), and belong to the family of class II
cytokine 1‘ecept01‘s.25'26

Structures of several IFNs and IL-10 family mem-
bers, as well as their dimeric and trimeric cytokine
receptor complexes, have been elucidated by crystal-
lography and NMR.”* Structural information is
available for the human and viral IL-10>"%? the
latter from the Epstein—Barr virus (EBV) and CMV,
as well as in complexes with IL-10R1.163526 T[-19
has had its structure determined in the absence of
the receptor,”” whereas IL-22 has been crystallized
both alone®? and in complex with TL-22R1%**
and IL-22BP.*' All of the IL-10 receptor-ligand
structures include a dimer of IL-10 binding to IL-
10R1 in a 1:2 ratio. The ligand-receptor interface
consists of residues residing on helix A, loop AB, and
helix F of IL-10 and on inter-domain loops of IL-10R1,
primarily stabilized by hydrophobic interactions. It
has been suggested, based on the structure of IL-10
bound to IL-10R1,? that the receptor-binding site on
IL-10 is shared by both IL-10R1 and IL-10R2. EBV
IL-10 binds to IL-10R1 with 1000-fold lower
affinity than IL-10 due to small changes in both
EBV IL-10 positioning on IL-10R1 and inter-helix
loops of EBV IL-10.'® In contrast, CMV IL-10 exhibits
affinity for IL-10R1 similar to IL-10 but differs in its
inter-domain angle by 40° as compared to IL-10.° A
model for binding of IL-10 to IL-10R1 and IL-10R2 has
been proposed recentéy based on site-directed muta-
genesis experiments,”® updating the previously pub-
lished model of the ternary IL-10/IL-10R1/IL-10R2
complex.34 In addition, a model for the binding of
CMV IL-10 to IL-10R1 and IL-10R2 has been
proposed.”®

The crystal structure of isolated IFN-\3 has been
determined recently.” It has shown the molecule
to be a monomer highly similar to one domain of
the domain-swapped IL-10 molecule, despite low
sequence homology between the two proteins.
Single-nucleotide polymorphisms (SNPs), some of
which cause amino acid substitutions, within the
type III IFN genomic locus are found in patients
who spontaneously clear chronic HCV infection, as
well as patients who respond well to IFN-a
treatment for HCV infection.*”*® Tt is unknown
how these variations affect the activity of the
various members of the IFN-N\ family.

Following the previous report of protein pro-
duction and crystallization,”” we report here
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determination and analysis of the X-ray crystal
structures of IFN-A1 (expressed in both Escherichia
coli and Drosophila S2 cells) complexed with its
receptor IFN-AR1 (expressed in Drosophila S2 cells).
The structures show a 1:1 complex between mono-
meric IFN-N1 and IFN-NR1, as opposed to the 1:2
complexes seen for IL-10/IL-10R1. The interface
between the two proteins is highly hydrophobic in
nature and the amino acid composition and bonding
patterns suggest that electrostatic interactions may
be responsible for initial ligand-receptor association,
while hydrophobic interactions solidify the interac-
tion. The overall folding of IFN-A1 and IFN-N\R1 are
similar to other cytokines and cytokine receptors,
respectively, and the complex offers hints about how
subtle variations between IFN-\1, IFN-\2 and IFN-
N3 might influence the activity of the cytokines
toward HCV.

(b)

Results

We determined the crystal structure of IFN-A1
bound to its high-affinity receptor IFN-AR1. IFN-A1
used in crystallization experiments was expressed
both in E. coli cells (IFN-N\1y,.) and in Drosophila cells
(IFN-N\1jns), whereas IFN-NR1 was expressed only in
insect cells.*” Both complexes were formed in a 1:1
molar ratio, purified, and crystallized. The details of
expression, purification, crystallization, and data
collection procedures have been previously
described.””” The crystal structures were solved
using molecular replacement and revealed a com-
plex consisting of IFN-\1 bound to IFN-AR1 in a 1:1
ratio. Since the two structures determined in this
work are essentially identical with one another, only
the structure of the IFN-\1;,/IFN-AR1 complex will

|

O\t
L)

Fig. 1. Structure of the complex of IFN-N1 and IFN-AR1. (a) IFN-A1 is in green, IFN-\R1 is in cyan, glycosylation sites
are in blue (Asn) and yellow (carbohydrates), glycerol is in magenta, disulfide bonds are yellow spheres, IFN-\1 residues
at the interface are in orange, and IFN-\R1 residues at the interface are in red. Amino acid side chains, carbohydrates, and
solvent molecules are depicted in stick format. The location of the site 1 and site 2 interfaces is labeled. (b) The structure of
IFN-\1, in the same orientation as is found in (a). The helices found in the ligand are labeled A through F with the N and C
termini also labeled. (c) The structure of IFN-NR1, in the same orientation as found in (a). The loops found in the receptor
are labeled, from L1 to L13. The N and C termini are labeled as well. Disulfide bonds are depicted as yellow sticks.
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be discussed below. The parts of the IFN-N1;,,s/IFN-
AR1 complex that could be modeled contain
residues 22-170 of IFN-A1 and residues 4-203 of
IFN-AR1. In addition, 268 water molecules, 3
glycerol molecules, and N-linked glycosylation
sites at Asn9, Asnl6, and Asnl122 of IFN-AR1 were
also modeled. The model possesses good stereo-
chemistry as evaluated by MolProbity, with no
residues found in disallowed regions of the Rama-
chandran plot. IFN-N1;,s/IFN-AR1 was refined to
final R-factors of 0.1836 and 0.2278 for R, and
Réree, TESpectively.

Structure of IFN-A1 bound to IFN-AR1

A molecule of IFN-\1 is composed of six helices
(A-F; Fig. 1), with helices A, C, D, and F forming a
classical up-up-down-down four-helix bundle.*®
Topologically, IEN-\1 is similar to IL-10 and to other
members of the IL-10 family, particularly 11.-19°
and TL-22.%%" A unique feature of the structure of
IFN-N1 compared to the cytokines mentioned above
is the absence of the short helix A’ (which was not
visualized in the electron density) preceding the
main body of helix A. A similar feature has been
found in the structure of IFN-A3,%’ whose amino
acid sequence is 84% identical with IFN-A1, in
spite of the fact that most of the differences were
found at the N termini of the proteins, amino
residues 1-13 (Fig. 2). (Unless mentioned otherwise,
IFN-N1 numbering has been used throughout
this article.)

IFN-\1 differs from the other two members of
the type III IFN family by its pattern of disulfide
bridges. Only five cysteines are present in IFN-
N1, while IFN-A2 and IFN-A3 possess seven
cysteines. The disulfides are formed in IFN-A1
between Cys49-Cys145 and Cys112-Cysl71,
whereas the disordered Cysl15 is free. In IFN-\3,
disulfide bridges are formed between Cysl6 and
Cys115, between Cys50 and Cys148, and between
Cysl167 and Cysl174, whereas Cys48 is free in
solution but makes an intermolecular disulfide
bridge with Cys48 of a neighbor molecule in the
crystal (IFN-A3 numbering).?’

Although the IFN-\1 used to make the IFN-N1;,,s/
IFN-NR1 crystals was produced in Drosophila S2 cells
where N-linked glycosylation occurs, no evidence
for its glycosylation at Asn46 was found in the
electron density. This observation, however, is not a
proof of the lack of glycosylation but most likely the
result of the influence of the crystal-packing contacts
between loop AB of IFEN-A1 and helix D of a
symmetrically related molecule that prevent the
putative glycosylation at Asn46 from being visual-
ized in the electron density.

While the crystallographic symmetry results in the
creation of dimers of IFN-\1, such dimers do not
bear any similaritg to the true dimers seen in the
structure of IL-10.7° This is likely due to the lattice
packing of the IFN-N1;,s/IFN-NR1 and IFN-N1p,c/
IFN-AR1 complexes as compared to the restraints
imposed on the free IFN-A1 or IL-10 in their
respective crystal-packing environments. Conse-
quently, the IFN-A1/IFN-NR1 complex forms in a
1:1 ratio as opposed to the 1:2 ratio of dimeric IL-10
to IL-10R1 found in TL-10/IL-10R1 complexes.'®>>°

Structure of IFN-AR1

The structures presented here are the first for IFN-
AR1 and, as such, give insights into ligand recogni-
tion and binding. A molecule corresponding to the
extracellular portion of IFN-AR1 is composed of two
B-sandwich domains D1 and D2 (Fig. 1), with each
domain formed by a sandwich of two B sheets (with
each sheet composed of three or four stands). The
domains are linked by a loop with a short helical
turn in the middle of L7. An equivalent conforma-
tion was also found in other hematopoietic cytokine
receptors and was labeled fibronectin type III
domains.”® The fibronectin type III domains are
oriented with a domain angle of 112° to one another,
with the ligand binding to the receptor at the apex
between the two domains. The inter-domain angles
were measured using C® carbon positions of
Glul04, Pro30, and His173 of IFN-AR1, which are
equivalent to residues used to define the inter-
domain angle of IL-22R1.*” The inter-domain angle
is smaller than that reported for IL-22R1 but very

Fig. 2. Alignment of the IFNs and their receptors. (a) Depiction of the alignment of IFN-A1, IFN-\2 and IFN-A3 to one
another. Exclamation points below the sequence indicate the location of sites where mutation of IFN-A3 has been shown
to impact activity. Identical amino acid residues are shown in green, glycosylation sites are in pink, signal peptide is in
purple, variations are in red, and cysteines are in yellow; purple indicates residues not visualized to date in any known
structure. Blue lettering above the sequences indicates the location and type of the secondary-structure element found in

“

IFN-N or IFN-AR1, with b indicating a # strand and h indicating the presence of a helix. “+” indicates a conserved residue,
“” indicates a partially conserved residue, and “.” indicates the presence of similar residues. Disulfide bridges in IFN-
N1_Human: Cys15 is free, Cys49-Cys145, Cys112-171. Disulfide bridges in IFN-A3_Human: Cys16-Cys115, Cys50 is free,
Cysb50-148, Cy5167—174.29 Swiss-Prot*® accession numbers are Q8IU54 for IEN-A1_Human, Q81Z]J0 for IFN-N2_Human,
and Q8IZI9 for IFN-N3_Human. (b) Alignment of the ectodomain of IFN-\R1 to the equivalent domains in IL-10R1, IL-
10R2, and IL-22R1. Magenta lettering in this alignment indicates regions that have not been visualized in the available

crystal structures. Cysteines are highlighted in yellow. Symbols below the alignment are identical with those in (a).
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similar to the value reported at equivalent positions
in IL-10R1.%*° Of the 13 loops joining B-strands, 5 (L3,
L5, L7, L9, and L13) participate in the interactions
with ligand and are labeled in Fig. 1. The contacts
between IFN-AR1 and IFN-\1 are primarily hydro-
phobic in nature (see below).

An important feature unique to IFN-AR1 and not
present in most other cytokine receptors is an inter-
domain disulfide bridge between Cys66 and
Cys130. This disulfide is not found in other cytokine
receptors with known structure, with IFN-y being
the only exception so far.”" This disulfide bridge
links D1 and D2 together and limits possible inter-
domain movements. Such restriction certainly
affects the binding specificity of the receptor toward
its ligand; however, the inter-domain orientation is
highly similar to IL-10R1 and IL-10R2. It is likely
that the inter-domain restrictions imposed by the
Cys66-Cys130 disulfide impede conformational
changes during formation of the ternary IFN-N/
IFN-AR1/IL-10R2 complex and contribute to pre-
venting other IFNs and ILs from signaling through
the IFN-AR1/IL-10R2 receptor complex, presum-
ably maintaining receptor-ligand specificity.

Glycosylation sites are present at the side chains of
Asn9, Asnl6, and Asn122 of the receptor. Asn9 and
Asnl6 are linked to a single visible N-acetylgluco-
samine (NAG) moiety, while Asn122 is modified
with NAG-NAG-mannose. In the structure of IFN-
Nlpao/IEN-AR1, the carbohydrate at Asn122 forms
contacts with a symmetrically related molecule of
IFN-AR1 to help build the crystal lattice (Supple-
mental Fig. S1). Based on the details of the ternary
complexes of IL-10R2 with CMV IL-10 and IL-
10R1,%® it would appear that the glycosylation sites
are not in a position to interfere with the formation
of the ternary complex.

Structure of the complex

The IFN-N1/IFN-AR1 complex is composed of one
molecule of IFN-A1 bound to one molecule of IFN-
AR1. Unlike the structure of CMV IL-10 in complex
with IL-10R1, there is no evidence of disulfide-
linked dimer formation.’® Binding occurs between
two complementary surfaces made by helix A, loop
AB, and helix F on the side of the ligand, whereas the
surface of the receptor in the vicinity of the inter-
domain area includes loops L3, L5, and L7 of
domain D1 and loops L9 and L13 of domain D2
(Fig. 3). None of the oligosaccharides are involved in
the ligand-receptor interactions. The amino acid
residues involved in the interface on the surface of
IEN-N1 are Pro25, Leu28, Lys32, Arg35, Asp36,
Glu39, Trp47, Pheb54, Phel52, Phel55, Argl56, and
Argl60 (Fig. 3), whereas the amino acid residues on
the side of the IFN-AR1 are Pro43, Thr44, Tyr73,
Asn74, Lys75, Asp98, Leul00, Phel(O1, Prol33,
Aspl135, Thr183, Phel84, and Ser185. The interaction

Fig. 3. Interactions between IFN-\1 and IFN-NR1. IFN-
N1 is depicted in green while IFN-AR1 is depicted in cyan,
with residues making contacts depicted in stick format.
Oxygens are colored red and nitrogens are colored blue.
(a) Site 1 interactions are depicted, with hydrogen bonds
formed between the ligand and the receptor depicted as
broken lines and their distances listed. (b) Site 2 interac-
tions between the ligand and the receptor are shown, with
identical coloring as in (a).

surface is tightly packed, is hydrophobic, is largely
solvent free, and has a shape complementarity (Sc)
value™ of 0.644. The Sc value for the IEN-N1,./IFN-
AR1 structure is 0.641. These Sc values are similar to
those of antibody-antigen complexes,” suggesting
a strong association between IFN-N1 and IFN-ARI.
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The interactions between IFN-N1 and IFN-NR1
consist largely of van der Waals and hydrophobic
contacts as opposed to hydrogen bonds. For the
purposes of this discussion, the interactions have
been placed into two groups: interactions between
helix A of the ligand with loops L5, L7, and L13 of
the receptor (site 1) and interactions between helix F
of the ligand with loops L3, L5, L7, L9, and L13 of
the receptor (site 2). The interaction between IFN-\1
and IFN-AR1 buries 703 and 803 A? of surface area
on IFN-A1 and IFN-AR1, respectively.

At site 1, helix A contains several residues that
make hydrogen bonds to the receptor. Hydrogen
bonds are made between Asp36 of the ligand and
Lys75 of the receptor (2.9 A), between Glu39 of the
ligand and Lys/5 of the receptor (2.7 A), and
between Arg35 of the ligand and Asn74 and
Asp98 of the receptor (2.9 and 3.8 A, respectively)
(Fig. 3). As mentioned before, the interface between
the ligand and the receptor is largely solvent free;
however, two waters do bridge hydrogen bonds
(between Arg35 of the ligand and Asp98 of the
receptor and between Glu39 of the ligand and Arg46
of the receptor). The relative paucity of direct bonds
as compared to nonbonded contacts (4 hydrogen
bonds versus 36 nonbonded contacts) further sug-
gests that hydrogen bonds are only responsible for
initial recognition of the ligand by the receptor,
while the more numerous hydrophobic contacts
solidify the interaction.

Site 2 is similar to site 1 in that relatively few
hydrogen bonds are formed between the ligand and
the receptor (Fig. 3). At helix F, a hydrogen bond is
only made between the main-chain carbonyl of
Phel52 (ligand) and Asn74 of the receptor (2.7 A). A
salt bridge is found between Asp135 of the ligand and
Lys163 of the receptor. Again, the few direct bonds
that are present likely contribute to initial recognition
of the ligand, while the large number of nonbonded
hydrophobic contacts at helix F (30) solidifies the
interaction between ligand and receptor.

Comparison to other structures

IFN-N\R1 is highly similar to other IL receptors, in
particular IL-10R1 and IL-10R2. All of these recep-
tors share a common two-domain fold consisting of
two repeats of a fibronectin type III domain, with a
linking loop in between. Structural differences exist,
most notably that IL10R1 contains an o helix where
Loop 5 is found at the inter-domain interface of IFN-
NR1. This short « helix is also not found in IL-10R2.

The main differences between IL-10R2 and IL-\R1
are the presence of an o helix at the C terminus of IL-
10R2, a small 3 sheet followed by a short a helix in
between the fibronectin domains of IL-10R2 (located
where Loop 8 is found in IFN-AR1), and the
presence of another short o helix in IL-10R2 where
a loop is found in IFN-AR1. The « helix and p sheet

found in the inter-domain region of IL-10R2 may
contribute to the lower affinity of that receptor for
IFN-\1.

IFN-AR1 has a C* root-mean-square displacement
(rmsd) of 3.0 A when aligned to IL-10R1, 2.9 A when
aligned to IL-10R2, 2.6 A when aligned to IL-22R1,
and 2.0 A when aligned to IL-22BP. Also, when
compared to IL-10R2, several clefts that are not
found in IFN-AR1 are evident in IL-10R2 (Fig. 4),
spec1f1cally clefts 2/3 and 3/5 as described by Yoon
et al.?® In this way, IFN-AR1 is much more similar to
IL-10R1 and IL-22BP in structure, further supporting
the notion that IL-10R2 possesses unique adapta-
tions to allow for binding to a number of cytokines
and receptors.

While the interaction of IL- 22 with its full receptor
complex has been modeled,*® the sequence conser-
vation at the key interaction site between IL-22 and
IL-10R2 is not high when compared to IFN-\1.
Specifically, the model indicates that interactions
occur between IL-22 residues Glul01, Phel05,
Aspl09, and GInl116 with residues Tyr56, Tyr59,
Argl0, and GIn63 from IL-10R2. Few residues
corresponding to the IL-22 residues are found in
IFN-A1 when a structural alignment is made,
making modeling of a full IFN-N1/IFN-AR1/IL-
10R2 complex difficult. This also suggests that IFN-
N1 may engage both components of the full receptor
complex primarily through association with the
high-affinity IFN-AR1 and that interactions with IL-
10R2 may be bridged through interactions between
IFN-NR1 and IL-10R2.

IFN-\1 also shows a high level of similarity to other
IFNs and ILs. All of these signaling molecules share a
similar helical bundle fold, although they differ in
some detail, as well as in their oligomeric state. Not
surprisingly, when their backbones are aligned based
on C* coordinates, [FN-\1 is found to be most similar
to IFN-A3, with an rmsd of 1.0 A. IFN-\1 is also
structurally similar to other IFNs and ILs with known
structure identified as members of the IL-10 family,
with a 3-A rmsd to IL- -22 [Protein Data Bank (PDB)
code 1M4R],*® a 3.2-A rmsd to IL-10 (PDB code
1LK3),” a 3.2-A rmsd to IL-19 (PDB code IN1F),*" a
3.2-A rmsd to IFN-y (PDB code 1EI<U) “*and a3.2 A
rmsd to IFN-g (PDB code 1AU1).”

Discussion

Two crystal structures of IFN-\1, a type III IFN,
were determined in complex with the extracellular
domain of its receptor IFN-AR1. Differences in
crystal packing did not significantly influence the
structures of the complexes. The structure of IFN-\1
itself is highly similar to the structure of IFN-\3, as
well as IL-22 and IL-10. IFN-AR1 contains two
domains consisting of fibronectin type III repeats,
similarly to IL-10R1 and IL-22R1. The complex
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N

N Cleft 2/3

IL-10R2

IL-10R1

IFN-AR1

Fig. 4. IFN-\R1 is more structurally homologous to IL-10R1 than to IL-10R2. Surface comparison is based on the data of

Yoon et al.?®

Clefts identified as being important for receptor promiscuity in IL-10R2 (labeled in IL-10R2) are not found in

IFN-AR1 or IL-10R1. The identities of the models are shown below.

between IFN-N1 and IFN-AR1 is defined primarily
by helices A and F on IFN-A1 and several loops on
IFN-AR1 and is primarily hydrophobic in nature.
Several hydrogen bonds and salt bridges are found
between the two proteins, but these are far fewer
than the interaction surface provided by nonbonded
interactions through hydrophobic amino acids at the
interface surface. The structure suggests that bind-
ing of IFN-A1 by IFN-A\R1 is initiated by amino acids
capable of making complementary electrostatic
interactions and solidified by hydrophobic interac-
tions between the ligand and receptor.

Comparisons with other IFNs and ILs

Structural alignment of IFN-N1/IFN-NR1 to
cytokines or receptors found in other ligand-

receptor complexes immediately demonstrates
that IFN-\1 binds to IFN-AR1 in a manner distinct
from other complexes such as IL-10 bound to
IL-10R1. Similarly to the interactions seen in the
IL-10/IL-10R1 complex, significant nonpolar and
a few electrostatic contacts are made between
IFN-A1 and IFN-NR1 through helices A and F of
the ligand to inter-domain loops of the receptor.
However, when IFN-AR1 is aligned to IL-10R1,
the ligands are bound to different portions of
their respective receptors. IFN-A1 binds such
that it is roughly perpendicular to the hinge
region between the fibronectin domains of IFN-
AR1, whereas IL-10 binds to IL-10R1 at the
inter-domain regions but rotated ~35° out of a
plane formed through the fibronectin domains
(Fig. 5). Similar results are seen when alignment
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of IFN-N1/IFN-NR1 to other ligand-receptor
complexes is performed (not shown).

The unique binding orientation utilized by IFN-\1
could be explained in several ways. First and most
likely is that the binding mode has evolved between
IFN-N\ and its receptor to ensure recognition of IFN-\
only upon presentation of various cytokines at the cell
surface. Second, the binding of IL-10 to its receptor
may be influenced by the formation of dimers of
IL-10. Given that the dimer of IL-10 is thought to be
the functional form of the cytokine, the interaction
with IL-10R1 may require a slightly different
surface to accommodate IL-10. Finally, the differ-
ences in ligand-receptor orientation could be
influenced by lattice-packing requirements that
alter the interaction between IFN-N1 and IFN-ARI.
However, the observation that mutations of IFN-\3
that greatly disrupt its activity are located directly
at the ligand-receptor interface argues against this
point.

Activity of IFN-A members and receptor binding

It has been established that the antiviral activity
of the three known members of the IFN-\ family is
such that IFN-A3>IFN-N1>IFN-A2,** with IFN-A3
being 16-fold more active than IFN-A2, despite
only seven amino acid variations between \3 and
N2 (Fig. 2). Of these variations, one is not
visualized in any IFN-N structure (H/R variance
at position 28, numbered from the beginning of the

signal peptide). Interestingly, when the variant
positions are mapped to the IFN-A1/IFN-AR1
complex, none of the variations occur at the
interface and are localized to helices C, D, and E,
as well as loop AB (Supplemental Fig. S2).

While the variations may be subtly influencing
the positioning of helices A and F to change the
interactions with IFN-AR1, it is more plausible
that the variations are influencing the binding of
IFN-N\1 by the receptor partner IL-10R2. Unfortu-
nately, the details of the interface between any
cytokine with IL-10R2 have yet to be determined,
although several models have been proposed for
the complex formation.”®** In the models of the
IL-22/1L-22R1/IL-10R2 complex, interactions
occur between helix D of the ligand with loops
L2 and L3 of the receptor, along with interactions
between helix A and L5.

Of the specific variations, two occur on helix D
where the interaction with IL-10R2 has been
modeled in the IL-22/IL-22R1/IL-10R2 complex.
These variations (Val95Gly and Phell2Leu in A2
and N3, respectively) are not likely to alter the
electrostatic interactions between IFN-N and IL-
10R2 but may impact the positioning of helix D or
slightly disrupt the hydrophobic surface for binding
of IL-10R2. It is likely that the variations found
between IFN-N3 and IFN-N2 affect the interaction
with IL-10R2 and thereby may result in altered
signaling intensity or duration, leading to the
differential expression of antiviral genes.

Fig. 5. IFN-A1 and IL-10 bind to different sites on their respective high-affinity receptors. An alignment of IFN-AR1 to
IL-10R1 was performed, and the positions of their respective ligands, IFN-\1 and IL-10, were added. IL-10 is a composite
containing helices A through D of one monomer of IL-10 and helices E and F of the dimeric partner. The IFN-\1/IFN-AR1
complex is displayed in green/cyan and the IL-10/IL-10R1 complex is displayed in yellow /rose. For IL-10/IL10-R1, only

one-half of the IL-10 dimer is displayed.
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Interpreting the influence of mutagenesis on
IFN-A3 activity

It has been reported that mutations of IFN-\3 can
strongly impact its antiviral activity, and many of
the sites of mutation were presumed to make
contacts with the receptor.”” In IFN-\3, mutagenesis
at GIn30, Cys48, Argbl, and Asp96 revealed weak
disruption of its activity (<5-fold increase in EC5j). A
stronger impact on activity (5- to 25-fold increase in
ECs0) was found by mutating GIn27, Leu44, Arg53,
and Leu54, whereas a very strong impact on activity
(>25-fold increase in ECsp) was found at Lys33,
Arg34, Lys36, Asp37, Val97, GIn100, Phel55, and
Phel58.

The corresponding residues in IFN-A1 are as
follows (IFN-N1 numbering used): weak impact
equivalents at GIn29, Trp47, Ser50, and Asp93;
strong impact equivalents at GIn26, Lys43, Pro52,
and Val53; and very strong impact equivalents at
Lys32, Lys33, Arg35, Asp36, Val94, GIn97, Phel52,
and Phel55. Mutations of Phel52 and Phel55,
which strongly impacted the activity of IFN-A\3,
are positioned at critical points at the IFN-N1/IFN-
A\R1 interface where these residues make nonbond-
ed contacts to Pro43, Thr44, Asn74, Leul00, Phel01,
and Phel84 of the receptor. While mutation to
alanine would preserve the nonpolar nature of the
amino acid, large changes to the hydrophobic
surface in IFN-A3 occur, likely preventing efficient
binding to IFN-AR1. The Phel58Ala mutation
almost completely eliminated the activity of IFN-
N3, and based on the structure of the IFN-N\1/IFN-
AR1 complex presented here, it is highly likely that a
corresponding Phel55Ala mutation would com-
pletely disrupt the interactions of IFN-A1 with
IFN-NR1. With the exception of the Phel58Ala
mutation that was almost completely inactive, the
ability of the other IFN-A3 mutants to still inhibit
encephalomyocarditis virus infection is likely due
to the compensatory nature of the hydrophobic
interface.

A similar situation exists around Lys32, Arg35,
and Asp36 in IFN-N1. Lys32 makes nonpolar
contacts with Phel01 of the receptor, Arg35
makes hydrogen bonds to Asp96 of the receptor
as well as other nonbonded interactions, and Asp36
makes a hydrogen bond with Lys75 of the receptor.
The mutation of the corresponding residues in IFN-
N3 greatly decreased its antiviral activity, in this
case likely due to disruption of both electrostatic
and nonpolar interactions between IFN-A3 and
IFN-\R1.

The equivalents of several residues shown to
affect the activity of IFN-A3, including GIn26, Lys33,
Lys43, Ser50, Trp47, Pro52, Val53, and Asp93, do not
appear at the interface between IFN-\1 and IFN-
AR1. It is likely that mutations at each of these
positions impact the positioning of helices A and F

for binding of IFN-N to IFN-AR1 or that the
mutations disrupt proper folding of IFN-N\3. Val94
and GIn97 also do not directly contact IFN-AR1;
however, they are positioned immediately adjacent
to helix A on the surface of IFN-N molecules and
likely disrupt the proper positioning of helix A in the
mutations made to IFN-N3. Another possibility is
that while folding is maintained and the interaction
with IFN-NR1 is not impacted, the binding of IFN-
A3 to IL-10R2 is inhibited, thus preventing proper
signaling by IFN-\.

IFN-A1 interactions with Yaba-like disease virus

It has been recently reported that a glycoprotein
secreted by the Yaba-like disease virus can compet-
itively bind to and simultaneouslby inhibit the
activity of type I and type III IFNs.”® This protein,
Y136, shows low sequence homology to another IFN
antagonist, B18, produced by the vaccinia virus.
Knowledge of the interaction of these secreted
glycoproteins with the IFNs may provide clues to
the development of more effective antiviral drugs to
treat diseases caused by the members of the
Poxviridae family.

Ternary complex modeling

Using the models of ternary complexes of two
members of the IL-10 family provided by Mark
Walter®® (IL-22/IL-22R1/IL-10R2 or emvIL-10/IL-
10R1/IL-10R2), it is possible to gain some insight
into the type of interactions expected in the
ternary complex of IFN-N and its receptors.
When an alignment of the IFN-A1/IFN-AR1
complex to IL-10R1 or IL-22R1 is made using
only IFN-AR1, the resulting position of IFN-\1 is
drastically different from the modeled positions of
cmvIL-10 or IL-22. As a result, IFN-N1 makes no
contacts with IL-10R2 in its modeled position as
part of the heterodimeric receptor complex.
However, when the alignment of the IFN-N1/IFN-
AR1 complex is made by matching IFN-\1 to cmvIL-
10 or IL-22, IL-10R2 is positioned to make contacts
with IEN-A1 (Supplemental Fig. S3a and S3b).

Furthermore, when the IFN-\3 mutations that are
known to affect its activity”® are mapped to the
ternary IFN-A1/IFN-NR1/IL-10R2 model, a number
of residues (GIn26, Lys33, Asp93, Val94, Phel52,
and Phel55) equivalent to those strongly impacting
the activity of IEN-A3 are localized near the potential
IFN-N/IL-10R2 interface (Supplemental Fig. S3c).
This suggests that the IFN-A3 mutations may have
impacted anti-encephalomyocarditis virus activity
via disruption of the interaction with IL-10R2.

When visualizing the IFN-\2/3 variations in the
context of the ternary complex, the interpretation of
the variations is less clear. None of the variations
occur at the interface between IFN-\1 and IL-10R2,
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Table 1. X-ray data collection and refinement statistics

TFN-N1pac/ IFEN-N1ns/
TEN-N1R1 IEN-A1R1
Data statistics
Space group P2,2:2 P2,2,2,4
Unit-cell ) a=130.2, b=654, 1=65.0, b=85.8,
parameters (A) c=73.2 c=116.5
Resolution (A) 2.16 2.1
Measured 122,399 258,890
reflections
Unique 33,364 37,819
reflections
Completeness 97.4 (81.7) 97.1 (79.6)
(%)
Redundancy 3.7 (2.7) 6.8 (4.2)
Rinerge b 0.057 (0.71) 0.07 (0.84)
I/o()? 16.8 (1.9) 23.6 (2.2)

Refinement statistics

Resolution® 29.1-2.16 (2.28-2.16) 29.4-2.1 (2.19-2.1)
Ruyork’ 0.198 0.184
No. of reflections 30,089 34,990
(Rwork)
Repeed 0.2402 0.2278
No. of reflections 926 1054
(Rfree)
No. of residues
TFN-A1 140 143
IFN-N1R1 197 200
No. of waters 148 268
No. of glycerols 0 3
No. of 4 5
carbohydrates
rmsd bond 0.005 0.01
distance (A)
rmsd bond 1.05 1.22
angles (°)
B-factors
Average 712 67.8
(all atoms)
Protein atoms 71.4 68.1
Solvent 68.1 61.1
Ramachandran plot (%)
Favored 96.7 95
Allowed 3 5
Disallowed 0.3 0

? Data in parentheses refer to the highest-resolution shell.

b Rinerge= (X 1 (I(0)=(I(h)) 1) /(X1()), where I(i) is the ith
observation of the intensity of a reflection with indices (/,k,l)
and (I(h)) is the average intensity of all symmetry equivalent
measurements of that reflection.

Ruyork=Y | Fo(h)—=Fc(h) | /Y 1 Fo(h) |, where F(h) and F.(h) are
the observed and calculated structure factor amplitudes,
respectlvely

9 Reree= Y I Fo(h)=Fc(h)1 /Y I Fo(h) |, calculated with the test set
data where Fy(h) and F.(h) are the observed and calculated
structure factor amplitudes, respectively.

with most of the residues modeled as exposed to
solvent (Supplemental Fig. S3d). This suggests that
the IFN-N2/3 variations do not directly impact
binding to either IFN-AR1 or IL-10R2 but rather
indirectly impact binding to those receptor compo-
nents through subtle rearrangements of IFN-A.
These rearrangements of IFN-\ may be enough to
produce the 16-fold difference in activity seen

between N2 and A3.** 1t is of interest to note that
independent genome-wide association studies iden-
tified several SNPs within the region of the IFN-A3
gene, which were not only Correlated with the
spontaneous clearance of HCV** but also associated
with sustained virologic response in patients with
chronic HCV undergoing pegylated IFN-o./ribavirin
combination therapy.*?>-#44¢ These genetic variants
within the IFN-N\3 gene locus are likely to affect the
level of expression and/or biological activity of
IFN-N3. Interestingly, one of these SNPs causes
substitution of Lys48 to Arg, representing the
natural IFN-N2/3 variation. It remains to be
studied whether this substitution affects receptor
interaction and biological potency of IFN-A3.

Summary

We have reported here the first structure of IFN-
A1 in complex with its cellular receptor, IFN-NR1.
Both the ligand and the receptor exhibit topology
similar to that of other known cytokines and
cytokine receptors, respectively, with a number of
subtle variations. The structure of the complex
suggests that long-range electrostatic interactions
help to orient IFN-A1 for binding to IFN-NR1, while
hydrophobic and nonpolar interactions solidify the
interface between the ligand and the receptor. The
structure offers insights into the phenotypes of IFN-
N3 mutations in regard to its antiviral activity and
suggests how variances between IFN-N members
influence the differential antiviral activity of these
cytokines. However, an experimentally derived
structure of the ternary complex that also would
include the IL-10R2 receptor molecule is needed for
the fuller understanding of the antiviral activity of
type III IFNs.

Materials and Methods

Protein production and purification

Protein productlon and purification were performed as
previously described.*” Human IFN-\1 (encoding amino
acids 1-181) and human IFN-\R1 were cloned into pMT/
BiP/V5-His carrying a BiP Drosophila signal peptide
upstream of an N-terminal His, tag. Protein was
expressed in Drosophila S2 cells and secreted directly into
the media. Human IFN-\1 (encoding amino acids 2-181)
expressed in E. coli was purchased from Peprotech.

IFN-N1 and IFEN-AR1 were purified using copper
affinity chromatography (GE Healthcare Fast Flow Che-
lating Sepharose) followed by a size-exclusion column (GE
Healthcare Superdex-75 HiLoad 16/60). Activity of
purified IFN-N1 was verified by demonstrating its ability
to induce s1gna1 transducer and activator of transcrlptlon
activation using electrophoretic mobility shift assay” while
the activity of IFN-AR1 was assessed by its ability to form
complexes with IFN-A\1.
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Complexes of IFN-N1 and IFN-AR1 were generated by
mixing equimolar amounts of IFN-N1 (from E. coli or
Drosophila cells, here called IFN-Nlp,. and IFN-A1i,,
respectively) with IFN-AR1 and incubating at room
temperature for 120 min. The complexes were centrifuged
and subsequently purified on a gel-filtration column.
Approximately 3-mg yields were achieved during purifi-
cation. Final samples were pooled and concentrated to
~6 mg/ml for crystallization.

Crystallization

Crystallization screening experiments were executed in
sitting drops using a Phoenix crystallization robot (Art
Robbins Instruments). Crystallization screens utilized for
preliminary experiments were Index (Hampton Research),
polyethylene glycol (PEG), and pHClear (Nextal Bio-
technologies). Crystals were optimized in EasyXtalTools
24-well plates (Qiagen) using 0.75 ml well volumes and
drops consisting of 2 pl protein and 1 ul precipitant. For
the IFN-N1pac/IFN-NR1 complex, crystals were grown in
17% PEG 3350 and 100 mM Hepes, pH 7.8, while for the
IFN-N1i,s/IFN-AR1 complex, crystals were grown in 20%
MPEG 2000, 100 mM Tris-HCl, pH 7.9, and 200 mM
trimethylamine N-oxide dehydrate. Crystals of both
complexes appeared within 1 day and reached their
maximal size in 4 days.

Data collection, integration, and phasing

Data collection and processing were performed as
previously described.”” Briefly, diffraction data were
collected at beamline 22-ID at the Advanced Photon
Source, Argonne National Laboratory. Crystals were
cryoprotected in solutions composed of well solution
supplemented with glycerol to a final concentration of
20% v/v and then frozen directly in a nitrogen stream at
100 K. Diffraction data extended to 2.1 and 2.16 A
resolution for the IFN-A1;,s/IFN-AR1 and IEN-A1y,./
IFN-NR1 crystals, respectively. Both complexes crystal-
lized in orthorhombic space groups, with IFN-N1.s/
IFN-AR1 crystals forming in space group P2;2;24,
whereas IFN-N1p,./IEN-AR1 crystals formed in space
group P2,2,2. Data were merged, scaled, and integrated
using DENZO/SCALEPACK,*” with the statistics listed
in Table 1.

Phasing was accomplished through molecular replace-
ment trials utilizing the structures of IFN-A3 (PDB code
3HHC)* and IL-22 binding protein (IL-22BP) (PDB code
3G9V)*! as search models. Using the program PHASER,*®
we located one copy each of the receptor and the ligand
within the asymmetric unit. In what follows, numbering
of IFN-\1 residues in the model is based on the predicted
extent of the signal peptide, with the first amino acid
occurring after the signal peptide designated as 1. For IFN-
AR1, no special numbering scheme was utilized.

Model building and refinement

The receptor complex models were refined against their
respective data using PHENIX,” with the final refinement
and geometry statistics listed in Table 1. The refinement

protocol utilized xyz, individual atomic displacement
parameter, occupancy (for a single residue with two
conformations in INF-N\1;,s/IFN-NR1), solvent filtering,
and translation/libration/screw refinement, followed by
manual model inspection and manipulation in Coot.”’ In
the case of the IFNp,-N1/IFN-AR1 complex, occupancy
refinement was not utilized. N-linked glycosylation sites
were found in both models of the receptor chain, but not in
the ligand, despite the fact that in the IFN-A1;, is
glycosylated. Three glycosylation sites were readily
identified from 2F,-F. and F,—F, electron density maps
(contoured at 1 o and 3 o, respectively) in the IFN-N1;,s/
IFN-NR1 crystals, whereas only two receptor glycosyla-
tion sites were found in the IFN-N1,,./IFN-NR1 crystals.
Model quality was assessed using MolProbity®' following
each cycle of refinement and rebuilding. The refined
structures have been deposited in the PDB®* with the
accession codes 30G6 and 30G4 for the IFN-N1;,s/IFN-
AR1 complex and the IFN-A1p,./IFN-AR1 complexes,
respectively.

Structure analysis

The structures resulting from the work described here,
as well as those taken from the literature, were analyzed
with a variety of programs. The interfaces between IL-\1
and IL-AR1 were studied using PISA®> and PDBSum.**
DALI® was used to compare the structure of the complex
to other known structures. Manual inspection of the
structures was accomplished using Coot and PyMOL.®®
All structure figures were prepared using PyMOL.

Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 30G6 and 30G4.
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