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ABSTRACT: The antiviral and antiproliferative activities of human type I interferons (IFNs) are mediated
by two transmembrane receptor subunits, IFNAR1 and IFNAR2. To elucidate the role of IFNAR1 in IFN
binding and the establishment of biological activity, specific residues of IFNAR1 were mutated. Residues
62FSSLKLNVY70 of the S5-S6 loop of the N-terminal subdomain of IFNAR1 and tryptophan-129 of the
second subdomain of IFNAR1 were shown to be crucial for IFN-R binding and signaling and establishment
of biological activity. Mutagenesis of peptide278LRV in the third subdomain shows that these residues
are critical for IFN-R-induced biological activity but not for ligand binding. These data, together with the
sequence homology of IFNAR1 with cytokine receptors of known structure and the recently resolved
NMR structure of IFNAR2, led to the establishment of a three-dimensional model of the human IFN-R/
IFNAR1/IFNAR2 complex. This model predicts that following binding of IFN to IFNAR1 and IFNAR2
the receptor complex assumes a “closed form”, in which the N-terminal domain of IFNAR1 acts as a lid,
resulting in the activation of intracellular kinases. Differences in the primary sequence of individual IFN-R
subtypes and resulting differences in binding affinity, duration of ligand/receptor association, or both
would explain differences in intracellular signal intensities and biological activity observed for individual
IFN-R subtypes.

The human type I interferon (IFN) family is composed of
14 structurally related IFN-R subtypes and single IFN-â and
IFN-ω subtypes. They adopt a five helix bundle fold, and
all bind to a common transmembrane receptor composed of
two polypeptide chains, IFNAR1 and IFNAR2. Although the
NMR structure of the extracellular domain of IFNAR2 has
recently been resolved (1), the specificities of the IFNAR1-
ligand interactions remain largely unknown.

Alignment of the primary amino acid sequences of
IFNAR1 and IFNAR2 with the sequences of other receptors
led to their classification as members of the helical cytokine
class II family of receptors (hCRII;2), which currently
contains at least 12 members (3, 4). IFNAR1 is the only
member of this receptor superfamily with an extracellular
domain composed of four fibronectin type III (FNIII)
subdomains of approximately 100 amino acids each (denoted
for simplicity SD1-SD4), which are in turn organized into
two domains of 200 amino acids each, both of which appear
to be required for establishment of the biological response
to type I IFNs (5, 6).

Binding of interferons to their cell surface receptor
represents the initial and probably most specific step in the

IFN signaling pathway. IFNAR1 and IFNAR2 cooperate to
form a high-affinity receptor for all type I IFNs (7, 8). It
has been shown recently that a soluble form of the extra-
cellular domain of huIFNAR2 retains the ability to bind IFN-
R2 or IFN-â with a 1:1 stoichiometry (9, 10). Despite the
fact that IFNAR2 contributes more strongly than IFNAR1
to the binding of human type I IFNs, both subunits are
required for high-affinity binding, maintenance of species
specificity, and signal transduction (11, 12).

Signal transduction is initiated after the initial binding of
IFN to IFNAR1 and IFNAR2 (7, 8, 13, 14) and formation
of a ternary productive complex. IFN binding leads to
activation of the tyrosine kinases Tyk2 and JAK1, which
phosphorylate specific tyrosine residues on the signal
transducers and activators of transcription STAT1 and
STAT2, which then form a heterodimer that binds to IRF-9
to form the IFN-stimulated gene factor 3 (ISGF3) transcrip-
tion factor complex. This complex then translocates to the
nucleus leading to the activation of the transcription of those
genes that contain an IFN-sensitive response element (ISRE)
within their promoter region (15, 16).

Identification of the residues critical for the productive
contact of IFN with its receptor would contribute to our
understanding of the mechanisms leading to activation of
IFN-induced antiviral and antiproliferative activity. In the
absence of the resolved crystal structure of the IFN-receptor
complex or any experimentally determined 3-D structure for
the IFN/IFNAR1 complex, a number of models for the extra-
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cellular domains of IFNAR1 and IFNAR2 (17-19) have
been formulated on the basis of sequence homology with
cytokine receptors of known structure. Recent NMR studies
of the extracellular domain of IFNAR2 and its complex with
IFN-R2 have identified the structural constraints of IFN
binding to this receptor component resulting in the first
determination of the structure of an interferon receptor chain
in solution (1, 20).

Site-directed mutagenesis of IFNAR2 (19, 21) and IFN-R
(9, 22-25) and specific monoclonal antibodies to IFNAR1
and IFNAR2 (18, 26-28) have also been used to map
ligand-receptor binding sites and to study the structure-
function relationships of the type I IFN receptor.

Uzé et al. (22) suggested on the basis of data obtained
from experiments using a series of IFN-R hybrids that amino
acid clusters on helix A and C bind the IFNAR1 subunit,
leaving the AB loop, helix D, and the DE loop on the
opposite face of the molecule free to interact with IFNAR2.
Lewerenz et al. (19) identified groups of residues within
loops S3-S4 and S5-S6 of the SD1 subdomain of IFNAR2
specifically involved in IFN-R binding. Subsequently, Runkel
et al. (29) suggested the existence of binding sites for
IFNAR1 and IFNAR2 on opposite faces of the IFN-â
molecule. Piehler et al. (24) mapped the complete binding
region of IFN-R2 on IFNAR2 by alanine scanning mutations
showing that (1) helix E (in particular, residues R144,
A145, M148, and R149) is located in the center of the
binding site, flanked by residues in helix A and the AB loop
(L30, R33) and (2) the contribution of helix D in the
interaction is minor.

In contrast to the interaction of human IFN-R2 with
IFNAR2, little is known about the binding of IFN-R2 to the
IFNAR1 chain. This is due mainly to the low binding affinity
of human IFNAR1. The high affinity of human IFN-R for
the bovine IFNAR1 chain has permitted critical aromatic
residues in bovine IFNAR1 responsible for human IFN-R
binding to be identified by site-directed mutagenesis (18).
Other studies using neutralizing monoclonal antibodies
against IFNAR1 capable of blocking IFN-R binding and
biological activity led to the identification of residues critical
for antibody binding: the71EEIKLR76 strand in SD1 and
the 246HLYKWK 251 loop and the293EEIKFDTE300 strand in
SD3 (26). As shown previously (27), the62FSSLKLNVY70

peptide in SD1 is recognized by the 64G12 monoclonal
antibody and most likely overlaps a binding site for both
IFN-R and IFN-â. Kumaran et al. (30) have reported that
the SD1 subdomain of IFNAR1 does not contribute to the
species specificity that is associated with IFNAR1. In
contrast, in this study, we demonstrate using site-directed
mutagenesis that residues of the S5-S6 loop in the SD1
subdomain of human IFNAR1, together with a residue in
the SD2 subdomain, are crucial for IFN-R binding and
receptor function, while residues (278LRV) in the SD3
subdomain were critical for IFN-R-induced biological activity
but not for ligand binding.

We present herein a 3-D model of the IFN-R/IFNAR1/
IFNAR2 complex based on biochemical data and knowledge
of the structure of other receptors, which predicts a dynamic
mechanism for interferon receptor complex activation. Thus,
binding of different IFN-R subtypes would result in the
formation of closed forms of the receptor in which the
N-terminal SD1 subdomain of IFNAR1 would have a

dynamic role acting as a lid, which folds over the bound
IFN molecule.

EXPERIMENTAL PROCEDURES

Interferons and Antibodies.Recombinant human IFN-R2b
with a specific activity of 2× 108 IU/mg was purchased
from Schering-Plough S.A., recombinant human IFN-R8
(2 × 108 IU/mg) was a gift from CIBA-Geigy (Basel,
Switzerland), and recombinant human IFN “consensus”
(IFN-cons) was provided by Dr. Janneke de Wal, Yaman-
ouchi EU B.V. The 64G12 mAb, a mouse IgG1 that inhibits
both the binding and biological activities of all the human
type I IFNs tested, was prepared by immunizing mice with
a recombinant protein corresponding to the extracellular
domain of the IFNAR1 chain of the human IFN-R/â receptor
expressed in mammalian cells as described previously (31).
The anti-IFNAR1 mAbs (64G12 and 34F10) used in this
study are species-specific and do not cross-react with
IFNAR1 from mouse or bovine cell extracts as shown
previously (27). Anti-IFNAR2 antibodies were obtained
from Calbiochem, and the mouse monoclonal antibody
(8F11) was raised against a recombinant form of the
extracellular domain of human IFNAR2 (Eid, P., unpublished
data). Rabbit anti-phospho-STAT1 was obtained from New
England Biolabs, Beverly, MA, and anti-STAT2 and anti-
phospho-STAT2 were obtained from Upstate Biotechnology,
Charlottesville, VA.

Cell Culture. L-929 murine cells were cultivated in
Dulbecco’s modified Eagle’s medium with Glutamax (DMEM,
Life Technologies, Inc., Gaithersburg, MD). Human Burkitt
lymphoma Daudi cells were grown in suspension culture in
RPMI 1640 medium (Life Technologies, Inc, Gaithersburg,
MD) at 37°C in 5% CO2. Cell cultures were supplemented
with 10% heat-inactivated fetal bovine serum (HyClone), 10
units/mL penicillin, and 10µg/mL streptomycin (Life
Technologies, Inc., Gaithersburg, MD).

Parental Plasmids and Mutagenesis.Human IFNAR2 was
expressed from the pEFIRESneo vector derived from
pIRESneo2 (Clontech, Palo Alto, CA) in which the CMV
promoter was replaced by the human EF-1R promoter from
pDEF3 (a gift from J. Langer, New Jersey). Wild-type
huIFNAR1 and all other mutants were expressed from
pEFIREShyg derived from pIREShyg (Clontech, Palo Alto,
CA) as described above. Mutagenesis of the IFNAR1
receptor chain was performed using the QuickChange site-
directed mutagenesis kit (Stratagene, Amsterdam). Plasmids
from each bacterial colony were screened by restriction
enzyme digestion and the accuracy of all cDNA was
confirmed by DNA sequencing.

DNA Transfection. As a first step, murine L929 cells, were
stably transfected with vectors containing the wild-type
human IFNAR2 receptor chain using FuGENE-6, according
to the manufacturer’s instructions (Roche, Basel, Switzer-
land). Transfected cells were selected in culture medium
supplemented with 1.5 mg/mL G418 sulfate (Clontech, Palo
Alto, CA). Transfectants expressing human IFNAR2 were
selected by fluorescence activated cell sorter (FACS) analysis
using anti-IFNAR2 mAbs.

In a second step, LR2 (wild-type human IFNAR2 trans-
fectants) were stably transfected with vectors containing wild-
type or mutated human IFNAR1 using the same procedure
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as described for IFNAR2 except that the selection medium
was supplemented with 1.5 mg/mL G418 sulfate and 400
µg/mL hygromycin B (Euromedex, France). Transfectants
expressing human IFNAR1 receptors were selected after
FACS analysis with anti-IFNAR1 mAbs and denominated
WT, SK, VY, W, mutI, mutII, mutIII, or mutIV.

Radiolabeling of InterferonR-2 and InterferonR-“Con-
sensus”. Recombinant IFN-R2 or IFN-cons were radio-
iodinated as described previously (32) to a specific activity
of 5 × 104 Bq/pmol. Each batch of radiolabeled IFN used
in this study was tested for its ability to bind to human Daudi
cells prior to use.

Binding Experiments with125I-Labeled Interferon. Binding
experiments were performed on 1× 106 cells harvested at
70-80% confluence after detaching adherent cells from the
surface of plastic culture flasks with Accutase (PAA). The
cells were incubated at 4°C for 1.5 h in 500µL of DMEM
with 1% fetal bovine serum (FBS) with gentle shaking in
the presence of various concentrations of labeled ligand
(0.2-1 nM). Nonspecific binding was determined by mea-
suring the binding of labeled ligand in the presence of a 100
fold molar excess of unlabeled interferon. The binding
reaction was stopped by applying each fraction to 750µL
of frozen sucrose (10% in PBS). Cell pellets were separated
by centrifugation (13 000× g, 1 min), and cell associated
radioactivity was counted in aγ counter (LKB, Upsala,
Sweden).

Analysis of Cell Surface Receptor Expression.Binding
studies were carried out on transfectants expressing levels
of human IFNAR2 in excess of that of IFNAR1 using
subnanomolar concentrations of human IFN under conditions
where the IFNAR2 subunit was undersaturated. Thus,
binding of human IFN to its receptor was determined from
data obtained for total binding minus the binding due to
IFNAR2 alone (LR2) according to the equation of Klotz and
Hunston (33):

where B represents the bound fraction,F represents the
concentration of free ligand, andKd1 andKd2 represent the
IFN receptor and IFNAR2 dissociation constants, respec-
tively.

The apparent binding constant,Kd, and number of binding
sites per cell were then determined, when possible, from the
slope and intercept of the Scatchard’s plot, respectively. To
facilitate comparison of binding curves, ligand binding data
was expressed as the “occupied site ratio”, which represents
the amount of bound ligand, normalized with respect to the
number of binding sites at saturation of the double trans-
fectant expressing both IFNAR1 and IFNAR2, after subtrac-
tion of ligand binding to IFNAR2 alone.

Flow-Cytometry Analysis of Cell Surface Receptor Expres-
sion Using Fluorescent Labeled Anti-IFNAR Antibodies.The
number of binding sites per cell for LR2 and mutants VY
and W was estimated from the mean relative fluorescence
obtained using anti-IFNAR2 and anti-IFNAR1 mAbs by
reference to the number of receptor sites per cell determined
by Scatchard’s analysis for WT, SK, and mutIV. Two
millions cells were detached with Accutase (PAA Labora-
tories, Gmbh, Austria) and incubated with anti-IFNAR1
(64G12 or 34F10) or anti-IFNAR2 monoclonal antibodies

(Abs) for 2 h at 4°C. Primary Abs were detected using goat
anti-mouse IgG conjugated to R-Phycoerythrin (Sigma) (40
min at 4°C) followed by analysis on a FACSCalibur flow
cytometer (Becton-Dickinson, Franklin Lakes, NJ). Data
were acquired and analyzed using CELLQuest version 3.1
software (Becton-Dickinson, Franklin Lakes, NJ).

Cell Lysis and Immunoblotting of Phosphorylated Proteins.
Cell lysis, immunoprecipitations, and immunoblotting were
performed as described previously (27) with the following
modifications. Proteins were fractionated on 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions, transferred to poly-
(vinylidene difluoride) filters (PVDF, Boehringer Mannheim,
Germany), and probed with the appropriate primary specific
antibodies for 1 h at 20°C, followed by the addition of a
1/100 000 dilution of the secondary antibody (horseradish
peroxidase (HRP)-conjugated goat antimouse or antirabbit
IgG, JACKSON Immunoresearch, Baltimore, MD) for 45
min at 20 °C. PVDF blots were developed using the
SuperSignal WestPico kit (Pierce, Rockford, IL).

Electrophoretic Mobility-Shift Assays (EMSA). EMSA
analysis was carried out as described previously (26). Cells
were detached using Accutase and incubated with or without
2000 IU/mL of IFN-R2 or IFN-R8 for 30 min at 37°C. The
nuclear fraction was purified and cleared by centrifugation,
and the supernatant was stored at-70 °C until use. An
IFN-stimulated response element (ISRE) double-stranded
32P-labeled probe (top, 5′-GAT CGG GAA AGG GAA
ACC GAA ACT GAA GCC-3′; bottom, 5′-GAT CGG CTT
CAG TTT CGG TTT CCC TTT CCC-3′; specific activity
of 20× 106 cpm/µg) was prepared from the ISG15 promoter.
Three micrograms of nuclear extract, 60 000 cpm of labeled
probe, and 4µg of double-stranded nonspecific competitor
poly(dI)-poly(dC) (Amersham Biosciences, U.K.) in 30µL
of binding buffer were used for binding reactions of extracts
of IFN-treated or untreated cells. DNA-protein complexes
were resolved on a 6% nondenaturing polyacrylamide gel
(Sigma) and analyzed by autoradiography. The specificity
of the assay was determined by the addition of 700 ng of
unlabeled ISRE probe in a separate reaction mixture.

AntiViral Assays.For the determination of antiviral activity,
cells were seeded at 75 000 cells/mL in a 24 well plate,
incubated at 37°C, and 24 h later treated with 10 IU/mL of
IFN-R2, IFN-R8, or buffer alone. After a further 24 h
incubation at 37°C, the medium was discarded, and vesicular
stomatitis virus (VSV) was added to the cells at a multiplicity
of infection of 0.1 particles/cell in DMEM medium supple-
mented with 2% FBS (DMEM-2) for 1 h at 37°C. The cells
were then washed with DMEM-2 and resuspended in 1 mL
of DMEM-2 per well and incubated at 37°C for 24 h. After
three consecutive freeze-thawing cycles at-80 °C, the
supernatant containing VSV was centrifuged (10 000× g
for 10 min to remove cell debris), and the supernatant was
titrated on murine L929 cells. Virus titers were expressed
as tissue culture infectious dose (TCID50) per 1 mL.

Cell Proliferation Assay. Cell proliferation was assessed
using a FACSCalibur flow cytometer. Control and single and
doubly transfected cells were seeded in 24 well plates at
20 000 cells per well in the presence of IFN-R2 or IFN-R8
(2000 IU/mL). Cells were counted at 24, 48, 72, and 96 h,
and the cell number was compared to untreated cells. Briefly,
cells were detached by trypsine/EDTA, recovered with 1 mL

B ) (Kd1
F/(1 + Kd1

F)) + (Kd2
F/(1 + Kd2

F))
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of DMEM supplemented with 2% FCS, and fixed with 10%
formaldehyde. An equal known number of calibrated beads
was added to each sample, and the mixture was analyzed
by FACS. Beads and cells appeared at well distinguished
coordinates on a SSC/FSC plot. Cell number was propor-
tional to the number of beads counted.

Construction of the IFNR-2/IFN Receptor Complex Model.
The model of the IFNAR1 extracellular domain was con-
structed using the MODELER program (34) from the
InsightII software (Accelrys, San Diego, CA). Its protein
sequence (Figure 1) was divided into two parts (SD1-SD2
and SD3-SD4). Each part includes two FNIII domains. Both
3-D models were constructed by homology using the
interferonγ receptor 1 (PDB entry 1fyh, subunit E;35) and
the tissue factor receptor (TFR) (PDB entry 2hft;36) as tem-
plates. Multiple alignments were carried out with ClustalW.
They yielded 18% and 15.5% sequence similarity for SD1-
SD2 and SD3-SD4, respectively. Due to low sequence
homology, both multiple alignments were refined using
hydrophobic cluster analysis (37), which has been shown to
be particularly efficient and sensitive with families of
sequences sharing low levels of identity. A 3-D model of
IFN-R8 was also constructed using the MODELER program
and the structure of IFN-R2 as a template. For all MODELER
runs, five models were built with the high-optimization
protocol. The quality of all 3-D models was checked with
the Profile-3D (38) and Verify programs as implemented in
Insight II. The structure of the extracellular domain of
IFNAR2 (PDB entry 1nv6;1) and the structure of IFN-R2
(PDB entry 1itf,39) determined by NMR spectroscopy were
used for the construction of the IFN-R2/IFN receptor
complex.

To obtain a better orientation of lateral chains in interfaces,
the entire IFN-R2/IFNAR1/IFNAR2 complex was subjected
to molecular mechanic calculations using the DISCOVER
program (Accelrys, San Diego, CA) with the cff91 force
field. The nonbond cutoff method and the dielectric constant,
respectively, were set up as cell multipole- and distance-
dependent. Initially, energy minimization was performed
using a steepest descent algorithm, followed by a conjugated
gradient algorithm (until the maximum derivative was less
than 0.01 kcal/(mol Å)), whereas the CR trace was tethered
with a quadratic potential (for all secondary structures) and
using distance constraints to maintain five interactions
between IFNAR2 and IFN-R2 as described by Roisman et
al. (21). These are 6( 1.5 Å between Phe27 (IFN-R2) and
Tyr44 (IFNAR2), 3.5( 1 Å between Asp35 (IFN-R2) and
Lys49 (IFNAR2), 4.5( 1 Å between R149 (IFN-R2) and
E78 (IFNAR2), and 3.5( 1 Å between Ser152 (IFN-R2)
and His77 (IFNAR2). A larger distance constraint (10( 1.5
Å) was assigned to the Arg144 (IFN-R2)/M47 (IFNAR2)
pair due to the orientation of the arginine side chain toward
the protein core in the structure of IFN-R2.

Calculation of Electrostatic Surfaces.The solvent-acces-
sible surface of each model was displayed using the Connolly
algorithm from InsightII with a solvent probe radius of
1.4 Å. Electrostatic potentials for IFN-R2, IFN-R8, and
IFN-â and for the whole extracellular subdomains of
IFNAR1 and IFNAR2 taken individually were computed
using the DELPHI module of InsightII. A full Coulombic
boundary condition was used with the dielectric constants
set at 2 for the protein and 80 for the solvent. A map of

65 points× 65 points× 65 points was used with a grid fill
of 80% for all IFN molecules and receptor subdomains,
giving a grid step of 0.97 Å/point. The surface was colored
red for potentials less than-3 kT (acidic), blue for potentials
greater than+3 kT (basic), and white for neutral potentials
of 0 kT. Colors between these values were produced using
a linear interpolation.

RESULTS

Mutation of the Extracellular Domain of Human IFNAR1.
The residues mutated in the first subdomain (SD1) of
IFNAR1 were chosen on the basis of the previously
determined location of the epitope recognized by the mono-
clonal antibody 64G12, which inhibits the binding and
biological activity of all human type I interferons tested (31).
This peptide62FSSLKLNVY70 mapped to a site within the
S5-S6 loop of the SD1 subdomain, predicted by homology
with other cytokine receptors, to be an exposed region
potentially accessible to ligand binding (40). Two peptides
(63SSLK66) and (69VY), designated SK and VY, respectively,
were substituted with alanine (Figure 1) to disrupt the heart
of the epitope recognized by the 64G12 antibody. A group
of four amino acids was replaced with alanine residues in
the SK mutant. Residue Y70 has been shown to be absolutely
necessary for the binding of the anti-IFNAR1 mAb to
IFNAR1. Thus, its substitution inhibited binding of the mAb
to the mutated peptide as demonstrated by Western blot
analysis using total cell extracts from mutant VY (data not
shown) and by ELISA using the mutated peptide as the target
as described previously (27).

Tryptophan 129 was mutated to alanine in mutW based
on the data reported by Cutrone et al. showing a 95%
inhibition of IFN binding when the corresponding W132
(situated within 9-17 Å from the 64G12 epitope) of the
bovine IFNAR1 homologue was mutated to alanine (18).

The four remaining mutants (mutI, mutII, mutIII, and
mutIV) were generated in the SD2 and SD3 subdomains of
IFNAR1 (Figure 1). The residues mutated in mutI (166SPE)
are located between the S5 and S6 strands in the SD2
subdomain of IFNAR1 distant from the IFN-R binding site,
near the hinge region between subdomains SD2 and SD3. It
was reasoned that mutation of these residues may shed light
on the relative orientation of these subdomains.

Aromatic interactions are known to be important in the
formation of cytokine receptor complexes. Despite the fact
that tryptophan 183 or phenylalanine 271 are unlikely to be
involved in IFN binding, mutants mutII (183WKI) and mutIII
(269NVF) were designed to validate their orientation in the
receptor complex.

Arginine 279 of the sequence278LRV of mutIV is located
in the interface between the SD2 and SD3 subdomains of
IFNAR1 and residue R279 and residue K240 constitute a
major cluster responsible for the positive electrostatic
potential on the surface of the SD3 subdomain. Facing this
patch is a negative electrostatic potential cluster formed by
the109EAED112 peptide on the surface of the SD2 subdomain.

Effect of Mutations SK and VY on the Ability of the
Neutralizing Anti-Human IFNAR1 Monoclonal Antibody
64G12 To Bind to the Human IFN Receptor.We have shown
previously (27) that the epitope62FSSLKLNVY70 recognized
by the neutralizing anti-IFNAR1 mAb 64G12 is located in
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the SD1 subdomain of IFNAR1. Thus, the 64G12 mAb failed
to bind to cells expressing the IFNAR1 mutants63SSLK66

and 69VY, even though they bound a second anti-IFNAR1
mAb, 34F10 (which recognizes a distant epitope on IFNAR1)
in a manner similar to cells expressing the wild-type receptor
(Figure 2). These findings confirm that the62FSSLKLNVY70

peptide is indeed the docking site for the 64G12 antibody
including Fab′ fragments (data not shown) by virtue of which
the antibody inhibits the biological activities of all type I
human IFNs (31).

Cell Surface Expression of Human IFNAR1 and IFNAR2
in Mouse Transfectants.To ensure that observed effects on

FIGURE 1: Location of mutated residues in the primary amino acid sequence of IFNAR1. Amino acid numbers are those of the mature
polypeptide. SD1, SD2, SD3, and SD4 denote the four extracellular subdomains of IFNAR1 delimited by proline motifs (shaded black).
Arrows denote putativeâ-strands predicted by the 3-D model presented herein and annotated S1, S2, S3, S4, S5, S6, and S7 for each
IFNAR1 subdomain. Predicted disulfide bridges are annotated with circled cysteine (C) linked by bars. The epitope recognized by the
64G12 mAb is shaded gray. Each modified residue is indicated by emboldened upper case characters, and the designation of the mutated
polypeptide is indicated above the sequence. Leader sequence is designated LS; transmembrane sequence is designated TMS.
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receptor binding do indeed reflect the effect of specific
mutations in IFNAR1 on receptor binding, studies were
carried out on transfectants expressing levels of IFNAR2 in
excess of that of IFNAR1. Due to the high affinity of the
human IFN receptor, binding studies were carried out using
low concentrations of ligand. Thus, to facilitate comparison
of binding curves under conditions where the IFNAR2
subunit was undersaturated, ligand binding data was ex-
pressed as the “occupied site ratio”, which represents the
amount of bound ligand, normalized with respect to the
number of binding sites at saturation of the double trans-
fectant expressing both IFNAR1 and IFNAR2, after subtrac-
tion of ligand binding to IFNAR2 alone (LR2 transfectant)
at each IFN concentration, as described in the Experimental
Procedures. Apparent binding constants (Kd) and the number
of binding sites per cell were estimated by extrapolation of
the linear portion of the Scatchard’s plot for WT cells (Figure
3) and mutants SK and mutIV (Figures 4A and 5B). Because
the binding curves for LR2 and mutants VY and W did not
reach saturation at the concentrations of ligand employed,
the number of binding sites per cell was estimated from the
relative fluorescence intensity determined by flow cytometry

FIGURE 2: Expression of human IFNAR1 and IFNAR2 on the
surface of mouse L929 cells transfected with wild-type or mutated
IFNAR1. Two different anti-human IFNAR1 monoclonal antibod-
ies, 64G12 and 34F10, and an anti-IFNAR2 mAb were used to
monitor the expression of human IFNAR1 and IFNAR2, respec-
tively, on the surface of transfected mouse L929 cells using flow
cytometry. Light gray areas indicate background staining (secondary
antibody alone), black areas indicate 64G12 binding, open areas
34F10 binding, and dark gray areas anti-IFNAR2 binding detected
using a phycoerythrin-labeled secondary goat anti-mouse IgG
antibody. Cell number is indicated on the ordinate and fluorescence
intensity on the abcissa.

FIGURE 3: Binding of 125I-HuIFN-R2 to the human interferon
receptor expressed on mouse cells transfected with wild-type human
IFNAR2 and IFNAR1 and various human IFNAR1 mutants.
DAUDI denotes human cells, a positive control. L929, LR2, and
WT denote recipient mouse L929 cells, human IFNAR2-transfected
cells, and cells transfected with both wild-type human IFNAR1
and IFNAR2, respectively. L929 and IFNAR1-transfected mouse
cells (LR1) gave binding plots superimposed with the abcissa (data
not shown). To normalize the results obtained, receptor sites
engaged in125I-IFN binding indicated on the ordinate were plotted
versus the total number of IFNAR1 molecules estimated either by
Scatchard’s analysis or FACS, as indicated on the abcissa. In all
cases, human IFNAR2 expression was in a 5-10-fold excess. Each
curve represents the mean of five independent experiments. For
induction of STAT1 and STAT2 tyrosine phosphorylation, murine
L929 cells (106 per lane) transfected with human IFNAR1 and
human IFNAR2 were treated (+) or not (-) with human IFN-R2
(1000 IU/mL) for 15 min at 37°C. The cells were then lysed under
reducing conditions as described in Experimental Procedures, and
protein extracts were separated by SDS-8% PAGE, transferred to
PVDF membranes, and probed with anti-phospho-STAT1 antibod-
ies or immunoprecipitated with antibodies to STAT2, trapped with
protein-G-Sepharose, and analyzed as above (2× 107 cells per lane).
PVDF membranes were probed with the anti-phospho-STAT2
antibody. ISGF3 complex formation following IFN activation was
detected by EMSA assay using an ISRE probe as described in
Experimental Procedures. Nuclear extracts were prepared from cells
treated with 2000 IU/mL of human IFN-R2 or human IFN-R8.
Untransfected murine L929, LR1, and LR2 cells expressing human
IFNAR1 or human IFNAR2, respectively, were included as controls.
For antiviral and antiproliferative activity, the bars indicate the
antiviral and antiproliferative activities of IFN-a2 and IFN-a8
determined for cells transfected with human IFNAR1 (LR1) or
human IFNAR2 (LR2) alone or L929 murine cells transfected with
both IFNAR1 and IFNAR2 (WT). Control untreated cells are
represented by dotted bars, IFN-R2-treated cells by gray bars, and
IFN-R8-treated cells by empty bars.
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FIGURE 4: Binding and biological activities of IFNAR1 mutants SK (A,63SSLK66) and VY (B, 69VY). To normalize the results
obtained, receptor sites engaged in125I-IFN binding indicated on the ordinate were plotted versus the total number of IFNAR1
molecules estimated either by Scatchard’s analysis or FACS, as indicated on the abcissa. In all cases, human IFNAR2 expression
was in a 5-10-fold excess. Each curve represents the mean of five independent experiments. For induction of STAT1 and STAT2
tyrosine phosphorylation, murine L929 cells (106 per lane) transfected with human IFNAR1 and human IFNAR2 were treated (+) or
not (-) with human IFN-R2 (1000 IU/mL) for 15 min at 37°C. The cells were then lysed under reducing conditions as described
in Experimental Procedures, and protein extracts were separated by SDS-8% PAGE, transferred to PVDF membranes, and probed
with anti-phospho-STAT1 antibodies or immunoprecipitated with antibodies to STAT2, trapped with protein-G-Sepharose, and analyzed
as above (2× 107 cells per lane). PVDF membranes were probed with the anti-phospho-STAT2 antibody. ISGF3 complex formation
following IFN activation was detected by EMSA assay using an ISRE probe as described in Experimental Procedures. Nuclear extracts
were prepared from cells treated with 2000 IU/mL of human IFN-R2 or human IFN-R8. For antiviral and antiproliferative activity, the
bars indicate the antiviral and antiproliferative activities of IFN-a2 and IFN-a8 determined for L929 murine cells transfected with
both IFNAR1 and IFNAR2. Control untreated cells are represented by dotted bars, IFN-R2-treated cells by gray bars, and IFN-R8-treated
cells by empty bars.
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using anti-IFNAR2 and anti-IFNAR1 monoclonal antibodies
by reference to the mean values obtained for WT cells and
mutants SK and mutIV by Scatchard’s analysis (Table 1).

Effect of Mutant SK on IFN Binding, Signal Transduction,
and Induction of Biological ActiVity. Stable clones of mouse
L929 cells transfected with the63SSLK66 mutant bound
approximately 50% of either human recombinant IFN-R2,
or IFN-R cons (data not shown) relative to the maximum
binding observed for clones of mouse L929 cells stably
transfected with the wild-type human IFNAR1 and IFNAR2
subunits (Figure 4A). Signal transduction following the
binding of human IFN-R2, as determined by formation of
phospho-STAT1, phospho-STAT2, or ISGF3 complexes, was
unaffected in L929 cells transfected with the63SSLK66 mutant
relative to cells transfected with the wild-type human
receptor. Similarly, the antiviral and antiproliferative activi-
ties of IFN-R2 were unaffected in L929 cells transfected with
the 63SSLK66 mutant relative to cells transfected with the
wild-type receptor (Figure 4A). A slight inhibition of ISGF3
complex formation and a reduction, albeit nonsignificant, in
antiviral activity was observed when63SSLK66 mutant
transfected cells were treated with IFN-R8 relative to cells
transfected with the wild-type receptor (Figure 4A). Anti-
proliferative activity in cells transfected with the63SSLK66

mutant was similar to that observed in cells transfected with
the wild-type receptor (Figure 4A).

Effect of Mutant VY on IFN Binding, Signal Transduction
and Induction of Biological ActiVity. The second mutation,
69VY, targeting the Y70 residue of the epitope recognized
by the 64G12 neutralizing mAb, had a more marked effect
on IFN binding, subsequent signal transmission, in particular
with IFN-R2, and IFN-induced biological activity (Figure
4B). Thus, stable clones of mouse L929 cells transfected with
the 69VY mutant bound less than 20% of either human
recombinant IFN-R2 or IFN-R cons (data not shown) relative
to L929 cells transfected with WT human IFNAR1 (Figure
4B). These results demonstrate the importance of residue Y70
of the SD1 subdomain in ligand binding. Furthermore,
STAT1 tyrosine phosphorylation was reduced to the baseline
level (Figure 4B) observed with the LR2 mutant lacking the
human IFNAR1 subunit following treatment with IFN-R2
(Figure 3). Similarly, ISGF3 complex formation was also
reduced to the baseline level (Figure 4B) observed in extracts
of the LR2 mutant, lacking the human IFNAR1 subunit,

following treatment with IFN-R2 (Figure 3) but not with IFN-
R8 (Figure 4B). No antiviral activity was detected following
treatment of stable clones of mouse L929 expressing the
69VY mutant with either human IFN-R2 or IFN-R8 (Figure
4B). Furthermore, no antiproliferative activity was detected
following treatment of stable clones of mouse L929 express-
ing the 69VY mutant with human IFN-R8, while a slight,
albeit nonsignificant, activity was detected following treat-
ment with human IFN-R2 (Figure 4B). These data suggest
that the69VY residues in the SD1 subdomain of IFNAR1
are critical for IFN binding and induction of biological
activity, in agreement with a previous report (27) showing
that substitution of the Y70 residue abolishes the ability of
the neutralizing monoclonal 64G12 to bind to IFNAR1.

Effect of the W129 Mutation on IFN Binding, Signal
Transduction, and Induction of Biological ActiVity. The
three-dimensional model for bovine IFNAR1, described
by Cutrone and Langer (18), places the 64G12 epitope
within 9-17 Å of residue W132 in SD2. According to the
3D homology model described herein, the corresponding
tryptophan in the human IFNAR1 chain is situated at
approximately 15 Å from Y70 in the epitope recognized by
the 64G12 mAb. Residue W129 in the SD2 subdomain of
human IFNAR1 was substituted with alanine, and stable
transfectants of mouse L929 cells expressing the W129
mutant were isolated and tested for their ability to bind
human IFN-R2. Although these transfectants exhibited
an approximately 50% decrease in the binding of human
IFN-R2 (Figure 5A) and a weak phospho-STAT1 signal
relative to cells transfected with the wild-type receptor
(Figure 5A), ISGF3 complex formation was comparable to
that of cells transfected with the wild-type receptor following
treatment with either IFN-R2 or IFN-R8 (Figure 5A),
indicating that this single mutation does not significantly
affect IFN-R signaling via the STAT1/STAT2 pathway.
Surprisingly, even though ISGF3 complex formation ap-
peared to be minimally affected, antiviral activity was
completely inhibited (Figure 5A) and was comparable to the
level observed with LR2 cells transfected with IFNAR2 alone
(Figure 3). The antiproliferative activity of both IFN-R2 and
IFN-R8 was unaffected, however, in cells transfected with
mutant W relative to cells transfected with the WT receptor
(Figure 5A). These results indicate that the conformational
binding site formed between the epitope recognized by the
64G12 mAb in the SD1 subdomain and residue W129 in
the SD2 subdomain is critical for the establishment of IFN-
induced antiviral activity but not for the establishment of
antiproliferative activity.

Effect of Mutant278LRV in Subdomain SD3 on IFN-R
Binding, Signal Transduction, and Induction of Biological
ActiVity. Substitution of the three amino acid cluster278LRV
with alanine (mutant mutIV) in the S6â-strand of the SD3
subdomain generates a mutant that exhibits full IFN-R
binding in transfected L929 cells relative to cells expressing
wild-type IFNAR1 (Figure 5B). In contrast, cells transfected
with mutant mutIV exhibit a weak phospho-STAT1 signal
and reduced ISGF3 complex formation in response to
treatment with human IFN-R2 and no response at all to IFN-
R8 even at doses up to 8000 IU/mL. In keeping with the
observed inhibition of signal transduction, antiviral activity
was also markedly inhibited in response to both human IFN-
R2 and IFN-R8 (Figure 5B). A similar inhibition of IFN-

Table 1: Binding Constants and Number of Receptor Sitesa

cells Kd (nM) sites/cell
relative

fluorescence
sites/cell

fluor

L929 0 3.37 0
WT 0.45 31 000 45.32
SK 1.40 17 000 25.03
VY 88.17 65 000
W 42.55 29 000
mutIV 0.30 20 000 28.39

a Apparent binding constants (Kd) and the number of receptor sites
per cell (sites/cell) were determined for WT, SK, and mutIV transfec-
tants from the slope and the abscissa intercept of the Scatchard’s plot,
respectively. Since the ligand binding curves for the VY and W
transfectants did not reach saturation within the range of IFN doses
tested, the number of receptor sites per cell (sites/cell fluor) was
estimated from the mean relative fluorescence obtained using an anti-
IFNAR1 mAb (64G12) taking the number of receptor sites per cell for
WT, SK, and mutIV as reference values.
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FIGURE 5: Binding and biological activities of IFNAR1 mutants W (A,129W) and mutIV (B, 278LRV). To normalize the results
obtained, receptor sites engaged in125I-IFN binding indicated on the ordinate were plotted versus the total number of IFNAR1
molecules estimated either by Scatchard’s analysis or FACS, as indicated on the abcissa. In all cases, human IFNAR2 expression was in
a 5-10-fold excess. Each curve represents the mean of five independent experiments. For induction of STAT1 and STAT2 tyrosine
phosphorylation, murine L929 cells (106 per lane) transfected with human IFNAR1 and human IFNAR2 were treated (+) or not (-)
with human IFN-R2 (1000 IU/mL) for 15 min at 37°C. The cells were then lysed under reducing conditions as described in
Experimental Procedures, and protein extracts were separated by SDS-8% PAGE, transferred to PVDF membranes, and probed with
anti-phospho-STAT1 antibodies or immunoprecipitated with antibodies to STAT2, trapped with protein-G-Sepharose, and analyzed
as above (2× 107 cells per lane). PVDF membranes were probed with the anti-phospho-STAT2 antibody. ISGF3 complex formation
following IFN activation was detected by EMSA assay using an ISRE probe as described in Experimental Procedures. Nuclear extracts
were prepared from cells treated with 2000 IU/mL of human IFN-R2 or human IFN-R8. For antiviral and antiproliferative activity, the
bars indicate the antiviral and antiproliferative activities of IFN-a2 and IFN-a8 determined for L929 murine cells transfected with both
IFNAR1 and IFNAR2. Control untreated cells are represented by dotted bars, IFN-R2-treated cells by gray bars, and IFN-R8-treated cells
by empty bars.
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induced antiproliferative activity was also observed in mouse
L929 cells transfected with mutant mutIV following treat-
ment with IFN-R8 where antiproliferative activity was
completely inhibited relative to cells transfected with the
wild-type receptor (Figure 5B). The observation that this
mutation does not affect IFN-R2 (Figure 5B) or IFN-cons
(data not shown) binding suggests that binding of IFN to its
receptor can be uncoupled from the establishment of certain
biological activities for a particular subspecies of IFN-R.
Similar results were obtained for three different stable clones
of mutIV suggesting that this observation is not specific to
a particular clone of cells.

The remaining mutants designated mutI (166SPE), mutII
(183WK) in SD2, and mutIII (269NVF) in the SD3 subdomain
of IFNAR1 generated minor differences in IFN-R2 binding,
signal transduction, and biological activity in the stable
transfectants tested.

Modeling of the IFN-R2/IFNAR1/IFNAR2 Complex.The
homology model for the extracellular domain of IFNAR1
(Figure 6) was generated as described in the Experimental
Procedures. The extracellular domains of human IFNAR1
and IFNAR2 adopt structures containing four and two FNIII
subdomains, respectively, each composed of sevenâ-strands
distributed in two sheets. IFNAR1 contains four potential
disulfide bonds (C52-C60, C172-C193, C256-C264, and
C376-C399).

The model of the human IFN-R2/IFNAR2 complex
described herein was constructed from the results of double-

mutant experiments (21) describing pairs of interacting
residues between IFN-R2 and IFNAR2 (see Experimental
Procedures). Electrostatic potential calculations demon-
strated charge complementarities between IFN-R2 and
human IFNAR2. Indeed, the interacting surface of IFN-R2
encompasses the E helix and the AB loop and consists of a
positive potential surface with two small negative patches
corresponding to the20QMRKIS25 fragment and D35/E146
residues (Figure 7). In our model, they are matched with
two positive clusters located in human IFNAR2 (K75 and
K80 residues) surrounded by a large negative potential
surface.

The surface of the IFN-R2 protein opposite the contact
surface with IFNAR2 is thought to bind the IFNAR1 chain
(29); IFN-R electrostatic potentials display a large negative
potential surface roughly distributed along helix C and in
the N-terminal of helix B, while a positive patch is located
at the C-terminal of helix B (Figure 7). The SD3 and SD4

FIGURE 6: Ribbon representation of the 3-D homology model for
the ternary IFN-R2/IFNAR1/IFNAR2 complex. IFN-R2 (green),
IFNAR2 (deep blue), and SD1 (sky blue), SD2 (blue), SD3 (pink),
and SD4 (magenta) subdomains of IFNAR1 are represented. The
64G12 epitope62FSSLKLNVY70 peptide is represented as a white
ribbon. Predicted disulfide bridges are depicted in yellow, and the
disulfide bridge formed by residues C52-C60 is indicated. Side
chains of mutated residues are displayed in CPK (Corey, Pauling,
Kultan color scheme): in red,63SSLK, 69VY, and 129W mutations;
in yellow, 166SPE (mutI),183WKI (mutII), and 269NVF (mutIII); in
orange,278LRV (mutIV). N and C denote the N-terminal and
C-terminal ends, respectively, of IFNAR1, IFNAR2, and IFN-R2. FIGURE 7: Electrostatic potentials of the surface of IFN-R2, IFN-

R8, and IFN-â, which interact with IFNAR1 and IFNAR2. Each
column shows the surface of the different IFN subtypes interacting
with either IFNAR1 (left) or IFNAR2 (right). At the top of the
figure is a graphic representation of the structure of human IFN-
R2 indicating the position ofR-helices andâ-sheets. Secondary
structures are color-coded as follows: helix A (HA), blue; helix B
(HB), orange; helix C (HC), green; helix D (HD), yellow; helix E
(HE), magenta. Helix B′ (HB′) in the BC loop is colored red. In
the lower part of the figure, electrostatic potentials of IFN-R2, IFN-
R8, and IFN-â are depicted in the same orientation as the structure
of IFN-R2 depicted at the top. The structure of IFN-â was derived
from the PDB databank (code 1au1;61).
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subdomains of IFNAR1 were docked on the IFN-R2 structure
according to electrostatic potential complementarities and
mutagenesis data performed on tyrosine residues located in
helix C (25). In our model, the human IFNAR1 SD4
subdomain interacts with the central part of the C helix of
IFN-R2 when the major interaction site of the SD3 sub-
domain is located in the BC loop and in particular on the
small B′ helix (70KDSSA74).

In class II cytokine receptor complexes of known structure,
only two subdomains of the receptor are required to interact
with the ligand, suggesting that the SD1 and SD2 subdomains
of IFNAR1 may not bind IFN-R. This model would predict
an “open form” of the IFN-R/IFNAR1/IFNAR2 complex.
The observation that the epitope recognized by the 64G12
antibody (62FSSLKLNVY70) in SD1 can interact with IFN-
R2 suggests a “closed form” of the IFN-R/IFNAR1/IFNAR2
complex in which all four IFNAR1 subdomains interact with
IFN-R. Consequently, the SD1 and SD2 subdomains of
IFNAR1 would be docked on IFN-R2. Thus, with the use
of electrostatic potentials and the results of mutagenesis
studies involving several aromatic residues (18), SD2 was
positioned so as to interact with residues from both C-
terminal regions of the B and D helices of IFN-R. Finally,
we chose to dock the loop in the SD1 subdomain of IFNAR1
enclosing the 64G12 epitope with IFN residues located at
the C-terminal of helix D (Figure 6). This is in agreement
with Schmeisser et al., (41) who showed that amino acid
substitutions in loop BC, helix C, and helix D alter the
interaction between IFN-R and its receptor and influence the
threshold of activation of the biological response.

DISCUSSION

Elucidation of the role played by IFNAR1 in the binding
of type I IFNs to their high-affinity cell-surface receptor has
been limited by the low affinity of IFN-R for recombinant
IFNAR1 (6 and Eid, P., unpublished results). In this study,
we have attempted to obviate these difficulties by the use of
mutation analysis to identify critical residues involved in
IFN-receptor interactions.

Residues predicted to be critical for ligand binding were
mutated to alanine, and mouse L929 cells transfected with
mutated human IFNAR1 and wild-type human IFNAR2 were
tested for IFN binding, signal transduction, and biological
activity (Table 2). Although mouse L929 cells do not bind
detectable amounts of most human type-I IFNs and do not
respond to human IFN-R2 or IFN-R8, they contain a
functional signaling apparatus and respond to human IFN
following transfection with the human type I IFN receptor.

Thus, this system has been used extensively to study human
IFN-receptor interactions and signal transduction. The
IFNAR1 chain of the human type I IFN receptor does not
act as an independent and passive docking site for IFN since
it has been shown that association with the Tyk2 tyrosine
kinase is a prerequisite for functional high-affinity ligand
binding and for stabilizing IFNAR1 expression at the cell
surface (42, 43). Indeed, there even appears to be some
interaction between IFNAR1 and components of the IFN-γ
receptor signaling pathway, as the IFN-γ-induced antiviral
response is impaired in IFNAR1-null cells (44). The con-
formation of IFNAR1 also appears to be critical for
functional receptor expression. Cysteine 60 in the SD1
subdomain of IFNAR1 is highly conserved, and attempts to
mutate this residue to alanine and generate stable clones have
failed, most likely because this substitution disrupts an
essential disulfide bond (predicted between C52 and C60)
leading to a conformational change that interferes with the
correct expression of the receptor polypeptides on the cell
surface.

Reduction in signaling events observed with the transfec-
tants is likely underestimated if we take into account the
basal signaling level, in particular phospho-STAT1 induction,
observed in mouse cells transfected with human IFNAR2
alone. It has been shown previously that differences in
induction of an antiviral state by IFN-R and IFN-â may not
correlate with differences in activation of the JAK-STAT
pathway (45, 46).

Residues of mutants63SSLK66 and 69VY in the SD1
subdomain and mutant W129 in the SD2 subdomain of
human IFNAR1 were mutated to determine the role of the
epitope (62FSSLKLNVY70) recognized by the neutralizing
monoclonal antibody 64G12 in ligand binding (27). Substitu-
tion of residues69VY with alanine led to a more than 80%
decrease in IFN-R2 binding and abolished IFN-induced
antiviral activity, suggesting that these residues situated in
the S5-S6 loop of the SD1 subdomain of human IFNAR1
are indeed involved in ligand binding, most probably of all
type I IFNs, since the 64G12 antibody, which recognizes
this epitope, inhibits the binding of all type I IFNs (31).

In contrast, the homologous sequence,62FSSVELENVF71,
in bovine IFNAR1 was shown by mutation analysis to play
a relatively modest role in the binding of heterologous human
IFN-R2 (18). Thus, although the SD1 subdomain of IFNAR1
may well play a minor role in the cross-species binding of
IFNs as suggested previously (30), the results presented
herein suggest that the SD1 subdomain of human IFNAR1
is directly involved in ligand binding. These results are in

Table 2: Genotype and Phenotype of the IFNAR1 Mutants Studieda

ISGF3 formation antiviral activity antiproliferative activity (% growth)

mutant
IFNAR1

modified residue
relative binding

(IFNR2) IFN-R2 IFN-R8 IFN-R2 IFN-R8 IFN-R2 IFN-R8

L929 0 - - - - 100 100
LR2 1 + - - - 75 100
LR1 none 0 - + - - 95 58
WT none 100 +++ + +++ ++ 55 65
SK 63SSLK66 50 +++ + +++ + 60 70
VY 69VY70 20 + + - - 72 85
W 129W 50 +++ + - - 65 67
mutIV 278LRV280 100 + - + - 65 100

a Results for ISGF3 complex formation and antiviral activity during IFN activation were expressed as full (+++), partial (++), weak (+), or
not detected (-).
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keeping with previous results showing that the neutralizing
anti-IFNAR1 monoclonal antibody 4A7 binds to the SD1
subdomain of IFNAR1 and that the more strongly neutral-
izing anti-IFNAR1 antibody 2E1 binds to both the SD1 and
SD2 subdomains (26) suggesting that both subdomains are
involved in IFN binding.

Mogensen et al. (47) proposed a putative two-site model
for type-I IFN binding in which two IFN molecules would
bind to a flexible IFNAR1 molecule curved in such a manner
that its N-terminus was close to the plasma membrane and
facing two IFNAR2 molecules. It is difficult to explain such
a two-site model in light of our results, which show that
substitution of the two amino acids69VY in the SD1
subdomain or a single amino acid, W129, in the SD2
subdomain both lead to inhibition of IFN-R-induced biologi-
cal activity. In addition, the neutralizing monoclonal antibody
64G12, which recognizes a single linear epitope within the
SD1 subdomain of IFNAR1, completely inhibits IFN binding
to the cell surface receptor (27, 31). The results presented
herein show that62FSSLKLNVY70 is the unique epitope
recognized by this antibody and that substitution of alanine
in residues63SSLK66 or 69VY abrogates the blocking activity
of the antibody.

It is generally accepted that the biological effects elicited
by a given IFN are directly proportional to the affinity of
the IFN for its cell surface receptor. The results presented
show, however, that mutation278LRV in the SD3 subdomain
inhibits signal transduction and the establishment of both
antiviral and antiproliferative activity in the absence of a
significant effect on the binding of IFN-R to the receptor
complex. These results show that IFN binding can be
uncoupled from the establishment of biological activity,
suggesting that the positively charged arginine at position
279 plays an important role in the induction of IFN-induced
biological activity.

The 3-D model of the human IFN receptor complex
presented herein was constructed to elucidate ligand-
receptor interactions and to identify residues of the IFNAR1
chain critical for IFN binding and the establishment of
biological activity. When hydrophobicR-helices andâ-sheets
form the core of a protein, it is accepted that turns and loops
are generally exposed at the surface, rendering them more
likely to be involved in the biological function of the protein
than unexposed regions. All the residues mutated in the SD2
and SD3 subdomains of IFNAR1 were within hydrophilic
turns and loops at the surface of the protein, with the
exception of mutation mutIV (278LRV), which lies in the
middle of aâ-strand. The model that we have developed
using different methods, reinforces that proposed by Piehler
et al. (24).

Substitution of residue W129 with alanine was found to
reduce IFN binding and phosphorylation of STAT1 and to
markedly inhibit antiviral activity even though ISGF3
complex formation was only slightly reduced. These results
suggest that residue W129 in the SD2 subdomain is critical
for the establishment of IFN-induced antiviral activity and
may be involved in receptor signaling through a pathway(s)
other than the JAK-STAT pathway. Previous studies have
shown that components of multiple signaling pathways in
addition to the JAK-STAT pathway are activated following
binding of IFN-R to its cell-surface receptor. These include
the insulin-receptor substrate (48), phosphatidyl-inositol 3′-

kinase (49), Crk-proteins (50), and mitogen-activated protein
(Map) kinases (51, 52). Furthermore, the antiviral activity
of type I interferons is reduced in cells with targeted
disruption of the MapKapK-2 gene (53) suggesting that the
p38 Map kinase pathway participates in downstream signal-
ing following receptor binding.

Thus, the ability of the 64G12 mAb to inhibit the
biological activity of the type I IFNs may be due to its ability
to block the conformational binding site formed between the
epitope recognized by the 64G12 mAb in the SD1 subdomain
and residue W129 in the SD2 subdomain. Interestingly, it
has been reported that the affinity of another neutralizing
anti-IFNAR1 mAb (2E1) was markedly reduced when the
peptide71EEIKLR76 in the SD1 subdomain was mutated (26).
The71EEIKLR76 peptide is situated immediately after residue
Y70 of the 64G12 epitope (62FSSLKLNVY70). The 64G12
antibody is also able to neutralize IFN-â, in addition to the
different IFN-R subtypes, in contrast to the 2E1 mAb,
suggesting that W129 and Y70 may be involved in the
binding of both IFN-R and IFN-â to the receptor complex.

In addition, the 3-D model that we have constructed
predicts that Y70 (mutVY), W129 (mutW), and K66
(mutSK), are involved in IFN binding. The distances
calculated between the mutated residues of the 64G12 epitope
on IFNAR1 and an interferon molecule are 5 Å between
Y70 and helix D, 6 Å between W129 and helix D, and 6 Å
between K66 and the interferon molecule.

Our results suggest that both the IFNAR1 and IFNAR2
receptor chains are most likely anchored in the plasma
membrane in close proximity prior to ligand activation;
otherwise, it is difficult to explain how IFNAR1-specific
monoclonal antibodies such as 64G12 or EA12 (54), that
do not affect binding of IFN-R to isolated IFNAR2, block
type-I IFN binding to the whole receptor and inhibit the
establishment of antiviral activity. Thus, these results suggest
that prior to ligand binding IFNAR1 and IFNAR2 adopt an
unproductive conformation, which upon initial IFN binding
assumes a productive conformation, leading to a high-affinity
interaction and the subsequent activation of receptor-associ-
ated cytoplasmic tyrosine kinases of the JAK family (JAK1,
Tyk2). It is interesting to note that a recent study using FRET
technology allowing real-time monitoring of high/low-affinity
receptor interactions in the plasma membrane of living cells
demonstrated that the two IFN-γ receptor chains are preas-
sociated in the cell membrane prior to IFN-γ binding, raising
the possibility that the subunits of other interferon receptors
are preassociated prior to ligand binding (55).

The model presented herein sheds new light on the
structure of the ternary IFN-R/IFN-receptor complex and
identifies a number of specific IFN-R-binding domains on
the surface of the receptor in keeping with previous data
from other laboratories. In particular, this model provides
insight into the interactions between the SD1 subdomain of
IFNAR1 and IFN-R. The model also provides a basis for an
understanding of how differences in the electrostatic potential
distribution on the surface of IFN molecules may explain
differences in receptor binding between different IFN-R
subtypes. It has been reported, for example, that IFN
“consensus” has a higher affinity for the IFN receptor than
IFN-R2 or IFN-R8 (56), and several studies have shown that
the antiviral activity of IFN-cons is higher than that of IFN-
R2 or IFN-R8 (57, 58). Moreover, Hu et al. (59, 60) ranked
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various IFN-R subtypes in terms of antiproliferative activity.
The interaction of IFN-R8 and IFN-â with the human type
I IFN receptors was evaluated from the distribution of their
electrostatic potentials and an analysis of the binding surfaces
on IFN-R2 for human IFNAR1 and IFNAR2. Although, these
potentials are very similar for both IFN-R subtypes compared
to IFN-â, which is more electropositive (Figure 7), slight
differences between the two IFN-R subtypes were observed
for the surface interaction with IFNAR1: Helix C is more
electronegative for IFN-R8 than for IFN-R2. Although such
indications suggest that all IFN-R subtypes may bind the
receptor complex with the same orientation and at a similar
site, in the 3-D model presented herein, the SD1 subdomain
of IFNAR1 is in close proximity to the C end of helix D
(particularly residue E132 in IFN-R2 or the corresponding
residue E133 in IFN-R8). The electrostatic environment of
this glutamate is different, however, in IFN-R2 where an
electropositive cluster surrounds the electronegative cluster
corresponding to the glutamate, whereas in IFN-R8 this
cluster is more extended, due to the presence of the T132
residue in IFN-R8 instead of the K131 residue in IFN-R2
(Figure 7). Furthermore, the63SSLK66 mutant loses the
positive charge due to the presence of the K66 residue. Both
the increase in the electronegativity of IFN-R8 relative to
IFN-R2 and the loss of the positive charge in the mutated
receptor may well account for a change in receptor/ligand
stability, depending upon the IFN-R subtype that binds to
the mutated receptor.

Given the conserved protein structure of the IFN-R
subtypes and the observation that all IFN-R subtypes compete
for a common binding site, the model presented herein
predicts that differences in the primary sequences of different
IFN-R molecules modulate their binding affinity, the duration
of the ligand/receptor association, or both. These parameters
may also be responsible for the ability of the interferon
receptor to adopt a stable closed conformation.

In conclusion, a dynamic mechanism for the IFN-R/
receptor complex activation has been proposed that provides
insight into the organization of the human type I IFN receptor
and in particular the role played by the IFNAR1 chain
in IFN binding (Figure 8). This mechanism predicts that

IFNAR1 and IFNAR2 are most probably anchored in
close proximity on the cell surface and that upon IFN
binding the complex adopts a progressively more closed
form resulting in the activation of intracellular kinases.
Thus, differences in the binding affinities of individual
IFN-R subtypes and the stability of the resulting IFN-
receptor complex would explain the differences in intra-
cellular signal intensities observed for individual IFN-R
subtypes resulting from variations in sequential thresholds
of activation.
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