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ABSTRACT: Type I interferons (IFNs) are multifunctional cytokines that activate cellular responses by
binding a common receptor consisting of two subunits, IFNAR-1 and IFNAR-2. Although the binding of
IFNs to IFNAR-2 is well characterized, the binding to the lower affinity IFNAR-1 remains less well
understood. Previous reports identified a region of human IFN-R2 on the B and C helices (“site 1A”:
N65, L80, Y85, Y89) that plays a key role in binding IFNAR-1 and contributes strongly to differential
activation by various type I IFNs. The current studies demonstrate that residues on the D helix are also
involved in IFNAR-1 binding. In particular, residue 120 (Arg in IFN-R2; Lys in IFN-R2/R1) appears to
be a “hot-spot” residue: substitution by alanine significantly decreased biological activity, and the charge-
reversal mutation of residue 120 to Glu caused drastic loss of antiviral and antiproliferative activity for
both IFN-R2 and IFN-R2/R1. Mutations in residues of helix D maintained their affinity for IFNAR-2 but
had decreased affinity for IFNAR-1. Single-site or multiple-site mutants in the IFNAR-1 binding site that
had little or no detectable in Vitro biological activity were capable of blocking in Vitro antiviral and
antiproliferative activity of native IFN-R2; i.e., they are type I IFN antagonists. These prototype IFN
antagonists can be developed further for possible therapeutic use in systemic lupus erythematosus, and
analogous molecules can be designed for use in animal models.

Type I interferons are a family of cytokines characterized
by their antiviral, antiproliferative, and immunomodulatory
activities (4). For mammals, the type I interferons include
the IFN-R and IFN-� subtypes and may include other
subtypes, such as IFN-ω, IFN-κ, IFN-ε, IFN-δ, and IFN-τ.
Humans express 13 IFN-Rs and 1 each of IFN-�, IFN-ω,
IFN-ε, and IFN-κ. The structures of the type I IFNs1 are
homologous (reviewed in ref 5), consisting of a five-helix
bundle (labeled sequentially “A” to “E”) with a functionally
important long loop (“AB loop”) connecting helices A and
B. In spite of the high homology and sequence conservation

of different IFN subtypes, individual subtypes display
different profiles of biological activities, including antipro-
liferative, antiviral, and immunomodulatory.

IFNs are used clinically for the treatment of various
pathologies, including virus infections, tumors, and multiple
sclerosis. However, there is strong evidence that type I
interferons are inappropropriately expressed in individuals
with systemic lupus erythematosus (SLE) and are involved
in lupus development and/or progression (reviewed, for
instance, in refs 6 and 7). IFN antagonists are therefore
needed for possible therapeutic application in SLE and for
studies in model systems, such as murine strains that develop
lupus-like disease.

Type I IFNs activate cellular responses by binding a
common high-affinity cell surface receptor consisting of two
transmembrane protein subunits, IFNAR-1 and IFNAR-2,
which make distinct contributions to ligand binding (8, 9;
reviewed in ref 10). Binding of interferon to its receptor
complex initiates activation of the Jak/STAT pathway and
other signal transduction pathways, leading to the regulation
of relevant genes.

The subunits of IFNAR make distinct contributions to
ligand binding. Human and mouse IFNAR-1 have low but
varied intrinsic affinity for the various IFNs (KD ∼0.05-5
µM), whereas IFNAR-2 has moderate to high affinity for
IFNs (KD 0.1-100 nM) (8, 9, 11, 12). Receptor binding
appears to be a sequential process, with IFN first binding to
the higher affinity IFNAR-2, followed by recruitment of
IFNAR-1, to form the ternary complex, with consequent
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receptor and cellular activation (13-15). However, the details
of the interactions, particularly the differences in IFNAR-1
binding, seem key to differential cellular activation (9, 13).

IFNAR-2 is the major ligand-binding component of the
type I IFN receptor and has an extracellular domain (ECD)
consisting of two fibronectin type III (FNIII) domains. IFN
binding to IFNAR-2 generally has high (nanomolar) affinity
(9, 16), and the complementary binding sites on both IFN
and IFNAR-2 were well characterized by a combination of
mutagenesis and NMR studies of both the IFNAR-2 ECD
and the IFN-R2/IFNAR-2 ECD complex (17-19). On IFN-
R2, the key residues for interacting with IFNAR-2 form a
contiguous patch contributed by residues from the A helix,
AB loop, and E helix (20). The C-terminal eight amino acids
of type I IFNs, which show considerable variation, can
modulate the affinity for IFNAR-2 by 20-fold (21).

The binding of type I IFNs to the IFNAR-1 receptor is
relatively weak, transient, and less well understood, and our
understanding of IFN/IFNAR-1 interactions has been limited
by the large size of IFNAR-1 and the lower affinity of the
IFN/IFNAR-1 interaction. The extracellular domain of IF-
NAR-1 consists of four FNIII domains of approximately 100
amino acids each. Mutagenesis studies and interspecies
chimeric receptors have provided some information about
ligand-binding regions (8, 11, 12, 22). Although no high-
resolution structural studies of the IFNAR-1 ECD have
appeared, a low-resolution structure of the IFN-R2/IFNAR-
1-ECD/IFNAR-2-ECD complex was obtained by density-
modeling to a three-dimensional image reconstruction of
electron microscopy images and suggests a “wrap-around”
interaction of IFNAR-1 with IFN (23, 24), subsequent to a
conformational change (24).

Identification of the IFNAR-1 binding site on type I IFNs
has emerged more slowly. Various studies implicated
residues on helices B, C, and D and the DE loop in IFN
activity, with some studies suggesting that these regions
might be involved in receptor binding, possibly IFNAR-1
binding (12, 25-28). Recently, Roisman et al. found that
residues N65, L80, Y85, and Y89 on the B and C helices,
with N65, Y85, and Y89 forming a contiguous patch (here
termed site 1A), are important for IFN-R2 binding to
IFNAR-1 (41). When mutated individually to alanine, there
were small decreases in biological activity consequent to
small decreases in the affinity for IFNAR-1. The combined
four-site alanine substitution mutant (“NLYY”) retained
about 1% of its antiviral activity and 0.1% of its antiprolif-
erative activity. The neighboring residues of IFN-R2, H57,
E58, and Q61, are also part of the IFNAR-1 binding site.
However, mutating any of them to alanine increases affinity
for IFNAR-1 and increases activity, particularly antiprolif-
erative activity. The triple alanine mutation (“HEQ”) has
significantly higher antiproliferative activity and affinity for
IFNAR-1 (13). It was further shown that a three-point
substitution of HEQ to YNS, obtained by phage-display
techniques, greatly enhances IFN affinity for IFNAR-1 and
can selectively enhance antiproliferative and antitumor
activities (29). These experiments gave rise to a model
wherein the strength of the IFN/IFNAR-1 interaction is a
key determinant for differential cellular activation by type I
IFNs (see also refs 10 and 30).

An IFN-R analogue with competitive antagonist properties
can, in principle, be engineered that binds with high affinity

to IFNAR-2 but where the low-affinity site for IFNAR-1 has
been effectively eliminated. However, the residual activity
of the NLYY mutant leaves this as a weak agonist and
suggests that other residues are also involved in IFNAR-1
binding. Following previous studies (25-27, 31-33), we
have investigated possible contributions of residues on the
D helix. These studies have led to the identification of
additional residues that contribute to IFNAR-1 binding and
have permitted the construction of IFN-R2 analogues with
in Vitro antagonist activity.

MATERIALS AND METHODS

Cell Culture. Human HeLa and WISH cells and bovine
MDBK cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% cosmic calf serum
(Hyclone) with glutamax (Sigma). Murine L-929 cells were
cultured in minimum essential Eagle’s medium with glutamax
at 37 °C and 5% CO2. NFS-1.0 cells (ATCC CRL-1705), a
murine line that is highly sensitive to the antiproliferative
effects of IFN, were cultured in RPMI 1640 supplemented
with 15% cosmic calf serum, 5 mM L-glutamine, 1%
penicillin-streptomycin (Mediatech, Inc.), 1× HEPES buffer
(Mediatech), 0.1% 2-mercaptoethanol (Gibco), 2.5 g/L
D-glucose (Gibco), and 1 mM sodium pyruvate (Gibco).

Construction of IFN-R2b and IFN-R2/R1 Variants. The
cDNA (cDNA) representing the 165 amino acid coding
region of IFN-R2b, followed by a codon representing a
translational “stop” signal (“TGA”) was supplied by Dr.
Sergei Kotenko (UMDNJsNew Jersey Medical School).
Human-derived chimeric IFN-R2/R1 (“IFN-RA/D”) cDNA
was kindly provided by Dr. Sidney Pestka (UMDNJsRobert
Wood Johnson Medical School), and the cDNA fragment
was restricted and cloned into BamHI/NdeI-digested pET-
11a vector (Novagen).

Site-directed mutagenesis (QuickChange kit; Stratagene)
was used to create a series of human IFN-R2 and IFN-R2/
R1 variants. For improving IFN-R2/R1 and IFN-R2 expres-
sion in Escherichia coli strain BL21 (DE3) Rosetta 2
(Novagen), the high-frequency arginine codons CGC or CGG
were substituted for the native codons, AGA or ACG, at
positions 12, 13, and 33 (34). All constructs were confirmed
by DNA sequencing of both DNA strands with an automated
DNA system.

Protein Expression. All plasmid DNAs of IFN-R2 and
IFN-R2/R1 mutants were individually transformed into E.
coli strain BL21 (DE3) Rosetta 2 (Novagen). Bacteria were
grown overnight in LB broth containing 100 µg/mL ampi-
cillin at 37 °C. The cultures were then diluted 50-fold and
incubated at 37 °C with shaking. Protein expression was
induced by addition of isopropyl �-D-thiogalactoside to 0.8
mM. The bacteria were then incubated at the same temper-
ature for 4-6 h.

The cells were harvested by centrifugation and resus-
pended in buffer A (50 mM Tris-HCl, pH 8.0, 40 mM NaCl,
5 mM EDTA) supplemented with lysozyme (0.2 mg/mL)
and 0.2 mM PMSF (phenylmethanesulfonyl fluoride; Sigma).
The resuspended cells were sonicated on ice (3 × 15 s pulses
at 50 W). Triton X-100 (1%; Bio-Rad) was added to the
homogeneous suspension after sonication, incubated over-
night at 30 °C, and then centrifuged for 20 min at 30000g.
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The pellet [inclusion body (IB)] was either solubilized
immediately or stored frozen at -80 °C until further use.

The IB pellet was solubilized in 7 M GuHCl (guanidine
hydrochloride; Invitrogen) in buffer A overnight at 4 °C with
gentle shaking. The IB solution was then centrifuged at
30000g for 30 min at 4 °C. The supernatant was refolded
by dropwise dilution into 15 volumes of 0.5 M L-arginine
(Sigma) in buffer A for 24-48 h at 4 °C (35). The refolded
solution was adjusted to 1.6 M (NH4)2SO4 (Sigma, Ultrapure)
for protein purification.

The refolded protein supernatant was loaded on a hydro-
phobic column (Toyopearl Phenyl-650M; Tosoh Biosciences)
preequilibrated with 0.5 M GuHCl, 50 mM Tris-HCl, pH
8.0, and 1.6 M (NH4)2SO4. The column was washed with
the buffer containing 0.5 M GuHCl, 50 mM Tris-HCl, pH
8.0, 1.6 M (NH4)2SO4, and 1 M urea (Sigma, Ultrapure).
The proteins were eluted with the buffer containing 0.5 M
GuHCl, 50 mM Tris-HCl, pH 8.0, and 1 M urea.

The fractions with IFN were dialyzed against 20 volumes
of 20 mM Tris-HCl, pH 8.0, and 50 mM NaCl overnight at
4 °C. The dialyzed supernatant was applied to a HiTrap Fast-
Flow Q-Sepharose ion-exchange column (Amersham Bio-
science) and eluted with a linear gradient of 50-500 mM
NaCl. Samples were further concentrated, and buffer was
exchanged to the storage buffer of 20 mM Tris-HCl, pH 8.0,
50 mM NaCl, and 6% glycerol. Purity of proteins was
determined by SDS-polyacrylamide gel electrophoresis, and
the concentration was determined by absorbance at 280 nm
with a calculated molar extinction coefficient: E ) 18950
(IFN-R2); E ) 17585 (IFN-R2/R1).

In later experiments, proteins were further purified on a
Superose 12 HR 10/30 column with the ÄKTA-FPLC system
(Amersham Pharmacia Biotech). The column was developed
in the buffer containing 50 mM Tris-HCl, pH 8.4, 100 mM
NaCl, and 6% glycerol at a constant flow rate of 0.5 mL/
min.

AntiViral and AntiproliferatiVe Assays. Antiviral activity
of wild-type and mutant IFNs was assayed as the inhibition
of the cytopathic effect of vesicular stomatitis virus (VSV)
on human HeLa, WISH, or A-549 cells and bovine MDBK
cells and with encephalomyocarditis virus (EMCV) on
murine L-929 cells (36). Assays on bovine MDBK cells were
included because bovine cells respond with high-level
activity to all native human IFN-Rs, and some modifications
of human IFN-R structure that cause dramatic changes in
activity on human cells have minimal effects on the activity
measured on MDBK cells. This is likely due to the high
affinity of human IFN-Rs for bovine IFNAR-1 (2, 37).

For antiproliferative assays with WISH and L-929 cells,
cells (usually ∼1 × 104) in 50 µL of growth medium were
added to serial dilutions of IFNs in a 96-well culture dish.
Cells were grown for 3-4 days. Medium was removed, and
cells were stained with crystal violet. Plates were read by
eye to find the dilution corresponding to 50% of maximum
growth. Alternatively, the crystal violet in the stained cells
was solubilized by addition of 100 µL of 50% ethanol/50%
Tris-HCl (pH 8.0) (v/v). Optical density was read at 586
nm. For WISH cells, the cells released from the plates and
may have undergone cell death during the assay. Data were
analyzed by a nonlinear fit to a sigmoidal curve, and the
EC50 and statistical parameters were calculated from the

curve using the program “Prism v. 3” (GraphPad, Inc., San
Diego, CA).

For antiproliferative assays with NFS-1.0 cells, cells (5
× 103; 100 µL) with an initial viability of >90% were added
to 96-well plates containing 40 µL of serial dilutions of native
or mutant IFNs. After 72 h of incubation, cell density was
determined with the Celltiter 96 nonradiactive cell prolifera-
tion assay (Promega). Briefly, 20 µL of dye solution per 100
µL of culture medium was added to each well and incubated
at 37 °C for 3-4 h. Then 100 µL of solubilization solution/
stop mix was added to each well. After 1 h at 37 °C or up
to 72 h at room temp, the contents of the wells were mixed
for uniformity, and the plate was read at 570 nm with a
standard 96-well plate reader. Murine NFS-01 cells showed
up to an 80% reduction in growth from untreated cells. Data
were analyzed by a nonlinear fit to a sigmoidal curve, and
the EC50 and statistical parameters were calculated from the
curve using the program “Prism v. 3” (GraphPad, Inc., San
Diego, CA).

Antagonism Assays. Antagonism assays were variations
of the antiviral cytopathic effect assay and antiproliferative
assays (3, 36). For the antiviral assay, a constant amount of
IFN-R2 (usually (1-2) × 10-10 M, final concentration,
depending on the cell type) was combined with serial
dilutions of each IFN variant (the highest concentration of
each mutant was in the range of (1-5) × 10-6 M, depending
on its ability to inhibit IFN activity). Cells were added and
incubated overnight at 37 °C and 5% CO2. VSV was added,
and the plates were incubated for 24-30 h. When the
cytopathic effect in control wells reached 100%, the plates
were stained by crystal violet. In these assays, the active
and inactive IFNs could be premixed at room temperature,
followed by addition of cells and incubation at 37 °C; i.e.,
antagonism did not require preincubation of cells with the
mutant IFN prior to addition of active IFN-R2. Antiprolif-
erative assays were similarly designed, where a constant
amount of IFN-R2, sufficient for growth inhibition of each
cell line, was added to serially diluted (usually 2-fold)
concentrations of each IFN variant. Cells were added and
grown for 3 days. Cells were stained with crystal violet.

Measurement of Binding Affinity. Binding to purified
human IFNAR-1 and IFNAR-2 is measured with the protein
interaction array system (Bio-Rad) according to published
methods (21). A solution of 0.005% Tween 20 in PBS, pH
7.4, was used as running buffer at a flow rate of 30 µL/min.
For immobilization, an activated EDC/NHS surface was
covered with the nonneutralizing antibodies DB2 (38) and
46.10 (39) against IFNAR1-ECD and IFNAR2-ECD, re-
spectively, and blocked with ethanolamine. Thereafter, five
of the six channels were reacted with IFNAR1-ECD or
IFNAR2-ECD (180 µL at a concentration of 0.5 µM), leaving
one channel free as reference. This was followed by cross-
linking a second antibody, AA3 for IFNAR1-ECD and 117.7
for IFNAR2-ECD, to improve the stability of coupling and
reduce leakage of IFNAR2-ECD without affecting ligand
binding (40). Interferons were then injected perpendicular
to ligands, at six different concentrations within a range of
37-8000 nM for IFNAR1 binding and 3.12-100 nM for
IFNAR2 binding. Data were analyzed with the BIAeval 4.1
software, using the standard Langmuir models for fitting
kinetic data. Dissociation constants KD were determined from
the rate constants according to
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KD )
koff

kon
(1)

or from the equilibrium response at six different analyte
concentration, fitted to the mass-action equation (21).

RESULTS

Helix D Residues Are Important for IFN-R2 ActiVity and
Binding to IFNAR-1. Previous examination of the B and C
helices of IFN-R2 identified a number of residues that
contribute to IFNAR-1 binding (41). Single-site alanine
substitution mutations, however, did not have dramatic
effects, and even the four-site NLYY mutant (NLYY )
N65A/L80A/Y85A/Y89A) of the IFNAR-1 binding region
retained about 1% antiviral activity and 0.1% antiproliferative
activity. Since other studies had implicated parts of helix D
in IFN activity and possibly in receptor binding (25-27,
31-33), we examined the D helix of IFN-R2 for residues
that might also contribute to IFNAR-1 binding. The D helix
contains several strongly conserved features including a
positively charged patch (in IFN-R2, R120, K121, Q124, and
R125; although Q124 in IFN-R2 was not examined in this
study, we did examine the equivalent R124 of IFN-R2/R1;
see below), the conserved Leu 117, and Asp 114 (Figure 1).
This helix is relatively far from the identified IFNAR-2
binding site.

Within the conserved positively charged residues of helix
D, substitution of R120 with alanine decreased antiviral
activity to 1-3% and reduced antiproliferative activity to
about 0.05% of native IFN-R2 (Figure 2, Table 1). More
dramatic loss of activity occurred with the charge-reversal
R120E mutation, where activity was below the threshold of
the measurements. Furthermore, when the IFN-R2[R120E]
mutation is combined with the carboxyl-terminal eight amino

acids found in IFN-R8 (“120E-8CTail”), which is reported
to increase the affinity for IFNAR-2 (21), the antiviral activity
on HeLa cells was still not detected. The two-site R120A/
K121A mutant had similar activity to R120A, suggesting a
less important role for K121A, which was not evaluated as
a single-site mutant. The R120E/K121E mutant, similar to
the single R120E mutant, had no demonstrable antiviral or
antiproliferative activity on human cells and showed a modest
(10-fold) decrease of antiviral activity on bovine cells.
Moving further along the helix, the charge-reversal R125E
mutant had little or no effect on biological activity. Thus,
for IFN-R2, substitutions in the positively charged cluster
show their relative important in the order R120 . K121 >
R125. Leucine 117 is completely conserved in human and
murine type I IFNs, is surface-exposed, and is adjacent to
R120. Its substitution by alanine decreased antiviral and
antiproliferative activity about 5-fold. In combination with
R120A, L117A further decreases the antiviral and antipro-
liferative activity. At the N-terminus of helix D is Asp114,
conserved in human and murine IFN-Rs but variable in the
other type I IFNs. Its substitution by alanine has no effect
on antiviral and antiproliferative activity, measured on WISH
cells, and a small effect on antiviral activity measured on
HeLa cells. Most single-site mutants retained activity on

FIGURE 1: Alignment of human and murine type I interferon
sequences for helices B, C, and D. Experimentally determined R
helices are indicated in italics and underlined (PDB entries: HuIFN-
R2, 1ITF; HuIFN-�, 1AU1; MuIFN-�, 1IFA). Sequence numbers
for the first residue of each segment are indicated for IFN-R2 and
are the same for IFN-R2/R1. Other human IFN-Rs contain one
additional amino acid, generally indicated as residue 44 (which is
missing in IFN-R2). Thus, papers using the “consensus” human
IFN-R sequence numbering have all homologous positions above
residue 43 one number higher than the specific sequence of HuIFN-
R2 or its derivative IFN-R2/R1 (e.g., residue 120 in HuIFN-R2 is
homologous to residue 121 in other human IFN-Rs).

FIGURE 2: Antiviral and antiproliferative activity of human IFN-
R2 mutants. For each mutant indicated, activity is presented as a
fraction of the native IFN-R2, measured on human WISH cells.
Thus, on the logarithmic scale, “0” is the baseline wild-type activity,
and mutants show decreases of up to 5 logs of activity (this number
represents no activity at the highest concentration of IFN mutant
used in the assays; the mutants may have even less activity, as
indicated by the designation of “e” in Tables 1-3). Mutants were
measured between one and five times each in independent assays.
For multiple measurements, error bars indicate the standard error
(SEM).
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bovine MDBK cells that are generally highly sensitive to
human IFN-Rs and are often less sensitive to modification
of HuIFN-R.

As expected, mutations in the D helix, including those such
as R120E/K121E which decreased activity by more than 4
orders of magnitude, did not significantly change the binding
affinity for human IFNAR-2 from that measured for native
IFN-R2 (KD ≈ 2.5 ( 0.5 nM), with almost all mutants being
within 2-fold of this value (Table 1). Affinity of R120A for
IFNAR-1 and of the 120E-8CTail mutant was decreased by
at least 10-fold (ND: not detected), to the limits of detection
of the experimental setup (KDg10 µM). Because of technical
difficulties, we did not obtain reliable measurements of
IFNAR-1 for some of the other samples. Nevertheless, the
retention of high affinity for IFNAR-2 excludes direct
interactions of helix D residues with human IFNAR-2. The
locations of these functionally significant helix D residues
and those on helices B and C (site 1A) are shown (Figure
3).

The Interaction of Site 1A and Helix D for IFN-R2 ActiVity
and IFNAR-1 Binding. For the IFN-R2 variants, we inves-
tigated whether there is a functional relationship between

previously identified residues (“site 1A”) and the functionally
important residues on helix D. We therefore combined
alanine substitutions at each of the residues Asp114, Leu117,
and Arg120 with the four-site alanine mutant in site 1A
residues N65, L80, Y85, and Y89 (“NLYY”) (Figure 2,
Table 1). Although the NLYY mutant has about 1% activity
on human HeLa cells, the R120A mutant combined with the
NLYY mutants lacks measurable antiviral and antiprolifera-
tive activity. Also, the combination of L117A with NLYY
significantly reduced activity on human cells from that of
NLYY, although the L117A mutant itself only had small
effects on biological activity. In contrast, the addition of the
D114A mutation to NLYY seems to have little additional
effect on the antiviral activity of NLYY on human cells. As
with other site 1A and helix D mutants, these combined
mutants retained affinity for IFNAR-2.

Helix D Residues Are Also Important for IFN-R2/R1
ActiVity and Binding to IFNAR-1. To examine residues
involved in binding to IFNAR-1 in a different sequence
context, we made homologous mutations in site 1A and in
the D helix in the chimeric interferon IFN-R2/R1. This is a
hybrid of human IFN-R2 (amino acids 1-61) and human
IFN-R1 (residues 63-166). Most of the functionally impor-
tant residues in the IFNAR-1 site are from the IFN-R1-
derived segment of the chimera, rather than from the IFN-
R2 N-terminal segment, although many residues are conserved
between the two IFNs (Figure 1). This chimera is particularly
interesting in that it has high biological activity on both
human and murine cells, as well as those of other species
(42, 43).

In IFN-R2/R1, alanine substitutions in site 1A residues
(N65, L80, C85, Y89), including a three-site alanine
substitution mutant (L80/C85/Y89) and a four-site alanine
substitution mutant (N65/L80/C85/Y89), produced no more
than a 2-3-fold decrease in antiviral activity on human and
murine cells (Table 2). A five-site alanine substitution mutant
that added Phe64Ala, located in the cluster with N64, C85,
and Y89, produced a 10-20-fold decrease on the antiviral

Table 1: Biological Activity and Binding to Human IFN Receptor Subunits of IFN-R2 and Its Mutantsa

antiviral activity (% of native EC50) antiproliferative activity (% of native EC50) binding affinity ratio KD mut/KD wt

human (WISH) human (HeLa) bovine (MDBK) human (WISH) IFNAR-1 IFNAR-2

IFN-R2 100 100 100 100 1 1
-114A 130 37 79 98 - 0.5
-117A 14 20 36 18 2.2 1.3
-120A 1.4 2.3 68 0.05 ND 1.4
-125A 76 90 100 83 - 0.8
-114R 86 49 94 46 - 0.4
-120E e0.05 <0.028 30 e0.05 - 0.7
-120E-8CTail - <0.028 - - ND 0.14
-125E 113 167 - 41 - 0.9
-114A120A 1.7 1.0 11.7 0.2 - 1.2
-117A120A 0.15 <0.008 0.7 e0.05 - 0.7
-120A121A 3.1 1.6 19 e0.09 - 0.6
-120E121E e0.002 <1.3 10 e0.02 - 0.8
-117A120A121A 0.3 e0.016 4.9 e0.05 7 1.1
-NLYY 1.3 1.8 39 e0.1 ND 2.5
-NLYY-114A 1.9 1.0 13 0.05 - 0.9
-NLYY-117A 0.03 <0.03 13 e0.05 - 1
-NLYY-120A e0.001 e0.002 - e0.001 ND -
-85A89A-120A 0.5 0.012 0.72 e0.03 - 1.1

a The antiviral activity of IFN-R2 is (2-4) × 108 units/mg on human HeLa cells challenged with VSV, calibrated against an international standard
for IFN-R2. The native sequence contains residues R120, K121, and R125. Binding affinity ratios are relative to wild-type IFN-R2 affinities toward
IFNAR1 (KD ) 2 µM) and IFNAR2 (KD ) 2 nM). ND: not detected (binding below the detection limit of the measurement (KD > 10 µM)). (-): not
tested. NLYY ) N65A/L80A/Y85A/Y89A.

FIGURE 3: Residues interacting with IFNAR-1. Space-filling model
showing residues of site 1A and important residues of helix D in
yellow. Acidic residues are shown in red, basic in blue, and others
in gray. Model generated using HuIFN-R2 coordinates (PDB 1ITF)
with Cn3D (http://www.ncbi.nlm.nih.gov/Structure/CN3D/cn3d.
shtml).
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activity on human cells. A similar trend, but of larger
magnitude, was obtained for the antiproliferative effects of
IFN-R2/R1 mutants, measured on human WISH cells and
murine NFS-01 cells. (The growth of HeLa cells and L-929
cells, used for the antiviral assays, was only weakly inhibited
by native IFNs, so WISH cells and NFS-01 cells that
responded more robustly to the antiproliferative effects of
IFNs were used.) Thus, the site 1A cluster of residues of
IFN-R2/R1 has less relative importance for binding to
IFNAR-1 than this cluster has for IFN-R2.

Within this region, previous studies of a chimeric IFN-
R21/R2c construct suggested that aspartic acid substitution
of Cys86 (equivalent to Cys85 in IFN-R2/R1) strongly
affected biological activity (28). However, substitution of
Asp for Cys 85 in IFN-R2/R1, either as a single-site mutation
or within the context of multisite mutants, did not markedly
decrease antiviral activity on human or murine cells (data
not shown). Thus, the effect of substitutions in site 1A of
IFN-Rs seems to depend strongly on the IFN-R subtype, i.e.,
the sequence context.

Contributions of positively charged D helix residues of
IFN-R2/R1 were more dramatic (Table 3). In particular, the
K120E mutation caused a loss of antiviral activity of >2500-
fold on both human and murine cells. Relative antiprolif-
erative activity was often at least 10-fold lower than antiviral
activity (Table 3). Thus, residue 120 is important for both
IFN-R2 and IFN-R2/R1 and for the interaction with both
human and murine IFNAR-1. However, K120 mutants
retained high antiviral activity on bovine MDBK cells, and
high affinity for human IFNAR-2, demonstrating that the
mutations do not affect global folding of the mutants. For

interactions with the human and murine receptor, the
positively charged residues have the relative importance
K120 . K121 > R124. Binding to human IFNAR-2,
measured by SPR, was similar to the binding of native IFN-
R2 and was not affected by these functionally significant
mutations (Table 3). However, binding to human IFNAR-
1-ECD was significantly weakened for mutants with lowered
biological activity and was outside the measurement limit
(KD > 10 µM) for mutants with little or no detectable activity
on human cells. (It is also noteworthy that the affinity of
IFN-R2/R1 for IFNAR-1 is about 5 times stronger than that
of IFN-R2; i.e., the ratio of the KD’s of IFN-R2/R1 to that
of IFN-R2 is about 0.2. This stronger binding of the native
IFN-R2/R1 to IFNAR-1 makes changes in binding easier to
measure, since the affinity is further from the upper limit of
affinity of the experimental protocol.)

Mutants in Helix D and Site 1A That Lack Biological
ActiVity Are Antagonists of in Vitro Biological ActiVity of
IFN-R2. It is predicted that IFN variants with strong binding
to IFNAR-2 and no significant binding to IFNAR-1 should
act as competitive antagonists, as has been demonstrated for
other cytokines that ligate two receptor subunits to initiate
action (44-46). As predicted, mutants with no detectable
antiviral and antiproliferative activity blocked a protective
concentration of human IFN-R2 IFN activity in the antiviral
assay (summarized in Table 4; Figure 4). These include the
charge-reversal mutants R120E, R120E/K121E, and R120E-
8CTail. In addition, although the four-site alanine substitution
mutant NLYY, mutated on helices B and C, retains about
1% of its antiviral activity (i.e., it is a weak agonist), the
combination of L117A or R120A with NLYY leads to the

Table 2: Antiviral and Antiproliferative Activities of IFN-R2/R1 and Its Site 1A Mutantsa

antiviral activity (% of native) antiproliferative activity (% of native)

human (WISH) human (HeLa) murine (L-929) bovine (MDBK) human (WISH) murine (NFS-01)

IFN-R2/R1 100 100 100 100 100 100
-85A - 141 144 55 - -
-89A 96 69 38 100 97 23
-80Ab 19b - 31 34 - -
-85A89A 183 143 - - 89 15
-80A85A89A 204 54 100 100 22 24
-65A80A85A89A 69 63 55 200 16 50
-65A80A85A89A-64A 11 4.2 - - 2.1 0.38

a The antiviral activity of IFN-R2/R1 is (1-2) × 108 units/mg on human HeLa cells challenged with VSV, calibrated against an international
standard for IFN-R2. The native sequence of IFN-R2/R1 contains residues N65, L80, C85, and Y89. (-): not tested. b Assay on human A549 cells.

Table 3: Biological Activity and Binding to Human IFN Receptor Subunits of IFN-R2/R1 and Its Mutantsa

antiviral activity
(% of native)

antiproliferative activity
(% of native)

binding affinity ratio
KD mut/KD wt-R2

human
(WISH)

human
(HeLa)

murine
(L-929)

bovine
(MDBK)

human
(WISH)

murine
(NFS-01) IFNAR-1 IFNAR-2

IFN-R2/R1 100 100 100 100 100 100 0.2 2.1
-120A 9.7 2 2 100 0.7 0.03 2.5 1.2
-120A/121A 13.8 8.3 33 100 0.5 8 4.5 1.3
-120E e0.02 <0.04 e0.04 100 <0.02 e0.0005 - 1.3
-120E/121E 0.006 <0.08 e0.04 10 e0.05 <0.0001 ND 1.5
-121E - 8 0.5 100 - - 1.7 1.2
-124E - 20 100 100 - - 1 1
-120E/121E/124E <0.1 <0.04 <0.01 <0.08 <0.2 - ND 6b

a The antiviral activity of IFN-R2/R1 is (1-2) × 108 units/mg on human HeLa cells challenged with VSV, calibrated against an international
standard for IFN-R2. The native sequence contains residues K120, K121, and R124. Binding affinity ratios are relative to wild-type IFN-R2 affinities
toward IFNAR1 (KD ) 2 µM) and IFNAR2 (KD ) 2 nM) and not relative to IFNR2/R1. (-): not tested. ND: not detected (binding below the detection
limit of the measurement (KD > 10 µM)). b The dissociation rate (kd) of this mutant from IFNAR2 is similar to wild-type IFN-R2. Change in the affinity
stems from change in association rate (ka), possibly due to the additional charges presented by the added negatively charged residues that act over long
distances.
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loss of residual antiviral activity and the gain of antagonist
function (Table 4).

The various mutants were also tested for their antagonism
of antiproliferative activity (Table 4), with results parallel
to those obtained in the antiviral assays. As expected from
the antiviral results, the R120E, R120E/K121E, NLYY-
117A, and NLYY-120A mutants are antagonists of IFN-R2.
In addition, several mutants that preferentially lost antipro-
liferative activity while retaining low antiviral activity, such
as R120A/K121A, L117A/R120A/K121A, and Y85A/Y89A/
R120A, had weak antiproliferative antagonist activity.

The antagonists vary in their potencies (Figure 4, Table
4). The R120E/K121E and R120E mutants are more potent
than the NLYY-117A and NLYY-120A mutants that require
higher concentrations for antagonism. In addition, several
mutants are only weakly inhibitory. We hypothesize that the
greater potency derives from more complete disruption of
the IFNAR-1 binding, although for all antagonists for which
we have data, the binding to IFNAR-1 has a KD of g10 µM.
For the antiviral assays, the molar ratio of R120E to native
IFN for full antagonism is 100-250. Since studies have
demonstrated that cellular activation for some assays requires

only 5-10% of receptor occupancy, it is likely that effective
blockade of this activity requires almost complete saturation
of receptors; in the antiviral assay, even a small number of
unblocked receptors left unblocked by the antagonist for a
short period would permit binding of native IFN and
development of viral resistance. For antiproliferative assays,
the molar ratio of R120E or R120E/K121E to native IFN
for effective antagonism is lower (range 16-100), probably
reflecting the need for sustained active IFN action for
achieving antiproliferative effects.

An effective in ViVo antagonist will require higher potency
through stronger binding to IFNAR-2. As a first step, we
constructed a derivative of the IFN-R2[R120E] mutant that
also had substitutions in the C-terminal tail such that the
C-terminus had the more basic sequence of IFN-R8 (KRLK-
SKE), rather than that of IFN-R2 (ESLRSKE), which we
denote “120E-8CTail. It was previously shown that IFN-R8
binds more strongly to IFNAR-2 (9, 21) and that replacement
of three amino acids in the C-terminus of native IFN-R2 by
those found in IFN-R8 increases the affinity of the IFN-R2
C-terminal mutant for IFNAR-2 (21). Therefore, 120E-
8CTail, with its higher affinity for IFNAR-2, was expected
to have higher potency in the antagonism assay. This
prediction was validated: 120E-8CTail can antagonize IFN-
R2 at a concentration 4-8-fold lower than IFN-R2[R120E]
(Figure 4).

DISCUSSION

Recent evidence implicating type I IFNs in the pathogen-
esis of systemic lupus erythematosus and possibly Sjögren’s
syndrome and other autoimmune diseases motivates the
development of effective antagonists for type I IFNs (6, 7).
The current strategy for a type I IFN antagonist is to disable
the IFNAR-1 site while maintaining or improving the affinity
of the IFNAR-2 site. An analogous strategy has been
employed in developing ligand-based antagonists for other
cytokines that require ligand-dependent ligation of two
receptor subunits to initiate signaling (44-46). However, it
was first necessary to more completely map the IFNAR-1
site and to find appropriate mutants in this site. The current

Table 4: Antagonist Properties of Human IFN-R2 Variants

antiviral activityb antiproliferative activityb antagonist activitya

interferon form human (WISH, %) human (WISH, %) antiviral IC50 (M)c antiproliferative IC50 (M)d

IFN-R2 (wild type) 100 100 no no
-114A 130 98 no no
-117A 14 18 no no
-120A 1.4 0.05 no (
-120E e0.05 e0.05 4.1 × 10-9 5.3 × 10-9

-125E 113 41 no no
-117A120A 0.15 e0.05 no yes
-120A121A 3.1 e0.09 no (
-120E121E e0.002 e0.02 2.1 × 10-9 2.6 × 10-9

-117A120A121A 0.3 e0.05 ( yes
-NLYYe 1.3 e0.1 no no
-NLYY-117A <0.03 e0.05 4.1 × 10-8 8.5 × 10-8

-NLYY-120A e0.001 e0.001 4.1 × 10-8 1.7 × 10-7

-85A89A-120A 0.5 e0.03 - yes
a “No” corresponds to agonist activity. ((): variable/weak. (-): not tested. “Yes”: antagonism was demonstrated, but quantitative variability between

assays does not permit direct comparison to the IC50 values reported for other mutants in this table. b Activity expressed as % of native EC50. Antiviral
assays of WISH cells challenged with VSV were as in refs 3 and 36; antiproliferative assays were as in refs 13 and 50. c Representative data, competing
with 1.3 × 10-10 M IFN-R2 (HeLa cells). d Representative data, competing against 1.7 × 10-9 M IFN-R2 (WISH cells). e NLYY ) N65A/L80A/Y85A/
Y89A (41). The native sequence residues are D114, L117, R120, K121, and Q124.

FIGURE 4: Comparison of antiviral antagonist potency for IFN-R2
mutants with antagonist activity. Relative potencies of antagonism
of antiviral activity (measured on HeLa cells) are expressed as the
ratio of IC50 values for different IFN-R2 mutants relative to that of
IFN-R2[R120E]. Values derive from one to three independent
measurements of each mutant, with an internal R120E mutant
standard in each assay to correct for interassay variability of absolute
IC50 values. Mutants with values higher than 1.0 have higher
potency than IFN-R2[R120E], and values lower than 1.0 have lower
potency than R120E.
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results document that appropriate mutants of the IFNAR-1
site can serve as competitive antagonists of in Vitro activities
of IFN-R2.

Most recent attempts to identify the IFNAR-1 site have
focused on helices B and C and the connecting BC loop of
IFN-R (12, 27, 28, 41, 47). The most complete mutagenesis
study, which included affinity measurements with IFNAR-1
and IFNAR-2, demonstrated for IFN-R2 that Phe64, Tyr85,
and Tyr89 of helices B and C form a patch that interacts
directly with IFNAR-1 and plays a strong role in the
biological activity in IFN-R2 (41). We refer to this region
as “site 1A”. However, while the four-point site 1A mutant
(“NLYY”) of IFN-R2 showed significant loss of activity, it
was still a weak agonist, retaining 1% antiviral activity and
0.1% antiproliferative activity in Vitro (41) (also Table 4).

The current data demonstrate that residues of the D helix
are also part of the IFNAR-1 site and contribute to biological
activity for two distinct IFN-Rs, IFN-R2 and IFN-R2/R1
(Tables 1 and 3). Most dramatically, substitution of alanine
at position 120 (Arg for IFN-R2; Lys for IFN-R2/R1)
strongly decreases antiviral and antiproliferative activity on
human cells and, for IFN-R2/R1, on murine cells. This is
the first “hot-spot” residue reported for the interaction with
IFNAR-1. Charge-reversal mutations at position 120 resulted
in total or near-total loss of antiviral activity for both IFN-
R2 and IFN-R2/R1. Significantly, the IFN-R2/R1[R120E]
mutant lost activity on both human and murine cells (Table
3), demonstrating the conservation of sequence and function
between the human and murine models. The importance of
the conserved positive charge at position 120 suggests that
it may form a salt bridge with a negative charge on human,
murine, and possibly bovine IFNAR-1. In addition, Leu117,
conserved in all human and murine type I IFNs, is also
implicated in IFNAR-1 binding, particularly when L117A
is combined with R120A. We would thus implicate the
residues in order of importance R120 . L117, with a lesser
role for K/R121.

Our data on the contributions of the D helix follow several
prior studies that demonstrated a role for the D helix in
biological activity (25-27, 31-33). These findings varied
widely in the IFNs used, the residues mutated, and the assays
used, and most documented relatively small decreases in
biological activity following mutagenesis. An exception is
the study of Cheetham et al., where a two-site charge-reversal
mutant of human IFN-R4 in the positions equivalent to R120
and K121 produced dramatic decreases of antiviral activity
on human and bovine cells (33). Since that study preceded
the determination of the three-dimensional structure of IFN
or knowledge that the IFN receptor is heterodimeric, the
authors could not provide a specific structural interpretation,
as is now possible. It should be noted that at least one study
with HuIFN-� also provided inferential data that residues
of the D helix might interact with IFNAR-1 (27).

The relationship of the helix D residues to the previously
identified site 1A is unknown, since we do not know the
structure of the IFNAR-1/IFN complex. The simplest model
would consider that the relevant residues on helix D are an
extension of site 1A, forming an extended binding site on
type I IFN for binding to a single binding site on IFNAR-1
(Figure 3). This view is consistent with the low-resolution
structure of the IFN-R2/IFNAR-1-ECD/IFNAR-2-ECD com-
plex as obtained by density modeling to a three-dimensional

image reconstruction of negatively stained electron micros-
copy images (Figure 5) (23). Indeed, in this model, R120 is
perfectly located to interact with IFNAR-1 and is proximal
to an aspartic acid on IFNAR-1, making this salt bridge a
testable hypothesis. A possible, but less likely, alternative
is that the residues on helix D may be part of a site proximal
to site 1A, but distinct from it, so that R120 interacts with a
second site on IFNAR-1, physically separate from the site
binding to site 1A. Multisite interactions between IFNAR-1
and IFNs could also be consistent with the low-resolution
model of the ternary IFN/IFNAR-1/IFNAR-2 complex
derived from electron microscropy (23) and might provide
greater opportunities for discriminating among the type I
IFNs and modulating cellular responses. This scenario is
reminiscent of the IL-1 receptor (IL-1R) binding interaction
where the three extracellular immunoglobulin-like domains
of IL-1R wrap around the IL-1� and IL-1RA ligands (48,
49). However, for the IFN/IFNAR-1 interaction, we await
more structural data.

We have also demonstrated that mutants of HuIFN-R2
with deficient binding to IFNAR-1, and no detectable
antiviral or antiproliferative activity, can function as novel
antagonists of native IFN-R2 in antiviral and antiproliferative
assays.2 The results fit a simple biophysical model of binding
to a heterodimeric receptor, where decreasing or eliminating
binding to one receptor subunit, while maintaining or
enhancing binding to the other receptor subunit, can be used
to generate and optimize antagonist activity. The antiviral
assay, in particular, is a stringent test of antagonism, since
small amounts of native IFN, acting during a short incuba-
tion, are sufficient to trigger antiviral protection. Thus, any

2 An early report of an IFN with antagonist properties, the human
triple mutant, IFN-R2[L30A/D32A/R33A] (1), is instructive but quite
different from the current antagonists. This mutant lacked biological
activity on both human WISH and bovine MDBK cells but acted as a
binding antagonist only on bovine cells, not on human cells. Knowing
now that this mutation is in the IFNAR-2 binding site, a likely
explanation is clear: for human cells, the mutation weakened the high-
affinity binding to IFNAR-2, and the mutant was simply inactive; it
could only bind weakly to IFNAR-1, which was insufficient to compete
with other IFNs. However, even though effective binding to bovine
IFNAR-2 may have also been disrupted, as demonstrated by loss of
biological activity, the serendipitously high affinity of HuIFN-R2 for
bovine IFNAR-1 (2, 3) permitted the mutant to block binding of native
HuIFN-R2 to the cells through its high-affinity binding to bovine
IFNAR-1.

FIGURE 5: Representation of the IFN/IFNAR-1/IFNAR-2 complex
as revealed by mutagenesis on the ternary structure derived from
electron microscopy and modeling (23). For the IFNAR-1 site, in
blue are IFN residues 64, 65, 80, 85, and 89 (site 1A). In green are
residues 57, 58, and 61. In magenta are residues D114 and L117,
and in red is the “hot-spot” residue, R120.
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antagonist must be present at sufficient concentration and
have sufficient affinity for IFNAR-2 to effectively block the
receptor. These IFN antagonists also provide further phar-
macological evidence that recruitment of IFNAR-1 is
required for the activities measured.

These novel antagonists are useful for in Vitro inhibition
of IFN. The current limitation for in ViVo or therapeutic use
is their potency, which reflects their affinity for IFNAR-2.
Derived from IFN-R2, the antagonists have a KD for
IFNAR-2 of 1-3 nM, requiring them to be in high molar
excess of native IFNs, some of which have even higher
affinity for IFNAR-2 than does IFN-R2 (9). As a first step
toward increasing potency, we demonstrated that changes
in the C-terminus of the IFN-R2[R120E] mutant to produce
the 120E-8CTail mutant increased the potency of antagonism,
as expected from its higher affinity for IFNAR-2 (Table 1,
Figure 4) (21).

Several of the mutated residues, such as the positively
charged position 120, are conserved in IFNs from other
species, and we demonstrated that the IFN-R2/R1[R120E]
mutant lacked antiviral and antiproliferative activity on both
human and murine cells (Table 3). Thus, mutation of
equivalent residues may provide competitive antagonists for
these species.

The data reported here add to our understanding of the
IFNAR-1 binding site on type I IFNs and form the basis for
developing novel antagonistic type I IFN analogues that may
provide useful alternatives to the more common antibody-
based and receptor-based antagonists. Building on the
examples reported here, it should be possible to develop
antagonists with higher affinity for IFNAR-2 that will have
the potency required for in ViVo and therapeutic use.
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