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ABSTRACT A murine interferon y (IFN-y) receptor
cDNA was isolated by screening a murine T-cell hybridoma
library prepared in AgtlO with probes prepared from a human
IFN-y receptor cDNA. The 2.1-kilobase (kb) cDNA encoded a
serine-rich polypeptide of 477 amino acids that was 52%
identical to the human protein. Southern and Northern (RNA)
blot analyses indicated the presence of a single receptor gene
and a single predominant 2.3-kb receptor transcript. Human
embryonic kidney fibroblasts, stably transfected with the mu-
rine IFN-'y receptor cDNA, expressed murine IFN-y receptors
as detected by flow cytometry with either ligand or a receptor-
specific monoclonal antibody. Nontransfected cells bound nei-
ther ligand nor antibody. Radioligand-binding analysis dem-
onstrated that the transfectants expressed 530,000 murine
IFN-y receptors per cell and bound murine IFN-y with a Ka of
1 X 109 M- . However, despite high-level expression of murine
IFN-y receptors, the transfected human cells responded only to
human and not to murine IFN-y as detected by enhancement
of major histocompatibility class I antigen expression and
induction of antiviral activity. These results thus document the
isolation and expression of a full-length murine IFN-y receptor
cDNA and suggest that additional species-specific components
may be necessary to form a biologically active IFN-y receptor.

Interferon y (IFN-y) is a potent immunomodulatory cytokine
produced by activated T cells and natural killer cells (1).
IFN-y is perhaps best recognized for its ability to enhance
natural, cell-mediated, and humoral immunity by regulating
the differentiation, activation and/or function of a wide
variety of immune cell types, such as macrophages (2-4) and
B cells (5, 6). However, it also induces a number of other
biologic responses on cells, such as fibroblasts (7, 8) and
endothelial cells (9, 10) that are not classically considered
components of the immune system.
IFN-y induces its pleotropic effects after interaction with

a specific receptor at the cell surface. Radioligand binding
and crosslinking techniques have confirmed the presence of
IFN-y receptors on a wide variety of human and murine cell
types (11-13). Although these receptors are expressed only in
limited numbers (200-10,000 receptors per cell), they bind
ligand with high affinity (Ka = 2 x 109-2 x 1010 M-1 at 40C)
in a species-specific manner. IFN-y receptors have now been
purified from different human (14-16) and murine (17) cells
and have been characterized as 90- to 95-kDa single-chain
integral membrane glycoproteins that display a modest de-
gree of structural heterogeneity due to cell-specific glycosyl-
ation (18). The primary sequence of the human IFN-y recep-
tor has been elucidated by Aguet et al. (19), who cloned and
sequenced a 2.1-kilobase (kb) human IFN-y receptor cDNA

from a Raji cell expression library prepared in Agtll. We
recently confirmed this sequence by isolating a nearly iden-
tical cDNA from a human placental library prepared in AgtlO
(P.W.G., S.L., W. Henzel, D. Pennica, D. Goeddel, J.
Calderon, and R.D.S., unpublished data).
Although these studies have significantly elucidated the

structure of the human IFN-'y receptor, they have failed to
clarify whether this single protein is sufficient to convey
biologic responsiveness to cells. This uncertainty is largely
due to difficulties in obtaining high-level expression of the
human IFN-y receptor in mammalian cells. To date, expres-
sion has only been accomplished using the entire human
IFN-y receptor gene (19), and although the murine transfec-
tants displayed the capacity to bind human IFN-y, they failed
to respond to it. Thus, it remains uncertain whether unre-
sponsiveness was due merely to limited expression of the
human IFN-y receptor at the cell surface or to a deficiency
of an additional human component needed to form a func-
tionally active receptor.
To further investigate this issue, we examined the biologic

responsiveness of human cells that expressed murine IFN-y
receptors. In the current communication, we report the
cloning and sequencing of a murine IFN-y receptor cDNAAf
We also demonstrate that, unlike its human counterpart, the
murine IFN-y receptor cDNA can be stably expressed at
high levels in human cells. However, despite expression of
530,000 murine IFN-y receptors per cell, the human cells
respond only to the homologous human ligand and not to the
murine ligand. These results thus support the concept that
additional species-specific components are necessary to form
a functionally active IFN-y receptor.

MATERIALS AND METHODS
Reagents. The murine and human IFN-y preparations used

in these studies were supplied as highly purified recombinant
proteins derived from Escherichia coli and expressed specific
antiviral activities of 1 and 3 x 107 units/mg, respectively.
The proteins were radioiodinated with Bolton-Hunter re-
agent (ICN), as described (16). Polyvalent rabbit anti-
recombinant murine IFN-y (21) was affinity-purified by chro-
matography on murine IFN-y-Sepharose columns. Purified
GR20, a rat monoclonal antibody (mAb) specific for the
murine IFN-y receptor (17) was provided by Stephen Russell,
Judith Pace, and Mitali Basu (University of Kansas Medical
Center, Kansas City). Purified antibodies were conjugated to
biotin using the ENZO biotinylating reagent (Enzo Biochem-
icals) as described (22).

Abbreviations: IFN-,y, interferon y; iru, international reference
units; PBS, phosphate-buffered saline; MHC, major histocompati-
bility complex; mAb, monoclonal antibody.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. M26711).

8497

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 86 (1989)

Preparation of Oligonucleotide Probes Derived from the
Human IFN-y Receptor cDNA. A human IFN-y receptor
cDNA was isolated from a human placental library prepared
in AgtlO by screening with synthetic oligonucleotides based
on protein sequence. The cDNA displayed a nucleotide
sequence that differed in 7 residues from the sequence
reported by Aguet et al. (19). Two of these differences were
a result of genetic polymorphism in the human IFN-y recep-
tor gene. Two 32P-labeled probes were prepared from the
human cDNA: a 5'-end restriction fragment of 660 base pairs
(bp) (HindIII-Sca I) and a 3'-end restriction fragment of 1105
bp (Sca I-Sca I). The specific activities of the 3'- and 5'-end
probes were 6 x 108 and 5 x 108 cpm//ig, respectively.

Isolation of Murine IFN-y Receptor cDNA Clones. A cDNA
library was prepared in AgtlO as described (23) from oli-
go(dT)-selected RNA derived from a murine T-cell hybrid-
oma and screened at low stringency with the radiolabeled
human IFN-y receptor oligonucleotide probes. Filters were
hybridized for 16 hr at 420C with the probes (106 cpm/ml) in
hybridization buffer (24) and then washed extensively with a
solution of 0.06 M sodium chloride/0.006 M sodium citrate/
0.1% SDS at 420C. Positive clones were identified by auto-
radiography and plaque-purified (24); the cDNA insert size
was determined by PAGE of EcoRI-digested phage DNA.
The cDNAs were sequenced using the dideoxy chain-
termination technique (25).

Southern and Northern (RNA) Blot Analysis. DNA was
isolated from the PUS-1.8 murine macrophage cell line by
published methods (26) and used for Southern blot analysis as
described (27). Northern blot analysis was performed on
RNA isolated from murine myeloma and EL-4 cells and
selected on oligo(dT)-cellulose (28). For both analyses hy-
bridization and washing were conducted under stringent
conditions (29) by using a 32P-labeled murine IFN-y receptor
cDNA.
Mammalian Cell Expression of Recombinant Murine IFN-y

Receptor. The coding region of the murine IFN-y receptor
cDNA was isolated as an Spe I-HindIII fragment of 1958 bp
and cloned into the mammalian cell expression vector pRK5
(ref. 30; R. Klein and D. Goeddel, personal communication)
between the Xba I and HindIII sites. The resulting prkMGR-
24 plasmid and the pRSVneo plasmid containing the neomy-
cin resistance gene (31) were cotransfected into a human
kidney fibroblast cell line (293 cells) using the calcium
phosphate/DNA precipitation method (32). Stable transfec-
tants were first selected by culture in medium containing
G418 at 400 pg/ml (GIBCO) and then subsequently identified
by fluorescence activated cell sorting (FACS) based on their
ability to bind murine IFN-y.

Demonstration of Murine IFN-y Receptors on Transfected
Human Cells. Two flow cytometry protocols were used to
identify transfected 293 cells expressing the murine IFN-y
receptor. In the first protocol, 1 x 106 cells were suspended
in 0.5 ml of phosphate-buffered physiologic saline, pH 7.4
(PBS) supplemented with 10% heat-inactivated fetal calf
serum (PBS-FCS) and incubated for 60 min at 4°C with 50 ,ul
of heat-inactivated normal rabbit serum with or without 10 ng
of purified recombinant murine IFN-y. Cells were washed
with PBS-FCS, resuspended in 250 ,l of biotinylated, puri-
fied rabbit polyclonal anti-murine IFN-y (16 ,ug/ml), and
incubated for an additional 30 min at 4°C. Cells were washed
with PBS lacking fetal calf serum and resuspended in 100 ,l
of streptavidin/phycoerythrin (Chromoprobe, Redwood
City, CA) diluted 1/5 in PBS. Thirty minutes later, samples
were washed, resuspended in 500 ,ul of PBS and analyzed on
a Becton Dickinson FACS 440 equipped with a single 5-W
argon laser. Receptor-positive cells were selected by sorting
the brightest 5% viable cells in the sample. In the second
protocol, cells were directly stained by sequential incubation
with 10 jig of biotinylated receptor-specific GR20 mAb per

106 cells in the presence of 10% heated normal rat serum and
streptavidin/phycoerythrin as described above.
Receptor expression on transfected cells was quantitated

by radioligand-binding analysis performed at 40C with 125I1
labeled recombinant murine IFN-y and 1 x 105 transfected or
control human 293 cells as described (33). Binding data was
analyzed by the method of Scatchard (34).

Analysis of Transfected Human 293 Cells for Responsiveness
to Murine IFN-y. The ability of murine IFN-y to enhance
major histocompatibility complex (MHC) class I antigen
expression on transfected 293 cells was examined by cultur-
ing 1.25-5 x 105 cells in 5 ml of either medium alone,
recombinant human IFN-y (1000 units/ml), or recombinant
murine IFN-y at concentrations of 1000 or 10,000 interna-
tional reference units (iru)/ml for 1-4 days. MHC class I
antigen expression was assessed by flow cytometry on cells
that were stained with a murine mAb to human HLA-A, B,
C antigens (Accurate Chemicals, Westbury, NY) and fluo-
rescein isothiocyanate-labeled rabbit anti-murine immuno-
globulin (Sigma). The capacity of cells to mount an IFN-
y-dependent antiviral response against encephalomyocarditis
virus was assessed in a cytopathic effect assay that has been
described (35).

RESULTS
Isolation and Characterization of a Murine IFN-y Receptor

cDNA. A murine IFN-y receptor cDNA was isolated from a
murine T-cell hybridoma cDNA library by using radiolabeled
oligonucleotide probes derived from the 3' and 5' ends of the
human IFN--y receptor cDNA. Of 6 x 105 clones screened,
12 clones hybridized with both probes. Fig. 1 depicts the
nucleotide and deduced amino acid sequences of the longest,
2085-base, cDNA clone isolated. The first potential ATG
initiation site occurs at position 106 in the nucleotide se-
quence and is preceded by an upstream termination codon at
base 28. The sequence displays an open reading frame of 1431
bases that code for a polypeptide of 477 amino acids. Based
on an analogy to the amino terminus of the natural human
IFN-y receptor, we predict that the first 26 amino acids of the
murine sequence represent the signal sequence. A hydropa-
thy plot (data not shown) of the murine sequence predicts a
single 23-amino acid transmembrane domain that bisects the
protein into two nearly equivalent domains. The extracellular
domain of 228 amino acids contains 10 cysteine residues and
5 potential N-linked glycosylation sites. The intracellular
domain of 200 amino acids contains an additional 2 cysteine
residues and is extremely rich in serine and threonine resi-
dues. The latter account for 24.6% of all amino acid residues
in this portion of the polypeptide. Fig. 1 also compares the
murine and human IFN-y receptor sequences. IFN-y recep-
tors from the two species show a 62% homology at the cDNA
level and a 52% homology at the protein level. The amino acid
sequence homology is relatively constant over the entire
length of the polypeptide.

Expression and Characterization of the Recombinant Mu-
rine IFN-y Receptor. The identity of our putative murine
IFN-y receptor cDNA clone was established by monitoring
whether human 293 cells transfected with a pRK5 plasmid
containing the cDNA acquired the ability to bind murine
IFN-y. As detected by FACS analysis, 20% of the stably
transfected human cell population expressed murine IFN-y
receptors. This population was sorted, expanded, and then
analyzed again by flow cytometry (Fig. 2A). As expected,
nontransfected 293 cells did not bind murine IFN--y (lane 1).
In contrast, transfected cells were strongly positive (100-
channel shift) for murine IFN-y receptor expression (lane 2).
The magnitude of the staining was 2.5-5 times greater than
that seen for murine EL-4 that expressed 50,000 receptors per
cell (lane 3). Similar results were obtained when receptor
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CCGCTQCTGCTCCTCCACCCTGATCATCTTAQAQGGAAQGGGTGGACCGGGTTTTTTTTTTTTT2085CCTTTGTATATGTAAGTTCATGTATATAATATGTTTACQTGTTTCACTTTG
AACTGAAAGCTACTCAAAGCCAGCCGTAAGTCTATGGTAGAATGTGATGGAACATGTTGGTGGAAGCTTGTACAATAGAACACATTGGTGGGAGCTTGTACATACTTTTTATGGAGCAT
TACTTACGATTTTTTAAGTAAAATGTTTTGAAACCAAAAAAAAAA 2085

FIG. 1. Nucleotide sequence of the murine IFN-y receptor cDNA and predicted amino acid sequence in single-letter code. Predicted signal
sequence residues are numbered from -26 to -1. The residues homologous with the human sequence are identified by a dot. Cysteine residues
are circled. The transmembrane domain is boxed, and potential N-linked glycosylation sites are overlined.

expression was monitored using the murine IFN-y receptor-
specific mAb. In this case, transfected cells displayed a
122-channel shift, whereas nontransfected cells were not
stained (data not shown).
Recombinant murine IFN-y receptors expressed on human

293 cells were directly quantitated using 1251I-labeled murine
IFN-y (Fig. 2B). Transfected 293 expressed 530,000 murine
IFN-y receptors per cell and bound the murine ligand with a
Ka of 1 x 109 M-1 at 40C. Specificity of the binding was
established by two criteria: (i) binding of 1251I-labeled murine
IFN-'y to transfected cells was inhibitable by a 1000-fold
excess of unlabeled murine IFN-y but not by unlabeled
human IFN-'y and (ii) no binding of 1251I-labeled murine IFN-y
was detected on nontransfected 293 cells.
Northern and Southern Blot Analyses with Murine IFN-y

Receptor cDNA. Fig. 3A represents a Northern blot analysis
performed on oligo(dT)-selected mRNA from murine my-
eloma (lane 1) and EL-4 (lane 2) cells using 32P-labeled
preparations of the murine IFN-y receptor cDNA as probe.
In both cases, only a single hybridizing species of 2.3 kb was
seen, indicating that the isolated cDNA sequence represents
the predominant (or only) transcript from the murine IFN-y
receptor gene. Fig. 3B depicts a Southern blot analysis
conducted with a 32P-labeled probe prepared from the 3' end
of the murine IFN-y receptor cDNA. In four different re-
striction endonuclease digests of murine genomic DNA, only

a single sequence was observed, suggesting that the murine
IFN-y receptor cDNA is encoded by a single gene.

Transfected Human 293 Cells Respond to Human IFN-y but
Not to Murine IFN-y. We now studied whether the trans-
fected human cells responded to the murine ligand (Fig. 4).
As expected, human IFN-y induced enhanced expression of
MHC class I antigens on the human 293 cells. Increased
expression was time dependent with a 52% increase detect-
able after 48 hr and a maximal enhancement of72% seen after
72 hr. In contrast, no enhanced expression was observed
when transfected cells were cultured for up to 96 hr in
comparable or higher concentrations of the murine ligand.
Thus, although the cells bound high amounts of the murine
ligand, they failed to respond to it. Identical results were
obtained when development of antiviral activity was moni-
tored in the transfected cells. Although the cells responded to
the homologous human ligand (3.3-fold reduction in virus
yield), they did not respond to murine IFN-y even when it
was supplied in 1000-fold excess (data not shown).

DISCUSSION
This paper documents the cloning of a cDNA that encodes
the murine IFN-y receptor. The cDNA was isolated by
screening a murine T-cell hybridoma cDNA library at low
stringency with probes derived from a human IFN-y receptor

GACAAACCGCACATGTTGGTGGACGTGCTTGTGGATGTTGGGGGGAAGGAGTCTCTCATGGGGTATAGACTCACAGGAGAGGCCCAGGAGCTGTCCTAAGGTCTCCCGAGGCCTGCTGGT

Immunology: Gray et al.
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FIG. 2. Expression of murine IFN-y receptors on transfected
human 293 cells. (A) Demonstration by flow cytometry. Approxi-
mately 1 x 106 nontransfected human 293 cells (lane 1), 293 cells
transfected with the murine IFN-y receptor cDNA (lane 2), or murine
EL-4 cells (lane 3) were sequentially incubated with (-) or without
(-...) 10 ng of purified recombinant murine IFN-y, 4 ,ug of affinity-
purified biotinylated rabbit polyvalent anti-murine IFN-y, and
streptavidin/phycoerythrin and analyzed by flow cytometry as de-
scribed. (B) Specific binding of 1251-labeled murine IFN-y to trans-
fected human 293 cells at 4°C. Reaction mixtures of 100 zl contained
1 x 105 transfectants and indicated amounts of radiolabeled murine
IFN-y. Cell-associated (B) and free radioactivity (F) were separated
by centrifugation through phthalate oil. Specific binding was defined
as the amount inhibitable by a 1000-fold excess of unlabeled IFN-y.
In this particular experiment, nonspecific binding was 0.6% of the
total.

cDNA. The identity of the murine IFN-y receptor cDNA was
established by three criteria: (i) it displayed an overall 62%
nucleotide sequence homology to its human counterpart; (ii)
it coded for a protein that was similar in amino acid sequence
(52% homology) and overall structure to the human IFN-y
receptor; and (iii) it directed the high-level expression of the
murine IFN-y receptor on transfected human cells. Southern
and Northern blot analyses indicated that the murine IFN-y
receptor is encoded by a single gene that gives rise to one

predominant transcript. This data thus supports the concept
that only a single type of IFN-'y receptor is expressed on
different cell surfaces (14-17). The murine IFN-y receptor
showed no significant sequence similarity to other lympho-
kine receptors or to any protein other than its human coun-
terpart.
From the data presented herein and elsewhere (19, 22), the

overall molecular organization of the murine and human
IFN-'y receptors appears remarkably similar. The murine and

FIG. 3. (A) Northern blot of 10 tug of oligo(dT)-selected RNA
from murine myeloma cells (lane 1) and murine EL-4 cells (lane 2)
hybridized with murine IFN--y receptor cDNA probe (1472-bp
BamHI fragment). Molecular size is indicated at left in bases. (B)
Southern blot of murine genomic DNA digested with BamHI (lane 3),
EcoRI (lane 4), Hindlll (lane 5), and Pst I (lane 6). The blot was
hybridized with a probe from the 3' end of the murine IFN--y receptor
cDNA (435-bp Stu I-HindIll fragment). Molecular size is indicated
at right in kb.

human proteins are serine-rich polypeptides of 451 and 472
amino acids, respectively, have predicted molecular masses
of 49.8 and 52.5 kDa, and are synthesized with additional 26-
and 17-amino acid signal peptides. They are each composed
of nearly equivalent-sized extracellular domains (228 and 229
amino acids for murine and human IFN--y receptors, respec-
tively) and intracellular domains (200 and 222 amino acids,
respectively) that are separated by single 23- or 21-amino acid
transmembrane domains. Both proteins contain complex
oligosaccharides bound to at least some of five potential
N-linked glycosylation sites (16, 18). Postsynthetic modifi-
cations thus give rise to mature receptor molecules of 90-95
kDa. Moreover, both receptors have intracellular domains
that contain an unusually high content (20-25%) of serine and
threonine residues. Nevertheless, despite their similar mo-
lecular structure, the two proteins are only 52% homologous
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FIG. 4. Transfected human 293 cells display enhanced MHC
class I antigen expression only when stimulated with human and not
murine IFN-'y. Transfected cells were incubated for the indicated
time periods with human IFN--y at 1000 iru/ml (i), or murine IFN-y
at 1000 (A) or 10,000 (e) iru/ml and analyzed for MHC class I antigen
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isotype-matched mAb and cells stained with monoclonal anti-HLA
A, B, C. The level of constitutive staining (38 channels) remained
invariant throughout the experiment.

A

cc
w

z
-J
-i
w
0

A

1 2

9490
7460-
4400-
2370-

'350-

240

8500 Immunology: Gray et al.



Proc. Natl. Acad. Sci. USA 86 (1989) 8501

at the primary sequence level. Although it is not surprising
that the extracellular domains of the two proteins show
limited (50%) sequence homology (because they bind, in a

species-specific manner, to ligands that are only 40o homol-
ogous), it is quite unusual to find such little sequence identity
(55%) in intracellular domains of identical membrane proteins
from different species. This observation suggests that the
receptor may also bind to intracellular components in a

species-specific manner.
For this reason, it is of particular interest that transfected

human cells, expressing the recombinant murine IFN-y re-

ceptor, only bound the murine ligand but did not respond to
it. This observation is consistent with earlier reports from
other laboratories. Using human-rodent somatic cell hy-
brids, Jung et al. (36) showed that responsiveness of murine
or hamster cells to human IFN-y required the concomitant
expression of two human gene products: the IFN-y receptor,
the gene for which localizes to the ql6-q22 region of human
chromosome 6 (19, 36), and a second component, the gene for
which localizes to chromosome 21. To date, no additional
information is available about the second gene product. More
recently, Aguet et al. (19) confirmed this observation by
directly transfecting murine cells with the isolated human
IFN-y receptor gene and demonstrating that the transfectants
bound, but did not respond, to the human ligand.
However, in both previous studies receptor expression on

the hybrid or transfected cells was limited. Thus, it was not
possible to distinguish whether unresponsiveness was due to
a quantitative defect in receptor expression (that might be
regulated by the additional gene) or to a deficiency of a

second critical component. The data presented in the current
paper now rules out the first possibility. Transfected human
cells remained unresponsive to murine IFN-y despite expres-
sion of 530,000 murine IFN-y receptors per cell. In this case,
expression of the murine receptor was at least 100 times
greater than expression of the endogenous human protein.
We also showed that the defect was not attributable to
alterations in the ligand-binding affinity of the receptor.
Radioligand-binding analyses revealed that the transfected
human cells bound murine IFN-y with a Ka that was virtually
indistinguishable from that displayed by natural murine IFN-
'y receptors constitutively expressed on murine cells (20).
Thus, although no protein other than the 90-kDa IFN-y
receptor is needed to confer species-specific ligand-binding
activity to cells, at least one additional component appears to
be required to manifest IFN-y-dependent cellular responses.
The function of the additional component currently is unde-
fined. This component could associate with the intracellular
domain of the IFN-y receptor in a species-specific manner
and either mediate ligand-dependent signal-transduction
mechanisms or direct the intracellular trafficking of the
ligand-receptor complex. More work will be needed before
these possibilities can be fully evaluated.

Note Added in Proof. We have recently become aware that similar
data was obtained by a second group (S. Hemmi, P. Peghini, M.
Metzler, G. Merlin, Z. Dembic, and M. Aguet) and will be published
in a forthcoming issue of the Proceedings.
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