
413-nm lasers, respectively. Cells were sequentially 
illuminated with the 514- and 413-nm lasers so that 
a\\ three signah could be detected from each cell. 
Compensation was applied so that there was no FRET 
signal visible from cells transfected with CFP or YFP 
alone. We collected 50,000 events from each sample 
and analyzed the data with the FlowJo software 
package (Treestar Inc.). Another characteristic of 
FRET is the dequenching of donor fluorescence after 
photobleaching of the acceptor. This dequenching 
can be converted to a measurement of FRET efficien- 
cy (E%), which is related to the distance between two 
molecules by the Forster equation [see (23)]. For 
FRET efficiency measurements. CFP emission intensi- 
ties from cotransfected cells were measured on a 
fluorescence microscope before and after bleaching 
the YFP with 5 min of illumination through a 505- to 
545-nm bandpass filter. We corrected for direct 
bleaching of cells transfected with the CFP fusion 
partner alone. FRET efficiencies were calculated using 
the formula E% = [ I  - (CFP emission before YFP 
bleach1CFP emission after YFP bleach)] X 100%. 
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ringer Mannheim) according to the manufacturer's 
instructions. Cells were lysed in 150 mM NaCI, 20 
mM tris-CL (pH 7.5), 1 mM EDTA, 5 mM iodoacet- 
amide, 2 mM dithiothreitol, 10% glycerol, 1% Triton 
X-100, and protease inhibitors (Boehringer Mann- 
heim). After preclearing with protein C-agarose 
beads (Boehringer Mannheim) and normal mouse 
immunoglobulin C, proteins were immunoprecipi-
tated with 1 mg anti-GFP (Roche Molecular Bio- 
chemicals) and protein C-agarose beads. Immune 
complexes were washed three times with Lysis buffer. 
AU-1 was immunoprecipitated with 2 (11 of anti- 
AU-1 (Covance) and protein A beads. Proteins were 
electrophoresed on TrislClycine gels (Novex), trans- 
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Definition of cellular responses to cytokines often involves cross-communica- 
tion through their respective receptors. Here, signaling by interferon-? (IFN-y) 
is shown to depend on the IFN-alp receptor components. Although these lFNs 
transmit signals through distinct receptor complexes, the IFN-alp receptor 
component, IFNARI, facilitates efficient assembly of IFN-y-activated tran- 
scription factors. This cross talk is contingent on a constitutive subthreshold 
IFN-alp signaling and the association between the two nonligand-binding 
receptor components, IFNARI and IFNGRZ, in the caveolar membrane domains. 
This aspect of signaling cross talk by lFNs may apply to other cytokines. 

The cytokines IFN-alp and IFN-y play cen- 
tral roles in the innate immune response 
against viral infections (1-4). IFN-y is also 
widely involved in the regulation of adaptive 
immune responses (5). These cytokines trans- 
mit signals to the cell interior through distinct 
receptor complexes, the IFN-alp receptor 
(IFNAR) and the IFN-y receptor (IFNGR), 
each composed of two type I1 membrane 
glycoproteins: IFNARl and IFNAR2, and 
IFNGRl and IFNGR2 (2-4, 6-8). Ligand-
induced stimulation of each IFN receptor 
complex results in the activation of the recep- 
tor-associated Janus protein tyrosine kinases 
(Jak PTKs), specifically, Jakl and Tyk2 
PTKs for IFNAR and Jakl and Jak2 PTKs for 
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IFNGR (6-10). After activation of these Jak 
PTKs, the signal transducers and activators of 
transcription 1 (Statl) and Stat2 are tyrosine- 
phosphorylated, leading to formation of the 
two transcriptional activators, IFN-y-activat- 
ed factor (GAF)iIFN-a-activated factor 
(AM) and IFN-stimulated gene factor 3 
(ISGF3)iStatl-p48 (9, 11). Although IFN-
a l p  and IFN-y elicit cellular antiviral activi- 
ties, it is unknown whether IFNAR and 
IFNGR share any functional aspects in the 
signaling processes. Receptors for these IFNs 
and other cytokines are expressed at low 
levels, ranging from 10' to lo3 molecules on 
the cell surface (2), but can efficiently trans- 
mit signals to the cell interior. This raises the 
possibility that these receptors are clustered, 
even before ligand stimulation, to a particular 
region of the cell membrane. 

Mouse embryonic fibroblasts (MEFs), iso- 
lated fiom either IFNAR1-deficient or 
IFNGR1-deficient mice (12, 13), were exam- 
ined for their antiviral response induced by 
IFN-y or IFN-a (14). In MEFs l a c h g  

ferred to nitrocellulose membranes, and blotted with 
the indicated antibodies. Bands were visualized with 
Supersignal WestDura (Pierce). Densitometry was 
performed with one-dimensional image analysis soft- 
ware (Kodak). 
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IFNARl (IFNAR1-null MEFs) ( l j ) ,  the IFN-
y-induced antiviral response was impaired; a 
concentration of EN-y that was 10 times high- 
er than that for wild-type (WT) MEFs was 
required to achieve 50% protection of the cells 
from encephalomyocarditis virus (EMCV) in- 
fection, and full IFN-y response was not 
achieved at even higher ligand concentrations 
(Fig. 1A). In contrast, the IFN-a-induced anti-
viral response was normal in MEFs deficient in 
IFN-y receptor (IFNGR1-null MEFs). The 
IFN-y-induced DNA-binding activity of Statl 
was six to seven times lower in IFNAR1-null 
MEFs than in WT MEFs (Fig. 1B) (12), al- 
though the kinetics of the Statl activation was 
the same (16). Similar results were obtained in 
splenocytes of these mutant mice (1 6), indicat- 
ing that the observed defect in Statl activation 
is not restricted to MEFs. In contrast, Statl 
activation by IFN-a was normal in IFNGRl- 
null MEFs (16), consistent with the antiviral 
assay result. Like IFN-alp stimulation, IFN-y 
stimulation activates ISGF3 in MEFs (17), 
which is critical for the IFN-y-induced antiviral 
response (1 7,18). In IFNARl -null MEFs, how- 
ever, IFN-y-induced formation of the ISGF3 
complex was not detected (Fig. 1B). 

To determine the role of IFNARl in 
IFN-y signaling, we expressed mutant forms 
of IFNARl (Fig. 1C) in the IFNAR1-null 
MEFs. Expression of WT IFNARl restored 
the IFN-y-induced activation of Statl and 
ISGF3 (Fig. lC, lower panel), as well as 
antiviral responses (Fig. ID). However, ex- 
pression of either a mutant IFNARl lacking 
the cytoplasmic region or a chimeric receptor 
composed of the IFNARl transmembrane 
and cytoplasmic region failed to restore the 
response to IFN-y (Fig. 1, C and D). 

These results raised the question of 
whether an intact IFNARl or an IFN-alp 
signaling event, mediated by IFNAR1, is 
required to produce a complete IFN-y 
response. Because low levels of IFN-alp 
mRNA expression were detected by reverse 
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Fig. 1. Impaired antiviral response and DNA-binding activity of Statl A 
induced by IFN-y in IFNARI-null cells. (A) Antiviral activity of IFN-y or 
IFN-a in IFNARI-null (ARI-I-, left), IFNGRI-null (GRI-I-, right), or 
wild-type (WT, left and right) MEFs. Two cell clones derived from the same 

cytopathic effect (CPE) of EMCV (multiplicity of infectivity = 0.1) was 
litterrnates, indicated as # I  and #2, were randomlyselected (31, 32). The 

quantified as described (31,32). Indicatedvalues are the means of triplicate 
experiments. The standard deviation of the measurements was within ;215% in each assay. (B) IFN-y-induced DNA-binding activities of Statl 

1 10 100 1000 1 10 100 1000 
and ISGF3 in WT and ARI-I-MEFs. Cells were untreated (-) or treated IFN-ymncentration (UI~I) IFN-aconcentration (UI~I) 
with 1FN-y (y), and subjected to  electrophoretic mobility shift assay 
(EMSA) with a 32P-labeledoligonucleotide probe, comprising either the 
interferon regulatoryfactor- 1 (IRF-1)-IFN-y-activated site (GAS) or the B c ARI 11.2-ARI AARI

Chimeric mufant Deletionmuiant 

Embryonic fibroblasts2',5'oligoadenylate synthetase (2',5'0AS)-IFN-stimulated responsive ele-
ment (ISRE) (33). The positions of the IFN-y-induced DNA-bindingcom- Y @  ExIracellular

&' &" $ 8 region 
IL-ZRa 

plex are indicated by arrows. The identity of these complexes was con-
firmed by their reactivity to  anti-Stat1 or anti-Stat2 (76). The quantifica- IFN: q-?? Transmembraneregion 

tion analysis revealed that ISRE induction level by IFN-y at 250 Ulml 
>Iyy.-Igz cgagasimiccorresponded approximately to the induction level by IFN-a at 15 Ulml regmn 

(19). (C) A schematic representation (upper panel) of the WT (ARI) and 4 . g 4  $ 
two mutant forms of IFNARI (ID-AR1 or AARI), and IFN-y-induced ,& ,@,s,~,@ 
DNA-binding activity of Stat1 in  WT, parental IFNARI-null MEFs ------4 q+&pp? 8 8 8 
(Parent ARI-I-), or IFNARI-null MEFs transfected with control IFN: - y - y - y - y  - y - Y  

vector (ARI-'-.Babe), the WT (ARI-/-.ARI), or two mutant forms D
of IFNARI (ARI-/-.IL~-ARI or ARI-I-dAR1). Each construct was GAS 
cloned into a retrovirus vector, pBabe-puro, and the retrovirus-mediated 
gene transfers were performed as described (31). The 32P-labeledIRF-7- w Probe: 

GAS or 2',S10AS-ISRE probe was used in the EMSA. (D) IFN-y-induced 
antiviral activity in MEFs expressingthe WT and mutant forms of IFNARI, 
as described in (A). 

n 

1 10 100 1000 
IFN-yconcenlration (Ulml) 

Fig. 2. Requirement of IFN-alp A wr IFN.BJ- B 
signaling for effective IFN-y sig- ++-&- --wr IN-'-

naline. fAl Expression of IFN-B - 1 m 7 :  o XI60 160 o so KI 180 (mln)- . ,
and IFN-a's ~ R N Awas analyz& 1m-B 

by RT-PCR in wild-type (WT) 1 I i ~ i o i n o oI 1 1110 inoo 
and IFN-P-null MEFs (IFN-BPI-) 
(18). Values of the dilution rates +pi'- @-
for PCR templates after the first-

-:2 
strand synthesis are indicated I--1 1 115 1150 1 1 115 1150 

below each lane. The same sam- 3 ,  .- 1 

ples were analyzed by RT-PCR +so- - e m & -with p-actin primers as control. +IFN+J- + p (0.1 wml) 
RNA samples without the first- m- -u 
strand reaction were also sub-

mF 

jected to  PCR amplification 
[RT(-)I. (B) Kinetics of DNA-
binding activity of Stat1 stimu- wr IM+J---lated by IFN-y in WT and IFN- Im-B: - - - - O.l o.l (umrl)P-I- MEFs. A 32P-labeledoligo- IFNT - + - + - + 
nucleotide probe comprising the 
IRF-?-GAS or the 2',S10AS-ISRE ap 
was used in the EMSAs. (C) IFN- 0 

1 10 loo IODO 
y-induced DNA-binding activity I F N ~comanttstlon (Vhnl) 

of Statl in WT or IFN-P-I-
MEFs in the presence or absence of a low concentration of IFN-P (0.1 Ulml). After a I-hour 
incubation with IFN-P (0.1 Ulml), MEFs were additionally treated with IFN-y (250 Ulml) and 
subjectedto  EMSA (33). Essentiallythe same observationwas madewith IFN-a (0.1 Ulml) (19). (D) 
IFN-y-induced antiviral response of WT or IFN-P-I- MEFs in the presence or absence of a low 
concentration of IFN-f3 (0.1 Ulml). 

transcriptase-polymerasechain reaction (RT- pression was not detected by RT-PCR in the 
PCR) in MEFs, splenocytes,and other tissues IFN-P-deficient MEFs (IFN-P-null MEFs) 
of the mouse [Fig. 2A and (16)], mice were (Fig. 2A). IFN-P-null MEFs also showed a 
generated that cany a nullizygosity in the deficiency in IFN-y-induced Statl activation 
ZFN-P gene (19), based on the dependenceof (Fig. 2B) and antiviral response (Fig. 2D). 
IFN-a production on IFN-P production in This deficiency was rescued by an exog-
MEFs (20, 21). Indeed, IFN-a mRNA ex- enously added IFN-P at low concentration 

(0.1 Ulml), which by itself did not activate 
Statl (Fig. 2C). A similar effect was observed 
after the addition of antibodies to IFN-alp 
(anti-IFN-alp) to the WT MEFs (19), further 
indicating the importance of a constitutive 
subthreshold IFN-a/P signaling, in the ab-
sence of virus infection, for the full IFN-y 
response. 

To fluher investigate the mechanism by 
which IFN-dP signaling contributes to IFN-y 
signaling, we determined IFN-y-induced tyro-
sine phosphoylation levels of Jakl and Jak2, 
and of their target molecule, Statl. Although 
the levels remained unaffected in IFNAR1-null 
MEFs (16), glycerol gradient fractionation 
analysis of cell extracts revealed that the 
amount of fast-sedimenting fractions of Statl 
(Fig. 3A), representing the dimeric form (22), 
was smaller in the extract from the IFN-y-
stimulated IFNARI-null MEFs than in extracts 
from IFN-y-stimulated WT MEFs (Fig. 3A). 
One possible reason for inefficient dimerization 
of Statl in IFNARI-null MEFs could be that 
the IFNAR signaling complex, activated by 
constitutively produced IFN-dP, provides a 
site for Statl to efficiently dimerize upon ty-
rosine phosphorylation by IFN-y. Phosphoryl-
ated tyrosine residue 466 (Y466) of human 
IFNARl mediates the association of Statl with 
IFNAR1, a recruitment that is probably depen-
dent on Stat2 (23, 24). Likewise, the tyrosine 
residue 440 (Y440) of human IFNGRl also 
binds to Statl (25). 
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Fig. 3. Involvement A B ARI ARI 

of IFNARI in efficient A R ~  Y455F YF 

7 8 9 10 11 12 13 14 
mutant mutant 

dimerization of the IFN- Extracellular 

y-activated Statl. (A) WT - C.- - - . antidtat1 reglon 

Formation of Statl t Transmembrane 
dimer as determined bv reglon 

glycerol gradient anal;- 
sis. Extracts from IFN- 
y-treated (250 Ulml, 
30 min) WT or ARI-I- 
MEFs were subjected to 
centrifugation through 
10 to 40% glycerol 
gradients for 36 hours 
at 274,0009 in an 
SW41 rotor (Beckman) 
as described (22). Frac- 
tions 7 to 14 from the 
gradient were separat- 
ed by 7.5% SDS-poly- 
acrylamide gel electro- 
phoresis, followed by 
immunoblottinn with 

7 8 9 10 11 12 13 14 Cytoplasmic 
regton 

t ?  
Dimer Monamer 

IP: anti-IFNAR1 

WT IFN-P* -- 
IFN: - Y - Y 

> 
Relative 

P r o k  
GAS 

band inlensily : 1 0 0 1 1 1 0.3 0 1 

antibody to S t 2 1  (anti- 

Statl dimer or Statl 
monomer are indicated by a closed or open arrow, respectively. (B) Effect of the mutations in the 
tyrosine residues of IFNARI on the IFN-?induced DNA-binding activity of Statl. A schematic 
representation (upper panel) of the WT (ARI) and mutant forms of murine IFNARI [ARIY455F, 
substitution of tyrosine at position 455 by phenylalanine; ARlYF, substitution of all intracellular 
tyrosines (455, 518, 529, and 576) by phenylalanine]. EMSA (lower panel) was done with untreated (-) 
or IFN-y-treated (y) cell extracts from the following MEFs: wild-type MEFs (WT); IFNAR1-null MEFs 
transfected with control vector (AR1-/-.~abe); or IFNAR1-null MEFs expressin ARI (ARI-IP.AR1), B ARlY455F mutant (AR1-I-.ARIY455F), or ARlYF mutant (ARI-IP.AR1YF). P-labeled IRF-14AS 
probe was used. The values below represent the relative intensities of the corresponding bands as 
quantified with the image analyzer (BAS5000, Fujix). (C) Tyrosine-phosphorylated Statl is associated 
with IFNARI after IFN-y treatment (250 Ulml). lmmunoblots of anti-IFNARI immunoprecipitates with 
cell lysates prepared from WT and IFN-P-/- MEFs untreated (-) or treated with IFN-y (y) (34) 
anti-phosphotyrosine, anti-Statl, anti-Tyr701-phosphorylated Statl, anti-Stat2, or anti-IFNARI. 

Ectopic expression of a mutant murine 
IFNARl (ARlY455F) resulted in only about 
20% restoration of IFN-y-induced activation 
of Statl, as compared with full restoration by 
WT IFNARI, despite similar receptor ex- 
pression 'levels in IFNARI-null MEFs (Fig. 
3B) (16). This result suggests a major role for 
this tyrosine residue in Statl recruitment. The 
IFNARl mutant with mutations in all four 
intracellular tyrosine residues (ARIYF) was 
completely inactive (Fig. 3B). These results 
suggest that the subthreshold IFN-a/P signal- 
ing may be essential for maintaining IFNARl 
in a phosphorylated form, thereby providing 
a site for the IFN-y-activated Statl to under- 
go efficient dimerization. Consistent with this 
notion is the observation that IFNARl is 
tyrosine-phosphorylated in the WT, but not in 
IFN-P-null MEFs (Fig. 3C). Because the 
phosphorylation of IFNARl was further in- 
creased by IFN-y stimulation in WT MEFs, 
but not in IFN-P-null MEFs, IFNARl phos- 
phorylation, with or without IFN-y stimula- 
tion, may depend on IFN-alp signaling. 

Statl coimrnunoprecipitated with IFNARI, 
even in the absence of IFN-y stimulation, in 
WT MEFs but not in IFN-P-null MEFs (Fig. 
3C), indicating that IFNARl tyrosine phospho- 
rylation is required for this association. How- 
ever, IFNAR1 -recruited Statl was not phospho- 

rylated (Fig. 3C), suggesting that IFN-alp sig- 
naling may have little, if any, effect on Statl 
phosphorylation. After IFN-y stimulation, the 
association of phosphorylated Statl (9,10) with 
IFNARl was detected in the WT MEFs, but not 
in IFN-enull MEFs (Fig. 3C). Stat2 recruit- 
ment to IFNAR1, found in the WT MEFs, also 
increased after IFN-y stimulation (Fig. 3C). 

In view of the cross talk between IFN-alp 
and -y signaling, in which the IFNARl phos- 
phorylation and StatllStat2 recruitment to 
IFNARl are enhanced by IFN-y, IFNARl 
was examined for its association with the 
IFNGR. IFNARl coimmunoprecipitated with 
IFNGR2, the nonligand-binding component 
of the IFNGR complex, even before IFN-y 
stimulation in WT MEFs and in splenocytes 
(Fig. 4A). This association was reduced in 
IFN-P-null MEFs (Fig. 4A), suggesting that 
IFN-alp signaling may contribute to IFN-y 
signaling through IFNARl association with 
IFNGR2. 

Signaling cross talk between the two types 
of IFNs provides a molecular basis for their 
overlapping functions (19). The cross talk 
appears unidirectional in that IFN-y signaling 
was dependent on IFN-alp signaling, but not 
vice versa. Because IFNARl can provide 
efficient docking sites for Statl and Stat2, the 
IFNAR1-associated IFNGR2, for which no 

Filipin: . + +Rev 

intensity] 

u 

Fig. 4. Association of IFNARl with IFNGR2 in 
caveolar membrane domains. (A) Coimmuno- 
precipitation of IFNARI with IFNGRZ. WT 
MEFs, WT splenocytes, and IFN-@-I- MEFs 
were untreated (-) or treated with IFN--y (y), 
and cell lysates were subjected to immunopre- 
cipitation (34). Anti-IFNAR1 (upper panel) and 
anti-IFNCR2 (lower panel) immunoblots of 
anti-IFNGRZ immunoprecipitates. Preimmune 
rabbit serum was used as a negative control. 
lmmunoprecipitation analysis revealed that 
IFNARI protein that associated with lFNCR2 
was -80% of the total IFNARI protein (76). (B) 
Selective localization of IFNAR and IFNCR sub- 
units, and Jak PTKs, in caveolar membrane do- 
mains. The caveolar membrane fraction from 
WT MEFs was prepared by the detergent-free 
method (30). Extracts containing 5 pg of total 
protein from the four cellular compartments 
(cytosol, C; plasma membrane, M; noncaveolar 
fractions, non-Cav; and caveolar fractions, Cav) 
were loaded onto each lane and analyzed by 
immunoblotting with the indicated antibodies 
(34). (C) Reversible inhibition of IFN-y-induced 
DNA-binding activity of Statl in filipin-treated 
WT MEFs. Filipin-untreated (-) or -treated (+) 
WT MEFs were stimulated with IFN-y (100 
Ulml) and subjected to EMSA. +Rev (lane 3) 
represents the result obtained after reversing 
the filipin effects (30). The relative band inten- 
sities quantified with the imaging analyzer 
(BAS5000, Fujix) are shown below. 

such docking sites have been reported, may 
not be required for IFN-a/P signaling. In this 
context, the IFN-y system, which by itself 
can elicit a weak antiviral activity, may ac- 
quire more potent antiviral activity through 
utilization of the IFN-a/P system. This may 
also explain the previously reported syner- 
gism between IFN-alp and IFN-y (2,26,27). 
The results also suggest that the constitutive 
subthreshold IFN-alp signaling has two ma- 
jor roles: to strengthen an otherwise weak 
association of IFNARl with IFNGR2 (Fig. 
4A), and to maintain the docking sites in 
IFNARl for Statl .(Fig. 3C). 

The IFN receptor components tested were 
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