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A protein-arginine methyltransferase binds to the
intracytoplasmic domain of the IFNAR1 chain in the
type I interferon receptor

transcriptional controls (Friedmanet al., 1984; Revel andCarolina Abramovich, Bracha Yakobson,
Chebath, 1986).Judith Chebath and Michel Revel1

Interferons exert their activities through species-specific
Department of Molecular Genetics, Weizmann Institute of Science, receptors. For type I IFNs, two transmembrane receptor
Rehovot 76100, Israel chains have been identified: IFNAR1 (Uzeet al., 1990)
1Corresponding author and IFNAR2-2 (or IFNAR2-c, Domanskiet al., 1995;

Lutfalla et al., 1995), which is a long form of IFN-α/βR
The intracytoplasmic domain (IC) of cytokine receptors (Novick et al., 1994). Transduction of the signal generated
provides docking sites for proteins which mediate by IFN-α,β,ω involves protein tyrosine kinases of the
signal transduction. Thus, in interferon-α,β receptors Janus kinases (Jak) family and transcription factors of the
(IFNAR1 and 2), the IC region binds protein-tyrosine Stat family (Velazquezet al., 1992; Darnellet al., 1994).
and -serine/threonine kinases which phosphorylate the Proteins of the Jak–Stat pathways have been shown to
receptor and the associated Stat transcription factors. bind to the intracytoplasmic (IC) domains of the IFNAR1
A two-hybrid screening was carried out to identify and 2 receptor chains. Jak1 is constitutively associated
additional proteins which could interact with the IC with IFNAR2 (Novicket al., 1994), whereas tyk2 is bound
domain of the IFNAR1 chain of the IFN-α,β receptor. to the IC domain of IFNAR1 (Abramovichet al., 1994b;
Several positive clones representing a protein sequence Colaminici et al., 1994). IFNAR1 can also bind Stat2

(Abramovichet al., 1994b), and the docking site for latentdesignated IR1B4 were recovered from a human cDNA
Stat2 was identified as a peptide containing phosphotyro-library. IR1B4 was identified as the human homolog
sine Y466, adjacent to the tyk2 binding site (amino acidsof PRMT1, a protein-arginine methyltransferase from
479–511) in the 100 amino acid long IFNAR1-IC regionrat cells. Flag-IR1B4 fusion proteins bind to the isolated
(Yan et al., 1996). Stat2 would then recruit Stat1 to formIFNAR1 intracytoplasmic domain produced in Escher-
the IFN-induced ISGF3 transcription complex (Leungichia coli, as well as to the intact IFNAR1 chain
et al., 1995). Activation of Stat3-containing transcriptionextracted by detergent from human U266 cell mem-
complexes is induced by IFN-β (Harrochet al., 1994a,b),branes.S-Adenosylmethionine-dependent methyltrans-
and an IFN-dependent binding of Stat3 to IFNAR1-ferase activity was precipitated by anti-IFNAR1
IC was observed (Yanget al., 1996). Protein-tyrosineantibodies from untreated human cells. IR1B4/PRMT1
phosphatases PTP1C and D reversibly associate withis involved in IFN action since U266 cells rendered
IFNAR1 upon IFN addition (Davidet al., 1995a). Indeficient in this methyltransferase by antisense oligonu-
addition, two serine/threonine protein kinases, the 48 kDacleotides become more resistant to growth inhibition
ERK2 MAP kinase (Davidet al., 1995b) and the cAMP-by IFN. Methylation of proteins by enzymes which can
activated protein kinase A (PKA; Davidet al., 1996)attach to the IC domains of receptors may be a signaling
bind to the isolated membrane-proximal 50 residues ofmechanism complementing protein phosphorylation.
IFNAR1-IC. Therefore, the IC domains of type I IFNAmong substrates methylated by PRMT1 are RNA-
receptors serve as docking sites for multiple proteinsbinding heterogeneous nuclear ribonucleoproteins
involved in phosphorylation and dephosphorylation. Both(hnRNPs) which are involved in mRNA processing,
IFNAR1 and IFNAR2 become tyrosine phosphorylated insplicing and transport into the cytoplasm.
response to IFN treatment, and binding of a tyrosine-Keywords: interferon/methyltransferase/protein
phosphorylated protein (βPTyr) to IFNAR1 is seen spe-methylation/receptor/signaling
cifically upon IFN-β (but not IFN-α) treatment
(Abramovich et al., 1994b; Plataniaset al., 1994;
Constantinescuet al., 1995). Many of the docking proteins
(Jak1, tyk2, Stat2, Stat3 and PTP1C) bind to the phospho-Introduction
tyrosines through their SH2 domains, but the use of a

Type I interferons (IFN-α and -β subtypes) produce recombinant glutathione-S transferase (GST)-fused
pleiotropic effects on cells, such as inhibition of virus IFNAR1-IC segment showed that some of the proteins
replication (antiviral effects), inhibition of cell prolifer- (tyk2, ERK2 and PKA) have intrinsic affinities for poly-
ation (antitumoral effects) and modulation of immune peptide sequences of the receptor (Davidet al., 1995b,
cell activities (immunoregulatory effects). These multiple 1996).
effects of IFNs are correlated with morphological and The two-hybrid screening system is a potent method
biochemical modifications of cells (for reviews, see Revel, for identifying proteins which bind to defined polypeptide
1984; Tammet al., 1987). Several cellular genes are sequences (Fields and Song, 1989). By a two-hybrid
induced or down-regulated by IFNs, their mRNA levels screening with the entire IC domain of the IFNAR1

receptor, we have identified two new human proteinsbeing determined through both transcriptional and post-
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showing specific binding. A search through computer
databases revealed that one of the proteins, designated
IR1B4 (interferon receptor-1-bound protein 4) has a con-
served homology domain found in methyltransferases and
is highly homologous to the recently cloned rat protein-
arginine methyltransferase PRMT1 (Linet al., 1996). This
enzyme methylates proteins, in particular heterogeneous
nuclear ribonucleoprotein (hnRNP) involved in RNA pro-
cessing. Protein methylation, like phosphorylation, may
be an important signaling mechanism for certain cytokine
receptors.

Results

Two-hybrid screen for protein binding to the
Fig. 1. Human mRNA hybridizing to IR1B4 plasmid. Human U266S

IFNAR1 intracytoplasmatic domaincells were treated for the indicated time with IFN or left untreated.
A cDNA fragment encoding the entire IFNAR1-IC domainRNA was analyzed in formaldehyde–agarose gels blotted on

GeneScreen (DuPont-New England Nuclear). The 28S and 18S RNA (Lys458–Val557 of Uzeet al., 1990) was amplified by
were used as size markers (not shown). The lower lanes represent PCR and introduced in the pGBT10 vector for the two-
subsequent hybridization with 18S cDNA. On the same blot, IR1B4 hybrid screen (CloneTech) so that it is fused in-frame toRNA runs just below the 18S RNA.

the Gal4 DNA binding domain. This plasmid was used
as bait for a library of human cDNAs fused to the Gal4
activation domain of the pACT plasmid for dual-selection
two-hybrid screening (Durfeeet al., 1993). Nine yeast
clones which expressed Gal1UAS-dependentβ-galactosid-
ase and His3 activities in a specific manner (i.e. not alone
and not when a Gal4 DNA binding domain fused to lamin
was used as bait) were studied further. From each yeast,
pACT plasmids were recovered in two independent
Escherichia colitransformants and were found by partial
sequencing to fall into two groups. One of the groups,
designated IR1B4, is described here. IR1B4 cDNA hybrid-
ized to a 1.5 kb poly(A)1 RNA constitutively expressed
in various human cells including U266 myeloma cells

Fig. 2. Two-hybrid interaction analysis. The yeast SFY526 Gal1–lacZ (Figure 1). The pACT-IR1B4 plasmids were verified to
reporter strain was co-transformed with one of the indicated plasmids be negative when subjected to a two-hybrid test with
with Gal4 activation domain fusion protein (pACT) and one of the

various other baits including lamin, p53, cdk2, tat andindicated plasmids with Gal4 DNA binding domain fusion protein
rev, as well as in other control combinations (Figure 2).(pAS or PGBT10). Colonies were selected in SC medium minus trp

and leu, and filters were stained by X-gal reagent forβ-galactosidase A positive signal was obtained only when the IFNAR1-
activity. IC domain was used as bait.

Fig. 3. In vitro translated IR1B4 protein binds to the IFN receptor IFNAR1 chain. (A) The [35S]methionine-labeled translation products with or
without flag-IR1B4in vitro transcripts were either immunoprecipitated (10µl) with anti-flag M2 beads (lanes 1 and 4), or reacted (50µl) with
glutathione beads coupled to GST fused to the 100 amino acid long IFNAR1-IC domain (lanes 2 and 5) or coupled to GST alone (lanes 3 and 6).
After overnight incubation at 4°C (final volume 100µl), the beads were washed and SDS-eluted proteins boiled in reducing conditions before SDS–
PAGE. (B) U266S (lane 1) or U266R cells (lane 2) were extracted with Brij buffer and antiproteases (Abramovichet al., 1994b) and 0.35 ml (107

cells) was incubated with 75µl of [ 35S]methionine-labeled translation products of flag-IR1B4 transcripts overnight at 4°C. Anti-IFNAR1 McAb R3
immobilized on protein G beads (25µl) was added for 2.5 h, washed in Brij buffer and SDS-eluted, boiled and reduced proteins analyzed by SDS–
PAGE. A control with anti-flag M2 beads as above was run (lane 3). The dried gels were visualized in a Phosphor-Imager.
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produced in reticulocyte lysates by flag-IR1B4 mRNA
(Figure 3A). No such band was observed when GST alone
was used or when the mRNA had been omitted from the
translation reaction.

To verify that IR1B4 interacts with the IFNAR1 protein
from human cells, we used detergent extracts from human
myeloma U266 cells. The U266S line has abundant
membranal IFNAR1 which can be immunoprecipitated
from Brij extracts by an antibody to a C-terminal peptide
of IFNAR1 (Ab 631), whereas the U266R variant lacks
the membranal IFNAR1 (Abramovichet al., 1994a,b). The
translation product of flag-IR1B4 mRNA in reticulocyte
lysates was added to Brij extract of U266S cells. The
proteins were immunoprecipitated by monoclonal antibody
IFNaR3, specific for the ectodomain of IFNAR1
(Colamoniciet al., 1990). Analysis by SDS–PAGE showed
that the 32 kDa flag-IR1B4 was immunoprecipitated by
these anti-IFNAR1 antibodies but, when the same reaction
was done with U266R extracts, the 32 kDa band was
absent (Figure 3B). The 32 kDa band similarly was seen
when U266S extracts were reacted with Ab 631 against
the C-terminal peptide of IFNAR1, and IFNAR1 was
precipitated by anti-flag when Cos-7 cells were transfected
by flag-IR1B4 and human IFNAR1 cDNAs (not shown).
These results demonstrate that the flag-IR1B4 interacts
specifically with IFNAR1 from human cells and with the
isolated IC domain of IFNAR1 prepared inE.coli.

IR1B4 is a protein-arginine methyltransferase
The sequence of the longest IR1B4 cDNA showed an
open reading frame encoding a 361 amino acid long protein
(Figure 4). The IR1B4 sequence had 51% homology to
a yeast protein HMT1 (ODP-1, accession Sw: P38074).
HMT1 has a domain characteristic of several methyltrans-
ferases which methylate RNA binding proteins such as

Fig. 4. Nucleotide sequence of IR1B4 cDNA, a human homolog of the the ribosomal protein L11 methyltransferase (P28637).
rat protein-arginine methyltransferase PRMT1 (see text). Nucleotides This domain, involved inS-adenosylmethionine bindingare numbered on the right and amino acids on the left. High homology

(Kagan and Clarke, 1994), was clearly conserved in IR1B4(88%) to the nucleotide sequence of rat PRMT1 (Genbank sequence
I.D. 1390024; accession No. U60882) starts from nucleotide 73 and (amino acids 80–108) as revealed by a search with the
ends shortly after the TGA codon. The protein homology domain to Blast ProDom algorithm (Altschulet al., 1990). More
otherS-adenosylmethinionine-dependent methyltransferases, such as recently, HMT1 was shown to be the predominant protein-
ribosomal protein L11 methyltransferase (accession No. 16811), is

arginine methyltransferase (RMT1) fromSaccharomycesunderlined.
cerevisiae(Gary et al., 1996; Henry and Silver, 1996).
The rat protein-arginineN-methyltransferase (PRMT1)
was then reported (Linet al., 1996) and IR1B4 showedIn vitro binding of IR1B4 to the IC domain of

IFNAR1 almost complete identity except for the N-terminal 11
amino acids and for Tyr –169 instead of His in PRMT1.The insert of pGBT10-IR1B4 was introduced into the

pECE-flag plasmid (Elliset al., 1986) and the flag- Binding of IR1B4 to the IFNAR1-IC domainin vitro
(such as in Figure 3) was observed with flag fusionIR1B4 was recloned in BlueScript (BS) following the T3

promoter. This plasmid DNA was used forin vitro constructs starting from Lys –78 and, therefore, containing
(Figure 4) all the predicted methyltransferase regions Itranscription using T3 polymerase. The mRNA transcripts

were translated in reticulocyte lysates with [35S]methio- (amino acids 82–90), II (144–151) and III (174–183) as
in rat PRMT1 (Linet al., 1996).nine. A protein product of ~32 kDa was observed when

the translation products were immunoprecipitated by anti- Methyltransferase activity could be co-immunoprecipit-
ated from human cell extracts with the IFNAR1 receptor.flag antibodies (Figure 3A and B). The protein was not

observed in reticulocyte lysate products without added Brij detergent extracts of U266S cells were reacted with
anti-IFNAR1 antipeptide Ab 631 and protein A beads, orflag-IR1B4 mRNA.

The IFNAR1-IC domain was prepared as a fusion with protein A beads alone. The beads were incubated
with [14C](methyl)-S-adenosylmethionine and histonesproduct with GST and expressed inE.coli. The bacterial

extract was bound to glutathione–Sepharose beads, and were used as substrate. The radioactivity in the histone
band was analyzed after SDS–PAGE and exposure in thethe beads were added to the labeled translation products.

Analysis on SDS–PAGE showed that the immobilized Phosphor-imager. A [14C]methyl labeling of the histones
was seen with the beads coated with anti-IFNAR1 but notGST–IFNAR1-IC was able to bind the 32 kDa protein
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and because an interaction of PRMT1 with growth-related
gene products has been observed (Linet al., 1996). As
seen in Table I, addition of the antisense-1 oligonucleotide,
complementary to the sequence around the initiation codon
of IR1B4/PRMT1 cDNA, reduced the growth inhibitory
effect of IFN-β on U266S cells in two independent
experiments. In the presence of antisense-1, the IFN-
treated cells exhibited a higher growth, excluding a toxic
effect of phosphorothioates. The growth in the absence of
IFN was not affected significantly. The sense-1 oligo-
nucleotide corresponding to the same cDNA region had
only a small effect as compared with antisense-1 (Table
I) and also had only a slight inhibitory effect on the
level of enzyme activity (Figure 6). Another antisense
phosphorothioate oligonucleotide, directed to the middle

Fig. 5. Methyltransferase activity bound to IFNAR1 from human cells.
of the cDNA, had almost no effect (Table I). The 2- toU266S cells (2.253107 logarithmically growing cells) were extracted
5-fold reduction in the growth inhibitory effect of IFN-βin 1 ml of Brij buffer with antiproteases (Abramovichet al., 1994b)

and left overnight at 4°C with anti-IFNAR1 C-terminal peptide Ab on the myeloma cells rendered partially deficient in
631 (10µl) or without antibodies. Protein A beads (40µl of a 50% PRMT1 activity by antisense-1 oligonucleotide indicates
suspension of IPA-400 fast flow, Repligen) were added for 1 h. The that the association of this enzyme with the IC domain ofbeads were washed and incubated in 0.1 ml of 25 mM Tris–HCl,

the IFNAR1 receptor is of functional significance.pH 7.5, 1 mM EDTA, 1 mM EGTA with 100µg of histones (type IIA
from calf thymus; Sigma) and [14C](methyl)-S-adenosylmethionine
(0.25 µCi; 50 µM) for 30 min at 30°C. The supernatants were

Discussionsubjected to SDS–PAGE (15% acrylamide), the gels stained with
Coomassie to visualize the histones bands, treated with Amplify

The proteins found to date to be associated with the(Amersham) for 30 min, dried and analyzed in the Phosphor-Imager.
cytoplasmic domains of the IFN receptor were proteinsLane 1, with anti-IFNAR1; lane 2, without anti-IFNAR1.
involved in phosphorylation (tyrosine and serine/threonine
protein kinases or phosphotyrosine binding proteins) or
in dephosphorylation (see Introduction). The two-hybrid
screening with the entire IC domain of IFNAR1 revealed
that a methyltransferase is specifically bound to the
receptor. The function of this human enzyme, highly
homologous to the rat PRMT1, will be interesting to
investigate. Linet al. (1996) showed that among the rat
PRMT1 substrates are histones, a 55 kDa cytosol protein
and hnRNP A1, which binds to pre-mRNA in the nucleus
and participates in processing, alternative splicing and
mRNA transport to the cytoplasm (Dreyfusset al., 1993;
Mayedaet al., 1993; Burd and Dreyfuss, 1994; Liu and
Dreyfuss, 1995). The hnRNPs contain 65% of theNG,

Fig. 6. Protein-arginine methyltransferase activity in U266S cells NG-dimethylarginine residues found in cell nuclei, andtreated by antisense oligonucleotides. Cells were cultured for 3 days in
12% of the arginines in different hnRNPs are methylated,wells of a 96-well microplate with 10µM oligodeoxynucleotide

phosphorothioates as described in Materials and methods. Extracts often in the RGG motif of RNA binding sites (Boffa
were incubated with [3H](methyl)-S-adenosyl methionine and peptide et al., 1977; Liu and Dreyfuss, 1995). Methylarginine
GGFGGRGGFG, a specific protein-arginine methyltransferase residues are also abundant in proteins binding pre-rRNA
substrate (Najbaueret al., 1993). After SDS–PAGE, the peptide

and involved in its processing, such as nucleolin andmethylation was measured by autoradiography. Lane 1, cultures
fibrillarin (Najbauer et al., 1993). These proteins arewithout oligonucleotides; lane 2, with antisense-1; lane 3, with sense-1

oligonucleotides. probably also PRMT1 substrates, whereas myelin basic
protein is not a substrate (Linet al., 1996). There may
well be other proteins methylatable by PRMT1 in cells.in the control reaction (Figure 5). Therefore, protein

methyltransferase activity appears to be associated con- Genetic information on the function of protein-arginine
methyltransferase comes from the study ofS.cerevisiaestitutively with the IFN receptor chain of these human

cells. A similar enzyme activity was recovered when HMT1 (Henry and Silver, 1996), which is identical to
ODP1 (YBR0320, Smitset al., 1994) and RMT1 (GaryIFNAR1 was immunoprecipitated 5 min after addition of

IFN-β to the U266S cells. et al., 1996). HMT1 was shown to complement a mutation
in the Npl3p yeast hnRNP which, like the mammalian
hnRNP A1, shuttles between nucleus and cytoplasm, bindsInvolvement of IR1B4/PRMT1 in IFN action

An antisense oligodeoxynucleotide phosphorothioate, poly(A)1 RNA and may act as a carrier for mRNA export
to the cytoplasm. HMT1 is not essential for viability inwhich was able to reduce strongly the protein-arginine

methyltransferase activity in U266S cells (Figure 6), was normal yeasts but HMT1 overexpression restores viability
to the Npl3p mutant strain, suggesting that the methyltrans-used to investigate the role that this enzyme may play in

IFN action. The growth inhibitory activity of IFN was ferase enhances the function of the hnRNP in RNA
maturation or in its transport from nucleus to cytoplasmchosen because it can be quantified most directly on cells
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Table I. An antisense IR1B4/PRMT1 oligonucleotide reduces cell growth inhibition by IFN

Experiment IFN added Cell density, OD31000 (growth inhibition, percentage)

Oligodeoxynucleotide phosphorothioate added

None Antisense-1 Sense-1 Antisense-2

1 none 67 (0%) 78 (0%) 83 (0%) 82 (0%)
IFN-β, 64 U/ml 35 (48%) 71 (9%) 51 (38%) 51 (38%)
IFN-β, 125 U/ml 19 (71%) 52 (33%) 39 (53%) 34 (58%)

2 none 75 (0%) 72 (0%) 73 (0%) 69 (0%)
IFN-β, 125 U/ml 41 (45%) 55 (23%) 36 (50%) 34 (50%)

Human myeloma U266S cells cultured for 3 days with the indicated amounts of IFN and 10µM oligonucleotide. Antisense-1 is complementary to
the sequence around the ATG initiation codon of IR1B4/PRMT1 (Figure 4) and sense-1 is the same region. Antisense-2 is complementary to a
sequence in the middle of the PRMT1 cDNA. Cell density was measured by alamar blue dye assay. Extracts of cells at day 3 (Experiment 1)
assayed for methyltransferase activity by [3H](methyl)-S-adenosylmethionine labeling of the R1 peptide as in Najbaueret al. (1993) indicated a
.5-fold reduction with antisense-1 and a,2-fold reduction by sense-1 oligonucleotide (see Figure 6).

(Henry and Silver, 1996). Moreover, the yeast mutant of genes, for example oncogenes and anti-oncogenes
which regulate cell growth.ire15 was shown to be suppressed by human proteins, one

Based on our present knowledge, methylation byof which is a transforming growth factor-β (TGF-β)
PRMT1 could be an important regulatory modification forreceptor (Nikawa, 1994) and another a protein with
proteins involved in post-transcriptional regulation, mRNAhomology to ODP1/HMT1 which was called HCP1
maturation, transport and stability. Expression of many(Nikawa et al., 1996, accession No. D66904). In the
IFN-α,β-induced genes is under both transcriptional andcourse of our work, we noticed that the nucleotide and
post-transcriptional controls (Friedmanet al., 1984), andamino acid sequences of HCP1 were identical to IR1B4
the latter control may involve modifications of RNA-(except for two base deletions producing a frameshifted
bound proteins. Some post-transcriptional control of rRNAamino acid sequence between amino acids 147 and 175
expression by IFNs was observed (Radziochet al., 1987).as compared with IR1B4). Although the methyltransferase
Sequence-specific alternative splicing of mRNA is anotheractivity of HCP1 was not established, it is interesting that
possible function of PRMT1/IR1B4 through modificationthe ire15 mutation results in a low level of mRNA
of hnRNPs (Burd and Dreyfuss, 1994). Interestingly, theexpression for inosine synthase (INO1) and inosine trans-
IFN receptor IFNAR1 shows various forms produced byferase (ITRF1) and that HCP1 restores the level of
alternative splicing, and some splice variants selected byINO1 mRNA, indicating that HCP1 regulates the level of
IFN lack signaling activity (Abramovichet al., 1994a)expression of several mRNAs (Nikawaet al., 1996). Such
while others have a differential response to IFN speciesregulation could be explained by an effect on hnRNP
(Cook et al., 1996). IFNAR2 has complex alternativefunctions.
splicing (Lutfallaet al., 1995) and different forms of IFN-The presence of the IR1B4/PRMT1 protein-arginine
induced 29-59 A synthetase are produced by differentialmethyltransferase associated with the cytoplasmic domain
splicing (Revel and Chebath, 1986). Such post-transcrip-of the type I IFN receptor IFNAR1 chain appears to
tional controls through modification of hnRNPs could becorrelate with some function in IFN action. Cells made
involved in the specific inhibition of viral mRNA transla-deficient in PRMT1 activity by an antisense oligonucleo-
tion which can occur while host mRNA translation con-tide become less sensitive to the antiproliferative effect tinues (Revel, 1984). However, other targets for protein-

of IFN. Although this implicates IR1B4/PRMT1 in the arginine methylation may exist, producing transcriptional
cascade of events mediating IFN action on cells, the and post-transcriptional regulation of genes.
precise reaction(s) in which this protein is involved and PRMT1/IR1B4 is bound to IFNAR1 without IFN,
how its function may be modulated by IFN remain but its activity or localization could be affected by the
intriguing. Lin et al. (1996) have observed that PRMT1 subsequent assembly of signaling proteins (e.g. Stat fac-
is present in a large macromolecular complex in the tors) on the tyrosine-phosphorylated IC domains of
cytosol of rat cells but is in a latent form unable to IFNAR1 or IFNAR2 after addition of IFN. PRMT1 may
methylate certain proteins. They found that PRMT1 binds then methylate targets, such as RNA or DNA binding
to TIS21, an early response protein induced by cytokines proteins, in the cytoplasm and nucleus. A shuttling of
and mitogens, and that binding to GST–TIS21 activates protein-modifying enzymes which associate with tran-
the methyltransferase and modulates its specificity possiblyscription factors and are thereby targeted to specific
by displacing PRMT1 from some inhibitor. Interaction domains in the chromatin has been discovered recently
with the TIS21-related BTG1, an antiproliferative gene (Wollfe, 1996). Thus, PRMT1 could well be a part of
product disrupted in certain leukemias (Rouaultet al., ligand-induced signal transduction pathways (Linet al.,
1992), also activates PRMT1 from rat cytosol (Linet al., 1996) affecting expression of genes. This first example of
1996). The binding to the IFNAR1-IC domain could a protein methyltransferase bound to a cytokine receptor,
modulate PRMT1 activity similarly and mediate some and involved in some functions mediated by this receptor,
signal related to IFN9s antiproliferative action or, more opens new perspectives on the role of protein methylation

in cell regulatory events.generally, to the way in which IFN modifies expression
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AAATTCTCCATGATG; antisense-2, complementary to bases 572–592,Materials and methods
59-TGGCCGTCACATACAGCGTGG; and sense-1, 59-CATCATGGAG-
AATTTTGTAG, complementary to bases 12–31. The oligonucleotidesTwo-hybrid screen
were added to U266S cells seeded in 96-well microplates (8000 cells/A cDNA fragment encoding the entire IFNAR1-IC domain, amplified
well/0.2 ml RPMI, 10% FCS) at a final concentration of 10µM on dayby PCR using aBamHI sense primer (59 ctgaggatccAAAGTCTTCTTG-
0 and re-added at 5µM on day 2. IFN-β was added at 64 or 125 IU/mlAGATGCATC) and anEcoRI antisense primer (59 tgacgaattcctaTCATA-
on day 0. After 3 days of culture, 20µl of alamar Blue, a colorimetricCAAAGTC), was cloned in a BlueScript vector (BS-SK1, Stratagen).
cell density indicator based on oxido-reduction (BioSource, Camarillo,The BamHI–SalI fragment from BS-IFNAR1-IC was introduced in the
CA), was added to each well and incubation continued for 6–7 h. ColorpGBT10 vector for two-hybrid screen (CloneTech) fused in-phase after
was measured in a microplate ELISA reader (test filter 530 nm, referencethe Gal4 DNA binding domain (pGBT10-IFNAR1-IC). The two-hybrid
filter 630 nm) with multiple reading of duplicate wells. Correlation ofscreening (Fields and Song, 1989) was carried out with the modified
the growth curves by live cell number and by OD was verified. Toprocedure of Durfeeet al. (1993) using the pACT plasmid cDNA
measure methyltransferase, cells from pooled wells were lysed by freeze–library from human Epstein–Barr virus-transformed B-lymphocytes to
thawing in 25µl/well of 25 mM Tris–HCl pH 7.4, 1 mM EDTA, 1 mMco-transform yeast reporter strain Y153 with pGBT10-IFNAR1-IC.
EGTA, 40 µg/ml leupeptin and aprotinin, 20µg/ml pepstatin, 1µMColonies selected in medium SC –trp, –leu, –his with 25 mM
phenylmethylsulfonyl fluoride (PMSF). Reactions were in 50µl with 253-aminotriazole (i.e. for histidine prototrophy) were tested for
µl of cell extracts, 100µM peptide GGFGGRGGFG (R1 of Najbauerβ-galactosidase activity by the X-gal filter assay (Breeden and Naysmith,
et al., 1993; obtained from Genosys, Cambridge, UK), 3µCi of1985). Positive yeasts were used to prepare the pACT plasmid DNA
[3H](methyl)-S-adenosylmethionine (Amersham, 73 Ci/mmol) for 30and, from each, twoE.coli HB101 leu1 transformants were isolated.
min at 30°C. After electrophoresis in SDS–polyacrylamide (16%) gel,Each library DNA pACT plasmid was subjected to specificity tests by
fixation in 50% methanol, 10% acetic acid and treatment by Amplify®co-transformation of the SFY526 yeast reporter strain (Bartelet al.,
(Amersham), autoradiography was carried out for 8 days.1993) with pAS plasmids harboring lamin, cdk2 and p53 or other

controls inserts (CloneTech). Colonies which grew in SC –trp, –leu were
tested for β-galactosidase expression. From the specifically positive

AcknowledgementspACT plasmids, inserts were excised withXhoI, cloned into BS-KS and
subjected to sequencing from T7 and T3 promoters using the DyeDeoxy We thank Drs David Wallach, Igor L.Mett, Mark P.Boldin, Y.Shaul and
Terminator Cycle Sequencing kit in a 373A DNA sequencer (Applied Orly Reiner from the Weizmann Institute and Dr Stephen J.Elledge from
Biosystems). Baylor College of Medicine for help, gifts of material and fruitful

discussions on the two-hybrid screen. We thank Dr Oscar R.Colamonici
In vitro and in vivo binding to IFNAR1 (University of Tennessee) for the gift of McAb IFNaR3, Dr Erik
The pACT-IR1B4 DNA cut withXhoI and filled-in by Klenow enzyme, Lundgren (University of Umeå) for the U266R variant and Dr Ora
was cloned in the PECE-flag expression vector (Elliset al., 1986) cut Goldberg (Weizmann Institute) for synthesis of oligonucleotides. The
with EcoRI and filled-in. TheNotI–BamHI fragment containing the in- excellent assistance of Ms Raya Zwang, Osnat Raccach, Rosalie
frame flag-IR1B4 fusion was recloned in BS-SK cut withNotI–BamHI. Kaufmann and Perla Federman is acknowledged. This work was sup-
The sequence of the flag fusion was verified by sequencing from the T3 ported in part by InterPharm Ltd (Israel) and the Ares-Serono Group
promoter.In vitro transcription (Promega kit) was done with T3 poly- (Geneva, Switzerland).
merase and 1µg of BamHI-linearized BS-flag-IR1B4 DNA.In vitro
translation was carried out in rabbit reticulocyte lysates (Promega kit)

Referenceswith [35S]methionine (Amersham) and 5µg of RNA transcripts for 1 h
at 30°C. The products were RNase treated before use. The GST–

Abramovich,C., Ratovitski,E., Lundgren,E. and Revel,M. (1994a)IFNAR1-IC fusion protein was prepared by cloning theBamHI–EcoRI
Identification of mRNAs encoding two different soluble forms of theinsert of BS-IFNAR1-IC (see above) into the same sites of pGEX2
human interferonα-receptor.FEBS Lett., 338, 295–300.(Pharmacia Biotech). GST and GST–IFNAR1-IC were expressed in

Abramovich,C., Shulman,L.M., Ratovitski,E., Harroch,S., Tovey,M.,E.coli and recovered bound to glutathione–agarose beads (Sigma).
Eid,P. and Revel,M. (1994b) Differential tyrosine phosphorylation ofAnti-flag M2 agarose beads were from Kodak Scientific Imaging
the IFNAR chain of the type I interferon receptor and of an associatedSystems. Monoclonal antibodies IFNaR3 to theα-component of the IFN
surface protein in response to IFN-α and IFN-β. EMBO J., 13,receptor (IFNAR1) were a kind gift of Dr O.Colamonici (Colamonici
5871–5877.et al., 1990) and were used at 1:100 dilution. Rabbit antibodies to the

Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J. (1990)C-terminal peptide of IFNAR1-IC (Ab 631) were prepared and used for
Basic local alignment research tool.J. Mol. Biol., 215, 403–410.immunoprecipitation of IFNAR1 from Brij extracts (0.75 ml) of 23107

Bartel,P.L., Chien,C.T., Sternglanz,R. and Fields,S. (1993) Eliminationhuman myeloma U266S and U266R cells with antiproteases as previously
of false positives that arise in using the two-hybrid system.detailed (Abramovichet al., 1994b) except that protein G beads
BioTechniques, 14, 920–924.(Pharmacia) were used with McAb IFNaR3. SDS–PAGE and analysis

Boffa,L.C., Karn,J., Vidali,G. and Allfrey,V.G. (1977) Distribution ofin a Fujix BAS1000 Phosphor-Imager were as before (Harrochet al.,
NG, NG-dimethyl-arginine in nuclear protein fractions.Biochem.1994b). In vitro methylation of histones was carried out under the
Biophys. Res. Commun., 74, 969–976.conditions described by Linet al. (1996) with [14C](methyl)-S-adenosyl-

Breeden,L. and Naysmith,K. (1985) Regulation of the yeast HO gene.methionine (Amersham).
Cold Spring Harbor Symp. Quant. Biol., 50, 643–650.

Burd,C.G. and Dreyfuss,G. (1994) RNA binding specificity of hnRNP
Cell cultures and RNA analysis A1: significance of hnRNP A1 high-affinity binding sites in pre-
Human myeloma U266S cells were cultured in RPMI 1640 (Bio-Lab, mRNA splicing.EMBO J., 13, 1197–1204.
Israel) with 10% heat-inactivated fetal calf serum (FCS) at 37°C in 5% Colamonici,O.R., D’Allessandro,F., Diaz,M.O., Gregory,S.A., Necker,
CO2. The U266R cells are an IFN-α,β-resistant derivative cell line from L.M. and Nordan,R. (1990) Characterization of three monoclonal
U266, lacking the transmembranal IFNAR1 mRNA (Abramovichet al., antibodies that recognize the interferon-α2 receptor.Proc. Natl Acad.
1994a). Human recombinant IFN-α8 (23108 IU/mg) produced inE.coli Sci. USA, 87, 7230–7234.
was a gift from Dr M.Grutter (Ciba-Geigy) and IFN-β (Rebif, 33 Colamonici,O.R., Yan,H., Domanski,P., Handa,R., Smalley,D.,
108 IU/mg) produced in CHO cells was from InterPharm (Ares-Serono Mullersman,J., Witte,M., Krishnan,K. and Krolevski,J.J. (1994) Direct
group). RNA was extracted with Tri-reagent (Molecular Research Center) binding and tyrosine phosphorylation of theα-subunit of the type I
and Northern blots were carried out with 10µg of RNA/slot with 106 IFN receptor by the p135TYK2 tyrosine kinase.Mol. Cell. Biol., 14,
c.p.m./ml of IR1B4 cDNA labeled with Rediprime kit (Amersham) as 8133–8152.
described (Harrochet al., 1994a). Constantinescu,S.N.et al. (1995) Expression and signaling specificity

of the IFNAR chain of the type I interferon receptor complex.Proc.
Natl Acad. Sci. USA, 92, 10487–10491.Antisense oligonucleotide inhibition of protein-arginine

methyltransferase. Cook,J.R., Cleary,C.M., Mariano,T.M., Izotova,L. and Pestka,S. (1996)
Differential responsiveness of a splice variant of the human type IOligonucleotide 39,59 phosphorothioates (Steinet al., 1989) correspond-

ing to sequences of the human IR1B4 cDNA (see Figure 4) were interferon receptor to interferons.J. Biol. Chem., 271, 13448–13453.
Darnell,J.E., Kerr,I.M. and Stark,G.R. (1994) Jak–Stat pathways andsynthesized: antisense-1, complementary to bases 12–33, 59-GGCTACA-

265



C.Abramovich et al.

transcriptional activation in response to IFNs and other extracellular growth defect of theSaccharomyces cerevisiae ire15mutant.Gene,
171, 107–111.signaling proteins.Science, 264, 1415–1421.

David,M., Chen,H.E., Goelz,S., Larner,A.C. and Neel,B.G. (1995a) Novick,D., Cohen,B. and Rubinstein,M. (1994) The human interferonα/
β receptor: characterization and molecular cloning.Cell, 77, 391–400.Differential regulation of the alpha/beta interferon-stimulated Jak/Stat

pathway by the SH2 domain-containing tyrosine phosphatase SHPTP1. Platanias,L.C., Uddin,S. and Colamonici,O.R. (1994) Tyrosine
phosphorylation of the alpha and beta subunits of the type I interferonMol. Cell. Biol., 15, 7050–7058.

David,M., Petricoin,E.,III, Benjamin,C., Pine,R., Weber,M.J. and receptor. Interferon-beta selectively induces tyrosine phosphorylation
of an alpha subunit-associated protein.J. Biol. Chem., 269, 17761–Larner,A.C. (1995b) Requirement for MAP kinase (ERK2) activity in

interferonα- and interferonβ-stimulated gene expression through Stat 17764.
Radzioch,D., Clayton,M. and Varesio,L. (1987) Interferon-alpha, -beta,proteins.Science, 269, 1721–1723.

David,M., Petricoin,E.,III and Larner,A.C. (1996) Activation of protein and - gamma augment the levels of rRNA precursors in peritoneal
macrophages but not in macrophage cell lines and fibroblasts.kinase A inhibits interferon induction of the Jak/Stat pathway in U266

cells.J. Biol. Chem., 271, 4585–4588. J. Immunol., 139, 805–812.
Revel,M. (1984) The interferon system in man: nature of the interferonDomanski,P., Witte,M., Kellum,M., Rubinstein,M., Hackett,R., Pitha,P.

and Colamonici,O.R. (1995) Cloning and expression of a long form molecules and mode of action. In Becker,I. (ed.),Antiviral Drugs and
Interferon: The Molecular Basis of Their Activity.Martinus Nijhoffof the beta subunit of the interferon alpha beta receptor that is required

for signaling.J. Biol. Chem., 270, 21606–21611. Publishers, Boston, pp. 357–433.
Revel,M. and Chebath,J. (1986) Interferon-activated genes.TrendsDreyfuss,G., Matunis,M.J., Pinol-Roma,S. and Burd,C.G. (1993) hnRNP

proteins and the biogenesis of mRNA.Annu. Rev. Biochem., 62, Biochem. Sci., 11, 166–170.
Rouault,J.-P.et al. (1992) BTG1, a member of a new family of289–321.

Durfee,T., Becherer,K, Chen,P.-L., Yeh,S.-H., Yang,Y., Kilburn,A.E., antiproliferative genes.EMBO J., 11, 1663–1670.
Smits,P.H., De Haan,M., Maat,C. and Grivell,L.A. (1994) The completeLee,W.-H. and Elledge,S. (1993) The retinoblastoma protein associates

with the protein phosphatase type 1 catalytic subunit.Genes Dev., 7, sequence of a 33 kb fragment on the right arm of chromosome II
from Saccharomyces cerevisiaereveals 16 open reading frames,555–569.

Ellis,L., Clauser,E., Morgan,D.O., Edery,M., Roth,R.A. and Rutter,W.J. including ten new open reading frames, five previously identified
genes and a homologue of the SC01 gene.Yeast, 10, S75–S80.(1986) Replacement of insulin receptor tyrosine residues 1162 and

1163 compromises insulin-stimulated kinase activity and uptake of Stein,C.A., Subasinghi,C., Shinozuka,K. and Cohen,J.S. (1989)
Physicochemical properties of phosphorothionate oligodeoxy-2-deoxyglucose.Cell, 45, 721–732.

Fields,S. and Song,O. (1989) A novel genetic system to detect protein– nucleotides.Nucleic Acids Res., 16, 3209–3221.
Tamm,I., Lin,S.L., Pfeffer,L.M. and Sehgal,P.B. (1987) Interferonsαprotein interactions.Nature, 340, 245–246.

Friedman,R.L., Manly,S.P., McMahon,M., Kerr,I.M. and Stark,G.R. andβ as cellular regulatory molecules. In Gresser,I. (ed.),Interferon
9. Academic Press, London, pp. 14–74.(1984) Transcriptional and posttranscriptional regulation of interferon-

induced gene expression in human cells.Cell, 38, 745–755. Uze,G., Lutfalla,G. and Gresser,I. (1990) Genetic transfer of a functional
human interferonα receptor into mouse cells: cloning and expressionGary,J.D., Lin,W.-J., Yang,M.C., Herschman,H.R. and Clarke,S. (1996)

The predominant protein-arginine methyltransferase from of its cDNA.Cell, 60, 225–234.
Velazquez,L., Fellous,M., Stark,G.R. and Pellegrini,S. (1992) A proteinSaccharomyces cerevisiae. J. Biol. Chem., 271, 12585–12594.

Harroch,S., Revel,M. and Chebath,J. (1994a) Induction by interleukin-6 tyrosine kinase in the interferonα/β signaling pathway.Cell, 70,
313–322.of interferon regulatory factor 1 (IRF-1) gene expression through the

palindromic interferon response element pIRE and cell type-dependent Wolffe,A.P. (1996) Histone deacetylase: a regulator of transcription.
Science, 272, 371–372.control of IRF-1 binding to DNA.EMBO J., 13, 1942–1949.

Harroch,S., Revel,M. and Chebath,J. (1994b) Interleukin-6 signaling via Yan,H., Krishnan,K., Greenlund,A.C., Gupta,S., Lim,J.T.E., Schreiber,
R.D., Schindler,C.W. and Krolewski,J.J. (1996) Phosphorylatedfour transcription factors binding palindromic enhancers of different

genes.J. Biol. Chem., 269, 26191–26195. interferon-α receptor 1 subunit (IFNaR1) acts a docking site for the
latent form of the 113 kDa Stat2 protein.EMBO J., 15, 1064–1074.Henry,M.F. and Silver,P.A. (1996) A novel methyltransferase (Hmt1p)

modifies poly(A)1 RNA-binding proteins. Mol. Cell. Biol., 16, Yang,C.H., Shi,W, Basu,L., Murti,A., Constantinescu,S.N., Blatt,L.,
Croze,E., Mullersman,J.E. and Pfeffer,L.M. (1996) Direct association3668–3678.

Kagan,R.M. and Clarke,S. (1994) Widespread occurrence of three of Stat3 with the IFNAR-1 chain of the human type I interferon
receptor.J. Biol. Chem., 271, 8057–8061.sequence motifs in diverseS-adenosyl methionine-dependent

methyltransferases suggests a common structure for these enzymes.
Received on September 9, 1996; revised on September 30, 1996Arch. Biochem. Biophys., 310, 417–427.

Leung,S., Qureshi,S.A., Kerr,I.M., Darnell,J.E. and Stark,G.R. (1995)
Role of Stat2 in the alpha interferon signaling pathway.Mol. Cell.
Biol., 15, 1312–1317.

Lin,W.-J., Gary,J.D., Yang,M.C., Clarke,S. and Herschman,H.R. (1996)
The mammalian immediate-early TIS21 protein and the leukemia-
associated BTG1 protein interact with a protein-arginine
methyltransferase.J. Biol. Chem., 271, 15034–15044.

Liu,Q. and Dreyfuss,G. (1995)In vivo and in vitro arginine methylation
of RNA-binding proteins.Mol. Cell. Biol., 15, 2800–2808.

Lutfalla,G. et al. (1995) Mutant U5A cells are complemented by an
interferon-αβ receptor subunit generated by an alternative processing
of a new member of a cytokine receptor gene cluster.EMBO J., 14,
5100–5108.

Mayeda,A., Helfman,D.M. and Krainer,A.R. (1993) Modulation of exon
skipping and inclusion by heterogenous nuclear ribonucleoprotein
A1 and pre-mRNA splicing factor SF2/ASF.Mol. Cell. Biol., 13,
2993–3001.

Najbauer,J., Johnson,B.A., Young,A.L. and Asward,D.W. (1993) Peptides
with sequences similar to glycine arginine rich motifs in proteins
interacting with RNA are efficiently recognized by methyltransferases
modifying arginine in numerous proteins.J. Biol. Chem., 268,
10501–10509.

Nikawa,J.-i. (1994) A cDNA encoding the human transforming growth
factor β receptor suppresses the growth defect of a yeast mutant.
Gene, 149, 367–372.

Nikawa,J.-i., Nakano,H. and Ohi,N. (1996) Structural and functional
conservation of human yeast HCP1 genes which can suppress the

266


