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An Interleukin-4-Induced Transcription Factor: 
IL-4 Stat 

Jinzhao Hou, Ulrike Schindler, William J. Henzel, Tze Chun Ho, 
.Mike Brasseur, Steven L. McKnight* 

Interleukin-4 (IL-4) is an immunomodulatory cytokine secreted by activated T lympho- 
cytes, basophils, and mast cells. It plays an important role in modulating the balance of 
T helper (Th) cell subsets, favoring expansion of the Th2 lineage relative to Thl . Imbalance 
of these T lymphocyte subsets has been implicated in immunological diseases including 
allergy, inflammation, and autoimmune disease. IL-4 may mediate its biological effects, 
at least in part, by activating a tyrosine-phosphorylated DNA binding protein. This protein 
has now been purified and its encoding gene cloned. Examination of the primary amino 
acid sequence of this protein indicates that it is a member of the signal transducers and 
activators of transcription (Stat) family of DNA binding proteins, hereby designated IL-4 
Stat. Study of the inhibitory activities of phosphotyrosine-containing peptides derived 
from the intracellular domain of the IL-4 receptor provided evidence for direct coupling 
of receptor and transcription factor during the IL-4 Stat activation cycle. Such observa- 
tions indicate that IL-4 Stat has the same functional domain for both receptor coupling 
and dimerization. 

Studies of the mammalian immune svstem 
have led to the discovery of small, sedreted 
proteins that provide circuitry to both ded- 
icated and'peripheral components of the 
system ( I ) .  These proteins, broadly termed 
cytokines, act to modify the growth and 
differentiated function of cells harboring 
cognate receptors. Cytokines are typically 
expressed under tight regulation with re- 
spect to cell type and physiologic state. The 
biological effects of a given cytokine are, in 
turn, limited to target cells bearing the cor- 
responding receptor. 

Biochemical and somatic cell genetic - 
studies have begun to resolve the mecha- 
nisms by which cytokines selectively modify 
receptor-bearing target cells. Studies of in- 
terferon a (IFN-a) and interferon y (IFN- 
y) have revealed essential components of 

the cytokine signaling pathway. Cells treat- 
ed with IFN-y rapidly activate an otherwise 
latent DNA binding protein (2). Concom- 
itant with activation, the DNA binding 
protein, variously termed p91 or Statl,  be- 
comes tyrosine-phosphorylated by way of a 
receptor-associated tyrosine kinase. Mutant 
cells lacking either Jakl or Jak2 tyrosine 
kinase fail to respond to IFN-y signaling. 
Shortly after phosphorylation of a single 
and specific tyrosine residue (Y701), p91 
translocates from cytoplasm to nucleus 
where it activates an array of genes contain- 
ing its specific binding site. The p91 protein 
has emerged as the founding member of a 
family of cytokine-activated transcription 
factors. Likewise, resolution of the role of 
Jak kinases in interferon signaling has un- 
covered a bioloeical function for this class 
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bearing its cognate receptor. When exposed 
to IL-4, B lymphocytes activate the synthe- 
sis of sterile transcripts of the immunoglob- 
ulin locus and subsequently undergo class 
switching to the irnrnunoglobulin E heavy 
chain isotype (3). IL-4 also activates genes 
encoding cell surface proteins including 
various immunoglobulin receptors and the 
MHC (major histocompatibility complex) 
class I1 antigen (4). IL-4 modulates the 
activity of DNA binding proteins in B lym- 
uhocvtes (5). Three studies have indicated . . 
;hat IL-4 may regulate gene expression in a 
manner analogous to IFN-y. A latent DNA 
binding protein is rapidly phosphorylated 
on tyrosine and translocated to the nucleus 
in receptor-bearing cells treated with IL-4 
(6). In order to study the molecular mech- 
anisms governing this process we have pu- 
rified the IL-4-induced DNA binding pro- 
tein and cloned its encoding gene. - "  

Human monocytic Thp-l cells were 
grown in suspension, treated briefly with 
IL-4, harvested, disrupted, and fractionated 
to separate nuclear and cytoplasmic pro- 
teins (7). Nuclear extracts from IL-&treat- 
ed cells, but not control cells, contained a 
DNA binding activity capable of specific 
interaction with a double-stranded, syn- 
thetic oligonucleotide corresponding to the 
IL-4 response element located upstream of 
the human FcyRI gene (6). This activity 
was purified by three chromatographic steps 
(8) and found to be specified by a polypep- 
tide that migrated with a molecular size of 
100 kD as indicated by SDS-polyacryla- 
mide gel electrophoresis (Fig. 1). The 100- 
kD polypeptide reacted with an antibody 
that recognized phosphotyrosine, consistent 
with studies that implicated tyrosine phos- 
phorylation as an essential step required for 
its activation (6). 

The purified, 100-kD polypeptide was di- 
gested with lysine-C and resulting peptides 
were fractionated by capillary high-perfor- 
mance liquid chromatography. Arnino acid 
sequences were obtained from six peptide 
fragments (9). Synthetic oligonucleotides de- 
signed from these sequences were used for 
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polymerase chain reaction (PCR) amplifica- 
tion of complementary DNA (cDNA) pre- 
pared with mRNA from Thp-1 cells (10). A 
PCR fragment that encoded three of the se- 
quenced peptides was isolated. Complemen- 
tary DNA clones were obtained and se- 
quenced, allowing prediction of the open 
reading frame corresponding to the 100-kD 
polypeptide (Fig. 2). Starting with an initiator 
methionine codon located 182 base pairs (bp) 
downstream from 5' terminus of the longest 
cDNA clone, the sequence predicts a n  open 
reading frame 848 residues in length which, in 
an unmodified state, should generate a 
polypeptide of 94 kD. All six of the peptide 
sequences generated by lysine-C digestion of 
the purified 100-kD polypeptide were found 
in the conceptually translated open reading 
frame (Fig. 2). 

A search of the NCBI BLAST database 
revealed substantial similarity between the 
primary amino acid sequence of the 100- 
kD, IL-4-induced protein and that of mam- 
mary gland factor (MGF), a prolactin-in- 

duced DNA binding protein that belongs to 
the Stat family of transcription factors ( I  I ). 
Some sequence similarity was also observed 
between the IL-4-induced protein and the 
remaining four members of the Stat family 
(1 2) (Table 1). In all cases, the most signif- 
icant segments of sequence similarity corre- 
sponded to three regions, one consisting of 
about 50 amino acids located adjacent to 
the NH2-termini of all six proteins, and two 
more centrally located regions that have 
been predicted to specify contiguous SH3 
and SH2 domains (Src homology). Because 
of similarity of the IL-+induced protein to 
Stat proteins, coupled with its rapid, phos- 
photyrosine-associated conversion from la- 
tent to active state, we have designated this 
protein IL-4 Stat. 

The distance from the 5' terminus of the 
longest IL-4 Stat cDNA clone to the poly- 
adenylated tail was 4.0 kb. RNA (Northern) 
blotting assays (1 3) confirmed the presence 
of a 4-kb IL-4 Stat mRNA. This mRNA 
species was observed in various human tis- 

Fig. 1. Purification of IL-4 Stat. Nuclear extract from A 1 2 3 
--- - - 

B 1 2  3 4 5  
Thp-1 cells treated with IL-4 was precipitated with -.- =- - .-- - 
ammonium sulfate and then chromatographed in . . -  
three steps that led to the purification of IL-4 Stat 200- - 
(8). (A) Coomassie staining pattern of polypeptides - A d  200- 
separated by SDS-gel electrophoresis and trans- . - -- 
ferred to a polyvinylidene difluoride (PVDF) mem- ''- 

97- 
brane. (B) lmmunoblot of the same PVDF mem- 68- 
brane with a monoclonal antibody to phosphoty- 68- 

rosine. Bound antibody was visualized by chemilu- 
minescence with horseradish peroxidas+coupled 
antibody to mouse immunoglobulin. (Lane 1) Crude -- 
Thp-1 nuclear extract. (Lanes 2 to 5) protein sam- 
ples that had been precipitated with ammonium sulfate (2), S-Sepharose chromatography (3), DNA 
affinity chromatography (4),  and Q-Sepharose chromatography (5). Molecular markers (left) correspond 
to positions of electrophoretic migration of myosin heavy chain (200 kD), phosphorylase B (97 kD), and 
bovine serum albumin (68 kD). 

Fig. 2. Conceptually translated amino acid se- MSLWQLVS~ PP=KVQRLYV DPW-XLL O ~ E S Q P I I E  PLVGSDAPCC 

quence of IL-4 Stat. Recombinant clones encod- 
nLsm -PIINDE PoBosTIwE I-sIw DP-VATPR 

ina IL-4 Stat were isolated from a cDNA libraw 
~ & ~ a r e d  with mRNA from human umbilical vein QILWBKKAV ICSQ- ~ ~ Q P Z U W  K T Q L F U H R  --- 150 

endothelial cells (HUVEC). DNA sequence was re- 
solved on both DNA strands by the chain termi- w - w s W r S L 1 m P A - s ~ ~ w E 2 T O m ~ -  

nation method of DNA sequencing. The predicted 
11-4 Stat protein sequence is shown starting at an 
initiator methionine residue located 182-bp down- 
stream of the longest cDNA. The predicted 11-4 
Stat open reading frame was interrupted by a 
translation termination codon 11 6 bp upstream of 
the presumed initiator methionine, consistent with 
the interpretation that the 182-bp region corre- 
sponds to the 5'-untranslated region of the IL-4 
Stat mRNA. The IL-4 Stat open reading frame 
predicts a polypeptide consisting of 848 amino 
acidsothat, in an unmodified state, specifies the 

-QQQL AQUQAPPEES LAPIQERCES LVDIYSQLQQ EVQAAGQELE 2 5 0  
1 2 

PK'tWASLTOR W T L V T  SCPLYERPPP WLKwTRPp AGVRPLLQLR 3 0 0  

PLGAPAKPPL -KQ ARELSWQGP QA(ULB-I IUUTVPLEUS 3 5 0  

IEGUCCSALP m L L R R I R R  CERKWESVT m V L P S A  S m  4 0 0  

IQLQALSLPL m T I L W D U  APSEJDRVPP WABRVPWEK 4 5 0  

M-KFM .WNGlT4RQLL PEBKKLQK I m S L S l l g  AFQARSVSWS 5 0 0  
3 

Q ~ I L L G R  G ~ P W Q W P W  V w I L m a n  ~ D R U I O  P I S K ~ S L  5 5 0  

LLt9EPlSTPL LRFSDSEIQQ ITULaYTRGQ DDWQIEUIQ PPSZIXDLSIR 6 0 0  

monomeric size of 94 kD. Peptides resolved from 
SLOmRma Q--m PE-G YVPATIm 650 

microsequencing of lysine-C fragments (9) are un- 4 5 6 

derlined. ~bbreiations for the-amino acid resi- ~ ~ ( D ~ ~ L P T P E  ~ ~ I V P S Y  m S S M  ~MQL-WP QVYPPESESI 7 0 0  

dues are: A, Ala; C, CYS; D, Asp; E, Glu; F, Phe; G, 
PPP(WLsPEB mSAFQE wP- rmSLPPDPPE PPDI.GPCQPQ ,50 

Gly; H, His; I ,  Ile; K, Lys; L. Leu; M, Met; N,  Asn; P, 
Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W. Trp, E ~ V S S P D P L  LCS- SCLSQPVTAP PQGTWIGEDI PPPLLPPTEQ 8 0 0  

and Y. Tyr. 
D~LLEW~SMj08LQAQPLLQPSAIGQSGIW~LRRllPtnnr 848 

sues, with significant amounts in ~eripheral 
blood lymphocytes, colon, intestine, ovary, 
prostate, thymus, spleen, kidney, liver, lung, 
and placenta (Fig. 3). Northern blotting 
also revealed a slightly smaller mRNA that 
was most abundant in kidney, as well as 
three larger mRNAs about 4.8, 5.5, and 6 
kb. The 4.8- and 6-kb species were most 
abundant in spleen and thymus, whereas 
the 5.5-kb species was only observed in 
peripheral blood lymphocytes. The molec- 
ular composition and origin of these IL-4 
Stat-related mRNAs is yet to be resolved. 

The IL-4 receptor complex is composed 
of two distinct polypeptides, a 139-kD li- 
gand-binding subunit (IL-4R) and a smaller 
polypeptide (IL-2Ry) also utilized for IL-2, 
IL-7, and IL-13 signaling (14). Inspection 
of the primary amino acid sequences of the 
intracellular domains of the two receptor 
subunits has not revealed obvious motifs 
capable of mediating signal transduction. 
Treatment of cultured cells with IL-4 does, 
however, bring about rapid tyrosine phos- 
phorylation of the intracellular domain of 
the IL-4R subunit (15). Indeed, phospho- 
rylation of tyrosine 472 (Y472) of the IL4R 
has been implicated in signaling through a 
large cytoplasmic protein termed either in- 
sulin receptor substrate1 (IRS-1) or 4PS 
(16). In that the primary amino acid se- 
quence of IL-4 Stat may specify SH3 and 
SH2 domains (Fig. 2), these domains might 
facilitate direct interaction with the intra- 
cellular domain of the IL-4 receptor at some 
point in the IL-4 Stat activation cycle. 

This interpretation and the conceptual 
basis of the experiments designed to test it 
rely on prior studies of interferon signaling. 
The Stat protein induced by IFN-y, p91, is 
rapidly converted from the monomeric to 
dimeric state after presentation of ligand 
(17). O n  the basis of observations that the 
IFN-y receptor becomes tyrosine-phospho- 
rylated shortly after binding of its cognate 
cytokine and that p91 contains contiguous 
SH3 and SH2 domains, Schreiber and col- 
leagues tested whether a phosphotyrosine 
peptide derived from the IFN-y receptor 
might inhibit activation of p91. Using a 
disrupted cell assay that recapitulates the 
conversion of latent p91 to the tyrosine- 
phosphorylated, DNA binding competent 
state, they showed that a receptor-derived 
phosphopeptide potently inhibits p91 acti- 
vation (18). The inhibitory peptide corre- 
sponded to a region of the IFN-y receptor 
that is tyrosine-phosphorylated after ligand 
binding and contained a specific tyrosine 
(Y440) that is essential for IFN-y signaling. 
These observations are consistent with the 
idea that the SH3 and SH2 domains of p91 
might facilitate direct binding to the IFN-y 
receptor. 

DNA binding by activated p91 can be 
selectively inhibited by synthetic phospho- 
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tyrosine peptides because phosphopeptides 
derived both from the transcription factor 
itself (1 7) and the IFN-y receptor (19) have 
inhibitory activity. Hence it is possible that 
the SH3 and SH2 domains of p91 serve two 
distinct roles-facilitating direct interac- 
tion with the IFN-y receptor early during 
the ~ 9 1  activation cvcle and later mediat- 
ing dimerization once p91 has been ty- 
rosine-phosphorylated. Such dual function 
might explain the inhibitory activities of 
receptor- and transcription factor-derived 
phosphopeptides. If the dimerization inter- 
face of an activated Stat protein were spec- 
ified by reciprocal coupling of SH3:SH2 
domains and phosphotyrosine substrates, 
dimerization and, in turn, DNA binding 
might be inhibited by tyrosine-phosphoryl- 
ated peptides capable of occupying the 
SH3 : SH2 domain. 

In order to investigate possible coupling 
between the IL-4 receptor and the tran- 
scription factor it appears to activate, we 
examined the inhibitory effects of five 
phosphotyrosine peptides derived from the 
intracellular domain of the human IL-4R 
subunit on DNA binding by activated IL-4 
Stat. As a control we also tested the inhib- 
itory activity of the phosphotyrosine pep- 
tide of the IFN-y receptor that blocks p91 
activation (18). Each peptide contained a 
centrally located phosphotyrosine flanked 
on the amino and carboxvl sides bv seven 
amino acids specified by the native se- 
cluence of the human IL-4R subunit (20). . , 

Samples of nuclear extract prepared from 
IL-4-induced Thp-1 cells were incubated 
with individual phosphopeptides then test- 
ed by the electrophoretic mobility shift as- 
say for the retention of active IL-4 Stat. 
Two of the five phosphopeptides derived 
from the intracellular domain of the IL-4R 
subunit inhibited the DNA binding activity 
of IL-4 Stat at concentrations ranging from 
100 to 300 p,M (Fig. 4A). The IFN-y- 
derived phosphopeptide did not affect 
DNA binding activity. Moreover, the activ- 
ities of both of the inhibitory, IL-4 recep- 
tor-derived peptides were dependent on 
tyrosine phosphorylation. Nonphosphoryl- 
ated peptides showed no inhibitory activity 
(Fig. 4A). 

Surprisingly, the two inhibitory peptides 

derived from the IL-4 receptor are related in 
primary amino acid sequence (NH2-GP- 
PGEAGY"KAESSLL-COOH and NH,- 
ASSGEEGY"KPEQDL1-COOH). Relative 
to the centrallv located ~hos~hotvrosine. . . ,  
the two peptides are identical at the + 1 and 
+3 positions. Detailed studies of interac- 
tion of SH2 and phosphotyrosine peptide 
have indicated that the +1 and +3 posi- 
tions are important for specifying selectivity 
of this interaction (21 ). 

These observations, like those reported 
for p91 (17, 18), are consistent with the 
internretation that Stat uroteins interact 
directly with phosphotyrosine peptides on 
their corresponding receptor at an early 
point during their activation cycle. Where- 
as the inhibitory activities of receptor-de- 
rived phosphotyrosine peptides support a 
direct interaction model, these and previous 
observations have been limited to either 
crude cytoplasmic or nuclear extracts. As 
such, it is possible that the inhibitory pep- 
tides might block other components of the 
signaling system that either physically adapt 
or enzymatically link receptor and tran- 
scription factor. 

To test whether the IL-4 rece~tor-de- 
rived phosphopeptides might intiract di- 
rectly with IL-4 Stat, we examined the ef- 
fects of five synthetic peptides on the DNA 
binding activity of the purified transcrip- 
tion factor. IL-4 Stat purified from cyto- 
kine-induced Thp-1 cells (Fig. 1) was incu- 
bated with the two IL-4 receptor-derived 
phosphopeptides that had shown inhibitory 
activity when tested in crude nuclear ex- 

Fig. 3. Tissue distribution of IL-4 Stat mRNA. 
Nylon membranes containing polyadenylate-en- 
riched mRNA from 16 human tissues were probed 
by nucleic acid hybridization at high stringency for 
IL-4 Stat mRNA (73). A prominent band of ap- 
proximately 4 kb was observed in most tissues, 
with highest amounts occurring in peripheral 
blood lymphocytes (PBL), colon, intestine, ovary, 
prostate, thymus, spleen, kidney, liver, lung, and 
placenta. A slightly smaller band (3.8 kb) was ob- 
served in kidney. Larger bands of 4.5 and 6 kb 
were observed most abundantly in thymus and 
spleen. The mRNA preparation from peripheral 
blood lymphocytes also contained a larger mRNA 
species (5.5 kb) that hybridized to the IL-4 Stat 
probe. 

tracts (Fig. 4A). Corresponding nonphos- 
phorylated versions of each peptide were 
also tested, as was the tyrosine-phosphoryl- 
ated peptide derived from the IFN-y recep- 
tor that inhibits activation of ~ 9 1  (18). We 

L . ,  
again observed phosphotyrosine-dependent 
inhibition bv the two IL-4 rece~tor-derived 
peptides and no discernible ingibitory effect 
by the IFN-y phosphopeptide (Fig. 4B). 

The observations presented in Fig. 4 par- 
allel the results and interpretations of stud- 
ies of p91 and the IFN-y receptor (17, 18). 
One advance, however, comes from the use 
of purified components. As judged by Coo- 
massie staining, the IL-4 Stat used in our 
study was substantially pure (Fig. 1). Given 
that the two receptor-derived, inhibitory 
peptides were capable of complete elimina- 
tion of IL-4 Stat DNA binding activity, any 
indirect mode of inhibition must invoke a 
catalytic mechanism. One such mechanism 
might entail dephosphorylation of IL-4 
Stat. a ~ossibilitv eliminated bv immuno- , . 
blot assays with antibodies specific to phos- 
photyrosine. After complete inhibition of 
IL-4 Stat DNA binding activity by incuba- 
tion with the inhibitory phosphopeptides, 
protein was analyzed by immunoblotting, 
which showed that IL-4 Stat does not lose 
phosphotyrosine as a result of exposure to 
the receptor-derived, inhibitory peptides 
(Fig. 4C). . . ,  . 

We next investigated the mechanism by 
which the inhibitory peptides derived from 
the IL-4 receptor block the DNA binding 
activity of purified IL-4 Stat. The inhibitory 
activity of both receptorderived peptides re- 

Table 1. Amino acid sequence similarity comparison of Stat proteins. Pair- Laboratory. Stat1 (p91), Stat2 (p113), and IL-4 Stat are human sequences, 
wise distance matrix comparisons were obtained with CLUSTAL V protein Stat3 (APRF) and Stat4 are mouse sequences (72), and Stat5 (MGF) is a 
alignment software program distributed by the European Molecular Biology sheep sequence (7 7 ). 

Type IL-4 Stat Stat 1 Stat 2 Stat 3 Stat 4 Stat 5 

IL-4 Stat 
Stat 1 (p91) 
Stat 2 (p113) 
Stat 3 (APRF) 
Stat 4 
Stat 5 (MGF) 
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quired phosphorylation on tyrosine. More- 
over, the inhibitory peptides are related in 
primary amino acid sequence on the immedi- 
ate carboxyl terminal side of the phosphory- 
lated tyrosine, a region known to function in 
specifying selective interaction between phos- 
photyrosine peptides and SH2 domains (21). 
Thus, these inhibitory peptides might bind to 
the SH3:SHZ domain of IL-4 Stat, thereby 
disrupting reciprocal SH3:SHZ-phosphoty- 
rosine interactions that otherwise facilitate 
dimer adherence. 

In order to test whether IL-4 Stat indeed 
exists in a dimeric state, purified protein 
was exposed independently to two chemical 
crosslinkers, glutaraldehyde and disuccin- 
imidyl glutarate (DSG). Both reagents 
caused time-dependent crosslinking of IL-4 
Stat to covalently linked dimers (Fig. 5A). 
Even when exposed for a length of time 
sufficient to quantitatively crosslink all IL-4 
Stat to covalently linked dimers, no evi- 
dence of higher order (trimeric or tet- 
rameric) oligomerization was observed. The 
limited nature of this crosslinking, coupled 
with the low protein concentration (100 
ng/ml), provides evidence that functional 
IL-4 Stat exists in a dimeric state. This 
interpretation is consistent with studies of 
other Stat proteins (17) and likewise fits 
with the dyad symmetric nature of the sev- 
en IL-4 Stat binding sites identified thus far 
(6). 

Chemical crosslinking provided a 
means of testing whether the monomer: 
dimer equilibrium of IL-4 Stat might be 
influenced by the IL-4 receptor-derived 
peptides that inhibited DNA binding. Pu- 
rified IL-4 Stat was exposed to the same 
five peptides that were tested in the DNA 
binding inhibition assay (Fig. 4B). After 
brief incubation the samples were exposed 
to DSG under conditions sufficient to 
quantitatively crosslink IL-4 Stat. The 
two IL-4 receptor-derived peptides, if 
phosphorylated on tyrosine, impeded for- 
mation of covalently linked IL-4 Stat in a 
concentration-dependent manner (Fig. 
5B). No inhibition was observed with 
nonphosphorylated variants of the same 
two peptides or with the phosphopeptide 
derived from the IFN-y receptor. The 
concentration at which receptor-derived 
phosphopeptides inhibited DNA binding 
(Fig. 4) corresponded with that required 
to impede crosslinking of IL-4 Stat dimers 
(Fig. 5). We therefore conclude that in- 
cubation of IL-4 Stat with tyrosine-phos- 
phorylated peptides derived from the in- 
tracellular domain of its cognate receptor 
influences monomer:dimer equilibrium, 
and that the disassociation of IL-4 Stat 
dimers represents the mechanism by 
which receptor-derived phosphopeptides 
inhibit DNA binding. 

Our data allow several concrete pre- 

dictions. First, we anticipate that IL-4 
Stat activation may entail transient cou- 
pling with either or both of two specific 
phosphotyrosine residues, YP578 and 
YP606, located in the intracellular do- 
main of the IL-4 receptor. In that the 
inhibitory activities of synthetic peptides 
corresponding to these regions of the IL-4 
receptor require tyrosine phosphoryla- 
tion, transient receptor coupling of IL-4 
Stat should likewise be dependent upon 
tyrosine phosphorylation. These interpre- 
tations are at odds with functional studies 
of the IL-4R subunit that have indicated 
that mutated variants of the receptor 
lacking all tyrosines native to the intra- 
cellular domain can mediate the growth 
stimulatory effects of IL-4 as tested in 
the murine pro-B cell line BalF3 (22). 
It is possible that mitotic proliferation, 
the biological process monitored in the 

Fig. 4. Inhibition of IL-4 Stat DNA binding activity 
by phosphopeptides derived from the IL-4 recep- 
tor. (A) Gel mobility shift assays where crude nu- 
clear extract prepared from IL-4-induced Thp-1 
cells was incubated with synthetic peptides de- 
rived from either the ligand binding chain (IL-4R) 
of the IL-4 receptor or the IFN-y receptor. Syn- 
thetic peptides (30, 100, or 300 FM) were incu- 
bated with nuclear extract for 30 min at 24°C. 
Samples were then mixed with a double-strand- 
ed, 32P-labeled oligonucleotide corresponding to 
the IL-4 response element of the gene encoding 
FcyRI. The nucleotide sequence of the probe 
DNA was 5'-GTATTTCCCAGAAAAGGAAC-3'. 
The lower panel is an autoradiographic exposure 
of the electrophoretic mobility shift resulting from 
treatment of IL-4 Stat with a tyrosine-phosphoryl- 
ated peptide derived from the IFN-y receptor 
(NH,-TSFGYPDKPH-COOH). Unbound (free) 
DNA probe migrated at the bottom of the electro- 
pherogram. The probe bound by IL-4 Stat was 
retarded. Incubation of the nuclear extract with 

latter study, is independent of IL-4 Stat. 
However, phosphorylation of Y472 of 
the IL-4R subunit has been firmly impli- 
cated in the IL-4-induced activation of 
IRS-1 and the proliferative response of 
human macrophage 32D cells (16). Fur- 
ther studies are required to resolve these 
contradictions. 

Our second prediction results from the 
ability of IL-4 receptor-derived phos- 
phopeptides to selectively inhibit DSG-me- 
diated crosslinking of IL-4 Stat. Such inhi- 
bition was observed at concentrations sim- 
ilar to those required to inhibit DNA bind- 
ing activity. These results indicate that the 
inhibitory peptides dissociate IL-4 Stat 
dimers, thereby causing an inhibition of 
DNA binding activity. We therefore pro- 
pose that IL-4 Stat utilizes the same 
polypeptide domain, probably the SH3: 
SH2 domain, to mediate transient receptor 

the IFN-y receptor phosphopeptide did not affect 
the DNA binding activity of IL-4 Stat. The upper 111.111~ 

seven panels show only the IL-4 Stat-retarded yP440 

comlslexes. Two IL-4 recelstor-derived lselstides 
i--I - 

inhibited DNA binding by i ~ - 4  Stat in a'cdncen- 
tration- and phosphotyrosine-dependent man- 
ner; one corresponding to a 15-residue region 
centered on Tyr578 of the IL-4R subunit (NH,- 
GPPGEAGYPKAFSSLL-COOH), and another cor- 
responding to a 15-residue region centered on 
Tyr606 of the IL-4R subunit (NH,-ASSGEEGYPK- 
PFQDLI-COOH). Three other peptides, corre- 
sponding to tyrosine residues 472 (NH,-VIAG- 
NPAYPRSFSNSL-COOH), 550 (NH,-VSAPTS- 
GYPQEFVHAV-COOH) and 688 (NH,-SLGSGIWPSALTCHL-COOH) of the IL-4 receptor did not 
affect DNA binding by IL-4 Stat even if phosphorylated on tyrosine. (B) The upper panel shows 
electrophoretic mobility shift assays where receptor-derived peptides were tested for inhibition of 
DNA binding activity by purified IL-4 Stat. Peptides were mixed with purified IL-4 Stat (Fig. 1) and 
assayed for inhibition of DNA binding as in (A). Phosphotyrosine-dependent inhibition was observed 
for the same IL-4R-derived peptides (YP578 and YP606) as observed in crude nuclear extracts. No 
inhibitory activity was observed for the phosphopeptide derived from the IFN-y receptor. (C) Immu- 
noblot assays of IL-4 Stat after incubation with synthetic peptides used in (B). Purified IL-4 Stat (Fig. 
1) was incubated with synthetic peptides (300 pM) as in (B). Protein samples were then fractionated 
by SDS-gel electrophoresis, transferred to a nitrocellulose membrane and assayed by immunoblot- 
ting with an antibody to phosphotyrosine (Fig. 1). The amount of phosphotyrosine associated with 
IL-4 Stat was not changed after incubation with any of the five synthetic peptides. 
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coupling and dimerization. This represents 
unequivocal evidence of direct coupling of 
a Stat protein to its cognate receptor. 

If our inter~retation of the inhibitom 
effects of IL-4 receptor-derived phos- 
phopeptides is correct, such observations 
imply that the same functional domain of 
IL-4 Stat is used both for receptor cou- 
pling and dimerization. There are several 
reasons to predict that the contiguous 
SH3 and SH2 domains of IL-4 Stat forms 
this multifunctional interface. First, SH2 
(23) and SH3:SHZ domain (24) are . , . ., 

known substrates for binding phosphoty- 
rosine peptides. Second, x-ray crystallo- 
graphic studies of the SH3:SHZ domain 
of Lck tyrosine kinase have provided ev- 
idence of anti-parallel dimerization, 
wherein reciprocal protein:protein con- 

tacts are formed between the SH2 domain 
of one subunit and the SH3 domain of its 
dimeric partner (24). 

O n  the basis of these observations we 
propose the conceptual model shown in Fig. 
6, where IL-4 Stat first associates via its 
SH3:SHZ domain with the freshly tyrosine- 
phosphorylated IL-4 receptor. Proximity to 
a receptor-associated tyrosine kinase results 
in phosphorylation of IL-4 Stat, presumably 
at a position on the immediate carboxyl 
terminal side of the SH2 domain [as is 
known to be the case of p91 (Z)]. Thereaf- 
ter, a critical transition occurs involving 
concomitant release from the receptor and 
IL-4 Stat dimerization. 

The latter reaction may be favored as a 
result of the concerted, reciprocal interac- 
tion between the phosphorylated tail pep- 

DSG ~lutaralaeh~de 

Fig. 5. Inhibition of dimeriiation of IL-4 Stat by phosphopeptides derived from the IL-4 receptor. (A) 
Patterns of glutaraldehyde and DSG-mediated crosslinking of IL-4 Stat. Purified IL-4 Stat (Fig. 1) was 
mixed with 0.02% glutaraldehyde or 0.5 mM DSG and incubated at 24°C for 1, 2, 4, 8, and 16 min. 
Crosslinking was terminated by the addition of 0.1 M tris(hydroxymethyl)aminomethane. Samples were 
fractionated by SDS-gel electrophoresis and transferred to nitrocellulose membranes for immunoblotting. 
IL-4 Stat was visualized with antibodies specific to phosphotyrosine (Fig. 1). Both crosslinking reagents 
caused a time-dependent conversion of IL-4 Stat to covalently linked dimers. Molecular markers corre- 
spond to positions of migration of myosin heavy chain (200 kD), phosphorylase B (97 kD), bovine serum 
albuvin (68 kD), and ovalbumin (43 kD). (B) Effects of synthetic, receptor-derived peptides on DSG- 
mediated crosslinking of IL-4 Stat. Purified IL-4 Stat (Fig. 1) was mixed with 30, 100 or 300 pM 
concentrations of five synthetic peptides as described (Fig. 4). Samples were then exposed to 0.5 mM 
DSG for 8 min. Crosslinking was stopped by the addition of 0.1 M tris(hydroxymethyl)aminomethane, and 
samples were fractionated by SDS-gel electrophoresis. IL-4 Stat was visualized by immunoblotting with 
an antibody specific to phosphotyrosine (Fig. 1). The same two IL-4 receptor-derived peptides that 
inhibited IL-4 Stat DNA binding activity (Fig. 4) also inhibited DSG-mediated crosslinking of IL-4 Stat. 
Nonphophorylated forms of the two IL-4 receptor-derived peptides and the IFN-y receptor-derived 
phosphopeptide did not dissociate IL-4 Stat dimers. 

Unphosphorylatel 
tail peptide 

Latent 
IL-4 Stat 
monomer 

tail peptides 

(\L 

recepter IL-4 Stat dimer 

peptide 

C-I 
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Fig. 6. Conceptual model of IL-4 Stat activation and inhibition by receptor-derived phosphopeptides. 
Latent IL-4 Stat binds to one of two phosphotyrosine peptides on the intracellular domain of IL-4 receptor 
(purple). Tyrosine phosphorylation of IL-4 Stat results in dimerization and concomitant release from 
receptor. Inhibitory, receptor-derived phosphopeptides disrupt IL-4 Stat dimers by occupying part of 
dimer interface. Phosphotyrosines on IL-4 receptor and IL-4 Stat are shown as gold spheres. 

tide of one IL-4 Stat subunit and the SH2: 
SH3 domain of its dimeric partner (Fig. 6). 
In that IL-4 Stat dimers are presumably 
held together by two SH2:phosphotyrosine 
couplings, each such interaction might be 
individually weaker than the corresponding 
interaction with the IL-4 receptor. 

The reciprocal coupling model envi- 
sioned for IL-4 Stat dimerization is concep- 
tually similar to the mechanism of dimer- 
ization of the Cro protein of bacteriophage 
A, wherein a specific phenylalanine of one 
subunit is embedded into a receptive pocket 
on its dimeric partner (25,26). It also close- 
ly parallels the mechanism of Lck dimeriza- 
tion, which has been interpreted to repre- 
sent a negative regulatory step controlling 
Lck tyrosine kinase activity (24). If correct, 
this interpretation of the IL-4 Stat activa- 
tion pathway points to subtly controlled 
dimerization as a key regulatory step in 
cytokine-mediated signaling. 
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Regulation of Alternative Splicing in Vivo by 
Overexpression of Antagonistic Splicing Factors 

Javier F. Caceres, Stefan Stamm, David M. Helfman, 
Adrian R. Krainer* 

The opposing effects of SF2/ASF and heterogeneous nuclear ribonucleoprotein (hnRNP) 
A1 influence alternative splicing in vitro. SF2/ASF or hnRNP A1 complementary DNAs 
were transiently overexpressed in HeLa cells, and the effect on alternative splicing of 
several cotransfected reporter genes was measured. Increased expression of SF2/ASF 
activated proximal 5' splice sites, promoted inclusion of a neuron-specific exon, and 
prevented abnormal exon skipping. Increased expression of hnRNP A1 activated distal 
5' splice sites. Therefore, variations in the intracellular levels of antagonistic splicing 
factors influence different modes of alternative splicing in vivo and may be a natural 
mechanism for tissue-specific or developmental regulation of gene expression. 

Alternative splicing is a major mechanism 
for controlling the expression of cellular and 
viral genes. SF2/ASF and other members of 
the SR protein family have an activity re
quired for general splicing in vitro and also 
regulate alternative splicing by promoting the 
use of proximal 5' splice sites (1-4)- This 
latter activity is counteracted in vitro by 
hnRNP Al , which promotes the use of distal 
5' splice sites (5, 6). Thus, the antagonizing 
activities of SR proteins and hnRNP Al are 
key determinants of alternative 5' splice site 
selection in vitro. In addition, a small increase 
in the concentration of SF2/ASF prevents the 
inappropriate exon-skipping observed when 
certain precursor messenger RNAs (pre-
mRNAs) are spliced in vitro (7). This prop
erty may reflect a mechanism by which SR 
proteins ensure the fidelity of splicing. Al
though any individual SR protein can com
plement an inactive splicing extract lacking 
all the SR proteins, differences have been 
detected in their ability to regulate alternative 
splicing of different pre-mRNAs in vitro (8, 
9). Therefore, the relative abundance of each 
SR protein and the molar ratio of each SR 
protein to hnRNP Al , or to other antago-
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nists, may determine the patterns of alterna
tive splicing of many genes expressed in a 
particular cell type. Tissue-specific variations 
in the total and relative amounts of SR pro
teins or their mRNAs have been described (8, 
10, 11), and in addition the molar ratio of 
SF2/ASF to hnRNP Al varies over a wide 
range in different rat tissues (11). 

Whether changes in the relative amounts 
of SF2/ASF and hnRNP Al can affect gene 
expression in vivo was not known. To address 
this question, we transiently overexpressed 
SF2/ASF or hnRNP Al complementary 
DNAs (cDNAs) in HeLa cells and analyzed 
the splicing patterns of cotransfected reporter 
genes. We first analyzed a thalassemic allele of 
the human p-globin gene, whose splicing is 
responsive to changes in the concentration of 
SF2/ASF in vitro (I). This p t h a l allele con
tains a G to A transition at position 1 of 
intron 1, which results in abnormally spliced 
mRNA both in vitro and in vivo (12, 13). 
This mutation causes the activation of three 
cryptic 5' splice sites that are completely si
lent in the wild-type allele (Fig. 1A). 

When the p t h a l gene was transiently 
transfected into HeLa cells (14), all three 
cryptic sites were used in roughly equal 
proportions (Fig. 1A). Upon cotransfection 
of a human SF2/ASF cDNA, a substantial 
change in the relative use of each cryptic 
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