
Interaction of the IL-2 Receptor with the 
src-Family IGnase p561ck: 1dAtification of 

Novel Intermolecular Association 

In the interleukin-2 (IL-2) system, intracellular signal 
transduction is triggered by the P chain of the IL-2 
receptor (IL-2RP); however, the responsible signaling 
mechanism remains unidentified. Evidence for the forma- 
tion of a stable complex of IL-2RP and the lymphocyte- 
specific protein tyrosine kinase p561ck is presented. Spe- 
cific association sites were idenaed in the tyrosine kinase 
catalytic domain of p56lCk and in the cytoplasmic domain 
of IL-2RP. As a result of interaction, IL-2RP became 
phosphorylated in vitro by ~ 5 6 ' ~ .  Treatment of T lym- 
phocytes with IL-2 promotes p56lCk kinase activity. These 
data suggest the participation of p56lCk as a critical 
signaling molecule downstream of IL-2R via a novel 
interaction. 

I NTERLEUKIN-2 (IL-2) IS A CIUTICAL REGULATOR OF LYMPHO- 

cyte proliferation. The receptor for IL-2 (IL-2R) comprises at 
least two distinct polypeptides, the IL-2Ra (p55) and IL-2RP 

(p70-75) chains, that bind IL-2 with low and intermediate affinities 
(K,, - 10 nM and - 1 nM), respectively. Together the two receptor 
chains constitute the high-affinity IL-2R (K,, -10 pM) by forming 
a noncovalently linked heterodimer (1). Proliferative signals are 
delivered by the high- and intermediate-afJinity IL-2 receptors, but 
not by the low-affinity one (2). 

Both human IL-2Ra and IL-2RP chains are typical type-I 
membrane proteins with a single transmembrane region (3, 4). 
Moreover, IL-2RP belongs to the growing family of cytokine 
receptors (5) .  Whereas the length of the extracellular domains of 
both chains is similar (219 and 214 amino acid residues for IL-2Ra 
and IL-2RP, respectively), the cytoplasmic domain of the IL-2Rp 
(286 residues) is larger than that of IL-2Ra (13 residues). The 
signal transducing component of the IL-2R is IL-2RP (2). Al- 
though there is a high degree of sequence similarity between human 
and murine IL-2RP cytoplasmic regions, no obvious catalytic 
component has been discernible (4, 6). This may imply that 
interaction of the cytoplasmic region with other molecules is 
important in downstream signaling. Transfection of IL-2Rp 
cDNA's into murine interleukin-3 (IL-3)-dependent hemopoietic 
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cell lines permitted identification of one particular region of the 
IL-2RP chain, designated the "serine-rich" region, which is impor- 
tant for IL-%-induced cell growth (7). However, the biochemical 
mechanism underlying IL-2 signaling mediated through IL-2RP 
remains obscure. 

Recent studies have demonstrated that IL-2 provokes a rapid 
increase in tyrosine phosphorylation of cellular substrates including 
the IL-2Rp chain itself (8, 9). In addition, evidence has been 
provided for the coupling of a protein tyrosine kinase activity with 
the IL-2R (10). These observations suggest that activation of one or 
more protein tyrosine kinases occurs during the early phase of 
intracellular signal transduction by the interaction of IL-2 and 
IL-2R. 

Among the protein tyrosine kinases, those of the src-family are 
particularly attractive candidates as IL-2R signal mediators. They 
are plasma membrane-associated proteins consisting of eight well- 
characterized members (p6OSrc, p56'Yn, p59fyn, p59YeS or p62Yes, 
p56Ick, p59hck, p55fgr, and ~ 5 5 ~ ' ~ )  (11, 12), and have been shown to 
participate in lymphocyte signaling in three well-defined cases: 
p561ck with CD4 and CD8 (13), ~ 5 9 % "  with T cell receptor 
(TCR)-CD3 complex (14), and p56'Yn with membrane-bound 
immunoglobulin M (IgM) (15). These examples show that src- 
family kinases can couple lymphocyte surface receptors to the cell 
interior. Therefore, p56'ck (16, 17) becomes a potentially interesting 
signaling molecule for IL-2 because it is predominantly expressed in 
those cells that physiologically respond to IL-2, such as T and NK 
cells (11). Whereas p56lCk has been implicated in CD4- or CD8- 
mediated signal transduction (18), there is no obligate relation 
between the expression of p561ck and expression of CD4 or CD8 
coreceptor molecules, suggesting that p56lCk may have additional 
functions in other signal transduction systems. We now demonstrate 
that IL-2RP interacts with p56'ck, partially define the sequences 
responsible for this interaction, and adduce evidence supporting a 
physiologic role for p56'ck in IL-2R signaling. 

Association of p56'ck with IL-2RP. Physical linkage between 
IL-2Rp and p56'ck was examined by sequential immunoprecipita- 
tion and immunoblotting (19). In normal lymphocytes, the low- 
level expression of IL-2RP (about 4000 molecules per cell) makes 
the direct examination of a potential association between p561ck and 
IL-2RP difficult. Hence, we studied the human NK-like (natural 
killer) cell line YT (20), in which IL-2RP is expressed at a relatively 
high level (about 15,000 molecules per cell) (21, 22). This cell line 
expresses functional IL-2R as monitored by IL-2-induced enhance- 
ment of cell proliferation and NK activity (22). Immunoblot analysis 
with rabbit antiserum to p561ck (anti-p56lCk) (serum 195.7) (23) 
revealed that expression of p561ck (Fig. 1A) by YT cells was slightly 
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A 
(1) Ick 

less than that expression by phytohemagglutinin-activated peripher- 47 - 
al blood lymphocytes (-70 percent) (22). The kk-encoded mole- 
cules arpressed in YT cells consisted of two different species, p56L* 
and &. These two soecies vrobabhr reflect differences in the 

(3) Ick 

1 2 3  
Fig. 1. Coprrapitation of ~ 5 6 ~  with &2R$ in the human lymphoid d (I )  kD 
line YT. (A) Wholed lysatcs from M; a human NK-like lymphoid cell 84 - 
line, and MT-2, an ICIZV-I idccted human T cell line, were fraaionated on 
a 10 percent SDS-PAGE, rmndmcd to a PVDF flter, and immunoblottcd 
with rabbit antibody m ~ 5 6 ~ ~  195.7, an antibody m residues 5 to 148 of 
mouse p56M (23) that also reacts with human ~ 5 6 ~ .  'Ihe positions o f ~ 5 6 ~  
and p6dcL are indicated. (B) Ccll lysatcs ftom YT ceh were immunoprecip- kD 
itated with MAb anti-Tac (antibody to human IL-2Ra), 4H9 (antibody m 94 - 
CD7), or Mik-p1 (antibody m human IL-2R$). The immunoprecipitated 
samples were then analyzed on a 10 percent SDS-PAGE and ar1ti-~56& (11) kD 67 - 
immunoblotting. Arrows indicate the positions of ~ 5 6 ~  and e. 

84 - 

degr& of s e r ine -k&e  ph&phoryhion of p56& (24). To 
examine the interaction of I L 3 W  chains with p56&, we prepared 
cell lysates h m  YT cells and immunoprecipitated with monodona1 
antibody to human IL-2Rf3 (MAb Mik-p1) (25). The immunopre- 
cipitated samples were separated on 10 percent SDS-PAGE (poly- 
acrylarnide gel e l m  horesis), transferred to membrane filters, and 
treated with antiP56&. The MAb h4ik-p1 specifically coimmuno- 
precipitated p56&, whereas subclass-matched immunoglobulin 
IgG2A monoclonal antibodies such as anti-Tac (26) and MAb 4H9 
(27), which t.Bcognize IL-2Ra and CD7 molecules, respectively, did 
not (Fig. 1B). Both ~ 5 6 ~  and were detected in the immu- 
noblot, an indication that this modification does not greatly affect 
the association with IL-2W. Based on the intensity of the immu- 
noblot, approximately 0.5 to 1 percent of total ~ 5 6 ~  protein 
formed a complex with IL-2w. This low stoichiomeay probably 
retlects the comparative abundance of p56& relative to IL-2Rf3 
because the expression of p56& is at least an order of magnitude 
higher than that of IL2Rf3. 

To gain fimher insight into the nature ofthe interaction between 
IL-2Rp and p56&, we used a transient cDNA expression system in 
COS cells, similar to that used for the analysis of the interaction of 
CD4 or CD8 with p56& (28). About 20 to 30 percent of COS cells 
that were t r a n s f d  with the human IL2Rf3 cDNA expression 
vector pclKCR-p expressed IL-2Rf3, as indicated by our flow 
cytomeay date (Fig. 2A). Coexpression of p56& in COS cells did 
not a f f '  the cell &face expressibn o f J L 2 a .  l?xpression of mouse 
p56& protein was assessed from immunoblots of whole-cdl lysates 
from COS cells transfaxed with mouse kk cDNA (Fig. 2B). These 
experiments revealed two forms of the kk product, the major p56e 
and the minor p60kL, in COS cells transfected with kk cDNA, 
presumably a reflection of variable phosphorylation of the p561d; 
product (Fig. 2B, lanes 1 and 3). Only transfected COS cells that 
express comparable amounts of IL-2Rf3 or ~ 5 6 ~  (or both) were 
used for fiuther experiments. 

Mik-p1 immunoprecipitates from COS cells co t r adead  with 
IL-2Rf3 and kk expression vectors contained ~ 5 6 ~  when tested 
with anti-p56&, whereas no specific p56& band was detected fiom 

m. 2. Copmapitation o f ~ 5 6 ~ w i t h  %2R$ in transiently t r a i d d  COS 
cells. (A) Ccll surface expression of human IL-2R$ in COS cells. COS-7 ceh 
were anstbctcd with eitha the WI expression vector pdKCRJck or the 
human IL-2R$ expression vator pdKCR-$ (or both); the calaum-phos- 
phate method was used (28). The cdls were hawmed 72 hours after 
&&on, incubated with antibody m human IL-2R$ MAb Mik-p1, and 
then stained with FITC (&lorcscein isothiocyanate)-conjugated goat anti- 
body m mouse IgG (solid lines). Domd lines indicate the fluorescence 
profile of the cells stained with FlTGmnjugated goat antibody m mouse 
IgG alone. (B) Analysis of p56fi for coprecipitation of IL-2R$. Cell lysates 
were prepared from COS cells, COS cells transfccted with kk (pdKCR-kk) 
alone (lane l), &2R$ (pdKCR-$) alone (lanc 2), or Irk plus IL-2R$ 
(pdKCR-WI + pdKCR-$) (lanc 3). (i) Whole-cell lysam were analyzed by 
an t i -~56~  immunoblotting. (ii) Ccll lysates were immunoprecipitated with 
Mik-p1 and then analyzed ~unmunoblotting with anti-~56~. Arrows 
indicate the positions of p56 and p6dCL. (C) In vine kinase assay of 
immunopmipitam from COS cells hadaxed with kk alone (lancs 1 and 
2), IL-2R$ alone (lanes 3 and 4), or kk plus IL-2R$ (lanes 5 and 6). Ccll 
lysates were immunoprecipitated with Mik-p1 (lanes 2, 4, and 6) or 
subclass-matched control MAb (b 1, 3, and 5). Immunoprecipitated 
samples prepared from 1 x lo6 COS ceh were suspended in 30 pl of buffer 
A (25 m M  Hepa, pH 7.2, 0.1 percent NP-40, 10 m M  MgCI,, 3 rnM 
MnCI,, 30 ph4 Na3V0,). Afkr the addition of [y-3ZP]ATP (adenosine 
miphosphate) (10 pCi, Amemham), the reaction mixture was incubated for 
30 minutes at 2S°C, and was subjected m 10 pcmnt SDS-PAGE under 
reducing conditions. Phosphorylated prorrins were detuted by exgoswe of 
dried gels m x-ray film for 10 to 60 minum. The positions of p56 , p6dcL, 
and IL-2R$ are indicated. The small arrow in lanc 4 indicam an IL-2R$- 
associated putative protein kin* derived h m  COS cells. 

COS cells expressing either L 2 w  or kk cDNA's alone (Fig. 2B). 
A mixing Qqpen'mcnt with lysates containing only p56& or IG2Rf3 
revealed that the association of the two molecules docs not occur 
afkr lysis (22). Specific association of ~ 5 6 ' ~  with IL-2Rf3 was also 
detected by in v i m  kinase assay (Fig. 2C) with Mik-81 immuno- 
precipitates. The immunoprecipitates h m  COS cells t r a n s f d  
with the human IL-2Rp cDNA alom contained a weakly phospho- 
rylated 50-kD protein (Fig. 2C, lane 4). The nature of the 50-kD 
protein is unclear, but it may represent a COS ceIl-decived endog- 
enous protein kinase. Presumably, spedicaUy phosphorylated 70- to 
75-kD protein detected in Mik-p1 immunoprecipitates from COS 
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cells cotransfected with IL-2Rp and kk expression vectors (Fig. 2C, 
lane 6) is actually IL-2Rp itseIf (see below). The observation that 
mouse p561d can interact with human IL-2RB in COS cells 
indicates that association of the two molecules occurs regardless of 
species differences and probably does not require other lymphoid- 
specific components. Essentially identical observations were made 
with UAb (TU-27) to human IL-2Rp (22). At present UAbYs for 
IL3Rp suitable for immunoblotting are not available, and therefore 
we could not perform the reciprocal experiments. 

To examine whether phosphorylation events in the in vitro kinase 
assay (Fig. 2C) were mediated by kk-encoded protein tyrosine 
kinase, we performed a phosphoamino acid analysis for p561d, 
p601d, and the 70- to 75-kD IL3Rp within the Mik-p1 immuno- 
precipitates. AU three proteins were phosphorylated only on tyro- 
sine residues in v i m  (Fig. 3A). We then examined, using a mutant 
IL3Rp molecule, the in vitro tyrosine phosphorylation sites of 
human IL-2Rp. Of six tyrosine residues within the cytoplasmic 
domain of human ILaRp, ~y?", ~y?", and TYI-~"' are more 
likely to be phosphorylation sites, since these residues are surround- 
ed by acidic amino acids and hence reside within what is believed to 
be a favorable sequence context (29). Both Ty?" and Ty?" are 
conserved between human and murine IL-2Rp chains whereas 
TytS"' is not (4, 6). Accordingly a cDNA encoding human IL-2m 
with double point mutations (Ser3" and ser3") was generated by 
site-directed mutagenesis and expressed together with the kk 
cDNA. The mutant IL-2Rp could form complexes with ~56'&, but 
phosphorylation of the p70 to 75 band was reduced, suggesting the 
involvement of Ty?" or Ty?" (or both) in the phosphorylation of 
IL-2Rp by p561d in vitro (Fig. 3B). 

Delineation of association sites for IL.-2R&p56'& complex 
formation. To identify the molecular smctures involved in p561d- 
IL-2RB association, we used a series of human IL-2Rp cDNA's that 
encode mutant molecules lacking various portions of the cytoplas- 
mic domain. The H mutant la& the carboxyl-terminal146 residues 
of the IL-2Rp cytoplasmic domain, whereas the ST mutant has only 
the first 27 residues of the IL-2m cytoplasmic domain (7). The S 
and A mutants are internal deletion mutants lacking the cytoplasmic 
"serine-rich" (56 amino acids) and "acidic" (70 amino acids) 
regions, respectively (7). These IL-2m mutants indicated that the S 
and ST mutants were incapable of transducing IL-2 mitogenic 
signals in the IL-Mependent pro-B cell line, BAF-B03, whereas 
the H and A mutants retained the signal transducing activity (7). 

When the H- or S-mutant cDNA's were coexpressed with kk 
cDNA in COS cells, association of p56'd with the mutant IL-2RpYs 
was still detected by (Fig. 4A) as well as by in v i m  kinase 
assay of the Mik-p1 immunoprecipitates (Fig. 4B). In contrast, 
neither the A mutant nor the ST mutant specifically associated with 
p561d (Fig. 4, A and B). The same results were also obtained from 
immunoprecipitations of 35S-labeled COS cell lysates in which the 
wild-type IL-2Rp, H mutant, and S mutant were each coprecipi- 
tated with p56 (which is most likely to be p561d), whereas the ST 
mutant and A mutant did not, even though the amounts of 
immunoprecipitated IL-2Rp in cells expressing the mutant proteins 
were comparable to those in cells expressing the wild-type IL-2Rp 
(Fig. 4C). In fact, flow cytometric analysis revealed that the 
truncated forms of IL-2R@ often exhibit higher surface expression 
than wild-type IL-2Rp on COS cells (22). Expression levels of 
p561d in each transfixtant group did not vary significantly (Fig. 
4 4 .  Thus, while the association of p561d with either H or S mutant 
is somewhat weaker than that observed with the wild-type IL3Rp 

Fig. 3. Identification of in vim, IL3Rp phosphorylation sites by ~ 5 6 ~ .  (A) 
Phosphoamino acid analysis of phosphorylated proteins in in vim, b a s e  
assay. Phosphorylated proteins were eluted from dried gels and precipitated 
with mchloroacetic acid. The precipitates were hydrolyzed in 6 M HCI at 
110°C for 2 hours. Phosphoamino acids were separated by two-dimensional 
electrophoresis (pH 1.9 and pH 3.5) on thin-layer cellulose plates as 
described (40). P-Ser, phosphoserine; P-Thr, phosphothreonine; P-Tyr, 
phosphotyrosine. (B) Analysis of coprecipitation of ~ 5 6 ~  with IL-2Rp 
mutant lacking potential tyrosine phosphorylation sites. Site-directed muta- 
tions were introduced into the human IL-2Rp dlNA to generate a mutant 
receptor in which potential sites for tyrosine phosphorylation (Ty855 and 
Tyr358) were replaced with serine residues. The mutated dlNA was inserted 
into pdKCR vector and expressed in COS cells. Cell surface expression of 
the mutant I G 2 m  was comparable to that of wild-type IL-2Rp (22). Lysates 
prepared from COS cells t r a d d  with kk alone (lane l), IL-2m alone 
(lane 2), kk plus IL-2m (lane 3), or kk plus IL-2m with SePS5 and 
were immunoprecipitated with Mik-p1. The immune complexes were incubat- 
ed with [y-32P]ATP as described in Fip 2C and analyzed on a 10 percent 
SDS-PAGE. Positions for IL-2Rp, p56&, and @ are indicated. 

Fig. 4. Association of mutant IL-2Rp to p56kk. COS cells were uansfected 
with kk alone (lane l), IL-2Rp alone (lane 2), kk plus IL3Rp (lane 3), kk 
plus H mutant (lane 4), kk plus A mutant (lane 5), kk plus S mutant (lane 
6), kk plus ST mutant (lane 7), and harvested 72 hours after the uansfection. 
(A) Copreapitation of ~ 5 6 ~ '  with IL3Rp mutants. (i) Anti-p561d' inunu- 
noblot of whole-ceU lysates; p561d' and p6dcL are indicated. (ii) Anit- 561d' I: inununoblot of Mik-p1-immunoprecipitated samples; p56& and $0 are 
indicated. (B) In vitro kinase assay of Mi-p1-immunoprecipitates. IL-2Rp, 
p56fi, and p6OU are indicated. (C) Metabolic labeling and immunoprecip 
itation of IL-2Rp in COS cells. COS cells (4 x lo6) were washed,and 
incubated in 1.5 ml of methionine-free MEM (Eagle's minimum essential 
medium) supplemented with 10 percent fetal calf serum (FCS) for 15 
minutes at 37°C. Then cells were resuspended in 1.0 ml of a solution of 
methionine-free MEM and 10 percent FCS containing [35S]methionine (0.5 
mCi; ExPRE~~S~~S;  NEN) and incubated for 5 hours at 3 X ,  in 5 percent 
CO,, and then lysed. Lysates were immunoprecipitated with Mi-p1 and 
analyzed on a 10 percent SDS-PAGE. Immunoprecipitated IL3Rp and its 
mutants are indicated by small arrows. The large arrow indicates the position 
of 56-kD protein coprecipitated with the wild-type IG2Rp (lane 3), the H 
mutant (lane 4), and the S mutant (lane 6). 
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protein (about 50 percent), these observations demonstrate that the 
IL-2Rp cytoplasmic domain encompassing the "acidic" region is 
primarily responsible for association with p561ck. Interestingly, this 
region contains Ty?55 and Ty1$58, the putative phosphorylation sites 
of IL-2w by p56e (Fig. 3B, see above). Stoichiometric analysis of 
the irnmunoprecipitation data (Fig. 4C) indicated that at least 20 to 
30 percent of the IG2Rp is associated with p561k. This observation 
suggests that a large fraction of IL-2Rp associates with p561d in T 
cells, where the latter molecule is comparatively abundant. 

In order to localize the IL3Rp interaction site on p56lCk, we first 
generated a series of mutant cDNA's (30) ladring the NH2-terminal 
CD4 or CD8 binding domain (28, 31) or the modulatory domain 
containing the src homology sequences SH2 and SH3 (Fig. 5A). 
These SH2 and SH3 sequences are conserved within the src f d y  
protein tyrosine kinases, the c-abl-encoded protein tyrosine kinase, 
phospholipase C-y (PLGy), the p21" GTPase (guanosine triphos- 
phatase)-activating protein (ras GAP) and the crk-encoded oncopro- 
tein, among others (32). The p56"k mutants (LM-1, -2, and -3) all 

retained intrinsic tyrosine kinase activity. Cotransfection of the 
mutant kk cDNA's with the IL-2Rp cDNA followed by Mik-p1 
immunoprecipitation and in vitro kinase assay revealed that these 
p561ck mutants are still capable of associating with IL-2Rp (Fig. 
5B). Since rabbit anti-p561d, 195.7, was specific to the NH2- 
terminal portion of mouse p56kk (residues 5 to 148), we could not 
perform immunoblot analysis to identify the LM-1, -2, and -3 
mutant proteins. We then generated another set of mutant cDNA's 
for p561d proteins whose kinase domains were either deleted 
(LM-4, LM-5) or replaced with that derived fiom the human insulin 
receptor Ick-Ins-R (Fig. 5A). Both LM-4 and the I&-Ins-R chime- 
ra failed to interact with IL-2Rp (Fig. 5, C and D). These 
observations indicate that the catalytic domain of p56kk, particularly 
the NH2-terminal half of the kinase domain, is involved in the 
association with IL-2Rp. 

The foregoing experiments show that a particular cytoplasmic 
segment of IL-2Rp previously designated the "acidic" region (4) is 
primarily required for the p561ck association. This region is posi- 
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Fig. 5. Association of mutant p56& to IL3Rp. (A) Schematic depiction of 
p56& mutants. Construction of the cDNA's encoding the mutant proteins is 
described elsewhere (30). The resmction sites used to create internal 
deletions of kk sequences and to fuse the kk sequences to the coding region 
of human insulin receptor (Ins-R) cDNA are indicated. Residue numbers 
correspond to the amino add sequence of mouse p56& and human Ins-R 
The residues generated by Linker insemon are shown in the one-letter amino 
acid code (P, Pro; K, Lys; L, Leu; G, Gly). (B) Analysis of p56& mutants 
having intact kinase domain for IL-2RO association. Lysates were prepared 
from COS cells expressing wild-- kk (lane 1 and 2), LM-1 (lane 3 and 4), 
LM-2 (lane 5 and 6) or LM-3 (lane 7 and 8) with (lanes 1,3,5, and 7) or 
without (lanes 2, 4, 6, and 8) IL3Rp, immunoprecipitated with Mik-$1, 
and analyzed by in viuo kinase assay. Samples were separated b 10 to 20 13[ percent gradient SDS-PAGE. Arrows indicates associated p56 or @ 
(or both) and its mutants. (C) Analysis of p56& tyrosine kinase domain 
mutants for IL-2Rp association. Cell lysates prepared from COS cells 

u a n s f d  with IG2Rpalone (lane l),  kk alone (lane 2), IL-2Rp plus kk 
(lane 3), LM-4 mutant with (lane 5) or without (lane 4) IL-2Rp, LM-5 
mutant with (lane 7) or without (lane 6) IL-2Rp were immunoprecipitated 
with Mi-p1; the protein was fractionated by 10 to 20 percent gradient 
SDS-PAGE and analyzed by immunoblotting with a n t i - ~ 5 6 ~ .  (i) The 
anti-p561cl immunoblot analysis of the whole-cell lysates. (ii) The anti-p5W 
immunoblot analysis of the Mik-p1 immunoprecipitates. Arrows indicated 
the positions of p56& and its mutants. (D) Analysis of IckJns-R chimeric 
kinase for coprecipitation of IL3Rp. Cell lysates were prepared from COS 
cells transfected with kk alone (lane l),  IL-2Rp alone (lane 2), kk plus 
IL-2lQ3 (lane 3), IckJns-R alone (lane 4), or Ick/Ins-R plus ILL-2lQ3 (lane 5). 
(i) Whole-cell lysates were analyzed by anti-p56Ick immunoblotting. (ii) Cell 
lysates were immunoprecipitated with Mik-p1 and analyzed by immunoblot- 
ting with anti-~56"~. Arrows indicate the positions of p56&, w, and 
Ick/Ins-R chimera. 
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Flg. 6. Activation and modifhtion of p56*" by IL-2 stimulation. Human 
peripheral blood lymphocytes (PBL's) were isolated from normal adult3 by 
Ficoll-Hypaque ccnuifugation. Cells were cultured in RPMI 1640 supple- 
mented with 10 percent FCS in the presence ofphphemagglutjnin (PHA) 
at 5 @ml for 3 days. The PHA-activated PBL's were cultured in RPMI 
1640 medium in the pmencc of 1 nM human recombinant IL-2 (Takeda 
Chemical). On day 7, cells were hammd, washed three times, and then 
incubated in RPMI 1640 conmining 10 percent FCS without IL-2 for 20 
hours. Thc PHA-activated, ILrZscuved human PBL's were incubated with 
1 nM human recombinant IL-2 for the indicated intervals. Afnr the 
incubation, cdls were lysed and used for a n t i - ~ 5 6 ~  immunopruipitation. 
(A) In vim kinase assays after immunopmcipitation with a n t i - ~ 5 6 ~ .  For 
kinase assays with enolase as a substrate, anti-p56& immunoprecipiats 
were suspended in the kinasc bu&i (15 4) containing 1 pg ofenolase, 30 
pCi of [y-32P]ATP, and 4.5 p M  unlabeled ATF' and were incubated at 25°C 
for 30 mutes. The positions o f ~ 5 6 ~  and the exogenous substrate enolasc 
are shown. (B) A ~ 5 6 ~  immunoblot of PBL lysates. The arrows indicate the 
position of p56& and p6d4 

tioned distal to the "he-r ich" region, which is important for 
IL-Zmediated mitogenic signal d u c t i o n  in the IL-Mepen- 
dent pro-B cell line, BAF-B03 (7). To surprise, the interaction 
site of p56& with IL-2Rf3 resides within the tyrosine kinase catalytic 
domain, particularly its NH,-terminal half. Through this interac- 
tion, IL-2w becomes phosphorylated in vitm by p56&, suggesting 
that the reported IL-2Rf3 phosphorylation in vivo (9) may also be 
mediated by ~ 5 6 ~ .  The "acidic" region of IL-2Rf3 contains putative 
tyrosine phosphorylation sites fly?" and T9"), and our data 
support the view that they are the primary targets of p56M activity. 
Since this interaction occurs at the catalytic sik of p56& and the 
major phosphorylation sites of IL-2Rf3, one may envisage the 
reauirrment of the m i n e  residues for the interaction of the two 
mdlecules.   ow eve; our findings show that substitution of these 
two tyrosines by h e  residues does not affect complex formation. 
This observation also argues against the possibility that the complex 
represents a simple enzyme-substrate type interaction. Notably, the 
tyrosine kinase domain derived h m  the human insulin receptor 
failed to interact with IL2Rf3. Hence, there are structural detenni- 
nants within the p56& kinase domain that pennit interaction with 
IL-2R$. 

Advation 0 f p 5 6 ~ b y  IL-2 stimulation. Physical association of 
p56a with IL2Rf3 raises the possibility that IL-2 may normally 
regulate the behavior of p56M. We therefore emmined the e&ct of 
IL-2 on the tyrosine kinase activity of p56& in human peripheral 
blood lymphocytes (PBL's). These cells were cultured for 3 days in 
the presence of phytohemagglutinin (PHA). The PHA-activated 
PBL's were then maintained in the presence of human recombinant 
IL-2. On day 7, cells were washed and cultured in the absence of 
IL-2 for an additional 20 hours. The IL-Zstarved cells were 
incubated for various periods of time in the presence of IL-2; cell 
lysates were then prepared and immunoprecipitated by a11ti-~56&. 
The immunopcecipitates were tested for their ability to phosphoryl- 
ate an exogenous substrate, enolase. The IL-2 treatment resulted in 
a five- to sixfold increase in enolase phosphorylation, indicating that 
IL-2 stimulation activated the p56& protein tyrosine kinasc (Fig. 
6A). This activation is associated with the conversion of p56& to a 
larger mol& species, @ (Fig. 6B). The IL-Zindud con- 
version was almost completely inhibited by prior treatment of cells 

with Staucosph, a potent prorein secine- kinase inhibitor, 
but not with H-7, a more sekdve inhibitor ofpmteh kinase C (PKC), 
a n d ~ t h e 1 1 ~ ) ~ s ~ m a ~ b e d u e r n i n c r c a s e d ~ 5 6 ~ ~ ~ 0 ~ -  
yiation by pmrin sxine-thnxmine kinases other than the pmiously 
rharacberized PKC (22). Activation and modi6cation of p56fi by IL2 
was also obsaved in the human NK-like cell line YT (22). 

Potemtial role of p56e in IL-2 signaling. Three observations 
suggest that p56w may mediate some aspects of IL-2 signaling in 
lymphoid cells. (i) The IL-2Rf3 chain and p56& interact to form 
specific complexes. (ii) Coimmunoprecipitation of IL-2Rf3 and 
p561d, even in COS cells, results in the phosphorylation of IL-2Rf3 
on the tyrosine residues, analogous to what is observed in vivo after 
IL-2 treatment (9). (iii) IL-2 can directly stimulate p561d activity 
when added to cultured lymphocytes. Since IL-2 treatment of T 
cells and NK cells results in the rapid accumulation of phosphoty- 
n>sine-cone+inhg substrates (4, there is reason to believe that 
p56& participates in this signaling process. Our previous cDNA 
expression studies, performed in the IL-Mependent cell line 
BAF-B03, identified a "serine-rich" region in the IL-2Rf3 that 
mediates the signaling process. The "acidic" region, with which 
p561d interacts, is positioned adjacent to the "se~e-rich" segment 
and has been closely conserved during evolution (6). Moreover, this 
region includes conserved tyrosine phosphocylation sites that are 
substrates for p56kk. Hence, although the acidic region was not 
required for IL-2 signaling in BAF-B03 cells, we have strong 
reasons to believe that this part of the molecule assists in normal 
IL-2 signal mansduction. Indeed, the BAF-B03 cell line appears to 
be especially permissive for growth signals h m  various members of 
the cytokine receptor family, and hence it may proliferate readily in 
response to suboptimal stimuli (33, 34). Our findings thus suggest 
the need for at least two (potentially more) signals, one involving 
the "serine-rich" region and the other the newly identified interac- 
tion site for p56& in the physiologic response to IL-2. Whether the 
IL-2Rf3 chain itself is a critical substrate for p56kL; or whether 
p56kl;, once linked to the receptor, can activate other metabolic 
processes awaits fkther investigation. Because phosphotymine 
may itself be a binding site for proteins containing SH2 domains 
(32), it is possible that p56M facilitates the interaction of the 
IL-2Rf3 chain with physiologic regulators containing such domains 
(for example, PLG-y, rar GAP, or phosphatidylinositol-3 kinase). 

The src-family proteins interact with various cellular proteins by 
way of the NH,-terminal unique region (28, 31) or the conserved 
SH2 region (32). Our findings reveal another potentially important 
region for intermolecular association, the NH,-terminal half of the 
catalytic domain. On the basis of the structural similarity among the 
catalytic domains of p56'd and other src-family proteins (1 1, 12), 
IL-2Rf3 might also be able to interact with other protein tyrosine 
kinases. In fact, IL-2 is known to function in B cells (35) which 
express p561Y" and p55W as well as small amounts ofp56& (1 1, 16). 
Hence there may be some redundancy in the IL-Zmediated activa- 
tion of tyrosine kinases. The same reasoning should prompt a search 
for other receptor sauctures that interact with the base  domains of 
SK-family proteins. In particular, our d t s  suggest that other 
members of the newly growing cytokine receptor family may behave 
analogously to the IL.-2Rg chain, and may interact directly with 
src-family kinases to deliver their proliferative signals. 
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