
These plasm~ds were each transformed Into both 
JLY363 and ~ t s  mutant counterpart JLY365 (10) 
Nlne plasmids induced greater p-galactosidase 
activity in the w~ld-type reporter stra~n than the 
control. These plasmids were classifled into five 
clones, AAPI through AAP5, on the basis of the~r 
H~nd  Ill restriction pattern. Each clone was 
retested in JLY360, JLY361, JLY387, JLY429, 
JLY431, JLY433. JLY435 (Fig 4) The AAPl  hy- 
b r ~ d  clone was called pJL720. The AAPl gene 
was later renamed ORC6 

12 The ARS funct~on of the sequences ~n Fig. 4 was 
analyzed in the context of ARS1 domain B (Bgl 
Il-Hinf I fragment, nt 853-734) In the following 
CEN-based URA3-conta~n~ng plasmids: pJL347 
(wt), pJL243 (mult~ple), pJL326 (A863T), pJL338 
(T869A), pJL330 (T862C), and pJL316 (T867G). 
These plasm~ds were transformed into JLYlO6 
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from the YL3 library (pJL720) has two Bam HI 
sites. The 5 '  site, wh~ch is created by the hybr~d 
junction, corresponds to the Sau 3A s~te at nucle- 
otide 843. Excision of the segment between the 
two sltes generated pJL721, leaving amlno acid 
residues 339 to 435 ~n frame w~th the GAL4AD 
(Fig. 5). pGAD3R ( IT) ,  the parent vector for the 
YL3 library, conta~ns no ORC6sequence, pRS425 
[T. W. Christianson, R. S. S~korski, M Dante, J. H. 
Shero, P. Hieter. Gene 110, 119 (1992)l contalns 
no components of the fusion protein 

15 All sequencing was performed w~th Sequenase 
(USB) on collapsed double-stranded templates. 
The protein cod~ng segments of the AAPl  through 
AAP5 hybr~d clones were sequenced from their 
junction with the GAL4AD to the~r stop codon. Two 
of the ORC6 sequencing prlmers were used as 
colony hybridizat~on probes to screen a high copy 
number yeast genomic library [M Carlson and D 
Botstein, Cell 28, 145 (1982)l for a clone of the 
full-length ORC6 gene (pJL724). The full-length 
gene was sequenced on both strands with ol~go- 
nucleot~de prlmers posit~oned approximately 200 
nucleot~des apart. The accession number for the 
ORC6sequence reported in this paper is L23323. 

16. S. P. Bell and B. Stillman, Nature 357, 128 (1992) 
17. S. P. Bell, R Kobayashi. B Stillman, Science262, 

1844 (1 993) 
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replacing nucleot~des 458-1721 (pJL731) or nu- 
cleot~des 458-846 (pJL733) of the GenBank se- 
quence w~th the URA3 H ~ n d  Ill fragment oriented 
~n the opposite d~rection to that of the ORC6 
sequence Each construct was used to generate 
heterozygous deletions of ORC6 in d~ploid strains 
by one-step gene replacement. ORC6 deletion 
analysis was performed In JLY461 (MATa/MATu 
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S288c, EG123, and A364a. Disruption of 
JLY461, JLY462, and JLY463 by pJL731 (full 
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JCY463 by pJL733 (NH2-term~nal deletion) cre- 
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These heterozygous marked deletion strains 
were sporulated, and 20 tetrads of each were d~s -  

sected and grown on YEPD to assess viability 
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Sharing of the Interleukin-2 (IL-2) Receptor 
7 Chain Between Receptors for IL-2 and IL-4 

Motonari Kondo, Toshikazu Takeshita, Naoto Ishii, 
Masataka Nakamura, Sumiko Watanabe, Ken-ichi Arai, 

Kazuo Sugamura* 
They chain of the interleukin-2 (IL-2) receptor is an indispensable subunit for IL-2 binding 
and intracellular signal transduction. A monoclonal antibody to the y chain, TUGm2, 
inhibited IL-2 binding to the functional IL-2 receptors and also inhibited IL-&induced cell 
growth and the high-affinity binding of IL-4 to the CTLL-2 mouse T cell line. Another 
monoclonal antibody, TUGm3, which reacted with the y chain cross-linked with IL-2, also 
immunoprecipitated the y chain when cross-linked with IL-4. These results suggest that the 
IL-2 receptor y chain is functionally involved in the IL-4 receptor complex. 

Functional high-affinity receptors for cyto- family ( I ) .  The same P chain is shared by 
kines are generally complexes consisting of receptors for IL-3, IL-5, and granulocyte- 
binding subunits ( a  chains) with low affin- macrophage colony-stimulating factor 
ities to ligands and effector subunits (p (GM-CSF) (I ,  2). Another molecule, 
chains) to transduce signals, both of which gp130, is shared as a signaling molecule by 
are members of the cvtokine receutor suuer- the receutors for IL-6. leukemia inhibitorv 

factor  IF), oncostatin M (OSM), and 
M. Kondo, T. Takeshita, N Ish~l, M. Nakamura, K. ciliary neurotrophic factor (CNTF) receu- 
Sugamura, Department of Microbiology, Tohoku Unl- tors (3). The I L : ~  receptor is'also a complex 
versity School of Med~cine, Sendai 980, Japan 
S. Watanabe and K.-I. Arai. De~artment of Molecular (4)' but the low-affinity a chain is not a 
and Developmental ~ i o l o ~ y ,  institute of Medical SCI- member of the cytokine receptor superfam- 
ence, University of ~ o k y o ,  ~ o k y o  108, Japan, ily and the high-affinity receptor contains, 
*To whom correspondence should be addressed. in addition to the a and P chains, the y 
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chain, a member of the cytokine receptor 
superfamily (5). Dysfunction of the y chain 
causes X-linked severe combined immuno- 
deficiency (XSCID) characterized by pro- 
found defects of early T cell development 
(6). Mice lacking IL-2 production by dis- 
ruption of the IL-2 gene can, however, 
develop mature T cell subsets (7). These 
observations prompted us to explore the 
possibility that the y chain is a common 
subunit of receptor complexes for IL-2 and 
for other cytokines that may contribute to 
T cell development. In this study, we report 
that the IL-2 receptor y chain is required 
for function of the IL-4 receptor complex. 

To examine the biological significance 
of the y chain, we produced monoclonal 
antibodies (mAbs) specific for the y chain 
from Wistar rats immunized with 
TARTMG cells, a rat T cell line stably 
transfected with a mouse y chain expression 
vector, BCMGSneo-mIL-2Ry (8). The hy- 
bridoma TUGm2 produced a mAb (IgG2b) 
that completely inhibited IL-2 binding to 
BWhp-11 cells (9). The specificity of 
TUGm2 was examined by flow cytometry 
(Fig. 1). The mAb TUGm2 bound 
TARTMG cells (8) that express the mouse 
y chain gene, but not the parental TART-1 
cells. The pair of cognate cell lines, 
Lmamp-7, a subline of the mouse fibroblast 
L929 cells expressing the mouse a and P 
chains from exogenously introduced genes, 

and Lmampmy- 1, derived from Lmamp-7 
by transfection with the mouse y chain 
gene (5), were also examined. The mAb 
TUGm2 associated with Lmampmy-1 but 
not with Lmamp-7. A mouse IL-2-depen- 
dent T cell line, CTLL-2, also showed 
intense fluorescence when treated with 
TUGm2. Other mouse cell lines, which did 
not express mRNA for the y chain, were 
negative for binding of TUGm2 (lo),  and 
TUGm2 did not bind to cells that expressed 
the high- and intermediate-affinity human 
IL-2 receptors (1 0) , indicating that this 
antibody does not cross-react with a human 
component. The same results were ob- 
tained with the other hybridoma clone, 
TUGm3 (rat IgGZa), which directly bound 
the complex cross-linked with 1251-labeled 
IL-2 and IL-2 receptor from BWhp-11 cells 
(I 1). These results show that TUGm2 and 
TUGm3 are specific for the mouse y chain. 

During our preliminary examination of 
the effects of TUGm2 on cell growth re- 
sponse, we noticed that TUGm2 inhibited 
cell growth that was induced by IL-4 as well 
as by IL-2. Addition of TUGm2 alone did 
not affect the IL-2-dependent [3H]thymi- 
dine incorporation of CTLL-2 cells, nor did 
a control rat mAb, REY-7 [specific for an 
HTLV-I env product (12)], or the mAb 
TM-p1 (specific for the mouse f3 chain) 
(Fig. 2A) (1 3). In contrast, simultaneous 
addition of TUGm2 and TM-p1 reduced 

Fig. 1. Cell surface stain- 
ing with TUGm2. TARTMG, 
TART-I ,Lmcumprny-1 ,Lrna- 
mp-7, and CTLL-2 cells 3 
were incubated with (solid 5 
line) or without (dotted line) c 
biotin-conjugated TUGm2 3 
and then with R-phyco- 
erythrin-conjugated avi- 
dine (Becton Dickinson) $ 
and analyzed with a FAC- 
Scan (Becton Dickinson). 

, ., .. .? . . ... ", . . , 

log[fluorescence intensity] 

Fig. 2. Effects of TUGm2 
on IL-2- and IL-4-depen- 
dent growth of CTLL-2 
cells. Incorporation of 
[3H]thymidine by CTLL-2 
cells in response to either 
IL-2 or IL-4 was measured. 
Ascitic fluids containing 
the rat mAbs TUGm2 and 
TM-p1 specific for the 
mouse p chain and REY-7 
specif~c for HTLV-I gp46 
were added to CTLL-2 cul- IL-2 (M) IL-4 (M) 

tures to a final dilution of 1 :40. Cells (1 x lo4) were cultured for 48 hours with the indicated dosages 
of either IL-2 (A) or IL-4 (B) in the presence of REY-7 (0), REY-7 + TM-pl (O), REY-7 + TUGm2 (O), 
or TUGm2 + TM-PI (W) ,  and 4 hours before harvesting, 1 pCi of [3H]thymidine was added. 
Radioactivities incorporated into the cells were counted with a liquid scintillation counter. REY-7 did 
not affect the IL-2-dependent growth of CTLL-2. 
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[3H]thymidine incorporation similar to the 
combination of TM-p1 and mAb for the 
IL-2 receptor a chain (1 3). The same com- 
bination of antibodies was used for IL-4- 
dependent growth of CTLL-2. CTLL-2 
grows in response to IL-4 as well, although 
IL-4 supports growth for a shorter time and 
less effectively than IL-2 (14). TUGm2 
alone inhibited [3H]thymidine incorpo- 
ration in response to IL-4 (Fig. 2B). TM-p 1 
did not synergize the TUGm2-induced in- 
hibitory effect. Similarly, TUGm2 inhibit- 
ed IL-4-induced growth of mast cell lines, 
MC9 and IC2 (15). Our results suggest that 
the y chain is involved in the function of 
the IL-+induced growth signal. 

We determined whether TUGm2 affect- 
ed the binding of IL-2 and IL-4 to their 
receptors. Scatchard plots showed that 
CTLL-2 cells expressed the high-affinity 
(130 pM) and the low-affinity (10 nM) IL-2 
receptors (Fig. 3A). As expected from the 
screening method, addition of TUGm2, 
without affecting the numbers of receptors, 
reduced the high affinity to 370 pM. This 
was close to the value of the pseudo-high 
affinity generated with the a and P chains 
(5), implying that the effects of TUGm2 
were focused on the y chain. Binding of 
IL-4 was significantly suppressed by 
TUGm2 (Fig. 3B). CTLL-2 showed - 1200 
IL-4 binding sites per cell with a dissocia- 
tion constant of 130 pM. Similar to the 
high-affinity IL-2 receptor, TUGm2 low- 
ered the dissociation constant to 850 pM; 
however, no significant change in the num- 
ber of IL-4 binding sites was seen. MOLT4 
cells expressing the mouse y chain alone 
bound little or no IL-4, demonstrating that 
the y chain itself does not have the ability 
to bind IL-4 directly (15). 

There is a paucity of information about 
high and low affinities in IL-4 binding. A 
literature survey indicates that there is a 
difference in the IL-4 binding affinity be- 
tween cells expressing the intrinsic IL-4 
receptor, such as CTLL-2 and HT-2 cells, 
and COS-7 cells transfected with the 
cloned IL-4 receptor gene (16). CTLL-2 
and HT-2 always showed IL-4 binding af- 
finities higher than the transfected COS-7 
cells, although actual values varied from 
report to report. The dissociation constant 
of 130 pM we observed may represent a 
high-affinity, and the dissociation constant 
of 850 pM might be a low-affinity binding 
to the conventional IL-4 receptor. If this is 
the case, the high-affinity IL-4 receptor is a 
complex of at least a heterodimer which 
contains the y chain that has been identi- 
fied as a component of the IL-2 receptor 
complex. 

This hypothesis is supported by the re- 
sults from the experiments in which com- 
petition of TUGm2 binding with IL-2 or 
IL-4 was examined (Fig. 3C). From Scat- 
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Flg. 3. Reciprocal interfer- n 
ence in binding to CTLL-2 A 0.2 
cells of TUGni2, 11-2, and E 
11-4. (A) Scatchard plots of 5 
the binding of 1251-1L-2. Hu- 
man recombinant 11-2 was = 
labeled with [lS1]Na by the 
chloramine T method. 11-2 '0 10 20 0 0.5 1 1.5 
binding in the absence of Bound IL-2 Bound lL-4 
(0) and presence of TUGm2 (0). Nonspecific binding was 8 0.008 
determined in the presence of more than 100-times excess of 2 unlabeled 11-2. (B) The same Scatchard plots were done with 
mouse recombinant 11-4 that was labeled with [lS1]Na and 
Enzymobead (Bio-Rad). 11-4 binding in the absence (0) and 2 0.002 presence of TUGm2 (0). (C) The binding of 1251-TUGm2 to cr 
CTLL-2 cells was similarly analyzed by Scatchard plots. 
TUGm2 was labeled with [1251]Na by the chlorarnine T 1 0 1 2 
method. TUGm2 binding in the absence (0) and presence of 3 Bound Twin2 
250 nM 11-4 (A) and presence of 250 nM 11-2 (m). Bound 
molecules recorded as thousands of molecules per cell. 

chard plot analysis with '251-labeled 
TUGm2, we estimated that CTLL-2 cells 
expressed 2800 molecules of the y chain per 
cell. The binding of '251-TUGm2 was com- 
pletely blocked by addition of IL-2, indicat- 
ing that nearly all of the y chain molecules 
participate in formation of the high-affinity 
IL-2 receptor with a and p chains. Thus, 
free y chains capable of binding to TUGm2 
are few in the presence of IL-2. On the 
other hand, addition of unlabeled IL-4 par- 
tially abolished '251-TUGm2 binding to 
CTLLZ cells. Even with excess IL-4, 1600 
sites remained free of the IL-4 receptor 
complex and, therefore, accessible to 
TUGm2 (Fig. 3B, C), presumably because 
the - 1200 conventional IL-4 receptors re- 
stricted the number of putative high-affinity 
IL-4 receptor complexes which included 
the same number out of the 2800 y chain 
molecules. 

Finally, to verify the involvement of the 
y chain in the IL-4 receptor complex, we 
immunoprecipitated with another mAb, 
TUGm3, which did not block IL-2 binding 
to CTLL-2 but precipitated the '251-IL-2- 
cross-linked IL-2 receptor complex from 
CTLL-2. The TUGm3-directed precipitate 
included at least 105-kD and 85-kD bands, 
probably representing the IL-Z-cross-linked 
f3 and y chain complexes, respectively, on 
an SDS-reducing polyacrylamide gel (Fig. 
4A). TUGm3-directed detection of the 
complexes including '251-IL-Z was abol- 
ished by addition of either TUGm2 or 
excess unlabeled IL-2 before cross-linking, 
because these impaired binding of Iz5I-IL 
2. Additionally, TUGm3 could precipitate 
the y chain cross-linked with '251-IL-4 
from cell lysate of CTLL-2 (Fig. 4B). Like 
the IL-2 receptor complex, addition of 
TUGrn2 or unlabeled IL-4 failed to detect 
such a precipitation. These results suggest a 
physical association of the y chain with the 
conventional IL-4 receptor. 

The present study demonstrates the 

functional significance of the y chain in the 
IL-4 receptor complex. The cytoplasmic 
domain of the y chain is necessary for the 
ILZ-mediated signal transduction (5). In 
this study, IL-4 binding to the conventional 
IL-4 receptor, seen in the presence of 
TUGm2, does not permit enough cell 
growth. Collectively, the y chain could 
participate not only in ligand binding but 
also in growth signal transduction of the 
IL-4 receptor complex. 

The possible physical association be- 
tween the IL-2 receptor y chain and the 
IL-4 receptor may account for the previous 
observations that IL-4 can modulate IL-2- 
dependent cell growth and can down-regu- 
late the expression of the IL-2 receptor 
(17). IL-2 and IL-4 may have synergistic 
effects on growth with cells expressing a 
large number of y chains. However, inhi- 
bition may be seen with cells expressing few 
y chains, which restricts the number of 
high-athnity IL2 receptors. Cells in the 
latter case seem to reduce the number of 
IL-2 receptors in the presence of IL-4, 
because IL-4 consumes the y chain. 

With the implication of the y chain in 
XSCID, we envisage its vital function as a 
receptor subunit for a cytokine that is piv- 
otal in early T cell development (6). Both 
IL-2 and IL4 are cytokines that could 
account for XSCID. Indeed, there are ac- 
cumulating reports that implicate IL-4 as 
well as IL-2 in the proliferation of mature 
and immature T cells (18). However, pa- 
tients whose T cells cannot produce IL-2 
are known to have mature T cells (1 9), and 
mice having disrupted IL-2 or IL-4 genes 
develop mature T cell subsets (7, 20). IL-2 
and IL-4 may compensate for each other in 
these cases to develop T cells. Alternative- 
ly, cytokines other than IL-2 and IL-4 may 
be responsible for the early T cell develop- 
ment through binding to a receptor com- 
plex that includes the y chain. IL-13 is one 
such candidate, because receptors for IL-4 
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Fig. 4. lmmunoprecipitation of the y chain with 
TUGm3. CTLL-2 cells, after 2 hours of depletion 
of 11-2, were surface-labeled with either 1 nM 
1251-1L-2 (A) or .l nM 1251-1L-4 (B) and then 
chemically cross-linked with disuccinimidyl 
suberate (DSS, Pierce). lmmunoprecipitation 
was done as described (5). In control experi- 
ments 100 nM of unlabeled 11-2 (lane 3) or 11-4 
(lane 7) or a 1 :10 dilution of TUGm2 ascites 
(lanes 2 and 6) was added to CTLL-2 culture 
before the addition of the radiolabeled ligands. 
REY-7 was used as a control mAb (lanes 4 and 
8). Open and closed triangles indicate 105-kD 
and 85-kD 1251-labeled ligand cross-linked 
complexes, respectively. For detection of 1251- 
11-4 and 1251-lL-2 cross-linked complexes, 2 x 
lo7 and 6 x lo7 cells of CTLL-2 were used for 
each lane. 

and IL-13 share a yet unidentified common 
receptor subunit (2 I ) ,  suggesting that the y 
chain is also shared with the IL-13 receptor 
complex. The mAbs established in. this 
study should provide powerful tools for elu- 
cidating the molecular basis not only of 
XSCID but also of multifunctions of cyto- 
kines capable of binding to the y chain. 
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Interleukin-2 Receptor y Chain: A Functional 
Component of the Interleu kin-7 Receptor 

Masayuki Noguchi, Yoshiaki Nakamura,* Sarah M. Russell, 
Steven F. Ziegler, Monica Tsang, Xiqing Cao, 

Warren J. Leonard? 
The interleukin-2 receptor y chain (IL-2Ry) is a necessary component of functional IL-2 
receptors. IL-2Ry mutations result in X-linked severe combined immunodeficiency 
(XSCID) in humans, a disease characterized by the presence of few or no T cells. In 
contrast, SCID patients with IL-2 deficiency and IL-2Zdeficient mice have normal numbers 
of T cells, suggesting that IL-2Ry is part of more than one cytokine receptor. By using 
chemical cross-linking, IL-2Ry was shown to be physically associated with the IL-7 re- 
ceptor. The presence of IL-2Ry augmented both IL-7 binding affinity and the efficiency of 
internalization of IL-7. These findings may help explain the defects of XSCID. Given its role 
in more than one cytokine receptor system, the common y chain (y,) is proposed as the 
designation for IL-2Ry. 

T h e  interaction of IL-2 and IL-2 receptors tain IL-2RP and IL-2Ry, and high-affinity 
regulates the magnitude and duration of the receptors contain all three chains. Thus, 
T cell immune response (1). Different com- IL-2Ry is a component of the functional 
binations of three distinct chains (a, p, and intermediate- and high-affinity receptors 
y) form three classes of IL-2 receptors (1). (2). Mutations in IL-2Ry result in XSCID 
Low-affinity IL-2 receptors consist of IL- in humans (3). In contrast to the low T cell 
2Ra. intermediate-affinitv recentors con- numbers in this disease (4). IL-2-deficient ~ ., , 

SCID patients (5)  and mice (6) have nor- 
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Leonard, Section on Pulmonary and Molecular Immu- 
nology, National Heart, Lung, and Blood Institute, pothesized that 1L-2Ry might be a 
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is a growth factor for pre-B cells ( 9 ) ,  a role 
for IL-2Ry in the IL-7 receptor could help 
explain why B cells, although present in 
XSCID patients, are nonfunctional (4) and 
why the mature B cells of XSCID carrier 
females have nonrandom X chromosome 
inactivation (4) (that is, the X chromo- 
some with the mutant IL-2Ry chain is 
inactivated, indicating that IL-2Ry partic- 
ipates in B cell maturation). Third, only a 
single chain of the IL-7 receptor has been 
identified (lo),  whereas most other cyto- 
kine receptor superfamily [also denoted he- 
matopoietin or type I cytokine receptors 
(1 I)]  members have two chains (one with a 
long cytoplasmic domain and the other 
with a much shorter one). 

We labeled IL-7 with lZ5I and cross-linked 
it to transfected COS-7 cells. No affinity- 
labeled band was seen when cells were trans- 
fected with pMEl8S (the vector control) or 
IL-2Ry (Fig. 1A). Faint bands were seen in 
cells transfected with IL-7R alone, but stron- 
ger bands were seen in cells transfected with 
IL-7R and IL-2Ry. Although the major affin- 
ity-labeled band seen when both subunits 
were transfected approximately comigrated 
with the major band seen when cells with 
only IL-7R were cross-linked, the labeling 
pattern in the former case was more complex. 
Nevertheless, it was impossible to determine 
whether IL-2Ry, IL-7R, or both were affinity 
labeled (lane 4). A polyclonal antibody to 
IL-2Ry (anti-IL-2Ry) did not immunoprecip- 
itate the affinity-labeled complexes from cells 
transfected only with IL-7R, but efficiently 
precipitated complexes from cells transfected 
with IL-7R + IL-2Ry (Fig. 1B). These com- 
plexes may represent affinity-labeled IL-7R 
coimmunoprecipitated through association 
with IL-2Ry, affinity-labeled IL-2Ry itself, or 
both. Regardless of which possibility is cor- 
rect, the ability of anti-IL-2Ry to immuno- 
precipitate IL-7 affinity-labeled bands proved 
that IL-2Ry was part of the complex. As 
expected, an antibody to IL-7R (anti-IL-7R) 
immunoprecipitated the bands from affinity- 
labeled IL-7R transfectants (Fig. 1C); howev- 
er, the antibody was inefficient in immuno- 
precipitating bands from the double transfec- 
tant, suggesting either that much of the signal 
in Fig. 1A corresponded to affinity-labeled 
IL-2Ry or that IL-2Ry interfered with anti- 
IL-7R binding. No bands were immunopre- 
cipitated by preimmune serum (Fig. ID). 
Similar results were obtained in transfected L 
cells (1 2). 

Because IL-2Ry appeared to be part of 
both the IL-2 and IL-7 receptors, we used 
lZ5I-IL-3 to find a cytokine that could not 
affinity label IL-2Ry. Two major bands 
were detected when lZ5I-IL-3 was cross- 
linked to COS-7 cells transfected with IL- 
3Ra and the common P chain [PC, a chain 
that is also a component of the IL-5 and 
granulocyte-macrophage colony-stimulat- 
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