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Interleukin-15 (IL-15) is a novel cytokine of the four-
helix bundle family which shares many biological
activities with IL-2, probably due to its interaction
with the IL-2 receptor 3 and y (IL-2RO and ye) chains.
We report here the characterization and molecular
cloning of a distinct murine IL-15Ra chain. IL-15Ra
alone displays an affinity of binding for IL-15 equiva-
lent to that of the heterotrimeric IL-2R for IL-2.
A biologically functional heteromeric IL-15 receptor
complex capable of mediating IL-15 responses was
generated through reconstruction experiments in a
murine myeloid cell line. IL-l5Rca is structurally
similar to IL-2Ra; together they define a new cytokine
receptor family. The distribution of IL-15 and IL-
15Ra mRNA suggests that IL-15 may have biological
activities distinct from IL-2.
Keywords: cytokine/IL- 15 receptor/IL-2 receptor/sushi
domain

Introduction
IL- 15 is a recently identified cytokine with biological
activities similar to IL-2 (Grabstein et al., 1994). IL- 15
has been shown to support proliferation of natural killer
(NK) cells and activated peripheral blood T lymphocytes,
induce lymphokine-activated killer (LAK) activity in NK
cells, effect generation of cytolytic effector cells and serve
as co-mitogen for proliferation and differentiation of
activated B lymphocytes (Carson et al., 1994; Grabstein
et al., 1994; Armitage et al., 1995). Molecular modeling
studies and the genomic structure of IL-15 (Anderson
et al., 1995) predict that IL-15, like IL-2, belongs to
the four-helix bundle cytokine family. The overlapping
activities of IL- 15 and IL-2 suggest that IL- 15 might
utilize components of the IL-2 receptor (IL-2R) for binding
and signal transduction. The high affinity IL-2R complex
comprises three subunits, designated the IL-2Rax, f3 and 'y
chains (for a recent review, see Minami et al., 1993). The
P and y chains are required for high affinity IL-2 binding
and IL-2 signaling and are members of the hematopoietin
receptor superfamily. The ox chain (or p55) is a low
affinity, non-signaling binding subunit, and the only cyto-
kine receptor member of a large family of binding proteins

whose members include complement receptor proteins
(Davie et al., 1986; Perkins et al., 1988). We have
demonstrated that IL-15 requires the 3 chain of the IL-
2R for all the biological activities tested, but that the oc
chain of the IL-2R is not required (Giri et al., 1994;
Grabstein et al., 1994). Moreover, the y chain of the IL-
2R, which has been shown recently to be shared by
receptors for several other cytokines [IL-4, IL-7, IL-9
(Kondo et al., 1993, 1994; Noguchi et al., 1993a; Russell
et al., 1993, 1994)] and designated the common y chain
or yc, is also required for IL-15 signal transduction
(Giri et al., 1994) and efficient intemalization (Kumaki
et al., 1995).

Although similar in function to IL-2, IL-15 lacks
primary sequence homology with IL-2 and displays a
broader tissue distribution ofmRNA expression (Grabstein
et al., 1994). Several observations suggest the existence
of a specific IL-15R protein in addition to IL-2RP and yc.
Many non-lymphoid cell types bind IL-15 but not IL-2,
while some murine cells with functional IL-2 receptors
are not capable of responding to IL-15 (Giri et al., 1994).
Epstein-Barr virus-immortalized B cell lines from patients
with X-linked severe combined immunodeficiency
(XSCID), which is caused by a defect in yc (Noguchi
et al., 1993b), bind IL-15 with high affinity in the absence
of yc (Kumaki et al., 1995). This binding is unlikely to be
due to IL-2R1 on these cells, since IL-2R,B expressed
alone in transfected COS-7 cells does not bind detectable
levels of IL-15 (Giri et al., 1994). These observations led
us to search for a unique IL-1SR. Herein we describe the
molecular cloning and characterization of a murine IL-15
binding protein that constitutes the predicted ox chain of
the IL-1SR complex. This molecule is structurally related
to the cx chain of the IL-2R. Together, the cx chains of the
IL-2R and IL-1SR define a new cytokine receptor family.
In contrast to the low affinity IL-2Rcx, the murine IL-
15Roc is sufficient for the high affinity binding of IL-
15. This observation, in conjunction with differences in
distribution of mRNA for both IL- 15 and IL- 15Ra relative
to IL-2 and IL-2Roc, suggests that IL- 15 has additional
biological activities and mechanisms of action beyond
those that it shares with IL-2.

Results
Elevated expression of an IL- 15-specific binding
protein on a murine helper T cell line
IL- 15 was originally identified in culture supematants of
a monkey kidney epithelial cell line, CV1/EBNA, based
on its ability to stimulate the proliferation of the murine
T cell line, CTLL-2. Comparison of the activity of
recombinant simian IL-15 cloned from this source with
human IL-2 showed that the two molecules had similar
abilities to induce the proliferation of several antigen-
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Fig. 1. IL-15 binding and responsiveness in murine Th2 clone DIG.
(A) Proliferation of DIG cells in response to IL-15 and IL-2. [3H]TdR
incorporation in DIG cells in response to the indicated amounts of
recombinant Flag IL-I5 and human IL-2. (B) Comparison of IL-15
binding on DO0 and CTLL-2 cells. Cytofluorometric profiles of DI0
and CTLL-2 cells showing binding of Flag-IL- 15 (solid line) relative
to control (dotted line). Binding of Flag-IL-15 was carried out at 4°C
for I h, followed by staining with anti-Flag antibody M2, second step
staining with goat anti-rat IgG FITC and cytofluorometric analysis as

described in Materials and methods. (C) Cross-linking of radiolabeled
IL-15 to DIO cells. Binding and cross-linking of [1251]IL-15 to DIG
cells in the presence or absence of excess unlabeled IL-2 or IL-15 was

performed as described in Materials and methods.

dependent T cell lines. The D10 helper T cell clone (Kaye
et al., 1984), however, manifested close to a 10-fold
difference in the dose response to IL- 15 compared with
IL-2 (an EC50 of -0.1 ng/ml for IL-15 compared with
-1 ng/ml for IL-2, Figure 1A). The enhanced proliferative
response of D10 cells to IL-15 correlated with higher
levels of IL-15 binding compared with CTLL-2 cells, as

estimated by cytofluorometric analysis of IL-15 binding
(Figure iB). The specificity for IL-15 of the major IL-15
binding protein on D10 cells was demonstrated by binding
and cross-linking experiments as shown in Figure IC. The
major cross-linked complex of radiolabeled simian IL-15
to D10 cells detected by SDS-PAGE was between 76 and
78 kDa, suggesting a binding protein of -58-60 kDa,
smaller than the known size of the murine IL-2RP or y,
chains, which have apparent molecular weights of -110
and 75 kDa, respectively (Kono et al., 1990; Kumaki
et al., 1993). This protein bound specifically to IL-15; an
excess of IL-2 could not prevent IL-15 binding (Figure
IC). Low levels of high molecular weight cross-linked
products were also present, which may represent hetero-
meric complexes with the murine IL-2R, and y, chains.
Direct binding experiments with 1251-labeled IL-15
revealed 5000-15 000 high affinity sites on D10 cells (see
below). Pre-incubation of these cells with a neutralizing
antibody against the IL-2Rx chain (mAb 7D4) had no
effect on the number of IL- 15 binding sites (not shown),
confirming previous results indicating that IL-2Rax is not
involved in IL-15 binding (Giri et al., 1994; Grabstein
et al., 1994). The number of high affinity IL-2 receptors
on D10 cells, which provides an estimate of the level of
IL-2R D and y, chains present, was measured by Scatchard
analysis at <500 receptors/cell (not shown). Hence, the
large number of IL- 15 binding sites on these cells could
not be explained by binding of IL- 15 to complexes
containing IL-2R,3 and y, chains alone. Together, these
results suggest that a 58-60 kDa IL-15-specific binding
protein is over-expressed on the D1O cell line.

Cloning of an IL-15 binding protein and
comparison with IL-2Ra
Binding of ['25I]simian IL-15 to COS-7 cells transfected
with a D10 direct expression cDNA library was used to
identify pools of clones encoding an IL- 15 binding protein.
Positive pools were partitioned and rescreened until a
single clone (designated D5) was identified which directed
synthesis of a cell surface protein capable of binding
radiolabeled IL-15. The sequence of the D5 open reading
frame and deduced amino acid sequence is shown in
Figure 2A. This cDNA encodes a type I membrane protein
with a predicted signal peptide of 32 amino acids, a 173
amino acid extracellular domain, a single membrane-
spanning region of 21 amino acids and a 37 amino acid
cytoplasmic domain. The sequence contains a single site
for N-linked glycosylation, yet the size from cross-linking
predicts extensive post-translational modification, which
may be due to 0-linked glycosylation. An independent
cDNA clone isolated by hybridization from a CTLL cDNA
library was found to have the identical sequence.

Initial searches using the full-length protein sequence
against available protein and DNA databases did not yield
any meaningful matches. Subsequent searches performed
with regions of the extracellular domain produced frag-
mentary matches with the IL-2Ra chain and several
complement receptor and blood coagulation proteins (CR2,
complement factor H, P3-2-glycoprotein I). In these
searches, the highest scoring match identified was with
the bovine IL-2Rcx chain: 45% similarity (28% identity)
over 41 residues. Detailed comparisons of the IL-15
binding protein sequence with the IL-2Rc and the comple-
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Fig. 2. Sequence analysis of murine IL-15R cDNA. (A) Sequence of the coding region and predicted amino acid sequence of clone D5. The
predicted signal peptide is indicated by a dotted underline; the predicted membrane-spanning region by a solid underline; the single predicted site of
N-linked glycosylation by a box; and the truncation site for expression of soluble receptor by a circle (see text, Figure 6 for details). Signal peptide
and transmembrane domains were predicted with the SIGNALPEP and TRANSMEMBRANE programs (Genetics Computer Group, 1991). DNA
sequencing was performed using the ABI DyeDeoxy Terminator Cycle Sequencing kit on an automated Applied Biosystems DNA Sequencer Model
373A (The Perkin-Elmer Corp., Foster City, CA). The nucleotide sequence data reported in this paper will appear in the EMBL, GenBank, and
DDBJ Nucleotide Sequence databases under the accession number U22339. (B) Multiple sequence alignment. The murine IL- 15R, human, mouse
and bovine IL-2R were aligned as described in the Results. In the alignment, open boxes indicate residues that are identical between the IL-15R
sequence and at least two of the IL-2R sequences; shaded boxes denote conserved residues. The sequence similarity for the IL-15R and IL-2R
proteins is highest in the sushi domain; the Pro/Thr-rich region was identified using the MACAW alignment program (Schuler et al., 1991).
(C) Structural schematic. A structural comparison based upon the sequence alignment between the IL-15R and the IL-2R as shown above. Disulfide
bridges characteristic of the sushi domain are shown below the structure, and potential N-linked glycosylation sites are indicated by the ball-and-stick
symbols above the structure. The IL-15R contains only one sushi domain, whereas the IL-2R contains two.

ment receptor proteins revealed the presence of a conserved
protein binding motif, the 'sushi domain,' also known as

a GP-I motif or 'SCR' for short consensus repeat (Davie
et al., 1986; Perkins et al., 1988). This homology with
IL-2Rx, therefore, suggested that we had cloned the
murine IL-15Rx chain. A multiple sequence alignment of
the murine IL-15Roc and IL-2Rx chains from human,
mouse and cow is shown in Figure 2B. The primary
structural distinctions between IL-15Rax and IL-2Rax are

the absence of a second sushi domain in IL-15Rox, which

is present in the IL-2Rx sequences, and a longer cyto-
plasmic tail for IL-15Rcx (shown schematically in
Figure 2C).

Comparison of mRNA distribution for IL-15Ra and
IL-2Ra chains
The cDNA insert of clone D5 was labeled with 32P and
used to probe Northern blots containing polyadenylated
RNA from various cell lines and tissues. We detected an

-1.7 kb IL-S5Roc transcript in several cell types such as
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Fig. 3. Analysis of IL-15R expression. (A) Comparison of IL-1SRa
and IL-2Ra mRNA levels in murine cell lines and tissues. Left panel:
pro-B cell lines BAF-B03 (Hatakeyama et al., 1989) and 70Z/3
(ATCC TIB 158), macrophage line P388D1 (ATCC CCL 46), thymic
epithelial line TE71 (Giri et al., 1994), bone marrow stromal line +/+
(Anderson et al., 1990), and T cell lines CTLL-2 and D10. The sizes
of 28 and 18S rRNAs are indicated on the left. Right panel: murine
tissue blot (Clontech, Palo Alto, CA) containing mRNAs from the
indicated tissue sources. Sizes of mRNA standards are indicated at the
left of the panel. ,B-Actin probing results are shown for comparison of
RNA loading. (B) Induction of surface IL-15R expression. Receptor
numbers were estimated by Scatchard analysis of radiolabeled IL-I5
binding to cells cultured in the absence or presence of known
stimulatory agents for each cell type. Hamster anti-CD3 (50OA2, gift
of Dr J.P.Allison, UC Berkeley, Berkeley, CA) was purified at
Immunex. The estimated number of receptors/cell for untreated 7B9,
DIO, J774 and P388DI cells were 890, 7900, 360 and 2170 receptors/
cell, respectively.

T cell lines (Dl 0 and CTLL), a macrophage line (P388D 1),
B cell lines (BAF-B03 and 70Z/3), non-lymphoid lines
such as thymic (TE71) and bone marrow stromal lines
(+/+), and a wide tissue distribution including heart,
spleen, lung, skeletal muscle and an especially abundant
mRNA level in liver (Figure 3A). The pattern of IL-
15Rcx mRNA expression was consistent with the receptor
distribution estimated by IL-15 binding (Giri et al., 1994).
The presence of additional high molecular weight bands
(>6 kb) on the commercial tissue blot, with relative
intensities proportional to the -1.7 kb IL-I SR mRNA
species, may be due to RNA aggregation. Bands of this

size were not detected on other blots. The blots were also
probed for IL-2Rax expression. No IL-2Rax mRNA was
detected in the stromal lines which express IL- 15Ra.
Liver, the most abundant source for IL-i 5Rax mRNA, had
very low or undetectable levels of IL-2Rx mRNA, while
spleen, the most abundant source for IL-2Ra mRNA, had
only moderate levels of IL-i5Rax mRNA. More detailed
examination of the cell types in the tissue preparations
contributing to the observed mRNA levels is needed; the
presence of contaminating cell types such as connective
tissue, fibroblasts or blood cells may bias the results.

IL-2Rax expression has been shown to increase dramatic-
ally upon T cell activation (Leonard et al., 1985). In our
initial attempts to detect IL- 15 binding on various cell
lines and clones, in particular T cell lines, we observed a
striking increase in IL- 15 binding after activation. As
summarized in Figure 3B, several methods of activating
T cell lines resulted in increased IL-i 5Rax expression,
such as pre-treatment with anti-CD3 antibodies or with
phorbol myristyl acetate (PMA) as shown for the 7B9
helper T cell clone, or with more specific activators like
IL-2, as shown for the D10 clone. For macrophage lines
like P388D1 and J774, treatment with interferon-'y (IFN-y),
an important activator of macrophages and monocytes,
resulted in significantly elevated receptor numbers, from
4- to 27-fold. Similar results were obtained for human
peripheral blood T cells and human antigen-dependent
clones stimulated with phytohemagglutinin (PHA) and
anti-CD3, as well as human lipopolysaccharide (LPS)-
treated monocytes and vascular endothelial cells treated
with IFN-y (Giri et al., 1994). These results suggest that
the expression of IL-i15Rx, like that of IL-2Rax, may be
similarly regulated and is greatly enhanced following
exposure to activation signals.

A functional role for the a subunit of the IL-15R on
murine cells
In initial binding experiments with COS-7 cells transfected
with the murine IL-l5Rcx cDNA clone D5, in excess of
5X 105 receptors/cell were detected, a level too high to
obtain accurate measurements of IL-15 binding to these
cells. To demonstrate the role of IL-15Rax in the IL-1SR
complex more directly, and to obtain more accurate
measurements of its affinity for IL- 15, we used as a model
system the murine IL-3-dependent 32D cell line, which
constitutively expresses the IL-2R ax and yc chains, but
failed to respond to IL-1S (Grabstein et al., 1994). We
derived 32D cells stably expressing various components
of the IL-2 and IL-1S receptors and tested their ability to
proliferate in response to IL-15 (Figure 4). Our original
32D cell line responded to IL-2, but for these experiments
we used a subline, 32D-01, which had lost the ability to
respond to IL-2 (Figure 4A, top panel), presumably
because it no longer expressed sufficient levels of IL-2R,B
(Figure 4A, lower panel). We introduced the murine IL-
2Rf chain into 32D-01 and derived a line designated
32DmI-5 (Figure 4B), which had the ability to proliferate
in response to IL-2 but not IL-1S. No detectable IL-1S
binding to 32D-01 or 32Dmp-5 was seen by cytofluoro-
metric analysis, suggesting that the level of IL-l5Rx was
very low on these cells. Direct binding with [1251]IL-15
confirmed this result (see below). To test the role of IL-
1SRx, we transfected 32D-01 with the IL-i5Ra cDNA,
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Fig. 4. Functional analysis of recombinant IL-15R. Top panel: proliferation of 32D sublines expressing various components of IL-15 and IL-2
receptors, in the presence of the indicated growth factors. (A) 32D subline 01; (B) 32Dmf-5, transfected with murine IL-2R,; (C) 32Dml5Ra-102,
transfected with IL-l5Rcx; and (D) 32DmOml5Ra-3, co-transfected with both IL-l5Rax and IL-2R,B. Bottom panel: analysis of surface expression of
IL-2R and IL-15R components. Cytofluorometric analysis of binding of Flag-IL-15, anti-IL2Rax mAb 7D4 or anti-IL2RP1 mAb TM-PIl was
performed as described in Materials and methods. Control staining is indicated by dotted lines.

which resulted in a line expressing the x chain,
32Dml5Rx-102 (shown in Figure 4C). Although these
cells bound high levels of IL-15, as evidenced by both
cytofluorometric analysis (Figure 4C) and radiolabeled
IL-1S binding (Figure SA), they were unable to proliferate
in response to IL- 1S. As seen in Figure 4C, the
32Dml5Roc-102 cells, like the parental 32D-01, did not
express detectable levels of IL-2RP. We then derived
32DmmlSRa-3, co-expressing both IL-lSRax and IL-
2R3 (Yc is constitutively expressed), and we were able to
reconstitute proliferation in response to IL-15 and IL-2
(Figure 4D), with a pattern similar to proliferation of the
D10 cell line shown in Figure 1. This result demonstrates
that the ability of murine cells to respond to simian IL-
15 is dependent on the level of IL-1SRcx expression and
confirms the requirement for IL-2Rf.

IL- 15Ra binds IL- 15 with high affinity
Preliminary equilibrium binding experiments with
[1251]simian IL-15 indicated that the IL-iS5Ro chain alone
was binding IL- 15 with very high affinity, which prompted
us to reassess the optimal binding conditions necessary

to measure this affinity accurately under equilibrium

conditions, as well as to measure whether a receptor
complex containing the ,B and yc chains along with the
IL-15Rax chain exhibited an enhanced affinity for IL-1S.
Using conditions detailed in Materials and methods, we

first examined the parental 32D-01 cell line. These cells
expressed an average of 100 + 33 IL-15 binding sites per
cell, with an affinity (Ka) of 1.4 0.4X 10' /M (data not
shown), which is similar to the affinity of IL-2 binding
to the IL-2RotII3/yc complex. The 32Dm15Roc-102 cells,
transfected with the IL-i5Rax chain (Figure 5A), exhibited
a much higher level of IL-1S binding with the same very

high affinity (average of 15 300 ± 3700 sites per cell
with a Ka of 1.5 + 0.9X I10). Given the low expression
of IL-2Rf on these cells, the majority of these sites must
reflect binding to the IL-1SRax chain alone. This suggests
that the low amount of IL-15 binding on the 32D-01 cells
is due to endogenous IL- 1SRcx. The affinity of the receptors
on both of these 32D lines is very similar to the affinity
of the native IL-15R on the DIO cells (Figure SB) from
which the IL-15Rca subunit was cloned (average Ka of
1.3 ± 0.5X O1"). Although DIO cells express several
hundred copies of IL-2Rj3, inferred from the number of
high affinity IL-2 binding sites (see above), we were
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Fig. 5. Analysis of IL- 15 binding to native and recombinant IL- 15
receptors on murine cells. Scatchard analysis of equilibrium binding of
[1251]IL-15 to (A) 32Dml5Rx-102 cells expressing recombinant
murine IL-15Ra, and (B) DIO cells. 32Dml5Rax-102 cells were used
at 6.67x 104 cells/ml diluted 1:200 with Daudi cells, while D10 cells
were used at 1.33 x l10 cells/ml diluted 1:100 in Daudi cells. Binding
was performed and assayed as described in Materials and methods.
r, receptors bound per cell; C, molar concentration of radiolabeled
IL-IS.

unable to detect a second component of binding in these
cells which might correspond to a higher affinity al/ or
W/lyc complex. This result was substantiated by analysis
of the 32Dm1ml5Rcx-3 cells, co-expressing both recom-
binant IL-15Rcx and IL-2R,B subunits. These cells showed
binding characteristics very similar to those exhibited by
the 32Dml5Rcx-102 cells (Figure 5A), with an average
Ka of 2.2 + 0.3X1O"/M, and 12 800 + 2700 receptors/
cell (data not shown). In both D10 and 32Dmpml5Ra-3
cells, overexpression of the IL-i5RRa relative to the 1
subunit might serve to obscure a small higher affinity
component. This possibility was addressed by analyzing
binding to the 32Dmp3-5 cell line, which had been trans-
fected with the A subunit alone. These cells showed a
single high affinity binding site that was essentially
identical to the parental 32D-01 line, with an average Ka
of 1.9 + 0.5 x I0 and 40 + 15 sites/cell, presumably
due to low level expression of endogenous IL- 15Rcx.
Although these data could be interpreted to suggest that
the 1B subunit plays a minimal role as an affinity converter
in the IL-1SR complex, the very high affinity binding of
the IL-i 5Rax on its own stretches the ability of the binding
techniques used here to measure effectively and accurately
interactions that may be of an even higher affinity, thus
obscuring a definitive answer as to the contribution of the
13 subunit. The observation that the 32Dm,B-5 cell line did
not display any additional IL-iS binding sites relative to
the 32D-01 parent line did indicate, however, that simian
IL-1S is unable to bind with any detectable affinity to
complexes of murine 1 and yc, in the absence of the
IL- 1SRa chain.

Characterization of a soluble form of recombinant
IL- 15Ra
To test further the role of the IL- 15R a chain, we prepared
a soluble version consisting of the entire extracellular
domain, as indicated in Figure 2A, and tested the ability
of this soluble receptor to antagonize IL-15 binding to
responsive cells. As shown in Figure 6A, the truncated
soluble receptor is expressed in the supernatants of trans-
fected CVl/EBNA cells as a protein of -55-60 kDa,
comparable in size with the membrane receptor on D10
cells. Similar to the membrane-anchored receptor, this
size is larger than the size (20-25 kDa) predicted from the
sequence shown in Figure 2A; more detailed biochemical
characterization is required to explain this discrepancy.
Supernatants from the transfected CV1/EBNA cells were
very effective at inhibiting the binding of IL-15 to CTLL
cells (Figure 6B), and were capable of specifically inhibit-
ing IL-15- but not IL-2 induced proliferation of CTLL-2
cells (Figure 6C).

Discussion
The discovery of an IL- 15-specific binding protein further
extends the analogy between IL-2 and IL-1S and their
receptor systems. Both receptor complexes appear to
consist of three subunits, shared a and yc chains, and
distinct a chains that bind only to their specific ligands.
The receptor for IL-iS does not have the common features
of the hematopoietin receptor family (Cosman, 1993),
but rather shares structural similarities with the IL-2Ra
subunit. Both proteins contain a short consensus repeat
called a 'sushi domain'. Proteins containing this motif,
such as Cls, Clr, C4BP, factor XIII, factor B and factor
H, are proteins that bind to other proteins. In these proteins,
the sushi domains are often found repeated multiple times:
complement factor H, for example, consists entirely of 20
sushi domains (Perkins et al., 1988). In addition, the motif
itself is similar to other protein binding motifs, notably
the protease kringle and fibronectin type II structures
(Patthy et al., 1984). Interestingly, the IL-15Ra contains
a single sushi domain while the IL-2Ra contains two.
Mutagenesis and antibody mapping experiments with the
IL-2Rax chain have identified several residues in the first
sushi domain as being directly involved in binding IL-2
(Moreau et al., 1987; Robb et al., 1988). Although no
direct experimental evidence exists for IL- 15Rax, the
juxtaposition of several of these residues is conserved
between the common sushi domain in the IL-i5RRa and
IL-2Ra sequences. The a chains of the IL-2R and IL-
1SR therefore define a new family of binding proteins for
helical cytokines. It remains to be discovered if this family
of molecules plays a role in other cytokine receptors,
particularly those that are capable of utilizing yc. -In this
regard, it is interesting to note that there have been reports
of as yet uncharacterized binding proteins for both IL-4
and IL-7 (Armitage et al., 1992; Fanslow et al., 1993).

In the reconstituted 32D murine cell model described
in these studies, we have shown that expression of
sufficient levels of the murine IL-15Rax subunit, along
with the murine IL-2RP chain, is obligatory for conferring
biological responsiveness to IL- 15. This demonstrates that
the IL-iS binding protein that we cloned is capable of
performing the role of a specific IL- 1 5Ra subunit to
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Fig. 6. Inhibition of IL-1S binding and function by a soluble form of
IL-1SR. (A) Expression of recombinant soluble IL-1SR. The
extracellular domain of IL-15R (Figure 2A) with five C-terminal
histidine residues added for purification by metal chelate
chromatography was expressed in transfected COS-7 cells, precipitated
from metabolically labeled 3-day supernatants with Ni2' NTA
agarose, and analyzed by SDS-PAGE and autoradiography. Control is
from COS-7 cells transfected with empty vector. The sizes of protein
molecular weight standards are indicated on the right. (B) Inhibition of
IL-1S binding to CTLL-2. Soluble IL-1SR (10-fold concentrate of
transfected COS-7 supernatant) inhibition of binding of 0.5 nM
[1251]ILlS for 1 h at 40C. (C) Inhibition of CTLL-2 proliferation.
Soluble IL-ISR (10-fold concentrate of transfected COS-7 supernatant)
tested for its ability to inhibit proliferation in response to 10 ng/ml
IL- 1S or IL-2.

mediate formation of a functional heteromeric complex
with c (and probably ye). This system has certain limita-
tions, however, in that we are utilizing simian IL-15 for
binding to the murine components of the IL-1SR. As has
been demonstrated previously for human IL-2 (Kumaki
et al., 1993), we have shown that simian IL-15 is not
capable of binding to a complex of the mouse 1 and yc
chains, whereas it is clearly capable of binding to a
complex of the human D and y7c chains in the absence of
the IL-l5Roc subunit (Giri et al., 1994). Therefore, in the
32D cells containing murine 13 and y7, the IL- 15Rox chain
may be obligatory for conferring responsiveness to simian
IL-1S primarily because it is absolutely required to allow
simian IL-iS to bind. We do not yet know whether murine
IL-1S might be able to bind to, and signal through, a
complex of murine 1 and yc in the absence of the IL-
1SRoc, nor do we know the extent of the role the ox subunit
may play in conferring responsiveness and/or specificity
in such a system.
We observed a potential species-specific difference in

sensitivity of IL-15 responsiveness between the 32D cells
transfected with the murine 13 that we describe in this
report, and murine BAF-B03 cells in a previous study
(Giri et al., 1994) in which we reconstituted IL-iS respon-
siveness by transfecting in the human 13 subunit. Both cell
lines express a similar low level of endogenous IL-
15Rx (<200 sites per cell); however, the BAF-B03 cells
transfected with the human 1 chain were able to respond
to simian IL- 15, whereas the 32D cells were unresponsive
to simian IL-15 until they were induced to express higher
levels of the ox chain by transfection with the IL-15Roc
cDNA clone. This result may reflect the ability of simian
IL- 15 to interact in a more productive fashion with a
complex containing a human rather than murine 13 subunit.
This interpretation could explain a discrepancy in the
results we obtained with 32D cells and those obtained by
Bamford et al. (1994). These investigators have identified
a cytokine, termed IL-T, which is secreted by the human
cell line HuT-102, and has a number of properties which
suggest that it could be equivalent to IL- 15. They showed
that 32D cells which are unresponsive to either IL-2 or
IL-T can be induced to become responsive by transfecting
the cells with the human 1 subunit alone. It is possible
that the 32D cell line they used expresses a higher
endogenous level of IL-I15Rca subunits than our 32D line
(and therefore might have a greater sensitivity to IL-15
upon introduction of the 1 chain). It is also possible that
the difference is due to their use of the human 1 chain
versus our use of the murine 1 chain.

IL-2 and IL- 15 are at present the only T cell growth
factors that have clearly identified heterotrimeric receptors,
and their biological activities appear to be similar in
promoting proliferation and functional activation of T and
B lymphocytes (Grabstein et al., 1994; Armitage et al.,
1995). One explanation for this apparent redundancy may
be in the different distribution of both IL-15 and IL-l5Rcx
compared with the more restricted expression of IL-2 and
IL-2Rx. IL-2 and IL- 1S may exert their effects at different
stages of differentiation and on different populations of T
and B cells. The ubiquitous expression of the IL- 15Ra
gene in various cell lines and tissues implies that in vivo
the expression must be strictly controlled to regulate the
immune response. As shown in studies of the IL-2Rcx
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chain (reviewed in Greene and Leonard, 1986), we found
that the expression of IL-15Rx is also greatly enhanced
after activation of T cells. It will be of interest in
understanding T cell activation to investigate whether IL-2
and IL- 15 may compete for a limited number of the
common IL-2R1 and yc subunits and, if so, what the
biological consequences may be. Although IL-2 and IL-15
may share overlapping signaling mechanisms given their
common usage of the ,B and yc chains, it will also be
important to determine whether the IL-15Rx chain plays
any role in signal transduction. No role for the extremely
short (13 amino acid) cytoplasmic portion of the IL-
2Rax chain has been demonstrated to date; however, the
cytoplasmic domain of IL-15Rax is somewhat longer (37
amino acids), and it is possible that it plays some
cooperative and/or regulatory role in signaling mechanisms
which are mediated primarily through the 3 and yc subunits.

Despite the obvious resemblance and overlap in the
heteromeric IL-2 and IL- 15 receptor complexes, the strik-
ing difference in the affinities of the two ax subunits for
their respective ligands, as well as the wide distribution
of mRNA for both IL- 15 and its receptor, suggests
additional, unidentified roles for IL- 15. The IL-2Rx and
IL- 15Rax chains, although similar in general structural
features, differ in their affinity for their respective ligands
by 1000-fold or more. The average binding affinity of
murine IL-15Rx alone, at a Ka of -1 X 101, is equivalent to
the affinity generated by the complete IL-2R heterotrimer,
while IL-2Rx alone has an affinity in the range of 1 X 108.
The contribution of the f and yc chains to formation of
high affinity IL-15R complexes could not be demonstrated
due to the intrinsic high affinity of the IL-15Rax chain for
IL- 15. It remains to be determined if there is a difference
in how IL- 15 interacts with its ax chain in the presence or
absence of the shared IL-2R components. Further binding
studies conducted in the context of our new knowledge
regarding the very high affinity nature of the IL- 15Rx
subunit have revealed the affinity of binding of IL- 15
across a range of murine cell lines to consistently average

1 x 10'I/M. The presence of high affinity IL- 15 receptors
on non-lymphoid cells such as thymic and bone marrow
stromal lines raises the question of whether IL- 15 can
transmit a signal in cells which may not express the IL-
2Rf3 and yc chains. An equally intriguing question is the
potential role that a high affinity IL- 15Rax subunit
expressed on the surface of cells lacking f3 or yc could
play in the absence of the ability to signal or internalize.
Such a high affinity binding protein might serve either to
remove IL- 15 from effective action in a local environment
or, conversely, to serve as a source of presentation of
IL- 15 to neighboring populations of cells capable of
responding to it. Soluble forms of IL-15Ra, which appear
to be of high affinity with excellent IL- 15 antagonist
properties, could also be significant in vivo, whether
endogenously generated or as specifically administered
therapeutics.
We have described in this report the identification and

cloning of a specific receptor for IL-15, which shares
unique structural features with the ax chain of the IL-2R.
Together, the ax chains of IL-2 and IL- 15 define a new
cytokine receptor family. IL- 15 was initially cloned on
the basis of functions it shared in common with IL-2, and
the work presented here strengthens the basis for the

commonality in function between these two molecules.
Of equal interest, however, are the hints that the IL-15Ra
gives us of potential differences that may exist in the
functions of IL-15 and IL-2. Further study of the nature
of the IL-15R complex and the location and regulation of
both the receptor and its ligand should continue to generate
important insights about the role of this new cytokine.

Materials and methods
Cell lines and culture conditions
Proliferation assays using the factor-dependent T cell lines CTLL-2
(Gillis and Smith, 1977) and 32D were carried out as described (Grabstein
et al., 1994). Briefly, cells were washed extensively, then grown for 24-
48 h with the appropriate cytokines, and pulsed with [3H]TdR 4-6 h
before harvesting. The antigen-dependent cell line Dl0 (Kaye et al.,
1984) was cultured with irradiated allogeneic (C57/BL6) spleen cells
and IL-2. For further stimulation in IL-2, DI0 cells were removed from
the spleen cells and cultured only in IL-2. For IL- 15 binding experiments,
the Dl0 cells were starved for 30 min after separation from the feeder
layer or cultured overnight in the absence of IL-2 prior to separation
from the feeder layer before initiation of binding incubations. COS-7
cells were cultured and transfected as described previously (Cosman
et al., 1984).

Growth factors
Yeast-derived Flag epitope-tagged simian IL-15 has been described
(Grabstein et al., 1994). Human IL-2 was purchased from Cetus
(Emeryville, CA). Murine IL-3 and IFN-y were obtained from Genzyme
(Cambridge, MA).

Receptor binding analysis
1251-Labeled simian IL- 15 was prepared using the lactoperoxidase method
previously described (Giri et al., 1994) or using the lodogen reagent
(Pierce, Rockford, IL) according to the manufacturer's instructions.
Labeled preparations were tested for biological activity in the CTLL
proliferation assay as described (Giri et al., 1994). Specific radioactivities
of preparations were in the range 4-7x 1015 c.p.m./mmol. Binding assays
were performed by a phthalate oil separation method and analyzed as
described (Park et al., 1986). Kinetic analysis of IL-15 binding at 4°C
showed that at the low concentrations of IL-I5 necessary to accurately
measure high affinity binding, 4-5 h of incubation was required to
reach equilibrium (data not shown). Unless otherwise noted, binding
experiments were therefore performed standardly for long incubation
times (4-5 h) at 4°C over an extended concentration range that went as
low as the specific activity of the [125I]IL-15 would allow (generally
-0.5 pM). When necessary, cells that expressed high levels of the IL-
l5Rax chain were diluted in incubation mixtures with a carrier cell that
did not bind IL-15 [standardly the human B cell line Daudi (ATCC CCL
213)] in order to maintain proper conditions of ligand excess. Affinity
cross-linking experiments were performed by binding of radiolabeled
IL-15 to DIO cells at 4°C for 60 min followed by cross-linking with
1 mM disuccinimidyl suberate (Pierce) for an additional 30 min. Samples
were then detergent solubilized in the presence of protease inhibitors
according to established procedures (Sharon et al., 1986) and analyzed
by SDS-PAGE and autoradiography.

Flow cytometry
Cells analyzed by flow analysis for IL-I5 binding were incubated with
1 tg/ml Flag epitope- (Hopp et al., 1988) tagged simian IL-15 and
5 gg/ml anti-Flag antibody or with 10 ,ug/ml anti-IL-2R antibodies.
Cells were washed, then stained with fluorescein-conjugated goat anti-
rat IgG (Caltag, So. San Francisco, CA) and analyzed by FACScan
(Becton Dickinson, Mountain View, CA). Antibodies to murine IL-2Ra
(7D4) and i (TM-pi) were purchased from Pharmingen (San Diego,
CA). Control incubations were performed in parallel with isotype-
matched antibodies from Jackson Immunoresearch (West Grove, PA).

RNA preparation and analysis
Total cellular RNAs were prepared by the guanidine thiocyanate-cesium
chloride method, and polyadenylated RNAs were prepared by oligo(dT)-
cellulose chromatography as described (Larsen et al., 1990). RNA was

electrophoresed through formaldehyde agarose, transferred by capillary
blotting to a Hybond-N (Amersham, Arlington Heights, IL) and UV
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cross-linked. 32P-Labeled DNA and RNA probes were used in blot
hybridizations as described (Anderson et al., 1990). Blots were visualized
by autoradiography on X-ray film or on phosphor screens (Molecular
Dynamics, Sunnyvale, CA).

cDNA library preparation and screening
RNA was prepared as described above from DIO cells and used to
prepare double-stranded, random-primed cDNA using a Pharmacia
Timesaver cDNA kit (Pharmacia, Piscataway, NJ). The resulting cDNA
was cloned into a mammalian expression vector using an adaptor method
as previously described (Larsen et al., 1990). The cDNA library was
screened by a slide transfection method essentially as described (Gearing
et al., 1989). Briefly, plasmid DNAs prepared from pools of -1000
colonies from the cDNA library were transfected into COS-7 cells grown
in chamber slides. After 2 days of culture, the slides were incubated
with I nM [1251]IL-15 in binding medium for 1 h at 4°C. Slides were
then washed with binding medium followed by phosphate-buffered saline
(PBS), then fixed with 2.5% glutaraldehyde in PBS, dried, examined by
autoradiography on phosphor screens, then dipped in autoradiographic
emulsion. After 2-3 days, the slides were developed and examined
microscopically for the accumulation of silver grains over individual
COS-7 cells. Positive pools were divided and rescreened until a single
positive clone, D5, was isolated.

Stable transfection of 32D cells
The murine IL-2R P chain cDNA (Kono et al., 1990) was isolated from
the murine lymphoma line EL-4 by RT-PCR and subcloned into
expression vector pcDSRax (Takebe et al., 1988) to yield pSRm,B-l. The
IL- l5Ra chain expression plasmid D5 and pSRmf- I were linearized
with Sall and the cleaved ends partially filled with dCTP and dTTP to
generate 5'-TC overhangs. Compatible cohesive ends were generated
by partial fill-in of BamHI-digested pSV2neo with dATP and dGTP.
Linearized D5 and/or pSRmp-l (20 jg) were ligated with 20 ,ug of
linearized pSV2neo, and transfected into 32D cells by electroporation
followed by selection in medium containing G418 (GIBCO BRL, Grand
Island, NY). The resulting cell lines, 32Dml5Ra-102 and 32Dmf-5,
stably expressed the exogenous murine IL-l5Ra and IL-2R1 chains,
respectively, while 32Dm1ml5R1x-3 expressed both receptors.

Protein structural analysis
Database searches were performed against GenBank, GenPept (translated
GenBank), SwissProt and the PIR protein databases using the FASTA
(Genetics Computer Group, 1991) and BLAST (Altschul et al., 1990)
programs. Searches were performed using both the full-length conceptual
translation of the IL- 1 5R and the nested subsequences representing
fragments of the extracellular domain only. A multiple alignment of
murine IL-15Rcz and IL-2Rax from various species was produced using
the GCG program PILEUP and the MACAW multiple alignment tool
(Schuler et al., 1991). For these alignments, PILEUP was used to
generate an initial estimate that identified the domain structure of the
protein. MACAW was then used to refine alignments within delineated
domains.

Soluble recombinant IL-l5Ra
A plasmid encoding a soluble form of IL-15Rx was generated by PCR
amplification of the D5 extracellular region (Figure 2A), with the
incorporation of sequence at the 3' end to encode five C-terminal histidine
residues to allow purification by nickel chromatography (Hoffmann and
Roeder, 1991). The amplified soluble IL-lSRax-encoding fragment was
inserted into a mammalian expression vector and transfected into COS-
7 cells as described above. Three-day supernatants containing secreted
soluble IL-15Rax were used in cell binding and proliferation inhibition
studies. 35S-Labeled supernatants were generated from the transfected
COS-7 cells as described (Giri et al., 1994). Radiolabeled soluble
receptor was purified from the supernatants by incubation with Ni2+
NTA agarose (Qiagen, Chatsworth, CA), following the manufacturer's
instructions.

Acknowledgements
The authors thank June Eisenman and Courtney Beers for purified Flag
simian IL-15, Jeanette Bertles and Marty Timour for sequencing, Mark
Tometsko and Bruce Hess for excellent technical assistance, and Anne
C.Bannister for editorial assistance.

References
Altschul,S.F., Gish,W., Miller,W., Myers,E.W. and Lipman,D.J. (1990)

Basic local alignment search tool. J. Mol. Biol., 215, 403-410.
Anderson,D.M. et al. (1990) Molecular cloning of mast cell growth

factor, a hematopoietin that is active in both membrane bound and
soluble forms. Cell, 63, 235-243.

Anderson,D.M. et al. (1995) Chromosomal assignment and genomic
structure of llS5. Genomics, 25, 701-706.

Armitage,R.J., Ziegler,S.F., Friend,D.J., Park,L.S. and Fanslow,W.C.
(1992) Identification of a novel low-affinity receptor for human
interleukin-7. Blood, 79, 1738-1745.

Armitage,R.J., Macduff,B.M., Eisenman,J., Paxton,R. and Grabstein,
K.H. (1995) IL-15 has stimulatory activity for the induction of B cell
proliferation and differentiation. J. Immunol., 154, 483-490.

Bamford,R.N., Grant,A.J., Burton,J.D., Peters,C., Kurys,G., Goldman,
C.K., Brennan,J., Roessler,E. and Waldmann,T.A. (1994) The
interleukin (IL) 2 receptor P chain is shared by IL-2 and a cytokine,
provisionally designated IL-T, that stimulates T-cell proliferation and
the induction of lymphokine-activated killer cells. Proc. Natl Acad.
Sci. USA, 91, 4940-4944.

Carson,W.E. et al. (1994) Interleukin (IL) 15 is a novel cytokine that
activates human natural killer cells via components of the IL-2
receptor. J. Exp. Med., 180, 1395-1403.

Cosman,D. (1993) The hematopoietin receptor superfamily. Cytokine, 5,

95-106.
Cosman,D., Cerretti,D.P., Larsen,A., Park,L., March,C., Dower,S.,

Gillis,S. and Urdal,D. (1984) Cloning, sequence and expression of
human interleukin-2 receptor. Nature, 312, 768-771.

Davie,E.W., Ichinose,A. and Leytus,S.P. (1986) Structural features of
the proteins participating in blood coagulation and fibrinolysis. Cold
Spring Harbor Symp. Quant. Biol., 51, 509-514.

Fanslow,W.C. et al. (1993) Identification of a distinct low-affinity
receptor for human interleukin-4 on pre-B cells. Blood, 81, 2998-3005.

Gearing,D.P., King,J.A., Gough,N.M. and Nicola,N.A. (1989) Expression
cloning of a receptor for human granulocyte-macrophage colony-
stimulating factor. EMBO J., 8, 3667-3676.

Genetics Computer Group (1991). Program Manual for the GCG
Package. 575 Science Drive, Madison, WI 53711.

Gillis,S. and Smith,K.A. (1977) Long term culture of tumour-specific
cytotoxic T cells. Nature, 268, 154-156.

Giri,J.G. et al. (1994) Utilization of the Pi and y chains of the IL-2
receptor by the novel cytokine IL-I5. EMBO J., 13, 2822-2830.

Grabstein,K.H. et al. (1994) Cloning of a novel T cell growth factor
that interacts with the chain of the interleukin-2 receptor. Science,
264, 965-968.

Greene,W.C. and Leonard,W.J. (1986) The human interleukin-2 receptor.
Annu. Rev. Immunol., 4, 69-95.

Hatakeyama,M., Mori,H., Doi,T. and Taniguchi,T. (1989) A restricted
cytoplasmic region of IL-2 receptor ,B chain is essential for growth
signal transduction but not for ligand binding and internalization. Cell,
59, 837-845.

Hoffmann,A. and Roeder,R.G. (1991) Purification of his-tagged proteins
in non-denaturing conditions suggests a convenient method for protein
interaction studies. Nucleic Acids Res., 19, 6337-6338.

Hopp,T.P., Prickett,K.S., Price,V.L., Liggy,R.T., March,C.J., Cerretti,D.P.,
Urdal,D.L. and Conlon,P.J. (1988) A short polypeptide marker
sequence useful for recombinant protein identification and purification.
Biotechnology, 6, 1204-1210.

Kaye,J., Gillis,S., Mizel,S.B., Shevach,E.M., Malek,T.R., Dinarello,C.A.,
Lachman,L.B. and Janeway,C.A.,Jr (1984) Growth of a cloned helper
T cell line induced by a monoclonal antibody specific for the antigen
receptor: interleukin 1 is required for the expression of receptors for
interleukin 2. J. Immunol., 133, 1339-1345.

Kondo,M., Takeshita,T., Ishii,N., Nakamura,M., Watanabe,S., Arai,K.-I.
and Sugamura,K. (1993) Sharing of the interleukin-2 (IL-2) receptor

y chain between receptors for IL-2 and IL-4. Science, 262, 1874-1877.
Kondo,M., Takeshita,T., Higuchi,M., Nakamura,M., Sudo,T., Nishikawa,

S.-I. and Sugamura,K. (1994) Functional participation of the IL-2
receptor ychain in IL-7 receptor complexes. Science, 263, 1453-1454.

Kono,T., Doi,T., Yamada,G., Hatakeyama,M., Minamoto,S., Tsudo,M.,
Miyasaka,M., Miyata,T. and Taniguchi,T. (1990) Murine interleukin
2 receptor chain: dysregulated gene expression in lymphoma line
EL-4 caused by a promoter insertion. Proc. Natl Acad. Sci. USA, 87,
18061810.

Kumaki,S., Kondo,M., Takeshita,T., Asao,H., Nakamura,M. and
Sugamura,K. (1993) Cloning of the mouse interleukin 2 receptor y

3662



Murine IL-15R a chain

chain: demonstration of functional differences between the mouse and
human receptors. Biochem. Biophvs. Res. Commun., 193, 356-363.

Kumaki,S. et al. (1995) Characterization of B cell lines established from
two X-linked severe combine immunodeficiency patients: interleukin-
15 binds to the B cells but is not internalized efficiently. Blood, in press.

Larsen,A. et al. (1990) Expression cloning of a human granulocyte
colony-stimulating factor receptor: a structural mosaic of hemato-
poietin receptor, immunoglobulin, and fibronectin domains. J. Exp.
Med., 172, 1559-1570.

Leonard,W.J., Kronke,M., Peffer,N.J., Depper,J.M. and Greene,W.C.
(1985) Interleukin 2 receptor gene expression in normal human T
lymphocytes. Proc. Natl Acad. Sci. USA, 82, 6281-6285.

Minami,Y., Kono,T., Miyazaki,T. and Taniguchi,T. (1993) The IL-2
receptor complex: its structure, function, and target genes. Annu. Rev.
Immunol., 11, 245-268.

Moreau,J.-L., Nabholz,M., Diamantstein,T., Malek,T., Shevach,E. and
Theze,J. (1987) Monoclonal antibodies identify three epitope clusters
on the mouse p55 subunit of the interleukin 2 receptor: relationship
to the interleukin 2-binding site. Eur J. Immunol., 17, 929-935.

Noguchi,M., Nakamura,Y., Russell,S.M., Ziegler,S.F., Tsang,M., Cao,X.
and Leonard,W.J. (1993a) Interleukin-2 receptor 'y chain: a functional
component of the interleukin-7 receptor. Science, 262, 1877-1880.

Noguchi,M., Yi,H., Rosenblatt,H.M., Filipovich,A.H., Adelstein,S.,
Modi,W.S., McBride,O.W. and Leonard,W.J. (1993b) Interleukin-
2 receptor y chain mutation results in X-linked severe combined
immunodeficiency in humans. Cell, 73, 147-157.

Park,L.S., Friend,D., Gillis,S. and Urdal,D.L. (1986) Characterization of
the cell surface receptor for granulocyte-macrophage colony
stimulating factor. J. Biol. Chem., 261, 4177-4183.

Patthy,L., Trexler,M., Vali,Z., Banyai,L. and Varadi,A. (1984) Kringles:
modules specialized for protein binding. Homology of the gelatin-
binding region of fibronectin with the kringle structures of proteases.
FEBS Lett., 171, 131-136.

Perkins,S.J., HarisP.I., Sim,R.B. and Chapman,D. (1988) A study of the
structure of human complement component factor H by Fourier
transform infrared spectroscopy and secondary structure averaging
methods. Biochemistry, 27, 4004-4012.

Robb,R.J., Rusk,C.M. and Neeper,M.P. (1988) Structure-function
relationships for the interleukin 2 receptor: location of ligand and
antibody binding sites on the Tac receptor chain by mutational analysis.
Proc. Natl Acad. Sci. USA, 85, 5654-5658.

Russell,S.M. et al. (1993) Interleukin-2 receptor 'y chain: a functional
component of the interleukin-4 receptor. Science, 262, 1880-1883.

Russell,S.M. et al. (1994) Interaction of IL-2RP and Yc chains with Jakl
and Jak3: implications for XSCID and XCID. Science, 266,1042-1045.

Schuler,G.D., Altschul,S.F. and Lipman,D.J. (1991) A workbench for
multiple alignment construction and analysis. Proteins, 9, 180-190.

Sharon,M., Klausner,R.D., Cullen,B.R., Chizzonite,R. and Leonard,W.J.
(1986) Novel interleukin-2 receptor subunit detected by cross-linking
under high-affinity conditions. Science, 234, 859-863.

Takebe,Y., Seiki,M., Fujisawa,J.-I., Hoy,P., Yokota,K., Arai,K.-I.,
Yoshida,M. and Arai,N. (1988) SRa promoter: an efficient and
versatile mammalian cDNA expression system composed of the simian
virus 40 early promoter and the R-U5 segment of human T-cell
leukemia virus type 1 long terminal repeat. Mol. Cell. Biol., 8, 466-472.

Received on March 27, 1995; revised on May 19, 1995

3663


