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Structure, function, and regulation of the interleukin-2 receptor and
identification of a novel immune activation gene

By W.J. LEoNARD, J. R. GNARRA, MoNIcA NAPOLITANO AND M. SHARON

Cell Biology and Metabolism Branch, National Institute of Child Health and Human Development,
National Institutes of Health, Bethesda, Maryland 20892, U.S.A.

This chapter is divided into two sections, the first dealing with a novel immune
activation gene, denoted Act-2. This gene encodes a secreted protein that may
represent a new cytokine. The Act-2 protein shares significant homology with
proteins in two related families of small secreted proteins. Act-2 is rapidly synthesized
by activated T cells, B cells and monocytes.

The second section deals with interleukin-2 receptors. These receptors are now
known to be comprised of three distinct classes of receptors, formed by various
combinations of two IL-2 binding proteins, the a and B chains. The low-affinity
receptors contain o, but not B chains; the intermediate-affinity receptors contain B,
but not o chains, and the high-affinity receptors contain both o and B chains. The 8
chain appears to be tyrosine phosphorylated. We discuss evidence for the existence of
another protein of relative molecular mass 100000, which appears to be a subunit of
at least the high-affinity receptor.

Act-2, A NOVEL IMMUNE ACTIVATION GENE

An Act-2 (‘Act’ for activation) cDNA was identified within a cDNA library prepared from
mRNA from activated human T lymphocytes (most of what follows is derived from Lipes et al.
(1988)). The library was screened by using the method of differential hybridization to obtain
cDNAs expressed in activated but not resting T cells. Act-2 cDNAs hybridize to a major
mRNA species of approximately 0.9 kilobases (kb). Act-2 mRNA is strongly expressed in
T lymphocytes activated with either phytohaemagglutinin (PHA) or anti-CD3 antibodies;
however, its expression is not limited to T cells. Act-2 mRNA is also strongly induced in
B lymphocytes stimulated with Staphylococcus aureus Cowan I, and in monocytes stimulated with
lipopolysaccharide. Nevertheless, Act-2 mRNA is not expressed in all rapidly proliferating
cells, as indicated, for example, by its lack of expression in various cell lines such as K562 cells.
Analogous to the situation for interleukin (IL)-2 gene expression, Act-2 mRNA is not expressed
in unstimulated Jurkat T cells or Jurkat T cells stimulated with either PHA or. phorbol
myristate acetate (PMA), but is expressed in these cells after stimulation with a combination
of PHA and PMA. Furthermore Act-2 mRNA expression is not induced with serum in normal
human fibroblasts, in contrast to c-myc expression.

Act-2 appears to represent one of the earliest immune activation genes. Act-2 mRNA can be
detected within 15-30 min after stimulation of T cells with PHA, and levels peak after
approximately 4 h. By sequential hybridization of a single Northern blot with probes
corresponding to the c-fos and c-myc proto-oncogenes, the initial expression of Act-2 is detected
as early as that of c-fos, whereas its peak expression approximately corresponds to the peak of
c-myc expression.

[ 121 ]

%3
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to éﬁ%
Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences. BIN®IN
www.jstor.org


http://rstb.royalsocietypublishing.org/

Downloaded from rstb.royalsocietypublishing.org

188 W.J.LEONARD AND OTHERS
hu Act-2 (PAT744, huSISY) APMGSDPPT. SYTARKL-PRNFVVD-Y-YETSSL-ICSQP ~AVVF-QTKRSKQVCADP SESWVQEYVYDLELN
hu LD78 (huSISpB, PAT464) ASLAADTPT. SYTSRQI-PQONFIAD-Y-FETSSQ-CISKP ~GVIF-LTKRSRQVICADPSEEWVQKYVSDLELSA
muSISY APMGSDPPT: SYTSRQL-HRSFVMD~Y-YETSSL~GSKP ~AVVF-LTKRGRQICANP SEPWVTEYMSDLELN
hu RANTES (huSISé) ASPYSSDTT IGFAYIARPL-PRAHIKE-Y-FYTSGK-{GSNP ~AVVF -VTRKNRQVCANPEKKWVREY I --NSLEMS
TY5 (muSIS«) APYGADTPTACHCFSY-SRKI-PRQFIVD-Y-FETSSL-OSQP ~GAIF-LTKRNRQICADSKETWVQEYITDLELNA
muMIPla APYGADTPTACHCFSY-SRKI-PRQFIVD-Y-FETSSL-{CGSQP -GVIF-LTKRNRQICADSKETWVQEYITDLELNA
muMIP14 APMGSDPPTS) SYTSRQL-HRSFVMD~Y~YETSSL~OSKP ~AVVF -LTKRGRQICRNP SEPWVTEYMSDLELN
muTCA3 (muSISe) KSMLTVSNSE CILNTLKKEL-PLKF IQC-YRKMGSS --[CPDP PAVVFRLNK-GRESLCASTNKTWVQNH-L-KKVNPC
muJE APLTY SFTSKMI-PMSRLES-YKRITSSR-[CPKE ~AVVF-VTKLKRE PKKEWVQTYI--KNLDRNQMRSE. . .
huPF4 EAEEDGDL KTTSQ-VRP-RHITSLEVIKA-GPHCPTA -QLIATL-KNGRKICILDLQAPLYKK-II-KKLLES
boPF4 .. .LPADSEGGEDEDL KTTSG-INP-RHISSLEVIGA-GTHCP SP -QLLATK-KTGRKICILDQQORP LYKK-IL-KKLLDGDES
raPF4 VTRASPEESDGDLS] KTSS-RIHL-KRITSLEVIKA-GPHCAVP -QLIATL-KNGSKICLDRQVP LYKK~II-KKLLES
huPBP «..GKEESLDSDLYAELR TKTTSG-IHP-KNIQSLEVIGK-GTHCNQV -EVIATL-KDGRKICLDPDAPRIKK-IVQKKLAGDESAD
huIlP-10 VPLSRTV TSISNQPVNP-RSLEKLEIIPA-SQF[PRV -EI IATMKKKGEKRCLNPESKAIKNL-L-KAVSKEMSKRSP
huGRO, MGSA ASVATEL LQTLQG-IHP-KNIQSVNVKSP~GPHCAQT ~EVIATL-KNGRKALCINPASP IVKK~I IEKMLNSDKSN
haGRO APVANELR] QTMTG-VHL-KNIESLKVTPP-GPHJIQT -EVIATL-KNGQEACLNPEAPMVQK~IVQKMLKSGIRK
mukC APIANELRCRCLQTMAG-IHL-KNIQSLKVLPS-GPHIQT ~EVIATL-KNGREACLDPEAP LVQK-IVQKMLKGVPK
huMDNCF, NAF, 3-10C SAKELR KTYSKPFHP-KF IKELRV-IESGPHCANT -EIIVKL-SDGRELCLDPKENWVQR-VVEKF LKRAENS
ch9E3, CEF-4 ALSQGRTLVKMGNELR [STHSKFIHP-KSIQD-VKLTPSGPHCKNV -EI IATL-KDGREVLLDP TAPWVQ-LIV-KALMAKAQLNSDAPL

muMIP-2
huNAP-1

AVVASELR

AVLPRSAKELR

KT-SKPFHP-KFIKELRVIES-GPH

KTLPRVDF-~KNIQSLSVTPP-G. .|.

ANT -EIIVKL-SDGREL

CILDPKENWVQR-VVEKFLKRAENS
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Ficure 1. Act-2 is a member of one of two related families of small secreted proteins. The first two cysteines are
either adjacent (top family) or are separated by a single amino acid (bottom family). Some sequences have
more than one name. Abbreviations: hu, human; mu, murine; sis, small inducible secreted protein; mip,
macrophage inflammatory protein; PF4, platelet factor 4; PBP, platelet basic protein; cro, growth-related
protein; MDNCF, macrophage-derived neutrophil chemotactic factor; NaP, neutrophil activating protein.

A full-length Act-2 cDNA was identified within a cDNA library prepared from mRNA from
HUT-102B2 cells, a T-cell line transformed with human T-cell lymphotropic virus-I
(aTLv-I). BTLV-I transformation appears to be a sufficient signal to induce Act-2 gene expression.
The deduced amino acid sequence indicated an open reading frame of 92 amino acids.
Radiolabelled sequencing of Act-2 protein expressed in a baculovirus expression system has
shown that the first 23 amino acids of the open reading frame correspond to a cleavable signal
peptide, and that the mature Act-2 protein is a secreted protein, 69 amino acids in length. Its
calculated relative molecular mass (M,) is 7808, although its apparent M, on sodium dodecyl
sulphate (SDS) polyacrylamide gels is somewhat greater. No potential N-linked glycosylation
sites are present. The 3" untranslated region of the cDNA has A-T rich consensus sequences
that have been found in a number of cytokines and proto-oncogenes and which have been
correlated with short mRNA half-life (Shaw & Kamen 1986; Caput ¢f al. 1986), as appears
to be the case for Act-2 mRNA.

When initially identified, comparison of the Act-2 sequence with other sequences in
GenBank indicated that it was a unique gene product. Recently, two other groups have
identified cDNAs derived from the same gene (Brown et al. 1989; Zipfel ¢t al. 1989). The
Act-2 protein shares homology with several other proteins that have been cloned. These
sequences can be represented as members of two related families of small secreted proteins
(figure 1). These families can most readily be distinguished by the absence or presence of a
single amino acid interposed between the first two of four cysteine residues in the mature
protein. Act-2 is part of a family that includes several factors secreted by T lymphocytes. The
function for many of these products is still unknown or incompletely known and will require
more investigation.

STRUCTURE,FUNCTION AND REGULATION OF THE INTERLEUKIN-2 RECEPTOR

The IL-2 receptor is now most correctly thought of as representing three distinct classes of
receptors (see figure 2; reviewed in Leonard et al. (1989); Leonard & Sharon (1989)). Resting
human T cells express predominantly intermediate-affinity receptors (K of 107® m), which
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contain the beta chain (IL-2R, also known as p70), but not the alpha chain (IL-2Ra, p55,
Tac antigen). In contrast, activated T cells express low-affinity IL-2 receptors (K, of 1078 m),
which contain IL-2Ra, but not IL-2Rp, and high-affinity receptors (K;, of 107! m), which
contain both IL-2Ra and IL-2RB (see figure 2). These data regarding the subunit composition
of the various IL-2 receptors are largely derived from affinity labelling studies in which 1251-
labelled IL-2 is bound and covalently cross-linked to cell-surface receptor proteins (Sharon
et al. 1986; Tsudo et al. 1986; Teshigawara et al. 1987). Thus the indicated compositions
should not be construed to imply anything regarding the stoichiometry of the different chains
within each class of receptor. In addition, the above description does not deal with the
possibility of other associated proteins, a topic that will be discussed below.

The high-affinity IL-2 receptors are generally believed to be the most important class of
receptors in transducing the major proliferative signal(s) of IL-2. However, the intermediate-
affinity receptors also are responsible for important biological responses on resting T cells and
large granular lymphocytes (LGL). It has been known for several years that IL-2 is capable of
boosting the natural killer (NK) activity of LGL, inducing the development of lymphokine-
activated killer (LAK) activity of resting T cells and LeL, and inducing the proliferation of
resting lymphocytes, all situations in which no high-affinity receptors were present. The
discovery of the B chain has allowed at least partial elucidation of those dilemmas (Siegel et al.
1987). It has been possible to demonstrate that the cells in question were capable of binding
IL-2 with intermediate affinity. Furthermore, cross-linking of **I-IL-2 to such cells resulted in
the detection of only the B chain. Thus the induction of proliferative and cytolytic activities can
be correlated with the binding of IL-2 to the B chain. It was further demonstrated that binding
of IL-2 to the B chain resulted in the subsequent induction of the a chain and also an increase
in the levels of the B chain (Siegel ¢t al. 1987). Thus, although the o chain is believed to be
inducible to a greater extent, it is clear that both chains can be induced in response to IL-2.

Ficure 2. Minimal model for low, high and intermediate affinity forms of IL-2 receptors. Low-affinity receptors
contain o, but not 8 chains, high-affinity receptors contain both o and B chains, and intermediate-affinity
receptors contain f, but not a chains. As is indicated in the text, the stoichiometry of these chains within each
type of receptor is unknown. Additional protein(s) are probably associated with at least the high-affinity
receptor (see text).

Complementary DNAs encoding the o chain were identified in 1984 (Leonard et al. 1984;
Nikaido ¢t al. 1984). The deduced amino acid sequence for this protein indicated that its
cytoplasmic domain is very short (only 13 residues), too short to encode a tyrosine kinase or
other enzymic activity. In fact, this observation was one of the motivating factors that led our
group to perform experiments resulting in the discovery of the B chain. Nevertheless, it is clear

[ 123 ]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

190 W.J.LEONARD AND OTHERS

that IL-2 induces tyrosine phosphorylation events within the cell (Saltzman et al. 1988). The
o chain is known to be a target for phosphorylation on serine 247 and threonine 250
(Shackelford & Trowbridge 1986), but no potential tyrosine phosphorylation sites are present
(Leonard et al. 1984). Thus one important question was whether or not IL-2RP is
phosphorylated and whether it represents a kinase. In order to investigate the first possibility,
we initially digested an IL-2/IL-2Rp complex with alkaline phosphatase. Such treatment
resulted in a change in migration of the complex on SDS polyacrylamide gels, showing that
IL-2R B is a phosphoprotein. Immunoprecipitation experiments and immunoblotting with anti-
phosphotyrosine antibodies have strongly suggested that the B chain is constitutively tyrosine
phosphorylated on YT and HUT-102B2 leukaemic cells (Sharon et al. 1989). However, we
have no evidence in support of its representing a kinase, consistent with the deduced amino acid
sequence for the B chain not containing a tyrosine kinase consensus domain (Hatakeyama
et al. 1989). An important question is whether the phosphorylation of the B chain is regulated
or constitutive, for example, whether phosphorylation or dephosphorylation occurs specifically
in response to IL-2 or other stimuli.

Because of the high degree of responsiveness to IL-2 of the murine cell line CTLL-2, we
decided to study this cell line in order to further investigate the inducibility of phosphorylation
of the IL-2 receptor chains. In a previous study in which ***I-IL-2 was cross-linked to CTLL-
2 cells, a more complex pattern of cross-linking was seen than that expected for only o and
chains (Saragovi & Malek 1987%). It was therefore a prerequisite to understand the basis for this
pattern. When cross-linking experiments were performed, an intense band was identified that
migrated at 115000 (Saragovi & Malek 1987; our unpublished observations). The ability to
detect this species was obligately dependent on the binding of IL-2 to IL-2 receptors, as its
detection could be blocked with an appropriate anti-IL-2 receptor antibody. As anticipated,
this band was also detected in experiments using murine splenocytes activated with
concanavalin A, but not in unstimulated splenocytes (where only the B chain was detected).
Thus the detection of the band was correlated with high affinity but not intermediate affinity
IL-2 receptors. To directly demonstrate that this band represents one 15.5 kilodalton (kDa)
IL-2 molecule cross-linked to a novel 100 kDa species, we performed cross-linking experiments
with biosynthetically labelled cells, unlabelled IL-2, and the thiol cleavable cross-linker,
dithiobissuccinimidyl proprionate (DSP), and analysed samples on two dimensional non-
reducing — reducing SDS polyacrylamide gels. In such a gel system, the cross-linker is cleaved
in the second, reducing-condition dimension. We were able to directly identify a 100 kDa spot
falling from the diagonal, indicating that the 115 kDa cross-linked band corresponded to IL-2
complexed with a new species that we denote p100. If cell surface proteins are cross-linked
with DSP in the absence of IL-2, anti-a chain antibodies are capable of co-precipitating p100.
Thus, not only can p100 be cross-linked to IL-2, but it can also be cross-linked directly to other
IL-2 binding protein(s). These data also provide strong evidence in support of p100
representing an integral part of the IL-2 receptor (our unpublished observations). Although
the available data on p100 remains limited, it is clear that it can be cell-surface iodinated and
that it is a glycoprotein. Two important issues that await further investigation are whether
p100 can directly bind IL-2 and the role(s) of p100 in IL-2 mediated signal transduction. We
have not yet determined whether phosphorylation of the B chain is inducible and have not yet
investigated whether p100 is a phosphoprotein or a kinase. Our data support the hypothesis
that p100 may be preferentially associated with high affinity IL-2 receptors; more work is
needed to definitively determine how it relates to low and intermediate IL-2 receptors.
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OTHER CANDIDATE ASSOCIATED PROTEINS

So far, we have presented data in support of an a chain, a f chain and a murine p100
molecule. What other proteins may be associated with IL-2 receptors? Several candidates
exist. First, we have demonstrated that HLA class I molecules can be cross-linked to IL-2, an
event that first requires association of IL-2 with cell surface IL-2 receptors (Sharon et al. 1988).
Although the physiological significance of this is unknown, it is perhaps relevant that anti-class
I HLA antibodies have been reported to be capable of blocking IL-2 boosting of Nk activity
in certain cell lines. Second, using fluorescent energy transfer flow cytometric analysis, other
investigators have suggested that the OK'T27 antigen, now known to represent ICAM-1, is
apparently associated with IL-2 receptors (Szollosi ef al. 1987). It is certainly possible that
other associated proteins may be identified. Whereas the role played by these various proteins
is unclear, it is evident that the IL-2 receptor story is becoming an increasingly complex one.
First, there are three classes of receptors with distinct biological roles. Second, the structures
of these receptors are apparently complex. Third, despite this apparently large amount of
information, the mechanism(s) by which IL-2 transduces its signals, and the identity of the
tyrosine kinase that is known to be activated, all remain a mystery, rendering this growth
factor-receptor system as one which is fascinating and in need of continued extensive
investigation.
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