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A. Introduction

Interleukin-2 (IL-2 or T cell growth factor)
is a 14,500 daltons glycoprotein critically
involved in the development of a normal
human immune response {1, 2]. Recently,
cDNA for this lymphokine has been
isolated and expressed in both prokaryotic
and eukaryotic cells [3—5]. Further, the hu-
man IL-2 gene has been cloned, sequenced
[6], and localized to chromosome 4. As with
other polypeptide hormones, IL-2 exerts its
biologic effects through binding to specific
high affinity membrane receptors [7]. How-
ever, neither IL-2 nor IL-2 receptors are
produced by resting T cells [7, 8]. Following
exposure to antigen, T cells binding antigen
enter a program of cellular activation lead-
ing to de novo synthesis and secretion of
IL-2 and expression of IL-2 receptors. The
interaction of IL-2 with its cellular receptor
then triggers cellular proliferation, resulting
in the growth and development of helper,
suppressor, and cytotoxic T cells. Thus, in-
duction of IL-2 receptor expression is a
principal mechanism by which the speci-
ficity and magnitude of the human immune
response is regulated. While IL-2 receptors
are not present in most human leukemic T
cell lines, these receptors are uniformly ex-
pressed in large numbers in adult T cell
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leukemia (ATL) cells infected with human
T cell leukemia/lymphoma virus-1 (HTLV-
1) [9]. Though unproven, it is possible that
these receptors are involved in the malig-
nant growth of these leukemic cells.

We have previously demonstrated that
monoclonal anti-Tac antibody, prepared by
Uchiyama, Broder and Waldmann [10],
recognizes the human IL-2 receptor
[11-13]. We have characterized the IL-2 re-
ceptor on normal activated T cells as a
densely  glycosylated, sulfated, and
phosphorylated structure containing in-
trachain disulfide bonds with an apparent
M_=55000 [12]. These receptors are com-
posed of a peptide precursor (apparent
M =33 000) which is cotranslationally pro-
cessed by N-linked glycosylation to two in-
termediate forms (apparent M =35 000
and 37 000). Following export to the Golgi
apparatus, these intermediate precursors
undergo further posttranslational process-
ing, involving the addition of O-linked
carbohydrate, sialic acid, sulfate, and phos-
phate. We now describe the molecular
cloning, sequencing, and expression of
cDNA corresponding to the human IL-2
receptor isolated from HTLV-1-trans-
formed HUT 102B2 cells.

B. Materials and Methods

HTLV-1-infected HUT 102B2 cells were
used as a source of IL-2 receptor protein
and RNA. mRNA was prepared from these
cells using guanidine isothiocyanate and
isopyknic centrifugation in cesium chloride
followed by selection of poly(A*) mRNA



with oligo(dT)-cellulose. Using approxi-
mately 5 pg HUT 102B2 mRNA, a cDNA
library was constructed in 4 gt10 according
to the method of St. John, except that size-
fractionated double-stranded c¢cDNA was
purified by absorption to glass silica mesh.
The resultant cDNA library contained
2.4 % 10° recombinant phage clones with in-
serts ranging in size from 500 base pairs to
several kilobases. Following amplification,
200 000 phage clones were screened by
Benton—Davis plaque hybridization [14]
with a 17 nucleotide synthetic probe based
on the protein sequence of the receptor (see
Sect. C). Candidate clones were evaluated
by selective hybridization of mRNA [15]
and complete sequencing using the dideoxy
chain termination method of Sanger and
Coulson in M13 bacteriophage [16]. DNA
sequence data were analyzed and com-
pared on an IBM system 370 using the pro-
gram described by Queen and Korn. cDNA
were expressed by ligating each into the
EcoR1 site of pcEXV-1 (generously provid-
ed by Dr. James Miller and Dr. Ron Ger-
main, NIH). This vector places the cDNA
inserts under the control of the early SV40
promoter and enhancer sequences. These
constructs were subsequently transfected
into COS-1 cells by calcium phosphate pre-
cipitation and evaluated for IL-2 receptor
expression 48—72 h later in binding assays
with purified radiolabeled IL-2 and anti-
Tac. Analysis of genomic DNA and mRNA
in varying cell lines was performed as pre-
viously described [17, 18].

C. Results and Discussion

I. Punfication of the Human IL-2
Receptor

The IL-2 receptor was purified from NP-40
detergent extracts of HUT 102B2 cells by
immunoaffinity chromatography with anti-
Tac antibody. The extract was first passed
over a control UPC 10 monoclonal anti-
body column and then over the anti-Tac
column. Following serial washes at varying
ionic strengths, the receptor was eluted
with 2.5% acetic acid. Following lyophili-
zation, the receptor was found to retain
biologic activity (capacity to bind IL-2) and

was > 95% pure as judged by silver stain-
ing of SDS-polyacrylamide gels. The se-
quence of the NH, terminal 29 amino acids
was determined by gas phase microse-
quencing (100-250 pmol per analysis) and
selected positions identified or confirmed
by sequencing receptor biosynthetically
labeled with radioactive amino acids
(Table 1).

II. Molecular Cloning of cDNA Cor-
responding to the Human IL-2 Receptor

Based on the protein sequence, an oligo-
nucleotide probe 17 nucleotides in length
with 64-fold degeneracy was synthesized
(Table 2). This oligonucleotide probe was
used to screen 200 000 recombinant phages
from the amplified HUT 102B2 cDNA
library. Following sequential screening, 11
candidate phage clones containing cDNA
inserts which hybridized to the 17mer were
identified (Fig. 1). Clone 2 (900 base pairs),
clone 3 (2400 base pairs), and clone 4 (1600
base pairs) were chosen for further analysis
and subcloned into pBR322. Each of these
clones was evaluated for the capacity to
hybridize selectively to mRNA which,
when translated and immunoprecipitated,
would produce the primary translation
product of the IL-2 receptor. As shown in
Fig. 2, each of the three clones, but not
pBR327 nor filters without DNA, selective-
ly hybridized to IL-2 receptor mRNA.
These data suggested the association of
these cDNA with the human IL-2 recep-
tor.

Each of the inserts or appropriate re-
striction fragments from clones 2, 3, and 4
were subcloned into M13 bacteriophage
and the complete DNA sequence deter-
mined. A complete listing of these se-
quences is reported in reference [19]. Each
of the sequences contained a long open
reading frame, including a region of 87
nucleotides which coded for the 29 NH,
terminal amino acids determined by pro-
tein sequencing; thus, their relationship to
the IL-2 receptor was confirmed. However,
comparison of the sequences of clone 3 and
4 revealed that clone 4 lacked a 216 base
pairs segment within the protein coding re-
gion which was present in clone 3. Further,
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this segment was flanked on either side by
the sequence TTCCAGGT, indicative of a
typical mRNA donor and acceptor splicing
site {20]. Thus, the presence of this inter-
nally truncated cDNA suggested that an
alternate pathway of mRNA processing ex-
isted for the IL-2 receptor. Since the pre-
dicted protein from the spliced cDNA
(clone 4) was 72 amino acids shorter than
that encoded by the unspliced cDNA
(clone 3), but otherwise identical, it was un-
clear which cDNA corresponded to the true
IL-2 receptor mRNA. To address this issue,
the cDNA inserts from clone 3 and 4 were
ligated into an expression vector pcEXV-1
which contains SV40 promoter and en-
hancer sequences. Plasmids with the cDNA
in the correct orientation were then trans-
fected into COS-1 cells by calcium phos-
phate precipitation and analyzed for direct-
ed synthesis of the IL-2 receptor. As shown
in Fig. 3, radiolabeled binding of IL-2 and
anti-Tac occurred only when the unspliced
cDNA was transfected (clone 3). Further,
cell surface iodination and immunoprecipi-
tation with anti-Tac confirmed the presence

Fig. 1. DNA from 12 recombinant 4 gt10 phage
clones selected in serial screening with the 17mer
were restricted with EcoR1, electrophoresed on a
1% agarose gel, transferred to nitrocellulose, and
probed with the 17mer. Inserts from 11 of the 12
phage clones hybridized to the 17mer, however,
two negative phage clones (N28, N29) which
contained 1 kilobase inserts did not hybridize.
Phage clones 2, 3, and 4 were chosen for further
analysis as they were representative of the
smallest and two largest cDNA insert

of the M,=50 000 receptor characteristic of
HUT 102B2 cells. In contrast, the spliced
cDNA, while effectively transcribed, did
not result in the production of receptors
capable of binding either IL-2 or anti-Tac.
These data raise the possibility that IL-2 re-
ceptor expression may not only be regu-
lated at the level of initiation of transcrip-
tion, but also at a posttranscriptional step in-
volving splicing of this internal segment.

Table 1. NH, terminal amino acid sequence of the human IL-2 receptor®

1 2 3 4 5 6

7 8 9 10 11

glutamic-leucine-cysteine-aspartic-aspartic-aspartic-proline-proline-glutamic-isoleucine-proline-

12 13 14 15 16

17 18 19

20 21

histidine-alanine-threonine-phenylalanine-lysine-alanine-methionine-alanine-tyrosine-lysine-

22 23 24 25 26

27 28 29

glutamic-glycine-threonine-methionine-leucine-asparagine-cysteine-glutamic

* The human IL-2 receptor from HUT 102B2 was sequenced by automated Edman degradation on a
gas phase sequencer followed by analysis of samples by high liquid chromatography. The positions
of leucine, cysteine, aspartic acid, proline, and methionine were determined or confirmed by
sequencing of receptor biosynthetically labeled with the respective radioactive amino acid

Table 2. Nucleotide se-
quence of the synthetic
oligonucleotide probes
complementary to mRNA

corresponding to amino
acids 3-8°

G-G-A/G-G-G-A/G-T-C-A/G-T-C-A/G-T-C-A/G-C-A
G-G-C/T-G-G-A/G-T-C-A/G-T-C-A/G-T-C-A/G-C-A

(Pool 1)
(Pool 2)

* Since the 17 nucleotide sequence for amino acids 3-8 was 64-fold
degenerate, the oligonucleotides were synthesized in two separate
pools each containing 32 species. Following end-labeling with ATP
2P and polynucleotide kinase, both pools identified two mRNA in
Northern blotting experiments and thus Benton-Davis screening of
the cDNA library was performed with a mixture of both pools
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Fig. 2. Selective hybridi-
zation of IL-2 receptor
mRNA. The cDNA inserts
of phage clones 2, 3, and 4
were subcloned into the
EcoR1 site of pPBR322. Ap-
proximately 5 pg plasmid
DNA containing these in-
serts or pBR327 were
linearized with Sall and
bound to nitrocellulose.
Nitrocellulose filters were
then hybridized with HUT
102B2 mRNA and mRNA
selectively retained was
eluted and translated in a
= @ -— Primary wheat germ lysate cell-free
o ot translation) translation system. Trans-
lations were immuno-
product precipitated with an anti-
IL-2 receptor heteroanti-
body and analyzed by
SDS—PAGE. As shown,
clones 2, 3, and 4, but not
pBR327 nor filters lacking
DNA, selectively hybrid-
ized to mRNA which when

4, same primary translation
Ci product as obtained with
<> HUT 102B2 mRNA. (This
Z s figure appears in reference
3 [19] and is presented with
> the permission of the pub-
7.’7 lishers of Nature.)

391



IL-2 Binding
5_
N
—
T 4+
L
oL
U]
2 3r
ax
=z
oA
O~ 2r
L
O
[§1]
[«
(72] 1+
© < <
Z £
© » »
% %
2 2
£ %

Fig.3a,b. DNA from pcEXV-1 expression vec-
tor constructs containing clone 3 and clone 4
cDNA inserts in the proper orientation or
pBR322 were transfected into COS-1 cells by cal-
cium phosphate precipitation as described [19].
Specific binding of a purified radiolabeled
JURKAT IL-2 and b purified radiolabeled anti-
Tac was measured after 48 h of culture

III.  Southern and Northern Blotting
Studies of the IL-2 Receptor

Southern blots of EcoR1-restricted genomic
DNA probed with an IL-2 receptor cDNA
suggested the presence of a single structural
gene rather than a multiple gene family for
the human IL-2 receptor (Fig. 4). Digests
with Bam HI and HindIIl also revealed
simple patterns of bands, supporting a
single gene for this receptor. These data
however do not exclude a recent gene
duplication event with preservation of
these restriction endonuclease sites.
Northern blot analysis of mRNA expres-
sion from several cellular sources demon-
strated the presence of two differently sized
mRNA. As shown in Fig. 5, two mRNA are
present in HTLV-1-transformed HUT
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Anti-Tac Binding

SPECIFIC BINDING OF 3H-ANTI-Tac
(DPM x 1073)

102B2 cells. Also, transformation of B cells
with HTLV-1 resulted in the expression of
IL-2 receptor mRNA production [19]. In
general, acute lymphocytic leukemic T cells
do not display IL-2 receptors. Consistent
with this observation, JURKAT acute lym-
phocytic leukemic T cells do not contain
detectable IL-2 receptor mRNA. However,
we have previously reported that IL-2 re-
ceptor expression is induced in JURKAT
and HSB-2 leukemic T cells following
stimulation with PHA and phorbal myris-
tate acetate (PMA) [21]. As shown in Fig. S,
PHA and PMA induction of JURKAT leu-
kemic cells resulted in IL-2 receptor mRNA
expression. In other studies not shown,
neither non-T cells nor resting T cells con-
tain mRNA for the IL-2 receptor. Induction
of purified T cells with PHA, PMA, or
combinations of these agents results in the
expression of the two major mRNA species
identical in size to those present in HUT
102B2 cells.

Further study of the molecular basis for
the difference in size of the two mRNA has
revealed that use of different polyadeny-
lation signal sequences is involved. A
proximal AATAAA sequence is apparently
disregarded to generate the large mRNA
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Fig. 4. Southern blot analysis of human genomic
DNA restricted with EcoR1 probed with 3?P-
labeled IL-2 receptor ¢cDNA containing 937
bases from the 5" end of the mRNA. DNA were
isolated from human placenta (lane A) and hu-
man tonsil (lanes B and C). More recent blots al-
so indicate the presence of a 10 kilobases band in
EcoR1 digests seen faintly in the autoradiogram.
(This figure appears in reference [19] and is pre-
sented with the permission of the publishers of
Nature.)

(3500 nucleotides) while the smaller mRNA
(1500 nucleotides) is produced when the
proximal polyadenylation signal sequence
is utilized [19]. Both mRNA appear func-
tional since size separation of HUT 102B2
mRNA on a methylmercuric hydroxide gel,
translation of mRNA from different slices
of the gel, and immunoprecipitation of the
resultant proteins demonstrate the primary
translation product for the receptor from
fractions corresponding to both the small
and large mRNA.
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Fig. 5. Northern blot of IL-2 receptor mRNA ex-
pression in HUT 102B2 cells, JURKAT leukemic
T cells, and JURKAT leukemic T cells induced
for 18 h with PHA (1 pg/ml) and PMA (50 ng/
ml); 10 ug oligo(dT)-selected mRNA was elec-
trophoresed in each lane and blots were brobed
with nick-translated IL-2 receptor cDNA. Mi-
gration of 28 S and 18 S ribosomal RNA is in-
dicated

IV. Analysis of the Primary Structure
of the Human IL-2 Receptor

The complete amino acid sequence of the
IL-2 receptor was deduced from the cDNA
sequence [19]. The receptor is composed of
272 amino acids, including a signal peptide
of 21 amino acids. The length of the signal
peptide has been confirmed preliminarily
by sequencing the primary translation
product after labeling with methionine *3S
(W.J. Leonard, S. Rudikoff, and W.C.
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Greene, unpublished work). The protein
contains 13 cysteine residues, suggesting
potentially extensive intrachain disulfide
bonding, confirmed in immunoprecipitates
electrophoresed under reducing and non-
reducing conditions [12]. Two potential
N-linked glycosylation sites are present and
multiple potential O-linked glycosylation
sites are located in a region we believe to
occur immediately extractoplasmic to the
cell membrane. In pulse-chase labeling
studies of the protein performed with and
without tunicamycin, we have demon-
strated two N-linked precursor forms and
thus suggest that both N-glycosylation sites
are utilized [12]. Further, we have provided
evidence for O-linked glycosylation occur-
ring in the Golgi apparatus [12, 22]. Hy-
drophobicity analysis suggests the presence
of a single transmembrane domain near the
COOH terminus and a short intracyto-
plasmic domain (13 amino acids). The in-
tracytoplasmic domain contains several ba-
sic amino acids which form a charge cluster
and presumably serves as a cytoplasmic
anchoring region. Further, a serine and
threonine residue are present within the
putative intracytoplasmic domain and
could serve as potential phosphate acceptor
sites. We have previously demonstrated
that this receptor is constitutively
phosphorylated [22].

A second moderately hydrophobic re-
gion exists within the protein, but is re-
moved in the spliced form of the receptor.
It is unlikely that this region represents a
second transmembrane crossing as this
would result in the N-linked glycosylation
sites occurring within the cytoplasm which
would be without precedent. However, this
region could represent a loop into the
membrane. Alternatively, this segment may
be involved in the binding of IL-2 which is
unexpectedly rich in hydrophobic residues.

In view of the exceedingly short in-
tracytoplasmic tail predicted by the DNA
sequence, it seems unlikely that signal
transduction by the receptor involves an
enzymatic activity of this domain. In im-
munoprecipitates labeled with methionine
**S, we have previously observed coprecipi-
tation of two larger proteins (M,= 113 000
and 180 000). These proteins appear to be
located on the inner face of the membrane
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as they are not glycosylated nor labeled
with cell surface iodination techniques.
However, each is constitutively phosphory-
lated. It is possible, though unproven, that
these proteins form a receptor complex
with the IL-2 receptor and thus might be
involved in signal transduction following
IL-2 binding.

The availability of cDNA probes to the
IL-2 receptor hopefully will aid in studies
relating to IL-2 receptor structure, function,
and regulation. Further, these cDNA
should be useful in further defining the in-
triguing relationship between HTLV-1-in-
duced transformation of T cells and expres-
sion of IL-2 receptors.
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