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clone, pIL2R3 (11), using the program of 
Queen and Korn (18) on an IBM system 

Martin KrGnke, Nancy J .  Peffer, Penny B. Svetlik 370 computer. These sequence data re- 
vealed that the IL-2 receptor gene con- 

Margery Sullivan, Warner C. Greene sists of eight exons and seven introns. 
The sequences of the exons and the 
corresponding exon-intron splice junc- 
tions are presented in Fig. 1. 

Antigen- or mitogen-induced activa- tein consists of 251 amino acids. This Analysis of the exons revealed that the 
tion of resting T cells stimulates the protein, on the basis of hydrophobicity physical structure of the gene generally 
synthesis and secretion of interleukin-2 plots (Fig. 2) (14), contains a 219-residue correlated with the peptide domains of 
(IL-2 or T cell growth factor) (I). These extracellular domain, a 19-residue hy- the receptor, such as the transmembrane 
activation signals also induce the expres- drophobic transmembrane domain, and a and cytoplasmic domains, as predicted 
sion of specific membrane receptors for cytoplasmic domain only 13 amino acids by a Kyte-Doolittle hydrophobicity plot 
IL-2 on another, possibly overlapping, long. The human IL-2 receptor has been (Fig. 2). The 5' untranslated and signal 
subpopulation of T cells (2). In the pres- 
ence of IL-2, the cells with IL-2 recep- 
tors proliferate, resulting in the expan- Abstract. The gene encoding the human interleukin-2 (IL-2) receptor consists of 8 
sion of T cell populations subserving exons spanning more than 25 kilobases on chromosome 10. Exons 2 and 4 were 
helper, suppressor, or cytotoxic effector derived from a gene duplication event and unexpectedly also are homologous to the 
functions (3). Both IL-2 and IL-2 recep- recognition domain of human complement factor B. Alternative messenger RNA 
tors therefore have a critical role in the (mRNA) splicing may delete exon 4 sequences, resulting in a mRNA that does not 
evolution of specialized T cell popula- encode a functional IL-2 receptor. Leukemic T cells infected with HTLV-I and 
tions necessary to mount a normal T-cell normal activated T cells express IL-2 receptors with identical deduced protein 
immune response. Furthermore, recent sequences. Receptor gene transcription is initiated at two principal sites in normal 
studies suggest that IL-2 receptors may activated T cells. Adult T cell leukemia cells infected with HTLV-I show activity at 
also play a role in normal B cell growth both of these sites, but also at a third transcription initiation site. 
and differentiation (4, 5). 

IL-2 receptors have been character- 
ized as 55,000-dalton glycoproteins that identified as being encoded by a single peptide sequences were contained within 
contain N- and 0-linked carbohydrate gene located on chromosome 10, bands the first exon. The 5' end of exon 2, 
(6, 7) and are both sulfated (8) and phos- p14-+15 (15). We now present the se- which is located at least 15 kb from exon 
phorylated (8, 9). While most T cell quence and structure of this growth fac- 1, corresponds to the first amino acid of 
leukemias do not display IL-2 receptors, tor receptor gene, and provide new in- the mature receptor protein. Exons 2 and 
adult T cell leukemia (ATL) cell lines, all sights into the alternative mRNA splic- 3 each encode one of the two N-linked 
of which are infected with HTLV-I, uni- ing and the multiple mRNA species that glycosylation sites and are rich in serine 
formly express large numbers of IL-2 originate from this single gene in both or threonine, suggesting that they may 
receptors (10). Select ATL cell lines, normal and HTLV-I infected leukemic T also contain 0-linked carbohydrate addi- 
such as HUT-102B2, express receptors cells. tion sites. Furthermore, exon 2 shares 
abnormal in size as evaluated by migra- The IL-2 receptor gene: Sequence of approximately 25 percent amino acid ho- 
tion on sodium dodecyl sulfate (SDS) exons and exon-intron splice junctions. mology, including conservation of the 
polyacrylamide gels (7,8, 10). It is possi- 32~-labeled IL-2 receptor cDNA hybrid- cysteine, proline, and tryptophan resi- 
ble, although it has not yet been proved, izes to five Eco RI fragments of approxi- dues, with exon 4, suggesting a gene 
that these receptors may be involved in mately 10 kb, 6 kb, 2.4 kb, 1.4 kb, and duplication event within this region. This 
the uncontrolled growth of these leuke- 0.7 kb on genomic Southern blots (11, homology is indicated by the dot matrix 
mic cells. 16). In order to further elucidate the analysis presented in Fig. 3. Similar in- 

Complementary DNA's (cDNA's) for structure of the IL-2 receptor gene, we ternal homology was also detected with- 
the human IL-2 receptor have been iso- isolated seven IL-2 receptor genomic in a mouse IL-2 receptor cDNA, sug- 
lated from libraries prepared with mes- phage clones (A-IL2R-A, -B, -C, -D, -E, gesting that this internal gene duplication 
senger RNA (mRNA) from HTLV-I in- -F, and -G) from two different libraries occurred at least 50 million years ago 
fected T cell lines (11-13). The DNA (17). Together these clones contained prior to the murine radiation (19). Exons 
sequence predicts that the mature pro- all five of these Eco RI fragments, 5 and 6 correspond to the region of the 

- receptor located immediately exterior to 
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analogous to the low-density lipoprotein ons 7 and 8 encode the cytoplasmic including at least three polyadenylation 
(LDL) receptor, which also contains domain, which is only 13 amino acids signals. Unexpectedly, the 3' untranslat- 
multiple 0-linked glycosylation sites lo- long but contains six positively charged ed region also contains multiple copies of 
cated immediately external to the cell amino acids and thus probably serves a the Alu family of repetitive DNA se- 
membrane (20, 21). Exon 7 contains cytoplasmic anchoring function. Exon 8 quences, located between the second 
most of the transmembrane domain. Ex- also encodes the 3' untranslated region and third polyadenylation sites. These 
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sequences are present in the longest-IL-2 
receptor cDNA identified (pIL2R3) (If ), 
and therefore occur in mature mRNA. 
Similar Alu repetitive sequences have 
been identified in the 3' untranslated 
region of the LDL receptor (20). 

Alternative mRNA splicing of exon 4. 
IL-2 receptor cDNA's lacking a 216-bp 
segment within the protein coding region 
were previously isolated (11, 13). S1 
nuclease protection assays have demon- 
strated the presence of mRNA's corre- 
sponding to this abnormal cDNA in both 
normal activated T cells (22) and HTLV- 
I infected leukemic T cell lines (16). 
When expressed in either COS-1 cells or 
L cells, this alternatively spliced cDNA 
does not appear to direct the expression 
of membrane receptors capable of bind- 
ing either IL-2 or a monoclonal antibody 
to the IL-2 receptor (anti-Tac) (11,231. It 
is now evident that the missing 216-bp 
segment corresponds precisely to exon 
4. and that alternative posttranscrip- 
tional splicing is responsible for produc- 
ing the mRNA's in which exon 4 is 
deleted and exons 3 and 5 are joined to 
each other. 

Normal and ATL IL-2 receptors share 
identical amino acid sequence; homology 
to human complement factor B. Compari- 
son of the exon coding sequences, which 
were derived from normal donor DNA, 
to the sequence of the HUT-102B2 de- 
rived cDNA revealed no differences; 
thus, both the normal and HUT-102B2 
leukemic IL-2 receptor sequences are 
identical, even though the mature pro- 
teins differ by approximately 5000 dal- 
tons, on the basis of their migration on 
SDS polyacrylamide gels (see below). 
Comparison of the deduced amino acid 
sequences to the National Biomedical 
Research Foundation Database revealed 
no significant homologies. However, 
when we used a new program (24) which 
converts ail DNA sequences in the Gen- 
Bank database to protein sequences, we 
demonstrated that exon 4 shares approx- 
imately 30 percent amino acid homology 
wirh the Ba fragment of human comple- 

1 Gxon 2 I Exon 3 

Fig, 2. Kyte-Doolittte (31) hydrophobic- 
ity plot of the IL-2 receptor with exon 
boundaries indicated. Exon 1 is not pre- 
sented since it corresponds to the signal 
peptide. 

ment factor B (25). This homology in- 
volves the recognition (binding) domain, 
but not the serine protease domain, of 
this complement protein. The recogni- 
tion domain of factor B has been de- 
scribed as having DNA binding proper- 
ties. The homologous regions are indi- 
cated in Fig. 4. The LDL receptor shares 
significant homology with the recogni- 
tion domains of coagulation factors IX 
and X, which also participate in a proteo- 
lytic cascade (21). By comparison of 
alignment scores, the homology of the 
LDL receptor to factors IX and X is 
approximately 9.4 standard deviation 
units; similarly, the homology of the IL-2 
receptor to complement factor B is 9.659 
standard deviation units, indicating high- 
ly significant homology. 

The physical map of the IL-2 receptor 
gene is shown in Fig. 5. The total gene 
spans a minimum distance of 25 kb. At 

present, a more precise size cannot be 
given because of the uncertainty regard- 
ing the size of the first intron. While 
phage A-IL2R-C contains exon I ,  it does 
not extend sufficiently in the far 3' direc- 
tion to overlap any of the other phage 
clones. On the basis of restriction map- 
ping of A-IL2R-C, the first intron is at 
least IS kb in length. In studies of the 
murine IL-2 receptor, Miller and Ger- 
main have isolated two mouse IL-2 re- 
ceptor cosmid clones which lack exon 1 
and contain either 15 kb or 30 kb of 
sequence that is located 5' to exon 2 (26). 
Thus, if the human gene parallels that of 
the mouse, it is possible that the first 
intron is much longer than 15 kb, and the 
total gene might be considerably larger 
than the minimal estimate provided. A 
heteroduplex analysis of phage clone A- 
IL2R-F hybridized to the full length IL-2 
receptor cDNA is shown in Fig. 6 ,  A and 

Fig, 1.  Sequences of exons and exon-inW junctions for the human IL-2 receptor. DNA fragments were subcloned into MI3 bacteriophage, 
sequences were obtained by the dideoxy chain termination method (29), as previously described ( I ] ) ,  and compared to the sequence of the HUT- 
102B2 cDNA pIL2R3 (11). (MI3 sequencing reagents were from Pharmacia P-L Biochemicals. [ C ~ - ~ ~ P ] ~ A T P ,  400 Ci/mmol, was obtained from 
Amersham.) In the sequence marked "promoter region plus exon 1," the "TATAAA sequences are boxed in the sequence 5' to exon 1. The G 
underscored with a "?" symbol on one sequencing gel appeared to be a C .  Left brackets indicate the locations of the two known transcription ini- 
tiation sites and the 5' ends of each exon, while right brackets identify the 3' ends of each exon. Under the Ieft and right brackets, base numbers 
corresponding to the IL-2 receptor cDNA sequence ( I ] )  are presented. The numbering scheme omits the previously included 5' Eco RI site, and 
poly(C) sequences added during cDNA cloning; therefore base 1 corresponds to transcription initiation site "A" (Figs. 4 and 5).  In each case the 
numbers refer to the first and last base of each exon. Amino acids are numbered every ten residues. The conventional donor and acceptor splice 
sequences were used to determine exon boundaries; thus, some amino acid three-letter codes are divided between two sequential exons. The 
dotted areas in Fig. 1 indicate regions of introns not sequenced. The lengths of these regions may be deduced from Fig. 5, Exon I-A and I-B cor- 
respond to transcription initiation sites A and B. The two N-linked carbohydrate addition sites are identified. The sequence of exon 8 as presented 
includes the first two of three polyadenylation signals. The location of these sequences are identified in exon 8. The repetitive Alu sequences in 
exon 8 are identified in a series of boxes at the end of the sequence presented in the figure. Positively charged residues in the cytoplasmic domains 
of exons 7 and 8 are identified with " C" symbols. The sequences were prepared for publication with a DEClO computer and CALCOMP plotter 
with the assistance of Marvin Shapiro using the DNA Draw program (30). 
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B. As clone F contains exons 2 through 
7, this electron micrograph pictorially 
depicts the gene except for the first exon 
and part of the first intron. The IL-2 
receptor gene also contains many repeti- 
tive intronic DNA sequences, as indicat- 
ed by the multiple short regions of hy- 
bridization within introns (Fig. 5, C and 
Dl. 

Multiple transcription initiation sites. 
We next analyzed potential important 
regulatory regions present 5' to exon 1. 
We first performed primer extension ex- 
periments to determine whether or not 
the 5' end of the cDNA corresponded to 
the 5' end of all of the IL-2 receptor 
mRNA's. A synthetic oligonucleotide 
probe with the sequence 5'-CCGCCTG- 
GGCTGTCACCCTTGTGGG-3', corre- 
sponding to bases 37 to 61 of the se- 
quence of pIL2R3 (II), was end-labeled 
with [ 3 2 ~ ] ~ ~ ~  (adenosine triphosphate) 
and polynucleotide kinase, and hybrid- 
ized to mRNA isolated from HUT-102B2 
cells or peripheral blood T cells activated 
with phytohemagglutinin (PHA) or phor- 
bol 12-myristate 13-acetate (PMA). This 

labeled annealed primer was then ex- 
tended with reverse transcriptase. Two 
intense signals were identified both with 
mRNA from normal activated T cells 
and HTLV-I infected HUT-102B2 cells 
(Fig. 7). The smaller of these transcrip- 
tion initiation sites corresponded to the 
end of the cDNA's previously sequenced 
[the published sequence (11) of pIL2R3 
included an added Eco RI linker and 
poly(C) tail (polycytidylate) at the 5' 
end; base 23, not base 1, of that se- 
quence (II), is therefore the true 5' end 
of the cDNA]. On a sequencing gel, the 
second band (B) was determined to be 
located an additional 58 bases 5' to band 
A. In addition, as shown in Fig. 7, A and 
B, a third fainter signal (labeled C) ex- 
tending approximately 250 bases from 
the end of the cDNA was also identified 
with HUT-102B2 mRNA but not with 
mRNA from normal activated T cells. 

In order to clarify whether each of 
these bands in fact corresponded to ma- 
ture mRNA's with different 5' termini as 
opposed to one large mRNA with re- 
gions of secondary structure not permit- 

k- Fig. 3. Dot matrix analysis comparing IL-2 receptor exon 2 on 
. ... the abscissa (amino acids 1 to 64) with exon 4 on the ordinate 

*.. *%... (amino acids 102 to 173) using the Mutation Data Matrix (250 
i PAM'S), minimum score = 12, and window size = 20. Align- 

. - ment scores were calculated and compared to 1000 random 
'.."., i sequences. The significance of the homology in standard devi- :''..r ationunitswas9.351. 

'T"""'rw' .%"-.. ;"" ".' ..P *r 

ting efficient reverse transcription, we 
performed Sl nuclease protection as- 
says. These assays also provided an in- 
dependent and sensitive method to eval- 
uate whether band C was present only in 
HTLV-I infected HUT-102B2 cells and 
not present in PHA activated T lympho- 
blasts. In these experiments, the 733-bp 
fragment containing exon 1 and up- 
stream sequences was subcloned into 
MI3 phage in the proper orientation, and 
a single-stranded 32~-labeled probe, 
complementary to mRNA, was synthe- 
sized. This probe was hybridized to 
mRNA from various cell types, and S1 
nuclease digestion was performed. Two 
major protected species which corre- 
sponded to the two major bands identi- 
fied in the primer extension experiments 
were identified (Fig. 8). In addition, a 
third, larger but less intense, band (la- 
beled C) was identified with HUT-102B2 
mRNA, but not with RNA from normal 
activated T cells. In view of this putative 
extra transcription site in HUT-102B2 
cells, we next analyzed RNA from four 
other HTLV-I infected T cell lines and 
other T and B lymphoid cell lines (Fig. 
7B). The intense band at 733 bases repre- 
sents the full-length probe, which is iden- 
tified even in the absence of mRNA (lane 
marked control) since, as part of exci- 
sion from M13 phage, the input probe 
was digested at both 5' and 3' ends and 
therefore is contaminated by an equal 
quantity of nonlabeled DNA which pro- 
tects the full-length probe. The two ma- 
jor bands at approximately 220 and 280 

PQPEEQKERKTT EMQSPMQPVDQASLP 

KPQASPEGRPESETSCLVTTTDFQ 

HUBA (77-144) 

HUBA (139-206) GIPIGT RKVGS 

Fig. 4. Amino acid sequence comparison between the IL-2 receptor and the Ba fragment of human complement factor B. Shared amino acids are 
boxed. Local homologies as high as 30 percent were identified. HUIL2R: sequence of the human IL-2 receptor; HUBA: sequence of human 
complement factor B, Ba fragment. Alignment scores were calculated for HUIL2R 102 to 173 (exon 4) versus HUBA 77 to 144 and compared to 
the average distance of 1000 random sequences. The significance of the homology in standard deviation units was 9.659 (24). 

Exon 5 Exon 6 
72bp 72bp 

Exon 1 Exon 2 Exon 3 Exon 4 Exon 8 
2 2 2 6 ~  

>15 Kb between 792bp 17,bp 236bp ) / - 2500bp 
Exons 1 and 2 

A 
I I I  I I  I I /  I I I I  I  I 
R PK HZ P X PR P X B P H 2  R 

Sac B g 
R Sac 

Fig. 5. Map of the IL-2 receptor gene. The gene spans more than 25 kb. DNA from IL-2 receptor genomic phage clones was digested with various 
restriction enzymes, subjected to electrophoresis on agarose gels, transferred to nitrocellulose paper (either Schleicher & Scheull or Millipore), 
and hybridized with nick-translated or random-primed 32P-labeled DNA fragments (32). These DNA fragments were derived either from genomic 
clones or from IL-2 receptor cDNA's. Exons are indicated by boxes with crosshatches. The part of exon 8 that was sequenced corresponds to the 
left half of the box. The right half of the box indicates the estimated distance to the third polyadenylation signal. The size of intron 1 is greater than 
15 kb, Enzymes are abbreviated as follows: A, Ava I; B, Bam HI; Bg, Bgl I; H, Hind 111; H2, Hinc 11; K, Kpn I; N, Nae I; P, Pst I; R, Eco RI; S, 
Stu I; Sac, Sac I; X, Xba I. The map of most of intron I is unknown. Otherwise all Eco RI sites in the gene are indicated. Other restriction en- 
zymes may have more sites than are presented. 
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bases correspond to bands A and B, as 
seen in Fig 7A. The band at approxi- 
mately 410 bases corresponds to the 
band C of Fig. 7A. This band was identi- 
fied in HUT-102B2 cells and in four 
additional ATL cell lines (PLP6, CSMJ, 
MJ, and C91PL) but not in normal acti- 
vated T cells or induced JURKAT cells. 
Of interest, this third band was also 
detected in the EBV (Epstein-Barr vi- 
rus)-transformed B cell line, 5B4, after 
induction of these cells with purified IL- 
2. As previously reported (5), IL-2 in- 
duction of these cells results in upregula- 
tion of the number of IL-2 receptors 
expressed. Also seen in Fig. 7, A and B, 
are two other faint bands at approxi- 
mately 250 and 310 bases. No obvious 
TATAAA sequence in the 733-base frag- 
ment corresponds to these bands; how- 
ever, we cannot exclude the possibility 
that these represent additional transcrip- 
tion initiation sites. 

Together, the primer extension and S1 
nuclease experiments indicate that there 
are two principal transcription initiation 
sites (indicated by the left brackets in 
Fig. 1 located under the labels exon 1-A 
and exon 1-B) and thus two promoters 
governing IL-2 receptor gene expression 
in normal activated T cells. Both of these 
promoters are contained within the 733- 
bp fragment. Each of these promoters is 
associated with the same single open 
reading frame, and both promoters ap- 
pear to be utilized with the same fre- 
quency. In addition, in each of five ATL 
cell lines and one EBV-transformed B 
cell line expressing IL-2 receptors, there 
is evidence for a third promoter And 
corresponding transcription initiation 
site located 5' to the 733-base fragment 
used in the S1 nuclease experiments. 

Last, we attempted to demonstrate 
directly that the region upstream from 
exon 1 in fact contained functional pro- 
moter activity. We prepared a 1.4-kb Pst 
I fragment which included genomic se- 
quences 5' to the first exon and the first 
105 bp of the cDNA (but stopping 5' to 
the ATG translation start site). This frag- 
ment was treated with T4 DNA polymer- 
ase to generate blunt ends, Hind I11 
linkers were added, and the fragment 
was cloned in both orientations into the 
Hind I11 site of pAloCAT2 (after removal 
of SV40 promoter and enhancer ele- 
ments from the vector). These con- 
structs placed the putative IL-2 receptor 
promoter a short distance upstream from 
the chloramphenicol acetyltransferase 
(CAT) gene. These plasmids and 
pSV2CAT as a positive control were 
transfected into JURKAT T cells with 
the use of DEAE dextran, and promoter 
activity was assessed by measurement of 
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Fig. 6. Heteroduplex (A) and 
diagram of heteroduplex (B) 
of A-IL2R-F to full-length 
IL-2 receptor cDNA, indi- 
cating that the phage clone 
contains seven exons (all but 
exon 1). The introns are 
numbered (B). Some of the 
numerous repetitive DNA 
sequences (C) and diagram 
(D) contained within the 
gene are indicated by the al- 
ternate regions of double- 
stranded and single-stranded 

. .  ... . . - ,... DNA. The DNA from IL-2 
receptor genomic phage 
clones, wild-type A phage, 
and IL-2 receptor cDNA 
were suspended at 2.5 to 5 
pglml in 0.1M tris, 0.01M 
EDTA, pH 8.5, 50 percent 
formamide, heated for 10 
minutes at 85OC, and then 
incubated overnight at room 
temperature. Photographs of 
hybridized nucleic acids 
were measured with a Nu- 
monics digitizer. 

Fig. 7. (A) Primer exten- 
sion study suggesting three 
IL-2 receptor gene tran- 

* scription initiation sites 
(bands A, B, and C) in 

396- 
344 - 

"I I' HUT-102B2 cells but only 
-C 2%- two sites (bands A and B) 

a in normal activated T cells. 

0 
Indicated on the left are 
molecular weight markers. - - B 9- -B Primer extension was per- m t formed without RNA as a 
control (second lane) and 
with HUT-102B2 mRNA 
(third lane) or activated T 
cell RNA (fourth lane). (B) 
Longer exposure of the ex- 

er 
periment shown in (A). 
The primer extension stud- 
ies were performed ap- 
proximately as described 
(13). A synthetic oligonu- 
cleotide [see (34)l corre- 
sponding to bases 37 to 61 

3 vo. of the sequence of pIL2R3 
was end-labeled with [y- 
32P]ATP with the use 
of polynucleotide kinase 

(New England Biolabs). After extraction with a mixture of phenol and CHClj and precipitation 
with ethanol, the labeled oligonucleotide was resuspended in water. The labeled oligonucleotide 
(500,000 counthin) was co-precipitated with 20 pg of total cellular RNA from either HUT- 
102B2 cells or normal T cells activated with PHA and PMA. This sedimented material was 
dissolved in 5.5 pI of 10 mM tris, pH 8.3, 1 mM EDTA, and 4.5 p1 of 2M KCI, heated at 65'C for 
5 minutes, and then hybridized at 50°C for 1 hour. The reaction mixture was adjusted to 60 pl 
containing 50 mM tris, pH 8.3, 140 mM KCI, 10 mM MgCl,, 5 mM D m ,  actinomycin D (100 pg/ 
ml), bovine serum albumin (100 &ml), 0.16 mM each of the nucleotides dATP, dCTP, dGTP, 
and d m P ,  and 10 units of AMV reverse transcriptase, and incubated at 42OC for 1 hour. The 
reaction was stopped by adding the sodium salt of EDTA (to 20 mM); the mixture was then 
extracted with phenol-CHC13 and precipitated with ethanol. The final pellet was dissolved in 
100 mM tris-borate, pH 8.3, 1 mM EDTA, and 80 percent formamide, and then subjected to 
electrophoresis on a 6 percent polyacrylamide gel, 8M urea, 1 x TBE gel (133 mM tris, 80 mM 
boric acid, 2.8 mM sodium EDTA). 
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acetylation of the chloramphenicol sub- 
strate. The putative IL-2 receptor pro- 
moter region when correctly oriented 
contained promoter activity (4 percent 
conversion of ['4C]chloramphenicol to 
acetylated forms). In contrast, in the 
reverse orientation, this fragment had 
little or no promoter activity (0.28 per- 
cent conversion of substrate) (Fig. 9). 

Using IL-2 receptor cDNA's isolated 
from a library prepared with mRNA 
from HTLV-I infected HUT-102B2 cells. 
we have isolated genomic phage clones 
encompassing all of the exons of the 
normal IL-2 receptor gene. This gene 
consists of eight exons spanning more 
than 25 kb of DNA on human chromo- 
some 10, bands p14 -* 15. The availabil- 
ity of these phage clones has permitted 
us to address a number of previously 
unanswered questions regarding the hu- 
man IL-2 receptor. 

1) As assessed by migration on SDS 
polyacrylamide gels, some ATL cell 
lines, including HUT-102B2 cells, ex- 
press IL-2 receptors that differ slightly in 
apparent size from the IL-2 receptors on 
normal activated T cells. However. oth- 
er studies have demonstrated no appar- 
ent differences in the size of primary 
translation product or precursor forms of 
these receptors in normal and ATL cells. 
Biosynthetic labeling studies indicated 
that the difference in receptor size ap- 
peared to be generated during Golgi- 
associated posttranslational processing. 
Thus, it was possible that the leukemic 
protein coding region might differ slight- 
ly from normal, perhaps by a point muta- 
tion which would change the amino acid 
sequence and alter carbohydrate, sul- 

fate, or phosphate addition. Although 
IL-2 receptor cDNA's had been isolated 
independently by three groups (11-13) 
and each share identical sequences, all 
the cDNA's were derived from HTLV-I 
infected ATL T cell lines, and two of the 
groups (11,13) had used cDNA libraries 
prepared from HUT-102B2 cells. It was 
therefore essential to sequence the exons 
and exon-intron junctions of the normal 
gene to determine identity or nonidentity 
with the sequence from the HUT-102B2 
cell cDNA. The data presented in this 
manuscript prove that normal and HUT- 
102B2 IL-2 receptor sequences are iden- 
tical. Thus, the difference in receptor 
size, while generated posttranslationally 
and involving diminished addition of sial- 
ic acid and sulfate (8), is not apparently 
due to a difference in the primary amino 
acid sequence. 

2) Two groups had previously identi- 
fied a shorter IL-2 receptor related 
cDNA which was missing 216 bp within 
the protein coding region (11, 13). This 
cDNA was initially hypothesized (11), 
and later proved by S1 nuclease studies, 
to be the product of alternative mRNA 
splicing in both ATL cells (16) and nor- 
mal activated T cells (22). Genomic se- 
quence data now indicates that this 216- 
bp segment corresponds precisely to 
exon 4. Thus, the mRNA splicing en- 
zymes process IL-2 receptor primary 
transcripts in such a way as to occasion- 
ally delete this exon. It remains un- 
known whether this alternatively spliced 
mRNA directs the synthesis of a func- 
tional protein, whether it serves a regula- 
tory function, or whether it perhaps rep- 
resents a recurrent cellular "error," and 

serves no physiological role. Transfec- 
tion of this alternatively spliced cDNA in 
either COS-1 cells or L cells does not 
result in display of receptors capable of 
binding either IL-2 or anti-Tac. 

3) Since IL-2 receptors in ATL cells 
are expressed constitutively at a high 
level (lo), we considered possible differ- 
ences in gene structure which could be 
involved in this deregulated receptor 
expression. Genomic Southern blots 
with DNA derived from normal and ATL 
cells have provided no evidence for re- 
ceptor gene rearrangement or ampiiiica- 
tion (16). Further, karyotypic studies 
have not revealed consistent transloca- 
tions involving the IL-2 receptor locus 
on chromosome 10 in this leukemia. 
Thus, neither derangements in IL-2 re- 
ceptor gene structure nor viral promoter 
insertion upstream to the IL-2 receptor 
gene appear to account for the highlevel 
receptor expression encountered in this 
leukemia. 

Since it was possible that virally en- 
coded or induced proteins modulated I L  
2 receptor expression, we next investi- 
gated potential differences in IL-2 recep- 
tor promoter structure or function in 
ATL and normal T cells. .We assumed 
that the sequence 5' to exon 1 would 
contain the IL-2 receptor gene promoter. 
However, initial study of the sequence 
did not reveal a canonical TATAAA 
sequence. It was therefore possible that 
the promoter was contained on an up- 
stream exon that had not yet been identi- 
fied. We addressed this issue using prim- 
er extension and S1 nuclease studies. 
Primer extension studies revealed two 
major signals, one corresponding to the 

A B Fig. 8. (A) S1 nuclease studies suggesting three IL-2 receptor 
gene transcription initiation sites (bands A, B, and C) in 

%)b II R -4300 HUT-102B2 cells, which constitutively express IL-2 recep- 
4 +-c tors, but only two (bands A and B) in normal activated T 

396- 0 _ -1631 cells. (B) S1 nuclease experiment with RNA's from the 
344- m brL- indicated cell lines. To perform the S1 experiments, the 733- 
291 

-0- -517 bp Eco RI fragment containing the promoter region and exon 
1 of the IL-2 receptor gene (see Fig. 1) was subcloned into 

-344 M13 bacteriophage. Uniformly labeled single-stranded DNA 
22 D-..n.c- 

- -298 complementary to IL-2 receptor mRNA was synthesized 
with the use of the 15-base M13 primer (Pharmacia P-L 

A +  -220 Biochemicals) and the large fragment of DNA polymerase I 
(New England Biolabs) in the presence of [~i-~~P]-labeled 
dATP or dCTP (400 or 3000 Cilmmol; Amersham). The DNA 

154- ) was then digested with enzymes (Eco RI, Bam HI, and Hind 
111), cutting 3' or both 3' and 5' to the insert, and subjected to 
electrophoresis on a 6 percent acrylamide, 8M urea gel in 
l x  TBE buffer. The labeled fragment (and the complemen- 

+ 4 7- 
-.-..*gh4440 5.4~,5-*- tary unlabeled strand) was recovered by electroelution, ex- I.z.c'~$GL* 

px$ .e$2,:- 
tracted with phenol-chloroform, and precipitated with etha- 

% *""% no1 in the presence of 50 pg of transfer RNA. The purified 
5 C  DNA was denatured in 70 percent formamide, and hybridized 
%?A for 16 hours at 50°C in a reaction volume of 50 p1 (lo6 cpm/ml) 

, to mRNA from various lymphoid cells, including resting and % activated T cells, B cells, and HTLV-I infected ATL cell 
lines. The DNA-RNA hybrids were then digested with S1 

nuclease (5000 units; Boehringer Mannheim) for 30 minutes at 37'C. The reaction mixture was then extracted with phenol-chloroform, 
precipitated with ethanol, denatured in formamide at 70°C, and subjected to electrophoresis on a 6 percent acrylamide, 8M urea, I x TBE gel. 
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".*-- - Fig. 9. Chloramphenicol acetyltransferase assay in JURKAT cells 

t -  
transfected with pSV2CAT (lane A), or the IL-2 receptor promoter 
construct in pAloCATz in correct (lane B) or reverse Oane C) 
orientation. JURKAT acute lymphocytic leukemia T cells were 
transfected with DNA's by DEAE dextran, and CAT assays per- 
formed as described (33). Cells (10') in the log phase of growth were 
washed twice with serum-free media, suspended in 1 ml of RPMI 

' ? .  
1640 media containing DEAE dextran (250 d m l )  and plasmid DNA 
(5 pg). The cells were incubated for 25 minutes at 37OC, cultures 
were then diluted to 10 ml in RPMI 1640 media containing 10 percent 
fetal bovine serum (FBS) and 100 pA4 chloroquine, and incubated 
for an additional 30 minutes at 37OC. The cells were washed once 

A c and cultured in 10 percent FBS. After 24 hours, PMA (50 ng/ml) was 
added to the cultures. After an additional 24 hours of culture, cells 

were washed with phosphate-buffered saline, suspended in 1 ml of TEN (25 mM tris, pH 7.5, 1 
mM EDTA, 17 mM NaCl), centrifuged, resuspended in 150 p1 of 0.25M tris, pH 7.8, and frozen 
and thawed three times; they were then centrifuged at 12,000g for 10 minutes. The supernatant 
extract (150 PI) was combined with 20 (11 of 12 rnM acetyl coenzyme A (Pharmacia P-L) and 10 
pl of [14C]chloramphenicol (New England Nuclear) and incubated for 2 112 hours at 37OC. 
Reaction mixtures were extracted with ethyl acetate, dried, resuspended in 10 111 of ethyl 
acetate, separated by thin-layer chromatography, and a~toradiob~hed.  The percentage 
conversions of 114Clchloram~henicol into acetvlated chloramvhenicol were as follows: Lane A, 
54.4 percent; lane B, 4.0 lane C, 0.28 percent. The promoter fragment used has its 3' 
end in the sequence corresponding to "Promoter region plus exon 1" (see Fig. 1). It extends 
from the Pst I site (CTGCAG), 54 bp 5' to the ATG translation initiation site to the next 
upstream Pst I site, approximately 1.4 kb further 5'. 

end of the cDNA and a second 58 bases 
further 5'. In HUT-102B2 and four other 
HTLV-I infected ATL cells, but not in 
normal activated T cells, a third signal 
further 5' was also detected. S1 nuclease 
studies confirmed that two major tran- 
scription initiation sites existed in the 
genomic DNA segment immediately 5' 
to the first exon. Using the CAT assay, 
we have demonstrated that this region 
contains functional promoter activity. 
The third transcription initiation site pre- 
sent in the five ATL lines was located 
approximately 250 bases beyond the end 
of the cDNA by primer extension, but 
only 190 bases beyond in S1 nuclease 
assays. These data are most consistent 
with the third transcription initiation site 
being located 5' to the fragment used in 
the S1 nuclease assay and that the tran- 
script splices into the fragment of inter- 
est. At present, the precise location of 
this third putative initiation site and pro- 
moter have not been mapped. 

It is known that IL-2 receptors are 
constitutively expressed at high levels in 
ATL cells, but must be induced in nor- 
mal activated T cells. The apparent pres- 
ence of a third promoter in ATL but not 
normal T cells is therefore intriguing; 
however, the strength of this promoter 
appears less than that of the other two 
promoters. Although it is conceivable 
that transcripts from this third promoter 
are more stable or are translated more 
efficiently than those of the other two, 
we doubt that this third promoter fully 
accounts for the large number of recep- 
tors continuously expressed on ATL 
cells. 

Comparison of the IL-2 receptor pro- 

moter region to sequences available in 
the NBRF and GenBank databases have 
not revealed any significant homologies. 
Specifically the IL-2 receptor promoter 
region does not share homology to the 
IL-2 promoter. 

Multiple mRNA species originating 
from a single gene, as is the case with the 
IL-2 receptor, have been described in 
other systems. For example, c-myc has 
two transcription initiation sites (27). 
Many examples of genes that manifest 
alternative mRNA splicing or differential 
polyadenylation (or both) have also been 
noted (28). The IL2 receptor combines 
all three of these processes. Coupling the 
data we provide here for three different 
transcription initiation sites to earlier 
data for alternative mRNA splicing and 
at least three different polyadenylation 
signals, we can conclude that perhaps as 
many as 18 different mature mRNA 
forms can be produced by this single 
gene. The events that regulate which of 
these mRNA's are made and when re- 
main to be elucidated. 

The second and fourth exons of IL-2 
receptor share significant homology with 
human complement factor B, specifically 
the Ba fragment which serves a recogni- 
tion function. It is noteworthy that two 
membrane receptors, the IL-2 receptor 
and LDL receptor, each have unexpect- 
ed homology to proteins involved in pro- 
teolytic cascades: complement and coag- 
ulation factors, respectively. Further, 
the IL-2 receptor contains an internal 
gene duplication involving exons 2 and 4. 
The stoichiometry of and specific site or 
sites of IL-2 binding to IL-2 receptors 
are unknown, but the internal gene dupli- 

cation raises the interesting possibility 
that the duplicated domains may be criti- 
cal to IL-2 binding and that there may be 
two IL-2 binding sites per receptor mole- 
cule. 
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