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ABSTRACT Interleukin 2 (IL-2) is a T-cell-derived lym-
phokine critical in the activation and proliferation ofT cells, B
cells, and lymphokine-activated killer cells. It is a glycoprotein
of =15,500 daltons that is synthesized and secreted after
activation by antigen or mitogen. By using the analogs 8-
azidoadenosine 5'-[r-32Pjtriphosphate ([y-32Pj8N3ATP) and
nicotinamide 2-azidoadenine [adenylate-32P]dinucleotide ([a-
32P]2N3NAD+) as photoaffinity probes, we have detected spe-
cific, metal ion-requiring nucleotide binding sites on recombi-
nant human IL-2 (rhIL-2). The specificity of these nucleotide
interactions with rhIL-2 was demonstrated by saturation ef-
fects and by competition by the parent nucleotides at physio-
logically relevant concentrations. Saturation of photoinsertion
into rhIL-2 occurred at 50 ,uM [y-32P]8N3ATP; a half-maximal
decrease of its photoinsertion at 10 ,uM was obtained with 22
pLM ATP. Saturation of photoinsertion with [a-32P]2N3NAD+
was observed at 180 ,uM; a half-maximal decrease of its
photoinsertion at 10 ,uM was effected by 10 ,M NAD+ and by
5 ,M 3-aminobenzamide. The extent of photoinsertion of both
photoprobes into rhIL-2 varied with the presence of different
divalent metal ions. rhIL-2 photolabeling with [r-32P]8N3ATP
appeared to be dependent on the presence of metal ion. It was
effectively labeled in the presence of Mg2+ and photoinsertion
was increased with the addition of Zn2+ at micromolar con-
centrations. Also, rhIL-2 underwent slow autophosphorylation
by an intramolecular mechanism using [y-32P]8N3ATP as well
as nonphotoactive nucleotide. The biological significance of
these interactions is unknown, but their specificity suggests that
nucleotide binding may be involved in the bioactivity of IL-2.

Interleukin 2 (IL-2), also called T-cell growth factor, is a
glycosylated polypeptide growth hormone discovered by Mor-
gan et al. (1). IL-2 is produced upon antigen or mitogen
stimulation of T lymphocytes and is necessary for the prolif-
eration and stimulation of the effector function of activated T
cells (2), natural killer cells (3-5), and other cytotoxic effector
cells (6-8). Additionally, IL-2 interacts with B cells and
macrophages and elicits or enhances production of other
cytokines such as colony-stimulating factors, B-cell growth
factors, and interferon (9). Thus, IL-2 plays a critical role in
regulation of the immune system and indirectly affects differ-
entiation and hematopoietic cell growth. Robb et al. (10) used
radiolabeled IL-2 to show that IL-2-dependent cells had two
distinct classes of IL-2 receptors, each with a distinct affinity
for radiolabeled IL-2. Evidence suggests that the high-affinity
class of IL-2 receptor is the class of sites that correlates with
the minimum IL-2 concentration required for proliferation of
T cells (11) and that only the high-affinity IL-2 receptors are
internalized upon binding IL-2 (12, 13). Data presented by
Evans et al. (14) suggest that the IL-2 receptor mediates signal
transduction via a GTP-binding protein. However, the exact

intracellular biochemical pathways activated by IL-2 binding
to its receptor have not been clearly elucidated.
Human IL-2 is produced by helper T cells in minute

quantities, but the development of high-producer tumor cell
lines like the human Jurkat leukemic line has permitted the
purification of human IL-2 to homogeneity and the determi-
nation of its amino acid sequence (15). Cloned cDNA for
human IL-2 has been obtained from a number of cell lines
(16-19), and the IL-2 cDNA sequence has been found to code
for a polypeptide chain of 153 amino acids, including a
20-amino acid putative signal sequence. A biologically active
recombinant human IL-2 (rhIL-2) molecule of 133 amino
acids and a molecular mass of 15,000 daltons has been
obtained by expression of these cDNA clones in Escherichia
coli (17) and cultured monkey COS cells (16). The rhIL-2 and
a highly purified lymphocyte IL-2 have been shown to have
nearly identical biological properties (18). Utilizing the pho-
toaffinity probes 8-azidoadenosine 5'-[y-32P]triphosphate ([y-
32P]8N3ATP) and oxidized nicotinamide 2-azidoadenine
[adenylate-32P]dinucleotide ([a-32P]2N3NAD+), we have de-
tected nucleotide binding sites on rhIL-2. The specificity of
these interactions indicates that nucleotide binding may play
a role in the biological activity of IL-2.

MATERIALS AND METHODS
Materials. [y-32P]8N3ATP (specific activity, 11-28 mCi/

,tmol; 1 mCi = 37 MBq) was prepared and purified as
previously reported (20). The purity of [y-32P]8N3ATP was
determined by HPLC and TLC analysis (21). Following
purification by DEAE-cellulose chromatography and HPLC,
[y-32PJ8N3ATP was shown to be free of contaminating ATP,
8-bromo-ATP, 8-amino-ATP, or nucleoside 3'(2')-phos-
phates. The synthesis of [a-32P]2N3NAD' (specific activity,
4-6 mCi/,umol) will be described elsewhere (H.K. and B.H.,
unpublished work). rhIL-2 either was from Cetus and sup-
plied by the National Cancer Institute or was a gift from
Hoffman-LaRoche. Protein molecular weight standards
were from Bio-Rad. All other reagents were analytical grade
and were from Sigma. Reaction buffer A consisted of 10 mM
Tris (pH 7.1), 10 mM MgCl2, and 5 mM KCI.

Photolabeling of rhIL-2. For saturation studies, samples
containing 1-2 ,ug ofrhIL-2 in 60 ,ul ofbufferA were incubated
at room temperature in Eppendorf tubes with either [a-
32P]2N3NAD+ or [_32P]8N3ATP for 15 sec prior to a 45-sec
irradiation with a hand-held 254-nm UV lamp (intensity,
6200 ,tW/cm2). After 45 sec of photolysis, the reaction was
quenched by addition of a protein-solubilizing mixture con-
sisting of10o SDS, 3.6M urea, 162mM dithiothreitol, pyronin
Y (tracking dye), and 20 mM Tris (pH 8.0). Additions to the
basic reaction mixture described above were made as indi-

Abbreviations: 8N3ATP, 8-azidoadenosine 5'-triphosphate;
8N3GTP, 8-azidoguanosine 5'-triphosphate; 2N3NAD+; nicotina-
mide 2-azidoadenine dinucleotide; IL-2, interleukin 2; rhIL-2, re-
combinant human IL-2.
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cated in the figure legends. Results reported in this paper have
been reproduced a minimum of three to six times.
For protection studies, rhIL-2 in buffer A was first incu-

bated 60 sec at room temperature with the competitor. At 60
sec the appropriate probe (10 or 20 ,uM) was added to the
reaction mixture and at 75 sec the samples were then irradi-
ated as above for 45 sec and solubilized in the protein-
solubilizing mixture.
SDS/Polyacrylamide Gel Electrophoresis. After solubiliza-

tion, samples were subjected to electrophoresis in a 10%
separating gel with a 4% stacking gel according to the method
of Laemmli (22). The gel was run at 35-mA constant current
and stained for 1 hr with Coomassie brilliant blue R. Follow-
ing destaining for 12 hr, the gel was dried on a slab gel dryer
and subjected to autoradiography for 24-48 hr. Determina-
tion of 32p incorporation was accomplished by excision of the
labeled bands from the dried gel followed by scintillation
counting in a Packard Minaxi scintillation counter (counting
efficiency, 99%o for 32P).

RESULTS AND DISCUSSION
Many biological response modifiers such as IL-2 have mo-
lecular weights that are equal to or greater than those of many
intracellular enzymes or toxins known to have specific cat-
alytic properties involving nucleotides. Toxins are known to
be internalized with the capability to express catalytic activ-
ity. IL-2 and similar polypeptide factors are known to bind to
specific receptors and are subsequently internalized (15, 16)
and degraded. However, it has not been determined whether
internalization is required for the expression of the biological
activity of IL-2 or other similar factors. Recently, major
emphasis has been placed on studies of the IL-2 receptor(s)
since they are thought to be the most likely candidates for
transferring signal to the intracellular compartment. We
initially developed a project on the effects of rhIL-2 on
nucleotide-binding proteins in lymphokine-responsive cells.
However, we were immediately concerned about the high
molecular weights of IL-2 and related biological response
modifiers as well as other polypeptide hormones. To us they
appeared to be much higher than needed for activating a
receptor through binding and they had the size capable of
carrying catalytic activity. Therefore, based on the size of
IL-2, its internalization, and its reported ability to stimulate
intracellular phosphorylation (23), we set up studies to de-
termine whether IL-2 was a nucleotide-binding protein.
Three major events that are known to regulate intracellular
biochemical pathways are (i) ATP-dependent phosphoryla-
tion, (it) GTP binding to regulatory proteins, and (iii) NAD+-
dependent ADP-ribosylation. It was decided to test for these
types of nucleotide binding sites. The 8-azido analogs of ATP
and GTP have proven to be very effective photoprobes for a
number of ATP- and GTP-binding proteins (23-28). Recent
work with [a-32P]2N3NAD' photolabeling of glutamate and
lactate dehydrogenases and isolation of their active-site pep-
tides has demonstrated that this coenzyme analog will prove
extremely useful for studying NAD+-binding proteins (H.K.
and B.H., unpublished work). Therefore, the following stud-
ies were done to determine the nature of any nucleotide
binding site(s) that might exist on IL-2.
The specificity of azidonucleotide interaction with rhIL-2

was demonstrated by saturation effects as well as by com-
petition for the binding site by the parent nucleotide at
physiologically relevant concentrations. Saturable binding of
[y-32P]8N3ATP to rhIL-2 was accomplished by photolysis of
reaction mixtures containing rhIL-2 (2 jig) in buffer A and
various concentrations of the photoaffinity probe [y-32P]8N3-
ATP (Fig. 1). Saturation of [)y-32P]8N3ATP photoinsertion
into rhIL-2 occurred at 50,uM, satisfying the first criterion for
specificity of nucleotide interaction. Under saturating con-
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FIG. 1. Saturation of [y-32P]8N3ATP photoincorporation into
rhIL-2. One microgram of rhIL-2 in 60 p1A of buffer A and the
indicated concentration of photoaffinity probe were photolyzed and
subjected to SDS/polyacrylamide gel electrophoresis. 32p incorpo-
ration was detected by autoradiography and quantified by cutting out
the appropriate band and determining radioactivity by liquid scin-
tillation counting.

ditions about 10 ± 2% of the IL-2 molecules were photola-
beled in a similar experiment.
ATP effects on [-32P]8N3ATP photoinsertion into rhIL-2

were determined by using various concentrations of ATP to
compete against binding and subsequent photolabeling of
rhIL-2 by 10 jLM [y-32P]8N3ATP. Half-maximal prevention of
['y-32P]8N3ATP photoinsertion into rhIL-2 was obtained with
22,uM ATP (Fig. 2). The demonstration of saturation effects
of [y-32P]8N3ATP photoinsertion into rhIL-2 and the compe-
tition by ATP for photoinsertion into rhIL-2 at physiologi-
cally relevant concentrations indicate that the interaction of
[y-32P]8N3ATP with rhIL-2 is specific. Additionally, 100 uM
AMP or ADP did not display nearly as great a protective
effect as 100,uM ATP (data not shown).

Incubation of rhIL-2 with [y-32P]8N3ATP in the reaction
mixture in the absence of photolysis under identical condi-
tions as used for photolyzed samples did not result in
detectable 32p incorporation into rhIL-2. This confirms that
phosphorylation of rhIL-2 was not responsible for the ob-
served radiolabeling.
The photoaffinity probe [a-32P]2N3NAD' was also tested

for specific binding to rhIL-2. Saturation experiments were
carried out in buffer A containing various concentrations of
[a-32P]2N3NAD". Saturation effects were observed at 180
,uM [a-32P]2N3NAD' (Fig. 3). Competition by NAD+ for
[a-32P]2N3NAD+ (10 tM) binding and photoinsertion into
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FIG. 2. Prevention of [y-32P]8N3ATP photoinsertion into rhIL-2
by ATP. ATP was added to give the concentrations indicated in 60
Al of buffer A containing 1jug of rhIL-2. After 1 min, [y-32P]8N3ATP
was added to give 10 .tM, mixed 15 sec, and then photolyzed for 45
sec.32p incorporation was determined as in Fig. 1.
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FIG. 3. Saturation of [a-32P]2N3NAD+ photoincorporation into
rhIL-2. One microgram of rhIL-2 was incubated 15 sec with the
indicated concentrations of [a-32P]2N3NAD' and photolyzed. 32p
incorporation was determined as in Fig. 1.

rhIL-2 yielded half-maximal decrease of [a-32P]2N3NAD+
photoinsertion at 10 uM NAD+ (Fig. 4). Photoinsertion of
[a-32PJ2N3NAD' into rhIL-2 was also modified by divalent
metal ions, as 10 mM EDTA decreased photoincorporation
(see Table 1). Incubation of rhIL-2 with 10 ,uM [a-
32P]2N3NAD+ in the reaction mixture without photolysis did
not result in detectable 32p incorporation into rhIL-2, indi-
cating a lack of an auto-ADP-ribosyltransferase activity
under these conditions.

Effects of divalent metal ions on the photoinsertion of [
32P]8N3ATP and [a-32P]2N3NAD+ into rhIL-2 are shown in
Table 1. EDTA (10 mM) decreases [y-32P]8N3ATP photoinser-
tion by >90%o, whereas 10 ,uM ZnC12 enhances the photoinser-
tion by 80%o. Mg2+ is required for ['y-32P]8N3ATPphotoinsertion
and MnCl2 cannot substitute, whereas CaCl2 seems to work
slightly better. However, Ca2+ is not required, since 10 mM
EGTA does not have the effect that EDTA does. The differ-
ential effects of Zn2+, Ca2+, and EGTA on [y-32P]8N3ATP and
[a-32P]2N3NAD+ photoinsertion indicate that these two nucle-
otides differ in their metal-ion requirements for binding to IL-2.
Also, experiments using NAD+ and ATP to protect against the
photoinsertion of both photoprobes indicate that the two sites
are at different locations. In these experiments 50 ,uM NAD+
prevented [a-32P]2N3NAD+ photoinsertion by 90o and [y-
32P]8N3ATP photoinsertion by only 35%, whereas 50 ,uM ATP
gave roughly the opposite effect. Also, GTP was not as effective
as ATP at preventing [y-32P]8N3ATP photoinsertion. Prelimi-
nary studies with [y-32P]8N3GTP show that this analog also
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FIG. 4. Prevention of [a-32PJ2N3NAD+ photoinsertion into rhIL-
2 by NAD+. NAD+ as indicated was added to 60 pl of buffer A
containing 1 ,g of rhIL-2 and allowed to incubate 1 min at 23°C prior
to the addition of 10 ,uM [a-32P]2N3NAD+. Fifteen seconds after
probe addition, the sample was photolyzed and 32p incorporation was
determined as in Fig. 1.

Table 1. Effects of divalent cations and nucleotide competitors
on photoinsertion into rhIL-2

32p incorporation, %
Addition [y_32P]8N3ATP [a-32P]2N3NAD+

Metal ions/chelators*
10 mM MgCl2 100 100
10 mM MgCI2 10 15
10 mM CaCl2 125 75
10 mM EDTA 9 35
10mM EGTA 120 55
10 ,uM ZnCl2 180 38

Competitorst
5-200 AM Ap4A 100
50 ,uM GTP 80
50AM ATP 31 61
50 AM NAD+ 65 10
Photoinsertion obtained with either 10 ,uM [y-32P]8N3ATP or 10

AM [a-32P]2N3NAD+ in the presence of 10 mM MgCJ2 was taken as
100%t.
*ZnCl2 effects were determined in the presence of 10 mM MgCl2;
photoinsertion effects with other divalent metal ions were measured
without addition of MgCl2. Effects of the chelators EDTA and
EGTA were measured without addition of MgCl2.

tCompetitors (at the given concentrations) were preincubated for 1
min at 23°C with 1 ,g of rhIL-2 in reaction mixtures containing 10
mM MgCl2. The appropirate photoprobe was then added to give a
final concentration of 10 ,uM, and 15 sec later the samples were
irradiated with UV light for 45 sec. Protein-solubilizing mixture was
added immediately following light exposure and the samples were
subjected to SDS/polyacrylamide gel electrophoresis. Ap4A,
adenosine(5')tetraphospho(5')adenosine.

interacts with IL-2, probably at the same site as 8N3ATP but
with somewhat less affinity.
A study utilizing 3-aminobenzamide as a competitor to

prevent [a-32P]2N3NAD+ photolabeling of rhIL-2 was un-
dertaken because 3-aminobenzamide has been reported to
inhibit some NAD+-binding enzymes including, poly(ADP-
ribose) polymerase and some mono(ADP-ribosyl)trans-
ferases (29). The concentration of 3-aminobenzamide re-
quired for 50% inhibition of enzymatic activity (IC50) was
reported to be 5.4 ,uM for poly(ADP-ribose) polymerase (in
vitro and in vivo) and 3 mM for mono(ADP-ribosyl)trans-
ferase. In our study, half-maximal inhibition of [a-32P12N3-
NAD+ (10 AM) photoinsertion into rhIL-2 was achieved with
5 ,uM 3-aminobenzamide (Fig. 5). However, about 35% of

the photoinsertion was insensitive to the inhibitor, which may
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FIG. 5. Prevention of [a-32P]2N3NAD+ photoincorporation into
rhIL-2 by 3-aminobenzamide. Various amounts of 3-aminobenza-
mide were added to 60 ,A of buffer A containing 1 ,g of rhIL-2.
Samples were incubated 1 min at 23°C prior to the addition of 10 ,IM
[a-32P]2N3NAD+. Fifteen seconds after probe addition, the sample
was photolyzed and 32p incorporation was determined as in Fig. 1.
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represent the extent of NAD' crossbinding to the ATP site
under these conditions as indicated by the data in Table 1.
An additional control experiment was performed for both

[y-32P]8N3ATP and [a-12P]2N3NAD+ labeling studies of
rhIL-2. Preirradiation of either photoprobe followed by im-
mediate addition of protein (rhIL-2) generated no detectable
incorporation of radioactivity into rhIL-2, indicating that the
reactive species generated by photolysis is not long-lived.
This result eliminates the possibility of pseudoaffinity label-
ing and is consistent with site-speciflic labeling of rhIL-2 by
both azidonucleotides.

Additional evidence for the specificity and relevance of the
binding of ATP by IL-2 comes from studies showing that
rhIL-2 slowly autophosphorylates by an intramolecular
mechanism. Incubation of 2 Ag of rhIL-2 for 10 min at 230C
with 50 /.M [y-32P]8N3ATP (specific activity, 8.3 mCi/,umol)
in the absence of activating light resulted in the incorporation
of >40,000 cpm into the IL-2 as determined by scintillation
counting of the protein band excised from an SDS/
polyacrylamide gel. Instability of the autophosphorylated
species to SDS/polyacrylamide gel electrophoresis made
calculation of the percent phosphorylation a minimum, if not
meaningless, number under these conditions. Dilution exper-
iments in which the nucleotide concentration was kept con-
stant while the 2 gg of IL-2 was diluted 2-, 3-, 4-, and 5-fold
did not decrease the observed autophosphorylation rate,
indicating an intramolecular mechanism. This type of exper-
iment was done as previously reported for nucleoside-
diphosphate kinase (30)..These experiments have been re-
peated five times using rhIL-2 from two separate sources and
nonphotoactive nucleotide. This phosphorylated species ap-
pears to be relatively unstable at all pH values but is most
stable near neutrality and much less stable at both high (pH
11) and low (pH 1.0) pH values.
These results support the existence of specific binding sites

for ATP and NAD+ on rhIL-2 that would be occupied by
nucleotide under intracellular condition's (i.e., millimolar
levels for ATP and about 300 ,uM for NAD+). Approximate
dissociation constants obtained from the competition studies
presented here were 22 uM for ATP and 10,4M for NAD+,
well within the physiologically relevant range. The precise
mechanisms by which these nucleotide interactions with IL-2
may govern or regulate the biological activity of IL-2 are not
understood but are suggestive of a possible intracellular
signal-transduction mechanism that may directly involve
IL-2. A recent report by Tigges et al. (31) indicates that the
IL-2 signal mechanism does not involve any known second-
messenger system. Our data indicate, that IL-2 has the
potential of being either a protein kinase or an ADP-
ribosylating species, although neither of these activities has
been confirmed with regard to any intracellular protein
substrate. However, it seems quite unlikely that~a nucleotide
binding site of such high affinity would exist on IL-2 without
being involved ih 'eliciting at least some of the pleiotropic
effects attributed to this protein. Additional support for the
involvement of nlucleotides in the mechanism of action of
several glycoprotein hormones antd other biological response
modifiers comes from similar studies in our laboratory which
show that tumor necrosis factor, interferon la, granulocyte/
macrophage-colony-stimulating factor, interleukini 1, gluca-
gon, and other similar proteins all contain sites that interact
with specific nucleotide photoafflinity probes (unpublished
results). They do not all have the same binding characteris-
tics. For example, tumor necrosis factor demonstrates higher
affinity forNAD+ than for ATP, whereas the converse is seen
with IL-2 (S.C. and B.H., unpublished work). Glucagon,

whic is -uc smledsly a ig secfiit for~ GP~r
(H.L. and B.H., unpublished work). These observations lead
us to propose that many, if not all, polypeptide hormones or
biological response modifiers require internalization and in-

teraction with specific nucleotides or other intracellular moi-
eties to elicit at least some of their effects. This hypothesis
does not exclude the binding receptor from also being directly
involved in the signal-transduction mechanism. The duality
of receptor activation and internalization of a catalytically
active protein may explain some of the pleiotypic effects of
biological response modifiers.
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