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ABSTRACT Human interleukin 2 (IL-2) analogs with de-
fined amino acid substitutions were used to identify specific
residues that interact with the 55-kDa subunit (p55) or a chain
ofthe human IL-2 receptor. Analog proteins containing specific
substitutions for Lys-35, Arg-38, Phe-42, or Lys-43 were
inactive in competitive binding assays for p55. All of these
analogs retained substantial competitive binding to the inter-
mediate-affinitj p70 subunit (J3 chain) of the receptor complex.
The analogs varied in ability to interact with the high-affinity
p55/p70 receptor. Despite the lack of binding to p55, all
analogs exhibited significant biological activity, as assayed on
the murine CTLL cell line. The dissociation constants ofArg-38
and Phe-42 analogs for p70 were consistent with intermediate-
affinity binding; theKd values were not significantly affected by
the presence ofp55 in binding to the high-affinity IL-2 receptor
complex. These results confirm the importance of the B a-helix
in IL-2 as the locus for p55-receptor binding and support a
revised model of IL-2-IL-2 receptor interaction.

Human interleukin 2 (huIL-2) is a potent immunoregulatory
cytokine, the biological effects ofwhich are mediated through
binding to specific receptors on the surface of target cells.
These interleukin 2 (IL-2) receptors (IL-2Rs) are present in at
least three forms that bind IL-2 with high (Kd = 10-50 pM),
intermediate (Kd = 0.8-2 nM), or low (Kd = 10-30 nM)
affinity (1). The high-affinity IL-2R complex consists of at
least two receptor subunits, the a chain or p55 (IL-2Ra) and
the /3 chain or p70 (IL-2RB). Molecular cloning and expres-
sion of these two subunits demonstrate that IL-2Ra corre-
sponds to the low-affinity receptor (2-4), whereas IL-2RP is
the binding component of the intermediate-affinity receptor
(5). The complex ofp55 and p70, with additional components,
corresponds to the high-affinity IL-2R (5, 6).
The biological functions of each of these receptors have

been determined by studying the effects of IL-2 binding to
cells expressing natural receptor proteins or recombinant
receptors. Binding of IL-2 to lymphoid cells expressing only
p70 induces internalization of IL-2, expression of p55, and
activation of lymphokine-activated killer (LAK) cells to an
early effector phase of cytolytic activity (7-10). The interac-
tion of'IL-2 with p55 alone apparently does not result in any
biological response (11), but binding to the high-affinity
p55/p70 complex is essential for triggering a full proliferative
response by T cells and for the late phase ofeffector LAK cell
function (7).
To analyze the interactions between IL-2 and its receptors,

we have used oligonucleotide-directed mutagenesis to map
sites in IL-2 that interact with each receptor chain (12). We
had previously determined that Asp-20 in the NH2 terminus

of IL-2 controls binding to the intermediate-affinity IL-2R,3
chain (13). These studies were extended to allow us to
identify a cluster of specific amino acids that form the binding
site in IL-2 for the low-affinity IL-2Ra subunit. Substitutions
of these p55-specific residues created IL-2 analogs that
interact only with p70; these analogs can help dissect the
functions of the receptor components.

METHODS AND MATERUILS
Preparation of IL-2 Analog Proteins. The procedures for

site-specific mutagenesis and for expression of IL-2 analog
proteins in Escherichia coli were described (12, 13). Nucle-
otide sequence of the mutations was analyzed as described
(12). Crude extracts of E. coli cells expressing analogs were
prepared as described (12). Selected analogs were purified by
immunoaffinity chromatography with a murine monoclonal
antibody (5B1) that binds recombinant huIL-2 (14).

Analysis of IL-2 Analog Proteins. Each analog was charac-
terized for bioactivity on the IL-2-dependent murine T-cell
line CTLL-2 as described (12, 13). Competitive binding to the
human high-affinity IL-2R was done at 370C as described (12)
by using a subline of constitutively activated YT cells that
express both IL-2Ra and IL-2Rj. Competitive binding to the
human low-affinity p55 and the intermediate-affinity p70
receptors was determined as described (13), except that a
subline of YT-1 cells expressing =13,000 p70 molecules per
cell was used. The YT-1 cells were obtained from T. Wald-
mann and J. Burton (National Institutes of Health). Compet-
itive binding to the murine IL-2R complex was determined by
using EL4J-3.4 cells, a subline of the murine thymoma EL4
cell line transfected with a plasmid expressing recombinant
murine low-affinity p58 receptor, as well as the high-affinity
receptor (15). For direct binding studies, Scatchard analysis
was done with IL-2 proteins radiolabeled with Na1251 by using
Enzymobeads (Bio-Rad) or Iodo-Gen (Pierce) to specific
activities of 50 ACi/lgg (1 Ci = 37 GBq).

RESULTS
In previous studies, we had characterized the biological
activity and binding of a series of IL-2 analogs that included
mutations of individual residues from over two-thirds of the
IL-2 molecule (12, 13). In a preliminary analysis, none of the
analogs with decreased biological activity seemed to be
affected in binding to the IL-2Ra chain while still maintaining
binding to the IL-2Rj chain. To determine the amino acid(s)
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subunit; IL-2Rf, interleukin 2 receptor f3 chain or p70 subunit; LAK,
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that interacts with IL-2Ra, a secondary analysis was under-
taken to test analogs that had retained bioactivity in the
competitive binding assays (16). In these studies, we con-
centrated on the region ofamino acids 30-60 because reports
(17) had demonstrated that neutralizing antibodies that block
IL-2 binding to p55 recognize epitopes mapped to this region.

In this secondary analysis, we identified an analog with the
desired phenotype. Crude extracts ofE. coli cells expressing
IL-2 with a substitution of Arg-38 by Ala (R38A) contained
analog protein that had <1% competitive binding to the p55
receptor (ref. 16; Table 1). This analog, designated IL-2
R38A, was capable of substantial competitive binding to p70
(-50%o) and partially bound to the high-affinity receptor
(p55/p70). Although binding of IL-2 R38A to p55 substan-
tially decreased, the analog retained full biological activity.

Additional mutations were inserted into the IL-2 protein to
analyze the function of the residue at position 38 (Table 1).
Substitution of Arg-38 with a negatively charged residue
(Glu), polar residues (Gln, Ser), or hydrophobic residues
(Phe, Leu) resulted in analogs incapable of interaction with
p55 (<1% competitive binding) but fully active in the p70-
binding assay as well as the CTLL bioassay. In contrast to
previous analogs (12), bioactivity did not correlate with
competitive binding to the high-affinity receptor, which var-
ied from 2% to 17%. Surprisingly, the inability to bind to p55
seemed to have little, if any, effect upon biological activity.
Another residue adjacent to Arg-38 was also analyzed for

its contribution to the p55-binding site (Table 1). Substitution
of Phe-42 with Ala (F42A) resulted in an analog (IL-2 F42A)
identical to IL-2 R38A-i.e., significantly decreased ability to
interact with p55, while retaining full binding to p70. Four
additional substitutions at position 42 confirm that this res-
idue is essential for p55 binding but dispensable for p70
binding. Both hydrophobic (Leu) and polar (Ser) residues
could be tolerated at this position without any significant
diminution in biological activity; however, a charged residue
(Lys) drastically decreased the bioactivity (to 2%), whereas

substitution of a second polar residue (Gln) resulted in a
smaller decrease. Again, no correlation between bioactivity
and binding to the high-affinity receptor was noted for the
multiple substitutions at position 42.
Two other residues in the vicinity ofArg-38 and Phe-42 also

appear to affect p55 binding but in a different manner.
Substitution of the Lys at positions 35 or 43 with the
nonconservative amino acid Glu produced analogs with char-
acteristics similar to R38A and F42A analogs-i.e., complete
loss of p55 binding but significant p70 binding (Table 1).
However, replacement of Lys-35 with Ala had no significant
effect on binding to the IL-2Ra chain. There was also only a
minimal effect upon binding to the high-affinity receptor even
when Glu was substituted at these positions. Therefore, in
contrast to residues 38 and 42, positions 35 and 43 may
tolerate some side chains but not a negative charge.
The results described above were obtained with protein from

crude extracts. To validate these results, two analogs were
purified to homogeneity and reassayed (Table 1, Fig. 1). Com-
parison of the IC50 values of purified IL-2 R38A and IL-2 F42A
with wild-type IL-2 in each of the three competitive binding
assays confirmed that both residues are essential forp55 binding
(Fig. 1C). With some preparations ofpurified IL-2 R38A, a very
low amount of competitive binding to p55 could sometimes be
detected (Table 1). Both analogs exhibited 50-100%o competi-
tive binding to p70 (Fig. 1B) and low but detectable binding to
the p55/p70 complex (Fig. lA). The specific activity of the
purified analogs was -1-2 x 107 units per mg, not significantly
different from wild-type IL-2 (Table 1).

Direct binding studies were used to determine the affinity of
IL-2 R38A for the IL-2R (Fig. 2, Table 2). Scatchard analysis
with 125I-labeled R38A protein binding to human YT-1 cells
expressing p70 receptors indicated that this analog bound to
the ,B chain with intermediate affinity (Kd = 1 nM). When
tested on YT cells expressing the high-affinity receptors,
Scatchard analysis revealed that the affinity ofR38A was only
slightly altered (Kd = 0.79 nM), whereas wild-type IL-2 had a

Table 1. Bioactivity versus competitive binding of huIL-2 analogs
Bioactivity Competitive binding, %

Units/mg % wild-type pS5/p70 p55 p70
Crude extract
Wild type ND 100 100 100 100
Arg-38 substitution

Ala (R38A) ND 37-150 3-50 no IC50 50-54
Glu ND 25-50 2-3 no IC50 2-130

- GIn ND 133 12 no IC50 73
- Phe ND 133 9 no IC50 59
-*Ser ND 133 10 no ICso 99
Leu ND 37 17 no IC50 52

Phe-42 substitution
Ala (F42A) ND 19-75 1.5-7 no IC50 96-195

-*Lys ND 2 2.5 no IC50 100
Leu ND 75 21 no IC50 30

-.Ser ND 50 8 no IC50 80
Gin ND 12.5 5 no IC50 74

Lys-35 substitution
Glu ND 200 47 1.25 40-175

-Ala ND 75 ND 64-76 170
Lys-43 substitution

Glu ND 25 38 no IC50 52-300
Purified protein
Wild type 2 x 107 100 100 100 100
R38A 1-2 X 107 50-100 5-17 <0.05, 2.7 50-100
F42A 0.8-1 x 107 40-50 6 <0.05 100
Percent bioactivity and competitive binding were calculated from IC50 values as described (12, 13) and in the legend to

Fig. 1. Bioactivity was measured on murine CTLL-2 cells. Competitive binding to pS5/p70, p70, and p55 receptors was
assayed on human YT cells, human YT-1, and immobilized purified recombinant human p55, respectively. ND, not
determined.
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FIG. 1. Competitive binding ofIL-2 R38A and F42A analogs to the
human IL-2R. Human activated YT cells (A) or YT-1 cells (B) were
incubated with 40 pM or 800 pM 1251I-labeled huIL-2, respectively,
with various concentrations of purified IL-2 R38A protein (A) or IL-2
F42A protein (o). In the solid-phase p55 assay (C), immobilized
purified human p55 receptor protein was incubated with biotinylated
huIL-2 (100 ng/ml) with various concentrations of analog proteins.
The analogs were tested in separate assays. In each experiment,
competitive binding with purified wild-type IL-2 protein was also
determined and compared with the analog [R38A compared with wild
type I (-) and F42A compared with wild type II (o)]. Data represent
binding of percentage of that seen without any competing ligand. In
each assay, IC5o (concentration of protein required to inhibit binding
of labeled IL-2 by 50%) was determined and used to calculate percent
competitive binding ofeach analog as compared with wild type protein
(percent values are shown in Table 1). Competitive binding to high-
affinity p55/p70 (A), intermediate-affinity p70 (B), and low-affinity p55
(C) components of human IL-2R are shown.

much higher affinity in the presence ofp55 (Kd = 54pM vs. 360
pM). These results confirm that the IL-2 R38A analog recog-
nizes only the p70 component of the IL-2R complex. More-
over, the presence ofp55 IL-2Ra chains does not significantly
affect the binding affinity of IL-2 R38A for p70.

2 3
Bound, fmol

0 1 2 3
Bound, fmol

4 c

FIG. 2. Direct binding of IL-2 analog proteins to human high- and
intermediate-affinity receptors. huIL-2 and IL-2 analogs R38A and
F42A were labeled with 1251 and then incubated with human activated
YT (A) or YT-1 cells (B). Labeled protein bound to cells was
separated from protein that remained free in solution. Ratio ofbound
versus free ligand (B/F) was then calculated. Direct binding to
high-affinity p55/p70 (A) and intermediate-affinity p70 (B) compo-
nents of human IL-2R are shown. *, Wild-type IL-2; o, IL-2 F42A;
and A, IL-2 R38A.

Similar results were obtained with 125I-labeled IL-2 F42A
analog protein (Fig. 2, Table 2). Scatchard analysis revealed
that this analog also bound to the /3-chain p70 with interme-
diate affinity (Kd = 1.9 nM, Fig. 2B). On YT cells (Fig. 2A),
in the presence of p55, binding to IL-2R was not altered (Kd
= 1.5 nM). The increase in Bm., for the F42A analog on YT
and YT-1 cells compared with wild-type IL-2 or the R38A
analog was observed several times (data not shown); the
significance of these data are unclear.
We examined the basis for discordance between the signif-

icant bioactivity of the IL-2 R38A and F42A analogs and their
decreased binding to the high-affinity receptor. The possibility
of species differences between the murine CTLL cells used for
the bioassay and the human IL-2R subunits present in the
competitive binding assays was considered. Competitive bind-
ing was determined (Fig. 3) by using the murine EL4J-3.4 cell
line, a derivative of EL4 transfected with the recombinant

Table 2. Scatchard analysis of IL-2 analog proteins
YT(p55/p70)* YT-1(p70)t

Kd , B~ax, Kd - Bmax,
Analog nM sites/cell nM sites/cell
Wild type 0.054 5100 0.36 8,700
R38A 0.79 5280 1.0 8,700
F42A 1.5 7900 1.9 13,000
The Kd and B.. were determined from data shown in Fig. 2.

*Determined from Fig. 2A.
tDetermined from Fig. 2B.

B p70
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FIG. 3. Inability of IL-2 F42A to compete for binding to mouse
high-affinity IL-2R. Competitive binding assays were done as de-
scribed in Fig. 1, except that murine cell line ELAJ-3.4 was used;
these cells express recombinant murine low-affinity IL-2R (p58) and
1000-3000 murine high-affinity IL-2Rs per cell (15). EL4J-3.4 cells (6
x 106) were incubated with 800 pM of 125I-huIL-2 and various
concentrations of wild-type IL-2 (a) or IL-2 F42A analog (o).

murine low-affinity IL-2R subunit; these cells express "1000-
3000 high-affinity murine IL-2Rs per cell. Wild-type human
IL-2 was effective at competing for binding to these cells, as
reported (15). In contrast, purified IL-2 F42A analog protein
was unable to compete for binding, even at concentrations >4
nM. Species specificity, therefore, probably does not account
for the surprising lack of correlation between bioactivity and
high-affinity binding seen with these analogs.

DISCUSSION
Using site-specific mutagenesis, we have identified a cluster
of four amino acids-Lys-35, Arg-38, Phe-42, and Lys-43-
that form at least part of the binding site of IL-2 for its
low-affinity receptor. IL-2 analog proteins containing substi-
tutions of each of these residues were unaffected in binding
to the p70 intermediate-affinity receptor but had dramatically
reduced ability to compete for binding to the p55 low-affinity
receptor. Direct Scatchard analysis confirmed that two of
these analogs exhibited intermediate-affinity binding only,
even on cells expressing both a and chains of the high-
affinity receptor.
The location and position of these residues that interact

with p55 are consistent with antibody epitope mapping as
well as with structural studies on IL-2. Neutralizing antibod-
ies to IL-2 have been shown to recognize epitopes located in
two distinct regions, either the NH2-terminal 20 amino acids
or an internal region composed of residues 30-60. Those
antibodies that block binding of human IL-2 to the p55
subunit recognize epitopes in this internal region (17), which
confirms our results that the a chain-specific residues lie
between Lys-35 and Lys-43. The three-dimensional structure
determination by Brandhuber et al. (18) indicated that IL-2 is
a globular protein composed of six a-helices, labeled A
through F. All four a chain-specific residues are located in a
cluster in the middle ofthe second or B helix. Most strikingly,
three of the four residues-i.e., Lys-35, Arg-38, and Phe-
42-are positioned such that their side chains would be
exposed on the same face of the a-helix, as predicted by
helical wheel analysis (Fig. 4). Thus, the binding site of IL-2
for p55 appears to be a linear epitope composed of at least
four residues held in an a-helical structure. Additional sub-
stitutions in this helix indicate that other residues may
contribute to helical stability or have minor effects upon p55
binding (data not shown).
That substitutions at positions 35, 38, 42, or 43 created

analogs unable to bind p55 because of drastic alterations in

Leu40 / \ y4

// \ ~~Pro34

Thr37

FIG. 4. Helical-wheel projection of the B a-helix of huIL-2. The
B helix of IL-2 contains residues Asn-33-Met-46, as determined by
x-ray crystallography (18). Residues important for binding to p55 (see
text) are boxed.

conformation or stability of the mutant protein is unlikely. (i)
These analogs retained substantial biological activity and
were completely unaffected in competitive binding to p7O
(Table 1). (it) Multiple substitutions confirmed the phenotype
ofR38A and F42A analogs; these substitutions included both
conservative and nonconservative amino acids. (iii) Circular
dichroism of purified IL-2 R38A and F42A indicated that the
overall conformations of these two analogs were identical to
that of wild-type IL-2 (data not shown). CD spectra have
been used (13) to differentiate mutations that affected binding
to the p70 receptor from those mutations that affected the
conformation of IL-2.
Our mutagenesis results can be compared with similar

studies by other groups. Weigel et al. (19) have described an

Arg-38 -+ Gin substitution in IL-2 that reduced p55 binding

by 20-fold but had no effect upon proliferative activity;
Arg-38 was postulated to be a contact residue for p55,
although no results were described for p70 binding. Weir et
al. (20) proposed a key role for Phe-42 from their observation
that a Phe-42 -+ Ala substitution reduced binding to the

high-affinity receptor by 12-fold without any conformational
perturbation. However, they reported a corresponding 6-fold
reduction in bioactivity of the F42A analog that we did not
observe with purified protein (Table 1). Substitution of
Lys-35 or Lys-43 with Gln has been reported (19) not to affect
p55 binding; these reports confirm our result that other side
chains may be tolerated at position 35 and suggest that
position 43 may be similar. The differences seen between
position 38 or 42 analogs and the position 35 or 43 analogs
may indicate that Arg-38 and Phe-42 contribute significantly
to the free energy of binding to p55; therefore, any substitu-
tion at these latter positions will decrease binding. In con-
trast, adjacent residues (e.g., Lys-35 or Lys-43) that make a
minor contribution to the interaction with p55 may require a
drastic substitution before any loss of p55 binding is seen.
Multiple substitutions at positions 35 and 43 may resolve this
point.
Perhaps the most intriguing observation with all p55-

negative analogs described here is their retention of substan-
tial biological activity. Unlike most described mutants of
human and mouse IL-2 (12, 13, 21), the biological activity of
these analogs did not correlate with their significantly re-
duced binding to the human high-affinity receptor. This
discordance does not reflect any species difference between
the receptors on the mouse CTLL cell line used to assay
bioactivity and the human IL-2Rs, as the IL-2 F42A analog
also did not appear to compete for binding to the murine
high-affinity IL-2R. Preliminary results indicate that the

.....Qa
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p55-negative analogs also exhibit full bioactivity on human
cells. Mouse IL-2 analog proteins with mutations in the fifth
a-helix (the E helix) have been described that are also
bioactive but unable to bind murine IL-2Ra; however, no
residues in this helix were concluded to be important for
biological activity (21). It is interesting that, although the four
residues identified here as important for interaction with the
human p55 receptor are absolutely conserved in mouse IL-2
(22), mouse IL-2 still has very low biological activity on
human cells (23).
The discordance between binding and biological activity of

these analogs has important implications for our understand-
ing of IL-2 interactions with the IL-2R complex. Saito et al.
(24) have proposed an affinity conversion model in which
IL-2 binds first to p55 and the IL-2/pSS complex then
interacts with p70 to form the high-affinity ternary complex;
the large numbers of p55 molecules (in excess over the p70
molecules) should accelerate the high-affinity binding. The
affinity conversion model would predict that an IL-2 analog
unable to bind to p55 would have no or reduced biological
activity. However, specific activities of both R38A and F42A
are 50-100% of that of wild-type IL-2, confirming that
binding to p55 is not a prerequisite event for bioactivity. On
activated YT cells, the a chain probably does not alter affinity
of the p chain or the a//3 complex for these particular IL-2
analogs because the Kd values of IL-2 R38A and F42A for p70
vs. pSS/p70 did not differ significantly (Table 2).
The molecular basis for the unexpected lack of correlation

between bioactivity and high-affinity binding deserves fur-
ther study. Preliminary results indicate that the interaction of
IL-2 analogs with only the p chain induces cointernalization
of the ternary complex of IL-2, the 8 chain, and the a chain
(W. Kuziel, G.J., and W. C. Greene, unpublished work).
These observations can explain how binding of IL-2 to the 1
chain alone is sufficient for induction of bioactivity on T cells.
Our results also support a model in which at least some of the
IL-2 receptor molecules exist in a preformed complex of a
and P chains; such a complex has been detected by crosslink-
ing on the surface of mouse T cells (15).
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