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Three-Dimensional Structure of Interleukin-2

BARBARA J. BRANDHUBER, TOM BOONE, WiLLIAM C. KENNEY,

Davip B. McKay*

Interleukin-2 is an effector protein that participates in modulating the immune
response; it has become a focal point for the study of lymphokine structure and
function. The three-dimensional structure of the interleukin molecule has been solved
to 3.0 angstrom resolution. Interleukin-2 has a novel alpha-helical tertiary structure
that suggests one portion of the molecule forms a structural scaffold, which underlies

the receptor binding facets of the molecule.

NTERLEUKIN-2 (IL-2) 1s A LYMPHO-

kine protein produced by antigen- or

mitogen-stimulated T  lymphocytes
whose first documented activity is to stimu-
late proliferation of IL-2—dependent T cells
(1). It modulates immunological effects on
cytotoxic T cells (2, 3), natural killer cells (4,
5), activated B cells (6, 7) and lymphokine-
activated cells (8, 9). IL-2 asserts its effect by
binding a specific high affinity receptor on
the surface of target cells; consequently, the
IL-2 molecule has become a focal point for
studying receptor-effector interactions that
modulate cell proliferation in the immune
response.

The high affinity (Kp ~107"'A1) recep-
tor responsible for mediating the effect of
IL-2 on target cells consists of two distinct
membrane-bound proteins of size 55 kD
(p55 or Tac) and 75 kD (p75); each of these
two proteins can act by itself as an apparent
low affinity (Kp ~1078M) receptor for IL-
2, and both are required for IL-2 activity
(10). This suggests that IL-2 must simulta-
neously bind both p55 and p75 to form a
trimeric complex for activity, and by infer-
ence, that IL-2 must have two separate
receptor binding sites.

Knowledge of the three-dimensional
structure of IL-2 should provide a founda-
tion for systematic delineation of its receptor
binding sites, as well as an evaluation of the
accuracy of recent predictions of its struc-
ture (11, 12). We reported earlier the low
(5.5 A) resolution structure of IL-2 (13); we
have extended these crystallographic results
to 3.0 A resolution, and now describe the
overall tertiary structure of IL-2.

The purification, crystallization, and ini-
tial structure determination to 5.5 A resolu-
tion of human recombinant IL-2, as well as
structural work reported by others, have
been described (13). Briefly, we have found
that IL-2 and an analog in which Cys'* has
been replaced with alanine ([Ala'*]IL-2)
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crystallize isomorphously in the triclinic
space group PI, with unit cell parameters
a=558 K b=40.1 A, ¢=337 A,
a=90.0°, B = 109.3°, and vy = 93.2°. The
unit cell contains two molecules related by
near-2; symmetry. With rare exception, an
unusual twinning of the crystals leads to
overlap of reflections from the two contrib-
uting twins for reciprocal lattice indices
k=0, x6, 7, £12, =13, ....

Data were collected by diffractometer,
processed, and scaled (13); multiple heavy
atom isomorphous replacement (MIR)
phasing statistics are summarized in Table 1.
Two crystals that were essentially single
(showed no significant twinning) allowed us
to collect data on reflections that overlap in
twinned crystals for the native and mercury
phenyl glyoxal data sets in [Ala'*]IL-2 crys-
tals to 3.5 A resolution. Reflections that
overlapped because of the crystal twinning
for the other heavy atom derivatives were
discarded from the computations.

Solvent flattening was used to improve
the quality of the 3.0 A phases. In our
implementation of the method, envelopes
outlining each molecule in the unit cell were
constructed and digitized; the envelope en-
compassed 27.3 percent and 27.0 percent of
the cell volume for the first and second
molecule, respectively, leaving 45.7 percent
as solvent. Iteratively, maps were computed
onal A grid, the solvent density was set
equal to its average value, and the protein
density was left unmodified; the solvent-
flattened map was Fourier-transformed to
produce calculated structure factors (Fcarc),
the 1Fqcl’s were scaled in shells of resolu-
tion to the measured native structure factor
magnitudes (IFqpsl), and Sim-weighted cal-
culated phases were combined with MIR
phases by direct multiplication of their
phase probability distributions to yield com-
bined phases. The combined phases were
then used to calculate a new map.

After several cycles, the overall agreement
between observed and calculated structure
factors, .

R = 3|IFca1c] — 1Fops!|/ZIF ops]
summed over all contributing reflections,
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converged from an initial value 0of 0.374 to a
final value of 0.209. The final R factor was
essentially level over the resolution range
30.0 A to 3.0 A. The overall root-mean-
square (rms) change in phase angle for
combined phases between the final and pen-
ultimate cycles was 10.9°% the final rms
phase difference between combined and
MIR phases rose gradually with increasin
resolution from 25° in the 30 A to 10
resolution range to 66° in the 3.1 A t0 3.0 A
range.

Models for both of the molecules in the
unit cell have been constructed indepen-
dently with an Evans and Sutherland PS-
300 graphics system with the aid of the
model building program FRODO.
Throughout the model building, the two
molecules were cross-checked for consisten-

cy. Most of the polypeptide backbone could
be readily traced in the solvent flattened
map. Placing the sequence was aided 17? four
“tether points”. We identified Cys'® as a
specific site of reaction on each molecule
found with several heavy atom reagents
(terpyridine platinum, mercury phenyl
glyoxal, and 1-fluoro-2,4-dibromobenzene)
in crystals of IL-2 but not in crystals of
[Ala'#]IL-2. The disulfide, apparent for
both molecules in the 3.0 A map, located
Cys*® and Cys'%. The major site of iodin-

-ation of IL-2 in solution has been reported

to be Tyr*® (14); we have found the two
major sites of iodination in our crystals to be
contiguous with the side chain density of
residues traced as Tyr*® in the two mole-
cules; further, the “bend” in the helix con-
taining Tyr* correlates with the direction of

Fig. 1. Schematic stereo drawing of IL-2; helices are represented as cylinders and are lettered
sequentially from the amino terminus. Picture produced by a program written by A. M. Lesk and K. D.
Hardman (24).

Table 1. Data collection and heavy atom refinement statistics on native and derivative crystals.

Maximum Com-
Crystal Derivative resolution  Rgyy  pleteness  fime/Erms
A) of data*
[A']IL-2  Native 3.0 0048  0.88
[All*?*]IL-2 1 mM mercury phenyl glyoxal, 1 day 35 0.060  0.96 0.96
IL-2 . 1 mM mercury phenyl glyoxal, 1 day 32 0.073 0.78 1.24
IL-2 5 mM 2,2', 2"-terpyridyl 3.0 0.047  0.78 0.96
platinum(II), 2%; days
[Al'#]IL-2 1 mM Na,WO,, 1 day 35 0.036  0.80 0.94
[Al'P]IL-2  Jodination 4.0 0064 0.77 1.24
Figure of merit  0.68

Number of reflections 4759

*Praction of reflections measured to maximum resolution after overlaps discarded.

Ryym

Jfoms

= [Snua fiin]'

= it Sobs (I‘,!,"‘ = (Diaa) Znaa Zobs (Dhia

Erms = [Zta (Fou — [Pp + fiy 1)2in]"?
where I's = measured diffraction intensity and (I} = mean value of all intensity measurements of (h, k, I) reflection;

Jua = calculated heavy
measured derivative intensity; # = total number of
phase); fi; = fis exp(i * calculated heavy atom phase)

1708

atom structure factor; Fp = square root of measured native intensity; Fpy = square root of
ections contributing to sum; Fp = Fp exp(# * calculated native

helix bend ed from the placement of
Pro*” (described below).

The amino-terminal region proved diffi-
cult to trace in both molecules; we have not
yet placed the first ten residues unambig-
uously. We anticipate that molecular refine-
ment and phase extension, with the use of
native data we have collected to 2.5 A, will
eventually resolve this ambiguity. Our cur-
rent model of IL-2 allows us to describe the
overall tertiary structure of the molecule and
to suggest which facets of the structure may
be involved in receptor binding.

IL-2 is an alpha-helical protein (Fig. 1). It
has a short helical segment near the amino
terminus (residues 11 to 19; helix A in Fig.
1), followed by an extended loop; residues
33 to 56 form a helix interrupted, or “bent,”
near the middle by Pro*” (hence the two
segments are referenced as B and B’); fol-
lowing Cys*® of the disulfide are helix C,
residues 66 to 78, and D, residues 83 to
101; following Cys'® is a short, apparently
helical stretch E, residues 107 to 113, which
leads into the carboxyl-terminal helix F,
residues 117 to 133. There are no segments
of B secondary structure in the molecule.
The overall helical content of ~65 percent is
in good agreement with estimates based on
circular dichroism (11, 15). The disulfide
between Cys™ and Cys'® links two extend-
ed loops that connect the helices across the
“top” (in the orientation of Fig. 1) of the
molecule.

Helices B, C, D, and F form an apparent
antiparallel alpha helical bundle which dif-
fers significantly from the classical four-helix
bundle represented by cytochrome ¢’, cyto-
chrome bsgz, and myohemerythrin (16). The
packing regions of the helices are shorter,
involving only three to four turns of helix,
while classical four-helix bundles usually
have at least five turns in each helix. Further,
the packing angles all fall in the range of 25°
to 30° (Table 2), and hence are somewhat
larger than the average of approximately 18°
found in classical four-helix bundles.

We expect murine IL-2 to have a similar
structure beginning with helix A and includ-
ing the proline-induced bend in helix B+B’.
This is significant since recombinant human
IL-2 shows activity on both human and
murine T cells (17), and recombinant mu-
rine IL-2 is reported to have a low but
measurable specific activity on human T
cells (18). The murine (19) and human (20)
IL-2 sequences have 64 percent overall ho-
mology. The amino acid sequence of the
mature murine protein is identical to the
human sequence for the first seven residues,
and then has one or more insertions, a total
of 15 amino acids, relative to human, in-
cluding a 12-residue poly(Gln) stretch, prior
to Leu'* of human IL-2; hence the amino-
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Fig. 2. Schematic drawing showing a possible
mode of interaction of IL-2 with two distinct
receptors.

terminal region of the murine protein may
have significant structural differences from
the human protein up to, and possibly in-
cluding the first turn of, helix A. The only
additional insertion in the murine sequence
is between human IL-2 residues 80 and 81,
in the loop connecting helices C and D.
The current data on IL-2 receptor bind-
ing suggest that the molecule “bridges” two
receptor molecules, p55 and p75, with two
independent binding sites, when bound to
its high affinity receptor. Earlier work did
not presage the presence of two receptor
molecules; hence, modifications that affect
IL-2 receptor binding do not discriminate
between those involving a p55—(IL-2) inter-
action, a p75—(IL-2) interaction, or both.
Antibodies to peptides that cross-react
with IL-2 have been used to map global
regions in the IL-2 sequence likely to be
important in receptor binding. In particular,
Kuo and Robb have presented evidence
suggesting regions within the residue
bounds 8 to 27 and 33 to 54 are directly
involved in receptor binding (21), while
Altman and colleagues found that antibod-
ies against peptides of residues 59 to 72, 91
to 105, and 119 to 133 did not inhibit IL-2
receptor binding (22). This suggests that a
portion of the amino-terminal helix A, helix
B+B’, and the peptide connecting them are
likely candidates for receptor interaction,
while helices C, D, and F are not.
Evidence from amino-terminal deletion

Table 2. Packing angles for helices in IL-2. Alpha
carbons of an ideal helix were superimposed on
alpha carbons of helices in the IL-2 models; rms
discrepancies between ideal and model alpha car-
bon positions ranged from 0.4 A to 0.8 A.
Packing angles were computed as the angles be-
tween the polar directions of the axes of the
helices. Angles were computed for models of both
IL-2 molecules in the unit cell, except for A-B,
since the A helix is reliably traced in only one
molecule; standard deviations of the two measur-
ments are given in parentheses.

A-B 78.6°

B-C 28.4° 9.1°
c-D 28.7° (1.4%)
D-F 25.6° 2.1°
B-F 25.9° (1.0°)
B-E 16.2° (9.8°)
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modification of IL-2 correlates with this
suggestion. In particular, Ju et al. have
demonstrated that deletion of residues 1 to
10 of human IL-2 (the amino terminus to
the beginning of helix A) reduces induction
of proliferation of murine CTLL-2 cells by
only 30 to 50 percent, whereas deletion of
residues 1 to 20 (the amino terminus includ-
ing helix A) abolishes activity completely
(23). Deletion analysis of murine IL-2
shows a similar pattern of effects on prolif-
eration activity of murine HT2 T cells (18).
Deletion of murine residues 1 to 11 or 1 to
13 (prior to helix A, assuming murine IL-2
is structurally similar to human IL-2) re-
duces activity by at most 50 percent. Dele-
tions of the murine poly(Gln) section, resi-
dues 15 to 26, coupled with various changes
in sequence in the first 37 amino acids, has
resulted in mutant protein with as much as
one-third the specific activity of the native
protein. However, deletion through murine
residue 30 (corresponding to human residue
16, in the middle of helix A) reduces activity
to ~0.4 percent that of the native protein,
and deletion through residue 41 (corre-
sponding to human residue 27) abolishes
activity completely. Hence the amino termi-
nus up to, and possibly including the first
few residues of, helix A appears redundant
for IL-2 activity; but most, if not all, of the
A helix appears essential.

Most of the other reported deletions that
abolish activity—many of which would de-
lete a significant fraction of an internal helix
in the structure or the peptide connecting
them—are such that they probably disrupt
the overall tertiary structure of IL-2.

Data on site-specific amino acid substitu-
tions suffer from a lack of distinction be-
tween those mutations that affect activity by
destabilizing the IL-2 structure and those
that directly affect receptor binding. Except
for alterations that destroy the disulfide of
IL-2 or modify Trp'*' (whose side chain is
internal in the structure), all of the muta-
tions shown to lower activity of human IL-2
are in sequence regions 3 to 17 and 36 to 54
(23), which corroborates the receptor bind-
ing regions suggested by antibody competi-
tion studies. The “down” point mutations,
when placed on the IL-2 model, do not

identify a specific receptor binding surface.

We would suggest, as a working hypothe-
sis, that helices B, C, D, and F form a
structural scaffold, and that helices A, B’ and
possibly part of B, and E form the receptor
binding sites of IL-2 (Fig. 2). The data
discussed above correlate well with the sug-
gested involvement of helices A, B, and B in
receptor binding. The possible involvement
of helix E is suggested primarily because of
its spatial accessibility and its proximity to
regions of the molecule probably involved in
receptor interactions; we have found no data
addressing the possible role of residues 106
to 115 in receptor binding. The IL-2 tertia-
ry structure model provides a foundation for
systematically testing this suggestion and
delineating the receptor binding sites of the
IL-2 molecule.
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