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Unraveling the Structure of IL-2 

Interleukin-2 (IL-2) is the prototype mem- 
ber of an emerging class of pleiotropic 
cytokines that have extraordinary immuno- 
logic and therapeutic promise (I) .  An in- 
fluential guide for much of the research (2) 
on IL-2 structure and function has been a 
paper by Brandhuber et al. (3). However, 
their x-ray structure of human IL-2 at 3 A 
resolution appears to be at odds with exper- 
imental results garnered from deletion, mu- 
tagenic, and binding studies of IL-2. An 
alternative protein folding for IL-2, present- 
ed here, is closely similar to that of the 
recently elucidated structures of granulocyte- 
macrophage colony-stimulating factor (GM- 
CSF) (4) and interleukin-4 (IL-4) (5). 

Schrader et al. have suggested that IL-2 
and GM-CSF are structurally homologous 
proteins that share a low but significant 
degree of sequence identity (6). However, 
the x-ray structures appear topologically 
unrelated. Although both IL-2 and GM- 
CSF show a compact core bundle of four 
antiparallel a helices, the IL-2 x-ray fold 
features short hairpin loops between helices 
(3) (Fig. 1A) and is classified as a left- 
handed, type 0 bundle (7). The GM-CSF 
structure has two long crossover connec- 
tions between the first and second and third 
and fourth helices (4) (Fig. 1B). Aside from 
IL-4 (5), the latter folding topology [a 
left-handed, type 2 bundle (7)] is observed 
only in two other cytokine structures, 
growth hormone and interferon-p (8). 

I have compared available GM-CSF and 
IL-4 sequences and structures with IL-2 
(Fig. 2) to extend the findings of Schrader 
e t  al. (6). Except for the COOH-terminal 
helices, my findings show a significant lack 
of spatial correspondence between sequen- 
tial helices in the IL-2 x-ray fold proposed 
by Brandhuber et al. and those of GM-CSF 
and IL-4. I set aside the x-ray helix assign- 
ment for IL-2 (3) and used six IL-2 se- 
quences to derive a consensus secondary 
structure of five a helices and two short P 
strands (9) (Fig. 2). Four of the predicted 
amphipathic a helices and both P strands 
in the IL-2 model are naturally aligned with 
similar elements in GM-CSF and IL-4 (Fig. 
2). [The IL-2 helix predictions for the most 
part match the segments located by Cohen 
e t  al. (10) in their early model of human 
IL-2 based on a right-handed, type 0 bun- 
dle.] The largely helical nature of IL-2 is 

supported by circular dichroism spectra that 
also distinguish the presence of some P 
structure (1 O), in further analogy with GM- 
CSF and IL-4 (I 1). The structure-based 
alignment of the three cytokines also 
matches the critical Cys58-Cys'05 disulfide 
bridge in human IL-2 (3), with analogous 
Cys54-Cys96 and Cys46-Cys99 links in the 
human GM-CSF and IL-4 structures (4, 5), 
respectively (Fig. 2A). Similar helices and 
loops are also encoded by like exons in 
IL-2, GM-CSF, and IL-4 genes (Fig. 2) (1). 

A tertiary model of the human IL-2 
structure, similar to GM-CSF/IL-4, that 
incorporates the predicted a and f3 seg- 
ments can be uarsimoniouslv accommodat- 
ed by the exi'sting x-ray sc'affold if a few 
changes are made (compare Fig. 1, A and 
B): (i) the four core helices of the x-ray 
bundle-2-2', 3, 4, and 6-are replaced by 
model helices B, C,  A, and D while retain- 
ing only the 2'-3 (now B-C) loop; (ii) the 
long A-B crossover loop of the model in- 
cludes a short helical segment (spatially 
eauivalent to x-rav helix 5) and a B strand 
wkich now forms a link to ;he "do;nwardn 
chain (Fig. IB) of a meandering loop that 
connects extracore x-ray helix 1 to 2. There 
is no counteruart to x-rav helix 1; (iii) the . , 

long C-D crossover loop of the model traces 
a chain across the space occupied by x-ray 
helix 1, through the "upward" part of the 
loose x-ray 1-2 loop to form a second short 
p strand that leads to COOH-terminal 
model helix D; (iv) the model requires a 

Fig. 1. Comparison of 
x-ray-derived and mod- 
el folds of IL-2. (A) Sche- 
matic drawing of the IL-2 
x-ray helix bundle (3). 
Cylindrical helices are 
marked 1 to 6. Loops are 
drawn as loose ribbons; 
Pro4' (P47) is marked. 
The disulfide is noted by 
linked spheres. In the 
GM-CSFIIL-4-like IL-2 
model (B), the chain 
through the core helices 
is retraced and recon- 
nected, the disulfide 
bridae is relocated, the 

the protein chain may have to be retraced 
and several l o o ~ s  rebuilt in order to link the 
core helices in the new topology. Difficulty 
in interpreting the electron density map at 
medium resolution is the likely cause of 
these errors (12). The backbone course of 
the proposed long loops was perhaps ambig- 
ous because density was poor, a salt bridge 
or bulkv side chain could have mimicked 
the disulfide link, and a correct sequence 
tracing through the core helices might have 
been impeded by unresolved side chains. 
Indeed, of the several "tether" points locat- 
ed by the x-ray analysis to guide the chain 
tracing (3), only the heavy atom-aided po- 
sitioning of Cys'25 in COOH-terminal helix 
6 (D in Fig. 1B) remains fully consistent 
with the new IL-2 topology. Similar mistrac- 
ings of the structures of ras p21 and HIV-1 
protease (1 3) have occurred recently. 

Among structure modification tech- 
niques, fine deletion mapping analyses of 
GM-CSF have proved effective in outlining 
structurally important regions of the chain 
before the determination of the GM-CSF 
x-ray fold (Fig. 2) (4, 14). An analogous, 
exhaustive structure mapping of mouse IL-2 
(15) should prove equally diagnostic of the 
helix boundaries in IL-2. These results are 
more supportive of the model IL-2 second- 
ary structure (Fig. 2): the x-ray determined 
helices appear too short (helix I) ,  lie in 
apparently nonessential (loop-like) regions 
(helices 2-2' and 5), or are out of register 
with the critical zones (helices 3 and 4). 

Another line of inquiry that is distinctly 
at odds with the x-ray findings concerns the 
mapping of receptor-binding epitopes in the 
folded IL-2 molecule. The cellular IL-2 

- 
existence of a small p 
sheet is proposed (4, 5); IL-2 (x-ray) 

Pro65 (P65) is marked. Only helix D remains fully equivalent 

.f 
C-D 

NH2 

IL-2 (model) 

in sequence to x-ray helix 6. 
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receptor complex likely consists of at least served AspZ0 after x-ray helix 1 (16). A 1B). Also, mutagenic perturbation of either 
three receptor subunits, two of which-the third, y-chain receptor binding epitope AspZ0 or Gln126 produces a similar func- 
low-affinity p55 a chain and intermediate- centers instead on GlnlZ6 in the COOH- tional effect, which suggests that they are 
affinity p75 P chain-have been completely terminal helix (1 7). Unlike the x-ray struc- exposed on a common face for recognition 
elucidated (2). The p55 binding site has ture, the model places the two p55 epitopes by closely interacting P- and y-chain IL-2 
been localized to the x-ray helices 2 and 5, in close proximity in paired A-B and C-D receptors (17). In the model IL-2 structure 
while p75 likely interacts with the con- loops at the "top" end of the bundle (Fig. these two critical amino acids are clustered 
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Fig. 2. Structure-based alignment of IL-2, GM-CSF, and IL-4 sequences 
and summary of deletion studies. Available IL-2, GM-CSF, and IL-4 
sequences are from mouse (Mo), rat (Rt), bovine (Bo), sheep (Sh), pig 
(Pg), and human (Hu) species (1, 23). An asterisk indicates the insertion 
of sequence TAEA(Q),, in mouse IL-2. Exon boundaries in the cognate 
genes feature a vertical marker; A0 indicates phase 0 introns. Positional 
similarity between the three cytokines is marked by reverse lettering 
[criteria of (18)]; functionally important NHz- and COOH-terminal helices 
share a greater identity (6, 18). Regions of structural overlap between 
GM-CSF and IL-4 are noted by arrows; 112 Ca pos~tions in the two-helix 
bundle cores can be superimposed with a root-mean-square (rms) 
deviation of 1.48 A; 16 additional Ca atoms in loops increase the rms 
deviation to -1.58 A. A like degree of similarity is predicted between IL-2 
and either GM-CSF or IL-4. Cysteine residues that form disulfide bridges 
(shown) are italicized in reverse-letter. Possible N-glycosylated aspar- 

agines are underlined. Model helices in IL-2 (9) and the determined 
helices in GM-CSF (4) and IL-4 (5) are boxed and bottom-labeled A to D, 
and x-ray helices for IL-2 are top-labeled 1 to 6. Extra-core helices and P 
strands (and x-ray helices 1 and 5) are noted by shaded boxes. Asp 20 in 
IL-2, and analogous Gluzl and Glu9 residues in GM-CSF and IL-4, 
respectively [important in receptor binding (1&18)] are distinguished by 
italics. Deletion maps for mouse IL-2 (15) indicate structurally critical 
regions of the chain (deletions in hatched and white boxes are the 
50.05% and 510% of wild-type activity, respectively). For human and 
mouse GM-CSF (14), hatched and white boxes mark sensitive regions of 
50.01% and 1 .O% of wild-type activity, respectively. Blank areas between 
critical regions can be deleted with only moderate loss of activity (14, 15). 
Abbreviations for the amino acid residues are as follows. A, Ala; C, Cys; 
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K,  Lys; L, Leu; M, Met; N, Asn; 
P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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on adjacent helices A and D (Fig. 1B). 
Homologous residues in a similar structural 
setting are proposed for GM-CSF and other 
cytokines that also bind to receptors of the 
hematopoietic supergroup (1 8). 

There remain other computational ap- 
proaches to gauging the correctness of the 
structure with existing coordinates (12, 
19). However, there now appears to be 
sufficient evidence to merit a reappraisal of 
the IL-2 x-ray fold (3). As in other cases 
(20), the utility of the new model lies in 
simulating further experiments and a full 
refinement of the IL-2 structure. 

J. Fernando Bazan 
Department of Biochemistry and Biophysics, 

University of California, 
San Francisco, C A  94 143-0448 
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Response: In answer to the comment by 
Bazan, we have completed a refinement of a 
molecular model of human recombinant 
interleukin-2 (IL-2) in which Cys12' is re- 
placed with alanine ([Ala'25]IL-2) (1). The 
x-ray crystallographic data have a resolu- 
tion of 2.5 A and were collected by diffrac- 
tometer on triclinic crystals, as previously 
reported (2). We used the program FRA- 
GLE (DuPont version 6.6dup) (3), which 
allows one to replace manually built seg- 
ments of a model with molecular fragments 
of refined protein structures, to build mod- 
els of the two independent molecules in the 
unit cell. We used the program XPLOR (4) 
to refine molecular models with simulated 
annealing and restrained least-squares posi- 
tional refinement. Phase combination be- 
tween phases computed from a molecular 
model and "solvent-flattened" phases (that 
is, model-independent phases computed 
from a solvent-flattened multiple isomor- 

correctness of our current model. (i) The 
refinement statistics are consistent with a 
correct structure. (ii) The folding topology 
is consistent with that of GM-CSF (6) and 
IL-4 (7). (iii) Residues that are widely 
separated in the primary sequence of mouse 
IL-2 have been identified by exhaustive 
substitution mutagenesis with binding to 
either the p55 or the p70 receptor subunit. 
In our current model, these residues map to 
two contiguous patches on the surface of 
the human [Ala'25]IL-2 structure (8). 

Historically, methods such as chemical 
modification in crystals have been used to 
identify specific amino acids or amino acid 
types, which serve as "brass tacks" to pin 
down the sequence of a protein model into a 
relatively noisy map (9). In the case of IL-2, 
Cys'25 was identified correctly (2) as a site at 
which mercurials bind in crystals of IL-2, but 
do not bind in crystals of [Ala'25]IL-2. Also, 
crystals were iodinated in an attempt to 
identify tyrosines and place the reminder of 
the sequence in register in the maps. The 
major site of iodination in the crystal was 
assumed incorrectly to correspond to the 

Fig. 1. Stereogram of a portion of the final (2F0 - F,)exp(ia) map; phases computed as described in (1). 
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Fig. 2. (A) Stereogram of Ca atom backbone 
trace of one [Ala125]IL-2 molecule. (B) Sche- 
matic drawing of [Ala125]IL-2; helices shown as 
cylinders; picture produced by a program writ- 
ten by A. M. Lesk and K. D. Hardman (10). 
Disulfide is shown in both figures. 

predominant site of iodination in solution, 
Tyr45. However, the major site of iodination 
in the crystal can now be identified as 
Tvrlo7, which has side chain packs adjacent 
to'helk B, near the kink induced by in 
the helix. The earlier assignment of Pro47 to 
the proline in helix B, and Tyr45 to the' 
residue whose side chain was adjacent to the 
iodine site, led to our misinterpretation of 
the connectivity of the IL-2 molecule. 

David B. McKay 
Department of Cell Biology, 

Stanford University Medical Center, 
Stanford, CA  94305-5400 
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