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Interleukin-1  receptor  antagonist  (IL-Ira) is a natural 
competitive  antagonist  of IL-1. In order  to  further  elu- 
cidate  the  mechanism by which  IL-lra  binds  without 
activating  the IL-1 receptor,  we  have  solved  the  crystal 
structure  of  IL-lra  at 2.0-A resolution.  IL-lra  has  the 
same  overall ptrefoil fold as IL-la and  IL-lP  and  has a 
very  similar  hydrophobic  core.  However,  there  are a 
number  of  structural  differences  between  the  molecules, 
including  significant  differences  at  the open end  of  the 
P-barrel,  which  has  been  identified  in  IL-lP  as  a  recep- 
tor  binding site. 

IL-lra' is a member of the interleukin-1  family  (Eisenberg  et 
al. 19911, which has two  other  characterized  members, IL-la 
and  IL-1p. These three cytokines  bind  with  high  affinity to the 
type I IL-1 receptor  (IL-1RI)  found  on  many  cells  including 
T-cells, fibroblasts, and endothelial  cells.  Binding of IL-la  and 
IL- lp  to IL-1RI results in multiple  cellular  responses  including 
EGF receptor  down-modulation,  IL-1RI  internalization,  and in- 
creased  prostaglandin E, production;  however,  IL-lra's  binding 
to  this  receptor  does  not  elicit a detectable biological response 
and completely  blocks  the  binding of IL-lo! and IL-1p (Hannum 
et al., 1990;  Dinarello and Thompson,  1991;  Dripps  et al., 
1991a). A second  IL-1  receptor, IL-lRII, is predominantly  ex- 
pressed  on B cells,  monocytes,  macrophages, and neutrophils 
(Chizzonite  et al., 1989;  Bomsztyk  et al., 1989).  IL-lra  and 
IL-la bind to IL-1RII with  lower  affinity than IL-1p (Dripps,  et 
al. 1991b).  The biological function of IL-1RII is not  known, 
although it has been shown  recently that IL-1RII may inhibit 
the activity of IL-1  by  functioning as a decoy receptor  (Colotta 
et al., 1993). 

We have  solved the structure of IL-lra at 2.0-6; resolution as 
a par t  of our  program to understand the mechanism  by  which 
IL-lra binds to the IL-1RI without  eliciting a biological re- 
sponse.  IL-lra shares 26% sequence  identity  with IL lp  and  
13%  identity with IL-lo! (Eisenberg  et  al.,  1990)  (Table I). The 
three-dimensional  structures of IL-lo! and IL-1p have been 
determined by  x-ray  crystallography and heteronuclear NMR 
spectroscopy  (Finzel  et al., 1989;  Priestle  et al., 1989;  Graves  et 
al., 1990;  Clore  et al., 1991; Shaanan et al., 1992).  These  two 
proteins exhibit a p-trefoil topology characterized  by six 
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nist; IGla,  interleukin-la; IL-lp, interleukin-lp; IGlRI, type I inter- 
The abbreviations used are: IGlra, interleukin-1 receptor antago- 

leukin-1 receptor; IL-lRII, type I1 interleukin-1 receptor; PEG,  polyeth- 
ylene glycol; MES, 2-(N-morpholino)ethanesulfonic acid;  MOPS, 3-(N- 
morpho1ino)propanesulfonic acid; Ca, a carbon; RMSD, root mean 
square deviation. 

p-strands forming a P-barrel,  which is closed at one  end  by 
another six p-strands. The structure of IL-lra was  solved  by 
molecular  replacement  using  models  derived  from the struc- 
ture of IL-1p. IL-lra  shows  the  same  overall fold as the other 
IL-1  proteins. Two regions of significant  structural  difference 
between  IL-lra and IL-lp  were  observed. The first  region con- 
sists of residues 83-95 of IL-lra. This region  contains the N- 
linked  glycosylation site of IL-lra  and has low sequence homol- 
ogy to IL-1p. The  second  region  is  located at the top of the 
p-barrel,  which  is  implicated  by  site-directed  mutagenesis 
studies in the interaction of IL-1RI with IL-1p. 

EXPERIMENTAL  PROCEDURES 
Crystallization and Data Collection-Recombinant  wild type and 

cysteine-to-serine analogs (IL-lra:C66S and IL-lra:C122S) of human 
IL-lra were purified by  ion exchange chromatography from Escherichia 
coli lysates as previously  described (Dripps et al., 1991a). The cysteine- 
to-serine changes did not affect the affinity of the proteins for IGlRI 

vapor  diffusion  method at 20  "C, using 25%  PEG 8000,  0.8 M NaCl,  10 
(data not shown).  Triclinic crystals were  grown by the hanging drop 

m MES,  pH  6.0, as the precipitant. The hanging drop contained a 1:l 
mixture of precipitant and recombinant IL-lra  at 21 mdml in 10 m 
MOPS,  pH  7.0. Crystals suitable for data collection  grew  over a period 
of several weeks and required successive rounds of seeding. Large crys- 
tals (1.2 x 0.2 x 0.1 mm)  were transferred to an artificial mother liquor 
(30%  PEG  8000,  0.85 M NaCl, 50 m MES,  pH 6.0) to prevent further 
growth since the crystals were  prone to twin. Tetragonal crystals were 
similarly grown using 30%  PEG 8000,0.6 M NaCl,  50 m MES, pH 6.0, 
as the precipitant. 

Diffraction data were  collected at  room temperature on a Rigaku 
R-Axis  I1 a t  Molecular Structure Corp. and processed using the R-Axis 
data processing  package (Sato et al., 1992). The triclinic crystals belong 
to the space group P, with unit cell dimensions of a = 58.75 A, b = 43.81 
A, c = 35.84 A, a = 65.2", p = 104.8", 7 = 108.3' and have 2 moleculed 
asymmetric unit. The tetragonal crystals belong  to the space group 
P4,2,2, with unit cell dimensions of a = b = 71.11 A, c = 112.6A, a = p 
= 7 = 90" and also contain 2 moleculedasymmetric unit. 

Diffraction data from native and mercury soaked crystals were  col- 
lected for both  space groups (Table 11). The native triclinic data were 
collected  from an IL-lra:C66S crystal, while the native tetragonal data 
were  collected  from a wild type crystal. Because there  are no disulfide 
bonds in wild  type human IL-lra (Stockman et al., 1992) and IGlra: 
C66S crystallizes isomorphously with recombinant wild type IL-lra, we 
anticipated that  the structure of IL-lra:C66S would  be virtually iden- 
tical to  the  structure of wild  type IL-lra. Data were  also  collected on 
several derivative crystals; HG1 was a wild type I L l r a  triclinic crystal 
soaked  for  12 h at 5% saturated concentration of 2,6-dichloromercuri- 
4-nitrophenol in artificial mother liquor. HG2 was an IL-lra:Cl22S 
triclinic crystal soaked for 18 h at 10% saturated concentration of 
2-chloromercuri-4-nitrophenol in mother liquor. HG3 was a wild type 
I L l r a  tetragonal crystal soaked for 4 days in 1 m GHgI,, 10 m KI. 
HG4 was an IGlra:C66S tetragonal crystal soaked  for 21 h at 10% 
saturated concentration of 2-chloromercuri-4-nitrophenol in mother liq- 
uor. However, the unit cell  dimensions of these crystals differed  from 
the native crystal by approximately 4%, and  the heavy atom positions 
could not be unambiguously determined from  difference Patterson 
maps. We therefore solved the structure by molecular replacement. 

Determination of Molecular  Replacement Positions-Two different 
molecular replacement methods were  used to identify the molecular 
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Structure of IL-lra 12875 
TABLE I 

Sequences of IL-lra,  IL-la,  and  IL-lp, aligned from their x-ray structures 

residues are shown in italics. The p-strands of IL-lra  are marked with double underlines. Breaks are inserted in  the sequences before and afker 
Residues whose Ca positions are conserved to within 2.0 A are shown in bold.  Sequences  conserved  between IL-lra and IL-1p over 3 or more 

the p-strands. The residues corresponding to 84-94 in  IL-lra show particularly poor alignment between the  three  structures. 

IL-la 
IL-lra 
IL- 1p 
@-Strands 

I L l a  
IL-lra 
I L l p  
p-Strands 

I L l a  
I L l r a  
I L l p  
&Strands 

IL-la 
IL-lra 
IL-lP 
P-Strands 

SSPFSFLSNVKYNFMRIIK Y-EFILN DALNQ SIIRA NDQ YLTAAALH "NLDEA 51 
""""" RPSGRKSSK MQAPRIW DVNQK TFYLR  N-N  QLVAGYLQ GPNVNLE 43 
"""""  "" APVR SLNCTLR DSQQK SLVMS GPY ELKALHLQ GQDMEQQ 39 

~""" _ ~ " _  - - - - - - - "~"  

s1 
- - - - - - - - - - - - - - - 

s2 53 

VXFDMC  AYKSSKDDA--KI  TVILRI  SKTQ  LYVTAQD  --E DQPVLLKEM 95 
EKIDW PI----EP----H  ALFLGI  HGGK MCLSCVK SGD ETRLQLEAV 83 
WFSMS FVQG"EESNDK1 PVALGL KEKN LYLSCVL KDD KPTLQLESV 85 
""" 
""" 

s4 
""" _ ~ " _ ~  

s5 
""~" ~ - - - - - - - - - - - - - - - 

S6  
- - - - - - - - - 

s7 

---PEIPKTITGS-ETNLL  FFWETH  GT M F T  SVAHPN  LFIAT  K-QD- 137 
---NITDLSENRKQDKRFA  FIRSDS GP TTSFE SMCPG WFLCT M E A D  128 
DPKNYPKKK"---EKRFV FNXIEI NN KLEFE SAQFPN WYIST SQAEN 129 

""" 
""" 

S8 
~""  _ ~ " _  

s9 
_"" _ ~ " _  
s10 

YVWCLA  GG---PPSIT DFQILEN QA 159 
QPVSLT NMPDEGVMW KFYFQED E- 152 
MPWLG GT-KGGQDIT DFTMQFV SS 153 
""" _ ~ " "  
Sll 

" ~ _ " ~  - - - - - - - 

512 

TABLE I1 
Data collection and molecular  replacement results 

A. Statistics for x-ray  data  collection 

X-ray data 
Triclinic  Tetragonal 

Native HG1 HG2 Native HG3  HG4 

Protein C66S Wild type c122s Wild type Wild type C66S 
Resolution (A) 15.00 - 2.75 15.00 - 2.50 15.00 - 2.30 8.00 - 2.00 15.00 - 2.40 15.00 - 3.00 
Data coverage (%) 92.9 90.3 91.3 95.6 98.6 92.4 
Raw (%)" 6.9 6.7 8.1 6.9 5.1 5.5 

B. Euler angle rotation  function values for molecular  replacement 

Program  Resolution  Molecule 0, O? 0, 

A 
MERLOT 8.00 - 4.00 Triclinic  molecule 1 294.4"  71.5"  177.7" 

Triclinic  molecule 2 167.4" 
Triclinic  molecule 1 294.7"  64.8" 177.0" 
Triclinic  molecule 2 115.5"  91.4"  167.9" 
Tetragonal molecule 1 319.7"  13.3"  235.1" 
Tetragonal molecule 2 152.2"  28.0" 161.9" 

X-PLOR 
113.9"  87.2" 

8.00 - 2.75 

8.00 - 3.00 

C. Fractional translation function values for molecular  replacement 

Rogram Resolution  Molecule X Y 2 

A 
MERLOT 8.00 - 4.00  Triclinic  molecule 1 0.496  0.997  0.468 

Triclinic  molecule 2 
X-PLOR 8.00 - 2.75 

0.000 0.000 0.000 
Triclinic  molecule 1 0.475 0.000 0.492 
Triclinic  molecule 2 0.000 0.000 0.000 
Tetragonal molecule 1 0.125  0.232  0.375 
Tetragonal molecule 2 0.393  0.768  0.357 

8.00 - 3.00 

a R,, = Z,X, I I,,, - In I B,,Z,I",,, where I, is  the mean intensity of i observations of reflection  n. 

orientations in  the triclinic crystal form. First, an initial search model 
was constructed from the backbone and carbons from residues 12-33, 
39-48, 56-69, 80-87, and 99-152  of the refined structure of IL-1p 
(Priestle et al., 1989) (see Eisenberg et al. (1990)  for sequence alignment 
of IL-lra and IL-lp  and Table I for structural alignment). A self-rotation 
function revealed that  the asymmetric unit had 2 molecules related by 
a non-crystallographic two-fold  symmetry. The orientations of the two 
IL-lra molecules in  the asymmetric unit were determined using the  fast 
rotation function and  translation function in  the program package, 
MERLOT (Fitzgerald, 1967) (Table 11). Second, a model structure of 
IL-lra from residues 7 to 152 was generated from the refined structure 
of IGlP (Priestle et al., 1989) using FRODO (Jones, 1978) to replace 
I L l p  side chains with the corresponding IL-lra side chains and to 
perform initial geometric refinement. The program X-PLOR (Briinger et 
al., 1987) was then used with the backbone and p carbon atoms of this 
model to perform Patterson searches, PC refinement, and translational 

searches (Briinger, 1990) (Table 11, parts b and c). This procedure 
clearly identified orientations similar to  those determined by  MERLOT 
for  both of the molecules in  the asymmetric unit. 

Confirmation of Molecular  Replacement  Positions-While  none of the 
derivatized crystals were  sufficiently  isomorphous with the native crys- 
tals to  provide useful phase information for either space group, the data 
were  used to check the correctness of the orientations determined in  the 
molecular replacement searches. Difference electron density maps were 
calculated using model-derived phases and intensity data from mercury 
derivatized crystals (data not  shown). In all cases, the maps showed 
peaks of density (>5 a) at positions near  the cysteine residues of both 
IL-lra molecules in  the asymmetric unit,  but  the peaks were  not seen in 
data from crystals where the cysteine residues had been mutated to 
serine. We were therefore confident that  the molecular replacement 
orientations were correct for  both  space  groups. 

Refinement of Structures-The structure of IL-lra was  refined on the 
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FIG. 1. PaneZ a, W, - F, map of the present structure of IL-lra 

molecule 1, which lies in strand 7. Panel b, ribbon diagram of IL-lra 
&LC2.0-A resolution), contoured at 1 u. The map is centered on Lf57 of 

viewed  down the pseudo-3-fold axis of the p barrel (Zeft) and rotated 90" 
(right). The f3 strands are shown in red, green, and blue for the k t ,  
second, and third trefoil, respectively.  The three short 3,, helices are 
ahown in yellow and are located at residues 37-43,84-88, and 92-99. 
The Grst two of these helices were also found in the NMR structure, but 
the  third helix was not seen, presumably because no assignments were 
made for residues 94 and 95 in the NMR structure. Panel c, schematic 
diagram of IL-lra showing the overall topology of the p-trefoil  fold. The 
p-sheet assignments of our x-ray structure (using deviation of the (4,JI) 

follows: S1, Metlo-Tkplg; 52, W-Arrg26; S3, Gln=-Gln%; S4, Gluu- 
angles from the ideal angles (-140", 135") (Richardson, 1981)) are as 

Val4s; 55, Ala*-Ilew; S6, Metss-Lys7'; S7, G1uT6-Valm; S8, Phe'w-Serio6. 
S9, Thr'08_G1u11z; S10, Trp11s-Thr'23; Sll ,  Gln'28-Thr1s4; 512, Lys'&: 
AsplS1. The loop regions between the  strands are as follows:  L1-2, 
Asp17-Lys21;  LZ-3, Asnp7-Asna; L3-4, G137-Glum; W, Prom-HisM; 
L5-6, HisG1-Lysa; L6-7, Ser72-AspT4; L7-8, AsnM-Alass;  L&9,  Gly"- 
Pro1w; L9-10, SeP3-G1yuB; L10-11,  Ala*-Asp-;  L11-12, AsnlS6- 
Thria. 
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15th  residue of IL-lra is labeled. Panel b, stereo  view of the a carbon  backbones  of &la, IL-lp, and IL-lra, color-coded  by  hydrophobicity 
Fro. 2. Panel a ,  sterec . __ _ _  __ __ _ _ _  J..-lra (green) and IL-lp (red), viewed  down the pseudo-3-fold axis of the p barrel.  Every 

(redyeZlow-green-blue for most hydrophobic to most  hydrophilic).  There  are 6 structurally  conserved  hydrophobic  residues in the strands that form 
the walls of the p-barrel,  and another  5 in the strands that close off the bottom  of the  barrel.  The  hydrophobic  residues  conserved  between &la, 
IL-lp, and IL-lra  are as follows. Sides of  barrel:  for IL-la, the residues y e  Le~~~-Val~-Leu~-Ile~~-Val~~-Val~; for IL-lp, the residues are Leu1"- 
Valm-Leu@"LeuM-Leum-Leum; for IL-lra, the residues are Ile16-Leu66-Leu68-Ile~-Leus7-Leu7~. Bottom  of  barrel:  for ILla, the residues are Leusg- 
Valw-Leu88-Va11S6-Leu13*; for ILlp, the residues  are Le~26-Leu~~Leu~~-Val~~-Leu~~'; for IL-lra, the residues  are Leu30-Leu7s-Leum-Va1131-Leu1~. 

tations of the partially refined IL-lra  structure  in  the tetragonal 
unit cell. In both cases the positions of the molecular  replace- 
ment solutions were confiied from  heavy atom derivative 
data, as described under "Experimental Procedures." 

The triclinic IL-lra structure was  refined using X-PLOR. 
Initially, strict non-crystallographic symmetry was enforced  be- 
tween the two subunits  (Structures l and 2 in Table 1111, and 
the structure was refined by conjugate gradient minimization, 
simulated annealing, and  manual model building into 2 F 0  - F, 
maps. This was followed  by refinement in which the two mol- 
ecules  were  allowed to diverge.  Finally,  group temperature fac- 
tors were  refined (Structure 3 in Table 111). No water molecules 
were  added to the structure. The final triclinic model had an 
R-factor of 22.9%  (Table 111). 

The tetragonal structure was refined in the same way (Struc- 
tures 4-6 in Table 111). The last  step in the refinement was to 
add a total of 74 water molecules (Structure 7 in Table 111). The 
only  region of IL-lra  that required major  modification  from the 
triclinic model was residues 84-94, which  were  poorly  defined 
in the triclinic structure. The final tetragonal model consists of 
2338  non-hydrogen atoms plus 74 water molecules. The first 10 

residues (Meto to Lyss) were  not  well  defined in  the electron 
density maps. The agreement of the atomic  model with crys- 
tallographic data at the present stage of refinement is charac- 
terized by an R-factor of 23.6%  (Fig. la and Table 111). The ac- 
curacy of the  IL-lra  structure is supported by the free R-factor 
(Brhger, 1992),  which is 31.7% after simulated annealing to 
3000" and recalculation of the B-factors. A Ramachandran plot 
of the +$ torsion angles of the polypeptide chain indicate that 
only 2 non-glycine residues (AsnZ1 and Asps2) have conforma- 
tions outside the allowed  regions.  Both of these residues are  in 
loops that make close intermolecular contacts in the crystal. 

Stmcture of IL-lra: Overall  Ibpology-IL-lra exhibits an 
overall  folding  topology,  which has been termed the &trefoil 
fold (Murzin et al., 1992). Other proteins known to have this 
folding topology are IL-la, IL-lp, acidic and basic fibroblast 
growth factor,  soybean trypsin inhibitor, Elythrinu caffra tryp- 
sin inhibitor, the wheat proteinase Wa-amylase inhibitor, and 
the pH-sensitive actin-binding protein hisactophilin (Graves et 
al., 1990; Finzel et al., 1989;  Clore et al., 1991;  Zhu et al., 1991; 
Eriksson et al., 1991;  Zhang et al., 1991; Onesti et al., 1991; 
Zemke et al., 1991; Habazettl et al., 1992). As shown in Fig. 1 ( b  
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and c),  IL-lra  has 12 P-strands (Sl-S12), which  form three 
p-trefoils.  Each  trefoil  consists of four p-strands. The first and 
last  strands of each  trefoil (Sl, S4, S5, S8,  S9,  and  S12)  pack  in 
an up-and-down manner to form a six-stranded &barrel. The 
barrel is closed at  one end by the other six a-strands. The 
approximate  dimensions of the molecule are 25 A across the top 
(open  end of the P-barrel), 35 A across the bottom, and 25 A 
from the top to the bottom of the barrel. The  loops  connecting 
the P-strands vary  considerably in length and in conformation. 
Eight of the loops are compact (Ll-2, L2-3, L4-5, L5-6, LG7, 
L8-9,  L9-10, and LlO-111, consisting of 2-6 residues, while the 
other three loops  connecting the third and fourth strands in 
each  trefoil (L3-4, L7-8, and Lll-12) have  between 7 and 16 
residues. Three short 3,, helices are present in L 3 4  and L7-8 
between residues 3743,84-88, and 92-99. 

The  secondary structure of IL-lra  has been determined by 
three-dimensional NMR (Stockman et al., 1992). A comparison 
of the 0-strand assignments from the x-ray structure with the 
assignments determined by NMR showed  very  good agreement, 
averaging 2 2-residue  difference  between the independent as- 
signments of each strand (Fig. lb). The  hydrogen-bonding pat- 
tern deduced  from NMR studies is also  consistent  with all the 
relative positions of the residues on adjacent P-strands in the 
x-ray structure. A homology-built  model  of IL-lra (Veerapan- 
dian, 1992)  was  also  compared to the cystal structure. The 
RMSD between these sipctures is 1.10 A for the Ca atoms in 
the P-strands and 2.88 A for all the Ca atoms. As expected, the 
p-strands that form the  structural core of the molecule  were 
modeled reasonably  well,  whereas  most of the loops  were less 
precisely  modeled. 

Comparison of IL-lra with IL-la and IL-l&As shown in 
Fig. 2u,  the refined structure of IL-lra is similar to the struc- 
tures of IL-la and IL-lP.  The RMSD between Ca atoms in 
IL-lra and IL-10, ignoring insertions and deletions (see Table 

I), is 2.7 A, while the RMSD between the a carbons in the P 
strands is 1.0 A. The coyesponding RMSDs between IL-lra 
and IL-la are 2.7 and 1.2A,  while the RMSDs between IL-la 
and I L l P  are 3.6 and 1.0 A. Over  70%  of the residues that are 
identical in IL-lra and IL-1P are  in the P-strands. The  cores of 
the P-barrels are strongly  hydrophobic in all three proteins, 
with  many  hydrophobic residues conserved  between them (Fig. 
2b). Of the five  regions of IL-lra  that show  100%  sequence 
identity with  IL-1P  over 3 or more residues, four of these re-. 
gions  (Led7-Va170,  Leu7*-G1us1,  LysX-Pheg8, and Phe"'-Ala'14) 
are adjacent to each other on  one side of the molecule  (Table I 
and Fig. 2b). In IL-lp, residues in these four  highly  conserved 
regions  have  been  shown to be involved in forming a very early 
folding intermediate (Varley et al., 19931, suggesting that these 
regions  may be conserved  for structural purposes. 

There are also several notable structural differences  between 
IL-lra and ILlp.  The largest difference is shown in Fig. 2a and 
consists of residues 84-94 in L7-8 of IL-lra. This region lies on 
the side of the p barrel, along the edge of a large receptor 
binding site of IL-lP (see below), and shows  very  low sequence 
homology to IL-la or  IL-1P.  Only 1 residue in this region, Lysg3, 
is homologous to IL-lp by sequence alignment (Eisenberg et al., 
1990); howeyer, in the  structures  the Ca atoms of these resi- 
dues are 9.1 A apart. This region is also  different  in that native 
human IL-lra  has at  least two forms  glycosylated at  As#, in 
addition to the non-glycosylated  form (Hannum et al., 1990). 
Glycosylation  alone is not  responsible for the different struc- 
ture observed in  this region in  IL-lra, however,  since the  IL-lra 
used for structural studies was  produced in E. coli and there- 
fore  was  not  glycosylated. 

Other differences  between  IL-1P and IL-lra include  residues 
86-89 and 96-99,  which in L l P  form type-1 P-turns (Finzel et 
al., 1989),  whereas in IL-lra  the corresponding residues (84-88 
and 92-99) have the same hydrogen-bonding pattern (Richard- 

FIG. 3. Stereo  views  of  the  solvent 
accessible  surfaces  (calculated  by  the 
method  of Connolly (1983)), viewed 
down the  pseudo-3-fold axis, are 
shown  for I L l P  (fop) and E-lra (bot- 
tom). Residues are colored  by hydropho- 
bicity as described in legend to Fig. 2. Key 
residues are labeled. In IL-lp, residues 
A r g 4 ,  Lysg5, Gln48, G I U ~ ~ , A E ~ ~ ,  G1u'OS, and 
Asnlo8 form a  hydrophilic ridge around 
the 4 hydrophobic residues Val'?, IleK, 
Leu1l0, and Leu6. In IL-lra, only 1 of the 4 
hydrophobic residues is conserved (Leum), 
and the ridge of hydrophilic residues is 
greatly reduced in extent. Thus the region 
that forms a large receptor binding 
epitope of IL-lp is greatly altered in IL- 
Ira. 

I C  
I 
I 
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son, 1981) but form  more extensive 3,' helices. Another differ- 
ence between the structure: is  that L3-4 in  IL-lra  is shifted in 
position by as much as 6 A from the analogous loop in IL-lp, 
but  this difference  could be due to crystal packing. 

Differences in the Receptor Binding  Sites of I L - l p  and IL- 
Ira-Mutagenesis experiments on IL-lp indicate that a large 
number of residues are involved in type I IL-1R binding (Lab- 
riola-Tompkins et al., 1991).The largest identified binding 
epitope in IL-1p is located at  the open end of the p-barrel and 
consists of residues at  the amino and carboxyl termini, LA-5, 
L7-8,  and L9-10. In  this region, 7 hydrophilic residues (A&, 
Lysg3,  Gln4",  Glu5', Asd3, Glulo5, and Asn"') form a horseshoe- 
shaped ridge around 5 hydrophobic but solvent-accessible resi- 
dues (Leu6, Val47, Ile56,  Leu1l0, and V a P )  (see Fig. 3). There are 
no other areas on either molecule that  are  as hydrophobic as 
this  area of IL-lp, supporting a role in receptor binding. In 
IL-lra, however, L4-5 is considerably more  compact, with 6 
fewer residues, than  the corresponding loop in IL-1p (Fig. 2a). 
This, together with alterations at the positions structurally 
equivalent to Gln4', Glulo5, and Asn'" in  IL-lp, makes the 
solvent accessible surface of IL-lra much flatter  than the 
equivalent surface of IL-1p (Fig. 3). Furthermore, there is only 
1 hydrophobic solvent-accessible residue in this region of IL- 
Ira  (Led6). Thus the large binding epitope of IL-lp appears not 
to be structurally conserved in  IL-lra. This is consistent with 
mutagenesis experiments showing that none of the residues in 
this  area of IL-lra  are important for receptor binding (Eisen- 
berg et al., 19931.' 

There are 3 additional residues of IL-lp implicated in Type 1 
IL-1R interactions: Arg",  His3', and LYS,~~,  which lie at sepa- 
rate locations on the side of the p-barrel. Alignment of the 
tertiary  structures of IL-1p and IL-lra shows that  the  areas 
surrounding  these 3 residues are  structurally conserved in IL- 
Ira, with T r p 1 6  replacing kg1 ,  and w4 replacing His3'.  Mu- 
tagenesis of and T y r %  in  IL-lra results in analogs of 
IL-lra with reduced receptor binding activity (Evans et al., 
1991). L Y S ' ~ ~  in  IL-lra  is structurally homologous to Asp'45 in 
IL-lp, and  mutation of this residue in IL-lra to Asp results  in 
a protein with limited agonist activity (Ju et al. 1991). These, 
results suggest that these sites of receptor interaction are con- 
served in  IL-lra and IL-1p. 

CONCLUSIONS 
We have solved the  structure of IL-lra3  at 2.0-A resolution, 

by molecular replacement from the published structure of 
IL-1p (Finzel et al., 1989; Priestle et al., 1989; Graves et al., 
1990;  Clore et al., 1991; Shaanan et al., 1992). The sequence 
identity between IL-lra and IL-1p is low (26%), and for this 
reason we had to solve the structure in two stages, using firs: 
2.7-b; resolution data in the  P, space group and  then 2.0-A 
resolution data in the P4,2,2 space group. This approach ex- 
tends  the usefulness of molecular replacement to more dis- 
tantly  related proteins, where initial rotational and  transla- 
tional solutions are more  difficult to determine. We also used 
diffraction data from heavy atom derivatives to confirm the 
correctness of the molecular replacement solutions, even 
though the  data were not sufficiently isomorphous to generate 
useful phases. This methodology  provides a worthwhile check 
on molecular replacement solutions. 

Not  unexpectedly, a comparison of the  structures of IL-Ira 
and IL-lp show that their  structural similarities are much 
greater than their differences.  Both of these proteins have the 
same overall folding topology, a conserved  hydrophobic  core, 

~ ~~~ 
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and a small number of structurally conserved receptor binding 
residues. These similarities are consistent with the fact that 
IL-lra and IL-1p interact with the same cellular receptors, 
IL-1RI and IL-1RII. It is interesting, however, that  the greatest 
structural differences  between IL-lra and IL-1p are located in 
the region that  has been identified as  the major receptor bind- 
ing epitope in  IL-lp. Whether these differences are responsible 
for the respective antagonist and agonist activities of these 
molecules is yet to be elucidated. Additional studies, including 
site-directed mutagenesis and crystallographic studies of IL- 
Ira and IL-lp complexed with IL-1R1,  will  be required to fur- 
ther our understanding of these molecules' interactions. 
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