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ABSTRACT: Interleukin-1 (IL-1) F5 is a novel member of the IL-1 family. The IL-1 family are involved
in innate immune responses to infection and injury. These cytokines bind to specific receptors and cause
activation of NFκB and MAP kinase. IL-1F5 has a sequence identity of 44% to IL-1 receptor antagonist
(IL-1Ra), a natural antagonist of the IL-1 system. Here we report the crystal structure of IL-1F5 to a
resolution of 1.6 Å. It has the sameâ-trefoil fold as other IL-1 family members, and the hydrophobic
core is well conserved. However, there are substantial differences in the loop conformations, structures
that confer binding specificity for the cognate receptor to IL-1â and the antagonist IL-1Ra. Docking and
superimposition of the IL-1F5 structure suggest that is unlikely to bind to the interleukin1 receptor,
consistent with biochemical studies. The structure IL-1F5 lacks features that confer antagonist properties
on IL-1Ra, and we predict that like IL-1â it will act as an agonist. These studies give insights into how
distinct receptor specificities can evolve within related cytokine families.

Interleukin-1 F5 (IL-1F5),1 a novel member of the IL-1
family, shows significant sequence identity to the interleukin
1 receptor antagonist (IL-1Ra). The classical members of
the IL-1 family (IL-1R, IL-1â, IL-1Ra, and IL-18) are
cytokine ligands all involved in controlling inflammatory and
immune responses (1). IL-1R, IL-1â, and IL-18 are agonists
in these responses. They bind their cognate receptors, IL-
1RI and IL-18R, as binary complexes and recruit accessory
proteins (IL-1RAcP and IL-18RAcP) to form the active
signaling complex (2). The signaling pathways initiated by
them lead to activation of MAP kinases and the transcription
factor NFκB (3). By contrast, IL-1Ra inhibits the actions of
IL-1 at IL-1RI, binding to the receptor but not activating
any signaling pathways (4). More recently, six new members
of the IL-1 family have been discovered, named IL-1F5 to
IL-1F10 (5). Sequence identity over the family ranges from
13 to 56%, and particular interest has been focused on the
similarity between IL-1F5 and IL-1Ra. Although no IL-1Ra
like activity has been found for IL-1F5 (6), activation of an
NFκB reporter system by IL-1F9 is inhibited by IL1F5 in
cells transfected with IL-1Rrp2 (7). The extracellular regions

of IL-1RI and IL-18R consist of three immunoglobulin-like
domains (Ig domains) and belong to a family with a further
six members including IL-1RII, T1/ST2, IL-1Rrp2, APL,
TIGGIR, and SIGGIR (2).

The crystal structures of both IL-1â and IL-1Ra have been
solved as free ligands (8-11) and in complex with IL-1RI
(12, 13). The two structures have the same overallâ-trefoil
fold but differ somewhat in loop length and structure. IL-
1Ra binds to IL-1RI predominantly through interaction with
domains 1 and 2 of the receptor, whereas IL-1â makes
additional contacts with the membrane proximal domain 3,
resulting in a rotation of this domain by about 20° relative
to that of the IL-1Ra bound receptor. It is the interaction of
IL-1â with domain 3 that is thought to bring about the
conformation required to recruit the IL-1RAcP and activate
signaling. The structure of a trimeric complex of IL-1/IL-
1RI/IL-1RAcP has not been determined, but site-directed
mutagenesis experiments imply that certain amino acid
residues that do not affect receptor binding nevertheless
impair biological activity, probably due to their involvement
in the IL-1RAcP interaction. In particular, Lys145 of IL-
1Ra when converted to Asp, as found in IL-1â, converts the
antagonist to a partial agonist (14). This residue may
therefore be critical for the recruitment of the accessory
protein and for signal transduction.

Here we present the structure of murine IL-1F5 determined
by molecular replacement at 1.6 Å resolution. We examine
its structure in comparison to both IL-1â and IL-1Ra, and
identify regions of unique conformation. In conjunction with
the ligand bound IL-1RI structure and IL-1 mutagenesis
studies, we found that there are potential sites of receptor
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binding and accessory protein interaction in the IL-1F5
structure.

EXPERIMENTAL PROCEDURES

Expression and Purification of IL-1F5.The gene encoding
the murine IL-1F5 was inserted into pET21a expression
vector using NdeI and EcoRI restriction sites. The resulting
plasmid was transformed intoEscherichia colicell line
BL21(DE3). A single colony was used to inoculate 100 mL
of M9 medium supplemented with 5 g/L yeast extract and
100 µg/mL ampicillin and was grown overnight at 37°C.
This overnight culture was diluted 1 in 40 with the
supplemented M9 medium and grown to an OD600 of 0.6 at
37 °C. The culture was then induced with IPTG for 3 h at a
final concentration of 1 mM. Cells were harvested by
centrifugation and frozen at-80 °C overnight. Pellets were

then thawed and resuspended in 150 mL of NETN buffer
(20 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 8 plus
0.5% v/v NP-40). Cell lysis was achieved by incubation at
room temperature for 10 min with 200µg/mL lysozyme with
continuous rolling, followed by sonication for 5 min with 5
s pulses followed by 5 s of cooling. The suspension was
then cleared of insoluble material by centrifugation (38000g)
for 1 h. The soluble fraction was then precipitated with 50%
ammonium sulfate and pelleted by centrifugation at 12 000
rpm for 2 h. The supernatant was discarded, and the pellet
was stored at 4°C until use. The precipitated protein was
resuspended in 8 mL/L culture of 50 mM ammonium actetate
and applied to a preequilibrated sephadex G75 column
(Pharmacia). Fractions were collected and analyzed by SDS-
PAGE, and those containing IL-1F5 were pooled for further
chromatography. Fractions were freeze-dried and resus-

Table 1: Lattice and Refinement Statistics: X-ray Structure Determination

data collection and processing refinement statistics

space group P3221 resolution (Å) 39.5-1.6
cell dimension (Å) 78.9, 78.9, 69.7, 90, 90, 120 R factor (%) 20.2
resolution (Å) 39.5-1.58 R free factor (%) 21.2
wavelength (Å) 0.934 weighted rmsd from ideality
no of unique reflections 40560 bond length (Å) 0.005
mean redundancy (outer shell) 6.5 (7.0) bond angle (degree) 1.4
overall Rsym (outer shell) (%) 7.8 (47.8) dihedral angle (degree) 24.7
I/σ(I) (outer shell) 4.7 (1.4) total no. of protein atoms 1185
B overall (by Patternson) (Å2) 24.4 24 no. of waters 182

meanB value, protein (Å2) (main chain/side chain) 19.8/23.1
meanB value, water (Å2) 37

FIGURE 1: Structure-based sequence alignment of IL-1 homologues. Sequences were collected using a psi-Blast search were aligned using
CLUSTALW and FUGUE (27, 28). The alignment consists of murine IL-1F5 with six other members of theâ-trefoil family; IL-1Ra•hum,
human IL-1Ra (1IRP); IL-1â•hum, human IL-1â (1I1B); IL-1â•mur, murine IL-1 (2MIB); basicFGF•hum, human basic fibroblast growth
factor (2FGF); acidicFGF•hum, human acidic fibroblast growth factor (2AFG); the sequence of human IL-1F5 (IL-1F5•hum) is also
included.â-strands and helical structures of IL-1F5 are indicated with arrows and coils, respectively, and numbered according to their
succession. The cysteines that form a disulfide bond in IL-1F5 are also indicated by the green digit 1, and conserved residues which
contribute to the hydrophobic core are highlighted with a blue star. Residues are colored according to percentage equivalence.
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pended in 1 mL/L culture of 25 mM Tris-HCl, pH 8 and
loaded on a MonoQ column (Pharmacia) and eluted with an
increasing salt gradient of NaCl from 0 to 1 M NaCl. Two
milliliter fractions were collected, and IL-1F5 was found to
elute from the column at a concentration of 100 mM NaCl.
Protein was dialyzed into water before use in crystallization.
N-terminal amino acid sequencing and mass spectrometric
analysis confirmed the identity of the purified protein as
murine IL-1F5.

Protein Crystallization.Crystallization screens were car-
ried out using the vapor diffusion method in a hanging drop.
Crystal screen and crystal screen 2 from Hampton Research
were used. Protein at 5 mg/mL was mixed with precipitant
at a volume ratio of 1:1, and the drop is placed over the
reservoir of the precipitant at 18°C. Crystals appeared at
18 °C in two conditions, 10 mM cobalt chloride, 0.1 M KCl,
0.1 M HEPES, pH 7.5, 1.5 M ammonium sulfate, and 0.1
M KCl, 0.1 M HEPES, pH 7.5, 1.5 M ammonium sulfate,
respectively. Single crystals were obtained in 0.1 M KCl,
0.1 M HEPES, pH 7.5, 1.3 M ammonium sulfate by micro
seeding. A typical crystal grew to a size of 0.2× 0.08 ×
0.1 mm at 18°C in 10-14 days. Crystals were flash frozen
in liquid nitrogen stream at 100 K in cryoprotectant contain-
ing the precipitant and 25% glycerol. IL-1F5 crystallizes in
space group ofP3221 with unit cell dimensions ofa ) 78.93
Å, c ) 69.74 Å. There is one molecule in an asymmetric
unit with corresponding solvent content of 62.2% and
Matthews’ coefficient of 3.28 (see Table 1).

X-ray Data Collection and Processing.X-ray diffraction
data of single IL-1F5 crystal was collected at a resolution
of 1.5 Å at beam line ID14 EH2, Grenoble, France. Data
were processed at a resolution of 1.58 Å with MOSFLM
(15). Data were sorted, scaled, and truncated using CCP4
package (16) (Table 1). For further details of phase deter-
mination and refinement, see Supporting Information.

Homology Modeling and Docking.Homologues of IL-1F5
were searched using BLAST against a nonredundant data-
base. Sequence alignment of homologues was performed
using ClustalW (17) and subsequently edited by hand. The
alignment was used to generate a 3D model of murine IL-
1Rrp2 extracellular region (GB, gi 10644684) and was
computed with MODELLER (18) using the structure of
human IL-1RI (1ITB) as a template. The model with the
lowest energy and best geometry was selected and checked
with PROCHECK (19). IL-1F5 was docked to IL-1RI using
GRAMM 400 (20).

RESULTS AND DISCUSSION

High-Resolution Crystal Structure of IL-1F5.IL-1F5 has
44 and 24.5% sequence identity to human IL-1Ra and IL-
1â, respectively; therefore, it is expected that, like IL-1Ra
and IL-1â, it folds into aâ-trefoil structure (Figure 2). This
places it in a structural family that includes fibroblast growth
factor (FGF) (21), histactophilin (22), and soyabean trypsin
inhibitor (23). Figure 1 gives an alignment of seven family
members with the structure elements we find in IL-1F5
indicated. IL-1F5 consists of 12â-strands and 11 connecting
loops named according to the strands they connect (Figure
2). Val130 disrupts strand 11, and by comparison with IL-
1â these are designated 11a and 11b. Strands 1, 4, 5, 8, 9,
and 12 fold to make a six-stranded antiparallelâ-barrel,

FIGURE 2: Crystal structure of IL-1F5. Ribbon diagrams were
generated using MOLSCRIPT and RASTER3D (29) orientated
down (a) and perpendicular (b) to the barrel axis. Highlighted by
ball-and-stick representation are the cysteines involved in the
disulfide (which is indicated with a thin line) and residues from
loop 3-4; His31 and Lys34, loop 7-8; Lys92, postulated to be in
the receptor interaction region and Asp147 postulated to interact
with accessory protein. Nitrogen, oxygen, carbon and sulfur are
colored blue, red, black and yellow, respectively. Theâ-strands
are labeled 1 to 12. (c) Topology of the IL-1F5â-trefoil fold.
Secondary structure elements are determined using DSSP (29).
â-strands are indicated by arrows and helical structures by cylinders,
and numbers indicate the residues at which secondary structures
begin and end. Adapted and modified from Vigers et al. (12).
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which is closed off at one end by a cap consisting of a
triangular arrangement of threeâ-hairpins. The fold as a
whole may be described as consisting of three repeating units
of four â-strands, which gives the molecule a pseudo 3-fold
axis (Figure 2c). The barrel is closed off by the interaction
of strands 1 and 12, which is strengthened by a disulfide
bond between Cys7 and Cys153. The presence of this
disulfide was confirmed using mass spectrometric analysis
of alkylated fragments from IL-1F5 (data not shown). IL-
1F5 therefore differs from IL-1â, which does not have a
disulfide bridge and IL-1Ra, which does have one but in a
different location, between Cys 69 and Cys116 (11).

The barrel and cap structures are packed by highly
conserved hydrophobic residues, and are arranged in a

manner similar to that described for other members of the
â-trefoil family, with layers of residues formed by alternate
residues from each of theâ-strands in theâ-barrel and the
cap packed by one residue from each strand (24).

The Conformation of the Loops in IL-1F5 Are Substantially
Different to Those of IL-1â. Although the structural frame-
work of IL-1F5 is highly conserved, the loops connecting
theâ-strands vary considerably in length and structure when
compared to both IL-1â and IL-1Ra. Within each repeating
unit the loops connecting strands 1 to 2 and 2 to 3 are
hairpins belonging to a previously recognized class (25). By
contrast, longer and more variable loops connect strands 3
to 4 in each repeat (see Figure 2c). The three repeating units
are themselves connected byâ-hairpins, giving a total of 11

FIGURE 3: Comparison of the structure of IL-1F5 withΙL-1â and IL-1Ra. Stereoviews of CR-trace of IL-1F5 (magenta) superimposed on
(a) IL-1Ra: free form (cyan), bound to IL1RI (blue); (b) IL-1â: free form (black), bound to IL-1RI (brown); (c) free form of IL-1Ra (cyan)
and IL-1â (black). Figures should be viewed with stereo glasses and were generated using MOLSCRIPT. Some residues and loops of
IL-1-F5 are indicated.
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loops. There are two helical structures that are not found in
IL-1â or IL-1Ra: helix 1 consists of residues Leu30 to Lys34
in loop 3-4, and helix 2 is at the end of loop 7-8 from
residues Ile84 to Leu89. Our analysis suggests that these are
native conformations and are unlikely to be induced by
crystal packing because they are stabilized by bound water
molecules (see Supporting Information). In IL-1â these loops
make specific contacts with all three domains of the IL-1R.
It seems likely that the corresponding structures of IL-1F5
will also mediate specific binding to receptor.

Comparison of IL-1F5 with IL-1â and IL-1Ra.As expected
from the discussion above, the overall structure of IL-1F5
is similar to IL-1â and IL-1Ra. The main chain CR atoms
can be superimposed on those of IL-1â and IL-1Ra with
RMSD values of 1.02 and 1.04 Å, respectively, including
the loops. However, these values are 0.78 and 0.79 Å for
the framework region alone showing that most of the
structural variability is in the loops. Five major regions of
divergence occur from the structure of IL-1â (see the stereo
diagrams, Figure 3a-c).

(i) the N-terminal regions are displaced by as much as
7.5 Å from each other before the beginning of the firstâ
strand.

(ii) In loop 3-4 IL-1F5 has about 1.5 turns ofR-helix
compared to a short and differently positioned 310 helix in
IL-1â. In the complexes of IL-1â and IL-1Ra with receptor,
this 310 helix makes important “site A” contacts with the
linker region between domains 1 and 2 of the receptor (12,
13). In IL-1F5, the side chains of His31, Lys37, and Lys39
are exposed to solvent and would be available to make
corresponding interactions with the cognate receptor.

(iii) Loop 6-7 is shorter by one residue in the hairpin of
IL-1F5 causing the tips of the loops to diverge such that
they are 6 Å apart, with that of IL-1F5 pointing down toward
the â-barrel.

(iv) Loop 7-8, the longest loop in IL-1F5, varies
considerably from that of IL-1â; helix 2, which is not found
in IL-1â is located in this region. There is a hydrophobic
patch, similar to one found in IL-1Ra and consisting of
residues Val82, Leu87, and Phe97, and also contributed to
by Val44 and Ile51, that is not present in IL-1â. These
hydrophobic residues pack this helical segment to the
framework. By contrast, in IL-1â the introduction of a
tyrosine at the position equivalent to Leu87 and also Ser45
at the position equivalent to Val44, disrupts the hydrophobic
patch. This loop in IL-1â contains the positively charged
residues Lys93 and Lys94, which contact domain 3 of IL-
1RI. In IL-1F5, the corresponding residues Tyr88, Glu93,
and Lys95, whose side-chains are solvent exposed, would
be accessible to interact with domain 3 of the cognate
receptor, but presumably with a specificity distinct to that
of IL-1â.

(v) Loop 11-12 of IL-1F5 has a four-residue insertion in
it that extends this loop further out into the solvent
perpendicular to the barrel axis. This loop may have
functional implications for the molecule (see below).

Structural Differences with IL-1Ra Suggest that IL-1F5
Is an Agonist.IL-1Ra can bind to IL-1RI with high affinity
by interacting with receptor domains 1 and 2. Antagonist
properties are thought to be conferred by two features which
prevent first binding to domain 3 of the receptor and second
recruitment into the complex of the accessory protein. IL-

1Ra has a deletion of six residues (49-55) in loop 4-5 as
compared with both IL-1â and IL-1F5 (see Figures 1 and
3b,c). When loop 4-5 from IL-1â is inserted into IL-1Ra,
it confers partial agonist properties (26). The composition

FIGURE 4: Electrostatic potential surface maps of (A) IL-1â, (B)
IL-1Ra, (C) IL-1F5. Negative potential is red and positive potential
is blue. Greatest saturation is at-10 and+10 kT. Molecules are
viewed perpendicular to the barrel axis with face exposed from
ligand/receptor complex shown (left) and from face that interacts
with domain three of receptor (right). Diagrams were generated
using GRASP.
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of this loop in IL-1F5 is different from that of IL-1â, and
two residues that make important polar contacts with the
receptor domain 3 (Gln48 and Asn53) are replaced by Arg
and Ala, respectively, in IL-1F5, a finding that again argues
for a different receptor specificity. The second difference
concerns residue 147 which is an aspartic acid in both IL-
1â and IL-1F5 but lysine in IL-1Ra. This residue is not
involved in binding to the receptor but if the lysine is changed
to aspartic acid, IL-1Ra gains partial agonist character (14,
26). In this case, it is thought that recruitment of accessory
protein, a necessary event for signaling, requires this aspartate
residue. Consistent with this idea, the electrostatic surface
of IL-1F5 is more similar to that of IL-1â in this region
(Figure 4). The region around residue 147 in IL-1Ra has a
relatively featureless electrostatic surface, but by contrast IL-
1â has a large negative potential due to the presence of
Asp145, surrounded by smaller positive patches contributed
by Lys138 and Lys109. This is conserved on the surface of
IL-1F5 by the presence of Asp147 and Arg104.

Modeling and Docking Studies Indicate that IL-1F5 Does
Not Bind IL-1R but May Be a Ligand for an Orphan IL-1R
Family Receptor.We have used both superimposition and
docking methods to assess whether IL-1F5 might bind to
IL-1R. Both these approaches reveal numerous clashes
between side-chains in the loops and the corresponding
binding sites in the receptor. For example, loops 3-4, 4-5,
and 7-8, all of which are involved in binding in IL-1â, and
also loop 10-11 and 11-12, make clashes with domain 2
of the receptor (see Table SII, Supporting Information for
details). In support of this conclusion, we find that IL-1F5
does not cause IL-1 responses such as activation of NFκB
when applied to IL-1 responsive cell lines nor does it block
IL-1 or IL-18 signaling (data not shown) (6). It is possible
therefore that IL-1F5 binds one of the orphan IL-1 receptor
family members and the most likely candidate is IL-1Rrp2.
Recently, it has been shown that IL-1F5 can block the effects
of IL-1F9 in Jurkat cells transfected with IL-1Rrp2, although
no direct binding assays were performed (7). Although the
study on IL-1Rrp2 implied that IL-1F5 might act as an
antagonist, curiously no antagonism of the binding of IL-
1F9 by IL-1F5 was reported. It is therefore possible that IL-
1F5 might induce a signal that would block the function of
this receptor indirectly. Attempts to dock IL-1F5 with a
modeled structure of IL-1Rrp2 proved inconclusive possibly
because interdomain flexibility is likely to cause large
inaccuracies in the model.

In conclusion, despite the high sequence identity to IL-
1Ra, which is largely due to theâ-strand framework and
not the loops, our structure predicts that IL-1F5 is an agonist
for an orphan receptor containing three Ig domains. Our work
suggests that distinct receptor specificities in the IL-1
cytokine family are caused by the evolution of distinct loop
conformations and that the short helical segments joining
loops 3 to 4 and 7 to 8 may be of particular importance.
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