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Purpose. Interleukin-1B is a multifunctional cytokine produced by
activated monocytes and macrophages that requires caspase-1 (IL-1
converting enzyme/ICE) to process the 31kDa inactive precursor pro-
tein to the biologically active 17kDa peptide. This activation event
involves ICE cleavage at Asp®’ (site 1) and Asp''® (site 2). To address
the sequential processing at ICE cut sites we combined in vitro analy-
sis and molecular modeling to investigate the sequence of molecular
events.

Methods. Pulse chase labeling followed by immunoprecipitation of
IL-1B in activated human monocyte lysates demonstrated sequential
cutting by ICE at site 1 before site 2 in vitro. To corroborate these
findings, we constructed a homology model of prolL-1B after the
crystal structure of another ICE substrate, human «l-antitrypsin
(23% sequence identity).

Results. Comparative modeling revealed that site 1 on prolL-1f is
accessible to ICE but site 2 is not. Molecular dynamics simulations
following ICE cleavage at site 1 and removal of the 3kDa amino-
terminal fragment, rendered site 2 accessible to ICE.

Conclusions. The close agreement between the in vitro and modeled
behavior of IL-18 support our contention that IL-13 may be struc-
turally related to al-antitrypsin and also predicts that prolL-1B re-
quires sequential processing for activation. These findings may facili-
tate the development of novel pharmacological agents that control
posttranslational prolL-13 modification, thereby preventing exces-
sive production of this potent inflammatory cytokine.

KEY WORDS: cytokines; inflammation; protein folding; compara-
tive modeling; molecular dynamics.

INTRODUCTION

Interleukin-18 (IL-1B) is a 17 kDa multifunctional pro-
inflammatory cytokine that has effects on nearly every cell

! Division of Pharmaceutics, College of Pharmacy, The Ohio State
University, Columbus, Ohio 43210.

2 Division of Pharmacy Practice, College of Pharmacy, The Ohio
State University, Columbus, Ohio 43210.

3 Division of Pulmonary Medicine, College of Medicine and Public
Health, The Ohio State University, Columbus, Ohio 43210.

4 Ohio State Biophysics Program and the HLRI Bioinformatics and
Computational Biology Core Laboratory, The Ohio State Univer-
sity, Columbus, Ohio 43210.

3 Dorothy M. Davis Heart & Lung Research Institute (HLRI), The
Ohio State University, Columbus, Ohio 43210.

®To whom correspondence should be addressed at College of Phar-
macy, 500 West 12" Avenue, Columbus, Ohio 43210-1291. (e-mail:
swaan.1@osu.edu)

ABBREVIATIONS: IL-1B, interleukin-18; a1-AT, alpha 1-antitryp-

sin; ICE, interleukin-1 converting enzyme; IL-1RI, IL-1 receptor;

MD, molecular dynamics.

1083

Research Paper

type (1). Unlike most inflammatory molecules it lacks a signal
sequence to direct its secretion (2). The most important regu-
latory step requires proteolytic activation by caspase-1 and
subsequent release by an as yet uncharacterized pathway. In
this context, very little is known about the initial events that
regulate converson of prolL-13 by caspase-1.

Mononuclear cells require transcriptional activation to
synthesize the 31 kDa prolL-1B molecule. The precursor mol-
ecule has limited activity and is synthesized in the cytosolic
compartment where caspase-1 (IL-18 converting enzyme,
ICE) also resides in an inactive form (3). Despite significant
interest in therapeutically controlling the post-translational
modification of prolL-1pB, there is no information regarding
the molecular conformation of prolL-1B. Furthermore, the
exact sequence of molecular events that precede mature IL-
1B release is unknown. Based on this, characterization of the
three-dimensional structure of prolL-1p would assist in di-
recting experimental strategies to dissect key cytosolic pro-
cessing and export pathways.

The crystallographic structure of mature IL-13 and the
active caspase-1 complex have been identified whereas the
structure of proIL-1f3 remains unknown (4,5). Mature IL-18
exists as a very stable pyramidal structure featuring a 3-barrel
topology composed of 12 antiparallel B-strands, with a core
containing hydrophobic side chains. Its two distinct points of
contact with the putative signaling receptor, interleukin-1
type I receptor (IL-1RI), have been characterized by X-ray
crystallography and site-directed mutagenesis (6,7). It has
previously been suggested that prolL-18 exists in a loosely
folded conformation compared to the protease insensitive
mature form (8). Structure-function mapping of IL-1 precur-
sors following limited proteolysis indicates that significant
conformational changes occur prior to packaging of the ma-
ture protein (8). This suggests that access to key protein do-
mains change during transition from prolL-1p to mature IL-
1B and may be necessary for interactions with yet to be iden-
tified release related molecules. In support of this, mature
IL-1B is the dominant species released by activated macro-
phages and is linked to ICE processing. ProlL-1B release oc-
curs to a lesser extent in activated cells (3,9).

We are the first to demonstrate that prolL-1B has sig-
nificant amino acid homology to al-antitrypsin (al-AT).
Based on this observation we developed a structural model of
prolL-1B3 based on the crystal structure of uncleaved al-AT.
To validate the homology model, we compared in vitro pat-
terns of ICE cleavage to the modeled structure(s) of proIL-
1B. Attention was directed at the accessibility of the ICE cut
sites, structural stability before and after independent cleav-
age at the ICE cleavage sites, the anatomical location of the
IL-1 RI binding domains in prolL-1B, and comparison to pre-
viously reported structure-function mapping. Prior to this we
assumed that cut site 1 occurs between Asp?’ and Gly?%; cut
site 2 occurs between Asp''® and Ala'!” and that cut site 2 is
required to generate the 17 kDa functional form of IL-18.
Our homology model of prolL-1B provides unique informa-
tion about the structure and function of proIL-1@ that has not
been previously recognized. The model suggests a structural
role for the 11 kDa segment (between cut site 1 and 2) prior
to ICE cutting at site 2 and final folding of mature IL-1(.
More important, the model explains a requirement for initial
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processing at ICE cut site 1 and provides a structural expla-
nation for the weak affinity of prolL-1B to the type I IL-1
receptor.

MATERIALS AND METHODS

Monocyte Purification and IL-13 Production

Peripheral blood mononuclear cells (PBMC) were puri-
fied from normal, healthy volunteers. Heparinized (heparin
sodium 15 U/ml, Elkins-Shinn, Inc., Cherry Hill, NJ) blood
was obtained (60 ml), and PBMC were purified using poly-
sucrose/sodium diatrizoate (Histopaque, Sigma Diagnostics,
St. Louis, MO) density gradient centrifugation. The PBMC
were counted, washed, and resuspended at a concentration of
5-10°/ml in RPMI 1640 (BioWhitaker, Walkersville, MD)/5%
fetal bovine serum (Hyclone, Logan, UT). By flow cytometry
analysis, the composition of the PBMC consisted of approxi-
mately 20% monocytes and 80% lymphocytes.

[**S]-Methionine Labeling

ProlIL-1B preparations were metabolically labeled with
[**S]-methionine by culturing PBMC in methionine-free
RPMI 1640 with 10 pg/ml endotoxin (lipopolysaccharide W,
E. coli 102F:B8, Difco, Detroit, MI) and the addition of 0.5
wCi/ml [>*S]-methionine (Amersham, Arlington Heights, IL).
Cells were harvested after 18h and prepared for immunopre-
cipitation. Cells were lysed in a buffer containing 10 mM Tris,
pH 7.4, 1% Nonidet P40 (Sigma), leupeptin 1 pg/ml, pepstatin
1 pg/ml, EDTA 1 mM, and methoxysuccinyl-Ala-Ala-Pro-
Val chloromethylketone. Lysates were cleared of nuclei and
cell particulates by centrifugation at 1,000g. This material was
used for later purification and ICE cutting experiments. Pu-
rification of prolL-1B Lysates were buffered to pH 8.0 with
1M Tris and incubated with either carboxyterminus-specific
or aminoterminus-specific rabbit antisera to human IL-18; at
a 1:100 dilution at 4°C for 1h (9). Immunoglobulin complexed
material was incubated with protein A Sepharose (Bio-Rad
Laboratories, Hercules, CA) for 1h and unbound material
removed by washing three times with PBS. The beads were
eluted with 100 mM glycine buffer pH 3.0 and the eluate
immediately buffered to pH 7 with 1M Tris.

IL-1p Converting Enzyme (ICE) Processing of proIL-1f3

The ability of prolL-18 to be processed by ICE was
evaluated by incubating immunoaffinity purified [*°S]-
methionine labeled prolL-1B with 5 U of functional recom-
binant ICE (gift of Nancy Thornberry and Doug Miller,
Merck Research Laboratories, Rahway, NJ) in 25 pl volume
of processing buffer (50 mM HEPES pH 7.5, 10% sucrose,
0.1% CHAPS, 2 mM DTT) for 2 h at 30°C. Proteolysis was
stopped by the addition of 1 mM iodoacetate. Processed
prolL-1B was evaluated by subsequent SDS polyacrylamide
gel electrophoresis and autoradiography.

In Vitro IL-1B Processing

In separate experiments PMBC were evaluated for cell
mediated prolL-1B processing. PBMC were cultured with
LPS (10 ug/ml) for 1h in complete media (RPMI 1640,
5%FBS, gentamicin 50 ug/ml) and then for 2h in methionine
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depleted RPMI 1640, 5% FBS, gentamicin. Cells were then
pulsed with [*°S]-methionine (0.5 wCi/ml) for 1h. Free methi-
onine was washed from the adherent cells and cells cultured
in complete media for 2, 4, and 20h. At these time points cell
supernatants were harvested and cell lysates were obtained as
mentioned above. Supernatants and lysates were immunopre-
cipitated with either a carboxyterminus-specific rabbit poly-
clonal antibody (generated against recombinant 17 kDa IL-
1B) or an aminoterminus specific rabbit polyclonal antibody
(generated against a peptide representing amino acids 3-21
from prolL-1B) as previously described (10). Samples were
eluted from protein A beads by boiling in Laemmli sample
buffer before analysis by SDS-PAGE, gel drying and autora-
diography.

Model Building

Modeling was carried out on a Silicon Graphics O2 with
Sybyl (v6.5.3, Tripos, Inc. St. Louis, MO) using the Tripos
force field at a constant dielectric function (e 4.0) and a non-
bonded cutoff distance of 8.0A. An initial protein BLAST
search with proIL-18 (11) at EMBL (www.embl.org) using
the WU-BLAST routine detected high-scoring segment se-
quences for IL-1B (P[N]=4.5e-123), serine protease cleaved
al-AT (P[N]=3.8¢-09) and uncleaved al-AT (P[N]=1.5¢-
05). Because of our interest in a model for prolL-1B, the
uncleaved form of al-AT was further analyzed revealing a
high score of 136 amino acid residues combined with 32%
identity and 48% positives. An alignment between the se-
quences of prolL-1B and uncleaved al-AT was calculated
with ClustalW-routine (v1.74) (12) using the BLOSUMS0
weight matrix (12). The alignment was analyzed with MPSA
(13) (Fig. 3). ProIL-1B and uncleaved al-AT share 23% se-
quence identity, 23% strong amino acid similarity, and 16%
weak similarity, with an overall shared homology of 62% (Fig.
3). This was verified by MULTALIN (14) at PBIL using de-
fault parameters and the BLOSUMS62 algorithm, demon-
strated 67 % significantly conserved residues between the two
molecules. The crystal structure of uncleaved a1-AT (PDB
entry ID#1ATU (15) at 2.7A resolution) was used as a
scaffold for comparative modeling of prolL-1B using
MODELLERA4 (16). Its CHECK_ALIGNMENT routine was
used to verify internal consistency of the alignment input file.
A homology model was exported in PDB format and exam-
ined for structural errors using PROCHECK (17).

Molecular Dynamics (MD)

The prolL-1p molecule was centered in a lattice box ex-
tending 5A beyond the molecule’s dimensions. Periodic
boundary conditions were used and a water solvation shell
with mobile counterions was added using the Silverwater al-
gorithm. All atoms were position restrained with a harmonic
constant of 90 kJ/mol-A2 and the energy was minimized to
convergence, i.e., <0.01 kJ/mol change in potential energy
between two successive iterations. Subsequently, atoms were
freed of any constraints and energy was further minimized.
The resulting structure was used as a starting configuration
for the computation of MD trajectories.

MD simulations (MDS) were performed with the inter-
nal force field. Except for aromatic side chains, non-polar
hydrogen atoms were excluded in calculations and treated by
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the united-atoms approach. Polar residues were assumed to
be in the charged state corresponding to the intracellular cy-
tosolic pH (7.2). Bond lengths were constrained by the
SHAKE algorithm with a 2.0fs integration time. The twin-
range method was used to treat non-bonded interactions (18)
with short-range and long-range cut-off radii of 8.0 A and 1.4
A, respectively. Initial atomic velocities were assigned from a
Maxwell distribution at 300K and the temperature was gradu-
ally raised to 500K within 25 ps. Thereafter, the system was
kept at constant temperature for an additional 100 ns (heat-
ing/cooling rate 1.0 kcal/atom-fs).

RESULTS

In Vitro Processing of ProlL-13 by ICE

The naturally processed forms of IL-138 were evaluated
to determine the potential sequence with which the two
known ICE cleavage sites are used in vitro. Fig. 1 demon-
strates the forms generated when native human monocyte-
derived prolL-1p is processed in vitro with recombinant ICE.
Our results show that the generated fragments were a conse-
quence of cleavage at ICE site 1 alone (generating 28 kDa
and 3 kDa fragments) or ICE site 1 and 2 together (generat-
ing 11 kDa and 17 kDa fragments) but importantly, there was
no evidence demonstrating cleavage at ICE site 2 alone
(which should generate a 14 kDa fragment). This suggests
that ICE cut site 2 requires prior cleavage at site 1.

To document that this is not an artifact of in vitro pro-
cessing and to better characterize the specificity of the
cleaved fragments, we evaluated the cleaved forms of IL-18 in
monocytes actively processing and releasing IL-1B in re-
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Fig. 1. In vitro ICE processing of prolL-1B. The forms of IL-1B gen-
erated by subjecting affinity purified native prolL-1p to ICE cleavage
are shown. The left side shows the expected cleavage sites on prolL-
18 with “1” representing the first cleavage site, Asp 27, and “2”
representing the second cleavage site, Asp 116. The hatched segment
represents the 3 kDa aminoterminal sequence before Asp 27, the
open segment represents the 11 kDa segment between the two cut sits
and the filled segment represents the carboxyterminal 17 kDa func-
tional form of IL-1B. Shown are the potential forms that could be
generated. The right side shows the actual forms generated by sub-
jecting affinity purified [**S]-methionine labeled prolL-1p to recom-
binant ICE . The arrow shows the dye front of the gel.
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sponse to endotoxin. A pulse chase approach demonstrates a
pattern (Fig. 2) similar to the in vitro processing shown in Fig.
1. The carboxyterminus specific antibody detects the 31, 28
and 17 kDa fragments in both cell associated and released
fractions, as expected. The aminoterminus specific antibody
detects the 31 and 3 kDa fragments but fails to detect a 14
kDa fragment that would be expected if there were cleavage
at ICE site 2 alone. Together these data demonstrate that
prolL-1B cleavage can occur at ICE site 1 without cleavage at
ICE site 2. Furthermore, cleavage at ICE site 2 does not occur
without prior processing at ICE site 1.

A Homology Model of ProlL-1f

The final model (Fig. 4B) is shown with reference to the
crystal structure of al-AT (Fig. 4A) to illustrate the spatial
arrangement of the IL-13 amino acid residues in prolL-13
prior to cleavage by caspase-1. Interestingly, a protein seg-
ment of mature IL-1B is trapped within the protein core of
prolL-1pB (46 residues, Ile'”>~Asn*'®; prolL-1p residue num-
bering, henceforth named “trapped loop”) and requires re-
folding after cleavage by ICE to form the biologically active
conformation.

It is presently not known what prevents prolL-13 from
triggering the type I IL-1 receptor. The “trapped loop” con-
cept provides a potential explanation because it implies that
processing by ICE allows refolding to occur. In support of the
“trapped loop/refolding” concept we modeled the receptor
binding sites of our model of prolL-1f with mature IL-13. We
highlighted the amino acids in prolL-18 comprising the pu-
tative binding domains I and II recognized by the IL-1RI (6)
(Figs. 4C and D). Our model demonstrates that the amino
acids comprising binding domain I are clustered in an array
similar to mature IL-1B, whereas the amino acids associated
with domain II are dispersed throughout prolL-1B. The

cell associated released
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Fig. 2. In vitro processing of prolL-1B. The forms of IL-1p generated
by human monocytes in culture were analyzed by [**S]-methionine
pulse chase experiments. Samples (cell associated, i.e., lysates, and
released, i.e., supernatants) were subjected to immunoprecipitation
with either a carboxyterminus or aminoterminus specific antibody
and protein A beads. Beads were washed in PBS and then mixed in
Laemmli sample buffer, boiled and subjected to gel electrophoresis
with SDS 10% polyacrylamide. Gels were dried and analyzed by
autoradiography.
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Fig. 3. PSA alignment between al-AT (I.at_uncleav) and ProlL-1B (2.il_uncleav). The bottom row
shows total sequence homology displaying 23% sequence identity (*), 23% high similarity (:), and 16%
low similarity (.), with an overall shared homology of 62%.

model suggests that as prolL-1p is sequentially processed by
ICE, the amino acids of binding domain II aggregate thereby
significantly increasing the affinity of IL-1p for the IL-1RI
and biological activity of the molecule (Figs. 4C and D). Our
functional explanation is supported by previous data demon-
strating that in comparison to mature IL-1B, prolL-1B has
weak affinity for the IL-1 RI resulting in marginal cell acti-
vation (19).

Further support for our model is provided by comparing
the solvent accessibility of cysteine residues in prolL-13 to
those in the crystal structure of mature IL-1B. Hazuda and
colleagues previously identified four cysteines within prolL-
1B that were biochemically reactive (8). In contrast, the two
cysteine residues retained by mature IL-13 are not reactive
and are not involved in disulfide bridges (20). They concluded
that prolL-1B has a more exposed, protease sensitive tertiary
structure in comparison to mature IL-13. Our model strongly
supports these findings (Figs. 4E and 4F). The model predicts
that 4 of 5 cysteine residues in prolL-1B are exposed to the
outside environment (>25% accessibility) whereas the two
cysteines of mature IL-1B are embedded within the hydro-
phobic core with very limited accessibility ([(2%, Table I).
Lastly, we inspected the solvent accessibility of the two
known ICE cleavage sites (Table II), which reveals that cut
site 1 is located at the surface of the protein, whereas cut site
2 is presumably buried within the protein core. Thus, our
prolL-1B model supports the in vitro observation that a 14
kDa protein fragment generated by a single cut of ICE at
cleavage site 2 cannot occur.

Artificial Cleavage of a 3kDa Fragment at Cut Site 1

ICE activity between Asp?” and Gly*® was simulated by
removing a 27 amino acid 3kDa protein fragment from the
prolL-1B model. The N-terminus of the novel protein was
rectified to an amine moiety by adding a hydrogen atom. An

energy minimization was performed to ensure relaxation of
the N-terminal domain. Subsequently, the molecule was sub-
jected to a 50ns MDS. Snapshots were collected every 10ps
and conformations representing essential structural move-
ments are illustrated in Fig. 4G (top row). The collective
movements indicate a high degree of freedom of the protein
segment proximal to the second ICE cut site. Over the time
interval studied this second cut site becomes accessible, pre-
sumably for caspase-1, as reflected by the change in solvent
accessibility (Table 2). Interestingly, a distinct portion of the
molecule (amino acid 116-171 and 219-269) remains in a rela-
tively rigid conformation evidenced by a low degree of kinetic
energy (data not shown). This part of the molecule consists of
six stable B-barrels that flank the hydrophobic core of mature
IL-1B

Although a higher global solvent accessibility is expected
after MDS, Table 2 clearly illustrates that the second cleavage
site has a higher accessibility when compared to a control 25
ns simulation with native prolL-1B. Indeed, the deviation
from the homology model observed during simulations was
not distributed uniformly along the sequence. The largest
changes occurred in the 11 kDa region of the molecule and
occurred rather quickly after the start of the simulation (200
ps). This deviation from the native structure serves as an
indicator of where the molecule is most likely to unfold. Our
model suggests that proteolysis takes place during the unfold-
ing of the 11 kDa fragment by a concerted interaction be-
tween caspase-1 and prolL-1pB at cut site 2.

Sequential Cleavage of an 11kDa Fragment at Cut Site 2

The second ICE cut site was simulated by sequentially
removing the 11 kDa protein fragment from the above prod-
uct, thereby essentially liberating the trapped loop. The re-
sulting molecule was subjected to an identical MD protocol
and snapshots of representative conformations are shown in
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ProlL-1p (28 kD Restart
After 1:t§u£ .)W 22ns——p 34ns FUTCP 125 ns

8. W WP wE

IL-1p (17 kDa) Dynamice e i | P—— 75 ns 125 ns

Fig. 4. Crystal structure of (A) al-AT and a homology model of (B) ProIL-1B based on (A). The a1-AT neutrophil elastase binding site
(Met*®) residue is given in red. Significant ICE target residues and resulting protein fragments in ProlL-1p are coded: the 3 kDa fragment
resulting from proteolytic cleavage at cut site 1 (gray), the 11 kDa fragment following sequential cutting at site 2 (yellow), the 17 kDa mature
IL-1B fragment (blue). Cut sites are visualized by spheres. Distribution of IL-1RI receptor binding sites in mature IL-1f (C) and proIL-18 (D).
Amino acid residues comprising binding site 1 (red) and binding site 2 (blue) are visualized in a CPK rendering of the mature and pro-form
of IL-1B. This delineates low intrinsic affinity of proIL-1B for the IL-1RI receptor and a requirement for conformational reorientation (i.e.,
refolding) of the cleaved protein to generate binding site 2. Distribution of Cys residues in (E) the ProIL-18 model and (F) the crystal structure
of mature IL-1B. Residues are numbered according to native sequences. Color coding according to Fig. 4B. G: Simulations of ProIL-1B8
unfolding in response to proteolytic action by ICE and mature IL-1B unfolding. Main-chain traces are shown of representative conformations
during MD unfolding simulations of proIL1B and IL-1B. Mature IL-1p is shown in blue, with its “trapped loop” annotated in red; the 11 kDa
fragment is given in yellow. Simulation on ProlL-1f are started from its a1-AT based homology model after initial removal of the 3 kDa
fragment resulting from proteolytic cleavage by ICE (top left). MD simulations are carried out up to 75 ns and the 11 kDa section is removed
to simulate the 2™ cleavage by ICE. The resulting molecule is subjected to an additional MD trajectory up to 125 ns resulting in a stable molten
globule or transition state. Simultaneous MD simulation of IL-1p unfolding lead to a similar (r.m.s.d. 5.8 A between the two average final 10
ns trajectories) transition state conformation (lower panel).
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Table 1. Solvent Accessibility of Cysteine Residues in Mature
and ProlL-1B8

Accessibility
Residue (%)“
ProlL-18 Cys* 26.5
Cys* 55.2
Cys® 40.4
Cys!2# 40.1
Cys'®7¢ 9.5
Mature 1L-18 Cys® 1.9
Cys’!¢ 2.1

“Solvent accessibility was measured using a 1.4 A probe in
MOLMOL (27).

® ProIL-1B Cys'** corresponds with IL-18 Cys®.

¢ ProlL-18 Cys'® corresponds with IL-18 Cys’?.

Fig. 4G. These simulations suggest that the trapped loop is a
highly dynamic protein fragment that could enable the for-
mation of a stable transition or putative molten globule state.
The next step in this simulation should demonstrate the fold-
ing of the transition state conformation into mature IL-13;
however, these studies were not feasible due to computa-
tional limitations. Alternatively, we studied the unfolding of
mature IL-1B at elevated temperature (423K).

Unfolding of Mature IL-13

Various proteins have been observed to exist in confor-
mations that are neither fully folded nor unfolded, the so-
called molten globule state (21). The study of temperature-
induced protein unfolding has a computational advantage in
lieu of folding since the simulations proceed from a well-
defined starting structure (22). Subjecting the crystal struc-
ture conformation of IL-18 (PDB#411B@2.0A resolution) (4)
to a molecular dynamics protocol at 423K reveals unfolding of
the native state with release of the ‘trapped loop’ fragment
into a transition state (Fig. 4G). The resulting conformation
strongly resembles the transition state derived from processed
prolL-1B as described above. Interestingly, the trapped loop
readily evacuates the IL-1B crystal structure, whereas the re-
mainder maintains its stable conformation. Combining our
findings, it becomes conceivable that sequential enzymatic

Table II. Solvent Accessibility of ICE Target Residues

Accessibility
Residue (%)
ProlL-1B (native state)
Cut site 1 Ala®® 43.0
Asp? 62.7
Cut site 2 Asp''® 5.7
Ala'’ 4.0
ProIL-1B (after control MDS)
Cut site 1 Ala?® 62.8
Asp?’ 79.2
Cut site 2 Asp''® 16.8
Ala'"’ 9.3
ProlL-18 (-3kDa, after MDS) Asp''® 574
Ala'’ 58.1

“ Solvent accessibility was mapped using a 1.4 A probe atom in
MOLMOL (27).
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processing of prolL-1@3 allows refolding into its mature form.
Backbone superposition of cleaved prolL-1p and mature IL-
1B (using the average conformations over the final 10 ns of
each MD simulation) reveals an average r.m.s. a-carbon dis-
placement of approximately 6.8 A. Based on these data we
speculate that the folding of IL-13 from its molten globule
state may follow the reverse trajectory of its unfolding path-
way.

DISCUSSION

Without knowledge of the three dimensional structure of
prolL-1B it has been difficult to define the sequence of events
that occur during the caspase-1 mediated processing of prolL-
1B and its subsequent release from the cell. It is known that
the 31 kDa precursor has two caspase-1 cleavage sites and
that theoretically, proIL-1p can exist in 6 different forms (31,
28,17, 14, 11 and 3 kDa), depending on the relative sequence
of cleavage at these sites (9). It has clearly been established
that the intact 31 kDa precursor is the predominant intracel-
lular form of IL-1B8 and the 17 kDa mature peptide is the
predominant released extracellular form. Schmidt and col-
leagues as well as our own laboratory (9,23) reported in vitro
evidence that the 3 kDa fragment is preferentially released
following cleavage at site 1 demonstrating that intracellular 31
kDa is initially cleaved to the 28 kDa form. This demonstrates
that cleavage at site 1 without cleavage at site 2 does occur in
vitro. However, there is little supportive in vitro evidence that
cleavage can occur at site 2 without cleavage at site 1. As
mentioned, if cleavage preferentially occurred at site 2
(Asp''®), a 14 kDa amino terminal fragment would be gen-
erated. Our unique antibody that recognizes the amino ter-
minus region of IL-1B would detect this fragment; however,
we and others have been unable to demonstrate its presence.
In this context, the predictions provided by the current model
provide an explanation for the absence of the 14 kDa frag-
ment since cut site 2 is not accessible until site 1 cleavage
occurs.

This report takes advantage of our initial observation
that prolL-1pB has significant homology with human al-AT,
an extensively studied protein (24) that is also a caspase-1
substrate (data not shown). Since prolL-1B structure has not
been characterized we used MODELLER (16) to develop a
working model of prolL-1p’s structure based on known struc-
ture of native a1-AT. We then compared the predicted struc-
ture, caspase-1 cleavage sites, receptor binding domains and
the effect of cleavage at site 1 and site 2 on the cleavage
products and folding dynamics of prolL-1p using an iterative
molecular dynamics protocol.

In addition to predicting the spacial relevance of each
ICE cut site, the model also provides an explanation for the
observed differences in receptor binding affinity between the
31 and 17 kDa molecules. In this regard the modeled structure
of the precursor form of IL-18 contains a 46 amino acid
“trapped loop” sequence which we believe to be a critical
structural component of mature IL-13 that is captured within
prolL-1B. According to the model, proteolytic removal of the
propiece by ICE cleavage at cut site 2, after cleavage at cut
site 1, allows mature IL-13 to become a functionally compe-
tent ligand for the IL-1RI. We believe that this occurs when
the “trapped loop” domain joins the remainder of the mature
molecule thereby appropriately packaging the key receptor
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recognition domains and enhancing the affinity of IL-1p for
its cognate receptor (6). We also predict that a major function
of the aminoterminal 14 kDa and subsequent 11 kDa seg-
ments of prolL-1B during processing are to retain IL-1f in a
nonfunctional state until final cleavage and exposure of the
“trapped loop” occurs.

As described, our model suggests that ICE cut site 1 is
exposed in the precursor molecule and ICE cut site 2 is hid-
den until site 1 cleavage has occurred. Studies by Hubbard
and co-workers (25) have shown that proteolysis requires
large local motions proximal to scissile bonds; furthermore,
the ability to unfold locally without perturbing the overall
protein conformation is requisite for proteolysis. Our model
is further supported by in vitro observations made by our
laboratory and others demonstrating that the first major ICE
cleavage form of IL-1p is the 28 kDa intracellular precursor
associated with the concomitant generation of a 3kDa ami-
noterminal fragment. As mentioned earlier, there are several
potential cleavage products of IL-1p3, including a 14 kDa form
that would be feasible if prolL.-1B could be cleaved at caspase
site 2 without prior cleavage at site 1. In this regard, there is
experimental data with recombinant prolL-1f that conflicts
with our model. It has been shown that cutting at site 2 occurs
when recombinant prolL-18 mutated to remove cut site 1 is
exposed to ICE (26). In contrast, our homology model of
prolL-1B and biologic studies with native prolL-1f indicate
that site 2 cleavage does not occur in the absence of site 1
cleavage. It is interesting to speculate that this discrepancy
represents differences between recombinant and native
prolL-1pB structure.

Lastly, the modeling predicts that the cleavage at site 1
generates a structure that contains a highly mobile aminoter-
minal arm with the subsequent exposure of site 2 to caspase
cleavage. The instability of the freshly generated aminoter-
minal fragment caused by cleavage at site 1 raises the possi-
bility that the folding and refolding that occurs in tandem with
caspase-1 cleavage is not likely to take place in the absence of
accessory proteins. It is highly probable that chaperonins or
related molecules exist that also interact with prolL.-1B and its
cleaved forms. Since the release of IL-13 from the cytosol
occurs by nonconventional means, one can speculate that re-
lease related proteins are involved in the export process. In
this context, the structural changes predicted by the current
model are currently being used in the design of approaches to
capture these affiliated molecules responsible for bringing ac-
tive caspase-1 to precursor prolL-13 and for the export of
IL-1B.

In summary, prolL-1B was modeled after the crystal
structure of human al-AT. Indeed, homology modeling re-
vealed that site 1 on the derived structural model of prolL-13
is readily accessible to ICE whereas site 2 is not. This finding
corroborates detailed in vitro analysis of activated monocyte
lysates and supernatants that demonstrate ICE cleaved
prolL-1B fragments are preferentially derived by initial cleav-
age at the Asp27 residue. Furthermore, MDS revealed that
removal of the 3 kDa amino terminal fragment was required
to expose the second cut site and ultimately generate a 17
kDa fragment capable of refolding into a stable structure re-
sembling mature IL-1B. Combined, our biological and com-
putational data support our hypothesis that prolL-1p requires
sequential processing by ICE to generate the biologically ac-
tive 17 kD mature protein prior to release. These findings
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may provide useful strategies to design pharmacologically ac-
tive agents that control IL-1 processing at different steps
thereby preventing excessive production of this potent in-
flammatory cytokine when appropriate.
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