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Abstract

Multiple mechanisms of cell death exist (apoptosis, necroptosis, pyroptosis) and the subtle balance
of several distinct proteins and inhibitors tightly regulates the cell fate toward one or the other
pathway. Here, by combining coimmunoprecipitation, enzyme assays, and molecular simulations,
we ascribe a new role, within this entangled regulatory network, to the interleukin-1 receptor
antagonist (IL-1Ra). Our study enlightens that IL-1Ra, which usually inhibits the inflammatory
effects of IL-1a/B by binding to I1L-1 receptor, under advanced pathological states prevents
apoptosis and/or necroptosis unprecedentedly reveal that IL-1Ra binds both caspases at their
dimeric interface, preventing, in this manner, the formation of their catalytically/signaling active
form. The resulting IL-1Ra/caspase-8(9) adducts are stabilized by hydrophobic and by few key
hydrogen bonding interactions, formed by residues fully conserved across distinct caspases (-3,
-6, =7, -8, and -9), and closely resemble the binding mode of the caspases inhibitors XIAP (X-
linked inhibitor of apoptosis) and c-FLIP (cellular FLICE-like inhibitory protein). Tight regulation
of the different forms of cell death has a major impact on distinct human illnesses (i.e., cancer,
neurodegeneration, ischemic injury, atherosclerosis, viral/bacterial infections, and immune
reaction). Hence, our study, pinpointing IL-1Ra as new actor of the intricate cell death regulatory
network and gaining an atomic-scale understanding of its mechanism may open new avenues
toward innovative therapeutic strategies to tackle major human diseases.
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1. INTRODUCTION

Besides passive necrosis, cells may respond to lethal stimuli undergoing a variety of
regulated molecular programs, ultimately running cell death.! Pathways of regulated cell
death are (i) apoptosis, a programmed cell death,? (ii) necroptosis, a form of necrosis
executed in a programmed fashion, but occurring in response to extracellular stimuli or to
intracellular pathogens,3# and (iii) pyroptosis, a programmed cell death of immune cells,
caused by intracellular pathogens, and accompanied by the activation of a multimeric
enzyme complex called inflammasome. This latter leads to activation and release from the
cell of potent inflammatory cytokines, primarily interleukin-1 (I1L-1).5:8 Notably, the form of
cell death will condition the amplitude of the reaction by the surrounding environment: (i)
necroptosis and pyroptosis, likewise necrosis, involve disruption of the cell membrane and
release of inflammatory mediators, possibly leading to a systemic reaction by the host;
whereas (ii) apoptosis occurs without causing changes in the milieu surrounding the dying
cell. Thereafter, the type of cell death bears an actual impact on the feature of important
diseases such as is chemic injury, atherosclerosis, cancer, neurodegeneration, viral, and
bacterial infections, and of the immune reaction.’-8

Caspases, cysteine aspartate proteases, are the main components of the signaling cascade
leading to apoptosis. They are characterized by different activation mechanisms according to
their implication in the initial or the terminal part of this signaling cascade (initiator
caspases, casp-2, -8, -9, —10 or effector caspases, casp-3, —6, —7). Initiator caspases are
produced as monomeric pro-enzymes (pro-caspases) and, after assembling in large
multimeric protein complexes, associate into active homodimers, which reach their mature
form only after proteolysis of each monomer into a small and a large subunit.? As a result,
initiator caspases transmit their signal to the effector ones, by proteolytically activating
them.10 The latter, in turn, trigger release of both cytosol hydrolases and DNA fragmentation
enzymes, leading to cellular apoptosis.11 Two canonical apoptotic pathways have been
described, that is, the intrinsic and the extrinsic one. The first, triggered by intracellular
insults such as DNA damage and hypoxia, involves the release of apoptogenic proteins and
cytochrome C from mitochondria, ultimately leading to activation of the initiator casp-9
within a multimeric protein complex called apoptosome. The extrinsic pathway, instead, is
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induced at the cell membrane level through ligand activation of tumor necrosis factor (TNF)-
receptors, by the transduction of this signal via multimeric enzyme complex (i.e., the death
inducing signaling complex (DISC)) or via the subsequent activation of enzyme Complex |
and I, finally, leading to casp-8 activation. Remarkably, the latter, besides being involved in
apoptosis, has recently shown to repress necroptosis and regulate inflammation, suggesting a
subtle communication among the distinct death and inflammatory networks.8

Considerable interest has been focused on developing initiator casp-9 and casp-8 inhibitors,
capable of withdrawing the cell-scheduled death from apoptosis, thus evolving toward pro-
inflammatory forms of cell reaction. X-linked inhibitor of apoptosis (XIAP) potently inhibits
the activity of casp-9 and —8.12:13 xiap prevents the formation of active casp-9 dimer by
binding casp-9 monomer at the dimerization surface. Instead in the extrinsic pathway of
apoptosis, cellular FLICE-like inhibitory protein (c-FLIP) participates within TNF-receptor
multimeric enzyme signal-transduction pathways (DISC or Complex I1), inhibiting casp-8
by preventing the formation of active homodimers.” The mechanism underlying XIAP
regulation of casp-8 activity has not yet been clarified, although cells lacking XIAP have
been demonstrated to undergo casp-8 mediated apoptotic signal.

Within this complex regulatory network lies also the cytokine interleukin-1 receptor
antagonist (IL-1Ra). IL-1Ra exerts an anti-inflammatory activity by competing with IL-1a
and IL-1for binding to IL-1 membrane receptor (IL-1R1).1415 Besides a secreted protein,
three intracellular, unsecreted 1L-1Ra isoforms have been described.16 In hypoxic
cardiomyocytes, a protective role of intracellular IL-1Ra against apoptosis was recently
proposed.1’ In particular, IL-1Ra was shown to directly bind casp-9, -3, —6, and -7,
inhibiting them with nM (casp-9) and (casp-3, -6, —7) affinity via a noncompetitive
mechanism. As a result of this interaction, IL-1Ra was proved to hamper the activation of
mitochondria-triggered intrinsic pathway of apoptosis.1”18 Based on clear evidence of
IL-1Ra inhibition toward distinct caspases (-9, -3, —6, and —7) and of a direct IL-1Ra
involvement in IL-1 activation/regulation, we hypothesized that IL-1Ra may even alter the
balance between apoptosis and necroptosis/pyroptosis by directly inhibiting casp-8. Indeed,
it seems likely, that the synthesis of intracellular IL-1Ra, by inhibiting casp-8, may play a
role in modulating the cellular response to noxious elements and its consequences on the
degree of inflammation of the paracellular microenvironment.

Understanding the molecular mechanism regulating this complex signaling network requires
an atomic-level knowledge of the interactions between its principal molecular actors. This
information may be gained by solving the three-dimensional structure of the protein adducts.
Such a knowledge is, however, challenging to obtain for protein complexes, and is so far
lacking for caspases/IL-1Ra adducts. Molecular modeling and simulations, in the last years,
have largely contributed to reveal the molecular mechanism of biological molecules.19-25 In
this scenario, docking simulations are increasingly used to foretell the binding mode and
affinity of protein adducts,25 even though an accurate/reliable prediction of their native
(minimum energy) binding pose remains challenging to tackle. This is due to the enormous
conformational space that docking algorithms need to sample2” and to the limited accuracy
of the scoring functions used to rank the set of predicted binding modes.28 A remarkable
improvement in identifying the native binding pose can be achieved by employing extensive
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force field-based molecular dynamics (MD) simulations, to relax the adducts predicted by
docking simulations, followed by molecular mechanics generalized born surface access
(MM-GBSA) calculations to estimate their binding free energy (AGy), and perfect the
relative ranking of the MD-refined poses.??

Here, besides providing evidence of casp-8 and -9 (noncompetitive) inhibition by IL-1Ra at
experimental level, we disclose the underlying molecular mechanism by gaining structural
information on the casp-8(9)/1L-1Ra adducts. Our simulations unprecedently unveil that
IL-1Ra binds to the dimerization site of casp-8/9 monomers, preventing, in this manner, their
conversion into the signaling/catalytically active homodimeric states. This finding closely
resembles the inhibition/regulatory mechanism exerted by XIAP and c-FLIP toward casp-9
and casp-8, respectively.”:30 In this scenario, IL- 1Ra appears as a key player in the
regulatory mechanisms of distinct cellular death types (apoptosis, necroptosis, pyroptosis).
Understanding and controlling this mechanism, by exploiting the structural traits enlightened
here, may pave the way toward a broad range of novel therapeutic strategies to treat major
human diseases.

2. METHODS

2.1. Coimmunoprecipitation of Caspases with IL-1Ra and Western Blots

Immunoprecipitation was conducted on mixtures containing recombinant human IL-1Ra
(R&D Systems, Minneapolis, MN) and casp-8 or casp-9 (Alexis Biochemicals, San Diego,
CA), using polyclonal Abs to IL-1Ra, or caspases, or control IL-1eta (Santa Cruz
Biotechnology, Santa Cruz, CA) coupled to Sepharose beads plus protein A/G (Santa Cruz
Biotechnology, Santa Cruz, CA). Precipitates were washed in PBS and 100 ug fractions
were then boiled in SDS buffer and separated on SDS-PAGE. Blots were probed using
monoclonal Abs (Santa Cruz Biotechnology, Santa Cruz, CA).

2.2. InVitro Caspase Activity

Casp-8 and -9 activities were assayed at 22 °C, using a fluorimeter plate reader (BMG
Labtech Fluostar, Offenburg, Germany). The fluorimetry assays were conducted in the
kinetic mode with excitation and emission wavelengths of 380 and 460 nm, respectively.
Activity was measured by the release of 7-amino-4-methylcoumarin (AMC) from the
synthetic substrate Ac-LEHD-AMC for casp-9, and Ac-IETD-AMC for casp-8, respectively.
Assay mixtures contained 50 Units of rh-caspases (Alexis Biochemicals, San Diego, CA),
increasing amounts (1-100 M) of the specific substrate, and caspase buffer (50 mM
HEPES, 100 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10% sucrose and 5 mM dithiothreitol
(DTT)). To determine the effect of rhIL-1Ra on activity of caspases, assays were performed
in the absence or presence of 0.02-2.0 ,um IL-1Ra. Assays were also conducted in the
presence or absence of 10 g/mL polyclonal anti-1L-1Ra blocking antibody (R&D Systems)
at a starting dose of IL-1Ra of 100 nmol/L. IL-1-blocking Abs (R&D Systems) were used
as internal controls. Samples were compared to each other based on the activity of control
samples. Data were fitted into the reciprocal Michaelis-Menten equation, and the inhibitor
concentrations that decreases by 50% the rate of the reaction, f 5, were then derived from
the experimental plot, according to Cornish-Bowden.3! Corrections from blank were
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performed, and the curves were fitted to a 0.0 intercept assuming the activity to be 0 at time
0. Regression slopes (r> 0.95) were obtained for each experiment at each dose, and
coefficients were compared between the three groups (LI-1Ra, control, IL-1Ra plus blocking
antibody). The experiments were performed in triplicates in each condition.

2.3. Statistics

Results are expressed as mean + SD. Data were compared by analysis of variance using post
hoc analysis for paired multiple comparisons with Fisher corrected t test. Twotailed p values
< 0.05 were considered statistically significant.

2.4. Protein—protein docking

To build the model of IL- 1Ra/casp-9 and casp-8 adducts we employed their crystal
structures (PDB ids 11LR,32 1JXQ30 and 3KJN33 respectively). Caspases are produced as
inactive monomers (zymogens), that becomes active only after a proteolytic cleavage and
subsequent dimerization.® For our protein—protein docking calculations involving casp-8
we have selected a monomer from the dimer crystal structure.33 Instead, in casp-9 the
interactions established at the dimeric interface promote the active site formation reorienting
the activation loop of one monomer. Thus, for our docking calculations we selected as model
the inactive casp-9 monomer taken from its dimeric structure. For the casp-9/XI1AP and
casp-8/c-FLIP adducts we used the crystal structure deposited with PDB ids INW9 34 and
3H11,3° respectively.

In order to rationalize how caspases interact with IL-1Ra we have performed blind protein—
protein docking calculations. Due to current limitations of docking algorithms in predicting
the native protein—protein binding interface, we have applied a consensus docking strategy.
Namely, we employed programs based on different search algorithms and scoring functions
(typically divided in three types: (i) force-field (FF) based; (ii) empirical; or (iii) knowledge
based) to verify if the predicted binding poses were reproducible.

We initially confronted several docking Web servers such as ZDOCK,36 ClusPro,37
pyDock38 and HDOCK, 39 using the suggested parameters and without specifying any
constraints to interacting residues. These share search algorithms based on fast-Fourier
transform (FFT) methods for grid matching, and similar scoring functions, mainly based on
desolvation and electrostatic contributions, with the only exception of HDOCK, which,
instead, employs an iterative knowledge-based scoring function.*® As well, we have
employed PatchDock,*! whose search algorithm is based on geometric hashing and whose
scoring function accounts for geometric fit and atomic desolvation energy.42 As a further
control of the programs reliability we tested the ability of ZDOCK and PatchDock to
reproduce the crystallographic binding pose of the casp-9 dimer and casp-9/XIAP adduct
starting from the isolated proteins. Interestingly, both programs were able to correctly
predict the crystallographic structure of the casp-9 dimer (1JXQ) with a backbone RMSD
respectively of 1.30 and 0.45 A, whereas only ZDOCK was able to find the correct casp-9/
XIAP binding pose with a RMSD of 0.48 A Finally, we employed the RosettaDock server,*3
in which a Monte Carlo based algorithm is used to refine docking poses obtained from the
rigid docking protocols. In order to identify the most recurrent binding poses, we have
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selected the largest number of available models produced by each docking software and we
have statistically analyzed the results.

2.5. Molecular Dynamics (MD) Simulations

MD simulations were performed by PMEMD (Particle Mesh Ewald MD) module of
AMBER 12,** using periodic boundary conditions and the Amber ff99SB-ILDN force field.
45physiological protonation states were calculated using the H+ + server.46 The different IL-
IRa/caspase adducts (three models for casp-9 and two for casp-8), generated with distinct
docking programs, were solvated in a truncated octahedron box with a distance between
solute atoms and walls set to 12 A and filled with TIP3P water molecules.*” Na+ ions were
added to neutralize the charge of the systems. The same procedure was done for the casp-9
dimer and casp-9/XIAP adduct. The systems counted up to 58 559, 44 629, and 51 687
atoms, respectively. Bonds involving hydrogen atoms were constrained using SHAKE
algorithm.*8 A time step of 2 fs and a cutoff of 10 A for the nonbonded interaction were
used. The system was gradually heated in 1 ns to a final temperature of 300 K. The
temperature control was performed by a Langevin thermostat.#*The box size was
equilibrated using the NPT ensemble for 1 ns. The pressure control (I atm) was
accomplished using a Berendsen barostat.>0 Finally, production NPT simulations were
performed for 1 us for each system, for a cumulative simulation time of 10 zs.

2.6. Binding Free Energy Calculations

The binding free energies (AGy,) of the adducts were calculated with the MM-GBSA
method®! using MMPBSA .py program®2 and for protein—protein complexes can be
calculated using the following equations?®:

AGbind = Gcomplex - (Greceptor + Gligand) (1)

AGy; 4= AE, . +AE +AE 4, +AG . +AG ~TAS (2)

bin interna electrostatic polar non—polar

where AGyping represents the free energy of binding, which is the sum of the molecular
mechanics energy terms from bonded, electrostatic and van der Waals contributions. AGpojar
is here obtained by using the generalized Born (GB) model, whereas AGponpolar is usually
obtained from a linear relation to the solvent accessible surface area (SASA). Finally, —-7TAS
represents the conformational entropy contribution upon binding and is usually calculated by
normal-mode analysis.

The calculations were done for all considered adducts by taking 100 frames of the
equilibrated part of the MD trajectory. For solvation an improved generalized born solvation
model was used (igh = 8)°3 together with the mbondi3 radii set and a salt concentration of
0.1 M. The entropic contribution of the free energy was not taken into account, as it was

suggested that this term does not improve the quality of the results using the MM-G(P)BSA.
54,55
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2.7. Analysis

Hydrogen (H-)bond analysis and root mean square (RMSD) calculations were performed
with the ¢pptraj module of ambertools 16. In order to generalize also to other caspases the
binding mode observed for casp-8(9)/IL-1Ra adducts we performed a sequence alignment
ofcaspase-3, —6, —7, =8, and -9 with the Schrodinger Multiple Sequence Viewer and
ClustalW.56 Electrostatic potential analysis was performed using APBS software.5” Images
of protein structures were rendered using VMD.58

3. RESULTS AND DISCUSSION
3.1. Interaction of IL-1RA with Caspase-8 and -9

Co-immunoprecipitation experiments using anti-1L-1Ra or anticaspase Abs coupled to
sepharose beads demonstrated a direct interaction of IL-1Ra with casp-8 (Figure 1a) and
with casp-9 (Figure 1b). No interaction with caspases was evidenced for IL- 15, used as
internal controls in our assays (data not shown). These results indicate that IL-1Ra
specifically binds casp-8 and confirm previous evidence of IL-1Ra binding to casp-9.17

Notably, the present study is focused on intracellular IL-1Ra. Of the two isoforms of IL-1Ra,
that is, the secreted (sIL-1Ra) and the intracellular (iclL-1Ra) isoforms, slL-1Ra was
described as a 18 kDa peptide bearing a variable degree (up a MW of 22-24) of
glycosylation,>® as foreseen in pioneering studies on inhibition of the endogenous pyrogen
by Dinarello in the 1980s.59-61 In contrast, no glycosylation was evidenced for 17 kDa
iclL-1Ra.52:63 Actually, in our precipitation assays, iclL-Ra constantly ran at the predicted
mW of 17 kDa,17 and caspase inhibition was obtained in our in vitro enzyme assays by a
recombinant IL-1Ra peptide. Therefore, binding studies of iclL- 1Ra to casp-8 described
below are limited to the peptide, not considering any potential glycosylation of it.

3.2. IL-1Ra Inhibition of Activated Caspase-8 and -9

To analyze the inhibitory effect by IL-1Ra on activated caspases, activity of rh-caspases was
measured by spectrofluorimetry in the presence or absence of rhiL-1Ra (Figure 2). In our
conditions, we obtained Km values of 85.0 xM for casp-9, and of 42.9 1M, for casp-8,
(which were in accordance with previously published data.* At substrate Km-
concentrations, IL-1Ra inhibited casp-9 with igs values of 0.31 M, (K; competitive, Kic =
0.35 M, K uncompetitive, Kiu = 0.28 1M), and casp-8 with iy 5 values of 0.57 xM (Kic
0.85 M, Kiu 0.37 4M). Notably, IL-1Ra inhibition of casp-8 and -9 activities was abolished
in the presence of anti-IL-1Ra blocking Abs, used as internal controls in our assays. These
results indicate a noncompetitive inhibition by IL-1Ra of both casp-8 and -9 activity with

ig 5 values in the nanomolar range.

3.3. Modeling the Caspases/IL-1Ra Adducts

3.3.1. Cas-pase-9/IL-1Ra Binding Model—In order to rationalize at atomic- scale the
noncompetitive inhibition mechanism exerted by IL- 1Ra on casp-9 and —8 we have
performed blind docking calculations with different programs to obtain structural
information on the corresponding adducts.
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Strikingly, our consensus docking strategy led to a coherent view on the contact surfaces
involved in the formation of the casp-9/IL-1Ra adduct (Table 1). As a result, the most
energetically favored and populated binding pose (among the best top-ranked models),
always predicts IL-1Ra binding to the casp-9 dimerization site. In a second type of
interaction, less frequently observed and corresponding to a lower energy score, IL-1Ra
binds to the casp-9 active site (Figure 3).

The relative percentages of the different binding poses obtained by distinct docking
algorithms are very similar for ZDOCK and PatchDock, predicting IL-1Ra binding to the
caspases dimerization site as the most recurrent pose in 53.2 and 57.0% of cases,
respectively. This binding mode has even a larger preference when using PyDock (i.e.,
88.7% of models). Additionally, the best-ranked and consensually predicted casp- 9/IL-1Ra
adducts, in which IL-1Ra inhibits casp-9 activation by preventing its conversion into an
active dimeric form, is fully consistent with a noncompetitive inhibition mechanism
predicted by coimmunoprecipitation and spectrofluorimetric experiment. As such this
binding pose was selected for further studies.

Although a striking preference for the casp-9 dimerization site is envisioned by docking
calculations, a more detailed comparison of the best poses obtained by the different
algorithms does not furnish a consensus view on the IL-1Ra residues involved in casp-9
binding. All the best-ranked models are principally stabilized by hydrophaobic interactions,
and by few specific H-bonds. Remarkably, IL-1Ra residues, such as Trp16, GIn20, Tyr34,
GIn36, and Tyr147, predicted here to interact with casp-9, are crucial also for IL-1Ra
binding to the IL- 1R1 receptor.5 Conversely, PatchDock predicts a slightly different
relative orientation of the two proteins in which a polar region of IL-1Ra, comprising
Glul39, Lys96, Glul12, Asp138, interacts with casp-9.

To further assess the reliability of these predictions we have selected the top-ranked models
as obtained from ZDOCK and PatchDock and we have relaxed them by performing 1 /s of
MD simulations for each system. The model predicted by ZDOCK gained a stable binding
pose only after 750 ns, while the PatchDock one reached stability earlier (Supporting
Information (SI) Figure S1). Although the interaction between the two proteins is mainly
driven by hydrophobic interactions, we observed the formation of few H-bonds along the
MD runs, further contributing to stabilize the adducts (SI Figure S2). The most relevant
residues involved in H-bonds formation and their contribution to the AGy, are reported in
Table 2.66.67

In a final attempt to improve the reliability of our prediction, we have even refined the best-
ranked pose obtained by ZDOCK using the RosettaDock server. The resulting model has
been relaxed by 1 zs-long MD simulation (RMSD is shown in Sl Figure S1c). In this model
IL-1Ra interacts with casp-9 similarly to the ZDOCK model, however, during the MD
simulation, the two proteins establish a larger number of hydrophobic and H- bonding
interactions (Table S1), displaying, as a result, the largest AGb (Table 3 and S1). Hence, this
model results to be the best prediction of the casp-9/IL-1Ra adduct, among those obtained in
this work.
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3.3.2. Caspase-8/IL-1Ra binding model—The same computational protocol was
applied in order to dissect the inhibition mechanism of IL-1Ra toward casp-8. Consistently
with the findings detailed above, all the FFT-based algorithms predict the binding of IL-1Ra
to casp-8 dimerization site (Table 1) as the most favorable and recurrent binding pose.
Remarkably, in those poses IL-1Ra interacts with casp-8 exploiting the same surface
implicated in binding to the casp-9 (SI Figure S2), validating and generalizing our previous
findings.

As well, we have relaxed the casp-8/IL-1Ra adduct by performing 1 45 ofMD simulation on
the best models obtained with ZDOCK, RosettaDock and PatchDock programs (RMDS are
shown in SI Figure S3). As a result, IL-1Ra anchors tightly to the dimerization surface of
casp-8 via H-bonds (see Table 2 and Sl Table S1). Strikingly, the AGy of IL-1Ra to casp-8 is
lower than that to casp-9 (Table 3) in agreement with their relative fy5 values of 0.31 and
0.57 tM, respectively (see Sections 3.1 and 3.2). In line with the results obtained for casp-9,
the local refinement performed by RosettaDock determines an increased number of
interactions in the adduct, suggesting that a local sampling of the conformational landscape
using a Monte Carlo- based algorithm, followed by zs-long MD simulations, is needed to
improve the quality of the blind protein—protein docking prediction.

3.4. Bioinformatics Analysis

To further validate our models and explain why IL-1Ra displays a largest inhibitory power
on casp-9 and —8 with respect to the effector casp-3, —6, and -7, we have verified if the
residues stabilizing the casp-9(8)/ IL-1Ra adduct are conserved across all inhibited caspases
(Figure 4). An alignment of their primary sequences interestingly reveals that Lys398 and
GIn399 of casp-9, forming H-bonds that strongly stabilize the casp-9/IL-1Ra adduct during
MD simulations (Table 2), are conserved in casp-8 and even in the effector caspases-3, —6,
and —7. This extends also to GIn462, Lys472 and Asn447 in casp-8, which contributes to
stabilize casp-8/IL-1Ra (see Table 2 and Sl Table S1), As such our sequence alignment
reveals that a similar H-bond network, although involving a lower number of residues, may
be formed even between the effector caspases and IL-1Ra, justifying the experimentally
observed binding of IL-1Ra to casp-3, —6, and —7 and suggesting a possible general
mechanism of caspases inhibition as exerted by IL-1Ra. Conversely, the interaction
established exclusively between IL-1Ra and a loop of casp-9, composed by the residues
ranging from GIn240 to Gly252, accounts for the largest binding affinity and, possibly, the
higher inhibitory power of IL-1Ra toward casp-9.

3.5. Generalizing the Noncompetitive Inhibition Mechanism of Caspases

As a further last check, we have also performed MD simulations on the adduct between
casp-9 and XIAP, which hampers cell death by blocking the enzymatic activity of casp-9 at
1079 M concentrations,®® being therefore a more potent inhibitor than I1L-1Ra. Consistently
with our results, in the casp-9/XIAP crystal structure, the third BIR domain (BIR3) of XIAP
sequesters the casp-9 monomer, preventing its conversion into an active dimeric state.”® In
order to compare the binding mode and affinity of casp-9/IL-1Ra with that of casp-9/XIAP
adducts and casp-9 dimer we have even performed a 500 ns long MD simulation on the latter
two systems (Table 3, RMSD is shown in SI Figure S4). The calculated AGy, confirmed that
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casp-9 has a larger affinity toward XIAP than IL-1Ra, consistently with the measured igs.
Moreover, the relative AGy between IL-1Ra and the two investigated caspases is in line with
the largest inhibitory power exerted by IL-1Ra on casp-9. These calculations reveal that
casp- 9 dimer has the largest AG, among the adducts considered. In order to validate our
simulations we monitored the agreement between the experimentally determined X-ray
temperature factors (B-factors) with the ones obtained from our MD simulations of the
casp-9 dimer and the casp-9/XIAP adduct (SI Figure S5), as previously reported obtaining a
good qualitative agreement.”1.72

Interestingly, the crystal structure of c-FLIP, a key regulator of casp-8 in the extrinsic
pathway of apoptosis,3° reveals that this binds at casp-8 dimerization site, resembling the
mechanism observed experimentally for XIAP and predicted in this study for IL-1Ra (Figure
5). Thus, our findings provide clear evidence of a similar caspases regulatory/inhibitory
mechanism lying at the crosstalk of different cell death pathways.

4. CONCLUSIONS

Building on the recent identification of the inhibitory effect of IL-1Ra on casp-9, underlying
the regulation of ischemia induced apoptosis,’ here we disclose that IL-1Ra can even
inhibit the initiator casp-8. This finding is in line with a recent study suggesting a novel
nonapoptotic involvement of casp-8 at the crosstalk between cell death and innate immune
cell inflammatory signaling.®

Consensus docking followed by multijus MD simulations and free energy calculations
predict that IL-1Ra binds to casp-8/9 at their dimerization surface, preventing, in this
manner, their conversion into a catalytically/signaling active homodimeric form. This is fully
consistent with the noncompetitive inhibition mechanism of IL-1Ra toward both caspases
observed experimentally. The resulting casp-8(9)/IL-1Ra adducts are mainly stabilized by
cumulative hydrophobic interactions and by key H- bonds with IL-1Ra, whose residues are
at tract conserved across all initiator (casp-8, -9) and the effector caspases (-3, =6, —7)
(Table 2 and SI Table S1) inhibited by IL-1Ra. The observed binding mode closely
resembles that of XIAP and c-FLIP to casp-9 and -8, respectively, suggesting a general
regulatory mechanism of casp-8/9 apoptosis, necroptosis and inflammation signaling exerted
by preventing their conversion into their active homodimeric form. This mechanism is also
in line with recent evidence pinpointing an allosteric site at the caspases dimeric interface,
which may be exploited by small-molecule inhibitors.”3

Strikingly, our outcomes provide clear evidence that beyond XIAP/c-FLIP other similar
modulators of caspases exist, among which we identify IL-1Ra as a novel actor of this
entangled regulatory network. Since IL-1Ra production has been monitored to increase by
160-fold in ischemic cardiomyocytes, where it plays a protective antiapoptotic role, it is
tempting to suggest that IL-1Ra overexpression may be a signature of critical pathological
states (ischemic injuries, cancer, neurodegeneration or other inflammatory disorders) in
which caspases modulate different cell death types. As such our findings, contribute to move
a step forward toward an in-depth understanding of cell death regulation, and provide
unprecedented atomic-level structural information on the underlying mechanism. This
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knowledge may be exploited to devise novel therapeutic strategies in the fight against major
human diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Physical binding of IL-1Ra with (a) casp-8 and (b) casp-9 are shown by means of
coimmunoprecipitation. IL-1Ra was incubated with recombinant human casp-8 or -9.
Mixtures was then precipitated by addition to three different sets of Sepharose beads

Figurel.

Page 16

coupled with anti-1L- 1Ra, anticasp-8, or anticasp-9 antibody. The coprecipitated proteins in

each setting were then analyzed by Western blot. Anti-IL-1Ra and anticasp-8 or -9
antibodies were used to detect immunoreactivity of IL- 1Ra and of casp-8 or -9 in the

coprecipitate. IL-1Ra and casp-8 or -9 were run in the Western blot in additional lines and

used as positive controls.
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Figure 2.
Casp-8 and -9 inhibition by IL-1Ra. IL-1Ra 100 nmol/L significantly inhibits casp-8 and -9

activities, respectively, by #50% (data shown represent mean values in triplicate samples +
SD;**P < 0.001 for IL-1Ra 100 nmol/L vs control for both experiments). Addition of
IL-1Ra-blocking antibodies reverses the casp-8 and -9 inhibition by IL-1Ra (*/~ < 0.05 for
IL-1Ra plus antibody vs IL-1Ra for casp-8 or casp-9).
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Other sites (17.2 %)

Figure 3.
Representative casp-9/IL-1Ra adducts as predicted from ZDOCK. Casp-9 and IL-1Ra are

shown as blue and red ribbons, respectively.
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LV, e ANMAD A VFA A - Iv ~ + Epan. ITh n \'I e B .
Aapinsr] (2 2 wAEnA A ) Al AIDUY ‘ k e T
x\DCEVCVILy-—vEE LoFP IIL J€pvplxrlln. E VD CP:J»:-vaLFFIuAC‘ VRONDIGYESR PEDESP r: DD 1E.psGrzrDop
115 120 125 - 130 135 140 145 150 158 160 165 170 175
- casp-3 RSSEVCVLLSHGEEG~~~~~~~ IIFGTNG~PVDLKKITNFBRGDRCRSLT GRBRLEITQACRG~~~~~~~~n~ =~~~ e TELDCGIETDSG~VDDDM
115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190
- casp-6 ADCEVCVFLSHGEGN~~~~~~~ HIYAYDA~KIEIQTLTGLEKGDKCHSLVGKEKIBITOACRGNQHDVPVIP L~~~ ~ =~ =~ m = DVVDNQTEKLDTNITEVD
135 140 145 150 155 160 165 170 175 180 185 150 185 200
- casp-7 AACFACILLSHGEEN~~~~~~~ VIYGKDG~VTPIKDLTAHBRGDRCKTLLERBRLErIOACRG-~~~~~~~~~~~~~~~mmmmm TELDDGIQADSGPINDTD
310 315 320 325 330 335 340 345 350 355 360 365 370 378 380
- Casp-8 MDCFICCILESHMEDKG~~~~~~~ IIYGTDGQEAPIVELTSQETGLKCPSLAGKBRVEFrIQACQGEDNY QKG~~~ =~~~ =~ mmmm = IPVETDSEEQPYLEMDLS
230 235 240 245 250 255 260 265 270 275 280 285 290 295 300 305 310 315 320 325
- casp-9 LDCCVVVILSEGCOASHLOFPGAVYGTDGCFVSVEKIVNIBNGTSCPSLGGRBRLEFIQACGGE OKDHGFEVAS TSPEDESPGSNPEPDATP FQEGLRTFDQ
LP ® D”_ ol T p v(x) n 'FV I" ar x ¢ BD: LV‘ . km . - v TET I.'
Annvx LLvEAURL. AYSTXpCYY WA "'l 0sLC YLe@vse..sLBEw. ILTRNNA<VS rEJF‘?D'ﬁ FH.A] Uel B
185 150 195 200 205 210 215 220 225 230 235 244 245 250 255 275
- casp-3 A~~CHKIBVEADFLYAYSTAPGYYSWRNSKDGSWFIQSLCAMLKQYA~DKLEFMHILTRYNHKVATEFESFSFDATFHAK LyByH~~~
195 200 205 210 215 220 225 230 235 240 245 250 255 260 265 270 85 290
- casp-6 AAsvVYTLEAGABFLMCYSVAEGYYSHRETVNGSHY IODLCEMLGKY G~SSLEFTELLTLYNHKVSQRRVDFCKDPSAIGH LEFrpKsN
210 215 220 225 230 235 240 245 250 255 260 65 270 275 280 B 300
- Casp-7 ANPRYRIBVEABFLFA¥STVPGYYSWRSPGRGSHWFVQALCSILEEHG~KDLEIMQILTR NLRVARHFESQSDDPHFEE LyBso~-~
39%0 395 400 405 410 415 420 425 430 435 440 445 4F 475
- Ccasp-8 SPQTRY IBDEABFLLGMATUNNCVSYRNPAEGTHY IOSLCOSLRERCPRGDDILTILTEYNYENY LvEpsD~~
330 335 340 345 350 355 360 365 370 375 380 385 39 10 415
- casp-9 LDAISSLETPSBIFVSY¥STFPGFVSWRDPKSGSMYVETLDDIFEQWA~ HSEDLOSLLLRYANAN KknrBxrs--~
h—

Figure 4.
Alignment of casp-3, -6, =7, —8, and -9 sequences (starting at Ser24 Tyr37, Lys39, Val205,

and Gly132 residues, respectively). Residues not conserved in the other caspases are
represented with a dashed line. Consensus residues are highlighted with their letter code,
whose height is proportional to their conservation extent.58 Conserved residues involved in
H-bonds, and hydrophobic interactions, stabilizing the adducts during the MD simulations,
and composing the caspases active site, are highlighted in red square, and blue and green
lines, respectively.
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Caspase-9 - dimer Caspase-9 - IL-1Ra Caspase-9 - XIAP

Figureb.
A comparison between the crystallographic structures of casp-9 (pdb ID 1JXQ) and casp-8

dimers (3KJN), the most representative cluster obtained from our MD simulation of
casp-9(8)/IL-1Ra and the adducts with the known caspases inhibitors XIAP (LINW9), and c-
FLIP (3H11).
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Relative Percentages (Calculated on the Best- Ranked Models) Of the Caspases Sites Involved in IL-1Ra
Binding As Predicted by the Different Docking Programs Listed

Casp-9/IL-1Ra

Casp-8/IL-1Ra

software dimerization site
FFT based
ZDOCK 53.2
ClusPro 733
PyDock 88.7
HDOCK 61.0

geometric hashing

PatchDock 57.0
FFT based

ZDOCK 58.6
ClusPro 82.8
PyDock 66.7
HDOCK 44.5

geometric hashing

PatchDock 70.0

active site

29.6
20.0
2.8
155

16.0

1.8

0.0

0.0

19.7

10.0

other sites

17.2
6.7
8.5

235

39.6
17.2
32.3
35.8
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Table 2.
Residues Involved into Persistent H-bonds, as Observed During the MD Simulations of the casp-9(8)/IL- 1Ra
Adducts

casp-9 residues  casp-9 residues MM-GBSA  IL-1Raresidues  IL-1Ra residues MM-GBSA  conserved across caspases

Lys398 -46+26 Glu90 -01+0.1 -3,-6,-7,-8,-9
GIn399 -31+£09 Val18 -1.7+04 -3,-6,-7,-8,-9
Ser392 -1.3+0.6 GIn36 -52+08 8,9

Asn405 -04+£0.2 GIn36 -52+08 no

Ser242 -3.8+1.0 GIn149 -0.2+04 no

casp-8 residues  casp-8 residues MM-GBSA  IL-1Raresidues  IL-1Ra residues MM-GBSA  conserved across caspases

GIn462 -0.1+0.1 GIn20 -12+04 -3,-6,-7,-8,-9
Lys472 -24+11 Glu139 -12+12 -3,-6,-7,-8,-9
Asn447 -15+05 Asn19 -1.1+06 -3,-6,-7,-8
Arg435 -43+0.6 Glu139 -0.9+0.8 no

Thr467 -43+09 Glul26 -09+16 no

Contribution of these residues to the AGp (kcal/mol) is also reported. In the last column we show whether of casp-9/8 residues interacting with
IL-1Ra are conserved across other caspases (-3, =6, =7, —8, and —9), which are also non-competitively inhibited by IL-1Ra.
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Table 3.

AG,;, (kcal/mol) of the casp-9/IL-1Ra and casp-8/IL- 1Ra Adducts, casp-9 Dimer and the Known Inhibitor
XIAP Predicted by MM-GBSA Calculations. Standard Deviations Are Reported

system MM-GBSA
casp-9/IL-1Ra (ZDOCK) -353+3.1
casp-9/IL-1Ra (PatchDock)  —48.6 +5.3
casp-9/IL-1Ra (refinement)  —59.0 +5.8
casp-8/IL-1Ra (ZDOCK) -314+55
casp-8/IL-1Ra (PatchDock)  -36.1+5.1
casp-8/IL-1Ra (refinement)  —47.1+5.0
casp-9/XIAP -859+6.4
casp-9 dimer -131.0+6.7
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