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ABSTRACT: Caspase-1 (Interleukin-1 Converting
Enzyme, ICE) is a proinflammatory enzyme that plays
pivotal roles in innate immunity and many inflammatory
conditions such as periodic fever syndromes and gout. In-
flammation is often mediated by enzymatic activation of
interleukin (IL)-18 and IL-18. We detected seven nat-
urally occurring human CASP1 variants with different
effects on protein structure, expression, and enzymatic
activity. Most mutations destabilized the caspase-1 dimer
interface as revealed by crystal structure analysis and ho-
mology modeling followed by molecular dynamics simula-
tions. All variants demonstrated decreased or absent en-
zymatic and IL-1B releasing activity in vitro, in a cell
transfection model, and as low as 25% of normal ex vivo
in a whole blood assay of samples taken from subjects
with variant CASP1, a subset of whom suffered from un-
classified autoinflammation. We conclude that decreased
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enzymatic activity of caspase-1 is compatible with normal
life and does not prevent moderate and severe autoinflam-
mation.
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Introduction

Caspase-1, a proinflammatory protease, plays pivotal roles in
common pathways of innate immunity [Raupach et al., 2006], au-
toinflammatory disorders, and diseases in which autoinflamma-
tion contributes to pathogenesis. These include rare diseases such
as periodic fever syndromes and more common diseases such as
atherosclerosis, type 2 diabetes, and gout [Dinarello, 2011; Mar-
tinon and Tschopp, 2004; McDermott, 2004]. The current model
of caspase-1 activation comprises signaling via Toll-like (TLR) or
pattern recognition receptors (PRR), efflux of potassium ions from
stimulated cells [Franchi et al., 2007; Petrilli et al., 2007], danger
signaling, inflammasome assembly [Kanneganti et al., 2006b; Mar-
tinon etal., 2006; Sutterwala et al., 2006], and proteolytic processing
[Kanneganti et al., 2006a; Martinon et al., 2002]. Active caspase-1,
and to alesser extent procaspase-1, cleave precursors of IL-18and IL-
18, thereby producing their active forms. The function of IL-18 has
been studied extensively [Dinarello, 2005; Fantuzzi and Dinarello,
1999] and its importance in autoinflammatory disorders is well doc-
umented. Accordingly, IL-18 antagonists are effective therapeutics
in most of these disorders [Calligaris et al., 2008; Hawkins et al.,
2003; Kuemmerle-Deschner et al., 2011; Simon et al., 2004].

© 2012 WILEY PERIODICALS, INC.



Crystal structures of human caspase-1 have revealed that the
enzyme is a tetramer of two symmetrically arranged dimers, each of
which is composed of a p10 and a p20 subunit [Romanowski et al.,
2004; Walker et al., 1994]. One p20/p10 dimer communicates with
its neighbor through a set of direct and water-mediated hydrogen
bonds as well as hydrophobic interactions.

Here, using crystallography, homology modeling followed by
molecular dynamics simulations, and enzymatic and ex vivo cel-
lular testing, we describe for the first time structural and func-
tional features of naturally occurring frequent and newly discov-
ered rare variants of caspase-1 (CASP1, MIM# 147678, ENSEMBL:
ENSG00000137752).

Materials and Methods

The study was approved by the institutional review board,
the Ethikkommission der Technischen Universitit Dresden
(EK54032007). Patients and/or their parents gave written informed
consent to blood drawing and genetic analysis.

Materials

The following antibodies were used for Western blotting:
Procaspase-1 A-19 antibody (sc-622) (Santa Cruz Biotechnology,
Heidelberg, Germany) and IL-18 antibody #109-401-301 (Rock-
land Immunochemicals, Gilbertsville, PA). Polyethylenimine (PEI)
was ordered from Sigma—Aldrich Chemie (Deisenhofen, Germany).
Plasmids encoding procaspase-1 and proIL-18 were kind gifts from
Prof. Jirg Tschopp, Faculté de Biologie et de Médecine, Depart-
ment of Biochemistry, University of Lausanne, Switzerland. The
QuikChange® Site-Directed Mutagenesis Kit from Stratagene (La
Jolla, CA) was used to alter the procaspase-1 plasmid inserts as
needed. IL-1e, IL-1p, IL-6, IL-8, and TNF« concentrations were
measured using the BD Cytometric Bead Array from Becton Dick-
inson (Heidelberg, Germany).

Nucleotide and aa Numbering

Numbering of nucleotides reflects coding sequence number-
ing with +1 corresponding to the A of the ATG translation ini-
tiation codon. The initiation codon is codon 1. Wild-type (wt)
CASPI and variants were numbered according to ENSEMBL:
ENST00000436863.3. Variants have been submitted to the locus-
specific database: http://www.LOVD.nl/CASP1.

Cloning and Expression of Human Caspase-1 Variants

DNA sequences of the large (p20; Asnl20-Asp297; MW =
19,843.8 Da) and small (p10; Ala317-His404; MW = 10,243.7 Da)
subunit of caspase-1 (GenBank accession number NM_033292;
http://www.ncbi.nlm.nih.gov/genbank/) were produced by RT-PCR
from RNA purified from THP-1 cells (ATCC TIB-202) as described
previously [Fahr et al., 2006; O’Brien et al., 2005]. The large and
small subunits were cloned separately into the EcoRI and Ndel sites
of the pRSET B plasmid (Invitrogen, Carlsbad, CA). Codons for the
amino acid substitutions identified in clinical samples were intro-
duced into the cloned p20 and p10 cDNA sequences by site-directed
mutagenesis using the QuikChange Site-Directed Mutagenesis Kit
as recommended by the manufacturer.

Following verification of the identity of the altered sequences,
the plasmids were transformed into BL21 Codon Plus cells for ex-
pression. Expression conditions, isolation of inclusion bodies, and
renaturing in the presence of covalent caspase-1 inhibitors were de-

scribed previously [Romanowski et al., 2004; Scheer et al., 2005].
For preparation of enzymatically active caspase-1, the recombinant
enzymes were renatured in the absence of inhibitors. Preparations
were stored at -80°C until use.

Crystallization, Data Collection, and Structure
Determination (see also Supporting Information)

Crystals of the caspase-1 variants in complex with 3-[2-(2-benzyl-
oxycarbonylamino-3-methyl-butyrylamino)-propionylamino]-4-
oxo-pentanoic acid (z-VAD-FMK) were obtained by hanging-drop
vapor diffusion at 4°C against a reservoir of 0.1 M PIPES pH 6.0,
75-175 mM (NH,),SO,, 25% PEG 2000 MME, 10 mM DTT, 3
mM NaNj3, and 2 mM MgCl,. All crystals for data collection were
cryoprotected in mother liquors supplemented with 20% (v/v)
glycerol for 30-90 sec and immersion in liquid nitrogen.

Diffraction data were collected under standard cryogenic condi-
tions on Beamline 5.0.1 at the Advanced Light Source (Berkeley,
CA) using an ADSC Quantum 210 2-by-2 CCD array detector (the
Arg240>Gln variant) or Beamline 5.0.2 using an ADSC Quantum
315 3-by-3 CCD array detector (the Asn263>Ser variant), and pro-
cessed and scaled with CrystalClear from Rigaku/Molecular Struc-
ture Corporation [Pflugrath, 1999]. The structures were determined
from single-wavelength native diffraction experiments by molecu-
lar replacement with MOLREP [Vagin and Teplyakov, 1997] using
a search model from a previously determined structure (PDB ID
1sc4). The refinement of the initial solutions with REFMAC [Mur-
shudov et al., 1997, 1999; Pannu et al., 1998] yielded experimental
electron density maps suitable for model building with O [Jones
etal,, 1991]. The following residues were not visible in the electron
density maps for the indicated protein—inhibitor complexes and
were omitted from refinement of the final atomic models: 120-124
(the Arg240>Gln variant), and 120-131 (the Asn263>Ser variant).
PROCHECK [Laskowski et al., 1993] revealed no disallowed (¢, ¥)
combinations and excellent stereochemistry (see Supp. Table S1 for
a summary of X-ray data and refinement statistics). All structure
figures were prepared with PYMOL [DeLano, 2002].

Homology Modeling

The three-dimensional models of human caspase-1 mutants were
generated using MODELLER 9v8 software [Eswar et al., 2007; Sali
and Blundell, 1993]. Homology modeling was based on the X-ray
diffraction acquired high-resolution crystal structure of the wt hu-
man caspase-1 in complex with 3-[2-(2-benzyloxycarbonylamino-
3-methyl-butyrylamino)-propionylamino]-4-oxo-pentanoic acid
(z-VAD-FMK) [Scheer et al., 2006]. The FASTA sequence and crys-
tal structure of the template protein (accession number P29466)
were extracted from UniProt data base (http://www.uniprot.org).
MODELLER implements comparative protein structure modeling
by satisfaction of spatial restraints derived from the sequence align-
ment and expressed as probability density functions (pdfs) for the
features restrained [Eswar et al., 2007]. The pdfs restrain Co—Cor dis-
tances, main-chain N-O distances, and main-chain and side-chain
dihedral angles. The three-dimensional model of the protein is gen-
erated by an optimization process in which the model violates the
input restraints as little as possible. This optimization procedure is a
variable target function method that applies the conjugate gradients
algorithm to positions of all nonhydrogen atoms [Sali and Blundell,
1993]. We developed 20 models for each caspase-1 mutant. The best
model for each mutant was selected using the MODELLER objective
function known as the DOPE assessment score (discrete optimized
protein energy [Shen and Sali, 2006]). The molecular structures of
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the predicted proteins and their overall stereochemical quality were
validated using the program PROCHECK [Laskowski et al., 1993].

Molecular Dynamics Simulations

All simulations were performed with Gromacs program [Kutzner
et al.,, 2007]. Coordinates of the wt protein and mutants were im-
mersed in an orthorhombic SPC [van Gunsteren et al., 1983] water
box of dimensions: 85 A x 82.5 A x 90.0 A and energy-minimized
with 5,000 steepest descent algorithm using periodic boundary con-
ditions to fit the atomic positions to the Gromos96 (v. 53a6) force
field [Oostenbrink et al., 2004]. All interatomic bonds were con-
strained using the LINCS algorithm. Nonbonded interactions were
taken into account using the 6—12 Lennard—Jones potential using
a cutoff radius of 14 A and PME electrostatic treatment with a 10
A radius for short-range interactions. Molecular dynamics simu-
lations were performed in the NPT ensemble (300 K, 1 bar) with
Nose-Hoover and Parrinello-Rahman baths for temperature and
pressure, respectively. Periodic boundary conditions with a 2 fem-
tosecond (fsec) time step were used throughout the simulations.
The systems went forward during 1 nanosecond (nsec) restraining
the protein coordinates to their initial positions by applying har-
monic potential with spring constant K = 10 kJ/(mol A) to stabilize
water molecules around the protein. After an equilibration period
of 10 nsec, simulations evolved freely for more 10 nsec, saving coor-
dinates and velocities every 1 picosecond (psec) to further analyze
structural features. Interactive visualization of molecular structures
was carried out in PYMOL v1.3.

Cells

HEK 293T cells, which do not contain procaspase-1 or inflam-
masome components according to gene expression omnibus, GEO
accession: GSM301581, were cultured in DMEM with 10% FCS and
used in transfection experiments.

Transient Transfection of Procaspase-1 Variants in HEK
293T Cells

Expressions plasmids were transfected into HEK 293T cells using
0.5% PEI (Sigma—Aldrich, Germany). Cells were grown to 75%
confluency in 24 well plates overnight and cotransfected with 50 ng
of procaspase-1 and 500 ng of prolIL-18 plasmids in 200 pl. Two
hours later, another 200 ul of medium were added. For heterozygous
simulations, cells were transfected with 25 ng of wt procaspase-1
and 25 ng of variant procaspase-1 plasmids together with 500 ng of
prolL-18. Supernatants were removed 24 hr after transfection and
levels of mature IL-18 were determined using a CBA assay (Becton
Dickinson). Cell lysates were analyzed by Western blot.

Caspase-1 Assay

A 0.55 pug of purified recombinant p20/p10 wt or variant caspase-
1 lysates were incubated with 6 mM Ac-WEHD-AFC substrate in
reaction buffer (50 mM HEPES pH 7,4; 50 mM KCl; 200 mM NaCl;
0,1% CHAPS; 10 mM DTT) for 60 min at 37°C, 40°C, or 42°C.
Fluorescence was measured in a Mitras platereader LB940 from
Berthold (Bad Wildbad, Germany). Values were calculated from
114 measurements.

Whole Blood Assay

A 140 pl ofheparinized whole blood was plated into the wells of 96
well plates. Blood cells were stimulated with 1 pg/ml lipopolysac-
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charide (LPS) (Sigma—Aldrich) and 1 pg/ml muramyl dipeptide
(MDP) (Sigma—Aldrich) in a final volume of 200 wl. The plates
were placed on a plate shaker in a humidified incubator for 6 hr.
Thereafter, 100 ul of PBS were added to each well and the plates were
centrifuged (1200 x g for 5 min at room temperature). Supernatant
from each well was removed and cytokine levels were analyzed using
the CBA assay.

We also sequenced caspase-1 cDNA from the blood samples in
both directions and saw in the electrospherograms about equal
heights of the wt and the mutated bps (within the range of scatter
of electrospherogram peak heights). This excluded gross differences
in the amounts of wt and mutated caspase-1 transcripts.

Statistics

Differences in cytokine release in transfection experiments were
evaluated statistically with the paired, one-tailed Mann—Whitney U
test and for the whole blood assays the Wilcoxon signed rank test
was used.

Results

Study Population, Patients, and CASP1 Variants

Samples from the patients included in this study had been sent to
one of our centers because they were suspected by local physicians
to suffer from autoinflammation caused by a genetic alteration in
one of the genes MEFV, NLRP3, MVK, or PSTPIPI because they
showed clinical symptoms compatible with disorders caused by such
genetic alterations. Patients who had indeed a mutation in one of
these genes were included in other studies, but excluded from this
study. Patients with autoantibodies, a classical rheumatic disease, or
mutation negative CINCA/NOMID were also excluded.

Samples from the remaining patients were analyzed for other
mutations in components of the NLRP3 (NOD-like receptor fam-
ily, pryin domain containing 3) inflammasome. Thereby, we de-
tected several genetic variants of CASPI in some patients and their
clinically unaffected relatives, and later in unrelated blood donors.
Some variants (p.K319R, p.N263S, p.R240Q, p.R221C) were rare
polymorphisms. Other variants (p.L265S, p.T2671, p.A329T), and
subjects homozygous for p.R240Q and compound heterozygous
for p.R240Q/K319R have not been detected before (Table 1). The
systemic and local inflammatory symptoms of the six patients ex-
amined in detail for this study varied considerably, did not allow
for the diagnosis of a known disease, and could not account for a
new disease entity (Supp. Table S2). So far, severe infections or other
signs of an immunodeficiency could not be substantiated. A second
medical check-up revealed low titers of autoantibodies in only one
of the patients. Most of the patients’ relatives carrying the same
CASP1 variant were immunologically healthy and relatives with wt
CASP1 were always immunologically healthy.

Expression and Enzymatic Activity of the Caspase-1
Variants in Transfected Cells

We transfected HEK 293T cells with the procaspase-1 variants
we found in our study population and with the caspase-1 sub-
strate prolL-18 (Fig. 1) to determine whether the variants differed
in their enzymatic activity from the wt form. Wt procaspase-1 is
enzymatically weakly active, but autoprocessing to caspase-1
strongly enhances its activity.



Table 1. Overall Frequency of Caspase-1 Variants

Number of subjects® with the
variant within a control

Number of patients®® with the
variant/total number of

1000 Genomes/dbSNP NCBI
www.1000genomes.org
www.ncbi.nlm.nih.gov./snp

CASP1I variant population (% variants) patients analyzed (% variants) (as at June 2012)
p-R221C/WT ¢.661C>T 0/100 1/468 rs151040610 (0.1%)
p-R240Q/WT ¢.719G>A 0/782 0/468 rs45617533 (0.4%)
p-R240Q/R240Q 0/782 1/468 Not detected

p. R240Q/K319R 0/782 1/468 Not detected

p-N263S/WT ¢.788A>G 4/782 (0.5%) 3/468 (0.9%) rs139695105 (0.3%)
p-L265S/WT ¢.794T>C 0/782 1/468 Not detected

p.T2671/WT ¢.800C>T 0/580 1/468 Not detected

p-K319R/WT ¢.956A>G 10/782 (1.3%) 21/468 (5.5%) 1s61751523 (1.3-4%)
p-A329T/WT ¢.985G>A 0/580 1/468 One case reported in cosmic® COSM77418

Numbering of nucleotides reflects coding sequence numbering with +1 corresponding to the A of the ATG translation initiation codon. The initiation codon is codon 1. Wt

CASPI and variants were numbered according to ENSEMBL: ENST00000436863.3.
2Family members of subjects and of patients with variants have not been included.

bThe patients had no mutation in MEFV, NLRP3, MVK, or PSTPIPI; some healthy members of the same families also had the respective variant; healthy control subjects were of
Caucasian and patients were of Caucasian and Mediterranean origin; SNPs other than the variants shown were synonymous.
“Reported as somatic mutation in Catalogue of Somatic Mutations in Cancer: www.sanger.ac.uk/genetics/ CGP/cosmic/.

Procaspase-1 protein from the transfected variants except from
the R221C and the A329T forms were strongly or moderately ex-
pressed (Fig. 1A). After transfection, the amount of mRNA of the
R221C and A329T variants were comparable to the wt form as de-
termined by quantitative RT-PCR. It is important to note that at
high concentrations of wt procaspase-1 autoprocessing can occur
without other components of the inflammasome because of the pro-
caspase enzymatic activity [Ramage et al., 1995]. To discern bands
that resulted from (pro)caspase-1 enzymatic activity from those that
appeared for other reasons such as possible protein degradation by
other cellular enzymes, we also included a synthetic active-site mu-
tant C285A with no enzymatic capability. As indicated by a 33 kD
band (Fig. 1A, boxed), autoprocessing only occurred in the wt, the
R240Q, the N263S, and the K319R variants. The R240Q/K319R
50:50 double plasmid transfection, to mimic the compound het-
erozygous caspase-1 of one subject, and the R240Q form showed
only very weak 33 kD bands indicating low enzymatic activity.

Mature IL-18 in cell lysates and supernatants demonstrated the
efficiency of the enzymatic processing of the natural substrate proIL-
1B and was fully concordant with the efficiency of autoprocessing
(Fig. 1B and C). As a rough trend, the more frequent the variants
were in the general population (Table 1), the more active they were.
The N263S variant was only slightly less active than the wt form,
whereas the decrease in activity was more pronounced in the K319R
form. Moreover, the ability of the R240Q variant to cleave prolL-
18 was very weak and the extremely rare variants (R221C, L2658,
T2671, and A329T) showed no detectable enzymatic activity at all.

We excluded the possibility that the observed differences in en-
zymatic activity after transfection with the procaspase-1 variants
were related to different levels of cell death (e.g., apoptosis or py-
roptosis). Propidium iodine (PI) staining and measurement of the
proapoptotic caspase-3 were the same for all transfections (Supp.
Fig. S1).

In vitro Enzymatic Activity of Recombinant Caspase-1
Variants

To confirm our results and to further characterize the variants,
we produced recombinant caspase-1 protein of those variants that
demonstrated at least some activity in the transfection experiments
(N263S, K319R, R240Q), quantified their enzymatic capability,
performed crystal structure analysis, and simulated molecular
dynamics.

The decreased enzymatic activity of the recombinant caspase-1
variants was consistent with their decreased activity in the transfec-
tion experiments (Table 2, compare with Fig. 1C). Note, however,
that the concentrations of recombinant mature tetramer caspase-1
variants (Table 2) were always constant. In contrast, the respective
mature variants after autoprocessing (Fig. 1) in the transfection
experiment differed in quantity because they were derived from
procaspase-1 with different autoprocessing efficiency (Fig. 1A). This
accentuated the experimental readouts in Figure 1B and C.

Raising the reaction temperature decreased the enzymatic ac-
tivity of the variants, possibly suggesting molecular instability. Al-
though the wt form was only slightly less active at 42°C compared
with 37°C, the R240Q variant had 70% less activity at 42°C. The
N263S and K319R forms showed an intermediate activity and were
also more sensitive to an increase in temperature than the wt form
(Table 2).

Crystal Structure Analysis

As shown in Figure 2, the mutated amino acids of the variants
R240Q, N263S, and K319R are located at the caspase-1 dimer in-
terface. The two active sites in the functional wt tetramer (Fig. 2A)
communicate with each other through a circuit of key amino acids
that span the dimer interface. The center of the interface is marked
by a conserved water molecule jointly held by two E390 residues
from adjacent dimers (Fig. 2B).

In the wt tetramer, H-bonds formed by R240 (Fig. 2B) within the
dimer (D336) and across the dimer interface (N259) are stabilized
by two water molecules (not depicted) in the wt enzyme. In the
variant R240Q enzyme, these H-bonds and those between N259
and N263 are lost (Fig. 2C).

H-bonds formed by N263 within the wt dimer with N259 and
across the dimer interface (R240 and D336, Fig. 2B) are also sta-
bilized by the water molecules. Elimination of several H-bonding
interactions around the amino acid in position 263 in the variant
N263S enzyme allows the two dimers to move away from each other
subtly, which may lead to the disappearance of the conserved water
molecule held by E390 (Fig. 2D).

Exchange of K319 by arginine (K319R; Fig. 2E), which is flexible,
leads to H bonds either with D297 of the opposite p20 subunit or
with Q379 ipsilateral. These bonds are not present in the wt enzyme
(Fig. 2F).
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Figure 1. Expression and autoprocessing of (pro)caspase-1 variants,
and prolL-18 cleavage by these variantsin transfected HEK 293T cells. A
and B: ProlL-18 and procaspase-1 plasmids were cotransfected. After
24 hr, supernatants and cell lysates were assayed for the presence
of the respective proteins by Western blotting. Supernatants had been
concentrated by methanol/chloroform precipitation. Loading control:
GAPDH (glyceraldehyde-3-phosphate-dehydrogenase). A: Procaspase-
1 variants (black arrow, 45 kDa); wt, and R240Q, N263S, and K319R
variants showed an additional specific band (boxed) at approximately
33 kDa indicating autoprocessing (n.r.—not related to (pro)caspase-
1 enzymatic activity; n.s.—nonspecific). B: Cleavage of prolL-18 by
(pro)caspase-1 variants; mature IL-18 in supernatants and lysates of
transfected cells. C: Release of mature IL-18 into the supernatant of HEK
293T cells cotransfected with prolL-18 and procaspase-1 as determined
by a CBA assay. Mean and SEM, n=9, ***P < 0,001, variant versus wt.

Homology Modeling and Molecular Dynamics Simulations
of Caspase-1 Variants

On the basis of the crystallographic structure of the wt caspase-1
[Scheer et al., 2006] and the respective amino acid sequence of its
variants R221C, R240Q), N263S, L.265S, T2671, K319R, and A329T,

the individual three-dimensional structures were calculated using
homology modeling. For each variant, mutations were generated in
either one or both heterodimers, and referred to as “heterozygous”
and “homozygous,” respectively. These variants were then employed
as initial configurations for molecular dynamics simulations.

As it has been shown that dimerization via the p10-p10 inter-
face plays a critical for protein structure and enzymatic function,
we explored whether the amino acid changes of individual vari-
ants provoke geometrical alterations at the central interface of the
tetramer.

Thus, the average distance between the centers of masses of
the amino acids E390 located at the two opposing pl0 chains
(E390:E390, Fig. 3A) was calculated for the wt protein and each
variant. This distance was higher in the T267I and R240Q and
shorter in the R221C and K319R variants in comparison with the
wt form, for both, heterozygous and homozygous tetramers. When
variants L265S and A329T were substituted in only one member of
the dimer pair, the distance between the two E390 amino acids was
not altered, yet the distance decreased when the variant was present
in both members of the dimer pair. Moreover, in the N263S variant
the E390:E390 distance was decreased in the heterozygous and in-
creased in the homozygous form of the enzyme dimer. In variants
R240Q, T2671, and L265S, we found additional kinetic alterations.
These variants show important fluctuations leading to metastable
configurations (Fig. 3B—-H).

Cytokine Production in Whole Blood Samples from
Subjects with CASP1 Variants

Following the analysis of biological activity and characterization
of the correlating three-dimensional structures of caspase-1 vari-
ants, we tested the individual ability for cytokine production in an
ex vivo cellular assay.

Most of our subjects encompass one variant and one wt allele,
but one subject was compound heterozygous (R240Q/K319R) and
another one homozygous for the R240Q allele. We first mimicked
all these constellations by transfection of HEK 293T cells and then
measured cytokine production in whole blood samples from all
subjects available.

As shown in Figure 4A, simulated heterozygous conditions by
transfection with one wt and one variant plasmid always led to less
IL-18 release than transfections mimicking cells that were homozy-
gous for the wt form. However, the results did not account for a
general dominant negative effect of the variant forms because the
capability of the wt caspase-1 to convert prolL-18 to active IL-18
was not suppressed by any variant form. The “compound heterozy-
gous” R240Q/K319R cells produced less IL-18 than the respective
“heterozygous” variant/wt cells and the “homozygous” R240Q cells
secreted the least amounts.

Heparinized blood samples from five families with members who
carry atleast one variant CASP]I allele, were stimulated with LPS and
MDP. Thereafter, five cytokines (IL-18, IL-1¢, IL-8, IL-6, and TNF«)

Table 2. Enzymatic Activity of Recombinant Caspase-1 Variants with Residual Activity

Caspase-1 variant 37°C AFU 40°C AFU 42°C AFU Decrease at 42°C compared to 37°C
Wt 33.9+19 31.4+1.3 29.1+1.7 -14.1%
N263S 30.6 £1.2 225+1.2 13.8+2.0 -57.0%
K319R 295+1.1 255+ 1.5 17.5+2.8 -41.3%
R240Q 11.2+1.2 3.86+£0.2 3.1+14 ~73.6%

A 0.55 ug of purified recombinant p20/p10 wt or variant caspase-1 were incubated with 6 mM Ac-WEHD-AFC substrate for 60 min at different temperatures. Under these
conditions, wt caspase-1 yielded a maximal substrate turnover. AFU, arbitrary fluorescence units; average of 114 measurements.
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N2635

Figure 2. Structural alterations in variant caspase-1 as revealed by crystallography. A: Structure of the wt caspase-1 enzyme tetramer. Red:
The active sites; green: p20-subunit; blue: p10-subunit. White rectangles define magnified regions of the interface as depicted in B—F. B: H-bonding
networks around the wt caspase-1 dimer-interface residues found altered in mutated forms. H-bonds between protein atoms as well as protein
atoms and water molecules are displayed as broken yellow lines. H-bonds formed by R240 within the dimer (D336) and across the dimer interface
(N259), and between N263 and N259 stabilized by water molecules (not depicted) in the wt enzyme (PDB ID code 2hbqg; 1.8 A resolution). Excellent
electron density for Arg240 is observed. C: H-bonds formed by Q240 within the dimer (D336) and across the dimer interface (N259) and to ipsilateral
N263 in the R240Q variant (PDB ID code 3d6f; 1.9 A resolution). The shorter Q240 side chain interacts with D336 within the dimer. Partially ordered
electron density for the Q240 side chain indicates greater thermal motion of the side-chain atoms, especially of Q240 does not appear to participate
in any other H-bonds. D: In the N263S variant (PDB ID code 3d6h; 2.0 A resolution), S263 lacks the H-bonding acceptor for N259 as well as the donor
for the central water molecule, which may lead to the disappearance of the conserved water molecule coordinated by E390. Excellent electron

density for S263 is observed. E: Exchange of K319 by R319 (PDB ID code 3d6m; 1.8 A resolution) leads to H-bonds with either D297 of the opposite

p20 subunit or with the ispilateral Q379. These H-bonds are not present in the wt enzyme F.

were determined in the blood supernatants (plasma and medium).
IL-1a and IL-1p secretion depends on caspase-1 regulated uncon-
ventional protein release. IL-8, IL-6, and TNF« were used for com-
parison because their release depends on conventional release mech-
anisms. Simultaneously drawn blood samples from family members
who were homozygous for the wt CASPI served as control samples.
Similar to the transfection model (Fig. 4A), samples from subjects
with one variant allele produced significantly less IL-18 than control
samples (Fig. 4B). However, blood samples from patients with one
variant allele did not produce more or less IL-1 than healthy family
members with the same heterozygous mutation.

In accordance with the transfection model (Fig. 4A), blood
cells from the patient homozygous for R240Q (Fig. 4B filled
symbol marked by *) produced less IL-18 than his heterozygous
parents and brother. Also, the compound heterozygous patient
(R240Q/K319R) produced less IL-18 than subjects with either
R240Q/wt or K319R/wt. Due to low numbers of samples, the latter
differences did not reach significance.

The amount of IL-lo released in the whole blood samples
(Fig. 4C) roughly mirrored the IL-1p release (Fig. 4B). IL-l« is
not activated by caspase-1, but its release from cells depends on this
enzyme. Blood cells from most subjects carrying one or two vari-
ant CASPI alleles secreted significantly less IL-1er than cells from
control samples from the same families (Fig. 4C).

We observed a trend for patient cells to release decreased amounts
of IL-6 and IL-8 (R221C, R240Q/R240Q, Fig. 4D and E) or increased
amounts of TNFa (L265S, A329T, Fig. 4F). However, differences in
the release of these cytokines did not reach statistical significance
due to the low number of samples and, therefore, it is not clear
whether these differences are meaningful.

Discussion

Caspase-1 is a proinflammatory enzyme that is important in
innate immunity and is of high clinical relevance. To date, little is
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Figure 3. Distance between dimer—dimer interfaces of caspase-1 variants predicted by molecular dynamics simulations. A: Average distance
between the centers of masses of the amino acids E390 located in the two opposing p10 chains of caspase-1 variants (E390:E390). The horizontal
dashed line corresponds to the average of the E390:E390 distance in the wt caspase-1 (wt). B-H: Detailed time course of E390:390 distance
of caspase-1 variants calculated from molecular dynamics simulations. Wt/wt, variant/variant, and variant/wt stand for “homozygous” and
“heterozygous” forms of the enzyme variants, respectively.
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Figure 4. Cytokine secretion in whole blood samples from subjects with CASP1 variants and from transfected cells. A: Release of mature IL-18
into the supernatants of HEK 293T cells cotransfected with prolL-18 and procaspase-1 variant plasmids as determined by a CBA assay. Mean and
SEM of n=9, *P<0.01, **P < 0.005, ***P < 0.001, variant versus wt. B-F: Secretion of mature IL-18, p < 0.025 (B); IL-1, p < 0.016 (C); IL-6, n.s. (D);
IL-8, n.s. (E); and TNFq, n.s. (F) into supernatant of LPS/MDP stimulated whole blood samples as determined by CBA assay; P values: all subjects
with variant alleles together (12 individuals, n = 25 independent samples) versus family members with wt alleles only (4 relatives, n = 8 samples).
Horizontal line: median; healthy subjects: open circles; diseased subjects: closed circles; wt: family members with wt alleles only; all subjects with
CASP1 variants were heterozygous except one diseased homozygous subject (R240Q/R240Q) indicated by asterisks, and one diseased compound

heterozygous subject (R240Q/K319R).

known about types and frequencies of naturally occurring human
caspase-1 variants and nothing is known about their functional
features. We came across such variants while analyzing genes that
encode components of the NLRP3 inflammasome in families with
members suffering from yet unclassified autoinflammatory diseases.

Our data consistently show that naturally occurring caspase-1
variants differ widely from the wt form in terms of structure, sta-
bility, and enzymatic activity. The relatively frequent N263S and
K319R variants (Table 1) show moderately decreased enzymatic ac-
tivity (Fig. 1) and possibly decreased stability at higher temperatures
(Table 2). The R240Q variant is also not extremely rare (Table 1),
but demonstrates only residual autoprocessing and enzymatic
activity. The very rare variants R221C, L265S, T2671, and A329T
do not show any activity at all.

Caspase-1 enzymatic activity is not only responsible for cleavage
of proIL-18, but also for secretion of mature IL-18 (unconventional
protein secretion [Keller et al., 2008]). The ratio of secreted IL-15 to
intracellular IL-1p is decreased in the variants with residual activity
compared to the wt (Fig. 1B, R240Q, N263S, K319R, compare super-
natant and lysate) suggesting that secretion is even more impaired
than proIL-18 cleavage.

We solved high-resolution structures of the three caspase-1 vari-
ants identified in our patients that are still enzymatically active.
Homology modeling and molecular dynamics simulations allowed
us to characterize not only qualitatively but quantitatively structural
alterations of all caspase-1 variants. Crystallographic structures rep-
resent “homozygous” mature forms of the enzyme, in which both

dimers of the functional tetramer contained the relevant amino
acid alteration. Two amino acid substitutions (R240Q and N263S)
destabilized, to varying degrees the dimer interface by eliminating
hydrogen bond interactions that would normally hold the dimers of
the functional tetramer together (Fig. 2). This result was in agree-
ment with our molecular dynamic simulations. Distances between
respective E390 amino acids, a measure of the distance between the
dimers, were increased in R240Q and N263S homozygous forms of
the enzyme (Fig. 3A, C, and D). As a consequence, loss of these in-
teractions disrupted a circuit of residues that normally enables one
active site of the tetramer to communicate with the other active site.
In addition, analysis of the crystallographic structure of the R240Q
variant indicates that this mutation may also severely alter the sta-
bility of loop 3, the largest loop of the active site, which normally
undergoes a dramatic conformational change upon ligand binding
[Romanowski et al., 2004]. A more detailed discussion can be found
in the Supporting Information.

According to crystallography, the K319R mutation does not in-
duce an alteration across the center of the dimer—dimer interface.
This result was confirmed by molecular dynamics in which the
E390:E390 is not changed in the homozygous form of the enzyme
for this mutation (Fig. 3A and G). Nevertheless, it appears as if
the substitution of lysine by arginine induces new hydrogen bonds
between the amino acid at position 319 and both D297 and Q379
(Fig. 2F, compare with the wt in Fig. 2E). Although the dimer—dimer
interface is altered in R240Q as well as in N263S (Fig. 3A, C, and
D), it is not in the K319R variant (Fig. 3A and G). Conversely, only
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in K319R the hydrogen bonds involving the amino acid 319 are
perturbed. The fact that the three studied variants show decreased
enzymatic activity (Table 2) indicates that both the dimer interface
and the hydrogen bond network linked to the 319 lysine are crucial
for function. Interestingly, the mutation-induced dimer separation
seen in molecular dynamics simulation, particularly notable in vari-
ants R240Q, N263S and more subtle in L2658, is accompanied by
a two-state oscillation (Fig. 3A, C, D, and E, respectively). These
oscillations indicate the presence of two metastable configurations
for the dimer—dimer interface, which is currently investigated in
another study.

The ex vivo measurements using whole blood samples from sub-
jects that carry the variant alleles, are consistent with the in vitro
results and the results of the transfection experiments (Fig. 4).
Monocytes and neutrophils [Mankan et al., 2011] are most prob-
ably the most important source of IL-18 (and IL-1«) in the blood
samples. TNFalpha, IL-6, and IL-8, measured for comparison, are
again secreted by monocytes and neutrophils, but also by other
leukocytes. When stimulated with LPS and MDP, the blood samples
from subjects with one variant allele produce significantly less IL-
1B than samples from family members exclusively with wt alleles.
The decrease in IL-18 production may even be more pronounced
in samples from the homozygous R240Q subject. IL-1« production
follows a pattern that resembles IL-18 production. Even though
caspase-1 is not needed to activate IL-1le it is nevertheless impor-
tant for its release from the cells [Keller et al., 2008]. The release
of the other cytokines measured does not follow a clear consistent
pattern.

As a result of preselection, approximately half of the subjects
with variant caspase-1 alleles suffer from variegated symptoms that
can mostly be categorized as autoinflammatory, as only one patient
had low levels of autoantibodies. The other half of the subjects,
parents or siblings of the patients, are immunologically healthy. No-
body shows clear signs of an immunodeficiency such as recurrent
infections. Cells from the homozygous R240Q patient can still pro-
duce approximately 25% of IL-18 of a person with two wt alleles.
This amount of IL-18 may be sufficient to prevent immunodefi-
ciency. However, it is still possible that patients in consanguineous
families exist that have two null alleles of CASPI and do suffer
from an immunodeficiency because secretion of IL-18 during in-
flammation/infection is part of innate immunity and conserved in
evolution.

The etiology of the patients’ autoinflammatory disorders may
vary a lot. For example, the enhanced secretion of TNFalpha only in
the siblings with the L265S variant (Fig. 4F) could perhaps indicate
that their pathomechanism of autoinflammation differs from that
of the other patients.

Itis not clear whether any relationship exists between the patients’
disorders and the caspase-1 variants. Also, it is even possible that
the patients would suffer from autoinflammation more severely if
they could produce normal amounts of IL-18.

As a last possibility, these hypomorphic caspase-1 variants
could paradoxically contribute to inflammation. Lamkanfi and col-
leagues proposed a mechanism by which enzymatically inactive
(pro)caspase-1 can activate NF-«B via RIP2 and could hence be
proinflammatory [Lamkanfi et al., 2004]. We are currently inves-
tigating the hypothesis that this mechanism accounts for or con-
tributes to the inflammation in the patients.

Thus, we conclude that naturally occurring genetic variants of hu-
man caspase-1 differ considerably in structure and ability to activate
IL-1p and that strongly decreased production of IL-18 (and IL-1w)
does not necessarily prevent moderate and severe autoinflammatory
disease.
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