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Abstract: Inflammasomes are multiprotein complexes that represent critical elements of the inflam-
matory response. The dysregulation of the best-characterized complex, the NLRP3 inflammasome,
has been linked to the pathogenesis of diseases such as multiple sclerosis, type 2 diabetes mellitus,
Alzheimer’s disease, and cancer. While there exist molecular inhibitors specific for the various com-
ponents of inflammasome complexes, no currently reported inhibitors specifically target NLRP3PYD

homo-oligomerization. In the present study, we describe the identification of QM380 and QM381 as
NLRP3PYD homo-oligomerization inhibitors after screening small molecules from the MyriaScreen
library using a split-luciferase complementation assay. Our results demonstrate that these NLRP3PYD

inhibitors interfere with ASC speck formation, inhibit pro-inflammatory cytokine IL1-β release, and
decrease pyroptotic cell death. We employed spectroscopic techniques and computational docking
analyses with QM380 and QM381 and the PYD domain to confirm the experimental results and
predict possible mechanisms underlying the inhibition of NLRP3PYD homo-interactions.

Keywords: inflammasome inhibitors; NLRP3; PYD; screening; split-luciferase; pyroptosis

1. Introduction

The inflammasome represents one of the most important participants of the innate
immune system [1,2]. The Nod-Like Receptor family pyrin domain containing 3 (NLRP3)
inflammasome comprises the NLRP3 molecular sensor, the apoptosis-associated speck-like
protein containing a caspase recruitment domain (ASC) adaptor protein (possessing PYD
and CARD domains), and pro-caspase-1 [2–6]. The NLRP3 protein contains an N-terminal
pyrin domain (NLRP3PYD), a central NACHT domain containing a nucleotide-binding do-
main (NBD) (crucial for oligomerization of NLRs upon activation), and a C-terminal leucine-
rich repeat (LRR) domain [7,8]. Upon activation, the NLRP3 protein homo-oligomerizes
into a disk-like architecture via NLRP3PYD homo-interactions and interacts with the ASC
protein via NLRP3PYD–ASCPYD interactions. The CARD domain of ASC then recruits
pro-caspase-1 CARD domain 1 to form the NLRP3-ASC-pro-caspase-1 complex/NLRP3 in-
flammasome [3,4,6,9–11]. The NLRP3 inflammasome can activate caspase-1 by responding
to a wide variety of stimuli, including PAMPs (pathogen-associated molecular patterns) or
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DAMPs (danger-associated molecular patterns) [12]. Subsequently, caspase-1 processes
two precursor proteins to form the mature pro-inflammatory cytokines, pro-interleukin
1β (pro-IL-1β) and pro-interleukin 18 (pro-IL-18), which primarily associate with innate
immunity [1,13–15].

The broad involvement of the NLRP3 inflammasome in various inflammatory diseases
makes it a highly attractive drug target. A range of pharmacological inhibitors of the NLRP3
inflammasome has been previously described, including JC124 [16], Parthenolide [17], Bay
11-7082 [18], MCC950 [19], MNS [20], CY-09 [21], Tranilast [22], OLT1177 [23], Oridonin [24],
and type I Interferons (IFNs) [25].

Several drugs have been developed to target IL-1β or IL-18 to treat NLRP3-related
diseases; however, the NLRP3 inflammasome activates additional pro-inflammatory events
beyond IL-1β/IL-18 secretion, while other inflammasomes/inflammasome-independent
pathways can promote IL-1β secretion [26–28].

Since NLRP3PYD homo-oligomerization occurs during the initial stages of inflamma-
some formation, the development/identification of novel inhibitors that prevent relevant
interactions (NLRP3PYD–NLRP3PYD) may have significance to the treatment of NLRP3
inflammasome-related diseases. The self-association properties of NLRP3PYD and its de-
pendence on protein and salt concentration have been studied in detail [29]. However, the
contribution of NLRP3PYD homo-interactions to inflammasome activation remains poorly
understood. Currently described NLRP3 inhibitors such as CY-09 or MCC950 directly bind
to the ATP-binding motif of the NLRP3 NACHT domain [21,30]. Although several groups
have investigated various molecular inhibitors interacting with different components of
inflammasome complexes [16–25,31–33], to the best of our knowledge, there exists no
specific inhibitor of NLRP3PYD homo-interactions.

In this study, we have selected candidate inhibitors of the NLRP3 inflammasome by
screening a set of small molecules from the MyriaScreen Diversity Library (Sigma) with
the reconstituted luciferase assay. The MyriaScreen library is produced by collaboration
between TimTec, Inc. (Newark, DE, USA) and Sigma-Aldrich. This screening collection
is composed of 10,000 high-purity drug-like compounds selected to maximize chemical
diversity and maintain drug-like properties, which are dissolved in DMSO.

The split-luciferase complementary assay is based on reconstructing dissected lu-
ciferase fragments in fusion with two interacting proteins (Figure 1A). This biolumines-
cent assay presents the critical benefit of providing a robust signal with low background
noise [34–36]. The optimization of both construct for drug screening is required for cell-
based assays [37]. We previously utilized the split-luciferase complementary assay to detail
Apaf-1–Apaf-1 interactions during apoptosome formation in vitro and in vivo [38–40].
Similar to the approach used in the current study, the role of different Apaf-1 domain in
apoptosome formation was also revealed by the loss of function truncated and mutant
forms of Apaf-1 [41,42].

This study explores QM380 and QM381 as novel modulators of the NLRP3 inflam-
masome that target the NLRP3PYD interactions using the split-luciferase complementary
assay (Figure 1A) and demonstrate their inflammasome inhibitory activity in cell-based
inflammation models. We also performed spectroscopy and theoretical studies to confirm
our experimental results and gain insight into the inhibition mechanisms of these two
promising inflammasome inhibitors.
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Figure 1. QM380 and QM381 inhibit NLRP3PYD homo-oligomerization in vitro: (A) Flow chart
describing the screening of a set of small molecules from the Myria Screen library. The first four wells
of the first column of each plate were filled with CLuc-NLRP3PYD, and the last four wells were filled
with NLuc-NLRP3PYD without any compound treatment. The first four wells of the last column
were used as positive controls filled with the mixture of chimeric proteins without any compound
treatment, while the last four wells were considered as negative controls. (B) SDS-PAGE of purified
N-Luc NLRP3PYD and C-Luc NLRP3PYD proteins. Lanes 1 in the top and bottom boxes show the
purified Nluc-NLRP3PYD and Cluc-NLRP3PYD, respectively, and Lanes 2 show the molecular weight
marker (MW). (C) QM380 and QM381 inhibit NLRP3PYD homo-oligomerization in a concentration-
dependent manner. Compounds were incubated in the presence of CLuc-NLRP3PYD at different
concentrations for 15 min, and NLuc-NLRP3PYD was then added. Luminescence was measured as
described in the methods section. Luminescence data were normalized to the positive control in
the absence of the compound and is expressed as the mean ± SD of n = 2 and n = 4 independent
experiments for QM380 and QM381, respectively.

2. Results

2.1. Screening and Identification of Modulators of NLRP3PYD Homo-Interactions Using a
Split-Luciferase Assay

We expressed NLuc-NLRP3PYD and CLuc-NLRP3PYD and purified them to homogene-
ity in terms of molecular weight (as confirmed by SDS-PAGE) (Figure 1B). We selected
candidate inhibitors of the NLRP3 inflammasome by screening a set of small molecules from
the MyriaScreen Diversity Library (Sigma) with the reconstituted luciferase assay using
purified NLuc-NLRP3PYD and CLuc-NLRP3PYD in a cell-free system (Figures 1A and S1).

The first screen identified eleven compounds able to decrease total luciferase activity
(Figure S1A). Confirmation assay selected three compounds (E3, E11, and H8) as candidate
inhibitors of NLRP3 inflammasome activation (Figure S1B). We assessed the specificity of
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selected compounds for NLRP3PYD homo-interactions in a secondary assay to eliminate
direct luciferase inhibitors. The results demonstrated a decreased luminescence signal
in luciferase transfected cells in the presence of H8; however, we found no significant
alterations in luciferase activity in the presence of E3 or E11 (Figure S1C), confirming
their specificity for PYD/PYD interactions. We confirmed the activity of E3 (QM380) and
E11 (QM381) in dose-response reconstitution assays with NLuc-NLRP3PYD and CLuc-
NLRP3PYD, finding IC50 values of 50 and 28 µM, respectively (Figures 1C and S2).

2.2. Structural Analysis
2.2.1. Fluorescence Quenching Assay

To better understand QM381 binding to NLRP3PYD, we took advantage of the existence
of a tryptophan residue in the sequence of this protein domain. The fluorescence intensity of
the tryptophan decreased in a dose-dependent manner when we incubated the protein with
increasing concentrations of QM381, indicating a change in the tryptophan environment as
a consequence of compound binding produced by protein conformational rearrangement
(Figure S3).

2.2.2. NMR Spectroscopy

We performed WaterLOGSY and STD NMR interaction experiments to corroborate
direct interactions of QM380 and QM381 with NLRP3PYD (Figure S4A,B); however, we
failed to achieve conclusive results in the case of QM381 due to compound solubility
restrictions at the concentrations needed. Of note, both analyses demonstrated a shift in
the NMR spectra, indicating the binding of QM380 to the PYD domain of NLRP3.

2.3. Molecular Docking Analysis

Molecular docking and structural modeling have been widely used as complementary
techniques to confirm and support experimental data. To assess the appropriate binding
orientations and predict the mechanism of inhibiting NLRP3PYD homo-interactions and
binding modes of most active compounds to NLRP3PYD, we performed molecular docking
analysis via Autodock Vina with mentioned parameters. To the best of our knowledge,
a ligand-binding site for drugs on NLRP3PYD has not yet been elucidated; therefore, we
assumed the interface of two monomers as a possible ligand-binding site. According to a
previous study carried out by Stutz et al., the specified interfaces for homo-interaction of
NLRP3PYD are formed by Ser 5, Arg 7, Cys 8, Ala 11, Glu 15, Asp 50, Val 52, Asp 53, and
Thr 56 residues (known as type Ia interface) of one NLRP3PYD domain and Lys 23, Lys
24, Met 27, His 28, Glu 30, and Asp 31 residues (known as type Ib interface) of the other
NLRP3PYD domain [43].

Due to the type Ia and type Ib monomer dimerization interfaces, we carried out
separate docking analyses for each site. Table 1 details the lowest binding free energy for
each docking (first pose), while Figure 2A–D show the binding position of ligands to protein
for the first pose for QM380 and QM381, respectively. Overall, the Ia interface displays a
slightly higher binding free energy value than the Ib interface (Table 1). Therefore, we chose
the two models with the lowest binding energy obtained by docking of each ligand against
the PYD monomer, and employed the Ia interface (Figure 2A,C) as predicted binding
models for the remainder of the study.

To gain further insight into the predicted binding models by Autodock Vina, we
performed a binding orientation analysis of the binding site (residues with 5 Å distance
to the ligand) using Maestro (Figure 3). Figure 3 illustrates the participating residues in
binding sites for QM380 and QM381; both charged residues (e.g., Lys and Asp) or polar
residues (e.g., Gln and Thr) surround both ligands possibly due to the electronegative atoms
(fluorine and chlorine) or amine, ether, and hydroxyl functional groups of the compounds.
Furthermore, the program predicted one hydrogen bond involving the oxygen atom of
Gln 45 and the hydrogen atom (connected to the nitrogen atom) of QM380; however, the
presence of hydrophobic residues in the binding sites (e.g., Ala, Val, and Leu) indicates
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the involvement of both electrostatic and hydrophobic interactions in ligand binding
to NLRP3PYD.

Table 1. The lowest binding free energy (kcal/mol) obtained from docking of two different interfaces
of NLRP3PYD with the most active ligands using the Autodock Vina tool.

Compounds Interface Type The Lowest Binding Free Energy (kcal/mol)

QM380
Ia interface −5.8
Ib interface −4.9

QM381
Ia interface −5.9
Ib interface −4.9

Figure 2. Graphical representation of docking study between NLRP3PYD and (A,B) QM380,
(C,D) QM381 (first poses) at the Ia (A,C) and Ib (B,D) interfaces, generated by Autodock Vina.
In the peptide structures represented in cartoon form, residues that participated in the Ia (helices
1 and 4) and Ib (helix2) interfaces and ligands are in stick representation visualized by PYMOL
(version.2.3.3).
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Figure 3. Molecular interactions and electrostatic surface potential of predicted binding models
at the binding site (residues with 5 A◦ distance to the ligand) for (A,B) QM380 and (C,D) QM381.
The residues that interact are labeled, visualized in the ball–stick model, and colored based on their
physicochemical properties. The hydrogen bond of Gln 45 and QM380 is shown as a dashed line. In
panels (B,D), the surface ranges are characterized from positive electrostatic potential (blue surface)
to a negative potential (red surface) with 30% transparency. The structures and interfaces were
represented and analyzed by Maestro (version 12.6).

2.4. NLRP3PYD Homo-Oligomerization Inhibitors Prevent ASC Speck Formation

After confirming the ability of QM380 and QM381 to inhibit NLRP3PYD homo-
oligomerization in a cell-free in vitro experimental system, we next aimed to explore the
ability of these compounds to inhibit the formation of ASC specks and mature caspase-1
and, thus, interfere with inflammasome function in the cellular milieu. We studied the
ability of QM380 and QM381 to inhibit the formation of ASC specks in THP1-ASC-GFP
cells, a cell line derived from THP-1 human monocytic cells that stably express an ASC-GFP
fusion protein under the control of the NF-kB promoter. LPS treatment activates the fusion
protein expression in these cells, which can be visualized throughout the cell cytoplasm; a
subsequent second signal (NLRP3 inflammasome activation by nigericin treatment) then
causes ASC-GFP speck formation, whose relative levels can be determined by confocal
fluorescence microscopy.
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We monitored ASC-GFP oligomerization following LPS and nigericin treatment in the
presence or absence of the NLRP3PYD homo-oligomerization inhibitors. Interestingly, both
QM380- and QM381-treated samples displayed a significant reduction in ASC speck forma-
tion after the appropriate stimulation (Figure 4). These results support the contribution of
NLRP3PYD as a nucleation site for inflammasome activation and reinforce the use of this
domain as a target for drug development.

Figure 4. QM380 and QM381 inhibit ASC speck formation: (A) Percentage of ASC specks measured in
THP-1-ASC-GFP cells treated with QM380 and QM381 (20 µM) and stimulated with LPS (100 ng/mL)
and nigericin (10 µM). (B) Live-cell imaging of THP-1-ASC-GFP cells treated as indicated above. Scale
bar corresponds to 20 µm. Arrows point to ASC specks. Asterisks represent significant differences
compared to the stimulated control (LPS/nigericin) as determined by a one-way ANOVA test with
Tukey’s multiple post-test comparisons * p < 0.05; *** p < 0.001. All data are expressed as the
mean ± SD of four independent experiments.

2.5. Inhibition of NLRP3PYD Homo-Oligomerization with QM380 and QM381

Reduction in ASC oligomerization and subsequent inhibition of NLRP3 inflamma-
some activity were evaluated by the QM380 and QM381 effect on human macrophages
pre-treated with LPS and nigericin to induce NLRP3 inflammasome activation. We moni-
tored inflammasome activation via the secretion of the pro-inflammatory cytokine IL-1β
and pyroptotic cell death (Figure 5). Encouragingly, both QM380 and QM381 treatment
inhibited NLRP3 activation, as evidenced by a decrease in IL-1β secretion (Figure 5A,B,
respectively) and reduced levels of pyroptosis, as measured by a decreased release of lactate
dehydrogenase (LDH) (Figure 5C,D, respectively). Cell death data (Figure S5) and GSDMD
cleavage by immunoblotting (Figure 5E) confirm recovery from pyroptotic death.

Analysis of the zymogen (pro-) and processed mature forms of caspase-1 and IL-1β in
cellular extracts (Figure 5E—PELLET fraction) and supernatants (Figure 5E—SN fraction)
by immunoblotting demonstrated a reduction in caspase-1 and IL-1β processing in the
presence of QM380 and QM381, which agreed with the IL-1 β secretion assays. Overall,
this suggests that NLRP3PYD oligomerization inhibitors can decrease pro-inflammatory
signaling and pro-inflammatory cell death, thereby inhibiting the spread of inflammation.
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Figure 5. QM380 and QM381 inhibit NLRP3 activation mediated by LPS and nigericin stimulation
in PMA-differentiated THP-1 cells. The ELISA technique evaluated IL-1β secretion upon activation
of the NLRP3 inflammasome with LPS (100 ng/mL) and nigericin (20 µM) and treated or not with
QM380 (A) or QM381 (B) at different concentrations. Measurement of LDH release under the above-
described conditions for QM380 (C) and QM381 (D) treated cells. (E) THP-1 cells were stimulated as
described above, and supernatants (SN) and pellets were analyzed by immunoblotting for IL-1β and
cleaved caspase-1. A representative Western blot is shown. Asterisks represent significant differences
compared to the stimulated control (LPS/nigericin) as determined by a one-way ANOVA test with
Tukey’s multiple post-test comparisons * p < 0.05; ** p < 0.01; *** p < 0.001. All data are expressed as
the mean ± SD of three experiments.
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3. Discussion

Involvement of the NLRP3 inflammasome in a wide range of pathological pro-
cesses [44–48] requires a deeper understanding of the protein–protein interaction processes
that modulate its activation for therapeutic intervention.

Different inhibitory mechanisms have been investigated using diverse inhibitors that
counteract NLRP3 inflammasome assembly [49]. Indirect inhibitors of NLRP3 inflamma-
some activation include Glyburide, Bay 11-7082, β-hydroxybutyrate, VX-740, and JC124,
which function by inhibiting ATP-sensitive K+ channels, inhibiting the NF-κB pathway
by inhibiting the kinase activity of IKKβ, K+ efflux, blocking caspase-1 and reducing the
expression of NLRP3, ASC, and caspase-1, respectively [50–54], and indirect inhibitors such
as Parthenolide and Bay 11-7082 [18,55].

Moreover, direct inhibitors for NATCH domain (e.g., INF39, 3, 4-methylenedioxy-b-
nitrostyrene, CY-09, Dapansutrile, MCC950, and Oridonin) and β-carotene are
reported [20,21,24,56–59].

Here, we demonstrated that QM380 and QM381 compounds directly interfered with
NLRP3PYD homo-oligomerization to decrease ASC oligomer formation and inflammatory
signaling activation (Figure 4). These results provide evidence for the NLRP3PYD domain
as a homo-oligomerization seed platform for the formation of ASC specks.

Many recent studies focusing on inhibiting inflammasomal complexes by small
molecules have provided mechanistic insight using in silico studies [21,32,59–64]. Thus,
to illuminate the mechanisms of QM380 and QM381, we performed spectroscopic and
molecular docking studies. As there is no revealed specified binding site for NLRP3PYD,
we have considered the residues involved in the interface of two monomers as a possible
ligand-binding site. Results of this analysis and our experimental findings reveal that
both inhibitors most likely bind to the interface of interaction of the two monomers and,
by interacting with some of the residues at this interface, disrupt interaction between the
two NLRP3PYDs [43]. Fluorescence and NMR spectroscopies (Figures S3 and S4) demon-
strated conformational changes in the PYD domain or oligomerization pattern changes,
presumably induced through direct ligand binding. Docking results further supported
the experimental data and predicted that QM380 and QM381 most likely bind to the in-
terface controlling the NLRP3PYD homo-interaction (most probably the Ia interface with
stronger affinity) mostly through electrostatic interactions, which consequently disrupt the
interaction of NLRP3PYD monomers. The structural and docking analyses suggest that,
through direct interaction or disruption of NLRP3PYD homo-oligomerization, QM380 and
QM381 disrupt the correct positioning of NLRP3PYD thereby decreasing inflammasome
complex formation, as confirmed by analysis of speck formation (Figure 4), caspase-1
activity, GSDMD cleavage, and pyroptotic cell death, which is confirmed by the inhibition
of LDH release from cells. Our study suggests that QM380 and QM381 represent promising
hit compounds that may support the development of novel, more efficient inflammasome
inhibitors via virtual screening studies.

4. Materials and Methods

E. coli BL21(DE3) was obtained from MerckMillipore (Burlington, MA, USA). pET28a
expression vector was purchased from Invitrogen (Waltham, MA, USA). Fetal bovine serum
(FBS) and RPMI 1640 were purchased from Gibco, Thermo Fisher Scientific (Waltham, MA,
USA). Plasmid extraction kit and Ni-NTA-agarose column were obtained from Qiagen
(Hilden, Germany). The luciferase assay kit was purchased from Promega (Madison,
WI, USA).

4.1. Cell-Free Assays
4.1.1. Preparation of Constructs

As described in our previous study in detail [36], N and C-terminal domains of firefly
luciferase were fused to NLRP3PYD to produce NLuc-NLRP3PYD and CLuc-NLRP3PYD
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recombinant proteins, respectively. A bioluminescence signal was observed in the case of
NLRP3PYD homo-interactions and the reconstitution of the complete luciferase protein.

4.1.2. Expression and Purification of Chimeric Proteins

The desired proteins were expressed in E. coli and purified, as previously described [36].
Briefly, the constructs cloned in pET28a were transformed into E. coli BL21(DE3). Then,
10 mL of LB medium containing 50 mM kanamycin was incubated with a fresh bacterial
colony harboring the expression plasmid, and grown at 37 ◦C overnight under shaking at
180 rpm. Then, 1 mL of pre-cultured bacteria was used to inoculate 250 mL 2xyt medium
and grown at 37 ◦C under shaking until the appropriate OD600 (0.6) was reached. The
mixture was induced by isopropyl-β-D-1-thiogalactopyranoside (IPTG) and incubated at
37 ◦C under shaking. The cells were harvested by centrifugation at 6000 rpm for 20 min
at 4 ◦C. The cell pellet was resuspended in lysis buffer (20 mM Tris-Base, 500 mM NaCl,
8 M urea, 5 mM imidazole) and sonicated on ice in ten cycles of 10 s bursts and 20 s rest
intervals. The lysate was centrifuged at 12,000 rpm for 20 min. Then the supernatant was
loaded onto a Ni-NTA-agarose column and incubated. The column was washed using
several buffers (20 mM Tris/HCl, 500 mM NaCl, 5 mM Imidazole). Finally, the desired
proteins were eluted from the column by elution buffer (20 mM Tris-HCl, 300 mM NaCl,
and 275 mM imidazole; pH 7.8). Following electrophoresis, the gels were incubated in a
stain solution containing 40% (v/v) methanol, 10% (v/v) glacial acetic acid, and 0.1% (w/v)
Coomassie Brilliant Blue R-250 in distilled water at room temperature for 1 h under gentle
agitation. Then, the Coomassie stain was removed by destain solution containing 40% (v/v)
methanol and 10% (v/v) acetic acid in distilled water. Representative image was obtained
after gel scanning in 8-bit grayscale. Protein size corresponds to the predicted molecular
weight (the molecular weight of Cluc-NLRP3PYD and Nluc-NLRP3PYD are approximately
33 KDa and 60 kDa, respectively). Then, proteins were dialyzed against PBS buffer at
pH 7.4 and stored at −80 ◦C for subsequent steps.

4.1.3. Screening of Small Molecule Compounds

To target specific NLRP3PYD homo-interactions by small compound molecules, ran-
dom screening of 160 small molecules from the MyriaScreen Diversity Library (Sigma) was
carried out using a firefly luciferase assay. The best candidates were selected as compounds
for further assessment in vitro. The assay was carried out in white 96-well plates. First,
CLuc-NLRP3PYD (~16 µg) was added to each well containing 20 mM Tris buffer, then
each library compound and, finally, NLuc-NLRP3PYD (~8 µg) were loaded. The first four
wells of the first column of each plate were filled with CLuc-NLRP3PYD, and the last four
wells were filled with NLuc-NLRP3PYD without any compound treatment. The first four
wells of the last column were used as positive controls filled with the mixture of chimeric
proteins without any compound treatment, while the last four wells were considered as
negative controls and filled with the mixture of CLuc-NLRP3PYD, purified human ASC
protein (~4 µg), and NLuc-NLRP3PYD (flow chart is shown in Figure 1A). The equivalent
volume of DMSO was added in each positive and negative well. Next, 50 µL of luciferase
assay reagent from the Promega kit was added to each well, and the luminescence signal
was recorded in a CLARIOstar Plus Multi-Mode Microplate Reader. The quality of the
screening was assessed by calculating the z-factor according to the following equation:

z = 1 − [3 × (standard deviation of positive controls) + 3 × (standard deviation of negative
controls)] / [(average of positive controls) − (average of negative controls)]

The first screen identified eleven compounds able to decrease total luciferase activ-
ity (Figure S1A). Confirmation assay was carried out to select candidate compounds as
inhibitors of NLRP3 inflammasome activation (Figure S1B).
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4.2. Structural Analysis
4.2.1. Fluorescence Quenching Assay

The tryptophan fluorescence quenching assay can be used to assess small molecule
inhibitor binding affinities to proteins using fluorescence spectroscopy [65].

Tryptophan fluorescence quenching assays were performed in black 96-well plates.
The CLuc-NLRP3PYD chimeric protein was added to each well, and then different con-
centrations (2, 10, 20, and 50 µM) of QM381 compound were loaded in the wells. The
fluorescent signal of each well was detected at the same time. NLRP3PYD excitation at
280 nm prompts an emission maximum corresponding to the tryptophan fluorescence at
352 nm in a Jasco FP-8500 spectrofluorometer.

4.2.2. NMR Spectroscopy

To confirm the interaction between proteins and small molecule inhibitors, Water-
LOGSY and STD NMR interaction experiments with the compounds were performed in
the NMR facility of the CIPF.

4.2.3. Structure Refinement, Active Site Analysis, and Docking Simulation Study

The structure of QM380 and QM381 were downloaded from the ZINC database in
mol2 format [66], and the crystal structure of the NLRP3PYD peptide (PDB ID: 3QF2) was
downloaded from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein
Data Bank (PDB) [67]. All structures were refined and modified by removing the solvent,
adding polar hydrogen for proteins, merging non-polar hydrogens with the corresponding
carbons, defining rotatable bonds for ligands, and assigning Gasteiger charges before being
converted into the pdbqt format using Autodock tools (version 1.5.6) [68].

An in silico docking simulation study was carried out to evaluate the potential of chem-
ical compounds to inhibit NLRP3PYD homo-interactions. The interface of two monomers
(PDB ID: 3QF2 chainA) was predicted as the ligand-binding site. Due to the two differ-
ent interfaces for each monomer (Ia and Ib interfaces) [43], two grid boxes (box center
x: −24.281, y: 19.557, z: 28.099) for type Ia interaction and (box center x: −12.659, y: 34.025,
z: 29.694) for type Ib interaction were designed using Autodock tools. The grid box size
was set to 25 × 25 × 25 A◦ and was kept constant for all site-specific dockings. All dockings
were performed by Autodock Vina (version 1.1.2) [69]. The output results were in PDBQT
format and converted to PDB using the UCSF Chimera software (Version.1.15) [70]. The
most favorable docking pose for each ligand was chosen for the subsequent analysis.

All structures and docking results were visualized using PYMOL (version.2.3.3) [71]
and Maestro (version 12.6, Schrodinger, LLC, New York, NY, USA, 2020).

Poisson–Boltzmann electrostatic potential surfaces, peptide-ligand binding site, and
molecular interactions at the interface were analyzed and visualized using Maestro.

4.3. Cell-Based Assays

4.3.1. Evaluation of the Specificity of Selected Inhibitors to NLRP3PYD Homo-Interactions

To determine the specificity of chemical compounds for NLRP3PYD homo-interactions
and not to NLuc or CLuc fragments, the luciferase transfected cell lysate was exposed to
the selected small molecule compounds and the luminescent signal measured. For this
reason, luciferase transfected HEK293 cells at a density of 5 × 105 cells in each well of a
six-well plate were gently washed twice with PBS, and the cells were then lysed with 50 µL
Cell Culture Lysis Reagent (CCLR) buffer. The lysate of luciferase transfected cells was
added to each well of a white plate, and the selected compounds (E3, E11, and H8) from
screening (Figure S1C) were added separately. The luminescent signal of each well was
recorded (RLU/sec) in the presence of firefly luciferase substrate in a CLARIOstar Plus
Multi-Mode Microplate Reader.
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4.3.2. ASC Speck Assay

THP1-ASC-GFP cells were seeded at 1 × 106/mL and differentiated into macrophages
with 5 ng/mL of phorbol-12-myristate-13-acetate (PMA) the day prior to use in experi-
ments on 35 mm glass-bottom culture dishes. The following day, the medium was replaced
with a medium containing inhibitors (20 µM) or vehicle (DMSO) for 30 min. Cells were
then primed with 100 ng/mL lipopolysaccharide (LPS) for 3 h and stimulated with 10 µM
nigericin for 30 min. Images were acquired using a Leica DM 6000 microscope (Leica
DC500 camera) with a 10× objective. The number of ASC specks was registered for a total
of 40 images per condition (ten random fields for each condition in four independent ex-
periments). For confocal analysis (Leica SP8), samples were fixed in 4% paraformaldehyde
(PFA) for 10 min at room temperature, washed several times, and prepared in mounting
medium plus DAPI. Image processing was performed using FiJi software.

4.3.3. Inflammasome Activation Assay

Inhibitors were evaluated in the PMA-differentiated THP-1 cells stimulated with
100 ng/mL LPS and 20 µM nigericin to stimulate the NLRP3 inflammasome. Briefly,
1 × 106 cells were seeded in 6-well plates in 1 mL RPMI media (1% FBS). Cells were ei-
ther mock-treated or primed with compounds at the indicated concentrations for 30 min,
followed by treatment with LPS for 3 h and then nigericin for 30 min at 37 ◦C. Super-
natants were harvested and clarified by centrifugation at 1500 rpm at room temperature,
and cytokine analysis was performed. IL-1β secretion was monitored by ELISA assay
(BD OptEIA™ Human IL-1β ELISA Kit) following the manufacturer’s instructions. Cell
viability was analyzed in parallel by evaluating the release of lactate dehydrogenase (LDH)
according to a commercial kit (CytoTox-ONE™ Homogeneous Membrane Integrity Assay;
Promega). The release of LDH was calculated using the formula: the release of LDH (%) =
100 × (Abs490 treated − Abs490 untreated cells)/Abs490 untreated cells lysed with Triton
9% (maximum release of LDH).

4.4. Immunoblotting

The supernatants of the treated cells were precipitated using the chloroform–methanol
method, as described by De Nardo. et al. [72]. Pellets were obtained by lysing cells in 25 mM
of Tris-HCl pH 7.4, 1 mM EDTA, 1 mM EGTA, and 1% SDS, plus protease and phosphatase
inhibitors. BCA protein assay was used to determine protein concentration. Samples were
separated in a 14% SDS-PAGE gel, transferred to a nitrocellulose membrane, and blocked
with 5% skimmed milk for 1 h. Then, the membrane was incubated overnight with primary
antibodies: α-casp1 (1:1000; Cell Signaling 2225), α-IL-1β (1:1000; Cell Signaling #82186S
and Merck Millipore #MAB18), α-NLRP3 (1:1000; Cell Signaling 15101), α-ASC (1:1000;
sc-22514), α-GSDMD (1:1000; Cell Signaling #93709), and α-GAPDH (1:1000; Cell Signaling
2118S) at 4 ◦C. Membranes were washed and probed with the appropriate secondary
antibody conjugated with peroxidase for enhanced chemiluminescence detection (GE
Healthcare Bio Sciences AB, Uppsala, Sweden).
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