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Caspase-4 disaggregates
lipopolysaccharide micelles via
LPS-CARD interaction
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Lipopolysaccharides (LPS) are a major component of the outer membrane of Gram-negative bacteria
and are pathogen-associated molecular patterns recognized by the TLR4/MD2 complex that induces an
inflammatory response. Recently, the cytosolic receptors caspase-4/-5/-11 that bind LPS inside the cell
and trigger inflammasome activation or pyroptosis, have been identified. Despite the important roles
of caspase-4 in human immune responses, few studies have investigated its biochemical characteristics
and interactions with LPS. Since caspase-4 (C258A) purified from an Escherichia coli host forms
aggregates, monomeric proteins including full-length caspase-4, caspase-4 (C258A), and the CARD
domain of caspase-4 have been purified from the insect cell system. Here, we report the overexpression
¢ and purification of monomeric caspase-4 (C258A) and CARD domain from E. coli and demonstrate
. that purified caspase-4 (C258A) and CARD domain bind large LPS micelles and disaggregate them
. to small complexes. As the molar ratio of caspase-4 to LPS increases, the size of the caspase-4/LPS
. complex decreases. Our results present a new function of caspase-4 and set the stage for structural and
biochemical studies, and drug discovery targeting LPS/caspase-4 interactions by establishing a facile
purification method to obtain large quantities of purified caspase-4 (C258A) and the CARD domain.

Lipopolysaccharides (LPS) are a major component of the outer membrane of Gram-negative bacteria. Their
structure comprises three major parts, lipid A, a core oligosaccharide, and the O-antigen. Lipid A contains two
: glucosamine units with hexa-acyl chains and two phosphate groups, and is referred to as an active unit that causes
. the inflammatory response in mammalian hosts’. LPS is also referred to as an endotoxin, and is a representative
. pathogen-associated molecular pattern recognized by the host innate immune system. LPS micelles in humans
. are recognized by the LPS binding protein (LBP), and LPS is transferred to CD14 and forms a heterodimeric
complex with TLR4/MD2 on the surface of immune cells?>* While the complex formation initiates signal trans-
* ductions resulting in the expression of genes involved in host defense®’, excessive amounts of LPS can result in a
. lethal septic shock and even death. Recently, caspase-4/-5 from human and caspase-11 from mouse were reported
. as cytosolic LPS receptors. Caspase-4/-5/-11 are enzymes belonging to a family of cysteine proteases and are
classified as inflammatory caspases. These enzymes are synthesized as a latent zymogen containing the caspase
activation and recruitment domain (CARD), and large and small subunits (Fig. 1). The physiological functions of
caspase-4/-5/-11 have been recently elucidated. In 2013, Kayagaki et al. and Hagar et al. independently found that
caspase-11 is activated by cytosolic LPS and leads to non-canonical inflammasome activation®’. The next year, Shi
and colleagues showed that caspase-4 and caspase-11 directly bind to cytosolic LPS through their CARD domain
and suggested that LPS binding induces oligomerization of caspase-4 or caspase-11, and that oligomerization
is required for caspase-4 or caspase-11 activation and formation of non-canonical inflammasome®. Activated
caspase-4 induces inflammasome formation as well as pyroptosis, a form of inflammatory cell death through
cleavage of Gasdermin D°. Several studies have also investigated how LPS enters cells and demonstrated that
outer-membrane vesicles (OMVs) secreted by living Gram-negative bacteria enter the host cell through endo-
cytosis®®. Escherichia coli O111:B4 LPS could bind to the cholera toxin B subunit followed by endocytosis via
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Figure 1. Schematic domain structures of the cytosolic LPS receptors Caspase-4, Caspase-5 and Caspase-11.
The amino acid numbering above corresponds to that in the UniProt database’®.

the GM1 ganglioside®”, or release of bacteria from the vacuoles via small interferon-induced guanylate bind-
ing proteins'"'2. However, the mechanism of LPS recognition by caspase-4 through the CARD domain and the
events occurring after binding to LPS at the molecular level are still unclear. Contrary to previous suggestions
that caspase-4 is oligomerized by LPS binding?, another study suggested that caspase-4 just binds to large LPS
micelles that provide a surface for caspase-4 activation resulting in high molecular weight complexes'>. Since
E. coli has endogenous LPS, full-length caspase-4/-5/-11 purified from E. coli are isolated as high molecular weight
aggregates; therefore, all biochemical studies have been performed with caspase-4 purified from the Bac-to-Bac
Baculovirus Expression System®!®. Here we established the expression and purification procedures for the mon-
omeric caspase-4 (C258A) variant and its CARD domain from an E. coli system at the mg scale to understand
the roles of caspase-4 during its interactions with LPS. With the purified CARD domain and caspase-4 (C258A),
we demonstrate for the first time that these proteins not only bind to large LPS micelles, but also break them into
lower molecular weight complexes in vitro. We also found that as the molar ratio of caspase-4 to LPS increases,
the size of the caspase-4/LPS complex decreases as observed by gel filtration chromatography and transmission
electron microscopy (TEM). Our results provide a fundamental basis to understand the role of caspase-4 dur-
ing non-canonical inflammasome formation by cytosolic LPS, and the availability of E. coli purified monomeric
caspase-4 (C258A) and CARD domain will facilitate further biochemical and structural studies as well as drug
discovery for sepsis and inflammation related diseases.

Results

Overexpression and purification of recombinant caspase-4 (C258A) and CARD domain using E.
colicells. Despite the important roles of caspase-4, biochemical and structural studies on caspase-4 have been
limited due to difficulties in purification. Although wild type caspase-4 would provide information regarding
caspase-4 activation by LPS, we could not detect intact full-length caspase-4 on an SDS-PAGE gel when we tried
to purify wild type caspase-4 in the E. coli host. Therefore, instead of using wild type caspase-4, we decided to
study the LPS/caspase-4 complex using the caspase-4 (C258A) variant and the CARD domain that plays a crit-
ical role in LPS recognition. According to a previous study?, caspase-4 (C258A), a catalytically inactive variant,
purified from E. coli cells was eluted as about 600 kDa aggregates based on the size exclusion chromatography
(SEC), whereas caspase-4 expressed and purified from Sf21 insect cells was a monomer as determined by ana-
Iytical ultracentrifugation and static light scattering. Since protein purification from insect or mammalian cells
is normally more expensive, more cost and time effective methods are required for performing structural and
biochemical studies as well as for drug screening targeting the interaction between LPS and the CARD domain of
caspase-4. Therefore, we asked how we could establish a purification method for monomeric caspase-4 (C258A)
and the CARD domain from E. coli, which has not been reported before. We then noticed that unlike LPS, lipid
IV,, a precursor of the LPS biosynthetic pathway, did not activate caspase-4 as much as LPS and induced a lower
molecular oligomer than LPS did in a native gel®. Therefore, we hypothesized that if E. coli produces lipid IV,
as its only LPS, it may allow expression and purification of caspase-4 and the CARD domain in the monomeric
form. To test this, we transformed pET28b-caspase-4 (C258A) and pET28b-CARD into ClearColi BL21 (DE3)
cells that produce lipid IV, instead of full-length LPS™ and C41 (DE3)'® that produces LPS. With two different
E. coli hosts, we compared the expression level of caspase-4 (C258A) and the CARD domain containing 1-80
amino acids of caspase-4, as suggested by UniProt!® (Fig. 1). The expression levels of caspase-4 (C258A) from
ClearColi BL21(DE3) were much higher than those in C41 (DE3) under the same conditions (Fig. 2a). In addi-
tion, the CARD domain was rarely expressed in C41 (DE3), but was well expressed in ClearColi BL21 (DE3)
based on an SDS-PAGE gel (Figs 2a and S1). When we purified Caspase-4 (C258A) and CARD domain from
ClearColi BL21 (DE3), the proteins were eluted at ~600kDa from a gel filtration column (Supplementary Fig. S2),
implying that caspase-4 still binds to lipid IV, micelles maybe with lower affinity compared to LPS. Therefore, to
obtain monomeric caspase-4 (C258A) or CARD domain, we had to design a method to dissociate the caspase-4/
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Figure 2. Monomeric caspase-4(C258A) and CARD purified from E. coli (a) A 4-20% SDS-PAGE gel
comparing the expression levels of recombinant proteins in two different E. coli hosts. Whole cell lysates from
pET28b empty vector (Lane 1), pET28b harboring the CARD domain of caspase-4 (Lane 2), and pET28b
harboring caspase-4 (C258A) (Lane 3). The amount of protein loaded on the SDS gel was normalized to a

cell culture biomass based on ODg,. SEC elution profiles of caspase-4 (C258A) (b) and CARD domain (c)
from Superdex 200 10/300 gl columns calibrated with protein standards and SDS-PAGE gels of the purified
caspase-4 (C258A) (b) and CARD domain (c). 5ug of purified protein was loaded in each lane. Calibration
curves are presented in insets and enlarged calibration curves are presented in Supplementary Fig. S5. (d)
Molecular weight (MW) determination of purified caspase-4 (C258A) and CARD domain from ClearColi
BL21(DE3) by analytical ultracentrifugation (AUC) and theoretical MW. Shown are the mean values + standard
deviation. SDS-PAGE gels shown in a, b, and ¢ were cropped for clarity and full-length gels are presented in
Supplementary Figs S1 and S4.

lipid IV, interaction. Shi et al.® reported that when Tween 20 was present, caspase-4 did not form a high molec-
ular weight oligomer with LPS in a native gel. It is highly possible that caspase-4 expressed in the cytoplasm of
E. coli may bind to LPS during lysis, so if we lysed cells in the presence of 1% Tween 20, caspase-4 could not
form complexes with lipid IV}, thereby resulting in monomeric proteins. Based on this hypothesis, we added 1%
Tween 20 to the lysis buffer and removed it during Ni-NTA affinity chromatography, and the resulting caspase-4
(C258A) was eluted at ~49.7 kDa from a gel filtration column (Supplementary Fig. S2) and monomeric caspase-4
(C258A) was also determined via analytical ultracentrifugation (Fig. 2b,d). The purity of caspase-4 (C258A) was
determined by SDS-PAGE (Supplementary Fig. S3). We noticed that after Ni-NTA affinity chromatography, two
major protein fractions were purified for caspase-4 (C258A). The lower molecular weight fraction in lane 4 of
Supplementary Fig. S3a may be attributed to the cleaved N-terminal domain of caspase-4 containing a His,-tag
by E. coli endogenous protease as caspase-4 (C258A) is a catalytically inactive variant. This endogenous protease
present in E. coli and the auto-cleavage activity of caspase-4 may contribute toward the difficulty in expressing
intact full-length caspase-4 in E. coli in the soluble form. Since we found that the CARD protein exhibited heat
stability, we could purify CARD protein by treating the cell lysate for 30 minutes at 70 °C. After heat treatment,
the Ni-NTA affinity chromatography rendered about >95% pure protein based on SDS-PAGE (Supplementary
Figs S3 and S4). While the CARD domain was eluted at a molecular weight of ~22.5kDa by gel filtration chroma-
tography (Figs 2c and S5), the molecular weight of the CARD domain was determined as a monomer via analyti-
cal ultracentrifugation (Fig. 2c and d). With the described method, we could obtain about ~5mg and 4 mg of the
CARD domain and Caspase-4 (C258A) from 1L E. coli culture, respectively. This is the first example of full-length
caspase-4 (C258A) and the CARD domain being expressed and purified from E. coli cells in the monomeric form.

Complex sizes of caspase-4 (C258A/LPS) or CARD/LPS depend on the molar ratio between
caspase-4 (C258A) and LPS or CARD and LPS.  After purification of caspase-4 (C258A) and the CARD
domain from E. coli, we wanted to test whether these proteins have the ability to bind LPS as previously reported
for caspase-4 purified from sfl cells®"*. To identify complex formation and the relative size of the complexes, we
incubated fixed concentrations of caspase-4 (C258A) (12.5pM) or CARD domain (23 uM) with an increased
amount of Ra-LPS composed of lipid A and inner- and outer-core polysaccharides but no O-antigen region. After
incubation, the reaction mixtures were injected into a gel filtration column, and the retention times for the sam-
ples were compared. As shown in Fig. 3a, purified caspase-4 (C258A) formed higher molecular weight complexes
as the LPS amounts were increased. These complexes were abolished if the CARD domain was deleted (A80
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Figure 3. E. coli purified caspase-4(C258A) and CARD form LPS/protein complexes in a molar ratio
dependent manner. SEC elution profiles of different molar ratios of Ra-LPS/Caspase-4 (C258A) (a), Ra-LPS/
AB80 caspase-4 (C258A) (b), and Ra-LPS/CARD domain complex (c) from Superdex200 10/300 gl columns
calibrated with protein standards. Calibration curves are presented in insets and enlarged calibration curves are
presented in Supplementary Fig. S6.

caspase-4(C248A)) (Fig. 3b). When we looked at the data in detail, we noticed several interesting observations.
First, LPS/Caspase-4 (C258A) formed a ~600kDa complex, and we did not observe a lower molecular weight
complex even though enough caspase-4 remained in a monomeric form. Second, to ensure that all monomeric
caspase-4 participated in the complex formation, 2-5 molar equivalent of Ra-LPS was required. This implied
that the LPS and caspase-4 complex does not form in a 1:1 stoichiometry. Third, considering that the mono-
meric molecular weights of caspase-4 (C258A) and Ra-LPS are 45.4kDa and ~3.9kDa, respectively and based on
the rough stoichiometry we observed (1:2-5 = caspase-4 (C258A): Ra-LPS), about 9-10 molecules of caspase-4
(C258A) might be participating in the complex formation. These phenomena were also observed when we mon-
itored the CARD domain and the Ra-LPS complex formation, as shown in Fig. 3c. For the CARD/Ra-LPS com-
plex, the first CARD/LPS complex in Fig. 3c was eluted at ~136kDa. Since the Superdex 200 10/300 GL column
has an optimum separation range from 10kDa to 600kDa (Supplementary Fig. S6), we noticed a gradual increase
in the complex as the concentration of Ra-LPS was increased. Intriguingly, we observed a discrete and symmetric
UV trace from each complex regardless of the molar ratio between the proteins/Ra-LPS. (Fig. 3a,c). This implies
that caspase-4/Ra-LPS form a complex of a specific size depending on the molar ratio rather than on non-specific
micelles. Our results demonstrate that caspase-4 (C258A) and the CARD domain purified from E. coli bind to
LPS micelles and that the 1-80 amino acid region of caspase-4 is enough to recognize LPS. Notably, the minimum
concentration of Ra-LPS used in this study was 6.25 pM. Even considering the dilution effect during gel filtration
chromatography (24 mL column volume), the minimum Ra-LPS concentration we used was about ~130nM.
According to a previous study, the hydrodynamic radius of Kdo,-lipid A that is the core structure of Ra-LPS is
nearly 80 nm at a concentration above CMC (41.2 4 1.6 nM) at 25°C"7, and the hydrodynamic diameter of the
2000 kDa dextran was calculated as 54.4 nm'8. Therefore, if CARD simply binds to the surface of Ra-LPS micelles,
the complexes would be eluted in a void volume of the column rather than being eluted at 136-600kDa, as
observed in Fig. 3. The results imply that caspase-4 does not simply bind to a large LPS micelle; rather, caspase-4
reduces the size of the LPS micelle.

Caspase-4 (C258A) disaggregates large LPS micelles to smaller complexes via its CARD domain.
The above implication raises the following questions. Does caspase-4 bind large LPS micelles and disaggregate
them to smaller LPS/caspase-4 complexes? If the molar ratio of Ra-LPS and caspase-4 determines the size of the
complex, are large LPS micelles broken into smaller complexes when we add an increased amount of caspase-4
into a fixed amount of Ra-LPS micelles? To answer these questions, 23 uM of Ra-LPS was titrated with increased
amounts of caspase-4 (C258A) or the CARD domain and analyzed using a transmission electron microscope
(TEM). Based on the TEM images, we observed that large LPS micelles were dramatically disaggregated into
smaller complexes by adding 0.92 uM of caspase-4 (C258A) or the CARD domain corresponding to a 1:0.04
molar ratio of the Ra-LPS:protein (Fig. 4a,c). As the amount of proteins increased, the size of the Ra-LPS/protein
complex was decreased. This disaggregation ability of caspase-4 (C258A) is reminiscent of LBP protein? that we

SCIENTIFIC REPORTS | (2019) 9:826 | https://doi.org/10.1038/s41598-018-36811-4 4


https://doi.org/10.1038/s41598-018-36811-4

www.nature.com/scientificreports/

@) o\ 3 SN AT S TRs 5 b C258A only

LPS:Caspase-4
(c258A)

(b)

LPS:
A 80 Caspase-4
(C258A)

(C) 2 0. -~ CARD only

LPS:CARD

(d) 140 10 LBP only

LPS:LBP

Figure 4. Caspase-4 disaggregates large LPS micelles to smaller LPS/protein complexes via the CARD domain.
TEM images of different molar ratios of Ra-LPS/caspase-4 (C258A) (a), Ra-LPS/A80 caspase-4 (C258A) (b),
Ra-LPS/CARD (c), and Ra-LPS/LBP (d) were visualized by negative-staining. Scale bar represents 50 nm.

used as a positive control in our TEM experiment (Fig. 4d). We also observed that disaggregation of LPS micelles
by caspase-4 (C258A) completely relied on the presence of the CARD domain (Fig. 4b,c).

Direct binding between caspase-4 purified from E. coliand LPS.  Although purified caspase-4 and
Ra-LPS seems to form stable complexes in size exclusion chromatography (Fig. 3), we performed single molecule
co-localization experiments using total internal reflection fluorescence microscopy (TIRF) to examine direct
interactions between caspase-4(C258A) and Ra-LPS. To visualize caspase-4 (C258A) and Ra-LPS by fluores-
cence, we purified caspase-4 (C258A) or A80 caspase-4 (C258A) conjugated with Enhanced Green Fluorescent
Protein (EGFP) at its C-terminus (Supplementary Fig. S7). EGFP conjugated proteins were immobilized on a
polyethylene glycol (PEG) coated glass surface using anti-GFP antibodies. After immobilization of caspase-4
(C258A), we introduced Alexa Fluor 568 (AX568) labeled LPS (AX568-LPS) (Fig. 5a). While similar numbers of
caspase-4 (C258A) or A80 caspase-4 (C258A) protein were immobilized on the surface (Fig. 5b,c), the percen-
tile of co-localized AX568-LPS with caspase-4 (C258A) and A80 caspase-4 (C258A) was dramatically reduced
from 62.4£2.7% to 2.9+ 0.6% (Fig. 5b-d), respectively. From these results, we could establish the direct binding
between caspase-4 (C258A) purified from E. coli and LPS as well as the role of CARD domain.

Discussion

Caspase-4 is known as a receptor for intracellular LPS, and induces non-canonical inflammasome formation
and pyroptosis. Numerous biological studies related to caspase-4 have found that it plays roles in acute and
chronic diseases such as sepsis and cancer®”!"°. Accordingly, targeting caspase-4/LPS interactions is important
for drug development. However, few studies®!? have sought to understand the biochemical characteristics of
caspase-4 or the CARD domain as an LPS receptor in vitro. Biochemical, structural, and pharmaceutical stud-
ies require a facile method to obtain purified caspase-4 or the CARD domain in large quantities. In this study,
we have established an efficient expression and purification system for full-length caspase-4 (C258A) and its
CARD domain using E. coli cells. With purified caspase-4 (C258A) and CARD, we showed that these proteins
bind to LPS micelles as well as break large LPS micelles into smaller LPS/protein complexes in an LPS/protein
molar ratio-dependent manner (Figs 3, 4 and 6). We also showed that caspase-4 disaggregates LPS equally well
regardless the presence of the O-antigen region (wild type E. coli O55:B5 LPS containing O-antigen vs. Ra-LPS
without O-antigen, Supplementary Fig. S8). Altogether, we found that caspase-4 has a similar function to LBP
that binds and disaggregates LPS micelles depending on the molar ratio between LBP and LPS during the LPS
transfer cascade from LBP/CD14 to TLR4/MD2>*. Until the discovery of caspase-4 as a cytosolic LPS receptor,
the LBP/CD14/TLR4-MD2 system was representative of the LPS recognition system in mammalian hosts. LBP
binds LPS and then CD14 binds to LPS-bound LBP and induces changes in LBP structure. The structural change
transfers LPS from LBP to CD14, and LPS is eventually transferred from CD14 to MD2 and forms the LPS/
TLR4/MD2 complex*. The LPS/TLR4/MD2 complex induces intracellular signaling pathways. During the LPS
transfer process, large LPS micelles are effectively disaggregated when LBP and CD14 are presented together*
or when the molar ratio of LBP to LPS is increased?. Previously, two different explanations were suggested for
high molecular weight entities observed by pore-limited native gel analysis and gel filtration chromatography for
LPS and caspase-4/-5/-11 recognition. One study suggested that LPS binding induces caspase-4 oligomerization
to large molecular entities® and activates caspase-4. On the other hand, another study suggested that caspase-4
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Figure 5. Single-molecule co-localization between EGFP tagged caspase-4 (C258A) (or A80 caspase-4
(C258A)) and AX568-LPS. Caspase-4 (C258A)-EGFP (or A80 caspase-4 (C258A)) and AX568-LPS were
imaged after immobilization of 100 pM of Caspase-4 with anti-GFP followed by incubation with 6 uM LPS in
the presence of 1 uM of AX568-LPS. (a) Schematic of the single-molecule co-localization assay and surface
modification. (b) Upper panel: Representative images (25 x 25um) for caspase-4 (C258A)-EGFP (left) and
AX568-LPS (middle), and their overlapped images (right). Lower panel: Representative images (25 X 25 um)
for A80 caspase-4 (C258A)-EGFP (left) and AX568-LPS (middle), and their overlapped images (right). Scale
bar, 5um. (c) Average number of fluorescent spots for caspase-4 (green), LPS (red), and co-localized caspase-4
(C258A) (or A80 caspase-4 (C258A)) and LPS (orange) per image. & indicates standard error of mean (SEM).
(d) Average co-localization efficiency was determined by calculating the number of co-localized spots divided
by the number of caspase-4 (C258A) (or A80 caspase-4 (C258A)) spots.
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binds to LPS aggregates or LPS-rich membrane interfaces on which caspase-4 can assemble in the appropriate
proximity or orientation to active caspase-4'>. In contrast to previous suggestions, we have found that caspase-4
binds large LPS micelles, and disaggregates them to smaller LPS/caspase-4 complexes (Fig. 4), which may pro-
vide the appropriate proximity and orientation to active caspase-4. According to a recent study, the expression
level of Guanylate Binding Protein (GBP) is increased by OMV stimulation. This study also confirmed that GBP
binds to LPS molecules on the surface of the OMV, which facilitates LPS recognition by caspase-112°. While it is
not currently clear whether caspase-4 itself has the full ability to extract a single LPS molecule from the OMV or
bacteria, large LPS micelles in the cytosol formed from the OMV or by the lysis of whole bacterial cells by GBP
would be recognized by caspase-4 and are disaggregated to smaller LPS/caspase-4 complexes. Thus, caspase-4
and GBP seem to have similar functions carried out by the LBP/CD14/TLR4/MD4 system for LPS-dependent
signaling, including binding to LPS, disaggregating LPS micelles, and activating downstream signaling cascades.
So far several proteins including LBP?, albumin, hemoglobin, and high-density lipoprotein have been reported to
possess disaggregating ability for LPS micelles®..

Still many questions remain to be answered to understand LPS/caspase-4 recognition, such as whether dif-
ferent sizes of LPS/caspase-4 complexes induce different levels of downstream effects including protease activity
of caspase-4, inflammation activation, and pyroptosis; how caspase-4 binds to LPS at the molecular level; and
whether LPS binding induces structural changes in caspase-4 or not. We have now set the stage to study some
of these questions by establishing large quantities of purified caspase-4 (C258A) and the CARD domain. While
caspase-4 has been known to recognize and bind LPS using the CARD domain, we found a fundamental role of
caspase-4 that disaggregates LPS micelles to form stable LPS/caspase-4 complexes in LPS dependent signaling
implying that each cell may form different sizes of LPS/caspase-4 complexes depending on the caspase-4 expres-
sion levels and the amount of LPS exposed to the cytosol of the cell during infection.

Experimental Procedures

Materials. ClearColi BL21(DE3) were purchased from Lucigen (USA). All PCR amplification executed using
KOD Hot Start DNA Polymerase (Novagen, USA) or Pfu polymerase (ELPiS, ROK) and a T3000 thermocycler
(Biometra). Sequencing and primer synthesis were done at Macrogen (Seoul, ROK). His-tag human LBP protein
purified from HEK293 was purchased from Sino Biological. Ra-LPS mutant WT-LPS- from E. coli O55:B5 and all
other chemicals were purchased from Sigma-Aldrich (Korea) unless stated otherwise.

Cloning of the CASP4 variants. The codon optimized CASP4 gene encoding for a human caspase-4 pro-
tein was synthesized by Integrated DNA Technology (Coralville, USA) and amplified by PCR using forward
primer (5- AGG TCG TCA TAT GGC TGA GGG TAA TCA TTC G-3') and reverse primers (5-CCG CAA GCT
TTC AAT TAC CCG GAA AAA GAT AGA AAT ACC-3") for full length caspase-4 and (5-GCA GAA GCT TTC
AGT TCG GAT GCG CTT TCT TG-3’) for CARD domain, respectively. Genes were inserted into pET28b (+)
using Ndel and HindIII restriction sites. Catalytically inactive caspase-4 (C258A) variant and CARD (1-80aa)
truncated constructs (A80 caspase-4 (C258A))were generated by QuikChange site-directed mutagenesis fol-
lowing manufacture’s protocol (Agilent, USA). For EGFP fusion proteins, amplified EGFP gene was inserted at
C-terminus of pET28b-caspase-4(C258A) and pET28b-A80 caspase-4 (C258A) using HindIII and Xhol restric-
tion sites. Recombinant plasmids were transformed in C41(DE3) or ClearColi BL21(DE3) by TSS method*.

Expression of Caspase-4 (C258A) and CARD domain from E. coli cells. Single colony from
C41(DE3)/pET28b-caspase-4(C258A), ClearColi BL21(DE3)/pET28b-caspase-4(C258A), C41(DE3)/
pET28b-CARD, or ClearColi BL21(DE3)/pET28b-CARD was inoculated in 10 mL of LB media contain-
ing kanamycin (50 pg/mL) and cultured during overnight at 30°C. 1L of LB medium containing kanamycin
(50 pg/mL) was inoculated with 10 mL of the overnight culture, and grown at 30 °C. When ODy, reached at
about 0.25, temperature of the culture was lower to 18 °C and proteins were induced with 0.2 mM isopropyl
B-Dp-1-thiogalactopyranoside at ODgy~0.6 and were expressed at 18 °C for 16-18 hours. 1 mL of each culture,
which is equivalent to ODg4j, = 1.0 was harvested and re-suspended with 100 puL of 1 x Laemmli protein sample
buffer and 10 L of the samples were loaded in each lane of the SDS-PAGE gel (Fig. 2a).

Purification of human caspase-4 (C258A), A80 caspase-4 (C258A), and EGFP conjugated
caspase-4 (C258A) and A80 caspase-4 (C258A).  Cell pellets from 1L LB culture were suspended with
30 mL of buffer A (20 mM Tris-HCI (pH 7.9), 300 mM NaCl, 20 mM imidazole, 5mM beta-mercaptoethanol
(BME), 1% Tween20) supplemented with a tablet protease inhibitor cocktail (complete, EDTA-Free, Sigma). Cells
were lysed by sonication. Soluble fractions were separated by centrifugation (20,000 x g for 40 min at 4°C). The
supernatant was loaded on a pre-equilibrated 1 mL HisTrap column (GE Healthcare, USA) with buffer B (20 mM
Tris-HCI (pH 7.9), 300 mM NaCl, 20 mM imidazole) and washed with 10 column volumes (CV) of buffer B and
50 CV of buffer C (20 mM Tris-HCI (pH 7.9), 300 mM NaCl, 50 mM imidazole), and eluted with buffer D (20 mM
Tris-HCI (pH 7.9), 300 mM NaCl, 300 mM imidazole). Eluent was injected to HiLoad 26/600 superdex 200 pg
(GE Healthcare, USA) column equilibrated with buffer E (20mM HEPES pH 7.5, 300 mM NaCl, 10% Glycerol,
0.5mM TCEP). The major fractions were analyzed with 4-20% SDS-PAGE Gel stained with coomassie brilliant
blue. Protein concentrations were determined by Bradford protein assay kit II (Bio-Rad, USA) with bovine serum
albumin as the standard.

Purification of human caspase-4 CARD domain. Cell pellets were suspended with 30 mL of buffer B.
Cells were lysed by sonication and soluble fractions were separated by centrifugation (20,000 x g for 40 min at
4°C). The supernatant was heated at 70 °C for 30 min and spun down at 20,000 x g for 30 min to remove dena-
tured proteins. The resulting supernatant was loaded on a pre-equilibrated 1 mL HisTrap column (GE Healthcare,
USA) with buffer B and washed with 10 CV of buffer B and 10 CV of buffer B containing 0.1% Tween20 and 50
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CV of buffer C, and eluted with buffer D. Eluent was injected to HiLoad 26/600 superdex 200 pg (GE Healthcare,
USA) column equilibrated with a buffer F (20 mM HEPES pH 7.5, 300 mM NaCl). Protein purity and concentra-
tion were determined by method described above.

Analytical Ultracentrifugation. Sedimentation velocity analysis was carried out with a ProteomeLab
XL-A (Beckman Coulter) with an AN 60 Ti rotor at 20 °C. Caspase-4 (C258A) and CARD domain were prepared
in a buffer E ata 1.7 mg/mL or in a buffer F at a 1.5 mg/mL, respectively. Each buffer for each protein was used as
the reference solution. Data were collect at a speed of 42,000 rpm. Absorbance scans were measured at 280 nm at
intervals of 20 min in a radial direction. The molecular weights were calculated by the SEDFIT software.

Size exclusion chromatography (SEC) of Ra-LPS and protein mixture. Final 12.5uM of purified
caspase-4 (C258A) and A80 caspase-4 (C258A) were incubated with 0, 6.25, 12.5, 25, and 62.5uM or 0, 12.5 and
62.5uM of Ra-LPS respectively. And 23 pM of purified CARD domain was incubated with 0, 9.2, 18.4, 23, 46,
69, and 115uM of LPS Ra mutant. The molecular weight of Ra-LPS was estimated as 3,835 g/mole. Final volume
was set in 600 uL scale with buffer F for CARD/Ra-LPS and buffer G (20 mM HEPES (pH 7.5), 300 mM NaCl,
0.5mM TCEP) for caspase-4 (C258A) or A80 caspase-4 (C258A)/Ra-LPS and incubated at 37 °C for 30 min.
Samples were centrifuged (20,000 X g, 10min, 4°C) and supernatant was injected to a superdex 200 10/300 gl col-
umn equilibrated with buffer F for CARD/Ra-LPS sample and buffer G for caspase-4(C258A) or A80 caspase-4
(C258A)/Ra-LPS.

Transmission electron microscopy. Complexes of LPS (23 uM) and caspase-4 (C258A), A80 caspase-4
(C258A), CARD domain or LBP were reconstituted at molar ratio of 1:0, 1:0.02, 1:0.04, 1:0.08 or 1:0.2 and loaded
these onto glow-discharged carbon-coated grids, rinsed and stained them with 2% (w/v) uranyl acetate. We
recorded images using a Tecnai F20 field emission gun electron microscope operated at 200 kV.

Single-molecule co-localization experiments. Protein immobilization and single-molecule
co-localization setup was utilized as reported previously?. Briefly, biotin labeled GFP antibody (abcam) was
immobilized on a microfluidic chamber-assembled, PEG-coated coverslip. 100 pM of either EGFP-conjugated
caspase-4 (C258A) (Caspase-4 (C258A)-EGFP) or EGFP-conjugated caspase-4 (C258A) lacks CARD domain
(A80 Caspase-4 (C258A)-EGFP) was added to the treated surface and washed with the buffer G. Then, 6 uM of
AX568 labeled E. coli O55:B5 lipopolysaccharide (Thermo, USA) (AX568-LPS, 1:5 mixture of AX5568 labeled
LPS and unlabeled E. coli O55:B5 LPS) was added to the caspase-4 immobilized surface. The chamber was washed
with buffer G, and both caspase-4 (C258A)-EGFP (or A80-Caspase-4 (C258A)-EGFP) and the captured LPS were
analyzed. For the imaging of single-molecule co-localization, the-objective type TIRF microscope was utilized.
Caspase-4 (C258A)-EGFP or (A80 Caspase-4 (C258A)-EGFP and AX568-LPS was excited with a 488 nm and
532nm diode-pumped laser (Coherent, USA), respectively. The fluorescence was collected by 60X oil-immersion
TIRF objective (NA 1.48), and a dichroic beamsplitter (Di01-R405/488/532/635, Semrock, USA) and notch fil-
ter (NF03-405/488/532/635, Semrock, USA) was used to remove excitation beam. Caspase-4 (C258A)-EGFP
was imaged for the first 50 frames with a 0.1s integration time, and the excitation beam was changed to image
AX568-LPS for the next 50 frames. Images were recorded by an EMCCD (Andor Ixon, DU897ECS). The relative
localization of EGFP and AX568 spots was manually analyzed using ImagePro software (Media Cybernetics,
USA). The first 10 frames were added together to determine an appropriate threshold, and the number of fluores-
cent spots from the averaged images was counted. When two spots overlapped 85% at least, they were considered
co-localized.

Data Availability
The data supporting the findings of the study are included in the paper along with its Supplementary Information,
and are also available from the corresponding author upon request.
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