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and prevents inflammasome activation
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Alijah Macapagal,1 Sophia Lin,1 Emy Armanus,1 and Reginald McNulty1,2,3,*
SUMMARY

Despite recent advances in the mechanism of oxidized DNA activating NLRP3, the molecular mechanism
and consequence of oxidized DNA associating with NLRP3 remains unknown. Cytosolic NLRP3 binds
oxidized DNA which has been released from the mitochondria, which subsequently triggers inflamma-
some activation. Human glycosylase (hOGG1) repairs oxidizedDNAdamagewhich inhibits inflammasome
activation. The fold of NLRP3 pyrin domain contains amino acids and a protein fold similar to hOGG1.
Amino acids that enable hOGG1 to bind and cleave oxidized DNA are conserved in NLRP3. We found
NLRP3 could bind and cleave oxidized guanine within mitochondrial DNA. The binding of oxidized DNA
to NLRP3 was prevented by small molecule drugs which also inhibit hOGG1. These same drugs also in-
hibited inflammasome activation. Elucidating this mechanism will enable the design of drug memetics
that treat inflammasome pathologies, illustrated herein by NLRP3 pyrin domain inhibitors which sup-
pressed interleukin-1b (IL-1b) production in macrophages.

INTRODUCTION

Inflammation is the body’s temporary response to resolve an infection. Prolonged and uncorrected infection results in an overstimulated

innate immune system that can lead to septic shock, organ failure, fibrosis, and cancer. TheNOD-like receptor family pyrin domain containing

3 (NLRP3) inflammasome is a key mediator of tissue damage and pathogen1 or toxicant2 infection. The pathogenic role of NLRP3 was first

discovered in humans harboring gain of function disease mutants.3 The NLRP3 inflammasome is a megadalton multi-protein complex con-

sisting of NLRP3, ASC (apoptosis-associated speck-like protein containing a CARD (caspase activation and recruitment domain)),4 pro-cas-

pase-1, and NEK7 (Never in mitosis A (NIMA) – related kinase 7). Inflammasome autocleavage of pro-caspase-1 yields an active caspase-1

(p20/p10) heterotetramer. Caspase-1 protease activity leads to bioactive IL-1b, IL-18,5 and cleavage of gasdermin D (GSDMD) at Asp275

which causes GSDMD to oligomerize and insert itself into the membrane. The electrostatic potential of its pore-lining residues allows selec-

tive transport of compatibly chargedmolecules, which include IL-1b, IL-18, ATP, inflammatory caspases, cleavedGSDMD, and other cytokines

and chemokines.6 These molecules amplify the immune response and recruit new immune cells that attempt to ameliorate the pathogen or

danger signal. Extended efflux of molecules from macrophages causes a loss of cell membrane integrity, ultimately leading to cell death.

Canonical NLRP3 inflammasome activation consists of a 2-step activation process.7 Transcriptional priming can occur through bacterial

LPS binding to TLR2/4 receptor, which leads to NF-kB induced expression of NLRP3 inflammasome subunits, pro-IL-18, and pro-IL-1b.8 Reac-

tive oxygen species (ROS) production in themitochondria results in cytidine/uridinemonophosphate kinase 2 (CMPK2) causingmitochondrial

transcription.9 The unraveling of mtDNA required for transcription exposes the DNA to ROS which causes the oxidation of mitochondrial

DNA.10 Elimination of oxidized DNA by human 8-oxoguanine DNA glycosylase 1 (hOGG1) or mitophagy inhibits inflammasome activa-

tion.11,12 The presence of foreign and cytosolic signals including alum, asbestos, SARS-CoV-2, or ATP overwhelm initial NLRP3 inhibition

to promote inflammasome assembly and activation. The sustained presence of mitochondrial ROS during mitochondrial replication further

exacerbates oxidizedmitochondrial DNA (Ox-mtDNA). Ox-mtDNA is cleaved to 500–650 bp fragments by flap endonuclease 1 (FEN1), which

allows Ox-mtDNA to be exported to the cytosol via mitochondrial permeability transition pores (mPTP) and voltage-dependent anion chan-

nels (VDAC) where it can associate with NLRP3 and promote assembly and activation.13

We have previously shown purified NLRP3 can directly bind Ox-mtDNA.14 Furthermore, NLRP3 pyrin shares a similar protein fold with

hOGG1, which suggests NLRP3 might have both glycosylase and nuclease activity similar to hOGG1. This study aims to capture if NLRP3

has glycosylase activity and if preventing such activity with small molecules affects inflammasome activation. We show herein that NLRP3
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Figure 1. NLRP3 Pyrin domain shares a similar fold with hOGG1 and cleaves Ox-mtDNA

(A) NLRP3(1-93) and hOGG1(248-345) sequence alignment and secondary structure depiction. Cyan asterisks mark residues shared between NLRP3 and hOGG1 that

play a pivotal role in binding and DNA base excision in hOGG1.

(B) Biotinylated 90 base pair Ox-mtDNA incubated with NLRP3 pyrin and APE1, then probed with a streptavidin antibody shows DNA cleavage (green bracket).

Schematic of single stranded oxDNA (blue) with the location of 8-oxo-dG’s (G) shown below gel image.

(C) Western blot band quantification of oxDNA cleavage by NLRP3 pyrin with and without APE1. Error bars: meanG SEM, analyzed with one-way ANOVA. PYD/

APE1 with oxDNA N = 3, PYD with oxDNA N = 13. *p = 0.0311 ****p < 0.0001.

(D) Schematic of 90bp Ox-mtDNA used with multiple 8-oxodG’s.

(E) NLRP3 pyrin domain (gray) structure residues 3–78 with helices labeled a1-a5. Superposition of hOGG1 (orange) bound to oxidized DNA shown with

corresponding helices aL-aO residues 248–325.

(F) NLRP3 pyrin (PDBID: 7PZC, amino acids 1–91) contains a glycine/proline-rich region between amino acids 32 and 42, linking helices a2 and a3, and beginning

with an aspartic acid (Asp31). NLRP3: gray, GPD-like loop: yellow.

(G) SWISS-MODEL projection of NLRP3 pyrin based on hOGG1 bound toOx-DNA docked into the structure of hOGG1 bound toOx-DNA (PDBID: 1EBM, amino

acids 230–325). The GPD-like region of NLRP3 (amino acids 32–42) structurally aligns with a similar loop in hOGG1 (amino acids 279–291) which links helices aM

and aN and also begins with an aspartic acid (Asp278). NLRP3: gray; hOGG1: orange.
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can indeed cleave Ox-mtDNA. We also show small molecule drugs that prevent hOGG1 from interacting with oxidized DNA also prevent

NLRP3 from interacting with Ox-mtDNA and block inflammasome activation in mouse macrophages.
RESULTS

NOD-like receptor family pyrin domain containing 3 pyrin cleaves oxidized DNA

The active site of hOGG1 has beenwell characterized with the location of amino acids that interact with oxidizedDNA illustrated by the crystal

structure.15 Both sequence alignment and 3D superposition of hOGG1 andNLPR3 pyrin domain reveal a similar protein fold andmany amino

acids that are identical or similar.

Glycosylases are the first enzymes in base excision repair (BER) and can recognize and excise oxidized bases from DNA lesions. All glycosy-

lases that remove oxidized bases also cleave DNA by nucleophilic attack on the DNA backbone, generating a Schiff base protein-DNA inter-

mediate via a lyase reaction using the amine group of a conserved lysine, thereby acting bifunctionally.16 This process results in cleavage of the

N-glycosyl bond and release of theoxidizedbase, leaving an apurinic site (AP site) in theDNAwhich canbe recognized by anAPendonuclease,

APE1.17APE1creates anick in the50 endof theAPsiteandaddsa3’ -OHwhich is required forDNApolymerase toaddanew replacementbase.18

Since the fold and sequence of NLRP3 and hOGG1 are similar and NLRP3 pyrin can directly bind oxidized DNA (Figures 1A–1G),14 we

probed if NLRP3 pyrin domain could cleave oxidizedDNA.NLRP3 pyrin incubatedwith 90-mer single strandedOx-mtDNA containing several

oxidized guanines produced cleavage products that migrated lower than DNA alone (Figure 1B). The cleavage product was enhanced upon

the addition of APE1, which recognized the apurinic sites created by NLRP3 pyrin. The cleavage bands of the 8-oxo-dG-containing DNA

sequence were plotted and quantified using a one-way ANOVA (Figures 1C and 1D). The oxDNA band intensity increased when incubated

with either APE1 or the pyrin domain, or with both. This elevation is attributed to the stability of theG-quadruplex in the DNA and subsequent

availability of the biotin tag (Figure S1).19 This data shows NLRP3 pyrin could behave like a bifunctional glycosylase; able to remove the

oxidized base and cleave the backbone.

To determine if the activity was specific to the pyrin domain of NLRP3, we performed the same assay with the NLRP3 NACHT-LRR(94-1034)
construct, which lacks the pyrin domain. With increasing concentrations of protein incubated with 90-mer single stranded Ox-mtDNA cleav-

age was not seen, indicating that DNA cleavage is specific to the pyrin domain (Figure S2).
NOD-like receptor family pyrin domain containing 3 and human glycosylase share protein fold features

Sequence comparison for NLRP3(1-80) pyrin domain and hOGG1(248-326) showedmany residues that are either the same or similar between the

two proteins. The sequence identity and similarity were 31.3% and 45.5%, respectively (Figure S3). Due to themoderate similarity in sequence,

we compared the relative position of secondary structure in 3D (protein fold) of NLRP3 pyrin to hOGG1 (Figure 1E). We first superposed PDB:

7PZC NLRP3 pyrin(1-81) and PDB: IEBM hOGG1(248- 326).
20 To evaluate protein fold, the relative positions of NLRP3 pyrin helices a1-a5 was

compared to corresponding positions of helices aL-aO for hOGG1 in the oxidized DNA-bound state (Figure 1E) and the DNA-free state (Fig-

ure S4). We note NLRP3’s a3 is a very short stretch from residues 42–49 which accounts for the extra helix topology. Helices a1 and aL did not

align. The hOGG1 structure has a disordered stretch in the equivalent space of NLRP3 helixa1. The similarities between these two N-terminal

locations include they are both predicted to be intrinsically disordered regions (IDR’s), which are regions predicted to convert between or-

dered and disordered (Figure S5).21 NLRP3a2(17-31) and hOGG1aM(268-280) traverse the same direction with different angles and have similar

lengths of 19 Å and 17 Å, respectively. After the second helix, there is a loop for both proteins but in opposite directions. The NLRP3

loop (31–42) and hOGG1 loop (280–293) are similar in size, but the hOGG1 loop is slightly longer. Along the direction of the hOGG1

loop, NLRP3’s loop has a small helix, helixa3(42-49), which has a strong kink (Ala49 to Asp50) causing a change in direction to continue along

the same path as hOGG1aN. NLRP3a3 traverses the same direction as the hOGG1 loop. Interestingly, both of the proteins have an IDR signa-

ture21 for this region suggesting they are prone to convert between ordered and disordered secondary structures (Figure S5) according to the

Database of Disordered Protein Predictions (D2P2).22 The break in NLRP3a3(42-49) directly connects to NLRP3a4, which aligns with hOGG1aN.
iScience 27, 110459, August 16, 2024 3
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Figure 2. hOGG1 inhibitors bind NLRP3 and inhibit binding to Ox-mtDNA

(A) An anti-NLRP3 Western blot on the bound fraction of NLRP3 to Ox- and non-Ox-mtDNA in the presence of TH5487 inhibitor from 0.001 to 100 mM.

(B) Quantification of (A) shown as relative band intensity, N = 4, Error bars: mean G SEM, analysis by one-way ANOVA, *p = 0.0179.

(C) An anti-NLRP3 Western blot on the bound fraction of NLRP3 to Ox- and non-Ox-mtDNA in the presence of SU0268 inhibitor from 0.001 to 100 mM.

(D) Quantification of (C) shown as relative band intensityN= 4, Error bars: meanG SEM, analysis by one-way ANOVA, **p= 0.0069, ***p< 0.0005, ****p< 0.0001.

(E) An anti-NLRP3 Western blot on the bound fraction of NLRP3 to Ox- and non-Ox-mtDNA in the presence of MCC950 inhibitor from 0 to 100 mM.

(F) Quantification of (E) shown as relative band intensity, N = 3.

(G) An anti-NLRP3 Western blot on the bound fraction of NLRP3 to Ox- and non-Ox-mtDNA in the presence of Salmon Sperm DNA from 0 to 512 mM.

(H) Quantification of (G) shown as relative band intensity, N = 3.

(I) An anti-hOGG1 Western blot on the bound fraction of hOGG1 to Ox- and non-Ox-mtDNA in the presence of TH5487 inhibitor from 0.001 to 100 mM mM.

(J) Quantification of (I) shown as relative band intensity, N = 3, Error bars: mean G SEM, analysis by one-way ANOVA, *p = 0.0069, **p = 0.0004, ***p < 0.0001.

(K) Melting temperature data in the presence of TH5487. N = 4–8, Error bars: meanG SEM, analysis by one-way ANOVA, NACHT-LRR **p = 0.0015. pyrin **p =

0.0036, ****p < 0.0001.

(L) Melting temperature data in the presence of TH5487 at an expanded dose range from 100 to 1000 mM.N = 4–8, Error bars: meanG SEM, analysis by one-way

ANOVA, ****p < 0.0001.

(M) Melting temperature data in the presence of SU0268. N = 4 Error bars: mean G SEM, analysis by one-way ANOVA, P****<0.0001.

(N) Melting temperature data in the presence of SU0268 at an expanded dose range from 100 to 1000 mM N = 3. Error bars: mean G SEM, analysis by one-way

ANOVA, P****<0.0001.

(O) NLRP3 pyrin (gray) PDBID: 7PZC docked into the structure of hOGG1 bound to Ox-DNA (orange) PDBID: 1EBM.

(P) SWISS-MODEL generated NLRP3 pyrin bound to Ox-DNA (gray) docked into the structure of hOGG1 bound to Ox-DNA PDBID: 1EBM.

(Q) NLRP3 pyrin PDBID: 7PZC docked into the structure of hOGG1 bound to TH5487 (pink) PDBID: 6RLW.

(R) SWISS-MODEL projection of NLRP3 pyrin based on hOGG1 bound to Ox-DNA docked into the structure of hOGG1 bound to TH5487 (PDBID: 6RLW).
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Both proteins then turn to form NLRP3a5(63-78) and hOGG1aO(310-326) with those helices also aligned but slightly out of phase. This forms the

end of the hOGG1 C-terminus while the NLRP3 pyrin domain has an additional helix, NLRP3a6(80-90).

Human glycosylase OGG1 contains a Helix-hairpin-Helix (HhH) motif followed by a GPD region, a Gly/Pro-rich region which terminates

with an Asp.23 The GPD loop in hOGG1 is critical for the cleavage of oxidized DNA.15 Changing the conserved Asp268 to Asn268 is a loss

of function mutation for hOGG1.24 In our sequence alignment, NLRP3 Asp21 has an identity to hOGG1Asp268 (Figure 1A). However,

NLRP3 Asp21 is not preceded by an HhH domain. Interestingly, NLRP3’s pyrin domain contains an HhHmotif formed with a hairpin between

helices a2- a3 (Figure 1F). The 12-residue hairpin is GP-rich beginning with Asp31, Pro33, Pro34, Lys36 (apex), Gly37, Pro40, and Pro42. Unlike

hOGG1 which has a GP-rich motif terminating with Asp268, NLRP3’s GP-rich hairpin begins with Asp31. Interestingly, this second GPD-like

region that starts with Asp also maps to sequence alignment with hOGG1 residues 278–291 (Figure 1A). In hOGG1, the equivalent region is

about 180� opposite the HhH motif. Similar to the HhH, this loop makes critical contacts with DNA which include Ala28825 which, when

mutated, can decrease substrate binding up to 60%.26Wegenerated amodel ofNLRP3 pyrin bound to oxidizedDNAusing SWISS-MODEL.27

TheNLRP3 pyrin GPD-like region 31–42 traverses the same direction and orientation as hOGG1 278–291, in which both proteins start with Asp

(Figure 1G), confirming this region has the propensity to interact with DNA.

Glycosylase inhibitors prevent NOD-like receptor family pyrin domain containing 3 binding to oxidized DNA

It has been reported that NLRP3 can interact with oxidized DNA.13,14,28 The inhibitor TH5487 binds the 8-oxodG binding site of hOGG1 to

prevent binding to oxidized DNA.29 Since the fold of NLRP3 and hOGG1 are similar, we probed if TH5487 could prevent NLRP3 pyrin from

recognizing Ox-mtDNA. We found a concentration-dependent inhibition of NLRP3 binding to Ox-mtDNA in the presence of TH5487 where

binding was inhibited with 100 mMTH5487 (Figures 2A and 2B). No significant loss of binding to non-oxidized DNA was observed in the pres-

ence of the drug.We also tested the hOGG1 inhibitor SU026830 and saw a similar trend, in which the drug showed a concentration-dependent

inhibition of NLRP3 binding to Ox-mtDNA ranging from 0.01 mM to 100 mM, but did not affect binding to non-oxidized DNA (Figures 2C and

2D). We also examined if MCC950, a drug known to bind the NACHT domain and inhibit activation, could prevent NLRP3’s interaction with

Ox-mtDNA.However, our experiments showedno significant difference inNLRP3 binding to eitherOx-mtDNAor non-oxidizedmtDNA in the

presence of MCC950 (Figures 2E and 2F). Similarly, salmon sperm DNA did not affect the binding of NLRP3 to non-oxidized mtDNA or Ox-

mtDNA (Figures 2G and 2H), showing that NLRP3 has a preference for mtDNA. Collectively, these results suggest that drugs targeting the

NLRP3 pyrin domain inhibit interaction with Ox-mtDNA. To validate our assay, we used hOGG1 as a positive control, observing inhibited

binding to Ox-mtDNA in a dose-dependent manner with as low as 0.1mM TH5487 (Figures 2I and 2J).

Glycosylase inhibitors directly bind NOD-like receptor family pyrin domain containing 3

To examine if TH5487 could directly bindNLRP3, we performed a thermal shift assay. The averagemelting temperature (Tm) of full-lengthNLRP3

shifted from an average value of 60.4�C–78.3�C with 1 mM TH5487 indicating the drug had directly bound to NLRP3 and delayed the Tm by an

increase of 17.9�C (Figures 2K and 2L). We repeated this assay with the pyrin NLRP3(1-93) and the NACHT-LRR NLRP3(94-1034) domains. We found

thepyrin domain couldbindTH5487as evidencedby the increase inTm from46.1�C to48.3�Cand 51.3�Cwith 100mMand1mMTH5487, respec-

tively. Interestingly, the NACHT-LRR construct was also able to bind TH5487 and provide evenmore protein stability. The Tmwas increased from

64.4�C to 67.2�C and 78.1�C with 100 mM and 1 mM TH5487, respectively (Figure 2K). Similar results were seen for drug SU0268 which had an

increased Tm of 72�C at 400 mM for full-length NLRP3 and an increased Tm of 63.5�C at 100 mM for pyrin NLRP3(1-93) (Figures 2M and 2N). As a
iScience 27, 110459, August 16, 2024 5
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control, we tested if the protein aldolase conferred similar changes to Tm in the context of both drugs. In these experiments, neither 100 mMnor

1 mM TH5487 or SU0268 caused a significant difference in the Tm of aldolase compared to protein alone (Figures 2K and 2M).

NOD-like receptor family pyrin domain containing 3 and human glycosylase share active site residues

Superposition of NLRP3 pyrin(1-81) with hOGG1(248-326) shows that many of the amino acids important in hOGG1 binding oxidizedDNA (Figure 1C)

are also found in the active site for the 8-oxodG and the TH5487-bound states (Figures 2O–2R; Table S1). The RMSD between NLRP3 pyrin and

hOGG1 between 17 pruned atom pairs was 1.147 Å. Major differences appeared at the beginning of each model where the alpha carbon (Ca)

for the critical Lys2 was 13.1 Å away from the corresponding residue Lys249 in hOGG1. Other amino acids in helices a3 – Leu54/299 and a4 -

Trp 68/313, were separated by 0.6 and 3.8 Å, respectively. So, although many residues were in the same vicinity, deviations were large enough

tosuggestNLRP3pyrinwouldundergoaconformationchangeuponbindingoxidizedDNA.TogenerateahomologymodelofNLRP3pyrinbound

tooxidizedDNA,we used theNLRP31-85 sequence andhOGG1248-326 (PDBID: 1EBM)with the SWISS-MODEL software. A singlemodelwasgener-

atedwithaMolProbity scoreof 1.78andaRamachandran favoredpercentageof 94.87% (TableS2). Themodel illustrates a rearrangementofNLRP3

helixa1.TheLys2/249distancedecreased from13.16 Å to0.124 Å.Many residues includingAla4,Cys8,andAla11ofNLRP3alldecreasedto less than

1 Å apart in the NLRP3 model (Table S3). All amino acids do not completely move to the same location. For example, Asp21/268 decreased from

7.551 Å to 6.322 Å apart. The corresponding to residues of NLRP3 in the active site of hOGG1 are Gln45/294, Trp68/313, Ala69/314, Ala71/316,

Val72/317, Phe75/319, Ala77/321, Arg80/324, respectively. These residues all moved froman initial Ca-Cadistance of 2–20 Å to less than 1 Å apart.

Gain of function mutant has enhanced oxidized mitochondrial DNA cleaving ability

hOGG1 interacts with 8-oxodG in DNA through critical contacts made by Lys249 and Asp268, which are essential for base excision. Unlike

hOGG1, NLRP3 features additional Lys/Asp residues near the active site, potentially offering compensatory redundancy for interaction

with 8-oxo-dG. Given this redundancy, creating an ideal loss-of-function mutant in NLRP3 would likely require mutating several residues,

which might destabilize the overall structure of the pyrin domain. Consequently, we pursued an alternative strategy by using our model to

predict a gain-of-function mutation. The electrostatic surface potential near the active site of the pyrin domain is predominantly negative,

leading us to hypothesize that neutralizing this charge could enhance catalytic activity with negatively charged Ox-mtDNA (Figure S6). Build-

ing on our previous findings, we identified that the gain-of-function NLRP3 D21H mutation, which corresponds to Asp268 in hOGG1, might

also enhance interaction with oxidized mtDNA. Notably, this mutation also causes the autosomal dominant autoinflammatory disease CAPS

phenotype.31 We employed fluorescence polarization (FP) to quantify DNA cleavage; an increase in FP signal indicates increased binding,

whereas a decrease suggests DNA cleavage (Figure 3A). Full-length NLRP3 demonstrated cleavage capability, as indicated by a 45% reduc-

tion in FP signal at a concentration of approximately 62.5 mg/mL, confirming that full-length NLRP3 can cleave Ox-mtDNA, similar to isolated

PYD in the gel-based assay (Figure 3B). In the FP assay, we tested a control protein, aldolase, and did not see any change in the FP signal

(Figure 3C) suggesting that the observed cleavage of Ox-mtDNA is NLRP3 specific. Notably, the D21H mutant of full-length NLRP3 showed

an 84% reduction in FP signal at 62.5 mg/mL, indicating a significantly enhanced cleavage ability compared to the wild type (Figure 3D). Given

our earlier findings that TH5487 and SU0268 inhibit NLRP3’s binding to oxidizedDNA, we testedwhether these inhibitors could also block the

enhanced cleavage by NLRP3 D21H. Increasing concentrations of these drugs demonstrated the dose-dependent inhibition of cleavage. At

10 mM, both TH5487 and SU0268 effectively prevented cleavage, with FP signals comparable to those observed with DNA alone (Figure 3E).

Macrophages display NOD-like receptor family pyrin domain containing 3 dependent oxidized mitochondrial DNA

cleavage

To investigate whether Ox-mtDNA cleavage is dependent on NLRP3 within cells, we analyzed DNA in the mitochondria and cytoplasm of

primed and activated immortalized bone marrow-derived macrophages (iBMDMs). We observed DNA near 16 kB in the mitochondria and

cleaved species around 1 kB in the cytoplasm, consistent with the approximate size of D loopmtDNA. Additionally, a smaller cleaved species

approximately 600bpwasdetected in thecytosol (Figures4AandS7). Thesecleavedspecieswerenotpresent in thecytosol ofNLRP3knockout

(KO) iBMDMs (Figure 4B), indicating a role for NLRP3 in their formation. We further confirmed that the DNA detected in the cytoplasm was

indeed D loop mtDNA by running a PCR with primers specific to a 591 bp fragment of the D loop mtDNA. This fragment was found in both

the mitochondria and the cytosol, whereas a larger 5698 bp mtDNA fragment was only detected in the mitochondria (Figure 4C).

Blocking NOD-like receptor family pyrin domain containing 3 binding to oxidized DNA prevents inflammasome activation

It was previously demonstrated that targeting OGG1 to the mitochondria would decrease IL-1b production.13 Moreover, the ablation of OGG1

leads to an increase of IL-1b since oxidizedmtDNA has not been repaired.13 So, inhibitingOGG1with TH5487, should cause an increase in IL-1b.

Givenwealreadyobserved that TH5487 couldbindNLRP3,weexaminedwhatwould happen to IL-1b in thepresenceof TH5487under conditions

that shouldpromote inflammasomeactivation. Interestingly,we found that the stimulationofNLRP3 inflammasomeactivationwith LPS/ATP in the

presence of TH5487 caused a decrease in IL-1b production with concentrations from 0.01 to 100 mM (Figures 5A, 5B, S8A, and S8B). Lower con-

centrations of TH5487 also decreased the amount of cleaved caspase-1 in the supernatant and increasedpro-caspase-1 inmacrophages, which is

consistentwithadecrease inNLRP3activation (Figures5AandS9). ThehOGG1 inhibitor, SU0268, showedthesamesignificantdecrease inNLRP3-

dependent IL-1b release, as well as a decrease in secreted caspase-1, and TNF-a as well as pro-IL-1b in the lystate. (Figures 5C, 5D, S8C, S8D,

and S10).
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Figure 3. NLRP3mutant D21H cleave ox-mtDNAmore readily than wild-type NLRP3 and this interaction can be inhibited by hOGG1 inhibitors TH5487

and SU0268

(A) Simplified schematic of fluorescence polarization workflow. Wild-type NLRP3 (B) D21H NLRP3 (C) and aldolase (D) at varying concentrations were incubated

with 100 mM of Cy5-labeled 20 bp ox-mtDNA and the amount of DNA cleavage was quantified the relative percent of the FP signal compared to DNA alone.

(E) 0.0625 mg/mL of D21H mutant was pre-incubated with both hOGG1 inhibitors at doses from 5 to 50 mM then proteins were incubated with 100 mM of Cy5-

labeled 20 bp Ox-mtDNA. The amount of cleavage was quantified by a loss in OD450 signal as quantified by fluorescence polarization and normalized to the

DNA alone signal. For all graphs, error bars: mean G SEM, N = 3, ****p < 0.0001, ***p < 0.0002, **p < 0.0054. Analyzed by one-way ANOVA.
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Blocking inflammasome activation prevents the secretion of oxidized mitochondrial DNA

We hypothesized that preventing NLRP3 from interacting with Ox-mtDNA would inhibit its ability to cleave DNA in the cytosol of macro-

phages, resulting in the detection of larger DNA fragments in the cytosol. Contrary to our expectations, we observed that treatment with

TH5487 or SU0268 not only eliminated the presence of D loop mtDNA in the cytosol (Figure 4C), but also prevented the secretion of
iScience 27, 110459, August 16, 2024 7



10

1.5

1

0.6

10

1.5

1

0.6

Mito Cyto
LPS
ATP

+
+

-
-+

+-
-kb

10

1.5

1

kb

Mito
LPS
ATP

+-
- -

+
+

Cyto
+-

- -
+
+

Mito

LPS
ATP

+
-

+
+

TH SU

+
+

+
+

Cyto

+
-

+
+

TH SU

+
+

+
+

5698 bp

591 bp

A B

C

Figure 4. mitochondrial DNA is cleaved and secreted into the cytosol in an NLRP3-dependent manner which can be inhibited by hOGG1 inhibitors

TH5487 and SU0268

(A) DNA isolated from the mitochondria or cytosol of inflammasome-activated immortalized mouse BMDMs and ran on a 2% agarose gel.

(B) DNA isolated from either the mitochondria or cytosol of inflammasome activated NLRP3 knockout immortalizedmouse BMDMs and run on a 2% agarose gel.

(C) DNA isolated from either the mitochondria of cytosol of inflammasome-activated immortalized mouse BMDMs was amplified by primers targeting a larger

fragment of mitochondrial DNA (5698 bp) or a smaller fragment of mitochondrial DNA (591 bp) and run on a 2% agarose gel.
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Figure 5. hOGG1 inhibitors TH5487 and SU0268 inhibit IL-1b secretion

(A) Representative western blots of inflammasome-related proteins in LPS/ATP treated or untreated immortalized mouse macrophages challenged with 0–

100 mM TH5487.
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Figure 5. Continued

(B) Quantified relative amount of IL-1b in the supernatant of LPS/ATP stimulated immortalized mouse macrophages challenged with 0–100 mM TH5487. Error

bars: mean G SEM, analyzed with one-way ANOVA. N = 6, ****p < 0.0001.

(C) Representative western blots of inflammasome-related proteins in LPS/ATP treated or untreated immortalized mouse macrophages challenged with 0–

100 mM SU0268.

(D) Quantified relative amount of IL-1b in the supernatant of LPS/ATP stimulated immortalized mouse macrophages challenged with 0–100 mM SU0268.N = 4–6

Error bars: mean G SEM, analyzed with one-way ANOVA. ****p < 0.0001.
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Ox-mtDNA from the cells (Figures 6A and 6B) as confirmed by 8-oxodG ELISA on the supernatant of iBMDMs. The well-characterized NLRP3

inhibitor, MCC950, was also tested and showed similar inhibition (Figure 6C). This aligns with the role of all three of these drugs in inhibiting

inflammasome activation and pyroptosis. To investigate the levels of Ox-mtDNA inside the cell, 8-oxo-dG ELISAs were run on the cytosolic

and mitochondrial fractions of iBMDMs (Figures 6D and 6E). All three drugs decreased the amount of cytosolic Ox-mtDNA in wild-type cells,

where a decrease in cytosolic Ox-mtDNA was not observed in NLRP3 knockout (KO) macrophages, confirming that this response is NLRP3-

dependent (Figure 6D). This notable decrease in cytosolic Ox-mtDNA occurred with as little as 1 mM MCC950, 0.1 mM TH5487, and 5 mM

SU0268. Although a similar decrease was noted in the mitochondria, there was no significant difference between wild-type (WT) and

NLRP3 KO macrophages, despite observable reductions in both (Figure 6E). To confirm that the changes in mtDNA levels in the cytosol

were not due to a loss in overall mtDNA amounts, we ran qPCR experiments on the cytosolic and mitochondrial fractions of iBMDM cells

and observed the relative amounts of D loop and Cox1 mtDNA levels in the cytosol normalized to the mitochondrial levels (Figures 6F

and 6G).9,32 In both cases, the relative amounts of cytosolicmt-DNAwere increased byNLRP3-activated iBMDMs, and this increasewas signif-

icantly inhibited by treatment with TH5487, SU0268, or MCC950 at 10 mM. There was no significant difference between wild type and NLRP3

KO iBMDM’s in cytosolic D loop level in the presence of LPS alone. Cytosolic D loop mtDNA increased in WT, but not NLRP3 KO macro-

phages upon inducing activation with LPS/ATP (Figure 6F). Our inability to detect cytosolic mtDNA in NLRP3 KO iBMDM’s suggests

NLRP3 may play a direct role in Ox-mtDNA release from the mitochondria.
DISCUSSION

A connection between NLRP3 and Ox-mtDNA has been reported, however, the direct consequence and mechanism of NLRP3 binding Ox-

mtDNA has not been established. Herein we show that NLRP3 pyrin can excise oxidized guanine and subsequently cleave Ox-mtDNA. Apur-

inic sites created by NLRP3 pyrin enable additional cleavage of Ox-mtDNA by APE1. We describe the similarities in sequence, protein fold,

and 3D structure with that of human glycosylase hOGG1, which functions in BER to remove oxidized guanine. The structure of hOGG1 and

NLRP3 pyrin are similar enough such that small molecules that inhibit hOGG1 can also inhibit NLRP3 inflammasome activation in macro-

phages stimulated with LPS/ATP. Here, we present a model of NLRP3 bound to oxidized DNA and to two small molecule inhibitors,

TH5487 and SU0268. Our model of NLRP3 cleaving oxidized DNA is consistent with major amino acids known to participate in DNA catalysis

based on hOGG1 superposition and sequence alignment including Lys2 and Asp21, equivalent to hOGG1 Lys249 and Asp268, respectively

(Figure 1). The ability of NLRP3 pyrin to not only excise the base and create an AP site, but cleave the N-glycosyl backbone suggests NLRP3

has bifunctional glycosylase activity.

Small molecules that inhibit the glycosylase’s ability to cleave oxidized DNA not only bind to NLRP3, but prevent NLRP3’s interaction with

Ox-mtDNA (Figures 2A–2F) and decrease NLRP3 inflammasome activation (Figure 5). SinceOGG1 ablation increases NLRP3 activation,13 use

of these small molecule inhibitors to block NLRP3 activation may represent approaches to treat a variety of diseases for which NLRP3 inflam-

masome contributes, including metabolic dysfunction-associated fatty liver disease (MAFLD),33 hepatocellular carcinoma (HCC),34 rheuma-

toid arthritis,35 keratitis,36 and over-active NLRP3 found in patients with cryopyrin-associated periodic syndrome (CAPS).3

NLRP3 and hOGG1have regions predicted to be intrinsically disordered, which by definition, maintain the ability to convert betweenorder

and disorder depending on presence of binding partners. Using the sequence of the pyrin domain with AlphaFold2, which is documented to

perform poorly with IDP’s, yields a structure that exactly matches the pyrin domain since that structure is readily available in the Protein Data

Bank.37 We found that SWISS-MODEL could produce a model that closely resembled hOGG1, which took into consideration not only

sequence similarity, but order and disorder found in hOGG1 and the location of those residues in 3D. The superposition of NLRP3 pyrin

with hOGG1 already shows several amino acids in NLRP3 that localize in the active site of hOGG1 in the proper vicinity to interact with

oxidized DNA. The SWISS-MODEL generated structure of NLRP3, which represents the state of NLRP3 bound to oxidized DNA, not only

has better superposition of amino acids in the active site, but the critical Lys2 needed to form nucleophilic attack and cleave oxidized

DNAmore closely matches the hOGG1 structure. This change is enabled by a rearrangement of NLRP3a1 which has the propensity to stretch

by unraveling a1-a2 transition (Figures 2O–2R and S4).

In our studies, we observed that NLRP3 inhibitors lead to a decrease in cytosolic mt-OxDNA. The reduction in cytosolic Ox-mtDNA could be

mediated by the dual inhibition of hOGG1, which blocks the activation of NF-kB, thereby preventing the expression of priming inflammasome

signals including pro-IL-1b. This inhibition would curtail the release of IL-1b and Ox-mtDNA via gasdermin D. Normally, extracellular

Ox-mtDNA would initiate a robust TLR9-mediated response as a damage-associated molecular pattern (DAMP), initiating further signaling

involving TNF-a and additional Ox-mtDNA, which in turn promotes more robust inflammasome activation. The absence of cytosolic Ox-

mtDNA in the presence of these inhibitors suggests a crucial role for both priming and extracellular DAMP stimulation in driving a robust inflam-

masome response.
10 iScience 27, 110459, August 16, 2024
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Figure 6. hOGG1 drugs TH5487 and SU0268 reduce the amount of 8-oxo-dG in the supernatant, cytosol, andmitochondria of inflammasome-activated

immortalized mouse BMDMs

The supernatant of cells treated with varying doses of either TH5487 (A) SU0268 (B) or MCC950 (C) ranging from 0.0001 to 100 mM evaluated using an ELISA

against 8-oxo-dG. Error bars are mean G SEM, N = 3, Analyzed by one-way ANOVA, ****p < 0.0001, ***p = 0.0005, **p = 0.0041, *p = 0.0104. Purified DNA

from the cytosol (D) or mitochondria (E) of cells treated with varying doses of TH5487, SU0268, or MCC950 ranging from 0.1 to 50 mM was evaluated using an

ELISA against 8-oxo-dG. Error bars are mean G SEM, N = 3, analyzed by two-way ANOVA, ***p = 0.0008, **p = 0.0012, *p = 0.0116.

(F) qPCR was run on purified DNA from the cytosol and whole cell fraction of inflammasome-activated wild type or NLRP3 knockout iBMDMs in the presence or

absence of inhibitors and the normalized amounts of D loop mtDNA were quantified and analyzed by two-way ANOVA. Error bars are meanG SEM,N = 3, *p =

0.0185, ***p< 0.0007 ****p< 0.0001 (G) qPCRwas run on purifiedDNA from the cytosol andmitochondrial fraction of inflammasome-activated wild type iBMDMs

in the presence or absence of inhibitors and the normalized amounts of mCox1mtDNAwere quantified and analyzed by one-way ANOVA. Error bars aremeanG

SEM, N = 3, **p < 0.007.
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It is quite interesting that the extramitochondrial presence ofOx-mtDNA, but not nuclear DNA, can induce arthritis when injected intomice.38

MitochondrialDNA isnormallywell protectedviaTFAMpackaging intonucleoids,39 however,mtDNA isexposedduringCMPK-dependentmito-

chondrial replication which allows easy oxidation of D loopmtDNA. The nuclease FEN1 cleavesOx-mtDNA into smaller fragmentswhich can the

exit themitochondria via mPTP and VDAC channels.13 Once in the cytoplasm, the oxidized DNA has been demonstrated to bind to cyclic GMP-

AMP synthase (cGAS)whenpresent in large amounts.40–42 The cGAS-STINGactivationmay synergizewith the activationofNLRP3 inflammasome

and theproductionof IL-1b and IL-18.CytosolicDNAwill eventually beexpelled from the cell via gasderminD-mediatedpyroptosis. The released

D loopOx-mtDNA,which is rich in cytosine-phosphate-guanine (CpG)motifs, could then cause increasedpro-inflammatory signaling as aDAMP

bybinding to the transmembraneprotein TLR9 that leads toNF-kB signaling and IRF7-mediated type I IFN-b.43 Thepreference for TLR9 interact-

ing with oxidized DNA over non-oxidized DNA establishes a more robust TNF and IL-8 response.44 The ability of NLRP3 to interact and remove

oxidizedguanine fromoxidizedDNAmay serve to reduce inflammatory signaling similar to hOGG1.But clearly, situations thatoverwhelm the cell

with cytosolic Ox-mtDNA cause inflammasome activation.32 In this study, we focused on single-strandedOx-mtDNAdue to its relevance during

mitochondrial DNA replication and transcription, where the D loop region is transiently exposed and susceptible to actions by enzymes such as

FEN1. hOGG1 exhibits bifunctional glycosylase activity on double-stranded Ox-DNA and likely utilizes the cytosine opposite 8-oxo-dG to facil-

itate accuratebase repair.Given thatDNA repair in the cytosol is unfeasible, itmakes sense that cytosolicNLRP3 responds to single-strandedOx-

DNA. This interaction not only potentially mitigates the severity of TLR9 activation butmay also serve a structural role. Cytosolic Ox-mtDNAmay

directly contribute to NLRP3 inflammasome formation by binding to the pyrin domain. This interaction could facilitate the release of pyrin-pyrin

interactions within the decameric core that stabilize the inactive oligomer,45 thereby allowing a thermodynamically favored rearrangement to an

active conformationcapableofbindingASC.4Suchamechanismofactivationcouldbeenabledby8-oxo-dGinmtDNA,8-oxo-dGnucleosides,or

other small molecules that bind at or near the pyrin domain, including PI4P.46 Future work will involve probing the molecular determinants of

NLRP3–Ox-DNA interaction as it directly relates to inflammasome assembly using advanced methods in cryo-electron microscopy.47

Limitations of the study

The primary limitation of our elaborate study is the absence of animal models to demonstrate how these inhibitors modulate diseases

involving the NLRP3 inflammasome in more complex biological systems. Additionally, questions remain regarding the translatability of

our findings to clinical settings, especially when simultaneously targeting NLRP3 and hOGG1 to mitigate inflammatory signaling. Moreover,

our results are derived from immortalized mouse macrophages in cell culture, which lack the diverse immune cell interactions present in vivo.

Lastly, employing advanced biophysical techniques, such as cryo-EM to elucidate the interactions of NLRP3 with inhibitors herein could

enhance our understanding of their mechanisms and improve drug efficacy.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

NLRP3 (pyrin targeting) Adipogen AG-20B-0014-C100; RRID: AB_2490202

NLRP3 (NACHT targeting) Cell Signaling 15101; RRID: AB_2722591

Cleaved-IL-1b (Asp117) Cell Signaling 63124; RRID: AB_2799639

Caspase-1 (p20) AdipoGen AG-20B-0042-C100; RRID: AB_2490248

OGG1 Santa Cruz Biotechnology sc-376935

FEN1 Santa Cruz Biotechnology sc-28355; RRID: AB_627587

beta-Actin Santa Cruz Biotechnology sc-47778; RRID: AB_626632

Anti-rabbit IgG, HRP-linked Cell Signaling 7074; RRID: AB_2099233

Anti-mouse IgG, HRP-linked Cell Signaling 7076; RRID: AB_330924

Streptavidin HRP-linked antibody BD Parmingen 554066; RRID: AB_286972

Bacterial and virus strains

DH5a cells/kit NEB E0554S

Chemicals, peptides, and recombinant proteins

Bovine Serum Albumin Gemini Cat#700-100

APE1 NEB M0282S

TH5487 Selleck Chemicals S8913

SU0268 MedChemExpress HY-139056

Recombinant Human OGG1 protein Abcam ab98249

Critical commercial assays

8-hydroxy 2 deoxyguanosine ELISA Kit Abcam ab201734

Protein Thermal Shift� Dye Kit ThermoFisher 4461146

SsoAdvanced Universal SYBR� Green Supermix BioRad 1725270

Site-directed mutagenesis Kit Agilent 210518

Phusion Hot Start Flex 2X Master Mix NEB M0536

ExpiFectamine� 293 Transfection Kit ThermoFisher A14525

PureLink� HiPure Plasmid Maxiprep Kit ThermoFisher K210007

Zymo Quick-DNA Miniprep kit Zymo D3025

Experimental models: Cell lines

Expi293F� Cells ThermoFisher (Gibco) A14527

Immortalized Mouse Macrophages Dr. Michael Karin (UCSD) N/A

Immortalized Mouse Macrophages - NLRP3 Knockout Dr. Michael Karin (UCSD) N/A

Oligonucleotides

90 base-pair oxidized mitochondrial DNA (biotinylated): (Biotin-AAT CTA

CCA TCC TCC/i8oxodG/T/i8oxodG/AAA CCA ACA ACC C/i8oxodG/C

CCA CCA AT/i8oxodG/CCC CTC TTC TC/i8oxodG/CTC C/i8oxodG//

i8oxodG//i8oxodG/CC CAT TAA ACT T/i8oxodG//i8oxodG//

i8oxodG//i8oxodG//i8oxodG/TA/i8oxodG/CTA AAC T/i8oxodG/A)

IDT N/A

20 base-pair oxidized mitochondrial DNA (biotinylated):

(Biotin- AAT CTA CCA TCC TCC/i8oxodG/T/i8oxodG/AA)

IDT N/A

20 base-pair oxidized mitochondrial DNA:

(AAT CTA CCA TCC TCC/i8oxodG/T/i8oxodG/AA)

IDT N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

20 base-pair non-oxidized mitochondrial DNA (biotinylated):

(Biotin-AAT CTA CCA TCC TCC GTG AA)

IDT N/A

20 base-pair non-oxidized mitochondrial DNA: (AAT CTA CCA

TCC TCC GTG AA)

IDT N/A

20 base-pair oxidized Cy5: (AAT CTA CCA/i8oxodG/TC CTC

CCT CA/3Cy5Sp/)

IDT N/A

Sonicated Salmon Sperm Stratagene 201190-81

Recombinant DNA

NLRP3 Dr. Hal Hoffman (UCSD) N/A

NLRP3 D21H Full length In-house mutagenesis N/A

NLRP3 PYD(1-93) In-house mutagenesis N/A

NLRP3 NACHT-LRR(94-1043) In-house mutagenesis N/A

Software and algorithms

PRISM 10 GraphPad Software N/A

ImageJ Image J N/A

BioRad Duet Maestro Software BioRad N/A

BioTek Gen6 Agilent N/A

iBright Analysis Software ThermoFisher N/A

ChimeraX UCSF N/A

SWISS-MODEL Expasy N/A

Other

DMEM ThermoFisher 11966025

Fetal Bovine Serum (FBS), heat innactivated ThermoFisher A5256801

Penicillin-streptomycin ThermoFisher 10378016

LPS ThermoFisher m00-4976-03
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Reginald

McNulty (rmcnulty@uci.edu).
Materials availability

Materials generated in this study are available upon reasonable request from the lead contact Dr. Reginald McNulty (rmcnulty@uci.edu).
Data and code availability

� All key reagents and resources are listed in the key resources table.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

� This paper does not report original code.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Expi293 cells were purchased from ThermoFisher (#A14527). Wild-type and NLRP3 knockout iBMDMmouse cells were generated by Kather-

ine Fitzgerald (UMass) from wild-type (C57BL/6), or NLRP3-deficient mice.48 All cell lines used in this study were negative for mycoplasma.
16 iScience 27, 110459, August 16, 2024
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METHOD DETAILS

Purification and expression of NLRP31-93

Site-directed mutagenesis (Agilent #210518) was performed on wild type NLRP3 to introduce a stop codon following the 93rd amino acid,

isolating the pyrin domain as previously explained.14 Briefly, NLRP31-93 was cloned in the mammalian expression vector pcDNA3.1HisB.

The plasmid was then sequenced, grown at large scale, and purified with PureLink HiPure Expi Megaprep. The protein was expressed in

250 mL of media using the Expi293TM Expression System (Thermo Fisher). Enhancers were added 16 h after transfection. Once the cells

reached viability of <80% live cells, they were harvested by spinning at 1200 rpm in a swinging bucket rotor (JS-4.750, Beckman). After centri-

fugation, the dead cells were aspirated, and the pellet was resuspended in cold PBS to remove residual media. The protein was purified with

half of the cell pellet on the AKTA Advant. Cells were resuspended in lysis buffer containing (50 mM Tris-HCl pH 7.4, 1X protease inhibitor

(Pierce), 0.1% SDS, 10% glycerol, and 1% Triton X-100). The lysate was then sonicated for 42 s in intervals of 2 s on and 8 s off. Lysate was

then clarified by spinning at 100,000 x g for 1 h and subsequently passed through a 0.45 mm filter prior to affinity chromatography. The

HisTrap FF crude 5 mL column was equilibrated in Buffer A (20 mM Tris pH 7.4, 200 mM NaCl, 10% glycerol) and eluted with Buffer B

(20 mM Tris pH 7.4, 200 mM NaCl, 10% glycerol, 500 mM imidazole, 1 mM DTT, and 0.5% NP-40). The column was washed with Buffer A

and eluted in a 5-step gradient of Buffer B (5%, 15%, 25%, 50%, 100%). Peak fractions were analyzed on a total protein NuPAGE 4–12%

Bis-Tris run at 200 V for 30 min. Fractions were further analyzed with PVDF membrane western blots blocked in 2.5% BSA and probed with

monoclonal pyrin targeting antibody (Adipogen) at a dilution of 1:10,000. Based on the result from the above gels, fractions were pooled

and loaded onto a HiLoad 16/600 Superose 6 size exclusion column (20 mM Tris pH 7.4, 200 mM NaCl, 10% glycerol, 1 mM DTT, and

0.5% NP-40). No distinguishable peaks exist due to the presence of NP-40 in the buffer, thus all fractions were run on SDS page and western

blots, and the NLRP31-93 sample was further analyzed via Native 4–16% gel (Figure S11). Protein concentrations were checked via Bradford

(Biorad) to a final concentration of roughly 1 mg/mL.
Wild-type NLRP3 and NACHT-LRR expression and purification

Wild-type NLRP3 was cloned into the mammalian expression vector pcDNA3.1HisB. The plasmid was expressed in DH5a cells (New England

Biolabs) and purified using the PureLink HiPure Plasmid Maxiprep Kit (Thermo Fisher). The protein was expressed using the Expi293 Expres-

sion System (Thermo Fisher) per the manufacturer’s instructions. Briefly, cells were grown in Expi293 expression media until they reached a

concentration of 33106 cells per milliliter and sustained viability ofR95% live cells. At that time, 1 mg of expression vector was transfected per

every 1mL of cells with Expifectamine reagent. Once the cells reached viability of%80% live cells, they were harvested by spinning at 300 rpm

for 5 min. The supernatant/dead cells were aspirated from the top, and the pellet was washed with cold PBS. The cells were pelleted again at

1200 rpm for 5 min and lysed with 50 mM Tris pH 7.4, 1 mM PMSF, 1 x protease and phosphatase inhibitor, 300 mM NaCl, 0.1% SDS, 10%

glycerol, and 1% Triton X-100. The lysate was sonicated for 42 s in intervals of 2 s on, 8 s off, then clarified by spinning at 100,000 3 g for

60 min. The clarified lysate was passed through a 0.45 mmfilter and purified using a HisTrap FF crude 5mL column. The columnwas pre-equil-

ibrated with 20 mMTris, 200mMNaCl, 10% glycerol, 1 mMDTT, and 25mM imidazole, pH 7.4. After the sample was loaded onto the column,

it was washed with 10 column volumes (CV) of the wash buffer above. Then, using a four-step gradient from 25 to 100%, the protein was eluted

using 20 mM Tris, 200 mM NaCl, 10% glycerol, 1 mM DTT, and 500 mM Imidazole, at pH 7.4. Peak fractions were pooled and loaded onto a

HiLoad 16/600 Superose 6 pg size exclusion column. The column was run in a buffer containing 20 mM Tris, 200 mMNaCl, 10% glycerol, and

1 mM DTT, pH 7.4. Peak fractions were analyzed by SDS page and western blot. Samples were diluted with LDS sample loading buffer and

reducing agent (Invitrogen), each at a final concentration of 1x. The samples were boiled at 90�Cand run on aNuPAGE 4 to 12%, Bis-Tris 1mM

15-well mini-gels at 200 V for 30 min. For the western blot, samples were transferred to PVDFmembranes, and blocked with 2.5% BSA. NLRP3

was probed with an anti-NLRP3 antibody (AdipoGen) at a 1:10,000 dilution in 2.5% BSA in TBST. NACHT-LRR(94-1043) was probed with a

different anti-NLRP3 antibody (Cell Signaling) at a 1:1000 dilution in 2.5% BSA. Blots were incubated with an HRP-linked anti-mouse (Cell

Signaling) or rabbit (Cell Signaling) secondary antibodies at 1:1,000 dilutions and imaged using the iBright 1500 Imaging system. Once

peak fractions were identified, they were pooled and concentrated using 100 kDa cut-off spin concentrators at cycles of 2000 3 g for 5 min.
DNA cleavage assay

The DNA cleavage assay was performedwith the purified pyrin domain and NACHT-LRR94-1043) constructs. NLRP3 pyrin(1-93) was dialyzed into

buffer (150 mM NaCl, 20 mM Tris, 0.05% NP-40, 1 mM DTT, pH 7.4) with a 10 kDa MWCO (Thermo). The NACHT-LRR94-1043) construct re-

mained in the size exclusion buffer for the DNA cleavage assay. Biotinylated ox-mtDNA, sourced from IDT, was diluted in DEPC water to

2.7 ng/mL. Pyrin protein was added to ox-mtDNA either with or without APE1 at a final concentration of 0.0784 mg/mL. The NACHT-LRR

construct was incubated at concentrations ranging from 0.0125 mg/mL to 0.4 mg/mL. In samples containing APE1 (NEB #M0282S), DNA

and protein was first incubated on ice for 30 min. After incubation, 5 units of APE1 and 10% NEB4 magnesium buffer were combined with

the ox-mtDNA/protein solution. All samples were warmed at 37�C for 16 h and further incubated at 4�C for approximately 80 h prior to being

analyzed on a 4–20% Tris-Glycine gel (Thermo), with a total reaction volume of 25 mL. Initial attempts to determine if ox-mtDNA cleavage by

the pyrin domain was temperature dependent, prompted full incubation at 4�C. Samples were boiled in 10% formamide and 1X Orange

Loading Dye containing SDS (NEB) for 2 min at 90�C. The gel was loaded with Orange Loading Dye (NEB) and pre-run for 30 min at 100

V. The gel was run with 5 mL of reaction for 35 min at 225 V and transferred to an Immobilon-P 0.45 mm PVDF membrane (Millipore). After

being transferred, the DNA was UV crosslinked for 10 min and blocked in 2.5% BSA and TBST (150 mM NaCl, 20 mM Tris, 0.1% Tween pH
iScience 27, 110459, August 16, 2024 17
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7.4). The membrane was then probed with streptavidin HRP-linked antibody 1:2000 (BD Parmingen #554066) and washed 3 times in TBST for

10 min. Chemiluminescence (Thermo) was performed, and the DNA imaged with IBright and further analyzed in IBright software.
hOGG1 inhibitor and salmon sperm DNA competition pulldown

Dynabeads M-280 Streptavidin (Thermo Fisher) were removed from the storage solution and washed three times with binding buffer (50 mM

Tris, 100mMNaCl, 2mMMgCl2, 12%glycerol, and pH 7.4) using aDynaMag-2magnet. BiotinylatedOx-mtDNAsourced from IDTwas diluted

4:400 from the 100 mMstock solution and incubated with the beads overnight at 4�Cwhile rotating. The following day, inhibitors TH5487 (Sell-

eck Chemicals) and SU0268 (MedChemExpress) were serial diluted with binding buffer such that the addition of inhibitor at various concen-

trations was always 10% of the final volume. Then the inhibitor was incubated with the protein (NLRP3, NACHT-LRR(94-1034), or pyrin(1-93)) at

various concentrations from 1 nM to 100 mM at 4�C for 1 h. A control of protein with binding buffer was also incubated at 4�C for 1 h. After?

these incubations, the beads were separated on themagnet and washed three times with binding buffer to remove any unboundDNA. Once

the inhibitor incubations were complete, each incubation was added to a well with beads in triplicate, mixed by pipetting up and down, and

incubated at 4�C overnight. The following day, the beads were separated on the magnet, the supernatant was removed, and the beads were

washed three times with binding buffer. To evaluate the amount of NLRP3 bound to the beads, the beads were resuspended in LDS sample

loading buffer and reducing agent (Invitrogen), each at a final concentration of 1X. The samples were boiled at 90�C and run on NuPAGE 4 to

12%, Bis-Tris 1 mM 15-well mini-gels at 200 V for 30 min. Samples were transferred to PVDFmembranes and blocked with 2.5% BSA. Pyrin(1-93)
and NLRP3 westerns were probed with an anti-NLRP3 antibody (AdipoGen) at a 1:10,000 dilution in 2.5% BSA in TBST. NACHT-LRR(94-1034)

westerns were probed with a different anti-NLRP3 antibody (Cell Signaling) at a 1:1000 dilution in 2.5% BSA. Blots were incubated with an

HRP-linked anti-mouse (Cell Signaling) or anti-rabbit (Cell Signaling) secondary antibodies for 1 h at a 1:1,000 dilutions and imaged using

the iBright 1500 Imaging system. The intensities of the bands were quantified using the iBright Analysis Software. The intensity values

were plotted and analyzed using GraphPad Prism and a one-way ANOVA.
Protein thermostability assay

NLRP3, NACHT-LRR(94-1034), pyrin(1-93), and aldolase proteins were diluted to 1 mg/mL and challenged with 100 or 1000 mM TH5487 (Selleck

Chemicals) or SU0268 (MedChemExpress) diluted in 20 mM Tris, 200 mM NaCl, 10% glycerol, and 1 mM DTT, pH 7.4 for 1 h at 4�C. Each
protein was also incubated with buffer alone as a control. During this incubation, the assay plate was set up. Plates (BioRad, #HSP9601)

were set up in the dark on ice using the Protein Thermal Shift Dye Kit (Thermo Fisher, #4461146) per the manufacturer’s instructions. Briefly,

protein thermal shift dye was diluted to 8X, and 2.5 mL was added to each sample well along with 5 mL of protein thermal shift buffer. Once the

protein incubations were completed, 12.5 mL was added to the sample wells in quadruplicate. Wells were mixed by pipetting up and down 3

times with a multichannel pipette, then spun down at 1000 rpm for 2 min. The plate was kept in the dark and on ice until analysis. Melting

temperature analysis was done using a CFX Duet Real-Time PCR system (BioRad, #12016265) and the CFX Maestro Software 2.3 (BioRad,

#12013758). To set-up a thermal shift assay, all other steps of the standard RT-PCR run were removed, and amelt curve was inserted. An initial

30 s at 4�C cycle was inserted before the ramp step. The protocol was set to ramp at a ramp rate of 0.5�Cevery 10 s from4�C to 95�C. The FRET
channel was assigned to each sample well, and the plate was inserted into the machine and run. The resulting melting temperatures were

plotted and analyzed using GraphPad Prism and a one-way ANOVA.
SWISS-MODEL generation of hOGG1-based NLRP3 active model

Using ChimeraX, the published structure of hOGG1 bound to Ox-DNAwas opened (PDBID: 1EBM). The amino acid sequence of hOGG1(249-

325) that aligned with the NLRP3 pyrin(1-91) domain was saved as a.pdb file. The sequence was uploaded to SWISS-MODEL in their User Tem-

plate Modeling input option as the template file.27 Then, NLRP3 amino acids 1–85 were loaded as the target file (amino acids 1–90 did not

generate a model). The SWISS-MODEL projection produced one model of NLRP3 based on the template hOGG1 structure. This model was

further analyzed in comparison to wild-type NLRP3 and various hOGG1 structures using ChimeraX.20
Fluorescence polarization

Stock 100 mMCy5-labeled 20 base-pair DNA (IDT) was diluted 1:100 to a working stock of 1 mM. Protein was serial diluted from 1mg/mL stock

seven times for 8 total reaction tubes ranging from 0.0075 to 1 mg/mL 10 mL of 1 mM DNA stock was added to 90 mL of each serial diluted

protein reaction. 10 mL DNAwas also added to 90 mL buffer as a control. Thesemixtures were incubated on ice for 1 h. After 1 h, each reaction

tube was split into three, and 30 mL of each was added in triplicate to three wells of a black-walled, clear-bottomed 384-well plate (Agilent

#204623). The wells of buffer were also added as controls. Fluorescence polarization was then read using a BioTek Synergy H1 plate reader

with Generation 6 software (Agilent) at an excitation of 620/40 and emission of 680/30, specific to Cy5. The polarization values were calculated

based on the parallel and perpendicular light and G-factor-corrected. The raw values were normalized to the DNA alone wells and analyzed

using a one-way ANOVA in GraphPad Prism. In experiments containing hOGG1 inhibitors, proteins were pre-incubated with the drugs at a

final concentration of 5–50 mM for 1 h on ice before incubation with DNA.
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Isolation of cytosolic, mitochondrial, and whole-cell DNA in wild-type and knockout mouse iBMDMs

Knockout or wild-type mouse iBMDMs were treated in the presence or absence of hOGG1 inhibitors as described below. The cytosolic and

mitochondrial fractions were isolated as described previously.13 Briefly, cells were washed with pre-chilled PBS and harvested at 1000 xg for

5 min. 10% of the cells were removed and saved for purification of the whole cell DNA fraction. The washed cells were resuspended in pre-

chilled mitochondrial extraction buffer (22 mMmannitol, 70 mM sucrose, 20 mM Tris Base pH 7.5, 1 mM EDTA, 2 mg/mL BSA, and 1 tablet of

protease and phosphatase inhibitor (Roche)). Resuspended cells were passed through a 25-G syringe (Fisher #14-817-133) 20 times on ice. The

mixture was then spun twice. An initial spin was carried out at 1000 xg for 15 min at 4�C, the pellet was discarded, and the supernatant was

centrifuged again at 10,000 xg for 10min at 4�C. The supernatant was saved for further purification as the cytosolic fraction, and the pellet was

saved for further purification of the mitochondrial fraction. Both fractions were purified using the Zymo Quick-DNA Miniprep kit (Zymo

#D3025). The mitochondrial fraction and whole cell fractions were purified per the manufacturer’s instructions. For the cytosolic fraction,

the initial lysis step in the manufacturer’s protocol was skipped and started instead at the column loading step. After purification was

completed, the DNA concentration was evaluated by reading the A260 in a nanodrop. To visualize total mitochondrial or cytosolic DNA,

200 ng of DNA of each sample was run directly on a 2% agarose gel stained with ethidium bromide. To measure the amount of 8-oxo-dG

containing DNA, an ELISA was run on the samples using an 8-oxo-dG ELISA kit (Abcam #ab201734) following themanufacturer’s instructions.
Amplification of 591 bp and 5489 bp fragments from purified DNA from the mitochondria and cytosol of iBMDMs

Knockout or wild-type mouse iBMDMs were treated in the presence or absence of hOGG1 inhibitors as described below. Isolation and pu-

rification of mitochondrial and cytosolic DNA were completed as described above. PCRs were performed to amplify a larger 5489 bp frag-

ment and the D loop 591 bp fragment from both mitochondrial and cytosolic purified DNA and described previously.13 Briefly, PCR reactions

were set up using the Phusion Hot Start 2x Master Mix (NEB #M0536) per the manufacturer’s protocol. For 5698 bp PCRs on the cytosolic

fractions, 200 ng of DNA was used as a template. For all other reactions, 5 ng was used as a template. For the PCR reactions, the following

settings were used: initial denaturation at 98�C for 3 min, denaturation at 98�C for 10 s, annealing temperature of 60�C, and extension tem-

perature of 72�C for 30 s (591 bp) or 3min (5698 bp). This ran 20 (591 bp) or 35 (5698 bp) cycles, followed by a final extension of 72�C for 20min.

Amplified products were analyzed on a 2% agarose gels stained with ethidium bromide.
Mouse macrophage cell culture

Immortalized wild-type mouse macrophages were generously provided to us by Michael Karin at the University of California, San Diego. A

frozen vial of cells at 1*107 was thawed in a water bath and then resuspended in 50 mL of culture media (DMEM (Thermo Fisher) supplement

with 10% heat-inactivated FBS (Sigma) and 1% Penicillin-Streptomycin (Thermo Fisher)). The cells were spun down at 300 xg for 5 min at 4�C,
the media was aspirated off the pellet, and the pellet was resuspended in 5 mL of culture media. The cells were counted by diluting 10 mL of

cells with 10 mL of Trypan Blue Stain (Thermo Fisher), loading that dilution onto a Countess Cell Counting Chamber Slide (Thermo Fisher), and

evaluated using a Countess 3 FL Automated Cell Counter (Thermo Fisher). Cells were then further diluted in culture media such that the final

concentration was 0.2*106/mL and plated onto 175 cm2 culture flasks (Corning) where they were grown at 37�C and 5% humidity. Cells typi-

cally doubled in 24–48 h, where they were then scraped from the bottom of the plate using Bio-One Cell Scrapers (Fisher Scientific) and then

spun down, counted, and expanded as previously described.
Macrophage inflammasome activation with inhibitors

The viability and concentration of a culture of immortalized mouse macrophages were checked as described above. Cells at viability >95%

were diluted to a concentration of 0.5*106 cells/mL, such that they would be at a concentration of 1*106 cells/mL by the next day. Cells were

split into 6-well TC-treated plates (Corning) with 2mL of cells per well and allowed to adhere andgrowovernight at 37�Cand 5%humidity. The

next day, 2 mL/mL of 500X lipopolysaccharide (Thermo Fisher) was added to each well for 1 h at a final concentration of 500 ng/mL. Next, LPS-

only wells were harvested, and inhibitors TH5487 (Selleck Chemicals) and SU0268 (MedChemExpress) were serial diluted such that the addi-

tion of any concentration of inhibitor was 1% of the final volume of cells. Then the inhibitors were added at concentrations ranging from 0.1 to

100 mM for 1 h. Next, 4mMATPwas added to each well for 1 h. Cells and supernatant fractions could then be isolated for viability and western

blot analysis. To collect samples for western blot analysis, the supernatant was removed from each well and clarified by spinning at 3000 xg for

5 min using 0.22 mm spin filters (Corning). The cells left on the plate were washed with ice-cold PBS and then lysed with RIPA buffer (Boston

BioProducts) supplemented with an EDTA-free protease/phosphatase inhibitor cocktail (Roche). The lysis took place for 5 min rocking at 4�C.
The lysed cells were then collected into 1.5mL tubes and spun at 14,000 xg for 15min. 200 mL of the clarified lysate was removed and saved for

western blot analysis. To evaluate proteins secreted from the cells (Caspase-1 p20 and IL-1b), the supernatant fractions were run on western

blots. To evaluate proteins expressed inside the cell (NLRP3, pro-Caspase-1, FEN1, hOGG1, and b-actin), the lysate fraction was run. Samples

were diluted with LDS sample loading buffer and reducing agent (Invitrogen), each at a final concentration of 1X. The samples were boiled at

90�C and run on NuPAGE 4 to 12%, Bis-Tris 1 mM 15-well mini-gels at 200 V for 30 min. Samples were transferred to PVDF membranes,

blocked with 2.5% BSA in TBST, and probed with a primary antibody against the specific protein diluted to the manufacturer’s recommen-

dation in 2.5%BSA in TBST (Table S4). Blots were incubatedwith anHRP-linked secondary antibody (eithermouse or rabbit, dependingon the

species of the primary) and imaged using the iBright 1500 Imaging system. The intensities of the bands were quantified using the iBright

Analysis Software. The intensity values were plotted and analyzed using GraphPad Prism and a one-way ANOVA. To measure the amount
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of 8-oxo-dG containing DNA in the supernatant, an ELISA was run on the samples using an 8-oxo-dG ELISA kit (Abcam #ab201734) following

the manufacturer’s instructions with the standards diluted in cell-treatment media.
Measurement of macrophage cell viability after treatment

After completion of the ATP incubation of the macrophage inflammasome activation assay described above, sample wells for viability read-

ings were analyzed. The supernatant from these wells was aspirated and saved for western blots as described above. 1 mL of fresh culture

media (DMEM (Thermo Fisher) supplemented with 10% heat-inactivated FBS (Sigma) and 1% Penicillin-Streptomycin (Thermo Fisher)) was

pre-warmed to 37�C and was added to each well. The cells were scraped off the plates using new Bio-One Cell Scrapers (Fisher Scientific)

for each well. The now resuspended cells were then moved into 1.5 mL tubes The cells were counted by diluting 10 mL of cells with 10 mL

of Trypan Blue Stain (Thermo Fisher), loading that dilution onto a Countess Cell Counting Chamber Slide (Thermo Fisher), and evaluated us-

ing a Countess 3 FL Automated Cell Counter (Thermo Fisher). The percent viabilities were recorded in triplicate, and the values were plotted

and analyzed using GraphPad Prism and a one-way ANOVA. The remaining cells were spun down at 300 xg for 5 min at 4�C. The supernatant

was aspirated, and the cells were washed with ice-cold PBS. To remove the PBS, the cells were spun again at 300 xg for 5 min at 4�C and the

PBS was aspirated. The cells were lysed with RIPA buffer (Boston BioProducts) supplemented with an EDTA-free protease/phosphatase in-

hibitor cocktail (Roche) for 5 min rotating at 4�C. The lysate was clarified by spinning at 14,000 xg for 15 min. 200 mL of the clarified lysate was

removed and saved for western blot analysis as described above.
Real-time PCR (qPCR) analysis of mtDNA in the cytosol of iBMDMs

qPCR reactions were set-up with primers forD loopDNA,mCox1DNA, ormTertDNA andDNA extracted from the whole cell, mitochondria,

or cytosol using the SsoAdvanced Universal SYBR Green Supermix (BioRad # 1725270) per the manufacturer’s instructions. The qPCR reac-

tions were run on the CFXDuet Real-Time PCRmachine using the following conditions: Initial denaturation at 98�C for 3min, then 40 cycles of

denaturation at 98�C for 15 s and annealing at 60�C for 30 s. This was followed by a melt curve from 65�C to 95�C with 0.5�C steps and 5 s per

step. The readout was visualized using the BioRad CFX Maestro Software. The Cq values obtained for mtDNA abundance in whole cell ex-

tracts served as normalization controls for themtDNA values obtained from the cytosolic fractions. The finalDDCqwere plotted and analyzed

using GraphPad prism and a one-way ANOVA.
Electrostatic potential map of wild type NLRP3 PYD and D21H PYD

To determine the charge for amino acid side chains at pH 7, the pdb of NLRP3 was opened in ChimeraX (PDBID: 7PZC). A pdb file was gener-

ated of only the NLRP3 pyrin domain 1-93. To generate the D21H pdbmutation in ChimeraX, the rotamer without any steric clashes and high-

est prevalence was selected. Both pdb’s were then individually uploaded to the APBS-PDB2PQR software suite to generate both.pqr and

-pot.dx files. These files were then opened in ChimeraX to generate the electrostatic potential map. The pdb file for the published structure

of hOGG1 bound to double stranded ox-DNA was also opened in ChimeraX (PDBID: 1EBM) and superimposed onto the NLRP3 pyrin

domain. The hOGG1 structure was hidden, leaving the ox-DNA and the electrostatic potential map.
QUANTIFICATION AND STATISTICAL ANALYSIS

A one-way ANOVA was used to conduct all statistical analyses herein with the exception of the analysis of the 8-oxo-dG ELISA on the cytosol

and supernatant DNA from wild-type and NLRP3 knockout iBMDMs, which were analyzed using a two-way ANOVA. All statistical analyses

were performed as indicated in the figure legends where N represents the number of replicates. The data all represent meanG SEM where

p-values <0.05 were considered statistically significant.
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