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Bacterial gasdermins reveal an ancient
mechanism of cell death
Alex G. Johnson1,2†, Tanita Wein3†, Megan L. Mayer4, Brianna Duncan-Lowey1,2, Erez Yirmiya3,
Yaara Oppenheimer-Shaanan3, Gil Amitai3, Rotem Sorek3*, Philip J. Kranzusch1,2,5*

Gasdermin proteins form large membrane pores in human cells that release immune cytokines and
induce lytic cell death. Gasdermin pore formation is triggered by caspase-mediated cleavage during
inflammasome signaling and is critical for defense against pathogens and cancer. We discovered
gasdermin homologs encoded in bacteria that defended against phages and executed cell death.
Structures of bacterial gasdermins revealed a conserved pore-forming domain that was stabilized in
the inactive state with a buried lipid modification. Bacterial gasdermins were activated by dedicated
caspase-like proteases that catalyzed site-specific cleavage and the removal of an inhibitory C-terminal
peptide. Release of autoinhibition induced the assembly of large and heterogeneous pores that
disrupted membrane integrity. Thus, pyroptosis is an ancient form of regulated cell death shared
between bacteria and animals.

I
n mammals, gasdermin proteins execute
pyroptotic cell death by oligomerizing into
membrane pores that release inflamma-
tory cytokines and induce cell lysis. The
human genome encodes six gasdermin

proteins (GSDMA to GSDME and pejvakin),
including the prototypical member GSDMD
(1–3). Gasdermin activation requires caspase-
or granzyme-mediated cleavage of an inter-
domain linker that liberates a lipophilic
N-terminal domain (NTD) from a large inhi-
bitory C-terminal domain (CTD) (4–6). Proteol-
ysis enables gasdermin NTD oligomerization
and the formation of membrane pores im-
portant for innate immunity in mammals
and primitive eukaryotes (7–9). Recent struc-
tural analyses have explained a mechanism
of gasdermin pore formation (5, 6, 10, 11),
but the evolutionary origin and biological
roles of diverse gasdermin proteins remain
unknown (12).
While analyzing bacterial antiphage defense

islands, we identified uncharacterized genes
with predicted homology to mammalian
gasdermins (table S1). Sequence analysis
revealed 50 bacterial gasdermins (bGSDMs)
that form a clade distinct from that of eukary-
otic homologs (Fig. 1A and fig. S1) (7, 9, 13). We
determined crystal structures of bGSDMs from
Bradyrhizobium tropiciagri andVitiosangium
sp., which revealed that bGSDMs each adopt a
shared overall architecture that exhibits nota-
ble homology to the mammalian gasdermin

NTD (fig. S2B and table S2), including the
conservation of a twisted central antiparallel
b sheet and the shared placement of connect-
ing helices and strands throughout the periph-
ery (Fig. 1, B and C).
The structures revealed complete absence

of the large a-helical CTD required tomaintain
mammalian gasdermins in an autoinhibited
state (Fig. 1). Although lacking the CTD, the
bGSDM structures adopted the same con-
formation as that of the inactive mammalian
gasdermin complex (Fig. 1, B and C). In the
inactive structure of mammalian GSDMA3,
the NTD forms two interfaces with the CTD
that mediate autoinhibition, with the primary
interface at the a1 helix and the b1-b2 hairpin
(Fig. 1C) (5, 11). Cleavage of GSDMA3 results
in NTD activation through the lengthening of
strands b3, b5, b7, and b9 and oligomerization
of ~27 protomers into a membrane-spanning
pore (2, 5, 6). Both the Bradyrhizobium and
Vitiosangium bGSDM structures contained
strands equivalent to GSDMA3 b1 to b2 and
b6 to b9, but in bGSDMs, a short C-terminal
peptide wrapped around the twisted b sheet
core and terminated across strand b2 to sta-
bilize the inactivated state (Fig. 1, B and C).
While building the bGSDM atomic models,

we observed a snakelike density protruding
from the Bradyrhizobium cysteine C3 side-
chain. The density occupies a hydrophobic
tunnel across the protein that is capped by
F25 from the C-terminal peptide. In the 1.5-Å
Bradyrhizobium bGSDMelectron densitymap,
the density could be assigned as a 16-carbon
palmitoyl thioester (Fig. 1D and fig. S2C). We
confirmed bGSDM palmitoylation with mass
spectrometry and found that a cysteine at this
position is conserved in gasdermins across
most bacteria and some fungi (Fig. 1A and fig.
S3, A and B). The presence of the palmitoyl
in a hydrophobic cavity suggests that bGSDM
palmitoylation occurs through autocatalysis

(14). Palmitoylation contributes to stability
of the inactive state protein (Fig. 1E), and
modeling suggests substantial reorganiza-
tion of residues along the hydrophobic tunnel
during bGSDM activation (Fig. 1D and fig. S2,
C and D) (6).
The majority of bGSDMs (43 of 50) are ge-

nomically encoded next to one or more genes
with a predicted protease domain (Fig. 2A;
fig. S5, A to C; and table S1). In most cases,
the associated proteases are caspase-like
peptidases, including peptidase C14 (Pfam
database ID PF00656) and CHAT (Pfam ID
PF12770) proteases (Fig. 2B and fig. S5A).
Fungal gasdermins are also commonly en-
coded next to protease domain–containing
genes (40 of 52) (table S3 and fig. S5B) and are
activated through proteolysis (13). bGSDM-
protease systems are found in diverse bacteria
and archaea, as well as in metagenomic sam-
ples of prokaryotic origin (fig. S5D and table
S4). Analysis of the bGSDM-associated pro-
teases revealed that they are fused to diver-
gent repeat or NACHT domains frequently
involved in pathogen recognition and inflam-
masome function in human innate immunity
(Fig. 2B and fig. S5C) (15). bGSDM genes are
occasionally encoded near known immune
defense systems (Fig. 2A, fig. S7A, and tables S1
and S4), so we tested bGSDM systems for a
role in antiphage defense. bGSDM systems
evolutionarily distant from the model orga-
nism Escherichia coli exhibited no discern-
ible phage restriction (fig. S6). However, a
four-gene operon fromLysobacter enzymogenes
exhibited robust defense against coliphages T4,
T5, and T6 (Fig. 2, C and D, and fig. S6, B and
C). Deletion of the bGSDM gene from the
Lysobacter operon abolished protection (Fig. 2,
C and D, and fig. S6C). Thus, the bGSDM is
essential for defense.
Expression of some of the bGSDM-protease

systems in E. coli induced potent cellular tox-
icity in the absence of phage infection (Fig. 2,
E and F; fig. S7, B and C; and table S5). Particu-
larly strong toxicity was observed for a Runella
system, which required bGSDM palmitoylation
(Fig. 2E and fig. S7, B and C). Time-lapse mi-
croscopy in the presence of propidium iodide
(PI) showed that cells expressing the Runella
system ceased dividing and lost membrane in-
tegrity, which suggests that bGSDM activation
induces membrane disruption (Fig. 2, E and F;
fig. S7D; and movies S1 and S2). Mutation of
the predicted Runella caspase-like protease
active site residues H796 and C804 ablated all
cellular toxicity (Fig. 3A). TheRunella bGSDM
and protease only induced cellular toxicity
when expressed together, which suggests that
the protease targets bGSDM during system
activation (Fig. 3A and fig. S8A). In fact, amuta-
tion that disrupted the active site of the second
trypsin-like protease in the Lysobacter bGSDM
system abolished antiphage defense (fig. S8B).
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We focused on the Runella system and re-
constituted cleavage with purified compo-
nents (Fig. 3B and fig. S8, A to F). Coincubation
with the protease resulted in specific bGSDM
cleavage and formation of a lower–molecular
weight Runella bGSDM species (fig. S8A).
Cleavage requires the protease catalytic res-
idues but not bGSDM palmitoylation (Fig.
3B and fig. S8, D and E). Using mass spec-
trometry, we determined that the Runella

bGSDM cleavage site occurs after the P1 res-
idue L247 (fig. S9, A and B). A 2.9-Å structure
of the Runella bGSDM (table S2) revealed
that cleavage occurs in a loop that immedi-
ately precedes the C-terminal peptide (Fig. 3,
C and D). Packing in the Runella bGSDM crys-
tal lattice additionally indicates an ability of
the peptide to dissociate from the bGSDM
face, which supports release after cleavage
(fig. S10A).

Analysisof thehigh-resolutionBradyrhizobium
bGSDM structure explains how the C-terminal
peptide restrains the bGSDM core (Fig. 3E).
Bradyrhizobium bGSDM F245 and F247 lay
along the surface formed between the mam-
malian b9 strand and the a1 helix equivalent
positions and are further supported with con-
tacts between N21 and the peptide backbone.
A Bradyrhizobium-specific b strand from N21
to L24 extends off the b9 strand equivalent
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Fig. 1. Structures of bGSDMs reveal homology with mammalian cell
death effectors. (A) Gasdermin phylogenetic tree. The sizes of the gasdermin
NTDs and CTDs are depicted. Vertebrate gasdermins are labeled with
single letters (“A” to “E”) indicating human gasdermins GSDMA to GSDME,
and “P” depicts pejvakin. The black teardrop indicates a conserved N-terminal
cysteine (N-term cys). A representative set of 20 fungal gasdermins are
included in the tree. aa, amino acid. (B) Crystal structures of bGSDMs
from species of the genera Bradyrhizobium and Vitiosangium. bGSDM
structures reveal homology to the NTD of mammalian gasdermins in an
inactive conformation, including mouse GSDMA3 (Protein Data Bank ID
5B5R). (C) Gasdermin topology diagrams indicate a conserved central core
of the bacterial and mammalian NTD. bGSDMs notably lack the CTD required

for autoinhibition of mammalian gasdermins and instead encode a short
C-terminal peptide. (D) Simulated annealing FO−FC omit map (contoured at
3.0 s) from the Bradyrhizobium bGSDM fit with a palmitoyl modification
at C3. Omit map is shown as green mesh, and select residues forming
a hydrophobic pocket around the palmitoyl group are indicated. (E) Melting
temperatures (Tm) of bGSDMs with and without N-terminal cysteines, as
determined with thermofluor assays. Data are the means and standard
deviations of three technical replicates and are representative of three
independent experiments. WT, wild-type. Single-letter abbreviations for the
amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe;
G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg;
S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr.
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Fig. 2. bGSDMs are associated with proteases,
defend from phages, and execute cell death.
(A) Representative instances of bGSDMs and
associated proteases in their genomic neighborhoods.
Genes known to be involved in antiphage defense
are shown in yellow. TA, toxin-antitoxin; Abi, abortive
infection; ATPase, adenosine triphosphatase.
(B) Types of proteases found adjacent to bGSDMs
(n = 59). Some bGSDMs appear with more than
one adjacent protease. Caspase-like proteases include
peptidase C14 (n = 15) and CHAT (n = 23). Cases
in which the protease gene also encodes an additional
domain are indicated. TPR, tetratricopeptide repeat;
LRR, leucine-rich repeat. (C) A bGSDM-containing
operon protects against phages. The efficiency
of plating of phages on E. coli MG1655 cells
expressing the Lysobacter bGSDM WT or mutated
operon is shown. Data represent plaque-forming units
(PFU) per milliliter and are the averages of three
independent replicates, with individual data points
overlaid. GFP represents a control strain. Statistical
significance was determined by a one-way analysis of
variance (ANOVA) and Tukey multiple comparison
test. Not significant (n.s.) ≥ 0.05; **P = 0.001 to 0.01.
(D) Growth of liquid cultures of E. coli expressing
the WT and mutated Lysobacter bGSDM operons.
Cells were infected with phage T6. For each experi-
ment, data represent one out of three biological
replicates (replicates are shown in fig. S6). OD600,
optical density at 600 nm. (E) The Runella bGSDM
operon causes cell death. E. coli DH5a cells expressing
the Runella protease and WT or C3A-mutated bGSDM were examined by time-lapse microscopy. Overlay images from PI (red) and phase contrast of cells captured at the
start of the experiment and after 120 min of incubation are shown. Scale bar, 2 mm. (F) bGSDM operons are toxic. Cells encoding protease and WT or mutated
bGDSM were plated in 10-fold serial dilution on LB-agar in conditions that repress operon expression (1% glucose) or induce expression (0.2% arabinose).
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Fig. 3. bGSDMs are activated by proteolytic
cleavage. (A) Toxicity of Runella bGSDM
in vivo requires the associated protease. Bacteria
expressing WT and mutated versions of the
Runella bGSDM–protease operon were grown on
LB-agar in conditions that repress or induce
expression. Data represent colony-forming units
(CFU) per milliliter, and bar graphs represent an
average of three independent replicates, with
individual data points overlaid. Asterisks indicate
statistically significant differences compared
with the respective noninduced control using two-
sided t test. n.s. ≥ 0.05; ***P = 0.0001 to 0.001;
****P < 0.0001. (B) Runella bGSDM cleavage
by its associated protease is dependent on
catalytic histidine and cysteine residues in vitro.
Fifteen percent SDS–polyacrylamide gel electropho-
resis (SDS-PAGE) gels were run after cleavage at
room temperature for 18 hours and visualized by
Coomassie staining. (C) The Runella bGSDM crystal
structure and protease cleavage site. The Runella
bGSDM structure is shown in lavender with the last
21 amino acids highlighted as gray spheres.
(D) Close-up view of the Runella bGSDM cleavage
site wherein cleavage occurs after the P1 L247 residue. (E) Structural overview of the Bradyrhizobium CTD and autoinhibitory interactions. The bGSDM is colored
purple except for its last 16 residues, which are colored yellow. Insets show interactions of F245 and F247 adjacent to D21 of the N-terminal b sheet (top) and F253
and the palmitoyl modification at C3 (bottom). The 2FO−FC (contoured at 1.5 s) map is shown as gray mesh fit to the last 16 residues.
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and is supported by a short parallel b strand
from F253 to D255. Bradyrhizobium bGSDM
F253 latches over the palmitoyl modifica-
tion, with similar hydrophobic contacts also
observed in the Runella and Vitiosangium
structures (fig. S10,AandB).TheBradyrhizobium
bGSDM C-terminal peptide terminates be-
low the strand equivalent to b2 and is sup-
ported by hydrogen bonds from R27 to the
L256 backbone and N29 to E258. Trunca-
tion of the C-terminal peptide in the Runella,
Bradyrhizobium, or Vitiosangium bGSDM
constructs led to arrested cell growth, which

confirms that the C-terminal peptide is re-
quired to maintain the bGSDM autoinhibi-
tion (fig. S11, A and B).
We next used mutagenesis of the Runella

bGSDM system to define the specificity of
proteolytic cleavage and bGSDM activation.
In vitro, the L247 P1 position was essential
for cleavage, and proteolysis was inhibited by
mutations that disrupt the P1′ glycine and the
P4, P3, P2, and P3′ residues (fig. S11, C and D).
Likewise, mutations that disrupt the P1 and
P1′ positions eliminated toxicity in vivo (fig.
S11, E and F). The Runella protease was not

capable of activating divergent bGSDMs
engineered to contain the Runella cleavage
loop, which suggests that additional con-
tacts specify bGSDM recognition (fig. S11, G
and H). Thus, like their mammalian homologs,
bGSDMs are cell death effectors activated by
proteolytic cleavage.
To determine whether activated bGSDMs

associate with bacterial membranes, we fused
green fluorescent protein (GFP) to the N
terminus of the Runella bGSDM and visual-
ized expression in E. coli. Upon coexpres-
sion with the Runella protease, GFP-bGSDM
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Fig. 4. Cleaved bGSDMs form membrane pores to elicit cell death.
(A) GFP was fused to the N terminus of the Runella bGSDM. Cells expressing
GFP-bGSDM alone (top) or with the caspase-like protease (bottom) are shown.
GFP is colored green. Membrane dye (FM4-64) is in magenta. Scale bar, 1 mm.
(B) Cleaved Runella gasdermin permeabilizes liposome membranes. Relative
fluorescence units (RFU) were measured continuously from cleavage reactions of
dioleoylphosphatidylcholine (DOPC) liposomes loaded with TbCl3 with an external
solution containing 20 mM dipicolonic acid (DPA). The top plot represents an
example of time-course liposome leakage, whereas the bottom bar chart shows

values for each condition at 60 min. Error bars represent the SEM of three technical
replicates, and statistical significance was determined by one-way ANOVA and
Tukey multiple comparison test. n.s. ≥ 0.05; **P = 0.001 to 0.01; ****P < 0.0001.
(C) Negative stain electron microscopy of Runella gasdermin pores in DOPC
liposomes (left) and in mesh-like arrays (right). Scale bars, 50 nm. (D) Slices
from representative tomogram (1 of 10) of Runella gasdermin pores in DOPC
liposomes, at three different depths (Z). Yellow arrowheads indicate pores inserted
within the liposome membrane. Scale bars, 50 nm. (E) Model of pyroptosis for
bGSDMs and mammalian gasdermins.
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coalesced into membrane-associated puncta
and induced cellular toxicity (Fig. 4A and fig.
S12, A to C). Transmission electronmicroscopy
analysis of E. coli expressing the activeRunella
bGSDM system revealed clear disruption of
membrane integrity (fig. S13, A to C). In vitro
reconstituted Runella bGSDM activity dem-
onstrated that cleaved Runella bGSDMs
permeabilized liposomes and caused rapid
release of the internal contents (Fig. 4B and
fig. S14, A and B). Protease active-site or
bGSDM cleavage-site mutations disrupted
all liposome permeabilization, which con-
firms that proteolysis is essential for bGSDM
activation (Fig. 4B and fig. S14B). Blocking
bGSDM palmitoylation with mutation of re-
sidue C3 reduced but did not abolish lipo-
some leakage or membrane-associated puncta
formation in cells (Fig. 4B and fig. S12A).
Likewise, a C7A mutation to the putative
Lysobacter bGSDM palmitoylation site was not
sufficient to abolish antiphage defense (fig.
S8B), which suggests that lipid-modification
supports but is not required for membrane
permeabilization.
To compare the bGSDM pore with its mam-

malian counterparts, we used electron mi-
croscopy to visualizeRunella bGSDM cleavage
reactions and liposomes (Fig. 4C and fig. S15,
A to C). bGSDM pores were observed within
liposomes and as fragmented mesh-like ar-
rays. Cryo–electronmicroscopy (cryo-EM) and
two-dimensional (2D) classification analy-
sis of detergent-solubilized complexes revealed
that Runella bGSDM forms a ringlike pore
that exhibits a width of ~50 Å and an inner
diameter ranging from 200 to 300 Å (fig. S17,
A to D). Runella bGSDM pores within lipo-
somesmeasured ~240 to 330 Å—larger than
the 135- to 215-Å mammalian gasdermin
pores (fig. S17, A to D) (6, 10, 16). We also
reconstituted cleavage of a bGSDM from a
metagenomic Bacteroidetes scaffold and ob-
served smaller 130- to 190-Å pores within
liposomes, which suggests heterogeneity
in the architecture of diverse bGSDM pores
(fig. S18, A to D, and fig. S19, A to C). Cryo–
electron tomography (cryo-ET) tilt series
reconstructions of the pore-liposome as-
semblies confirmed that bGSDM pores span
the liposomal surface to disrupt membrane
integrity (Fig. 4D, fig. S20, and movies S3
and S4).

Our results support a model for gasdermin
pore formation and effector function that has
notable parallels between bacteria and mam-
mals (Fig. 4E). bGSDM systems can exert
antiphage defense, and the fusion of bGSDM-
associated proteases with NACHT and repeat
domains suggests that, similar to inflamma-
some sensors in mammals, foreign patho-
gen recognition may control the initiation of
gasdermin cleavage (Fig. 2, B to D) (15, 17). In
both mammalian gasdermin and bGSDM sys-
tems, proteolytic cleavage after the lipophilic
NTD releases gasdermin inhibition. The nota-
bly short C-terminal peptide responsible for
bGSDM inhibition suggests the possibility that
short-form eukaryotic gasdermins, including
pejvakin, may undergo activation through a
similar mechanism. Furthermore, widespread
palmitoylation of bGSDMs indicates that cys-
teine modifications are a conserved mecha-
nism for regulating gasdermin pores (18). The
size distribution of pores from Runella and
Bacteroidetes species might suggest that
bGSDM pores, like those in mammals, could
be customized for the secretion of certain
molecules (10). Defining the cues that activate
bGSDM systems will provide insight into their
roles in prokaryotic biology and the origins of
pyroptotic cell death.
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Bacterial gasdermins reveal an ancient mechanism of cell death
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Ancient origin of cell death
Gasdermins are cell death proteins in mammals that form membrane pores in response to pathogen infection. Johnson
et al. report that diverse bacteria encode structural and functional homologs of mammalian gasdermins. Like their
mammalian counterparts, bacterial gasdermins are activated by caspase-like proteases, oligomerize into large
membrane pores, and defend against pathogen—in this case, bacteriophage—infection. Proteolytic activation occurs
through the release of a short inhibitory peptide, and many bacterial gasdermins are lipidated to facilitate membrane
pore formation. Pyroptotic cell death, a central component of mammalian innate immunity, thus has a shared origin
with an ancient antibacteriophage defense system. —SMH
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