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The gamma-interferon (IFNy)-inducible guanylate-binding proteins (GBPs) promote
host defense against gram-negative cytosolic bacteria in part through the induction
of an inflammatory cell death pathway called pyroptosis. To activate pyroptosis,
GBPs facilitate sensing of the gram-negative bacterial outer membrane component
lipopolysaccharide (LPS) by the noncanonical caspase-4 inflammasome. There are
seven human GBP paralogs, and it is unclear how each GBP contributes to LPS sens-
ing and pyroptosis induction. GBP1 forms a multimeric microcapsule on the surface
of cytosolic bacteria through direct interactions with LPS. The GBP1 microcapsule
recruits caspase-4 to bacteria, a process deemed essential for caspase-4 activation.
In contrast to GBP1, closely related paralog GBP2 is unable to bind bacteria on
its own but requires GBP1 for direct bacterial binding. Unexpectedly, we find that
GBP2 overexpression can restore gram-negative-induced pyroptosis in GBP1%° cells,
without GBP2 binding to the bacterial surface. A mutant of GBP1 that lacks the
triple ar(ginine motif required for microcapsule formation also rescues pyroptosis in
GBP1%? cells, showing that binding to bacteria is dispensable for GBPs to promote
pyroptosis. Instead, we find that GBP2, like GBP1, directly binds and aggregates
“free” LPS through protein polymerization. We demonstrate that supplementation of
either recombinant polymerized GBP1 or GBP2 to an in vitro reaction is sufficient
to enhance LPS-induced caspase-4 activation. This provides a revised mechanistic
framework for noncanonical inflammasome activation where GBP1 or GBP2 assem-
bles cytosol-contaminating LPS into a protein-LPS interface for caspase-4 activation
as part of a coordinated host response to gram-negative bacterial infections.
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Cell-autonomous immune responses to intracellular pathogens are a powerful defense
against infection (1). Within a single cell, there are highly orchestrated pathways that
sense and respond to invading microbes. During infection with gram-negative bacteria,
immune sensors detect the presence of lipopolysaccharide (LPS), an abundant component
of the gram-negative cell wall. Extracellular LPS is detected through TLR4, causing proin-
flammatory transcriptional changes within the cell, and cytosolic LPS is sensed through
the caspase-4 noncanonical inflammasome, triggering inflammatory cell death through
pyroptosis (2-8). Activation of caspase-4 not only occurs in professional immune sentinel
cells but also in nonimmune cells such as colonic epithelial cells, where caspase-4 plays
an essential role in host defense against enteric bacterial pathogens (9—11).

Pyroptosis exerts host defense through the destruction of the replicative niche of intra-
cellular bacteria. Additionally, pyroptotic cell death is proinflammatory and thereby pro-
motes the recruitment and activation of professional immune cells to further restrict
infection (12). Pyroptosis can be triggered by diverse stimuli which include cytosolic LPS.
Cytosolic LPS binds and activates caspase-4, which then cleaves gasdermin D (GSDMD).
The cleaved N terminus of GSDMD forms a pore in the plasma membrane (13, 14),
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disrupting the ionic balance of the cell and leading to cell swelling and eventual rupture
of the plasma membrane through a programmed cell lysis pathway (15). The GSDMD
pore also allows secretion of proinflammatory alarmins and cytokines such as IL-18. Due
to this inflammatory nature of pyroptosis, professional immune cells are recruited to and
activated at the site of infection, where they provide critical immune effector functions.
The recruited immune cells release additional cytokines to enhance local responses to
pathogens. For example, innate and adaptive lymphocytes activated during a type 1
immune response secrete the potent antibacterial cytokine gamma-interferon (IFNy).
IFNYy induces expression of hundreds of proteins encoded by interferon-stimulated genes,
including the dynamin-related guanylate-binding proteins (GBPs). In both mouse and
human cells, GBPs have been shown to promote pyroptosis in response to LPS introduced
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into the cytosol, either through LPS transfection, uptake of outer
membrane vesicles containing LPS, or during gram-negative bac-
terial infection (16-22).

Humans have seven GBPs, of which GBP1, GBP2, GBP3,
GBP4, and GBP5 are widely expressed in many cell types, and
are some of the most highly up-regulated genes in response to
IFNy (23). GBP1 is the most well-characterized paralog and can
target gram-negative bacteria in the cytosol due to GBP1’s ability
to bind LPS (24-26). Following initial docking on the bacterial
surface, GBP1 intercalates into the bacterial outer membrane and
forms a stable coat called the GBP1 microcapsule (24). GBP1
recruits GBP2, GBP3, and GBP4 to the bacterial surface through
unknown mechanisms (27-29). It was proposed that this protein
coat consisting of multiple GBP paralogs forms a signaling plat-
form on the surface of bacteria, allowing recruitment and activa-
tion of caspase-4 and consequential pyroptosis in human epithelial
cells (25, 26). Whether and how each GBP paralog contributes
to pyroptosis or restriction of bacterial growth during gram-negative
infection of epithelial cells has not been clearly defined. Similarly,
it has remained unclear how the model of a GBP signaling plat-
form on the surface of bacteria relates to GBP-mediated caspase-4
activation following outer membrane vesicle uptake or LPS
transfection.

GBP2, the protein with the highest degree of homology to
GBP1, is unable to encapsulate bacteria in cells lacking its inter-
action partner and bacterial encapsulation factor GBP1. Although
GBP2 cannot bind to bacteria in the absence of GBP1, we show
here that GBP2 overexpression restores pyroptotic cell death in
response to gram-negative infections in GBP1 knockout cells. We
demonstrate that GBP2 binds to LPS and forms LPS aggregates,
thus sharing critical biochemical properties with GBP1. A GBP1
mutant lacking its unique C-terminal polybasic motif essential
for GBP1 microcapsule formation maintains the ability to aggre-
gate LPS and to activate pyroptosis in response to gram-negative
infections or LPS transfections. Recombinant GBP1 and GBP2
also promote LPS-dependent caspase-4 activation in a cell-free
in vitro system. Our studies therefore demonstrate that GBP1 or
GBP2 binding to the bacterial surface is dispensable for caspase-4
activation in response to infections with cytosolic gram-negative
bacteria and instead support a model in which GBP1 and GBP2
facilitate pyroptosis independent of each other through the for-
mation of protein-LPS aggregates.

Results

GBP1 Targeting of S. flexneri Does Not Correlate with Pyroptosis.
The prevailing model of caspase-4 activation during infections
with cytosolic gram-negative bacteria postulates that GBP1
binding to the bacterial outer membrane recruits GBP2, 3, and
4, and that this complex assembled on the bacterial surface forms
an essential platform for caspase-4 activation (25, 26). Following
caspase-4 activation, cells undergo pyroptosis and invading
bacteria are killed. While GBP1, 2, 3, and 4 are all present on
the bacterial surface, it is unclear how each GBP contributes to
caspase-4 activation. Shigella flexneri is a useful model pathogen for
studying GBP regulation of the caspase-4 inflammasome, because
it encodes specific effectors that modulate this process; OspC3
blocks caspase-4 activation and IpaH9.8 reduces GBP bacterial
targeting through degradation of GBP1, 2, and 4 (10, 27, 28,
30, 31). S. flexneri AospC3 induces pyroptosis that is dependent
on caspase-4. However, it is unclear whether IpaH9.8 affects cell
death by reducing the targeting of GBPs to the S. flexneri surface
(10). We previously showed that there is significantly less binding
of GBP1 to S. flexneri in A549 cells compared to Hela cells,
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making these two cell lines useful for testing how different levels of
GBP targeting to the S. flexneri surface affect cell death or bacterial
growth restriction (27). To investigate the role of GBP binding
in the activation of pyroptosis or bacterial killing, we infected
A549 and Hela cells with four S. flexneri strains: wild-type,
AipaH?9.8, AospC3, and AospC3AipaH9.8. Since GBP1 binding
to S. flexneri is required for subsequent recruitment of other GBP
family members, we used GBP1 targeting as a proxy for all GBP
recruitment (27, 28). Using immunofluorescence microscopy,
we again saw that GBP1 targeting of bacteria in A549 cells was
significantly lower than that in HeLa cells, with 3.9% of S. flexneri
AipaH?I.8 targeted by GBP1 in A549 cells compared to 32.9% of
S. flexneri AipaH9.8 targeted in HeLa cells at 1.5 h post infection
(Fig. 14 and SI Appendix, Fig. S1 A and B). This may be due to
lower levels of GBP expression in A549 cells (Fig. 1B). While
GBDPs exhibit expression differences between A549 and HeLa cells,
other known proteins in the pyroptosis pathway, caspase-4 and
GSDMD, were expressed at similar levels between the two cell
lines (Fig. 1C). Strains lacking OspC3 had slightly lower levels of
targeting than isogenic controls, likely due to cell death or bacterial
killing, but knockout (KO) of IpaH9.8 in S. flexneri AospC3 still
substantially increased the levels of GBP1 targeting (Fig. 1A).

If GBP binding to the bacterial surface is required for cell death,
we hypothesized that A549 cells would exhibit lower levels of
pyroptosis during S. flexneri infection, and that bacterial killing
would be similarly reduced. We also hypothesized that S. flexneri
AospC3AipaH9.8 would induce higher levels of cell death than
S. flexneri AospC3. To study pyroptosis and bacterial killing con-
currently over time, we infected cells with S. flexneri containing a
bioluminescent reporter plasmid to monitor bacterial growth.
Pyroptosis was measured using the DNA dye sytox green, which
fluoresces in cells with compromised plasma membrane integrity,
such as pyroptotic cells with GSDMD pores (32). When we
infected A549 and HeLa cells, there was significant IFNy-dependent
pyroptosis triggered by both S. flexneri AospC3 and S. flexneri
AospC3AipaH9.8, while there was no detectable cell death for
wild-type or S. flexneri AipaH9.8 (Fig. 1 D and E). We saw similar
results using lactate dehydrogenase (LDH) release as a measure of
the cellular rupture that occurs during pyroptosis (Fig. 1F).
Interestingly, in IFNY primed cells, there was a similar amount of
cell death in both cell lines, despite HeLa cells having significantly
more GBP1 targeting of S. flexneri. There was also very litte dif-
ference in the amount of cell death induced by infection with S.
Sflexneri AospC3 or S. flexneri Aosp C3AipaH9.8, suggesting that
IpaH9.8 plays a limited role in reducing cell death through GBP
degradation. As an independent measure of inflammasome acti-
vation, we measured IL-18 secretion. IFNy-dependent IL-18
processing and release only occurred after infection with S. flexneri
AospC3 or S. flexneri AospC3AipaH9.8, and there was no signif-
icant difference in the amount of IL-18 secretion induced by these
two strains (Fig. 1G). For bacterial restriction, there was no dif-
ference in growth of the different strains in unprimed cells; how-
ever, IFNY priming elicited significant growth restriction of both
S. flexneri AospC3 and S. flexneri AospC3AipaH9.8 (Fig. 1 Hand 1).
While in HeLa cells there was no significant difference in restric-
tion between S. flexneri AospC3 and S. flexneri Aosp C3AipaH9.8,
in A549 cells, S. flexneri AospC3 was restricted significantly less
than S. flexneri AospC3ANipaH9.8 (Fig. 11). The differences between
HelLa and A549 cells regarding the effect of IpaH9.8 on bacterial
burden are not readily explained and may reflect cell line—specific
variation in any activity modulated by IpaH9.8, which not only
targets GBPs but also NEMO, a protein that regulates
NF-kB-dependent signaling (33). Because S. flexneri AospC3 and
S. flexneri AospC3AipaH9.8 displayed comparable phenotypes
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Fig.1. GBP1 targeting of S. flexneriis reduced in A549 cells compared to Hela cells, but pyroptosis levels are similar. (A) A549 and Hela cells were infected with
the indicated strains, fixed at 1.5 h post infection, and immunostained for GBP1. S. flexneri with GBP1 surrounding >50% of the bacterial surface were counted
as GBP1 positive. (B and €) A549 and Hela cells were grown with or without 100 U/mL IFNy overnight, then lysed for western blotting. Membranes were probed
with antibodies against the indicated GBPs and GAPDH (B), or CASP4, GSDMD, and GAPDH (C). (D-/) A549 and Hela cells unprimed or primed with 100 U/mL
IFNy overnight were infected with the indicated S. flexneri strains expressing a bioluminescent reporter plasmid. Cell death was measured over time using sytox
green fluorescence (D). 4 h timepoint of IFNy primed cells was used for statistical analysis (E). Supernatant from IFNy-primed cells infected with S. flexneri was
removed at 3 hpi, and LDH levels (F) or IL-18 secretion (G) was measured. Bacterial luminescence was measured over time (H). Luminescence measurements
from the 6 h timepoint were used to calculate the growth of each strain in primed cells relative to unprimed cells (/). Caspase-4 - CASP4. Graphs are averages
from three independent experiments and are represented by mean + SD. One-way ANOVA with Tukey’s multiple comparisons test was used, all statistically
significant comparisons are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

across all assays in both cell lines, we focused our studies on the
comparison of wild-type and S. flexneri Aosp C3AipaH9.8 from
here on forward.

Endogenous GBP1 Is the Only GBP Required for Cell Death or
Bacterial Killing. Human GBP1, GBP2, GBP3, and GBP4 have
been suggested to form a complex on the bacterial membrane
that is essential for pyroptosis and bacterial killing. However, in
epithelial cells, only knockout cells of GBP1 have been tested,
whereas other GBPs were targeted for reduced expression using
siRNAs (25, 26). To avoid possible off-target effects prevalent with
siRNA technology and to test the role of each GBP independently,
we generated CRISPR knockout lines of GBP1, 2, 3, 4, or 5 in
A549 and Hela cells (S] Appendix, Fig. S2 A-C). In the A549
knockout cells, only knockout of GBPI led to a significant
reduction in cell death. GBP2, 3, 4, and 5° cells had similar
levels of cell death to wild-type cells in response to infection with S.
flexneri Aprﬁ’AzpaH9 8 (Fig. 2A). IL-18 secretion was completely
lost in GBP1X© cells, while secretion from GBP2-5"° cells was
comparable to levels observed with wild-type cells (Fig. 2B).

For bacterial restriction, there were similar results; S. flexneri
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AospC3AipaH9.8 growth was only restored in the GBP1*? cells,
whlle there was still IFNy-dependent growth restriction in GBP2-
55O cells (Fig. 2 Cand D). In HelLa cells, we saw identical results
to A549 cells, where only GBP1 was required for pyroptosis,
IL-18 secretion, or restriction of bacterial growth (S Appendix,
Fig. S3 A-D). Since we observed very similar results between
Hela and A549 cells for all assays, and GBP1 is the only GBP
required in both A549 and Hela cells, we focused on a single
cell line, A549 GBP1*? cells, from here on to investigate why
GBP1, but not the other GBPs, is required for pyroptosis during
S. flexneri infection. We confirmed that cell death induced by S.
flexneri AospC3MipaH9.8 in A549 cells is caspase-4 dependent
(SI Appendix, Fig. S4 A—F), and that restriction of bacterial growth
also requires caspase-4 (SI Appendix, Fig. S4 G and H).

Overexpression of GBP2 Promotes Pyroptosis in the Absence of
GBP1. Although endogenous GBP2, 3, 4, and 5 are not essential
for pyroptosis or bacterial restriction, they share many structural
similarities with GBP1 and could have some functional redundancy
with GBP1. Individual GBP paralogs differ from each other in their
respective expression levels, and it is therefore unclear whether GBP1
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is the only GBP capable of promoting pyroptosis, or alternatively
whether endogenous GBP1 is the only GBP expressed at high
enough levels to promote pyroptosis in the cells we tested. We
hypothesized that overexpression of each GBP individually would
reveal which paralogs can promote pyroptosis or restrict S. ﬁexneri
growth. We overexpressed GBP1, 2, 3, 4, and 5 in GBP1 O cells
and measured bacterial binding, cell death, and bacterial restriction
during S. flexneri infection. We first confirmed previous studies
(24-27, 29) showing that overexpressed GBP2, 3, 4, and 5 are
not recruited to bacteria in the absence of GBP1 (87 Appendix,
Fig. S5 A-C). In unprimed cells, there was minimal cell death
with any construct, although GBP1 overexpression did promote
some cell death (87 Appendix, Fig. S6 A and B). In IFNy-primed
cells, overexpression of either GBP1 or GBP2 rescued cell death
in GBP1*° cells, while overexpression of GBP3, 4, and 5 did not
(Fig. 3 Aand B). For bacterial growth, there was minimal restriction
in unprimed cells, with GBP1 overexpression reducing the S. flexneri
AospC3AipaH9.8 bioluminescence signal by approximately half
(SI Appendix, Fig. S6 C). In IFNy-primed cells, both GBP1 and
GBP2 rescued S. flexneri restriction in GBP1%° cells (Fig. 3 Cand D).
It is unclear whether the requirement for IFNy is due to the
upregulation of GBP3, GBP4, and GBP5, or if there are other ISGs
that are required for efficient execution of pyroptosis. In primed cells,
there was no significant difference between the efficiency of GBP1
or GBP2 at executing pyroptosis or restricting bacterial growth. In
these overexpression experiments, GBP2 was expressed at a higher
level than the other GBPs (SI Appendix, Fig. S5B). Therefore, to
ensure that the phenotype observed was not due to differences in
the levels of ectopic GBP expression, we repeated this experiment
across a range of GBP1 or GBP2 expression levels. We titrated the
concentration of anhydrotetracycline (aTc) used to induce GBP1
and GBP2 expression (SI Appendix, Fig. S7A) in GBP1*C cells prior
to infection with S. flexneri AospC3AipaH9.8 and found that even at
low levels of GBP1 or GBP2 expression, cell death was significantly
elevated compared to cells expressing GBP3, GBP4, or GBP5 at
their maximum levels (87 Appendix, Fig. S7 B—E). At four hours
post infection, GBP3 overexpression led to significantly more death
than the mCherry control, although it was still lower than the level
of cell death observed for GBP1 or GBP2 (SI Appendix, Fig. S7 E).
This observation suggests that GBP3 may have some capacity to
respond to LPS, but much less efliciently so than GBP1 or GBP2.
For bacterial growth, both GBP1 and GBP2 overexpression at several
concentrations of aTc significantly reduced bacterial replication,
while mCherry, GBP3, GBP4, or GBP5 overexpression did not
reduce bacterial growth (S7 Appendix, Fig. S7F). Collectively, these
data show that GBP1 is not unique among GBPs as an antibacterial
inducer of pyroptosis but that GBP2 can also promote pyroptosis
and bacterial restriction.

Binding of GBP2 to the Bacterial Surface Requires the
Formation of Mixed Polymers with GBP1. Our finding that
GBP2 overexpression can restore host cell pyroptosis in response
to S. flexneri invasion of GBP1-deficient epithelial cells led us to
hypothesize that GBP2 shares specific biochemical characteristics
with GBP1 that are required for pyroptosis induction. Previous
work showed that following GTP hydrolysis, GBP1 exits its
closed monomeric state, adopts a dimeric outstretched state,
and forms dimers (SI Appendix, Fig. S84) (34). GBP1 dimers
can assemble into large polymers holding over 1,000 molecules
(35, 36). These GBP1 polymers attach to the bacterial surface and
transition into a GBP1 microcapsule encasing the entire bacteria
(24). Because GBP1 polymerization and microcapsule formation
are dependent on the posttranslational attachment of farnesyl
lipid moieties to GBP1 molecules, we asked whether the other
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two lipidated members of the GBP family, geranylgeranylated
GBP2 and GBP5 (37) (Fig. 44), could similarly form polymers
and attach directly to bacteria. Although GBP2 and other
GBP paralogs are unable to dock on cytosolic bacteria in
GBP1-deficient epithelial cells (S7 Appendix, Fig. S5 A-C), we
hypothesized that lipidated GBP2 or GBP5 may bind bacteria
transiently or at low levels that are difficult to detect in cells but
could be detectable in a highly manipulable and more sensitive
in vitro GBP-bacteria binding assay. We recently developed such
an in vitro binding assay for GBP1 (24) and here leveraged an
analogous system to test the ability of GBP2 and GBP5 to bind
to bacteria. For these experiments, we added recombinant Alexa
Fluor 488 (488)-labeled GBP1, GBP2, or GBP5 supplemented
with GTP to broth cultured RFP-expressing S. flexneri and
observed that only GBP1 but not GBP2 or GBP5 formed a
microcapsule surrounding S. flexneri in vitro (Fig. 4B, and Movie S1).
These data further supported the concept that GBP1 but not
GBP2 or GBP5 can directly and autonomously bind bacteria.

We next investigated the mechanism by which GBP1 facilitates
GBP2 binding to cytosolic bacteria in infected cells, which was not
previously determined (25-28). We found that upon addition of GTT,
Alexa Fluor 647 (647)-labeled GBP1 formed mixed polymers with
488-labeled GBP1, GBP2, and GBP5, which associated with the bac-
terial surface (S Appendix, Fig. S8B). Over time, the surface-attached
GBP1-GBP1 and GBP1-GBP2 polymers formed a microcapsule
surrounding the bacterial cell, whereas GBPS5 failed to be incorporated
in the GBPI microcapsule (Fig.4 Cand Dand Movie S2).
Incorporation of GBP2 and GBP5 into GBP1 polymers was con-
firmed in UV-absorption-based light scattering experiments, where we
observed that the addition of equimolar amounts of GBP1, GBP2, or
GBP5 to GBP1 accelerated the initiation of polymerization and
increased the absorbance signal (Fig. 4£). Together, these experiments
showed that although GBP1 recruits both GBP2 and GBP5 to the
bacterial surface as mixed polymers, only the GBP1-GBP2 mixed
polymer transforms into a microcapsule. This explains the reported
observation that GBPS5 is not part of the GBP coat surrounding cyto-
solic bacteria in infected cells (25-28). Our present observations fur-
ther implied that GBP2 only interacts with the bacterial outer
membrane when stabilized in its active conformation by GBP1
through mixed polymer formation. Because GBP2-driven pyroptosis
did not require GBP1 (Fig. 3), we can conclude that mixed
GBP1-GBP2 polymer formation and the resulting GBP1-dependent
binding of GBP2 to the bacterial surface are dispensable for
GBP2-dependent cell death.

GBP2 Self-Assembles into Small Polymers Independently of
GBP1. We previously reported that reversible GBP1 polymerization
precedes encapsulation of gram-negative bacteria. We also showed
that GBP1 polymerization promotes clustering of LPS (24). To
determine whether, like farnesylated GBP1, geranylgeranylated
GBP2 and GBP5 self-assemble into polymers, we monitored GTP-
induced polymerization of GBPs using the UV-absorption-based
turbidity assay in which light scattering by large protein polymers
leads to an increase in absorbance (35, 36). We observed that only
GBP1 but not GBP2 or GBP5 formed large polymers during GTP
hydrolysis which dissociated with GTP depletion (Fig. 4F). To
stabilize smaller, short-lived GBP complexes, we utilized the GTP
transition state analog GDP-AlFy in dynamic light scattering (DLS)
experiments. We determined the number-weighted mean radius
(R,) as a measure of size for nonisoprenylated and isoprenylated
GBPs in their nucleotide-free, inactive (apo), and GDP-AlFy-
bound, activated states (Fig. 4G and SI Appendix, Fig. S8C). As
expected, all GBPs were monomeric in their nucleotide-free resting
state with nonisoprenylated and isoprenylated GBP5 appearing
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Fig. 2. A549 cells require endogenous GBP1 for pyroptosis and restriction of S. flexneri growth. A549 cells were primed overnight with 100 U/mL IFNy, then
infected with wild-type S. flexneri or S. flexneri AipaH9.8A0spC3 expressing a bioluminescent reporter plasmid. Cell death was measured using sytox green (A).
Supernatant was taken at 3 hpi to measure IL-18 secretion (B). Bacterial growth was monitored by luminescence (C). Luminescence measurements from the 6 h
timepoint were used to calculate the growth of each strain in primed cells relative to unprimed cells (D). Data are averages from three independent experiments
and are represented by mean + SD. Two-way ANOVA with Dunnett's multiple comparisons test was used; for each bacterial strain, values for each knockout cell
line were compared to the wild-type cells. All statistically significant comparisons are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

slightly larger in size due to their outstretched conformations
(Fig. 44). In the presence of GDP-AlFy, the R, of nonisoprenylated
GBP1, GBP2, and GBP5 increased to approximately 5 nm
indicating that dimers formed by different GBP paralogs have
a uniform size (Fig. 4G and SI Appendix, Fig. S8C). While
GDP-AlFy-bound geranylgeranylated GBP5 remained dimeric,
farnesylated GBP1 and geranylgeranylated GBP2 self-assembled
further into complexes with R, of approximately 13 to 15 nm,
corresponding to small polymers. Together, these light scattering
experiments demonstrate that, although GBP1 is unique in
forming large polymers, GBP2, like GBP1, can self-assemble into
small polymers. Since GBP2 can form polymers on its own, but
not bind bacteria, this suggested that polymerization rather than
bacterial binding is an important characteristic that allows GBP2
to promote pyroptosis during infection.

GBP1 Binding to Bacterial Surface Is Dispensable for Cell
Death and Bacterial Killing. Because GBP1 binding to the
bacterial surface precedes cell death during Salmonella enterica
Typhimurium or S. flexneri infection, it has been suggested that
GBP1 binding to bacteria is required for caspase-4 activation (25,
26). We showed that GBP2 promotes pyroptosis without binding
to bacteria and therefore hypothesized that a GBP1 mutant that
can bind free LPS and polymerize, but not bind the bacterial
outer membrane, would also be able to promote pyroptosis.
To test this hypothesis, we monitored pyroptosis or bacterial
killing of infected cells that overexpress wild-type and mutant
GBPI variants in GBP1"? cells. As expected, wild-type GBP1
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completely restored pyroptosis and bacterial killing in GBP1*°
cells, whereas there was no rescue with the empty mCherry vector
(Fig. 5 A and B). We previously showed that a polybasic motif
of three arginines (3R) at the C terminus of GBP1 is important
for stable binding of GBP1 to the bacterial surface (24, 27,
29). Importantly, like wild-type GBP1, GBP1?? is still able to
polymerize, as well as binds and clusters free LPS (24). In GBP1*°
cells, overexpression of GBP1°® restored cell death and bacterial
killing to similar levels as wild-type GBP1 (Fig. 5 A-D). This
shows that GBP1 binding to the S. flexneri surface is dispensable
for both pyroptosis and restriction of bacterial growth. GBP1****,
which lacks GTPase activity and cannot polymerize, was unable
to promote cell death or bacterial killing (Fig. 5 A-D). Similarly,
GBP1C589A, which lacks the farnesyl tail and is unable to form
polymers, cluster free LPS, or bind the bacterial surface, did not
restore cell death or bacterial restriction.

We next confirmed that GBP1, but not GBP1°, binds to the
surface of S. flexneri AipaH9.8 (Fig. 5 E-G) within infected cells.
To check whether there was transient binding of GBP1°® immedi-
ately preceding cell death, we used timelapse microscopy to view
cells expressing mCherry-GBP1 or GBP1°" and infected with GFP
expressing S. flexneri AospC3AipaH9.8. Using the cell-impermeant
dye sytox blue to label cells undergoing pyroptosis, we confirmed
prior studies showing that GBP1 targeting of . flexneri
AospC3AipaH9.8 precedes cell death (Fig. 5H and Movie S3).
Importantly, in cells expressing mCherry-GBP1°%, we observed
pyroptosis in cells without appreciable binding of GBP1°" to the
bacterial surface (Fig. 5H and Movie S3). This supports a revised
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Fig.3. Overexpression of GBP1 or GBP2 can rescue pyroptosis and bacterial restriction in GBP

1% cells. A549 cells were stably transduced to express mCherry

or mCherry-GBPs. Cells were then infected with bioluminescent S. flexneri and cell death was measured over time using sytox green fluorescence in cells primed
with 100 U/mL IFNy overnight before infection (A). The sytox green signal at 4 h was used to determine statistical significance (B). Bacterial luminescence was
measured over time (C). Luminescence measurements from the 6 h timepoint were used to calculate the growth of each strain in primed cells relative to unprimed
cells (D). Data are averages from three independent experiments and are represented by mean + SD. Two-way ANOVA with Tukey’'s multiple comparisons test
was used. Statistical comparisons are shown by letters, with bars sharing no matching letters being significantly different. Purple letters correspond to statistical
comparisons for wild-type S. flexneri, and orange letters correspond to S. flexneri AipaH9.8A0spC3.

model where GBP1 or GBP2 can promote caspase-4 activation
without binding the bacterial surface. Demonstrating that this result
was not specific to S. flexneri, we found that GBP1, GBP1°}, and
GBP2 were also able to rescue pyroptosis in GBP1*? cells during
S. Typhimurium infection (87 Appendix, Fig. S9 A and B). Because
GBP2 and GBP1°® cannot bind S. Typhimurium in the absence of
wild-type GBP1 (29), we conclude that GBP binding to the surface
of . flexneri or S. Typhimurium is dispensable for GBP-dependent

pyroptosis.

GBP1, GBP13R, or GBP2 Can Mediate Cell Death in Response
to LPS Transfection. Since we observed rescue of pyroptosis by
both GBP1°® and GBP2 during S. flexneri and S. Typhimurium
infection, we wondered whether these proteins could mediate
pyroptosis in response to direct delivery of LPS to the cytosol.
First, we tested two methods of LPS delivery to the cytosol:
electroporation and transfection. For electroporation, although
there was lower cell death in GBP1X® cells at early timepoints
with lower concentrations of LPS, GBP1 was largely dispensable
for pyroptosis (SI Appendix, Fig. S10 A and B). This suggests
that electroporation is not a good model for GBP1-dependent
pyroptosis, likely due to the high efficiency of cytosolic LPS delivery
by electroporation and consequential direct caspase-4 activation.
Conversely, there was a significant reduction in pyroptosis in
GBP1%© cells in response to LPS delivered through transfection
(Fig. 6A). We therefore used LPS transfection to probe for the
role of individual GBPs in LPS-triggered pyroptosis. To do so,
we transduced GBP1*° A549 cells with tetracycline-inducible
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mCherry or mCherry-GBP expression constructs. In IFNy-
primed cells, GBP1 or GBP2 was able to restore pyroptosis in
GBP1%© cells across a 2-log range of aT'c concentrations (Fig. 6B).
Higher aTc concentrations were needed to induce GBP1 or GBP2
expression sufficiently for the induction of pyroptosis in unprimed
cells. GBP3 expression did not lead to any detectable pyroptosis,
a notable difference from results obtained in S. flexneri infection
experiments. Even at 24 h post transfection, only GBP1- and
GBP2-expressing cells had higher levels of cell death compared to
the mCherry control (S/ Appendix, Fig. S10C). To test if GBP1°},
like GBP1 and GBP2, could promote pyroptosis in response to
cytosolic-free LPS, we overexpressed GBP1, GBP1°%, or GBP2 in
GBP1*° cells and measured cell death following LPS transfection.
With two concentrations of LPS, expression of GBP1, GBP1*},
or GBP2 promoted similar levels of cell death in GBP1* cells
(Fig. 6C). There was also no significant difference in IL-18 secretion
between cells expressing GBP1, GBP1°}, or GBP2 (Fig. 6D).

Interestingly, even in the absence of IFNY priming, there was
significant cell death and IL-18 secretion in cells overexpressing
GBP1, GBP1°®, or GBP2, indicating that expression of additional
GBPs or other interferon-stimulated genes is not required for cell
death in response to cytosolic LPS (Fig. 6 B and C). It was previ-
ously suggested that even with concurrent GBP1, 3, and 4 over-
expression in unprimed cells, there were significantly lower levels
of cell death following LPS transfection compared to IFNy-primed
cells (25). Our results suggest that overexpression of GBP1 or
GBP2 alone is sufficient to promote pyroptosis, although addition
of IFNY does enhance the response.
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Fig. 4. GBP2 fails to bind bacteria on its own but forms small polymers. (A) Structures and schematics for GBP1, GBP2, and GBP5. All GBP paralogs consist of a
large GTPase domain (LG), a middle domain (MD), and a GTPase effector domain (GED), whereby C-terminal isoprenyl moieties vary with GBP1 becoming post
transcriptionally farnesylated, and GBP2 and GBP5 geranylgeranylated. (B-D) Recombinant Alexa Fluor 488-labeled GBP1, GBP2, and GBP5 alone (B) or mixed
with Alexa Fluor 647-labeled GBP1 (C) were supplemented with GTP and added to formaldehyde-fixed RFP-expressing S. flexneri. Confocal microscopy time-
lapses were recorded, and targeted bacteria were quantified after 1 h (D). (E and F) GBP polymerization was monitored in UV-absorbance-based light scattering
experiments. Equal molar ratios of recombinant GBP1, GBP2, or GBP5 were mixed with GBP1, and polymerization was induced with GTP (E). GTP-induced
polymerization of single GBPs was monitored over time (F). (G) Number-weighted mean radius (R,) of nucleotide-free (apo) or GDP-AlF,-bound nonisoprenylated
(nonfarnesylated - nf, nongeranylgeranylated - ngg) and isoprenylated GBPs was determined in DLS experiments. (A) PDB entry 1F5N and AlphaFold models AF-
P32456, AF-Q96PP8. (B and () Representative images of three independent experiments. (D and G) Graphs are averages from three independent experiments
and are represented by mean + SD. (D) One-way ANOVA with Dunnett's multiple comparisons test comparing to GBP1%%" S, flexneri was used, all statistically
significant comparisons are shown. ****p < 0.0001. (£ and F) Representative graphs from two independent experiments.

GBP2 Acts as a Surfactant and Aggregates LPS. Because GBP2
induces pyroptosis in response to “free” LPS in the cytosol,
we hypothesized that it can directly recognize LPS similar to
GBP1. We reported previously that GBP1 is an LPS-binding
surfactant which clusters soluble LPS into larger LPS aggregates
independent of its 3R motif (24). To test whether GBP2, like
GBP1, can induce LPS clustering, we mixed fluorescently
labeled LPS with recombinant GBPs and GTP and assessed
the LPS particle number and size with fluorescence microscopy
(Fig. 7A and SI Appendix, Fig. S114). We found that GBP2,
like GBP1 and GBP1°}, increased the LPS aggregate area
during GTP hydrolysis, although fewer aggregates were formed
by GBP2. Nonisoprenylated GBPs and geranylgeranylated
GBP5, on the other hand, failed to induce clustering of LPS to
larger aggregates. We further observed that GDP-AlFy-induced
GBP1 and GBP2 polymers shifted to larger and smaller R
when supplemented with LPS (87 Appendix, Fig. S11B), which

suggest changes in polymer size and/or polymer conformation

PNAS 2023 Vol.120 No.15 2216028120

due to LPS incorporation. However, these DLS experiments
were inconclusive, because sizes of LPS aggregates comprised
a broad range and could not be definitively distinguished
from GBP monomers and complexes. We therefore employed
native polyacrylamide gel electrophoresis (NPAGE) to separate
GBP, LPS, and GBP-LPS aggregates not only by size but also
by charge, then stained successively for LPS and protein to
detect changes in LPS and GBP mobility. To stabilize either the
resting state or the active state of the respective GBP in these
experiments, we supplemented protein-LPS mixtures with GDP
or GDP-AIFy. The migration of bovine serum albumin (BSA,
negative control) and GBP5 was unchanged in the presence
of LPS (Fig. 7B). However, GBP1 and GBP2 showed shifts
in mobility with increasing LPS concentrations (Fig. 7B). This
confirms that GBP1 and GBP2 interact with LPS directly and
form mixed aggregates. To estimate the affinities of GBP-LPS
complexes, we titrated GBPI, GBP1°}, and GBP2 with LPS
in the presence of GDP-AlFy and analyzed the gray values of
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the NPAGE gels after protein staining. We then plotted the
percentage of protein signal with altered mobility against the LPS
concentration (Fig. 7C and SI Appendix, Fig. S11C). GBP1°}
required roughly 10 times and GBP2 roughly 100 times higher
LPS concentrations than GBP1 to generate similar shifts in
mobility, suggesting that GBP2 binds LPS and forms LPS-
protein aggregates with lower affinity than GBP1. Together, these
data identify GBP2 as an LPS clustering surfactant, a property
that GBP2 shares with GBP1. We hypothesized that their LPS
clustering activities account for the role GBP1 and GBP2 play
in caspase-4 activation during gram-negative bacterial infections.

GBP1-LPS and GBP2-LPS Complexes Enhance Caspase-4 Activity
In Vitro. To test whether GBP-LPS complexes directly activate
caspase-4, we reconstituted caspase-4 activation in vitro. We
incubated LPS with recombinant GBP1, GBP1™44 (negative
control), GBP1°%, and GBP2 in the presence and absence of GTD,
added these reactions to recombinant caspase-4, and monitored
cleavage of the fluorogenic caspase substrate Z-VAD-AMC over
time (Fig. 7D). LPS addition alone increased caspase-4 activity
as previously reported (4)(here: 1.5-fold), and this activity was
not enhanced by addition of nucleotide-free GBPs (Fig. 7 D
and E). Importantly, when incubated with LPS in the presence of
GTP, GBP1, GBP1’®, and GBP2, but not GBP1***", increased
caspase-4 activity significantly (threefold with GBP1 and twofold
with GBP1°}, GBP2) (Fig. 7 D and E). Of note, GTP-induced
GBP1 polymers in the absence of LPS did not increase caspase-4
activity (SI Appendix, Fig. S11D). Together, these data show
that GBP1-LPS and GBP2-LPS complexes are sufficient to
significantly enhance caspase-4 activity.

Discussion

The cytokine IFNy enhances noncanonical inflammasome acti-
vation in response to cytosolic LPS through upregulation of the
GBP protein family. GBPs promote pyroptosis in different cell
types and species; however, the exact role of each human GBP
paralog and the mechanism by which GBPs promote pyroptosis
have not been clear (38—42). It was previously thought that GBP1
binding to the surface of gram-negative bacteria and the subse-
quent recruitment of GBP2, GBP3, and GBP4 were essential steps
in initiating LPS-triggered and caspase-4-dependent pyroptosis
during infection. While GBP2 can only bind gram-negative bac-
teria when GBP1 is present, in this study, we showed that GBP2
promotes pyroptosis in the absence of GBP1, indicating that bac-
terial targeting is dispensable for GBP-dependent pyroptosis. We
confirmed this by showing that a mutant of GBP1 that binds free
LPS but does not form a bacteria-encasing microcapsule can
induce pyroptosis during infection. We also found that, like
GBP1, GBP2 directly binds and aggregates LPS, and we show
that this LPS clustering by GBPs facilitates caspase-4 activation
and pyroptosis.

A major question remaining is why GBP1 and GBP2 have
seemingly redundant roles in response to cytosolic LPS. One
potential explanation is that GBP1 and GBP2 have unique spe-
cificities for different LPS species, allowing detection of a broader
range of bacteria. Gram-negative bacteria contain a diverse reper-
toire of LPS structures, with many variants existing in the
O-antigen, core oligosaccharide, and lipid A portions of LPS
molecules (43). LPS variants have different abilities to activate
sensors TLR4 or caspase-4 (43, 44). Supporting the hypothesis
that GBP2 could preferentially drive inflammasome responses to
a subset of LPS structures, it was shown that GBP2 was required
for efficient activation of caspase-4 in response to tetra-acylated
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LPS from Francisella novicida, while it was dispensable for pyrop-
tosis in response to hexa-acylated E. coli LPS (20).

The functions of GBP1 and GBP2 may also be defined by the
route of entry of LPS into the cytosol, similar to the differential
role for human caspase-4 and caspase-5 in LPS sensing. Caspase-4
and caspase-5 are structurally similar, and both are able to directly
bind LPS and induce pyroptosis (4), yet in many assays of
LPS-induced pyroptosis, caspase-4 is essential and caspase-5 is
dispensable (9, 11, 26). Recently, it was shown that caspase-5, but
not caspase-4, responds to LPS present in OMVs trafficked
through endosomes of intestinal epithelial cells (45). This
suggests that the cell may have different ways of responding
depending on the delivery route by which LPS reaches the
cytosol.

Another reason for GBP1 and GBP2 redundancy may be to
allow either cell type-specific or tissue-specific responses to
gram-negative infection, as these GBPs are each expressed at dif-
ferent levels in cell lines and tissues (46, 47). We found that GBP2
has a lower affinity for LPS, so it may be preferentially used to
detect cytosolic LPS in tissues where a less robust response is
warranted, for example, in the gut where there is abundant LPS
released by commensal bacteria. Further studies investigating the
differences between GBP1 and GBP2 function may provide an
answer for the importance of each protein.

Our study highlights the ability of GBPs to promote immune
defense even in the absence of direct binding to pathogens. While
many studies have investigated the pathogen-targeting-dependent
functions of GBPs in immunity, there are now several examples of
GBDs restricting pathogen growth without translocation to patho-
gens or pathogen-containing vacuoles. GBPs restrict growth of
protozoan parasites Leishmania donovani and Toxoplasma gondii
without detectable binding to the parasitophorous vacuoles (48—
50). GBPs also promote pyroptosis in response to avirulent E. coli
in macrophages, without significant GBP targeting of these bacteria
in cells (18). We show here that GBP1 and GBP2 promote pyrop-
tosis without binding the surface of bacteria, likely through aggre-
gation of LPS released during infection. This could be a more
universal strategy for GBPs to act as pattern recognition receptors,
where pathogen-associated molecular patterns (PAMPs), such as
LPS but also others, are released into the host cytosol and are
detected by GBPs. PAMPs bound by GBPs could then facilitate
activation of other defense signaling pathways. Future studies could
test this hypothesis and determine which additional PAMPs are
detected by GBPs, and if these are similarly being released from
pathogen-containing vacuoles and directly bound by GBPs. For
pathogens where GBP targeting is observed, it will also be inform-
ative for future studies to use GBP mutants to separate
targeting-dependent and -independent functions.

Our study identifies GBP2 as an immune sensor that aggregates
LPS and allows caspase-4 activation. While GBPs were known to
be important for activation of the noncanonical inflammasome in
response to “free” LPS, LPS contained in outer membrane vesicles,
or in response to gram-negative bacterial infection, it was unclear
how GBPs function to detect these different forms of LPS. During
infection with cytosolic gram-negative bacteria, one model pro-
poses that GBP binding to the surface of invading bacteria provides
a necessary platform for caspase-4 activation. The recent finding
that GBP1 directly binds and clusters “free” LPS provides another
model for caspase-4 activation, where GBP1 acts as a surfactant
to aggregate LPS into larger structures that are a preferred substrate
for caspase-4 (24, 51) (model illustration in S/ Appendix, Fig. S12).
Since gram-negative bacteria constitutively shed “free” LPS (52),
aggregation of LPS in the cytosol explains both responses to invad-
ing bacteria and “free” LPS. Our current study supports a model
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Fig.5. GBP1-dependent pyroptosis and restriction of S. flexneri growth is independent of GBP1 binding to bacteria. (A-D) Wild-type A549 or GBP1%° cells expressing
mCherry or mCherry-GBP1 mutants were unprimed or primed with 100 U/mL IFNy overnight, where indicated. Cells were infected with S. flexneri expressing a
bioluminescent reporter and cell death was measured over time using sytox green fluorescence (A). The sytox green signal at 4 h was used to determine statistical
significance (B). Bacterial luminescence was measured over time (C). Luminescence measurements from the 6 h timepoint were used to calculate the growth of
each strain in primed cells relative to unprimed cells (D). (€ and F) Wild-type A549 or GBP1%° cells expressing mCherry or mCherry-GBP1 mutants were primed
overnight with IFNy, then infected with GFP expressing S. flexneri AipaH9.8, and fixed at 2 h post infection. (£) Coverslips were imaged at 100x magnification
using widefield microscopy. Images were deconvolved and z-projections are shown, scale bar are 5 pm. (F) Coverslips were imaged at 63x magnification, with
images taken from five independent fields. Targeting of S. flexneri by each overexpressed protein was quantified using Image]. S. flexneri with indicated protein
around at least 50% of the bacterial membrane were counted as targeted. (G) Expression levels of indicated overexpressed proteins determined by western
blot. (H) Frames from timelapse microscopy at indicated time points for GBP1© cells expressing mCherry, mCherry-GBP1, or mCherry-GBP1°® infected with
GFP expressing S. flexneri AospC3AipaH9.8. Dying cells are shown in blue (sytox blue). All graphs show averages from three independent experiments and are
represented by mean + SD. (B and D) Significance was determined using two-way ANOVA with Tukey's multiple comparisons test. Statistical comparisons are
shown by letters, with bars sharing no matching letters being significantly different. Purple letters correspond to statistical comparisons for wild-type S. flexneri,
and orange letters correspond to S. flexneri AipaH9.8A0spC3. (F) One-way ANOVA with Tukey’'s multiple comparisons test was used. All significant comparisons
are shown. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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with 1 pg E. coli 055:B5 LPS per well. Cell death was measured using sytox green fluorescence at 6 h post transfection. (C and D) Wild-type A549 or GBP1%® A549
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where GBP1 or GBP2 promotes caspase-4 activation through
aggregation of LPS released into the cytosol during infection.

Materials and Methods

Cell Lines, Cell Culture, Cell Transduction, and Cell Transfection. For [FNy
priming, cells were treated overnight with 100 U/mL IFNy. LPS transfection was
done essentially as previously described (25) using E. coli 055:B5 LPS at the
indicated concentrations per well. Adetailed description of all CRISPR-generated
mutant and parental cell lines and their culture conditions and a description
of all mammalian expression constructs, lentiviral transduction procedures, LPS
transfection, and electroporation protocols are provided in S/ Appendix, Materials
and Methods.

Bacterial Strains and Infections. Parental Shigella flexneri strain 2457T was
used. S. flexneri AipaH9.8, AospC3, and AipaH9.8, AospC3 were previously
described (24,27, 53). For Salmonella enterica Typhimurium, strain 14028s was
used. Bacterial plasmids, bacterial culture conditions, and infection methods are
detailed in S/ Appendix, Materials and Methods.

Cell Death Assays, Bacterial Luminescence, IL-18 ELISA, and Western
Blotting. Cells were infected or transfected/electroporated with LPS and cell
death was measured at indicated timepoints using sytox green fluorescence,
while bacterial growth was assessed using luminescence over time. Supernatants
were removed at indicated timepoints for measuring LDH release (cell death)
or performing IL-18 ELISA. Detailed procedures are provided in S/ Appendix,
Materials and Methods. For western blotting, cells were lysed in RIPA buffer and
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processed as described in S/ Appendix, Materials and Methods. All antibodies used
to detect proteins are listed in S Appendix, Materials and Methods.

Immunofluorescence and Time-Lapse Microscopy. For microscopy, cells
were plated on glass coverslips and infected the next day with S. flexneri at an
MOI of 5, then processed for microscopy at the indicated time points. Detailed
description of the applied cell staining and time-lapse microscopy protocols are
provided in S/ Appendix, Materials and Methods.

Expression, Purification, Prenylation, and Labeling of Recombinant
Protein. Protein purification and prenylation was essentially performed as
described previously (34) and detailed in SI Materials and Methods. Briefly,
His-tagged GBP1, GBP2, GBP5, Flase, and GGTase were expressed in E. coli.
Recombinant proteins were purified by immobilized metal affinity chromatog-
raphy (IMAC) followed by size-exclusion chromatography (SEC) (36). Fractions with
monomeric GBPs, FTase, or GGTase were pooled and concentrated. Monomeric
GBP1, GBP2, and GBP5 were incubated with farnesyl pyrophosphate (FPP) or
geranylgeranyl pyrophosphate (GGPP), and FTase or GGTase. Prenylated GBPs
were further purified by hydrophobicinteraction chromatography (HIC) and SEC.
Recombinant GBPs were labeled with Alexa Fluor 488 C; maleimide dye or Alexa
Fluor 647 C, maleimide dye.

GBP Bacterial Binding, LPS Aggregation Assays, Light Scattering, and
Native Polyacrylamide Gel Electrophoresis. Bacterial binding and LPS
aggregation assays were performed essentially as described previously (24).
Particle sizes were measured by dynamiclight scattering. Absorbance-based light
scattering experiments were performed to detect the formation of large GBP
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Fig. 7. GBP1 and GBP2 bind and aggregate LPS and promote caspase-4 activation in vitro. (A) Recombinant isoprenylated and nonisoprenylated GBPs were
supplemented with GTP and added to Alexa Fluor 568-labeled E. coli O55:B5 LPS. LPS particles were analyzed from different fields of view taken after 20 min
with Fiji, and the average aggregate area was plotted. (B and C) Following mixing of recombinant proteins with E. coli O55:B5 LPS in the presence of different
nucleotides, protein-LPS complexes were resolved with NPAGE, and gels were stained successively for LPS and proteins. (B) NPAGEs of BSA, GBP1, GBP2, and
GBP5 supplemented with GDP or GDP-AIFy in the absence or presence of LPS (final concentrations 1 mg/mL, 0.1 mg/L, or 0.01 mg/mL). (C) NPAGE of GBP1
titrated with LPS (final concentrations 2 mg/mL to 0.008 mg/mL) supplemented with GDP-AIF,. Gray values for each gel lane were plotted with Fiji and areas were
defined representing unshifted and shifted protein fractions. Percentage of shifted protein was plotted against LPS concentrations. (D and ) Following mixing of
recombinant proteins with E. coli 055:B5 LPS in the absence or presence of GTP, protein-LPS complexes were added to recombinant caspase-4, and caspase-4
activity was determined by monitoring release of free 7-Amino-4-methylcoumarin (AMC) upon cleavage of fluorogenic caspase substrate Z-VAD-AMC over time.
(D) Fluorescence intensities were normalized to basal caspase-4 activities. (E) The area under the curve was used to determine statistical significance. Caspase-4
- CASP4. All graphs show averages from three independent experiments and are represented by mean + SD. (A and E) One-way ANOVA with Dunnett's multiple
comparisons test comparing to control (no GBP addition) was used. All significant comparisons are shown. *P < 0.05, ****P < 0.0001. (B and C) Representative
NPAGEs from two (B) or three (C) independent experiments are shown.
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polymers. Native GBP-LPS complexes were analyzed with native polyacrylamide
gel electrophoresis (NPAGE). Detailed information for all of these methods are
provided in S/ Appendix, Materials and Methods.

Caspase-4 Activation. Caspase-4 activity was determined essentially as described
previously (4) with some modifications detailed in S/ Appendix, Materials and
Methods. Recombinant GBP1, GBP1™® GBP1} and GBP2 were mixed with E.
coli 055:B5 LPS and GTP before incubation with GST-tagged full-length caspase-4
(purified from LPS-free wheat germ) and the caspase-4 substrate Z-VAD-AMC. The
colorimetric signal resulting from substrate cleavage was measured.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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