
Nature  |  www.nature.com  |  1

Article

Enteropathogenic bacteria evade 
ROCK-driven epithelial cell extrusion

Giovanni Luchetti1 ✉, Marin V. Miner2, Rachael M. Peterson2, William P. Scott2, 
Praveen Krishnamoorthy3, Eric M. Kofoed4, Angel G. Jimenez4, Hua Zhang5, Man Wah Tan4, 
Rohit Reja6,7, Tommy K. Cheung8, Elizabeth Skippington9, Yuxin Liang8, Christopher M. Rose8, 
Nobuhiko Kayagaki6, Kim Newton6, Isabella Rauch2 ✉ & Vishva M. Dixit6 ✉

Diverse pathogen-encoded virulence factors disable apoptosis, pyroptosis or 
necroptosis, the host cell death programs that remove infected cells1. In the 
intestine, the extrusion of infected cells into the lumen for elimination provides  
an additional layer of host defence, but no virulence mechanisms that target the 
cytoskeletal changes required are known2. Here we show that the Escherichia coli 
ubiquitin ligase NleL is an inhibitor of intestinal epithelial cell (IEC) extrusion, 
targeting caspase-4, ROCK1 and ROCK2 for proteasomal degradation. Genetic 
deletion of Rock1 and Rock2 from cultured IECs diminished inflammasome-induced 
IEC extrusion. Moreover, mice with Rock1- and Rock2-deficient IECs were less effective 
than wild-type mice at constraining the numbers of Citrobacter rodentium in the 
colon. Notably, NleL-deficient C. rodentium triggered more IEC extrusion than did 
wild-type C. rodentium, resulting in diminished colonization of the colon in infected 
mice. Our work highlights a host–pathogen arms race focused on dynamic regulation 
of the host epithelial barrier.

The human protease caspase-4 and its mouse orthologue caspase-11 
defend against gram-negative bacteria3,4. Activated by bacterial lipopol-
ysaccharide (LPS) in the cytoplasm5–7, caspase-4 and caspase-11 cleave 
and activate the pore-forming protein gasdermin D (GSDMD) to cause 
a lytic form of cell death called pyroptosis8,9. Eliminating infected cells 
in this manner denies microorganisms their replicative niche. Other 
bacterial components, including toxins and DNA, are sensed by intra-
cellular inflammasome complexes that activate caspase-1, which also 
induces pyroptosis by cleaving GSDMD1. Pathogenic bacteria have 
evolved to thwart host defence mechanisms. For example, the intes-
tinal pathogen Shigella evades pyroptosis in human cells because its 
ubiquitin ligase IpaH7.8 targets GSDMD and GSDMB for proteasomal 
degradation10–12. Granzyme A cleaves GSDMB to elicit pyroptosis when 
infected cells are targeted by cytotoxic lymphocytes13. Another Shigella 
effector, OspC3, suppresses pyroptosis by inhibiting caspase-4 and cas-
pase-11 (refs. 14,15). Effectors from other pathogenic bacteria, including 
Yersinia YopM and E. coli NleA, suppress pyroptosis by inhibiting the 
activation of caspase-1 (refs. 16–18). E. coli NleF suppresses pyrop-
totic and apoptotic host cell death by inhibiting caspases 4, 8 and 9  
(ref. 19).

NleL inhibits LPS-induced pyroptosis
To determine whether other virulence factors target host pyrop-
tosis signalling, we screened 63 E. coli effectors (Extended Data 
Table 1) in a pooled format for their ability to block LPS-induced 

pyroptosis in human endothelial-like EA.hy926 cells (Extended 
Data Fig. 1a,b). Cells expressing doxycycline-induced nleF or nleL 
(also called espX7 and encoded by two independent constructs in 
our lentiviral library) showed better survival after LPS transfection 
than did uninduced cells, and released less lactate dehydrogenase 
(LDH), which is a hallmark of lytic cell death (Fig. 1a,b). NleF is known 
to inhibit caspases, including caspase-4 (refs. 19,20), whereas NleL 
is a HECT-like E3 ubiquitin ligase that contributes to C. rodentium 
virulence in mice21. NleL is reported to ubiquitylate JUN N-terminal 
kinases ( JNKs)22 and IκB kinases (IKKs)23. Wild-type (WT) NleL sup-
pressed LPS-induced cell death in EA.hy926 cells and human colonic 
Caco-2 cells, whereas catalytically inactive NleL(C735A) did not, 
despite being expressed more than WT NleL (Fig. 1c–e and Extended 
Data Fig. 1c,d). These data show that the ubiquitin ligase activity of 
NleL is required for its pro-survival function. Given that caspase-1- 
and GSDMD-dependent pyroptosis induced by Val-boroPro (VbP)24 
was unaffected by WT NleL (Fig. 1f), GSDMD is probably not the target  
of NleL.

Caspase-4 and ROCKs are NleL substrates
To identify NleL substrates in an unbiased manner, we used mass 
spectrometry to identify proteins with increased ubiquitylation after 
doxycycline-induced expression of NleL and decreased overall abun-
dance (Extended Data Fig. 2a). The zinc-finger protein p66β, caspase-4 
and the kinase ROCK2 showed the biggest increases in ubiquitylation 
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in EA.hy926 cells between two hours and six hours after NleL induction 
(Fig. 2a). Caspase-4 residues Lys87 and Lys293 were modified at one 
hour after doxycycline treatment, but the total amount of caspase-4 
declined at two hours, consistent with ubiquitylation-induced protein 
degradation (Fig. 2b). The levels of other caspases, including caspase-1, 
were unaffected by NleL (Extended Data Fig. 2b). NleL-induced ROCK2 
ubiquitylation also coincided with a drop in the total amount of ROCK2 
(Fig. 2c). We did not detect ubiquitylation of the related kinase ROCK1, 
but its decline in cells expressing NleL suggested that ROCK1 and ROCK2 
might both be NleL substrates (Extended Data Fig. 2c). Reported 
NleL substrates22,23 JNK1, JNK2, IKKα, IKKβ, TRAF2 and TRAF6 were 
not reduced or ubiquitylated by NleL expression in EA.hy926 cells 
(Extended Data Fig. 2d–f).

Western blotting confirmed that WT NleL suppressed endogenous 
caspase-4 and ROCK2 protein expression in EA.hy926, Caco-2 and 
human colorectal HT-29 cells, whereas NleL(C753A) did not (Fig. 2d 
and Extended Data Fig. 2g,h). Endogenous ROCK1 protein expression 
in HT-29 cells was also reduced by WT NleL, but not by NleL(C753A) 
(Extended Data Fig. 2g). By contrast, the suppressive effect of NleL 
on p66β expression in EA.hy926 cells was also seen with NleL(C753A) 
(Fig. 2d). Moreover, the levels of p66β in HT-29 cells were unaffected by 
NleL (Extended Data Fig. 2g). Collectively, these results argue against 
p66β being a direct substrate of NleL. Hereafter, we focus on NleL’s 
regulation of caspase-4 and the ROCKs.

The disappearance of caspase-4 and ROCK2 from EA.hy926 and 
Caco-2 cells expressing NleL was prevented by the ubiquitin-activating 
enzyme 1 (UAE1) inhibitor MLN7243 or the proteasome inhibitor borte-
zomib (Fig. 2e and Extended Data Fig. 2i), consistent with NleL targeting 
caspase-4 and ROCK2 for proteasomal degradation. Caspase-4 bearing 
K48-linked polyubiquitin chains accumulated in bortezomib-treated 
cells expressing NleL (Extended Data Fig. 2j), indicating that this spe-
cies is targeted for degradation. This result is consistent with studies 
showing that NleL builds K6- and K48-linked polyubiquitin25,26. The deg-
radation of caspase-4 explains the resistance of NleL-expressing cells 
to LPS-induced pyroptosis. Note that WT NleL—but not NleL(C753A)—
also induced the disappearance of co-transfected mouse caspase-11 
(Extended Data Fig. 2k). Thus, NleL would be expected to inhibit 
LPS-induced pyroptosis in mouse and human cells.

The Salmonella HECT-like E3 ubiquitin ligase SopA, a close homologue 
of NleL27, served as a negative control in subsequent biochemical stud-
ies. Unlike NleL, SopA did not cause the disappearance of co-transfected 
caspase-4 (Fig. 2f) or ROCK2 (Fig. 2g). Notably, catalytically inactive 
NleL(C753A) co-immunoprecipitated with co-transfected caspase-4, 
ROCK2 or ROCK1, whereas catalytically inactive SopA(C753A) did not 
(Fig. 2h,i and Extended Data Fig. 2l–n). Consistent with caspase-4, 
ROCK2 and ROCK1 being direct substrates of NleL, purified caspase-4, 
ROCK2 and ROCK1 were ubiquitylated in vitro by purified WT NleL, but 
not by NleL(C753A) (Fig. 2j,k and Extended Data Fig. 2o,p).

–6 –4 –2 0 2 4 6

0

5

10

15

20

log2(LPS + Dox/Dox)

–l
og

10
(P

ad
j.)

espX7
nleF

nleL

0

10

20

30

40

50

EA.hy926

LD
H

 r
el

ea
se

 (%
)

espX7 nleF nleL

– + – + – + – + – + – + LPS

−Dox +Dox

0

10

20

30

40

EA.hy926: Flag–NleL

LD
H

 r
el

ea
se

 (%
)

– + – + – + – + LPS

WT C753A

−Dox +Dox

0 4 8 12 16 20 24

0

20

40

60

Time (h)

C
el

l d
ea

th
 (%

)

−Dox −Dox + LPS +Dox +Dox + LPS

0 4 8 12 16 20 24

0

20

40

60

80

100

Time (h)

C
el

l d
ea

th
 (%

)

0 4 8 12 16 20 24

0

20

40

60

80

100

Time (h)
0 4 8 12 16 20 24

0

20

40

60

Time (h)

EA.hy926: Flag–NleL(WT) EA.hy926: Flag–NleL(C753A) EA.hy926: Flag–NleL(WT) EA.hy926: Flag–NleL(C753A)

−Dox −Dox + VbP +Dox +Dox + VbP

H2N –NleL – CO2HNELPPR
C753

a

e f

b d

c

Fig. 1 | NleL ubiquitin ligase activity inhibits caspase-4-dependent 
pyroptosis. a, Changes in effector abundance after transfecting EA.hy926 
cells with LPS. The x axis indicates the log2-transformed fold change in effector 
gene expression, and the y axis indicates the adjusted P value (two-sided Wald 
test, false discovery rate (FDR) adjustment by the Benjamini–Hochberg method; 
n = 3 per group). b,d, Percentage of LDH released from EA.hy926 cells at 24 h 
after LPS transfection. Where indicated, doxycycline (Dox) was used to induce 

effector expression. Circles indicate biological replicates (n = 4 (b) and n = 8 (d)). 
Bars indicate mean. c, Domain architecture of NleL, showing its essential 
catalytic Cys753, PPR and novel E3 ligase (NEL) domains. e,f, Kinetics of YOYO 
dye uptake by EA.hy926 cells after transfection with LPS (e) or treatment with 
25 µM VbP (f). Data are mean (circles) ± s.d. (shaded area) of biological replicates 
(n = 4). Results in b,d–f are representative of three independent experiments.
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NleL targets LPS-sensing CARDs
Deleting the N-terminal caspase activation and recruitment domain 
(CARD) in caspase-4 prevented its ubiquitylation by NleL and subse-
quent degradation (Fig. 3a and Extended Data Fig. 3a). A CARD-less 
caspase-11 was also insensitive to NleL-induced degradation (Extended 
Data Fig. 3b), suggesting that an LPS-sensing CARD conferred suscep-
tibility to NleL. Accordingly, the CARDs of caspases 4, 5 and 11 were 
detected in cells that co-expressed NleL(C753A), but not in those that 
co-expressed WT NleL (Fig. 3b). By contrast, the CARDs of 33 other pro-
teins (Extended Data Table 2), including caspases 1, 2 and 9, were readily 
detected when co-expressed with WT NleL (Fig. 3c and Extended Data 
Fig. 3c). Of note, the selectivity of NleL for the LPS-sensing CARDs did not 
stem from it failing to bind to the other CARDs. NleL(C753A) interacted 
with the CARD of caspase-1 as well as with that of caspases 4, 5 and 11 
(Extended Data Fig. 3d). A precise understanding of how the interac-
tion of NleL with the LPS-sensing CARD of caspases 4, 5 or 11 results in 
ubiquitylation will require more detailed structural information.

To determine whether an LPS-sensing CARD would confer NleL sus-
ceptibility on caspase-1, we replaced the CARD in caspase-1 with that 
of caspase-4, and vice versa (Extended Data Fig. 3e). The caspase-4 
CARD rendered caspase-1 sensitive to NleL-induced degradation, and, 
by contrast, the caspase-1 CARD made caspase-4 resistant. Substitut-
ing caspase-1 residues 6–20 with those from caspase-4 also sensitized 
caspase-1 to regulation by NleL (Fig. 3c and Extended Data Fig. 3f). In 
addition, residues 6–20 from the caspase-1 CARD neutralized NleL 
regulation when placed in caspase-4 (Fig. 3c and Extended Data Fig. 3g). 
Although we were unable to precisely define the motif within the 
caspase-4 CARD that confers NleL susceptibility, AlphaFold modelling 
of the caspase-1 and caspase-4 CARDs highlighted distinct structural 
properties that correlated with proteasomal degradation. The model 
of the caspase-1 CARD shows the canonical bundle of six antiparallel 

helices characteristic of death-fold proteins, whereas the model of the 
caspase-4 CARD does not (Extended Data Fig. 3h).

NleL targets the PH domain in ROCK2
ROCK1 and ROCK2 do not contain a CARD, so it was unclear which 
domain rendered them susceptible to NleL. Truncations of ROCK2 
indicated that the C-terminal pleckstrin homology (PH) domain was 
necessary and sufficient for instability in cells expressing WT NleL 
(Fig. 3f). Deleting the last 20 residues of ROCK2 also stabilized the 
protein in NleL-expressing cells (Fig. 3g and Extended Data Fig. 4a). In 
keeping with these data, the purified PH domain of ROCK2 was ubiq-
uitylated by NleL in vitro, but the kinase domain was not (Extended 
Data Fig. 4b,c).

The N-terminal pentapeptide repeat (PPR) domain in SopA has been 
shown28 to bind to the SopA substrates TRIM56 and TRIM65. The NleL 
PPR domain, either alone or together with the ubiquitin ligase N lobe 
(PRR-N), co-immunoprecipitated with caspase-4 and ROCK2, whereas 
the ubiquitin ligase C lobe (NEL-C) did not (Fig. 3f and Extended Data 
Fig. 4d–g). Thus, the NleL PPR domain, like the SopA PPR domain, con-
tributes to substrate binding. Notably, the NEL domain, composed of 
the N and C lobes, also interacted with caspase-4, ROCK2 and ROCK1 
(Extended Data Fig. 4d–g), indicating that the N lobe must participate 
in substrate binding too. N-terminal truncations of the NEL domain 
suggested that residues between Glu372 and Gly486 mediated interac-
tions with caspase-4 (Extended Data Fig. 4h).

NleL limits ROCK-driven IEC extrusion
To confirm that NleL targets caspase-4 and ROCK2 for degradation 
during an actual infection, we infected Caco-2 cells with the entero-
haemorrhagic E. coli (EHEC) O157:H7 strain EDL933 or with a derivative 
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For gel source data, see Supplementary Fig. 1.
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lacking NleL (ΔnleL). Western blotting revealed an NleL-dependent 
reduction in caspase-4 and ROCK2 at two hours and at four hours after 
infection, respectively (Fig. 4a). The loss of caspase-4 and ROCK2 from 
cells infected with the WT parental strain was prevented by bortezomib 

(Fig. 4b), indicating that both proteins were degraded in the protea-
some. Of note, NleL-dependent changes in the abundance of ROCK2 
coincided with altered ROCK signalling. Infection with ΔnleL EHEC 
elicited more phosphorylation of the ROCK substrate myosin light 
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chain 2 (MLC2) than did infection with WT EHEC (Fig. 4c). These data 
are consistent with the idea that NleL counters infection-induced 
ROCK–MLC2 signalling.

Inflammasome activation in Salmonella-infected IECs promotes 
pyroptosis and extrusion of the dying cells into the gut lumen2,29. Given 
that ROCK1 and ROCK2 mediate cytoskeletal rearrangements in dying 
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Fig. 4 | NleL limits the ROCK-dependent expulsion of IECs. a–c, Immunoblots 
of Caco-2 cells infected by E. coli strain EDL933. Infection with WT or NleL 
deficient strains (a). Where indicated, cells were cultured in 1 µM bortezomib 
(Btz) (b) or 10 µg ml−1 TRAIL (c). hpi, hours post-infection. Results are 
representative of three independent experiments. MOI, multiplicity of infection; 
p, phosphorylated; c, cleaved. d, Scheme for quantifying the cellular extrusion 
of dead PI+ IECs from monolayers. e–g,m, Nearest neighbour internuclear 
distances in IEC monolayers. e, Cells from WT IEC organoids were treated for 
30 min with FlaTox and DMSO vehicle, 2.5 mM cytochalasin D (CytoD) or 10 µM 
Y-27632. n = 8 monolayers per group. f, Cells from Rock1- and Rock2-knockout 
IEC organoids were stimulated with FlaTox. n = 4 monolayers per group. g,m, 
Cells from WT (g) or Villin.CreERT2 control and Rock1- and Rock2-knockout (m) 
IEC organoids were infected with Citrobacter strain DBS100 (WT, ΔnleL or +NleL). 

n = 4 monolayers per group. P values determined by two-tailed Mann–Whitney 
test. NS, not significant. Results are representative of three independent 
experiments. h, Quantification of extrusion time of individual cells in live- 
imaged WT IEC monolayers infected with Citrobacter strain DBS100 (ΔnleL or 
+NleL). P values determined by two-tailed Mann–Whitney test. Results are 
representative of two independent experiments. i–k, Colony-forming units 
(CFUs) in the mouse colon (i), colon lumen ( j) and spleen (k) six days after 
infection with Citrobacter strain DBS100. Circles, different mice (data pooled 
from two experiments, n = 10 mice per group); lines, mean. P values determined 
by two-way ANOVA. LOD, limit of detection. l, Immunoblots of colon IECs from 
mice infected by Citrobacter strain DBS100. Results are representative of three 
independent experiments. n, Representative confocal z-stacks of the IEC 
cultures in m. Scale bar, 30 μm. For gel source data, see Supplementary Fig. 1.
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cells30–33, we wondered whether ROCK1 and/or ROCK2 contribute to the 
extrusion of infected IECs. We investigated this possibility in monolay-
ers of primary mouse IECs that were treated with FlaTox to activate 
the NAIP–NLRC4 inflammasome34. The membrane-impermeable dye 
propidium iodide (PI) was used to identify dying IECs being extruded 
from the monolayer (Fig. 4d). The ROCK1 and ROCK2 selective inhibi-
tor Y-27632 impaired FlaTox-induced IEC extrusion from organoid 
monolayers, as did cytochalasin D, an inhibitor of actin polymerization 
(Fig. 4e). Genetic deletion of Rock1 and Rock2 from IECs also reduced 
FlaTox-induced IEC extrusion (Fig. 4f). Collectively, these data indicate 
that ROCK1 and/or ROCK2 promote the ejection of pyroptotic cells 
from IEC monolayers.

To determine whether NleL interferes with this process by targeting 
ROCK1 and ROCK2 for degradation, we infected IEC monolayers with 
the C. rodentium strain DBS100 or a ΔnleL derivative. In 293T cells, NleL 
reduced the expression of co-transfected mouse ROCK1 and ROCK2 to 
the same extent as it did for human ROCK1 and ROCK2 (Extended Data 
Fig. 5a). Monolayers infected with ΔnleL Citrobacter showed signifi-
cantly increased extrusion at 20 h after infection, compared with those 
infected with the WT parental strain (Fig. 4g). Moreover, reconstituting 
NleL expression in ΔnleL Citrobacter normalized IEC extrusion to that 
seen with the WT parental strain. All bacteria in these experiments 
expressed GFP, which enabled us to enumerate bacteria adhering to 
IECs, and to ensure PI staining coincided with bacterial infection. nleL 
deficiency did not alter the number of adhered bacteria (Extended 
Data Fig. 5b). Moreover, more than 90% of PI-positive cells fell within 
the cellular radius of a GFP-positive bacterium (Extended Data Fig. 5c), 
and infection was required to promote measurable PI uptake (Extended 
Data Fig. 5d). In live-imaged monolayers, those infected with ΔnleL 
Citrobacter showed a higher rate of extrusion than did those infected 
by the strain complemented by NleL expression (Fig. 4h and Extended 
Data Fig. 5e).

To assess the role of the ROCKs during an infection in vivo, we used 
Rock1fl/flRock2fl/fl Villin.CreERT2 mice, which permit the tamoxifen- 
inducible deletion of Rock1 and Rock2 specifically in IECs35. Western 
blotting of colonic IECs from Rock1fl/flRock2fl/fl Villin.CreERT2 mice after 
treatment with tamoxifen confirmed that ROCK1 and ROCK2 were elimi-
nated (Extended Data Fig. 5f). Of note, ROCK deficiency in IECs did not 
increase intestinal permeability to a high-molecular-weight fluorescein 
isothiocyanate (FITC)–dextran (Extended Data Fig. 5g), indicating 
that the intestinal barrier remained intact. When tamoxifen-treated  
Rock1fl/flRock2fl/fl Villin.CreERT2 and Villin.CreERT2 mice were infected 
with WT Citrobacter for ten days, the former had significantly more 
bacteria in their colonic epithelium than did the latter (Extended Data 
Fig. 5h), consistent with ROCK1 and/or ROCK2 contributing to a host 
defence mechanism that suppresses bacterial numbers. When WT 
C57BL/6 mice were infected with WT or ΔnleL Citrobacter for six days, 
the WT Citrobacter was more abundant in the colon than the ΔnleL 
strain was (Extended Data Fig. 5i), consistent with NleL suppressing 
the extrusion of infected cells.

If ROCK1 and ROCK2 are crucial substrates of NleL, then WT and 
ΔnleL Citrobacter should exhibit comparable colonization of colons 
that already lack ROCK1 and ROCK2. Therefore, we next compared 
WT and ΔnleL Citrobacter colonization in tamoxifen-treated Rock1fl/fl 
Rock2fl/fl Villin.CreERT2 and Villin.CreERT2 mice at six days after 
infection. Consistent with our previous results in WT mice six days 
after infection (Extended Data Fig. 5i), ΔnleL Citrobacter exhibited a 
colonization defect in Villin.CreERT2 control mice, when compared 
with WT Citrobacter (Fig. 4i,j and Extended Data Fig. 5j). This defect 
was not evident in mice with Rock-deficient intestines (Fig. 4i,j and 
Extended Data Fig. 5j), consistent with NleL targeting the ROCKs to 
promote bacterial colonization. We also found that the dissemination 
of ΔnleL Citrobacter to the spleen was impaired in Villin.CreERT2 mice, 
but not in Rock1fl/fl Rock2fl/fl Villin.CreERT2 mice, further validating the 
importance of this virulence mechanism (Fig. 4k). By western blotting, 

colonic IECs from Villin.CreERT2 mice infected with WT Citrobacter 
contained less ROCK1 and ROCK2 than did those from Villin.CreERT2 
mice infected with ΔnleL Citrobacter, providing biochemical evidence 
of NleL-dependent degradation of ROCK in vivo (Fig. 4l).

Consistent with our in vivo data, ΔnleL Citrobacter induced the extru-
sion of control but not ROCK-deficient IECs in cultured monolayers 
(Fig. 4m,n). Although NleL might target caspase-4 to limit pyroptosis 
upstream of ROCK-dependent IEC extrusion, IECs infected with ΔnleL 
Citrobacter did not secrete more interleukin-18 (IL-18) or exhibit more 
cell death than did those infected with WT Citrobacter (Extended Data 
Fig. 5k,l). This result was unsurprising because WT and ΔnleL Citrobacter 
can both express the caspase inhibitor NleF to suppress pyroptosis. In 
other control experiments, Villin.CreERT2 and Rock-deficient Villin.
CreERT2 IEC monolayers exhibited equivalent resistance in a transepi-
thelial electrical resistance assay (Extended Data Fig. 5m), indicating 
that Rock deficiency alone does not compromise the integrity of the 
IEC monolayer.

Collectively, our findings identify ROCK1 and/or ROCK2 as key tar-
gets of the NleL ubiquitin ligase in establishing a productive infection 
in the intestine.

Conclusion
By targeting caspases 4, 5 and 11 as well as ROCK1 and ROCK2 for pro-
teasomal degradation, NleL has two opportunities to combat the 
pyroptotic elimination of infected IECs. Eliminating the caspases would 
prevent any pyroptotic response to cytosolic bacterial LPS, whereas 
eliminating ROCK1 and ROCK2 is most likely to hinder the extrusion of 
dying infected cells through the faeces. The caspase and ROCK residues 
required for ubiquitylation by NleL are quite different at the primary 
sequence level, implying different modes of substrate recognition. 
Structural studies of NleL in complex with its substrates might shed 
light on how these regions promote substrate ubiquitylation.
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Methods

Mice
All mouse studies complied with relevant ethics regulations and were 
approved by either the Genentech Institutional Animal Care and Use 
Committee (IACUC) in an Association for Assessment and Accredita-
tion of Laboratory Animal Care (AAALAC)-accredited facility or by 
the Oregon Health and Science University IACUC. Mice were housed 
in individually ventilated cages within animal rooms maintained on 
a 14-h–10-h light–dark cycle. Animal rooms were temperature and 
humidity controlled, at 20–26 °C and 30–70%, respectively, with 10–15 
exchanges of air in the room per hour. Rock1fl/flRock2 fl/fl Villin.creERT2 
mice on a C57BL/6J genetic background have been described previ-
ously35. Experimental cohorts of female mice were generated through 
two rounds of breeding: first Rock1fl/+Rock2 fl/+ Villin.creERT2 mice were 
crossed to Rock1fl/+Rock2 fl/+ mice, and then their offspring were bred 
together (either Rock1fl/flRock2 fl/fl Villin.creERT2 × Rock1fl/flRock2 fl/fl or 
Rock1+/+Rock2+/+ Villin.creERT2 × Rock1+/+Rock2+/+). Before infection 
with C. rodentium DBS100, mice aged 12–14 weeks (Extended Data 
Fig. 5h) or 5–8 weeks (Fig. 4i–k and Extended Data Fig. 5j) were treated 
by intraperitoneal injection with 75 mg kg−1 tamoxifen in sunflower oil 
for five consecutive days. Four hours after the final tamoxifen injection, 
mice were infected with C. rodentium. Mice were grouped by genotype 
or by treatment with no randomization. The C57BL/6J female mice in 
Extended Data Fig. 5i were from the Jackson Laboratory and were eight 
weeks old at the time of infection.

C. rodentium were streaked out from glycerol stocks on MacConkey 
agar plates at 37 °C overnight. A single colony was inoculated into 
10 ml Luria broth (LB) and grown on a shaker at 37 °C overnight. The 
overnight culture was diluted 1:100 and grown to log phase (optical 
density at 600 nm (OD600 nm) of around 0.5 after approximately three 
hours). Bacteria were collected by centrifugation at 6,000g for 15 min, 
washed twice with phosphate-buffered saline (PBS) and prepared for 
infection by equalization to 1 × 1010 CFUs per ml (1 OD600 nm = 8 × 108 
bacteria per ml). Mice were fasted for four hours and then dosed by oral  
gavage with 5 × 109 (Fig. 4i–k and Extended Data Fig. 5j) or 2 × 109 
(Extended Data Fig. 5h,i) CFUs of C. rodentium (strains described below). 
Mice had access to food and water ad libitum after infection. At six or 
ten days after infection, mice were euthanized and gastrointestinal 
samples, including colon and caecum, were collected. Tissues were 
resected and splayed open, and the luminal contents were removed and 
resuspended in pre-weighted tubes containing 1 ml PBS. Tissues were 
later washed with PBS to remove non-adherent bacteria. Colon, cae-
cum or spleen homogenate was plated on MacConkey agar containing 
100 mg ml−1 streptomycin (Extended Data Fig. 4e) or LB agar containing 
nalidixic acid (Fig. 4e) to determine CFUs. Mice were picked and treated 
by the same individual, so blinding to genotype and treatment as well 
as during data collection and analysis was not possible. No statistical 
methods were used to predetermine sample size.

Intestinal permeability assay
Female Rock1fl/flRock2fl/fl Villin.creERT2 mice and control Villin.creERT2 
littermates, aged five to eight weeks, were administered tamoxifen 
intraperitoneally at a dose of 90 mg kg−1 in sunflower oil for five con-
secutive days. Mice underwent food restriction for 12 h before receiving 
a 600 mg kg−1 oral gavage of 4 kDa FITC–dextran. Four hours later, blood 
and faecal pellets were collected, and FITC fluorescence (485/528 nm 
ex/em) was measured.

Bacteria
EHEC O157:H7 EDL933 (ATCC700927) and C. rodentium DBS100 
(ATCC51459) were obtained from the American Type Culture Collec-
tion (ATCC). A nalidixic-acid-resistant strain was derived from DBS100 
by first growing 1 ml DBS100 overnight. The culture was centrifuged, 
resuspended in 100 µl PBS and plated on LB agar containing 30 µg ml−1 

nalidixic acid. This resistant strain was used to generate the nleL 
mutant. The E. coli and C. rodentium nleL open reading frame (ORF) 
was replaced with a kanamycin resistance cassette from the pACYC177 
vector using lambda red recombinase expressed by pKD46 (refs. 36,37). 
Gene replacement was verified by colony PCR (E. coli ΔnleL::kanR), and 
whole-genome sequencing (C. rodentium DBS100 WT and C. roden-
tium DBS100ΔnleL::kanR). The C. rodentium DBS100 WT assembly was 
generated using a combination of 75-bp paired-end Illumina reads and 
Oxford Nanopore Technologies long reads from isolate-derived total 
genomic DNA. The assembly and polishing of the combined long- and 
short-read data were performed using MicroPIPE v.0.9 (ref. 38). Illumina 
reads were mapped onto the C. rodentium DBS100 WT genome using 
GSNAP (v.2013-10-10)39. Single-nucleotide variants were detected using 
in-house R scripts, which used the Bioconductor packages Genomi-
cRanges40, GenomicAlignments40 VariantTools and gmapR. Only base 
calls with a phred quality score of at least 30 were used for variant calling. 
Knockout of nleL was confirmed by visual inspection of read pile-ups 
using the Integrative Genomics Viewer41. Bacteria were transformed by 
electroporation with the pBR322-AmpR-dasherGFP plasmid11 to visual-
ize bacteria, and complementation of C.r.ΔnleL::kanR was achieved by 
transformation of the mutant strain with pBR322-GentR-nleL-COMP.

The primers used to generate recombineering insertions (5′ to 3′) 
include:

C.r.DBS100_NleLF1: ACAGGCAGAACTGGAGAATG
C.r.DBS100_NleLR1: GGGCGATTCAGGCCTGGTTTATCGCACT 

CCTTCTACTTAG
C.r.DBS100_NleLkanF1: CTAAGTAGAAGGAGTGCGATAAACCAGG 

CCTGAATCGCCC
C.r.DBS100_NleLkanR1: ATAATATTCATCTATGGTCTCTAAAacaa 

ccaattaaccaa
C.r.DBS100_NleLF2: ttggttaattggttgtTTTAGAGACCATAGA 

TGAATATTAT
C.r.DBS100_NleLR2: AATAACGAACATAATTTTCG
EDL933_NleLF1: TACAGGGACAGAAAGTTGTCC
EDL933_NleLR1: GGGCGATTCAGGCCTGGTAGAACTACAATGGCA 

TAAAGAT
EDL933_NleLkanF1: ATCTTTATGCCATTGTAGTTCTACCAGGCC 

TGAATCGCCC
EDL933_NleLkanR1: ATAATATTCATCCATGGTCTCTAAAacaaccaa 

ttaaccaa
EDL933_NleLF2: ttggttaattggttgtTTTAGAGACCATGGATGAA 

TATTAT
EDL933_NleLR2: TATGATTCTCCACGATTTGC
Outside primers to check insertion include:
C.r.DBS100_NleL_OUTF: GCTGGATGAAGTGGGCAGTGA
C.r.DBS100_NleL_OUTR: TCTCCACGATTTGTCCAG
EDL933_NleL_OUTF: AATCTGACATCTTATTTGTGGG
EDL933_NleL_OUTR: CTATAGTAACAAAAACATATTAATCTG

Cell culture
EA.hy926 (ATCC), 293T (ATCC), HT-29 (ATCC) and Caco-2 (ATCC) cells 
were cultured in Dulbecco’s modified Eagle’s high-glucose medium 
(DMEM) supplemented with 10 mM HEPES pH 7.4, 1× Glutamax (Gibco), 
1× penicillin–streptomycin (Gibco), 1× non-essential amino acids 
(Gibco), 1 mM sodium pyruvate (Gibco) and 10% (v/v) fetal bovine serum 
(FBS, VWR) at 37 °C with 5% CO2. Single-nucleotide polymorphism (SNP) 
profiles were compared with SNP calls from internal and external data-
bases to determine or confirm ancestry. All cell lines tested negative for 
mycoplasma contamination before to storage or use at our institute.

For Caco-2 infections, bacteria were streaked from glycerol stocks 
onto trypticase soy agar (TSA) and used for experiments within 
one week. Caco-2 cells (3.5 × 105) were plated in six-well plates in 
antibiotic-free DMEM. On the same day, a single colony of the desired 
strain was grown at 37 °C overnight in 5 ml terrific broth (TB). Overnight 
cultures were diluted 1:50 in TB and grown until bacteria reached an 



OD600 nm of 0.6–0.8. Bacteria were pelleted at 3,000g, washed with PBS 
and then incubated in fresh PBS at room temperature for 15 min. After 
one further wash with PBS, bacteria were resuspended in DMEM without 
supplements. Caco-2 cells were infected with an MOI of 25 (1 OD600 nm =  
8 × 108 bacteria per ml) by centrifugation at 1,000g for 10 min.

Intestinal organoids from C57BL/6J mice, or Rock1 fl/flRock2 fl/fl  
Villin.creERT2 mice and control Villin.creERT2 mice, were genera
ted as described35. After 2–15 passages, organoids were disrupted  
into single-cell suspensions. IEC monolayers were established by seed-
ing 50,000–60,000 cells into translucent 24-well Matrigel-coated 
transwell inserts with a pore size of 0.4 µm in organoid medium42 
(L-WRN conditioned supernatant, 10 µm Y-27632 (MedChemExpress) 
and 50 ng ml−1 mEGF (Thermo Fisher Scientific)). Cultures were grown 
for ten days. For ERT2-Cre induction, cells were treated 48 h before 
the experiment with 250 nM 4-OHT. Transwells were transitioned to 
antibiotic-free medium without Y-27632 the day before infection. Mono
layers were infected with C. rodentium (WT or ΔnleL) in the exponen-
tial growth phase at an MOI of 0.25. After four hours, the medium was 
changed to prevent the overgrowth of non-adherent bacteria. After a 
further 16 h, the cells were treated with 10 µg ml−1 PI (or 50 nM SYTOX 
green) for 30 min, washed with PBS and then fixed in 4% paraformal-
dehyde for 10 min. The fixed cells were permeabilized with 0.2% Tri-
ton X-100 and stained with 4′,6-diamidino-2-phenylindole (DAPI) and 
0.165 µM AF647–phalloidin (Thermo Fisher Scientific).

IEC monolayers for experiments with FlaTox were grown identically 
and Y-27632 was removed 24 h before FlaTox treatment. For Villin.cre-
ERT2 monolayers, 250 nM 4-OHT was administered 48 h before stimu-
lation. Monolayers were administered 2 mg ml−1 anthrax lethal factor 
N terminus fused to Legionella pneumophila flagellin (LFn-FlaA)34, 
4 mg ml−1 protective antigen34 (PA) and 10 μg ml−1 PI (or 50 nM SYTOX 
green). The medium contained 10 µM Y-27632 or 2.5 mM cytochalasin 
D (Sigma) as indicated. Monolayers were fixed after 30 min and stained 
with DAPI as described above. For imaging, transwell membranes were 
cut out with a razor blade, placed on a microscopy slide, layered with 
Vectashield hardening mounting medium and coverslipped.

For transparent monolayers, TrypLE-dissociated organoids were 
seeded on Matrigel-covered 96-well tissue culture plates at 30,000 
cells per well in 50% L-WRN conditioned supernatant containing 
3 µM CHIR99021 (Cayman Chemical) and 10 μM Y-27632 (MedChem-
Express)43. Twenty-four hours later, the medium was changed to 
antibiotic-free L-WRN with 3 µM CHIR99021 without Y-27632. Forty- 
eight hours later, monolayers were infected with 1 × 104 C. rodentium 
ΔnleL or ΔnleL + pNleL after overnight culture and redilution for expo-
nential growth. Plates were spun at 300g for 10 min to help with epithe-
lial attachment of bacteria and then incubated overnight at 37 °C and 
5% CO2. After 11 h of infection, the wells were washed once with warm 
PBS and new medium was added containing 1 μg ml−1 PI.

IEC imaging and cell-extrusion analysis
Fixed IEC monolayers on transwells were imaged on an inverted Leica 
SP8 confocal microscope using a 40× oil (numerical aperture 1.3) objec-
tive. Imaging parameters on the Leica LAS X (v.3.7.5) software were set 
to acquire DAPI, PI, SYTOX green and GFP (bacteria). Three-dimensional 
(3D) confocal z-stacks were acquired using Nyquist sampling rates. Six 
to seven fields of view were acquired for each sample. The 3D datasets 
were processed and analysed using the Imaris Spots tool to quantify 
cellular extrusion levels. In brief, a Gaussian blur image filter was first 
applied to all channels to reduce background noise. Afterwards, the 
Imaris Spots tool was used to segment and isolate DAPI- and PI-positive 
or SYTOX-green-positive cells (PI+DAPI+ or SYTOX+DAPI+) from the 3D 
image stacks. A low threshold intensity was set for the PI and SYTOX 
channel so that both infected and uninfected cells were segmented 
using the Imaris Spots tool. After segmentation, the shortest distance 
metric in Imaris was used to calculate the distance between the cen-
troids of a PI+ or SYTOX+ spot and the closest DAPI+ spot. A batch Imaris 

run to segment spots of DAPI+ and PI+ or SYTOX+ cells was performed 
using identical segmentation parameters. The shortest distance metric 
was then extracted and used for quantification of the cell-extrusion 
analysis of all samples. Bacteria exhibiting GFP signals were filtered 
out by segmenting and masking them using a pixel classifier in Ima-
ris. After this masking procedure, the shortest distance between 
SYTOX-green-positive cells and DAPI-positive cells was measured to 
analyse extrusion events, as detailed above.

For live imaging of transparent monolayers, plates were imaged for 
two hours in a live imaging set-up (Celldiscoverer 7), recording oblique/
bright-field and red fluorescence with a Hammamastu Orca Flash 4.0 
camera. Images were taken using the 5×/0.35 NA objective with the 
addition of the 2× optovar. Images were collected on the Celldiscov-
erer 7 in intervals of 60 s with the exposure and light source intensity 
of oblique and red channels set at 5 ms and 15%, and 50 ms and 30%, 
respectively. Focus was maintained throughout the time-lapse using 
the Zeiss definite focus system. Extrusion was quantified in a blinded 
manner, by recording the time from the first noticeable changes in cell 
shape to the finished extrusion of PI-positive cells in the bright-field/
oblique channel.

IL-18 enzyme-linked immunosorbent assay (ELISA)
One hundred microlitres of medium from transwell infection experi-
ments, collected immediately before infected monolayers were fixed 
for microscopy, was analysed with mouse IL-18 DuoSet ELISA (R&D 
Systems DY7625-05) according to the manufacturer’s instructions and 
quantified using a standard curve. Untreated medium background 
was subtracted.

CytoTox-Glo viability assay
Twenty-five microlitres of supernatant medium, collected immediately 
before infected monolayers were fixed for microscopy, was mixed with 
12.5 µl of CytoTox-Glo reagent (Promega) and incubated for 15 min at 
room temperature. The luminescence was assessed as per the manu-
facturer’s recommendations. Untreated medium background was 
subtracted.

Transepithelial electrical resistance assay
Medium was exchanged on monolayers on the day of infection and 
they were allowed to equilibrate for 20 min at room temperature. Tran-
sepithelial resistance was recorded in each transwell with an epithelial 
voltohmmeter (EVOM2, World Precision Instruments). The background 
resistance of an empty transwell with medium was subtracted.

Plasmids and lentiviral vectors
The genetically barcoded E. coli effector library was maintained in the 
lentiviral vector pMIN-ducer (Genscript). cDNAs encoding N-terminal 
3×Flag-NleL, NleL(C753A), the PPR domain (amino acids (aa) 135–371), 
or the NEL domain (aa 372–782) were expressed using pMIN-ducer or 
pCDNA3.1Hygro(+) (Genscript). cDNAs encoding Myc–GST-tagged 
CARDs (Extended Data Table 2) were cloned into pCDNA3.1:Zeo(+) 
(Genscript). cDNAs encoding C-terminal Rho-1D4-tagged caspase-1, 
caspase-4 or caspase-1/4 CARD swap chimeras (aa 1–80, 1–10, 6–15, 
11–20, 16–25 and 21–30) were cloned into pCDNA3.1Hygro(+) (Gen-
script). cDNAs encoding C-terminal Rho-1D4-tagged ROCK1, ROCK2, 
ROCK2ΔPH (aa 1–1,141), ROCK2-PH (aa 1,142–1,354) and C-terminal 
truncations (20 aa from Δ20–240) were cloned into pCDNA3.1Hygro(+) 
(Genscript). For transient expression in 293T cells, 3 × 106 cells were 
plated in 10-cm dishes and transfected the next day with 3 µg of 
pCDNA3.1Zeo(+) total plasmid DNA using Lipofectamine 2000 
(Thermo Fisher Scientific). Proteins were expressed for 24 h before 
being collected for downstream manipulations.

For lentiviral packaging, 2.5 × 106 293T cells in 10-cm plates were 
transfected with 5 µg pMIN-ducer, 10 µg pCMV-Δ8.9 and 0.5 µg 
pCMV-VSVG (1:2.3:0.2 mole ratio). Virus-containing supernatants 
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were collected after 72 h, passed through 0.45-μm syringe filters and 
used immediately for infection of EA.hy926, Caco-2 or HT-29 cells 
(2 × 105 cells seeded into six-well plates the previous day). Virus was 
supplemented with 10 µg ml−1 polybrene (Millipore) during infections. 
After 48 h, transduced cells were selected with 4 µg ml−1 puromycin 
(Takara). Mock-infected cells were used to judge selection duration 
and efficiency.

Positive selection screen
The lentiviral library was packaged using 12 15-cm plates of 293T cells. 
Each plate (2.7 × 107 cells) was transfected with 50.8 µg DNA (library 
plasmid, pCMV-Δ8.9 and pCMV-VSVG plasmids at a molar ratio of 
1:2:0.2) using Lipofectamine 2000 reagent (Thermo Fisher Scientific). 
At six hours after transfection, the medium containing the transfection 
mix was replaced with fresh medium supplemented with 1 U ml−1 DNase 
I, 5 mM MgCl2 and 20 mM HEPES pH 7.2. After overnight culture at 37 °C, 
this medium was replaced with fresh medium. After another 24 h, the 
lentivirus-containing medium was collected, pooled, passed through a 
0.45 µm filter and concentrated by ultracentrifugation (Thermo Fisher 
Scientific, S50-A fixed angle rotor, 100,000g). Concentrated lentivirus 
was resuspended in PBS containing 1% bovine serum albumin (BSA) 
and aliquots were stored at −80 °C.

EA.hy926 cells were infected at an MOI of 0.3 to ensure a single inte-
grant frequency of 97% with 1,000-fold coverage. On day 1, EA.hy926 
cells were seeded into two 10-cm plates (1.2 × 106 cells each). On day 2, 
cells were infected with lentivirus diluted in DMEM supplemented with 
10 µg ml−1 polybrene (Millipore). On day 3, virus-containing medium 
was replaced with fresh DMEM. On day 4, cells were expanded into a 
15-cm plate. On day 5, antibiotic selection was initiated with DMEM 
containing 2 µg ml−1 puromycin (Takara). After a further five days, cells 
were expanded into four 15-cm plates with antibiotic-free DMEM, and 
cultured for two days.

For LPS screens, EA.hy926 containing the E. coli effector library were 
seeded into six 15-cm plates (1.5 × 106 cells per plate). E. coli effectors 
were induced with 250 ng ml−1 doxycycline for 48 h. For each plate, cells 
were lifted with TrypLE Express (Thermo Fisher Scientific), washed 
with PBS, resuspended in 110 µl Buffer R (Neon, Thermo Fisher Scien-
tific) and electroporated (three plates with and three plates without 
7 µg LPS) using the Neon Transfection System 100 µl kit. Electropo-
rated cells were washed with PBS and plated in six-well dishes con-
taining fresh DMEM. Electroporated control cells were passaged until 
LPS-electroporated cells recovered. After 11 days, genomic DNA was 
isolated from LPS-resistant and control cells using the Gentra Puregene 
Cell kit (QIAGEN). The barcoded regions were amplified by PCR and 
then sequenced by next-generation sequencing.

Next-generation sequencing and analysis
For submitted PCR amplicons, 40 ng DNA was used to generate sequenc-
ing libraries with the KAPA HyperPrep kit (Roche) that incorporated 
custom adapters and library amplification PCR primers from Integrated 
DNA Technologies. Amplicon libraries were quantified and the average 
library size was determined using the NGS Fragment kit in Fragment 
Analyzer (Agilent Technologies). Libraries were pooled and the Qubit 
dsDNA HS Assay kit (Thermo Fisher Scientific) was used to quantify 
the pool. Library pools were sequenced on a HiSeq 2500 (Illumina) to 
generate a minimum of three million paired-end 75-base-pair reads for 
each sample. A sample ORF matrix was generated by counting exact 
matches of ORF barcodes in the sample FASTQ files. The count matrix 
was normalized by library-size-based factors. Differentially enriched 
ORFs were identified using DESeq2 (ref. 44) by comparing LPS-treated 
cells with control cells.

Cell assays
For EA.hy926 cell death assays, 8 × 103 cells per well were seeded into 
96-well plates. The following day, cells were treated with 250 ng ml−1 

doxycycline (Takara). After a further 24 h, cells were transfected with 
ultra-pure E. coli O111:B4 LPS (0.5 µg per well, InvivoGen) using Lipo-
fectamine LTX transfection reagent (0.2 µl per well, Thermo Fisher 
Scientific), or treated with 25 µM Val-boroPro (Millipore) for 24 h. 
LDH release was measured by CytoTox Non-radioactive Cytotoxicity 
Assay (Promega). Cells were cultured with the membrane-impermeable 
nuclear dye YOYO-1 (Thermo Fisher Scientific) to determine the kinetics 
of cell death. Cells were imaged every 30 min for 24 h in an IncuCyte 
S3 (Essen BioScience, 10× objective). Nuclear-ID (Enzo) was added to 
cultures after the last time point to quantify total cell numbers. Image 
quantification was performed using Incucyte Base Analysis software. 
Results were plotted as the percentage of YOYO-1+ cells within the total 
population.

Immunoblotting and immunoprecipitation
Cells were washed with PBS and lysed in RIPA buffer (25 mM Tris HCl 
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate and 0.1% 
SDS) supplemented with protease inhibitors (Halt, Thermo Fisher 
Scientific). Lysates were clarified by centrifugation at 20,000g for 
30 min. For immunoprecipitation, soluble lysates were incubated 
with 20 µl Flag-M2–sepharose (MilliporeSigma), Rho-1D4–sepharose 
(Rho-1D4 Ab, University of British Columbia, coupled to cyanogen 
bromide-activated sepharose beads, GE Healthcare) or GST–sepha-
rose (MilliporeSigma) for one hour at 4 °C. Beads were washed with 
lysis buffer, and captured proteins were eluted with 100 µg ml−1 3×Flag 
peptide (MilliporeSigma), 10 mM reduced glutathione peptide (Mil-
liporeSigma) or 250 µM Rho-1D4 peptide (TETSQVAPA, Genscript) 
overnight at 4 °C.

Antibodies
Antibodies recognized actin (clone C4, MP Bio, 0.1 µg ml−1), β-tubulin 
(ab15568, abcam, 0.1 µg ml−1), Myc tag (9B11, Cell Signaling Technology, 
1 µg ml−1), Flag epitope (M2-HRP, Sigma-Aldrich, 1 µg ml−1) ROCK1 (Cell 
Signaling Technology, 1 µg ml−1), ROCK2 (Cell Signaling Technology, 
1 µg ml−1), phospho-MLC2 (Cell Signaling Technology, 1 µg ml−1), p66β 
(Bethyl, 1 µg ml−1), Rho-1D4 (Novus, 1 µg ml−1), ubiquitin (VU-1, LifeSen-
sors, 1 µg ml−1), K11-linked polyubiquitin45, K48-linked polyubiquitin46 
and K63-linked polyubiquitin46 (1 µg ml−1).

Identification of NleL substrates
Proteomic analyses were performed on EA.hy926 expressing 
doxycycline-inducible 3×Flag-NleL. Cells were treated with doxycy-
cline for zero, one, two, four or six hours (in duplicate except for the 
one-hour treatment), and collected by scraping into 50 mM HEPES pH 
8.5, 9 M urea, 150 mM NaCl and protease inhibitors (Roche). Lysates 
were rotated end-over-end at room temperature for one hour, and then 
centrifuged at 15,000g for 20 min. Soluble lysate containing 20 mg 
protein was reduced (5 mM dithiothreitol (DTT), 45 min at 37 °C), 
alkylated (15 mM iodoacetamide (IAA), 20 min at room temperature 
in the dark) and quenched (5 mM DTT, 15 min at room temperature in 
the dark). Proteins were pelleted by chloroform–methanol precipita-
tion, resuspended in 8 M urea, 20 mM HEPES, pH 8.0, diluted to 4 M urea 
and digested for four hours at 37 °C with lysyl endopeptidase (Wako) at 
an enzyme-to-protein ratio of 1:100. The sample was diluted further to 
1.3 M urea and subjected to overnight enzymatic digestion at 37 °C with 
sequencing-grade trypsin (Promega) at an enzyme-to-protein ratio of 
1:50. The peptides were acidified with 20% trifluoroacetic acid (TFA, 
final concentration 1%), centrifuged at 18,000g for 15 min and desalted 
using a Sep-Pak C18 column (Waters).

Approximately 500 µg of eluted peptides from each treatment was 
lyophilized and reserved for global proteome abundance. The remain-
ing eluted peptides were lyophilized and used for K-ε-GG analysis. 
For global proteome samples, 100 µg of peptides from each sample 
was dissolved in 20 mM HEPES pH 8.0 at 1 mg ml−1. Isobaric labelling 
was performed using TMT11-plex reagents (Thermo Fisher Scientific). 



Each unit (0.8 mg) of TMT reagent was allowed to reach room tempera-
ture immediately before use, pelleted in a benchtop centrifuge and 
resuspended with occasional vortexing in 41 µl anhydrous acetonitrile 
(ACN) before mixing with peptides (29% final ACN concentration). 
After incubation at room temperature for one hour, the reaction was 
quenched for 15 min with 20 µl of 5% hydroxylamine. Labelled peptides 
were combined in equimolar ratios and dried. The TMT-labelled sample 
was re-dissolved in 80 µl 0.1% TFA and centrifuged at 16,000g, and the 
supernatant was processed further. Offline high-pH reversed-phase 
fractionation was performed on a 1100 HPLC system (Agilent) using an 
ammonium formate buffer system. Peptides (400 µg) were loaded onto 
a 2.1 × 150 mm, 3.5-µm 300 Extend-C18 Zorbax column (Agilent) and 
separated over a 75-min gradient from 5% to 85% ACN into 96 fractions 
(flow rate = 200 µl per min). The fractions were concatenated into 24 
fractions, mixing different parts of the gradient to produce samples that 
would be orthogonal to downstream low pH reversed-phase LC–MS/MS. 
Fractions were dried and desalted using C18 stage-tips as described47. 
Peptides were lyophilized and resuspended in buffer A (2% ACN and 
0.1% formic acid) for LC–MS/MS analysis.

For quantification of K-ε-GG peptides, lyophilized peptides were 
reconstituted in 1× detergent containing IAP buffer (Cell Signaling 
Technology) for immunoaffinity enrichment. Enrichment for K-ε-GG 
peptides was performed at 4 °C on a MEA2 automated purification 
system (PhyNexus) using 1 ml PhyTips (PhyNexus) packed with 20 µl 
ProPlus resin coupled to 200 µg of anti-K-ε-GG (Cell Signaling Tech-
nology) antibody. PhyTip columns were equilibrated for two cycles 
(one cycle = aspiration and dispensing, 0.9 ml, 0.5 ml min−1) with 1 ml  
1× IAP buffer before contact with peptides. PhyTip columns were incu-
bated with peptides for 16 cycles of capture, followed by 6 cycles of 
wash, twice with 1 ml 1× IAP buffer and 4 times with 1 ml water. Cap-
tured peptides were eluted with 60 µl 0.15% TFA in eight cycles in which 
the volume aspirated or dispensed was adjusted to 60 µl. Enriched 
ubiquitylated peptides were prepared as described48. Labelled pep-
tides were combined, dried and resolubilized in 0.15% TFA for high-pH 
reversed-phase fractionation using a commercially available kit 
(Thermo Fisher Scientific). Fractionation was performed with a modi-
fied elution scheme in which 11 fractions were collected (F1, 13.5% ACN; 
F2, 15% ACN; F3, 16.25% ACN; F4, 17.5 ACN; F5, 20% ACN; F6, 21.5% ACN; 
F7, 22.5% ACN; F8, 23.75% ACN; F9, 25% ACN; F10, 27.5% ACN; and F11, 30% 
ACN) and then combined into 6 fractions (F1 + F6, F2 + F7, F8, F3 + F9, 
F4 + F10 and F5 + F11). Peptides were lyophilized and resuspended in 
10 µl buffer A for LC–MS/MS analysis.

Mass spectrometry
LC–MS/MS analysis was performed by injecting 5 µl of each fraction 
on an Orbitrap Lumos mass spectrometer (Thermo Fisher Scientific) 
coupled to a Dionex Ultimate 3000 RSLC (Thermo Fisher Scientific) 
using a 25-cm IonOpticks Aurora Series column (IonOpticks) with a 
gradient of 2% to 30% buffer B (98% ACN, 2% H2O with 0.1% FA, flow 
rate = 300 nl per min). All samples were analysed with a total run time 
of 180 min. The Orbitrap Lumos collected FTMS1 scans at 120,000 
resolution with an AGC target of 1 × 106 and a maximum injection time 
of 50 ms. FTMS2 scans on precursors with charge states of 3–6 were 
collected at 15,000 resolution with CID fragmentation at a normalized 
collision energy of 35%, an AGC target of 2 × 104 (proteome) or 2 × 105 
(K-ε-GG) and a max injection time of 100 ms (proteome) or 200 ms 
(K-ε-GG). Synchronous precursor selection (SPS) MS3 scans were 
analysed in the Orbitrap at 50,000 resolution with the top eight most 
intense ions in the MS2 spectrum subjected to HCD fragmentation at a 
normalized collision energy of 55%, an AGC target of 2 × 105 and a max 
injection time of 100 ms (proteome) or 350 ms (K-ε-GG).

MS data were searched using Mascot against a concatenated  
target–decoy human database (downloaded August 2017) contain-
ing common contaminant sequences, and the protein sequence of 
E. coli NleL ligase with a precursor mass tolerance of 50 ppm, 0.8 Da 

fragment ion tolerance and tryptic specificity up to 2 (proteome) or 
3 missed cleavages (K-ε-GG). For global proteome analysis, the fol-
lowing modifications were considered: carbamidomethyl cysteine 
(+57.0214), TMT-labelled N terminus (+229.1629) and TMT-labelled 
lysine (+229.1629) as static modifications, and oxidized methionine 
(+15.9949) and TMT-labelled tyrosine (+229.1629) as variable modifica-
tions. For analysis of K-ε-GG peptides, TMT-labelled diglycine-modified 
lysine (+343.2059) was also included as a variable modification. Pep-
tide spectral matches for each run were filtered using linear discri-
minant analysis to an FDR of 2% and subsequently in aggregate to 
a protein-level FDR of 2%. TMT-MS3 quantification was performed 
using Mojave, and only peptide-spectrum matches (PSMs) that had 
isolation specificities greater than or equal to 0.5 were considered 
for the final dataset. The abundance of ubiquitylation on each pep-
tide or each identified protein was estimated by using a model fitted 
with Tukey median polish summarization with imputation of missing 
values below a censoring threshold of 28. For each pairwise compari-
son, the change in abundance (log2 ‘fold’ values) and the results of 
an ANOVA test were reported. We used the implementation of these 
methods in MSstats v.3.16.0 (ref. 49). Data were further processed in R to  
produce figures.

Protein expression and purification
E. coli NleL S170-R782 WT/C357A constructs were expressed as 
N-terminal His fusion constructs in E. coli Rosetta 2 (Millipore). Bac-
terial cell pellets were frozen and stored at −80 °C. Cells were resus-
pended in lysis buffer (50 mM Tris pH 8.0, 200 mM NaCl, 5 % glycerol, 
5 mM MgCl2, 1 mM TCEP or 2 mM 2-mercaptoethanol, plus protease 
inhibitors (Roche), DNase and lysozyme) and lysed by microfluidiza-
tion, and the lysate was clarified by centrifugation at 20,000g for one 
hour. The soluble lysate was passed through a 2-µm filter. NTA Super-
flow resin (QUIAGEN) or TALON Superflow (GE Healthcare) were used 
for affinity purification. The resin was incubated with the clarified 
lysate at 4 °C for one hour and then washed with up to 2 l of wash buffer 
(50 mM Tris pH 8.0, 200 mM NaCl, 5 % glycerol and 1 mM TCEP or 2 mM 
2-mercaptoethanol). Proteins were eluted in wash buffer supplemented 
with 250 mM imidazole pH 8.0 (Sigma). NleL proteins were concen-
trated and purified by size-exclusion chromatography using a Superdex 
200 column (GE Healthcare) pre-equilibrated with 50 mM Tris pH 8.0, 
300 mM NaCl, 5% glycerol and 1 mM TCEP. Pure-protein-containing 
fractions were pooled, concentrated and stored at −80 °C.

C-terminal 1D4-tagged human caspase-4 (full length 1–377), human 
ROCK1 (full length 1–1,354) and human ROCK2 (full length 1–1,388, 
kinase domain 1–409, PH domain 1,142–1,388) were purified from 293T 
cells. Cell pellets were resuspended in 10 mM HEPES pH 7.4, 150 mM 
NaCl, 10% glycerol, 1 mM MgCl2, 1 mM TCEP containing protease inhibi-
tor cocktail (Halt) and benzonase. Lysates were clarified by centrifu-
gation at 20,000g for 30 min at 4 °C. 1D4–sepharose was used for 
purification. Lysates were incubated with resin for one hour at 4 °C 
and washed three times with lysis buffer. Proteins were eluted with 
25 μM 1D4 peptide in 10 mM HEPES pH 7.4, 150 mM NaCl, 10% glycerol, 
1 mM MgCl2 and 1 mM TCEP.

In vitro ubiquitylation assays
Reactions contained 2.5 ng µl−1 human E1 enzyme (Boston Biochem), 
0.125 µg µl−1 ubiquitin (Boston Biochem), 0.01 µg µl−1 Ube2D3 (Bos-
ton Biochem), 0.01 µg µl−1 NleL, 0.1 µg µl−1 human caspase-4, ROCK1 
or ROCK2, 50 mM Tris pH 8.0, 50 mM NaCl, 5 mM MgCl2 and 0.1 mM 
DTT. Reactions were initiated with 5 mM ATP, incubated at 37 °C and 
quenched with LDS sample loading buffer (Thermo Fisher Scientific).

Statistics
P value calculations for the mass spectrometry analyses in Fig. 2a are 
described above. All other statistical analyses were performed using 
GraphPad Prism v.9 and v.10.4.2.
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Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw data for the whole-genome sequencing of C. rodentium have been 
deposited in the Sequence Read Archive (PRJNA1150236). Proteomics 
data have been deposited to MassIVE (MSV000095663).
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Extended Data Fig. 1 | Screening for inhibitors of pyroptosis induced by 
intracellular LPS. a, The non-canonical inflammasome pathway. b, Positive 
selection screen strategy. NGS, next-generation sequencing. c, Immunoblots 
of EA.hy926 cells expressing doxycycline (dox)-inducible NleL. Cells were 

treated with dox for 24 h. Results representative of 3 independent experiments. 
d, Percentage of LDH released from Caco-2 cells after LPS transfection. Bars 
represent the mean of 8 separate wells. For gel source data, see Supplementary 
Fig. 1.
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Extended Data Fig. 2 | Caspase-4, ROCK1 and ROCK2 are direct targets  
of NleL. a, Proteomics strategy to identify NleL substrates in EA.hy926 cells.  
b–f, Changes in the abundance of caspases (b), ROCK1 and ROCK2 (c), IKKs (d), 
JNK1 and JNK2 (e) and TRAF proteins (f) after doxycycline (dox)-induced  
NleL expression in EA.hy926 cells. Circles represent the mean of 2 biological 
replicates. g–i, Immunoblots of HT-29 (g) and Caco-2 cells (h,i) transfected with 
Flag-NleL. Results representative of 3 independent experiments. j, Immunoblots 
of ubiquitylated proteins immunoprecipitated from EA.hy926 cells with 
linkage-specific anti-ubiquitin (Ub) antibodies or an IgG isotype control. 

Results representative of 3 independent experiments. k, Immunoblots of 293T 
cells transfected with Flag-NleL and myc-caspases. Results representative of  
3 independent experiments. l–n, Immunoblots of caspase-4 (l), ROCK2 (m)  
or ROCK1 complexes (n) immunoprecipitated from transfected 293T cells. 
Results representative of 3 independent experiments. o,p, Immunoblots of 
in vitro ubiquitylation reactions using caspase-4 (o) or ROCK1 (p) as the NleL 
substrate. Results representative of 3 independent experiments. For gel source 
data, see Supplementary Fig. 1.



Extended Data Fig. 3 | NleL targets the LPS-sensing CARD of caspase-1, 
caspase-4 and caspase-5. a, Immunoblots of in vitro ubiquitylation reactions. 
Asterisk indicates dimeric caspase-4. Results representative of 3 independent 
experiments. b,c,e–g, Immunoblots of transfected 293T cells. CA, NleL(C753A). 
In c, only the CARDs of the indicated proteins were co-expressed with NleL. 
CARD boundaries are defined in Extended Data Table 2. Results representative 
of 3 independent experiments. d, Immunoblots of CARD complexes 
immunoprecipitated from transfected 293T cells. Results representative of  
3 independent experiments. h, AlphaFold-predicted structural models of the 

caspase-1 CARD, caspase-4 CARD, and chimeric caspase-1/4 CARDs with their 
corresponding sensitivity to NleL. The minimal regions determining NleL 
resistance or sensitivity are coloured red. The caspase-1 CARD contains the  
six antiparallel helices characteristic of death-fold proteins, whereas the 
caspase-4 CARD does not. Chimeric CARDs may adopt intermediate folds  
that are structurally homologous to the inserted donor sequences from either 
caspase-1 (H6-D20, blue) or caspase-4 (L6-G20, green). For gel source data,  
see Supplementary Fig. 1.
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Extended Data Fig. 4 | NleL targets the ROCK2 PH domain. a, Immunoblots 
of 293T cells co-expressing NleL and ROCK2 (full-length [FL] or truncated at  
the C-terminus by the indicated number of residues). Results representative  
of 3 independent experiments. b,c, Immunoblots of in vitro ubiquitylation 
reactions with NleL on ROCK2 domains (kinase domain (KD) (b); pleckstrin 
homology domain (PH) (c)). Results representative of 3 independent 
experiments. d, Truncation mutants of NleL used in e–g, pentapeptide  

repeat (PPR) and novel E3 ligase domain (NEL). e–h, Immunoblots of caspase-4 
(e,h), ROCK1 (f) or ROCK2 complexes (g) with NleL truncation mutants 
immunoprecipitated from transfected 293T cells. Immunoblots e–g use  
FL NleL from the same immunoblot as Extended Data Fig. 2l–m. Results 
representative of 3 independent experiments. For gel source data, see 
Supplementary Fig. 1.



Extended Data Fig. 5 | IEC expulsion from monolayers is ROCK dependent 
and sensitive to NleL. a, Immunoblots of 293T cells transfected with  
human or mouse ROCK1/2 and NleL. Results representative of 3 independent 
experiments. b, Number of GFP-expressing Citrobacter bacteria adhered to 
WT IEC monolayers. Data are mean ± s.d. Circles, a single image field (n = 11 per 
condition taken from n = 4 monolayers per group). P values determined by 
one-way ANOVA. c, Average distance of GFP+ bacteria from nearest PI+ nucleus, 
compared to epithelial cell diameter, related to transwell monolayer data in 
Fig. 4g. n = 12 monolayers with representative images demonstrating bacterial 
infection of PI+ cells. Scale bar is 20 µm. d, Quantification of % PI+ cells among 
all cells in uninfected versus Citrobacter strain DBS100 WT infected monolayers. 
Circles, single image field (no infection, n = 8 and Citrobacter n = 9) from  
3 separate monolayers. P values determined by two-tailed Mann–Whitney test. 
Results representative of 3 independent experiments. e, Extrusion imaging  
of individual cells in live-imaged monolayers infected with Citrobacter strain 
DBS100 (ΔnleL or +nleL). Representative frames from imaging data used for 
quantification in Fig. 4h. Blue circles mark extruding cell analysed from start to 

finish. Scale bar = 5 µm. Results representative of 2 independent experiments. 
f, Immunoblot of IECs collected from individual mice in (g). g, FITC–dextran 
concentration in plasma and faeces. Circles, individual mice (n = 5 mice per 
group). Data are mean ± s.d. of 3 independent experiments. h–j, CFUs in the 
colons (h,i), and caecum lumens ( j) of mice infected with Citrobacter strain 
DBS100 WT or ΔnleL for 10 (h) or 6 days (i,j). Circles, individual mice (h,i n = 5 
mice per group, j, data pooled from 2 experiments, n = 10 mice per group, 
LOD=limit of detection). Lines indicate the mean. P values determined by 
two-way ANOVA. k,l, Secreted IL-18 (k) or cell death (l) from IECs infected by 
Citrobacter ΔnleL or +NleL in Fig. 4m. Circles, individual transwells of IEC 
organoids (k, n = 11 and l, n = 8). Data are mean ± s.d. P values determined by 
two-tailed Mann–Whitney test. Results representative of 3 independent 
experiments. m, Transepithelial electrical resistance in transwells (circles, 
n = 20) of IEC organoids. Box plot shows the median, interquartile range and 
minimum to maximum values (whiskers). P values determined by two-tailed 
Mann–Whitney test. Results representative of 3 independent experiments.  
For gel source data, see Supplementary Fig. 1.
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Extended Data Table 1 | E. coli effector library



Extended Data Table 2 | Myc–GST–CARD constructs
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