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Ubiquitylation is awidespread post-translational protein modification in eukaryotes
and marks bacteria that invade the cytosol as cargo for antibacterial autophagy'>.
Theidentity of the ubiquitylated substrate on bacteria is unknown. Here we show that
the ubiquitin coat on Salmonella that invade the cytosol is formed through the
ubiquitylation of anon-proteinaceous substrate, the lipid A moiety of bacterial
lipopolysaccharide (LPS), by the E3 ubiquitin ligase ring finger protein 213 (RNF213).
RNF213is arisk factor for moyamoya disease*®, which is a progressive stenosis of the
supraclinoid internal carotid artery that causes stroke (especially in children)®’.
RNF213 restricts the proliferation of cytosolic Salmonella and is essential for the
generation of the bacterial ubiquitin coat, both directly (through the ubiquitylation of
LPS) and indirectly (through the recruitment of LUBAC, whichis a downstream E3
ligase that adds M1-linked ubiquitin chains onto pre-existing ubiquitin coats®). In cells
that lack RNF213, bacteria do not attract ubiquitin-dependent autophagy receptors or
induce antibacterial autophagy. The ubiquitylation of LPS on Salmonella that invade
the cytosol requires the dynein-like core of RNF213, but not its RING domain. Instead,

ubiquitylation of LPS relies on an RZ finger in the E3 shell. We conclude that
ubiquitylation extends beyond protein substrates and that ubiquitylation of LPS
triggers cell-autonomous immunity, and we postulate that non-proteinaceous
substances other than LPS may also become ubiquitylated.

The lifestyle of intracellular bacteria shields them from many
canonical immune mechanisms, while exposing them to a variety
of cell-autonomous defences that are unique to individual subcel-
lular compartments’. Bacteria that attempt to colonize the cytosol
are restricted in their ability to establish infections through selec-
tive macroautophagy (known as ‘xenophagy’)*'°"!, Xenophagy is
directed towards two types of ‘eat-me’ signal that are associated
with cytosol-invading bacteria: galectin 8 and poly-ubiquitin*'%1?4,
Galectin 8 is a cytosolic lectin that binds glycans that are exposed on
damaged host membranes, and accumulates near cytosol-invading
bacteria during their escape from phagosomes'>". The ubiquitin coat
associated with bacteriais generated by host E3 ubiquitin ligases that
include LRSAMI', Parkin?, LUBAC®" and SMURF1¥, whose specific
contributions to cell-autonomous immunity remain largely unknown.
Of these, LUBAC requires pre-existing ubiquitin for its own recruit-
ment, which indicates that a cascade of E3 enzymes generates and
shapes the ubiquitin coat®. The ubiquitinome of infected cellsincludes
bacterial outer membrane proteins, but whether the formation of the
bacterial ubiquitin coat requires the ubiquitylation of specific bacterial
substrates remains to be established?**.

We used structured illumination microscopy to study the ubiqui-
tin coat of Salmonella enterica serovar Typhimurium (S. Typhimu-
rium), whichis a Gram-negative bacterium that causes gastroenteritis

in humans. Upon invasion of host cells, S. Typhimurium resides in
Salmonella-containing vacuoles, from which a fraction of bacteria
escapes into the cytosol. We observed that, at 1 h after infection,
poly-ubiquitin colocalized with galectin-8-positive remnants of
Salmonella-containing vacuoles whereas at 4 h after infection (when
galectin-8-positive membranes are nolonger detected) poly-ubiquitin
was associated with the bacterial surface (Fig. 1a). Bacteria therefore
become sequentially associated with poly-ubiquitin that resides either
on damaged host membranes or the bacterium itself. To character-
ize the ubiquitin on the bacterial surface, we isolated bacteria from
infected cells at 4 h after infection (Fig. 1b). We immunoblotted with
anantibody specific for conjugated ubiquitin (FK2), which revealed a
ubiquitin smear above 50 kDa in wild-type bacteria; by contrast, the
Arfcmutant of S. Typhimurium—which lacks the O-antigen polymerase
that is required to synthesize smooth LPS* (Extended Data Fig. 1a)—
carried distinct ubiquitylated products of low molecular weight, in
addition toafaint ubiquitin smear above 100 kDa. The distinct banding
patterninS. Typhimurium Arfcrevealed the existence of a prominent
oligo-ubiquitylated substrate in the bacterial ubiquitin coat, which—as
judged by the size of the smallest band (15kDa)—has anapparent molec-
ular weight of about 7 kDa. Ubiquitylation of LPS rather thana protein
substrate explains the observed phenotypes: semi-rough LPSin S. Typh-
imurium Arfchas amatching molecular weight, and the variable length
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Fig.1|Ubiquitylation of LPS. a, Structured illumination micrograph of HeLa
cellsatlhafterinfection (top panels) and 4 h afterinfection (bottom panels)
with S. Typhimurium, immunostained for LPS, FK2 and galectin 8 (Gal8). Scale
bar,3 um. Linesindicate the plot profiles shown to the right. b—f, Immunoblot
analysis of the indicated strains of S. Typhimurium, which were extracted from
HeLacells (b-d, f) or mouse embryonic fibroblasts (MEFs) stably expressing
HA-ubiquitin or HA-ubiquitin(AGG) (e). GroEL, loading control for bacterial
lysates. Grey triangle, Arfc LPS; black circle, ubiquitin; red circle, HA-ubiquitin.

of O-antigen chains in wild-type bacteria converts the ubiquitylated
low-molecular-weight bands into asmear of higher molecular weight.
To differentiate protein from non-protein ubiquitylation, we boiled
bacteriallysates prepared in ‘Bugbuster’ (alysis reagent that supports
native protein conformation). The elimination of the ubiquitin smear of
the highest molecular weight from both wild-type and mutant bacteria
throughboilingis indicative of protein ubiquitylation; by contrast, the
distinct ubiquitin bands in S. Typhimurium Arfc and the majority of
the ubiquitin smear in wild-type bacteria were heat-resistant, which
is consistent with LPS ubiquitylation (Fig. 1b). To further verify the
existence of ubiquitylated LPS, we generated additional Salmonella
mutants deficient in distinct steps of LPS biosynthesis on the basis
of our prediction that alterations in the LPS structure will cause cor-
responding changes in the ubiquitylation pattern (Fig. 1c). The Arfal
and Arfc mutants of S. Typhimurium—which are deficientin O-antigen
ligase and polymerase, respectively—produced uniquely sized LPS that
lacks all O-antigen or displays one O-antigen subunit only**?*, When
isolated from cells, S. Typhimurium Arfal and Arfc carried ubiquitylated
products thataccurately matched the size difference of their respective
LPS. Wild-type bacteria produced O-antigens of three sizes: long chains
and very long chains—the synthesis of which requires the regulators
of O-antigen length WzzB and FepE, respectively—as well as shorter
chains thatare synthesized by the O-antigen polymerase Rfc when not
engaged by WzzB*?, Inwild-type bacteria, LPS with very long O-antigen
chains was not ubiquitylated. Thus, as predicted, the ubiquitylation of
the AfepE mutant of S. Typhimurium was indistinguishable from that
of wild-type bacteria. By contrast, the AwzzB mutant of S. Typhimu-
rium, which lacks LPS with long O-antigen chains but still produces
shorter chains through apo Rfc, carried ubiquitylated products of a
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RT,roomtemperature; WT, wild type. b, Bacterial lysates left at room
temperature orincubated at 90 °C for 15 min. ¢, Right, Emerald300 stain of

LPS extracted from the indicated S. Typhimurium strains grownin Luriabroth.
d,f,S. Typhimurium Arfcextracted from HeLa cells 4 h after infection and
treated withOnM, 10 nM or 2 pM recombinant USP2 catalytic domain for

30 min(d) orlysed andincubated with100 or 200 mM NaOH for 20 min (f).

K48 Ub, was used as an amide-linked control. Representative of three biological
repeats. For gel source data, see Supplementary Fig.1.

correspondingly reduced size. To confirm the specificity of FK2 for
ubiquitin, we (1) incubated S. Typhimurium Arfc extracted from cells
with the deubiquitylating enzyme USP2, which depleted the character-
isticubiquitylated LPS pattern (Fig.1d) and (2) isolated S. Typhimurium
Arfcfrom cells that express HA-tagged ubiquitin, which reproduced the
characteristic low-molecular-weight band pattern when probed with
anti-HA antibody (Fig. 1e). Ubiquitin that lacks the C-terminal di-Gly
motif was not conjugated. Taken together, our results demonstrate
the ubiquitylation of LPS on cytosol-invading bacteria, a finding that
extends the scope of ubiquitylation beyond a post-translational protein
modification to an entirely different class of biomolecules.

Protein ubiquitylation targets primary amino or—occasionally—
hydroxy groups, which results in amide- or ester-linked conju-
gates, respectively. The constitutive LPS core does not contain
amino groups that are suitable for ubiquitylation (Extended Data
Fig. 1a). However, substoichiometric modifications triggered by
environmental cues can introduce such moieties in the form of
4-amino-L-arabinose or phosphoethanolamine. To test whether LPS
ubiquitylation requires substoichiometric amino groups in the LPS
core, we deleted arnC (which encodes the undecaprenyl-phosphate
4-deoxy-4-formamido-L-arabinose transferase that is required to
generate 4-amino-L-arabinose) and the genes for the phosphoetha-
nolamine transferases eptA, eptB and cptA from the Arfal mutant of
S. Typhimurium. Ubiquitylation of LPS proceeded unimpaired inindi-
vidual mutants, as well as the pentuple knockout (S. Typhimurium
Arfal AarnC AeptA AeptB AcptA) (Extended Data Fig. 1a,b). We conclude
thatnone of the known amino functionsin LPS is required for its ubiqui-
tylation. Ester-linked ubiquitin, in contrast to amide-linked conjugates,
is sensitive to mild alkaline hydrolysis. We found that ubiquitylated
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Fig.2|RNF213isrequired for ubiquitylation of LPS. a, Invitro ubiquitylation
(IVU) of theindicated S. Typhimurium strains extracted frominfected HeLa
cells. Theinvitroubiquitylation reaction comprised Flag-ubiquitin, ELenzyme
(UBE1), E2 enzyme (UBCHS5C) and HeLalysate as E3 ligase donor, and was
terminated at theindicated time points. Red circle, Flag-ubiquitin; black circle,
ubiquitin; grey triangle, LPS. b, Purification scheme for the LPS-ubiquitylating
activity. ¢, Invitroubiquitylation of Hela-extracted S. Typhimurium Arfc with
fractions eluted from aMonoS column as E3 donor. Graphindicates the
exclusive unique peptide count for RNF213 detected by mass spectrometry.
Red circle, Flag-ubiquitin; grey triangle, Arfc LPS. d, Immunoblot analysis
oftheindicated S. Typhimurium strains extracted from wild-type and
RNF213-knockout (KO) HeLa cells. Black circle, ubiquitin; grey triangle, Arfc
LPS.Ina,c,d, blotswere probed withtheindicated antibodies.Ina-c,n=1.

d, Representative of three biological repeats. For gel and graph source data,
see Supplementary Fig.1and Source Data.

LPS—but not the amide-linked ubiquitin that we used as a control—was
hydrolysed under alkaline conditions (Fig. 1f), which further confirms
that ubiquitylation of LPS does not proceed through amide linkage.

To reconstitute the ubiquitylation of LPS in vitro we incubated
S. Typhimuriumisolated frominfected cells with recombinant E1and E2
enzymes (UBE1and UBCHSC, respectively), HeLa lysates asthe source
of E3 activity and Flag-ubiquitin. We used three strains of S. Typhimu-
rium (Arfc, Arfal and Arfa/) that produce LPS of distinct sizes to une-
quivocally identify reaction products as ubiquitylated LPS (Extended
DataFig. 1a). Incubating the reaction for 30 min or longer produced
mono-and oligo-ubiquitylated LPS (Fig. 2a). Mono-ubiquitylated LPS
appearedasasingletinanti-Flagand adoubletin FK2 blots owingto the
size difference between Flag-ubiquitin-LPS synthesized in vitro and
wild-type ubiquitin-LPS already present on bacteria extracted from
cells. The generation of mono-Flag-ubiquitin-LPS indicates de novo
ubiquitylation of LPS in vitro.

Toidentify the enzyme that generates mono-ubiquitylated LPS, we
fractionated HeLalysates by sequential ammonium sulfate precipita-
tion, hydrophobic interaction chromatography, gel filtrationand ion
exchange chromatography, followed by mass spectrometry (Fig. 2b,

Extended Data Fig. 2a). RNF213 was the only protein whose peptide
counts matched the LPS ubiquitylating activity that eluted from the
final columnand that contained adomain characteristic of eukaryotic
E3 ubiquitinligases (thatis,a RING, HECT or RBR domain) (Fig. 2c). To
test whether RNF213isrequired for the ubiquitylation of LPS, we used
smallinterfering RNAs and CRISPR technology to deplete and knock
out RNF213, respectively. Cells that lack RNF213 did not ubiquitylate
LPS uponinfection with wild-type or Arfc S. Typhimurium (Fig. 2d,
Extended Data Fig. 2b-d), which reveals an essential role for RNF213
inubiquitylating LPS on cytosol-invading bacteriain both humanand
mouse cells.

RNF213 is the largest recognized human E3 ligase, with a mass of
almost 600 kDa. It features a large N-terminal disordered region fol-
lowed by a stalk, a linker domain, a dynein-like core comprised of two
catalytically active and four inactive AAA+ domains, and a C-terminal
E3 module that surrounds the RING domain® (Fig. 3a, Extended Data
Fig.3a). RNF213is the major susceptibility gene for moyamoya disease,
which is a cerebrovascular disorder that is characterized by bilateral
stenosis of the supraclinoid internal carotid artery and abnormal for-
mation of collateral vessels*”. Moyamoya disease is caused by mis-
sense mutations in RNF213 that are localized mainly to the domains
surrounding the RING finger (the so-called E3 module). The physi-
ologicaland pathophysiological role of RNF213 is not well understood:
aninvolvementin lipotoxicity, lipid droplet formation, cell death and
NF-kB signalling have all been reported® 2,

To produce a structure-function analysis of RNF213, we comple-
mented Rnf213-knockout mouse embryonic fibroblasts with human
RNF213alleles (Fig. 3b). RNF213 remained active upon deletion of the
N-terminal disordered region (RNF213*%), Further N-terminal short-
ening (RNF213*71°%) prevented efficient ubiquitylation of LPS, as did
a C-terminal truncation (RNF213"°"%), To test the importance of the
dynein-like core, we mutated the two catalytically active AAA+ domains
in their Walker A and B motifs to disable ATP binding (RNF213***%* and
RNF21374) and hydrolysis (RNF2135*%5 and RNF2135%4), respec-
tively?*? (Fig. 3b). ATP binding by both domains was essential for effi-
cientubiquitylation of LPS, as was ATP hydrolysis by the fourth—but not
the third—AAA+ domain. We next tested RNF213 alleles from patients
with moyamoya disease. None of the chosen alleles (RNF213%51%¢
RNF213%% RNF213™%5 and RNF2137°°) affected ubiquitylation of LPS
(Fig.3b).Finally, to test whether the RING domain mediates ubiquityla-
tion of LPS, we introduced inactivating point mutations (RNF213"401#N
or RNF213"#92R) Neither mutation affected catalytic activity, nor did
adeletion of the entire RING domain (RNF213%3%7-493) (Fig. 3b). We
conclude that RNF213-mediated ubiquitylation of LPS on cytosolic
S. Typhimurium requires a catalytically active AAA+ module but is
independent of the RING domain, consistent with a previous report
of RING-independent autoubiquitylation of RNF213%,

To fully reconstitute ubiquitylation of LPS in vitro, we puri-
fied recombinant RNF213 from Spodoptera frugiperda Sf9 cells
(Extended Data Fig. 3b), which is a cell type with no endogenous
LPS-ubiquitylating activity (Fig. 3c, Extended Data Fig. 3c). Purified
RNF213 required the presence of ATP, as well as E1 and E2 enzymes,
to ubiquitylate LPS on bacteria extracted from host cells, thus con-
firming a canonical mode of reaction (Fig. 3d, Extended Data Fig. 3d).
Recombinant RNF213 also ubiquitylated purified rough LPS as well as
lipid A, which confirms RNF213 as abonafide LPS E3 ubiquitin ligase
and reveals lipid A as its minimal substrate (Fig. 3e, Extended Data
Fig.1c). Thessite or sites of ubiquitylationin lipid A remain unknown.
Consistent with hydrolysis of ubiquitylated LPS under mild alkaline
conditions (Fig. 1f), RNF213-mediated ubiquitylation of lipid A may
target hydroxy groups on either the sugars or fatty acids of lipid A,
although ubiquitylation of the phosphate groups of lipid A is also
conceivable. Taken together, we conclude that ubiquitylation of the
lipid Amoiety of LPS is mediated by RING-independent E3 ligase activ-
ity of RNF213.
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Fig.3|Ubiquitylation of LPS by RNF213 isaRING-independent,
RZ-finger-mediated reaction.a, RNF213 domain structure. Critical residues
in Walker A (K2426 and K2775) and Walker B motifs (E2488 and E2845) are
indicated withred and yellow lines, respectively. CTD, C-terminal domain.

b, h,immunoblotanalysis of S. Typhimurium Arfc extracted from wild-type or
Rnf213-knockout MEFs complemented with GFPor GFP-RNF213 alleles as
indicated. GFPblots present the upper and lower part of continuous blots from
which the middle parts have been removed (as indicated by the dashed line).
Blackcircle, ubiquitin; grey triangle, Arfc LPS. c-e, Immunoblot analysis of

S. Typhimurium Arfcextracted from HeLa cells (¢, d) or purified LPS from
indicated Salmonellaenterica ser.Minnesotastrains (e) and subjected to

Toidentify the RNF213 domainthat s required for RING-independent
activity, we screened RNF213 fragments expressed in Escherichia colifor
autoubiquitylating activity in vitro. RNF213(4302-4702) became mono-
and oligo-ubiquitylated uponincubation with E1 (UBE1) and UBCH7, a
trans-thiolating E2 enzyme that has previously been reported® to be
the most active E2 for RNF213 (Fig. 3f). The activity of this fragment
tolerated further N- but not C-terminal truncation, which reveals that
RNF213(4430-4702) is the minimal active fragment. Neither fragment
contained the RING domain. When mapped onto the structure of mouse
RNF213, RNF213(4302-4702) comprised the middle and C-terminal
lobes of the E3 shell; RNF213(4430-4702) comprised the C-terminal
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invitro ubiquitylation using HeLa, Sf9 or Sf9 cells expressing human RNF213
lysates (c) or purified RNF213 (d, e). Red circle, Flag-ubiquitin; grey triangle,
ArfcLPS (c,d) or LPSandlipid A (e). f,Immunoblot analysis of anin vitro
ubiquitylation reaction using GST-tagged RNF213 fragments expressed in
E.colito assess autoubiquitylating activity. Representative of three
experiments. b-f, h, Blots were probed with the indicated antibodies. Actin
and GroEL were loading controls for mammalian and bacterial lysates,
respectively. g, RZ finger consensus amongst RNF213 and ZNFX1 proteins;
human RNF213 proteinsequenceis depicted below.Inb, asteriskindicatesa
nonspecificband. Experimentsinb, d-f, harerepresentative of atleast three
biologicalrepeats.Inc,n=1Forgelsource data, see Supplementary Fig.1.

lobe only (Extended Data Fig. 3a). Although the C-terminal lobe of
RNF213 is not homologous to other proteins, a unique 27-amino-acid
peptide inserted into the C-terminal lobe has sequence similarity to
the NFX1-type zinc finger containing protein (ZNFX1), which is an
interferon-induced RNA helicase that has antiviral function® (Fig. 3g,
Extended DataFig.3a, e). We therefore name this 27-amino-acid peptide
the RNF213-ZNFX1 finger (RZ finger). The RZ finger is not resolved in
the RNF213 structure?; it contains two conserved histidine residues and
four conserved cysteine residues, which suggests thatit may formaZn?*
complex. We tested the functional importance of the CHC;H motif by
creating RNF2]3*30-#702H45094 and full-length RNF2137%9%4 whichlost the
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Fig.4 |RNF213 provides cell-autonomous immunity. a, Fold replication
ofintracellular S. Typhimurium in wild-type and Rnf213-knockout MEFs,
normalized tolhafter infection time point. Bacteria were counted by serial
dilution of cell lysate on Luriabroth agar plates. b, Structured illumination
micrograph of HeLa cells at 4 hafterinfection with S. Typhimurium and
immunostained for LPS, ubiquitin (FK2) and RNF213. Scale bar, 3 pm.
Lineindicates the plot profile shown on the right. ¢, Stillimages from
Supplementary Video 1. Instant structured illumination microscopy of
MEFs expressing Flag-GFP-RNF213infected with mCherry-expressing
S.Typhimurium. Times after infection are asindicated. Scale bar, 1 um.

d, e, Percentage of cytosolic S. Typhimurium positive for Flag-GFP-RNF213 at

ability to autoubiquitylate in vitro and to ubiquitylate LPS in infected
cells, respectively (Fig. 3f, h). We conclude that the RZ finger presented
by the C-terminal lobe of the E3 shell promotes autoubiquitylation
and is essential for RNF213-mediated ubiquitylation of LPS similar to
RING, HECT or RBR domains in other eukaryotic E3 ubiquitin ligases.

To test the functional importance of RNF213 for cell-autonomous
immunity, we infected cells with S. Typhimurium. A lack of RNF213
had no effect on bacterial entry but cells that are deficient in RNF213
were impaired in restricting bacterial proliferation (Fig. 4a, Extended
DataFig.4a).Inwild-type cells, RNF213 was recruited to the surface of
cytosolicS. Typhimurium, where it colocalized with ubiquitin (Fig. 4b).
Instant structured illumination microscopy revealed that RNF213
recruitment started focally and subsequently spread around the bacte-
rium, indicating cooperative behaviour (Fig.4c, Supplementary Video1).
Recruitment of RNF213 to bacteria was not affected by RNF213 alleles
thatare associated with moyamoya disease (RNF213%1°€ RNF213%02Y
RNF213™58 or RNF213545°P), but did require E3 ligase activity (as shown
by the RNF213"%%?4 allele) and a dynein-like core able to bind and
hydrolyse ATP (as shown by the RNF213*2#2%4, RNF2135*%A, RNF213'%77
and RNF2137¥%* mutants) (Fig. 4d, e, Extended Data Fig. 4b-e).
The RNF2137*¥* mutant, whichis deficient in ATP hydrolysis owing toa
mutationin the Walker B motif of the third AAA+ domain, was impaired
informing astable RNF213 coat (Fig. 4e, Extended Data Fig. 4e), despite
efficiently ubiquitylating LPS on cytosolic bacteria (Fig. 3b). This phe-
notype reveals a specific requirement for the dynein-like AAA+ module
in generating the RNF213 coat, possibly through effects on RNF213
oligomerization®,

Cellsthatare deficientin RNF213 efficiently ubiquitylated remnants
of Salmonella-containing vacuoles at 1 h after infection but did not

3hafterinfection.inwild-type or Rnf213-knockout MEFs stably expressing the
indicated GFP-RNF213alleles. f-o, Percentage of S. Typhimurium positiveat3 h
afterinfection for FK2 (ubiquitin) (f, g), GFP-HOIP(1-438) or GFP-HOIP(1-438,
T360A) (h), M1-linked linear ubiquitin chains (i), GFP-Nemo (j), GFP-
Optn(F178S) (k), GFP-NDP52 (1), GFP-p62 (m) and LC3 (n, 0) in wild-type and
Rnf213-knockout MEFs (f, h-n) or Rnf213-knockout MEFs stably expressing the
indicated GFP-RNF213alleles (g, 0). Statistical significance was assessed by
two-tailed unpaired Student’s t-test (a, d, f, h, i-0) or one-way analysis of
variance (e, h).*P<0.05,**P<0.01. Dataaremean +s.e.m. of 3 (a-m),4 (o) or
5(n)independentbiological repeats.

create a ubiquitin coat on the surface of S. Typhimurium at 4 h after
infection (Fig.1a, 4f, Extended Data Fig. 4f), which reveals that ubiqui-
tylated LPS is an essential component of the bacterial ubiquitin coat.
Complementation with wild-type RNF213, but not with catalytically
inactive RNF213"%%* restored the ubiquitin coat (Fig. 4g, Extended
DataFig.4g). Deficiencyin RNF213 curtailed recruitment of the LUBAC
subunit HOIP (Fig. 4h, Extended Data Fig. 4h), as did inactivation of
the ubiquitin-binding site in HOIP" #5736%4 (ref. ®), which indicates that
LUBAC recruitment requires RNF213-mediated ubiquitylation of LPS.
Consequently, inthe absence of RNF213, LUBAC did not add M1-linked
ubiquitin chains to the bacterial ubiquitin coat (Fig.4i, Extended Data
Fig. 4i), which resulted in a failure to recruit Nemo (the M1-specific
adaptor subunit of the IKK complex) (Fig. 4j, Extended DataFig. 4j). The
inability of RNF213-knockout cells to generate a bacterial ubiquitin coat
at 4 h after infection abolished the recruitment of ubiquitin-binding
autophagy cargo receptors—including LUBAC-dependent optineurin
as well as LUBAC-independent NDP52 and p62°® (Fig. 4k-m, Extended
DataFig.4k-m)—andresulted in the failure of antibacterial autophagy,
asindicated by the absence of LC3* S. Typhimurium (Fig. 4n, Extended
Data Fig. 4n). Complementation with wild-type RNF213, but not with
catalytically inactive RNF2137%°*, restored the recruitment of LC3 to
S. Typhimurium (Fig. 40, Extended Data Fig. 40). We conclude that
RNF213is essential for the generation of the bacterial ubiquitin coat and
that cells lacking RNF213 suffer defectsin cell-autonomous immunity
that manifest as aninability torestrict the proliferation of S. Typhimu-
rium (Extended Data Fig. 5).

The identification of RNF213 as an immune sensor reveals a link
between moyamoya disease and infection. Although RNF213 alleles
that predispose individuals to moyamoya disease were not impaired
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intheir ability to ubiquitylate LPS, the activation of mutant RNF213 by
bacterial or other infections may nevertheless contribute to the devel-
opment of moyamoya disease in susceptible individuals. Activation
during infection may explain the low penetrance of some risk alleles
for moyamoya disease, such as RNF213%**51%¢ which is an allele that is
presentin16 million Asianindividuals—of whomonly 0.5% develop this
disease. Ubiquitylation of LPS by RNF213 requires ATPase activity inits
dynein-like core. Toaccess LPSembedded in bacterial membranes, the
cytosolic LPS receptor caspase-4> also requires nucleotide hydrolysis,
whichis provided in transby guanylate-binding proteins (GBPs)*>* (a
family ofinterferon-induced GTPases). Nucleotide hydrolysis may thus
represent acommon requirement to sense LPS in cytosol-invading
bacteria. Our discovery of the ubiquitylation of LPS expands the scope
of ubiquitylation beyond that of a post-translational protein modifica-
tion. Further non-proteinaceous ubiquitylation substrates may exist
bothin cytosol-invading pathogens and in host cells, which may be
targeted by eukaryotic RING, HECT or RBR E3 ligases, by prokaryotic
NEL or Sde E3 ligases or by unconventional E3 ligase activities that
rely on novel domains, such as the RZ finger in the E3 shell of RNF213.
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Methods

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
to allocation during experiments and outcome assessment.

Plasmids, antibodies and chemicals

M6P plasmids were used to produce recombinant murine leukaemia
viruses for the stable expression of proteins in mammalian cells*.
pETM30 plasmids were used for protein expressionin E. coli. To express
RNF213inmammalian cells, aninducible PiggyBac transposon system
was used. RNF213 cDNA was provided by D. Morito. To facilitate the
generation of RNF213 alleles, a codon-optimized RNF213 cDNA was
gene-synthesized (Genewiz). Mutations and gene truncations were
generated by PCR using NEB HiFi and verified by sequencing.

The primary antibodies used were: FK2 (diluted 1:200, Enzo Life
Science, BML-PWS8810), anti-GroEL (1/1,000, Enzo Life Science,
ADI-SPS-875-F), anti-DnaK (1:1,000, Enzo Life Science, ADI-SPA-880),
anti-HA.11(1:1,000, Convance, MMS-101R), anti-actin (1:1,000, Abcam,
ab8227), anti-RNF213 (1:1,000, Merck, HPAO03347), anti-Flag-M2-
HRP (1:1,000, Merck, A8592) and anti-GFP (1:1,000, JLS, Clontech,
632381), anti-LPS (1:100, BioRad, 8210-0407), anti-galectin 8 (1:100,
R&D Systems, AF1305), anti-M1(1:1,000, 1F11/3F5/Y102L, GenenTech)
and anti-LC3 (1:100, Cosmo Bio, CTB-LC3-2-IC). The secondary antibod-
iesused were from Thermo Fisher Scientific (1:500, Alexa-conjugated
anti-mouse, anti-goat, anti-human and anti-rabbit antisera) and Dabco
(1:5,000, HRP-conjugated reagents). The purified LPS from S. Min-
nesota was from Adipogen (Ra (IAX-100-016), Rb (IAX-100-015), Rc
(IAX-100-017), Rd1 (IAX-100-018), Rd2 (IAX-100-021), Re (IAX-100-021)
and lipid A (IAX-100-001)).

Cell culture

HelLa cells were obtained from the European Collection of Authenti-
cated Cell Cultures. Wild-type MEFs were provided by C. Sasakawa*®.
Cells were grown in IMDM supplemented with 10% FCS at 37 °C in 5%
CO,. All cell lines tested negative for Mycoplasma. Stable cell lines were
generated by retroviral transduction or, for expression of different
Flag-GFP-RNF213 alleles, were generated using an inducible Piggy-
bac transposon system™, In brief, Rnf213-knockout MEFs seeded in
24-well plates were transfected with 1 pg of PiggyBac plasmids® and
1pg of pBase® using Lipofectamine 2000, and 2 days later cells were
selected with puromycin. Protein expression was induced with1pug ml™
doxycyclineforatleast15hinthe presence or absence of 20 uM ZVAD.

RNA interference

HeLacells were transfected with Silencer Select smallinterfering RNAs
(siRNAs) against RNF213 (Thermo Fisher Scientific, 33570 and s33660)
or the nontargeting Silencer Select Negative Control (Thermo Fisher
Scientific, No.1) using Lipofectamine RNAIMAX (Thermo Fisher Sci-
entific). Experiments were performed three days after transfection.

Generation of knockout cells

To make RNF213- and Rnf213-knockout cells, oligonucleotides for
the gRNA (mouse Rnf213: GAAGCGGTACATCATACGTG and human
RNF213: GCTGAAAGCGGGCGCACTGC) were phosphorylated with
T4 PNK (New England Biolabs) and cloned into pSpCas9(BB)-2A-GFP
(Addgene, PX458). Subsequently, cells were transfected and the next
day, GFP-positive single cells were sorted into a 96-well plate. Resulting
HeLa clones were screened for lack of RNF213 expression by immuno-
blotting. Disruption of RNF213 or Rnf213 exonsin HeLaand MEFs were
verified by sequencing.

Bacteria
Escherichia colistrains MC1601and NEB 10-beta were used for plasmid
production and the BL21 strain was used for protein purification.

Salmonellaentericaser. Typhimurium strain 12023 and the isogenic
Arfal were provided by D. Holden.

To generate mutants in S. Typhimurium we used phage A Red
recombinase®. Mutants in cptA, eptB, arnC and eptB were gener-
ated in S. Typhimurium lacking rfal. The following primers were
used: wzzB forward (fwd) (CATTAATCCTATGGCATATATTTGCTTTA
TGGCTACACTGTCTCCAGCTTCATCCTTTTTTTAGTTAGGGTATCTATG
GTGTAGGCTGGAGCTGCTTC); wzzB reverse (rev) (AAAAAACCG
GGCAATGCCCGGTTTTTTAATGAGAAATTTTACCTGTCGTAGCCGACC
ACCATCCGGCAAAGAAGCTTACATATGAATATCCTCCTTAG); fepE fwd
(GATAATTCTGACTTGCTGTTAGAATCTCTGACAGGAATGTGTTCTTTC
ATTGGATAAATTTTTCAGGTCATACGGCATGGTGTAGGCTGGAGCTGC
TTC); fepE rev (GGTACCGCTGGGGCGGCGATAGTCGCCCACACTGAT
GACAAAGCCGGATATCGCTATCCGGCTTTTCGGGTAAATCACATATGA
ATATCCTCCTTAG); rfc fwd (TTTGCCTGATGGTAATATTTTTAATACTA
AGCATTTTTTCTAAAGGCTCTATTGGTGTAGGCTGGAGCTGCTTC); rfc
rev (ACAATTTTTACGCTTCAGAGCCAAATAAAACGGCGGCATTGCC
GCCGTATAACTTACATATGAATATCCTCCTTAG); cptA fwd (TATCCGG
ACTACGGGAGAGAAGCACGCCAGGCCCGATAAGCGTTAGCGTTATCG
GGCAACATACAGGATGGTGTAGGCTGGAGCTGCTTC); cptArev(GTTTG
CTTCAGATTCTTTTAAGGTTCAGGCGTTACGTTTGGCGCTACGATTAA
AGACAGGCTCTCATTCTACATATGAATATCCTCCTTAG); eptA fwd
(AAGTTCTTAAGGTTCACTTAATTTTACTTTGTCACGATTAGCGTCACC
GAATCGATGGACGCATCAACATGGTGTAGGCTGGAGCTGCTTC); eptA
rev (GCCTTCGGTTTGCGCGGCGAGTATTAACCCCTGTAATAATAGCGTG
TCGTCTTCAACAATCAGTATCTTCACATATGAATATCCTCCTTAG); arnC
fwd (CCGGACATGACCGAGAGTGACTTTGATCGAGTCATTACCG
CCCTTCATCAGATAGCAGGACAATAAGCATGGTGTAGGCTGGAGCTGC
TTC); arnC rev (ATACCCGGCATCCAGTACGGCCTGCACCCC
CTGACATCCCATATCGTGATAGGCAAAAATAACGGCTTTCACATATGAA
TATCCTCCTTAG); eptB fwd (GCGTTAGCCGCATATTTACCTGTTTG
ATTAAAGAATCGTTGTACAGGTCGTTTTTATCCCGATTCCCAGGGTTTG
TTTGCATGGTGTAGGCTGGAGCTGCTTC); eptB rev (CATCTTAC
TGCTCAGGCGCACGCCCGTCAATCCCTTAGTCGCAAAATACAATTCA
ATCGGCGAGAAAGTCGGCAGACAACCATATGAATATCCTCCTTAG); rfal
fwd (GAAGCATTATACTTCGGGTATAAATTATTATATAGCCTACTT
TAAACGTAAACTTCTTGAATAAAACCCATAGGTGATGTAATGGTGTAGG
CTGGAGCTGCTTC); and rfa/ rev (TTTTCACCGTCTTTTTTGACAAAG
ACGGTATAGTTTTTAATCTTTTTTTCAATAATCATAATGGAGATTTAGGG
AGGGGAACATATGAATATCCTCCTTAG).

Resistance cassettes were removed using Flp recombinase and geno-
types were verified by sequencing.

Bacterial infections and extraction
The S. Typhimurium was grown overnight in Luria broth (LB) and sub-
cultured (1:33) in fresh LB for 3.5 h before infection.

To enumerate intracellular bacteria, MEFs in 24-well plates were
infected with 20 pl of 1:15 diluted sub-culture for 8 min at 37 °C. Fol-
lowing 2 washes with warm PBS and incubation inIMDM supplemented
with 10% FCS and 100 ug ml™ gentamycin for 2 h, cells were cultured
in IMDM supplemented with 10% FCS and 20 pg ml™ gentamycin. To
determineintracellular S. Typhimurium colony-forming units (CFUs),
cells from triplicate wells were lysed in 1 ml of cold PBS containing
0.1% Triton X-100. Serial dilutions were plated in duplicate on LB agar.

To extract bacteria from host cells for biochemical analysis, cells
seededina 6-well plate were infected with 100 pl of undiluted subcul-
ture for20-30 minat 37 °C. Cells were incubated in medium containing
100 pg ml™ gentamycin, washed once with PBS and lysed in 1mlice cold
PBS containing 0.1% Triton X-100. Lysates were centrifuged at 300g
for 5min at 4 °C and supernatant containing bacteria was collected
and centrifuged at 16,100g for 10 min at 4 °C. The bacterial pellet was
washed once with PBS, followed by bacterial lysis in 50 pl BugBuster
(Merck) including2 mMiodoacetamide for 5minat room temperature.
The BugBuster lysate was centrifuged at 16,100g for 10 min at room tem-
perature, the supernatant was split up in 2 fractions: one was directly
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mixed with Laemmli buffer (Bio-Rad) containing 100 mM DTT and
boiled for 5min; the other fraction (used to further purify ubiquitylated
LPS) was heated at 90 °C for 15 min, centrifuged at 16,100g for 10 min at
room temperature and this heat-cleared supernatant was mixed with
Laemmlibuffer containing100 mM DTT. For mild alkaline hydrolysis of
ubiquitylated LPS, samples were further incubated with100 or 200 mM
NaOH at 37 °C for 20 min. K48-linked di-ubiquitin (Boston Biochem)
was used as an amide-linked control. Samples were boiled for 5 min
and subjected to immunoblot analysis.

Immunoblot analysis

Post-nuclear supernatants from HeLa cells or MEFs were obtained
following lysis with RIPA buffer (50 mM Tris pH7.4, 150 mM NacCl, 1%
NP-40, 0.5% NaDOC, 0.1% SDS and 1x Halt protease inhibitor cocktail
(Thermo Scientific)). Cleared supernatants were mixed with Laemmli
buffer containing100 mM DTT or 5% B-mercaptoethanol and samples
were boiled for 5 min. Samples were run on NuPAGE 4-12% Bis-Tris
gels (Thermo Fisher Scientific) in MES or MOPS SDS running buffer
(Formedium) at 165V for 45 min. An overnight wet transfer was used
to transfer RNF213 protein onto methanol-activated PVDF membranes
(Millipore). For other proteins, samples were transferred onto PVDF
membranes using the Turbo transfer system (BioRad) for 7minat1.3 A.
Membranes were blocked for 1hin TBS-T (100 mM Tris pH7.4,150 mM
NacCl, 0.1% Tween 20) containing 5% milk (Marvel), followed by over-
night incubation with primary antibodies in TBS-T containing 5%
milk. Membranes were washed in TBS-T, incubated with secondary
HRP-conjugated antibodies (Dabco,1/5000) in TBS-T containing 5% milk
followed by 3x 10-min TBS-T washes. In the case of FK2 staining, milk
wasreplaced by 2% BSA throughout the whole procedure. Heat-cleared
bacterial lysates were used to visualize ubiquitylated LPS with Flag or
FK2 antibody; non-heat-cleared bacterial lysates were used to probe
for GroEL as aloading control. Visualization following immunoblotting
was performed using ECL detection reagents (Amersham Bioscience)
and a ChemiDoc MP imaging system (BioRad).

LPS extraction and visualization

TheS. Typhimurium strains were grown overnightat37 °Cin2ml of LB
inashakingincubator. Bacteria were centrifuged at 16,100g for 5min,
resuspended in100 pl of SDS buffer (2% B-mercaptoethanol, 2% SDS and
10%glycerol, 50 mM Tris-HCI pH 6, 0.025% bromophenol blue) and incu-
bated at 95 °C for 15 min. Ten pl of proteinase K (20 pg ml™, Qiagen) was
added, and the samples were incubated for 3 h at 59 °C. Two hundred
pl of ice-cold water-saturated phenol was added to each tube. Sam-
ples were then thoroughly vortexed and incubated at 65 °C for 15min,
vortexing anadditional 2 to 3 times throughout. After cooling to room
temperature, 1 mlof anhydrous diethyl ether was added to each tube.
Samples were spun at 16,100g for 10 min in a cold centrifuge. The
bottom blue layer was carefully extracted and mixed with 200 pl of
ice-cold water saturated phenol. Once again, samples wereincubated
at 65 °Cfor15minbefore being mixed with1 ml of diethyl ether. Tubes
were centrifuged at 16,100g for 10 min and the bottom blue layer was
extracted and combined with 150 pl of 2x SDS buffer. Samples were
separated by SDS-PAGE and stained using the Pro-QTM Emerald 300
Stain Kit, according to the manufacturer’s instructions. Stained gels
were visualized using a ChemiDoc MP imaging system (Biorad).

Protein productionininsect cells

pOP806_pACEBacl 2xStrep-RNF213-3xFLAG plasmid was transformed
into DHIOEmBacY (DH10Bac with YFP reporter). Blue-white screening
was used toisolate colonies containing recombinant baculoviral shut-
tle vectors (bacmids) and bacmid DNA was extracted combining cell
lysis and neutralisation using buffer P1, P2 and N3 (Qiagen) followed
by isopropanol precipitation. A 6-well of Sf9 cells (Oxford Expression
Technologies) grown at 27 °Cin Insect-Xpress (Lonza) without shaking
was transfected with bacmid plasmid using PEI transfection reagent.

After 7 days, virus P1was collected and used 1:100 to transduce 100
ml (1 x 106 cells per ml) Sf9 cells. After 7 days, virus P2 was collected.
To express protein, 11Sf9 cells was transduced with 1:100 dilution of
P2 virus and cells were incubated at 27 °C with 140 rpm shaking for 3
or 4 days. Cell pellets were snap-frozen and stored at —80 °C. To lyse
cells, they were thawed in 50 mM HEPES, 200 mM KCI, 1 mM TCEP,
pH 7.2 containing 1x universal nuclease (Pierce) and protease inhibitor
tablets (Roche). The lysate was centrifuged at 20,000g for 30 min at
4 °Candcleared lysate was applied to a 5-ml StrepTrap HP column (GE
Healthcare) and eluted with 50 mM HEPES, 200 mM KCI, 1 mM TCEP,
containing 2.5 mM desthiobiotin pH 8. PD10 columns were used to
buffer-exchange to 50 mM HEPES, 200 mM KCl and 0.25 mM TCEP,
pH7.2and RNF213 protein (>1 mg ml™) was snap-frozen inliquid nitro-
genandstoredat-80 °C. All purification steps were carried out at4 °C,
using an AKTA pure 25 (GE Healthcare).

Protein productionin E. coli

GST-RNF213 protein fragments were purified from BL21 (DE3)pLacl
cells that were transformed with pETM30 plasmids and grown over-
night on TYE plates containing 50 pg ml™ kanamycin. An overnight
starter culture was diluted 1:1,000 in 11 of LB containing 50 pg ml™
kanamycin and grown at 37 °C at 220 rpm until an optical density
at 600 nm of about 0.9 was reached. The flask was cooled to 16 °C
and protein expression was induced overnight with 100 pM IPTG at
220 rpmat16 °C. Cell pellets were resuspended in IVU reaction buffer
containing 1.43 mM B-mercaptoethanol,2mg ml™ DNasel and EDTA-free
proteaseinhibitor tablets. The suspension was homogenized using an
EmulsiFlex-C3 (Avestin) for two passes at about 15,000 psiand cleared
by centrifugation at 30,000 rpm for 30 min at4 °C. The clarified lysate
was applied to Amintraglutathione resin (Expedeon), washed with IVU
reactionbuffer containing1.43 mM f3-mercaptoethanol and eluted with
IVU reaction buffer containing 1.43 mM B-mercaptoethanoland 20 mM
glutathione, pH 8. Protein was buffer exchanged into 1x IVU buffer with
1mM TCEP, snap-frozen and stored at —80 °C.

For the purification of His-UBE1, an N-terminal GST-ubiquitin fusion
proteinwas expressed and lysed in 3-mercaptoethanol-free lysis. The
His-UBEI1 3-mercaptoethanol-free clarified lysate was supplemented
with 10 mM ATP and 10 MgCl, and incubated at room temperature
for 30 min with Amintra glutathione resin (Expedeon), which were
equilibrated with 50 mM Tris pH 8.5and 2mM ATP. The resin was then
washed with DTT-free high salt buffer supplemented with5 mM MgCI2.
His-UBE1waseluted in DTT-containing buffer and protein-containing
fractions were applied to anion-exchange 6-ml Resource Q column
(GE Healthcare) with a 0-25% linear gradient from buffer A (25 mM Tris
pH8.5,10mM DTT, 50 mM NacCl) to buffer B (25 mM Tris pH 8.5,10 mM
DTT, 1,000 mM Nacl) and size-exclusion chromatography (HiLoad
16/600 Superdex 75 pg, GE Healthcare) into buffer C (25 mM Tris
pH8.5,10 mM DTT, 200 mM NacCl).

Invitro deubiquitylationreaction

A15-cmdish of HeLa cells wasinfected with100 pl Arfc S. Typhimurium
for30 min. At 4 h after infection, bacteriawere extracted as described
in ‘Bacterial infections and extraction’. Bacterial pellets were washed
and resuspended in DUB reaction buffer (50 mM Tris pH 7.5, 50 mM
NaCland 5mMDTT) and incubated with USP2 catalytic domain (Boston
Biochem) for 30 min at 37 °C.

Invitro ubiquitylation reaction

First, E2 was pre-charged in a 5x reaction by incubating 10 pM of
UBCHS5C or UBCH7 (Boston Biochem) in IVU reaction buffer (30 mM
Hepes pH7.4,100 mM NaCl,10 mM MgCl,) containing 50 mM ATP, 5mM
DTT, 200 puM Flag-ubiquitin (Boston Biochem) and 0.2 uM UBEL, for
15minat37 °C.Precharged E2 reaction was diluted toalx reaction with
substrate (washed bacterial pellet obtained from a10-cm dish of HeLa
cellsinfected with S. Typhimurium for 4 h or purified LPS (Adipogen))



and E3 ligase (cell lysates or 350 nM recombinant RNF213). The reac-
tion mix was incubated at 37 °C for 1 h, after which the reaction was
centrifuged at16,100gand the bacterial pellet or ubiquitylated LPS was
washed twice in IVU reaction buffer containing 4 M urea. The bacterial
pelletwaslysedin BugBuster, the purified LPS solubilised in BugBuster
and further processed forimmunoblot analysis as previously described
in ‘Immunoblot analysis’.

Purification of E3 ligase activity for ubiquitylation of LPS
Suspension HeLa cells were used as asource for the unknown E3. HeLa
lysate was dounce-homogenized in IVU reaction buffer containingl mM
DTT and ultracentrifuged at 90,000 rpminaTLA120.2 rotor. One ml of
lysate was salted out usingal-1.6 M (NH,),SO, cut, which was applied to
abutyl FF 1-ml column (GE Healthcare) in IVU reaction buffer contain-
inglmMDTTand 1M (NH,),SO,. The column was washed by reducing
the salt concentration to 700 mM (NH,),SO,, and RNF213 activity was
eluted by afurther reductionto O mM (NH,),SO,. The enzymatic activity
wasenrichedinthelast step elution, this fraction was concentrated to
500 plvolume (vivaspin2,10,000 MWCO PES) and applied to a Super-
dex20010/300 column (GE Healthcare), equilibrated in IVU reaction
buffer containing1mM DTT and 10% glycerol. The fractions with enzy-
maticactivity were applied to aMonoS column and protein was gradi-
enteluted (100 to 500 mM NacCl) using IVU reaction buffer containing
1mMDTTand10%glycerol. The eluted fractions were analysed by mass
spectrometry. To assess activity, in vitro ubiquitylation reactions were
performed using proteins fractions dialysed in IVU reaction buffer
containing1 mM DTT (Slide-A-Lyzer, Thermo Scientific, 69570).

Mass spectrometry

Fractions eluted from the MonoS column were prepared for mass spec-
trometric analysis by insolution enzymatic digestion. Inbrief, proteins
werereducedin10 mMDTT, and thenalkylated with 55mMiodoaceta-
mide. After alkylation, proteins were digested with trypsin (Promega)
overnightat37 °Catan enzyme-to-protein ratio of 1:20. The resulting
peptides were analysed by nano-scale capillary liquid chromatography
withtandem mass spectrometry (LC-MS/MS) using an Ultimate U3000
HPLC (ThermoScientific Dionex) to deliver a flow of approximately
300nImin™. AC18 Acclaim PepMap100 5 m,100 pum x20 mmnanoViper
(ThermoScientific Dionex), trapped the peptides before separation
on a25cm PicoCHIP nanospray column packed with Reprosil-PUR
C18 AQ (New Objective). Peptides were eluted with a 60-min gradient
of acetonitrile (2% v/v to 80% v/v). The analytical column outlet was
directly interfaced viaanano-flow electrospray ionization source, with
a hybrid dual pressure linear ion trap mass spectrometer (Orbitrap
Velos, ThermoScientific). Data-dependent analysis was carried out,
using aresolution of30,000 for the full mass spectrum, followed by ten
tandemmass spectrainthelinearion trap. Mass spectrawere collected
over a m/zrange of 300-2000. MS/MS scans were collected using a
threshold energy of 35 for collision-induced dissociation. LC-MS/MS
datawere thensearched against a protein database (UniProt KB) using
the Mascot search engine programme (Matrix Science)*. Database
search parameters were set with a precursor tolerance of 5ppmand a
fragmention masstolerance of 0.8 Da. Two missed enzyme cleavages
were allowed and variable modifications for oxidized methionine,
carbamidomethyl cysteine, pyroglutamicacid, phosphorylated serine,
threonine and tyrosine were included. MS/MS data were validated
using the Scaffold programme (Proteome Software)*°. All data were
additionally investigated manually.

Protein alignments

Weidentified animal homologues of human RNF213 from major animal
lineages with human RNF213 as a query for iterative JACKHMMER*
searches performed on combined UniProt and TrEMBL databases (with
e-value cut-off=0.001and query length cut-off=60%) and PSI-BLAST*
searches on non-redundant database (with e-value cut-off = 0.001

and query length cut-off = 60%). We collected animal homologues
of human RNF213 (that is, animal orthologues of human RNF213 and
homologous RZ finger regions of human RNF213 and ZNFX1) and then
we constructed multiple sequence alignments of orthologues and
homologues using MSAPROBs*}, which were refined using HMMER
profiles. These alignments were further manually corrected on the
basis of Jalview** conservation scores. The logo was constructed using
WebLogo®.

Microscopy

Cells were grown on glass coverslips. After infection, cells were washed
twice with PBS and fixed in 4% paraformaldehyde for 15 min. Cells were
washed twice in PBS and then permeabilized in PBS with 0.1% Triton
X-100 and blocked with PBS with 2% BSA. When staining for LC3, cells
were permeabilized with 0.05% saponin in PBS with 2% BSA. Cover-
slipswereincubated with primary antibodies followed by Alexa conju-
gated secondary antibodiesin blocking solution foratleast1 hatroom
temperature. Coverslips were then mounted either in Prolong gold
mounting medium or ProLong Gold Antifade Mountant (Invitrogen)
for confocal imaging or super resolution microscopy, respectively.

Marker-positive bacteria were scored by eye on a Zeiss Axio Imager
microscope using a100x%/1.4 NA Oil immersion lens, among at least
200 bacteria per coverslip.

Super-resolutionimages were acquired using an ElyraS1 structured
illumination microscope (Carl Zeiss). The system has four laser excita-
tion sources (405 nm, 488 nm, 561 nm and 640 nm) with fluorescence
emission filter sets matched to these wavelengths. Structured illu-
mination microscopy images were obtained using a x63/1.4 NA oil
immersion lens with grating projections at 3 rotations and 5 phases
in accordance with the manufacturer’s instructions. The number of
zplanes varied with sample thickness. Super-resolution images were
calculated from the raw data using Zeiss ZEN software and plot profiles
were made with FiJi Image).

For live-cell resolution imaging, cells were seeded in 35-mm
glass-bottom MatTek microwell dishes. After infection, cells were
washed 4 times in warm PBS and incubated in Leibovitz’s L-15 supple-
mented with 100 pg ml™ gentamycin for the duration of the experi-
ment. Images were acquired using a100x super resolution Apo TIRF
oil objective on a Nikon Eclipse Ti2 with a VisiTech iSIM high-speed
super-resolution system. Movies were analysed using FiJi Image).

Quantification and statistical analysis

All data were tested for statistical significance with Prism software
(GraphPad Prism 8). The unpaired two-tailed Student’s ¢-test was used
totest whether two samples originated from the same population. Dif-
ferences between more thantwo samples were tested using a one-way
analysis of variance. Unless otherwise stated, all experiments were
performed at least three times and the data were combined for pres-
entation as mean + s.e.m. All differences not specifically indicated as
significant were not significant (P> 0.05). Significant values are indi-
cated as *P< 0.05 and **P < 0.01. Statistical details, including sample
sizes (n), are reported in the figures and figure legends.

For microscopy, when scoring marker-positive bacteria, atleast three
independent experiments with two technical replicates each were
performed. Bacteria were scored by visual counting of n>200 bacteria
per replicate. Graphs show mean +s.e.m.

When scoring intracellular CFUs, to score bacterial burdens, cells
from triplicate wells were lysed and bacteria were plated in duplicate
on LB agar. Each experiment was performed at least three times. Bac-
terial colonies were counted using the aCOLyte3 system (Synbiosis).
Graphs show mean £s.e.m.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.
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Data availability

Alldataareincludedinthe Article and its Supplementary Information.
Gelsourceimages are provided in Supplementary Fig. 1. Materials can
be obtained from the corresponding authors upon request. Source
data are provided with this paper.

34. Randow, F. & Sale, J. E. Retroviral transduction of DT40. Subcell. Biochem. 40, 383-386
(2006).

35. Glover, J. D. et al. A novel piggyBac transposon inducible expression system identifies a
role for AKT signalling in primordial germ cell migration. PLoS ONE 8, €77222 (2013).

36. Ogawa, M. et al. A Tecprl-dependent selective autophagy pathway targets bacterial
pathogens. Cell Host Microbe 9, 376-389 (2011).

37. Yusa, K., Zhou, L., Li, M. A, Bradley, A. & Craig, N. L. A hyperactive piggyBac transposase
for mammalian applications. Proc. Natl Acad. Sci. USA 108, 1531-1536 (2011).

38. Datsenko, K. A. & Wanner, B. L. One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products. Proc. Natl Acad. Sci. USA 97, 6640-6645
(2000).

39. Perkins, D. N., Pappin, D. J. C., Creasy, D. M. & Cottrell, J. S. Probability-based protein
identification by searching sequence databases using mass spectrometry data.
Electrophoresis 20, 3551-3567 (1999).

40. Keller, A., Nesvizhskii, A. 1., Kolker, E. & Aebersold, R. Empirical statistical model to
estimate the accuracy of peptide identifications made by MS/MS and database search.
Anal. Chem. 74, 5383-5392 (2002).

41. Johnson, L. S., Eddy, S. R. & Portugaly, E. Hidden Markov model speed heuristic and
iterative HMM search procedure. BMC Bioinformatics 11, 431 (2010).

42. Altschul, S.F. et al. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389-3402 (1997).

43. Liu, Y., Schmidt, B. & Maskell, D. L. MSAProbs: multiple sequence alignment based on pair
hidden Markov models and partition function posterior probabilities. Bioinformatics 26,
1958-1964 (2010).

44. Waterhouse, A. M., Procter, J. B., Martin, D. M. A., Clamp, M. & Barton, G. J. Jalview version
2—a multiple sequence alignment editor and analysis workbench. Bioinformatics 25,
1189-1191(2009).

45. Crooks, G.E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: a sequence logo
generator. Genome Res. 14, 1188-1190 (2004).

Acknowledgements We thank F. Begum, S. Peak Chew and M. Shekel of the LMB mass
spectrometry facility for analysing samples; D. Morito for providing RNF213 cDNA; and

C. Gladkova and A. von der Malsburg for advice. This work was supported by a PhD fellowship
from the Boehringer Ingelheim Trust to V.D., and by grants from the MRC (U105170648) and the
Wellcome Trust (WT104752MA) to F.R.

Author contributions E.W. performed and analysed experiments that led to the discovery of
LPS ubiquitylation. E.G.O. identified and characterized RNF213, with contributions from A.C.C.
(super-resolution microscopy, and complementation and analysis of RNF213-knockout MEFs),
K.B.B. (restriction of Salmonella by RNF213), C.P. (generation of Salmonella knockouts and
analysis of RNF213-knockout MEFs), V.D. (validation of RNF213-knockout cells) and B.S.
(bioinformatic analysis). E.G.O. and F.R. designed the study and wrote the manuscript.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-021-03566-4.

Correspondence and requests for materials should be addressed to E.G.O. or F.R.

Peer review information Nature thanks Zhijian (James) Chen, J. Wade Harper and Samuel
Miller for their contribution to the peer review of this work. Peer reviewer reports are available.
Reprints and permissions information is available at http://www.nature.com/reprints.


https://doi.org/10.1038/s41586-021-03566-4
http://www.nature.com/reprints

\Z
a S.Typhimurium b . Ve\’\;&‘\b&teﬂ)\v

kDa A rfal

Man — Abe 250- FK2
| 100-
Rha 754
i Ub
G| | n >80 'SverEy long) 23
O-antigen al —(Glo) | -7~~~ Afep
.__|__.Arfc n N ————
- -- AwzzB 20
Man —Abe n = 16...35 (long) B Laed
| 13- e -
" F==— == Joom
Gal —(Glc) c rough S.Minnesota
.__|__.ArfaL Ra--4- Rp
Glc — GlIcNAc Glc ——GlcNAc
«=o--- arfaJ |
outer core Gal Gal
| Rc--4-
Glc —Gal Glc —Gal
| Rd1---
Hep —Hep Hep —Hep
) | Rd2.-]-
inner core CptA R2-—p — Hep P — Hep
Kdo —Kdo ---R2 EptB o Kdo —Kdo
ArnC---ArnT R1.._ GIcN | ArnC 1 GleN |
i Ho—f~0 2 O—aleN I
EptA R2"" GIcN 1l i Ay < S o
~R1 ArnT < o o 1
NH'O—| P— o NECheCl
0 o4 "R2 EptA P - © OH
o O\ o © HO
O HO 9 O
lipid A o
NH2
R1 e}
OH@
OH ™
L4AraN
NH2
R2 0, o]
!
o ™
phosphoethanolamine
Extended DataFig.1|LPS structureinS. TyphimuriumandsS. Minnesota. 4-formamido-L-arabinose transferase) functions upstream of ArnT and is
a,c, Thecomposition oflipid A, inner core, outer core and O-antigen from required for the ultimateincorporation of L4AraNinto LPS. EptA, EptB and
S. Typhimurium (a) and rough variants of S. Minnesota (c). The S. Typhimurium CptAincorporate phosphoethanolamineinto LPS. b, Immunoblot analysis of
mutants thatare deficientin specific steps of LPS biosynthesis, and truncated theindicated S. Typhimurium strains, extracted from HeLa cells. Blots were
LPSspeciesfromS. Minnesota, areindicated inred. Substoichiometric probed with theindicated antibodies. Dnak, loading controls for bacterial

modificationsintroducing amino groups and the enzymes thatareresponsible  lysates. A4, AeptA AarnC AcptA AeptBin Arfal background. Representative of
areindicatedinblue. ArnC (the undecaprenyl-phosphate 4-deoxy- threebiological repeats. For gel source data, see Supplementary Fig. 1.



Article

flow through
wash 700 mM
elution 0 mM
10 ml

11 ml

12ml

13 ml

14 ml

<1 M (NH,),SO,
>1.6 M (NH,),SO,
1-1.6 M (NH,),SO,

Hela lysate

butyl Superdex 200

kDa

250 -
150 -
100 -

75 -

a-FLAG

. e FLAG-Ub

Arfc LPS
50 - 4

37 -
25 -
20 -

15 -
10 -

D b A 110 M ()50,
| B
D 1 0 SRS

L
b4

i
. 3
b
AR RE T

mAU wash Om
1000 700 mM (NH,),SO,
23%

900
800
700
600
500
400

300
200
100

) O - N &N «~ o
2 ©® o v = - = = - o © ~ ©
o (0 (0 (O] o o I fn =} .y fu .y b= =4 =
F = [ = [ = [ = s [ =3 s c s [ =3
b S © o © o o o o o o o Q9
$ 3553555353535 353553
&= [] [] [] [] [] [] [] [] [] [] [] []
KDa MonoS
250 - o-FLAG
150 -|
100 _
75 -
o FLAG-Ub
50 ' ' ' ‘ » Arfc LPS
37| ! p-4
5| - s s - - 5 5 a
20 --.“‘.-- - - - -
15 - p— o
10 -] M |

— A280
— Fractions

— Conductivity
—ConcB

0 0
34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49

10 11 12 13 14 15 16 17 18 19 20 21 22 23 ml

01516 17 18 19 20 21 22 23 24 25m|

butyl sepharose Superdex 200 10/300 MonoS
b c d
Q 0 Q O o
X o kS
\"-’ '\’5 o \’5 \"-’ < s{L &
QK (@ 3 A s
fey Q~ EONRNEN £
kDa kDa  Arfc WT S.T.
250 - FK2 250 - ] Ex2
. 100 - 100 - p
EI EI a-actin 75- 75 - WT LPS-Ub
S0- o Ub 50 -
p Arfc LPS || ®Ub
37- 37 - p Arfc LPS
poce -
- poee
20 -| |
> 20-gm boe
15| - pe e [
10- 15 - g

Extended DataFig.2|RNF213isrequired for ubiquitylation of LPS.

a, Invitro ubiquitylation of S. Typhimurium Arfc extracted frominfected
HeLacells. The reaction comprised Flag-ubiquitin, E1enzyme (UBE1),

E2 enzyme (UBCH5C) and fractionated HeLa cell lysate, asindicated. Inthe
chromatograms depicted below eachblot, light grey indicates fractions
withlittle or no LPS-ubiquitylating activity, whereas blue indicates fractions
with LPS-ubiquitylating activity used for further fractionation or mass
spectrometry. b, Immunoblot analysis of HeLa cells transfected with the

indicated siRNAs and wild-type HeLa and RNF213-knockout HeLacells ¢, d,
Immunoblot analysis of S. Typhimurium Arfc (¢, d left) or wild type (d right)
extracted fromHeLa cells transfected with the indicated siRNAs (c) or

extracted from wild-type or Rnf213-knockout MEFs (d). Representative of three
biological repeats. Blots were probed with the indicated antibodies. Actin and

GroEL or DnakK, loading controls for mammalian and bacterial lysates,
respectively. Asterisk, non-specificband. For gel source data, see
SupplementaryFig.1.



RING

E3 shell

"y >~ " E3core
NS
E3 back
>
o A
@ o
b o 5 & 2% N d e R A RS ©® {,\Q N {,\Q NI
NI Sy x Woalo o & 0F 0730730 \(‘Qooo@o &Qooo@o
& NI OV e cf RN S R A RO
kDa FK2 p FK2 a-FLAG
ool | 20 kPa ' ' ' "RNF213
250+ ° FLAG- o FLAG-| 250-
150_: 100- Ub Ub - gy | ~E1~Ub
100-| sy 75- oUb eUb [100-
75-| . w ||PArfe pArfc 75-
50- : LPS LPS 50-
50-'wy 37- 37-
- | -
20 » g P 20- & |- 2t
25-- 15| e B0 (), e ) 15-
20w 10— S— YT
- 10- -—
bacterial lysate bacterial lysate +pme
e g 10} — [ - J— — J— R — — - — N -
g8
8%
0.0
Human RN213_HUMAN/4483-4555 MPEDLLAQARR...... WKGLERVHWYT[H N¢ |PCSV-EE RPMEQSI[IDFHAPI < ID/KPRDGFHLVKDKADRTQT
Mouse - RN213_MOUSE/4433-4505 MPEDLLVHART...... WRGLENVTWYT[* "R [PCSVCEl RPMQESTLD-GLPV - -LN/ITPHEGFSAIRNNEDRTQT
Chicken AO0A1D5PS95_CHICK/4478-4550 MPEDMVAQARA...... WEGLANLRMYI[Z"N¢ PCTVCEl: RPMEIGRIE-GLQOV  -LKYKAVPGFQEFRSGEDRTQT
Gecko %> AOA402F3T4_9SAUR/4481-4553 MPEDLLAQAVK...... WEATAGLHWYT[-"N¢ [PCTICEl RPMQYGFVD-GAQI -VNIMAVPNFFRSQVQTDRTQT
©  Alligator v AOA151P431_ALLMI/4275-4347 MPEDLTDQAMG. . .... WDGMTQLHWYT[-ANC [PCTICEl RPMQVSRIE-NAEI -SNiIKSLPGFQPIQQRTDRTQT
N Frog <% AOA1L8ETH7 XENLA/4552-4622 MPEDLLEKAKT........ AVPNMRWYV© Q¢ YCAVCGES QPMOTSRHIDGAAV  -EQIMPHAGFTVVNDQGDRTKT
% Turtle %  AQA4D9E4I4_9SAUR/4510-4582 MPEDMMIQAVN...... WEGMKQLRWYV[s "N« [PCTICEl RPMEQSRVDNAPI -LOHIIPVHGFQGVQHFTDRTQT
@ Zebrafish = R213A_DANRE/4487-4557 MPDDMLAVAQQ. . ...... AMGHLQWYF|- "N PCTVC:ES -QPMEVSR[ZPDDAEI - -SNiRPVDGFRAMOIQADRTOS
Shark —~+—~A0A401P8F6_SCYTO/4821-4892 MPEDVTLEARG...... WTALONLVWFQ[- "N« [PCVVCEl - OPMETARIESNVAI - -VN/RAVAGFGHA.VGMDRTQK
Lung fish .———j3BBI9 LATCH/3991-4063 MPEDMLSEAQT...... WODLSNLRWYM[* "N [PCTV-E -OPMOKSRVD-GAEI  -MN/MPVQGFQQSMNIVDRTQT
Lancelet ——— c3ywC4 BRAFL/1-75 MPEDALMEARQ. . .ALAAREAQPLHWFQ-VN« PYPICES- -QPMEQSR[ZPD-GAAI - -VNIRPVOPMOAARNN.DATRP
Hermitworm — 40A267GC20_9PLAT/4791-4869 MPHDQOLHELYRAVRKQKGVEGDNPTVYF <N« PYYICN{ RPMELAT-PD+SAPI - SQ NSAAGNNPLLARDDQSPR
Sand worm “_—. R7U8N7_CAPTE/4001-4072 MPEDDIAAIRA...... AIVEKWAAVWI[S"NG PYVICNSe RPMEASKSKE:GATI  -RNIQQSEGNTRMHT.EDNTKP
Sponge ' AOA1X7TAI1_AMPQE/1151-1220 MPDDSLPDVRN...... AVGAGQ..FYE[Z "R [PYFVSE[: RPLOQOYTPIJHSRI - -QNHITLESTNRIART.TDITET
Human ZNFX1_HUMAN/1827-1896 ISEEERVQIVS. .AIGYPRGHWFKRN< IYVI-D[ GAMERGT[PDSKEVI  TN:TLERSNQLA...SEMDGA
Mouse . ZNFX1_MOUSE/1818-1887 ISDEERVQIVT. . .AMGVPRGHWFK* "N« IYVITE: GAMQRST-PE-QEVI -EN:TLERSNHLA...SEMDGA
Chicken F1NFA4_CHICK/1936-2005 ITEAERVQIVS...... AIGCPRGHWFK KN« VYVICDs GAMERSR-PE-HEVI -AN/ALDSTNSLA...PEMDGA
Gecko AO0A402E889 9SAUR/1391-1461 ISEAERVQIVN..... AVTGSQQGHWFK-QN« IYVITE+ GAMEQSR<PE-QEII - TS RLDPTNQLA...PEMDGA
Alligator -=w. AOA151MV15_ALLMI/1583-1652 ISEEERVQIVS...... AIGCPRGHWFKRN- VYVICE: GAMEQGV-PE-QAVI -HN/ALDDSNRLA...PEMDGA
Frog = AOA1L8ETZ7 XENLA/1802-1871 ISDNERIMIVK...... AMELQQGHWFK[* "NN VYVITE: GATERSK-PE-NETI -TH/ NLHHTNRLA...PEMDGA
- Turtle % AOA4D9E278 9SAUR/1831-1900 ISEEERVQIVS...... AFGYPQGHWFK[- "N« IYVI:D+ GAMERSE-PE-KAVI -AD/TLEHSNRLA...PEMDGA
> Zebrafish = AOAOR4IK85 DANRE/933-1002 ITEEERVMIVQ...... AVGLNKGHWYK[* "N© VYAICE. GAMEKTK-PE-HAEI -SN/ALTQGNAVA...SEMDGA
w Shark -~ -AO0A401NMI5_SCYTO/1616-1685 LSETEKVMIVK...... AMGLRQGHWFK[*"N¢ VYVITE: GAMERAK-PD-SAAI -MN/ALESSNQVA...SEMDGA
Z  Lung fish —— H3AVK4_LATCH/1825-1894 ISESERVAIVK...... AMGLRQGHWYK[* "N© VYAITE: GATERRK-PD-DAVI -QD ALEQGNEVA...TEMDGA
Lancelet . C3ZBZ2_BRAFL/1683-1752 ISDEERVQVVQ...... AMGLSRGHWFQ[-"N© VYAI-Ds+ GATVESTPE-HSRI -GG /RLRSDNRLA...PEMDGA
Seaurchin % WA4YYA5_STRPU/1836-1905 ISEKERKDIVA...... AMGLAKGHWFK[* "N© LYAI“G GASQTGK-PD-GQGI -TN/RLTDGNRVA...SEMDGA
Beetle ‘ AO0A139WL55_TRICA/1911-1980 ISEQEKREIVK...... AMGFRQGHWFK- "N« PYCIAD: GAMVESK-PE-ACKI -GS TLRADNALA...SEMDGA
Hermit worm — AOA267FQV1_9PLAT/1862-1931 VTRLERQMIVK...... AMOLPSGHWFK[- "R* VYAI-D: GANEVAA-PE-GATI -EN/ QLAAGNAHA...PEMDGS
Sea anemone A7T022_NEMVE/1670-1739 VINDEKREIVK...... AVGLAKGHWYK[- "N- FYCICE: GATQESN-PE-GSRI TG/ RLLEDNSLA...PEMDGA
Oyster K1RYN2_CRAGI/694-763 VSEEERIDIVR. . .AMPESKGRWFK[* "N IYMI“D: GATVESK-PE-NATI -SS RLRDDNQFA...GEMDGA
Sponge . AOA1X7UJV6_AMPQE/1651-1720 PTPEEIRQIVA. . .AIGGKKGAWYK[* "N« YYHICE: GAMQVGK-IE-DAQV - SHIRLLDDNEHA...GEIDNS
s~ AOAOD2X1D6_CAP03/2194-2262 LTLKEFKEIAA..... ATNLSTNGHWYTs "N« PYVVCE} GPMAMAVPEQAPI - SNIISAAGNH..... GLHLNL

Choanoflagellete

Extended DataFig. 3| Ubiquitylation of LPSby RNF213isa
RING-independent, RZ-finger-mediated reaction.a, RNF213 domain
structure (Protein Data Bank 6 TAX) (left) with domain colours corresponding
toFig.3a,and zoom-in on the E3 module (middle, right) indicating N-terminal
(N), middle (M) and C-terminal (C) lobes of the E3 shell domain. Red arrows
pointat the position of the unresolved RZ finger. b, Coomassie-stained gel of
purified RNF213.c¢, d, Left panels show immunoblot analysis of S. Typhimurium
Arfcextracted from HeLacells and subjected to in vitro ubiquitylation using
HelLa, Sf9 or Sf9 expressing human RNF213lysates (c) or purified RNF213 (d)

corresponding toFig.3c, d. ¢, Right, Coomassie gel and immunoblot analysis of
lysatesused inFig.3c.d, Right,immunoblotanalysis of in vitro ubiquitylation
reaction supernatants, separated under non-reducing and reducing (+fme)
conditions, corresponding to Fig.3d.Inc,d, blots were probed with indicated
antibodies. e, Alignmentand conservationscores of RZ fingersinRNF213 and
ZNFX1fromtheindicated species. Colour and height denote the degree of
conservation (fromJalview) (top). RZ finger alignment (bottom).Inb, d,
representative shown of three biological repeats.Inc,n=1.For gel source data,
see Supplementary Fig.1.
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Extended DataFig.4|RNF213 provides cell-autonomousimmunity. a, CFU
of S. Typhimuriumat1hafterinfection, extracted from wild-type and
Rnf213-knockout MEFs. Bacteria were counted by serial dilution of cell lysate
onLBagar plates. Dataaremean +s.e.m. of three experiments. b, Percentage of
cytosolicS. Typhimurium positive for Flag-GFP-RNF213 at 3 hafter infectionin
Rnf213-knockout MEFs stably expressing the indicated GFP-RNF213 alleles.
c-o, Representative confocal micrographs for Fig.4d-o.c-e, Wild-type or
Rnf213-knockout MEFs stably expressing the indicated GFP-RNF213 alleles
infected with mCherry-expressing S. Typhimurium, fixed 3 h after infection.
f-o, Wild-type and Rnf213-knockout MEFs (f, g, n), Rnf213-knockout MEFs
stably expressing GFP-RNF2137%°%" (g, 0) or wild-type and Rnf213-knockout

Rnf213 KO

MEFs stably expressing GFP-HOIP(1-438) or GFP-HOIP(1-438, T360A) (h),
GFP-Nemo (j), GFP-optineurin(F178S) (k), GFP-NDP52 (1), GFP-p62 (m),
infected withmCherry-expressing (c-f, h-n) or BFP-expressing (g, 0)
S.Typhimurium, fixed 3 h afterinfection and stained for FK2 (ubiquitin) (f, g),
M1-linked linear ubiquitin chains (i) or LC3 (n, 0).In g, o, for better visibility of
bacteria, the Hoechst and BFP channel has been depicted inwhite in the
zoomed sections. Scalebar, 10 pm (c-n). Statistical significance was assessed
by two-tailed unpaired Student’s t-test (a) or one-way analysis of variance (b).
ns, notsignificant. Data are mean +s.e.m. of three independent experiments
(a,b) and micrographs arerepresentative of three biological repeats (c-o0).
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Extended DataFig.5|Model of RNF213-mediated ubiquitylation of LPS
duringbacterial infection. Damage of Salmonella-containing vacuoles
releases S. Typhimuriuminto the host cytosol, where RNF213 associates with
thebacterial surface and ubiquitylates LPS, resulting in LUBAC recruitment
and the deposition of M1-linked ubiquitin chains linked to an unidentified
substrate. Recruitment of the autophagy cargo receptors NDP52 and p62
requires RNF213 but not LUBAC, while that of Optn and the IKK subunit NEMO

reliesontheactivity ofboth RNF213 and LUBAC. Yellow insert, the structure of
the Gram-negative cell envelope. PG, peptidoglycan. Red insert, lipid A, the
minimal substrate for RNF213-mediated ubiquitylation of LPS. Ubiquitylation
oflipid Ais predicted to targetits hydroxy or phosphate groups. The C6’ OH
functionisnotavailable as a potential ubiquitylation site when the coreiis
present.
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Software and code
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Data collection  Confocal images were taken on a Zeiss 780 microscope. Live imaging was performed on a Nikon Eclipse Ti2 equipped with a VisiTech iSIM
super resolution confocal unit and a 100x/1.49 NA SR Apo TIRF objective LENS. Super resolution images were acquired using an Elyra S1
structured illumination microscope (Carl Zeiss Microscopy Ltd, Cambridge, UK).

Data analysis Super-resolution images were calculated from the raw data using Zeiss ZEN software and plot profiles were made with FiJi ImageJ. All data
were tested for statistical significance with Prism software (GraphPad Prism8). MS/MS data were validated using the Scaffold programme
(Proteome Software Inc., USA)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

All data are included in the paper and its supplementary information files. For gel source images, see Supplementary Fig.1. Source data for graphs in Fig.2, Fig.4 and
Exteded Data Fig. 4 are provided with this paper. Materials can be obtained from the corresponding authors upon request.
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Sample size No statistical methods were used to predetermine sample size for experimentation. Given the minimal experimental variation in clonal cell
lines, a minimum of three technical replicates were used per sample.
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Data exclusions  No technical replicates were excluded.
Replication Experiments shown in the manuscript were reliably reproducible. Number of independent biological repeats are stated in the figure legends.
Randomization  No randomization; all experiments were started from common pools of cells and bacteria.

Blinding No blinding was applied, because phenotypes were very "black and white" revealing the sample identity.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IXI D ChlP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Human research participants
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Antibodies

Antibodies used Primary antibodies used: FK2 (1:200,Enzo Life Science, BML-PW8810), anti-GroEL (1:1000, Enzo Life Science, ADI-SPS-875-F), anti-
HA.11 (1:1000, Convance, MMS-101R), anti-actin (1:1000, Abcam, ab8227), anti-RNF213 (1:1000, Merck, HPA003347), anti-FLAG-
M2-HRP (1:1000, Merck, A8592) and anti-GFP (1:1000, JL8, Clontech, 632381), anti-LPS (1:100, BioRad, 8210-0407), anti-Galectin 8
(1:100, R&D Systems, AF1305), anti-M1 (1:1000, 1F11/3F5/Y102L, GenenTech) and anti-LC3 (1:100, Cosmo Bio, CTB-LC3-2-IC).
Secondary antibodies used: Thermo Fisher Scientific (1:500, Alexa-conjugated anti-mouse, anti-goat and anti-rabbit antisera) and
Dabco (1:5000, HRP-conjugated reagents).

Validation All antibodies were used according to manufacturers' instructions. Anti-RNF213 antibody was verified by knockdown and knockout of
RNF213 (Extended Data Fig.2b).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Hela cells and mouse embryonic fibroblasts were obtained from ATCC
Authentication Cell lines obtained directly from ATCC. No authentication was performed.
Mycoplasma contamination All cells tested negative for mycoplasma.

Commonly misidentified lines  no commonly misidentified cell line was used.
(See ICLAC register)
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