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Enteropathogenic Escherichia coli (EPEC) interferes with host cell signaling by injecting virulence effector proteins into entero-
cytes via a type III secretion system (T3SS). NleB1 is a novel T3SS glycosyltransferase effector from EPEC that transfers a single
N-acetylglucosamine (GlcNAc) moiety in an N-glycosidic linkage to Arg117 of the Fas-associated death domain protein (FADD).
GlcNAcylation of FADD prevents the assembly of the canonical death-inducing signaling complex and inhibits Fas ligand
(FasL)-induced cell death. Apart from the DXD catalytic motif of NleB1, little is known about other functional sites in the en-
zyme. In the present study, members of a library of 22 random transposon-based, in-frame, linker insertion mutants of NleB1
were tested for their ability to block caspase-8 activation in response to FasL during EPEC infection. Immunoblot analysis of
caspase-8 cleavage showed that 17 mutant derivatives of NleB1, including the catalytic DXD mutant, did not inhibit caspase-8
activation. Regions of interest around the insertion sites with multiple or single amino acid substitutions were examined further.
Coimmunoprecipitation studies of 34 site-directed mutants showed that the NleB1 derivatives with the E253A, Y219A, and
PILN(63– 66)AAAA (in which the PILN motif from residues 63 to 66 was changed to AAAA) mutations bound to but did not
GlcNAcylate FADD. A further mutant derivative, the PDG(236 –238)AAA mutant, did not bind to or GlcNAcylate FADD. Infection
of mice with the EPEC-like mouse pathogen Citrobacter rodentium expressing NleBE253A and NleBY219A showed that these
strains were attenuated, indicating the importance of residues E253 and Y219 in NleB1 virulence in vivo. In summary, we identi-
fied new amino acid residues critical for NleB1 activity and confirmed that these are required for the virulence function of NleB1.

Enteropathogenic Escherichia coli (EPEC) is an extracellular di-
arrheagenic pathogen of children that utilizes a type III secre-

tion system (T3SS) to inject virulence effector proteins directly
into host intestinal cells. These effectors subvert host cell function
and are encoded by genes either within the locus of enterocyte
effacement (LEE) pathogenicity island (1) or outside the LEE
(non-Lee-encoded [Nle] effectors) (2). A number of non-LEE-
encoded effectors that disrupt host cell signaling have been char-
acterized in recent years (3, 4). For example, both NleC and NleE
inhibit NF-�B signaling and, consequently, block the production
of inflammatory cytokines, such as interleukin-8 (5–7). NleB1 was
recently characterized to be a glycosyltransferase effector that
modifies a conserved arginine residue in the Fas-associated death
domain protein (FADD) as well as the death domain-containing
proteins TRADD and RIPK1, thereby blocking host death recep-
tor signaling and apoptosis (8, 9). Modification of FADD prevents
its recruitment to the Fas receptor and the subsequent recruitment
and activation of caspase-8 (8, 9).

Glycosyltransferases are enzymes that catalyze the transfer of a
sugar moiety from an activated sugar donor substrate containing a
phosphate-leaving group, such as nucleoside diphosphate sugars,
to a specific acceptor substrate (10, 11). Cytosolic glycosylation is
a vital molecular mechanism by which various bacterial toxins and
effector proteins subvert eukaryotic host cell function (12). For
example, Clostridium difficile toxins A and B modify small Rho
GTPases by mono-O-glucosylation at specific threonine residues
(13). Glycosylated Rho GTPases are locked in an inactive state,
inhibiting downstream signaling pathways, resulting in the dis-
ruption of the cell cytoskeleton, the induction of apoptotic cell
death, and fluid accumulation in the large intestine (14).

The transfer of carbohydrate components to proteins usually
occurs at the oxygen nucleophile of the hydroxyl group of a serine
or threonine side chain, resulting in the formation of an O-linked
glycosidic linkage, or at the nitrogen nucleophile of the amide
group of an asparagine side chain, forming an N-linked glycosidic
linkage (15–19). O-GlcNAc modification, unlike classic O- or N-
linked protein glycosylation, involves the transfer of a single
GlcNAc moiety to the hydroxyl group of a serine or threonine
residue, and this modification is not elongated (17, 20). A non-
classical N-linked modification involves the addition of single gly-
cosyl moieties from activated nucleotide sugars to asparagine res-
idues of the target protein (21–23). NleB1 catalyzes an unusual
glycosylation reaction that results in the addition of GlcNAc in an
N-glycosidic linkage to arginine 117 (R117) of FADD (8, 9). This
modification prevents death domain interactions between FADD
and Fas and subsequent assembly of the canonical death-inducing
signaling complex (DISC) (8, 9). Since the discovery of this mod-
ification, another example of arginine glycosylation has been
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identified; in that case, the bacterial glycosyltransferase EarP rh-
amnosylates translation elongation factor P to activate its function
(24).

Apart from the DXD catalytic motif of NleB1, little is known
about other functional sites in the protein and the regions re-
quired for substrate binding and specificity. Unlike the human
O-GlcNAc transferase (OGT), which possesses N-terminal tet-
ratricopeptide (TPR) repeats necessary for substrate binding (25–
27), NleB1 appears to lack such a motif. In this study, we screened
transposon (Tn) and site-directed mutants of NleB1 to identify
functional regions of NleB1. We found that both Tyr219 and Glu253

were essential for the enzymatic activity of NleB1 and its virulence
function during infection.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. The E. coli and Citrobacter rodentium strains
were grown at 37°C in Luria-Bertani (LB) broth with shaking or in Dul-
becco’s modified Eagle’s medium (DMEM) without shaking. When re-
quired, the following antibiotics were added at the indicated concentra-
tions: ampicillin, 100 �g/ml; kanamycin, 50 �g/ml or 100 �g/ml; nalidixic
acid (Nal), 50 �g/ml; chloramphenicol (Cm), 10 �g/ml or 25 �g/ml; and
tetracycline, 12.5 �g/ml.

DNA cloning and purification. The plasmids and primers used in this
study are listed in Tables 2 and 3, respectively. PCR products or restriction
digests were purified from agarose gels using a Wizard SV gel and PCR
cleanup system (Promega). Plasmids were isolated using a QIAprep Spin
miniprep kit (Qiagen) or a NucleoBondXtra midikit (Macherey-Nagel)
per the manufacturers’ instructions. Restriction enzyme digests were per-
formed using enzymes and buffers from NEB according to the manufac-
turer’s instructions. Ligation reactions were performed at an insert/vector
molar ratio of 4:1 at room temperature (RT) overnight using T4 DNA
ligase (NEB) per the manufacturer’s instructions.

Construction of nleB1 insertion mutants. Generation of a library of
nleB1 transposon mutants was carried out using an F-701 mutation
generation system kit (Life Technologies). The transposon mutants
were generated in a pEGFP-C2-NleB1 clone following the manufac-
turer’s instructions, whereby EPEC E2348/69 nleB1 was cloned be-
tween the EcoRI and BamHI restriction sites. Following transforma-
tion of the transposition reaction in E. coli, the transformants were
plated onto Luria-Bertani agar (LA) containing kanamycin and chlor-
amphenicol to select for pEGFP-C2-NleB1 constructs carrying artifi-
cial transposons carrying a chloramphenicol resistance (Camr) marker
gene (M1-Camr), designated entranceposons, and pooled for plasmid
extraction. To ensure the generation of mutations only in the nleB1
gene and not in the vector backbone, plasmids were digested with
EcoRI and BamHI to release nleB1 containing the entranceposon. The

mutated nleB1 was purified and ligated into newly extracted
pEGFP-C2 that had been digested with the same pair of enzymes. The
product of the ligation reaction was transformed into E. coli, and iso-
lates carrying the construct were selected on LA plates containing ka-
namycin and chloramphenicol.

Plasmids were extracted from the transformants and digested with
the restriction enzyme NotI to remove the body of the entranceposon.
The NotI-digested clones were self-ligated, resulting in a 15-bp inser-
tion in the nleB1 gene. The 15-bp insertion in the coding region of
nleB1 is translated into 5 extra amino acids. The position of the pen-
tapeptide insertion of each mutant was determined by PCR with the
primer pairs pEGFP-C2 F/NotI and NotI/pEGFP-C2 R, and the exact
position was determined by sequencing with primer pair pEGFP-C2
F/R. Each mutant nleB1 from the pEGFP-C2 constructs was then di-
gested with EcoRI and BamHI, purified, and ligated into the pTrc99A
vector. The ligation reaction constructs were individually transformed
into E. coli XL1-Blue cells, and the plasmid extracts were further se-
quenced with the primer pair pTrc99A F/R.

Construction of nleB1 site-directed mutants. A library of site-di-
rected mutants of nleB1 was obtained by site-directed mutagenesis
using the pEGFP-C2-NleB1 clone and a QuikChange II site-directed
mutagenesis kit (Stratagene) per the manufacturer’s instructions.
Briefly, pEGFP-C2-NleB1 was used as the template in the PCRs to
generate the single and multiple site-directed mutations in NleB1
fused to an N-terminal enhanced green fluorescent protein (EGFP)
tag. The primer pairs used to introduce the site-directed mutations in
NleB1 are listed in Table 3. The PCR mixtures were digested with the
DpnI restriction enzyme at 37°C overnight before subsequent trans-
formation of the products of the PCRs into E. coli XL1-Blue cells.
Plasmids extracted from transformants were sequenced with
pEGFP-C2 F/R. The constructs pTrc99A-NleB1Y219A and pTrc99A-
NleB1E253A were obtained by digesting the corresponding pEGFP-C2
constructs with EcoRI and BamHI and ligation into pTrc99A.

Cloning of EPEC E2348/69 nleB1 and mutants into pCX340 to ex-
press C-terminal TEM-1 fusions for �-lactamase translocation assays.
The wild-type EPEC E2348/69 nleB1 gene was amplified from genomic
DNA using the primer pair B1 F/R. The PCR product was then purified
and digested with KpnI and EcoRI, before ligation into pCX340. The
product of the ligation reaction was transformed into E. coli DH5� cells.
Colonies were used as the template with the primer pair pCX340 F/R in a
colony PCR, and positive clones were picked for plasmid extraction and se-
quencing by use of the same primer pair. The pCX340-NleB1 mutants were
obtained by first amplifying mutated nleB1 using the primer pair B1 F/R and
the construct pEGFP-C2-NleB1PILN(63–66)AAAA, pEGFP-C2-NleB1Y219A,
pEGFP-C2-NleB1PDG(236–238)AAA, or pEGFP-C2-NleB1E253A as the tem-
plate. The PCR products were purified and digested with KpnI and EcoRI,
before ligation into pCX340. Ligation of the correct insert was verified by
colony PCR and sequencing with the primer pair pCX340 F/R.

TABLE 1 Bacterial strains used in this study

Strain Relevant characteristics
Reference or
source

E. coli
DH5� endA1 hsdR17(rK

� mK
�) supE44 thi-1 recA1 gyrA (Nalr) relA �(lacIZYA-argF)U169 deoR [�80dlac�(lacZ)M15] 60

XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F= proAB lacIqZ�M15 Tn10 (Tetr)] Stratagene
BL21 C41 (DE3) F� ompT hsdSB(rB

� mB
�) gal dcm 	 (DE3) [lacI lacUV5-T7 gene 1 ind1 Sam7 nin-5]) Novagen

EPEC E2348/69 Wild-type EPEC O127:H6 61
EPEC E2348/69 �nleB1 E2348/69 �nleB1::Cm (Cmr) 9
EPEC E2348/69 �escN E2348/69 �escN::Kan (Kanr) 62

C. rodentium
ICC169 Spontaneous Nalr derivative of wild-type C. rodentium biotype 4280 63
�nleB ICC169 �nleB::Kan (Nalr Kanr) 9
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TABLE 2 Plasmids used in this study

Plasmid Relevant characteristics
Reference or
source

pEGFP-C2 Expression vector carrying EGFP fused to the N terminus of the partner protein, Kanr Clontech
pEGFP-C2-NleB1 nleB1 from EPEC E2348/69 in pEGFP-C2, Kanr This study
pEGFP-C2-NleB1P63A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid P63 mutated to A, Kanr This study
pEGFP-C2-NleB1I64A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid I64 mutated to A, Kanr This study
pEGFP-C2-NleB1L65A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid L65 mutated to A, Kanr This study
pEGFP-C2-NleB1N66A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid N66 mutated to A, Kanr This study
pEGFP-C2-NleB1K68A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid K68 mutated to A, Kanr This study
pEGFP-C2-NleB1K81A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid K81 mutated to A, Kanr This study
pEGFP-C2-NleB1D93A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid D93 mutated to A, Kanr This study
pEGFP-C2-NleB1D121A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid D121 mutated to A, Kanr This study
pEGFP-C2-NleB1D128A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid D128 mutated to A, Kanr This study
pEGFP-C2-NleB1L157A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid L157 mutated to A, Kanr This study
pEGFP-C2-NleB1Y219A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid Y219 mutated to A, Kanr This study
pEGFP-C2-NleB1Y234A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid Y234 mutated to A, Kanr This study
pEGFP-C2-NleB1P236A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid P236 mutated to A, Kanr This study
pEGFP-C2-NleB1D237A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid D237 mutated to A, Kanr This study
pEGFP-C2-NleB1G238A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid G238 mutated to A, Kanr This study
pEGFP-C2-NleB1I239A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid I239 mutated to A, Kanr This study
pEGFP-C2-NleB1H242A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid H242 mutated to A, Kanr This study
pEGFP-C2-NleB1E253A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid E253 mutated to A, Kanr This study
pEGFP-C2-NleB1N263A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid N263 mutated to A, Kanr This study
pEGFP-C2-NleB1L267A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid L267 mutated to A, Kanr This study
pEGFP-C2-NleB1A269E nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid A269 mutated to E, Kanr This study
pEGFP-C2-NleB1Y283A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid Y238 mutated to A, Kanr This study
pEGFP-C2-NleB1K292A nleB1 from EPEC E2348/69 in pEGFP-C2 with amino acid K292 mutated to A, Kanr This study
pEGFP-C2-NleB1PILN(63–66)AAAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the PILN(63–66) motif mutated to AAAA, Kanr This study
pEGFP-C2-NleB1HKQ(140–142)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the HKQ(140–142) motif mutated to AAA, Kanr This study
pEGFP-C2-NleB1QES(142–144)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the QES(142–144) motif mutated to AAA, Kanr This study
pEGFP-C2-NleB1LGLL(155–158)AAAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the LGLL(155–158) motif mutated to AAAA, Kanr This study
pEGFP-C2-NleB1GSL(197–199)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the GSL(197–199) motif mutated to AAA, Kanr This study
pEGFP-C2-NleB1DXD(221–223)AXA nleB1 from EPEC E2348/69 in pEGFP-C2 with the DXD(221–223) catalytic motif mutated to AAA, Kanr 9
pEGFP-C2-NleB1DKL(228–230)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the DKL(228–230) motif mutated to AAA, Kanr This study
pEGFP-C2-NleB1PDG(236–238)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the PDG(236–238) motif mutated to AAA, Kanr This study
pEGFP-C2-NleB1SN(262–263)AA nleB1 from EPEC E2348/69 in pEGFP-C2 with SN(262–263) motif mutated to AA, Kanr This study
pEGFP-C2-NleB1LAGL(268–271)AEAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the LAGL(268–271) motif mutated to AEAA, Kanr This study
pEGFP-C2-NleB1KV(277–278)AA nleB1 from EPEC E2348/69 in pEGFP-C2 with the KV(277–278) motif mutated to AA, Kanr This study
pEGFP-C2-NleB1KGI(289–291)AAA nleB1 from EPEC E2348/69 in pEGFP-C2 with the KGI(289–291) motif mutated to AAA, Kanr This study
pTrc99A Low-copy-no. bacterial expression vector with inducible lacI promoter, Ampr Pharmacia

Biotech
pTrc99A-NleB1 nleB1 from EPEC E2348/69 in pTrc99A, Ampr 6
pTrc99A-NleB1DXD(221–223)AXA nleB1 from EPEC E2348/69 in pTrc99A with the DXD(221–223) catalytic motif mutated to AXA, Ampr 9
pTrc99A-NleB1Y219A nleB1 from EPEC E2348/69 in pTrc99A with amino acid Y219 mutated to A, Ampr This study
pTrc99A-NleB1E253A nleB1 from EPEC E2348/69 in pTrc99A with amino acid E253 mutated to A, Ampr This study
pGEX-4T-1 Low-copy-no. N-terminal glutathione S-transferase fusion vector, Ampr GE Healthcare
pGEX-NleB1 nleB1 from EPEC E2348/69 in pGEX-4T-1, Ampr 9
pGEX-NleB1PILN(63–66)AAAA nleB1 from EPEC E2348/69 in pGEX-4T-1 with the PILN(63–66) motif mutated to AAAA, Ampr This study
pGEX-NleB1Y219A nleB1 from EPEC E2348/69 in pGEX-4T-1 with amino acid Y219 mutated to A, Ampr This study
pGEX-NleB1PDG(236–238)AAA nleB1 from EPEC E2348/69 in pGEX-4T-1 with PDG(236–238) motif mutated to AAA, Ampr This study
pGEX-NleB1E253A nleB1 from EPEC E2348/69 in pGEX-4T-1 with amino acid E253 mutated to A, Ampr This study
pET28a(�) Low-copy-no. bacterial expression vector carrying an N-terminal His6 tag, Kanr Novagen
pET28a-FADD Full-length FADD in pET28a(�), Kanr 9
pFLAG-FADD Full-length FADD in p3
FLAG-Myc-CMV-24, Ampr Ashley

Mansell
pCX340 Cloning vector used to construct C-terminal TEM-1 �-lactamase fusions, Tetr 31
pTEM-NleB1 nleB1 from EPEC E2348/69 in pCX340, Tetr This study
pTEM-NleB1PILN(63–66)AAAA nleB1 from EPEC E2348/69 in pCX340 with the PILN(63–66) motif mutated to AAAA, Tetr This study
pTEM-NleB1Y219A nleB1 from EPEC E2348/69 in pCX340 with amino acid Y219 mutated to A, Tetr This study
pTEM-NleB1PDG(236–238)AAA nleB1 from EPEC E2348/69 in pCX340 with the PDG(236–238) motif mutated to AAA, Tetr This study
pTEM-NleB1E253A nleB1 from EPEC E2348/69 in pCX340 with amino acid E253 mutated to A, Tetr This study
pACYC184 Medium-copy-no. cloning vector, Cmr Tetr NEB
pACYC184-NleBCR nleB from C. rodentium ICC169 in pACYC184, Cmr This study
pACYC184-NleBY219ACR nleB from C. rodentium ICC169 in pACYC184 with amino acid Y219 mutated to A, Cmr This study
pACYC184-NleBE253ACR nleB from C. rodentium ICC169 in pACYC184 with amino acid E253 mutated to A, Cmr This study
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TABLE 3 Oligonucleotide primers used in this study

Primer namea Primer sequence 5=–3=
pEGFP-C2 F AACACCCCCATCGGCG
pEGFP-C2 R GTAACCATTATAAGCTGC
NotI TGCGGCCGCA
pTrc99A F CGGTTCTGGCAAATATTC
pTrc99A R GCAGTTCCCTACTCTCGC
P63A Fb GCGATACGAAAAAGGAGAAGTAGCAATATTGAATACCAAAGAACATCCG
P63A Rb CGGATGTTCTTTGGTATTCAATATTGCTACTTCTCCTTTTTCGTATCGC
I64A Fb GCGATACGAAAAAGGAGAAGTACCAGCATTGAATACCAAAGAACATCCG
I64A Rb CGGATGTTCTTTGGTATTCAATATTGCTACTTCTCCTTTTTCGTATCGC
L65A Fb GCGATACGAAAAAGGAGAAGTACCAATAGCGAATACCAAAGAACATCCGTATTTG
L65A Rb CAAATACGGATGTTCTTTGGTATTCGCTATTGGTACTTCTCCTTTTTCGTATCGC
N66A Fb GATACGAAAAAGGAGAAGTACCAATATTGGCTACCAAAGAACATCCGTATTTGAGC
N66A Rb GCTCAAATACGGATGTTCTTTGGTAGCCAATATTGGTACTTCTCCTTTTTCGTATC
K68A Fb GAAGTACCAATATTGAATACCGCAGAACATCCGTATTTGAGC
K68A Rb GCTCAAATACGGATGTTCTGCGGTATTCAATATTGGTACTTC
K81A Fb GAGCAATATTATAAATGCTGCAGCAATAGAAAATGAGCGTATAATCGG
K81A Rb CCGATTATACGCTCATTTTCTATTGCTGCAGCATTTATAATATTGCTC
D93A Fb GTATAATCGGTGTGCTGGTAGCTGGAAATTTTACTTATGAACAAAAAAAG
D93A Rb CTTTTTTTGTTCATAAGTAAAATTTCCAGCTACCAGCACACCGATTATAC
D121A Fb CAAAATATAAAAATAATCTACCGAGCAGCTGTGGATTTCAGCATGTATG
D121A Rb CATACATGCTGAAATCCACAGCTGCTCGGTAGATTATTTTTATATTTTG
D128A Fb CAGATGTGGATTTCAGCATGTATGCTAAAAAACTATCTGATATTTAC
D128A Rb GTAAATATCAGATAGTTTTTTAGCATACATGCTGAAATCCACATCTG
L157A Fb GAGGGATAATTATCTGTTAGGCGCATTAAGAGAAGAGTTAAAAAATATCC
L157A Rb GGATATTTTTTAACTCTTCTCTTAATGCGCCTAACAGATAATTATCCCTC
Y219A Fb CGCCCTGTAGCGGATGTATAGCTCTTGATGCCGACATGATTATTAC
Y219A Rb GTAATAATCATGTCGGCATCAAGAGCTATACATCCGCTACAGGGCG
Y234A Fb CCGATAAATTAGGAGTCCTGGCTGCTCCTGATGGTATCGCTGTG
Y234A Rb CACAGCGATACCATCAGGAGCAGCCAGGACTCCTAATTTATCGG
P236A Fb GGAGTCCTGTATGCTGCTGATGGTATCGCTGTGC
P236A Rb GCACAGCGATACCATCAGCAGCATACAGGACTCC
D237A Fb GGAGTCCTGTATGCTCCTGCTGGTATCGCTGTGCATGTAG
D237A Rb CTACATGCACAGCGATACCAGCAGGAGCATACAGGACTCC
G238A Fb GGAGTCCTGTATGCTCCTGATGCTATCGCTGTGCATGTAG
G238A Rb CTACATGCACAGCGATAGCATCAGGAGCATACAGGACTCC
I239A Fb GGAGTCCTGTATGCTCCTGATGGTGCCGCTGTGCATGTAG
I239A Rb CTACATGCACAGCGGCACCATCAGGAGCATACAGGACTCC
H242A Fb CTCCTGATGGTATCGCTGTGGCTGTAGATTGTAATGATGAG
H242A Rb CTCATCATTACAATCTACAGCCACAGCGATACCATCAGGAG
E253A Fb GTGGATTGTAATGATAATAGAAAAAGTCTTGCAAATGGTGCAATAGTTGTCAATC
E253A Rb GATTGACAACTATTGCACCATTTGCAAGACTTTTTCTATTATCATTACAATCCAC
N263A Fb GTCAATCGTAGTGCTCATCCAGCATTACTTGCAGGCCTCGATATTATG
N263A Rb CATAATATCGAGGCCTGCAAGTAATGCTGGATGAGCACTACGATTGAC
L267A Fb GTAATCATCCAGCAGCACTTGCAGGCCTCGATATTATGAAGAG
L267A Rb CTCTTCATAATATCGAGGCCTGCAAGTGCTGCTGGATGATTAC
A269E Fb GTAATCATCCAGCATTACTTGAAGGCCTCGATATTATGAAGAG
A269E Rb CTCTTCATAATATCGAGGCCTTCAAGTAATGCTGGATGATTAC
Y283A Fb GTAAAGTTGACGCTCATCCAGCTTATGATGGTCTAGGAAAGGG
Y283A Rb CCCTTTCCTAGACCATCATAAGCTGGATGAGCGTCAACTTTAC
K292A Fb GATGGTCTAGGAAAGGGTATCGCGCGGCATTTTAACTATTCATCG
K292A Rb CGATGAATAGTTAAAATGCCGCGCGATACCCTTTCCTAGACCATC
PILN Fb GCGATACGAAAAAGGAGAAGTAGCAGCAGCGGCTACCAAAGAACATCCGTATTTG
PILN Rb CAAATACGGATGTTCTTTGGTAGCCGCTGCTGCTACTTCTCCTTTTTCGTATCGC
HKQ Fb CTGATATTTACCTTGAAAATATCGCTGCAGCAGAATCATACCCTGCCAGTGAGAGGG
HKQ Rb CCCTCTCACTGGCAGGGTATGATTCTGCTGCAGCGATATTTTCAAGGTAAATATCAG
QES Fb CCTTGAAAATATCCATAAAGCAGCAGCATACCCTGCCAGTGAGAGGG
QES Rb CCCTCTCACTGGCAGGGTATGCTGCTGCTTTATGGATATTTTCAAGG
LGLL Fb CAGTGAGAGGGATAATTATCTGGCAGCCGCAGCAAGAGAAGAGTTAAAAAATATCCCAGAAGG
LGLL Rb CCTTCTGGGATATTTTTTAACTCTTCTCTTGCTGCGGCTGCCAGATAATTATCCCTCTCACTG
GSL Fb GGCCATATTGAAGGCTGCAGCTGCGTTTACAGAGACGGGAAAAACTGG
GSL Rb CCAGTTTTTCCCGTCTCTGTAAACGCAGCTGCAGCCTTCAATATGGCC
DKL Fb GCCGACATGATTATTACCGCTGCAGCAGGAGTCCTGTATGCTCCTG

(Continued on following page)
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Cloning of EPEC E2348/69 nleB1 mutants into pGEX-4T-1 to ex-
press N-terminal GST-tagged fusion proteins. Plasmids expressing N-
terminal glutathione S-transferase (GST)-tagged NleB1 mutants GST-
NleB1PILN(63– 66)AAAA, GST-NleB1Y219A, GST-NleB1PDG(236 –238)AAA, and
GST-NleB1E253A were constructed by amplifying mutated nleB1 using the
constructs pEGFP-C2-NleB1PILN(63– 66)AAAA, pEGFP-C2-NleB1Y219A,
pEGFP-C2-NleB1PDG(236 –238)AAA, and pEGFP-C2-NleB1E253A, respec-
tively, as the templates and the primer pair pGEX-B1 F/R. The amplicons,
which were approximately 1 kb, were digested with EcoRI and SalI and
ligated into pGEX-4T-1. The products of the ligation reactions were trans-
formed into XL1-Blue cells. Insertion of the correct insert into the vector
pGEX-4T-1 was verified by colony PCR using the primer pair pGEX F/R
and by sequencing.

Construction of pACYC184 derivatives for use in mouse experi-
ments. The wild-type nleB gene from C. rodentium ICC169 was amplified
from genomic DNA using the primer pair CR B F/R. The PCR product,
which was approximately 1 kb and which was flanked by the BamHI and
SalI sites, was digested with the previously mentioned restriction enzymes
and ligated behind the tetracycline promoter of the vector pACYC184.
The product of the ligation reaction was transformed into XL1-Blue cells.
Ligation of the correct insert into the vector pACYC184 was verified by
colony PCR using the primer pair pACYC seq F/R and by sequencing. The
mutations Y219A and E253A were generated in the C. rodentium NleB
protein using the QuikChange II site-directed mutagenesis kit as de-
scribed above, the correct pACYC184-CR NleB construct as the template,
and the primer pairs CR Y219A F/R and CR E253A F/R, respectively.

Bioinformatics analysis. A multiple-sequence alignment of the
amino acid sequence of the region surrounding the DXD motif of EPEC
E2348/69 NleB1 (residues 176 to 230; GenBank accession number
CAS10779) with the amino acid sequences of different bacterial glycosyl-
transferases, including Legionella pneumophila Lgt1 (Lpg1319 [residues
209 to 260; PDB accession number 2WZG] and Lpg1368 [residues 209 to 260;

GenBank accession number Q5ZVS2]), Clostridium novyi alpha toxin (res-
idues 253 to 296; GenBank accession number Q46149), Clostridium sor-
dellii lethal toxin (LT; residues 255 to 298; GenBank accession number
Q46342), Clostridium difficile toxins A and B (residues 253 to 299
[GenBank accession number CAC03681] and residues 255 to 298
[GenBank accession number P18177], respectively), and Photorhabdus
asymbiotica protein toxin (PaTox; residues 2245 to 2290; GenBank
accession number CAQ84322), was generated using the MUSCLE
(version 3.5) alignment tool (28) through the Geneious (version 8.1.4)
tool (29).

Screening of a library of NleB1 transposon mutants by detection
of cleaved caspase-8 by immunoblotting. For detection of cleaved
caspase-8 during EPEC infection, HeLa cells were infected with various
EPEC derivatives and then stimulated with the Fas ligand (FasL) to induce
host cell apoptosis by the extrinsic pathway before collection and analysis
of cell lysates. Briefly, on the day before tissue culture infection, HeLa cells
were seeded at 2.5 
 105 cells/ml in 24-well plates (Greiner Bio One) and
the various EPEC derivatives were cultured in 10 ml LB broth overnight at
37°C. On the following day, the bacterial cultures were subinoculated 1:75
in DMEM and incubated at 37°C with 5% CO2 for 2.5 h before the induc-
tion of NleB1 protein expression from the Ptrc promoter with 1 mM IPTG
(isopropyl-�-D-thiogalactopyranoside) for another 30 min. HeLa cells
were infected with the various EPEC strains for 2 h and treated with 100
�g/ml gentamicin with or without 20 ng/ml of FasL (Andreas Strasser,
The Walter and Eliza Hall Institute for Medical Research, Victoria, Aus-
tralia) for a further 2 to 3 h. HeLa cells were lysed and subjected to gel
electrophoresis, and then the gels were transferred to nitrocellulose mem-
branes. The membranes were incubated for at least 16 h at 4°C with rabbit
monoclonal anti-cleaved caspase-8 antibodies (Asp391; antibody clone
18C8; Cell Signaling) diluted 1:1,000 in Tris-buffered saline (TBS) with
5% skim milk and 0.1% Tween 20 (Chem-Supply) or mouse monoclonal
anti-�-actin antibodies (catalog number AC-15; Sigma-Aldrich) diluted

TABLE 3 (Continued)

Primer namea Primer sequence 5=–3=
DKL Rb CAGGAGCATACAGGACTCCTGCTGCAGCGGTAATAATCATGTCGGC
PDG Fb GATAAATTAGGAGTCCTGTATGCTGCTGCTGCTATCGCTGTGCATGTAGATTG
PDG Rb CAATCTACATGCACAGCGATAGCAGCAGCAGCATACAGGACTCCTAATTTATC
SN Fb GGTGCGATAGTTGTCAATCGTGCTGCTCATCCAGCATTACTTGC
SN Rb GCAAGTAATGCTGGATGAGCAGCACGATTGACAACTATCGCACC
LAGL Fb GTCAATCGTAGTAATCATCCAGCATTAGCTGAAGCCGCCGATATTATGAAGAGTAAAGTTGACGC
LAGL Rb GCGTCAACTTTACTCTTCATAATATCGGCGGCTTCAGCTAATGCTGGATGATTACTACGATTGAC
KV Fb GGCCTCGATATTATGAAGAGTGCAGCTGACGCTCATCCATATTATG
KV Rb CATAATATGGATGAGCGTCAGCTGCACTCTTCATAATATCGAGGCC
KGI Fb CATCCATATTATGATGGTCTAGGAGCGGCTGCCAAGCGGCATTTTAACTATTCATCG
KGI Rb CGATGAATAGTTAAAATGCCGCTTGGCAGCCGCTCCTAGACCATCATAATATGGATG
B1 F CCGGTACCATGTTATCTTCATTAAATGTCC
B1 R C GGAATTCCC CCATGAACTGCTGGTATAC
pCX340 F AAGGCGCACTCCCGTTC
pCX340 R GTCATTCTGAGAATAGTG
pGEX F CGTATTGAAGCTATCCCACAA
pGEX R GGGAGCTGCATGTGTCAGAG
pGEX B1 F CGCGAATTCATGTTATCTTCATTAAATGTCCTTC
pGEX B1 R CGCGTCGACTTACCATGAACTGCTGGTATAC
CR B F CGGGATCCGGATAAACAGGACGACGAATGTTATCTCCATTAAATGTTCTTCAATTTAATTTC
CR B R CGGTCGACTTACCATGAACTGTTGGTATACATACTGG
pACYC seq F GTACTGCCGGGCCTCTTG
pACYC seq R GAAGGCTTGAGCGAGGGCG
CR Y219A F CTCCATGTGGGGGATGTATAGCTCTTGATGCAGATATGATTATTAC
CR Y219A R GTAATAATCATATCTGCATCAAGAGCTATACATCCCCCACATGGAG
CR E253A F GTGGATTGTAATGATAATAGAAAAAGTCTTGCAAATGGTGCAATAGTTGTCAATC
CR E253A R GATTGACAACTATTGCACCATTTGCAAGACTTTTTCTATTATCATTACAATCCAC
a F, forward primer; R, reverse primer.
b Primers used to introduce site-directed mutations in nleB1. The primer name is indicative of the amino acid mutation(s) introduced in NleB1.
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1:5,000 in TBS with 5% bovine serum albumin (BSA; Sigma-Aldrich) and
0.1% Tween 20. Proteins were detected using anti-rabbit or anti-mouse
IgG horseradish peroxidase (HRP)-conjugated secondary antibodies
(Perkin-Elmer) and developed with the ECL Prime Western blotting re-
agent (Amersham). All secondary antibodies were diluted 1:3,000 in TBS
with 5% BSA and 0.1% Tween 20. Images were visualized using an
MFChemiBis imaging station (DNR Bio-Imaging Systems).

Screening of a library of site-directed mutants of NleB1 by immu-
noprecipitation of FLAG-FADD and immunoblotting. HEK293T cells
were seeded at approximately 5 
 105 cells/ml in 10-cm dishes (Corning)
and were cotransfected with pEGFP-C2-NleB1 or its derivative site-di-
rected mutants together with pFLAG-FADD using the FuGENE 6 trans-
fection reagent (Promega) according to the manufacturer’s protocol. Im-
munoprecipitation with anti-FLAG M2 magnetic beads (Sigma-Aldrich)
was performed per the manufacturer’s instructions. Briefly, at 16 to 24 h
after transfection, the cells were washed twice with cold phosphate-buff-
ered saline (PBS) and lysed in 600 �l cold radioimmunoprecipitation
assay (RIPA) lysis buffer (1 mM Tris-HCl, pH 7.5, 15 mM NaCl, 0.5 mM
EDTA, 0.01% SDS, 0.1% Triton X-100, 0.1% deoxycholate) containing
1
 protease inhibitor cocktail (cOmplete; Mini; EDTA free; Roche), 10
mM NaF, 2 mM Na3VO4, and 1 mM phenylmethylsulfonyl fluoride. The
cell debris was pelleted, the supernatant was collected, and 70 �l of the
supernatant was kept as the input protein. The remaining cell lysate was
applied to equilibrated anti-FLAG M2 magnetic beads, and the mixture
was incubated on a rotating wheel at 4°C overnight. The beads were mag-
netically separated and washed 3 times with cold 1
 RIPA lysis buffer, and
the protein was eluted with 100 �g/ml FLAG peptide (Sigma-Aldrich).
The beads were magnetically separated, the supernatants (immunopre-
cipitates [IPs]) along with the input samples were subjected to gel electro-
phoresis, and the gels were transferred to nitrocellulose membranes. The
membranes were probed as necessary with the primary antibodies mouse
monoclonal anti-GFP (clones 7.1 and 13.1; Roche), mouse monoclonal
anti-GlcNAc (antibody CTD 110.6; Cell Signaling), or mouse monoclonal
anti-�-actin (antibody AC15; Sigma), diluted 1:2,000, 1:1,000, and
1:5,000, respectively, in TBS with 5% BSA and 0.1% Tween 20. The im-
munoblots were then washed 3 times and probed with HRP-conjugated
secondary goat anti-mouse immunoglobulin antibodies diluted 1:3,000 in
TBS with 5% BSA and 0.1% Tween 20 before they were developed with
enhanced chemiluminescence (ECL) Western blotting detection reagents
(GE Healthcare). The membranes were probed with mouse anti-FLAG-
HRP antibodies (Sigma) diluted 1:1,000, washed, and developed. Anti-
body binding was visualized using an MFChemiBis imaging station.

Preparation of GST- and His-tagged proteins. Overnight cultures of
BL21(pGEX-4T-1), BL21(pGEX-NleB1), BL21(pGEX-NleB1PILN(63–66)AAAA),
BL21(pGEX-NleB1Y219A), BL21(pGEX-NleB1PDG(236–238)AAA), BL21(pGEX-
NleB1E253A), and BL21(pET28a-FADD) cells grown in LB broth were di-
luted 1:100 in 200 ml of LB broth supplemented with either kanamycin
(for the pET construct) or ampicillin (for the pGEX constructs) with
shaking to an optical density (OD) of 0.6 at 37°C. The bacterial cultures
were incubated with 1 mM IPTG, grown for a further 2 h, and then pel-
leted by centrifugation. Bacterial cells were lysed using an EmulsiFlex-C3
high-pressure homogenizer (Avestin). Proteins were purified by either
nickel or glutathione affinity chromatography in accordance with the
manufacturer’s instructions (Novagen). Protein concentrations were de-
termined using a bicinchoninic acid (BCA) kit (Thermo Scientific).

Incubation of GST- and His-tagged proteins. Two micrograms of
purified recombinant proteins was incubated either alone or in combina-
tion in distilled water at 37°C for 4 h in the presence of 1 mM UDP-
GlcNAc (Sigma-Aldrich). Samples were subjected to gel electrophoresis
and transferred to nitrocellulose membranes, which were subsequently
probed with the primary antibodies mouse monoclonal anti-GlcNAc (an-
tibody CTD 110.6; Cell Signaling), which recognizes O-linked and N-
linked GlcNAc (30); rabbit polyclonal anti-GST (Cell Signaling); or
mouse monoclonal anti-His (antibody AD1.1.10; AbD Serotech), diluted
1:1,000, 1:1,000, and 1:2,000, respectively, in TBS with 5% BSA and 0.1%

Tween 20. The immunoblots were then washed 3 times and probed with
either HRP-conjugated secondary goat anti-mouse immunoglobulin an-
tibodies or goat anti-rabbit immunoglobulin antibodies diluted 1:3,000 in
TBS with 5% BSA and 0.1% Tween 20 before they were developed with
ECL Western blotting detection reagents. Images were visualized using an
MFChemiBis imaging station.

�-Lactamase translocation assay. The translocation of effector pro-
teins from EPEC was measured by using translational fusions to TEM-1
�-lactamase (31). Translocation in living host cells was detected directly
by using a fluorescent �-lactamase substrate, CCF2/AM. Cell monolayers
were washed twice with PBS and infected with bacterial cultures at a start-
ing OD at 600 nm of 0.03 for 2 h. The cells were then loaded with
CCF2/AM dye (�-lactamase loading solutions; Life Technologies) for 1.5
h in the dark, before being replaced with Hanks’ balanced salt solution
(HBSS) containing 2.5 mM probenecid in 0.12 M sodium dihydrogen
orthophosphate, pH 8.0. The blue emission fluorescence (450 nm) and
green emission fluorescence (520 nm) were measured on a CLARIOstar
Omega microplate reader (BMG Labtech), and the translocation signal
was shown as the ratio of blue emission fluorescence to green emission
fluorescence.

Infection of mice with Citrobacter rodentium. All animal experi-
ments were approved by the University of Melbourne Animal Ethics
Committee (ethics approval number 1413406.5). Bacterial strains were
cultured in LB broth containing antibiotics, as required, overnight at 37°C
with shaking. On the following day, the bacterial cells were harvested by
centrifugation at 3,220 
 g for 10 min at RT, and the bacterial cell pellet
was then resuspended in PBS. Unanesthetized 5- to 8-week-old female
C57BL/6 mice were each given 200 �l of a bacterial suspension containing
approximately 2 
 109 CFU in PBS by oral gavage. The viable count of the
inoculum was determined by retrospective serial dilution and plating on
LA containing the required antibiotic. A minimum of 5 mice per group
was used, and the experiment was repeated three times. Mice were
weighed every 2 days after inoculation and monitored. Fecal samples were
collected aseptically from each mouse on various days up to 14 days after
inoculation and emulsified in PBS at a final concentration of 100 mg/ml.
The number of viable bacteria per gram of feces was determined by plating
serial dilutions of the samples onto antibiotic selective medium. The limit
of detection was 40 CFU/g feces.

RESULTS
Screening of transposon mutants of NleB1 for loss of function.
In order to gain insight into the functional regions of NleB1, a
plasmid carrying NleB1 (pEGFP-C2-NleB1) was mutated us-
ing the bacteriophage MuA transposase. Artificial transposons
carrying a chloramphenicol resistance marker gene, designated
entranceposons (M1-Camr), were randomly inserted into the
target plasmid in vitro. The plasmids obtained from the trans-
formants were digested with NotI and closed by self-ligation to
remove the body of the entranceposon. This resulted in a 15-bp
insertion in the nleB1 gene encoding 5 additional amino acids.
The exact position of the pentapeptide insertion of each mu-
tant was determined by sequencing. This system yielded 27
insertion mutants of NleB1, 2 of which contained a pentapep-
tide insertion between amino acids 261 and 262 with different
sequences (Fig. 1A; Table 4). Derivatives of nleB1 carrying the
15-bp insertions were cloned into pTrc99A in order to test the
library of mutants during EPEC infection. The insertion mu-
tants were then screened for their ability to inhibit caspase-8
activation during EPEC infection.

HeLa cells were infected with various EPEC derivatives, includ-
ing wild-type strain EPEC E2348/69, E2348/69 �nleB1 carrying
pTrc99A, and E2348/69 �nleB1 complemented with wild-type
nleB1 or an nleB1 insertion mutant derivative carried by pTrc99A.
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Caspase-8 activation was then induced by treatment with FasL. All
nleB1 mutants were tested for their ability to block caspase-8 ac-
tivation, except for 5 mutants which likely carried an insertion
into the N-terminal translocation signal of NleB1 (32–35).
Caspase-8 activation was assessed by immunoblotting using an
antibody that recognizes only cleaved (activated) caspase-8. As
expected, complementation of the �nleB1 mutant with wild-type
nleB1 resulted in inhibition of caspase-8 activation to a level sim-
ilar to that observed in cells infected with wild-type strain EPEC
E2348/69 (Fig. 1B and C) (9). Of the 22 insertion mutants tested,
14 did not inhibit caspase-8 cleavage, including nleB1Tn221

(where 221 indicates the position of Tn insertion) carrying an
insertion in the catalytic DXD region (residues 221 to 223)
(Fig. 1B and C; Table 4). In addition, both nleB1Tn262 mutants
appeared to be equally unable to inhibit caspase-8 activation,

irrespective of the pentapeptide sequence introduced between
amino acids 261 and 262.

Site-directed mutagenesis of NleB1 and screening of site-di-
rected mutants of NleB1 for loss of function. To examine poten-
tial functional regions of NleB1 further, a total of 34 mutants with
amino acid substitutions were constructed using the QuikChange
II site-directed mutagenesis kit in plasmid pEGFP-C2-NleB1; 23
of these were mutants with single amino acid substitutions, and 11
were mutants with multiple amino acid substitutions (Fig. 1A;
Table 5). The change of Glu253 to Ala (E253A) was also chosen for
evaluation, as previous work showed that this mutation impaired
the ability of NleB1 to inhibit NF-�B activation upon tumor ne-
crosis factor stimulation (8). Ten of the 34 amino acid substitu-
tions (9 single amino acid substitutions and 1 multiple amino
acid substitution) were created in the N terminus of NleB1, as

FIG 1 Mutagenesis of NleB1 and screen of NleB1 transposon mutants for loss of function. (A) Schematic diagram mapping the transposon insertion sites and
the positions of single or multiple site-directed mutations in NleB1. Continuous red arrow, NleB1; orange box, the catalytic DXD region; black boxes, transposon
insertion sites; gray and blue boxes, single and multiple site-directed mutations, respectively. The secondary structure of NleB1 was predicted by use of the Jnet
program (59). Yellow arrows, � sheets; dark red cylinders, � helices. The amino acid polarity graph was plotted by use of the EMBOSS charge tool through the
Geneious program, and the hydrophobicity of each residue is shown below the NleB1 protein. Amino acid (aa) residues are colored from red through blue
according to the hydrophobicity value, where red is the most hydrophobic and blue is the most hydrophilic. (B and C) Immunoblots showing cleaved caspase-8
in HeLa cells infected with EPEC derivatives that carry the pTrc99A vector backbone with different NleB1 insertion mutations and that were stimulated with FasL.
Cells were harvested for immunoblotting, and cleaved caspase-8 was detected with anti-cleaved caspase-8 antibodies. Antibodies to �-actin were used as a loading
control. The immunoblots are representative of those from at least three independent experiments. Lanes UI, uninfected.
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this region was not examined in the caspase-8 screening assay,
which required the translocation of NleB1 and, hence, the N-
terminal translocation signal. Site-directed mutants were then
tested for their ability to GlcNAcylate FADD. HEK293T cells
were cotransfected with plasmids expressing derivatives of
GFP-tagged NleB1 and FLAG-FADD before FLAG-FADD was
immunoprecipitated from the cell lysates. The immunopre-
cipitates (IPs) were then examined for GlcNAcylation of FADD
using an antibody to GlcNAc and for coimmunoprecipitation
of GFP-tagged NleB1 derivatives (Fig. 2; Table 5).

The catalytic mutant NleB1DXD(221–223)AXA was unable to
GlcNAcylate FADD, although it still bound FADD (Table 5).
One mutant of NleB1 with multiple-site-directed mutations,
NleB1PILN(63– 66)AAAA (Fig. 2A), and two mutants of NleB1 with
single-site-directed mutations, NleB1Y219A and NleB1E253A (Fig.
2B), were also unable to GlcNAcylate FADD, and another muta-
nt with multiple-site-directed mutations, NleB1PDG(236 –238)AAA,
showed a reduced ability to GlcNAcylate FADD (Fig. 2A). The
loss-of-function mutants NleB1PILN(63– 66)AAAA, NleB1Y219A, and

NleB1
E253A

still bound to FADD, whereas the NleB1PDG(236 –238)AAA

mutant did not interact with FADD (Fig. 2). NleB1 carrying the mu-
tations D93A, L157A, GSL(197–199)AAA, G238A, I239A, L267A,
Y283A, and K292A bound weakly to FADD (Fig. 2; Table 5), whereas
NleB1 carrying the mutations D128A, LGLL(155–158)AAAA,
DKL(228 –230)AAA, LAGL(268 –271)AEAA, and KGI(289 –
291)AAA did not appear to bind FADD. However, all these mu-
tants still mediated FADD GlcNAcylation, suggesting that NleB1-
substrate interactions need not be stable and long lasting for
GlcNAcylation to occur (Fig. 2; Table 5). GFP-NleB1 or the deriv-
ative mutants that bound FADD appeared as doublets on the im-
munoblots probed with anti-GFP, possibly reflecting protein deg-
radation at the C terminus during immunoprecipitation.

In vitro, NleB1 GlcNAcylates FADD directly in the presence
of the sugar donor, UDP-GlcNAc. To confirm the loss of func-
tion of four NleB1 mutants [NleB1PILN(63– 66)AAAA, NleB1Y219A,

TABLE 4 EPEC derivatives and their effect on caspase-8 activation
during EPEC infection

EPEC strain
genotypea

Pentapeptide
insertion
sequence

Caspase-8
activationb

Wild type � �
�nleB1 � ���
�nleB1(pNleB1) � �
�nleB1(pNleB1Tn68) NAAAT NTc

�nleB1(pNleB1Tn79) AAAAN NT
�nleB1(pNleB1Tn92) VAAAL NT
�nleB1(pNleB1Tn120) AAAAR NT
�nleB1(pNleB1Tn127) YAAAM NT
�nleB1(pNleB1Tn142) CGRNK ���
�nleB1(pNleB1Tn156) GAAAL ���
�nleB1(pNleB1Tn157) CGRIG ���
�nleB1(pNleB1Tn198) CGRTG ���
�nleB1(pNleB1Tn205) CGRTG �
�nleB1(pNleB1Tn221) DAAAL ���
�nleB1(pNleB1Tn228) DAAAT ���
�nleB1(pNleB1Tn230) CGRNK ���
�nleB1(pNleB1Tn237) DAAAP ���
�nleB1(pNleB1Tn248) CGRND �
�nleB1(pNleB1Tn262) MRPHR ���
�nleB1(pNleB1Tn262) SAAAR ���
�nleB1(pNleB1Tn267) CGRTA �
�nleB1(pNleB1Tn269) AAAAL ���
�nleB1(pNleB1Tn277) CGRKS ���
�nleB1(pNleB1Tn278) CGRSK ��
�nleB1(pNleB1Tn286) CGRND �
�nleB1(pNleB1Tn291) IAAAG ���
�nleB1(pNleB1Tn303) CGRNN �
�nleB1(pNleB1Tn324) CGRSM �
�nleB1(pNleB1Tn326) SAAAT �
�nleB1(pNleB1Tn329) LRPHS �
a The number after Tn indicates the position of the insertion.
b HeLa cell lysates were examined for caspase-8 activation levels after EPEC infection
and FasL stimulation; �, ��, and ���, increasing levels of caspase-8 cleavage, with
��� indicating levels of caspase-8 cleavage comparable to that of uninfected HeLa
cells stimulated with FasL; �, the absence of caspase-8 cleavage comparable to the
inhibition observed in the presence of wild-type NleB1.
c NT, not tested.

TABLE 5 Site-directed mutants of NleB1 and their effect on FADD
GlcNAcylation and binding

Mutant
Ability to
GlcNAcylate FADDa

Binding to
FADDa

NleB1 single-site-directed mutants
P63A ��� ���
I64A ��� ���
L65A ��� ���
N66A ��� ���
K68A ��� ���
K81A ��� ���
D93A ��� �
D121A ��� ���
D128A ��� �
L157A ��� �
Y219A � ���
Y234A ��� ���
P236A ��� ���
D237A ��� ���
G238A ��� �
I239A ��� �
H242A ��� ���
E253A � ���
N263A ��� ���
L267A ��� �
A269E ��� ���
Y283A ��� �
K292A ��� �

NleB1 multiple-site-directed mutants
PILN(63–66)AAAA � ���
HKQ(140–142)AAA ��� ���
QES(142–144)AAA ��� ��
LGLL(155–158)AAAA ��� �
GSL(197–199)AAA ��� �
DKL(228–230)AAA ��� �
PDG(236–238)AAA � �
SN(262–263)AA ��� ��
LAGL(268–271)AEAA ��� �
KV(277–278)AA ��� ���
DAD(221–223)AAA � ���
KGI(289–291)AAA ��� �

a �, ��, and ���, increasing levels of FADD GlcNAcylation or binding, with ���
reflecting the level of FADD GlcNAcylation or binding observed in the presence of
wild-type NleB1; �, an absence of FADD GlcNAcylation or binding
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NleB1PDG(236 –238)AAA, and NleB1E253A], recombinant NleB1
proteins with an N-terminal GST tag and recombinant FADD
with an N-terminal His6 tag were purified and incubated either
alone or together in the presence of UDP-GlcNAc. The incu-
bation mixtures were separated by gel electrophoresis, and the
gels were transferred to a nitrocellulose membrane that was
probed with antibodies to GlcNAc, GST, and His6. Whereas
incubation of GST-NleB1 and His6-FADD with UDP-GlcNAc
led to FADD GlcNAcylation, this was not observed when
GST-NleB1PILN(63– 66)AAAA, GST-NleB1PDG(236 –238)AAA, GST-
NleB1E253A, or GST-NleB1Y219A was used (Fig. 3A and B).

Conservation of tyrosine-219 (Y219) in glycosyltransferases
from Clostridium, Legionella, and Photorhabdus species. Al-
though NleB1 shares little homology with proteins of known
function at the primary amino acid sequence level, NleB1 was first
proposed to be a glycosyltransferase by in silico fold recognition
(36). Here we compared the NleB1 amino acid sequence with
empirically established three-dimensional structures using the
FUGUE program (37). FUGUE identified NleB1 to be an unam-
biguous structural homologue of the Photorhabdus asymbiotica
protein toxin (PaTox) (FUGUE Z-score, 4.43; 95% confidence).
In addition to causing disease in insects, P. asymbiotica is an
emerging human pathogen (38). PaTox was recently identified

to be a glycosyltransferase targeting eukaryotic Rho GTPases,
thereby inhibiting Rho activation and causing host cell death (39).
When the region around the catalytic site of PaTox was compared
to that of glycosylating toxins from Clostridium species and L.
pneumophila, several residues around the DXD triad were con-
served (39). Hence, we compared the catalytic region of NleB1 to
that of PaTox, L. pneumophila glucosyltransferase 1 (Lgt1), alpha
toxin of Clostridium novyi, LT of Clostridium sordellii, and toxins
A and B of Clostridium difficile using the MUSCLE alignment tool
(28). This showed a number of conserved amino acids, including
the DXD motif and the tyrosine residue equivalent to Y219 of
NleB1, suggesting the importance of Y219 in the enzymatic func-
tion of NleB1 (Fig. 3C).

Effect of loss-of-function mutations NleB1Y219A and NleB1E253A

on FADD GlcNAcylation during EPEC infection. Ectopically ex-
pressed and recombinant NleB1 with the single amino acid
substitution Y219A or E253A was unable to modify FADD,
even though it still bound to its target (Fig. 2B and 3A). To
study the effects of these mutations on NleB1 function during
infection, we first verified that NleB1Y219A and NleB1E253A were
translocated into host cells by the T3SS. Translational fusions
of NleB1 and mutant derivatives to TEM-1 �-lactamase were
generated using the vector pCX340, and the fusion proteins

FIG 2 Screening of NleB1 site-directed mutants for loss of GlcNAcylation activity toward FADD. (A and B) Immunoblots of inputs and IPs of anti-FLAG
immunoprecipitations performed on lysates of HEK293T cells cotransfected with pFLAG-FADD and pEGFP-C2-NleB1 (GFP-NleB1) or the pEGFP-C2 con-
structs carrying the site-directed mutants of NleB1. The FLAG-FADD IPs were tested for GlcNAcylation by immunoblotting with anti-GlcNAc antibodies.
GFP-NleB1 and the mutants were tested for coimmunoprecipitation with FLAG-FADD by immunoblotting of the IPs with anti-GFP antibodies. Antibodies to
�-actin were used as a loading control. The immunoblots are representative of those from at least three independent experiments.
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were introduced into the �nleB1 and �escN mutants. Expres-
sion of the fusion proteins in EPEC was detected by immuno-
blotting using antibodies to �-lactamase and NleB1 (data not
shown). Following infection, NleB1 translocation was detected
in HeLa cells by using the CCF2/AM fluorescent substrate and
measuring the blue/green emission ratio as described previ-
ously (40). In contrast to the NleB1PDG(236 –238)AAA and
NleB1PILN(63– 66)AAAA mutant derivatives, both the NleB1Y219A

and NleB1E253A mutant derivatives were translocated by the
T3SS to wild-type levels (Fig. 4A).

To determine if the NleB1Y219A or NleB1E253A delivered by
the T3SS blocked caspase-8 cleavage in response to FasL stim-
ulation, HeLa cells were infected with wild-type EPEC E2348/
69, E2348/69 �nleB1, or E2348/69 �nleB1 complemented with
nleB1, nleB1 encoding the Y219A substitution, or nleB1 encod-
ing the E253A substitution. As shown previously, caspase-8 cleav-

FIG 3 Loss of enzymatic activity of NleB1 mutants. (A and B) Immunoblots of recombinant protein incubation mixtures from an in vitro assay for
NleB1-mediated GlcNAc modification of FADD. Recombinant GST-NleB1 or the mutants and His-FADD were incubated alone or together in the
presence of 1 mM UDP-GlcNAc. GlcNAcylation of FADD was tested by immunoblotting with anti-GlcNAc antibodies, and the presence of the GST and
His fusion proteins was detected by immunoblotting with anti-GST and anti-His antibodies. The immunoblots are representative of those from at least
three independent experiments. (C) Sequence similarity of the NleB1 central region with the catalytic region of glycosyltransferases from Clostridium,
Legionella, and Photorhabdus species. A multiple-sequence alignment of the amino acid sequence of the region surrounding the DXD motif (marked with a red
line) of EPEC E2348/69 NleB1 (residues 176 to 236; GenBank accession number CAS10779) with different bacterial glycosyltransferases was generated using
MUSCLE (28) through the Geneious tool (29). The glycosyltransferases included Legionella pneumophila Lgt1 (Lpl1319 [residues 209 to 260; PDB accession
number 2WZG] and Lpg1368 [residues 209 to 260; GenBank accession number Q5ZVS2]), Photorhabdus asymbiotica PaTox (residues 2245 to 2290; GenBank
accession number CAQ84322), Clostridium novyi alpha toxin (residues 253 to 296; GenBank accession number Q46149), Clostridium sordellii LT (residues 255
to 298; GenBank accession number Q46342), Clostridium difficile toxin A (residues 253 to 299; GenBank accession number CAC03681), and Clostridium difficile
toxin B (residues 255 to 298; GenBank accession number P18177). Black arrow, the Tyr219 residue in EPEC NleB1 conserved in the other glycosyltrans-
ferases. The weighted shading of the highlights indicates the percent similarity of the aligned residues, with darker colors indicating the highest
conservation. The identity across all sequences for every residue is displayed above the aligned sequences: green, the residue at the given position is the
same across all sequences; yellow, less than complete identity; red, very low identity for the given position. Hyphens indicate gaps inserted by Geneious
on the basis of the Blosum62 substitution matrix to generate the alignment.
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age was prevented during infection with wild-type EPEC E2348/
69, whereas it was not with the �nleB1 mutant (Fig. 4B) (9), and
complementation of the �nleB1 mutant with wild-type nleB1 re-
stored the inhibition of caspase-8 cleavage. None of the
NleB1DXD(221–223)AxA, NleB1Y219A, or NleB1E253A mutant deriva-
tives was able to inhibit caspase-8 cleavage.

Amino acid residues Y219 and E253 are required for NleB
function during Citrobacter rodentium infection of mice. Mice
infected with the EPEC-like mouse pathogen C. rodentium are
widely used as a small-animal model of EPEC infection. NleB
from C. rodentium is needed for the full colonization of mice (41),
and NleB from C. rodentium has been shown to GlcNAcylate sev-
eral death domain proteins, including FADD, TRADD, and
RIPK1 (8). Since amino acid residues Y219 and E253 are con-
served in C. rodentium NleB, we investigated whether NleBY219A

and NleBE253A could complement the function of NleB in vivo.
Wild-type C57BL/6 mice were inoculated orally with wild-type C.
rodentium carrying pACYC184, the isogenic �nleB mutant carry-
ing pACYC184, or �nleB carrying pACYC184 harboring wild-
type C. rodentium nleB, nleB encoding the Y219A substitution, or
nleB encoding the E253A substitution. Fecal samples were col-
lected on days 2, 7, 10, 12, and 14, and the number of viable
bacteria (number of CFU) per gram of feces was determined. No
differences in the fecal numbers of CFU of C. rodentium were
observed between the 5 groups of mice on day 2 following infec-
tion (Fig. 5A). However, on days 7, 10, and 12, the level of coloni-
zation by the �nleB mutant carrying pACYC184 was significantly
lower than that by wild-type C. rodentium carrying pACYC184 or
the �nleB mutant complemented with wild-type nleB (Fig. 5A).
This finding is consistent with previous findings showing that
NleB is required for virulence in mice (9, 41). Neither the nleB

mutant encoding the Y219A substitution nor the nleB mutant
encoding the E253A substitution was able to restore the coloniza-
tion ability of the �nleB mutant, indicating that these amino acids
are essential for the virulence function of NleB in vivo (Fig. 5A).

To ensure that the lower levels of colonization by the �nleB
mutant carrying pACYC184 harboring the nleB mutant encoding
Y219A or the nleB mutant encoding E253A were not due to the
loss of the complementation vectors by the �nleB mutant, fecal
samples were collected from each group and plated on Luria-Ber-
tani agar containing nalidixic acid (Nal) and chloramphenicol
(Cm) (selecting for C. rodentium and pACYC184) or Nal only
(selecting for C. rodentium) on day 10 after infection. No differ-
ences in the fecal numbers of CFU from each group were ob-
served, indicating that carriage of the pACYC184 plasmid deriva-
tives was stable (Fig. 5B).

DISCUSSION

The initial suggestion that NleB was a glycosyltransferase stemmed
from a fold prediction performed using the HHpred protein struc-
ture prediction tool (36). Subsequently, NleB1 was shown to bind
and modify death domain-containing proteins, including FADD,
TRADD, and RIPK1, by the addition of GlcNAc to a conserved
arginine in the death domain of these proteins (8, 9). By prevent-
ing assembly of the DISC upon death receptor stimulation, NleB1
mediates a strong antiapoptotic effect in the host cell during EPEC
infection.

Other than the DXD motif from residues 221 to 223 and
E253 (8), the specific amino acid residues and regions of NleB
that participate in this unusual biochemical activity were un-
known. To identify additional functional regions of NleB1, in
the present study a library of insertion mutants of NleB1 was

FIG 4 Effect of the Y219A and E253A mutations on NleB1 translocation from EPEC and caspase-8 activation during infection. (A) Translocation of NleB1
derivatives NleB1PILN(63– 66)AAAA, NleB1PDG(236 –238)AAA, NleB1Y219A, and NleB1E253A fused to TEM-1 from EPEC �nleB1. Results are the means � SEMs from
three independent experiments carried out in triplicate. Significant differences were determined by one-way analysis of variance with Tukey’s multiple-
comparison test. ***, P 
 0.0001. (B) Immunoblot showing cleaved caspase-8 in HeLa cells infected with EPEC derivatives that expressed the different NleB1
mutants [NleB1DXD(221–223)AxA, NleB1Y219A, NleB1E253A] from the pTrc99A vector backbone and that were stimulated with FasL. Cells were harvested for
immunoblotting, and cleaved caspase-8 was detected with anti-cleaved caspase-8 antibodies. Antibodies to �-actin were used as a loading control. The
immunoblots are representative of those from at least three independent experiments.
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screened for the ability to inhibit caspase-8 activation during
EPEC infection of HeLa cells. Of the 22 insertion mutants
tested, 17 did not inhibit FasL-induced caspase-8 cleavage. The
regions around these pentapeptide insertions were investigated

further by site-directed mutagenesis. However, few of these
amino acid substitutions resulted in a loss of function. The
disparity between the high number of insertion mutants that
lost their ability to inhibit FasL-induced caspase-8 cleavage

FIG 5 Residues Y219 and E253 in Citrobacter rodentium NleB are important for intestinal colonization. (A) Colonization of C57BL/6 mice with the indicated C.
rodentium derivatives. Each data point represents the log10 number of CFU per gram of feces per individual animal on days 2, 7, 10, 12, and 14 postinfection. Means �
SEMs are indicated. Dotted line, detection limit. Significant differences were determined by the Mann-Whitney U test. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001; ****, P 

0.0001. (B) Comparison of viable counts of C. rodentium derivatives from fecal samples collected on day 10 postinfection on LA supplemented with nalidixic acid (Nal)
and chloramphenicol (Cm) versus LA supplemented with nalidixic acid only to determine the extent of pACYC loss in vivo.
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during EPEC infection and the smaller number of site-directed
mutants that lost enzymatic activity may reflect the greater
structural changes introduced by the pentapeptide insertion
and/or the limitation of using as a screen caspase-8 cleavage
during infection, which relied on the efficient translocation of
the NleB1 insertion mutants by the EPEC T3SS.

Coimmunoprecipitation experiments with ectopically ex-
pressed GFP-NleB1 mutants and FLAG-FADD and incubation of
recombinant GST-NleB1 mutant proteins and His6-FADD in the
presence of UDP-GlcNAc revealed that four mutant derivatives
[NleB1PILN(63– 66)AAAA, NleB1PDG(236 –238)AAA, NleB1Y219A, and
NleB1E253A] were unable to GlcNAcylate FADD. Interestingly, a
number of NleB1 amino acid substitutions that led to weak or no
binding to FADD still showed efficient GlcNAcylation. One pos-
sible explanation for this is that the mutations affected the sub-
strate binding stability and activity kinetics so that a transient
interaction was sufficient for GlcNAcylation to occur. Of the four
site-directed NleB1 mutants that did not GlcNAcylate FADD,
only the NleB1Y219A and NleB1E253A mutants were translocated
into HeLa cells during EPEC infection, and hence, these were
studied further. Despite this, the regions of NleB1 encompassing
PILN(63– 66) and PDG(236 –238) should not be disregarded as poten-
tial functional regions of NleB1. Although it is potentially located
in the T3SS translocation signal, PILN(63– 66) may also be impor-
tant for the enzymatic activity of NleB1, since the mutant with
these mutations bound but did not modify FADD. This is in con-
trast to PDG(236 –238), where mutation of this region led to a loss of
FADD binding and GlcNAcylation.

It is generally accepted that the actions of glycosyltransferases
follow a sequential ordered mechanism, whereby a metal ion and
the sugar donor substrate bind first, resulting in a conformational
change that creates the acceptor substrate binding site (42–48).
For example, both the mammalian glycosyltransferase �4Gal-T1
and the bacterial Neisseria meningitidis enzyme LgtC have 2 flexi-
ble loops which act as a lid covering the bound sugar substrate,
exposing a binding site for the acceptor substrate (49–51). De-
tailed structural analysis of NleB1 will help to define the role of
PILN(63– 66) in any conformational shift upon UDP-GlcNAc bind-
ing, whereas PDG(236 –238) may be important for acceptor sub-
strate binding, since mutation of this region inhibited both FADD
modification and binding.

Interestingly, residue Y219 of NleB1 is highly conserved among
glycosyltransferase toxins and effectors from Clostridium spp. and
L. pneumophila. The equivalent tyrosine residue, Y284, in C. dif-
ficile toxin B was identified by protein crystallography and mu-
tagenesis to be necessary for glycosyltransferase activity (52, 53).
The strong reduction in the enzymatic activity of the Y284A toxin
B mutant was not attributed to an impaired sugar donor substrate
interaction, given the distance between the hydroxyl group of
Y284 and that of the ribose of the sugar donor (52). Instead, it was
postulated that Y284A was required to position D286 from the
DXD motif for its interaction with the catalytic metal cation Mn2�

(52). However, it is still possible that Y219 in NleB1 interacts with
UDP-GlcNAc by hydrophobic � stacking, as observed for numer-
ous aromatic side chain-containing amino acids (39, 54, 55). Al-
ternatively, Y219 in NleB1 may interact with UDP-GlcNAc via
hydrogen bonding, as the equivalent tyrosine in C. difficile toxin A
(Y283) is positioned in close proximity to two carbonyls of the
ribose ring and a water molecule (56, 57).

Although E253 is highly conserved among the NleB/SseK ef-

fectors (58), it is not found in other glycosyltransferases and may
be involved in the unusual ability of NleB to glycosylate arginine.
However, in the absence of empirical structural information, the
function of E253 in NleB enzymatic activity is unknown. Both the
NleB1Y219A and NleB1E253A mutants lost their ability to inhibit
FasL-induced caspase-8 cleavage in vitro. Additionally, C. roden-
tium strains expressing NleBY219A and NleBE253A showed signifi-
cantly reduced intestinal colonization compared to that of C. ro-
dentium expressing wild-type NleB. Altogether, these findings
show that Y219 and E253 are essential for the activity of NleB1
both in vitro and in vivo and confirm that FADD GlcNAcylation
and not just FADD binding is critical for the function of NleB1 in
virulence.
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