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Summary

Upon infection of epithelial cells, enteropathogenic
Escherichia coli suppresses host cell inflammatory
signalling in a type III secretion system (T3SS)
dependent manner. Two key T3SS effector proteins
involved in this response are NleE and NleC. NleC is
a zinc metalloprotease effector that degrades the
p65 subunit of NF-κB. Although the site of p65
cleavage by NleC is now well described, other areas
of interaction have not been precisely defined. Here
we constructed overlapping truncations of p65 to
identify regions required for NleC cleavage. We
determined that NleC cleaved both p65 and p50
within the Rel homology domain (RHD) and that two
motifs, E22IIE25 and P177VLS180, within the RHD of p65
were important for recognition and binding by NleC.
Alanine substitution of one or both of these motifs
protected p65 from binding and degradation by
NleC. The E22IIE25 and P177VLS180 motifs were located
within the structurally distinct N-terminal
subdomain of the RHD involved in DNA binding by
p65 on adjacent, parallel strands. Although these
motifs have not been recognized previously, both
were needed for the correct localization and func-
tion of p65. In summary, this work has identified two
regions of p65 within the RHD needed for binding
and cleavage by NleC and provides further insight
into the molecular basis of substrate recognition by
a T3SS effector.

Introduction

Attaching and effacing (A/E) pathogens such
as enteropathogenic Escherichia coli (EPEC) and

enterohaemorrhagic E. coli (EHEC) are extracellular
pathogens that utilize a type III secretion system (T3SS) to
translocate ‘effector’ proteins directly into host cells.
Several effectors are involved in the formation of intestinal
A/E lesions that result in intimate attachment of the bacte-
rium to the host cell surface and cytoskeletal rearrange-
ments leading to the formation of a characteristic pedestal-
like structure beneath adherent bacteria and localized
effacement of microvilli (Frankel et al., 1998). The bacterial
factors required for the formation of A/E lesions, including
the T3SS, are encoded by the locus of enterocyte efface-
ment (LEE) pathogenicity island (McDaniel et al., 1995).
However, many effector proteins are encoded within other
regions of the genome (termed non-LEE encoded or Nle)
(Deng et al., 2004), and while the function of these effec-
tors is still being elucidated, several are known to suppress
the host innate immune response by interfering with the
activation of inflammatory and cell death signalling
pathways (Wong et al., 2011; Giogha et al., 2014). For
example, NleB blocks the extrinsic apoptotic pathway
through modification of the death domain containing sig-
nalling mediator, the Fas-associated death domain con-
taining protein (FADD). NleB is a novel glycosyltransferase
that transfers a single GlcNAc residue onto a conserved
arginine residue in the death domain of FADD and thereby
inhibits Fas ligand-induced apoptosis and the removal of
infected enterocytes in the gut (Li et al., 2013; Pearson
et al., 2013). NleE, on the other hand, inhibits NF-κB
activation and hence the production of inflammatory
cytokines such as IL-8 (Nadler et al., 2010; Newton et al.,
2010). NleE functions as a cysteine methyltransferase that
modifies the adaptor proteins TAB2 and TAB3 to prevent
their recruitment to activated signalling complexes (Zhang
et al., 2012). NleD is a zinc metalloprotease that specifi-
cally cleaves and inactivates the MAP kinases JNK and
p38, which are involved in the regulation of apoptotic and
inflammatory pathways (Baruch et al., 2011).

An additional effector protein, NleC is another zinc
metalloprotease effector that inhibits innate immune sig-
nalling by specifically cleaving the p65 subunit of NF-κB
(Yen et al., 2010; Baruch et al., 2011; Muhlen et al., 2011;
Pearson et al., 2011). NF-κB is a master transcriptional
regulator of inflammatory cytokine gene expression, and
the most common form of NF-κB in mammalian cells is a
heterodimer of the p65 (RelA) and p50 (NF-κB1) subunits
(Li and Verma, 2002). The NF-κB/Rel family of proteins
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also includes p52 (NF-κB2), c-Rel and RelB, which with
p65 and p50 share an N-terminal Rel homology domain
(RHD) that determines DNA binding, subunit dimerization
and NF-κB nuclear translocation (Ghosh et al., 1998).All of
p65, c-Rel and RelB carry an additional transactivation
domain at the C-terminus, which activates transcription
from NF-κB consensus sites in target genes (May and
Ghosh, 1998). Under resting conditions, the NF-κB
dimer is held in an inactive form in the cytoplasm of the cell
through binding inhibitor of κB (IκB) proteins. Upon activa-
tion of the NF-κB signalling cascade, IκB becomes
phosphorylated, ubiquitinated and subsequently degraded
by the cell proteasome, thereby allowing nuclear translo-
cation of the NF-κB dimer and activation of inflammatory
cytokine gene transcription (Li and Verma, 2002). EPEC
inhibition of NF-κB activation and hence IL-8 production
dampens the host immune response by stalling the recruit-
ment of neutrophils, which, despite contributing to disease
pathology, eventually help clear infection with EPEC.

NleC contains a conserved zinc metalloprotease cata-
lytic motif, H183EIIH187, and mutation of either the zinc-co-
ordinating histidines or the catalytic glutamate within this
motif abrogates NleC function (Yen et al., 2010; Baruch
et al., 2011; Muhlen et al., 2011; Pearson et al., 2011).
NleC cleaves p65 between residues Cys38 and Glu39,
but how the effector recognizes its substrate is unknown
(Baruch et al., 2011; Li et al., 2014; Turco and Sousa,
2014). Here we determined the minimum region of p65
cleaved by NleC and identified two distinct regions within
the N-terminal subdomain (NTD) of the RHD of p65 that
were involved in NleC target recognition. Overlay of these
regions onto the structure of p65 (Jacobs and Harrison,
1998) showed that the regions were located on parallel
strands. Both regions were required for NleC binding and
for the correct localization and function of p65.

Results

Identification of an N-terminal p65 motif required for
NleC cleavage

Although the NleC cleavage site between residues Cys38
and Glu39 of p65 is now well-established (Baruch et al.,
2011; Li et al., 2014; Turco and Sousa, 2014), the regions
of p65 required for substrate recognition by NleC have
not been identified. Here we constructed 3xFlag-epitope
tagged truncations of p65 to investigate possible NleC
recognition sites and identify the minimum region of p65
cleaved by NleC. For mapping of possible N-terminal rec-
ognition sites, HeLa cells were co-transfected with Flag-
p65 truncations and either green fluorescent protein (GFP)
or GFP-NleC and were analysed for cleavage of p65 by
immunoblot of cell lysates. We found that, while full length
Flag-p65 and Flag-p6519–551 lacking 18 N-terminal residues

of p65 were cleaved in the presence of NleC, removal of
a further 10 residues or more (Flag-p6529–551 and Flag-
p6539–551) prevented p65 cleavage (Fig. 1A). Since the
cleavage site is not located within residues 19–28 of p65,
we investigated whether these residues were required for
NleC substrate recognition. To narrow possible interacting
residues further, two further deletion mutants were con-
structed. Deletion of the first 21 residues of p65 (Flag-
p6522–551) had no impact on cleavage by NleC, while
removal of a further four residues (Flag-p6526–551) blocked
cleavage (Fig. 1B), suggesting residues 22–25 of p65
were necessary for recognition by NleC.

To confirm the importance of amino acids 22–25 of p65
in facilitating cleavage by NleC, we initially substituted I23
and E25, which are conserved in other Rel proteins (p50,
p52, c-rel and RelB) (Fig. 2A) with alanine. However,
mutation of these residues had no impact on NleC-
mediated cleavage of p65 (Fig. 2B). We also tested if
additional residues adjacent to this region were required
by simultaneously mutating residues Glu25 and Gln26,
which are conserved among the Rel proteins, to alanine
(Flag-p65EQ). Although mutation of Glu25 and Gln26 had
some impact on cleavage by NleC, mutation of all four
residues 22–25 to alanine (Flag-p65EIIE) led to complete
loss of NleC-mediated p65 cleavage, suggesting that the
E22IIE25 motif of p65 may be involved in substrate recog-
nition by NleC (Fig. 2B).

NleC cleaves the RHD of p65 and p50

Other investigators have reported that the RHD of p65 is
sufficient for cleavage by NleC in vitro (Yen et al., 2010;
Baruch et al., 2011; Turco and Sousa, 2014) (Fig. 2C).
Here we confirmed that protein sequence downstream of
the RHD was not required for cleavage by NleC, as Flag-
p651–306 was clearly degraded in the presence of GFP-NleC
expressed ectopically in HeLa cells (Fig. 2D). The RHD is
highly conserved among other NF-κB proteins; therefore,
we also tested the ability of NleC to cleave the RHD of p50.
We observed that Flag-p50 expressed ectopically in HeLa
cells was cleaved in the presence of GFP-NleC but not
GFP (Fig. 2E). To test if cleavage of p50 also occurred
within the RHD, we expressed only the RHD (residues
43–368) with GFP-NleC and observed that the RHD of p50
was also sufficient for cleavage by NleC (Fig. 2E).

The NTD of the RHD is the minimum region of p65
cleaved by NleC

To define the minimum region of p65 cleaved by NleC
further, we investigated the two subdomains of the RHD,
namely, the N-terminal DNA-binding domain and the
C-terminal dimerization domain. Upon co-expression with
GFP-NleC, we observed degradation of Flag-p651–187 in
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HeLa cells (Fig. 3A), suggesting that the C-terminal
dimerization domain of the RHD of p65 was not necessary
for cleavage by NleC. To narrow the region of NleC p65
cleavage further, we tested the effect of deleting a further
17 residues of p65. We observed that Flag-p651–170 was
not cleaved in the presence of GFP-NleC (Fig. 3A), sug-
gesting the presence of an additional NleC recognition
site between residues 171 and 187 of p65. Residues
19–187 encompass the NTD of the RHD, a recognized
structural unit of p65 (Ghosh et al., 1998). Consistent with
recognition of this structural unit by NleC, we found that
Flag-p6519–187 was efficiently cleaved by GFP-NleC
(Fig. 3B).

To characterize a possible second NleC-recognition
region of p65, we substituted all four residues in the
P177VLS180 motif to alanine (Flag-p65PVLS). These substi-
tutions prevented cleavage of p65 by GFP-NleC (Fig. 3C
and D) and were consistent with our idea that these resi-
dues form an additional recognition site to the E22IIE25

motif of p65. As expected, mutation of both regions,
E22IIE25 and P177VLS180, of Flag-p65 prevented cleavage
by GFP-NleC when co-expressed in HeLa cells (Fig. 3C).

EIIE and PVLS motifs in p65 are required for binding to
NleC and cleavage during EPEC infection and in vitro

To confirm that the E22IIE25 and P177VLS180 p65 motifs
were indeed NleC interaction sites, we established a p65/

NleC interaction assay by immunoprecipitation of Flag-
NleC and Flag-NleCE184A from transfected HEK293T cells
using anti-Flag antibodies (Fig. S1A and B). We observed
that GFP-p65 but not GFP co-immunoprecipitated
with Flag-NleCE184A, a catalytically inactive form of NleC
(Fig. S1A and B). However, GFP-p65 could not be
co-immunoprecipitated efficiently with Flag-NleC, as sub-
stantial amounts of GFP-p65 were degraded (Fig. S1B).
Mutation of either or both the proposed E22IIE25 and
P177VLS180 interaction sites abrogated binding in this
assay. While GFP-p65 co-immunoprecipitated with Flag-
NleCE184A as expected, none of GFP-p65EIIE, GFP-p65PVLS

or GFP-p65EIIE/PVLS was able to bind Flag-NleCE184A

(Fig. 4A), suggesting the E22IIE25 and P177VLS180 p65
motifs are indeed required for NleC binding to p65.
Overlaying E22IIE25 and P177VLS180 onto the structure
of the NTD of the RHD (Jacobs and Harrison, 1998)
showed that structurally these two regions were located
in close proximity to each other, which is consistent
with both forming part of an NleC recognition site
(Fig. 4B).

We next investigated NleC-mediated cleavage of the
Flag-p65 derivatives during infection with an EPEC strain
overexpressing NleC to avoid the long infection times
needed to observe native NleC activity (Pearson et al.,
2011). NleC was overexpressed in a mutant strain of
EPEC lacking two genomic islands encoding several
effector proteins including NleC and NleE. The effects of

Fig. 1. Mapping of N-terminal NleC recognition site within p65.
A and B. Immunoblots showing cleavage of ectopically expressed Flag-p65 and N-terminal Flag-p65 deletion mutants in HeLa cells
co-transfected with either pEGFP-C2 or pGFP-NleC. Cells were harvested for immunoblotting and detected with anti-Flag and anti-GFP
antibodies. Antibodies to β-actin were used as a loading control. Representative immunoblots of at least three independent experiments.
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NleC are more readily observed when NleE, which also
inhibits NF-κB activation, is absent (Pearson et al., 2011).
Consistent with our results by ectopic expression, Flag-
p65, but not Flag-p65EIIE, Flag-p65PVLS or Flag-p65EIIE/PVLS,

was cleaved when NleC was translocated during EPEC
infection (Fig. 4C). Since others have shown that NleC
acts directly on p65 in vitro (Yen et al., 2010; Baruch et al.,
2011; Turco and Sousa, 2014), we tested if mutation of
the E22IIE25 and P177VLS180 p65 motifs was also able to
prevent cleavage by NleC in vitro. Incubation of recombi-
nant His-p6519–187 encompassing the NTD, with GST-NleC
but not GST-NleCE184A, resulted in cleavage of the p65
NTD with an expected 6 kDa N-terminal cleavage product
detected by immunoblot, suggesting that the p65 NTD is
sufficient for cleavage by NleC in vitro (Fig. 5A). In con-
trast, His-p6519–187(EIIE/PVLS) was not cleaved by GST-NleC
(Fig. 5A), suggesting the E22IIE25 and P177VLS180 motifs
are directly required for recognition by NleC.

p65 E22IIE25 and P177VLS180 mutants are
functionally impaired

The structural alignment of E22IIE25 and P177VLS180 recog-
nized by NleC was interesting and hence we tested these
p65 mutants for their ability to activate NF-κB-dependent
gene transcription of a luciferase reporter. Upon stimula-
tion with TNF, NF-κB activation was evident in HeLa cells
transfected with the empty vector p3xFlag-Myc-CMV-24
compared to unstimulated cells (Fig. 5B). Overexpression
of Flag-p65 activated NF-κB-dependent transcription irre-
spective of stimulation with TNF as described previously
(Fig. 5B) (Muhlen et al., 2011). In contrast, not only were
Flag-p65EIIE, Flag-p65PVLS and Flag-p65EIIE/PVLS unable to
activate NF-κB-dependent luciferase activity but also
NF-κB activation was inhibited in response to TNF stimu-
lation in HeLa cells expressing the Flag-p65 mutants
(Fig. 5B). The reason for this inhibition and dominant

Fig. 2. Mapping of NleC recognition sites within p65.
A. Alignment of the N-terminal region of human p65, c-Rel, RelB, p50 and p52. Possible NleC recognition site (residues 22–25 of p65) is
shaded in pink while the NleC cleavage site (residues 38–39 of p65) is shaded in yellow.
B. Immunoblot showing cleavage of ectopic Flag-p65 N-terminal site-directed mutants within HeLa cells cotransfected with pEGFP-C2 or
pGFP-NleC. Proteins were detected with anti-Flag and anti-GFP antibodies. Antibodies to β-actin were used as a loading control.
Representative immunoblot of at least three independent experiments.
C. Schematic of human p65 showing N-terminal domains and sub-domains.
D. Immunoblot showing cleavage of ectopic Flag-p65 and Flag-p651–306 within HeLa cells co-expressing GFP or GFP-NleC.
E. Immunoblot showing cleavage of ectopic Flag-p50 and Flag-p5043–368 within HeLa cells co-expressing GFP or GFP-NleC. Representative
immunoblots of at least three independent experiments.
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negative effect over endogenous p65 is unclear, but
analysis of GFP-p65EIIE, GFP-p65PVLS and GFP-p65EIIE/PVLS

by confocal laser scanning microscopy revealed an
unusual cellular localization for these mutants. While
upon stimulation with TNF, GFP-p65 is evenly distributed
throughout the nucleus of the cell, GFP-p65EIIE, GFP-
p65PVLS and GFP-p65EIIE/PVLS formed multiple distinct
punctate clusters in the cell nucleus (Fig. 5C). Hence, we
concluded that both the E22IIE25 and P177VLS180
motifs were essential for correct localization and function
of p65.

Given that mutation of the E22IIE25 and P177VLS180 motifs
impacted on the cellular localization of p65, we tested if
lack of co-localization with NleC was responsible for
reduced cleavage of the p65 mutants. Immunoblot analy-
sis and confocal microscopy confirmed that GFP-p65, but
not GFP-p65EIIE, GFP-p65PVLS, GFP-p65EIIE/PVLS, GFP-
p6526–551 and GFP-p651–170, was cleaved by Flag-NleC
upon co-transfection in HEK293T cells (Fig. S1C and D).

As observed previously, GFP-p65 was localized to the
nucleus in HEK293T cells (Schmid et al., 2000) along with
Flag-NleCE184A, demonstrating that the proteins share the
same cellular compartment (Fig. S1D). GFP-p65EIIE, GFP-
p65PVLS and GFP-p65EIIE/PVLS were localized within punctate
nuclear structures, even in the presence of Flag-NleC
(Fig. S1D), which was also present in the nucleus. We also
observed that the largest non-cleavable N- and C-terminal
truncations of p65 (GFP-p6526–551 and GFP-p651–170

respectively) also co-localized with Flag-NleC (Fig. S1D).
GFP-p6526–551 showed similar localization to GFP-

p65EIIE/PVLS, whereas GFP-p651–170 formed a large cyto-
plasmic structure and would be expected to remain
cytoplasmic, as the nuclear localization signal is not
present within this truncation (Fig. S2A). Similar to Flag-
p65EIIE/PVLS, Flag-p6526–551 was unable to activate NF-κB-
dependent luciferase activity and NF-κB activation was
inhibited in response to TNF stimulation in HeLa cells
expressing Flag-p6526–551 and the luciferase reporter

Fig. 3. Mutation of putative NleC interaction residues within NTD of p65.
A. Immunoblot showing cleavage of ectopic Flag-p651–187 and Flag-p651–170 within HeLa cells co-expressing GFP or GFP-NleC.
B. Immunoblot showing cleavage of ectopic Flag-p6519–187 within HeLa cells co-expressing GFP or GFP-NleC.
C. Immunoblot of HeLa cells lysates co-transfected to express p65 site-directed mutants Flag-p65PVLS or Flag-p65EIIE/PVLS and GFP or
GFP-NleC.
D. Alignment of C-terminal residues within the N-terminal subdomain of the RHD of p65, c-Rel, RelB, p50 and p52. The NleC recognition site
(residues 177–180 of p65) is shaded in purple. Representative immunoblots of at least three independent experiments.
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(Fig. S2B). Flag-p651–170 was also unable to induce
NF-κB-dependent reporter gene expression in the
absence of TNF stimulation (Fig. S2B).

Punctate nuclear structures formed by p65 mutants are
associated with PML nuclear bodies

Co-expression of p65 with promyelocytic leukemia protein
(PML) results in co-localization of p65 with PML nuclear
bodies, which are punctate nuclear structures involved in
cell stress responses, tumour and growth suppression and
induction of cell death, although their function is not com-
pletely defined (Wu et al., 2003; Tanaka et al., 2007; Mao
et al., 2011; Sahin et al., 2014). The E3 ubiquitin ligase
PDLIM2 directs p65 to the PML body, which can be a site
for protein degradation (Tanaka et al., 2007). Here we

found that the punctate nuclear structures formed upon
mutation of the p65 EIIE and/or PVLS motifs associated
with PML (Fig. 6) and the 20S proteasome (Fig. S3A) but
not with the splicing factor SC-35 (Fig. S3B), a marker for
nuclear speckles, which are storage centres for pre-mRNA
splicing factors (Spector and Lamond, 2011). Hence, the
p65 mutants generated here may be useful tools to study
the biology of PML bodies.

Discussion

EPEC and EHEC have evolved mechanisms of manipu-
lating host cell signalling to promote bacterial survival and
evasion of the immune response. EPEC inhibits NF-κB
activation and IL-8 secretion during infection by a T3SS
dependent mechanism (Ruchaud-Sparagano et al., 2007)

Fig. 4. Investigation of NleC interaction with and cleavage of p65 mutants.
A. Immunoblot of inputs and immunoprecipitates (IP) of anti-Flag immunoprecipitations performed on lysates of HEK293T cells co-transfected
with pFlag-NleC or pFlag-NleCE184A and pGFP-p65, pGFP-p65EIIE, pGFP-p65PVLS or pGFP-p65EIIE/PVLS.
B. Crystal structure of the N-terminal subdomain of the RHD of p65 showing NleC binding sites (pink and aqua) and cleavage site (blue) as
labelled viewed using jmol (Jacobs and Harrison, 1998).
C. Immunoblot showing degradation of ectopically expressed Flag-p65 and Flag-p65 mutants in HeLa cells infected with derivatives of EPEC
E2348/69 for 3 h. Proteins were detected using anti-Flag antibodies. Antibodies to β-actin were used as a loading control. Representative
immunoblots of at least three independent experiments.

NleC substrate recognition 1771

© 2015 John Wiley & Sons Ltd, Cellular Microbiology, 17, 1766–1778



and NleC plays a role in this inhibition by degrading the
NF-κB subunits p65 and p50 (Yen et al., 2010; Baruch
et al., 2011; Muhlen et al., 2011; Pearson et al., 2011).
However, other effectors such as NleE also play a role in
this response (Nadler et al., 2010; Newton et al., 2010;
Zhang et al., 2012). Although there is functional redun-
dancy in the overall effector activity, each effector has
specific and distinct targets and a defined biochemical
activity. It is possible that, if multiple anti-inflammatory
effectors were inhibited, this may result in a more rapid
host immune response that controls and clears the infec-
tion more quickly. As a potent inhibitor of NF-κB activation,
NleC also has the potential to be used as a tool to under-
stand this signalling pathway.

While the mechanism of action of NleC had been well
described when we began this study, the basis of NleC
substrate specificity and mode of substrate recognition
were not well understood. Here we used truncations of
p65 to identify the smallest cleavable region of p65 in
order to obtain a better understanding of NleC substrate
recognition and cleavage. Although there has been some
debate about the NleC cleavage site within p65, with Yen
et al. initially identifying Pro10 and Ala11 as the cleavage
site and Baruch et al. identifying Cys38 and Glu39 as the
cleavage site, several reports have since confirmed the
cleavage site found by Baruch et al. (Li et al., 2014; Turco
and Sousa, 2014; Hodgson et al., 2015), even in another
species (Silva et al., 2013). Our results also suggest the

Fig. 5. Functional analysis of p65 site-directed mutants.
A. Immunoblot of His-p65 and GST-NleC derivatives following co-incubation at 37°C for 5 h. Proteins were detected with anti-His and
anti-GST antibodies as indicated. Arrow indicates 6 kDa N-terminally tagged p65 cleavage product. Representative immunoblot of at least
three independent experiments.
B. Fold increase in NF-κB-dependent luciferase activity in HeLa cells transfected with p3xFlag-Myc-CMV-24, pFlag-p65, pFlag-p65EIIE,
pFlag-p65PVLS or pFlag-p65EIIE/PVLS and left unstimulated or stimulated with TNF for 16 h where indicated. Results are the mean ± SEM of three
independent experiments carried out in duplicate. *,**Significantly different from unstimulated HeLa cells expressing Flag only (*p < 0.001,
**p < 0.0001, one way analysis of variance with Tukey’s multiple comparisons test).
C. Representative immunofluorescence fields showing HeLa cells expressing GFP-p65, GFP-p65EIIE, GFP-p65PVLS or GFP-p65EIIE/PVLS (green)
and stimulated with TNF for 30 min. Cell nuclei were stained with Hoechst (blue).
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cleavage site is likely to be Cys38 and Glu39 rather than
Pro10 and Ala11 as removal of the first 18 residues of p65
did not prevent cleavage by NleC. Recently, two struc-
tures of NleC have been published that has led to much
speculation about the proposed interaction sites between
NleC and p65 (Li et al., 2014; Turco and Sousa, 2014).
These studies show that the active site of NleC has a
strongly negative electrostatic face (Li et al., 2014; Turco
and Sousa, 2014). Turco et al. propose that this negative
face is reminiscent of the structure of DNA, and could
explain why it is the DNA-binding domain of p65 that
interacts with NleC, as we have also shown here. These
papers also focussed on the role of residues around the
cleavage site within p65 and showed that substitution of
Arg35, Tyr36 and Glu39 in p65 with alanine prevented
cleavage by NleC (Li et al., 2014; Turco and Sousa,
2014). Turco et al. have alluded to the requirement for
residues distal to the p65 cleavage site for binding
to NleC, as a small 20 amino acid peptide containing the
NleC cleavage site was unable to be cleaved by purified
NleC. Here we show that residues comprising the E22IIE25

and P177VLS180 motifs of p65 are absolutely required as

mutation of these regions to alanine prevents binding and
cleavage by NleC. While this work was under review,
Hodgson et al. published a study suggesting that the
first 20 N-terminal residues of p65 contained the NleC
recognition site (Hodgson et al., 2015). In contrast, we
observed efficient cleavage of p65 lacking the first 21
N-terminal residues of p65 by NleC (Fig. 1B). Differences
in experimental procedure and GFP/Flag-tag localization
on p65 may explain the contradictory results obtained.
For example, the loss of only 17 amino acids from the
p6521–186-GFP fusion protein used by Hodgson et al.,
where GFP was fused to the C-terminus of p65, may not
lead to an obvious difference in protein band migration by
sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE). In addition, the large GFP tag at the
N-terminus of GFP-p6521–186 used by Hodgson et al. may
have masked the N-terminal NleC binding site identified in
our study as amino acids E22IIE25 (Hodgson et al., 2015).
Furthermore, whereas we co-expressed NleC and p65
mutants ectopically in HeLa cells, Hodgson et al. incu-
bated HEK293T cell lysates with recombinant His-NleC
(Hodgson et al., 2015). We suggest that the activity of

Fig. 6. p65 mutants associate with PML nuclear bodies.
Representative immunofluorescence fields of HEK293T cells transfected to express GFP, GFP-p65, GFP-p65EIIE, GFP-p65PVLS, GFP-p65EIIE/PVLS

or GFP-p6526–551 (green). PML was visualized using anti-PML antibodies (red). Cell nuclei were visualized with Hoechst stain (blue).
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recombinant His-NleC protein may be less efficient than
ectopically expressed NleC, particularly when a protease
inhibitor cocktail was added during lysis of the HEK293T
cells and before incubation with His-NleC.

Similar to previous studies, our results also suggested
that p50 is cleaved by NleC (Muhlen et al., 2011; Pearson
et al., 2011; Turco and Sousa, 2014), although Turco et al.
suggest that p50 is less efficiently cleaved than p65 and
RelB. In our experiments, we did not observe lower effi-
ciency of p50 cleavage in comparison to p65 cleavage;
however, we did not demonstrate direct cleavage of p50 by
using recombinant purified NleC. Concurrent to this study,
Hodgson et al. published that His-NleC was unable to
cleave endogenous p50 and c-Rel within HEK293T cell
lysates (Hodgson et al., 2015). This is in contrast to our
previous findings, which showed both p50 and c-Rel were
cleaved during EPEC infection and p50 was cleaved within
HeLa cell lysate in vitro using recombinant His-NleC
(Pearson et al., 2011). Additionally, Hodgson et al. pro-
posed that the His-NleC cleavage site within Flag-p50
expressed ectopically is distinct from the conserved p65
cleavage site, suggesting instead that Flag-p50 is cleaved
at the C-terminus of p50 (Hodgson et al., 2015). However,
an opposing in vitro study reported that the NleC cleavage
site of p50 is between the conserved Cys62 and Glu63
residues (Turco and Sousa, 2014). In our study, we did not
observe a large N-terminally tagged Flag-p50 cleavage
product, which is consistent with cleavage of p50 in the
N-terminus (Fig. 2E).

In addition to being substrate recognition sites for NleC,
we showed here that the E22IIE25 and P177VLS180 motifs of
p65 were essential for p65 function as mutation of these
motifs abolished the ability of p65 to activate transcription
of an NF-κB-dependent reporter. Additionally, ectopic
expression of the mutants within HeLa cells prevented
activation of the NF-κB reporter by endogenous p65 via a
dominant negative mechanism. The cellular localization of
the p65 mutants showed that they did not behave as
native p65 in that all the mutants showed an identical
punctate intranuclear localization. The E22IIE25 and
P177VLS180 motifs have not been recognized previously
and so do not have functions associated with them;
however, the nuclear structures formed when they are
mutated are associated with PML nuclear bodies. These
bodies can contain polyubiquitinated p65 that is targeted
for degradation (Tanaka et al., 2007). We speculate that
the p65 mutants may sequester endogenous p65 within
the PML nuclear bodies, thereby impairing the function of
endogenous p65. The specific recruitment of p65 mutants
to PML nuclear bodies was not studied here and is
unknown; however, our results are consistent with others
that demonstrate an inhibition of NF-κB upon interaction
of p65 with PML nuclear bodies (Wu et al., 2003). It is
clear that further investigation is required to understand

the functional consequences of these mutations on p65
activity. In addition, the p65 mutants generated here could
be useful tools to understand the interaction of p65 with
PML nuclear bodies.

In summary, we have identified the minimum region
of p65 cleaved by NleC. This N-terminal DNA-binding
domain of p65 contains not only the NleC cleavage site
but also two motifs necessary for binding by NleC. Our
work has revealed that NleC recognizes residues that are
essential for normal p65 activity and future work will
establish the role of these residues in p65 function.

Experimental procedures

Bacterial strains and growth conditions

The bacterial strains used in this study are listed in Table 1.
Bacteria were grown in Luria–Bertani (LB) broth or Dulbecco’s
modified Eagle’s medium (DMEM) at 37°C in the presence of
ampicillin (100 μg ml−1), kanamycin (100 μg ml−1) or chloram-
phenicol (25 μg ml−1) when required.

DNA cloning and purification

The plasmids and primers used in this study are listed in Table 1
and Table 2 respectively. DNA modifying enzymes were used in
accordance with manufacturer instructions (Roche). Plasmids
were extracted using the QIAGEN QIAprep Spin Miniprep Kit or
the QIAGEN Plasmid Midi Kit. PCR products and restriction
digests were purified using the Wizard SV Gel and PCR Clean-Up
System (Promega). The nleC gene was amplified from EPEC
E2348/69 genomic DNA by PCR using the primer pair NleCF1(Flag)/
NleCR1(Flag) for cloning into p3xFlag-Myc-CMV-24 (Sigma-Aldrich).
PCR amplification consisted of an initial denaturation step at 94°C
for 2 min, followed by 30 cycles of 94°C for 44 s, 45°C for 40 s and
70°C for 1 min followed by a final elongation step of 70°C for 5 min.
The PCR product was digested with EcoRI and SalI and ligated
into p3xFlag-Myc-CMV-24 to produce an N-terminal 3xFlag fusion
to NleC. pGFP-NleCE184A was constructed by amplifying nleCE184A

from pFlag-NleCE184A using primer pair NleCF2(GFP)/NleCR2(GFP) and
digesting the PCR product with EcoRI and BamHI and ligating it
into pEGFP-C2.

pFlag-p65 was constructed by amplifying human relA from
pGFP-p65 by PCR using the primer pair p65F/p65R. PCR ampli-
fication consisted of an initial denaturation step at 94°C for 2 min,
followed by 30 cycles of 94°C for 44 s, 45°C for 40 s and 70°C for
1.5 min followed by a final elongation step of 70°C for 5 min. The
PCR product was digested with HindIII and KpnI and ligated into
p3xFlag-Myc-CMV-24 to produce an N-terminal 3xFlag fusion to
p65. pFlag-p6519–551, pFlag-p6522–551, pFlag-p6526–551, pFlag-
p6529–551, pFlag-p6539–551, pFlag-p651–306, pFlag-p651–187, pFlag-
p651–170 and pFlag-p6519–187 were constructed in an identical
manner using primer pairs p65F19/p65R, p65F22/p65R, p65F26/p65R,
p65F29/p65R, p65F39/p65R, p65F/p65R306, p65F/p65R187, p65F/
p65R170 and p65F19/p65R187 respectively. pGFP-p65EIIE, pGFP-
p65PVLS and pGFP-p65EIIE/PVLS were generated by PCR
amplification using the primer pair p65F/p65R2 and pFlag-p65EIIE,
pFlag-p65PVLS or pFlag-p65EIIE/PVLS as template DNA. PCR prod-
ucts were digested with HindIII and KpnI and ligated into pEGFP-
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N1. pGFP-p6526–551 and pGFP-p651–170 were generated by PCR
amplification using the primer pairs p65F26/ p65R2 and p65F/
p65R170(GFP), respectively, and pGFP-p65 as template. PCR prod-
ucts were digested with HindIII and KpnI and ligated into pEGFP-
N1.

pFlag-p50 and pFlag-p5043–368 were constructed by amplifying
NFKβ1 from pBluescript-p50 by PCR using the primer pairs p50F/
p50R and p50F43/p50R368 respectively. PCR amplification con-
sisted of an initial denaturation step at 94°C for 2 min, followed by
30 cycles of 94°C for 44 s, 45°C for 40 s and 70°C for 1.5 min
followed by a final elongation step of 70°C for 5 min. The PCR
products were digested with EcoRI and SalI and ligated into
p3xFlag-Myc-CMV-24 to produce an N-terminal 3xFlag fusion to
p50.

pET-p6519–187 and pET-p6519–187(EIIE/PVLS) were constructed by
amplifying relA by PCR using primer pairs p65F(pET)/p65R(pET) and

p65F(pET)/p65F(EIIE)(pET), respectively, and either pFlag-p65 or
pFlag-p65EIIE/PVLS as template. PCR amplification consisted of an
initial denaturation step at 94°C for 2 min, followed by 30 cycles
of 94°C for 44 s, 45°C for 40 s and 70°C for 1 min followed by a
final elongation step of 70°C for 5 min. The PCR products were
digested with BamHI and XhoI and ligated into pET-28a to
produce an N-terminal 6xHis tag fusion to p65.

pGEX-NleC and pGEX-NleCE184A were constructed by ampli-
fying nleC by PCR using the primer pair NleCF2(GFP)/NleCR1(Flag)

and either pFlag-NleC or pFlag-NleCE184A as template respec-
tively. PCR amplification consisted of an initial denaturation step
at 94°C for 2 min, followed by 30 cycles of 94°C for 44 s, 45°C for
40 s and 70°C for 1 min followed by a final elongation step of
70°C for 5 min. The PCR products were digested with EcoRI and
SalI and ligated into pGEX-4T-1 to produce an N-terminal GST
tag fusion to NleC.

Table 1. Bacterial strains and plasmids used in this study.

Strain/plasmid Characteristics Source/reference

EPEC E2348/69 Wild type EPEC O127:H6 Levine et al. (1978)
ΔPP4/IE6 EPEC E2348/69 ΔPP4/IE6 double island deletion Newton et al. (2010)
BL21 C43 (DE3) E. coli used for expression of proteins for affinity purification Novagen
pTrc99A Cloning vector for expression of proteins from Ptrc Pharmacia Biotech
pNleC nleC from EPEC E2348/69 in pTrc99A Pearson et al. (2011)
pEGFP-C2 N-terminal Green fluorescent protein (GFP) expression vector Clontech
pGFP-NleC nleC from EPEC E2348/69 in pEGFP-C2 Pearson et al. (2011)
pEGFP-N1 C-terminal GFP expression vector Clontech
pGFP-p65 Human relA in pEGFP-N1 Nelson et al. (2002)
pGFP-p65EIIE Human relA carrying alanine substitutions for residues 22–25 in pEGFP-N1 This study
pGFP-p65PVLS Human relA carrying alanine substitutions for residues 177–180 in pEGFP-N1 This study
pGFP-p65EIIE/PVLS Human relA carrying alanine substitutions for residues 22–25 and 177–180 in pEGFP-N1 This study
pGFP-p6526–551 Residues 26–551 of human relA in pEGFP-N1 This study
pGFP-p651–170 Residues 1–170 of human relA in pEGFP-N1 This study
p3xFlag-Myc-CMV-24 Dual tagged N-terminal Met-3XFlag and C-terminal c-myc expression vector Sigma
pFlag-NleC nleC from EPEC E2348/69 in p3xFlag-Myc-CMV-24 This study
pFlag-NleCE184A nleC from EPEC E2348/69 carrying the mutation E184A in p3xFlag-Myc-CMV-24 This study
pFlag-p65 Human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6519–551 Residues 19–551 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6522–551 Residues 22–551 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6526–551 Residues 26–551 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6529–551 Residues 29–551 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6539–551 Residues 39–551 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p651–306 Residues 1–306 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p651–187 Residues 1–187 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p651–170 Residues 1–170 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p6519–187 Residues 19–187 of human relA in p3xFlag-Myc-CMV-24 This study
pFlag-p65I23A Human relA carrying the mutation I23A in p3xFlag-Myc-CMV-24 This study
pFlag-p65E25A Human relA carrying the mutation E25A in p3xFlag-Myc-CMV-24 This study
pFlag-p65EQ Human relA carrying the mutations E25A and Q26A in p3xFlag-Myc-CMV-24 This study
pFlag-p65EIIE Human relA carrying alanine substitutions for residues 22–25 in p3xFlag-Myc-CMV-24 This study
pFlag-p65PVLS Human relA carrying alanine substitutions for residues 177–180 in p3xFlag-Myc-CMV-24 This study
pFlag-p65EIIE/PVLS Human relA carrying alanine substitutions for residues 22–25 and 177–180 in

p3xFlag-Myc-CMV-24
This study

pFlag-p50 Human NFKβ1 in p3xFlag-Myc-CMV-24 This study
pFlag-p5043–368 Residues 43 to 368 of human NFKβ1 in p3xFlag-Myc-CMV-24 This study
pBluescript-p50 Human NFKβ1 in pBluescript Neil Perkins
pRL-TK Renilla luciferase vector Promega
pNF-κB-Luc Vector for measuring NF-κB-dependent luciferase expression Clontech
pET28a N-terminal 6xHis Tag cloning/expression vector Novagen
pET-p6519–187 Residues 19–187 of human relA in pET28a This study
pET-p6519–187(EIIE/PVLS) Residues 19–187 of human relA carrying alanine substitutions for residues 22–25

and 177–180 in pET28a
This study

pGEX-4T-1 N-terminal glutathione S-transferase (GST) cloning/expression vector GE Healthcare
pGEX-NleC nleC from EPEC E2348/69 in pGEX-4T-1 This study
pGEX-NleCE184A nleC from EPEC E2348/69 carrying the mutation E184A in pGEX-4T-1 This study
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Site-directed mutagenesis

pFlag-NleCE184A was generated using the Stratagene
QuikChange II Site-Directed Mutagenesis Kit according to
the manufacturer’s protocol, using primer pair NleC(E184A)F

/NleC(E184A)R and pFlag-NleC as template DNA. pFlag-65I23A ,
pFlag-65E25A, pFlag-65EQ, pFlag-p65EIIE and pFlag-p65PVLS

were generated using pFlag-p65 as template DNA and
amplified by PCR using the primer pairs pFlag-65(I23A)F /pFlag-
65(I23A)R, pFlag-65(E25A)F/pFlag-65(E25A)R, pFlag-65(EQ)F/
pFlag-65(EQ)R, p65((EIIE)F/p65(EIIE)R and p65(PVLS)F/p65(PVLS)R

respectively. pFlag-p65EIIE/PVLS was generated using pFlag-p65EIIE

as template DNA and was amplified by PCR using the primer pair
p65(PVLS)F/p65(PVLS). Plasmids were digested with DpnI at 37°C
overnight before subsequent transformation into XL1-Blue cells.

Transfection of HeLa cells and immunoblotting

HeLa cells were cultured in T75 cm2 tissue culture flasks (Corning)
in DMEM GlutaMAX (Gibco) supplemented with 10% Fetal Bovine
Serum (FBS Thermo scientific) in 5% CO2 at 37°C. Approximately
24 h before transfection, HeLa cells were seeded into 24-well
tissue culture trays (Greiner Bio-One) at a density of 105 cells per
well. Cells were cotransfected with pFlag and pGFP derivatives
using FuGENE 6 Transfection Reagent (Roche) according to the
manufacturer’s instructions. For co-transfection of HeLa cells, a
DNA ratio of 2× pFlag-p65 constructs to 1× pGFP-NleC constructs
was used. Cells were transfected for 24 h before being lysed for
immunoblotting cold lysis buffer [50 mM Tris–HCl pH 7.4, 150 mM
NaCl, 1 mM EDTA, 1% Triton x-100, 10 mM NaF, 1 mM PMSF,
2 mM Na3VO4 with 1× EDTA-free Complete Protease Inhibitor
Cocktail (Roche)]. Cell debris was pelleted and equal volumes of
supernatant were collected for SDS-PAGE. 5× SDS sample buffer
was added to cell lysates, which were then boiled and loaded onto
10% SDS-PAGE gels. Proteins were transferred to nitrocellulose
membranes (Pall) and blocked for 1 h in 5% skimmed milk powder
in Tris-buffered saline (TBS; 50 mM Tris–HCl pH 7.5, 150 mM
NaCl) with 0.1% Tween 20 (Biochemicals). Membranes were
washed and probed with one of the following primary antibodies:
horseradish peroxidase (HRP)-conjugated monoclonal mouse
anti-Flag (Sigma-Aldrich), mouse monoclonal anti-GFP (Roche),
monoclonal mouse anti-β-actin (Sigma-Aldrich), used 1:1000 in
TBS supplemented with 5% bovine serum albumin (BSA; Sigma-
Aldrich) and 0.1% Tween 20 (Biochemicals). The secondary anti-
bodies used were HRP-conjugated anti-mouse (PerkinElmer)
diluted 1:3000 in TBS with 5% BSA and 0.1% Tween 20.
Immunoblots were developed with Amersham ECL™ Western
Blotting Detection Reagents (GE Healthcare) and proteins were
detected using the DNR MF-ChemiBIS Bio-Imaging System.

Infection of HeLa cells

HeLa cells were seeded onto 24-well tissue culture trays and were
transfected as above for 24 h. Overnight LB EPEC cultures were
used to inoculate DMEM at 1:75, which was subcultured for 3 h
including 30 min induction with 1 mM IPTG in 5% CO2 at 37°C.
After 24 h of transfection, HeLa cells were left uninfected or
infected with EPEC ΔPP4/IE6 or EPEC ΔPP4/IE6 (pNleC) subcul-
tured in DMEM with an OD600 of 0.03. After 3 h of infection in 5%
CO2 at 37°C, cells were harvested for immunoblotting as above.

Immunoprecipitation of flag tagged fusion proteins

HEK293T cells were cultured in 10 cm culture dishes (Greiner
Bio-One) for 24 h before being cotransfected with either p3xFlag-
Myc-CMV-24, pFlag-NleC or pFlag-NleCE184A and either pEGFP-
N1, pGFP-p65, pGFP-p65EIIE, pGFP-p65PVLS or pGFP-p65EIIE/

PVLS. Transfected cells were washed with cold PBS and lysed for
30 min in lysis buffer and pelleted. Immunoprecipitations were
performed using anti-Flag M2 magnetic beads (Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly, superna-
tants were incubated with equilibrated anti-Flag magnetic beads
at 4°C overnight, before washing them with wash buffer (50 mM
Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton x-100)
and eluting bound proteins by adding 150 μg ml−1 3xFlag peptide
(Sigma-Aldrich) in wash buffer for 30 min. Beads were separated
from buffers using a magnetic separation rack (New England
Biolabs). 5× SDS sample buffer was added to eluates and inputs

Table 2. List of primers used in this study.

Name Primer sequences 5′–3′

NleC(E184A)F GAAGGACTGATTCACGCGATTATTCATCATGTTAC
TGGATC

NleC(E184A)R GATCCAGTAACATGATGAATAATCGCGTGAATCA
GTCCTTC

NleCF1(Flag) AAGAATTCAATGAAAATTCCCTCATTACAG
NleCF2(GFP) AAGAATTCATGAAAATTCCCTCATTACAG
NleCR1(Flag) GCGGAGTCGACCTCATCGCTGATTGTGTTTGTC
NleCR2(GFP) GCGGTGGATCCCTCATCGCTGATTGTGTTTGTC
p65F CGCAAGCTTATGGACGAACTGTTCCC
p65F19 GCAAGCTTATGCCCTATGTGGAGATCATTG
p65F22 GCAAGCTTATGGAGATCATTGAGCAG
p65F26 GCAAGCTTATGCAGCCCAAGCAGC
p65F29 GCAAGCTTATGCAGCGGGGCATG
p65F39 GCAAGCTTATGGAGGGGCGCTCC
p65R CATGGTACCTTAGTGGTGGTGGTGGTGGTGGGA

GCTGATCTGACTCAG
p65R2 GAGGTACCGTGGAGCTGATCTGACTCAG
p65R306 CAAGTCGACTCAGTGGTGGTGGTGGTGGTGATA

TGTCCTTTTACGTTTCTC
p65R187 CATGGTACCTTAGTGGTGGTGGTGGTGGTGACG

ATTGTCAAAGATGGG
p65R170 CATGGTACCTTAGTGGTGGTGGTGGTGGTGGCC

TGATGGGTCCCG
p65R170(GFP) GAGGTACCGTGCCTGATGGGTCCCG
p65(I23A)F GCCCCTATGTGGAGGCCATTGAGCAGCCC
p65(I23A)R GGGCTGCTCAATGGCCTCCACATAGGGGC
p65(E25A)F GTGGAGATCATTGCGCAGCCCAAGCAGCG
p65(E25A)R CGCTGCTTGGGCTGCGCAATGATCTCCAC
p65(EQ)F CTATGTGGAGATCATTGCGGCGCCCAAGCAGC

GGG
p65(EQ)R CCCGCTGCTTGGGCGCCGCAATGATCTCCACATAG
p65(EIIE)F GGCCCCTATGTGGCGGCCGCTGCGCAGCCCAAG

CAGCG
p65(EIIE)R CGCTGCTTGGGCTGCGCAGCGGCCGCCACATAG

GGGCC
p65(PVLS)F CCCCTCCGCCTGCCGGCTGCCGCTGCTCATCCC

ATCTTTGAC
p65(PVLS)R GTCAAAGATGGGATGAGCAGCGGCAGCCGGCAG

GCGGAGGGG
p65F(pET) CCGGATCCATGCCCTATGTGGAGATCATTG
p65R(pET) CGCTCGAGTTAACGATTGTCAAAGATGGG
p65F(EIIE)(pET) CCGGATCCATGCCCTATGTGGCGG
p50F GCGAATTCAATGGCAGAAGATGATCC
p50R CAAGTCGACTCAGTGGTGGTGGTGGTGGTGTCC

ATGCTTCATCCCAG
p50F43 GCGAATTCACCATACCTTCAAATATTAGAGC
p50R368 CAAGTCGACTCAGTGGTGGTGGTGGTGGTGCAT

GAGCTTCTGACGTTTCC
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for immunoprecipitations before they were boiled, subjected to
SDS-PAGE and transferred to nitrocellulose membranes. Mem-
branes were probed with antibodies and developed as above.

NF-κB luciferase reporter assay

HeLa cells were seeded onto 24-well trays and co-transfected
with derivatives of p3xFlag-Myc-CMV-24 (0.4 μg) and 0.2 μg of
pNF-κB-Luc (Clontech, Palo Alto CA, USA) and 0.05 μg of
pRL-TK (Promega, Madison WI, USA). After 24 h of transfection,
cells were either left untreated or stimulated with TNF
(20 ng ml−1) and incubated in 5% CO2 at 37°C for a further 16 h.
A dual-luciferase reporter assay was then performed on the HeLa
cell lysates according to the manufacturer’s protocols (Promega
Part# TM040). Samples were measured on a FLUOstar Omega
microplate reader (BMG Labtech).

Immunofluorescence microscopy

HeLa cells or HEK293T cells were seeded onto coverslips at a
density of 105 cells per well 24 h before transfection with deriva-
tives of pEGFP-N1 and p3xFlag-Myc-CMV-24. After 24 h of
transfection cells were left unstimulated or stimulated with TNF
(20 ng ml−1) for 30 min before being fixed in 4% (wt/vol) para-
formaldehyde (Sigma) in PBS for 20 min at room temperature.
After a 20 min blocking in PBS with 0.3% BSA, samples were
incubated with one of the following primary antibodies for 3 h:
monoclonal mouse anti-Flag (Sigma-Aldrich), mouse monoclonal
anti-PML (sc-966; PG-M3) (Santa Cruz Biotechnology), mouse
monoclonal anti-20S proteasome (HP810) (Enzo Life Sciences)
or mouse monoclonal anti-SC-35 (Sigma-Aldrich), used 1:100 in
PBS with 0.3% BSA. Samples where then incubated with sec-
ondary antibodies, which were Alexa Fluor 568 conjugated and
used 1:2000. Samples were subsequently incubated with
Hoechst staining solution in PBS for 10 min. Coverslips were
mounted onto microscope slides using Prolong Gold mounting
medium (Life Technologies) and images were acquired using a
Zeiss confocal laser scanning microscope with a 100× /EC
Epiplan-Apochromat oil immersion objective.

In vitro cleavage assay

Plasmids for the expression of 6xHis-tagged variants of p65 or
GST-tagged variants of NleC were transformed into BL21
C43(DE3) E. coli. LB overnight cultures of BL21 (pET-p6519–187),
BL21 (pET-p6519–197(EIIE/PVLS)), BL21 (pGEX-NleC) or BL21
(pGEX-NleCE184A) were used to inoculate a 200 ml LB broth
1:100, which was grown at 37°C with shaking to an optical
density (A600) of 0.6. Cultures were induced with 1 mM IPTG and
grown for a further 2.5 h before being pelleted by centrifugation.
Purification of proteins was performed using Novagen His•Bind
and GST•Bind kits according to the manufacturer’s protocols.
Protein concentrations were determined using a bicinchoninic
acid (BCA) kit (Thermo Scientific).

Purified proteins were used for in vitro cleavage assays, which
involved incubation of 2 μg of proteins either alone, or in combi-
nation in TBS supplemented with 1 mM TCEP for 5 h at 37°C.
Sample buffer was added to incubations before they were boiled,
subjected to SDS-PAGE and transferred to nitrocellulose mem-
branes. Membranes were probed with mouse monoclonal anti-
His (AD1.1.10) (AbD Serotech) or rabbit polyclonal anti-GST

(Cell Signaling) primary antibodies and HRP-conjugated anti-
mouse or anti-rabbit secondary antibodies (PerkinElmer) and
were developed as above.
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version of this article at the publisher’s web-site:

Fig. S1. Co-immunoprecipitation assay for interactions between
p65 and NleC.
A. Immunoblot of input and immunoprecipitate for anti-Flag
immunoprecipitation performed on lysates of HEK293T cells
co-transfected with p3xFlag-Myc-CMV-24, pFlag-NleC or pFlag-
NleCE184A and pEGFP-N1.
B. Immunoblot of input and immunoprecipitate for anti-Flag
immunoprecipitation performed on lysates of HEK293T cells
co-transfected with p3xFlag-Myc-CMV-24, pFlag-NleC or pFlag-
NleCE184A and pGFP-p65. Representative immunoblots of at least
three independent experiments.
C. Immunoblot showing cleavage of GFP-65, GFP-p65EIIE, GFP-
p65PVLS, GFP-p65EIIE/PVLS, GFP-p6526–551 or GFP-p651–170 within
HEK293T cells cotransfected with either Flag-NleC or Flag-
NleCE184A. Proteins were detected with anti-Flag and anti-GFP
antibodies. Antibodies to β-actin were used as a loading
control. Representative immunoblot of at least three independent
experiments.
D. Representative immunofluorescence fields showing HEK293T
cells expressing GFP-p65, GFP-p65EIIE, GFP-p65PVLS, GFP-
p65EIIE/PVLS, GFP-p6526–551 or GFP-p651–170 (green) and either
Flag-NleC or Flag-NleCE184A (red). Cells were stained with anti-
Flag and cell nuclei were stained with Hoechst (blue).
Fig. S2. Functional analysis of p65 truncations.
A. Representative immunofluorescence fields showing HEK293T
cells expressing GFP-p65, GFP-p6526–551 or GFP-p651–170

(green) and stimulated with TNF for 30 min. Cell nuclei were
stained with Hoechst (blue).
B. Fold increase in NF-κB-dependent luciferase activity in HeLa
cells transfected with p3xFlag-Myc-CMV-24, pFlag-p65, pFlag-
p6526–551 or pFlag-p651–170 and left unstimulated or stimulated
with TNF for 16 h where indicated. Results are the mean ± SEM
of three independent experiments carried out in duplicate. **Sig-
nificantly different from unstimulated or stimulated HeLa cells
expressing Flag-p65 (**p < 0.0001, one way analysis of variance
with Tukey’s multiple comparisons test).
Fig. S3. p65 mutants associate with PML nuclear bodies.
Representative immunofluorescence fields of HEK293T cells
transfected to express GFP, GFP-p65 GFP-p65EIIE, GFP-p65PVLS,
GFP-p65EIIE/PVLS or GFP-p6526–551 (green). The 20S proteasome
and SC-35 were visualized using anti-20S proteasome (A) or
anti-SC-35 (B) antibodies (red). Cell nuclei were visualized with
Hoechst stain (blue).
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