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The resident prokaryotic microflora of the mammalian
intestine influences diverse homeostatic functions of the
gut, including regulation of cellular growth and immune
responses; however, it is unknown how commensal pro-
karyotic organisms mechanistically influence eukaryotic
signaling networks. We have shown that bacterial
coculture with intestinal epithelial cells modulates ubi-
quitin-mediated degradation of important signaling
intermediates, including -catenin and the NF-kB inhibitor
IkB-o. Ubiquitination of these proteins as well as others is
catalyzed by the SCFF™” ubiquitin ligase, which itself
requires regulated modification of the cullin-1 subunit
by the ubiquitin-like protein NEDDS8. Here we show
that epithelia contacted by enteric commensal bacteria
in vitro and in vivo rapidly generate reactive oxygen species
(ROS). Bacterially induced ROS causes oxidative inactiva-
tion of the catalytic cysteine residue of Ubc12, the NEDD8-
conjugating enzyme, resulting in complete but transient
loss of cullin-1 neddylation and consequent effects on NF-kB
and f-catenin signaling. Our results demonstrate that
commensal bacteria directly modulate a critical control
point of the ubiquitin—proteasome system, and suggest
how enteric commensal bacterial flora influences the
regulatory pathways of the mammalian intestinal epithelia.
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Introduction

The mammalian intestinal epithelium is a remarkable tissue
that coexists in intimate contact with up to 10" prokaryotic
organisms that comprise the normal flora (Backhed et al,
2005). The normal flora serves nutritional and metabolic
functions, and can influence epithelial growth (Falk et al,
1998). This bacterial community is also necessary for normal
immune function, although in certain genetic backgrounds it
has been implicated as a causative agent in inflammatory
bowel disease (Macdonald and Monteleone, 2005). The abil-
ity of commensal bacteria to modulate immune and other gut
functions has prompted interest in exogenous administration
of bacterial agents, ‘probiotics’, as a therapeutic approach for
inflammatory intestinal disorders (Weng and Walker, 2006).
However, whereas host cell interactions with pathogenic
enteric organisms are well studied, how a taxonomically
complex and ecologically dynamic commensal microbial
community can influence eukaryotic biology is largely un-
known, although studies with gnotobiotic mice have estab-
lished that the gut flora profoundly influences host intestinal
cell gene regulation (Hooper et al, 2001).

We previously reported that multiple species of non-patho-
genic bacteria could attenuate the key immunoregulatory NF-
kB pathway via specific inhibition of IxB-a ubiquitination
(Neish et al, 2000). In addition, we also observed that these
bacterial-epithelial interactions inhibited ubiquitination of
-catenin, allowing nuclear accumulation and activation of
Wnt signaling (Neish et al, 2000; Sun et al, 2004). Ubiquitin
(Ub)-mediated degradation of IkB-oo and B-catenin is
mediated by a common Ub ligase, E3-SCFP~T°F, suggesting
that commensal bacteria were exerting effects via a common
mechanism of action. We subsequently showed that com-
mensal bacteria could reduce neddylation of the Cul-1 sub-
unit of E3-SCFP~TF accounting for the blockade of the NF-kB
pathway (Collier-Hyams et al, 2005). Neddylation denotes
the covalent modification of the SCF (Skpl, Cdc53/Cullin,
F box receptor) family of Ub ligases by the Ub-like protein
NEDDS. The process is emerging as a central regulatory event
in cellular processes that are controlled by protein degrada-
tion, including NF-kB and B-catenin (Pan et al, 2004; Petroski
and Deshaies, 2005). Unlike covalent modification by the
related Ub-like protein SUMO (‘sumoylation’), in which
SUMO is conjugated to a large spectrum of mostly nuclear
proteins, neddylation is apparently limited to substrates of
the cullin family and thus acts as a regulatory modification
specific to the SCF Ub ligases. In a variety of experimental
models, stable mutations resulting in the loss of Cul-1 ned-
dylation have profound functional consequences in cellular
signaling pathways (Cope and Deshaies, 2003; Pan et al,
2004). Regulated physiological deneddylation has been re-
ported in yeast’s responses to UV (Groisman et al, 2003) and
the perception of light in Arabidopsis seedlings (Wang et al,
2003), while our previous description of bacterially mediated
loss of Cul-1 neddylation was the first reported example of
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this phenomenon in mammalian cells (Collier-Hyams et al,
2005).

Although the rapid generation of reactive oxygen
species (ROS) is a cardinal feature of the cellular response
of phagocytes to pathogenic and commensal bacteria,
evidence is accumulating that ROS are also physiologically
elicited in other cell types, including intestinal epithelia, in
response to microbial signals (Lambeth, 2004; Terada, 2006).
Drosophila requires commensal microbe-induced hydrogen
peroxide (H,0,) to maintain gut epithelial homeostasis
(Ha et al, 2005a,b), and plants also utilize induced ROS
in modulating signal transduction pathways in response to
bacterial pathogens and symbionts (Kotchoni and Gachomo,
2006). In mammalian cells, ROS have been shown to serve as
critical second messengers in multiple signal transduction
pathways in response to proinflammatory cytokines and
growth factors (Lambeth, 2004). Intriguingly, it was recently
reported that the enzymes involved in sumoylation, which
are paralogous to the neddylation enzymes, are negatively
regulated by H,0, (Bossis and Melchior, 2006), suggesting
that neddylation may be regulated in a similar manner. We
thus sought to characterize if ROS generation was also a
feature of the mammalian intestinal epithelia in response to
commensal strains, and further if ROS could influence SCF-
regulated pathways.

Results

Bacterial contact results in rapid transient generation
of ROS in epithelia in vitro and in vivo

To determine if cells respond to bacterial contact with ROS
production, we incubated cultured epithelial cells with repre-
sentative commensal bacteria Lactobacillus rhamnosus,
Bacteroides thetaiotaomicron, and Escherichia coli that we
had previously shown had inflammatory inhibitory proper-
ties (Collier-Hyams et al, 2005), and assayed the two major
antioxidant systems involved in peroxide elimination, thio-
redoxin-1 (Trx1) and glutathione (GSH) (Jones, 2006). As
shown in Figure 1A and C, bacteria resulted in the oxidation
of both Trx1 and GSH, with Lactobacillus inducing the great-
est degree of change. Rapid oxidation of the Trx1 and GSH
pools by Lactobacillus occurred progressively over the 1h of
coculture (Figure 1B and D). These data indicated that the
cells were responding to a de novo oxidant stimulus. To detect
the appearance of ROS, we employed the ROS indicators
dichlorofluorescein diacetate (DCF) and dihydroethidium
(DHE) that principally measure H,0, and superoxide anion
respectively. Again we observed rapid, transient and dose-
dependent activation of ROS production in bacterially colo-
nized epithelial cells (Figure 1E; Supplementary Figure S1),
which was abrogated by pretreatment with the antioxidant
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Figure 1 Commensal bacteria induce generation of epithelial ROS and cause oxidative stress. (A, B) Commensal bacteria cause oxidation of
Trx1 pools. Caco2 cells were colonized with different commensal bacterial strains (L. rhamnosus (open bars), B. thetaiotaomicron (bars with
diagonals), E. coli (dotted bars)) for 15 min as shown in panel A or with Lactobacillus over a time course as shown in panel B. Cells treated with
PBS served as controls (filled bars). The graphs show the E;, for Trx1, and data are represented as means +s.e. All values denote a statistically
significant difference from control (P<0.05). (C, D) Redox analysis of GSH/GSSG following colonization of IEC-6 cells with different
commensal bacterial strains (L. rthamnosus (open bars), B. thetaiotaomicron ( bars with diagonals), E. coli (dotted bars)) for 15 min as shown
in panel C or with Lactobacillus over a period of time as shown in panel D. Cells treated with PBS served as control (open bars). Graphs show
the Ey, for GSH/GSSG. Data are represented as means+s.e. All values denote a statistically significant difference from control (P<0.05).
(E) Bacteria stimulate rapid epithelial ROS generation. IEC-6 cells were colonized with Lactobacillus, washed, and incubated with 5 pM of CM-
H,DCF-DA. Fluorescence was measured by confocal laser scanning microscopy (Zeiss). (F) Kinetics of bacterially induced ROS generation in
epithelial cells. ROS production was measured in trypsinized HeLa cells incubated with Lactobacillus by luminol assay. Peak relative
luminescence is shown. Data represent the mean of three independent assays and are expressed in units of luminol chemiluminescence
(LmCL).
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Figure 2 In vivo changes in intracellular redox in mouse intestinal
epithelial cells contacted by commensal bacteria. (A) Lactobacillus-
induced Trx1 oxidation in epithelial cells as analyzed by redox
Western analysis. The graph shows the E, values for Trxl in
proximal jejunum 30 min after treatment with a bolus of bacteria
(open bars) as compared with untreated controls (filled bars). Data
are represented as means+s.e. Asterisks denote a statistically
significant difference from control (P<0.05). (B) Lactobacillus-
induced changes in the redox pools of GSH/GSSG. The graph
shows the E, values for GSH/GSSG in the jejunum 30min after
treatment with a bolus of bacteria (open bars) as compared with
untreated controls (filled bars). Data are represented as means +s.e.
The asterisks denote a statistically significant difference from con-
trol (P<0.05). (C) In situ detection of superoxide in mouse colon
treated with Lactobacillus. After 30 min of infusion of Lactobacillus,
mouse colon was stained with DHE and imaged as described. Under
identical tissue processing and imaging conditions, nuclear fluores-
cence in mouse colon treated with bacteria (top panels) is markedly
increased compared with colon from untreated control mouse
(bottom panels).

Merge

N-acetylcysteine (NAC) and the NADPH oxidase inhibitor
diphenyliodonium (DPI) (Supplementary Figure S2). Essen-
tially identical data were obtained with several epithelial cell
types (HeLa, Caco2, and T-84) (data not shown). In all cases,
the response was greatest with Lactobacillus, whereas it was
observed to a lesser extent with B. thetaiotaomicron and
E. coli (data not shown). A rapid increase in the chemilumi-
nescence of luminol, an ROS probe, was also observed in
epithelial cells treated with Lactobacillus (Figure 1F), further
corroborating that ROS was being induced in these cells.

In vivo, Lactobacillus and to a lesser extent B. thetaiotao-
micron (data not shown) also caused oxidative stress in the
mucosa of murine small bowel 30 min post-oral inoculation
of bacteria, as measured by the oxidation of Trx1 and GSH
pools in tissue lysates prepared from proximal jejunum
(Figure 2A and B). Additionally, ROS generation (superoxide
anion) was also observed specifically in murine colon epithe-
lia 30min after rectal administration of Lactobacillus, by
instillation of DHE into the colon (Figure 2C). Treatment
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with Lactobacillus for 30 min showed increased nuclear stain-
ing of the oxidized form of DHE (red), predominantly in the
epithelia, indicating increased production of ROS in compar-
ison with that of untreated control (Figure 2C). Based on
these in vivo and in vitro assays, we concluded that com-
mensal intestinal bacteria induce rapid generation of ROS
within minutes of contact with epithelial surfaces.

Bacterially elicited ROS mediates cullin deneddylation
and modulates epithelial signaling

Based on the recent finding that ROS mediates inhibitory
effects on the related sumoylation pathway (Bossis and
Melchior, 2006), we sought to determine whether induction
of ROS in response to commensal bacteria mediated similar
effects on the neddylation pathway. In in vitro experiments
utilizing epithelial coculture with Lactobacillus, loss of Cul-1
neddylation occurred within 30min and was reversible
(Figure 3A), a time course consistent with the observed
generation of ROS. We next evaluated cullin neddylation in
the mucosa of living mice inoculated with Lactobacillus. In
these in vivo experiments, Lactobacillus was instilled into
intact murine ileal loops and loss of Cul-1 neddylation in
mucosal lysates was observed within 30 min of bacterial-
epithelial contact, thus confirming that this biochemical
change occurs in vivo with identical kinetics as that observed
in vitro (Figure 3B).

To test for direct effects of ROS on cullin neddylation, we
treated cultured epithelial cells with H,0, and observed a loss
of Cul-1 neddylation in a dose- and time-dependent manner
(Figure 3C), indicating that ROS could recapitulate the cullin
deneddylation first observed with bacterial colonization. To
determine if ROS elicited endogenously within cells by bac-
terial contact could mediate cullin deneddylation, we pre-
treated epithelial cells with NAC or DPI (which prevented the
bacterially induced increase in ROS; Supplementary Figure S2)
and found these agents also prevented the loss of Cul-1
neddylation when cells were colonized by commensal bacter-
ia (Figure 3D). These results indicate that bacterial-elicited
ROS are the direct mediators of deneddylation of Cul-1.
Bacterial colonization resulted in loss of IxB-a ubiquitination
(Figure 3E); interestingly, this unmodified and thus inactive
IkB was exclusively physically associated with deneddylated
Cul-1, consistent with past observations showing deneddyla-
tion of Cul-1 temporally corresponding with inactivation of
NF-«B.

To demonstrate that ROS had functional effects on E3-
SCFPT™P_dependent pathways, HeLa cells were treated with
H,O0, at concentrations that resulted in Cul-1 deneddylation,
and effects on NF-kB- and Wnt-signaling pathways were
evaluated. H,O, treatment prevented TNF-a-induced nuclear
translocation of the p65 subunit of NF-kB (Figure 4A), and
repressed the TNF-a-stimulated activity of an NF-kxB-depen-
dent reporter gene (Figure 4B); this was identical to our
previous findings with bacterial coculture (Neish et al,
2000). Consistently, the same treatment caused blockade of
ubiquitination (Figure 4C) and accumulation of total B-catenin
protein (Figure 4D). Further, in untreated cells B-catenin
localized along the cell membrane and was excluded from
the nuclei (Figure 4E). Within 2h of treatment with 1 mM
H,0,, membranous B-catenin diminished and progressively
appeared within the nucleus (Figure 4E). We have also shown
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Figure 3 Loss of cullin-1 neddylation by bacterially mediated ROS generation. (A) Bacteria cause a time-dependent loss of Cul-1 neddylation
that is reversible. Cul-1 is detected in whole-cell protein extracted from HeLa cells incubated with Lactobacillus and immunoblotted with Cul-1-
specific antiserum. (B) Bacteria cause a time-dependent loss of Cul-1 neddylation in vivo. Western blot analysis with Cul-1-specific antisera of
proteins extracted from mouse intestinal epithelial cells treated with bacteria via an ileal loop. (C) H,0; causes time- and dose-dependent loss
of Cul-1 neddylation. HeLa cells treated with H,O, were analyzed as in panel A. (D) DPI and NAC prevent bacterially mediated loss of Cul-1
neddylation. HeLa cells pretreated with NAC or DPI for 30 min and colonized with Lactobacillus for 30 min were analyzed as in panel A. (E) Un-
neddylated Cul-1 associates with IkB-o and does not support ubiquitination. Immunoprecipitation of IkB-Flag with anti-Flag agarose and
immunoblots with IkB- and Cul-1-specific antisera of lysates from transfected HeLa cells challenged with TNF-o for 30 min or colonized by
bacteria in the presence of the proteasome inhibitor MG-262. Note that the hyperneddylation of IkB-associated Cul-1 in TNF-a-treated cells is
consistent with Cul-1 being in an active state to support ubiquitination of IxB and allow subsequent NF-kB activation.

activation of the Wnt-responsive TCF reporter constructs by
colonization of epithelial cells with non-pathogenic bacteria
(Sun et al, 2004). Collectively, these results show that cells
treated with live commensal bacteria or H,0, similarly
modulate E3-SCFP~TP-controlled epithelial signaling path-
ways.

Bacterially induced oxidant stress causes inactivation
of the neddylation machinery

H,0,/ROS signals can be transduced via the transient oxida-
tive inactivation of catalytic cysteine residues present in
certain regulatory enzymes (Barford, 2004). These redox-
sensitive cysteines are present under physiological conditions
in a limited but increasingly recognized subset of enzymes
including protein tyrosine phosphatases and MAPK phospha-
tases (Barford, 2004; Kamata et al, 2005; Rhee et al, 2005;
Tonks, 2005), as well as the SUMO-conjugating enzyme Ubc9
(a2 member of the class of Ub-like conjugating enzymes
(Ubcs) or E2s) (Bossis and Melchior, 2006). Ubc9 is para-
logous with the NEDD8 E2 enzyme Ubcl2 (Hochstrasser,
2000) that catalyzes the transfer of a thioesterified NEDD8
moiety from its own active site to the Lys’® of cullin
substrates, resulting in neddylation via an isopeptide bond
(Pan et al, 2004). We had shown that knockdown of Ubc12
had suppressive effects on NF-xB activation, similar to the
effects of bacterial colonization (Collier-Hyams et al, 2005).
Thus, we sought to characterize the effects of oxidant stress
on Ubc12 activity. In an in vitro cell-free assay of neddylation
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with purified Ubcl2, a complex containing Rocl and the
Cul-1 C-terminal fragment spanning amino acids 324-776,
and 3?P-NEDDS revealed that H,0, inhibited the formation of
neddylated Cul-1%%*~779 in a dose-dependent manner
(Figure 5A).

In cell-based experiments, immunoblots from cells trans-
fected with wild-type (WT) Ubcl2 prepared under non-redu-
cing conditions (without DTT) revealed an NEDD8 ~Ubc12
thioester form (Figure 5B, star, top left panel), whereas under
standard reducing conditions (with DTT) a single lower
molecular weight band was observed at the expected
21kDa (Figure 5B, middle left panel). The identity of
the higher molecular weight band as the NEDD8~Ubcl2
form was confirmed by immunoprecipitation of transfected
myc-NEDDS8 followed by immunoblots for transfected myc-
NEDD8 and RH-Ubcl2 (Supplementary Figure S3).
Significantly, the NEDD8 ~Ubc12 thioester form was totally
abolished in a dose-dependent manner in cells treated with
H,0, and corresponded to the appearance of high-molecular-
weight (HMW) oxidized species (Figure 5B, top left panel),
because these forms were abolished when analyzed under
reducing conditions (Figure 5B, middle left panel). The
identity of the NEDD ~Ubcl12 thioester form was also con-
firmed with an NEDD8 immunoblot under non-reducing
conditions (Figure 5B, bottom left panel). A mutant Ubcl2
bearing a cysteine to alanine substitution (C111A) in the
active site exhibited no 30-kDa conjugate at all, with RH-
Ubcl2 or endogenous NEDD8 immunoblots, indicting that

©2007 European Molecular Biology Organization
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Cys'! is the site of the thioester modification, and did not
show the accumulation of HMW oxidized species in response
to H,0,, suggesting redox sensitivity of the WT Ubcl2
catalytic Cys'!. Finally, a Ubcl2 mutant with a cysteine to
serine substitution (C111S) was used, which is known to
form stable oxyester bond with NEDD8 rather than
the DTT-sensitive thioester bond (Wada et al, 2000).
This neddylated Ubc12(C111S) was stable in cells treated
with H,0, (Figure 5B, middle right panel) and did not

©2007 European Molecular Biology Organization

show the formation of the Ubcl12-HMW forms (Figure 5B,
top right panel). Importantly, loss of the Ubcl2 ~NEDDS8
thioester form was also observed with 0.25mM H,0,
(Figure 5C, star), a concentration that also caused loss in
neddylation of Cul-1 (Figure 3C). Also as observed before,
the mutant Ubcl2 carrying C111A substitution exhibited no
30-kDa conjugate, whereas mutant Ubcl2 carrying C111S
substitution exhibited a DTT-insensitive NEDDS8 conjugate
(Figure 5C).
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Figure 5 Bacterially induced oxidant stress causes inactivation of the neddylation machinery. (A) Inhibition of Cul-1 neddylation in vitro by
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cells transfected with WT or mutant (C111A or C111S) RH-Ubc12, treated with H,0, for 1 h at the indicated dose, and lysed in SDS lysis buffer
without (—DTT) or with (4 DTT) reducing agents. The star marks the 30-kDa H,0,-sensitive NEDD8 ~ Ubc12 thioester form. (C) H,O, induces
the loss of NEDD8~Ubc12 thioester bond at low doses. HeLa cells transfected with RH-Ubcl12 (WT, C111A or C111S) were treated with
increasing H,0, concentrations for 1 h, lysed in SDS lysis buffer without DTT and immunoblotted with anti-RH antibody. (D) In vitro treatment
of purified Ubc12 with H,O, results in the oxidation of Ubc12. Purified Ubc12 (WT) and Ubc12 (C111A) were treated with H,O, (0.1-1 mM) and
labeled with the thiol-sensitive dyes BIAM or FSM. Samples and control were separated on a 15% PAGE and labeled protein was detected as
described. A parallel gel was immediately probed with anti-RH antibody to identify specific protein band. (E) Bacteria or H,O, inhibit the
formation of the NEDD8 ~ Ubc12 thioester bond of endogenous Ubc12 in vitro. Western blot analysis with Ubc12- and Cul-1-specific antisera of
whole-cell protein extracted from HeLa cells treated with 1 mM H,0, or Lactobacillus and lysed in SDS lysis buffer without (—DTT, top panels)
or with (4 DTT, bottom panels) reducing agents. The stars mark the 30-kDa H,0,- and colonization-sensitive NEDD8 ~ Ubc12 thioester forms.
(F) Bacteria inhibit the formation of the NEDD8 ~Ubc12 thioester in vivo. Western blot analysis with Ubcl2-specific antisera of proteins
extracted from mouse intestinal epithelial cells treated with bacteria via an ileal loop.
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To confirm the oxidant sensitivity of Ubcl2, we utilized
biotinylated iodoacetamide (BIAM) and fluorescein-5-malei-
mide (F5M). Iodoacetamide and maleimide irreversibly mod-
ify reactive protein thiols using different chemistry;
derivatives of these molecules are commonly employed as a
detection reagent for proteins that contain redox-sensitive
cysteines (Richard, 1998; Leichert and Jakob, 2006). After
affinity purification of transfected WT Ubcl2 and
Ubc12(C111A), proteins were treated with BIAM or F5M,
with and without prior oxidation with H,0,. Without addi-
tion of H,0,, only the WT form of Ubcl2 was significantly
modified by BIAM or F5M, indicating that Cys' is a reactive
cysteine (Figure 5D). WT Ubcl2 treated with H,0, before
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BIAM/F5M addition showed a loss of BIAM/F5M reacti-
vity, showing that the reactive Cys'' is redox sensitive
(Figure 5D).

Next, we sought to evaluate the effects on endogenous
Ubcl12. In cell lysates isolated under non-reducing conditions,
we found that the 30-kDa NEDD8 ~Ubc12 thioester adduct
was abolished in cells treated with H,0, (Figure 5E, upper left
panel) and, importantly, by coculture with commensal bac-
teria (Figure SE, upper right panel) at the same times and
MOI that resulted in cullin deneddylation. Finally, we eval-
uated Ubcl2 in the mucosa of living mice into which
Lactobacillus was instilled via intact ileal loops (Figure 5F).
Scrapings of intestine were subjected to immunoblot showing
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loss of the 30-kDa NEDD8 ~ Ubc12 thioester adduct that also
temporally corresponded to the loss of neddylated Cul-1
shown earlier (Figure 3B). Collectively, these data indicate
the NEDD8 ~ Ubc12 thioester is abolished in cells exposed to
oxidant stress or colonized with commensal bacteria second-
ary to the oxidation of the active site cysteine.

Discussion

In this report we have described important eukaryotic reg-
ulatory processes profoundly influenced by interaction with
commensal/probiotic bacteria. Bacteria induced rapid, tran-
sient ROS generation in epithelia in vitro and in vivo, which
resulted in the loss of neddylated Cul-1 and consequent
modulation of SCF-dependent pathways. The rapid loss of
cullin neddylation was mediated by oxidative inactivation of
Ubcl2, the cellular NEDD8-conjugating enzyme (E2). These
results indicate that bacterial members of the normal intest-
inal flora, including a widely used probiotic agent, can
influence important mammalian signaling pathways by modu-
lating the activity of an enzymatic regulatory control point of
the Ub-proteasome system.

Neddylation of E3-SCF Ub ligases is emerging as a key
regulatory event in cellular processes that are controlled by
protein degradation (Pan et al, 2004; Parry and Estelle, 2004;
Petroski and Deshaies, 2005). It is a reaction that is appar-
ently specific to substrates of the cullin family and thus acts
as a post-translational modification specific to E3 Ub ligases
of the SCF class. The process begins when NEDDS8 forms a
thioester bond with a heterodimeric ATP-dependent activa-
tion enzyme (E1) designated APP-BP1/Uba3. NEDDS is then
linked to Cys' of Ubcl2 via a transthiolation reaction.
Recent structural studies have shown that Uba3 and Ubcl2
form a dynamic complex where the catalytic cysteines of both
enzymes are in close approximation during transthiolation
(Dye and Schulman, 2007). NEDD8-thioesterified Ubc12 then
dissociates from the complex and can mediate cullin neddy-
lation, defined as an isopeptide bond linking the C-terminal
Gly76 of NEDDS to the g-amino group of a conserved cullin
lysine residue.

Cullin neddylation is generally conceptualized to be cycli-
cal, with iterative rounds of cullin neddylation and deneddy-
lation necessary for each consecutive Ub added to the target
substrate (e.g., IkB-a) by the SCF complex. The reverse
reaction, deneddylation, is catalyzed by the COP9 signalo-
some (CSN), an evolutionarily conserved multisubunit
protein complex that possesses an ATP-independent metallo-
protease activity (CSN5) responsible for cullin deneddylation
(Lyapina et al, 2001; Cope and Deshaies, 2003). Consistently,
we have shown that knockdown of csn5 was a positive
activator of both basal and induced NF-«B activity (Khoury
et al, 2007). Thus, oxidative inactivation of the forward
neddylation reaction would permit unopposed deneddylation
by the CSN, and repression of E3 activity.

ROS production in the gut

Deliberate generation of ROS in non-phagocytic mammalian
cells can be achieved by enzymes homologous to phagocytic
NADPH oxidase (NOX), by 5'-lipoxygenase, or by mitochon-
drial sources (Lambeth, 2004; Chiarugi and Fiaschi, 2007). In
our experiments, the inhibitor DPI suppressed ROS genera-
tion and cullin deneddylation, suggesting that the NOX
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enzymes are involved. In humans, seven homologues of
phagocytic NOX ((NOX 1-5) and dual oxidase (DUOX1 and
DUOX2)) have been identified (Lambeth, 2004). These en-
zymes are expressed in a variety of tissues and are activated
by varying (though still ill defined) stimuli (Geiszt and Leto,
2004; Lambeth, 2004; Geiszt, 2006), suggesting that the
intentional generation of ROS, rather than being a unique
feature of phagocytes, is a general feature of many cells.
Interestingly, NoxI and DUOXs, are highly expressed in
colonic epithelial cells (Cheng and Lambeth, 2005; El
Hassani et al, 2005; Rokutan et al, 2006). These enzymes
have been suggested to play a role in epithelial host defense
in Drosophila, although their physiological functions in ver-
tebrates are not fully established (Ha et al, 2005a). Direct
implication of the NOX enzymes in bacterial induction of
ROS, and the specific eliciting signals involved are actively
under investigation.

Oxidative regulation of Ub-like conjugating enzymes
ROS have traditionally been viewed as unavoidable bypro-
ducts of aerobic metabolic processes, or as consequences of
pathological states such as hypoxia. However, evidence is
emerging that certain ROS species such as H,0, possess
essential signaling roles. Indeed, several redox-sensitive
proteins have been shown to be regulated by reversible
H,0,-mediated oxidation of their active-site cysteines, thus
allowing these proteins to act as sensors of intracellular H,0,
concentration and control critical steps in several signal
transduction pathways. The labile nature of H,0,, the num-
ber and diversity of enzymes that generate it, and the
reversibility of the active-site inactivation of target proteins
are all consistent with a role in signal transduction. In most
proteins, cysteine residues are protonated at physiological pH
(Cys-SH), whereas so-called low pK, cysteines exist as thio-
late anions (Cys-S™) and are more readily oxidized by H,O,.
These redox-sensitive thiolates are present under physiologi-
cal conditions in a limited but increasingly recognized subset
of enzymes (Barford, 2004; Kamata et al, 2005; Rhee et al,
2005; Tonks, 2005).

Bossis and Melchior (2006) proposed that ROS play a
regulatory role in the sumoylation reaction, by showing the
rapid H,0,-induced formation of a disulfide bridge between
the SUMO E1 (Uba2) and E2 (Ubc9), resulting in inactive
dimer formation. Significantly, NEDD8 E1 (Uba3) and E2
(Ubc12) are paralogous with the sumoylation enzymes,
with greater than 30% primary sequence homology
(Kerscher et al, 2006). We did not observe oxidant-induced
disulfide linkage between Ubc12 and Uba3. This may reflect
intrinsic differences in the two complexes or differences in
experimental design. Instead, H,O, caused loss of the thioe-
ster form of Ubc12. This is consistent with data of Bossis and
Melchior showing loss of the SUMO thioester form of Uba2 at
H,0, doses of 0.01 mM concentration, an order of magnitude
lower than H,0, concentration necessary to induce dimer
formation in their experimental systems.

Interestingly, the reactive cysteines of the general class of
Ub-like conjugating enzymes are not predicted to exist as low
PK, in isolation (Tolbert et al, 2005). It is possible that the
ROS sensitivity of the Ubc enzymes is restricted to the in vivo
complex, which is characterized by close physical approxi-
mation of catalytic cysteines on the respective E1 and E2
molecules (Haas, 2007). Thus, the rapid and cyclical trans-
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thiolation between the closely adjacent catalytic cysteine of
Uba3 and Ubc12 could result in the exposure of the transient
thiolate anions to oxidative signals once the NEDD8 moiety
was passed. In any event, the similarity of loss of E2 thioester
formation in the absence of low-pK, cysteines in both the
NEDDS8 and SUMO conjugation enzymes is highly consistent
with the notion that these enzymes (Ubcs) are sensitive to
regulation by ROS.

Effects of ROS generation on intestinal biology

We propose that ROS generation can influence the equili-
brium between neddylated and un-neddylated Cul-1 in cells
of the gut in contact with the normal flora (Figure 6), and
thus modulate the activity of the SCF ligases and the path-
ways these enzymes control. In vivo, epithelial ROS genera-
tion could be elicited by substantial changes in the gut
luminal ecology resulting from abrupt dietary changes, anti-
biotic administration, probiotic use, or the developmental
acquisition of the normal flora during the neonatal period.
Additionally, there is a wide range in the abundance of
prokaryotes in the gut, ranging in number from 10* CFU/ml
in the small bowel, to 10'? CFU/ml in the cecum and ascend-
ing colon and markedly less in the descending colon (O’Hara
and Shanahan, 2006). Different anatomical regions of the gut
may thus experience different levels of ROS. Of note, there is
an inverse correlation between bacterial numbers in the
colon with the pathological distribution of inflammatory
ulcerative colitis, with the disease characteristically most
predominant in the rectum and ascending colon, regions
with the lowest bacterial numbers.

We also show that certain bacteria (i.e., Lactobacillus) are
more potent inducers of ROS. Possibly, the relative abun-
dance of members of the gut flora with different capacity to
stimulate ROS could have functional consequences at the
organism level, and may contribute to the concept of
a ‘eubiotic’ or ‘dysbiotic’ flora associated with health or
inflammatory disease, respectively. Our data suggest that

Bacteria

ROS
~NEDD8 _— oxidized

SCF active —————* SCF inactive
lxB-0., B-catenin
stabilized

l1xB-0., B-catenin
degraded

Figure 6 Model of bacterially induced ROS generation on signaling
pathways. Summary diagram of bacterial inhibition of SCF signal-
ing. Bacteria elicit ROS generation in epithelial cells. ROS inactivate
the Ubcl2 enzyme, preventing the neddylation of cullin-1. Un-
neddylated cullin in the E3-SCFP~™" complex renders it unable
to carry out ubiquitination and is thus inactive.
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dynamic changes in ROS production may be involved in
suppression of NF-kB, an effect that may account for the
usual inflammatory tolerance of the intestinal mucosal, but in
cases of excessive ROS generation may result in deleterious
suppression of NF-kB-mediated survival factors and contri-
bute to tissue injury. Finally, E3-SCFPT™F is required for the
regulation of the Snail, Twist, and Hedgehog pathways (Zhou
and Hung, 2005) as well as others, suggesting additional
targets whereby microbially mediated modulation of SCF
E3s could potentially influence many aspects of mucosal
homeostasis. Functional analysis of the consequences of
physiochemical effects on multiple pathways in vivo will be
challenging future work.

Materials and methods

Reagents

H,0,, luminol, peroxidase, NAC, and DPI were purchased from
Sigma-Aldrich. MG-262 was purchased from Biomol. Recombinant
human TNF-a was purchased from R&D Systems.

Bacterial strains

L. rhamnosus GG purchased from the American Type Culture
Collection (ATCC cat. no. 53103) was cultured in 100ml LBS and
grown 16 h at 37°C under non-agitated microaerophilic conditions.
B. thetaiotaomicron was obtained from the American Type Culture
Collection (ATCC cat. no. 29148) and was grown in trypticase-yeast
extract glucose medium for 24 h under anaerobic conditions. E. coli
human commensal strains were grown in Luria-Bertani broth in a
rotary shaker at 37°C for 6-8 h.

Bacterial suspensions for colonization experiments were pre-
pared by centrifugation of 100ml culture and resuspension in a
small volume of Hank’s balanced salt solution (HBSS). Multiplicity
of infection (MOI) was calculated by estimating epithelial
cell density by counting and measuring bacterial culture density
using spectrophotometry (ODssp). Unless otherwise noted, Lacto-
bacillus was used at an MOI of 1 and other bacteria were used at a
MOTI of 10.

Epithelial cell culture

Human (Caco-2, HeLa, T-84) or rat (IEC-6) epithelial cells were
grown in standard tissue culture vessels and maintained as
previously described (Collier-Hyams et al, 2005).

Glutathione and thioredoxin-1 redox measurements
Following treatment samples were assayed for the concentrations
of glutathione and glutathione disulfide as the concentration of
S-carboxymethyl, N-dansyl derivatives by HPLC, using y-glutamyl-
glutamate as an internal standard (Jones, 2002).

Separation of oxidized and reduced forms of Trx1 in Caco2 or in
mice tissue was based on procedures as described in Watson et al
(2003) and Chen et al (2006). Redox state was calculated using the
densitometric measurements of the oxidized and the reduced form
in the Nernst equation.

Immunofiluorescent ROS detection
Epithelial cells colonized with Lactobacillus for the indicated time
were washed with HBSS and incubated in the dark with HBSS
containing 5pM of CM-H,DCF-DA (Molecular Probes) or 5upM
DHE (Molecular Probes) for an additional 5min. To evaluate if
antioxidants could block the observed ROS generation, cells were
pretreated with NAC (20mM) or DPI (40puM) for 30 min before
colonization with bacteria. All images were acquired using a
confocal laser scaning microscope (Zeiss LSM 510) through a x 20
objective. For DCF imaging, images were captured using the
following parameters: 488 nM excitation and 515-540 nM emission.
For DHE imaging, images were captured using the following
parameters: 490 nM excitation and 610 nm emission.

For in vivo ROS measurements, female mice (BALB/cj; 6-8
weeks) were starved overnight and 0.2ml of PBS containing
108 CFU of L. rhamnosus was rectally administered with flexible
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No. 4 French catheters inserted 3-4 cm into the distal colon. After
30min of bacterial administration, 0.2ml of SuM DHE was
administered and the mice sacrificed. Harvested colon was frozen
in OCT medium (Miles Inc.) and cryostat sectioned at 5-um
thickness. Also, the same sections were further stained with DAPI
(Molecular Probes). Control and treated mice were processed in
parallel and images were acquired with identical parameters using a
Zeiss Axiovert 135 microscope with a x 40 objective.

Luminol assay

Trypsinized HeLa cells were incubated with L. rhamnosus and ROS
production was measured by luminol-dependent chemilumines-
cence assay as described in Cheng and Lambeth (2004). Wells
without bacteria or HeLa cells served as negative controls.

Transient transfections and luciferase activity

HeLa cells were transiently transfected using Lipofectamine 2000
(Invitrogen) or FUGENE 6 (Roche) according to the manufacturer’s
instructions. For luciferase reporter assays, cells seeded on 24-well
plates were transfected with 20ng pNF-kB-Luc plasmid (Strata-
gene), allowed 18h for expression, preincubated for 45min with
H,0,, treated with TNF-a (20 ng/ml) for 5h, and lysed according to
the manufacturer’s protocol. Luciferase activity was determined
using the Dual Luciferase Reporter Assay System (Promega).

Immunofluorescence studies of p65 or B-catenin
Immunofluorescent labeling of adherent HeLa cells grown on
12 mm glass coverslips was performed as follows: cells were fixed
for 20min in 3.7% paraformaldehyde in PBS, washed in PBS,
permeabilized with 0.1 % Triton X-100 in PBS for 5 min, and washed
again. Fixed samples were incubated in blocking buffer (5% normal
goat serum in PBS) overnight at 4°C. A 1-h incubation with each
antibody diluted in blocking buffer was performed as follows:
treatment with 1° rabbit anti-p65 (Rockland Immunochemicals) and
2° fluorescein (FITC)-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch) antibodies; or with 1° anti-B-catenin monoclonal
(BD Biosciences) and 2° FITC-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch) antibodies. Nuclei were stained with
To-Pro-3 iodide (Molecular Probes). Cells were washed three times
between each antibody treatment. The coverslips were mounted on
glass slides and stained cells were observed by laser confocal
microscopy. Images were acquired through a x 63 objective.

Western blot analysis

Following experimental treatment, epithelial cells were washed in
cold HBSS and whole-cell extracts were prepared by rapid lysis in
SDS-PAGE buffer with or without DTT, as noted. Cell lysates were
electrophoresed on SDS-polyacrylamide gels and transferred to
nitrocellulose following standard protocols. Immunoreactive pro-
teins were detected with antibodies to IkB-a (Santa Cruz
Biotechnology Inc.), Cul-1 (Zymed), NEDD8 (Zymed), B-catenin
(BD Biosciences), Ubc12 (Rockland), c-myc (Clontech), or RGS-His
(RH; Qiagen) using the Amersham enhanced chemiluminescent
protocol (GE Healthcare) and HRP-conjugated donkey anti-rabbit or
sheep anti-mouse secondary antibody (GE Healthcare).

Immunoprecipitation

After transfection and expression of epitope-tagged proteins (Flag,
c-myc) or treatment, HeLa cells were washed in HBSS and scraped
from wells or plates in a small volume (<1ml) of non-denaturing
lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Nonidet P-40
or SDS, 1mM EGTA, pH 8.0, 250pM MG-262, Sigma protease
inhibitor cocktail diluted 1:200, 10 mM NaF, 0.4 mM NazVO,). The
lysates were incubated on a shaker for 10 min at 4°C and centrifuged
at 15000g for 20min. For Flag-IkB, the clarified lysates were
precleared with IgG sepharose beads (Sigma) for 2h, and then
immunoprecipitated for 4h at 4°C with a-Flag-conjugated agarose
(Sigma). The bound agarose was washed six times in non-
denaturing buffer and the immunopurified proteins were eluted
with a minimum volume of denaturing SDS-PAGE buffer. Myc-
NEDDS8 was immunoprecipitated from lysates using an anti-c-myc
immunoprecipitation kit (Sigma) according to the manufacturer’s
protocol.

In vivo murine experiments
Female mice (BALB/cj; 6-8 weeks) were starved overnight and
given a single dose of PBS (0.2ml) containing 10°CFU of L.
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rhamnosus (or B. thetaiotaomicron) by gavage. After 30 min of
bacterial administrations, mice were sacrificed and small intestine
was harvested. The tissue was opened along the mesenteric border,
and epithelial tissue scraped and assayed for changes in Trx1l or
GSH as described above. Bacterial transit was monitored by
concurrent administration of methylene blue. Sections of bowel
with and without dye were selected for experimental and control
analyses.

For ileal loop assay, 6- to 8-week-old BALB/cj mice were
anesthetized, a ligated intestinal loop (2-8cm from the ileocecal
junction) prepared in situ, and Lactobacillus (10% CFU/ml) was
introduced. The mice were maintained under anesthesia at 37°C for
up to 30min and then euthanized, and tissues were removed for
analysis. The small intestine was opened along the mesenteric
border, and epithelial tissue scraped and lysed by homogenization
in RIPA buffer (100 mg tissue per milliliter of buffer) and centrifuged
at 16000r.p.m. for 20min at 4°C. Protein concentrations of
supernatants were determined by protein assay (Bio-Rad) and
equal amounts of protein were diluted with denaturing SDS-PAGE
loading buffer and separated by SDS-PAGE.

In vitro neddylation assay

In vitro Cul-1 neddylation was performed in a reaction mixture
(30 ul) that contained 50 mM Tris-HCI, pH 7.4, 0.6 mM DTT, 5 mM
MgCl,, 2mM ATP, 2 mM NaF, 10 nM okadaic acid, Roc1-Cul-132*-77¢
(5 pmol), 3*P-NEDD8 (200 pmol), and APP-BP1/Uba3 (0.15pmol;
purchased from Boston Biochem), in the presence or absence of
H,0,. The neddylation reaction was initiated by the addition of
Ubcl2 (25pmol) and incubated at room temperature for 10 min.
The reaction was terminated with SDS loading buffer (10 ul)
containing DTT and the products were separated on a 4-20%
SDS-PAGE gradient denaturing gel and visualized by autoradio-
graphy. Roc1-Cul-132477¢, 32P_Nedd-8, and Ubc12 were prepared as
described elsewhere (Yamoah et al, 2005).

Analysis of protein oxidation

Ubcl2 WT and Ubcl2 C111A oxidation was monitored by labeling
with the thiol-modifying reagents BIAM (Molecular Probes) and
FS5M (Molecular Probes). Protein was purified from HeLa cells
transiently transfected with RGS epitope-tagged WT Ubcl2 and
Ubc12C111A using the Ni-NTA resin (Qiagen) as described in Wada
et al (2000). Purified protein was quantified using the Bradford
reagent (BioRad). An equal amount of the WT and the mutant
protein was subjected to oxidation with H,0, and the proteins were
then labeled with either BIAM or FSM. For BIAM labeling, proteins
were incubated in a BIAM buffer (50 mM bis-Tris-HCI, pH 6.5, 0.5%
Triton X-100, 0.5% deoxycholate, 0.1% SDS, 150mM NaCl, 1 mM
EDTA, Protease inhibitor tablets (Roche), 20 uM BIAM) for 10 min at
37°C in the dark. The labeling reaction was stopped by adding IAM
at a final concentration of 5 mM. Proteins were separated with SDS-
PAGE, transferred to PVDF membrane, and stained with streptavidin
Alexa Fluor 680 conjugate (Invitrogen), and blots were scanned in
an Odyssey scanner (LiCor). A parallel gel run was probed with RH
antibody to visualize equal protein loading.

For F5M labeling, protein samples were incubated in FSM buffer
(20mM Tris-HCl, pH 7.4, 0.1 mM MgCl,, 1mM MgCl,, 0.3 mM
F5M) for 5min on ice. F5M labeling was stopped by the addition of
100 mM DTT. Proteins were separated by SDS-PAGE. Fluorescence
intensities of the proteins were quantified by scanning gels at
an excitation wavelength of 526nm using a fluorescence-image
analyzer Storm 7200 (GE HealthCare). The same gel was then
probed with RH antibody to visualize protein load.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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