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ABSTRACT

Alterations of the cellular proteome over time due to spontaneous or toxin-mediated enzymatic deamidation of glutamine
(Gln) and asparagine (Asn) residues contribute to bacterial infection and might represent a source of aging-related diseases.
Here, we put into perspective what is known about the mode of action of the CNF1 toxin from pathogenic Escherichia coli, a
paradigm of bacterial deamidases that activate Rho GTPases, to illustrate the importance of determining whether exposure
to these factors are risk factors in the etiology age-related diseases, such as cancer. In particular, through in silico analysis of
the distribution of the CNF1-like deamidase active site Gly-Cys-(Xaa)n-His sequence motif in bacterial genomes, we unveil
the wide distribution of the super-family of CNF-like toxins and CNF-like deamidase domains among members of the
Enterobacteriacae and in association with a large variety of toxin delivery systems. We extent our discussion with recent
findings concerning cellular systems that control activated Rac1 GTPase stability and provide protection against cancer.
These findings point to the urgency for developing holistic approaches toward personalized medicine that include
monitoring for asymptomatic carriage of pathogenic toxin-producing bacteria and that ultimately might lead to improved
public health and increased lifespans.
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INTRODUCTION

The field of microbiology and notably the study of toxins in
host–pathogen interactions has been a remarkable source of
knowledge regarding the consequences of proteome alterations
in human diseases. Pathogens are indeed endowed with the

remarkable ability to deliver toxic enzymes into host cells that
are able to catalyze post-translational modifications of critical
cell regulators that in turn promote potent pathophysiolog-
ical outcomes (Alouf, Ladant and Popoff 2015). Although we
now have a better appreciation of the contributing role of these
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toxin-mediated processes during infection, little is known about
the long-term impact of these environmental alterations of
the proteome on the onset and/or progression of aging-related
diseases. This contrasts with the study of late onset diseases,
such as cancer, that have been most advanced with regard
to processes involving alterations of the genome. Colorectal
cancer (CRC) is a progressive disease of the large intestine that
develops over extended periods of time, typically 10–40 years,
as a result of accumulating mutations (Sears and Garrett 2014).
Since the large intestine is an organ populated by a unique
array of bacteria, we are confident that study of the impact of
bacterial toxins produced by the microbiota on the host pro-
teome will provide valuable insights regarding environmental
factors contributing to human diseases that develop with age.

To illustrate our perspective for the need to define environ-
mental risk factors that alter the proteome and thereby pro-
mote late-onset disease, we review recent advances made about
the connection between potential cancer risk and exposure to
the cytotoxic necrotizing factor 1 (CNF1) toxin from several
pathogenic strains of Escherichia coli. CNF1 is a paradigmof bacte-
rial deamidase toxins, as evidenced below by the unveiling of the
unexpectedly broad distribution of CNF1-related deamidase do-
mains in bacterial genomes. Extensive information on themode
of action and function of CNF1 has been collected since the dis-
covery of this bacterial toxin with deamidase activity (Flatau
et al. 1997; Schmidt et al. 1997). Remarkably, by catalyzing the
deamidation of a specific glutamine (Gln) residue of host Rho
GTPases, CNF1 confers these regulatory proteins with a gain-
of-function by switching on the signaling pathways that they
control. Rho GTPases, like other small G proteins of the Ras su-
perfamily, are active in their GTP-bound form, associating with
and activating a panel of effectors, many of which work at the
membrane interface, but then hydrolyze the GTP into GDP to
convert them into an inactive GDP-bound form (Hodge and Rid-
ley 2016). Small GTPases are proven drivers of inflammation and
tumorigenesis and serve as critical elements supporting tumor
development (Kazanietz and Caloca 2017). Activation of Rho GT-
Pases by bacterial toxins confers to pathogens the capacity to al-
ter the architecture of host cells and tissues, thereby promoting
their ability to evade host defenses, spread within and among
hosts and form intracellular reservoirs of persistent bacteria
(Lemichez andAktories 2013; Popoff 2014). Due to the role played
by Rho GTPases as critical drivers of inflammation and cancer
progression, it is of importance to determine whether chronic
dysregulation of Rho GTPases mediated by exposure to bacte-
rially produced deamidases plays a role in the etiology of can-
cer. In agreement with this idea, epidemiological and functional
links in mouse chronic infection models have started to estab-
lish casual links between the presence of pathogenic strains of
E. coli producing CNF1 and progression of certain forms of cancer
(Gagnière et al. 2016; Guo et al. 2017).

Spontaneous non-enzymatic deamidation of glutamine
(Gln) and asparagine (Asn) residues is a common occurrence
and is generally considered a molecular clock of protein aging
(Robinson and Robinson 2001). The deamidation rate of an
amide group within a protein is dependent on solvent accessi-
bility, physicochemical conditions and the amino acid sequence
surrounding the amide group. How long-living organisms cope
with these alterations of the proteome and how these changes
link to late onset diseases largely remain to be defined. Specific
enzymatic deamidase activities are not restricted to infection
with bacterial or viral pathogens (Washington, Banfield and
Dangl 2013; Zhao et al. 2016). In eukaryotes, specific protein
deamidation controls the level of the anti-apoptotic factor

Bcl-XL with important consequences for treatment response to
DNA-damaging anti-neoplastic agents (Dho et al. 2013). Thus,
the study of the environmental effects conferred by CNF1 and
other deamidase toxins could inform us about the influence
of host deamidation reactions. Notably, we also consider the
importance of studying CNF1 in the discovery of the regulation
of activated forms of Rho GTPases by the host ubiquitin pro-
teasome system. This system seems to play a crucial role in
maintaining the equilibrium of Rho GTPase activation levels.
A number of key enzymes that catalyze the ubiquitination of
Rho GTPases for their subsequent targeting to proteasomal
degradation are tumor suppressors. This raises the question
of a possible relationship between efficiency of quality control
systems of the proteome, chronic infection and late-onset
diseases such as cancer.

The CNF1 toxin from E. coli and its prevalence

The name ‘cytotoxic necrotizing factor’ for this bacterial pro-
tein toxin produced by necrotoxigenic E. coli was coined to
refer to the characteristic necrotic lesions that develop upon
subcutaneous injection of the toxin. CNF1 is a 114 kDa, AB-
like toxin that binds host cell surface receptors, p67/LR and
Lu/BCAM, and enters endosomes, where upon acidification the
activity domain is translocated across the vesicle membrane
and delivered into the cytosol (Boquet and Lemichez 2003; Kim,
Chung and Kim 2005; Piteau et al. 2014) (Fig. 1). The internal-
ization and intracellular trafficking of CNF1 in target cells pro-
ceeds via amechanism that does not involve detergent-resistant
membrane microdomains (filipin-insensitive), the brefeldin A-
sensitive trans-Golgi network to endoplasmic reticulum path-
way or the clathrin-dependent uptake pathway (Contamin et al.
2000). CNF1 contains two hydrophobic alpha-helices that insert
intomembranes at acidic pH to promote the translocation of the
catalytic domain into the cytosol (Pei, Doye and Boquet 2001).
During the membrane insertion and translocation process, an
endo-proteolytic cleavage of CNF1 occurs between amino-acids
532 and 544 (Knust et al. 2009), and a C-terminal fragment of 55
kDa is released into the cytosol. Residues 720–1014 of this frag-
ment constitute the enzymatic domain that catalyzes the irre-
versible deamidation of a specific Gln residue of Rho GTPases (63
in RhoA and 61 in Rac1/Cdc42) into a glutamic acid (Glu) (Flatau
et al. 1997; Schmidt et al. 1997). This modification abrogates the
GTPase activity of Rho proteins to promote their permanent ac-
tivation.

The solved crystal structure of the catalytic domain of
CNF1 provides some molecular insights about the specificity of
action of CNF1 (Buetow et al. 2001). This domain contains the
invariant histidine (His) and cysteine (Cys) catalytic residues
at the active site. The catalytic domain consists of two beta-
sheets surrounded by alpha-helices and a crown of loops at
the entrance of the catalytic site, which creates a deep, narrow
cavity that restricts the accessibility of the catalytic site to spe-
cific substrates (Flatau et al. 2000; Buetow and Ghosh 2003). The
specificity of recognition of the substrate is provided by residues
within certain loops, in particular loop-8, as well as loop-3 and 9
(Hoffmann, Aktories and Schmidt 2007; Buetow and Ghosh
2003). The distance between the loops and the catalytic site
allows accommodation of the side chain of a Gln, but not the
shorter side chain of Asn. Molecular determinants in the region
surrounding the targeted Gln, and in particular arginine-68
and leucine-72 in RhoA, contribute to specific recognition of
members of the Rho GTPase family among small GTPases (Lerm
et al. 1999; Buetow and Ghosh 2003). The tight specificity in
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Figure 1. Schematic representation of CNF1 and its mode of action. CNF1 is a protein toxin of 1014 amino acids, comprised of several functional regions for (i) binding
to the p67-LR (laminin receptor) and Lu/BCAM (Lutheran adhesion glycoprotein/basal cell adhesion molecule) receptors; (ii) two hydrophobic helices involved in the

insertion of the toxin into membranes at acidic pH; (iii) a 55-kDa cargo delivered into the cytosol after proteolytic cleavage and comprising the deamidase domain
(amino-acids 720–1014). The various stages of the intoxication process depicted in the scheme include: (1) toxin binding to the receptor complex; (2) internalization of
the toxin receptor complex; (3) delivery of the catalytic cargo upon acidification; (4) deamidation of Rho GTPases; and (5) subsequent cellular responses to Rho GTPase

activation.

the interactions between CNF1 and Rho GTPases accounts for
differences in the panel of Rho GTPases modified by members
of the CNF family. In E. coli for example, whereas CNF1 acts on
RhoA, Rac1 and Cdc42 isoforms (Doye et al. 2002), CNF2 acts on
RhoA and Rac1, but not Cdc42 (Sugai et al. 1999) and CNF3, like
CNF1, acts on all three substrates, but more strongly on RhoA
than CNF1 does (Stoll et al. 2009). Moreover, CNFy from Yersinia
pseudotuberculosis shows preference for RhoA over Rac1 and
Cdc42 isoforms (Hoffmann et al. 2004; Schweer et al. 2013).

An association of E. coli strains containing the gene encoding
CNF1 with acute intestinal and extra-intestinal infections has
been established (Hashemizadeh, Kalantar-Neyestanaki and
Mansouri 2017). CNF1 was first isolated and characterized from
pathogenic strains of E. coli isolated from young children suf-
fering from diarrhea (Caprioli et al. 1983; Falbo et al. 1993; Fabbri
et al. 2013). In humans, commensal and pathogenic strains of
E. coli fall into four main phylogroups A, B1, B2 and D, which
make up about 108 colony forming units per gram of feces
(Tenaillon et al. 2010). It is now established that E. coli bear-
ing the cnf1 gene belong to the pathogenic phylogroups B2
and D and have a prevalence ranging from 8% to 30% in the
human gut microbiota (Smati et al. 2015). The prevalence of
cnf1-positive strains is significantly higher in E. coli isolated from
urinary tract infections, than in strains recovered from fecal
samples, with a prevalence of up to 50% in the case of hemor-
rhagic urinary tract infections (Real et al. 2007; Hashemizadeh,
Kalantar-Neyestanaki and Mansouri 2017). The cnf1 gene dis-
plays its highest prevalence in E. coli isolates responsible for
prostatitis with 64% (Mitsumori et al. 1999). The gene for CNF1
is also present in some virulent strains of the intercontinental

clonal group of E. coli sequence type 131 (ST131) that displays
resistance to fluoroquinolone and expression of extended-
spectrum β-lactamase (ESBL) (Nicolas-Chanoine, Bertrand and
Madec 2014; Li et al. 2017).

Breaching of cell homeostasis by CNF1

CNF1 has been classified as a cyclomodulin, a toxin that regu-
lates cell-cycle progression (Nougayrede et al. 2005). Specifically,
CNF1 promotes accumulation of cells in the G2/M phase of the
cell cycle andmulti-nucleation in some cell lines. CNF1 achieves
this by blocking apoptosis and inducing mitotic catastrophe,
thereby promoting aneuploidy and a dysregulation of cytokine-
sis (Malorni and Fiorentini 2006). CNF1 also promotes cell-cycle
progression via induction of cyclin D1 expression due to Rac1-
mediated reactive oxygen species (ROS) production (Daugaard
et al. 2013). Moreover, by inducing activation of Rho GTPases and
downstream actin cytoskeleton dynamics, CNF1 directly pro-
motes major actin cytoskeletal remodeling, thereby disrupting
uroepithelial cell junctions and inducing epithelial cell motility
(Doye et al. 2002). CNF1 also confers remarkable macropinocytic
abilities to epithelial cells (Falzano et al. 1993), and by stimulating
Rac1 signaling CNF1 enhances cellular entry of E. coli expressing
Type-I pili via the hijacking of beta-1 integrins (Eto et al. 2007;
Visvikis et al. 2011). The internalized bacteria form reservoirs of
persister bacterial cells that likely contribute to recurrent uri-
nary tract infections (Mulvey, Schilling and Hultgren 2001).

Direct activation of Rho GTPases and their signaling path-
ways by CNF1 induces relatively minor changes in the global
transcriptome landscape, except for promoting the expression
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of a specific array of inflammatory and anti-apoptotic factors
associated with engagement of NF-κB signaling (Munro et al.
2004). Similarly, production of CNFy by Y. pseudotuberculosis
exacerbates inflammation and tissue damage during infection,
even though this strain contains a plasmid encoding a type-3
secretion system (T3SS) that injects a plethora of Rho GTPase-
inactivating factors (Schweer et al. 2013). Critical components
relaying signals from Rac1 and Cdc42 to the NF-κB pathway
include the nucleotide-binding oligomerization domain-
containing protein 1 (NOD1) and the receptor-interacting
protein kinase 2 (RIPK2) (Keestra et al. 2013; Stuart and Boyer
2013). Moreover, CNF1-mediated Rac activation stimulates the
ASC/caspase-1 inflammasome to promote IL-1β processing and
secretion (Diabate et al. 2015), while RhoA activation antago-
nizes pyrin inflammasome activation (Xu et al. 2014; Chung et al.
2016). Induction of inflammasome in response to perturbations
of Rho GTPase activities likely serves as a means for cells to
sense the attack by pathogens expressing virulence factors
targeting Rho GTPases (Stuart, Paquette and Boyer 2013; Xu et al.
2014). Remarkably, this modulation of host immune responses
makes CNF1 an immunostimulator of anti-microbial responses
for prophylactic and therapeutic vaccine applications (Munro
et al. 2005; Munro, Flatau and Lemichez 2007; Michel et al. 2016).

CNF1, in cooperation with the genetically linked alpha-
hemolysin, is positively correlated with bloodstream infec-
tions of E. coli (Kadhum et al. 2008; Diabate et al. 2015). The
inflammatory-based damaging impact of both CNF1 and alpha-
hemolysin on host mucosa, as suggested by epidemiological
studies mentioned above, is supported by experimental stud-
ies using small animals (Rippere-Lampe et al. 2001; Garcia et al.
2013). Pioneering epidemiological studies aimed at characteriz-
ing the gut microbiota associated with CRC has pinpointed E.
coli of phylogroups B2 and D as common colonizers of colorectal
polyps (Buc et al. 2013; Jobin 2013; Raisch et al. 2014). These bac-
teria produce a panel of different toxins that disrupt the host cell
cycle and DNA integrity (Nougayrede et al. 2005). Notably, about
one fourth of these pathogenic strains of E. coli produce CNF1.
Thus, chronic infection-associated inflammation coupled with
dysregulation of cell fate, migration, and division by exposure to
CNF1 represents a potential risk factor for cancer onset and pro-
gression. In support of this, a recent animal study has unveiled
a role for CNF1 in promoting prostatic cancer progression and
metastasis (Guo et al. 2017). In this case, CNF1-mediated Cdc42-
PAK1 signaling appears to mediate prostate cancer progression.

The extended family of CNF1 like toxins among
pathogenic bacteria

There are at least nine CNF toxins that share strong homology
with CNF1 throughout the entire sequence length (Fig. 2). CNF2
and CNF3 share 85% and 71% amino-acid sequence identity
with CNF1, respectively, and are associated with diarrheagenic
strains of E. coli in animals, while CNF1 is more prevalent in hu-
man isolates (Caprioli et al. 1983; Falbo et al. 1993; Mitsumori
et al. 1999; Real et al. 2007; Kadhum et al. 2008; Fabbri et al. 2013;
Diabate et al. 2015), CNF3 and the plasmid-encoded CNF2 were
identified in pathogenic strains of E. coli isolated from sheep,
cows and goats (Oswald et al. 1989; Orden et al. 2007). CNF3 has
also been identified in an isolate of Shigella boydii. Although a
functional, full-length CNFy (65.1% shared identity with CNF1)
is expressed in a few isolates of Y. pseudotuberculosis that be-
long to serogroup III, other strains of this group and the Yersinia
pestis strain CO92 contain partially deleted cnfy genes (Lock-

man et al. 2002). No full-length cnfy homologs have yet been
detected in Yersinia enterocolitica, Y. pestis and non-pathogenic
Yersinia species (Lockman et al. 2002). Additional full-length CNF
homologs have been discovered in the genomes of Moritella vis-
cosa (CNFm) (Tunsjø et al. 2011; Karlsen et al. 2014) and Photo-
bacterium damselae strain CIP 102761 (CNFp), each with 62%–65%
protein sequence identity with the other CNF toxins. A CNF3-
related homologue has also been identified in the meningitis
causative agent Salmonella enterica serovar Loma Linda (CNFs),
sharing 67% and 86% identity with CNF1 and CNF3, respectively.
A more distant CNF homolog has been identified in E. coli strain
GN02091 (CNFx) that has only 50%–55% identity with all other
CNF homologs. The exchangeability of the deamidase domains
among members of the CNF family has recently been explored
and results suggest that these domains can be swapped and
evolved for efficient cytosolic cargo delivery and intracellular ac-
tivity (Haywood, Ho and Wilson 2018).

CNF1-like deamidase modules in the arsenal of
virulent bacteria

Functional CNF1-like domains have started to be described in
the armament of several pathogenic bacteria (Table 1). The der-
monecrotic toxin (DNT) from Bordetella spp. was the first AB-
like toxin outside of the CNF family known to share homology
(30% identity) within the CNF1 catalytic domain (Lemichez et al.
1997). The CNF1-like domain of DNT is located at the C-terminus
of the 1464-residue protein. However, the receptor-binding and
translocation domains of the toxins are not related, and in con-
trast to the CNF toxins that exhibit low transglutaminase ac-
tivity, DNT catalyzes preferentially transglutamination of the
same Gln residue targeted by the CNF toxins leading to Rac1
activation (Schmidt et al. 1998; Masuda et al. 2000; Munro et al.
2005). Interestingly, CNF1-like activity domains have also been
found as small effector proteins of specialized secretion sys-
tems. The T3SS effector VopC from Vibrio parahaemolyticus acts
on Rac1 andCdc42 GTPases tomediate bacterial invasion of non-
phagocytic cells (Zhang et al. 2012). VopC shares limited identity
(25%) with the CNF1 catalytic domain, including the active-site
Cys and His residues. A CNF1-like domain is found in a MIX-
effector Vpr01570 of the type 6 secretion system (T6SS) from
Vibrio proteolyticus, which has been shown to induce actin cy-
toskeletal rearrangements upon exogenous expression in cells
(Ray et al. 2017).

We set out to depict the landscape of CNF1 related deamidase
domain containing virulence factors among pathogenic bacte-
ria. All known sequences of CNF1-like domains contain con-
served active-site Cys and His residues (Fig. 3A), and the crys-
tal structure of CNF1 (PDB 1HQ0) (Buetow et al. 2001) shows that
these two residues are located at the ends of two anti-parallel β-
strands, forming aCys-beta-turn-beta-Hismotif (Fig. 3B). Among
CNF1-like deamidase domains, the effector protein HopBJ1 from
Pseudomonas syringae also contains a similar sequence motif
that can be modeled to show a structure resembling that found
in CNF1, and its presence has been correlated with disease in
plants (Hockett et al. 2014), including dependency on the active-
site Cys and His residues for its intracellular activity in plants.
Burkholderia pseudomallei lethal factor 1 (BLF1) kills mice upon in-
jection and inhibits protein synthesis in macrophages through
Gln deamidation of the eukaryotic initiation factor 4A (eIF4A)
(Cruz-Migoni et al. 2011). Although the target is not a Rho GT-
Pase and BLF1 has no discernable amino acid sequence homol-
ogy with that of CNF1 (Fig. 3A), BLF1 (PDB 3TU8) does show
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Figure 2. Molecular phylogenetic relationships among the full-length members of the CNF family. Nine representative full-length CNF protein sequences were used to
construct a phylogenetic tree, in which the evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based model (Jones,
Taylor and Thornton 1992). The percentage of trees in which the associated taxa clustered together is shown next to the branches (blue). The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site (below the branches). Evolutionary analyses were conducted in MEGA7 (Kumar, Stecher and

Tamura 2016).

similar topology surrounding the active-site Cys-beta-turn-
beta-His motif. We propose that a CNF1-like domain can be de-
termined on the basis of proven Gln deamidase activity and a
common active-site motif. This motif consists of the sequence
Gly-Cys-(Xaa)n-His, where n is the number of residues that per-
mit formation of a beta-sheet loop that would bring the Cys and
His residues into close proximity for catalysis to occur (Fig. 3B).

Using this Gly-Cys-(Xaa)n-His sequence motif, where
n = 10–18, additional proteins with possible CNF-like deami-
dase domains can be identified from the collection of BLASTp
hits, obtained by using the above-defined CNF-like domains as
query in the search. Fig. 4 shows a phylogenetic relationship tree
of 167 CNF-like domains containing proteins obtained from such
a search based on the 150-residue regions flanking the Gly-Cys-
(Xaa)n-His motif (Fig. 4). Besides the cluster of full-length CNF
toxin homologs, other CNF1-like proteins with known deami-
dase activities, notably DNT, VopC, MIX-CNF, BLF1 and HopBJ1,
fall into distinct clusters. From this analysis, there are a large
number of additional bacterial proteins with CNF1-like motifs,
but without confirmed Gln deamidase activities or with unchar-
acterized roles in virulence, encoded in bacterial genomes.

Additional homologs containing CNF1-like motifs can be
found in other Gram-negative bacteria, including Morganella,
Pseudomonas, Shewanella, Burkholderia and Photorhabdus species.
From comparison of these homologs, it is evident that the
CNF1-like domain can be delivered into the host cell cytosol
through multiple systems (Fig. 5). For example, the N-terminal
receptor-binding and translocation domains of the full-length
CNF homologs share sequence homology with the N-terminus
of the mitogenic toxin from Pasteurella multocida (PMT-N), but
their respective catalytic domains share no homology in their
sequences (Lemichez et al. 1997) or structures (Wilson and Ho
2015). The existing sequences of other proteins containing
CNF1-like domains indicate that these fall into several types,
including a number of T3SS effectors like VopC and Pnf, T6SS
effectors like VgrG-CNF and MIX-CNF, the RHS-containing

cytotoxins such as YenC1 and the large modular cytotoxins
(ranging from 2000 to 5000 amino acids in length), some ofwhich
contain a TcdA TcdB pore-forming domain with the CNF-like
domain being located at various positions in the protein.

Other host cell-modulating deamidase modules in
virulent bacteria

In addition to the CNF-like deamidases containing Cys and
His active site residues, there are additional Gln deamidases,
such as PMT, with Cys-His-Asp catalytic triad at the active site
(Table 1). However, the catalytic domains of CNF1 (PDB 1HQ0)
and PMT (PDB 2EBF) belong to two very different structural folds
(Wilson and Ho 2010). PMT deamidates and activates a subset of
heterotrimeric G-protein α subunits (Orth et al. 2008; Orth et al.
2013) and thereby stimulating critical calciumandmitogenic sig-
naling pathways and notably indirectly activating RhoA GTPase
signaling. Homologs of the PMT catalytic domain are found in a
wide array of protein toxins with diverse intracellular delivery
machinery (Wilson and Ho 2015). For example, the T3SS effector
protein SseI from S. enterica serovar Typhimurium involved in
host cell migration has a PMT-like catalytic domain (PDB 4G29)
(Bhaskaran and Stebbins 2012). The T3SS effector OspI from
Shigella flexneri has a PMT-like active site arrangement (PDB
3B12) and acts on Ubc13 to disrupt K63-ubiquitin conjugation
that is essential to relay signals of pathogen perception (Sanada
et al. 2012). The cycle inhibiting factors (Cifs) are translocated
effector proteins that catalyze Gln deamidation of ubiquitin
and the related protein NEDD8 (Crow et al. 2012). The active-site
structure of the cyclomodulin Cifs from enteropathogenic and
enterohemorrhagic E. coli (PDB 3EFY), B. pseudomallei (PDB 3GQM)
and Photorhabdus luminescens (PDB 3GQJ) shows that their active
sites are PMT-like (Hsu et al. 2008; Crow et al. 2009), but have a
Cys-His-Glnmotif instead of a Cys-His-Aspmotif. The non-VgrG
T6SS effector TecA from Burkholderia cenocepacia also has a PMT-
like active site, but it deamidates Rho GTPases at a conserved
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Table 1. Selected bacterial protein deamidases.

Toxin Bacterial source Cellular activity Target(s) Refs

CNF E. coli, Y. pseudo-
tuberculosis,
Shigella boydii

Rearrangement of actin
cytoskeleton, modulation of
inflammatory and apoptotic
responses

Rho GTPases (Flatau et al.
1997;
Schmidt et al.
1997; Doye
et al. 2002)

DNT Bordetella spp. Rearrangement of actin
cytoskeleton, modulation of
inflammatory and apoptotic
responses

Rho GTPases (Masuda et al.
2000)

VopC Vibrio
parahemolyticus

Rearrangement of actin
cytoskeleton, modulation of
inflammatory and apoptotic
responses

Rho GTPases (Zhang et al.
2012)

MIX-
CNF

Vibrio
proteolyticus

Rearrangement of actin
cytoskeleton, modulation of
inflammatory and apoptotic
responses

Rho GTPases (Ray et al.
2017)

PMT Pasteurella
multocida

Activation of mitogenic and
calcium signaling pathways, actin
rearrangements, protein
synthesis, and cell proliferation

Heterotrimeric G
proteins: Gαq/11,
Gα12/13, Gαi

(Orth et al.
2008)

SseI Salmonella
enterica serovar
Typhi

Increased cell migration Binds IQ
motif-containing
GTPase-
activating
protein 1
(IQGAP1)

(Bhaskaran
and Stebbins
2012)

BLF1 Burkholderia
pseudomallei

Inhibition of protein synthesis eIF4a (Cruz-Migoni
et al. 2011)

Cifs E. coli (EPEC,
EHEC),
Burkholderia
pseudomallei,
Photorhabdus
luminescens, other
bacterial species

Inhibition of Cullin-RING ligases,
ubiquintination

NEDD8 and
Ubiquitin

(Cui et al.
2010)

OspI Shigella flexneri Disruption of TRAF6-mediated
responses

Ubc13 (Sanada et al.
2012)

TecA Burkholderia
cenocepacia

Rearrangement of actin
cytoskeleton, modulation of
inflammatory and apoptotic
responses

Rho GTPases (Aubert et al.
2016)

PaTox Photorhabdus
aymbiotica

Rearrangement of actin
cytoskeleton, activation of
mitogenic signaling pathways

Heterotrimeric G
proteins: Gαq/11,
Gαi

(Jank et al.
2013)

Asn instead of a Gln (Aubert et al. 2016). This modification dis-
rupts the actin cytoskeleton and triggers caspase-1-mediated
inflammation and cell death. As was observed for CNF1-like
domains, PMT/SseI-like domains can also be found in large
modular toxins produced by a number of emerging human
pathogens. For example, a large modular toxin produced by the
entomopathogenic Photorhabdus asymbiotica (PaTox) contains
a tyrosine-glycosyltransferase domain that inactivates Rho
GTPases and a PMT/SseI-like domain that deamidates the
active-site Gln of Gαq/11 and Gαi proteins (Jank et al. 2013). An-
other large modular toxin (WP 046975705) can be found in the
genome of Photorhabdus temperata strain DSM 15199. In addition
to having a VIP2-like ADP-ribosylating domain, this toxin
contains both a CNF1-like domain and a PMT/SseI-like domain.

Host protective responses against Rho GTPase
activation by CNF1

Once Rho GTPases are activated by either CNF1, by point
mutations, or by guanine nucleotide exchange factors (GEFs),
they undergo ubiquitin-modification for degradation by the
proteasome (Doye et al. 2002). In light of the inherent occurrence
of spontaneous deamidation reactions of proteins in living cells,
this raises the general question of whether long-lived organisms
might have evolved protective systems against the alteration
of these key Gln residues in G proteins or as a mechanism of
defense against pathogen attack. This question is of critical
importance considering the panel of bacteria carrying genes
encoding deamidase-containing factors homologous to CNF1,
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Figure 3. CNF1 signature active-sitemotif. (A) Shown are PyMOL renderings of the crystal structures of the C-terminal CNF1 catalytic domain (1HQ0) and the Burkholde-
ria lethal factor 1 (3BT8) (right panels). The bottom portion of the structure (green) contains the beta-turn-beta motif (cyan) with the active site His and Cys residues
shown in red. The portion of the structure above the active site beta sheet is shown in grey. Shown to the right are the corresponding zoomed-in views of the beta-turn-
beta motifs with Gly, Cys and His residues shown as stick structures. (B) Alignment of sequences in the region near the Gly-Cys-beta-turn-beta-His motif in proteins

known to have CNF1-like Gln-deamidase activity.

described above. Indeed, regulation of the flux of active Rho GT-
Pases is under the scrutiny of the ubiquitination and proteasome
machineries (UPS) (Mettouchi and Lemichez 2012). Ubiquitina-
tion is a post-translational modification of proteins that results
in covalent attachment of ubiquitin, a small polypeptide of
76 amino-acids displaying 7 lysine residues on its surface, to
residues on the target protein or on previously crosslinked ubiq-
uitin molecules. Target proteins are thus tagged with different
combinations ofmono-,multi-, or poly-ubiquitin chains (Swatek
and Komander 2016). The ubiquitination reaction involves suc-
cessively three major classes of enzymes: ubiquitin-activating
enzymes (E1), ubiquitin-conjugating enzymes (E2) and ubiquitin
ligases (E3), where the E3 ligase bridges E2-linked ubiquitin with
the substrate to ensure the direct or indirect transfer of ubiqui-
tin to the target. By interacting with ubiquitin-binding proteins
having different chain specificities, this allows for assembly of
signal transduction complexes, modulation of protein traffick-
ing to particular cellular locations, alteration of protein–protein
interactions, or control of protein fate by targeting substrates to
proteasome degradation. Owing to the control they operate on
cell signaling and their critical role in detoxifying processes, E3
ligases not only play a role in cell signaling, but also function as
gatekeepers of late-onset diseases (Scheffner and Kumar 2014).

Progress has been made in deciphering the E3 ligases re-
sponsible for ubiquitination of active Rho GTPases (Ding, Yin
and Wang 2011; Hodge and Ridley 2016). Recently, the HECT do-
main and ankyrin repeats-containing E3 ubiquitin protein lig-
ase 1 (HACE1) was identified by several groups as the critical en-
zyme catalyzing the ubiquitin-mediated proteasomal degrada-
tion of active Rac1 (Torrino et al. 2011; Castillo-Lluva et al. 2013).
Depletion of HACE1 impairs degradation of CNF1-modified Rac1

(Torrino et al. 2011; Castillo-Lluva et al. 2013). The ankyrin re-
peats and middle region of HACE1 cooperate to recognize selec-
tively the GTP-bound, active form of Rac1 and facilitate its poly-
ubiquitination (Andrio et al. 2017). Such tight control of Rac1 ac-
tivity by HACE1, in addition to GEF/GAP regulators, is likely es-
sential considering the pleiotropic role played by Rac1 in the
control of cell division, transformation, migration, cohesion of
the epithelium, phagocytosis, production of ROS and expression
of anti-apoptotic and inflammatory factors (Hodge and Ridley
2016). In line with this, HACE1-mediated regulation of the flux
of active Rac1 controls cell division and migration, as well as
the Rac1-dependent NADPHoxidase production of ROS (Castillo-
Lluva et al. 2013; Goka and Lippman 2015; Daugaard et al. 2013).
By controlling cell fate and inflammation via TNFR1-RIP3 ki-
nase necroptotic signaling, Hace1 provides an important protec-
tive function during Listeria monocytogenes infection and devel-
opment of CRC caused by chemical-induced colitis (Tortola et al.
2016). HACE1 appears to play another critical role in the control
of cell homeostasis through its action on autophagic flux (Liu
et al. 2014; Zhang et al. 2014). Hace1 is a tumor suppressor of
broad function that is commonly inactivated in cancer due to
genetic alterations, such as chromosome translocation (Zhang
et al. 2007), aberrant methylation of hace1 promoter (Hibi et al.
2008), and discrete cancer-associated mutations (Andrio et al.
2017). Now that a link between HACE1 and the control of the flux
of active Rac1 has been established, it will be important to de-
termine whether HACE1 tampers certain cytotoxic effects trig-
gered by CNF1 and also operates as a control on gain-of-function
alterations of Rac1 found in cancers (Jordan et al. 1999; Hodis
et al. 2012; Krauthammer et al. 2012; Kawazu et al. 2013). Consid-
ering the general role played by E3 ligase dysfunction in human
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Figure 4.Molecular phylogenetic relationships among the extendedmembers of the CNF-domain-containing family. 167 representative sequences were collected from
NCBI BLASTp search using VopC, DNT, CNF1, MIX-CNF, BLF1 and HopBJ1 as query, followed by screening for Gly-Cys-(Xaa)n-His motif, where n = 10–18, and trimming
to within 150-residues flanking the motif. Sequences were aligned with MUSCLE (Edgar 2004), and then refined with Clustal W (Thompson, Higgins and Gibson 1994),
before generating a Neighbor-Joining tree using MEGA7 (Kumar, Stecher and Tamura 2016). In some cases, Jalview (Waterhouse et al. 2009) was used for editing the

alignments. Those with known CNF1-like deamidase activity and a few select ones of interest (PNF, VgrG-CNF and YenC1) are indicated with solid symbols. Open
red circles and squares are untested CNF or DNT sequences, respectively. Otherwise, open circles denote suspected T3SS effectors; triangles denoted suspected T6SS
effectors; squares denote suspected large, multi-modular cytotoxins; and diamonds denote suspected Rhs-containing cytotoxins. Colors correspond to the indicated
genera.

aging-related diseases, the study linking these factors to the reg-
ulation of GTPases in pathogens and diseasewill undoubtedly be
a major source of findings relevant to human health.

Deep sequencing studies of the mutational landscape in
melanoma have established the high occurrence of mutants
in Rho GTPases and heterotrimeric G-protein subunits, notably
Rac1 and Gαq, which are also targets of CNF1 and PMT toxins,
respectively (Hodis et al. 2012; Krauthammer et al. 2012; O’Hayre
et al. 2013). In the case of Rac1, a hot spot of cancer-associated
mutations is observed in position 29 (P29S and P29L). Melanoma-
associated mutations at P29 carry ultraviolet alteration signa-
tures. Although the type of alterations of these host proteins
with pro-oncogenic activities do not bear the same signature be-
tween proteome and genome alterations, they all result in gain-
of-function phenotypes with activation of downstream signal-
ing pathways. For RhoGTPases, it will be interesting in the future
to definewhether these differences reflect particular constraints
linked to the proteasomal degradation system that acts on acti-
vated GTPase forms, as discussed below, or reflect differences in
the mechanism of action of mutagenic agents.

CONCLUSIONS

Defining bacterial risk factors in the etiology of late-onset dis-
eases, such as cancer, are of critical importance so as to inter-
vene with appropriate therapies. As we have outlined here, pro-
teins containing CNF1-like activity domains and other host cell-
modulating deamidase domains, such as that from PMT, can
be found in a wide range of bacterial genomes and are associ-
ated with a diverse number of cytosolic delivery systems. The
scope and prevalence of these diverse proteins point to exten-
sive horizontal gene transfer and recombination events involv-
ing thesemodules, as well as strong selective pressures tomain-
tain them or inactivate them in some specific contexts, as ob-
served in Y. pseudotuberculosis. This also brings to light an unre-
alized potential health hazard associatedwith exposure to these
cell-modulating, deamidating proteins during infections or col-
onization with the bacteria that produce them.

Much remains to be learned about how host organisms cope
with these proteome alterations, as for the case of deamidated
Rho GTPases, and about what the long-term consequences of
these modifications are. Indeed, the host genetic background
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Figure 5. Schematic diagram of the CNF-like superfamily of modular protein
toxins. Shown is the location of the CNF1-like domain within each toxin or ef-

fector protein. MIX, non-VgrG T6SS effector motif. PMT-N, N terminus of CNF
that shares homology with N terminus of PMT. RHS, N-terminal rearrangement
hotspot-repeat containing domain. VgrG, T6SS effector motif. DNT-N, N termi-

nus unique to DNT.

clearly plays a significant role inmitigating bacterially promoted
late-onset diseases by limiting the extent of infection and the
extent of the cytotoxic effects of bacterial virulence factors. The
action of CNF1 and the ability of host cells to eliminate perma-
nently activated forms of Rho GTPases represent a remarkable
example of this interplay.

While the connection between cancer and other late-onset
diseases has been established for only a limited number of
cases, the rapidly growing list of bacteria and/or their toxins that
target pro-oncogenic signaling pathways, promote chronic in-
flammation, or cause DNA damage, places an urgency for bet-
ter understanding the risks posed by exposure to these toxin-
producing bacteria. Coupledwith this knowledge, individualized
microbial profiling made possible through current advanced se-
quencing technologies could be applied towards surveillance of
these risk factors and the design of appropriate intervention
strategies.

The application of targeted pre- or probiotics, vaccines, and
antibiotic regimens that are tailored toward an individual’s mi-
crobiome and life history could have a major impact on the oc-
currence of late-onset, recurrent, or chronic diseases, similar
to that which occurred a century ago upon implementation of
widespread, standardized hygiene measures. Ultimately, these
holistic approaches in personalized medicine will lead to signif-
icant public health savings and increased lifespan.
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