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ABSTRACT
Bacterial genotoxins are peptide or protein virulence factors produced by several pathogens, 
which make single-strand breaks (SSBs) and/or double-strand DNA breaks (DSBs) in the target 
host cells. If host DNA inflictions are not resolved on time, host cell apoptosis, cell senescence, 
and/or even bacterial pathogen-related cancer may occur. Two multi-protein AB toxins, cytolethal 
distending toxin (CDT) produced by over 30 bacterial pathogens and typhoid toxin from 
Salmonella Typhi, as well as small polyketide-peptides named colibactin that causes the DNA 
interstrand cross-linking and subsequent DSBs is the most well-characterized bacterial genotoxins. 
Using these three examples, this review discusses the mechanisms by which these toxins deliver 
themselves into the nucleus of the target host cells and exert their genotoxic functions at the 
structural and functional levels.
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Introduction

Bacterial genotoxins are polyketide-peptide metabolites 
or multi-protein virulent factors manipulating host 
DNAs in the target mammalian cells [1] (Figure 1(a)). 
Genotoxin-mediated cellular effects include cell nuclear 
distension, DNA repair response, cell cycle arrest in 
G2/M, and/or cell death [2,3]. When the cellular DNA 
repair system was overwhelmed by the DNA damage 
triggered by the action of bacterial genotoxins, the host 
cell may enter a senescence state or apoptosis [1]. There 
are two well-characterized multi-protein AB-type gen-
otoxins, cytolethal distending toxins (CDTs) produced 
by over 30 Gram-negative bacteria species, and typhoid 
toxin from Salmonella enterica serovar Typhi (S. Typhi) 
[4,5] (Figure 1(b,c)). Colibactins, small polyketide- 
peptide metabolites produced primarily by Escherichia 
coli (E. coli) strains in the phylogenetic group B2, are 
another well-characterized genotoxin [6] (Figure 1(d)). 
This review utilizes these three genotoxins as examples 
in discussing their delivery, structure, and function.

AB toxins are protein virulence factors secreted by 
many bacterial pathogens, contributing to the pathogeni-
city of the cognate bacteria. AB toxins consist of two 
functionally distinct components: the enzymatic ‘A’ frag-
ment (for single chain AB toxins) or subunit (for multi- 
protein AB toxins) for pathogenicity and the receptor- 
binding ‘B’ fragment or subunit for toxin delivery 
(Figure 1(b,c)). AB toxins are called by several different 

names, based on their structure-, A-component-, and 
B-component-mediated categorizations.

From the structural standpoint, CDTs are AB2 tox-
ins, consisting of one enzymatic ‘A’ subunit, CdtB, and 
two receptor-binding ‘B’ subunits, CdtA and CdtC 
(Figure 1(b)). Their alias, genotoxin, is based on their 
A-component-mediated action. CDTs are produced by 
more than 30 γ- and ε-Proteobacteria, which are mostly 
Gram-negative bacterial pathogens, such as AaCDT 
from Aggregatibacter actinomycetemcomitans 
(A. actinomycetemcomitans), CjCDT from 
Campylobacter jejuni (C. jejuni), HdCDT from 
Haemophilus ducreyi (H. ducreyi), and SdCDT from 
Shigella dysenteriae (S. dysenteriae) [4]. Typhoid toxin 
from S. Typhi is an A2B5 toxin, consisting of two 
enzymatic ‘A’ subunits, CdtB and PltA, and 
a homopentamer of receptor-binding subunit, PltB 
(Figure 1(c)). As reflected in its name, typhoid toxin 
CdtB shares similarities to the enzymatic subunit CdtB 
from CDTs. Many of the cognate bacteria producing 
CDTs or typhoid toxin are human pathogens. For 
instance, A. actinomycetemcomitans, H. ducreyi, 
E. coli, C. jejuni, and S. Typhi are the causative agents 
of oral, genital, gastrointestinal (GI) tract, or systemic 
diseases [7–9].

Colibactins are polyketide, non-ribosomal peptide hybrid 
compounds mainly produced by E. coli strains of the phy-
logenetic group B2 and other bacteria encoding polyketide 
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synthases (pks), such as Klebsiella pneumoniae, Klebsiella 
aerogenes (previously known as Enterobacter aerogenes), 
and Citrobacter koseri (Figure 1(d)). Colibactin-mediated 
genotoxic effects may be indistinguishable from CDT- 
mediated cytotoxicity, as the DNA damage repair responses 
and cell cycle arrests primarily in G2/M are also induced, 
among others [6,10]. However, unlike CdtB from CDTs and 
typhoid toxin, colibactin-mediated genotoxic effects occur 
presumably more efficiently when there is a direct interac-
tion (e.g. adhesion or invasion in host cells) between the 
cognate bacteria and host cells, which is presumably due to 
the unstable nature of colibactins [6] (Figure 1(d)).

This review is divided into two parts. The first part 
focuses on the assembly and/or delivery mechanisms of 
CDTs and typhoid toxin, as well as colibactins, to the 
nucleus of the target host cells, which are essential for 
their genotoxic activities. The second part of this review 
discusses notable structural and functional features of 
CdtB and colibactin.

Delivery of bacterial genotoxins

Cytolethal distending toxins

CDT was discovered in Campylobacter spp, including 
C. coli, C. foetus, C. jejuni, and C. lari, as well as E. coli 

and Shigella, all of which encode the cdt genes within 
the same operon [2,11–14]. The genome of C. jejuni is 
approximately half of the genomes of other enteric 
pathogens, such as Salmonella spp. Consistently, 
C. jejuni encodes a simpler set of virulent factors, 
including CDT, lipooligosaccharide (LOS), HtrA, 
CadF, and fT3SS [15], and CjCDT is an only exotoxin 
produced by C. jejuni [13]. CjCDT induces cell cycle 
arrest in G2/M and nucleus distending [16]. Some but 
not all C. jejuni strains encode CDT [14]. Compared to 
C. jejuni lacking CjCDT, the counterparts having 
CjCDT are associated with increased episodes of pro-
gressive gastritis, invasion into epithelial cells, and sep-
ticaemia, as shown among human clinical patients and 
animal models [17–19].

Among CDTs from more than 30 γ- and ε- 
Proteobacteria, EcCDT, HdCDT, and AaCDT are per-
haps the most well characterized. For instance, E. coli 
strains isolated from paediatric patients with diarrhoea 
encode one of the five EcCDTs identified thus far, 
EcCDT-I to V [20]. EcCDTs show over 40% sequence 
identity, which are encoded within the same operon in 
each E. coli strain that is associated with watery diar-
rhoea [20,21], neonatal meningitis [22], porcine or 
poultry septicaemia [23], or human urinary tract infec-
tions (UTIs) [24]. The cdt-I, cdt-III, cdt-IV, and cdt-V 

Figure 1. Multi-Protein and small peptide bacterial genotoxins. (a) Schematic diagram depicting the intoxication processes of multi- 
protein and small peptide bacterial genotoxins. (b) CDT structure. CdtB is the enzymatic ‘A’ subunit possessing DNase I-like activity. 
CdtA and CdtC are receptor-binding ‘B’ subunits of CDTs. (c) Typhoid toxin structure. CdtB is one of the ‘A’ subunits of typhoid toxin, 
possessing DNase I-like activity. PltA is the other ‘A’ subunit, while PltB forms the homopentameric receptor-binding ‘B’ subunits of 
typhoid toxin. (d) Representative colibactin structures. According to colibactin nomenclature, the numbers behind the word 
colibactin generally match their molecular weight [94]. (b and c) panels are prepared using PyMOL. AaCDT, Aggregatibacter 
actinomycetemcomitans CDT (PDB: 2F2F). StyCdtb, Salmonella enterica subsp. enterica serovar Typhi CdtB (PDB: 4K6L). Created 
with BioRender.Com.
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operons are located near prophage genes or in 
a conjugative plasmid, suggesting that horizontal gene 
transfers were likely involved in the acquisition of 
CDTs across those pathogenic E. coli strains [25–28].

HdCDT is produced by H. ducreyi, the pathogen 
associated with chancroid lesions and chronic skin 
ulcerations [29]. HdCDT has been identified in 64– 
89% of clinical cases [30], suggesting its associated 
role in clinical manifestations. Like other CDTs, 
HdCDT genes are encoded within the same 
operon [31].

AaCDT genes are encoded in the cdt gene locus within 
the same operon in the chromosome of 
A. actinomycetemcomitans, the pathogen associated with 
aggressive periodontitis, infectious endocarditis, and 
chest wall abscesses, among others [32,33]. AaCDT, lipo-
polysaccharide (LPS), and leukotoxin are the primary 
virulence factors of A. actinomycetemcomitans associated 
with clinical manifestations [34]. For instance, the admin-
istration of wild-type AaCDT to a live rat animal model 
recapitulated many oral clinical manifestations, including 
junctional epithelial tissue abrasions, which were not seen 
when a catalytic mutant AaCDT was administered [35]. 
AaCDT is known to show cell-type-dependent cellular 
toxicities, including cell distension and apoptosis in 
epithelial cells, rapid cell cycle arrest and apoptosis of 
T lymphocytes, and pro-inflammation responses in pha-
gocytic cells through the activation of the NLRP3 inflam-
masome, which are beneficial to the cognate pathogen by 
facilitating bacterial colonization and subverting innate 
and adaptive immune responses [36–41].

Production and assembly of CDT holotoxins
All CDTs are tripartite AB toxins, consisting of CdtA, 
CdtB, and CdtC at a 1:1:1 stoichiometry. The genes, 
cdtA, cdtB, and cdtC, are encoded within the same 
operon [42] (Figure 2(a)). As phage remnants are 
often found near the cdt genes, CDTs are believed to 
be acquired via horizontal gene transfer and evolved 
separately in the context of the interaction between the 
cognate bacteria and the host [43–45]. These three 
protein subunits are produced individually in the bac-
terial cytoplasm, translocated across the inner mem-
brane (IM) to the periplasmic compartment (PC) of 
the cognate Gram-negative bacteria, and self- 
assembled in the PC [46] (Figure 2(a)). The transloca-
tion of immature CdtA, CdtB, and CdtC subunits from 
the bacterial cytoplasm to the PC by crossing the IM is 
dependent on the bacterial secretion system (Sec) uti-
lizing their N-terminal signal peptide, which is removed 
by the action of the signal peptidase I and II during the 
translocation process [46] (Figure 2(a)). The holotoxin 
assembly in the PC occurs in a step-wise fashion 

(Figure 2(a)). CdtA crossed from the cytoplasm to the 
PC contains the conserved cysteine residue at its 
N-terminus to be lipidated in the PC by the action of 
a lipoprotein processing enzyme before it starts making 
a complex with CdtC [47] (Figure 2(a)). This conserved 
cysteine residue is part of the lipobox consensus 
sequence: (L)–3-(A/S)–2-(G/A)–1-C+1, where amino 
acid residues at the −2 and −1 positions can be any 
amino acid. The conserved ‘L-V-A-C’ sequence is 
found in AaCdtA, HdCdtA, CjCdtA, and EcCdtA-I, 
II, III [46]. The cysteine at the +1 position becomes 
the first amino acid of lipoCdtA located in the PC [48] 
(Figure 2(a)). The lipoCdtA moves from the IM to the 
outer membrane (OM) within the PC, which recruits 
mature CdtC and forms a lipoCdtA and CdtC complex 
(Figure 2(a)). The lipoCdtA and CdtC complex is then 
freed from the OM via the N-terminal truncation of 
lipoCdtA, which forms a tripartite CDT holotoxin 
complex via its self-assembly with CdtB in the PC 
[47] (Figure 2(a)). The fully assembled CdtA/CdtB/ 
CdtC holotoxin in the PC is ready to be secreted out 
to the extracellular environment. Given toxin’s tropism 
to specific cells and tissues, which is primarily mediated 
by toxin binding to specific glycan receptor displayed 
on the target host cells, an active toxin secretion 
mechanism(s) plays a larger role in toxin secretion. 
The mechanisms involved remain to be characterized 
in detail. In contrast, a passive secretion mechanism of 
the toxin that is encased in the outer membrane vesicle 
(OMV) has been characterized, which is the process 
that can be stimulated by environmental signals, 
including sodium taurocholate (a bile salt component) 
in the case of C. jejuni [49]. 

CDT trafficking pathway: Receptor-binding
Delivery of CDTs from the extracellular environment 
to the nucleus involves toxin binding to the receptor, 
retrograde endocytosis, and nuclear translocation 
(Figure 2(b)). In brief, the B subunits CdtA and CdtC 
are known to utilize specific glycan moieties displayed 
by ganglioside glycolipids and N-linked glycoproteins 
[50–52]. Similar to several other multi-protein AB tox-
ins, the binding of CDTs to their receptor initiates 
a retrograde receptor-mediated endocytosis process, 
which was demonstrated by N-glycosylation and sul-
phation of engineered HdCDTs, indicating its Golgi 
and ER localization during the trafficking process 
[53]. CDTs, including AaCDT and EcCDT, may use 
the endoplasmic reticulum (ER)-associated degradation 
pathway (ERAD) to exit from the ER to the cytoplasm 
[54]. From the cytoplasm, CdtB traffics to the nucleus, 
which involves their intrinsic nuclear localization 
sequences (NLS), as demonstrated by using AaCdtB 
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[55]. This section discusses this multi-step process 
required for CDT delivery to the site of action, the 
nucleus.

The binding between CDTs and host cell surface 
receptors are mainly relying on B components (CdtA 
and CdtC) that preferentially bind to N-linked glyco-
proteins or glycosphingolipids. For instance, a broad 
range of ganglioside glycans, including GM1, GM2, 
GM3, and/or Gb4 serve as receptors for AaCDT from 
A. actinomycetemcomitans [52]. The glycan-binding 
preferences of AaCdtA and AaCdtC are similar but 
different; AaCdtA showed strong binding affinities to 
GM1, GM2, GM3, and Gb4, while CdtC preferentially 
binds to GM1 and GM2 [52], which may contribute to 
higher affinities of the holotoxin to GM1 and GM2 
when all gangliosides are comparably present on one 
cell, as well as the relative importance of CdtA and 
CdtC, depending on cell types with different ganglio-
side expression profiles. In support, AaCDT utilized 
GM3 to bind to human monocytes, as demonstrated 
by the inhibition of glycolipid synthesis and the inhibi-
tion of the toxin binding by GM3 enriched liposome 
[52], while GM3-depleted Chinese hamster ovary 
(CHO) cells remained sensitive to CDTs [56]. 
N-linked glycans with/without fucosylation are utilized 
by several CDTs, including EcCDT from E. coli, 

AaCDT, and HdCDT from H. ducreyi [50,51]. For 
instance, inhibition of N-glycosylation by a pan- 
N-glycosylation inhibitor, tunicamycin, abolished 
HdCDT, AaCDT, and EcCDT-III-mediated toxicities 
[53]. Consistently, HdCdtA and HdCdtC subunits 
share 91.9% and 93.5% of amino acid sequences with 
AaCdtA and AaCdtC, which showed similar cell sur-
face binding to lipid rafts and N-linked glycans [56]. 
This is in contrast to CjCDT whose toxic effects were 
increased by a tunicamycin treatment, which may sug-
gest that glycoprotein receptor plays little to no role in 
CjCDT-mediated toxicities and subsequently the lack of 
tall glycoprotein glycans helped CDT bind to its recep-
tor, such as ganglioside glycolipid receptors on the 
plasma membrane [56]. It is noteworthy that CjCDT 
has the most divergent amino acid sequence identity 
(less than 30%) compared with the other three CDTs, 
HdCDT, AaCDT, and EcCDT [56].

Furthermore, a genetic screen identified several 
genes that encode protein binding partners for CDTs: 
Transmembrane protein 181 (TMEM181 for EcCDT-I), 
Synaptogyrin-2 (SYNGR2 for HdCDT and AaCDT), 
and three receptors, Transmembrane 9 superfamily 
member 4 (TM9SF4), Transmembrane protein 127 
(TMEM127) and Protein GPR107 (for CjCDT) [57]. 
Among them, GRP107 is a glycoprotein that contains 

Figure 2. CDT production, assembly, and trafficking. (a) The cdtA, cdtB, and cdtC genes are encoded within the same operon and 
expressed in the cytoplasm. ①, CdtA, CdtB, and CdtC are transported to the periplasm compartment (PC) through the Sec secretion 
pathway. Unlike CdtB and CdtC, CdtA is lipidated in the inner membrane (IM). ②, The lipoCdtA was transported onto the outer 
membrane (OM). ③, LipoCdtA on the OM recruits CdtC in the PC to form a heterodimer. ④, CdtC-lipoCdtA recruits a protease on the 
OM, resulting in the CdtA/CdtC heterodimer complex. ⑤, CdtA/CdtC heterodimer recruits free CdtB in the PC and forms CDT 
holotoxin. (b) Schematic diagram depicting the expression, assembly, trafficking, and intoxication processes of CDT: ①, CdtB/CdtC 
may be dissociated from CdtA in the endosome. ②, CdtB/CdtC transport to the ER through the retrograde transport pathway. ③, 
CdtB is dissociated from CdtC in the ER. ④, CdtB leaves the ER to the cytoplasm through an ERAD or ERAD-related pathway. ⑤, CdtB 
utilizes an atypical NLS sequence(s) to enter the nucleus and plays its function as a genotoxin. Created with BioRender.com.
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three predicted N-glycosylation sites at residues 70, 169, 
and 211 and thus the interaction between CDT and 
GRP107 may be through N-liked glycans. Thus, it is 
conceivable that CDTs may use specific protein recep-
tors on some occasions, while glycan moieties are the 
primary receptors for CDTs. Nonetheless, the use of 
ubiquitous glycan moieties by most CDTs is in line 
with a broad range of their target host cells, including 
epithelial cells, macrophages, and lymphocytes [1]. It is 
worth noting that, compared to CdtB subunits, the 
receptor binding subunits, CdtA and CdtC, share 
lower similarities across CDTs [58], which is consistent 
with the coevolution concept for niche-specific adapta-
tions of AB toxins and the cognate bacteria.

The role of lipid rafts in the interactions between 
CDTs and gangliosides has been investigated by using 
several approaches, including cellular imaging [59,60] 
in conjunction with cholesterol/sphingomyelin deple-
tions [53,56,59,61]. For instance, either methyl β- 
cyclodextrin-mediated depletion of cholesterol or 
a mutation of sphingomyelin synthase 1 significantly 
made HeLa and Jurkat cells resistant to AaCDT, 
CjCDT, EcCDT, and HdCDT [53,56,59,61]. 
Consistently, CdtC subunits from AaCDT, CjCDT, 
and HdCDT have the conventional cholesterol recogni-
tion/interaction amino acid consensus (CRAC) 
sequences, whose mutations diminished toxin binding 
to lipid rafts [62]. It is noteworthy that the CRAC- 
mutation-mediated phenotype appears to be cell type- 
dependent; unlike HeLa and Jurkat cells, the choles-
terol-depleted CHO cells showed little to no effects on 
this cell’s susceptibility to AaCDT [56,63].

CDT trafficking pathway: Retrograde endocytosis
While the tripartite stoichiometry of CDTs is important 
for their interaction with cell surface receptors, CdtA 
and CdtC may dissociate from the complex at the 
different stages in the vesicle trafficking pathway 
(Figure 2(b)). CDT endocytosis appears to be a rapid 
process, as supported by the presence of HdCdtA in the 
early endosome within 10 minutes of toxin treatment. 
The fate of CdtA has been controversial, which was 
thought to remain on the plasma membrane, but the 
data from HdCdtA indicate that it is also part of the 
toxin complex trafficked to the endosome where CdtA 
is believed to be degraded [64]. Nonetheless, the con-
sensus is that at least the CdtB/CdtC complex traffic to 
the trans-Golgi and the ER via a retrograde pathway 
[64]. The retrograde transport pathway was demon-
strated by detecting Golgi- and ER-specific posttransla-
tional modifications – sulphation and N-linked 
glycosylation of HdCdtB, respectively [53]. Gene screen 
results also support the retrograde vesicle trafficking 

pathway [61]. CdtC was transported with CdtB 
throughout the retrograde trafficking pathway, after 
which CdtB leaves the ER for further trafficking to 
enter the nucleus [63,65]. Similarly, genome-wide 
CRISPR/Cas9-mediated screens using CjCDT revealed 
several genes that encode proteins involved in the ret-
rograde vesicle trafficking pathway, including the 
Golgi-associated retrograde protein complex compo-
nents, such as Vps51 and Vps54, and the transmem-
brane emp24 domain-containing protein 2 (TMED2). 
HEK293 cells deficient in those genes became resistant 
to CjCDT [66].

CDT trafficking pathway: Nuclear localization
The mechanism by which CdtB leaves the ER lumen 
during the CDT trafficking process is incompletely 
understood, although, like many other multi-protein 
AB toxins, such as ricin and cholera toxin, the conven-
tional ERAD or alternative pathway is believed to be 
utilized by CDTs (Figure 2(b)). Conventional ERAD 
pathway-related genes, such as Derl2, Hrd1, and p97, 
were shown to be important for the intoxication of 
CHO cells by AaCDT, HdCDT, EcCDT-III, presum-
ably by providing energy for the ERAD pathway for 
translocation of the misfolded protein to the cytoplasm. 
Similarly, HEK293 cells deficient in ERAD components 
(e.g. SEL1 L and HRD1) showed resistance to CjCDT, 
indicating that CjCDT utilizes the ERAD machinery for 
its retrograde transport to the cytoplasm [66]. An alter-
native mechanism has also been proposed, which is 
supported by (1) the high thermal stability of CdtB 
which appears to be not ideal for the conventional 
ERAD pathway that requires the protein to be unfolded 
for translocation [67], and (2) the insensitivity of 
HdCdtB to Derl1 and Derl2 mutations that are essential 
for the conventional ERAD-mediated translocation of 
misfolded proteins [53]. It is conceivable that the use of 
the conventional ERAD and/or alternative pathway 
may be toxin-dependent.

After leaving the ER to the cytoplasm via 
a conventional ERAD and/or alternative pathway, 
CdtB utilizes its intrinsic, atypical NLS to translocate 
itself into the cell nucleus, which likely exploits the host 
machinery for nuclear protein localization (Figure 2 
(b)). For instance, EcCdtB-II contains two NLSs, 
NLS1 and NLS2, in its C-terminus region. △NLS1 
mutant toxin showed its perinuclear localization in 
the trans-Golgi network (TGN)/ER, but not in the 
cytoplasm, while △NLS2 mutant toxin was found in 
the cytoplasm [68], suggesting their roles in EcCdtB 
nuclear translocation at the different stages from the 
ER to the cytoplasm to the nucleus. AaCdtB has a single 
NLS that plays an essential role in toxin translocation 
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from the cytoplasm to the nucleus, which was demon-
strated by a series of gain- and loss-of-function studies 
primarily through fluorescence microscopy. In particu-
lar, deletion of the 11 amino acid long NLS sequence 
made CdtB unable to translocate to the nucleus, 
whereas the addition of the SV40 T NLS to 
AaCdtB∆NLS enables the toxin to translocate to the 
nucleus and subsequent cytotoxicity [55].

Typhoid toxin

Typhoid toxin is an A2B5 toxin, consisting of one each 
of two A subunits, CdtB (29 kDa) and PltA (27 kDa), 
and five of its receptor-binding B subunits, PltB (13 
kDa each), which are secreted by the Gram-negative 
bacterium, Salmonella enterica serovar Typhi (S. 
Typhi), the cause of typhoid fever [5,69]. S. Typhi 
infects the GI tract, followed by systemic infection 
and ultimately transmission to other hosts by returning 
to and excreting from the GI tract, as S. Typhi primar-
ily infects via an oral-faecal route. Consistently, typhoid 
toxin targets intestinal epithelial cells, immune cells, 
brain endothelial cells, and gallbladder epithelial cells 
[70–72]. S. Typhi is an exclusive, human pathogen 
responsible for typhoid fever, a life-threatening sys-
temic disease [73]. Typhoid toxin CdtB is homologous 
to the A subunit of CDTs that target the host cell DNA 
(Figure 3 (a–)). Similar to CDTs, intoxication by 
typhoid toxin CdtB results in host cell DNA damage 
repair responses, cell cycle arrests in G2/M, and/or cell 
death [69,74,75]. PltA is homologous to the A subunit 
of pertussis toxin and E. coli ArtA, both of which target 
G proteins, although S. Typhi PltA seems to target 
another protein rather than G proteins [69]. CdtB and 
PltA are linked in tandem primarily via a single 

intermolecular disulphide bond through two cysteine 
residues positioned in each A subunit [5] (Figure 3 
(a–)). The C-terminus of PltA forms an α-helix that is 
inserted into a channel of the donut-shaped PltB homo-
pentamer, contributing to its distinct, pyramid-shaped 
A2B5 holotoxin structure [5]. Consistently, there is no 
direct interaction between CdtB and PltB (Figure 3(c)). 
Both A subunits, CdtB and PltA, are always assembled 
with the pentameric B subunits [5], which can be either 
PltB5 or, in some cases, PltC5 [76]. 

Production and assembly of typhoid toxin

The three genes for typhoid holotoxin are encoded as two 
separate operons within the same islet in the chromosome 
(Figure 3(c)). This is atypical gene organization for multi- 
protein AB toxins that are organized frequently in the same 
operon, which, however, is consistent with the unique 
feature of typhoid toxin – two AB toxins evolved to become 
one toxin with two enzymatic activities [5,69] (Figure 3 
(a–)). Its unique A2B5 arrangement seems to be the out-
come of the combination and adaptation events of CDT in 
the AB2 toxin family and pertussis toxin in the AB5 family. 
CdtB and PltA-PltB5 are linked primarily by a single dis-
ulphide bond between CdtBCys269 and PltACys214; These 
cysteine residues are unique to typhoid toxin, as corre-
sponding residues to these two are not found in any of 
their homologs [5] (Figure 3(c)). This event is consistent 
with the loss of additional B components, CdtA and CdtC, 
from the typhoid toxin complex, whose B subunit PltB 
underwent additional evolution in the context of S. Typhi 
infection [70].

Nonetheless, similar to other AB toxins, typhoid toxin 
subunits are produced as separate proteins in the bacterial 
cytoplasm, each of which possesses an N-terminal signal 

Figure 3. Typhoid toxin – two toxins become one. The gene organizations and 3D structures of pertussis toxin (a), AaCDT (b), and 
typhoid toxin (c). The enzymatic ‘A’ subunits and the receptor-binding ‘B’ subunits are indicated. Figures are prepared using PyMOL. 
Pertussis toxin (PDB: 1PRT). AaCDT, Aggregatibacter actinomycetemcomitans CDT (PDB: 2F2F). StyCdtB, Salmonella enterica serovar 
Typhi CdtB (PDB: 4K6 L).
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peptide that makes each subunit individually cross the IM 
via the Sec system. However, unlike other AB toxins, 
typhoid toxin is produced exclusively by the intracellularly 
located S. Typhi by sensing specific cues presented in the 
vacuole environment within host cells [69,75] (Figure 4(a, 
b)). In the PC, mature A and B subunit proteins are 
assembled, which have 12 disulphide bonds to form [5]. 
The assembled AB holotoxins are secreted from the bacteria 
to the lumen of the Salmonella-containing vacuole (SCV) 
via a mechanism involving specific enzymes located in the 
bacterial membrane [77] (Figure 4(a,b)). Typhoid toxin in 
the SCV binds to N-acetylneuraminic acid (Neu5Ac)- 

bearing N-linked glycoprotein receptors on the SCV, 
which is cation-independent mannose 6-phosphate recep-
tor (CI-M6PR) in Henle407 and HEK293 cells. This event 
subsequently coordinates downstream multistep vesicle 
export processes required to translocate typhoid toxin 
from the SCV to the extracellular environment, where 
host cell modifications by the Salmonella pathogenicity 
island 2 (SPI-2) type III secretion system (T3SS) play an 
essential role [78]. Therefore, while the core mechanism for 
typhoid toxin gene expression, assembly, and secretion 
process in bacteria is shared with the mechanisms for 
other multi-protein AB toxins, including CDTs, there are 

Figure 4. Typhoid toxin production, assembly, trafficking, and intoxication. (a) Typhoid toxin production, assembly, and secretion 
from S. Typhi. cdtB is transcribed from one operon, while pltB, pltA (and one additional gene, ttsA) are co-transcribed by another 
operon. ①, CdtB, PltA, PltB remains unstructured in the bacterial cytoplasm until they are transported into the PC through the Sec 
secretion pathway. The secreted CdtB, PltA, and PltB are self-assembled into typhoid toxin holotoxin. ②, Typhoid toxin enters the 
outer periplasm space by the action of the Tsa enzyme that breaks the peptidoglycan. ③, Typhoid toxin finally secretes to the lumen 
of the SCV. (b) Schematic diagram depicting typhoid toxin expression, assembly, trafficking, and intoxication. The steps involved are: 
①, Salmonella invades host cells and forms the Salmonella-containing vacuole (SCV). ②, Salmonella in the SCV expresses and 
secretes the typhoid toxin under a specific SPI2-T3SS vacuole condition. The secreted typhoid toxin in the SCV binds to Neu5Ac- 
terminated glycoprotein receptors on the SCV and is sorted into anterograde vesicles. ③, the exocytosis of vesicles carrying typhoid 
toxin relies on the microtubule-based transport. Finally, typhoid toxin from S. Typhi-infected cells is released into the extracellular 
environment. ④, Typhoid toxin in the extracellular environment enters the target host cells through receptor-mediated endocytosis. 
Typhoid toxin utilizes multiantennary N-linked glycan receptors terminated in Neu5Ac. ⑤, the endocytosed typhoid toxin utilizes the 
retrograde transport pathway to enter the ER. ⑥, Typhoid toxin is disassembled into CdtB and PltA/pltB by a reductase. ⑦, PltA 
utilizes the ERAD pathway to translocate to the cytoplasm where it plays its ADP-ribosylation enzyme function. ⑧, CdtB utilizes an 
ERAD or ERAD-related pathway to leave the ER and ultimately be transported to the nucleus, where CdtB plays its genotoxic activity. 
Created with BioRender.Com.
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two additional steps unique to typhoid toxin: (1) invasion 
into the host cells and (2) translocation from the SCV to 
outside infected cells (Figure 4(b)).

Typhoid toxin trafficking pathway: Receptor-binding

Typhoid toxin preferentially binds to multiantennary 
N-linked glycoproteins as higher affinity binders, which is 
the basis for the tropism of typhoid toxin to certain target 
host cells in the infection site and located distantly from the 
primary infection site, as typhoid toxin circulates in the 
bloodstream and the lymphatic system [70–72]. Typhoid 
toxin has tropism to a broad range of cells, including 
intestinal and gallbladder epithelial cells, immune cells, 
and brain endothelial cells, and intoxicates them, making 
this toxin enterotoxin, leukotoxin, and neurotoxin [70,72]. 
As we learned from typhoid toxin, AB toxin tropism is 
determined primarily by two factors: infection sites targeted 
by the cognate bacteria and toxin receptor expressions on 
mammalian cells [70,79]. Furthermore, the receptor-toxin 
interactions are affected by the numbers of receptor binding 
pockets on the B subunit monomer, B subunit stoichiome-
try of the assembled AB toxins, and asymmetry of the 
toxin’s 3D structure influenced by how their A subunit is 
linked to the B subunits, contributing to higher affinity 
multivalent bindings of AB toxins to their receptors on 
the target host cells [70,80].

The receptor-binding PltB pentamer of typhoid toxin 
has 15 glycan receptor binding pockets whose glycan pre-
ferences are similar yet different [70]. The five pockets 
located on the lateral side of the pentamer preferentially 
bind to α2–3 and α2–6 sialosides displayed as part of 
N-linked glycoproteins with a higher affinity to α2–6 sialo-
sides [70]. The ten pockets located on the bottom of the 
pyramid-shaped typhoid toxin preferentially bind to α2–3 
sialosides [70]. 9-O-acetylation of the terminal sialic acids is 
known to further increase the affinity of PltB to glycans 
[71]. It is worth noting that typhoid toxin orthologs 
encoded by some clade B nontyphoidal Salmonellae, collec-
tively called Salmonella A2B5 toxins, contain the identical 
CdtB at the sequence level, while their receptor-binding 
subunits have variations, which are associated with an 
altered tropism of toxin variant [70]. For instance, Javiana 
toxin from nontyphoidal Salmonella Javiana targets intest-
inal epithelial cells [70], which is in line with the coevolu-
tion concept for niche-specific adaptations of AB toxins 
and the cognate bacteria [81].

Typhoid toxin trafficking pathway: Retrograde 
endocytosis & nuclear localization
The binding of PltB to its glycan receptor initiates an 
extended endocytosis process of typhoid toxin invol-
ving the endosomes, the TGN, and the ER [66] (Figure 

Figure 5. Colibactin intoxication processes. (a) a diagram depicting the biogenesis of colibactin. Colibactins are peptide-polyketide 
metabolites synthesized by enzymes encoded in the colibactin (Clb) gene cluster. Through a coordinated action by Clb enzymes, 
precolibactin is synthesized in the bacterial cytoplasm. The lower panel indicates key steps in the synthesis of colibactin in the 
periplasm: ①, Precolibactins synthesized in the bacterial cytoplasm are inactive, and are transported into the periplasm through the 
ClbM transporter. ②, ClbP in the periplasm cuts the prodrug motif of precolibactin, resulting in the active colibactin. ③, Colibactins 
are secreted from the bacteria through a direct membrane diffusion or yet-to-be-identified mechanism. (b) Schematic diagram 
depicting an intoxication process of colibactin. It is still unclear, but two mechanisms are proposed: (1) colibactin produced 
extracellularly is diffused to enter host cells and (2) intracellular bacteria produce colibactin in the host cell cytoplasm. Created 
with BioRender.Com.
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4(b)). In particular, through a genome-wide CRISPR/ 
Cas9-mediated screen, Chang et al demonstrated that 
typhoid toxin utilizes components of the retrograde 
transport cellular machinery to arrive in the ER, from 
where it is transported to the cell cytoplasm by the 
ERAD pathway [66]. In particular, this screen identified 
several genes encoding components involved in the 
retrograde transport, including the Golgi-associated 
retrograde protein complex (GARP, Arl1, and VPS51– 
54), the conserved oligomeric Golgi (COG1–8) com-
plex, TMED2, COP1, COP2 and various components of 
the core ERAD pathway. The two A subunits, CdtB and 
PltA, are tethered by a disulphide bond that is reduced 
by ER-resident reductases before their translocation 

from the ER to the cell cytoplasm, where PltA functions 
in host cells. CdtB further traffics from the cytoplasm 
to the nucleus presumably by a concerted mechanism 
involving its nuclear localization sequence and host 
proteins controlling nuclear trafficking of host proteins. 
In support, typhoid toxin CdtB contains an NLS-like 
sequence homologous to the NLS of AcCdtB.

Colibactin

Colibactins are small secondary peptide metabolites 
synthesized by the actions of an enzyme complex con-
sisting of a total of eight nonribosomal peptide synthe-
tases and polyketide synthases (NRPSs-PKSs) [6,82] 

Figure 6. Colibactin biogenesis. The N-myristoyl-D-Asn prodrug side chains in the Precolibactin are indicated in orange, which is 
later removed by ClbP in the periplasm. Once the N-myristoyl-D-Asn prodrug side chain is removed, precolibactin is four-fold 
cyclized to form the colibactin structure. The unstable α-aminoketone group in precolibactin is indicated in red, which is oxidated 
and hydrolysed. The oxidated and hydrolysed form in the colibactin structure is indicated in green. The α-diketone group found in 
colibactin is also unstable and easily cleaved under a mildly nucleophilic condition. The electrophilic cyclopropane groups and the 
DNA alkylation reaction groups are labelled in dark blue and light blue, respectively. The macrocyclic and 5-hydroxy-oxazole groups 
are shown in the structure of colibactin 645.
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(Figure 5(a)). Colibactins induce DNA interstrand 
cross-linking and subsequently double-strand breaks 
(DSB), chromosome aberrations, and cell cycle arrests 
which primarily happen in G2/M but in some cases in 
S or G1 phase [83,84]. E. coli is the primary bacterial 
species carrying the 54 kb, pks genomic island encoding 
a total of 19 genes, clbA to clbS. These 19 genes encode 
for three NRPS (ClbH, ClbJ, and ClbN), three PKS 
(ClbC, ClbI, and ClbO), two of the hybrid NRPS-PKS 
megasynthases (ClbB and ClbK), and nine other 
enzymes for tailoring and editing [6,82]. A systemic 
mutagenesis study on the pks genes revealed that all 
NRPS-PKS enzymes and eight tailoring and editing 
enzymes are required for the synthesis of colibactins. 
The pks island was first identified in the E. coli strain 
isolated from neonatal bacterial meningitis, but such 
E. coli strains are found in gut microbiota, other infec-
tious disease cases (e.g. septicaemia and urinary tract 
infections), and colorectal cancer cases [85]. In addi-
tion, the majority of hypervirulent Klebsiella pneumo-
nia (over 55%) [86], as well as other members of the 
Enterobacteriaceae, such as Klebsiella aerogenes 

(Enterobacter aerogenes) and Citrobacter koseri are 
also known to encode the pks island.

Procolibactin, a non-toxic precursor of colibactin, is 
made in the bacterial cytoplasm, which is transformed to 
genotoxic colibactin in the PC by the action of ClbP, 
a process that prevents self-DNA damage in colibactin- 
producing bacteria [87,88]. Precolibactin has the structure 
of colibactin but it has the N-myristoyl-D-Asn prodrug 
side chain [89–91] (Figure 6). Precolibactins are trans-
ported into the PC, a process resulting in the removal of 
the N-myristoyl-D-Asn side chain by ClbP [87,88] 
(Figure 5(a,b)). In the PC, a spontaneous cyclization of 
precolibactin occurs due to the removal of the 
N-myristoyl-D-Asn side chain from the compound, result-
ing in an active genotoxin colibactin [92,93] (Figure 6).

The translocation pathway of colibactin produced in 
the bacterial PC to the host cell nucleus is unclear 
(Figure 5(b)). However, previous studies indicated 
that a direct interaction between the cognate bacteria 
producing colibactin and host cells is linked to the 
efficient colibactin-mediated genotoxicity, which is 
supported by observations that the treatment of 

Figure 7. Key residues of DNaseI, HdCdtB, EcCdtB, AaCdtB, and StyCdtB. Structures of bovine DNase I (PDB: 2DNJ) (a), HdCdtb (PDB: 
1SR4) (b), EcCdtb-II (PDB: 2F1N) (c), AaCdtb (PDB: 2F2F) (d), and StyCdtb (PDB: 4K6 L) (e). Catalytic (red), metal-binding (blue), and 
DNA binding (green) residues in their active site are indicated. Dotted circles are the catalytic histidine-partner amino acid hydrogen 
bonds, as well as the counterpart amino acid residues comparable to DNase I E78 that forms a hydrogen bond with H134. HdCdtb, 
Haemophilus ducreyi CdtB. EcCdtb. Escherichia coli CdtB. AaCdtb, Aggregatibacter actinomycetemcomitans. StyCdtb, Salmonella 
enterica subsp. enterica serovar Typhi CdtB. See also Supplemental Figure 1. Figures are prepared using PyMOL. Bovine DNase 
I was used because of its structure complexed with DNA (PDB: 2DNJ).
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bacterial culture supernatants, cell lysates, or even the 
direct introduction of colibactin compounds to host 
cells did not cause host cell DNA damage [6]. 
Consistently, previous studies revealed a rapid modifi-
cation and/or decay of colibactin in many common 
environments that the bacteria encounter in the host 
[94–96]. For instance, an α-aminoketone group found 
in colibactins is prone to be oxidated, hydrolysed, and 
spontaneously dissociated [94] (Figure 6). As such, 
colibactin is unstable in aerobic conditions, which is 
in line with the requirement for direct interaction 
between bacteria and host cells in such conditions [6]. 
Given the largely anaerobic condition of the GI tract, 
this instability under aerobic conditions may not be 
a problem for colibactin-producing bacteria that inha-
bit the GI tract. Colibactins are poor in penetrating the 
mucin layer and the host cell membrane, which is 
another plausible explanation for the required direct 
surface interaction between the bacteria and host cells 
for colibactin-mediated genotoxicity [6,94,97]. 
Furthermore, the inhibition of colibactin-producing 
bacterial invasion into host cells did not abolish its 
associated genotoxicity [6]. Based on these results, we 
predict that bacterial invasion is not required, but those 
bacteria that can adhere to or invade host cells may 
cause more severe genotoxic damages due to their 
efficient toxin delivery mechanism to the target host 
cells. In support, E. coli B2 strains that produce coli-
bactin that were isolated from colorectal cancer patients 
were able to induce carcinoembryonic antigen-related 
cell adhesion molecule 6 (CEACAM6) expression, 
which switches their poorly adherent phenotype to 
highly persistent colonization in the gut [98].

In addition to its well-characterized trafficking to 
target host cell DNA, colibactin is able to traffic into 
other bacteria and trigger prophage induction, which 
required a direct interaction between colibactin- 
producing E. coli and prophage-containing bacteria, 
including E. coli, Salmonella, Staphylococcus, 
Citrobacter, and Enterococcus [99].

Structure and function of bacterial genotoxins

CdtB

Four CdtB structures have been determined by X-ray 
crystallography: HdCdtB, EcCdtB, AaCdtB, and CdtB 
from S. Typhi typhoid toxin (StyCdtB), which share 
many structural features with metalloenzymes, such as 
DNase I and inositol polyphosphate-5-phosphatase 
(IP5P) [5,8,58,100–104] (Figure 7 (a–)). The Root-Mean- 
Square Deviation (RMSD) value is 1.62 Å over 141 Cα 
atoms between bovine DNase I and HdCdtB, while 1.63 Å 

RMSD value over 121 Cα atoms is noted between IP5P 
and CdtB (reviewed in [4]). CdtB appears to have both 
DNase I-like activity [105–109] and IP5P activity [110]. 
The nuclease activity of CdtB is particularly well charac-
terized, which is approximately 100-fold weaker than the 
activity of human DNase I [8], which is in line with the 
anticipated role of bacterial genotoxins in host cell manip-
ulation to benefit the cognate pathogen during infection, 
rather than killing the host.

CdtB vs. DNase I: Catalytic, metal binding, and DNA 
binding residues

Both CdtB and DNase I cut DNA, but the DNA nicking 
efficiency of CdtB is lower, which appears to be pri-
marily due to differences in catalytic residue numbers 
and their associated hydrogen bonds between the two. 
Bovine DNase I has two conserved catalytic histidine 
residues H134 and H252 that form hydrogen bonds 
with residues E78 and D212, respectively [103,111] 
(Figure 7(a)). DNase IE78V introduced to disturb the 
hydrogen bond with H134 resulted in a decrease in 
DNase I activity, which was comparable to the CdtB- 
mediated activity [111,112]. E78 V was used to resem-
ble HdCdtB, as CdtBH160 and CdtBV118 are located in 
the comparable positions to DNase IH134 and DNase 
IE78 within the catalytic sites but they do not form 
a hydrogen bond in CdtB (Figure 7 (a–)).

Consistent with the importance of the catalytic his-
tidine residue forming a hydrogen bond with its pair in 
the active site, EcCdtB-IID229A prevented the formation 
of a hydrogen bond with its catalytic residue H261. 
EcCdtB-II H261 and D229 are equivalent to the H252 
and D212 interaction in DNase I (Figure 7(c)). EcCdtB- 
IID229A showed a decrease in the plasmid cleavage effi-
ciency and abolished its ability to cause cell cycle arrests 
in G2/M [111]. Similarly, CjCdtBD222A decreased its 
ability to nick the yeast chromosome and failed to 
induce a DNA damage repair response in both yeast 
and human foetal fibroblasts [113,114] (Figure 7(c)). 
These results are in line with the concept that catalytic 
histidine residues and their associated hydrogen bonds 
are indeed important for the DNA nicking activity and 
strength/efficiency (Figure 7 (a–)).

As members of the Mg2+ metalloenzyme family, both 
CdtB and DNase I require Mg2+ for their enzyme activity. 
DNase I has three predicted metal-binding residues, E39, 
D168, and D251 [111]. Matching residues are also found 
in CdtB sequences. The importance of Mg2+ for CdtB 
activity was demonstrated in AaCdtB [110], CjCdtB [2], 
EcCDT-II [111,115], HdCDT [116,117], StyCDT [74] 
through in vivo chromatin condensation and/or in vitro 
plasmid degradation assays.
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DNase I has three DNA binding residues, R41, R111, 
and N170 [8,58]. These residues are comparable to 
R117, R144, and N201 in HdCdtB. A single substitution 
of any of these three residues to alanine abolished CdtB 
activity, as demonstrated by the activity loss in the G2/ 
M cell cycle. Residues critical for catalytic, metal bind-
ing, and DNA binding are conserved across CdtB 
(Supplemental Figure S1).

Colibactin

The genotoxicity of colibactin relies on the two electrophilic 
cyclopropane groups found on each side of the colibactin 
structure (Figure 6). This electrophilic group makes 
a covalent interaction with adenine through DNA alkyla-
tion, resulting in interstrand crosslinked DNAs [92,96,118]. 
Interstrand crosslinked (ICL) DNAs are also supported by 
colocalizations of the ICL DNA damage repair protein 
FANCD2 with phosphorylated γH2AX in colibactin- 
intoxicated Hela cells [119]. ICL DNAs subsequently result 
in DSBs, which can occur during the ICL repair process 
and/or through spontaneous hydrolysis [120,121]. 
Consistent with colibactin-mediated ICL DNAs primarily 
through DNA alkylation with adenine, a recent study that 
determined colibactin-mediated DNA mutational signa-
tures of human intestinal organoids treated for five months 
with colibactin-producing E. coli revealed its skewed “T to 
N” single base substitutions [122]. These results also sup-
port the role of the ICL-associated nucleotide excision 
repair in the colibactin-induced accumulation of DNA 
mutations [122].

Similar to CdtB-mediated genotoxicity, colibactins cause 
DNA damage in a dose-dependent manner. Colibactin 
produced after a low multiplicity of bacterial infection (m. 
o.i.) resulted in host cell DNA repair responses in intoxi-
cated cells that still duplicated and passed the impaired 
DNAs to their daughter cells (e.g. anaphase bridging, 
micronuclei), while colibactin that was produced after 
a high m.o.i. infection caused cell senescence with clear 
signs of DSB and the distended nucleus [10]. Instead of 
the electrophilic cyclopropane group, colibactin-mediated 
DSB formation relies on the macrocyclic and 5-hydroxy- 
oxazole groups [83,84] (Figure 6). Colibactin-producing 
bacteria are associated with cancer due to the inheritable 
nature of damaged DNAs [98,123]. It is worthwhile noting 
that colibactin is produced not only by bacteria classified as 
pathogens but also by ones classified as beneficial bacteria/ 
microbiome, which includes E. coli Nissle 1917 that is 
currently being used as a probiotic in human medicine in 
certain countries [6,99,122,124–126]; additional precau-
tions should be taken particularly for prolonged treatments 
of such probiotics.

Concluding remarks

Genotoxins are the growing members of bacterial tox-
ins, which cause DNA damage, nucleus distension, cell 
cycle arrests in G2/M, apoptosis, or senescence. When 
the damages are not too severe, the altered genome can 
be inherited in their daughter cells, which correlates 
with clinical manifestations associated with the cognate 
bacterial infection and, in some cases, cancer. The 
biogenesis, delivery, structure, and function of most 
well-characterized bacterial genotoxins are discussed 
in this review. Less well-known genotoxin examples 
include uropathogenic specific protein (Usp) found in 
phylogenetic E. coli group B2, Shigella VirA, and E. coli 
EspF. The Usp exerts its genotoxic activity through the 
C-terminal region that contains a DNase-like domain, 
which induces DSBs in HUVECs or HEK293 cell lines 
as demonstrated via comet assays [127]. The Usp gen-
otoxin is encoded by E. coli strains that are associated 
with prostatitis, pyelonephritis, bacteraemia, and color-
ectal cancer [127–130]. Intriguingly, Usp-producing 
bacteria encode the associated antitoxin genes, imu1- 
3, which are required for self-protection from the Usp 
genotoxin [131]. Shigella VirA and E. coli EspF also 
have genotoxicities, which intervene in the normal 
DNA repair activity in host cells. For instance, 
Shigella VirA promotes the degradation of p53 [132], 
while E.coli strains isolated from colorectal cancer 
patients produce Type III secretion system effector 
EspF that targets the DNA mismatch repair enzyme 
[133,134], which as a result play genotoxin-like func-
tions. Discovering additional members/homologs in 
these bacterial genotoxin family are perhaps a matter 
of further investigation. Nonetheless, one common fea-
ture across bacterial protein genotoxins appears to be 
causing milder DNA damage, compared to mammalian 
DNase I, critical for maintaining host cells survived and 
proliferating, thus benefiting the cognate bacteria. In 
contrast, colibactin, the small polyketide-peptide meta-
bolite, has been suggested to induce cell senescence in 
intestinal epithelial cells, indicating higher level of DNA 
damage. The next chapter in the study of bacterial 
genotoxins would be using current knowledge for iden-
tifying and characterizing genotoxins in detail, which 
will offer critical insights into intervention strategies to 
prevent genotoxin-mediated diseases.
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