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Abstract
Bacterial toxins damage the host at the site of bacterial infection or distanced from the site of
infections. Bacterial toxins can be single proteins or organized as oligomeric protein complexes
and are organized with distinct AB structure-function properties. The A domain encodes a
catalytic activity; ADP-ribosylation of host proteins is the earliest post-translational modification
determine to be performed by bacterial toxin, and now include glucosylation and proteolysis
among other s. Bacterial toxins also catalyze the non-covalent modification of host protein
function or can modify host cell properties through direct protein-protein interactions. The B
domain includes two functional domains: a receptor-binding domain, which defines the tropism of
a toxin for a cell and a translocation domain that delivers A domain across a lipid bilayer, either on
the plasma membrane or the endosome. Bacterial toxins are often characterized based upon the
section mechanism that delivers the toxin out of the bacterium, termed type I–VII. This review
will overview the major families of bacterial toxins and will also describe the specific structure-
function properties of the botulinum neurotoxins.
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Introduction
Bacterial pathogens damage the host via invasive and toxic attributes. Invasion involves the
ability of the bacterium to grow in the host, either in an extracellular environment or
intracellular environment. Invasive bacteria injure the host through the production of
extracellular enzymes that damage host tissue, or through the modulation of the host
response system such as the up regulation of cytokine expression. In contrast, bacterial
pathogens that damage the host through the action of toxins are often non-invasive and have
limited capacity to disseminate in the host. Bacterial toxins often act distanced from the site
of infection and are physically organized into distinct domains that recognize receptors on
the surface of sensitive cells and possess enzymatic capacity to modulate the action of an
intracellular host target, often a protein, termed A–B structure-function organization (Figure
1). The A domain, also described as an effector, is usually an enzyme or a factor that
functions through protein-protein interactions within the cell. The B domain comprises the
receptor-binding function, providing tropism to specific cell types through receptor binding
capacity. The B domain also includes a domain that translocates the A domain across a lipid
bilayer, either at the plasma membrane or within the endosomal compartment. Translocation
of the A domain across the lipid bilayer is hypothesized in most cases to occur through a
pore/channel formed by the B domain. The B domain can be a single subunit (B) or an
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oligomeric (B5) form. The A and B domains may be linked by a disulfide bond or associated
by non-covalent interactions. This review will present an overview of the properties of the
major families of bacterial toxin and then describe in more detail the structure-function
properties of the botulinum neurotoxins.

Heat Stable Enterotoxins
Heat-stable enterotoxins (ST) are a family of conserved peptides expressed by pathogenic
strains of Escherichia coli. ST elicits fluid accumulation in the intestine [1, 2], which is often
responsible for diarrhea in travelers, young children, and domesticated animals in
developing countries. ST includes two subfamilies, STa and STb.

The STa subfamily that intoxicate humans (STah) and porcine (STap) [3, 4] comprise s~18
amino acid peptides, which includes an N-terminal α-helix, a type I β-turn in the central
region, and a type II β-turn at the C terminus of the peptide [5]. STa binds the guanylate
cyclase C (GC-C) receptor on the surface of epithelial cells of the small intestine and colon.
STa binding to the GC-C receptor mimics guanylin, a protein ligand of GC-C, where
residues between Cys5 and Cys17(termed the central region) of STa are essential for binding.
These residues are conserved within the STa subfamily, and comprise three disulfide bonds
within the central region that are necessary for functional binding [6]. The central β-turn
(Asn11-Cys14) interacts with three residues (T389, F390, W392) of the extra-cellular domain
of the GC-C receptor [7–9]. Peptides comprising residues 5-17 and 6-18 possess equivalent
biological and immunological activities as native STa, showing that the central region is
necessary and sufficient to elicit toxicity [10, 11]. STa-bound GC-C activates protein kinase
G (PKG) and protein kinase C (PKC), increasing IP3-mediated calcium to elevate
intracellular cyclic GMP (cGMP)[12]. Increased cGMP activates phosphorylation of the Cl−

ion channel, cystic fibrosis transmembrane regulator, increasing the concentration of Cl−

ions in the extracellular space and causing fluid accumulation within the lumen of the
intestine [3, 13].

STb is a 48 amino acid peptide which causes diarrhea in porcine and humans [14, 15].
Despite the similarity of nomenclature, STb does not have primary amino acid homology
with STa. STb is composed of two anti-parallel α-helices connected by a glycine-rich loop
which is stabilized by two disulfide bonds that are necessary for cellular intoxication [16–
18]. STb binds to sulfatide, a glycosphingolipid on epithelial cells [19] and internalization is
required for intoxication. While the molecular mechanism remains to be determined, STb
does not cause cGMP elevation as observed with STa [20]. STb stimulates fluid
accumulation through a pertussis toxin-sensitive GTP-binding regulatory protein, which has
been proposed to stimulate the elevation of intracellular calcium through an unidentified
ligand-gated Ca2+ channel [21]. Recent studies observed that STb forms multimeric
complexes and enhance membrane permeability, implicating a pore-forming toxin-like
activity [14, 17].

While details of the structure-function properties of the ST were resolved shortly after the
identification of this family of toxins, recent studies address how STs contribute to the
pathology of the enterotoxgenic E. coli (ETEC). For example, Moxley and co-workers
utilized isogenic strains of ETEC to address the role of STb and other virulence factors in
gnotobiotic piglets [22], while Lucas et al,[23] recently addressed the role of STa in the
elicitation of distanced effects on fluid absorption in the intestine of rats.

Pore forming toxins
Bacterial pore-forming toxins (PFT) are a large group of protein toxins which forms pores in
the membranes of bacteria, plants, and mammals, causing membrane permeability and ion
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imbalance. Bacteria release PFTs as soluble subunits which form stable multimeric
complexes on the membranes of various target membranes, and translocate across lipid
membranes through several mechanisms. PFTs are classified into two groups based on the
multimeric structure involved in membrane insertion. α-PFTs describe those PFTs which
insert into membranes as an α-helix, while β-PFTs insert into the membrane as β-sheets [24,
25].

α-PFTs are represented by colicins that are produced in E. coli and share structural
organization with diphtheria toxin. Colicins are cytotoxic for E. coli and other closely
related species. Colicins encode α-helices that are utilized for translocation of the catalytic
domains across a bacterial outer membrane, the bacterial outer membrane. The proposed
mechanism of membrane insertion and translocation of the colicin catalytic domain utilized
early biochemical studies, the crystal structure of colicin E (ColE) bound to the BtuR
receptor [26], and the crystal structure of OmpR, the putative pore utilized for translocation
of the catalytic domain across the outer membrane [27]. ColE3 is 551 amino acids with an
internal receptor binding domain, an N-terminal translocation domain, and a C-terminal ~96
amino acids that function as an endoribonuclease. Entry of ColE into the bacterial cell
involves the binding of the internal receptor binding domain to the But R protein, which
concentrates into the outer membrane to coordinate the subsequent binding of the
translocation domain into the translocator, OmpF. Translocation involves the association of
residues within an α-helix of the translocation domain with internal regions of OmpF [27]
with the subsequent movement of the nicked catalytic domain across the bacterial inner
membrane via a TonB dependent-mechanism.

While not considered a pore forming toxin, the delivery mechanism that diphtheria toxin
utilizes to translocate the catalytic subunit across the endosome membrane and into the host
cytosol has properties that are analogous to the α-PFTs. Diphtheria toxin is a single chain
protein that elicts a lethal phenotype in humans through the ADP-ribosylation of elongation
factor-2. Diphtheria toxin is a 535-amino acid AB toxin with the N terminus encoding the
ADP-ribosyltrasferase activity and the C terminus comprises a translocation domain and a
C-terminal receptor binding domain. Diphtheria toxin binds to a growth factor receptor to
traffic into early endosomes via receptor-mediated endocytosis where hydrophobic α-
helixes of the translocation domain insert into the endosomal membrane by a pH-dependent
mechanism [28].

Insertion of these helices into bilayers opens a channel, analogous to the channel formed by
the α-PFTs that facilitates the translocation of an extended form of the N-terminal catalytic
domain across the membrane. The catalytic domain refolds within the cytosol and ADP-
ribosylates elongation factor-2, which inhibits protein synthesis. Recent studies have
implicated a role for host chaperones in the A domain translocation event [29]. The crystal
structure of native diphtheria toxin, along with biophysical studies, provide a model
describing the molecular basis for the translocation of the catalytic domain of diphtheria
toxin across the endosome membrane where hydrophilic loops, containing several charged
amino acids with pH sensitive ionizable R-groups, stabilize hydrophobic α-helices within
the B domain of diphtheria toxin (Figure 1).

β-PFTs are produced as soluble proteins which oligomerize into multimeric complexes on
the mammalian plasma membrane, where one or two amphipathic β-hairpins on a
monomeric subunit contribute to the organization of the pore [30]. These β-hairpins contain
a hydrophobic outer surface which favors insertion into the membrane [31, 32]. The pores
are organized in a variety of subunit numbers (7–50) and sizes (2nm–50nm) [33–35]. The
largest group of β-PFTs is the cholesterol-dependent cytolysins (CDC), which are primarily
produced by Gram-positive, pathogenic bacteria such as Lysteria sp., Streptococcus
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pneumoniae, and Bacillus anthracis, but are also found in the mammalian immune system
[36–38]. CDC pore complex formation occurs before protein insertion into the membrane
and is pH-independent [39]. The mechanism of pore insertion includes steps that involve
soluble monomer association with the plasma membrane, lateral diffusion of monomers with
the membrane, pre-pore monomer oligomerization, pore formation, and insertion of the
oligomer into the membrane [39]. CDC monomers are organized into four distinct domains,
(termed D1–D4), which control monomer-receptor binding, monomer to oligomer
association, and membrane interactions. For most CDCs, the D4 domain is responsible for
interactions with cholesterol through a tryptophan-rich area called the undecapeptide, which
inserts a short distance into the membrane. Cholesterol-bound monomers concentrate and
then associate through lateral diffusion on the membrane surface. A conformational change
in D3, triggered by D4 domain-membrane interaction, exposes the β-strand 4 of D3 domain
and hydrogen bonding between β-strand 4 of D3 domain with the β-strand 1 of D3 domain
in the adjacent monomer initiate pre-pore formation [40–43]. The D3 domain also undergoes
a second conformational change that causes rearrangement of three α-helices into two β-
hairpins for each monomer, which represents the transmembrane component of the pore.
These β-hairpins stabilize interactions with neighboring β-hairpins through π-bond stacking
with tyrosine and phenylalanine residues. Once the pre-pore complex has assembled on the
membrane, a conformational change occurs in which the complex inserts into the membrane
due to β-barrel pore formation.

Superantigens
Superantigens (SAgs) are a group of secreted protein toxins produced by an increasing
numbers of bacteria, including Staphylococcus aureus, Streptococcus sp., Mycoplasma
arithiditis, and Yersinia pseudotuberculosis [44, 45]. SAgs bind major histocompatibility
complex II (MHC II) and stimulate peptide-independent MHC II/T cell receptor (TCR)
interaction and immune activation. SAgs is responsible for Toxic Shock Syndrome (TSS)
and food poisoning [46]. A second group of Sags are the superantigen-like toxins (SSL),
which possess much of the conserved domain structure of the SAgs, but do not bind MHC II
or activate T cells, but do target the innate immune system [47]. SAgs and SSLs contain two
conserved structures at the N-terminal and C-terminal domains. The N-terminal domain
contains a conserved oligonucleotide-OB fold, whereas the C-terminal domain contains a β
grasp-fold. The OB-fold and the β-grasp-fold are closely packed, which contributes to
protein stability upon heating, a property of SAgs. Within the family of SAgs, the N
terminus includes a groove formed between the OB-fold and the β grasp-fold that comprise
TCR binding domain [47]. Members of the SAgs family possess a variety of structures that
bind MHC II. Yersinia SAgs (YPM-A, YPM-B, and YPM-C) are unique and contain a
single domain that comprises a jelly-roll motif consisting of 2 β-strands [48]. The SAg of M.
arithritidis (MAM), creates an ‘L’ structure through the assembly of 10 α-helices. While the
SSL toxins show an overall conserved structure relative to the SAgs, the surfaces for MHC
II and TCR binding are altered [49–51]. In contrast to Sags, SSLs do not bind to the MHC II
complex or TCR. Binding sites and function vary among SSLs, demonstrated by SSL 11
binding sialyllactosamine and SSL 7 binding C5 and IgA [51, 52]. Crystallized SSL 11 has
an elongated β-strand within the β-grasp fold which allows dimerization to occur, to
presumably increase affinity for cellular glycoproteins [51].

SAgs can bind MHC II by several mechanisms (Figure 2) and are classified by how each
binds MHC II. TSST-1 binds the MHC II α-chain and a region of the β-chain by extending
over the presented peptide (Class I) [53]. Staphylococcal and Streptococal SAgs bind the
MHC II α-chain through the OB-domain and do not contact the peptide (Class II) [53].
Classes IV and V SAgs bind through the C-terminal domain to the β-chain of MHC II,
utilizing a coordinated zinc site as well as the presented peptide [54, 55]. MAM binds in a
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different fashion by binding the MHC II α1-helix and β1-helix, causing the dimerization of
the two MHC II molecules [56].

Binding to MHC II and TCR by SAgs appears to be sequential, based on kinetic binding
data [47]. SAgs affinity to MHC II is between 10- to 100-fold higher than to TCR proteins
[57]. This determined in vitro affinity is most likely a low estimation, since APCs bind SAgs
in a stable conformation for over 30 hours [58]. SAg binding to TCR molecules for non
peptide-specific activation occurs through the β-chain, via diverse mechanisms, that include
binding to the CDR2 loop of TCR Vβ [59]. This interaction is sufficient to activate up to
20% of T cells [60]. Most SAgs, however, have an increased specificity to TCR which is
defined by specific interactions with the TCR hyper-variable areas surrounding the CDR2
loop [59]. Another action of SAgs is to directly block TCR interaction with the presented
peptide, keeping the TCR and MHC II dimers physically separated where SAgs wedge
between the two receptors (Group II), allowing only minimal contact (TCR α-chain and
MHC II β-chain), physically block peptide interaction (Class 1), or bind to cause a sharp
angle in between TCR and MHC II/peptide interface (class V) [57]. Current studies on SAgs
involve development of structural mimics to neutralize pathology in animal models [61] and
to determine the specificity of immune stimulation by SAgs of clinical bacterial isolates
[62].

Secretion of Toxins from the Bacterium
Bacterial toxins are transported across the bacterial membranes through co-translational and
post-translational mechanisms to reach their targets. Toxin transport occurs by multiple
mechanisms, which have been characterized within Gram Negative and Gram Positive
bacteria. Most secretion systems utilize active transport, requiring at least one energy
requiring step. For example, types-II, -III, and -IV secretion systems contain an oligomeric
ring of ATPases on the cytoplasmic side of the secretion system inner membrane complexes.
While signal sequences often coordinate the secretion process, signal sequences are not
universal. This review describes the general properties of the Type I–VII secretion systems
as related to the secretion of bacterial toxins.

Type I Secreted Toxins
Type I secretion is observed in Gram Negative and Gram Positive bacteria and transports a
variety of proteins across the bacterial inner membrane into the periplasmic space in an
active, single step process. Proteins secreted via the Type I pathway contain glycine-rich
repeats, usually at the C terminus, which bind calcium [63–65]. The organization of Type I
secretion complex is similar to the ABC family of membrane transporters, composed of a
tripartite protein complex that includes an inner membrane transporter, a membrane fusion
protein within the periplasm, and an outer membrane pore protein [65]. Central to Type I
secretion is the inner membrane transporter that is a transmembrane protein and encodes an
ATP-binding domain for recognition of the secretion signal. The membrane fusion protein
exists within the periplasmic space and also contains a region which spans the inner
membrane that is exposed to the cytoplasm [66, 67] and links inner and outer membrane-
spanning proteins. The outer membrane pore protein is a trimer that forms a channel for
direct access the extracellular space. This trimer assembles into the secretion complex when
the ATP-binding domain recognizes a signal sequence contained by the secreted protein
[67]. Current studies on Type I secretion address the physical link between energy
utilization (ATP) and protein transport [62].

The adenylcyclase-hemolysin (CyaA) of Bordetella pertussis is a Type I secreted toxin [68].
Entry into the host cell, via the alpha(M)beta(2) integrin (CD11b/CD18) cell receptor [69],
involves a two step process with insertion into the membrane and calcium-dependent
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unfolding of the N terminus of CyaA [70–72]. Upon entry into the cytosol of a host cell,
CyaA is activated by the cofactor, calmodulin, and catalyzes the conversion of ATP to
cAMP. Elevated intracellular cAMP disrupts signaling events within the cell and inhibits the
ability of phagocytes to respond to B. pertussis infections [70]. Specifically, deregulation of
cell signaling by CyaA affects protein kinase A, which modulates neutrophil migration,
cytokine synthesis, oxidative bursts and organization of the actin cytoskeleton [73, 74].
CyaA is a ~200 kDa protein with two functional domains, a 400 amino acid N-terminal
domain that expresses adenylate cyclase activity, and a C-terminal domain that contains the
hemolytic activity [75]. Current studies on CyaA involve characterization of structural
organization [76] and functional properties [77] of the protein’s multiple activities.

Type II Secreted Toxins
Type II secretion is facilitated by the Sec system and comprises protein complexes that span
the bacterial inner and outer membranes. Sec secretion includes three groups of proteins, a
protein complex that spans the inner membrane, a periplasm-spanning protein complex, and
outer membrane associated proteins. Type II secretion involves recognition of an N-terminal
signal peptide on the nascent protein within the sequence recognition particle which is
analogous to eukaryotic protein secretion in the endoplasmic reticulum [78]. Upon
recognition and docking, the growing polypeptide undergoes co-translational secretion and
folding to a mature state in the periplasm where the protein is then translocated through the
outer membrane [79]. The signal sequence consists of N-terminal positive charged amino
acids, internal hydrophobic amino acids, and a C-terminal domain with prolines and glycine
[80, 81]. Type II secretion is an active process, requiring a hexameric ATPase associated
with the cytoplasmic portion of the inner membrane protein complex and periplasmic
proteins that link the inner membrane complex with the outer membrane associated proteins.
One group of periplasmic proteins are homologous to pilin-like structures (known as
pseudopilins) and regulatory proteins of the Type IV secretion system, suggesting that these
proteins interact to make a tube spanning the periplasmic space [82] and may be involved in
the transfer the secreted protein to the outer membrane complex.

Cholera toxin (CT) of Vibrio cholera is a Type II secreted toxin. CT is an AB5 toxin, where
the A domain (~27.4 kDa) consists of two components, CT-A1 and CT-A2 and the B domain
(~58 kDa) is a homopentameric protein complex [83]. CT-A1 ADP-ribosylates the Gα-
subunit of the heterotrimeric protein, Gs. CT-A1 associates with the CT-A2 via a disulfide
bond where CT-A2 inserts into the channel within the center of B5. The B5 domain binds
specifically to the ganglioside, GM1a on the surface of intestinal epithelial cells [84]. Once
bound, CT enters the cell through both clathrin-dependent and non-clathrin-dependent
vesicle mechanisms involving lipid rafts [85]. After internalization, CT retrograde traffics to
the endoplasmic reticulum (ER) via a KDEL-like sequence on the C terminus of A2 (note
the KDEL sequence is not absolutely required for the intracellular trafficking of cholera
toxin) where the A1 subunit utilizes a retro-translocation mechanism to cross the ER plasma
membrane through a degradation pathway that recycles miss folded hosts proteins called
ERAD [86]. Cytosolic CT-A1 binds A DP-ribosylation factor (ARF) and the activated CT-
A1 mono-ADP-ribosylates Arg 201 of Gsα, which blocks intrinsic GTPase activity and
constitutively activates Gsα [87, 88]. Gsα is a positive regulator of adenylate cyclase.
Increased intracellular cAMP activates protein kinase A (PKA), which phosphorylates the
cystic fibrosis transmembrane conductance regulator (CFTR), increasing active secretion of
chloride ions [89]. Inhibition of the Na/K/2Cl co-transporter at the same time increases the
unidirectional flow of chloride into the gut lumen, causing osmotic H20 flow into the gut
lumen, the pathological outcome of cholera [90]. Current studies on cholera toxin involve
the utilization of the toxin as an adjuvant in vaccine development [91] and as a tool to study
intracellular protein trafficking [85].
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Type III Secreted Toxins
The Type III secretion system (TTSS) is a bacterial virulence factor which injects cytotoxins
(also termed effectors) in an unfolded or semi-folded state into a host cell. Like Type II
secretion, TTSS comprises inner and outer membrane protein complexes, but includes a
hollow, pilin-like structure that extends beyond the outer membrane ring complex. The
genetic material encoding the TTSS is a gene duplication of the inner and outer membrane
ring complexes of the bacterial flagella protein complex [92]. The inner membrane complex
is comprised of two interacting ring structures, each composed of a different oligomeric
protein [93]. Like Type II secretion, the cytoplasmic domain of the inner membrane
complex associates with an ATPase, which assembles in a hexameric ring to provide the
energy for the unfolding and secretion of cytotoxins. The outer membrane structure is also
similar to the Type II secretion system outer membrane ring and the Type IV pilus.
Extracellular components of the TTSS include a needle, needle extension, and translocation
pore, which deliver cytotoxins into the cytoplasm of host cells. The needle is a single protein
oligomer which forms a hollow tube which has direct interactions between head and tail of
the protein subunits and have been implicated in the secretion process upon conformational
changes [94]. The needle tip proteins appear to be adaptors that link the translocator proteins
within the host membrane to the needle body for efficient transfer of cytotoxins.
Translocator proteins form a host membrane-spanning pore for the TTSS effectors [95]. The
translocon protein complex prevents cytotoxin secretion before contact with the host cell by
physically blocking the hollow channel of the needle complex [96].

ExoS is a Type III secret ed cytotoxin. ExoS is a 453 amino acid protein produced by
Pseudomonas aeruginosa and is a dual function toxin, containing a Rho GTPase Activating
Protein (Rho GAP) activity in the N terminus (96–219) and an ADP-ribosylation domain in
the C terminus (234–453) (Figure 3). ExoS Rho GAP domain increases γ-phosphate
hydrolysis of GTP bound to Rho GTPases and in actives RhoA, Rac1, and Cdc42 [97, 98].
Structural studies showed that the ExoS Rho GAP domain was a molecular mimic of the
host Rho GAP, which implicated a convergent mechanism of protein evolution for ExoS
their mammalian counterparts [99]. The C-terminal ADP-ribosylation domain of ExoS has
the capacity to ADP-ribosylate multiple substrates including Ras at Arg 41, which blocks
association with the guanine nucleotide exchange factor leading to an inactivation of Ras
signaling [100]. Recently, ExoS has been shown also to ADP-ribosylate Rab proteins, such
as Rab5, where and the ADP-ribosylation of Rab5 uncoupled clathrin-mediate endocytosis
[101] and ADP-ribosylation of ezrin/radixin/moesin, caused cytoskeletal defects [102].
ExoS binds a cellular cofactor to express ADP-ribosyltrasferase activity. The factor was
termed factor activating exoenzyme S (FAS) and later identified as a 14-3-3 protein [103].
Activation of a cytotoxin upon binding to a host protein is becoming a common feature of
toxin action. Current studies on ExoS involve characterization of how ExoS traffics within
host cells to efficiently target intracellular substrates [104], the determination of the role of
ExoS and other Type III cytotoxins in P. aeruginosa pathogenesis [105], and the
development of diagnostics for clinical therapy based upon the seroconversion of CF
patients to components of the TTSS upon initial infection by P. aeruginosa [106].

Type IV Secreted toxins
The Type IV secretion system is a multi-functional protein complex, which transfers DNA
between bacteria through conjugation (Type IVA), and transports effector proteins into host
cells to regulate host responses to bacterial infection (Type IVB). Type IV transport of
effectors across the inner and outer bacterial membranes can follow a single step or two step
process [107]. DNA is transferred as a complex bound to transfer proteins which bind by a
C-terminal signal to DNA [108]. The VirT IVA secretion system in Agrobacterium
tumefaciens is the best characterized Type IV secretion system, which transfers DNA and
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proteins into plants to cause disease. VirB contributes to the transfer of effectors through the
Type IV secretion apparatus into the host cell [109]. DNA transfer requires a protein
relaxase, which binds covalently to the 5′ end of ssDNA and causes secretion specifically in
a 5′ to 3′ direction. VirB11 is an ATPase which provides energy for the secretion process
analogous to other secretion systems [110, 111]. Pilin homologs form an outer connecting
transfer tube between the bacteria and the target cell or bacteria [108]. Recent structural
studies suggest that the inner membrane protein complex spans the majority of the
periplasmic space [112]. In addition, Type IV secretion contributes in the pathogenesis of
several intracellular bacterial pathogens, including Legionella, Brucella and Coxiella [113,
114].

SidC is a type IV effector of Legionella pneumophila, the causative agent of Legionnaire’s
disease [115]. SidC localizes to legionella containing vesicles via phosphatidylinositol-4
phosphate where deletion of SidC interferes with the recruitment of endoplasmic reticulum-
derived vesicles to the legionella containing vesicles. This is required for the maturation of
the legionella containing vesicles with lysosomal marker proteins.

Type V Secreted toxins
The Type V secretion system, also termed the autotransporter secretion group, includes 3
transport secretion mechanisms: termed Va, Vb, and Vc. Va group autotransporters are
translated as a single protein composed of a N-terminal signal peptide sequence for transport
by the Sec system, the effector domain, and a C-terminal outer membrane translocation
domain [116]. The N-terminal secretion signal utilizes Sec for transport into the periplasm,
where the inner membrane secretion signal is cleaved by a periplasmic peptidase. While
early models predicted that transported protein folded in mature configuration, recent studies
suggest that an unfolded conformation is necessary for transport of the effector across the
outer membrane [117]. The C-terminal translocation domain forms a β-barrel [118, 119] that
utilizes a co-secreted chaperone protein to protect against proteases and premature folding
and to fold effectors upon secretion [120]. A role for ATP has not been determined. Details
for effector transport through the Type V secretion system are under investigation [121–
123]. The Vb two-partner secretion subgroup follows a similar mechanism as Va, involving
a Sec dependent pathway as two distinct proteins [124, 125] where the translocation protein
is predicted to contain β-strands and to interact with effector proteins for efficient
translocation across the outer membrane [126–128].

IgA1 protease is Type V secreted protein that is produced by several genera of bacteria that
cleave mammalian IgA [129]. The IgA1 protease group contains a general structure
containing a protease and a β–barrel forming domain. This protease group cleaves proline-
threonine and proline-serine bonds in the hinge region of human IgA1 [130]. The general
structures of the IgA group of proteins comprise a zinc-like protease bound to a β-barrel.

Type VI and Type VII Secretion Systems
A type VI secretion system has been proposed in V. cholerae [131] and P. aeruginosa [132].
Type VI effectors do not possess N-terminal signal peptides and are Sec secretion-
independent, implicating a unique mechanism for effector transport relative to the Types I–
V secretion systems. Recently, a secretion system was identified in the mycobacteria that
was classified as the Type VII secretion for Gram-Positive bacteria [133]. Current studies
address the identification of mechanisms for effector protein secretion by these new
secretion systems.
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Botulinum neurotoxin
The botulinum neurotoxins (BoNT) are the most toxic proteins for humans and have been
characterized as Category A agents by the Center for Disease Control and Prevention.
BoNTs block neurotransmitter signal transduction in peripheral α-motor neurons, causing
flaccid paralysis, termed botulism [134]. Botulism poisoning in humans is typified by
slurred speech, dry mouth, blurred or double vision, peripheral muscle weakness and
paralysis. There are seven serotypes of the BoNTs, termed A–G.

Three types of human botulism include, wound, ingestion, and infant. Wound botulism
occurs upon the delivery of clostridial spores into a deep, anaerobic wound where the spores
germinate into the vegetative cells that produce BoNT. BoNT circulates in the bloodstream
to target α-motor neurons. Food botulism results for the ingestion of preformed toxin in
improperly cooked or stored food that allows growth of clostridial and subsequent
production of BoNT. Ingested BoNT transcytoses across endothelial cells of the small
intestine and migrates to the α-motor neurons. Infant botulism is caused by ingestion of
clostridial spores by a child with an underdeveloped intestinal microbiota system. This
provides a metabolic niche for the spores to germinate to vegetative cells that produced
BoNT, which transcytoses epithelial barrier to cause paralysis. One potential source of
clostridial spores for infant botulism appears to be raw or pasteurized honey in children <2
years of age [135]. A medically important characteristic of botulism intoxication is the
extended duration of the toxin within neuron cells. The recommended treatment for botulism
poisoning is a trivalent (ABE) equine antitoxin serum, obtained through the Centers for
Disease Control and Prevention (CDC).

BoNT as a clinical therapeutic agent
BoNT/A holotoxin is also a clinically useful reagent, commercially available as BoTox®.
The medical importance of BoTox transcends superficial cosmetic treatments and is used for
a large range of muscle-induced impairments, as well as pain management [136]. Myobloc®
is the commercial version of BoNT/B, which can be utilized as an alternative to BoTox
treatment [137]. Despite the low immunoreactivity there are reports of α-BoNT/A and α-
BoNT/B antibodies developing in patients after long-term use of the toxin [138, 139].
Determining the antigenic epitopes in medically relevant BoNT and how these epitopes
affect toxin action is an important area of research for development of non-reactive clinical
BoNTs therapies in the future.

BoNT-Producing Clostridial Species
BoNT is produced by a heterogeneous group of Clostridial species. While antigenic
nomenclature separates the BoNTs by antibody cross-neutralization, clostridia that produce
BoNT are differentiated into four groups based on physiology, Groups I–IV [140].
Clostridium botulinum, C. butyricum, C. baratii, and C. argentinense produce BoNTs. BoNT
genes are found on a variety of genetic elements with BoNT/A, B, E, and F encoded on the
chromosome, plasmids, and bacteriophages in various Clostridia sp. BoNT/C and D are
found primarily in bacteriophage elements [141].

BoNT Operon Organization and Secretion
BoNT is transcribed and translated as a single ~150 kDa protein with little proteolytic
activity. BotR is a positive regulator of BoNT and associated protein cluster, which is often
transcribed as a set of three polycistronic transcripts [142]. BoNT form complexes with non-
toxinogenic proteins transcribed and translated together with the BoNT gene. These proteins
include haemagglutinin-active (HA) components, which associate with BoNT as a
noncovalent, pH-stable complex, but are not necessary for full toxicity [143–145]. The most

Henkel et al. Page 9

EXS. Author manuscript; available in PMC 2013 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



basic BoNT protein complex is the M complex (~300 kDa), consisting of BoNT and a non-
haemagglutinin protein, which is found in BoNT-producing strains except BoNT/G[146].
The gene encoding the non-haemagglutinin protein is located upstream of the BoNT gene
[147]. Other protein complexes include the L complex (~500 kDa), which encodes a number
of proteins associated with BoNT which includes a haemagglutinin activity. The genes
encoding the haemagglutinin-active proteins are located upstream of the non-haemagglutinin
protein, and are found in clostridia producing BoNT serotypes A, B, C, D and G[146]. The
haemagglutinin-active proteins were once hypothesized to protect the BoNT against acid
damage during passage through the stomach, but ingested holotoxin without accessory
proteins has demonstrated equal toxicity [148]. Currently, these proteins are hypothesized to
increase access to the bloodstream (discussed below).

BoNT are single-chain proteins, which are cleaved to di-chain proteins that are linked by a
disulfide bond with AB structure function properties [149] (Figure 4). The N-terminal A
domain (Light chain, LC) is an ~50 kDa zinc metalloprotease with the characteristic
thermolysin-family zinc coordination motif (HExxH) [134]. The C-terminal B domain
(Heavy Chain, HC) is ~100 kDa and is composed of two functional domains that are
involved in receptor recognition (HCR) and translocation of the LC across the endosomal
membrane (HCT) [149]. Antibody cross-neutralization differentiates BoNTs into seven
serotypes, A–G.

BoNTs Accessing the Bloodstream
There is debate on whether or not the haemagglutinin components of the BoNT proteins
complexes disrupt the intestinal barrier to contribute to BoNT transport [150, 151]. Trans-
epithelial cell transport progresses through temperature-dependent transport system that can
be utilized by BoNT holotoxin alone, suggesting that haemagglutinin-and non-
haemagglutinin components may increase the permeability of the epithelial barrier, but are
not necessary for active BoNT transport to the bloodstream [152, 153]. Clathrin and
dynamin-dependent internalization and transport mechanism have been implicated for BoNT
entry into epithelial cells to an EEA-1 positive, non-acidified vesicle [154, 155]. The
saturable nature of HC/A binding suggests specific receptor necessary for BoNT binding
and trans-epithelial transport. Gangliosides and host synaptic vesicle proteins have been
implicated in binding and internalization in the peripheral α-motor neurons, but it is unclear
how these components contribute to trans-epithelial transport.

BoNT Neuronal Specificity
BoNT/HC is composed of two domains, the N-terminal translocation domain and the C-
terminal receptor-binding domain (HCR). While there is considerable variability in the
primary amino acid sequence of the BoNT/HCR among serotypes A–G, the BoNT/HCR
have two conserved jelly roll and β-trefoil folding motifs. The HCR domain binds neurons
via several mechanisms that are serotype specific, but includes a general dual receptor
model for binding and entry into peripheral α-motor neurons. In this model, BoNT/HCR
binds to gangliosides on the surface of a neuron and this complex binds to protein receptors
as a high-affinity complex. Gangliosides consist of a polysaccharide group linked to a
ceramide lipid, and BoNT/A, B, C, E, G, and tetanus neurotoxin require the binding to
ganglioside to associate with neurons [156]. Active synaptic vesicle recycling is required for
internalization of BoNTs, except for BoNT/C. This activity-dependent internalization
supports a model where BoNT receptor(s) for BoNT are located within the luminal domain
of the synaptic vesicle and exposed to the extracellular milieu after synaptic vesicle fusion
with the plasma membrane. BoNT/A binds synaptic vesicle protein SV2 on loop 4 of the
transmembrane protein and the ganglioside GT1b [157]. A role for glycosylation has been
implicated in recent studies on BoNT/E binding to SV2 [158]. BoNT/B and BoNT/G utilize
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syntaptotagmin (I or II) as the protein component for neuron receptors [159, 160]. BoNT/C
HC binds GT1b and GD1b, but the protein receptor has not been resolved [161]. Tetanus
neurotoxin binds two molecules of gangliosides, but a role for a protein receptor component
remains to be determined [162]. HCR/A binding to ganglioside demonstrates an increase in
affinity over time, suggesting a conformational change in the ganglioside binding site to a
higher-affinity interaction [163], but how this conformational change modulates affinity to
the protein receptor is not clear. BoNT/D HCR associates with phosphatidylethanolamine
(PE) and shows a ganglioside-independent toxicity of cerebellar granule cells, suggesting a
difference in binding specificity compared to the other BoNT serotypes [161]. Recent
research suggests that a third binding site, with specificity to lipids, may exist within the N-
terminal domain of the HCR[164]. BoNT/A HCR was shown to bind phosphatidylinositol
phosphates (PIP), however the binding site was not defined through mutational binding
experiments and the structural model needed to be adjusted to accommodate the suggested
receptor binding model, therefore how this domain is utilized during BoNT binding and
internalization is unclear [164].

BoNT-neuronal Cell Interactions
BoNT entry into neurons is activity dependent, except for BoNT/C, demonstrating the
necessity of vesicle recycling for BoNT uptake into neurons [157, 160]. SV2 and
Synaptotagmin (I and II) on the synaptic vesicle are integral components of synaptic vesicle
fusion with the plasma membrane [165, 166]. Recent studies implicate the binding of the
BoNT/HCRs to a protein complex in synaptic vesicles that included the proton ATPase,
synaptophysin, SV2 and synaptotagmin [167]. After fusion with the plasma membrane, the
BoNT-receptor complex is endocytosed in a clathrin-dependent, dynamin-dependent
pathway [165]. The N terminus of the HC is involved in translocation of the LC from the
endosome into the cytosol. The translocation event is pH-dependent, which suggests that
pore formation or LC translocation requires a conformation change to BoNT structure [168].
Indirect evidence through chimeras of BoNT/A and BoNT/E suggests that translocation
speed can vary depending on the HC involved [169]. Recent research suggests that the
isolated translocation domain of BoNT inserts into the membrane independent of pH, but
acidification may be required to unfold and transport the LC through the HC pore [170,
171].

Mechanism of BoNT Action in Neurons
BoNTs share ~65% primary amino acid similarity and ~35% amino acid identity with
Tetanus toxin [172]. BoNT/ A, /E, and /C cleave SNAP25; BoNT/C also cleaves Syntaxin
1a; and BoNT/B, /D, /F, /G, and tetanus toxin cleave VAMP-2 [173–175] (Table 1).
Cleavage sites within each SNARE substrate differ among the BoNTs, suggesting specific
residues on the LC are necessary for recognition of substrate. Recent studies have identified
amino acids necessary for substrate recognition by LC/A, LC/B, LC/D, LC/E, LC/F, and
tetanus toxin [176–185], mechanistically supporting a crystal structure of a non-catalytic
LC/A bound to SNAP25 through exosite and active site interactions [179, 180, 185]. Initial
interactions of LC/A with SNAP25 were predicted with the LC/A-SNAP25 co-crystal, and
functionally showed that LC/A interacts with a long stretch of amino acids N-terminal to the
cleavage site (Q197/R198) of SNAP25. Structural and biochemical studies suggest that
SNAP25 wraps around the LC via a mechanism that mimics the binding of the HC loop to
LC[186]. The LC-HC interaction is proposed to inactivate cleavage activity until the LC is
released into the cytoplasm of the host cell. Kinetic data utilizing mutagenized SNAP25
identified specific amino acids N-terminal to the active site that contribute to SNAP25
binding, as well as amino acids immediately surrounding the active site that orients SNAP25
within the active site and contributes to cleavage activity. Corresponding studies involving
mutations in LC/A demonstrated specific amino acid interactions with SNAP25 along with
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the minimum length of substrate, defining the specificity of cleavage [180]. LC/E showed a
similar mechanism of recognition for SNAP25, in which amino acids N-terminal to the LC/
E active site on SNAP25 were identified as well as amino acids immediately surrounding
the cleavage site that when mutated, affected catalysis [179]. LC/B, which cleaves VAMP,
demonstrated a slightly different mechanism of recognition and catalysis where amino acids
N-terminal to the cleavage site (Q76/F77) affected binding and catalysis when mutated.
Tetanus toxin, which cleaves VAMP-2 at the same residue at BoNT/B and has ~ 40%
primary amino acid homology with BoNT/B, showed similar substrate recognition, but
included an extension of the binding domain upstream of the cleavage site [177]. These
combinations of amino acid interactions involved in binding and catalysis as a mechanism
for substrate recognition seems to explain the specificity of neurotoxin substrate recognition
and cleavage site specificity among BoNT serotypes and tetanus toxin despite a highly
identical tertiary structure.

Botulinum Neurotoxin Subtypes
Each BoNT serotype comprises subtypes that can vary between 3 and 32% at the primary
amino acid level [187] (Figure 5). Currently, BoNT/A includes five subtypes, termed A1
through A5. BoNT/A1 and BoNT/A2 showed similar cleavage of SNAP25 and possessed~
95% primary amino acid homology [188]. DNA sequencing analyses revealed two
additional subtypes BoNT/A: BoNT/A3 and BoNT/A4 [188, 189]. Clostridia producing
BoNT/A3 was isolated from a botulism outbreak in Scotland in 1922, while clostridia
producing BoNT/A4 was isolated from a case of infant botulism in 1988 [190, 191]. LC/A3
shows 81% identity to LC/A1, while LC/A4 shows 88% identity to LC/A1 [188] (Table 2).
Phylogenetic analysis of the four subtypes suggested that residue changes in LC/A3 and LC/
A4 could potentially affect binding (Km) and catalysis (kcat) of these two subtypes relative
to LC/A1[189]. Previous modeling studies suggested that LC/A3 and LC/A4 may possess
different catalytic activities for SNAP25 relative to LC/A1 [188]. Biochemcial studies
showed that LC/A3 had similar kinetic properties as LC/A1 and amino acids that differed
with LC/A1 within the binding site did not change the binding or catalytic activity of LC/A3
for SNAP25, while LC/A4 showed a ~80-fold decrease in catalytic activity compared to LC/
A1, suggesting a defect in SNAP25 cleavage. This change in catalytic activity is believed to
be due to a single residue substitution indirectly causing a loss of coordination with the
catalytic zinc in the active site, as a point mutation to LC/A4 restores catalytic activity to the
level of LC/A1[192]. Another phenotype of LC/A1, autocatalysis, is observed with LC/A2,
but not LC/A3 and LC/A4, demonstrating a difference in self-substrate recognition. Finally,
a synthetic diagnostic peptide replicating the substrate cleavage site, SNAPtide™,
demonstrates differences in cleavage activity between the subtypes, potentially suggesting
differences in substrate recognition [192]. Thus, while LC/A subtypes retained the capacity
to cleave SNAP25, efficiency and mechanisms for the cleavage reactions appear different
which will influence the ability to generate serotype-specific inhibitors of catalysis,
challenging that ability to establish common steps in catalysis that can be targeted for
inactivation. The HCs of BoNT/A subtypes are ~87% identical and polyclonal antisera to
HCR/A1 neutralizes BoNT/A1 and BoNT/A2 [187, 193], but there are sufficient amino acid
differences where neutralizing monoclonal antibodies against BoNT/A1 are not effective in
neutralizing BoNT/A2 [187]. Current vaccine strategies involve recombinant hepta-HC
serotype vaccination, producing a polyclonal antibody response against the seven BoNT
serotypes [193].

These data indicate that while many of the properties of the subtypes of BoNT/A are similar,
there are unique properties. Continued characterization of the BoNTs serotypes may provide
useful information on the development of strategies to generate vaccines and therapies
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against botulism and to develop novel BoNT derivatives that can extend the therapeutic
utility.

Prospects
Since the first discovery of protein toxins as virulence factors of bacterial pathogens in the
19th century, scientific investigation has defined the biochemical and cellular aspects of
toxin action that was facilitated with the resolution of the structural properties of protein
toxins. The determination that protein toxins were often organized into discreet domains that
comprises a catalytic, receptor binding, and translocation domain allowed rapid
development of vaccines to control disease. The next chapter in the study of protein toxin
action is to utilize our understanding of toxin structure function to utilize toxins for
immunological and therapeutic intervention of human disease.
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Figure 1. AB organization of bacterial toxins
Diphtheria toxin is an AB toxin where the N terminal A domain (black) encodes an Enzyme
activity, an ADP-ribosyl trasferase activity, NAD + EF-2 → ADP-r-EF-2 + nicotinamide +
H+. The C-terminal B domain encodes a receptor binding function (grey) that binds to a
grwoth factor receptor and enters cells through receptor-mediated endocytosis and a
translocation function (white) which undergoes a pH-dependent conformation a change
where chaafed amino acids are protonated which allows a pair of hydrophobic alpha helices
to insert into the endosome membrane which is responsible for the delivery of A domain in
to the host cytosol. Structure: PDB 1fol
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Figure 2. Binding of superantigen SEC3 to TCR β
Staphylococcus aureus superantigen SEC3 binds to the β chain of TCR through the
hypervariable domain 4 (HV4), acting as a wedge to encourage TCR and MHCII interaction
and activation lacking foreign peptide specificity. Arrow indicates HV4 loop on TCR β.
Structure: PDB 1jck.
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Figure 3. Functional orgainzation of the type III cytotoxin Pseudomaons aeruginosa
ExoS is a bi-functional toxins and is orgainzed inot discret functional doamisn (amino
acids): secretion domain (1–15), chaperone binding domain (16–51), membrane localization
domain (51–77), Rho GAP domain, active site residue R146 (96–243), and ADP-
ribosyltransferase domain, active site residues E379, E381 (233–453).
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Figure 4. Schematic and structure of BoNT/A
A. Schematic of BoNT/A as an A/B toxin, linked by a disulfide bond between the light (LC)
and heavy (HC) chains. B. Crystal structure of BoNT/A. LC (black) is the catalytically
active domain and contains a HEXXH motif for coordination of the Zn2+ atom. The HC
contains the N-terminal translocation (grey) domain and the C-terminal receptor-binding
domain (light grey). Grey sphere represents zinc atom within LC active site. Colors between
schematic and structure are coordinated with each domain. Structure: PDB 3bta.
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Figure 5. Phylogenetic dendogram of BoNT/A1–A5 amino acid identity
Dendogram constructed using DNAStar® MegAlign.
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Table 1

BoNT and TeNT SNARE substrates and cleavage sites.

Toxin Substrate Cleavage Site References

BoNT/A SNAP25 Q197/R198 [173]

BoNT/B VAMP-2 Q76/F77 [194]

BoNT/C SNAP25/Syntaxin1a,b R198/A199: K253/A254 [195, 196]

BoNT/D VAMP-2 K59/L60 [197]

BoNT/E SNAP25 R180/I181 [173]

BoNT/F VAMP-2 Q58/K59 [198]

BoNT/G VAMP-2 A81/A82 [199]

TeNT VAMP-2 Q76/F77 [194]
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