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Abstract Various bacterial toxins have potent insecticidal activity. Recently, the
Toxin complexes (Tc’s) of Photorhabdus and Xenorhabdus species have become
an increased focus of current research. These large tripartite toxins with molecular
masses >1.4 megadaltons consist of three components termed A, B, and C (or TcA,
TcB, and TcC). While TcA is involved in receptor binding and toxin translocation,
TcC possesses the specific toxin enzyme activity and TcB is a linker between
components TcA and TcC. Here, a structure function analysis of the toxins is
described and the application of Tc toxins as potential insecticides is discussed.
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1 Introduction

1.1 The Life Cycle of Insecticidal Nematodes

Bacteria from the genus Photorhabdus and Xenorhabdus are found in symbiotic
association with entopathogenic nematodes of the family Heterorhabditidae and
Steinernematidae, respectively. These nematodes are used with limited success as
effective biological control agents against important agricultural insect pests of the
order Coleoptera and Lepidoptera, including white grubs, weevils, and codling
moths (Lacey and Chauvin 1999; Lacey and Georgis 2012). Entopathogenic
nematodes employ these bacteria that live within the gut of the nematode to kill
their hosts after invading susceptible larvae either through oral, anal, or tracheal
pathways. Once the nematodes enter their host, they release their bacteria, which
kill the insect usually within 48 h. The rapid kill, along with the production of other
virulence factors, helps to defeat the insect’s innate immunological defenses
allowing the nematodes to survive and reproduce within the insect carcass (Daborn
et al. 2001; Silva et al. 2002; Forst and Nealson 1996). The larval carcass provides
sufficient nutrients for the nematodes to complete a number of life cycles before the
infected carcass ruptures and releases thousands of new nematode progeny that then
search for new insect hosts to start the cycle over again (Bowen 2000; Forst et al.
1997). Live entomopathogenic nematodes as insect biological control agents
require a narrow effective range of soil moisture, and temperature to work, and
demand careful handling and refrigerated storage requirements. These requirements
have restricted their effectiveness as biological insect control products and has
limited their commercial applications (Lacey and Georgis 2012).

1.2 Specificity of Insecticidal Toxins

Photorhabdus luminescens and Xenorhabdus nematophilus bacteria produce a
variety of protein toxins, some forming very large (>1.4 MDa) oligomeric tripartite
toxin complexes (Tc) that have high levels of toxicity toward insect pests detri-
mental to important agricultural crops (Waterfield et al. 2001b; ffrench-Constant
et al. 2007). Other bacteria, including Photorhabdus asymbiotica, Xenorhabdus
bovienii, Serratia entomophila, Yersinia entomophaga, Y. pestis, and Pseudomonas
syringae pv. also produce similar toxin complexes (Parkhill et al. 2001; Buell et al.
2003; Wilkinson et al. 2009; Hurst et al. 2000). All of these bacteria represent
sources for new genes encoding potent insect toxins that can potentially be used in
biological control strategies or in genetically modified plants as alternatives or
supplements to insecticidal crystal (Cry) toxins from Bacillus thuringensis currently
employed in agriculture. Like many Cry proteins, the toxin complex proteins from
Photorhabdus luminescens, Xenorhabdus nematophilus, and Yersinia entomophaga
appear to be toxic only to certain orders of insects. Although their complete spectra
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of insecticidal activity have not been fully characterized, the toxin complexes from
Photorhabdus luminescens are generally very potent against Coleopteran insects
such as the Southern corn rootworm (Diabrotica undecimpunctata howardi), and
the Colorado potato beetle (Leptinotarsa decemlineata), which are insect pests of
significant agricultural importance (Waterfield et al. 2001a; Bowen and Ensign
1998). The toxin complex proteins from Xenorhabdus nematophilus have limited
potency against Coleopteran insects, but have potent activity against crop damaging
Lepidopteran insects, such as tobacco budworm (Heliothis virescens), corn ear-
worm, (Helicoverpa zea), and beet armyworm (Spodoptera exigua) larvae (Morgan
et al. 2001; Sergeant et al. 2006). The toxin complexes of Yersinia entomophaga
have been reported to have oral activity against both Coleoptera and Lepidopteran
insects (Hurst J. Bact. 2011). The biochemical source of the specificity is most
likely due to specific receptor interactions with the toxin which is known to bind
putative receptors located in the membrane of the midgut of susceptible insects (Lee
et al. 2007; Sheets et al. 2011). Identification and characterization of these receptors
and binding interactions have not been fully reported. Other differences in the
biological character of the insect midgut, such as pH, lipids, and presence of
different proteases in insects of different orders may also have a role in the speci-
ficity of the toxin complexes and for their safety toward other organisms. In
addition, all of the toxin complexes so far characterized are active by both oral
ingestion and injection into the haemocel of the insect, which implies that the toxin
complexes may have target sites that are not simply located in the lumen of the
insect midgut (Bowen and Ensign 1998; Bowen 2000).

We will focus on the toxin complexes found in Photorhabdus luminescens for
the purpose of this chapter, since significant structural and functional information
has recently been determined for a subset of Tc’s from this bacterium. Where
similar data are available for Tc’s from other bacteria (esp. Xenorhabdus nemato-
philus and Yersinia entomophaga) corresponding comparisons will be made.
Understanding how these insect toxins function can assist with the development of
new genes for biological or transgenic insect pest control. In addition, the bio-
chemical mechanism of these toxins can provide insight into the mechanism of
action of other pathogenic bacteria that cause animal diseases, and provide insight
for designing new therapeutic protein reagents.

2 ‘Toxin Complex’ (Tc) Toxins

2.1 Nomenclature of Tc Toxins

The nomenclature applied to many of the different Tc genes and subunits is con-
fusing. Initial nomenclature was based upon the order that the genes were found on
four (a, b, c, and d) different loci in Photorhabdus luminescens strain W-14 (Bowen
et al. 1998). Hence they were named, for example, tcaA for the toxin complex (tc)
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gene on the ‘a’ locus encoding the first or ‘A’ protein. Later it was determined that
all toxin complexes so far examined in detail consist of three functionally different
types of proteins or subunits (named A, B, and C), and it became apparent that a
unified nomenclature was required (Waterfield 2006). Similar nomenclature was
applied for the toxins found in Xenorhabdus luminescens, using Xpt standing for
Xenorhabdus particulate toxin (Sergeant et al. 2003). The Xenorhabdus genes were
then termed A, B and C based on the order in which they were found in the genome,
giving XptA, XptB and XptC. Unfortunately, for both Photorhabdus and
Xenorhabdus Tc proteins, it was then not clear via this nomenclature if we were
discussing a type A, B or C protein as defined by its function. For example, tcaC1 is
in fact a functional type B protein, tccB a functional type A protein, xptB1 a
functional type C protein, and xptC1 is a functional type B protein (Fig. 55.1). The
nomenclature for the toxin complex encoding genes isolated from Yersinia ento-
mophaga and Serratia entomophila was more straight forward, with yenA and sepA
encoding type A proteins, yenB and sepB, encoding type B proteins and yenC and
sepC genes encoding type C proteins (Hurst et al. 2000, 2011). Whilst it is not the
purpose of this chapter to define a more understandable nomenclature for the toxin
complex proteins and genes, it is clear that understanding if the gene encodes a
functional type A, B, or C protein is paramount. Knowing what organism the toxin
is derived from, and defining a tripartite toxin complex in terms of its bacterial
origin and protein composition is thus also important. In this chapter, therefore, we
will indicate if a protein is a functional type A (tcA-like), B (tcB-like), or C
(tcC-like) protein, along with the bacterial source of the protein and give a unique
name to a toxin complex of specifically associated proteins.

2.2 TcA-like Proteins of the Toxin Complex

2.2.1 Interaction of TcA-like Proteins with the Host Cell Membrane

Early biochemical studies on purified toxin complexes isolated from Photorhabdus
luminescens and Xenorhabdus nematophilus, showed toxin complexes to be very
large and composed of multiple classes of proteins (Bowen et al. 1998; Bowen and
Ensign 1998; Sergeant et al. 2003, 2006). The first measured binding interaction of
a TcA-like toxin component with host cells was reported with XptA1. This study
showed that the XptA1 protein binds to brush border membrane vesicles (BBMV)
prepared from Pieris brassicae and to insect derived Sf21 cells, both of which are
susceptible to the toxicity of this protein. In contrast, the related XptA2 protein,
which is not toxic to these organisms, does not bind to BBMV’s from P. brassicae
or to Sf21 insect cells (Lee et al. 2007). Additional binding interactions were
demonstrated for XptA2 using surface plasmon resonance showing that it binds
with a Kd of 0.2 nM to solubilized insect midgut BBMV’s prepared from Heliothis
zea, an insect that XptA2 is toxic against (Sheets et al. 2011). These results support
earlier studies that the determinate of insect specificity resides with the type of A
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Photorhabdus Iuminescens W-14 Toxin complex genes

Tca locus
tcaA tcaB tcaC1

xptA1 

 Type A protein 280 kDa 
 Type B protein 170 kDa 
 Type C protein 112 kDa

Tcc locus
tccA tccB tccC1

Tcd locus
tccC4 tcdA3 tcdA2

Xenorhabdus nematophilus Xwi Toxin complex genes

tccA- 
like

xptD1 xptB1 

Tcb locus
tcbA

xptC1 xptA2 

tcdB2 tccC3 tcdA4 tccC5 tcdA1 tcdB1 tccC2

(a)

(b) (c)

outer shell 1a14-297 

outer shell 1b434-1090

outer shell 1c1608-1632

outer shell 1d1762-1972

receptor binding 2 298-433

receptor binding 4a1308-1382
receptor binding 5 1383-1490
receptor binding 4b1491-1580

receptor binding 6 1633-1761

neuraminidase domain 3a1091-1307

neuraminidase domain 3b1581-1607

TcB-binding 8 2328-2516

pore-forming 7 2016-2327

ectopic spring 1973-2015

Fig. 55.1 Gene structures of Tc toxins and structure of the TcA-like toxin component TcdA1. (A).
Gene structure for toxin complexes from Photorhabdus luminescens W-14, and Xenorhabdus
nematophilus Xwi. Genes are colored according to the type of protein they encode (Type A, B, or
C-like proteins). Note that tcaA + tcaB; tccA + tccB; and tccA-like + xptD1 are bifurcated type A
proteins and presumably are expressed together to form a complete A protein. (B). Domain
structure of the TcA-like toxin component TcdA1. (C). Crystal structure of TcdA1 [PDB 4o9y by
PyMOL, modified from Meusch et al. 2014]. The double arrow shows the entropic spring module
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protein contained by the toxin complex and that the additional B and C proteins
function to potentiate the activity of the A protein (Sergeant et al. 2003; Waterfield
et al. 2005).

Additional membrane interactions of the TcA-like protein from Photorhabdus
luminescens demonstrated the ability of TcdA1 to form pores using 86Rb+ release
experiments on HT-29 cells (Lang et al. 2010). Similarly, TcdA1 forms
ion-permeable channels in artificial lipid bilayer membranes with a single channel
conductance of 125 pS in 150 mM KCl. The channels formed by TcdA1 were
cation selective and the addition of B and C proteins (TcdB2-TccC3) to TcdA1
imbedded in the artificial membrane blocked the conductance of the channel by up
to 75%. These results suggest that the binding site for the B-C proteins to the A
protein is near the channel formed by the oligomeric A protein (Lang et al. 2013).
Similar results were obtained with using the A protein XptA2 from Xenorhabdus,
where adding XptA2 to one side of the black lipid membrane in the presence of
0.15 M KCl, increased the measured membrane current in a stepwise manner,
indicative of formation of single channels with conductance of *100 pS (Sheets
et al. 2011). Meanwhile the interaction of the TcA-like protein TcdA1 with nan-
odiscs as a membrane model has been reported in near atomic detail (Gatsogiannis
et al. 2016) (see below).

2.2.2 The Molecular and Atomic Structure of TcA-like Proteins

TcA-like proteins are large (*280 kDa) and associate into still larger sized oli-
gomers (pentamers) (Figs. 55.1 and 55.2). In some cases, the gene encoding for a
TcA protein appears to be bifurcated, presumably encoding the N-terminus and
C-terminus portions of a full-sized class A protein by two separate open reading
frames (Fig. 55.1a). The structure and organization of bifurcated TcA protein in
Photorhabdus have not been fully characterized, but it is assumed that the
expression of both the genes is required for them to associate into oligomers to
produce a fully functional TcA protein. Examples of bifurcated TcA proteins are
also known to exist in Xenorhabdus nematophilus, Yersinia entomophaga, and
other bacteria-containing Tc genes (Morgan et al. 2001; Waterfield et al. 2001b;
Hurst et al. 2011).

Recently, structures of a TcA protein from Photorhabdus luminescens (TcdA1)
in both the pre-pore and pore state have been determined by cryoelectron micro-
scopy (Gatsogiannis et al. 2016; Meusch et al. 2014; Gatsogiannis et al. 2013).
TcdA1 forms a 1.41 MDa pentameric bell-shaped structure in the pre-pore state
(Fig. 55.2). This structure is similar to the pentameric structure formed by the type
A protein (YenA) from Yersinia entomophaga (Landsberg et al. 2011) The crystal
structure of TcdA1 from Photorhabdus luminescens contains 8 different domains in
each of the monomers forming the complete pentameric structure (Fig. 55.2). TcA
toxin components consists of an inner pore-forming structure, which is built from
domains 7 (amino acids 2016–2327) and 8 (amino acids 2328–2516) located at the
C-terminus of TcA (Fig. 55.1b, c). Domain 7 consists of two *200 Å long helices,
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one is descending and one is ascending) and both are connected by a loop region
(residues 2140–2155). Together with the other eight helices from the other four
protomers form the channel of the pore. The pore possesses a funnel-like region at
the top, which is formed by domain 8 oligomers (Figs. 55.1 b, c and 55.2). This
region builds the docking platform for the interaction with component TcB of the
holotoxin (Fig. 55.2 b, d). The channel of TcA is encased by an outer shell, con-
sisting of an all-helical domain (Fig. 55.1 b, c, regions 1a–1d), which has insertions
for four putative receptor binding domains (domains 2, 4, 5 and 6 in Fig. 55.1 b, c)
and one neuroaminidase-like domain (domain 3 in Fig. 55.1 b, c).

170 Å

25
0 

Å

membrane

pre-pore structure

pore structure

I

II

III

IV

V
TcC

TcB 

TcA 

(a) (b) (e) 

(d) (c) 

Fig. 55.2 Structures of Tc toxin oligomers as a pre-pore and pore complex. Molecular structure of
TcdA1 [modified from Meusch et al. 2014 PDB 4o9y by PyMOL]. (A). Side view of pentameric
TcdA1 in the pre-pore state. The different colors indicate each protomer. (B). Top view of TcdA1
pentamer in the pre-pore state, showing the interaction side with the TcB component. The various
protomers are indicated by numbers and color. (C). Side view of the pentameric TcdA1 in the pore
state, showing the interaction side with the TcB component. (D). Top view of the of the pentameric
TcdA1 in the pore state. (E). Molecular structure of TcdB2-TccC3 on top of the pentameric TcdA1
complex [modified from Meusch et al. 2014]. TcdB2 and TccC3 form a large cage. The N-terminal
region of TcdB2 has a β-propeller-like structure and interacts with the platform, which is formed
by domain 8 of the TcdA1 pentamer. It is suggested that the ADP-ribosyltransferase domain,
which is located in the Chvr region of TccC3, is cleaved from the rest of the protein and lies in the
cage in an unfolded conformation. Interaction with the TcA pentamer may open a gate for
translocation of the unfolded ADP-ribosyltransferase into the TcA injection machine. TcdA1 is
shown as above in a transparent view. (Pictures are modified from Meusch et al. (2014), PDB 409y
and PDB4o9x by PyMOL)

Insecticidal Toxin Complexes from Photorhabdus luminescens



Like many other pore-forming toxins, the structure of TcdA1 can be described as
a pre-pore and as a pore state. The pore state of TcdA1 (Fig. 55.2c, d) was obtained
by reconstituting the complex into liposomes and nanodiscs, determining its
structure by Cryo-EM and single-particle analysis. Transitioning from the pre-pore
to pore state results in a large 12 nm movement of residues forming the central
channel that is present in the interior of the toxin complex shielded by the outer
surface of the toxin (Fig. 55.2). This corresponds to insertion of the α-helical pore
into the membrane of the insect midgut, establishing a syringe-like mechanism that
could be used to inject proteins into cells. The energy for the insertion event is
entropic and is achieved through the action of a linker composed of 48 amino acid
residues that connect the shell domains with the central channel-forming part of
TcA (Fig. 55.1 b, c). This linker comprises an ‘entropic spring’ by changing from
an extended to a compacted conformation thereby driving the central channel into
the membrane. Based upon this structure, the TcA protein primarily functions as a
syringe-like delivery system for the toxin complex (Meusch et al. 2014;
Gatsogiannis et al. 2013, 2016). The interior lumen of the central channel is initially
closed in the pre-pore state, but opens when in the pore state, allowing for injection
of proteins through the channel into the insect gut (Gatsogiannis et al. 2016).
Although the channel opens when in the pore state, it is still sufficiently narrow that
it would require unfolding of the proteins to allow their passage through the pore
and into a cell (Gatsogiannis et al. 2013). The structure shows how TcdA1 by itself
can function in both a pore-forming role, and also as a protein toxin delivery
system.

The identity of the receptors in the insect midgut that bind the toxin are not
known, but the structure of the toxin complex in the pore state suggests that the
receptor binding domains are about 125 Å from the surface of the membrane,
requiring the receptors on the midgut cell surface to be both large and elongated to
sufficiently interact with the receptor domains on the toxin complex (Meusch et al.
2014).

2.2.3 Is TcA per se Insecticidal?

Early insect bioassay studies suggested that the TcA protein (TcdA1) was the
‘toxin’ portion of the Tc, and that the addition of co-expressed TcB and TcC
proteins function to ‘potentiate’ the activity of the TcA protein (Waterfield et al.
2005; Sergeant et al. 2003). Indeed, when the gene encoding TcdA1 from
Photorhabdus luminescens was inserted into the Arabidopsis thaliana genome the
resulting transgenic plants were toxic to tobacco hornworms (Manduca sexta), and
inhibited the growth of southern corn rootworms (Diabrotica undecimpunctata
howardi) (Liu et al. 2003). The ability of TcdA1 to bind and form pores in insect
midgut membranes most likely accounted for the insecticidal activity of the TcdA1
expressed by the transgenic plants. Later studies showed that both the TcB and TcC
proteins are needed for the toxin complex to exhibit its full insecticidal activity
(Waterfield et al. 2005).
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2.3 TcB-like Proteins of the Toxin Complex

TcB-like proteins are about 170 kDa in size and bind to both the TcA and TcC
proteins to facilitate the formation of a complete Tc toxin. TcB proteins have not
shown any toxicity against insects and little is known about their function as part of
the toxin complex other than to connect the TcC protein to the TcA complex. They
can be singly expressed as soluble proteins, but in practice are often co-expressed
with the TcC protein or expressed as a fusion protein with the TcC protein attached
to its C-terminus. The co-expression of both TcB and TcC proteins together
facilitates the successful expression of TcC proteins, which are often difficult to
express individually and typically form an insoluble full-length protein that poorly
associates with the TcB protein. For this reason, it has been thought that the TcB
protein may act as a chaperon for the TcC protein. Interestingly, genes encoding
naturally fused TcB–TcC proteins have been found in some bacteria with toxin
complex genes (Yang and Waterfield 2013). The crystal structure of two TcB–TcC
fusion proteins (TcdB2–TccC3) from Photorhabdus luminescens has been solved at
2.35 Å resolution and shows TcdB2 having a large hollow cocoon-like structure
(Meusch et al. 2014). The structure is highly similar to the structure of the TcB–
TcC components of Yersinia entomophaga (Busby et al. 2013). The N-terminus
portion of the TcB protein binds to the TcA protein and forms a β-propeller type
structure that is positioned on top of the channel formed by the TcA protein
(Meusch et al. 2014; Busby et al. 2013). The β-propeller is in an open conformation
when the TcB–TcC protein is bound to the TcA protein allowing for a clear channel
through the toxin complex (Meusch et al. 2014).

2.4 TcC-like Proteins of the Toxin Complex

The TcC-like proteins are about 112 kDa in size and are important for potent
toxicity of the complex. As mentioned above, TcC proteins need to be co-expressed
with the TcB protein in E. coli or other protein expression systems to properly
associate with the TcA protein for production of a complete and biologically active
toxin complex (Sergeant et al. 2003). For the toxin complexes from Photorhabdus
and Xenorhabdus studied in detail so far, when the B and C proteins are
co-expressed, or expressed as a B-C fusion product, the two proteins are isolated as
a soluble binary complex where the C protein is cleaved into two parts as part of an
apparent activation mechanism (Lang et al. 2010; Sheets et al. 2011). The structure
of the C protein can be considered to be composed of two domains. The core
domain comprises the predominant N-terminal section of the protein and contains
rearrangement hotspot (RHS) repeats (Busby et al. 2013). These repeats are
believed to form an aspartyl autoprotease in the C2 protein of Y. entomophaga and
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in TccC3 of P. luminescens (Meusch et al. 2014; Busby et al. 2013). Thus, the TcC
protein autoproteolyses when co-expressed with the TcB protein to form two
separate proteins. The site of cleavage occurs approximately two-thirds down the
protein toward the C-terminus at a highly conserved junction among different
TcC-like proteins. Immediately after the site of cleavage, the amino acid sequences
of different TcC proteins from various organisms radically diverge, and this domain
referred to as the hypervariable region (hvr). Cleavage of the hvr from the TcC
protein releases a protein fragment (TcChvr) of about 32 kDa that non-covalently
associates with the TcB–TcC protein. As describe below, TcChvr contains enzy-
matic activity that defines the toxic activity of the toxin complex.

2.5 Structure of the Complete TC Complex

A complete toxin complex that is fully active against insects is composed of all
three Tc proteins (TcA, TcB, and TcC) where the TcA protein oligomerizes into a
pentamer in most cases, and binds a TcB protein which in turn is bound to a TcC
protein. Although the C protein is cleaved in the complete toxin complex, the
cleaved TcChvr must remain associated with the toxin complex for it to be active
against insects. Mutant TcB–TcC fusion proteins having a deleted TcChvr still bind
tightly to the TcA protein and form a complex, but the toxin complex lacks potent
insecticidal activity (Busby et al. 2013). The crystal structure of TcdB2–TccC3
presents a hollow cocoon structure (Fig. 55.2e), similar to that described for Tc
YenB–YenC2 proteins described at 2.35 Å resolution (Busby et al. 2013). The
TcChvr protein is assumed to be encapsulated within the cocoon structure of the
TcdB2–TccC3 complex in a non-covalent manner possibly unfolded due to the
probable hostile environment composed of positive charges and hydrophobic pat-
ches in the interior of the B-C structure (Meusch et al. 2014).

Recently, an elegant body of X-ray crystallography and electron cryomicroscopy
structural studies at 4 Å resolution has been reported for crystals of TcdA1 and of a
complete Photorhabdus toxin complex (PTC3), having TccC3 as the type of
C-protein in the complex. The structure was obtained through co-crystallization of
purified A protein TcdA1 and the binary B-C proteins TcdB2-TccC3 expressed as a
fused single gene product (Meusch et al. 2014). The binary TcdB2–TccC3 proteins
bind tightly to the top of the TcdA1 pentamer at an approximate 45 ° angle to its
longitudinal axis forming a distorted six-bladed β-propeller structure having pseudo
fivefold symmetry (Fig. 55.2e). The β-propeller is in an open conformation when
bound to the TcdA1 pentamer, providing a chamber for the Chvr to pass through
into the channel of the pentameric TcdA1, as evidenced by extra density found
inside the pore of the toxin complex (Meusch et al. 2014). It is believed that Chvr is
in an unfolded state when inside the channel. The structure of the entire PTC3
complex has an analogous overall structure to the complete pentameric toxin
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complex from Yersinia entomophaga, except that the Yersinia toxin complex
(Yen-Tc) is reported to be associated with two different chitinase proteins (Chi1 and
Chi2) bound to the outer surface of each YenA protein for a total of ten chitinases,
along with two type C proteins (C1 and C2) associated with a single B protein
(Landsberg et al. 2011). In addition, the A proteins of YenTc are encoded by two
separate genes that essentially form a single TcdA-like protein. Although early
structural studies indicated two C proteins were present for each B protein, later
crystal structures of the BC proteins of YenTc showed them to form binary com-
plexes very similar as seen for TccB2–TccC3 of Photorhabdus (Busby et al. 2013).
Thus we suspect that the purified toxin complex protein reported (Landsberg et al.
2011) was most likely composed of two separate TCs, each sharing the same A and
B proteins, but having different C proteins. Such a structure would conform to the
A5BC structure observed for PTC3 (Meusch et al. 2014).

The role of the chitinases in YenTc was originally thought to function to degrade
the chitin-rich peritrophic membrane of the insect gut to facilitate entry of the toxin
into the cells. Such a mechanism is not required of Tc’s from Photorhabdus or
Xenorhabdus since these Tc’s do not contain chitinases yet are highly toxic toward
insects. Chitinase genes have been found in close proximity with the toxin complex
genes of Xenorhabdus nematophilus, but are not required for their biological
activity (Morgan et al. 2001). Later characterization of the chitinases of YenTc
showed optimum endochitinase activity at pH values of neutral to acidic, whereas
the pH of the lumen of the gut of some insects that the toxin was active against was
as high as 9, where these chitinases were found not to have any biological activity
(Busby et al. 2012). The chitinases found on YenTc may instead have a role in
toxicity after the complexes enter the cell and kills the insect. Certainly, making and
characterizing YenTc mutants lacking the chitinase proteins would bring clarity to
the role of these proteins in the toxicity mechanism.

The genomes of Photorhabdus luminescens contains multiple different genes
encoding TcA–, TcB–, and TcC–like proteins, which allows for the formation of
different toxin complexes depending upon which A, B, and C protein combinations
are contained within the complex (Waterfield et al. 2005). Different TcB and TcC
proteins can be combined with different TcA proteins to form a wide variety of
different Tc’s which can express different toxicity mechanisms and attack different
hosts. Hybrid toxins can potentially be made that have unique insect specificity
depending on the type of TcA, TcB, and TcC proteins contained in the toxin
complex. Although a complete comparison has not been made, it has been shown
that different pairs of TcB and TcC proteins can be co-expressed and they bind to
the various TcA-like proteins to form mixtures of different toxin complexes. Indeed,
TcB and TcC proteins from Photorhabdus luminescens (TccB2 and TccC3) have
been co-expressed and added to a TcA protein from Xenorhabdus nematophilus
(XptA2) to form a hybrid toxin complex from two different organisms. This toxin
complex expresses the insect selectivity determined by XptA2, but the molecular
toxicity is a result of the actions of the hypervariable region of TccC3 (Sheets et al.
2011).
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3 Biological Activities of Tc Toxins

Early studies indicated that the maximal insect-killing activity of Tc toxins depends
on the combination of all three Tc components, including TcA, TcB, and TcC
(Waterfield et al. 2001a). The tripartite Photorhabdus luminescens Tc complexes
were studied in hemocytes obtained from the hemocoel of Galleria mellonella
larvae (Lang et al. 2010). These studies revealed inhibition of phagocytosis by the
toxin complexes consisting of TcdA1, TcdB2, and TccC3 (PTC3) or TcdA1,
TcdB2 and TccC5 (PTC5), while the individual proteins were without effects. It
turned out that inhibition of phagocytosis was caused by effects of the toxin on the
actin cytoskeleton. However, studies with hemocytes and also with mammalian
cells showed that PTC3 and PTC5 each affect the actin cytoskeleton in a different
manner. While PTC3 induces aggregation of F actin, PTC5 causes formation of
stress fibers. The combination of both toxins results in strong clustering of F-actin
accumulations with loss of the normal cell morphology. The underlying molecular
mechanisms are the ADP-ribosyltransferase activities of the TccC3 and TccC5
components (Lang et al. 2010). However, the toxin targets and the functional
consequences of toxin catalyzed ADP-ribosylation are different for TccC3 and
TccC5 toxin components.

3.1 TccC3 Is an ADP-Ribosyltransferase that Targets Actin

In spite of a low overall sequence homology between most bacterial
ADP-ribosylating toxins, their molecular structures are very similar (Hottiger et al.
2010; Simon et al. 2014; Fieldhouse and Merrill 2008; Vogelsgesang et al. 2007;
Pinto and Schuler 2015). Moreover, essential amino acid residues critical for
catalysis of the ADP-ribosyltransferase reaction are frequently conserved. Typical
for a large group of bacterial ADP-ribosyltransferases is the so-called “RSE” motif,
which represents three amino acids involved in NAD-binding (residues “R” and
“S”) and in catalysis (catalytic glutamate “E”) (Hottiger et al. 2010). TccC3, which
harbors the ADP-ribosyltransferase activity in its Chvr, belongs to this family of
RSE enzymes (Pfaumann et al. 2015). Mutational analyses revealed that Arg791
and Glu943 are the pivotal residues of the typical RSE motif. The crucial serine
residue has not been determined with absolute certainty, however serine866 or
serine871 are good candidates (Pfaumann et al. 2015).

3.1.1 Modification of Actin by TccC3 at Threonine148

TccC3 mono-ADP-ribosylates actin at threonine148 (Lang et al. 2010).
Modification of actin at this site has no effect on the native state of actin, thus
ATP-binding is preserved and modified actin still inhibits DNAse I (Lang et al. 2016).
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Moreover, the critical concentration for actin polymerization is not changed.
However, threonine148 is located at the site where actin interacts with thymosin-β4
(Lang et al. 2010). The actin-binding protein thymosin-β4 (*5 kDa) belongs to a
group of rather small peptides, consisting of 42–45 residues, which sequester
G-actin and inhibits salt-induced actin polymerization (Mannherz and Hannappel
2009). ADP-ribosylation of actin at T148 blocks the interaction of thymosin-β4
with actin and prevents its inhibition of actin polymerization (Lang et al. 2010).
Other actin-binding proteins that interact with actin involve threonine148 (Lang
et al. 2016). For example, the interaction of gelsolin and of ADF/cofilin with actin
ADP-ribosylated at threonine148 is impaired. Under physiological conditions,
gelsolin and ADF/cofilin induce fragmentation of F-actin and thereby control the
dynamics of actin treadmilling (Pollard and Cooper 2009; Dominguez and Holmes
2011). By contrast, the interaction of actin ADP-ribosylated at threonine148 with
profilin is not affected. Profilin supports plus-end polymerization of actin and
enhances formin-induced actin elongation. Thus, ADP-ribosylation of actin at
threonine148 favors actin polymerization while actin fragmentation and severing is
inhibited. Moreover, ADP-ribosylation at threonine148 appears to affect actin–actin
interaction in favor of F-actin bundling and aggregation, eventually, resulting in
destruction of the normal cell morphology and in cell death (Lang et al. 2010; Lang
et al. 2016) (Fig. 55.3b).

3.1.2 Photorhabdus Toxin Photox Modifies Actin at Arginine177

Various bacterial toxins modify actin by ADP-ribosylation (Aktories et al. 2011)
including the binary toxins Clostridium botulinum C2 toxin (Aktories et al. 1986),
C. perfringens iota toxin (Schering et al. 1988), C. difficile transferase CDT (Gülke
et al. 2001; Schwan et al. 2009) and Bacillus cereus vegetative insecticidal proteins
(VIP) (Han et al. 1999). Moreover, various bacterial effectors like Salmonella
enterica SpvB (Tezcan-Merdol et al. 2001) and Aeromonas salmonicida AexT
(Vilches et al. 2008), which probably enter target cells by type III secretion,
ADP-ribosylate actin. However, these toxins do not modify threonine148 but
instead ADP-ribosylate actin at arginine177 (Vandekerckhove et al. 1987, 1988;
Hochmann et al. 2006). This modification of actin at arginine177 inhibits the
formation of actin filaments by steric hindrance and therefore blocks actin poly-
merization (Aktories et al. 1986; Aktories and Wegner 1989, 1992). Moreover, it
causes F-actin depolymerization by an actin-capping effect at the plus-ends of actin
filaments (Wegner and Aktories 1988). Photorhabdus luminescens produces a
potential toxin called Photox, which possesses ADP-ribosyltransferase activity and
modifies actin at arginine-177 (Visschedyk et al. 2010). Although the translocation
mechanism of Photox into target cells is not known, it is remarkable that
Photorhabdus luminescens produces toxins that cause polymerization of actin (e.g.,
TccC5-containing Tc complexes) and also release toxins (e.g., Photox) that induce
depolymerization of actin filaments and of the actin cytoskeleton. Eventually, both
toxin effects are detrimental for targeted cells. However, a precise spatial—and
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time-dependent control of the toxins’ actions may provide an advantage for
Photorhabdus luminescens and its specific life cycle.

3.2 TccC5 Is an ADP-Ribosyltransferase that Targets Rho
Proteins

TccC5 also harbors ADP-ribosyltransferase activity in its Chvr. The RSE motif for
TccC5 ADP-ribosyltransferase activity comprises arginine774, serine809 and glu-
tamate886. Mutations of these residues result in inhibition of the
ADP-ribosyltransferase activity (Pfaumann et al. 2015). Biochemical studies and
mass spectrometric analysis showed that Rho proteins are the substrates of TccC5
(Lang et al. 2010).

3.2.1 Rho Proteins Are Substrates of TccC5

Rho proteins belong to the superfamily of Ras proteins and are regulated by a
GTPase cycle (Cherfils and Zeghouf 2013; Jaffe and Hall 2005; Heasman and
Ridley 2008) (Fig. 55.3a). They are active in the GTP-bound form and inactive
after GTP hydrolysis. GTP-binding is achieved by guanine nucleotide exchange
factors (GEFs) (Garcia-Mata and Burridge 2007), which induce the release of GDP
bound to Rho proteins. Because the concentration of GTP in the cytosol is higher
than the concentration of GDP, release of GDP results in subsequent binding of
GTP. The activate state of Rho proteins is turned off by hydrolysis of bound GTP, a
process which is facilitated by GTPase activating proteins (GAPs) (Scheffzek et al.
1998). In the GTP-bound form, Rho proteins interact with numerous effectors
including various protein kinases, adaptor, and regulatory proteins (Thumkeo et al.

JFig. 55.3 Mode of action of Tc toxins. (A) TccC5 activates Rho proteins by ADP-ribosylation at
glutamine63. a Rho proteins are regulated by a GTPase cycle, are activated by GEFs and
inactivated by GTP hydrolysis, which is facilitated by GAPs (GTPase activating proteins). GDIs
(guanine nucleotide dissociation inhibitors) keep Rho proteins in the cytosol. GTP-bound Rho
activates multiple effectors. A major effect of active Rho is the organization of the actin
cytoskeleton involved in phagocytosis, migration and immune cell signaling. b TccC5
ADP-ribosylates RhoA in glutamine63, thereby GTP hydrolysis is blocked and Rho is persistently
active, resulting in enhanced actin polymerization and deregulation of actin functions. In addition,
TccC3 ADP-ribosylates actin causing actin clustering (see below). (B). Model for the action of
Photorhabdus Toxin complex. The toxin complex proteins come together to form a complete toxin
complex which binds to membrane bound receptors on midgut cells and is endocytosed into the
cell. At low pH in the endosome, the Tc forms a pore that releases, through a syringe-like
mechanism, the Chvr of the TcC protein into the cytosol. The Chvr of TccC3 ADP-ribosylates actin
at threonine-148, which inhibits actin interaction with actin-binding proteins like thymosin β-4
(Tβ-4), gelsolin (Gel) or ADF and induces actin polymerization and clustering. The Chvr of TccC5
ADP-ribosylates Rho GTPases resulting in its persistent activation leading to actin polymerization.
Both toxins largely redistribute the actin cytoskeleton and cause actin clustering leading to toxicity
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2013). A prominent role of Rho proteins is the regulation of the actin cytoskeleton
and of actin-dependent processes. Thus, Rho proteins regulate multiple cellular
motile functions like cell migration, phagocytosis, vesicle traffic and cytokinesis.
However, Rho proteins are also involved in transcriptional control and cell cycle
regulation (Hanna and El-Sibai 2013). Moreover, Rho proteins are preferred sub-
strates of bacterial protein toxins and effectors (Aktories 2011; Lemichez and
Aktories 2013).

3.2.2 Functional Consequences of Rho ADP-Ribosylation by TccC5

Preferred in vitro substrates of TccC5 are RhoA, RhoB and RhoC, Rac1, 2 and 3,
Cdc42 and Tc10 (Pfaumann et al. 2015; Lang et al. 2010). Modification occurs at
glutamine63 of RhoA and glutamine61 of Rac and Cdc42. This residue is located in
the switch II region of the small GTPases and is essential for GTP hydrolysis
(Cherfils and Zeghouf 2013). Thus, toxin-induced ADP-ribosylation at this position
inhibits GTP hydrolysis by the small GTPase and turns the GTP-binding protein
into a persistently active protein (Lang et al. 2010) (Fig. 55.3a). The consequence
of toxin-caused activation of RhoA is the strong formation of stressfibres, which is
a typical cell culture response following RhoA activation. Thus, in cell culture, the
RhoA effect appears to be dominant. However, when both active TcC components
(e.g., TccC3 and TccC5) were added to cell cultures as part of the complete Tc
complexes, stressfibers are no longer visible but gross actin clustering is observed,
indicating that modification of threonine148 by TccC3 is dominant (Lang et al.
2010). Activation of Rho and Rac proteins by TccC5 was studied in comparison
with the cytotoxic necrotizing factor CNF1 of Escherichia coli, which activates Rho
proteins by deamidation of glutamine63 (Schmidt et al. 1997). Surprisingly, acti-
vation of RhoA by deamidation is transient and returns to normal Rho activation
levels after 18 h, while TccC5 causes RhoA activation for more than 18 h
(Pfaumann et al. 2015). Similar results are observed with Rac proteins. Activation
of Rac by CNF1 is transient with subsequent degradation of Rac, while TccC5
causes persistent activation over 18 h without degradation of Rac.

In congruence with TccC3, which directly ADP-ribosylates actin at thre-
onine148, ADP-ribosylation of RhoA by TccC5 favors actin polymerization (Lang
et al. 2010; Pfaumann et al. 2015). Accordingly, both toxins share a similar effect
on gene transcription regulation by myocardin-related transcription factor A (ter-
med MAL or MRTF). MAL is an essential coactivator of the transcription factor
serum responsive factor (SRF) (Medjkane et al. 2009; Posern and Treisman 2006).
The transcriptional regulator Mal interacts with G-actin thereby inhibiting its
transcriptional activity. Polymerization of actin releases MAL from G actin and
supports MAL-mediated transcriptional activation resulting in increased expression
of multiple proteins involved in organization of the cytoskeleton, adhesion and in
motile functions including actin itself (Medjkane et al. 2009; Posern and Treisman
2006). Studies showed that TccC3 as well as TccC5 strongly induce MAL
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activation (Pfaumann et al. 2015). Thus, manipulation of MAL-dependent function
including signaling, migration and adhesion of Photorhabdus toxins target cells
may play an important role in host–pathogen interaction in larvae.

4 Conclusions

Recent studies have shed light on the structure and function of the huge and highly
complex toxin complex toxins from Photorhabdus luminescens. These tripartite
toxins are a paradigm of a novel toxin delivery system using a syringe-like
mechanism to transport an enzymatic toxin into a cell. Because Tc toxins are found
in various species from different bacterial genera, these recent findings will help us
better understand toxin-dependent host–pathogen interactions caused by these
proteins. There are still many outstanding questions concerning the binding of the
TcA component of the toxin complex to target cells, the delivery into, and the
action of the biological active components (TcC) in host cells. For example,
identification of the toxin receptor (or receptors) would be of major importance.
Moreover, numerous TcC components have been identified in the genome of
Photorhabdus, and related bacteria, which share high sequence similarity in their
N-terminus but largely differ at the C-terminus, where the biological activity is
located. Sequence analyses clearly show that these hypervariable region most likely
harbor different biological activities. Therefore, it would be exciting to analyze
these activities in detail. Insecticidal bacterial protein toxin play a still increasing
role in pest control and parasite management. The various toxins of Photorhabdus
species including the Tc toxins may increase our armamentarium against various
types of insect pests. One prerequisite for the efforts to obtain novel, even more
effective insecticidal agents against insect pests is the detailed understanding of the
mode of action of these toxins.
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