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Abstract
The Serratia entomophila antifeeding prophage (Afp) forms a phage-tail-like particle that acts on the New
Zealand grass grub, Costelytra zealandica. An optimised expression and purification protocol for the Afp and
its derivatives was developed. The ability to purify the Afp in conjunction with bioassays enabled the 3 day
LD50 to be defined as approximately 500 Afp particles required to cause a cessation of feeding activity by the
C. zealandica larva. Genetic manipulation allowed for construction of Afp variants. Genes (afp1-18) encoding
components of Afp were expressed and their products purified allowing morphological assessment of the
products by transmission electron microscopy (TEM). Expression of afp1-15 resulted in the formation of a nonsheathed structure termed the tube-baseplate complex (TBC), composed of an irregular-length tube attached
to a baseplate with associated tail fibers. Expression of afp1-16 produced mature, normal-length Afp particles,
whereas co-expression of afp16 with afp1-15 in trans resulted in the formation of aberrant Afp particles of
variable lengths. A C-terminally truncated Afp16 mutant resulted in a phenotype intermediate between mature
Afp and TBC. Analysis of TEM images of purified Afp16 revealed a hexameric ring-like structure similar to that
formed by the gp3 of phage T4 and gpU of phage λ. The addition of purified Afp16 to Afp unravelled by acidic
treatment resulted in the formation of shorter tubes when sample pH was adjusted to 7 than those formed in
the absence of Afp16. These results suggested that Afp16 terminates tube elongation and is involved in sheath
formation. Assessment of purified Afp particles derived from pAF6 clones bearing transposon insertions in the
ORF afp14 resulted in the production of mature Afp of shorter than regular lengths. The resultant lengths
corresponded with the predicted length of the translated protein up to the transposon insertion site, suggesting
that Afp14 is a ruler protein determining the length of the Afp. Subjecting the Afp and TBC to a variety of
chemical treatments resulted in structural alterations. Bioinformatic analysis and comparison of Afp and TBC
protein compositions in combination with the observed mode of Afp length control allowed the development of
a model for Afp assembly.

Keywords: Serratia entomophila, Anti feeding prophage, Afp, tailocin, Afp16, tail length termination, tail termination
protein, TrP, Afp14, ruler protein
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Chapter 1. Introduction

Chapter 1 Introduction
1.1 Overview
Serratia entomophila and Serratia proteamaculans (Enterobacteriaceae) cause amber disease in the larvae
of the New Zealand grass grub Costelytra zealandica (Coleoptera: Scarabaeidae) (Trought et al., 1982). The
diseased larvae stop feeding and their colour turns amber. One of the main virulence determinants of amber
disease, termed the antifeeding prophage (Afp) (Hurst et al., 2007) is present on a large plasmid termed
pADAP, for an amber disease associated plasmid (Glare et al., 1996; Hurst et al., 2011a). Afp is encoded by
18 open reading frames (ORFs) (Hurst et al., 2004). Afp forms a phage tail-like structure, which is thought to
deliver a protein toxin cargo into the larval gut cells (Hurst et al., 2007) and therefore is a good candidate as a
biological control agent for insect pests. The structural and functional study of this unique particle may
potentially allow for it to be functionally manipulated in the future. The objective of this PhD research project is
to enhance the understanding of how an Afp particle is assembled, and to define the roles of the various Afp
proteins.
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1.2 Amber disease of the New Zealand grass grub C. zealandica
1.2.1 Introduction to biocontrol
The wide practice of monoculture in modern agricultural industry, where plants of a single species grow in high
density, led to the uncontrolled growth of pest populations and outbreaks of diseases (Thacker, 2002). The
modern

chemical

control

of

agricultural

pests

started

with

the

discovery

of

DDT

(Dichlorodiphenyltrichloroethane) in 1939 that showed it to be highly toxic to insects. Many new insecticides
have been discovered since then, and are widely used to combat insects (Thacker, 2002). Despite the many
successes resulting from implementation of this technology, there were expressions of concern in the scientific
community that prophylactic chemical-based insect control could be harmful to the environment and to humans
(Carson, 1962). Additionally, the broad use of insecticides have reduced or eliminated natural predators of the
pests (Thacker, 2002).
One of the ways to overcome this obstacle is to control pests using their natural predators or other living
organisms. This approach to pest control is called biological control. It has recently become popular resulting
in the development of many new biological pest control methods (Brownbridge et al., 2007). Fungi are the
species most broadly used for biological control. For example the European cockchafer (European beetle of
the genus Melolontha, in the family Scarabaeidae) is controlled in Austria, Italy and Switzerland by Beauveria
brogniartii (Keller et al., 2003; Zimmermann, 2007). Another fungi Metarhizium anisopliae has been used to
manage the red-headed pasture cockchafer (Adoryphorus coulani) in Australian pastures (commercialised as
BioGreen®). Nematodes, or roundworms, may also be useful in controlling indigenous pests such as the grass
grub and the bronze beetle.
The most successful biological pest control agent in New Zealand pastures has been the soil bacterium
Serratia entomophila (Brownbridge et al., 2007), which is the cause of amber disease in the grass grub
Costelytra zealandica (Trought et al., 1982) as stated above. The bacterium was first commercialised as
Invade™ and later as Bioshield™. When using Bioshield™, the controlling bacteria are supplied to the soil
coated onto zeolite granules. A statistically significant 20% increase in disease levels of the C.zealandica
larvae was shown following treatment with Bioshield™, indicating the success of the treatment (Townsend et
al., 2004). This figure does not account for the downstream transfer and spread of the disease which is
responsible for the reduction of larval populations and maintaining the disease in the treated population for
several years after application (Jackson, 1993). The development of new biocontrol methods requires an
improved level of understanding of how biocontrol agents function. The underlying aim of this study was to
enhance the understanding of how Afp functions. This would make it possible for this particle to be genetically
manipulated with a goal of improving its biocontrol properties.

1.2.2 New Zealand grass grub C. zealandica
The New Zealand grass grub, C. zealandica, first described by White (1846), is a ubiquitous endemic pest in
New Zealand. It is a native species that has bloomed on introduced grasses under modern farming systems
(Jackson et al., 1991). Pasture damage occurs through larval feeding on the roots of pasture grasses and
clover and causes up to NZ $100 million damage per year (Grimont et al., 1988b). Among the other pests, C.
zealandica has been reported to cause 50% losses to ryegrass swards (Zydenbos et al., 2011). The damage
levels of the larvae are usually reached 2-4 years after a pasture is sown (East et al., 1980). The damage from
-2-
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C. zealandica larvae is seen as damaged patches on the pastured land (Figure 1-1). In the absence of
treatment, the size of damaged patches increases yearly (Kain and Atkinson, 1972).

Figure 1-1. Pasture damage caused by the New Zealand grass grub C. zealandica.
(A) Damaged patches on the pastured land (indicated with arrows) caused by the C. zealandica. (B) The larvae of the C.
zealandica feeding on the roots of the pastoral grass (shown by arrows). Photos of the grass grubs and pasture damage
were provided by AgResearch Lincoln photo collection.

1.2.3 Discovery of the amber desease
It was observed that throughout the Canterbury region, the C. zealandica population gradually increases over
a period of three to five years before dropping off. This observation encouraged an intensive screening
program that was carried out during 1981. Through this screening program, a pathogenic determinant was
identified on the diseased larvae. It was attributed to a bacterium that was first tentatively identified as Hafnia
alvei. The disease was first called “honey disease” because of the characteristic colour of the infected larvae
(Trought et al., 1982). The disease was later renamed “amber disease” due to protests from beekeepers.
During 1983 many grass grub larvae with amber disease symptoms were collected throughout New Zealand.
Two bacteria species were found to be responsible for this disease: S. marinorubra (previously identified as
Hafnia alvei) and S. liquefaciens (Stucki et al., 1984). The similarities observed in the identified species at both
the DNA and biochemical levels resulted in the names of the species being changed to S. entomophila and S.
proteamaculans, respectively (Grimont et al., 1988a). S. entomophila occurs naturally in the soil; however, its
population increases in direct proportion to the increase of the C. zealandica population. This occurs due to
the bacteria’s proliferation in the insect gut and their release upon decay of the insect cadaver (O'Callaghan
et al., 1989). Species of the genus Serratia (Enterobacteriaceae) belong to the non-spore-forming, non-3-
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capsulated gram-negative bacteria that are widespread in the environment. Serratia species are most
commonly isolated from soil and water. Some of them, however, are associated with insect mortality, plant and
animal disease and opportunistic pathogenesis in human patients with compromised immune systems
(Grimont and Grimont, 1992). Due to its effect on the grass grub C. zealandica, S. entomophila was chosen
as a candidate for biological control (Jackson et al., 1993).

1.2.4 Pathogenesis of amber disease
S. entomophila and S. proteamaculans are the causal agents of amber disease in the New Zealand grass
grub. This disease is highly host-specific and only affects the larvae of C. zealandica. Larvae that have ingested
the bacteria cease feeding 2 to 5 days post ingestion. The larval gut, which is normally dark in colour, is voided,
resulting in the characteristic amber colouration of the infected insect (Figure 1-2A; Jackson et al., 1993). The
levels of the major gut digestive enzymes (trypsin and chymotrypsin) decrease (Jackson, 1995). Amber disease
of the C. zealandica is chronic: the larvae may remain in this state for one to three months before the bacteria
eventually invade the haemocoel causing general septicaemia and death of the insect larvae (Jackson et al.,
1993, Jackson et al., 1991). To date, no site of colonisation in the gut of the larva has been identified.

Figure 1-2 Amber disease of the New Zealand grass grub C. zealandica.
(A) Photographs of C. zealandica larvae fed wild-type A1MO2 S. entomophila strain. The larvae demonstrate distinct
amber colouration and an absence of feeding (indicated by the unconsumed carrot cube). (B) No bacteria added to the
carrot (negative control) results in healthy feeding larvae of a greyish appearance. The figure was adapted from Hurst et
al. (2004).

1.2.5 Determinats of amber disease
Glare et al. (1996) noticed that subjecting the S. entomophila strain A1MO2 to heat treatment (40-42°C for 5-7
days) resulted in loss of its virulence. The authors correlated the loss of virulence with the loss of a plasmid that
was only present in virulent strains. The plasmid was termed pADAP for amber disease associated plasmid. The
authors transferred the pADAP plasmid to several Enterobacteriaceae strains. This resulted in the bacteria
that received the pADAP plasmid being endowed with the ability to cause the amber disease in C. zealandica
larvae (Glare et al., 1996). DNA sequencing revealed that pADAP is a 153.5 kb plasmid which encodes
replication and conjugation regions that enable its survival and propagation within the bacteria host. The other
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two regions, sep and afp (Sections 1.2.5.1 and 1.2.5.2, respectively), are responsible for its virulence (Figure
1-3).

Figure 1-3 Schematic of the S. entomophila pADAP virulence plasmid.
The afp region is responsible for the cessation of feeding by the larvae while the translated products of the sep virulenceencoding region induce amber colouration and clearance of the larvae’s gut. Replication, conjugation and fimbriae regions
are other important features of the pADAP plasmid that are responsible for the survival of the plasmid and for maintaining
its replication. The figure is modified from Hurst et al. (2011a).

1.2.5.1 Sep gene cluster
Grkovic et al. (1995) found that two mutations in pADAP abolished gut clearance and amber colouration of the
C. zealandica while larvae were not feeding (example shown in Figure 1-4C). DNA analysis of the affected region
identified a gene cluster designated sepABC that is responsible for S. entomophila pathogenicity (Desiere
Desiere et al., 2002; Hurst et al., 2000). The sep cluster consists of 3 genes sepA, sepB and sepC. The
corresponding SepA, SepB and SepC proteins show significant amino acid similarity to the Tc proteins of the
bacteria Photorhabdus luminescens (Bowen et al., 1998). The activity of P. luminescens is as follows: the
bacterium lives in a mutualistic association with entomophagous nematodes of the family Heterorhabditae. The
nematode infects a range of insects including Manduca sexta and the wax moth, Galleria mellonella. Upon
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invasion of the insect hemocoel by the nematode, the bacteria are released into the hemocoel and kill the
insect within 24-48 hours. The nematodes then feed on both the bacteria and the insect cadaver (Dunphy and
Webster, 1988). The bacteria produce light, which is emitted by the dead insect, and are therefore designated
P. luminescens.
The sepABC genes were placed under an arabinose inducible promoter (Hurst et al., 2007a) and co-expressed
in E. coli. Their translated products were purified and fed to C. zealandica larvae causing all the symptoms of
amber disease. Of interest, approximately 64% of the diseased larvae reverted from a diseased to a healthy
phenotype 14 days postingestion (Hurst et al., 2007a).
The pADAP-cured S. entomophila that contained the cloned sep genes were able to induce all the symptoms of
amber disease in the grass grub: cessation of feeding, amber colouration and gut clearance. On the other hand,
the S. entomophila strain carrying the pADAP plasmid that contained transposon mutated sep region showed a
partial disease pathotype. The diseased larvae demonstrated cessation of feeding activity while no clearance
of the gut or amber colouration of the larvae was observed (Hurst et al., 2000). For that reason, Hurst et al.
(2000) suggested that there must be another region on the pADAP plasmid responsible for the cessation of
feeding.

1.2.5.2 Afp gene cluster
The second pADAP virulence encoding region was first described by Hurst et al. (2004). Through serial deletions
of the pADAP plasmid, the authors identified a region of DNA that was able to induce cessation of feeding activity
by C. zealandica larvae. This region was sequenced, annotated and designated afp (Hurst et al., 2004). A
plasmid, designated pAF6, was then constructed that encoded the afp region. When placed in an E. coli
background, the plasmid pAF6 was able to induce the cessation of feeding by the C. zealandica larvae that was
followed by amber colouration. The phenotype induced by E. coli and S. entomophila (cured from pADAP) strains
carrying pAF6 was different from the wild type amber disease. Gut clearance was incomplete, with the larvae
retaining a darkened midgut (Figure 1-4D and Figure 1-4E).
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Figure 1-4 Amber disease of the New Zealand grass grub C. zealandica.
Photographs of C. zealandica larvae fed different S. entomophila and E. coli strains. (A) wild-type S. entomophila A1MO2
strain containing fully functional pADAP plasmid induces distinct amber colouration and causes cessation of feeding by
the larvae (indicated by the unconsumed carrot cube). (B) No bacteria added to the carrot (negative control) results in
healthy feeding larvae; (C) Larvae fed with the S. entomophila pADAP variant that contains a mutation in sepC gene
appear healthy but are unable to feed. (D) Larvae fed E. coli containing the pAF6 plasmid (only afp gene cluster, no sep).
(E) Larvae fed S. entomophila cured from pADAP plasmid but containing the pAF6 plasmid are not feeding and display
a glassy-opaque pathotype and absence of gut clearance (denoted by red arrows). The red box shows a larva in the later
stages of the disease demonstrating gut clearance. Photographs were taken on day 9 of a standard bioassay. The figure
was adapted from Hurst et al. (2004).
Bioinformatic analysis of the pAF6 plasmid revealed that 16 ORFs (Figure 1-5) possessed significant amino
acid sequence similarities to the Photorhabdus virulence cassettes (PVCs) in P. luminescens TTO1 (Duchaud
et al., 2003; Hurst et al., 2004; Waterfield et al., 2004). The two ORFs located downstream from those 16
ORFs were predicted to be toxins (Hurst et al., 2004; Figure 1-5). Similar to the sep virulence determinants,
PVCs were found in the genome of the insect-pathogenic bacterium Photorhabdus (Figure 1-5). They were
shown to induce injectable insecticidal activity in the larvae of the wax moth when expressed in E. coli (Yang
et al., 2006).
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Figure 1-5 Comparison of the afp gene cluster with selected PVC gene clusters.
(A) Schematics of genetic organisations of the S. entomophila afp gene cluster and its P. luminescens subsp. laumondii
TTO1 analogues (Duchaud et al., 2003). ORFs are represented by arrows with their designations indicated below. Areas
of similarity between afp and PVC genes coding for the predicted structural backbone are designated as “conserved
structure”, while the predicted toxin genes have no similarity amongst each other. This figure is modified from Hurst et
al. (2004).
Three years later Hurst et al. (2007) showed that the Afp, similar to the PVC (Yang et al., 2006) forms an
assembly, which resembled a phage tail. Like the phage tail (Section 1.4.2), this assembly was shown to
consist of a sheath, a tube (sometimes called inner core), baseplate and tail fibres (Figure 1-6). The particles
were found to be present in two forms: uncontracted (Figure 1-6A) and contracted (Figure 1-6B). The length
of Afp in its uncontracted form was initially estimated to be 83.5±5.1 nm (Hurst et al., 2007). This value was
shown to be approximately 110 nm (Heymann et al., in press) based on higher quality transmission electron
microscope (TEM) images. Hurst et al. (2007) also demonstrated that the purified Afp induces cessation of
feeding. Afp in high doses causes the larvae to change colouration from normal to amber within 48 hours
postinoculation. The larvae die within 14 days post application (Hurst et al., 2004).
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Figure 1-6 Schematics and TEM image of Afp particle with substructures.
Uncontracted (A) and contracted (B) forms of Afp with substructures: sheath, tube, baseplate and tail fibres. Scale bar =
10 nm.

1.2.6 Regulation of amber disease determinants
As previously mentioned (Section 1.2.4), amber disease is chronic with the death of the larvae occurring
approximately three months after the ingestion of the bacteria (Jackson et al., 1991). On the other hand, the
study of Hurst et al. (2004) showed that afp present in the pAF6 construct, with approximately 50 copies per
cell in E. coli cells, was able to cause amber colouration and mortality of the larvae within 14 days post
application. The authors suggested that a limited number of Afp particles are produced in the grass grub
system resulting in a sub lethal effect (antifeeding). The regulation of the pADAP plasmid was investigated In
order to understand the chronic nature of the amber disease.

1.2.6.1 Afp cluster regulation through the amb2 locus
The amb2 locus is situated upstream from afp genes (Figure 1-7) and codes for the proteins AnfA1 and AnfA2.
This region was first thought to be responsible for causing the amber disease symptoms by the C. zealandica
larvae, as its deletion resulted in abolishing of the amber phenotype (Nuñez-Valdez and Mahanty, 1996).
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Figure 1-7 afp gene cluster with amb2 locus, ops element and the lysis cassette is regulated by RpoS.
According to the model proposed by Hurst et al. (2007), RpoS, which is produced in the stationary phase, induces the
expression of AnfA1. AnfA1 is thought to have a role in denaturing hairpin structures in the afp RNA, enhancing the
expression of the distal afp genes. Scale bar = 15 nm.
Later it was shown that AnfA1 exhibits a high degree of similarity to RfaH, which is a member of the NusGtype activator family (Hurst et al., 2004). The RfaH protein is a transcriptional factor for the genes that encode
synthesis of the sex pilus and lipopolysaccharide core attachment of the O antigens of E. coli and Salmonella
and hemolysin synthesis in E. coli (Bailey et al., 2003). The RfaH protein binds to an ops element which is
typically located upstream of an RfaH regulated gene cluster. RfaH is thought to function by denaturing hairpin
structures in the RNA, enhancing the transcriptional elongation of RNA to proximal genes in an operon (Bailey
et al., 2003). Given the presence of an ops (operon polarity suppressor) element upstream from afp1, it was
suggested by Hurst et al. (2004) that AnfA1 may play a similar role to the RfaH-like NusG. It may be responsible
for denaturing hairpin structures in the afp RNA resulting in enhanced expression of the distal afp genes.
Indeed, Hurst et al. (2007) demonstrated that the production of afp genes present on the pAF6-21 plasmid
could be induced in an E. coli background through the trans based expression of anfA1. The plasmid
pASANFA1 was generated containing the ORF anfA1 under the arabinose-inducible promoter (Table 2-2;
Hurst et al., 2007). It is of interest that the inactivation of AnfA1 locus in the pAF6 construct had no effect on
the inhibition of antifeeding activity (Hurst et al., 2004). The authors speculated that the high amount of total
RNA produced by the high-copy pAF6 plasmid might increase the total number of transcripts that are not
terminated too early.

1.2.6.2 Regulation of the amb2 locus through RpoS
AnfA1 was shown to be partly regulated by the global regulator RpoS (Figure 1-7; Giddens et al., 2000). The
RpoS regulator is required by a majority of bacteria when they enter into the stationary phase and for survival
under stress conditions. The stress genes that are regulated by RpoS prevent cell damage. To date,
approximately 100 genes have been known to be regulated by RpoS in E. coli (Vijayakumar et al., 2004). It
was demonstrated that the expression of anfA1 in the stationary phase was approximately four times higher
in cells with functional rpoS genes, than in rpoS mutant cells (Giddens et al., 2000). On the other hand, the
same study reported that the strain bearing the rpoS mutation still produced higher amounts of anfA1 in the
stationary phase than in the exponential phase. The authors therefore suggested that the expression of anfA1

- 10 -

Chapter 1. Introduction

and consequently the expression of afp in the stationary-phase is predominantly rpoS dependent, while it may
be partly regulated by other sigma factors in bacteria.
The S. entomophila A1MO2 sepB/rpoS double mutant was constructed by Sheen (2008). This mutant, when
fed to C. zealandica larvae, did not induce amber disease. Larvae infected with the S. entomophila rpoS
mutant, however, developed the characteristic amber colouration but continued to feed (Giddens et al., 2000;
Sheen, 2008). Some of the larvae infected by rpoS mutant S. entomophila continued to feed. Those larvae
also exhibited a dark gut, suggesting that gut clearance was incomplete. One possible explanation given by
the author was that this was due to the sep cluster, which was still active in the absence of RpoS. It was
speculated that the afp cluster may slow or stop the natural flushing action of the larvae’s gut allowing bacteria
to adhere to the cell walls (Sheen, 2008; Section 1.2.6.3). RpoS-deficient S. entomophila do not produce Afp
and therefore the flushing of the larval gut continues in insects infected with these bacteria. As a consequence,
fewer bacteria are able to adhere to the cell walls of the larval gut cells and therefore less Sep toxins are
produced resulting in incomplete clearance of the gut (Sheen, 2008).

1.2.6.3 Release of amber disease associated toxins
It has been suggested that afp and sep cassettes integrated in the conserved backbone structure of the pADAP
plasmid in the earlier stages of Serratia evolution, and that sep genes were acquired by pADAP before the
acquisition of afp genes (Hurst et al., 2011b). This was confirmed by the comparison of pADAP variants that had
undergone various plasmid rearrangements. Significant differences were observed in the GC skew of afp and
sep genes and the pADAP backbone structure (Hurst et al., 2011a). GC skew reflects the frequency of G and C
nucleotides in the sequence. The differences in the skew within one sequence usually indicates a different origin
of two regions.
It is still unknown which factors in the C. zealandica larvae gut induce the production of Afp proteins by Serratia,
however, the presence of an intact lysis cassette upstream of the afp genes (Figure 1-7) suggests that the
bacterial cell undergoes lysis when the pathogenicity process is triggered. This results in the death of a subset
of the bacterial population allowing the remaining bacteria to proliferate (Hurst et al., 2004). A similar scenario
was proposed for the release of large proteins from Xenorhabdus nematophilus (Brillard et al., 2003) and P.
luminescens (Waterfield et al., 2001).
The afp lysis cassette that is located 2028 bp upstream of afp1 consists of three ORFs: enp1, hol1 and mur1
(Hurst et al., 2004). All three corresponding proteins possess significant amino acid sequence similarities to
proteins involved in bacterial lysis induced by lytic phages. Phages can reproduce either by lytic or lysogenic
pathways (Bertani, 1953) as described in what follows to draw some similarities with the case for Afp. Following
the lysogenic pathway, the nucleic acid of the phage integrates in the bacterial genome. Its genetic material is
then called prophage and it is replicated as a part of bacterial genome. The lytic development of the phage is
triggered by treatment with DNA damaging agents, like UV or radiation. Consequently the phage starts
replicating within the bacterial cell reproducing new phages (Figure 1-8).
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Figure 1-8 Two pathways of a phage after infecting the cell: lysis or lysogeny—the case of λ phage.
The λ phage infects the cell and by chance (illustrated with a die) either integrates into its genome becoming a prophage
and proliferating with the cell (lysogenic pathway) or follows the lytic pathway where it replicates within the bacterial
cell and releases phage particles from the cell. The lysogenic phage can be induced to enter the lytic cycle by subjecting
the bacterium to UV or mitomycin C among other treatments. The figure is taken from Cao et al. (2010).
Two phage proteins—endolysin and holin, are responsible for the destruction of the cell wall and release of
phages from the bacterial cell. The Afp Enp1 possesses 35% amino acid sequence similarity to the lambdoidtype phage HK620 Rz-type endopeptidase (Hurst et al., 2004). Endopeptidases are enzymes that cleave
amide bonds between two amino acids and belong to the endolysin group. Endolysins are often used by
phages to escape from the bacterial cell during the phage lytic cycle. They may have different enzymatic
activities that result in degradation of peptidoglycan, which is the major component of the bacterial cell wall
(reviewed by Nelson et al. (2012)). The second ORF in the afp lysis cassette is hol1, which codes for a holin.
Holins are the “molecular clock” for the bacteriophage infection (Wang et al., 2000) as they initiate the lytic
cycle by forming pores in the bacterial membrane. Endolysin escapes from the cytosol to the bacterial cell wall
through these pores resulting in the degradation of the cell wall causing cell lysis. The entire process can occur
within seconds (Wang et al., 2003). Some recent studies suggest that the critical levels of holin concentration
trigger the lysis “clock” resulting in membrane disruption (Gründling et al., 2001). Holin genes usually contain
a dual translational start motif responsible for expression of holin and its truncated analogue antiholin (Tedin
et al., 1995). Holin inhibits antiholin activity and vice versa, enabling finetuning of the time point of cell lysis by
the phage (Young, 1992, Wang et al., 2000).
Interestingly, no dual start motif was identified in the Afp Hol1 protein. It was suggested that Afp-related cell
lysis in the Serratia species may therefore be concurrent with the expression of the afp lysis cassette (Hurst
et al., 2004). The last ORF of the afp lysis cassette is a potential muramidase-type lysozyme enzyme mur1
(Hurst et al., 2004). Muramidase-type lysozymes cause bacterial cell wall damage, and in that way facilitate
cell lysis.
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1.3 Use of transmission electron microscopy in structural biology
Because Afp is structurally similar to phage tails, one of the ways to access it is through the use of TEM. TEM
is a powerful tool in visualisation of small biological objects like phages and phage-like particles. Theoretically
the resolution of imaging is limited by the electron wavelength. The main principle of the TEM is the interaction
of an electron beam with the sample (reviewed by Culling, 1974). This interaction can have two consequences:
the electron can either bounce off elastically without loss of energy, or inelastically. In the latter case the
electron transfers some of its energy to the sample. The electron that has bounced elastically retains
information about the distribution of the scattering centres constituting the object. The contrast for biological
specimens at focus is very low unless some staining is used. To enhance contrast, the objective lens is usually
underfocussed leading to what is known as phase contrast. In this latter case the interference between
scattered and unscattered electrons produces differences in intensities in the image plane, generating an
image (Barber, 1984). Negative staining and cryo-EM (Figure 1-9 B and C, respectively) are generally the two
techniques that are commonly used in TEM for sample preparation. Both have some advantages and
disadvantages that are indicated below.

Figure 1-9 Schematic illustration showing negative staining compared to the cryo-EM applied to biological
macromolecules.
(A) Schematic of three macromolecules in different orientations. (B) When using negative staining procedure, the
molecules are embedded into the heavy metal solution. The dehydration of the stain can cause flattening of the sample.
(C) Macromolecules in the frozen-hydrated preparation (for example, cryo-EM) are preserved in their native or nearnative state by being rapidly frozen in vitreous ice. The figure is taken from Steven and Belnap (2005).

1.3.1 Negative staining
Negative staining is a technique that was introduced in 1959 and is used to enhance the contrast of the
biological specimens in TEM. Staining is usually done using heavy metal salts like molybdenum, uranium or
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tungsten. In the negative staining process, the sample is applied to a hydrophilic carbon support film overlaying
a TEM grid. The specimen is allowed to settle followed by application of the stain solution, removal of excess
solution and then air dried. The stain surrounds the sample while being excluded from the volume occupied
by the sample (Figure 1-9B), therefore yielding only surface topography. In the negative stain it is the stain
envelope that is imaged. The term “negative” is used because the areas that are occupied by the sample are
seen as “voids” in the stain. Despite being a very efficient technique, negative staining has several
disadvantages. Firstly, the particle can be distorted during the staining process. Secondly, some artefacts can
arise from the process through an uneven pattern of stain deposition (Figure 1-9B), and finally, the resolution
of the image is limited to approximately 20 Å due to the size of the grains in the staining solution.

1.3.2 Cryo-EM
Cryo-EM is a technique that was developed in the early 1970s (Taylor and Glaeser, 1974) that allows the
sample to be preserved in a thin layer of vitrified buffer below approximately -145°C (Figure 1-9C). At this
temperature water forms an amorphous, glass-like state. The main advantage of this technique over negative
staining is that the sample is hydrated and artefacts due to dehydration minimised. This allows the object to
be observed in its true undisturbed, close to native state, fully three-dimensionally. Moreover, as no resolution
limitation through the stain size occurs, the cryo-EM can provide near-atomic resolution (Ren et al., 2001). For
those reasons cryo-EM is often used for high-resolution structural analysis. This method, however, has certain
limitations. It involves a technically demanding specimen preparation process and demands that samples are
at high concentration.
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1.4 Afp orthologues
Though Afp physically resembles phages, there is little similarity to phages at the DNA or amino acid sequence
level. Electron microscopy of Afp and the P. asymbiotica PVC orthologous (Section 1.4.1), revealed them to
be similar in morphology to R-type pyocins (Hurst et al., 2007; Yang et al., 2006) that in turn have a
resemblance to contractile phage tails. Pyocins, PVC and Afp have recently been termed tailocins—defective
phages that lack heads and contain no DNA (Gill and Young, 2011). It was recently proposed that PVCs, Afp,
and the T4 phage tail components resemble a type VI secretion system (T6SS) (Figure 1-10; Bönemann et
al., 2010, Zhang et al., 2012). The properties of the particles mentioned above are described in further detail
in the following sub sections (Sections 1.4.2-1.4.4). In contrast, Afp has several features that make it a unique
tailocin particle. In the first instance, unlike the tailed phages, Afp contains no DNA and it delivers toxin to the
target cell. Finally, in contrast to the pyocins, which are bacteriocins, Afp has an eukaryotic cell as a target
(Hurst et al., 2004; Hurst et al., 2007).

Figure 1-10 Structural orthologues of Afp.
(A) Electron micrographs showing the structural resemblance of tailocins Afp (adapted from Hurst et al. (2007)) and Rtype pyocin (adapted from Higerd et al. (1969)) to the tails of T4 bacteriophage (adapted from Brenner et al. (1959)).
Scale bar = 50 nm; (B) Afp is physically related to the tail of bacteriophages, R-type pyocin and the type VI secretion
system. This image was adapted from Bönemann et al. (2010).
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1.4.1 The closest orthologues of Afp
To date, the predictions of a functional role for Afp-derived proteins were carried out using bioinformatics
methods by comparing amino acid sequences with the proteins of known functions in other organisms (Hurst
et al., 2004). As mentioned in Section 1.2.5.2, the first 16 afp ORFs exhibit significant similarities in gene order
and also in protein sequences to the PVC gene cluster. Similar gene clusters have also been identified in
Photorhabdus asymbiotica (Waterfield et al., 2004; Yang et al., 2006) and in the draft genome sequence of
Yersinia ruckeri ATCC 29473 (Hurst et al., 2011b; Read, 2009).
Recently bioinformatic analysis showed that Afp/PVC cassettes are distributed not only among pathogenic or
symbiotic bacteria, but similar genome cassettes were also found in some free-living bacteria like Microcoleus
chthonoplastes and in archaea (Zhang et al., 2012). Additionally “aberrant” Afp variants have been found in
several marine bacteria such as Vibrio campbellii AND4.11 (Persson et al., 2009), the amoeba symbiont
Candidatus Amoebophilus asiaticus (Penz et al., 2010), and the parasitic wasp Encarsia pergandiella symbiont
Cardinium hertigii cEper1 (Penz et al., 2012). However, in these Afp orthologues the gene order differs from
the Serratia derived gene cluster. Moreover, some of the Afp orthologues contain only one or two predicted
sheath encoding genes and in some instances some afp genes are missing (Figure 1-11). In spite of the
existence of high numbers of Afp orthologues, all orthologues represent poorly investigated gene clusters with
little or no direct information available about the corresponding functions of the comprising proteins. For that
reason, comparison of the Afp with other well-known phages may provide better insights into assigning putative
functions to the Afp proteins.
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Figure 1-11 Schematic of the S. entomophila afp region and its closest orthologues.
(A) The closest orthologous of Afp, PVCs contain most of the afp genes with the exception of toxin related genes afp17
and afp18. (B) In addition to the toxin related genes, V. campbellii AND4.11 is deficient in afp3 and 6 (Persson et al.,
2009); cEper1 from C. hertigii has no afp1, 6, 10 and 13 (Penz et al., 2012); while A. asiaticus is lacking afp6, 10 and 13
(Penz et al., 2010). Unshaded arrows denoted with “–” have no homology to afp genes. Predicted gene orthologues are
shaded with the same colours.

- 16 -

Chapter 1. Introduction

1.4.2 Phages
As previously mentioned Afp and PVC physically resemble phage tails (Figure 1-10). Phages (or
bacteriophages) are the viruses pathogenic to bacteria. Phages have been extensively studied for decades
and their number has been estimated as more than several hundred thousand or even millions (Rohwer, 2003;
Ackermann, 2011). They occur mostly in oceans and topsoil, but have been found in a range of diverse
environments including volcanic hot springs and animal intestines. Approximately 96% of the phages belong
to the dsDNA tailed phages of the Caudovirales order, or tailed phages (Ackermann, 2011) making them the
most abundant life form on earth (Wommack and Colwell, 2000). A typical Caudovirales phage consists of a
tail connected to a head. The heads contain DNA. The order Caudovirales is subdivided into three families
according to their characteristic tail structure (Figure 1-12). Phages of the family Myoviridae possess tails with
a contractile sheath. The most prominent example of this family is the T4 phage. The Siphoviridae family is
characterised by non-contractile long tails that are not covered by a sheath. The most prominent examples of
the Siphoviridae family are Phage λ and P2 phage. Finally, phages of the Podoviridae family have noncontractile short tails. One example of this family is phage N4.

A

B

C

3

tail
tube
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tube

Figure 1-12 Phages of the order Caudovirale.
The phages of the order Caudovirales possess heads that contain DNA and tails that are responsible for the recognition
of the host cell and the DNA delivery into the host cell. (A) The phages of the family Siphoviridae. (B) The phages of the
family Myoviridae. (C) The phages of the family Podoviridae. This figure was modified from (A and B) Cuervo and
Carrascosa (2012) and (C) Choi et al. (2008).
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1.4.2.1 The bacteriophage T4
The bacteriophage T4 belongs to the family Myoviridae (or phages with contractile tails). Phages of this family
possess a tail which consists of a central tube covered by a contractile sheath, a base plate, six tail pins and
six long fibres (Figure 1-13A). The tail is attached to the head by a neck. The tail fibres recognise the target
cell and attach to it via the baseplate. The baseplate is the most complex assembly within the T4
bacteriophage: it comprises of 15 proteins (Figure 1-13B). Baseplates exist in two conformations: hexagonal
and star; associated with the uncontracted and contracted form of the phage tail, respectively. When tail fibres
come into contact with the target cell, the baseplate changes its conformation from a hexagonal to a star form,
initiating the contraction of the sheath. This results in the tail conformation changing from an uncontracted to
a contracted form. When the sheath contracts, the tube protrudes into the target cell and injects DNA into the
cytosol (reviewed by Kostyuchenko et al., 2005).

A

B
Tail tube

Connection baseplate-tube

Baseplate hub
Baseplate wedge

Connection to
the tail fibers
Baseplate needle

T4 baseplate
Figure 1-13 (A) Schematic representation of the tube-baseplate complex with proteins involved.
(A) A model of the T4 phage particle. (B) The schematic of the T4 baseplate and tail tube with proteins involved in their
structure formation: tail tube (gp19), baseplate hub (gp5, gp27, gp29 and, possibly, gp28), baseplate wedge (gp11, gp10,
gp7, gp8, gp6, gp53 and gp25), baseplate-tail fibres connection (gp9 and gp12), baseplate-tail-tube connection (gp48 and
gp54). The figure is adapted from Leiman et al. (2010).
The assembly of the baseplate occurs in a strictly ordered fashion (reviewed by Leiman et al. (2010); Figure
1-14): when one protein is missing, the whole assembly discontinues at the point where the missing product
is required while the remaining products stay in their unassembled soluble form (Yap et al., 2009). The
assembly starts with the wedges that associate in the order gp11, gp10, gp7, gp8, gp6, gp53 and then gp25.
The proteins gp6, gp25 and gp53 form the upper part of the baseplate dome and surround the hub complex,
which is the central part of the baseplate (Figure 1-13B). The gp25 protein was additionally found to have
lysozyme activity (Szewczyk et al., 1986). The baseplate hub is built independently from the wedge being
composed of the proteins gp5 and gp27 forming a (gp27 – gp5) trimeric complex. This complex forms a “spike”
or “needle” at the end of the tail which acts as a membrane-penetrating structure and additionally as a conduit
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for the passage of DNA into the phage-infected cells (Kanamaru et al., 2002). The baseplate is an assembly
of the wedge and the hub, which involves proteins gp26 (putatively), gp28, gp29 and gp51 (putatively). Gp29
is a ruler protein. It is part of the baseplate and stretches along the tube determining its length (Abuladze et
al., 1994; Section 1.6.1). The connectors to the tail fibres, gp9 and gp12 are subsequently added to the
baseplate followed by the tube connector proteins gp48 and gp54. The baseplate functions as an assembly
nucleus for the gp19 proteins that form the tail tube. Finally, gp18 proteins polymerise around the tube forming
the tail sheath. The gp3 hexameric complex is added to the apical end of the tube stopping its elongation,
followed by a gp15 hexameric complex that stabilises the formation of the sheath and prepares the tail for the
addition of the head (Section 1.6.1; King, 1968; Vianelli et al., 2000).

Figure 1-14 Assembly of the T4 tail.
Schematics of the assembly order of (A) baseplate wedge, (B) baseplate and (C) tail tube and the tail sheath. The
detailed explanation is in the text. The figure is taken from Leiman et al. (2010).
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1.4.3 Pyocins
The term pyocin was first proposed by Jacob in 1954. He described a specific compound produced by some
species of P. aeruginosa when they were irradiated by ultraviolet rays. This compound was released by cell
lysis and absorbed on the cell surface of the susceptible bacteria of the same species leading to their death.
The spontaneous production of pyocin is low, but it can be induced with mutagenic agents such as ultraviolet
irradiation or the addition of mitomycin C to active growing cultures (Kageyama, 1964). There are three types
of pyocins: R, F and S which were extensively reviewed by Michel-Briand and Baysse (2002). While R-type
pyocins resemble the contractile tails of bacteriophages, and F-type pyocins have similarities to the noncontractile phage tails. The S-type pyocins are colicin-like proteins. The R-type pyocin produced by P.
aeruginosa PAO1, has been shown to share an ancestral origin with the temperate coliphage P2 (Nakayama
et al., 2000). These authors speculate that the pyocins are phage tails that have evolved into specialised, cellpuncturing bacteriocins.
R-type pyocin exhibits two forms: an uncontracted form where the outer sheath resembles a bullet-like
structure, and a contracted form in which the tube extrudes from the contracted sheath (Šmarda and Benada,
2005). The pyocins are thought to bind to the bacterial cell wall, where upon contraction of the outer sheath,
the inner core is extended through the bacterial cell wall, causing a loss of membrane potential (Michel-Briand
and Baysse, 2002). It is known that the P. aeruginosa R-type pyocin has a killing efficiency of 1-2 pyocin
particles per target bacterium (Kageyama et al., 1964).

1.4.4 Bacterial T6SS
The analogy of T6SS to the PVC/Afp cassettes was first postulated by Bönemann et al. (2010) who pointed
out that these have similar structure (Figure 1-10). Just as it is true that any organism communicates with the
objects around it, bacteria are no exception. Communication between species involves contact-dependent
intercellular signalling mechanisms (Hayes et al., 2010). For example, bacteria can coordinate cellular
movements between the members of the same species or they can be involved in interspecies competition.
Another contact-dependent mechanism used by bacteria cells is involved in delivery of effector molecules to
target cells. The secreted effector molecules modulate physiology and growth of the target cell and are often
associated with bacterial pathogenicity (Wooldridge, 2009). To date, seven main systems (I to VII) are known
that execute different ways of contact-dependent secretion. All of them form characteristic channels through
the membrane. These channels are used to transport molecules out of the cell through a multilayer cell
envelope (reviewed by Tseng et al. (2009) and Hayes et al. (2010)).
T6SS was first described in the bacterium Vibrio cholera by Pukatzki et al. (2006) and has since been found
in about 25% of all sequenced gram-negative bacteria. The bacteria mostly use T6SS to transport toxic effector
molecules to the bacterial host cells (Pukatzki et al., 2006) or in some cases to the eukaryotic cells (Pukatzki
et al., 2009) in the cell-cell contact-dependent process. The T6SS are encoded by a cluster of 15-20 genes. It
has been recently shown that T6SS resembles an “upside down” phage tail assembly (Basler et al., 2012;
Cascales and Cambillau, 2012; Leiman et al., 2009) embedded in the cell membrane (Figure 1-10). The T6SS
tube consists of Hcp hexameric subunits (Figure 1-15). The tertiary structure of Hcp1 from Pseudomonas
aeruginosa T6SS (PDB ID: 1Y12) resembles the structure of a gpV (PBD 2K4Q), phage λ tail tube protein;
however, no amino acid similarities between those two proteins have been detected (Pell et al., 2009a). The
end of the Hcp tube is connected to a T6SS VgrG puncturing device. According to the recent model, VgrG is
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a trimer similar to the gp27-gp5 trimer of T4 phage (Cascales and Cambillau, 2012; Section 1.4.2). Sequences
and structural comparisons of VgrG with the gp27-gp5 complex suggest the functional similarity of those two
structures (Leiman et al., 2009). The TssE subunit of the T6SS shares a significant (approximately 40%)
similarity with the T4 gp25 component, which is located in the upper part of the baseplate dome of the T4
phage (Leiman et al., 2009). Gp25 of the T4 phage and the T6SS TssE subunit share a significant
(approximately 40%) sequence similarity (Leiman et al., 2009; Lossi et al., 2011) suggesting its role in the
T6SS baseplate-like assembly (Cascales and Cambillau, 2012). It was recently shown that the deletion of
VCA0109 which encodes a gp25-like protein in V. cholera strains V52 (Zheng et al., 2011) and 2740-80 (Basler
et al., 2012) completely abolished the secretion of Hcp. Data that suggested that this protein is essential for
the T6SS-related virulence of those bacteria. V. cholerae T6SS sheath’s components VipA and VipB
(Bönemann et al., 2010; Basler et al., 2012) or its homologues HsiB1 and HsiC1 from P. aeruginosa T6SS
(Lossi et al., 2013) were shown to form a sheath-like structure similar to the phage T4 or pyocin sheath. The
predicted V. cholerae T6SS sheath’s components VipA and VipB were demonstrated to polymerise around
the Hcp tube in uncontracted conformation (Basler et al., 2012). It has been proposed that the T6SS requires
the energy of the sheath contraction to push the VgrG/Hcp tube complex through the cell membranes, enabling
the translocation of the effector proteins into the target cell (Figure 1-15; Pukatzki et al., 2009; Basler et al.,
2012). Finally, the ClpV AAA+ chaperone is a member of ClpB clade of AAA+ ATPases (ClpV) (Zhang et al.,
2012). ClpV provides the energy for the dissociation of T6SS sheath proteins VipA and VipB allowing their
recycling for the formation of a new T6SS (Basler et al., 2012).

Figure 1-15. Model of T6SS action.
(A) The first phase is baseplate complex assembly, probably from gp25, VgrG and other T6SS proteins. This complex
initiates the tube polymerisation from Hcp proteins. (B) The sheath’s components VipA and VipB polymerise around the
Hcp tube in an uncontracted conformation. (C) The sheath contraction leads to the translocation of the VgrG/Hcp tube
complex through effector cell membranes into the adjacent host cell. Other effector molecules (for example toxins) might
follow using the Hcp tube as a conduit. (D) The contracted sheath is disassembled by the ClpVATPase. The VipA/VipB
proteins are recycled into a new uncontracted T6SS apparatus. OM represents the outer membrane; PG, peptidoglycan;
IM, inner membrane. The image is taken from Basler et al. (2012).
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1.5 Characteristic features of the Afp particle
Afp belongs to the group of tailocins because it has structural similarity to phage tails (Section 1.4.1). It was
possible to predict the roles of Afp proteins using the methods available for the functional assignment of phage
related proteins (Section 1.5.1). The structural similarity of the Afp to the phage tails and R-type pyocins
described in Section 1.3 has been used to propose a model for the Afp toxin delivery action (Section 1.5.4).

1.5.1 Methods to predict functional assignment for phage proteins using bioinformatics
and biochemical methods
Since the independent discovery of phages by Twort in 1915 and d’Herelle in 1917 (reviewed by Duckworth,
1976) and the first application of an electron microscope to visualise bacteriophages in 1940 by Ruska, phages
have been studied extensively using physical, chemical, and more recently, bioinformatic methods.
The bioinformatic method allows comparison of the amino acid sequences of newly discovered proteins with
the proteins that have functions described in the database (for example, NCBI). Although functions can be
assigned to some proteins in this manner, this method is not applicable to the majority of the phage proteins
(Lucchini et al., 1999). This observation is mainly explained by the dramatic divergence observed in phage
genomes (Pedulla et al., 2003). It has been pointed out that many phage proteins have only limited amino acid
similarity to one another (Liu et al., 2006). The phenomenon of unrelated proteins carrying out similar molecular
functions in different organisms is called non-orthologous gene displacement (Koonin, 1996).
An alternative bioinformatic approach to assigning functions to the genes includes comparison of phage gene
maps with gene orders of well-investigated phages. It was shown that most of the Siphoviridae genomes are
organised in a similar way (Figure 1-16), which allows the gene function to be predicted based on the position
of the gene (Veesler and Cambillau, 2011). For example, in Siphoviridae the tail terminator protein (TrP;
Section 1.6.1) was predicted to be the first ORF upstream of the gene, which encodes the major tail protein
(Edmonds et al., 2007b).

Figure 1-16 Schematic representation of the gene order within the Siphoviridae tail gene cluster.
Usually the genes responsible for the tail proteins in the Siphoviridae family are found in strict order as shown in the
figure. Trp: tail terminator; MTP: major tail protein; C and C*: tail chaperones; TMP: tape measure protein; Dit: distal
tail protein; gp27-like/Tal (tail-associated lysozyme or tail fibre); P1 and P2: baseplate/tip peripheral proteins. The figure
is taken from Veesler and Cambillau (2011).
The bioinformatic approach is rarely sufficient for a complete functional identification of the phage genes due
to the great diversity of phage sequences (Desiere et al., 2002). For that reason, experimental approaches are
often used to confirm the bioinformatic predictions and to assign the functions to the proteins that show no
amino acid similarities to the known phage proteins. One approach is to introduce mutations to phage genes
and observe the resultant phenotype. One of the first publications to report the utilisation of this approach is
described by Delbrück (1948). The author tested the ability of the Escherichia coli strains carrying mutants of
the T4 phage to grow on media, which was missing some specific cofactors. The discovery of the conditional
lethal mutations made this approach more popular (Edgar et al., 1964). The most widespread conditional lethal
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mutation used for the knockout of phage genes has been termed amber mutation. The technique for producing
amber mutations in T4 phages was developed by Epstein and colleagues in 1964 (first published in 2012;
Epstein et al., 2012). Phages that have amber mutations in essential genes are not able to form plaques on a
particular strain (strain B) of E. coli; however, they grow normally in most of the other E. coli strains. The
discovery of amber mutations allowed researchers to develop libraries of amber mutants in different phage
genes and investigate their corresponding roles in the phage assembly (reviewed by Stahl (1995)). The
challenge in this approach is that in many cases, when one assembly component is missing, the assembly
cannot proceed and all proteins that should have been added after the missing protein remain in solution
(Aksyuk and Rossmann, 2011). For example, King (1971) demonstrated that the tail tube of the T4 phage can
only be formed in vivo when associated with a fully functional baseplate. Four years later, Kikuchi and King
(1975a, b, c) were able to identify the order in which the baseplate proteins interact to form a structure. Yap et
al. (2009) utilised this knowledge to assemble the baseplate in vitro by combining the baseplate proteins in a
precise exact order. Similar behaviour was observed for the P2 phage assembly. The amber mutants of P2
phage in any of the tail genes V, J, H, G, F, E, T, U, or D produced very few tail related structures, while only
gene R and S mutants were able to assemble into a visible structure (Lengyel et al., 1974). These authors
speculate that either the defective structures are unstable or that the mutated genes are required for the
initiation of the structure formation.
Another approach to determine the possible function of phage genes involves the chemical treatment of the
particles resulting in disassociation of the phage in its subunits. The separation of the resultant subunits
followed by biochemical assessment helps in identifying the localisation of corresponding proteins in the phage
particle. The localisation of the proteins in the particle may reflect their biological functions. One of the first
manuscripts demonstrating the degradation of a T4 phage into subunits followed by purification of the sheaths
and tail fibres was published by Brenner et al. (1959). A detailed method for purification of sheaths, capsids,
tail tubes and fibres of the T4 phage was described by To et al. (1969). The authors used extremely low pH
(pH 2) to degrade the phage into its structural parts. The authors then applied a series of centrifugation and
ultracentrifugation steps, which resulted in the separation of the resultant substructures. In some cases they
used specific antisera in order to precipitate some components such as tail fibres. A modification of this
approach allowed Duda et al. (1986) to purify naked tubes and to demonstrate that the proteins gp29 and gp48
are present in the T4 tube preparations in addition to the tube protein gp19.
In order to achieve functional assignment for the phage proteins, several approaches are often combined. For
example, weak amino acid sequence similarities of the unknown genes with the genes of the well-studied
phages combined with the biochemical data that was available for some proteins allowed tentative functional
assignment for twelve of the head and tail genes of the phage Mu (Morgan et al., 2002). This functional
assignment was confirmed by the fact that the order of the genes with the predicted function corresponded to
the order of genes in a variety of the other phages.

1.5.2 Predicted function of Afp proteins
The putative functional roles of Afp proteins were studied by Hurst et al. (2004) using bioinformatic methods
(Section 1.5.2.1) Another approach involved random transposon mutagenesis of the afp gene cluster followed
by assessment of the biological activity of the resultant mutants towards C. zealandica larvae (Section 1.5.2.2).
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1.5.2.1 Predicted assignment of function of Afp proteins based on bioinformatics
Though Afp and its PVC orthologous are morphologically similar to pyocins, phage tails and T6SS, only the
translated products of ten afp ORFs out of 18 share weak similarity to proteins of those systems (Figure 1-17;
Hurst et al., 2004). Similarly to the T6SS (Section 1.4.4), several afp genes are novel and cannot easily be
assigned roles in the Afp structure. No sequence similarities to the proteins of known functions has been
published to date for Afp6, Afp7, Afp10, Afp12, Afp14, Afp16, Afp17 and Afp18. Nevertheless, there are several
features that are shared between Afp/PVC, T4 phage tails and T6SS, which are described below.
1) The predicted tube proteins Afp1 and Afp5 share weak amino acid similarity with the bacteriophage λ tail
protein gpV and T4 phage tail tube protein gp19 (pfam06841). GpV and gp19 are structural orthologues of the
type VI secretion system protein Hcp from P. aeruginosa (Leiman et al., 2009; Pell et al., 2009a).
2) Afp2, Afp3 and Afp4 possess a phage tail sheath protein FI domain COG3497 (Hurst et al., 2004), which is
structurally and functionally similar to the V. cholerae T6SS VipA/VipB protein complex (Basler et al., 2012).
As previously noted (Section 1.4.1), Afp and its PVC orthologues encode three predicted sheath proteins while
R2/F2 pyocin’s region of PAO1 (PRF17, Nakayama et al., 2000) or T4 phage (gp18, King, 1968) contain only
one.
3) Afp8 and its PVC orthologues contain a T6SS Rhs-E-G Rhs-associated VgrG protein domain (COG3501)
(Hurst et al., 2004). The sequence identity match between the E. coli CFT073 VgrG protein (encoded by ORF
c3393) and gp5-gp27 T4 phage complex (PBD ID 1K28) was estimated to be 13% (Leiman et al., 2009).
Despite the low sequential identity, the corresponding structures show a strong structural similarity (Leiman et
al., 2009). The VgrG/Hcp tube complex is speculated to play a similar role as the gp5-gp27 complex in the
T6SS, acting as a membrane-penetrating assembly (Basler et al., 2012; Pukatzki et al., 2009).
4) The Afp9 protein exhibits 74.1% similarity to the phage baseplate assembly protein W domain (COG3628)
derived from the bacteriophage T4 gp25 family (Hurst et al., 2004). Gp25 is a structural component of the outer
wedge of the T4 phage baseplate and is located between the (gp27-gp5) trimer complex and the tail tube
(Section 1.4.2). The role of gp25 in the baseplate is to interact in the resting state (hexagonal conformation of
the baseplate) with the (gp27-gp5)3 complex or in an activated state (star conformation) with the tail tube
(Kanamaru et al., 2002, Kostyuchenko et al., 2003; Kostyuchenko et al., 2005, Leiman et al., 2010; Leiman et
al., 2009).
5) The carboxyl terminus of Afp13 shows similarity to internal amino-acid regions of the bovine adenovirus B
fibre protein and the duck adenovirus 1 (Hurst et al., 2004), indicating that this protein may play a role in the
attachment of the Afp particle to the target site on a eukaryotic cell (Hurst et al., 2007).
6) The C-terminus of Afp15 contains a predicted ATPase (Hurst et al., 2004) domain, which is speculated to
either mediate the transfer of the toxin molecules to the target cell or to provide the chaperone function
assisting the protein assembly of the particle (Hurst et al., 2004). For this reason, Afp15 is believed to be
essential for Afp assembly (Hurst et al., 2004). Afp/PVC ATPase is related to CDC48, while the T6SS ATPase
belongs to the ClpB clade of AAA+ ATPases (Zhang et al., 2012; Section 1.4.4). Interestingly, it was shown
that a mutation of the afp15 gene resulted in decreased NaCl tolerance of S. entomophila (Sheen, 2008). It
was speculated that the interruption of Afp15 production may make the S. entomophila cells more susceptible
to stress and less virulent for the insect host by interfering with both NaCl and alkaline pH-tolerance of the
bacteria.
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Figure 1-17 Schematics showing predicted assembly roles of Afp proteins.
The S. entomophila afp region contains 18 ORFs, afp lysis cassette and amb2 region upstream of afp1. The predicted Afp
gene products and ascribed protein domains (Hurst et al., 2004) are designated: phage sheath 1 super family [cl01389]
domain (Afp2-4), tube domain (Afp1 and 5) similar to the T4 gp19 protein, and phage baseplate assembly associated
domains (Afp8-9 and 11) containing VgrG protein domain [COG3501] in Afp8, phage baseplate assembly protein W
domain ([COG3628], gp25 family) in Afp9 and baseplate J-like protein domain [cl01294] in Afp11.

1.5.2.2 Assignment of functional roles of Afp proteins based on mutational studies
In order to assess which regions of the pAF6 clone containing functional afp cassettes were needed to induce
a disease phenotype, pAF6 was mutated using the mini-Tn10 transposon (Hurst et al., 2004). This method
involves random gene disruption by inserting single stable insertions throughout the genome with subsequent
analysis of mutant phenotypes (Perez-Martinez et al., 2007; Pobigaylo et al., 2006). The resultant Afp mutants
were tested for their biological activity towards the C. zealandica larvae. The mutations in genes afp2, 11, 13,
17 and afp18 abolished biological activity of Afp. It was found that the proteins Afp7, Afp14 and Afp16, on the
other hand, did not need to be present in their full length in order to cause the resultant particles to induce the
cessation of feeding in C. zealandica larvae (Hurst et al., 2004; Figure 1-18).

Figure 1-18 Locations of mini-Tn10 insertion in the Afp gene cluster (clone pAF6).
The schematic shows the Afp region with protein domains of Afp genes and their predicted products (Hurst et al., 2004;
Section 1.5.2.1). The solid circles denote mutations of the pAF6 clone that did not interfere with the ability of the Afp to
induce amber disease by the C. zealandica larvae; while white circles designate mutations that resulted in the abolishing
of the biological activity of the correspondent Afp clone towards C. zealandica.
Three of the Afp variants that possessed mutation in the afp15 that codes for a predicted chaperone were
tested. Only one of them, situated close to the C-terminus, did not alter the biological activity of the resultant
product; while two others led to abolishing of the biological activity of Afp (Hurst et al., 2004; Figure 1-18).
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1.5.3 Three-dimensional structure of Afp
Initial structural reconstruction of Afp samples purified through the course of this thesis was based solely on
using the preferred side views of the Afp particle (Sen et al., 2010). In order to overcome the limitation of
exclusive side views of the Afp particles, cryo-electron images (Section 1.3.2) tilted up to 60° were processed
to generate a reconstruction without any imposed symmetry (Heymann et al., in press). Tilting the specimen
around an axis results in sample projections along different directions, therefore this method is often used for
biological samples that show a preferred orientation on a TEM grid. The collected data is then combined
computationally into a 3-D reconstruction resulting in a more complete body of structural information in
comparison to data collected exclusively from untilted specimens (Jensen, 2010). This information can then
be used to assist in defining the symmetry of the particle. Application of this technique to the structural
reconstruction of Afp resulted in determination of the correct six-fold cyclic symmetry of the Afp particle. The
symmetry of the Afp particle was further proven through the generation of images of isolated base plate
(Section 3.4.4) that also revealed a six-fold symmetry. As mentioned in Section 1.5.2.1, the Afp sheath protein
composition differs from other known phages. At least three proteins (Afp2-4) have significant similarity to the
proteins of the phage sheath 1 super family (COG3497) and also to each other (Hurst et al., 2004). The Afp
sheath is composed of subunits with three domains each (Figure 1-19). The size of the whole subunit with
approximately 110 kDa, is larger than the predicted size of each of the predicted sheath proteins Afp2-4.
It was shown that six subunits compose a layer that has a shape of a six-fold symmetric ring. Ten layers are
arranged on top of each other with a right-handed twist building the helical sheath. An additional ring is present
on the top of the particle that has a structure, which differs from the main layers. The apical end of the particle
appears to be capped by a six-fold ring which is situated on the top of the last layer (Figure 1-19A). The bottom
layer is the baseplate that has six fibres attached to its prominent protrusions. The fibres are also arranged
with a left-handed twist, and are connected to the sheath protrusions (Figure 1-19A).
The Afp tube was found to be similar in both its diameter and axial width to the Hcp1 hexamer of P. aeruginosa
type VI secretion system. Of interest, the reconstruction of the Afp tube showed a significant density inside the
central tube. The density inside the tube is approximately 96 nm long and 4 nm wide, giving a total volume of
approximately 1200 nm3 (Figure 1-19B and C). This density may potentially be ascribed to the toxin and/or a
ruler protein (Heymann et al., in press; Section 1.6.1). The tube extends through the baseplate into a needle
resembling the (gp27 – gp5) trimeric complex of the T4 tail (Figure 1-19A). This complex, as mentioned in
Section 1.4.2, forms a “spike” at the end of the T4 phage tail and acts as a conduit for the passage of DNA
into target cells (Kanamaru et al., 2002). It was speculated that it may have a similar function in Afp in
transporting its protein toxin cargo.
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Figure 1-19 Three –dimensional reconstruction of the Afp particle.
(A) The twelve helically arranged sheath layers (numbered in blue) are arranged on top of each other and display
protrusions of inconsistent structure. The ten main layers consist of six asymmetric units. The three ascribed domains of
one unit are numbered in red. The approximately 400Å tail fibres extend from the baseplate protrusions to the level five
of the sheath. (B) Internal structure of the baseplate and tube in the Afp particle. The density on the axis of the particle is
shown in blue. (C) The central tube and needle excised from the Afp map to show the helical pattern. The figure is taken
from Heymann et al. (in press).

1.5.4 Toxin delivery model by Afp
Similar to R-type pyocins (Section 1.4.3), the Afp and PVC products exhibit two forms: an uncontracted form
where the outer sheath resembles a bullet-like structure, and a contracted form in which the tube extrudes
from the contracted sheath (Figure 1-20; Hurst et al., 2007; Yang et al., 2006). This suggests that both Afp and
R-type pyocins may share similar principles in the assembly of their protein complex and mechanical assembly
dynamics. This data combined with the fact that the predicted Afp toxin molecules (Afp17 and Afp18) were not
able to induce an anti-feeding effect when being fed to the C. zealandica larvae (Hurst et al., 2007) allowed
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the authors to propose a model, which described the Afp particle as a toxin delivery system. According to this
model, the Afp particle attaches to the cell wall of the larvae gut cell in its uncontracted form (Figure 1-20).
Analogous to the pyocins and phage tails, this attachment probably triggers the contraction of the Afp sheath,
resulting in the change of the conformation from uncontracted to the contracted form. This consequently results
in the extrusion of the tube allowing the delivery of the toxin into the cell using an as yet unspecified mechanism
(Hurst et al., 2007) as illustrated in Figure 1-20.

uncontracted form

contracted form
Conformational
change

Extended form

Toxin delivered

Cell attachment
toxin

Gut cell of the C. zealandica larvae
Figure 1-20 Proposed Afp toxin delivery model.
The proposed Afp toxin delivery model suggested by Hurst et al. (2007) involves the attachment of the Afp particle in its
uncontracted form to the cell wall of the gut cell of the C. zealandica larva. Upon contact with the target cell the Afp
particle contracts, causing the extrusion of the tube. This allows the delivery of the toxin into the target cell probably
using endocytose and causing the anti-feeding effect in the C. zealandica larvae. Electron micrographs show the Afp
particle in uncontracted (left) and contracted (right) form.
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1.6 Phage-related research relevant to Afp research
As demonstrated in Section 1.3, Afp has structural similarities to the tails of the phages with contractile sheaths,
pyocins and T6SS. Some Afp proteins additionally share a low level of amino acid similarity to phage proteins.
Some phages, like λ or T4 have been studied for many decades, and a sufficient amount of data is available
about their structure, model of action and protein functions. Given structural similarities between Afp and some
well-investigated phages, this data can be used to predict the function of Afp proteins as shown in Section
1.5.1. This chapter provides an overview on the model of the tail length determination by phages, and
demonstrates how phages and phage-like particles can be used in biotechnology.

1.6.1 Tail length determination in phages
In the course of this PhD project, two important findings emerged that related to the possible functions of the
two Afp proteins Afp14 and Afp16. These two proteins were found to be involved in length determination of the
Afp particle. A short overview of how tail length is regulated in the well-known phages T4 and λ is presented
as follows.
The regulation of the phage tail length has been thoroughly studied over the last 40 years demonstrating
analogies in the length determination for various phage particles (for reviews see Katsura (1990); Cornelis et
al. (2006); and Marshall (2004). The tail length determination mechanism involves two proteins: the molecular
ruler (later defined in the Afp system as Afp14, Section 3.7.2.2) and the tail termination protein (TrP, Pell et
al., 2009b; later identified in the Afp system as Afp16, Section 3.6). According to the proposed model, the
molecular ruler protein (or tape-measure protein, TMP) (Pell et al., 2009b) attaches at one end to the initiator
complex. As tail polymerisation proceeds, the other end of the ruler protein interacts with the growing tip of the
tail, protecting the tail from a growth-termination factor, and thereby permitting continued growth. As soon as
the tail becomes longer than the ruler molecule itself, the growth termination factor binds to the unprotected
tip of the tail inhibiting its further growth (Figure 1-21). In some publications the TrP is also called tail growthtermination factor or tail-completion protein. The mechanism of the tail length determination of bacteriophage
was shown for lambda phage (Katsura and Kühl, 1974), phage T4 (King, 1968; Vianelli et al., 2000) and phage
P2 (Lengyel et al., 1974).

Figure 1-21 Model of tail length termination mechanism by tailed phages.
The ruler protein stretches from the baseplate to the end of the tube during tube polymerisation protecting it from the TrP.
As soon as the tube becomes longer than the ruler protein, the latter can no longer protect the tube from the inhibitory
action of TrP. Binding of the TrP to the unprotected tube end terminates its further elongation (adapted from Marshall
(2004).
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A similar length determination mechanism was found for the needle of the injectosome (type three secretion
system, or T3SS; Section 1.4.4) and for the hook of the bacterial flagellum. The lengths of the injectosomes
and the hooks are controlled by a protein, which is itself exported and acts as a molecular ruler at the same
time (Cornelis et al., 2006).

1.6.2 Use and manipulation of phages and tailocins in the biotechnology
Within the sphere of biotechnology bacteriophages have been used in different ways. For example, they can
be exploited as delivery vehicles for gene therapy. They are also often utilised for phage display, where
proteins or antibodies are displayed on its surface or in the development of phage-delivered vaccines.
The first time phages were used in medicine to control bacteria was to help control the outbreak of avian
typhosis among farmed chickens (d'Hérelle and Smith, 1926). Since then it has been successfully used to treat
animals and humans for illnesses such as dysentery, colitis, enteritis, typhoid, urogenital infections,
staphylococcus or streptococcus infections, infected wounds, and bubonic plague (d'Hérelle and Smith, 1926).
Since the discovery of antibiotics in 1928 phage therapy research was mainly abandoned (Ho, 2001). The
emerging multidrug resistance towards bacterial infections, however, revived interest in phage therapy as it
offers several advantages over antibiotic therapies (Chanishvili et al., 2001). For example, numerous studies
on animals and humans proved that purified phage preparations cause no adverse side effects. Moreover, due
to the ability of the phage to proliferate within the bacterial cell, a single dose application is sufficient for
treatment of many disease forms. Phage therapy is safe for the environment due to the high specificity of the
phage in relation to its target guaranteeing no accumulation of the phage in the environment. Finally, the almost
inexhaustible number of phages existing in nature provides a source for new active phages as required.
Despite of potential benefits of its application, it has been suggested that the use of phages in infectious
disease therapies must not be undertaken without a high degree of caution. It is thought that the interactions
of phages with bacteria in vivo are not yet fully understood and may potentially lead to unknown side effects
(Skurnik and Strauch, 2006). For example, phages may carry the genes of toxins (Brüssow et al., 2004) that
may potentially be transferred to the bacteria, increasing its toxicity.
Tailocins are defective phages that lack heads and contain no DNA (Gill and Young, 2011). They possess
most of the qualities of the phage with the exception of proliferating within the host. Tailocins present a new
niche of anti-bacterial agents as they do not carry nucleic acids and therefore are not in danger of transferring
toxin genes into host cells. For instance, an R-type pyocin from P. aeruginosa was shown to prevent death
from a pyocin-sensitive clinical isolate of P. aeruginosa in submicrogram doses in a lethal mouse peritonitis
model (Scholl and Martin, 2008).
Interesting developments in the field of phage and pyocin therapy have produced a body of research
concerned with changing the host range of the particles. This involves interchanging the tail fibre genes of one
phage, with the tail fibre genes from a different phage. For example, the bactericidal specifity of R2 pyocin
particles was altered by replacing the pyocin tail fibres with tail fibres of phages, which infected a different host
(Williams et al., 2008). Particles were produced that had bactericidal activity against a subset of P. aeruginosa
strains, E. coli and Yersinia pestis. Another study presented the retargeting of an R-type pyocin to a pathogen
E. coli O157:H7 strain by fusing a tail spike protein from an O157-specific phage to the pyocin tail fibre (Scholl
et al., 2009). E. coli O157:H7 strain is a major cause of food-borne outbreaks of colitis.
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The Afp tailocin presents a particle encoded by a successful insect biocontrol agent (Bioshield™, Section
1.2.1). It also has the potential for use in medicine as it targets eukaryotic cells, contains no DNA and induces
toxin into the target cell (Section 1.5.4). This makes Afp an exciting research object for studies investigating
how this unique tailocin assembles and functions.
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1.7 General research aims of this thesis
The subject of this thesis study, the Afp particle, is of considerable industrial and academic interest as a
biocontrol agent and as an unique tailocin particle. The main focus of this work is to understand how the Afp
proteins are involved in Afp assembly and to elucidate the biological functions of these proteins. The research
objectives are outlined below:
-

Develop an optimised protocol for Afp expression and purification, enabling the investigation of Afp
structure using cryo-EM and negative staining methods.

-

Generate putative Afp variants by inducing the expression of subsets of afp genes. Assessment of the
resulting variants, by TEM and SDS–polyacrylamide gel electrophoresis (SDS-PAGE), will aim to
assign functions to those genes involved in Afp structure formation.

-

Further investigation of the generated Afp variants that assemble a structure will enable roles to be
assigned to the missing proteins.

-

Expression and purification of transposon-derived mutants of Afp will allow the assessment of further
Afp variants.

-

Assess the capacity of Afp to induce cessation of feeding activity in the C. zealandica larvae. The
median lethal dose (LD50) of Afp towards the host will be used as a comparative measure to establish
the biological effectiveness of Afp.
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Chapter 2
Materials and Methods
Buffers and reagents, unless otherwise indicated, were purchased from Amersham Pharmacia Biotech, BDH
Chemicals Ltd., Life Technologies (former Invitrogen™, Carlsbad, CA), New England BioLabs Inc., Novagen,
Promega, Roche and Sigma Aldrich Chemical Co. All solutions, unless otherwise specified, were prepared
with distilled deionised Millipore-microfilltered (MilliQ) water, autoclaved for 15 minutes at 1.1kg/cm 2 at 121C
and stored at room temperature or at 4°C. If antibiotics or supplements were to be added, the medium was
cooled to a temperature of 50–60°C before addition of the appropriate amount of a sterile antibiotic or
supplement solution.

2.1 DNA Manipulation and Analysis
2.1.1 Media, bacterial strains and plasmids and culture condition
All E. coli cloning strains in this study were grown in Luria-Bertani medium (LB; Sambrook and Russell, 2001)
at 37°C with an agitation rate of 250 rpm in a Raytek orbital mixer incubator, or on LB-Agar plates at 37°C. LB
broth and LB agar were prepared according to the manufacturer’s specifications (Table 2-1). The following
antibiotics were used at stated concentrations (μg/mL): ampicillin, 100; chloramphenicol, 30; tetracycline, 30;
kanamycin, 100; and spectinomycin, 100. When transforming constructs were pGEM-T-Easy derivatives
(Section 2.6.9), 20 µg/ml of X-gal were added to the plates, allowing blue/white screening of colonies. Standard
DNA techniques were carried out as described by Sambrook and Russell (2001).

Table 2-1 Media and buffers used in this study for bacterial growth and DNA analysis
Solutions

Composition

Luria-Bertani medium (LB)

LB Broth Base powder (Invitrogen™) containing 1% Bactopeptone
(w/v), 0.05% Bactoyeast Extract (w/v), 1% NaCl (w/v) was dissolved
in MilliQ water to a concentration of 25 g/L and autoclaved.
LB Agar powder (Merck, Darmstadt, Germany) was dissolved in
MilliQ water to a concentration of 37 g/L and autoclaved.
40 mM Tris-acetate, 1 mM EDTA, pH 8.3.

LB Agar
TAE

Bacterial strains used in this study are described in Table 2-2. BL21 (DE3) E. coli strains BL21 (DE3) and
Rosetta™ 2 that carry the lambda DE3 lysogen were used with bacteriophage T7 promoter-based expression
system pET (Novagen) (Studier and Moffatt, 1986). For cloning purposes when DNA had to be digested with
methylation sensitive restriction enzymes, the E. coli dam- strain GM1737 (Arraj and Marinus, 1983; Table 2-2)
was used for the DNA preparation. The pARA (or pBAD) promoter was used to express afp genes. The
expression of the genes cloned behind the pARA promoter is controlled by the AraC activator. The AraC
activator positively regulates target gene expression from pARA in the presence of arabinose and represses
the target gene expression in the presence of glucose.
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Table 2-2 Bacterial strains and plasmids obtained for this study
Strains
DH10B
BL21(DE3)

Description*
F- mcrAΔmrr-hsdRMS-mcrBCΦ80d lacZΔM15ΔlacX74 endA1
recA1 deoRΔara, leu 7697 araD139 galU galK nupG, rpsL λF- ompT hsdSB(rB-mB-) gal dcm (DE3)

Rosetta™ 2
GM1737

F-ompT hsdSB(rB- mB-) gal dcm pRARE2 (CmR)
F-dam-4 mal-354 tsx-354-

Plasmids
pACYC184
pAF6-3
pAF6-6
pAF6-25
pAF6-J34
pAF6-7
pAF6-21
pAF6-24

CmR, TcR; cloning vector
ApR, CmR; Afp encoding
insertion in afp7.
ApR, CmR; Afp encoding
insertion in afp14.
ApR, CmR; Afp encoding
insertion in afp14.
ApR, TetR; Afp encoding
insertion in afp14.
ApR, CmR; Afp encoding
insertion in afp14.
ApR, CmR; Afp encoding
insertion in sea25.
ApR, CmR; Afp encoding
insertion in afp16.

Source
Lorow and Jesse (1990)
Studier and Moffatt
(1986)
Novagen
Arraj and Marinus (1983)

Chang and Cohen (1978)
region in pBR322 containing mini-Tn10 Hurst et al. (2004)
region in pBR322 containing mini-Tn10 Hurst et al. (2004)
region in pBR322 containing mini-Tn10 Hurst et al. (2004)
region in pBR322 containing mini-Tn10 Dr. M. H. Hurst
(unpublished data)

region in pBR322 containing mini-Tn10 Hurst et al. (2004)
region in pBR322 containing mini-Tn10 Hurst et al. (2004)
region in pBR322 containing mini-Tn10 Hurst et al. (2004)

ApR, CmR; region containing enp1, hol1, mur1 and afp1 -17 and 1- Rybakova et al., in press
3348 bp of afp18 in pAY2-4
pASANFA1
SpR, arabinose inducible anfA1
Hurst et al., (2007)
pAY2-4
ApR; arabinose expression vector
Shaw et al., (2003)
pET28
KnR; IPTG expression vector
Novagen
pGEX-6P-1
ApR; IPTG inducible expression vector for protein expression with the GE Healthcare
GST tag
pGEM-T Easy ApR; cloning vector, LacZ multi-cloning site
Promega
*IPTG denotes Isopropyl-β-D-thiogalactopyranoside; Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Tc,
tetracycline.
pARAF1-18’

Stock cultures of bacteria used were stored in Protect Microorganism Preservation System (Technical
Service Consultants, Lancashire, UK) vials at -80C. When required, a single inoculated bead was removed
from the vial and either plated out onto Luria-Bertani (LB) medium or dropped into a LB broth containing the
appropriate antibiotic. Plasmids obtained for this study are listed in Table 2-2 and plasmids constructed in
this study are described in Table 2-3.
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Table 2-3 Plasmids constructed in this study
Plasmid
pAF1-6
pAF1-11

Description*
ApR; afp1-6 in pAY2-4
ApR; derived from pARAF1-18’ by deletion of a SalI restriction fragment (15578 bp) encompassing
(inclusively) genes afp12 (bp 1322 to 2892) to afp18
pAF1-12
ApR, SpR; derived from pAF1-12 containing an insertion of Af12XH encoding the bp 1322 to 2892
of afp12
pAF1-1215
ApR, SpR,CmR; derived from pAF1-12 containing 3229 bp Af15CmX encoding afp15 inserted into
its XbaI site located 3’ juxtaposition to afp12
pAF1-13
ApR, SpR; derived from pAF1-12 containing an insertion of Af13XH encoding the bp 1322 to 2892
of afp12 and the full sequence of afp13
pAF1-1315
ApR, SpR, CmR; derived from pAF1-13 containing 3229 bp Af15CmX encoding afp15 inserted into
its XbaI site located 3’ juxtaposition to afp13
pAF1-14
ApR, KnR; derived from pAF1-12 containing an insertion of Af14XH encoding the bp 1322 to 2892
of afp12 and the full sequence of afp13 and afp14
pAF1-15
ApR, CmR; derived from pARAF1-18’ by deletion of a SnaBI restriction fragment encompassing
(inclusively) genes afp16 (bp 264 to 888) to afp18
pAF1-16
ApR, KnR; derived from pAF1-15 containing an insertion of Af16XSn encoding the bp 264 to 888 of
afp16
pAF1-16Δ(1-4)
ApR, KnR; derived from pAF1-16 by deletion of a 3408 bp fragment spanning afp1-3 and 1- 403 bp
of afp4
pAF1-16Δ(2-4)
ApR, KnR; derived from pAF1-16 by deletion of a 2864 bp fragment spanning afp1-3 and 1- 403 bp
of afp4
pAF1-16Δ(3-4)
ApR, KnR; derived from pAF1-16 by deletion of a 1780 bp fragment spanning afp3 and 1- 403 bp of
afp4
pAF1-16Δ4
ApR, KnR; derived from pAF1-16 by deletion of a 403 bp fragment spanning 1- 403 bp of afp4
pAF1-16Δ(2-3)
ApR, KnR; derived from pAF1-16 by deletion of a 2439 bp fragment spanning afp2-3
pAF1-16Δ3
ApR, KnR; derived from 1355 bp pAF1-16 by deletion of a fragment spanning afp3
pAF1-17
ApR, KnR; derived from pAF1-15 containing an insertion of Af17XSn encoding the bp 264 to 888 of
afp16 and the full sequence of afp17
pAF11-12
ApR; derived from pAY2-4 containing genes afp11-12 cloned into its MCS
pAF15
ApR; derived from pAY2-4 containing arabinose-inducible afp15 cloned into its MCS
pAF15C
CmR; derived from pAY2-4 containing arabinose-inducible afp15 cloned into its MCS
pET16
KnR; derived from pET28 containing the 888 bp afp16 cloned into its MCS
pGEM4
ApR; derived from pGEM-T-Easy containing 404bp Af4S amplicon
pGEM4sp
ApR; derived from pGEM-T-Easy containing 404bp Af4S amplicon and 1379 bp spectinomycin
resistance fragment
pGEM12
ApR; derived from pGEM-T-Easy containing 1566 bp Af12XH amplicon
pGEM12sp
ApR, derived from SpR; pGEM12 containing 1379 bp spectinomycin resistance fragment SPX
inserted into its XbaI site
pGEM13
ApR; derived from pGEM-T-Easy containing 3064 bp Af13XH amplicon
pGEM13sp
ApR, SpR; derived from pGEM13 containing 1379 bp spectinomycin resistance fragment SPX
inserted into its XbaI site
pGEM14
ApR; derived from pGEM-T-Easy containing 4732 bp Af14XH amplicon
pGEM14sp
ApR, SpR; derived from pGEM14 containing 1379 bp spectinomycin resistance fragment SPX
inserted into its XbaI site
pGEM15
ApR; derived from pGEM-T-Easy containing 2091 bp Af15X amplicon
pGEM15cm
ApR, CmR; derived from pGEM15 containing 2023 bp chloramphinicol resistance fragment CmNr
inserted into its NruI site
pGEM16
ApR; derived from pGEM-T-Easy containing 655 bp 16XSn amplicon
pGEM16Kn
ApR, KanR; derived from pGEM16 containing 1313 bp kanamycin resistance fragment inserted into
its BglII site
pGEM17
ApR; derived from pGEM-T-Easy containing 1732 bp Af17XSn amplicon
pGEM17Kn
ApR, KanR; derived from pGEM17 containing 1313 bp kanamycin resistance fragment inserted into
its BglII site
pGEX16
ApR; derived from pGEX-6P-1 bearing an N –terminus GST-afp16 fusion
*IPTG denotes Isopropyl-β-D-thiogalactopyranoside; Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Tc,
tetracycline.
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2.1.2 Polymerase chain reaction (PCR)
PCR amplification was carried out in thin-walled 0.2 mL Thermo-Tubes using the Platinum® Taq DNA High
Fidelity Polymerase (Invitrogen, Carlsbad, CA) using component concentrations suggested by the
manufacturer. Standard cycle times for PCR reactions were as follows: 1 × (94°C, 2 minutes), 5 × (94°C, 15
seconds; 55°C, 20 seconds; 68°C, 1 minute per kb), 30 × (94°C, 15 seconds; 50°C, 20 seconds; 68°C, 1
minute per kb), 1 × (68°C, 10 minutes; 4°C, hold).
PCR was carried out in a final volume of 50 μL containing 1 × high fidelity reaction buffer (Invitrogen, Carlsbad,
CA), 0.4 μM of each primer, 160 μM of dNTPs and 0.8 mM MgCl2. Each reaction contained a DNA template
and 0.4 U Platinum® Taq DNA polymerase which was added to the reaction just before the PCR was initiated.
The PCR was carried out in the Biorad, My CyclerTM thermal cycler. The PCR primer sequences are listed in
Table 2-4.

Table 2-4 PCR primers and amplicons used in this study
Amplicon
Af1PS

Af1-2PS

Af1-3PS

Af1-6NS

Af4S

Af4Sp
Af11-12NH

Af12XH

Af12SpXH

Af13XH

Primer sequence (5’-3’)*
AAATTAATTAAGCGGCCGCATTG
TTTTTCAT
GCAGATAAAAAGAGCTCTTAGG
CAGTCTGAATGGTCAC
AAATTAATTAAGCGGCCGCATTG
TTTTTCATGCAGATAA
ATTGAGCTCTTATTGCGCGATAT
CCTGGC
AAATTAATTAAGCGGCCGCATTG
TTTTTCATGCAGATAA
ATTGAGCTCTTACTGAGACATGT
CCTGAG
ATCATATGGCTATTACCGCAGAC
GACATT
AATCCCGGGTCAAGTAAGCTCAC
AGACACCC
AAAGAGCTCGACTCTTTATAAGG
ATACTGTG
ATTGAGCTCACTCAGCTCCG
M13F and M13R

Template*
pAF6-21

Relevant characteristic
523 bp PacI and SacI flanked amplicon,
containing afp1 and 5' located NotI site

pAF6-21

1606 bp PacI and SacI flanked amplicon,
containing afp1-2 and 5' located NotI site

pAF6-21

2980 bp PacI and SacI flanked amplicon,
containing afp1-3 and 5' located NotI site

pAF6-21

4817 bp Nde and Sma flanked fragment
containing afp1-6

pAF6-21

SacI flanked amplicon, containing first
404 bp of afp4

pGEM4sp

1782 bp amplicon containing afp4 and the
XbaI inserted SpX
4741 bp NdeI and XhoI flanked cassette,
containing afp11 and afp12 and 3’ 6xHis
tag

ATTCATATGTCTGACCTGGAGCA
ACTGAAACAG
AATCTCGAGTTAATGATGATGAT
GATGATGAAGGGTGGTTTGTACG
TCTTTC
CTCGAGCAATTGCTGGCCGACGG
TACG
AAGCTTCTAGATTAAAGGGTGGT
TTGTACGT
M13F and M13R

pAF6-21

CTCGAGCAATTGCTGGCCGACGG
TACG

pAF6-21

AAGCTTCTAGATTATGGTGCGGA
AACCAATG

pAF6-21

XhoI and HindIII flanked amplicon,
containing the last 1566 bp of afp12 and a
3’ peripheral XbaI site

pGEM12Sp

3160 bp amplicon containing the last 1566
bp of 2892 bp of afp12 and the XbaI
inserted SpX
3064 bp XhoI and HindIII flanked
amplicon, containing the last 1566 bp of
2892 bp of afp12 the ORF afp13 and 3’
peripheral XbaI site
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Af13SpXH

M13F and M13R

pGEM13Sp

Af14XH

CTCGAGCAATTGCTGGCCGACGG
TACG

pAF6-21

Af14SpXH

Af15X

AAGCTTCTAGATTATCCTGTGAA
ATCGGTTA
M13F and M13R

pGEM13Sp

AATTCTAGATAATTGAATAAGTT
TAAACAACAGCCGCTATTTTCTC
TTC
AATTCTAGATCGCGATTACAGCG
CAAGCCGCCCTGTTT
AAACATATGACGCTTTCTTCAAC
CTTTCAG
AAAGCTTACAGCGCAAGCCGCCC
TGTTTTA
M13F and M13R

pAF6-21

Af16NR

AAACATATGTCTAATTATCAAAC
GCTGGTCG
AAAGAATTCTTAAATACCAGTCA
GGTCTGTTTTATCAACC

pAF6-21

Af16XSn

CCCGGTTGGGTCAACGTGAAGTG
C
AAATCTAGATCTCACATCAGAAT
TTATTTAAATACCAGTCAGG
M13F and M13R

pAF6-21

Af17XSn

CCCGGTTGGGTCAACGTGAAGTG
C
AAATCTAGATCTCGCTGGTATCT
GACCTACGCTAATGTG

pAF6-21

Af17KnXSn

M13F and M13R

pGEM17Kn

CmNr

AAATCGCGATAAGGGCACCAAT
AACTGCC
AAATCGCGAATAAACTACCGCAT
TAA
AAACGATCGTAAGGGCACCAAT
AACTGCC
AAACACTACGTGATAAACTACCG
CATT
AAACATATGCGAATAGCTATGTT
GTGC
AAAGAATTCAATAGTGGGTGCA
AATAATCC

pACYC184

AAAGGTACCATGCCCGTTCCATA
CAGAAGC
AAAGGTACCACATTATTTGCCGA
CTACCT
AAATCTAGAATGCCCGTTCCATA
CAGAAGCT
AAATCTAGACGACATTATTTGCC
GACTACCT

pHP45

Af15N

Af15CmX

Af16KnXSn

CmDP

EhmN

SpK

SpX

4659 bp amplicon containing the last 1566
bp of 2892 bp of afp12, the ORF afp13
and the 3’ XbaI inserted SpX
4732 bp XhoI and HindIII flanked
amplicon, containing the last 1566 bp of
2892 bp of afp12, the afp ORFs 13-14 and
a 3’ peripheral XbaI site
6327 bp amplicon containing the last 1566
bp of afp12 the ORFs afp13-14 and 3’
XbaI inserted SpX
2091 bp XbaI flanked amplicon,
containing afp15 and 3’ peripheral NruI
site

pAF6-21

2084 bp NdeI and HindIII flanked
amplicon, containing afp15

pGEM15cm

322 bp amplicon containing afp15 and
NruI inserted 3’ CmNr
879 bp NdeI and EcoRI flanked amplicon
containing afp16

Af16XS

678 bp amplicon encompassing the last
678 bp of afp16, and containing a 5’
SnaBI and 3’ BglII and XbaI restriction
sites
1928 bp amplicon encompassing Af16XS
and a 3’ BglII inserted KnBg
1881 bp amplicon containing the last 678
bp of afp16 and the ORF afp17, and
containing a 5’ SnaBI and 3’ BglII and
XbaI restriction sites
3198 bp amplicon encompassing Af17XS
and BglII inserted KnBg
2023 bp chloramphenicol NruI flanked
amplicon

pACYC184

2023 bp chloramphenicol NruI and DraIII
flanked amplicon

pAF6-21

1946 bp amplicon encompassing the
initiation codon of enp1 to the 5’ end of
mur1, and containing a 5’ NdeI and a 3’
EcoRI sites and a unique internal PacI
restriction site
1379 bp spectinomycin KpnI flanked
cassette

pHP45

1379 bp spectinomycin XbaI flanked
cassette
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KnBg

AAAAGATCTCCACATGAAGCACT pACYC177
1250 bp kanamycin BglII flanked cassette
TCACTGACAC
AAAAGATCTGCTCTGCCAGTGTT
ACAACCAATTAACC
Pr1fw
TCAGTATGTGCATGTTCC
Sheath deletion sequencing primer
Pr4rew
TGGGCACTGCGCTGAATGG
Sheath deletion sequencing primer
TET-1 FP-1 GGGTGCGCATGATCCTCTAGAGT Transposon sequencing primer (Epicentre)
TET-1 RP-1 TAAATTGCACTGAAATCTAGAAA Transposon sequencing primer (Epicentre)
TA
pGEXF
GGGCTGGCAAGCCACGTTTGGTG pGEX sequencing primer (GE Healthcare)
pGEXR
CCGGGAGCTGCATGTGTCAGAGG pGEX sequencing primer (GE Healthcare)
M13F
GTTTTCCCAGTCACGACGTTGTA
Universal sequencing primer
M13R
CAGGAAACAGCTATGACC
Universal sequencing primer
pETF
CTAGTTATTGCTCAGCGG
pET vector sequencing primer
pETR
TAATACGACTCACTATAGG
pET vector sequencing primer
* Recognition sites for restriction enzymes are underlined (a double underscore is used where two restriction sites are
adjacent). ** Refer to Table 2-2 and Table2-3 for template reference. The sign “-” indicates that different templates for
primers were used for sequencing purposes.

2.1.3 Purification of the PCR products
PCR products were purified using a High Pure PCR Purification kit (Roche) according to the manufacturer’s
instructions. All products were eluted in 50 µl of elution buffer (Roche) and validated using agarose gel (Section
2.6.2).

2.1.4 Alkaline lysis mini-preps
Alkaline lysis extraction of plasmid DNA was carried out using a modified method of Birnboim and Doly (1979).
Cells from 1.5 mL of an overnight culture were harvested by centrifugation and the supernatant was removed
by aspiration. The pellet was resuspended in 150 L of solution I (Table 2-5). Solution II (200 L, Table 2-5)
were added, the tube was mixed by inversion and then incubated at 37°C for 4 minutes. 150 µL of Solution III
(Table 2-5) was added to the suspension after which each tube was vigorously inverted five times and put on
ice for 5 minutes. The suspensions were centrifuged for 10 minutes at 16100 × g and the supernatant was
decanted into a fresh 1.7 mL Eppendorf tube containing 1 mL of 100% ethanol at room temperature. After
briefly mixing, the DNA was pelleted by centrifugation for 5 minutes at 16100 × g. The supernatant was then
removed by aspiration, the pellet was air-dried for 30 minutes, dissolved in 30 µL of MilliQ water and stored at
-20°C until used.

Table 2-5 Buffers used for the alkaline lysis mini-preps
Solutions
Solution I
Solution II
Solution III

Composition
25 mM Tris-HCl pH 8.0, 10 mM EDTA and 0.9% glucose
200 mM NaOH and 1% SDS in MilliQ water
3M sodium acetate pH 5.2

2.1.5 Isolation of plasmid DNA for sequencing (sequence prep)
Plasmid preparations for DNA sequencing were carried out following the manufacturer’s instructions using the
plasmid isolation kit (Roche, Mannheim, Germany) using 1 mL volumes of an overnight bacterial culture
containing appropriate antibiotics and grown at 37°C. The DNA was eluted in a final volume of 40 µL and
stored at -20°C until needed.To determine DNA concentrations the NanoDrop 2000 spectrophotometer
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(Thermo Scientific) was used in accordance with the manufacturer’s protocol. DNA absorbance was measured
at 260 nm.

2.1.6 DNA Sequencing and alignment
The DNA template (900 ng) derived from sequence prep (Section 2.6.3) was sent to Macrogen (South Korea)
where the sequences were determined on both strands using either supplied sequence specific or M13F and
M13R (Table 2-4) primers. Databases at the National Center for Biotechnology Information (NCBI) were
searched using BLASTN and BLASTX (Altschul et al., 1997).

2.1.7 Agarose gel electrophoresis
Gel electrophoresis of DNA was performed in a gel consisting of 1% agarose powder (Applichem, Darmstadt,
Germany) dissolved in 1 x TAE (Table 2-1). DNA samples were mixed with 6 × loading dye (Fermentas™)
prior to application into wells. Gels were typically run at 125 V for 40 minutes followed by staining in ethidium
bromide (0.5 g/mL) for approximately 10 minutes. The gels were then briefly destained, after which the DNA
was visualised on a Uvitec Cambridge (Model HD2/20MX) UV transilluminator at 302 nm (Sambrook and
Russell, 2001).

2.1.8 Restriction enzyme digestion of DNA
The restriction digestion of the DNA with restriction enzymes was carried out to allow either its subsequent
cloning in an appropriate vector, or for diagnostic purposes.

Restriction enzyme digestion of DNA for ligation
For cloning purposes, either 5 µL plasmid DNA obtained via alkaline lysis mini-prep (Section 2.6.2) or 30 µL
of purified PCR product (Section 2.3.1) was used for the restriction enzyme digestion. The restriction enzyme
digestion for ligation was carried out in a volume of 100 µL in total containing 5-30 µL DNA, 10 µL of the 10 ×
NEBuffer (New England Biolabs) chosen according to the manufacturer’s specifications, and 20 U of restriction
enzyme and MilliQ water. The reactions were incubated at 37°C for 1.5 hours unless a different time or
temperature was suggested by the manufacturer. Where required, double digestions were carried out
sequentially in appropriate buffers with ethanol precipitation (Section 2.6.7) between the two digestion steps.

Restriction enzyme digestion of DNA for diagnostic
When restriction digestion of DNA was required for diagnostic purposes, the eluted plasmid or PCR product
was digested with an appropriate NEB enzyme (New England Biolabs) according to the manufacturer’s
specifications for buffer, temperature, and enzyme concentration. Each reaction comprised a volume of 10 µL
in total containing 1 µL of the 10 × NEBuffer, 1 µL plasmid DNA, MilliQ water and 1 µL of restriction enzyme.
The reactions were incubated at 37°C for 1.5 hours unless a different time or temperature was recommended
by the manufacturer. DNA was applied on a 1% agarose gel for validation (Section 2.6.5).

2.1.9 DNA precipitation
DNA precipitation was carried out in this study in order either to concentrate the DNA sample or to exchange
the buffer. The 100 µL of DNA was precipitated with 200 µL of absolute ethanol and 150 µL of 3 M sodium
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acetate (pH 5.2). The precipitated DNA was pelleted by centrifugation for 5 minutes at 16100 × g. The
aspirated pellet was dried for 20 minutes at 37°C and then resuspended in a 7 µL sterile MilliQ water. 2 µL of
DNA was run on a 1% agarose gel for validation if required (Section 2.6.5).

2.1.10 DNA ligation
Ligation was used in cloning procedures to recombine fragments of DNA into a new DNA molecule.

Ligations of vector and insert
The digested vector and insert DNA (Section 2.6.6) that was previously concentrated using precipitation
(Section 2.6.7) was ligated in a total volume of 10 µL. The preparation included 2 μL of 5 × ligase buffer
(Fermentas™), digested plasmid and insert, 1 μL (1 unit) T4 DNA ligase (Fermentas™) and sterile MilliQ water.
In each case, an approximate 3:1 ratio of insert to vector DNA, as judged by gel electrophoresis (Section
2.6.5), was used. Reactions were incubated overnight at room temperature and stored at -80°C if necessary.

Self-ligation
Self-ligation was used to delete regions internal to a plasmid construct. The restriction reaction (Section 2.6.6)
and DNA precipitation (Section 2.6.7) for the self-ligation was performed in a total volume of 100 μL, including
5 μL of the vector DNA. The pelleted DNA was resuspended in 79 μL of MilliQ water. 20 μL 5 × ligase buffer
(Fermentas™) and 1 μL (1 unit) T4 DNA ligase (Fermentas™) was added to the digested plasmid DNA and
reactions were incubated overnight at room temperature. On the next day the DNA was precipitated as
described in Section 2.6.7 and resuspended in 10 μL of MilliQ water.

2.1.11 Cloning into the pGEM-T-Easy cloning vector
Cloning into pGEM-T-Easy vector (Promega, Madison, Wisconsin, USA) was used as an intermediate step in
the cloning process. The pGEM-T-Easy vector contains T-overhang that facilitates a direct ligation of the PCR
products that possess A-overhangs. A-overhangs were added to the fragments by the Platinum ® Taq DNA
High Fidelity Polymerase (Promega) that was used to amplify the DNA fragments (Section 2.3.1). Ligation of
PCR product into pGEM-T-Easy vector was carried out as detailed in the manufacturer’s instructions
(Promega, Madison, Wisconsin, USA). 3.5 µL of PCR product was ligated into 0.5 µL of pGEM-T easy cloning
vector (50 ng/ µL) in 2× Rapid Ligation Buffer (5 µL) and 3 U (1 µL) T4 DNA ligase (Promega) in a total volume
of 10 µL. The ligations were incubated overnight at room temperature prior to transformation. The pGEM-TEasy vector contains an ampicillin resistance gene (AmpR) and the multiple cloning site (MCS) which is located
within the lacZ gene allowing blue/white screening of the transformed cells. White colonies that contain an
insert were used to inoculate the overnight culture and isolate the plasmid DNA (Section 2.6.2). To validate
the obtained transformants, the plasmid DNA was digested with EcoRI and with another restriction enzyme
that cuts a site within the insert. When a colony was validated to contain the right insert, DNA sequence
analysis of the insert was used to confirm the transformant.
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2.1.12 DNA transformation in E. coli strains DH10B and BL21
2.1.12.1 Optical density (OD600) measurements of cell cultures
The absorbance of light at a wavelength of 600 nm by the bacterial cell culture corresponds to the cell density.
Measuring OD600 is a common method for estimating the concentration of bacterial cells allowing observation
of the growth of the bacterial population over time in a liquid culture (Brown, 1966).
In this study a spectrophotometer SmartSpecTM Plus from BioRad was used for the OD600 estimations.
Measurements were taken from the cell cultures that were usually diluted with the LB media at ratios of 1:10.
A cuvette with LB medium was used as a blank.

2.1.12.2 Preparation of competent cells for chemical transformation
The LB broth in 250 mL conical flasks was inoculated with 1 mL of an overnight starter culture of bacteria.
Cultures were grown at 37°C with agitation at 250 rpm for approximately 1.5 hours to an OD 600 of 0.5-0.6,
followed by incubation on ice for 20 minutes. Cells were centrifuged at 4°C for 10 minutes at 2268 × g. The
supernatant was discarded and cell pellets were resuspended in 25 mL of ice-cold 0.1 M CaCl2. The
centrifugation step was repeated and cells were resuspended in 1 mL of ice-cold 0.1 M CaCl2 before being
stored on ice for at least one hour before use.

2.1.12.3 Transformation of Chemically competent cells
The chemically competent cells to be transformed with DNA were chilled on ice prior to transformation. A 1-3
µL volume of chilled plasmid prep/ligation mix was added to a 1.7 mL tube containing 100 µL chemically
competent cells and pipetted to mix. The samples were incubated at 42°C in a circulating water-bath for 30
seconds then immediately transferred into an ice bath. After the addition of 1 mL LB broth samples were
incubated at 37°C for 60 minutes then centrifuged at 8000 × g for 3 minutes. The supernatant was tipped off
and the cell pellet was resuspended in the last drop of remaining supernatant. Cell suspension was plated on
LB agar containing the appropriate antibiotics and incubated overnight at the appropriate temperature. The
cells were incubated overnight at 37 °C.

2.1.12.4 Preparation electro-competent cells
LB broth in appropriately sized conical flasks was inoculated with a 2% volume of an overnight starter culture
of bacteria. Cultures were grown at the appropriate temperature with agitation at 250 rpm until an OD 600 of
~0.4 - 0.6 was reached. Cells were centrifuged at 4°C for 10 minutes at 2100 × g. The supernatant was
discarded and cell pellets resuspended in 0.5 × volume ice-cold sterile water. The centrifugation step was
repeated and cells were resuspended in 0.02 × original culture volume of ice-cold 0.1 M CaCl2 before being
stored on ice. Cells for electro-transformation were centrifuged at 4°C for 10 min at 2990 × g. Supernatants
were discarded and cell pellets resuspended in 0.5 × volume ice-cold sterile water. Centrifugation and
resuspension steps were repeated once more with ice-cold sterile water and once with ice-cold sterile 10%
glycerol. Cell pellets were finally resuspended in approximately 0.01 × original culture volume of ice-cold sterile
10% glycerol. Electro-competent cells were stored at -80°C.

2.1.12.5 Transformation of electro-competent cells
The transformation of electro-competent cells was carried out following protocol developed by Dower et al.
(1988). The electro-competent cells to be transformed with DNA were chilled on ice prior to transformation. A
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1 µL aliquote of plasmid DNA (Section 2.6.2) or ligation mix (Section 2.6.8) was added to 40 µL electrocompetent cells in a 1.7 mL tube. Samples were transferred to pre-chilled electro-cuvettes and incubated on
ice for one minute. After incubation, cuvettes were placed into the arm of a BioRad E. coli Pulser (BioRad,
Hercules, CA) and subjected to a charge of 2.5 kV, achieving a time constant greater than 5.2 microseconds.
One mL of LB broth at room temperature was added to each sample immediately after electroporation.
Samples were incubated at 37 °C for 60 minutes before being centrifuged at 8000 × g for one minute.
Supernatant was tipped off and the cell pellet was resuspended in the remaining drop of supernatant. Cell
suspensions were plated on LB agar containing appropriate antibiotics and incubated overnight at 37 °C.
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2.2 Protein expression and purification
2.2.1 Media and reagents for protein induction
LB broth, LB Agar, and antibiotics were used as described in Section 2.1.1. All E. coli expression strains were
grown in LB at 20-37°C and an agitation rate of 40 to 250 rpm or on LB-Agar plates at 37°C. Centrifugation
was carried out in Eppendorf centrifuges 5810R or 5415D. The buffers used for the protein purification
techniques are listed in Table 2-6.

Table 2-6 Buffers used in this study for protein purifications
Solutions
Tris Buffered Saline (TBS)
TM buffer
Glycine I Soerensen buffer
Phosphate buffered saline (PBS)
Cleavage buffer for GST
purification

Composition
25 mM Tris-HCl, 130 mM NaCl, pH 7.5
20 mM Tris, 20 mM MgCl2, pH 7.5
0.1 M Glycine, 0.1 M NaCl, pH adjusted to 2 or 10 with either 5 M HCl or
5 M NaOH
137 mM NaCl, 8 mM Na2HPO4, 2.6 mM KCl, 1.47 mM KH2PO4; pH 7.4
50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, pH 7.0

2.2.2 Protein induction and cell harvest
A single inoculating bead from the -80°C stock (Section 2.1.1) of an appropriate strain was used to inoculate
3 mL of LB with the respective antibiotics, and incubated overnight at 37°C with agitation at 250 rpm. The
overnight culture (1 mL) was used to inoculate 50 mL of fresh LB with appropriate antibiotic.
The culture of Afp or its derivatives bearing cells was grown from an overnight culture at 37°C with agitation to
an OD600 of 1.0 for 4-5 hours and then harvested by centrifugation at 2268 x g for 10 minutes and resuspended
in fresh 50 mL 0.4 x LB broth with respective antibiotic. To induce the protein expression, 500 µL of 20%
arabinose was added to each 50 mL culture to final concentration of 0.2%. The cells were subsequently
incubated for further 4-24 hours at 22°C with rotary agitation at 40 rpm.

2.2.2.1 Induction of Afp16 from pGEX16 construct
The culture of cells bearing a pGEX16 construct was grown at 37°C with agitation until the OD600 of
approximately 0.6 was reached (Section 2.6.10.1). The 300 µL of 100 mM IPTG per 50 mL flask was then
added to the final concentration of 0.6 mM. The cells were incubated for a further 18 hours at 22°C at 40 rpm
prior to harvest and lysis. The cells were harvested by centrifugation for 10 minutes at 2268 × g and the pellet
was suspended at 4°C in a 0.8 mL TM buffer (Table 2-6).

2.2.3 Cell lysis
Two different methods of cell lysis for purification of Afp and its derivatives were used throughout this study.
The cells were lysed using sonication or chloroform, as described below.

2.2.3.1 Cell lysis through sonication
The induced cells were harvested by centrifugation for 10 min at 2268 × g and the pellet suspended at 4°C in
0.8 mL TM buffer. The resultant suspensions were transferred into 1.7 mL microcentrifuge tubes and subjected
to three 20-second rounds of sonication on wet ice using a Sanyo Soniprep 150 Sonicater (18 Ω). DNase
(Roche) (1 µL or 10 units) was added and the sample was incubated at room temperature for 10 minutes prior
to being centrifuged at 16000 × g for 10 minutes. The pellets were discarded and clear supernatants containing
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soluble recombinant protein were filtered through 0.2-µm-pore-size filters and stored at 4°C for further
purification.

2.2.3.2 Chloroform-based cell lysis
For cell lysis using chloroform, 600 µL of chloroform was added to the 50 mL of the induced culture followed
by mixing with 0.5 g NaCl to a final concentration of 0.17 M. The suspension was vortexed in three cycles,
each 20 seconds in length, followed by 1 minute incubation without agitation during each cycle. After the third
and final cycle, the culture was left to stand at room temperature for 10 minutes, and clear chloroform-free
supernatant was decanted into a fresh tube. Bacterial debris was removed by centrifugation at 10000 × g for
30 minutes at 4°C. The clear supernatant was stored at 4°C for further purification.

2.2.4 Size exclusion chromatography
Size exclusion chromatography (SEC), also called gel filtration, separates proteins according to size by
passing through a column packed with beads of differently-sized pores. The protein that is larger than a pore
will run through the space between the beads and is eluted in the void volume. Pharmacia Biotech beads
Sephacryl S-400 HR were used in this study for the purification of Afp particles and its derivatives. These
protein complexes are so large that they elute in a void volume, whereas all other proteins are retarded. For
the purification of Afp16 protein Sephacryl S-200 HR or Sephacryl S-300 HR (Pharmacia Biotech) were used.
These media have beads with smaller pores than the S-400 HR medium. The gel filtration column (Bio-Rad)
with column dimensions of 1.5 by 46 cm was poured according to the manufacturer’s instructions (Pharmacia).
The maximum volume of the protein sample used was 0.8 mL. The sample was filtered through 0.2 µm
membrane prior to being applied to the column. The column was attached to the BioLogic LP System and
equilibrated with 150-200 mL TBS at a flow rate of 2 mL/minute. Protein solution was then loaded and eluted
in a 65 mL of buffer at 0.5 mL/minute at room temperature. Elution of protein was monitored by absorbance at
280 nm. When Afp or its derivatives were purified using SEC (S-400) column, the fractions from the elution
peak (75-90 minutes retention time) were pooled and further processed, unless otherwise indicated.
Henceforth in the text, the terms SEC (S-200), SEC (S-300) and SEC (S-400) are used to describe the SEC
using Sephacryl S-200 HR, Sephacryl S-300 HR and Sephacryl S-400 HR columns, respectively.

2.2.4.1 Calibration of SEC columns
Calibration of columns for analytical size exclusion chromatography was carried out for the Sephacryl S-200
and S-300 HR (Pharmacia Biotech) columns with a set of reagents from the Gel Filtration Calibration Kit
(Amersham Bioscience). Catalase (232 kDa) and aldolase (158 kDa), 5 mg each, were mixed with 1 mg of
ferritin (440 kDa) and dissolved in 0.33 mL of TBS. The protein mixture was eluted through the column and
retention volumes for each peak recorded. This data was used to estimate the approximate size of the eluted
Afp16 protein. No calibration was made for the Sephacryl S-400 HR (Pharmacia Biotech) column because Afp
particles and its derivatives elute in the void volume and SEC cannot be used for their size estimation.

2.2.5 Afp16 purification using Glutathione S-transferase (GST) tag
Glutathione S-transferase is used as a fusion tag to create the GST gene fusion system for purification and
detection of proteins of interest. In this study, GST tag purification was used to purify GST-Afp16 fusion derived
from the construct pGEX16 (Table 2-3). The batch purification protocol (GE Healthcare) was followed and
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glutathione sepharose resin (GE Healthcare) was used. The E. coli DH10B [pGEX16] sonicated filtrate in TBS
(800 µL; Section 2.8.1) was incubated at 4°C overnight with pre-washed glutathione sepharose beads.
Subsequently, the beads were washed three times with 1 × PBS (Table 2-6) and an aliquot (10 µL) was taken
for the assessment by SDS-PAGE (Section 2.8.2) from each washing step. An aliquot (10 µL) of the suspended
beads after the last washing step was also removed for the assessment by SDS-PAGE. The cleavage of the
GST tag was carried out using PreScission protease (GE Healthcare) in a cleavage buffer (Table 2-6)
according to the manufacturer’s protocol. The eluate was collected in a 1.5 mL cleavage buffer and
concentrated using 10 kDa ultrafiltration devices (Section 2.8.1.1) to a final volume of 800 µL. Serial dilutions
of the concentrated sample were made and was assessed by SDS-PAGE (8 μL per lane)

2.2.6 Protein purification using selective polyethylene glycol 6000 (PEG) precipitation
Sedimentation of Afp particles was undertaken using a modified procedure of Nguyen et al. (1999). PEG 6000
and NaCl were added to the supernatant after the chloroform-based cell lysis (Section 2.7.3) to a final
concentration of 8% (w/v) and 0.5 M, respectively. The mixture was gently stirred overnight on ice. Afp particles
were sedimented by centrifugation at 8000 × g for 30 minutes using an Eppendorf centrifuge 5810 (Rotor F34),
and suspended at 4°C in 16 mL of TM buffer. The suspensions were incubated on a Labnet minilab roller at
an ambient temperature for 2 hours. The sample was centrifuged at 13000 × g for 10 minutes, at 4°C. The
clear supernatant was divided into 8 mL aliquots and ultracentrifuged for one hour and 10 minutes at 4°C as
described in Section 2.8.1.2. After removing most of the supernatant, the pellet was resuspended in the
residual 500 µL buffer, filtered through a 0.2-µm-pore-size filter, and processed for further purification.

2.2.7 Protein purification using ammonium sulfate ([(NH4)2SO4]) precipitation
Solid ammonium sulfate (23.8 g, corresponding to 75% saturation) was slowly mixed into 50 mL of a clarified
cell lysate until dissolved. The mixture was gently stirred overnight on ice. Afp particles were sedimented by
centrifugation at 8000 × g for 30 minutes using an Eppendorf centrifuge 5810 (Rotor F34), and suspended at
4°C in 16 mL of TM buffer.

2.2.8 Protein purification using sucrose density-gradient centrifugation
Sucrose gradients were created by applying layers of 750 μL of previously prepared sucrose solutions of
different concentrations on top of one another. Two different gradients were used in this study. The first
gradient contained 10, 20 and 30% sucrose solutions and the other gradient contained 10, 20, 30 and 40% of
sucrose. The highest sucrose concentration was applied first, followed by less concentrated preparations. The
Afp preparation (100 μL) was applied on top of each sucrose gradient and centrifuged in a swinging bucket
rotor at 250000 × g for 1.5 hours. The layers from each sucrose gradient were collected and concentrated
independently using an Ultracel-50K device (Section 2.8.1.1) followed by washing with a TM buffer. The pellets
that remained after the layers were removed was resuspended in 1 mL of TM buffer and concentrated using
ultracentrifugation (Section 2.8.1.2) to a 200 μL final volume in order to remove residual sucrose contamination.

2.2.9 Protein purification using a glycerol cushion
In this study a 40% glycerol cushion was used, following the method described by Hurst et al. (2007). Three
mL of the 40% glycerol were added to the centrifugation tube followed by 0.3-0.6 mL of the Afp preparation.
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Centrifugation was carried out in a swinging bucket rotor at 250000 × g for 1.5 hours. The supernatant was
carefully discarded and the remaining invisible pellet was resuspended in 10 µL of the TM buffer.
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2.3 General protein quantitation and characterisation techniques
2.3.1 Protein concentrating techniques
Two major techniques were used in this study to increase the concentration of macromolecular complexes
such as Afp or its derivatives in an aqueous solution: protein concentration using ultrafiltration or
ultracentrifugation.

2.3.1.1 Protein concentration using ultrafiltration
In this study Vivaspin centrifugal concentrators with 10000 and 50000 MWCO (Sartorius, Germany) were
utilised to concentrate proteins. MWCO is a molecular weight cut-off which designates the size limit of a protein
that can pass through the membrane of the concentrator. The sample solution (2 to 10 mL) was added to the
sample container which was subsequently centrifuged at 3000 × g for 5-30 minutes until only a residual
solution was left in the sample container. TBS buffer (5 mL) was added to the sample container and the
centrifugation step was repeated. The sample was resuspended in approximately 100 µL of residual buffer by
pipetting up and down, and used for downstream processing.

2.3.1.2 Concentrating protein samples using ultracentrifugation
The clear supernatants from various purification steps containing Afp or its derivatives were centrifuged at
151139 × g for 70 minutes at 4°C in a Beckman coulter Optima TM L-100K ultracentrifuge. The often
transparent pellet that contained particles of interest was carefully resuspended in approximately 150 µL of
residual buffer. NaN3 was added as a preservative at the final concentration of 0.02%.

2.3.1.3 Protein concentration estimation
Protein concentration was measured at 280 nm using the NanoDrop 2000 Spectrophotometer (Thermo
Scientific) pre-calibrated using a series of bovine serum albumin solutions according to the manufacturer’s
protocol.

2.3.2 SDS-PAGE
Protein samples were separated according to their migration profile using SDS-PAGE as described by Laemmli
(1970) on one-dimensional 10-15% polyacrylamide slab gels containing 0.1% SDS (Table 2-7). The
attachment of negatively charged SDS molecules to the proteins results in an uniform charge-to-mass ratio
proportional to the molecular weights of the proteins. For general purposes protein samples were heated to
95°C for 5 minutes with 0.33 sample volume of 4 × loading buffer (Table 2-7) containing 2-mercaptoethanol.
In this system proteins denature in the presence of SDS and 2-mercaptoethanol, which is a thiol reducing
agent. When SDS-PAGE was used as a source for a liquid chromatography-tandem mass spectrometry (LCMS/MS) analysis of the proteins, a loading buffer with DTT was used instead of 2-mercaptoethanol as a
denaturing agent (Table 2-7; Section 0). The denatured samples were loaded onto the gel and separated at
200 V with a current of 20 mA until the dye front had travelled the full length of the gel. Gels were run on a
miniature vertical slab gel unit (Hoefer Scientific Instruments). After electrophoresis, gels were digitalised after
staining using silver or Coomassie blue (Section 0). Approximate molecular masses of visualised protein bands
were determined by comparison with a commercial broad range molecular weight ladder (Bio-Rad) consisting
of the following standards: myosin, 200 kDa; β-galactosidase, 116 kDa; phosphorylase B, 97.4 kDa, Bovine
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serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 29 kDa; trypsin inhibitor, 20 kDa; lysozyme,
14.4 kDa and Aprotinin, 6.5 kDa.

Table 2-7 Buffers and reagents used in SDS-PAGE.
4 × loading buffer
4 × loading buffer for
LC-MS/MS
Running buffer
Separating gel solution
Stacking gel solution

125 mM Tris/HCl (pH 6.8), 20% glycerol (v/v), 3.8% (w/v) SDS, 0.1% (w/v)
bromophenol blue and 10% (v/v) 2-mercaptoethanol
125 mM Tris/HCl (pH 6.8), 20% glycerol (v/v), 3.8% (w/v) SDS, 0.1% (w/v)
bromophenol blue and 18 mg/mL DTT
25 mM Tris/HCl, 200 mM glycine and 0.1% (w/v) SDS, pH 8.3
10 - 15% (v/v) acrylamide, 375 mM Tris/HCl (pH 8.8), 0.1% (w/v) SDS, 0.05% (w/v)
ammonium persulphate and 0.2% (v/v) TEMED (tetramethylethylenediamine)
3.6% acrylamide, 125 mM Tris/HCl (pH 6.8), 0.1% SDS, 0.05% ammonium persulphate
and 0.2% TEMED

2.3.2.1 Staining of the gels
In this study most of the SDS-PAGE gels were stained using the silver staining protocol of Blum et al. (1987).
The SDS-PAGE gels were first fixed in fixer solution (Table 2-8) for 30 minutes. After fixing, the gels were
washed with 50% methanol three times for 10 minutes each. The gels were then incubated with 0.02% sodium
thiosulphate for one minute. Subsequently the gels were washed three times with distilled water for 20 seconds
each step and then stained with staining solution (Table 2-8) for 10 minutes. Before developing, the gels were
washed with distilled water twice for 20 seconds each. The bands were developed with the developing solution
(Table 2-8). Once the bands were clearly visible, the development was stopped by placing the gels in 30%
acetic acid solution. The gels were then photographed using a digital camera, Finepix S200EXR (Fujifilm), and
discarded.
When the coomassie staining protocol was utilised, the gels were incubated with the coomassie stain solution
(Table 2-8) for 30 minutes at room temperature after electrophoresis. Subsequently the gels were destained
in MilliQ water until all bands were visible.

Table 2-8 Buffers and reagents used for staining of the SDS-PAGE gels
Fixer solution

50% methanol; 12% (v/v) acetic acid; 100 μL formaldehyde for 200 mL solution

Staining solution
Developing solution

0.2% silver nitrate; 150 μL formaldehyde for 200 mL solution
6% sodium carbonate; 16 μL of 0.1 M sodium thiosulphate and 100 μL formaldehyde for
100 mL solution
0.1% (w/v) Coomassie Brilliant Blue R-250, 45% (v/v) methanol and 10% (v/v) acetic acid

Coomassie stain solution

2.3.2.2 Stoichiometric analysis of the proteins using SDS-PAGE
The relative quantification of amount of proteins on the SDS-PAGE was undertaken using UViband 1D
software from UviTec (Cambridge). This software allows automatic lane detection, normalisation of band
intensity and background subtraction to produce relative quantification data. The previously taken digital image
of the SDS-PAGE was uploaded into the software and the densitometry analysis of the Afp related bands on
the SDS-PAGE was performed following the manufacturer’s protocol. The resultant data for each band was
exported into Microsoft Excel and used for quantification studies.
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2.3.2.3 Assessment of relative abundance of proteins in a mixed band
The assessment of relative abundance of proteins in a SDS band that contained a mixture of proteins was
performed by Dr. Jessica Gathercole (AgResearch, Lincoln) as a part of the LC-MS/MS-related service. The
process used for relative abundance of proteins is described in Ishihama et al. (2005) as an “exponentially
modified protein abundance index”. The relative abundance of a protein is determined by obtaining the number
of observed peptides for a protein over the number of theoretical peptides for a protein. The values obtained
in this project were calculated in the search engine MASCOT (Matrix Science Inc., USA, Boston), which is
routinely used to identify the proteins.

2.3.3 Production of antibodies
Antibodies were used in this study to specifically label Afp16 protein. Polyclonal antibodies against native
purified Afp16 were raised using the New Zealand white rabbit at Massey University (Palmerston North). Two
injections of Afp16 preparation into the rabbit were needed to achieve a sufficient immunisation for a successful
antibody production.

2.3.4 Western blot analysis
Western blotting was carried out following a method of Towbin et al. (1979). The solutions used are listed in
Table 2-9. Protein samples and a pre-stained protein molecular mass marker (BioRad) were first resolved by
SDS-PAGE (Section 2.8.2). The proteins were then transferred from the polyacrylamide gel onto a
FluoroTrans PVDF membrane (Pall Corporation) using XCell II™ Blot Module (Bio-Rad). The transfer was
performed for 1-2 hours at room temperature and 25 V. The membrane and the polyacrylamide gel were
equilibrated in transfer buffer. The successful transfer was indicated by detection of the pre-stained makers on
the nitrocellulose membrane. The membrane was briefly washed in MilliQ water, incubated with the blocking
solution at room temperature (20 – 25°C) for one hour to overnight in order to block non-specific binding sites.
Subsequently the membrane was incubated with 500-fold diluted primary antibody in blocking buffer for two
hours at room temperature. The membrane was then washed three times with wash buffer for five minutes
each and then incubated in the secondary antibody, diluted 1:15000 (v:v) in blocking solution (Table 2-9) for
45 minutes. Three further washing steps followed using wash buffer for five minutes each one. Finally, 1 mL
of 1-StepTM NBT/BCIP (Invitrogen) was spread across the membrane and incubated for approximately 10-20
minutes until bands developed. The reaction was stopped by rinsing membranes through two changes of MilliQ
water.

Table 2-9 Buffers and reagents used in Western blot analysis
Western blotting solutions
Transfer buffer
Wash buffer
Blocking solution

Composition
25 mM Tris, 200 mM glycine, pH 8.3
0.05% (v/v) Tween-80 in TBS
5% (w/v) non-fat milk powder in TBS + 0.05% (v/v)
Tween-80

2.3.5 LC-MS/MS of protein samples
In this study LC-MS/MS was used to analyse the composition of the protein bands excised from SDS-PAGE
gels. The proteins were first resolved by SDS-PAGE (Section 2.8.2). A loading buffer with DTT (Table 2-7) as
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a denaturing agent was used. Protein bands were excised from Coomassie-stained SDS-PAGE gels using a
clean scalpel. To prevent contamination of the bands, the scalpel was cleaned with ethanol each time a new
band was excised. The excised bands were given to Dr. Stefan Clerens (AgResearch Lincoln) for further
processing of the trypsin digestion and LC-MS/MS as described by Clerens et al. (2010).

2.3.6 Quantification of the particles using qNano technique
The concentration of Afp particles in the purified preparation was determined by SIOS (Scanning Ion Occlusion
Sensing) using qNano (Izon Science Ltd, New Zealand) instrument with the NP100-NP400 apertures supplied
from Izon as described by Roberts et al. (2010). This technology allows measurement of a particles size,
concentration and interactions between particles. qNano instruments possess a specific nanopore through
which the particles are forced to go one by one (Figure 2-1). A pore can stretch to adjust the size of a particle
(Figure 2-1). By passing the membrane each particle blocks the pore for a very short increment of time. A
discrete blockade event signal is then recorded by the system. From the magnitude of a measured blockade
event the volume (or equivalent diameter) of the particle that has passed through the pore is calculated. This
enables the particle size distribution within a sample to be accurately determined.

Figure 2-1 Nanopore-based detection particles in complex mixtures.
A schematic representation of how a size of a particle can be measured in a qNano instrument. Particles in a mixed sample
pass through the nanopore. The blockage of the pore-based detector by each particle causes the blockage of a current
signal which is a measure of particle volume. Optimisation of pore size to particle size by adjusting the stretch of the
nanopore allows highly accurate measurement. This figure was adapted from Vogel et al. (2011).
Concentration of purified Afp preparation was measured using a qNano instrument under the supervision of
Dr. Sam Yu (Izon Science Ltd, New Zealand).
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2.4 Chemical treatment of the Afp and TBC particles
2.4.1 Subjection of Afp and TBC to Guanidine hydrochloride (GuHCl), urea and
MgCl2
Purified Afp or TBC preparations (1-100 µL) in TBS buffer (Table 2-6) were supplemented with varying
amounts of 10 M GuHCl to achieve a total volume of 5-500 µL with a final GuHCl concentration of either 2.0,
3.0, or 4.0 M as illustrated in Table 2-10. The samples were left at ambient temperature for one hour and the
reactions were terminated by the addition of varying amounts of TBS buffer (Table 2-10).

Table 2-10 Dilutions of GuHCl, urea and MgCl2 to achieve required final concentrations
starting
Final
Afp or
Volume of the
concentration of the
concentration of TBC (μL)
chemical
chemical
the chemical
added (μL)
10 M GuHCl
2M
1
1
10 M GuHCl
3M
1
1.5
10 M GuHCl
4M
1
2
10 M GuHCl (scale
3M
100
100
up)
8 M urea
4M
2
2
2.5 M MgCl2
0.5 M
1
1
* TBS buffer was added after incubation period to terminate the reaction

TBS buffer
(μL)
3
2.5
2
300

Termination
(μL TBS
buffer)*
5
5
5
300

0
3

-

Two microliters of 8 M Urea were added to the 2 μL Afp and TBC preparations resulting in a 4 M final urea
concentration. The reactions were incubated for 30 minutes in an ice water bath and then applied on the TEM
grid followed by assessment by TEM (Section 2.10.1).
To access the effect of 0.5 M MgCl2 on the TBC and the Afp, 1 µl of either purified TBC or Afp suspensions
were supplemented with 1 µL of 2.5 M MgCl2 resulting in final MgCl2 concentrations of 0.5 mM in a final volume
of 5 µL (Table 2-10). The samples were incubated for 18 hours at 22°C and the reactions terminated by the
addition of 5 µL of TM buffer.

2.4.2 Subjecting of Afp and TBC to changes in pH
To determine the effect of a range of pHs on the purified (ultracentrifuged and pooled SEC (S-400) column
fractions) TBC or Afp particles, a modified procedure of Bleviss and Easterbrook (1971) was undertaken. Due
to the small volumes of Afp and TBC samples available, larger volumes of Glycine I Soerensen buffer pH 2 or
10 (Table 2-6) were used to adjust the ratios of solutions until the desired pH was reached. Preset volumes of
Glycine I Soerensen buffer pH 2 or 10 were then added and mixed to achieve the desired final pH of 2 or 7.
These ratios were then proportionally adjusted to the micro scale volumes of the Afp or TBC samples.
Accordingly, 3 µL of the purified TBC or Afp suspension was added to 9 µL of Glycine I Soerensen buffer (pH
2 or pH 10), and left at room temperature for 5 minutes for up to 24 hours depending on the experiment. To
adjust the pH back to 7, 9 µL of the pH 2 adjusted samples were supplemented with a 9 µL Glycine I Soerensen
buffer pH 10 and left at room temperature for 24 hours.
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2.4.3 Assessment of Afp16 effect on the tubes assembly in vitro
To determine the effect of Afp16 on the reassembly of the tubes in vitro, 3 µl of the Afp or the TBC samples
were exposed to pH 2 for 5 minutes. Following this treatment the pH of the sample was readjusted to 7 with
Glycine I Soerensen buffer pH 10. At the time of equilibration, 1 µl (0.15 ng) of affinity purified Afp16 was added
to the mixture and the sample incubated for 24 hours, before being assessed by TEM. In the case of the
negative control, 1 µl of TBS buffer was added instead of purified Afp16. Before applying the sample to the
TEM grid, it was diluted with 3 µl TBS.

2.4.4 Purification of contracted Afp sheath
In order to purify the sheath fraction from the purified Afp preparations, a modified procedure of To et al. (1969)
was undertaken. In order to adjust pH of the sample to pH 2, 26 µL of the purified TBC or Afp preparations
were added to 78 µL of Glycine I Soerensen buffer pH 2, and incubated at room temperature for 24 hours. An
aliquot (3 µL) of the resultant sample was assessed by TEM (Section 0). The remaining 100 µL of the sample
was subsidised with 8 µL of 5 M hydrogen chloride (HCl; 0.4 M final concentration). The suspension was
incubated for one hour at room temperature followed by centrifugation for 10 minutes at 6300 × g. The pellet
containing sheath particles resistant to an acidic environment was resuspended in a 20 µL TBS buffer and
assessed by TEM (Section 2.10). Consequently, the 15 µL of the resuspended pellet containing contracted
Afp sheaths were incubated with 1.6 µL of 200 µg/ml trypsin (Sigma-Aldrich) at 35°C for one hour. The
suspension was centrifuged for 90 minutes at 20000 × g. The pellet containing contracted sheaths (that were
resistant to these treatments) was resuspended in 15 µl TBS buffer. Both the pellet and the supernatant were
assessed by TEM (Section 2.10) and SDS-PAGE (Section 2.8.2).

2.5 Transmission Electron Microscopy
2.5.1 Negative staining and TEM analysis of Afp and its derivatives
To visualise Afp and its variants, 3 or 5 µL of a given preparation was applied to a freshly glow-discharged
plastic-coated 300 or 200-mesh grid. In this study copper 200-mesh grids from Proscitech (Thuringowa,
Australia) were utilised, unless otherwise indicated. The grids were charged by glow discharging before
applying a sample. The sample was allowed to settle for 30 to 60 seconds, excess fluid was wicked off using
Whatman #1 filter paper and then stained for 45 seconds with a 0.5-1.0% filtered uranyl acetate (pH 5.0). After
the application of a stain, excess fluid was removed with a filter paper and the grid was left to air dry. Grids
were examined in a Morgagni 268D (FEI, USA) TEM at a nominal magnification of 70000-180000 operated at
80 KeV. The images were captured using a Megapixel III digital camera (SIS/Olympus, Japan).

2.5.2 Negative staining and structural analysis of Afp16
For the TEM analysis of purified Afp16 protein samples were diluted to a concentration of 0.02 mg/mL.
Specimen were prepared from 5 μL of the diluted protein sample by staining with uranyl acetate as described
in Section 2.10.1. The FEI Tecnai 12 (FEI, Eindhoven, Netherlands) electron microscope was utilised using
approximately 1 - 1.5 m under focus at a nominal magnification of 67000. Negatives were developed for 10
minutes using 1:1 diluted D-19 developer. Electron micrographs were digitised using a Nikon Super Coolscan
9000 at 3033 dpi corresponding to a pixel size of 1.25 Å on the specimen. Approximately 4500 particles were
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automatically selected with a window size of 160 x 160 pixels using boxer of the EMAN v1.9 suite. Low-dose
electron microscopy and selection of particles was performed under the supervision of Dr. Mazdak Radjainia
(University of Auckland). Images were 2 × 2 binned, bandpass-filtered to 20-100 Å, normalized and subjected
to classification. Image classification was carried out by using the refine2d.py routine of EMAN v1.9 (Ludtke et
al., 1999). The processing of the images was carried out by Dr. Mazdak Radjainia (University of Auckland).

2.5.3 Sample preparation and TEM analysis of Afp16 localisation using immunogold
labelling
The following preparations were subjected to TEM observation for the immunogold assay: purified Afp,
contracted Afp, and a mixture of purified TBC and purified Afp16. For assessment of the contracted Afp
particles, the Afp sample was first incubated with 4 M urea (final concentration) for 18 hours at 4 °C (Section
2.9.1). For the assessment of TBC and Afp16 mixture, 1 µL (0.015 ng) of purified Afp16 (Section 2.7.5) was
added to the 3 µL TBC suspension for one hour before applying on the grid. Subsequently 3 µL of a given
preparation was applied to a freshly glow-discharged 400-mesh nickel grid coated with parlodion supported
carbon (Proscitech, Thuringowa, Australia). The grid was floated onto a drop of PBS buffer (Table 2-6) for 30
minutes and then transferred onto one drop of 1:1000 diluted anti-Afp16 antibody for a further hour. In the case
of the negative control, no antibody was added. The grid was washed six times by floating it on drops of PBS
for 5 minutes each step, and then floated on a drop of 1:50 dilution of PBS 10 nm gold-labelled goat antimouse antibody (Sigma-Aldrich). After three further washing steps in PBS and one wash in sterile water, the
grid was stained with 1% UA for 45 seconds. The particles were visualised using a Tecnai 12 microscope (FEI,
Eindhoven, Netherlands) at a nominal magnification of 24000. The Tecnai 12 equipped with a LaB6 filament
was operated at an accelerating voltage of 120 keV. The immunolold labelling experiments were conducted
under the supervision of Dr. Adrian Turner (University of Auckland).

2.5.4 Measurement of particle length and calculation of length distribution
The Afp particles or derivatives thereof were applied to the carbon grid and visualised as described in Section
2.10.1. The micrograph images were taken at a nominal magnification of 140000. The lengths of the particles
were determined by taking measurements directly from the corresponding micrograph images using the 100
nm scale bar as a standard. Measurements were scaled with the appropriate magnification factors. Thirty to a
hundred particles were measured per preparation. The average lengths (or mean value, 𝑥̃) for each preparation
were calculated as a sum of the lengths of all particles divided by the number of particles measured. The
standard deviation (s) was calculated using the formula below, where n represents the number of particles
measured and 𝑥̃ is the mean value per preparation.

∑𝑛𝑖=1〖𝑥𝑖 − 𝑥̌)2
s = √(
)
𝑛−1
2.6 Afp Biology
2.6.1 Standard bioassays of activity against C. zealandica larvae
Standard bioassays were performed as described by Hurst et al. (2004). For bioassay analysis healthy third
instar C. zealandica larvae collected from the field were individually fed cubes of carrot (3 mm 3) and observed
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for three days. Larvae that showed signs of disease or were not feeding were discarded from the trial. Healthy
feeding larvae were transferred to individual wells of clean ice-cube trays containing inoculated carrot cube.
Carrot cubes were inoculated with either a bacterial culture, or by pipetting 5 μL of a purified Afp or its
derivatives preparation onto the surface of the carrot cube. Larvae were fed the treated carrot cubes on day
one and the larvae were transferred to fresh trays containing untreated carrot cubes on day two. Onset of
disease was noted on the subsequent day, 48 hours after the initial dose.

2.6.2 Dose response estimation
LD50 of a toxin is the median lethal dose. It is the dose required to kill half of a tested population after a specified
test duration. To determine the LD50 of Afp for their ability to cause cessation of feeding by C. zealandica
larvae, an initial assessment of a broad range of dilution series (1:40, 1:80, 1:160, 1:240, 1:320, 1:400, 1:480,
1:640, 1:800 and 1:2400) of Afp in TBS buffer was undertaken and the bioassay was performed for quantitating
the efficacy. Subsequently, centred around the dilution regimen that led to cessation of feeding in
approximately 50% of the larvae, a narrow-range dilution series (1:100, 1:300, 1:400, 1:450, 1:500, and 1:600)
was assessed. The amount of Afp ingested by the larvae at each chosen dilution level was calculated from the
group’s average consumption of the inoculated carrot cube during the 24-hours-post-ingestion period. After a
further 48 hours and after fresh carrot had been added, the percentage of larvae with 100% cessation of
feeding was scrutinised for each chosen dilution level (referred to as “% antifeeding”). From these percentages
antifeeding values and log10–transformed ingested Afp values, the antifeeding LD 50 was estimated by probit
analysis (Agresti, 1990). The statistical analysis was performed by Dr. Chikako van Koten (AgResearch,
Lincoln).

2.7 Bioinformatics
Protein sequence homologues were searched using the Databases BLASTN and BLASTX at the National
Center for Biotechnology Information available from http://www.ncbi.nlm.nih.gov/ blast/BLAST.cgi (Altschul et
al., 1997). Protein domains were identified using the NCBI conserved domain search (Marchler-Bauer et al.,
2011) (http://www.ncbi.nlm.nih.gov/ Structure/cdd/wrpsb.cgi) searching against the "CCD v3.08 -43334
PSSMs" database using the default settings. Protein sequences of target genes were analysed for data such
as theoretical pI and molecular weight using the website calculator available from ExPASy (Gasteiger et al.,
2003; http://web.expasy.org/compute_pi/).
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Chapter 3 Results
3.1 Overview and objectives
The functional role of some of the Afp proteins were predicted by Hurst et al. (2004) based on amino acid
sequence homology with phage proteins of known function (Section 1.5.1). This study aims to extend the
knowledge base by experimental determination of the functional roles of a subset of Afp proteins. The three
main objectives of this study are illustrated in Figure 3-1.
This project began with the hypothesis that by generating derivatives containing subsets of the 18 afp genes,
various structural components of Afp may be produced. The assessment of the resultant assemblies by TEM
and their structural analysis would then allow understanding the role of the removed Afp proteins in the
formation of a given substructure (Figure 3-1, path 1).
Afp derivatives containing subsets of afp genes, namely, 1-6, 11-12 (Section 3.4.1); 1-11, 1-12, 1-13 and 1-14
(Section 3.4.1.3); 1-15, 1-16, 1-17 (Section 3.4.3) and the deletion of putative Afp sheath genes afp2, 3 and 4
in the construct harbouring the afp genes 1-16 (pAF1-16; Section 3.6.7) were constructed in an arabinose
expression vector (pAY2-4;Table 2-3). Because Afp15 is a predicted ATPase with chaperone activity (Hurst et
al., 2004; Section 1.5.2), the aforementioned expression cassettes were expressed with or without afp15 either
in trans or in cis. With the exception of pAF11-12 expression vector (Section 3.4.1.1), no fusion tags were
added to the above-mentioned constructs to prevent possible interference with the substructure formation.
Following the arabinose-based induction, the samples were purified and assessed by SDS-PAGE and TEM.
In the first two years of this PhD project, the TEM assessment of the Afp derivatives, to examine formation of
substructures, was undertaken by Dr. Anindito Sen at the University of Auckland. However, in the third year of
the project, the AgResearch TEM became available for use, enabling the rapid assessment of Afp derived
preparations. In collaboration with the experts in TEM analysis, Dr. Anindito Sen, Dr. Mazdak Radjainia (both
from the University of Auckland) and Dr. Bernard Heymann (NIH, Bethesda, USA) a better understanding of
the structure of the Afp and its components was sought. One of the challenges faced was the purification of
the Afp baseplate region which would allow its structural reconstruction. The Afp baseplate is predicted to be
a protein complex comprised of several proteins and possibly representing the putative docking interface
between the Afp and its eukaryotic target.
In a mature Afp particle the baseplate region is partly covered by the sheath (Figure 3-1A) making it difficult to
view by TEM and therefore less accessible for structural reconstruction. Furthermore, in negatively stained
images of Afp, images that were exclusively projections of side views orthogonal to the long axis were observed
due to the propensity of a cylindrical object to fall on its side, and not on its end. The end-on image of the Afp
baseplate was required to reveal its symmetry. Consequently, a structural variant of Afp was needed that
contained an exposed baseplate region, allowing the visualisation of end and side views for faithful
reconstruction.
The expression, induction and purification of the constructs mentioned above revealed a new morphological
form derived from the construct expressing afp ORFs 1-15 (pAF1-15). This new substructure was designated
TBC for tube baseplate complex, whereas the in cis addition of afp16 to the afp1-15 restored the mature Afp
particle (Section 3.6). This new finding suggested the role of Afp16 in the termination of the Afp particle and
initiated further investigation of the role of the Afp16 protein (Figure 3-1, path 1a). The manuscript describing
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the role of Afp16 protein has recently been accepted by the Journal of Molecular Microbiology under the title
“Role of antifeeding prophage (Afp) protein Afp16 in terminating the length of the Afp tailocin and stabilizing
its sheath” (Rybakova et al., in press).
The expression, induction and purification of the transposon-insertion derived construct bearing truncated
Afp14 allowed assigning the role to this protein in the determining of Afp length (Figure 3-1, path 1a).
Another approach to obtain structural variants without using genetic alteration involved the exposure of the
purified Afp particles, or its derivatives, to various chemical environments, potentially resulting in the separation
of the particle into its subcomponents. Purification of the resultant subcomponents and their analysis by TEM
and SDS-PAGE in conjunction with LC-MS/MS, allowed revealing of their protein content and possibly the
stoichiometry.

A

Sheath

Tube
3.
Baseplate
2.

1.

B

Defining the roles of Afp proteins

1a
Expression of Afp
derivatives containing a
subset of afp genes

Defining dose response of the purified
Afp against C. zealandica larvae

Optimisation of Afp expression

1b
Generation of Afp
subcomponents through
chemical treatment

Purification of subcomponents,
Assessment by SDS-PAGE and TEM

(i)

Structural studies of Afp
and its subcomponents

Study of the length
determination mechanism of
Afp by Afp16 and Afp14

Figure 3-1 Schematic of project objectives.
(A) Electron micrograph of Afp particle with structural parts designated: sheath, tube and baseplate. The image is derived
from negatively-stained specimens as adapted from Sen et al. (2010), Figure 1C. Scale bar = 10 nm. (B) Three main
objectives of the Afp study: (1) Define the roles of Afp proteins through expression of Afp derivatives (a) and generation
of Afp subcomponents through chemical treatment of the particle (b) allowing purification of putative subcomponents
and assessment by SDS-PAGE and TEM. Assignment of the roles to Afp16 and Afp14 allowed investigation of the
mechanism of the Afp length termination by these proteins (i); (2) Optimisation of Afp expression which allowed the
structural studies of Afp and its subcomponents (in collaboration with Dr. Anindito Sen, University of Auckland and Dr.
Bernard Heymann, NIH Bethesda, USA), defining the dose-response of the purified Afp against C. zealandica larvae,
and optimised expression and purification of Afp subcomponents; (3) Determine the LD 50 of Afp to cause the cessation
of feeding in the C. zealandica larvae. Dashed lines denote interconnections/interdependence of some of the objectives.
In order to generate a pure and preferably concentrated sample the optimisation of the expression of mature
Afp particles was undertaken (Figure 3-1, path 2; Section 3.3). This concentrated sample was used for
structural assessment of Afp and TBC particles. A manuscript documenting the results of this assessment was
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recently accepted by the Journal of Biological Chemistry under the title "3-dimensional structure of the toxindelivery particle antifeeding prophage of Serratia entomophila" (Heymann et al., in press). The optimised
expression of Afp also made it possible to identify Afp proteins using SDS-PAGE combined with LC-MS/MS
(Section 3.5.4). It enabled further biochemical characterisation of the generated substructures (Section 3.5.2)
and determination of the LD50 for Afp to induce the cessation of feeding by the C. zealandica larvae (Section
3.8.2; Figure 3-1, path 3).

3.2 Prediction of functional roles of Afp proteins using bioinformatics
Bioinformatics can be used to predict elements of secondary structure and biochemical properties and in some
cases the functional role of a given protein (Section 1.5.2.1). The prediction of the roles of Afp proteins using
amino acid alignment was previously published by Hurst et al. (2004). To identify new protein domains, in this
study amino acid alignment of the Afp proteins was performed using a NCBI BLASTN and NCBI conserved
domain search server (Section 2.12). No new protein functions compared to those published by Hurst et al.
(2004) were found, with the exception of those in Afp11 and AnfA2 (Table 3-1). Afp11 was identified as
containing a baseplate J-like domain. This domain was found to be a part of the J protein of the P2
bacteriophage which is localised at the edge of the baseplate. This result has been published previously by
Penz et al. (2012). AnfA2 was identified as belonging to the phage holin family (Lysis protein S; Table 3-1)
which is involved in bacterial cell lysis. Additionally, Afp16 was found to contain DUF4255 domain. This family
of proteins to which the DUF4255 domain belongs is functionally uncharacterised but is conserved across
closest orthologues of Afp16. The conserved domains present in Afp proteins are summarised in the Table 31.
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Table 3-1 Characteristics of selected proteins from the afp cluster
Protein

MW
(kDa)

Characteristic domains*

AnfA1

16.9

Cd09894; NGN superfamily; NGN_SP_AnfA1N-Utilization Substance G
(NusG) N-terminal domain in the NusG Specialised Paralog (SP).

AnfA2

10.2

Sea22
Sea23
Enp1

7.8
4.6
17.8

Phage holin family (Lysis protein S); this family represents one of a large
number of mutually dissimilar families of phage holins. Holins act against the
host cell membrane to allow lytic enzymes of the phage to reach the bacterial
cell wall. This family includes the product of the S gene of phage lambda.
No domains detected.
No domains detected.
Pfam03245; phage lysis domain; bacteriophage lysis protein is involved in
host lysis. This family is not considered to be a peptidase according to the
MEROPs database.

Hol1

7.5

No domains detected.

Mur1

15.5

Afp1

16.4

Afp2

38.8

Afp3

48.7

Afp4

45.5

Afp5

17

Afp6
Afp7
Afp8

6.5
25.2
58

1) D00737; endolysin/autolysin. Endolysins and autolysins are found in
viruses and bacteria, respectively. The ds DNA phages of eubacteria use
endolysins or muralytic enzymes in conjunction with holin, a small membrane
protein, to degrade the peptidoglycan found in bacterial cell walls. Similarly,
bacteria produce autolysins to facilitate the biosynthesis of its cell wall
hetropolymer peptidoglycan and cell division. Both endolysin and autolysin
enzymes cleave the glycosidic beta 1,4-bonds between the N-acetylmuramic
acid and the N-acetylglucosamine of the peptidoglycan.
2) COG3772; Phage-related lysozyme (muraminidase).
Pfam06841; T4-like virus tail tube protein gp19; this family consists of
several tail tube protein gp19 sequences from the T4-like viruses. This family
also contains bacterial members which suggest lateral transfer of genes.
Superfamily cl01389, Phage tail sheath protein; this family includes a variety
of phage tail sheath proteins.
Superfamily cl01389, Phage tail sheath protein; this family includes a variety
of phage tail sheath proteins.
Superfamily cl01389, Phage tail sheath protein; this family includes a variety
of phage tail sheath proteins.
Pfam06841; T4-like virus tail tube protein gp19; this family consists of
several tail tube protein gp19 sequences from the T4-like viruses. This family
also contains bacterial members which suggest lateral transfer of genes.
No domains detected.
No domains detected.
1) Pfam05954; Phage_GPD; Phage late control gene D protein (GPD)
This family includes a number of phage late control gene D proteins and
related bacterial sequences. This family also includes Bacteriophage Mu P
proteins and related sequences.
2) Pfam04717; Phage_base_V, Phage-related baseplate assembly protein
Family of phage baseplate assembly proteins responsible for forming the
small spike at the end of the tail. Also found in bacteria, probably the result of
horizontal transmission.
3) COG3501; VgrG; uncharacterised protein conserved in bacteria (function
unknown).
4) TIGR01646, Rhs element Vgr protein; this model represents the Vgr family
of proteins, associated with some classes of Rhs elements. This model does

Predicted
function/
location**
Predicted
transcription
factor of afp
gene cluster
(Section 1.2.6.3)
Putative holin

Unknown
Unknown
Cell lysis
(Section 1.2.6.3)

Cell lysis
(putative holin
protein; Section
1.2.6.3)
Cell lysis
(lysozyme
activity, Section
1.2.6.3)

Afp tube protein

Afp sheath
protein
Afp sheath
protein
Afp sheath
protein
Afp tube protein

Unknown
Unknown
Baseplate
protein (spike at
the end of the
baseplate)
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Afp9

15.7

Afp10
Afp11

14.5
67.3

Afp12
Afp13

106.8
47.5

not include a large octapeptide repeat region, VGXXXXXX, found in the Vgr
of Rhs classes G and E.
5) TIGR03361; type VI secretion system Vgr family protein; Members of this
protein family belong to the Rhs element Vgr protein family (see
TIGR01646), but furthermore all are found in genomes with type VI secretion
loci. However, members of this protein family, although recognizably
correlated to type VI secretion according the partial phylogenetic profiling
algorithm, are often found in the type VI secretion locus.
1) Pfam04965; Gene 25-like lysozyme; this family includes the phage protein
Gene 25 from T4 which is a structural component of the outer wedge of the
baseplate that has acidic lysozyme activity. The family also includes relatives
from bacteria that are also presumably lysozymes.
2) COG3628; Phage baseplate assembly protein W.
3) PHA00415; Baseplate wedge subunit.
4) Cl01403; Gene 25-like lysozyme; this family includes the phage protein
Gene 25 from T4 which is a structural component of the outer wedge of the
baseplate that has acidic lysozyme activity. The family also includes relatives
from bacteria that are also presumably lysozymes.
No domains detected.
1) Baseplate J-like protein; The P2 bacteriophage J protein lies at the edge of
the baseplate. This family also includes a number of bacterial homologues,
which are thought to have been horizontally transferred.
2) TIGR02243; Conserved hypothetical protein, phage tail-like region;
This family consists of a large, conserved hypothetical protein in phage taillike regions of at least six bacterial genomes: Gloeobacter violaceus PCC
7421, Geobacter sulfurreducens PCA, Streptomyces coelicolor A3(2),
Streptomyces avermitilis MA-4680, Mesorhizobium loti, and Myxococcus
xanthus. The function is unknown.
No domains detected.
No domains detected.

Afp14

62.5

No domains detected

Afp15

79

Baseplate
protein/
lysozyme
activity

Unknown
Baseplate
protein (Penz et
al., 2012)

Unknown
Tail fibre
protein (has
similarities to
duck adenovirus
1 fiber protein)
Ruler protein
(this study)
ATPase

The AAA+ ATPases (cd00009) (associated with a wide variety of cellular
activities); superfamily represents an ancient group of ATPases belonging to
the ASCE (for additional strand, catalytic E) division of the P-loop NTPase
fold. The ASCE division also includes ABC, RecA-like, VirD4-like, PilT-like,
and SF1/2 helicases. Members of the AAA+ ATPases function as molecular
chaperons, ATPase subunits of proteases, helicases, or nucleic-acid stimulated
ATPases. The AAA+ proteins contain several distinct features in addition to
the conserved alpha-beta-alpha core domain structure and the Walker A and B
motifs of the P-loop NTPases.
Afp16
32.2
Protein of unknown function (pfam14065, DUF4255); this family of proteins
TrP (this study)
is functionally uncharacterised. This family of proteins is found in bacteria
and archaea. Proteins in this family are typically between 190 and 320 amino
acids in length.
Afp17
40.5
No domains detected.
Putative toxin
Afp18
263.4
No domains detected.
Putative toxin
* Domains were identified using NCBI BLAST and NCBI conserved domain search server. Description is pasted from
the database entries. When multiple domains were found for one protein sequence, selected entries were included (up to
five). ** predicted functions of the Afp proteins are sourced from Hurst et al. (2004) unless otherwise indicated and are
detailed in Section 1.5.2.
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3.3 Optimisation of Afp expression
The optimisation of Afp expression and purification was performed parallel to the construction and expression
of Afp subcomponents as the project progressed. Prior to optimisation of the purification procedure, the
recombinant proteins and protein complexes were purified using the method published by Hurst et al. (2007),
whereas some recombinant proteins that were later found to produce detectable assemblies, were prepared
using the optimised method (for example, Section 3.4.4).

3.3.1 Optimisation of Afp purification
The method used for induction and purification of Afp particles from the E. coli DH10B [pAF6-21, pASANFA1]
cells described by Hurst et al. (2007) involved the induction of the cells with 0.2% arabinose for five hours
followed by either sonication or chloroform extraction to release the Afp particles from the E. coli cells (Sections
2.7.3.1 and 2.7.3.2). Next these released Afp particles were subjected to ultracentrifugation on a glycerol
cushion (Section 2.7.9). The resultant yield of Afp particles was low and the method was labour intensive.
Figure 3-2 shows electron micrographs of negatively stained Afp samples before the glycerol purification (A)
and after the purification (B) based on chloroform-based cell lysis method (Section 2.7.3.2). It was noted that
the concentration of the Afp particles increased slightly after the purification on the glycerol cushion and that
Afp particles in a subset of the population after the glycerol cushion appeared in a contracted state (Figure
3-2B).

Figure 3-2 Afp purification using ultracentrifugation on a glycerol cushion.
Electron micrograph of a negatively stained Afp preparation, concentrated using ultracentrifugation before (A) and after
(B) the purification on a glycerol cushion. Arrows indicate Afp particles in extended (e) and contracted (c) form. Scale
bar = 100 nm.
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It was noted that previous preparations where particles could be visualised by TEM failed to reveal Afp
associated proteins in SDS-PAGE due to low yield (Hurst MRH, personal communication). For this reason and
the need to conserve the sample, TEM as opposed to SDS-PAGE was used for detection and assessing purity
of Afp particles. Figure 3-3 provides an overview of the different purification methods that were attempted and
performed at various stages during this study.

Figure 3-3 Schematic of Afp expression and purification.
The E. coli DH10B [pAF6-21, pASANFA1] cells were induced for five hours and lysed with either chloroform-based
cell lysis (path I) or through sonication (path II). The path I involved PEG6000 precipitation of Afp particles (Section
2.7.6) followed by ultracentrifugation of the clear supernatant and separation of proteins via SEC (S-400) (Path Ib, Section
2.7.4). As an alternative to SEC (S-400), either glycerol cushion or sucrose gradient or ammonium sulphate precipitation
were used to purify the particles (path Ia). When path II was followed, the sonicated filtrates were applied directly onto
the SEC (S-400) column. The pooled fractions derived from SEC (S-400) were concentrated using ultracentrifugation or
a Ultracel-50K device and assessed by SDS-PAGE and TEM. Alternatively, particle purification was attempted using a
glycerol cushion (Path IIa).

3.3.1.1 Afp purification using sucrose gradient
As previously mentioned (Section 3.3.1), the Afp purification using ultracentrifugation on a glycerol cushion
resulted in low yield. An attempt was therefore undertaken to use the sucrose gradient centrifugation. This
method is routinely used to purify and concentrate virus particles (e.g. as described by Zwartouw et al., (1962))
and was described as an effective method of purifying pyocins and its subcomponents (Nguyen et al., 1999).
The preparations containing Afp particles derived either from the chloroform or sonication based cell lysis
(Section 2.7.3) were applied to either 10-30% or 10-40% sucrose density gradient as described in Section
2.7.8. The concentration of particles applied on the gradient was not sufficient to see the opalescent band
identifying the layer where particles have concentrated (Thaler et al., 1995). Therefore, all layers were collected
separately and concentrated using an Ultracel-50K device followed by a washing step with a TM buffer as
described in Section 2.7.8. The pellet produced by the sucrose gradient centrifugation was also collected and
residual sucrose contamination was minimised by resuspending it in TM buffer followed by a second round of
ultracentrifugation (Section 2.7.8). No visible Afp-like substructures were identified by TEM analysis of the
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concentrated sucrose gradient layers (data not shown). The resuspended and ultracentrifuged pellet from the
10-40% sucrose gradient, however, yielded Afp particles in concentrations similar to those illustrated in Figure
3-2A. The yield of Afp particles produced was far too low for the requirements of the project, and therefore the
method was not pursued further.

3.3.1.2 Afp purification using particle precipitation followed by glycerol cushion
Precipitation of proteins or protein complexes with chemicals like PEG or ammonium sulphate is routinely used
to pre-concentrate phage preparation before continuing to the next purification step (Liu et al., 2012).
Substances like PEG or ammonium sulphate increase the ionic strength of the solution and result in selective
precipitation of proteins.
In this project, protein precipitation was used to decrease the sample volume before application to the glycerol
cushion or SEC (S-400) column (Section 3.3.1.3). Liu et al. (2012) reported a successful use of 60% or
ammonium sulphate to precipitate the mycobacteriophage D29 particles. In order to achieve the precipitation
of an entire population of Afp particles, a 75% ammonium sulphate concentration (Dawson et al., 1959) was
chosen. The attempts to visualise the Afp particles using TEM directly after the precipitation were not
successful with only large areas of black stain visible on the grid (Figure 3-4, panel 1). This was probably due
to the contamination of the sample with ammonium sulphate which may interfere with the negative staining
process. When the Afp preparations precipitated by ammonium sulphate were further purified using the
glycerol cushion, Afp particles in a low concentration contaminated with cellular debris were observed by TEM
(Figure 3-4A, panel 3).
An alternative method using PEG 6000 was adapted from Nguyen et al. (1999) as described in Section 2.7.6.
The supernatant after chloroform-based cell lysis (Section 2.7.3) was supplemented with PEG 6000 and NaCl
to a final concentration of 8% (w/v) and 0.5 M, respectively, and stirred overnight. The Afp particles were
sedimented by centrifugation, subsequently resuspended in TM buffer and concentrated using
ultracentrifugation followed by sterile filtration through a 0.2-µm-pore-size filter. The electron micrograph of the
Afp preparation after PEG 6000 precipitation showed a low concentration of Afp particles that were highly
contaminated with cellular debris (Figure 3-4B, panel 2). The subsequent purification using glycerol cushion
(Section 2.7.9) resulted in a significant reduction of cellular contamination (Figure 3-4, panel 4). The visual
assessment of the Afp yield was estimated to be higher compared to when ammonium precipitation was used
(Figure 3-4, panel 3). Therefore PEG 6000 precipitation was chosen as a pre-concentration method for the
further optimisation of Afp purification. Both preparations after the glycerol precipitation (Figure 3-4, panels 3
and 4) appeared to contain a high level of Afp particles in a contracted state as already stated in Section 3.3.1.
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Figure 3-4 Comparison of Afp purification using 75% ammonium sulphate and PEG 6000 precipitation
methods.
(A) 75% Ammonium sulphate and (B) PEG 6000 precipitation before (upper panels 1 and 2) and after (lower panels 3
and 4) purification on a glycerol cushion. Arrows denote Afp particles in extended (e) and contracted (c) form,
respectively, while (s) denotes empty contracted sheaths. The blue arrow indicates the direction of the experimental flow.
No particles were visualised in the pre-glycerol cushion (A, panel 1) sample due to stain artefacts probably caused by
ammonium sulphate. Scale bar = 100 nm.

3.3.1.3 Afp purification using SEC (S-400) following chloroform based cell lysis
Due to the high molecular weight of the phages and phage-like particles, the SEC (S-400) or similar techniques
are often used for the separation of the particles of interest from the cellular proteins of smaller size (Liu et al.,
2012). Protein expression with a five hour induction period was carried out as described in Section 2.7.2. The
cells were lysed using a chloroform based method (Section 2.7.3), as illustrated in Figure 3-3, workflow I. Afp
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particles were precipitated using PEG 6000, as described in Section 2.7.6, and the combined solubilised pellet
was filtered through a 0.2-µm-pore-size filter and applied to a SEC (S-400) column (Section 2.7.4). The
chromatogram indicated a protein peak at approximately 75 minutes retention time (Figure 3-5A). SDS-PAGE
analysis of the fractions derived from this elution peak (75 to 90 minutes retention time) identified four protein
bands that were potentially Afp-related (Figure 3-5B). While it was not possible to ascertain a clear association
between each band and the Afp proteins at that stage, the 14-16 kDa band (numbered 4) seemed to correlate
with the Afp containing fractions as visualised by TEM (Figure 3-5C) and was therefore chosen as a reference
for future experiments. Hereafter this band will be referred as a “reference band” for Afp and its derivatives.
This band was later identified by LC-MS/MS (Section 3.5.4) as Afp1 (16 kDa), Afp9 (15.6 kDa) and a proteolytic
degradation product of Afp3 (49 kDa).
The column fraction pools I, II and III (Figure 3-5) were independently pooled and concentrated using either
an Ultracel-50K device (Section 2.8.1.1) or ultracentrifugation (Section 2.8.1.2). Each of the three pellets
derived from the ultracentrifugation of the independently pooled fractions (either I, II or III) were resuspended
in a residual TM buffer of approximately 300 µL. Subsequently the samples were assessed by TEM (Section
2.10). The electron micrographs of negatively-stained Afp samples from this purification revealed Afp particles
contaminated by cellular debris in all three pooled fractions (Figure 3-5C) while pooled fraction II (fractions 2631) was the purest and most concentrated. The distribution of Afp particles over such a wide range of column
fractions can possibly be explained by the elongated shape of the Afp particle. The extended form in
conjunction with associated tail fibres may influence the retention times on the column depending on their
orientation, with Afp particles being visualised in a wide range of column fractions. The major contaminations
in the Afp preparations derived from the SEC (S-400) as detected by TEM were outer membrane vehicles
(OMVs, Figure 3-5C). OMVs are spherical structures formed by gram negative bacteria. They consist of a
bacterial outer membrane that encloses the material to be released (Kuehn and Kesty, 2005). In ultrafiltration,
due to their high and varied molecular weight, they appear to have a similar retention time as the Afp particles.
The approach to concentrate Afp particles derived from the SEC (S-400) using ultrafiltration in an Ultracel-50K
device (Section 2.8.1.1) was an alternative to the ultracentrifugation step. In ultracentrifugation, the centrifugal
force drives molecules smaller than the pore size of the device (here, 50 kDa) through a porous membrane.
No molecules larger than the designated pore size pass the membrane and are able to be resuspended in a
required amount of buffer achieving an enhanced concentration of the sample and partial purification.
Concentration of Afp particles in an Ultracel-50K device resulted in loss of the majority of the particles (Figure
3-5C), probably due to their nonspecific absorption by the membrane of the Ultracel-50K device.
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Figure 3-5 Purification of Afp proteins with 5 hour induction step.
(A) The size-exclusion chromatogram (S-400) of sonicated filtrates from DH10B [pAF6-21, pASANFA1] cells revealed
a peak at approximately 75 min. (B) SDS-PAGE (15% acrylamide) of the SEC (S-400) column fractions eluting in the
75-90 minutes retention time range. The arrows denote putative Afp related bands as described in text. Band number 4
was chosen as a reference band for preparations containing Afp (or its derivatives) particles. This band was later
determined by LC-MS/MS to correspond to the Afp1, Afp9 and a product of proteolytic degradation of Afp3 (Section
3.5.4). (C) Electron micrographs of negatively stained ultracentrifuged pools I to III derived from the SEC (S-400)
purification (first 3 panels) and the combined pool of three SEC (S-400) fractions concentrated using Ultracel-50K device
(panel 4). Arrows denote OMV particles. M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated.

3.3.2 Influence of RfaH regulation on the pARAF1-18’ expression
The AnfA1 (an expression product of the amb2 locus upstream of the afp lysis genes) shows high similarity to
RfaH, which is a member of the NusG-type transcriptional activator family (Hurst et al., 2004; Section 1.2.6.1).
A plasmid, pASANFA1, that contains anfA1 ORF under the control of the arabinose inducible promoter was
shown to be able to enhance the expression of afp genes on the pAF6-21 plasmid in E. coli DH10B (Hurst et
al., 2007; Figure 3-6A ). AnfA1 is predicted to bind to the ops element sequence (5’-GGCGGTAGCAT-3’)
which is located 108 bp upstream of the afp locus and to upregulate the expression of Afp by apparently
denaturing hairpin structures in the afp RNA (Hurst et al., 2007; Section 1.2.6.1).
The Afp expression construct pARAF1-18’ (ORFs afp1-17, Table 2-2) is under the control of the arabinose
inducible Ara promoter, which allows direct induction of afp genes by the addition of arabinose to the medium
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(Figure 3-6B). When pARAF1-18’ is expressed with pASANFA1 in trans, the effect of inducing anfA1
(pASANFA1 plasmid) should theoretically enhance the RNA elongation of genes in the distal segment of the
afp operon, resulting in a potentially higher yield of Afp than when anfA1 is expressed from its native promoter
(Figure 3-6B).
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Figure 3-6 Schematics of Afp expression variants pAF6-21 and pARAF1-18’ with pASANFA1 construct in trans
(A) E. coli DH10B [pAF6-21, pASANFA1] expression variant containing afp genes 1-18 (pAF6-21 construct) and
regulator encoding anfA1 under an arabinose inducible promoter (pASANFA1). AnfA1 is thought to enhance production
of afp genes by interacting with the ops element located upstream of afp cassette. (B) E. coli DH10B [pAF1-18’,
pASANFA1] expression strain containing pARAF1-18’ construct in which afp genes 1-17 were placed under arabinose
inducible promoter, in combination with pASANFA1 construct bearing anfA1 placed under arabinose inducible promoter,
for “dual” induction with arabinose. Green arrows indicate the induction targets.
In order to investigate the effect of the pASANFA1 construct on the Afp expression by the pARAF1-18’ vector,
the yield of Afp produced by DH10B cells containing pARAF1-18’ (ORFs afp1-17) and pASANFA1 (amb2
locus) was compared with the DH10B cells without the pASANFA1 construct (DH10B [pARAF1-18’]). The cells
were induced for five hours and the Afp particles were purified as described in Section 3.3.1.3. Assessment of
SDS-PAGE of both these expressions derived from SEC column purification is shown in Figure 3-7. A faint
putative AnfA1 band (34 kDa) is visible in Figure 3-7B (DH10B [pARAF1-18’, pASANFA1]), but absent from
the DH10B [pARAF1-18’] SEC (S-400) fractions. On the SDS-PAGE of the fractions after the SEC (S-400) run
of the pARAF1-18’ preparations derived from E. coli DH10B [pARAF1-18’, pASANFA1], two additional bands
were detected that were absent from the E. coli DH10B [pARAF1-18’] derived SEC (S-400) fractions. These
were very faint bands: one was approximately 16 kDa, previously chosen as a reference for fractions
containing Afp particles (Section 3.3.1.3), and the second was a putative Afp11 band (67.3 kDa; Figure 3-7B).
As previously stated, the 16 kDa band comprised Afp1 (16.4 kDa), Afp9 (15.7 kDa) and a product of proteolytic
degradation of Afp3, as determined by LC-MS/MS (Section 3.5.4). However, high contamination by the cell
debris that was observed in the electron micrographs of both preparations didn’t allow reliable comparisons of
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the particle concentrations (Dr Anindito Sen, personal communication). This result led to the decision that
pASANFA1 plasmid was not necessary for the Afp production using arabinose inducible constructs. For that
reason for pAY2-4 derived vectors expressing afp genes the pASANFA1 plasmid was left out in the subsequent
experiments, unless otherwise indicated.

Figure 3-7 Comparison of Afp expression with and without pASANFA1 (AnfA1).
SDS-PAGE (15% acrylamide) of the column fractions 18-34 derived from the SEC purifications of Afp producing E. coli
DH10B [pARAF1-18’] cells (A) or DH10B [pARAF1-18’, pASANFA1] (B). A putative AnfA1 band (34 kDa) is visible
in the fractions 22-34 (indicated with arrow) which is absent from (A). Predicted Afp bands are denoted with arrows:
Afp11 (67.3 kDa), Afp1 (16 kDa), Afp5 (17 kDa) and Afp9 (15.7 kDa). M = Bio-Rad Broad range marker, molecular
weights (kDa) are indicated.

3.3.2.1 Scale-up of Afp preparation for structural assessment
Previous results showed that the pre-concentration of Afp particles using PEG 6000 followed by purification
on SEC (S-400) column yielded an Afp preparation of a sufficient purity while the particle concentration still
remained low (Section 3.3.1.3). This procedure was therefore up-scaled in order to increase the overall particle
concentration. In order to reduce potential issues with upscaling, a large-scale E. coli DH10B [pAF6-21,
pASANFA1] expression was carried out in six flasks, each containing 50 mL of culture. The cultures were
induced for five hours following the procedure described in Section 3.3.1.3. The induced 50 mL-cultures were
independently harvested and lysed using chloroform-based method (Section 2.7.3.2), followed by PEG
purification (Section 2.7.6) before being combined and applied to a SEC (S-400) column (Section 2.7.4). The
fractions 26-31 derived from the SEC (S-400), run separately for each of the six independent 50-mL cultures,
were combined and concentrated using ultracentrifugation. Visual assessment of a negatively stained purified
recombinant Afp particles by TEM is shown in Figure 3-8A (adapted from Sen et al. (2010)). The column load
of Afp purified from E. coli DH10B [pAF6-21, pASANFA1] was compared using SDS-PAGE to the column load
of cells that contained only amb2 locus under the arabinose inducible promoter (E. coli DH10B [pASANFA1]).
The bands in the sonicated filtrate of Afp producing cells that correspond to the sizes of Afp proteins are
indicated with arrows in Figure 3-8B.
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Figure 3-8 Examination of Afp particles produced in a scale up experiment derived from pAF6-21 construct.
(A) Electron micrograph of Afp particles. The grey and white arrows each point to an Afp particle in the extended and
contracted configuration, respectively. The black arrow indicates a tube baseplate complex (TBC) particle. Figure was
adapted from Sen et al. (2010). (B) SDS-PAGE (15% acrylamide) analysis of sonicated filtrates derived from the negative
control (DH10B [pASANFA1] (lane 1), and DH10B [pAF6-21, pASANFA1] (lane 2) induced cultures. Lane 3, the
ultracentrifuged column eluate of SEC (S-400) separated DH10B [pAF6-21, pASANFA1] sonicated filtrate. M = BioRad Broad range marker, molecular weights (kDa) are indicated. Arrows denote the putative Afp bands. Figure was
supplied to Sen et al. (2010).

3.3.2.2 Cell lysis by sonication versus chloroform-based cell lysis
The PEG precipitation of Afp particles described in the previous section (Section 3.3.1) was labour-intensive
and non-conducive to purification of reasonable amount of particles in a given experiment. The search for a
simplified method of Afp expression and purification, yielding sufficient particle quality and quantity for
structural analysis was therefore continued. Cell lysis by sonication offers an alternative to the chloroformbased method for Afp purification (Hurst et al., 2007). The cells are harvested by centrifugation before being
lysed by sonication and cell pellets can be resuspended in a reduced volume. This allows a drastic reduction
in the sample volume, making it possible to apply the samples on the SEC (S-400) column, bypassing the
PEG (6000) precipitation and ultracentrifugation step, as illustrated in Figure 3-3, workflow II. Fifty mL of E.
coli DH10B [pAF6-21, pASANFA1] was induced for five hours, harvested by centrifugation and lysed by
sonication as described in Section 2.7.3.1. The insoluble material from the lysate was pelleted, the supernatant
was filtered through a 0.2-µm-pore-size filter and loaded on the SEC (S-400) column. The purification strategy
used downstream the SEC (S-400) was the same as described in Section 3.3.1.3. The Afp preparations after
the ultracentrifugation of pooled SEC (S-400) column fractions demonstrated very similar concentrations of
Afp particles relative to the amount of cellular debris as shown in Figure 3-5, using protocol that was much
simpler and expedient. This observation led to the decision to use the method of sonication followed by the
SEC (S-400) for further purifications.

3.3.3 Overnight Afp induction
The induction time for the expression of Afp was based on the publication by Hurst et al. (2007) wherein five
hours was chosen as an optimal induction time. However, the presence of the ops elements upstream of afp1
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indicated that some level of afp induction might be controlled by AnfA1 (gene products of the amb2 locus,
Section 1.2.6). Since AnfA1 expression is influenced by RpoS (Giddens et al., 2000), which is expressed in
the stationary phase (Section 1.2.6.2), induction of afp over a 24 hour period was assessed. The expression
of the Afp particle component from E. coli DH10B [pAF6-21, pASANFA1] cells was induced with arabinose for
24 hours as described in Section 2.7.2. The cells were harvested, subjected to sonication and purified using
SEC (S-400) using the method described in Section 3.3.2.2. A significantly higher amount of Afp particles was
observed after the 24 hour induction in comparison to 5 hours induction (Figure 3-9A, panels 1 and 2).
This improved method was subsequently used for the scale-up of Afp production. The optimised method
involved eight 50 mL cultures of E. coli DH10B [pAF6-21, pASANFA1] that were induced over a 24-hour period
(Section 2.7.2). In the upscale protocol, cells derived from each 50 mL culture were sonicated and separately
purified using SEC (S-400) to keep the purification parameters constant. The fractions derived from the eight
parallel runs of the SEC (S-400) column that contained Afp particles (fractions 23-34, equivalent to the fraction
pools I-III in Section 3.3.1.3) were combined and concentrated by ultracentrifugation (Section 2.8.1.2). An
electron micrograph of this purification step demonstrated a highly concentrated Afp preparation, however it
was contaminated with cellular debris (Figure 3-9A, panel 3). To help remove the debris, the concentrated
preparation was applied to a second SEC (S-400) column and purified as described in Section 2.7.4. The peak
in the chromatogram (Figure 3-9B) was subdivided into eight separate regions and contributing fractions from
each region were combined and ultracentrifuged. The resultant eight samples were then examined by TEM.
The electron micrograph of a negatively stained preparation of pooled fraction V showed the most concentrated
Afp preparation amongst the eight samples (Figure 3-9C). The SDS-PAGE analysis of pooled fraction V
showed several bands with sizes corresponding to the molecular weight of several Afp proteins (Figure 3-9D,
denoted with arrows). This improved induction and purification method was used to produce large quantities
of Afp samples, enabling LC-MS/MS analysis (Section 3.5.4) and detailed structural and functional studies.
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Figure 3-9 Upscaled preparation of Afp
(A) Electron micrograph of a negatively stained preparation of purified Afp preparations from culture induced for 24
hours (panel 2) shows a higher concentration of Afp particles when compared to the culture induced for five hours (panel
1). The eight-fold increase of starting culture volume resulted in a highly concentrated Afp preparation, albeit
contaminated with cell debris (panel 3); (B) The chromatogram of the protein separation of the latter Afp preparation
shows a peak that was divided into eight pools (denoted I-VIII) that were independently concentrated using
ultracentrifugation; (C) Electron micrograph of a negatively stained ultracentrifuged pooled fraction V derived from the
SEC (S-400) purification shows a high yield of Afp particles with minimal cell debris; Scale bar = 200 nm. (D) The SDSPAGE (15% acrylamide) of pooled, concentrated fraction V shows clear bands putatively corresponding to Afp proteins
(lane 1). Protein names as later identified by LC-MS/MS (Section 3.5.4) and predicted molecular weights are shown on
the right. M = Bio-Rad Broad range marker.

3.3.4 Conclusions
Several approaches were utilised with the aim of improving the yield and the purity of the Afp preparations
derived from E. coli DH10B [pAF6-21, pASANFA1] cells. The purification using the glycerol cushion of the
crude Afp preparations derived from the pAF6-21-bearing cells that were lysed using chloroform-based
method, revealed overall low yield combined with a high frequency of contracted Afp particles. The precipitation
of Afp particles from the chloroform-lysed cells with PEG (6000) demonstrated a slightly higher yield of Afp
particles than ammonium sulphate precipitation. Cell disruption through sonication resulted in approximately
the same concentration and purity of Afp preparations as chloroform-based cell lysis. However, the latter was
more labour intensive and time-consuming as it required concentration of Afp particles through PEG (6000)
precipitation followed by ultracentrifugation in order to reduce the volume of the Afp preparations. For that
reason, the sonication method was chosen for further optimisations. The presence of the RfaH regulator AnfA1
coded on the pASANFA1 plasmid in trans with the pARAF1-18’ vector used for expression of afp1-17 ORFs
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resulted in a slightly enhanced production of Afp particles as indirectly shown by SDS-PAGE analysis.
Purification using SEC (S-400) revealed to be the method of choice when compared to purification by glycerol
cushion as it resulted in a relatively higher yield and purity of the Afp preparations.
The induction of E. coli DH10B [pAF6-21, pASANFA1] cells for a 24-hour period instead of a 5-hour period as
described by Hurst et al. (2007) resulted in a significant increase of the Afp particle concentration in the purified
preparations. The scale-up of this approach included cell lysis using sonication followed by purification using
two consecutive SEC (S-400) steps, combined with an ultracentrifugation of the produced SEC (S-400)
fractions in between to remove the contaminating cellular debris and OMVs. This resulted in purified Afp
particles in sufficient quality and quantity for further studies.
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3.4 Expression of the Afp sub components
One of the main objectives of this study was to ascribe functions to each of the Afp proteins. Towards achieving
this objective, strategies were devised to express and purify various Afp sub components, that could lead to
insights into the roles played by Afp proteins in influencing the organisation of mature assembled Afp. To
achieve this, three main approaches were undertaken: i) expression of afp gene cassettes; ii) sequential
deletion of the 3’ afp genes and iii) expression of the putative Afp chaperone Afp15 that potentially facilitates
the assembly of Afp particles (Section 1.5.2), either in cis or in trans with some of the constructs. Please note
that due to space limitation only one example of a cloning construct is shown for each cloning strategy
throughout this section.

3.4.1 Arabinose based Afp gene expression cassettes
This project began with the hypotheses that a combination of a subset of afp genes expressed sequentially,
would result in the production of an Afp subcomponent that would prove invaluable for subsequent structural
analysis. Following this premise, the expression of the predicted sheath genes afp2-4, for instance, would
result in the formation of the Afp sheath and therefore validate the role of these genes in the formation of a
particular Afp subcomplex. To test this theory, the afp genes predicted to be involved in sheath, tube or
baseplate formation based on bioinformatic analysis, were cloned into the arabinose inducible expression
vector pAY2-4, allowing their subsequent induction and purification.
Based on the bioinformatic data (Table 3-1), two Afp expression cassette variants were constructed (Table 2-3,
Figure 3-10) that contained predicted Afp subcomponents—either sheath and tube or baseplate. The construct
pAF1-6 contained genes afp1-6 that were predicted to code for tube (Afp1 and Afp5) and sheath complex
regions (Afp2-4) (Table 3-1). The second variant designated pAF11-12 contained the genes afp11-12 predicted
to code for the baseplate J-like protein Afp11 and for Afp12, a protein of unknown function (Table 3-1). These
constructs were expressed individually and in trans together with the predicted afp chaperone afp15.

3.4.1.1 Generation of Afp expression cassettes pAF1-6 and pAF11-12
As depicted in Figure 3-10, the constructs pAF1-6 and pAF11-12 were made. The details of the cloning process
are outlined below.
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Figure 3-10 Overview of the pAF1-6 and pAF11-12 cloning.
(A) Amplicons Af1-6NS and Af11-12NH were generated and ligated into pAY2-4 vector. The afp15 coding for the
putative chaperone in vector pAF15C was expressed with Afp expression cassettes in trans. Restriction enzyme sites
are designated: N = NdeI, H = HindIII, S = SmaI. Refer to Table2-3 and Table 2-4 for clone and amplicon details.

Construction of pAF1-6 putative sheath and tube expression vector
To construct pAF1-6 that coded for the potential sheath and the tube complex region, the 4817-bp amplicon
Af1-6NS (Table 2-4, Figure 3-10) was generated by PCR (Section 2.3.1). This amplicon encompassing the afp
ORFs afp1-6 and containing a unique 3’-peripheral NdeI and the 5’-peripheral SmaI site was digested with
NdeI and SmaI enzymes (Section 2.6.6). The PCR product was ligated into the analogous sites of the
arabinose inducible vector pAY2-4 (Section 2.6.8). The ligation was ethanol precipitated (Section 2.6.7) and 1
μL was electroporated into the E. coli strain DH10B (Section 2.6.10) and plated on LB agar containing the
vector pAY2-4-selective antibiotic ampicillin. The resultant ampicillin resistant colony that contained construct
pAF1-6 (Table 2-3) in DH10B was validated by restriction digesting (Section 2.6.6) and by DNA sequencing
(Section 2.6.4).

Construction of pAF11-12 expression vectors
To construct the pAF11-12 expression vector that contains genes afp11-12, the 4741 bp amplicon Af11-12NH
(Table 2-4) was generated by PCR (Section 2.3.1). This amplicon contained a unique 3’ NdeI, unique 5’ HindIII
site and a cloning sequence for a 6xHis (histidine) tag fused to afp11. The Af11-12NH DNA fragment was
digested with NdeI and HindIII (Section 2.6.6) and ligated into the analogous sites of pAY2-4 (Section 2.6.6).
The resultant construct pAF11-12 (Table 2-3) was electroporated into the E. coli strain DH10B (Section 2.6.10).
Transformants were selected for resistance to ampicillin, assessed by restriction enzyme analysis and
validated by DNA sequencing (Section 2.6.4).
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3.4.1.2 Induction, purification and assessment of Afp expression derivatives pAF1-6 and
pAF11-12
The E. coli cells DH10B [pAF1-6] and DH10B [pAF11-12] containing afp expression cassettes were induced
for five hours (Section 2.7.2). Cells were subsequently harvested and lysed by sonication (Section 2.7.3). The
Afp proteins produced by E. coli strains DH10B [pAF1-6] and DH10B [pAF11-12] were visualised by SDSPAGE (Figure 3-11A). Afp11 (67.3 kDa) and Afp12 (106.8 kDa) are high molecular weight proteins, hence
10% SDS-PAGE was chosen for the separation of proteins. Assessment of the sonicated filtrates derived from
induced cultures of pAF11-12 identified the predicted proteins Afp11 and Afp12. Assessment of the pAF1-6derived cultures identified proteins Afp2, Afp3 and Afp4, but not Afp5 (16.8 kDa) and Afp6 (6.3 kDa), as their
molecular weight was outside of separation range under these conditions (Figure 3-11A). Assessment of these
samples by TEM failed to reveal the presence of any Afp substructure, with only a high amount of cellular
debris present. Because of the possibility that the high amount of cellular debris might have decreased the
ability to visualise Afp substructures, the sonicated filtrates were applied to SEC (S-400) column for removal
of further protein contaminants. After the SEC (S-400) purification, the fractions were assessed by SDS-PAGE.
No protein bands were found in the fractions 24-35 that eluted at the same retention time as Afp particles
(Figure 3-11B). Fractions 24-35 were combined for each construct and concentrated using the
ultracentrifugation method (Section 2.8.1.2). Again, no visible Afp-like substructures were identified by TEM
analysis of the ultracentrifuged fractions derived from SEC (S-400) purification (Table 3-2, Figure 3-11B).
To account for Afp derivatives smaller in size than Afp, fractions of 36-60 derived from SEC (S-400) purification
were also combined and concentrated using ultracentrifugation. Again assessment of the resultant samples
by the TEM revealed no Afp-like substructures for either the 24-33 or the 36-60 fractions derived from SEC (S400). These observations indicated that no large protein complex had been produced by either E. coli DH10B
[pAF1-6] or DH10B [pAF11-12] cells. Because the E. coli DH10B [pAF11-12] cells did not produce any Afprelated structure, no further purification using Ni-agarose affinity chromatography was carried out.
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Figure 3-11 SDS-PAGE analysis of the sonicated filtrates and SEC (S-400) purification of pAF1-6 and pAF1112 constructs.
(A) 10% SDS-PAGE showing bands and their predicted sizes for Afp11 and Afp12 (construct pAF11-12) and Afp2,3 and
4 (construct pAF1-6). Lane C contains sonicated filtrate of the negative control cells (DH10B [pAY2-4]). Arrows indicate
the putative Afp bands. (B) SDS-PAGE (15% acrylamide) of the fractions 23-73 derived from the SEC (S-400)
purification of sonicated filtrates of clone (DH10B [pAF1-6]). The electron microscopy of the either fractions pools 2435 or 36-60 after the ultracentrifugation showed no Afp-related assembly formation. M = Bio-Rad Broad range marker,
molecular weights (kDa) are indicated.

3.4.1.3 Generation of a pAF15C clone allowing trans based expression of afp15 with pARA
derived vectors
The Afp protein Afp15 is thought to have a chaperone function facilitating the assembly of the mature Afp
particle (Section 1.5.2). This could explain our inability to produce Afp-derived assembly using the afp
expression cassettes described above lacking this protein. In order to facilitate assembly of identifiable
substructures, a construct was made allowing co-expression of afp15 with ampicillin resistant afp bearing
constructs. To achieve this, a 2091-bp afp15-bearing amplicon Af15N (Table 2-4) flanked by NruI and HindIII
restriction sites was generated by PCR. The Af15X amplicon was then digested with NruI and HindIII and
ligated into the analogous sites of pAY2-4, forming pAF15 (Table 2-3). The plasmid pAF15 was electroporated
into the E. coli strain DH10B (Section 2.6.10.5) and plated onto LB agar plates containing ampicillin. Plasmid
DNA from several transformants was prepared and assessed by restriction enzyme analysis (Section 2.6.6).
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To allow co-selection of afp15 when it is expressed in trans with pAY2-4 derived ampicillin resistant constructs,
the DraIII and PvuI flanked chloramphenicol resistance cassette CmDP (Table 2-4) was digested with DraIII and
PvuI (Section 2.6.6) and cloned into the analogous site of pAF15. This cloning step disrupted the ß-lactamase
gene coding for ampicillin resistance (Figure 3-12). The resultant transformants grown on chloramphenicol were
replica-plated to identify ampicillin-sensitive transformants. An ampicillin sensitive clone was validated by
restriction enzyme analysis and by DNA sequencing. The correct construct was designated pAF15C (Figure 3-12; Table
2-3).

Dra III (5436)

XbaI (1658) Dra III (5387 )

pAF15

6988 bp

7 037 bp

D

XbaI (1658)

pAF15C

CmR
PvuI (47 19)

AmR
PvuI (47 19)

CmDP

Afp15

Afp15

P
XbaI (37 55)

XbaI (37 55)

Figure 3-12 Construction of pAF15C variant.
For constructing the pAF15C the ampicillin resistance gene was disrupted in the pAF15 vector containing afp15 and was
replaced with the chloramphenicol resistance cassette CmDP. Restriction enzyme sites are designated: P = PvuI, D =
DraIII. Please refer to Table 2-3 and Table 2-4 for clone and amplicon details.

3.4.1.4 Co-expression of Afp15 with Afp1-6 and Afp1-11 in trans
In order to facilitate generation of substructure composed of Afp derivatives produced by pAF1-6 and pAF1112 expressing plasmids, co-expression of Afp1-6 and Afp1-11 from the aforementioned plasmids with the
putative Afp15 chaperone from the pAF15C construct was attempted.
The E. coli DH10B cells bearing plasmids pAF1-6 or pAF11-12 were grown independently and prepared for
electro-transformation (Section 2.6.10.4). Plasmid DNA of chloramphenicol resistant pAF15C (Table 2-3) was
electroporated (Section 2.6.10.5) into the ampicillin resistant electro-competent E. coli strains DH10B [pAF16] or DH10B [pAF11-12]. The plasmid DNA from the resulting dual plasmid expression derivatives E. coli
DH10B [pAF1-6; pAF15C] and DH10B [pAF11-12; pAF15C] was prepared (Section 2.6.2) and validated by
restriction enzyme analysis.
The resultant strains were then grown independently and induced with arabinose for five hours (Section 2.7.2).
Cells were subsequently harvested and lysed by sonication (Section 2.7.3.1). Assessment of the resultant
samples by SDS-PAGE (10% acrilamide) revealed the presence of bands that may be correlated with the
predicted mass of Afp1 (15 kDa) and Afp5 (17 kDa) (Figure 3-13). Due to the presence of E. coli host-derived
proteins other bands were difficult to identify. To further purify the sample, the sonicated filtrates were applied
to the SEC (S-400) column and fractions 24-35 and 36-60 were collected and pooled independently (Section
2.7.4) followed by ultracentrifugation (Section 2.8.1.2). Assessment of E. coli DH10B [pAF1-6; pAF15C] and
DH10B [pAF11-12; pAF15C] by TEM (Section 2.10) revealed no Afp–related assemblies in the ultracentrifuged
fractions pools 24-35 or 36-60. These observations clearly indicated that further Afp proteins are necessary to
assemble a stable Afp complex.
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Figure 3-13 SDS-PAGE analysis of the sonicated filtrates of induced pAF1-6 and pAF11-12 constructs
expressed in trans with Afp15 (pAF15C).
SDS-PAGE (10%) of the dual plasmid expression strains DH10B [pAF1-6; pAF15C] (sample pAF1-6) and DH10B
[pAF11-12; pAF15C] (sample pAF11-12). Arrows indicate the predicted sizes of Afp bands. The molecular weights of
the correspondent Afp protein are shown in brackets. M = Bio-Rad Broad range marker, molecular weights (kDa) are
indicated.

3.4.2 Afp expression variants derived from pAF1-11 construct
Electron microscopy of the purified sonicated filtrates derived from the E. coli expression strains DH10B [pAF16], DH10B [pAF11-12], DH10B [pAF1-6; pAF15C] and DH10B [pAF11-12; pAF15C] detected no Afp-related
assemblies (Section 3.4.1.2). For this reason the expression of Afp derivatives harbouring various Afp subcomponents was undertaken. This was partly achieved by deleting 5’ located ORFs followed by successive
restoration of the deleted ORFs one at a time. In order to simplify the cloning process, it was divided into two
parts: i) afp12 to afp18 were deleted and then afp12, afp13 and afp14 restored in sequence (described in this
Section) and ii) afp16 to afp18 were deleted, resulting in the afp1-15 expression cassette, followed by the
sequential addition of the afp16 and afp17 genes (Sections 3.4.3 and 3.6.1).
This section describes the construction of the expression variants pAF1-11, pAF1-12, pAF1-13 and pAF1-14,
followed by the expression and partial purification of the correspondent protein products. In order to produce
the initial vector pAF1-11, the shortened version of pAF6-21, named pARAF1-18’, was used (Table 2-2). The
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pARAF1-18’ vector contains ORFs afp1-17 and a truncated version of afp18 which makes further cloning steps
through 5’ deletion of afp genes possible (Table 2-2). The cloning strategy for the pAF1-11 derived constructs
is illustrated in Figure 3-14 and outlined in detail below.

Figure 3-14 Overview of the pAF1-11 derived constructs.
Amplicons Af12XH, Af13XH and Af14XH were generated by PCR and inserted into pAF1-11 vector restoring Afp12,
12-13 and 12-14, respectively. The resultant constructs were designated pAF1-12, pAF1-13 and pAF1-14, respectively.
Restriction enzymes sites are labelled: Sa = SalI, X = XbaI, H = HindIII. Refer to Table 2-3 and Table 2-4 for clone and
amplicon details.

3.4.2.1 Generation of Afp expression variants pAF1-11 to pAF1-14
Plasmid pAF1-11 was constructed by digesting pARAF1-18’ (Table 2-2) with SalI and self-ligating (Figure
3-14, Section 2.6.8). This resulted in a truncated afp12 ORF with the deletion of 1571 bp corresponding to the
3’ end of afp12 and the deletion of the afp genes afp13-17. To restore the gene afp12 to pAF1-11, the amplicon
Af12XH was cloned into pGEM-T-Easy to form pGEM12 (Table 2-2). The XbaI-flanked spectinomycin
resistance cassette SpX (Table 2-4) was then cloned into the XbaI-cleaved pGEM12, to form pGEM12sp. The
plasmid pGEM12sp was then used as a template for the PCR using M13F and M13R primers (Table 2-4) to
generate the amplicon Af12SpXH. The amplicon Af12SpXH was digested with XhoI and HindIII and ligated
into the SalI and HindIII sites of pAF1-11 to form pAF1-12 (Figure 3-15).
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Figure 3-15 Schematic representation of the pAF1-11 cloning strategy.
The amplicon Af12XH was generated and ligated into pGEM-T-Easy resulting in pGEM12. pGEM12 was subsequently
digested with XbaI. The amplicon SpX was ligated into its XbaI site resulting in pGEM12Sp. pGEM12Sp was ligated
into the SalI / HindIII digested pAF1-11 vector forming pAF1-12. Restriction enzyme sites are labelled: H = HindIII, S=
SalI, Xh = XhoI, Xb = XbaI. Refer to Table 2-3 and Table 2-4 for clone and amplicon designations.
The XhoI/SalI ligation introduced an Asp442 to Glu442 mutation into Afp12 (Figure 3-16). We can not be
sure whether this mutation may cause some localised conformational changes; however, given the
conservative nature of the replacement it is likely to not result in significant change in the protein structure.

Figure 3-16 Introduction of a silent mutation in Afp12 for the cloning of pAF1-11 derived constructs
Through the ligation of the Af12SpXH amplicon digested with XhoI and HindIII into the SalI and HindIII sites of pAF111 the cytosine in the position 1326 of afp12 was interchanged with guanidine (red box) in the resultant construct pAF112. This resulted in the substitution of aspartate to glutamate in the position 442 (green box).
To construct pAF1-13, the Af13XH amplicon was ligated into the pGEM-T-Easy to generate pGEM13. The
spectinomycin resistance XbaI flanked cassette SpecX was ligated into the analogous site of pGEM13
generating pGEM13sp. This construct was then used as a PCR template using the M13F and M13R primers
(Table 2-4), to generate Af13SpXH. Af13SpX was digested with XhoI and HindIII and ligated into the analogous
sites of the pAF1-12 construct, forming pAF1-13.
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To construct pAF1-14 a similar strategy was used to restore the afp ORFs afp12-14 to pAF1-12, using instead
the amplicon Af14SpXH in place of Af13SpX (Figure 3-14; Table 2-3). The E. coli DH10B cells were
transformed with the resulting constructs pAF1-12, pAF1-13 and pAF1-14 by electroporation (Section 2.6.10.5)
and screened for resistance to ampicillin and spectinomycin. Plasmid DNA was prepared (Section 2.6.2) and
assessed by restriction enzyme analysis. A clone of the correct restriction enzyme profile was then further
validated by DNA sequencing (Section 2.6.4).

3.4.2.2 Induction, purification and assessment of pAF1-11 derivatives
In order to determine whether the pAF1-11-derived constructs were able to form Afp related assemblies, the
E. coli DH10B strains containing either pAF1-12, pAF1-13 or pAF1-14 were induced for 24 hours (Section
2.7.2) and lysed using a sonication method following the optimised protocol described in Section 3.3.3. The
putative Afp derivatives from these induction experiments were purified using SEC (S-400) followed by
ultracentrifugation. The assessment of sonicated filtrates and ultracentrifuged fractions derived from the SEC
(S-400) purification of E. coli DH10B cells containing pAF1-12, pAF1-13 or pAF1-14 by SDS-PAGE is shown
Figure 3-17. A high rate of contamination by E. coli derived proteins was observed in both the SDS-PAGE
separation of the column fractions of pAF1-12, pAF1-13 or pAF1-14 samples (Figure 3-17) and in TEM
assessment of the corresponding ultracentrifuged fractions 20-46 (data not shown). Using these methods no
Afp-related particles were detected in the ultracentrifuged SEC (S-400) column fractions by any of the three
strains tested.

- 80 -

Chapter 3. Results

Figure 3-17 Assessment of the expression products of the pAF1-12, pAF1-13 and pAF1-13 constructs
SDS-PAGE (15% acrylamide) analysis of the ultracentrifuged fractions derived from the SEC (S-400) purification
DH10B [pAF1-12] (A) and DH10B [pAF1-13] (B) and DH10B [pAF1-14] (C) cell cultures induced overnight. All
constructs listed here resulted in no assembly formation when induced with arabinose overnight. M = Bio-Rad Broad
range marker, molecular weights (kDa) are indicated.

3.4.3 Afp expression variant pAF1-15
The next step in the production of series of distal deletions of afp genes was to construct a vector containing
afp1-15, which can then be used to successionally restore further afp genes located 3’ from afp15. For this
purpose the plasmid pARAF1-18’ (Table 2-3) was digested with the restriction enzyme SnaBI. The resultant
digest was self-ligated deleting the Afp genes afp16 and afp17 to form pAF1-15 (Figure 3-18).
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Figure 3-18 Construction of pAF1-15 variant.
Construct pAF1-15 was generated through restriction digestion with SnaBI and self-ligation. Sn designates restriction
enzyme site of SnaBI. Refer to Table 2-3 and Table 2-4 for clone and amplicon designations.

3.4.4 Induction, purification and assessment of Afp expression variant pAF1-15
The E. coli DH10B [pAF1-15] cells were induced for 24 hours before being lysed using the sonication method
and the resultant particles were purified as previously described for Afp preparation (Section 3.3.3). The E. coli
DH10B [pAF6-21; pASANFA1] cells producing Afp were used as a positive control and E. coli DH10B [pAY24] as the negative control. Assessment of the pAF1-15-derived sonicated filtrates by SDS-PAGE did not reveal
any Afp proteins with the exception of a 16 kDa Afp reference band that comprised of Afp1, 9 and degradation
product of Afp3 as determined by LC–MS/MS (Section 3.3.1.3; Figure 3-19A). A band in size approximately
25 kDa (Figure 3-19A) present in the sonicated filtrates of the Afp derivatives and absent from the control
sample was not found in the ultracentrifuged SEC (S-400) fractions. This indicates that the 25 kDa protein is
not strongly associated with the Afp complex as it does not migrate with Afp on the SEC (S-400) column. The
SDS-PAGE analysis of the ultracentrifuged fractions derived from the SEC (S-400) purification of the pAF1-15
variant revealed a band pattern similar to that of the pAF6-21 expression variant, indicating the presence of
Afp-related particles in the selected SEC (S-400) column fractions (Figure 3-19B). Assessment of electron
micrographs from TEM analysis of the ultracentrifuged fractions derived from the SEC (S-400) purification
revealed TBC particles in high concentrations and relatively high purity (Figure 3-19D). The TBC structures
comprised of the baseplate with associated fibers was attached to a tube of variable length, (Figure 3-19D).
The TBC was the first structural Afp derivative produced in this study and therefore it was considered to be a
breakthrough in the project. The high quality of the TBC preparation achieved by a 24 hour induction of pAF115 bearing cells allowed further assessment of the TBC particle by SDS-PAGE combined with LC-MS/MS
(Section 3.5.4). It also enabled structural analysis of the TBC particle (Heymann et al., in press).
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Figure 3-19 Assessment of pAF1-15 induction
(A) SDS-PAGE (15% acrylamide) analysis of sonicated filtrates and (B) ultracentrifuged fractions derived from the SEC
(S-400) purification of DH10B [pAF1-15] (designated 1-15), DH10B [pAF6-21] (positive control, designated pAF6-21)
and DH10B [pAY2-4] (negative control, designated “-“) cell cultures induced for 24 hours. Arrows indicate the putative
Afp bands. Asterisk denotes the approximately 25 kDa band found in sonicated filtrates of 1-15 and pAF6-21 samples.
Arrows indicate the localisation of the putative Afp bands. The molecular weights of the correspondent Afp protein are
shown in brackets. M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated. (C) The electron
micrographs of a negatively stained ultracentrifuged fractions derived from the SEC (S-400) purification of DH10B
[pAF1-15] cells. Arrows in (C) indicate TBC particles. Scale bar = 100 nm.
Two important structural features distinguish the TBC from the Afp particle: i) the length of the tube that is on
average between 200 and 800 nm instead of approximately 100 nm as in mature and complete Afp particle
(Figure 3-20B and C) and ii) the absence of the sheath which allows the unobstructed view of the tube and the
baseplate (Figure 3-20C). The TBC tubes of 100 nm or shorter, or extremely long tubes, up to one μm in
length, were occasionally observed in the purified TBC preparations. It was not possible to determine whether
the tubes shorter than 100 nm were assembled to this specific length or whether they were the result of
mechanical shearing during sample preparation. In addition the artificial induction with arabinose in pAY2-4derived constructs overrides the natural level of induction in Serratia background, possibly affecting the
resulting assemblies. Due to the long shape of the TBC tube, in negatively stained electron micrographs of
TBC preparations majority of the images were projections of side views of TBC viewed orthogonal to the long
axis (Figure 3-20C, panel 1). The end-on projection of the baseplate was, however, visible on rare occasions
(Figure 3-20, panel 2). These could be obtained either from TBC with a very short tube, or from a TBC in which
the tube was fractured near the top of the baseplate. The baseplate in this electron micrograph shows a clear
six-fold symmetry with six associated tail fibres (Figure 3-20C, panel 2). This figure provided significant data
about the Afp baseplate symmetry that was used for the structural reconstruction of the Afp baseplate and the
TBC (Section 3.5.3; Heymann et al., in press).
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Figure 3-20 Schematics of Afp and TBC particles.
(A) Schematic representation of Afp-encoding genes in constructs pAF6-21 and pAF1-15 showing ORF-associated
protein domains and their predicted products in the Afp structure. Lower panel: Schematics (left) and electron micrograph
(right) showing structural components of the (B) Afp and (C) TBC particle produced by pAF6-21 and pAF1-15 constructs,
respectively. The TBC particle is shown in side (a) and end-on (b) projections. The approximate lengths of the Afp and
TBC particles are indicated in the respective schematics. Scale bar = 50 nm. Predicted gene products are depicted with
the same colours in the schematics (B and C) as the afp genes in the Afp gene cluster (A).

3.4.4.1 Assemblies observed in TBC preparations
Throughout the course of this study several types of assemblies were detected in small proportions in electron
micrographs of negatively stained, ultracentrifuged fractions of TBC preparations. The low concentration of
these assemblies did not allow further purification. The fact that they were detected in several independent
pAF1-15 preparations, but never in pAF6-21 or pARAF1-18’ preparations, or in the negative control (pAY2-4)
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except for the assembly shown in Figure 3-22B indicates that they might be sub-products of the TBC assembly.
A catalogue of these infrequently observed assemblies is depicted in Figures 3-21 and 3-22.
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Figure 3-21 Variable appearances of the TBC particle
(A) The usual appearance of TBC particle of 200 nm in length with a stain-filled cavity (designated ca.) running along
the length of the tube; (B) A minor population of TBC with the tube partially covered by a stain-excluding protein layer
(denoted with asterisk); (C) A very rare appearance of a tube with a stain-excluding protein layer that presents a repeating
pattern on its surface; (D) A rare appearance of a tube with baseplates attached at the two ends with a stain-excluding
protein layer. (E) Assembly consisting of baseplates attached at each end of the tube without the stain-excluding protein
layer. Scale bar = 50 nm.
In the most frequently stained morphology of the tube observed in TBC preparations, a dark line was visible in
along the long axis of the particle, most likely representing a cavity inside the tube where the stain had
penetrated (Figure 3-21A). In a subset of the TBC population, however, this line was not visible and the tube
appeared to be partially covered by a thin stain-excluding sheath-like layer (Figure 3-21B-D). In Figure 3-21B
the border is clearly visible where the sheath-like layer appears to discontinue, leaving the dark line visible in
the area closer to the baseplate. The tubes in the Figure 3-21C and D appear to be completely covered by the
putative protein layer. These particles were consistently observed as a small subset (less than 5%) of the TBC
preparations derived from pAF1-15 cultures expressed overnight. Figure 3-21C, on the other hand, depicts an
assembly that was observed even less frequently than that in Figure 3-21B and therefore may possibly be
evidence of an artefact. However, it shows the sheath-like layer on the TBC tube that clearly presents a
repeating pattern on its surface. The diameter of this assembly, at approximately 16 nm, is intermediate
between the tube and sheath diameters (9 and 18 nm, respectively;Table 3-6). This observation suggests that
these particles possibly represent an inner tube linked by a thin layer of associated sheath. In the assemblies
where two TBC particles appear to be bound together at their apical ends (Figure 3-21D and E), two baseplates
can be seen facing in opposing directions. It is possible that in the assembly presented in Figure 3-21D the
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tube is covered with the stain-excluding sheath-like layer, while the one shown in Figure 3-21E exhibits the
stain-filled cavity inside the tube. It was noted that the length of the tube area covered by the putative sheathlike layer was variable, ranging from less than 30 nm (Figure 3-21E) to over 200 nm (Figure 3-21B and D).
Spirally-arranged structures among the particles were infrequently observed in TBC preparations (Figure 3-22
A; panel 1). Assemblies of a similar appearance were reported to be occasionally observed in other systems
like in T-even phage (Brenner et al., 1959, Figure 3-21A (2)) and pyocin, when treated with 0.1% SDS (Ishii et
al., 1965, Figure 3-21A (3)) and identified by the authors as unwound sheaths. In addition to these Afp-derived
particles, another type of particles that had condensed elongated shape (Figure 3-22 B) were frequently
observed in TBC preparations, in the preparations of other Afp expression variants (except for those that
produced full Afp particles) and in the preparations of the negative control (DH10B [pAY2-4]). The identity of
these particles remains unknows.
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Afp (TBC)

T-even phage
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*

Figure 3-22 Assemblies of unknown function found in TBC preparations
(A) spiral-like structure (Sp) occasionally found in TBC preparations (panel 1) compared to the unwound sheath structures
detected in T-even phage preparations (panel 2; Brenner et al., 1959) and pyocin preparations treated with 0.1% SDS
(panel 3; Ishii et al., 1965). (B) Assemblies frequently found in TBC preparations which were also present in the negative
control preparation (denoted by asterisk). Scale bar = 50 nm.

3.4.5 Co-expression of afp1-14 with afp15 genes in trans
It was previously demonstrated that afp1-15 when expressed in a sequence (pAF1-15 construct) results in a
TBC structure (Section 3.4.4). Based on that observation, it was of interest to demonstrate that when
expressed with afp15 (coding for the predicted Afp chaperone Afp15) in trans, whether afp1-14 bearing
construct (pAF1-14, Table 2-3) is able to produce TBC or any other Afp-related structures. The construction
of the afp15 expression vector pAF15C (Table 2-3) containing chloramphenicol resistance cassette, allowing
its co-selection with ampicillin and spectinomycin resistant constructs, is described in Section 3.4.1.3.
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To determine whether Afp15 could act in trans to restore the Afp structure, plasmid DNA of pAF15C vector
was electroporated into the electro-competent E. coli DH10B [pAF1-14] cells and plated onto ampicillin,
spectinomycin and chloramphenicol containing LB-agar (Section 2.1.1) selecting for pAF1-14 and pAF15C
vectors. The resulting transformant E. coli DH10B [pAF1-14; pAF15C] was validated by restriction enzyme
analysis for the presence of both plasmids (Section 2.6.6).
The E. coli derivative DH10B [pAF1-14; pAF15C] was induced with arabinose for 24 hours (Section 2.7.2).
Cells were subsequently harvested and lysed by sonication followed by centrifugation (Section 2.7.3.1). The
resultant supernatant was filtered through a 0.2-µm-pore-size filter. Assessment of the sonicated filtrates of
the E. coli DH10B [pAF1-14; pAF15C] compared to the E. coli DH10B [pAY2-4] (negative control) by SDSPAGE identified no Afp related bands (Figure 3-23A). To further purify the sonicated filtrates of E. coli DH10B
[pAF1-14; pAF15C] and the negative control E. coli DH10B [pAY2-4] were independently applied to the SEC
(S-400) and fractions 24-35 were collected and pooled independently (Section 2.7.4). The pooled fractions
were then subjected to ultracentrifugation (2.8.1.2), before being assessed by SDS-PAGE. As expected, a
protein band correlating in size with Afp15 (79 kDa; Figure 3-23B) was observed in the positive but not in the
negative control (Figure 3-23B, samples C). No 16 kDa reference band (as shown in Section 3.3.1.3)
containing Afp1, Afp9 and the product of proteolytic degradation of Afp3 was detected by SDS-PAGE in the
purified preparation of E. coli DH10B [pAF1-14; pAF15C]. In agreement with the absence of this reference
band, no Afp-related assemblies were observed by TEM in the ultracentrifuged fractions derived from the SEC
(S-400) purification. This finding is significant because amongst the constructs tested, the variant containing
the Afp ORFs afp1-14 expressed in trans with afp15 was expected to produce Afp subcomponents given that
it expressed the same set of proteins as DH10B [pAF1-15] which gave TBC particles. This negative result
indicates that the presence of afp15 in cis is required for the formation of the TBC complex.
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Figure 3-23 SDS-PAGE analysis of the E. coli DH10B [pAF1-14; pAF15C] cells
SDS-PAGE (15% acrylamide) analysis of DH10B [pAF1-14; pAF15C] cell cultures induced overnight: (A) sonicated
filtrates; (B) ultracentrifuged fractions derived from the SEC (S-400) purification. Arrow denotes location of the putative
Afp15 protein in sample 14+15; M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated.

3.4.6 Co-expression of pAF1-12 andpAF1-13 constructs with afp15 in cis
The previous Sections (3.4.4 and 3.4.5) demonstrated that the induction of the construct bearing afp ORFs
afp1-15 (pAF1-15) expressed in cis was able to form a TBC structure. On the other hand, when afp15 gene
coding for the putative chaperone was expressed in trans with afp ORFs afp1-14, no Afp-related assemblies
were formed. This raised the question as to whether the previous attempts to produce Afp-related assemblies
through expression of afp1-13 or trans-based expression of afp1-14 with afp15 were unsuccessful due to the
absence of the afp15 gene inserted in cis downstream of the afp gene sequence. For this reason the constructs
for the cis based expression of afp1-12 and afp1-13 with afp15 were generated, induced and products
assessed by SDS-PAGE and TEM.

3.4.6.1 Construction of the pAF1-1215 and pAF1-1315 plasmids allowing in cis expression
of afp15 with pAF1-12 and pAF1-13
In order to facilitate the assembly of the putative Afp subcomponents by the predicted chaperone Afp15, it was
necessary to insert afp15 in cis, downstream from afp12 and afp13 in the pAF1-12 and pAF1-13 constructs,
respectively. For that reason, the amplicon corresponding to the afp15 gene (Af15X) was ligated into pGEMT-Easy to form pGEM15 (Figure 3-24). In addition to the afp15 ORF, the amplicon Af15X contained the
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corresponding predicted ribosome binding site (RBS) sequence 36 bp upstream from the initiation codon of
afp15. The afp15 and its RBS region on the Af15X amplicon were flanked with XbaI restriction sites and
contained a 5’ NruI site. The inclusion of the RBS allowed the initiation of translation from the arabinose
promoter. In order to ensure the complete translation mRNAs corresponding to ORFs located upstream of the
afp15, which would have potentially interfered with the translation of the afp15 CDS, a string of termination
codons (TAA, TGA and TAA) in all 3 frames was incorporated upstream of the predicted RBS region (Figure
3-24)

Figure 3-24 Schematics of the Af15X amplicon for the cloning of afp15 with afp1-12 or afp1-13 ORFs in cis
The amplicon Af15X consists of afp15 region, its RBS region, stop codons in all 3 frames upstream of afp15 CDS and a
NruI restriction site for the incorporation of the chloramphenicol resistance cassette (Cm R) downstream of afp15. The
Af15X amplicon is flanked by XbaI restriction sites. The stop codons TAA, TGA and TAA in alternative frames are
highlighted in red. The internal 3’ PmeI site which is absent from the afp coding region was incorporated in case further
cloning steps were required. N, NruI restriction site. Please refer to Table 2-4 for amplicon and primer details.
To facilitate the ligation of afp15 into the ampicillin and spectinomycin resistant pAF1-12 and pAF1-13 vectors
(Table 2-3), the CmNr amplicon (Table 2-4) was generated by PCR. The CmNR amplicon contained the
chloramphenicol selection marker flanked by NruI sites. The amplicon was digested with the NruI restriction
enzyme and the digested product ligated into NruI-digested pGEM15 plasmid containing a single NruI site
immediately downstream of the afp15 stop codon. The resultant construct pGEM15Cm was used as a template
for PCR using M13F and M13R primers (Table 2-4) to generate Af15CmX. Af15CmX was then digested with
XbaI and ligated into the XbaI-digested pAF1-12 and pAF1-13, replacing the spectinomycin resistance
cassette and generating pAF1-1215 and pAF1-1315, respectively (Figure 3-25). Plasmid DNA of
chloramphenicol-resistant transformants was prepared and validated by restriction enzyme analysis (Section
2.6.6). Constructs with the expected restriction enzyme profile were further validated by DNA sequencing. The
DNA of the pAF1-1215 and pAF1-1315 constructs (Table 2-3) was electroporated independently into the
electro-competent E. coli DH10B cells (Section 2.6.10). The resulting expression derivatives DH10B [pAF11215] and DH10B [pAF1-1315] were then validated by restriction enzyme analysis (Section 2.6.6).
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Figure 3-25 Schematic representation of the pAF1-1215 cloning strategy.
To construct pAF1-1215 derivative, the afp15 containing amplicon Af15X and the chloramphenicol-resistance cassette
CmNR were ligated into pGEM-T-Easy vector to form pGEM15. CmNr was digested with NruI and ligated into the
analogous site of pGEM15 to form pGEM15Cm. The latter was used as a template for PCR using M13F and M13R
primers (Table 2-4) to generate amplicon Af15CmX. The Af15CmX amplicon was inserted in pAF1-12 XbaI restriction
site, replacing spectinomycin resistance cassette and producing the pAF1-1215 expression vector. Xb, XbaI; N, NruI.
Refer to Table 2-3 and Table 2-4 for clone and amplicon details.

3.4.6.2 Induction, purification and assessment of pAF1-11 derivatives co-expressing afp15
in cis
The E. coli DH10B strains containing either pAF1-1215 or pAF1-1315 were independently induced for 24 hours
(Section 2.7.2). The cells were lysed using sonication and the supernatants were clarified by centrifugation of
the lysate, followed by filtering through a 0.2-µm-pore-size filter. The filtrate was then applied to a SEC (S-400)
column and the appropriate fractions were ultracentrifuged. The assessment of the sonicated filtrates and the
ultracentrifuged fractions derived from SEC (S-400) by SDS-PAGE is shown in the Figure 3-26B. Although the
band 1 in Figure 3-26A, which was not present in the sonicated filtrates of the negative control (sample C),
corresponds with the molecular weight of Afp7 (25 kDa), a band of the same size was found in the
ultracentrifuged fraction of the negative control (Figure 3-26B). Two other bands, approximately 35-38 kDa in
size (Figure 3-26B), were enriched in the ultracentrifuged column fractions of pAF1215 and pAF1315 samples
when compared to the negative control. Both bands could potentially correspond to the size of Afp2 (38 kDa);
however, the absence of the 16 kDa reference band (as described in Section 3.3.1.3) indicated that no Afprelated assemblies had formed in those samples. Electron microscopy of products derived from either pAF11215 or pAF1315 confirmed the absence of any Afp–like particles (data not shown). This result indicated that
Afp14 is essential for the Afp assembly.
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Figure 3-26 Assessment of the expression products of the pAF1-1215 and pAF1-1315 constructs
SDS-PAGE (15% acrylamide) analysis of E. coli DH10B [pAF1-1215 ] and DH10B [pAF1-1315] cell cultures induced
overnight: (A) sonicated filtrates; (B) ultracentrifuged fractions derived from the SEC (S-400) purification. Bands 2 and
3 were enriched in 1215 and 1315 samples compared to the negative control, while the band 1 (denoted with asterisk)
was also found in the purified preparations of the negative control. M = Bio-Rad Broad range marker, molecular weights
(kDa) are indicated.

3.4.7 Conclusions
Observations from this section are summarised in Table 3-2. Electron microscopy of induced and purified Afp
derivatives harbouring nested 3’ distal deletions of afp genes 12-18, 13-18, 14-18 and 15-18 (pAF1-11, pAF112, pAF1-13 and pAF1-14, respectively); or where pAF1-12 and pAF1-13 were co-expressed in cis or in trans
with the predicted afp chaperone afp15 (pAF1-1215, pAF1-1315, E. coli DH10B [pAF1-14; pAF15); or where
sub components of the ORFs afp1-6 (pAF1-6) and afp11-12 (pAF11-12) were expressed and purified, resulted
in no visible mature Afp-like assemblies (summarised in Table 3-2). In contrast, expression of the ORFs afp115 (pAF1-15) resulted in a TBC structure consisting of the baseplate with associated tail fibres that was
attached to a tube of variable length (Figure 3-19C). Further variants of TBC particles were occasionally
observed in electron micrographs from the same sample. For example, particles with tubes partially covered
with a thin sheath-like layer or tubes with two baseplates attached from opposite sides were formed at a low
frequency. Some putative variants of unravelled sheath were also occasionally found in the TBC preparations
(Figure 3-22A). The identification of the TBC structure allowed further characterisation of Afp subcomponents
and proteins involved in the assembly of Afp (Sections 3.5 and 3.6).
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Table 3-2 Particles phenotype of Afp-encoding construct pAF6-21 and its mutated derivatives.
Construct

afp genes expressed

Particles detected (TEM)

pAF6-21

1-18

mature Afp

pAF1-6

1-6

None

pAF11-12

11-12

None

pAF1-12

1-12

None

pAF1-13

1-13

None

pAF1-14

1-14

None

pAF1-1215

1-12 and 15 in cis

None

pAF1-1315

1-13 and 15 in cis

None

pAF1-15

1-15

TBC
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3.5 Characterisation of Afp and TBC particles
In this section, taking advantage of high yields of Afp and TBC particles generated in Sections 3.3.3 and 3.4.4,
Afp and TBC particles were subjected to extensive characterisation. This was accomplished by: i) the study of
the cell lysis behaviour of the cultures derived from pAF6-21 and pAF1-15 constructs; ii) subjecting Afp and
TBC particles to an array of chemical environments leading to their partial disassembly into sub components
followed by further purification of the resultant sub components; iii) structural reconstruction of the Afp
baseplate enabled by the improved visual access by TEM of the baseplate in side and end-on views of
sheathless TBC particle (in collaboration with Dr. Bernard Heymann, NIH, Bethesda, USA); and iv) the
comparison of the SDS-PAGE of the Afp and TBC preparations combined with the LC-MS/MS, allowing
accurate determination of the Afp particle qualitative and quantitative protein composition.

3.5.1 Spontaneous lysis of pAF6-21, but not pAF1-15 containing cells
Both constructs pAF6-21 (coding for Afp) and pAF1-15 (coding for TBC) possess the lysis cassette upstream
of afp1 (Figure 3-27 A and B).
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Figure 3-27 Schematics of arabinose inducible pAF6-21 and pAF1-15 constructs that include lysis cassettes.
(A) afp cassette in the pAF6-21 construct produces Afp particles when induced by arabinose; (B) arabinose inducible
pAF1-15 vector produces TBC particles. Both constructs (A and B) have a Serratia-derived lysis cassette upstream from
afp1. Right panels: electron micrographs of Afp (A) and TBC (B) particles. Scale bar = 100 nm.
When the E. coli DH10B [pAF6-21, pASANFA1] and DH10B [pAf1-15] cells were induced overnight, different
appearances of the pAF6-21 cultures with respect to the pAF1-15 containing cultures and negative control
(vector pAY2-4) were observed. While uninduced pAF6-21 culture (Figure 3-28, panel 2), induced pAF1-15
culture (Figure 3-28, panel 3), induced pAF1-18’ culture (Figure 3-28, panel 5) and negative control (Figure
3-28, panel 4) had a homogeneous, turbid appearance, the induced pAF6-21 culture appeared less turbid and
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non-homogeneous with lytic threads (Figure 3-28, panel 1).The turbidity of the bacterial cell culture signifies
that the cells are intact, while non-homogeneous appearance with lytic treads is a sign of cell lysis.

Figure 3-28 Turbidity of cultures 24 hours after arabinose induction
Pictures of flasks with the cell cultures induced with arabinose for 24 hours except for the uninduced (no arabinose added)
pAF6-21 cell culture (panel 2). The arrow points at the pAF6-21 culture induced for 24 hours which demonstrates turbid
lytic appearance.
The turbidity of liquid cultures was measured through OD600 readings (Section 2.6.10.1) with cell lysis leading
to a less turbid culture resulting in a lower OD 600 reading. Measurements of the OD600 across induced and
uninduced E. coli DH10B [pAF6-21; pASANFA1] cell culture, and induced E. coli DH10B [pAf1-15], DH10B
[pARAF1-18’; pASANFA] and DH10B [pAY2-4] cell cultures showed that all five cell cultures had similar OD600
at the time point of the induction (Table 3-3, second column). At the time point of the cell harvest after a 24
hour induction period, the pAF6-21 cells had significantly lower OD600 (0.4) compared with OD600 of the
uninduced pAF6-21 (1.5) and the negative control (1.9, Table 3-3). This indicated significant cell lysis in the
induced pAF6-21 culture. The induced E. coli DH10B [pAF1-15] and DH10B [pARAF1-18’; pASANFA] cultures
demonstrated slightly lower OD600 (1.2 and 1.0, respectively) when compared to the negative control. That
might be a sign of a partial lysis occurring in these systems. On the other hand the OD 600 of the pAF1-15
culture at the induction time may correspond with the lower OD 600 after 24 hours of induction, indicating
relatively slower growth of the cells.

Table 3-3 OD600 measurements of cultures after 24 hours of arabinose induction
pAF6-21; pASANFA1 (induced)
pAF6-21; pASANFA1 (uninduced)
pAF1-15 (induced)
pARAF1-18’; pASANFA1 (induced)
pAY2-4, negative control (induced)

OD600 at induction time
1.1
1.06
0.8
1.0
1.0

OD600 24 hours post-induction time
0.4
1.5
1.2
1.0
1.9

In addition to the changes in OD600, it was observed that when the E. coli DH10B [pAF6-21, pASANFA1]
induced cells were harvested by centrifugation after a 24 hour induction period, the cell pellets appeared to be
loose and mucoid (Figure 3-29A, panel 1). This was not the case for the E. coli DH10B [pAF1-15] (Figure
3-29A, panel 2) and DH10B [pAFAF1-18’] (similar to Figure 3-29A, panel 2) induced cultures, and the negative
control (DH10B [pAY2-4]) (Figure 3-29A, panel 2). The appearance of the pAF6-21 cell pellet indicates that a
high proportion of cells had lysed compared to the control.
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Figure 3-29 Purification of Afp particles from culture supernatant.
(A) Photograph of cell pellets after the harvest of the E. coli DH10B [pAF6-21, pASANFA1] cells that were induced for
24 hours (panel 1) compared to the DH10B [pAf1-15] induced for 24 hours (panel 2) and DH10B [pAY2-4] cells (negative
control, panel 3). (B) Electron micrograph of a negatively stained ultracentrifuged fractions derived from the SEC (S400) purification of the Afp particles from the E. coli DH10B [pAF6-21, pASANFA1] culture supernatant. Scale bar =
100 nm
In order to investigate whether Afp particles were released into the culture supernatant over the extended
induction time due to the cell lysis, the culture supernatant was tested for the presence of Afp particles by TEM
analysis and using bioassay against C. zealandica larvae. The DH10B [pAF6-21; pASANFA1] cells were
induced for 24 hours followed by harvesting the cell pellets by centrifugation. The 30 mL of the culture
supernatant was filtered through a 0.2-µm-pore-size filter to remove the intact bacterial cells. Ten μL out of 30
mL of the culture supernatant filtered through a 0.2 µm filter were diluted 1:10 and tested for the ability to
induce cessation of feeding by the C. zealandica larvae (Section 2.11.1). The 5 μL of the 1:10 dilution of the
sterile filtrate was applied to each of the 12 carrot cubes and fed to the larvae (Section 2.11.1), while the control
12 carrot cubes were supplemented with the TBC buffer and fed to the larvae that served as a negative control.
All tested larvae fed with the Afp supernatant stopped feeding 1-2 days post-treatment after being re-fed on
fresh carrot, while the control larvae continued feeding (similar to the Figure 3-66). The residual filtered
supernatant was divided into five aliquots of six mL each and concentrated using ultracentrifugation (Section
2.8.1.2). The pellets were resuspended in approximately 150 μL of residual buffer each and combined to the
final volume of 800 μL which was applied to the SEC (S-400) column. The SEC (S-400) column fractions
containing Afp particles were combined and concentrated by ultracentrifugation (Section 2.8.1.2). The pellet
was resuspended in approximately 400 μL of residual column running buffer. Electron micrograph of the
resultant preparation revealed the presence of Afp particles (Figure 3-29B) confirming that a high proportion
of E. coli DH10B [pAF6-21, pASANFA1] cells lysed when induced overnight, releasing Afp particles in the
culture supernatant.
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3.5.2 Effects of biochemical treatments on Afp and TBC particles
One of the main goals of this study was to produce subcomponents of Afp, such as the baseplate, tube and
sheath. This could allow the determination of their protein composition and assessment of their structure by
TEM reconstruction. The expression of assembled subcomponents of Afp resulted in only one new Afp variant
being identified, namely the TBC, which was derived from the expression of afp1-15 (Section 3.4.4). For this
reason an alternative approach to generate further potentially new Afp substructures was utilised. This
approach involved subjecting the particles to chemicals and variations in pH with the goal of disassociation of
the Afp or the TBC particle into its subcomponents. Several studies have been published explaining how
different phage and phage-like particles react to the changes in their environment (for example, Bleviss and
Easterbrook (1971); Duda et al. (1986); Higerd et al. (1969); Ishii et al. (1965); Katsura and Tsugita (1977); To
et al. (1969)). Here, published methods were adapted to Afp and TBC models with the goal of producing further
structural variants of Afp or the TBC. Such procedures involved exposure of the purified particles to GuHCl,
MgCl2 and a range of pH, followed by assessment of the resultant samples by TEM.

3.5.2.1 Exposure of Afp and TBC to altered pH
Subjecting R-pyocin particles to very acidic pH (pH 2) resulted in the contraction of the sheath and degradation
of the tubes and baseplates (Ishii et al., 1965). In order to define how Afp and TBC particles react to the
changes in pH, 3 μL of purified Afp or TBC derived from the ultracentrifuged fractions generated in turn from
SEC (S-400) purification (Figure 3-30A) was subjected to either pH 2 or pH 10 as described in Section 2.9.2.
Afp exposed to pH 2 for 5 minutes resulted in empty contracted sheaths which in some instances could be
visualised in an end-on view (Figure 3-30B). Occasionally contracted Afp particles and a basal level of
truncated or degraded tubes were also observed (Figure 3-30B). When Afp particles were subjected to pH 2
for 24 hours, only empty contracted sheaths were observed, similar to the sheath-like structures shown in
Figure 3-30B. A five minute exposure of the purified TBC to pH 2 resulted in disassociation of the base plates
(Figure 3-30B) and a visible decrease in particle concentration. When TBC particles were exposed to pH 2 for
24 hours no particles were observed, indicating complete dissociation of the protein complexes (data not
shown). On the other hand, subjecting either Afp or TBC to pH 10 resulted in no visible structural changes
(Figure 3-30C).
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Figure 3-30 The exposure of Afp and TBC particles to pH 2 and pH 10
Electron micrographs of partially purified Afp (upper panels) and TBC particles (lower panels) at pH 7.5 (A) or treated
at pH 2 (B) and pH 10 (C). The inserts in (B) show the close ups of the end-on (right insert) and side (left insert) views
of the contracted sheath. Scale bar = 50 nm.

3.5.2.2 Purification of contracted sheath
The functional role of some of the individual Afp proteins still remains unknown. Purification of the contracted
sheath was undertaken to determine its protein composition by LC-MS/MS. The pH treatment of Afp particles
resulted in visually pure empty contracted sheaths as described above. This approach was employed to purify
Afp sheaths by adapting the purification method for contracted sheaths of T4 phage described by To et al.
(1969). To and co-workers subjected purified T4 phage tails to the strong acidic environment in order to remove
contaminating material from the contracted sheath fraction which were resistant to such a treatment. The
trypsin treatment of the resulting preparation led to the proteolytic degradation of acid-unfolded proteins. The
purified sheath fraction was then separated from degraded proteins by centrifugation (To et al., 1969). This
method was applied to the SEC (S-400) purified Afp particles that were previously subjected to pH 2 overnight
(Figure 3-31A, panel 1). The suspensions were incubated with 0.4 M HCl (Section 2.9.4). An electron
micrograph of the negatively stained resuspended pellet after the centrifugation step shows contracted Afp
sheath particles (Figure 3-31A, panel 2). In order to digest the acid-unfolded Afp proteins, the purified sheath
preparation was subjected to trypsin treatment as described in Section 2.9.4. Interestingly, the sheath
component appeared to form end-to-end associations of contracted sheaths (otherwise termed polysheaths)
in the pellet after the centrifugation of the trypsin treated samples (Figure 3-31A, panel 3). No Afp related
assemblies were detected in the supernatant after the trypsin treatment, followed by centrifugation.

- 97 -

Chapter 3. Results

Assessment of the supernatant derived from the centrifuged trypsin treated particles by SDS-PAGE showed
only putative trypsin related bands (sample S, Figure 3-31B). Assessment of SDS-PAGE of the purified
polysheath fraction (sample P, Figure 3-31B) revealed protein bands which are probably related to trypsin (23
kDa) and its degradation products similar to the bands pattern of pure trypsin used for this experiment (Figure
3-31B, sample T). Two additional bands of approximately 39 and 42 kDa were detected in the SDS-PAGE
analysis of the polysheath fraction. The 39 kDa band (Figure 3-31) correlates in molecular weight with Afp2.
Unfortunately there was not enough polysheath preparation available for a second SDS-PAGE combined with
the LC-MS/MS analysis of 39 and 42 kDa protein bands. Such analysis would have shown the identity of the
constituting proteins in the contracted sheath. Future work will involve the repetition of this experiment starting
with a more highly concentrated Afp preparation.

Figure 3-31 Purification of contracted sheath.
(A) Electron micrographs of negatively stained purified Afp particles subjected to pH2 (panel 1) followed by addition of
0.4 M HCl and pelleting the assemblies resistant to this treatment (panel 2) and pellet after the trypsin treatment followed
by centrifugation (panel 3). PS denotes polysheath. Scale bar = 100 nm. (B) SDS-PAGE (15% acrylamide) of the pellet
(sample P, corresponds to the panel 3 in the Figure 3-31A) and supernatant (lane S) after the trypsin treatment followed
by centrifugation. Sample T contains approximately 200 ng trypsin. M = Bio-Rad Broad range marker, molecular weights
(kDa) are indicated. Arrows indicate the putative Afp2 band (39 kDa) and putative trypsin related bands (23.3 kDa and
smaller).

3.5.2.3 Treatment of Afp and TBC particles with GuHCl and urea
Denaturing agents such as GuHCl or urea in highly concentrated aqueous solutions denature proteins and are
widely used to dissociate protein complexes into their component subunits (for review see England and Haran
(2011)). For example, GuHCl was shown by To et al. (1969) to contract the sheath and degrade baseplates of
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T4 phages at concentrations that did not disrupt tail tubes. Visualisation by TEM of Afp particles that had been
subjected to 2M GuHCl for one hour (Section 0) revealed the contraction of the subset of the total Afp
population. When Afp contracted, the baseplates and associated tail fibres remained attached to the contracted
sheath. It was noted that in approximately 60% of the contracted particles the central tube protruded from the
apical end of the contracted sheath. The remaining 40% of the particles displayed tubes protruding from the
opposite side of the sheath (Figure 3-32B). A similar treatment of TBCs with 2 M GuHCl for one hour resulted
in the dislodging of baseplates in a subset of the total TBC population leaving in some cases deformed
baseplates attached to the tubes (Figure 3-32B). Subjecting the Afp to 3M GuHCl caused complete
dissociation of Afp particle into tubes of a unchanged length and contracted empty sheaths with no base plates
attached (Figure 3-32C). The insert in the Figure 3-32C shows the contracted sheath which is visualised in the
end-on view. The treatment of TBCs with 3M GuHCl resulted in the complete dissolution of the baseplate
leaving intact tubes (Figure 3-32C).
An observation similar to the 3 M GuHCl treatment of Afp and TBC particles was made when the particles
were subjected to 4M urea for one hour (Section 2.9.1). The Afp particles separated into the contracted
sheaths, and tubes free of baseplates. On the other hand, free intact tubes without baseplates were observed
in TBC preparations treated with 4M urea for 30 minutes (Figure 3-32D). However, it was noted that while
subjecting the Afp particles to 4M urea for 30 minutes a higher percentage of tubes associated with the
contracted sheath was observed (Figure 3-32D) when compared to the case when 3 M GuHCl was applied for
one hour (Figure 3-32C).

Figure 3-32 Treatment of Afp and TBC particles with GuHCl and urea
Electron micrographs of negatively stained partially purified Afp (upper panels) and TBC particles (lower panels) before
treatment (A), treated with either 2M GuHCl (B) or 3M GuHCl (C) for one hour and with 4M urea for 30 minutes (D).
End-on view of a contracted sheath is shown in the insert in (B). Arrows denote baseplates unless otherwise indicated. db
denotes deformed baseplate. Scale bar = 100 nm, unless otherwise indicated.
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3.5.2.4 Purification of naked tubes derived from 3M GuHCl treatment
The procedure of assessing purified samples by SDS-PAGE followed by LC-MS/MS analysis of the
substructure-derived bands will define a subset of Afp derived proteins to a sub structure. This will then allow
for the assignment of the roles to the corresponding proteins. The method of purifying T4 tubes after subjecting
particles to 2.7 M GuHCl was described by Duda et al. (1986). The method involved dialysing of the T4 tails
into the buffer that contained 2.7 M GuHCl followed by extensive dialyse against buffer without GuHCl. This
resulted in disjunction of the tubes and baseplates which were then separated by sucrose gradient
centrifugation. A similar method was proposed by Hasegawa and Ishii (1979) describing a successful
purification of pyocin tubes using sucrose gradient centrifugation of the pyocin particles disjoined by pH 11. As
sucrose gradient centrifugation was not successful in the case of Afp probably due to the low concentration of
the particles (Section 3.3.1.1), SEC (S-400) purification was attempted to separate tubes derived from 3 M
GuHCl treatment of TBC from the dissolved baseplate proteins. It was assumed that in SEC (S-400) longer
tubes would elute in a different fraction than compact baseplates or their smaller denatured protein
components.
Therefore the availability of the tubes free of the baseplates and sheaths resulting from the treatment of TBC
with 3M GuHCl for one hour (Figure 3-32, panel 6) was exploited in an attempt to purify isolated free tubes.
The purified TBC particles (Figure 3-33A) were treated with 3M GuHCl for one hour (Section 2.9.1) followed
by dilution with TBS buffer (Figure 3-33B). The resultant preparation was applied to the SEC (S-400) column.
The fractions derived from the SEC (S-400) were combined as outlined in Section 2.7.4 and ultracentrifuged
(Section 2.8.1.2) to concentrate the particles. TEM analysis of the resultant, combined ultracentrifuged
fractions derived from the SEC (S-400) revealed a mixture of TBC particles, free tubes, and a low amount of
the tubes with “defective” baseplates (Figure 3-33C). This unexpected result indicated that after the GuHCl
treatment the baseplate proteins were still present in the solution and were probably partially restored to the
tubes by buffer exchange during the SEC (S-400) process. Hence, the purification of free tubes was not
successful using this method.

Figure 3-33 SEC (S-400) purification of TBC particles previously subjected to 3M GuHCl for one hour.
(A) Electron micrographs demonstrating TBC particles before treatment with GuHCl; (B) TBC particles subjected to 3
M GuHCl for one hour; (C) a mixed sample containing TBC, free tubes and TBC with defect baseplates (db) observed in
the ultracentrifuged column fractions derived from the SEC (S-400) purification of TBC particles that in turn had
previously been subjected to 3 M GuHCl for one hour. Scale bar = 100 nm.
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3.5.2.5 Treatment of Afp and TBC particles with MgCl2
Treatment of pyocin particles with 0.5 M MgCl2 was described by Higerd et al. (1969) as a method to contract
the sheath of the particles while a subset of the pyocin particles generated free tubes and contracted sheaths.
This method was adapted to Afp and TBC. The purified TBC particles (Figure 3-34A) were subjected to 0.5 M
MgCl2 for 18 hours (Section 2.9.1). Under these conditions the tubes of the TBC particles were found to break
frequently (Figure 3-34B). In a few cases the baseplates could be visualised in end-on view probably when the
tube broke close to the baseplate (Figure 3-34B). Unfortunately the clarity of those pictures, probably due to
the presence of MgCl2 in the solution, was not of sufficient quality to reveal baseplate symmetry. Some of the
Afp particles in the subset of the total Afp population contracted when exposed to 0.5 M of MgCl 2, and their
sheaths were in various stages of degradation (Figure 3-34B).

Figure 3-34 Treatment of Afp and TBC particles with MgCl2
Electron micrographs of negatively stained purified Afp (top panels) and TBC (lower panels) before treatment (A) and
subjected to 0.5 M of MgCl2 (B). “bs” denotes Afp sheaths showing different stages of degradation and “bt” denotes
broken tubes. End-on view on a baseplate is shown in the insertion in the panel 4. Scale bar = 100nm.

3.5.3 Structural reconstruction of TBC baseplate
The Afp baseplate is an interesting object for study. According to the predicted model for biological action of
Afp (Section 1.5.1), the baseplate plays an essential role in the attachment of Afp particles to its eukaryotic
target and facilitates toxin delivery. The structural analysis of the baseplate was challenging because in the
mature Afp particle the baseplate is partially covered by the sheath and no end-on views of the baseplate were
readily available. The absence of the sheath in the TBC particle was a major breakthrough in the study of the
Afp baseplate allowing unhindered structural analysis (Figure 3-35A). The infrequently observed end-on view
of the baseplate was possible when the tube happened to break close to the baseplate, allowing the baseplate
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to orient itself end-on to the grid surface (Section 3.4.4). The availability of a high quality image of the end-on
view of the baseplate (Figure 3-35C, panel 5) and several slightly tilted baseplate images (examples are shown
in Figure 3-35C, panels 1-4) was sufficient to reveal the six-fold symmetry of the baseplate down the central
axis (Figure 3-35D). The knowledge or accurate identification of symmetry was subsequently utilised in the
baseplate reconstruction. The projections of the baseplate in side and end-on views are illustrated in Figure
3-35B and D, respectively. The reconstruction of the three-dimensional structure of the Afp baseplate was
performed by Dr. Bernard Heymann (NIH, Bethesda, USA).

Figure 3-35 Structural reconstruction of Afp baseplate
(A) Electron micrograph of a TBC particle in the preferred side view. (B) View of the baseplate based on the 3-D structural
reconstruction. (C) Electron micrographs of a TBC particle in its end-on view. Panels 1-5 show images of the baseplates
in end-on view that were used for the structural reconstruction (D) Baseplate viewed down the central tube based on the
on the structural reconstruction. Scale bar = 10 nm. The figures shown in (B) and (D) were adapted from Heymann et al.,
in press.

3.5.4 LC-MS/MS of Afp and TBC preparations
The next step was to validate the presence of the predicted Afp proteins in the Afp and TBC preparations and
define the relative abundance using densitometry. This was carried out by assessment of Afp and TBC
preparations by SDS-PAGE followed by LC-MS/MS and densitometric analysis. To achieve this E. coli DH10B
[pAF6-21, pASANFA1] and DH10B [pAF1-15] cells producing Afp and TBC particles, respectively, were
induced overnight and purified using an improved method described in Section 3.3.3. The purified particles
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were assessed by TEM for yield and purity. The electron micrographs of the TBC and Afp particles used for
the LC-MS/MS analysis are shown in the lower panels in Figure 3-36A and B, respectively. The samples of
purified TBC and Afp preparations were applied to a SDS-PAGE (Section 2.8.2). The E. coli DH10B [pAF115] cells were expressed and purified in two independent experiments and separately assessed by SDS-PAGE
followed by LC-MS/MS (Figure 3-36A, panels 1 and 2) to establish consistency.

Figure 3-36 LC-MS/MS analysis of TBC and Afp preparations.
15% SDS-PAGE of purified sonicated filtrates of (A) TBC and (B) Afp preparations that were derived from the pAF621 and pAF1-15 constructs, respectively. Two independent TBC preparations were assessed by LC-MS/MS (lanes 1,2).
The Afp protein bands (denoted with numbers 1-15, Table 3-4) identified by LC-MS/MS analysis are indicated by arrows.
Where several proteins are identified in the same sample, the predominant proteins are labelled bold and underlined. M
= Bio-Rad Broad range marker, molecular weights (kDa) are indicated. The panels below show the electron micrographs
of the TBC (A) and Afp (B) preparations that were used for the LC-MS/MS analysis. Scale bar = 100 nm. (C) Predicted
sizes of Afp proteins, kDa (in brackets)
The individual protein bands in the respective SDS-PAGE of purified Afp and TBC preparations were excised
and assessed by LC-MS/MS (Section 0). The LC-MS/MS analysis detected 13 Afp proteins out of 18 (Figure
3-36B and Table 3-4). Of particular interest were Afp6, 10, 14, 15 and 17 that were not found in either the Afp
or the TBC preparations (Table 3-4), while only in in the TBC preparations, Afp2, 3, 5, 7, 9 were not detected
(Table 3-4). Afp18, Afp3 and Afp2 were found in the bands that migrated on the SDS-PAGE either according
to their predicted molecular weight or lower indicating some proteolytic degradation. It is of interest that the
Afp8 (58 kDa) band could not be observed at its predicted location but was identified by LC-MS/MS as co- 103 -
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migrating with Afp13 in both Afp and TBC preparations (47.5 kDa, Figure 3-36A, panel 2 and Figure 3-36B).
Afp8 appeared as a lower than predicted molecular weight band indicating proteolytic degradation. However,
the LC-MS/MS report showed that both N- and C-termini of Afp8 are present (Appendix Table A 3), indicating
an intact protein without proteolysis. This conflicting results require further investigation. The predominant
putative sheath protein bands Afp2 and Afp3 were observed in the Afp preparation but absent in the TBC
preparations (Figure 3-36) as validated by LC-MS/MS. This observation indicated that Afp2 and Afp3 are the
major sheath proteins. Interestingly, the predicted sheath protein Afp4 was detected in both the Afp and TBC
preparations, which was validated by LC-MS/MS analysis of two independent TBC induction experiments. It
was also noted that Afp1 and Afp5 were both present in Afp but only Afp1 was detected in the TBC sample
(Figure 3-36, Table 3-4).

Table 3-4 Composition of Afp and TBC preparations as detected by LC-MS/MS
Afp

MW

Afp*

TBC Predicted
Reference
*
function/location
Afp1
16.4
+
+
Tube
Sen et al. (2010)
Afp2
38.8
+
Sheath
Hurst et al. (2004)
Afp3
48.7
+
Sheath
Hurst et al. (2004)
Afp4
45.5
+
+
Sheath
Hurst et al. (2004)
Afp5
17
+
Tube
Sen et al. (2010)
Afp6
6.5
not detected
Hurst et al. (2004)
Afp7
25.2
+
not detected
Hurst et al. (2004)
Afp8
58
+
+
baseplate (VgrG)
Hurst et al. (2004)
Afp9
15.7
+
baseplate (lysozyme)
Hurst et al. (2004)
Afp10
14.5
not detected
Hurst et al. (2004)
Afp11
67.3
+
+
baseplate (J-like)
Penz et al. (2012)
Afp12
106.8
+
+
not detected
Hurst et al. (2004)
Afp13
47.53
+
+
virus fibre protein
Hurst et al. (2004)
Afp14
62.51
not detected
Hurst et al. (2004)
Afp15
78.98
ATPase
Hurst et al. (2004)
Afp16
32.23
+
not detected
This study
Afp17
40.47
Toxin
Hurst et al. (2004)
Afp18
263.4
+
Toxin
Hurst et al. (2004)
* Refer to Figure 3-36 for the locations of the bands on the SDS-PAGE.

3.5.5 Stoichiometric analysis of Afp proteins
The validation of the Afp and TBC associated bands identified by SDS-PAGE and LC-MS/MS (Section 3.5.4)
was an important step in gaining an understanding of which proteins contributed to the two assembled
structures and therefore elucidating their functional role. The next important step was to define the relative
ratio of Afp proteins in the purified Afp preparation. To achieve this objective, three independent Afp
preparations were assessed by SDS-PAGE, and one preparation was applied on the SDS-PAGE at different
concentrations (Figure 3-37A, panels 1 and 2). In order to mitigate the differing affinities of protein dyes for
different proteins (Syrový and Hodný, 1991), the two SDS-PAGE gels were stained with silver stain (Section
0; Figure 3-37A), while the other two were stained using coomassie stain (Figure 3-37B). A semi-quantitative
densitometric analysis was performed on the coomassie- and silver-stained protein bands of purified Afp
preparations (Figure 3-37) using UviTec Cambridge gel documentation software (Section 0). Two
approximations were applied in the quantitative analysis. Firstly, when the same protein was identified by the
LC-MS/MS in several bands, only the band that migrated at the predicted size was included in the calculation
(Table 3-1). For example, while Afp3 was identified in eight independent bands by the LC-MS/MS in the SDS- 104 -
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PAGE of the Afp preparation (Figure 3-36B), only band 5 was included in the calculation. This band
corresponded with the molecular weight of Afp3 (49 kDa). This ensured that only potentially full-sized protein
bands and not those of predicted degradation products were included in the calculation. It has to be noticed,
however, that the total amount of each Afp protein may be higher as calculated here as the predicted
degradation products of the Afp proteins were not taken into account. For example, the prominent band 10
consists of Afp3. This may indicate that most of the Afp3 protein has been proteolysed. Alternative explanation
would be that Afp3

runs differently on the SDS-PAGE

due to the combination of overall charge and

conformation. Therefore this band is pending more careful analysis. A second approximation was made in
cases where several proteins co-migrated and therefore could not be resolved on the SDS-PAGE. In these
cases the total intensity assigned to each band was divided by the number of proteins present in the band.
This approximation was used due to the absence of a reliable method for the estimation of the relative protein
abundance in a mixed protein band. The only method for such an assessment available is the method of
Ishihama et al. (2005) (Section 2.8.2.3) which allows an estimation of absolute protein contents in complex
mixtures using protein abundance index. The protein abundance index for each Afp protein in the mixed bands
was provided by Dr. Jessica Gathercole (Appendix Table A 5). However, the deviation percentages of the
abundances from the actual values using this method were reported to be within 63% of their real value
(Ishihama et al., 2005), indicating the unreliability of this method for absolute quantification. For that reason
the protein abundance index was not used for quantification of individual Afp proteins, but used as an indicator
to identify the predominant protein in the mixed protein bands, as shown in Figure 3-36.
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A

B

C

M

band

1

2

1

Afp

2
18

Afp18 (263)

200

1

116
97

2 12 /(18)
3 12

Afp12 (107)
Afp15 (78)

4 11
5 3 /13*/(8)
6 13/(3)
7 4/ (3)/(13)
8 (3)/(18)/(4)
9 (3)
10 (3)
11 2

Afp11 (67.3)
Afp14 (62)
Afp8 (58)
Afp3 (49)
Afp13 (48)
Afp4 (46)

66

45

Afp17 (40)
Afp2 (39)

12 16/ (2)/ (OMVs)
Afp16 (32)

31
13 7/ (2)/(7)

Afp7 (25)
21

14 5/ (2)/(7)/(3)
15 9/1*/ (3)

14

Silver stained

Afp5 (17)
Afp1 (16)
Afp9 (15)
Afp10 (14)
Afp6 (6)

Coomassie stained

Figure 3-37 Densitometry analysis of Afp-related bands on the SDS-PAGE
SDS-PAGE (15%) of purified sonicated filtrates of Afp preparations derived from three independent cultures of the
pAF6-21 construct. (A) Panels 1 and 2 show the same Afp preparation applied in two volumes to the SDS-PAGE (10 and
20 μL, respectively). Silver stain was used to detect the proteins. (B) The two independent enriched prepatations of Afp
(1 and 2, 20 μL each) was applied to the SDS-PAGE (15% acrylamide) and proteins were stained using coomassie stain.
The Afp protein bands (denoted with numbers 1-15, Table 3-4) identified by LC-MS/MS analysis are indicated by arrows.
Those Afp proteins that were used for the densitometry analysis, selected based on correspondence of their predicted
molecular weight to the estimated size of the Afp protein band, are bold highlighted. The Afp proteins that were found in
the bands that do not correspond to their predicted molecular weight are shown in brackets. Asterisk indicates the bands
that comigrate. (C) Predicted sizes of Afp proteins, kDa (in brackets).
The ratios of the intensities for each of the bands are presented in the Table 3-5 and Figure 3-38. The averages
were calculated for coomassie- and silver-staining separately due to the differences in quantifications using
those two staining methods. It has been reported that although coomassie binds non-specifically to all proteins,
it has different affinities to some amino acids (Syrový and Hodný, 1991). On the other hand, the quantification
of proteins determined by the protein bands stained with the silver stain can be affected by the amino acid
composition, conformational arrangement in the gel, and other factors (Syrový and Hodný, 1991). Due to the
high standard deviations of the low density bands in the densitometric analysis (Table 3-5, Figure 3-38), this
data can only be used as an approximation. Therefore overall, the accumulated data can only be used as an
indicator of the relative abundance rather than actual stoichiometry. The averaged intensity ratios for the
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distinct protein bands strongly suggest the prevalence of the predicted tube protein Afp2 followed in abundance
by the predicted baseplate protein Afp9 and the predicted sheath protein Afp1.
Table 3-5 Quantification of Afp proteins1
Coomassie stain

Silver stain

Afp

MW
(kDa)

Band

Proteins
in the
band2

Gel13

Gel23

Average4

STD4

Gel13

Gel23

Average 4

STD4

Afp1

16.4

15

2

27.9

34.1

15.5

2.2

25

22.2

11.8

1.0

Afp2

38.8

11

1

20.7

15.3

18.0

3.8

25.8

17

21.4

6.2

1

12.4

10.9

11.7

1.1

9.1

11.2

10.2

1.5

*

Afp3

48.7

5/10

Afp4

45.5

7

1

4.2

4.6

4.4

0.3

3.3

4.3

3.8

0.7

Afp5

17

14

3

0.4

0.4

0.1

0.0

6.9

8.4

2.6

0.4

Afp6

6.5

-

-

-

-

0.0

0.0

-

-

0.0

0.0

Afp7

25.2

13

3

0.1

0.6

0.1

0.1

1.2

4.6

1.0

0.8

Afp8

58

5

3

12.4

10.9

3.9

0.4

9.1

11.2

3.4

0.5

Afp9

15.7

15

2

27.9

34.1

15.5

2.2

25

22.2

11.8

1.0

Afp10

14.5

-

1

0.0

0.0

0.0

0.0

Afp11

67.3

4

1

4.2

4.6

4.4

0.3

3.3

4.3

3.8

0.7

Afp12

107

2

3

7.6

7.7

2.6

0.0

4.3

4

1.4

0.1

Afp13

47.5

5

3

12.4

10.9

3.9

0.4

9.1

11.2

3.4

Afp14

62.5

-

-

-

-

-

-

-

-

-

-

Afp15

78.9

-

-

-

-

-

-

-

-

-

-

Afp16

32.2

12

3

0.2

0.5

0.1

0.1

0.9

3.5

0.7

0.6

Afp17

40.4

-

-

-

-

-

-

-

-

-

-

1
1
6.1
6.5
6.3
0.3
1.5
1.1
1.3
0.3
Afp18 263
The sums of intensities in Figure 3-36 were averaged across the two bands for each staining method. The standard
deviation (STD) was calculated for each averaged data set. The Afp proteins that were not detected by the LC-MS/MS
are denoted by “-”. Note: Afp3 and Afp13 bands and Afp9 and Afp1 bands comigrate and therefore could not be
independently quantified. When the same protein was identified by the LC-MS/MS in several bands, only the band that
migrated at the predicted size is included in the table. For example, Afp3 is also found as a predominant protein in the
band 10 which is not included in the calculations (denoted with asterix (*)). 2Please refer to the Figure 3-37 for band
composition. 3Units calculated using UviTec Cambridge gel documentation software are the sums of intensities included
in the spot area of analysis for each band. The intensities of the bands were normalised for the size of protein by the
software. 4The values in the denoted columns have been divided by the number of proteins present in the band.
1
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Figure 3-38 Semi-quantification of Afp proteins
Diagram showing the intensities for each band in Figure 3-36 (y-axis) corresponding to each Afp protein (x-axis) using
coomassie staining (blue) and silver staining (red). The error bars represent the standard deviation as presented in Table
3-5.

3.5.6 Conclusions
Expressing the Afp particles in E. coli strain DH10B [pAF6-21, pASANFA1] for 24 hours resulted in semitransparent culture associated with a drop in OD 600, indicating that a large fraction of the cell population had
lysed. The lytic appearance of the cell culture and presence of Afp particles in the culture supernatant of
overnight-induced E. coli DH10B [pAF6-21, pASANFA1] confirmed cell lysis under the described conditions.
This behaviour was not observed for the TBC-producing E. coli DH10B [pAF1-15] cells or a negative control
(E. coli DH10B [pAY2-4]) under the same conditions.
Obtaining sufficient amounts of purified Afp and TBC particles allowed identification of the major constituent
proteins in TBC and Afp by LC-MS/MS followed by densitometric analysis. In addition, precise assessment of
the chemical treatment effect on the particles for alterations in structure was possible. SDS-PAGE identified
the presence of Afp proteins Afp1, 2, 3, 4, 5, 7, 8, 9, 11, 12, 13, 16, 18 in the investigated Afp preparations,
while Afp proteins Afp6, 10, 14, 15 and 17 were not detected in the Afp preparations by SDS-PAGE. The TBC
preparations contained Afp-derived proteins Afp1, 4, 8, 11, 12 and 13, while Afp2, 3, 5, 7, 6, 9, 10, 14, 15 and
17 were absent (Table 3-4). As the bands corresponding to predicted Afp sheath proteins Afp2 and Afp3 were
observed in the Afp preparations but not in the TBC preparation, this indicated that Afp2 and Afp3 are the
major sheath proteins. Interestingly Afp4 which was previously predicted to be a sheath protein, was detected
in both the Afp and TBC preparations. It was also noted that Afp1 and Afp5 are both present in Afp, but only
Afp1 was detectable in the TBC. Semi-quantitative densitometric analysis of protein bands of the mature Afp
particle preparations separated by SDS-PAGE revealed the highest relative abundance of the predicted sheath
protein Afp2 followed by the baseplate protein Afp9, and predicted tube protein Afp1 (Table 3-5). The TEM
assessment of TBC preparations offered further insight into the structure of Afp subcomponents and revealed
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several putative Afp-related assemblies or its degradation products. Subjecting the Afp and TBC particles to a
range of chemical treatments such as pH 2 and 10, MgCl 2 or GuHCl resulted in different rates of particle
degradation with the baseplates appearing to be the most unstable part of the particle. Subjecting of TBC or
Afp to pH 10 resulted in no changes in their structures. Subjecting of Afp particles to pH 2 followed by trypsin
treatment allowed removal of all Afp subcomponents with the exception of the contracted sheath. The
contracted sheaths in the preparations after the trypsin treatment formed end-to-end polysheath-like
assemblies. The prominent protein band on the SDS-PAGE of the purified sheath fraction corresponded with
the predicted size of Afp2, suggesting its major role in the contracted sheath formation.
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3.6 Afp16: the putative tail length termination factor
As previously outlined in Section 3.4.4, it was demonstrated that proteins Afp1-15 are sufficient to form a
sheathless tube baseplate structure denoted as TBC, which is characterised by tubes of variable length. Of
interest is the ability to restore the sheath to the TBC allowing the assignment of a role of sheath assembly to
the corresponding Afp proteins. The next step was to express afp16 in cis with the first 15 afp ORFs and then
induce, purify and visualise the structure by TEM.
As outlined below (Section 3.6.1), protein expression using the construct pAF1-16, containing afp1-16 under
the control of the arabinose inducible promoter, produced mature normal length (approximately 100 nm) Afp
particles. This result indicated an important role of Afp16 in the regulation of tube length and sheath formation.
This role is assigned to the tail termination protein (TrP) in well studied phage systems like T4 phage (Vianelli
et al., 2000) and Phage λ (Katsura, 1990) (Section 1.6.1). In view of this significant finding, focus of further
research was on examining and validating the function and structure of Afp16. To help achieve this, several
approaches were pursued : i) expression and purification of Afp16 with the ultimate goal of solving its threedimensional structure; ii) trans expression of afp16 with pAF1-15 in order to assess the effects of expressing
afp16 at various time points throughout the induction of pAF1-15; iii) immunogold labelling of Afp16 with the
goal of examining its location on Afp; iv) incubation of pre-purified Afp16 with either TBC containing sonicated
filtrate or TBC tubes previously degraded by pH 2, with the aim of examining whether in vitro Afp maturation
can be triggered by afp16; v) deletion of predicted sheath proteins Afp2-4 in pAF1-16 construct with the goal
of establishing whether or not Afp16 is a sheath protein.

3.6.1 Expression of afp16 and afp17 in cis with afp1-15
As described in Section 3.4.4, expression of the pAF1-15 construct containing afp ORFs afp1-15 resulted in
the formation of a sheathless TBC structure that possessed tubes of irregular length. In order to investigate
the roles of Afp16 and Afp17 proteins, the corresponding ORFs were inserted downstream of afp15 into the
pAF1-15 construct to restore the original afp cluster sequence, resulting in constructs pAF1-16 and pAF1-17
as outlined in Figure 3-39.
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Figure 3-39 Overview of the pAF1-15 derived constructs.
Construct pAF1-15 was generated through restriction digestion with SnaBI and self-ligation. Amplicons 16XSn and
17XSn were generated by PCR and inserted into the pAF1-15 vector restoring afp16 and both afp16-17. The resultant
constructs were designated pAF1-16 and pAF1-17, respectively. Restriction enzymes sites are designated: X = XbaI, Sn
= SnaI. Refer to Table 2-3 and Table 2-4 for clone and amplicon designations.

3.6.1.1 Construction of Afp expression variants pAF1-16 and pAF1-17
To construct pAF1-16 the Af16XSn amplicon was ligated into pGEM-T-Easy vector to generate pGEM16
(Table 2-3). The kanamycin resistance encoding cassette KnBg was then digested with the restriction enzyme
BglII and cloned into the analogous site of pGEM16 to form pGEM16Kn. The construct pGEM16Kn was used
as a PCR template allowing for the generation of the XbaI and SnaBI flanked amplicon Af16knXSn using the
M13F and M13R primers. The amplicon Af16knXSn was digested with XbaI and SnaBI and inserted into the
analogous site of pAF1-15 replacing the chloramphenicol resistance cassette to form pAF1-16. The
transformants were screened for resistance to ampicillin and kanamycin and patched for chloramphenicol
sensitivity. The correct construct as validated by restriction enzyme analysis and DNA sequencing was
designated pAF1-16 (Table 2-3). A similar strategy was used to restore afp16 and afp17 ORFs to pAF1-15;
however, in this case the amplicon Af17knXSn was used instead of Af16knXSn to form pAF1-17. This cloning
strategy is illustrated in Figure 3-40.
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Figure 3-40 Schematic representation of the pAF1-16 cloning strategy
Amplicon Af16XSn containing the last 678 bp from afp16 was ligated into pGEM-T-Easy to form pGEM16. The
kanamycin resistance cassette KnBg was digested with BglII and ligated into an analogous site of pGEM16 to form
pGEM16Kn, which was amplified by PCR using the pGEM-T-Easy specific M13F and M13R primers and resulting in
amplicon Af16KnXSn. This amplicon was inserted into pAF1-15 SnaBI and XbaI restriction sites replacing a
chloramphenicol resistance cassette of pAF1-15 and forming a pAF1-16 expression vector. Restriction enzyme sites are
designated: Bg = BglII, Sn = SnaBI, Xb = XbaI. Refer to Table 2-3 and Table 2-4 for clone and amplicon designations.

3.6.1.2 Production and purification of the Afp particles from pAF1-16 and pAF1-17
The Afp expression variants pAF1-16 and pAF1-17 were induced for five hours before the cells were lysed
using sonication (Section 2.7.3.1) and purified using SEC (S-400) (Section 2.7.4). Based on what was achieved
later, at that point during the project the sample preparation was sub optimal. This was exemplified by the fact
that SDS-PAGE of the ultracentrifuged fractions derived from the SEC (S-400) purification of expression
variants pAF1-16 and pAF1-17 revealed only a 16 kDa Afp reference band (Figure 3-41A) containing Afp1 (16
kDa), Afp9 (15.6 kDa), and a proteolytic degradation product of Afp3 (49 kDa) (Section 3.3.1.3). This band
was absent from the SDS-PAGE of the negative control and was later identified by LC-MS/MS of Afp
preparations (Section 3.5.4) as Afp1, 9 and 5 (16-17 kDa). The approximate 50 kDa protein band that was also
absent from the SDS-PAGE of the negative control (Figure 3-41A) was later assigned to Afp3 (49 kDa).
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Figure 3-41 Assessment of pAF1-16 and pAF1-17 constructs
(A) SDS-PAGE (15% acrylamide) analysis of ultracentrifuged fractions derived from the SEC (S-400) purification of E.
coli DH10B [pAF1-16] and DH10B [pAF1-17] cell cultures induced for five hours. Arrows denote the predicted Afp
bands. M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated. (B) Electron micrographs of a negatively
stained ultracentrifuged fractions derived from the SEC (S-400) purification of particles produced by the induced E. coli
strains DH10B [pAF1-16] and DH10B [pAF1-17], panels 1 and 2, respectively. Scale bar = 100 nm.
Analysis of the ultracentrifuged fractions derived from the SEC (S-400) purification of the expression products
of the pAF1-16 and pAF1-17 by TEM revealed the formation of mature, normal length Afp particles (Figure
3-41B panels 1 and 2, respectively) similar to those produced by pAF6-21 cells (Section 3.3.1.3). This
demonstrated that the cis based expression of afp16 was able to restore sheath formation yielding Afp particles
of a uniform length as illustrated in Figure 3-42.
The induced products of pAF1-16 and pAF1-17 constructs did not add more information to the role of Afp16 in
assembly and maturation of Afp over the structural analysis obtained through pAF6-21 construct. Detailed
structural analysis of the Afp particles derived from pAF1-16 and pAF1-17 constructs was therefore not
pursued. Such studies with products from pAF1-16 and pAF1-17 bearing cells are to be attempted in future.
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Figure 3-42 Observed role of Afp16 in Afp maturation and length determination
(A) When afp16 was added in cis to the afp1-15, producing TBC particles of aberrant length, the sheath and the length of
the particle were restored resulting in a mature Afp particle of normal length. The lower panels show the corresponding
electron micrographs of TBC (left) and Afp (right) produced by pAF1-15 and pAF1-16 containing E. coli cells,
respectively. Scale bar = 100 nm. Trans based expression of Afp16 with pAF1-15 construct
Previous results (Section 3.6.1) showed that addition of afp16 in cis to afp ORFs afp1-15 resulted in restoration
of the sheath and normal length of Afp. The exact process of this restoration remained unclear. In order to
study the role of the Afp16, a strain was developed that enabled the expression of afp16 in trans. A promoter
and corresponding induction agent different from pAF1-15 vector was used allowing independent induction.
This allowed the analysis of how different concentrations of Afp16 produced in vivo affect the assembly of
mature Afp. For this reason, afp16, which was placed under IPTG-inducible promoter, was induced with
different IPTG concentrations and at different time points after induction of pAF1-15 by arabinose. Subsequent
purification of the expression products followed by analysis by SDS-PAGE and TEM allowed further insights
into the role of Afp16 in the Afp maturation.

3.6.1.3 Construction of pET16 expression vector
The pET expression system was used for the expression of afp16. This expression system places the
expression cassette under the control of a T7 promoter in combination with the tac operator using an alternate
induction agent (IPTG) with the arabinose based inducible pAF1-15 vector. The amplicon Af16NR (Table 2-4)
containing the entire afp16 ORF flanked by NdeI and EcoRI sites was digested with restriction enzymes NdeI
and EcoRI. The resultant fragment was ligated into the NdeI/EcoRI-cut vector pET28 (Novagen). The correct
construct as determined by restriction enzyme digestion and DNA sequencing analysis using pETF and pETR
primers (Table 2-4) was designated pET16. The pET vector system is designed to facilitate the expression of
the target genes driven by T7 promoter. Cells like BL21(DE3) E. coli containing the gene for T7 RNA
polymerase on their bacterial chromosomes are required for the expression of the pET-derived constructs.
Consequently the electro-competent BL21(DE3) E. coli cells were transformed with the pAF1-15 construct
(Section 2.6.10.5). The transformants were selected for resistance to ampicillin and chloramphenicol and
assessed by restriction enzyme analysis. The resultant strain was named E. coli BL21 [pAF1-15]. The
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ampicillin and chloramphenicol resistant E. coli BL21 [pAF1-15] cells were transformed with the kanamycin
resistant construct pET16 as outlined in Section 2.6.10. The transformants were plated out on ampicillin,
chloramphenicol and kanamycin containing plates. The presence of both plasmids (pAF1-15 and pET16) in
the resultant colonies was confirmed by restriction enzyme analysis (Section 2.6.6). The correct dual plasmid
expression derivative was designated BL21 [pAF1-15; pET16].

3.6.1.4 Production, purification and assessment Afp particles from Afp16 expressed in trans
with pAF1-15 construct
In order to determine the influence of different concentrations of Afp16 produced in vivo on the Afp assembly,
the expression of afp1-15 genes was induced by arabinose for 4 hours allowing the induction of pAF1-15
construct producing TBC. In order to study the process of Afp maturation as a function of the concentration of
Afp16 produced, the different IPTG concentrations and time points after arabinose induction were tested in
independent experiments. The assessment of the sonicated filtrates by SDS-PAGE, when Afp16 was induced
with 0.1 and 0.5 mM IPTG shows the presence of the putative Afp16 band (Figure 3-43A) which was absent
from the negative control (pAF1-15). When 0.1 mM IPTG was added at different time points after arabinose
induction, the Afp16 related band appeared to have higher intensity when IPTG was added one hour after the
arabinose (Figure 3-43B). This outcome is in agreement with the observation that more Afp16 was produced
when ITPG was added earlier in the logarithmic growth phase of the bacterium.
The E. coli BL21 [pAF1-15; pET16] cells were harvested four hours after induction with arabinose (Section
2.7.3) and lysed using a chloroform based method (Section 2.7.3.2) followed by purification using SEC (S400) as described in Section 3.3.1.3. Assessment of the samples after purification of the particles by TEM
revealed low concentrations of mature Afp particles of a normal length when afp16 was induced in trans at the
same time as pAF1-15 with either 0.1 or 0.5 mM of IPTG (Figure 3-44A, panels 3 and 1, respectively). Similar
phenotype (Afp particles of a normal length) was observed when afp16 was induced in trans with 0.5 mM IPTG
three hours after arabinose induction (Figure 3-44A, panel 2). However, under conditions where no IPTG was
added (Figure 3-44B, panel 1) or where 0.1 mM IPTG was added three hours after induction with arabinose
(Figure 3-44A, panel 4), long sheathed particles up to 200 nm in length (“giant Afp”) were observed in addition
to the normal sized Afp and TBC of aberrant length.
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Figure 3-43 Assessment of the trans based expression of pAF1-15 and pET16
(A) SDS-PAGE (15% acrylamide) analysis of the protein fractions as a result of varying IPTG induction: 1, 0.5 or 0.1
mM IPTG were added simultaneously to the arabinose induction. Lane C represents the negative control (pAF1-15). (B)
Protein fractions were derived from the expressions where 0.1 mM IPTG was added 1, 2 and 3.5 hours after arabinose
induction; “-” denotes no IPTG added. Arrow denotes location of Afp16 (32 kDa). M = Bio-Rad Broad range marker,
molecular weights (kDa) are indicated.
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Figure 3-44 Assessment of the trans based induction of pAF1-15 (TBC) and pET16 (Afp16) by TEM.
Electron micrographs of a negatively stained ultracentrifuged fraction derived from the SEC (S-400) purification of
particles produced by E. coli DH10B [pAF1-15; pET16] cells. (A) Either 0.1 mM or 0.5 mM IPTG was added
simultaneously with arabinose induction (panels 1 and 3, respectively), or 3 hours after arabinose induction (panels 2 and
4, respectively); (B) No induction with IPTG while the cells were harvested through centrifugation 4.5 hours (panel 1)
and 24 hours (panel 2) after being induced with arabinose. “g. Afp” denotes giant Afp. Scale bar = 100 nm.
The fact that Afp maturation occurred under conditions where afp16 was not induced (Figure 3-44B, panel 1)
has been attributed to the leaky nature of the pET lac operon (Grossman et al., 1998). The observation of giant
mature Afp in the E. coli BL21 [pAF1-15; pET16] preparations is a significant result as it provided an important
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insight into the tube length termination mechanism for TBC, suggesting that the Afp16 protein is required at
the earlier stages of TBC production to produce mature Afp of a normal length.
As described earlier, the five hour Afp or TBC expression resulted in low yield of Afp or TBC particles highly
contaminated with OMVs and cellular debris (Section 3.3.1). In agreement with that observation, the
concentration of particles found by the trans-based expression of pAF1-15 with afp16 was also extremely low.
This did not allow any statistical analysis of the mixture phenotype or purification of the giant Afp particles. In
order to produce sufficient amounts of long sheathed Afp for the subsequent purification, the improved method
of the Afp purification (Section 3.3.3) was adapted to the trans based expression of pAF1-15 and pET16. For
that purpose, the E. coli BL21 [pAF1-15; pET16] cells were induced with arabinose for 24 hours, while no IPTG
was added to keep the Afp16 concentration at a basal level, thereby increasing the chance of generating long
sheathed Afp. The particles were purified as outlined in Section 3.3.3 and assessed by TEM. Only mature Afp
particles of normal and enlarged length were observed by TEM under those conditions (Figure 3-44A, panel
2). Interestingly the concentration of Afp particles produced in this experiment was much lower (Figure 3-45A)
when compared to the TBC produced by E. coli BL21 [pAF1-15] cells in the overnight induction (Figure 3-45B).
For this reason no purification of long sheathed Afp particles was performed.

Figure 3-45 Induction of E. coli BL21 [pAF1-15; pET16] cells induced for 24 hours compared to the BL21
[pAF1-15] cells.
Electron micrographs of the ultracentrifuged fractions derived from the SEC (S-400) purification of the E. coli BL21
[pAF1-15; pET16] cells induced with arabinose overnight demonstrating extremely low concentration of giant Afp (g.
Afp) and Afp particles (A), while high concentrated TBC particles were produced by the E. coli BL21 [pAF1-15] cells
under the same conditions (B). IPTG was absent from both induction experiments. Scale bar = 100 nm.

3.6.2 Purification of Afp16
Results of cis and trans based expression of afp16 suggested that the Afp16 protein may have a role in the
maturation of the Afp particle. To further investigate this observation, a pGEX16 construct was generated that
produced recombinant Afp16 with a GST-tag fused to its N-terminus. The GST tag allows affinity purification
of Afp16 on glutathione resin. Additional purification using SEC (S-300 and S-400) was applied with the aim
of obtaining pure Afp16 for further structural studies. The purified Afp16 protein was used for image processing
using TEM (Section 3.6.4). It was also used to generate polyclonal antibodies (Section 3.6.5).
- 118 -

Chapter 3. Results

3.6.2.1 Construction of GST-Afp16 expression plasmid for the purification of Afp16
The N-terminal GST-tag Afp16 protein fusion was constructed in pGEX-6-P-1 vector (Table 2-2). For this
purpose, the Af16B amplicon (Table 2-4) containing the entire afp16 ORF flanked by BamHI and NotI sites
was generated by PCR. The amplicon Af16B was digested with BamHI and NotI and ligated into BamHI/NotIcut vector pGEX-6P-1 (Table 2-2) to generate pGEX16 (Table 2-3). The plasmid pGEX16 was transformed in
E. coli BL21(DE3) strain. This strain enables IPTG driven expression of the afp16 gene which is placed under
pGEX-6P-1 based tac promoter. The transformants BL21 [pGEX16] were screened for resistance to ampicillin,
assessed by restriction enzyme analysis and validated by sequencing using pGEX-6P-1 specific M13F and
M13R primers.

3.6.2.2 Afp16 purification using GST tag
For the preliminary assessment of Afp16 production, E. coli BL21 [pGEX16] cells were grown at 37°C and
induced with 0.6 mM IPTG (Section 2.7.2.1) for three hours. These conditions were chosen to optimise Afp16
production for the initial assessment using SDS-PAGE and western blot analysis. For this purpose 100 μL of
cell culture was collected at the time of induction, 1.5 and 3 hours post-induction. The cells were pelleted by
centrifugation and cell lysates were prepared for assessment by SDS-PAGE (Section 2.8.2) and western blot
(Section 2.8.4). Both SDS-PAGE and western blot analysis using anti-GST tag antibodies (Santa Cruz
Biotechnology) show an increase in the intensity of a band at approximately 55 kDa 1.5 and 3 hours after the
IPTG induction (Figure 3-46A). This estimated size corresponds to the combined mass of 32 kDa Afp16 protein
and the 24 kDa GST tag. To produce Afp16 protein for the purification and assessment by TEM the E. coli
BL21 [pGEX16] cells were grown again and induced with 0.6 mM IPTG overnight at 22° with agitation as
described in Section 2.7.2.1. The GST affinity purification was performed as described in Section 2.7.5. SDSPAGE of the purified GST-tagged Afp16 pre and post cleavage with the PreScission protease enzyme (Section
2.7.5) revealed bands of the expected sizes of 56 and 32 kDa, respectively (Figure 3-46 B and C). While the
prominent band in the post cleavage elution was Afp16 (32 kDa), several other lower abundant protein bands
of approximately 30, 25, 16 and 12 kDa were also observed (Figure 3-46C), indicating that further purification
is necessary.
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Figure 3-46 Assessment Afp16 purified using GST tag.
(A) Protein analysis of the BL21 [pGEX16] cell pellets by SDS-PAGE (left panel) and western blot (right panel) using
anti-GST tag antibodies before (0), 1.5 and 3 hours after the IPTG induction at 37°C. Lane C represents the negative
control (E. coli BL21 cells). (B) Purified Afp16 before cleavage of the GST tag (16G) representing Afp16-GST bound to
the glutathione-agarose resin. (C) Purified Afp16 after cleavage of the GST tag (Afp16) eluted from the glutathioneagarose resin. Arrows indicate the predicted position of the Afp16-GST (56 kDa) and Afp16 cleaved from GST tag (32
kDa). M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated.

3.6.2.3 Afp16 purification using SEC (S-200)
In order to generate pure Afp16 for structural analysis and antibody preparation, a further purification step
using SEC (S-200) purification was conducted. The Afp16 protein eluted from the glutathione-agarose beads
by cleavage from the GST tag (Section 3.6.3.2) as shown in Figure 3-46C, was concentrated using an Ultracel50K device (Section 2.8.1) to approximately 500 μL total volume and applied on the SEC (S-200) column. The
purification was carried out as described in Section 2.7.4 and the column profile is shown in Figure 3-47A. The
protein samples from the selected fractions in the fraction range 20-64 were applied to the SDS-PAGE. The
fractions 20-27 show distinct protein bands of the estimated size 32 kDa for Afp16 (Figure 3-47C). These
fractions correspond to the protein peak in the SEC (S-200) outlined in Figure 3-47A as Afp16. The elution
time of Afp16 (72-82 minutes) is almost identical with that of ferritin (MW 440 kDa) (72-78 minutes) in the
calibration chromatogram (Section 2.7.4.1; Figure 3-47B), suggesting that Afp16 is migrating as an oligomeric
complex of approximately 440 kDa molecular mass. The fractions 21-27 were combined and concentrated
using an Ultracel-50K device (Section 2.8.1) to 600 μL total volume. The protein concentration was estimated
to be 1 mg/ml (Section 2.8.1.3). An aliquot (5 μL) of the concentrated sample was assessed by SDS-PAGE
(Figure 3-47D). The relatively pure band corresponding to the Afp16 (indicated with arrow) was accompanied
by only one faint contamination band at 21 kDa. Within two weeks of the Afp16 protein being purified, 0.25 mg
(concentration 0.5 mg/ml) of native Afp16 protein was injected into the New Zealand white rabbit in order to
produce antibodies (Section 2.8.3). However, the same sample applied on the SDS-PAGE one month after
the initial purification revealed several bands of the approximate sizes 30, 25, 14 and 12 (Figure 3-47E), similar
to the previously observed profile shown in Figure 3-46C. The bands 25, 14 and 12 kDa were excised from
the SDS-PAGE and assessed by LC-MS/MS (Figure 3-47E). The LC-MS/MS analysis showed them to be
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derived from the full-length Afp16 (Appendix, Table A 4) indicating that they were the degradation products of
Afp16.

Figure 3-47 SEC (S-200) purification of GST-purified Afp16
(A) SEC (S-200) of Afp16 that was affinity purified using a GST tag and subjected to the Pressision protease to remove
the GST tag. The brackets indicate the region where Afp16 was detected by SDS-PAGE. (B) Calibration chromatogram
for SEC (S-200) column with ferritin (440 kDa) and catalase (232 kDa) proteins (C) SDS-PAGE (15% acrylamide) of
the SEC (S-200) column fractions shows a distinct protein band correlating to the Afp16 protein size (indicated with
arrow). (D) SDS-PAGE (15% acrylamide) of concentrated column fractions 21-27. (E) SDS-PAGE (15% acrylamide) of
the concentrated column fractions 21-27 assessed one month after the purification. The arrows indicate the predicted
position of the Afp16 (32 kDa) and its degradation products as identified by LC-MS/MS. M = Bio-Rad Broad range
marker, molecular weights (kDa) are indicated.

3.6.2.4 Afp16 purification using SEC (S-300)
To enable the production of Afp16 antibodies (Section 2.8.3) another batch of highly purified Afp16 was
required to enable a second injection one month after the first injection. For that reason the Afp16 protein was
re-expressed and purified. In order to improve the purification strategy a SEC medium with larger beads size
(S-300) was chosen. The S-300 medium has a useful fractionation range of 10-1.5 × 103 kDa as opposed to
5-2.5 × 102 kDa of the S-200 HR (Pharmacia Biotech manual). Given the predicted size of Afp16 complexes
of approximately 440 kDa (Section 3.6.3.3), the S-300 medium would be preferable for the purification. Thus
the E. coli BL21 [pGEX16] cells were induced as described in Section 2.7.2.1 and purified using a GST tag on
the glutathione agarose resin, followed by cleavage of the GST tag with the PreScission protease enzyme
(Section 2.7.5). The GST-purified Afp16 after the GST cleavage was assessed by SDS-PAGE. Figure 3-48C
demonstrates a pattern of the putative Afp16 degradation products similar to the one shown in Figure 3-46C
and Figure 3-47E. To further purify the Afp16 protein the samples were loaded onto SEC (S-300) column and
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the purification was carried out as described in Section 2.7.4. The column profile with five peaks is shown in
Figure 3-48A.

Figure 3-48 SEC (S-300) purification of Afp16
(A) Chromatogram of the SEC (S-300) column run of the pre purified Afp16. Five peaks are labelled 1-5 and fraction
numbers are denoted. (B) Chromatogram of the calibration column run using ferritin (440 kDa) and Catalase (232 kDa)
as markers (indicated with brackets). (C) SDS-PAGE (15% acrylamide) of the column load (Afp16 post GST cleavage).
(D) SDS-PAGE (15% acrylamide) of the concentrated SEC (S-300) column peaks 1-5. Arrows indicate the predicted
position of the Afp16 oligomer (32 kDa). M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated.
The column fractions corresponding to each peak were combined and concentrated using a 50 kDa
ultrafiltration device (Section 2.8.1) to 500 μL total volume each. Aliquots of each pooled peak were assessed
by SDS-PAGE. Lane 2 in Figure 3-48D corresponds to the second peak (Figure 3-48A) and shows a distinct
band of the correct size for Afp16 (32 kDa) and a faint band of 21 kDa. The elution time of the peak 2 (90-100
minute) correlates approximately with the elution time of ferritin (440 kDa, 80-95 minutes) confirming the
suggestion made earlier that Afp16 complex in its native state has a molecular weight of approximately 400500 kDa. Due to the better separation of the peaks when using SEC (S-300) column in comparison to S-200,
Afp16 purified with this method were used for TEM image analysis of Afp16 in addition to use for the second
injection for the anti-Afp16 antibody production. The contamination with the faint 21 kDa protein band was not
considered to be significant for these purposes.
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3.6.3 Structural analysis of purified Afp16
To reduce the potential of further Afp16 breakdown products (as shown in Figure 3-46C and Figure 3-47E) the
fresh SEC (S-300) purified Afp16 sample (SDS-PAGE shown in Figure 3-49B) was used within a week after
purification for structural studies Afp16. The purified Afp16 protein sample was negatively stained and
examined by TEM (Figure 3-49A, upper panel).

Figure 3-49 Structural and SDS-PAGE analysis of purified Afp16 from the pGEX16 construct
(A) Electron micrograph of negatively stained purified Afp16 particles (upper panel, indicated with arrows). The lower
panel shows the major class average indicating an en face hexameric ring-like oligomeric structure for Afp16 (Rybakova
et al., in press). Dimensions for the outermost width and inner diameter determined directly from this averaged image are
shown and indicated in
Table 3-6. The single particle image analysis was done under supervision of Dr. Mazdak Radjainia (University of
Auckland); Scale bar = 10 nm. (B) SDS PAGE (15% acrylamide) of GST-tagged and SEC (S-300) purified Afp16 after
cleavage of the GST tag (Section 3.6.3.4). Arrow indicates predicted position of the Afp16. M = Bio-Rad Broad range
marker, molecular weights (kDa) are indicated.
The structural reconstruction of Afp16 using computational methods (Section 2.10.2) was supervised by Dr.
Mazdak Radjainia (University of Auckland). A representative class average of an en face view of the protein
sample generated from image analysis demonstrates a structure with six-fold rotational symmetry (Figure
3-49A, lower panel) likely representing an oligomer with at least six subunits. The inner and outer diameters
of this structure were found to be approximately 3.4 and 10.6 nm, respectively. These dimensions were similar
to those determined for T4 phage and λ phage TrPs (Table 3-6) indicating the related role of these proteins in
the tail formation.
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Table 3-6 Dimensions of the tube, sheath and TrP rings of Afp and chosen phage-tails*
Phage
(putative)
Inner/outer
Inner/outer diameter,
Inner/outer diameter,
or
TrP
diameter
tube (nm)
sheath (nm)
Tailocin
TrP ring (nm)
Afp
Afp16
3.4/10.6
3/9
9/18
T4
gp3
3/10
3/8
8/21
λ
gpU
3/8
3/9
9/20.8
* The dimensions for the T4 phage are taken from Zhao et al., 2003 and for gpU of λ from Edmonds et al., 2007b.

3.6.4 Assessment of the polyclonal antibody against Afp16
The polyclonal antibodies against Afp16 were produced in the New Zealand white rabbit using the GST- and
SEC (S-300) purified Afp16 (Sections 3.6.3.3 and 3.6.3.4) at Massey University (Palmerston North). The
quality of the generated antibodies was tested by western blot analysis (Section 2.8.4). The assessment of
purified Afp16 after cleavage of the GST tag by SDS-PAGE and western blot had shown distinct bands of
expected sizes for Afp16 with and without a GST tag (56 and 32 kDa respectively, Figure 3-50). However,
several bands of a lower molecular weight were detected that showed cross reactivity with Afp16 antisera
(samples 16G and 16, Figure 3-50B). This cross-reactivity can be explained by the fact that those
contaminating bands are the degradation products of Afp16 as was previously shown by LC-MS/MS analysis
(Section 3.5.4). The bands between 64 and 32 kDa that were observed in the sample 16 in Figure 3-50B can
be explained by a minor contamination of purified Afp16 with an uncleaved GST tag resulting in a 56 kDa
Afp16-GST band and its degradation products. These contaminations were barely detectable by coomassie

staining (Figure 3-50A, sample 16). Western blot analysis of the purified Afp particle sample in the Figure
3-50B clearly shows just one band of the correct size for Afp16 (indicated with black arrow) that reacts with
the anti-Afp16 antibody, indicating high specificity of the produced antisera.
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Figure 3-50 Assessment of the Afp16-specific antibodies
(A) SDS PAGE (15% acrylamide) of purified Afp16 before (sample 16G) and after cleavage of the GST tag (sample 16)
and the purified Afp preparation from the construct E. coli DH10B [pAF6-21; pASANFA1] (sample Afp). (B) Western
blot analysis of the same protein preparations shown in (A) using the antibodies produced against highly purified Afp16
(Figure 3-49). Arrows indicate predicted positions of the Afp16-GST (56 kDa) and Afp16 cleaved from GST tag (32
kDa). M = Bio-Rad Broad range marker, molecular weights (kDa) are indicated.
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3.6.5 In vitro studies of Afp16
Previous results showed that expressing afp16 in cis or in trans with afp1-15 resulted in the formation of an
assembly that resembled mature Afp (Sections 3.6.1 and 0, respectively). The question arose as to whether it
was possible to further investigate the function and define the location of Afp16 within the Afp particle by
utilising an in vitro approach. Here three experimental approaches were applied: i) the combining of Afp16
producing cells with TBC producing cells, which is expected to question whether Afp16 can trigger maturation
of Afp particles in vitro; ii) the addition of purified Afp16 to Afp particles unraveled in acidic environment with
the aim of examining whether Afp16 can affect the maturation or length of the previously degraded TBC tubes;
and iii) defining the localisation of Afp16 on the Afp particle using immunogold labelling.

3.6.5.1 In vitro expression TBC and Afp16
Previous results showed that Afp16 induced maturation of TBC particles in vivo in the trans based expression
system (Section 0) resulting in assembled Afp particle. With the aim to investigate whether Afp16 can affect
TBC maturation in vitro, the methodology describing a T4 baseplate wedge assembly using an in vitro
approach (Yap et al., 2009) was modified to the Afp induction system. The E. coli TBC producing cells (DH10B
[pAF1-15]) and Afp16 producing cells (BL21 [pET16]) were induced and combined as described below. Two
experimental approaches were exercised: i) combining the sonicated filtrates of TBC and Afp16 producing
cultures and ii) combining the two cell cultures prior to extraction. The E. coli DH10B [pAF1-15] and BL21
[pET16] cultures were induced for five hours as described in Section 2.7.2. In the first approach, these two
strains were harvested independently and lysed using sonication methods described in Section 2.7.3.1.
Subsequently 700 μL of TBC containing and 300 μL of Afp16 containing sonicated filtrate were combined. The
combined samples were incubated at 30°C either for one hour or for 18 hours in two independent experiments.
TBC containing sonicated filtrate of the E. coli DH10B [pAF1-15] was used as a negative control. SDS-PAGE
analysis of the sonicated extracts showed a distinct band of approximately 32 kDa (Figure 3-51A)
corresponding to Afp16 in the sample containing the mixture of TBC and Afp16 extracts incubated for 18 hours.
As expected this band was absent from the SDS-PAGE analysis of the TBC preparation (Figure 3-51A). The
sonicated filtrates from all three preparations were independently loaded onto SEC (S-400) column and purified
as described in Section 2.7.4. The TEM of the negatively stained ultracentrifuged fraction pool derived from
the SEC (S-400) purification showed only TBC particles (Figure 3-51B).

- 125 -

Chapter 3. Results

A
kDa

200
116/97

B
M

TBC TBC+16
TBC

66
45

TBC

31

21

Figure 3-51 Assessment of the in vitro complementation studies of TBC and Afp16
(A) SDS PAGE (15% acrylamide) of induced E. coli DH10B [pAF1-15] sonicated filtrate (sample TBC) and mixed
sonicated filtrates of TBC from induced E. coli DH10B [pAF1-15] and Afp16 from induced E. coli BL21 [pET16] cells
(sample TBC+16). Arrow denotes the position of Afp16. M = Bio-Rad Broad range marker—molecular weights (kDa)
are indicated. (B) Electron micrograph of negatively stained ultracentrifuged pooled fractions pool derived from SEC (S400) purification of the mixed sonicated filtrates of TBC from induced DH10B [pAF1-15] and Afp16 from induced E.
coli BL21 [pET16] cells. Arrows indicate TBC particles. Scale bar = 100 nm.
In the second approach, E. coli cells expressing TBC (DH10B [pAF1-15]) were mixed with E. coli cells
expressing Afp16 (BL21 [pET16]) four hours after the induction of TBC and Afp16. The combined cells were
induced for a further 30 minutes. The cells were then harvested, lysed and purified as outlined in Section
3.3.1.3. Only TBC particles in concentrations similar to those shown in Figure 3-51B were found in the electron
micrographs of the purified preparations. Taken together, these results suggest that the presence of Afp16 in
the same cell during the TBC formation is required for the maturation of properly sheathed Afp particle.

3.6.5.2 In vitro addition of purified Afp16 to Afp particles, degraded in an acidic environment
In order to establish whether Afp16 is a TrP, its ability to terminate the tube elongation in vitro was tested using
a phenomenon observed by Katsura and Tsugita (1977) for λ phage. The authors reported that the presence
of gpU (TrP) in the λ phage tail preparations that were treated with pH2 prior to neutralisation to pH 7 lead to
the formation of tails much shorter than in its absence. The result described in Section 3.5.2.1 showed that the
pH 2 treatment caused the tube protein complex to break apart, an outcome similar to the observations
reported by Katsura and Tsugita (1977). This allowed the application of Katsura and Tsugita’s procedure to
relevant analysis of Afp. For this purpose, suspensions of purified Afp that were previously exposed for five
minutes to pH 2, partially degrading the tubes, were subjected to pH 7 for 24 hours (Section 2.9.2).
Visualisation of the resulting samples by TEM revealed increased polymerisation, with tubes extending in
length to up to three μm in length, over a background of empty contracted sheaths (Figure 3-52, upper panel).
On the other hand, when purified Afp16 was added to the Afp sample at the time the pH was adjusted from 2
to 7 (Section 2.9.3), only shorter tubes with an average length of 200-800 nm were observed (Figure 3-52,
lower panel). This result further demonstrated the role of Afp16 in controlling the length of the tube.
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Figure 3-52 Effect of Afp16 on the in vitro re-assembly of the tube.
Tubes which disassociate and degrade upon readjustment of pH 2 to pH 7 of purified Afp suspension reassemble to
relatively shorter (0.2-0.8 μm compared to 1-3 μm when no Afp16 was added) particles in the presence of Afp16 (+Afp16)
than in its absence (-Afp16). Scale bar = 100 nm.

3.6.5.3 Studies of Afp16 location on Afp
It was demonstrated by King (1968) for T4 phage and by Katsura and Tsugita (1977) for phage λ that the
corresponding TrP proteins gp3 and gpU are located at the apical end of the phage λ tail connecting it to the
capsid head. The ability to show the localisation of Afp16 on the Afp similar to the phage T4 and phage λ TrPs
could provide complementary data as to the role of Afp16 in terminating the length of Afp defined by the ruler
protein. It was noted that in the three-dimensional reconstruction image of Afp particle (Heymann et al., in
press) the apical extremity of Afp displays a protrusion (or cap; Figure 3-53A and B). The width of of this
protrusion with approximately 9 nm is slightly smaller than the approximate 10.6 nm maximum diameter of an
isolated Afp16 oligomer (Table 3-6). The height of this protrusion is estimated to be approximately 4 nm.

Figure 3-53 Apical region of Afp displaying a protrusion (cap)
Apical region of the Afp particle from the Afp reconstruction image and its corresponding clipped view showing cap with
the approximate dimensions of 9 x 4 nm (width x height). This figure is taken from Heymann et al. (in press). Scale bar
= 10 nm.
In order to demonstrate whether the protrusion in question may be contributed by an oligomer of Afp16, the
examination of its location on Afp using immunogold labelling of Afp16 was performed under the supervision
of Adrian Turner (University of Auckland). When using this technique the substrate (antigen) is usually attached
to a surface, in this case, the TEM grid. The primary antibody specifically binds to the antigen. After several
washing steps the grid is then incubated with the secondary antibody conjugated to colloidal gold particles
adsorbed to it allowing the antigen-antibody complexes to be viewed by electron dense clusters (Figure 3-54).
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Figure 3-54 Schematic of the immunogold labelling
The primary antibody binds specifically to the antigen which is bound to the grid surface. The secondary antibody specific
for the fragment crystallizable region (Fc) region of the primary antibody is covalently bound to a colloidial gold particle,
allowing the visualisation of the labelled antigen by TEM. Fc region is the tail region of an antibody that interacts with
cell surface receptors.
Purified Afp particles (Section 3.3.3) were applied on the grid. The grids were incubated with the anti-Afp16
antibodies and then followed by several washing steps with the gold labelled goat-anti-rabbit antibodies
(Section 2.8.3). The incubation step with anti-Afp16 antibodies was substituted for incubation with the TBC
buffer for the negative control.
A few images from immunogold labelling of Afp suggested that the anti-Afp16 antibody was preferentially
associated with the apical end of the Afp (Figure 3-55A), while random distribution of the gold label was
observed when no Afp16 antisera was added (Figure 3-55B). However, as those associations were observed
randomly in a subset of the Afp population, no definite conclusion with regard to the location of Afp16 could be
made based on those results.
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Figure 3-55 Immunogold labelling of Afp16.
The immunogold labelling of mature Afp particles in extended form with Afp16-specific antibody (A) and negative
control with no Afp16 antisera added (B); the immunogold labelling of the contracted Afp particles (C) and of the TBC
previously incubated with Afp16 (D). The gold particles viewed as dark spots are denoted with arrows. Scale bar = 100
nm.
One explanation for the inconsistent immunogold labelling experiment is that Afp16 may not have been
accessible to the antibodies due to it being partly covered by the sheath. For that reason an attempt to perform
the immunogold assay on the contracted Afp particles was made. It was expected that contracted Afp particles
might provide better access to the Afp16 protein by exposing its surface due to the changed sheath
conformation of the Afp particle. The other hypothesis considered was that TBC particles may be able to attach
Afp16 in vitro. If Afp16 was attached to the sheathless TBC particle it would have been freely accessible to the
Afp16 antisera and detectable by the immunogold TEM. In order to test that hypothesis, Afp contracted by 4
M urea (Section 3.5.2.3) and the TBC supplemented with Afp16 were also tested for binding to Afp16 antisera
following the protocol described in Section 2.10.3. When the prepared samples were assessed by TEM, a
random distribution of gold label was observed similar to the negative control where no Afp16 antisera was
added (Figure 3-55C). No association of Afp16 with TBC in vitro could be detected using this approach (Figure
3-55D) confirming the results from the Section 3.6.6.1 that demonstrated no in vitro effect of Afp16 on TBC
particles. Taken together, our combined data described above may suggest an apical location of Afp16 on
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mature Afp. However, further investigations are necessary to conclusively support this hypothesis. For
example, monoclonal antibodies raised against an Afp16 epitope may be more suitable for such investigations.

3.6.6 Putative sheath deletion variants of pAF1-16
Previous results (Section 3.6.1) demonstrated that the addition of afp16 to the TBC producing construct pAF115 containing the first 15 ORFs of afp in cis restored the sheath and the length of the particle. To further
examine whether the Afp16 protein is a constituting protein in the sheath, or may instead contribute to the
assembly of the sheath on the central tube by helping to stabilise the sheath, a series of deletion constructs of
predicted sheath-specific genes (afp2-4) were made. It was anticipated that when induced and purified, these
constructs would produce a TBC particle of a normal length deprived of the sheath. Potentially such a result
can validate the roles of Afp2-4 in sheath formation and further prove that Afp16 is not a part of the sheath.
The deletion of the corresponding genes afp2-4 in different combinations was therefore carried out in order to
demonstrate whether it may affect sheath formation by pAF1-16 mutant. The generated Afp derivatives were
expressed, induced, and purified followed by the examination by TEM.

3.6.6.1 Constructs for the putative sheath deletion variants of pAF1-16
To construct putative sheath deletion variants, the pAF1-16 plasmid was digested with PacI and SacI, leading
to the deletion of afp1-3 and the first 382 bp of afp4, resulting in pAF1-16Δ1-4. To restore the genes afp1;
afp1-2, and afp1-3 to pAF1-16Δ1-4 the amplicons Af1PS, Af1-2PS and Af1-3PS (Table 2-4) were generated
by PCR. The resultant amplicons were digested with PacI and SacI and ligated into the analogous sites of
pAF1-16Δ1-4 to form pAF1-16Δ2-4, pAF1-16Δ3-4 and pAF1-16Δ4, respectively. The cloning strategy for the
putative sheath deletion mutants is illustrated in Figure 3-56.
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Figure 3-56 Overview of the sheath deletion variants.
Amplicons Af1PS, Af1-2PS and Af1-3PS were generated by PCR and ligated into a pAF1-16Δ1-4 vector missing ORFs
afp1-4, to form pAF1-16Δ2-4, pAF1-16Δ3-4 and pAF1-16Δ4, respectively. Amplicon Af4S was used to generate pAF116Δ3 and pAF1-16Δ2-3 from pAF1-16Δ3-4 and pAF1-16Δ2-4, respectively, as illustrated in Figure 3-57 for the pAF116Δ2-4 construction. Restriction enzymes sites are designated: P = PacI, S = SacI. Refer to Table 2-3 and Table 2-4 for
clone and amplicon details.
With reference to Figure 3-57, to construct the pAF1-16 deletion derivative afp2-3 and afp3, the amplicon Af4S
containing the first 404 bp of afp4 flanked by SacI and including a peripheral KpnI site was cloned into pGEMT-Easy to form pGEM4. The KpnI-flanked spectinomycin resistance cassette SpK was digested with the
restriction enzyme KpnI and cloned into the analogous site of pGEM4, forming pGEM4sp. The latter was then
used as a template for the PCR with M13F and M13R primers (Table 2-4) to generate the amplicon Af4Sp.
The spectinomycin bearing amplicon Af4Sp was digested with the restriction enzyme SacI and ligated into the
analogous sites of pAF1-16Δ2-4 or pAF1-16Δ3-4 to form pAF1-16Δ2-3sp and pAF1-16Δ3sp, respectively. To
delete the spectinomycin cassette from the pAF1-16Δ2-3sp and pAF1-16Δ3sp, the constructs were digested
with KpnI and self-ligated. Transformants were screened for resistance to spectinomycin and validated by the
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restriction enzyme analysis and DNA sequencing. The correct constructs were designated pAF1-16Δ2-3 and
pAF1-16Δ3, respectively. In all cases the final sheath deletion constructs were validated by DNA sequencing
using the sequencing primers Pr1fw and Pr4rew (Table 2-4).
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Figure 3-57 Schematic representation of pAF16Δ2-3Sp cloning strategy.
Amplicon Af4S containing the 5’ 404 bp flanked by SacI sites and bearing a 3’ peripheral KpnI restriction site was
generated and ligated into pGEM-T-Easy to form pGEM4. Spectinomycin-resistance cassette SpK was digested with
KpnI and ligated into an analogous site of pGEM4 to form pGEM4Sp, which was amplified using PCR resulting in
amplicon Af4Sp. The latter was inserted in pAF16Δ2-4 SacI restriction sites resulting in the pAF16Δ2-3sp expression
vector. Restriction enzymes sites are designated: S = SacI, K = KanI. Refer to Table 2-3 and Table 2-4 for clone and
amplicon designations.

3.6.6.2 Induction, purification and assessment of putative sheath deletion variants of pAF116
The putative Afp sheath deletion variants pAF1-16Δ2-4, pAF1-16Δ3-4, pAF1-16Δ4, pAF1-16Δ2-3 and pAF116Δ3 were induced overnight and purified as described in Section 3.3.3. The pooled fractions derived from the
SEC (S-400) purification were ultracentrifuged. Assessment of the resultant resuspended pellets by TEM
revealed no Afp-like particles (data not shown). This result reinforced the suggestion made earlier (Section
3.4) that afp genes afp1-15 are required in sequence to form an assembled structure detectable by TEM and
that the deletion of any of these genes results in no assembly.

3.6.7 Conclusions
The in cis addition of afp16 and afp17 to the afp1-15 expression cassette (pAF16 and pAF17, respectively,
Table 2-3) produced mature Afp particles of normal length. On the other hand, under conditions where afp16
was expressed in trans with the genes afp1-15 three hours after pAF1-15 induction (Table 2-3) or in the
presence of afp16 basal expression from uninduced tac promoter, long sheathed particles were observed
together with Afp particles of normal length and TBCs of aberrant length. However, the in vitro addition of
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Afp16-producing cells to the TBC-producing cells did not result in Afp particles, as revealed by TEM analysis
of purified preparations. In combination, these results indicate that Afp16 is required at the earlier stages of
TBC production to produce mature Afp of a normal length. This function by the well-studied phages is assigned
to the TrP proteins (Section 1.6.1). Afp16 from the pGEX16 vector was expressed and purified using GST tag
and SEC (S-200 and S-300). Pure Afp16 was used for generation of antibodies and for structural analysis. It
was demonstrated that Afp16 presented a hexameric ring-like structure similar to that of TrPs gp3 of phage T4
and gpU of phage λ. The in vitro addition of purified Afp16 to the Afp particles previously degraded in an acidic
environment resulted in the formation of shorter tubes indicating the role of Afp16 in tube length termination in
vitro.
The observations stated above strongly suggest that the Afp16 protein terminates the tube elongation and
initiates the polymerisation of the Afp sheath. The attempts to show the location of Afp16 at the apical end of
the Afp particle similar to the known TrPs through the use of immunogold labelling using antibodies raised to
Afp16 were not conclusive. Attempts to produce sheath deletion mutants in the pAF1-16 variants in which
different combinations of the potential sheath genes (afp2, afp3 and afp4) were absent (pAF1-16Δ3, pAF116Δ1-4, pAF1-16Δ2-4, pAF1-16Δ3-4, pAF1-16Δ4 and pAF1-16Δ2-3, Table 2-3) were unsuccessful with no
formation of distinguishable TBC or Afp substructure. When combined with previous data (Section 3.4) these
results indicated that all of the Afp genes afp1-15 needed to be co-expressed in cis in order to form an
assembled structure visible by TEM.
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3.7 Transposon-generated Afp variants
One of the approaches generally used to identify the role of constituting proteins in the assembled structure is
to “knock out” the corresponding gene and observe the effect (Section 1.5.1). This can be effectively achieved
using transposon-generated mutagenesis. Transposons are used in molecular biology to construct random
libraries with single stable insertions distributed randomly throughout the genome (Perez-Martinez et al., 2007;
Pobigaylo et al., 2006). The mini-Tn10 (chloramphenicol resistant) transposon has previously been used to
create stable mutations in the pAF6 construct (Hurst et al., 2004). However, the mutants were only tested for
their ability to induce cessation of feeding activity in the C. zealandica larvae. No assessment of resultant
assemblies produced by these mutants using TEM was made because the purification procedure was not
optimised at that time. In order to assess Afp variants using transposon-mediated mutagenesis, the existing
mutants of pAF6-21 (Hurst et al., 2004) were induced in trans with pASANFA1 plasmid coding for protein
AnfA1, allowing arabinose-induced expression of afp genes. The expressed mutants were purified using an
optimised method (Section 3.3.3), followed by assessment using TEM.

3.7.1 Generation of arabinose inducible Afp transposon-generated mutants
To verify the ability of the generated pAF6-21 mutants to produce Afp-related assemblies, the electrocompetent E. coli DH10B cells containing each Tn10-mutation in the pAF6-21 plasmid constructs (Figure
3-58), in genes afp7, 14 or 16 (Hurst et al., 2004) were transformed with the pASANFA1 plasmid (Section
2.6.10) that codes for the RfaH-type regulator AnfA1 (Section 1.2.6.1).

Figure 3-58 Transposon insertions in the afp gene cluster expressed in trans with pASANFA1
(A) Schematic of afp gene cluster pAF6 (Hurst et al., 2004) showing locations of selected mini-Tn10 insertions expressed
in trans with pASANFA1 plasmid allowing arabinose based induction of afp genes and results of bioassay. The solid
circles represent mutations of the pAF6 clone that resulted in an unaltered pathotype (nonfeeding with glassy-opaque
appearance); the open circles represent mutations that resulted in the abolition of pathogenicity (P < 0.05). The strains
containing mutations in afp7, afp14 (3 different mutations) and afp16 (denoted with red contour around the circles) were
chosen for the induction experiments. The green arrow represents the predicted trans based induction with anfA1 which
is placed under the arabinose inducible promoter in pASANFA1 plasmid acting on the ops element situated upstream
from afp1. The figure is modified from Hurst et al. (2004). (B) Schematics of Afp7, 14 and 16 tested in this study. The
positions of the transposon insertions (shown as triangles containing the name of the corresponding mutation according
to Hurst et al. (2004) are denoted as numbers under the arrows. These numbers correspond to the number of amino acid
residues from the N-terminus of the protein (denoted as 0) to its full length (in brackets). Note that the strain with the
mutation J34 in afp14 was not previously published and therefore was not included in the (A). This strain was kindly
provided by Dr. M. H. Hurst.
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The constructs illustrated in Figure 3-58 were chosen because they resulted in an unaltered pathotype
(nonfeeding larvae with glassy-opaque appearance) when fed to the C. zealandica larvae (Hurst et al., 2004,
Figure 3-58A). Initially one mutation per afp ORF protein was chosen for assessment. Subsequently, TEM
analysis of the Afp mutant carrying truncated Afp14 (pAF6-25) revealed a new phenotype of dwarf Afp particles
(Section 3.7.2.2). This suggested that Afp14 may be implicated in the determination of Afp size and that it is a
ruler protein. Therefore a decision was made to screen all available Afp variants carrying a mutation in Afp14.
An additional strain designated pAF6-J34 containing an EZ-Tn5™ <TET-1> (Epicentre) insertion in 1010 bp
of afp14 (Figure 3-58B) was kindly provided by Dr. M. H. Hurst. The pAF6-J34 strain carries a tetracycline
resistance gene derived from the EZ-Tn5™ <TET-1> transposon (Dr. M.H. Hurst, unpublished data).The
resultant transformants were selected for resistance to ampicillin, spectinomycin and chloramphenicol. In the
case of the E. coli DH10B [pAF6-J34; pASANFA1] strain tetracycline was used instead of chloramphenicol. All
resultant strains were screened for the presence of both plasmids by restriction enzyme analysis.

3.7.2 Induction, purification and assessment of Afp transposon-generated mutants
The transposon generated pAF6-based variants listed in Table 3-7 (Hurst et al., 2004) were expressed in trans
with pASANFA1 and induced for 24 hours (Section 2.7.2) followed by sonication and SEC (S-400) purification
(Section 2.7.4). The fractions eluting at the same time as Afp particles were combined into three independent
pools, as described in Section 3.3.1.3. The pools were subsequently concentrated using ultracentrifugation
(Section 2.8.1.2). The negatively stained ultracentrifuged fraction from pools I, II and III of each construct
described in Table 3-7 were screened for Afp related assemblies by TEM. The results of the TEM screening
are described in the following Sections 3.7.2.1-3.7.2.3.

Table 3-7 TEM assessment results of pAF6 mutated derivatives
afp gene
affected

Clone
name*

C-terminal is truncated
by amino acid residues

% of the full length (amino
acid residues upstream the
transposon insertion)*

Reference

7

pAF6-3

125

54

Hurst et al. (2004)

14

pAF6-6

475

15.6

Hurst et al. (2004)

14

pAF6-25

437

22.4

Hurst et al. (2004)

14

pAF6J34

226

60

Dr. M. H. Hurst,
unpublished data

14

pAF6-7

125

77.8

Hurst et al. (2004)

16

pAF6-24

22

92.2

Hurst et al. (2004)

* The percentages of the full length were calculated from the number of amino acid residues present upstream of the
transposon insertion divided by the full length of the protein (Figure 3-58) and multiplied by 100%.

3.7.2.1 Assessment of the pAF6-3 clone bearing transposon-generated mutation in afp7
The pooled ultracentrifuged fractions derived from SEC (S-400) of the E. coli DH10B [pAF6-3; pASANFA1]
cells preparations were assessed by TEM. The TEM grid appeared to be essentially empty with only three
potentially Afp-related assemblies detected in the period of inspection after extensive screening. All detected
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assemblies are depicted in Figure 3-59. Among the usual E. coli contaminants present (Section 3.3.1.3), two
TBC particles, one putative Afp tube, and one mature Afp particle of slightly extended length (approximately
120 nm) were detected (Figure 3-59). The extremely low concentration of TBC and Afp particles detected in
the purified preparations of E. coli DH10B [pAF6-3; pASANFA1] cells may indicate that these particles might
be a result of arabinose based artificial induction.

Panel 1

Panel 2

Panel 3

Panel 4

tube

Afp
TBC

TBC

Figure 3-59 Assessment of afp7 mutant by TEM.
Electron micrographs of putatively Afp-related particles detected in the negatively stained ultracentrifuged fractions
derived from the SEC (S-400) runs. These constituted samples after purification of sonicated filtrates derived from E. coli
DH10B [pAF6-3; pASANFA1] cells induced with arabinose for 24 hours. Two TBC-like particles (panels 1 and 2), one
tube particle (panel 3) and one Afp particle were detected. Notably, each of these assemblies was detected on only one
occasion. Scale bar = 50 nm.

3.7.2.2 Assessment of the clones bearing transposon-generated mutations in afp14
The E. coli DH10B strains bearing transposon-generated truncation of Afp14 protein by 437 amino acid
residues (pAF6-25) was induced in trans with pASANFA1, and the resultant products purified as described in
Section 3.3.3. The assessment of the ultracentrifuged pooled fractions derived from SEC (S-400) purification
of the E. coli DH10B [pAF6-25; pASANFA1] preparations by TEM revealed sheathed Afp particles with tail
fibres attached. The lengths of the Afp particles produced by the cells bearing this construct were significantly
shorter than regular Afp (Figure 3-60). This presented a completely new phenotype not previously observed
in any of the Afp variants and indicated a highly probable role of Afp14 in the determination of Afp length.
Given the significance of this result in defining the tail length determination mechanism in Afp, three further E.
coli DH10B strains bearing transposon-generated mutations in different regions of the afp14 gene (pAF6-6;
pAF6-J34 and pAF6-7; Table 3-7; Figure 3-58B) were induced in trans with pASANFA1 and the resultant
products were purified as described in Section 3.3.3.
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Figure 3-60 Assessment of the pAF6-25 afp14 mutant by TEM.
Electron micrographs of the negatively stained ultracentrifuged fractions derived from the SEC (S-400) purification of
sonicated filtrates derived from E. coli DH10B cells bearing pAF6-25 construct induced in trans with pASANFA1 for 24
hours. Afp particles of aberrant length and tail fibres are denoted with arrows. Scale bar = 50 nm.
The assessment of the ultracentrifuged pooled fractions derived from SEC (S-400) purification of the E. coli
DH10B [pAF6-6; pASANFA1] preparations by TEM revealed no Afp-related assemblies. The only exception
was an assembly similar to an empty contracted sheath detected on one occasion (Figure 3-61A).

Figure 3-61 Assessment by TEM of purified products derived from pAF6 clones bearing transposon insertions
in afp14.
Electron micrographs of the negatively stained ultracentrifuged fractions derived from the SEC (S-400) purification of
sonicated filtrates derived from E. coli DH10B cells bearing pAF6-6 (A); pAF6-J34 (B) and pAF6-7 (C) constructs
induced in trans with pASANFA1 for 24 hours. Empty contracted sheath, Afp particles of aberrant length and tail fibres
are denoted with arrows. Scale bar = 50 nm.
This indicated that deletion of 84.4% of the N-terminus of Afp14 blocked Afp assembly. The remaining two Afp
variants containing shortened versions of Afp14 (pAF6-J34 and pAF6-7) produced sheathed Afp particles of
aberrant length that were shorter than regular Afp (Figure 3-61B-C). Most of the particles detected had tail
fibres attached. The lengths of the Afp particles for each preparation were determined by taking measurements
directly from the corresponding micrograph images (Section 2.10.4). The distribution of lengths of Afp
containing short Afp14 is shown in Figure 3-62.
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Figure 3-62 Distribution of the length of the wild type (pAF6-21) and its variants harbouring transposon
insertions in the afp14 gene
The distribution of the lengths for each of the four Afp variants as measured directly from the micrographs is shown to
the left. The average lengths with standard deviations and the number of particles counted per Afp variant (N) are shown
to the right. The length of the intact afp14 gene is shown in brackets as a percentage from the total afp14 length (Table
3-8).
The average lengths and the standard deviations for each construct were estimated as 58.3±9.4, 43.2±12.7
and 34.5±6.3 nm, for the constructs pAF6-7, pAF6-J34 and pAF6-25, respectively (Table 3-8).
The average lengths of the Afp particles produced by the cells bearing truncated versions of Afp14 increased
with the increase in the length of the intact Afp14 protein (Figure 3-63) providing evidence that Afp14
determines the length of the Afp particle.
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Table 3-8 Comparison of the predicted mutant Afp14 amino acid length to the size of the resultant Afp particles
derived from TEM analysis.
Name

Average length % of the full
Amino acid residues the C-terminal % from the full afp14
(nm±s) *
length Afp
of Afp14 is truncated by
length remained
pAF6-21
106±2.8
100
0
100
pAF6-7
58.3±9.4
55.5
125
77.8
pAF6-J34
43.2±12.7
41.1
226
60
pAF6-25
34.5±6.3
32.8
437
22.4
pAF6-6
No assemblies
No assemblies 475
15.6
detected
detected
* The lengths of the Afp particles was measured directly from the micrographs. The average lengths and standard
deviations (s) were calculated as described in Section 2.10.4.

Figure 3-63 Relationship between lengths of afp14 and lengths of the corresponding Afp particles.
Green symbols represent the Afp variants. The error bar shows the standard deviation of the distribution of lengths for
each variant. Please refer to Table 3-8.
The correlation of the length of the intact Afp14 protein and the length of the particle suggests that Afp14 is a
ruler protein similar to gp29 of the T4 phage (Abuladze et al., 1994) and the gpH of the phage λ (Katsura and
Hendrix, 1984). The function of the ruler protein in the phages is to determine the length of the phage tail
(Section 1.6.1).
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3.7.2.3 Assessment of the clones bearing transposon-generated mutation in afp16
The E. coli DH10B [pAF6-24; pASANFA1] clone (Table 3-7) contained a transposon insertion in Afp ORF
afp16, 67 nucleotides upstream from the 3’ end (Figure 3-58B). Such an insertion resulted in Afp16 truncated
by 22 amino acid residues at its C-terminus. Assessment of the resultant purified extracts by TEM revealed
the presence of normal sized Afp (approximately 80%) and TBC (approximately 10%) particles (Figure 3-64A).
In addition to these particles, Afp particles of irregular length were observed (approximately 10%), the majority
of which were 200 nm and longer (Figure 3-64B). The majority of TBC particles were of a length comparable
to the regular Afp particle (100 nm; Figure 3-64A), while a subset of the TBC population was longer (up to 190
nm; Figure 3-64C). Some of the TBC particles showed the presence of a stain-excluding sheath-like layer
(Figure 3-64C) which was similar to the result observed for the pAF1-15 construct (Section 3.4.4.1).

Figure 3-64 Assessment of E. coli DH10B [pAF6-24; pASANFA1] induction by TEM.
Electron micrographs of negatively stained partially purified products produced by the E. coli DH10B [pAF6-24;
pASANFA1] cells. (A) Representative electron micrograph showing TBC and Afp particles of different lengths (denoted
with arrows). (B) Montage of Afp particles of aberrant length. (C) Montage of TBC particles of aberrant length. A stainexcluding protein layer is denoted with an asterisk. (D) Montage of Afp particles of aberrant length with baseplateassociated incomplete sheaths. Arrows denote where the sheath ends. (E) Afp particles of aberrant length with contracted
sheaths associated with the apical part of the tube. Scale bar = 25 nm.
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Less than 1% of the observed population displayed aberrant sheath formations including TBC-like particles
partially covered with the sheath (Figure 3-64D) and contracted Afp particles where vestigial sheaths remained
attached to the apical end of the tube (Figure 3-64E). In addition, particles where the sheath appeared to be
comprised of several layers (Figure 3-65A) or to be partially entwined (Figure 3-65B) or was associated with
both the baseplate and apical end with the tube visible in the middle (Figure 3-65C) were observed on rare
occasions (less than 1%). These results suggested that the C-terminally truncated Afp16 was defective in both
terminating the tube length and in controlling the formation of the sheath.

Figure 3-65 Electron micrographs showing aberrant sheath formations observed infrequently in products
generated by the DH/pAF6-24/pASANFA1 culture.
(A) Afp particles containing several layers of sheath. (B) Afp particles with, what appears to be, partly entwined sheath.
(C) Afp particles with apical and baseplate associated sheath. 1 and 2 denote two putative sheath layers, where 1 is the
closest layer to the tube and 2 is the putative outside layer of the sheath. 3’ denotes an aberrant additional sheath
layer having a diameter similar to that of the contracted sheath. Scale bar = 50 nm.

3.7.3 Conclusions
The induction of the variants of pAF6 (Hurst et al., 2004) bearing one transposon insertion in each of the afp7
and afp16 genes and four variants bearing four different transposon insertions in afp14 in trans with
pASANFA1 plasmid allowed expression the afp cluster containing truncated variants of the target Afp proteins.
The resultant particles were purified using SEC (S-400) followed by the ultracentrifugation. The particles were
characterised morphologically by TEM allowing functional assignment for truncated proteins. The results are
summarised in Table 3-9.

Table 3-9 Assessment of the products produced by the Afp variants harbouring transposon insertions in genes
afp7, afp14 and afp16.
afp gene
affected

Clone
name

afp7

pAF6-3

% of the full
length (amino acid
residues)
54

afp14
afp14
afp14
afp14
afp16

pAF6-6
pAF6-25
pAF6-J34
pAF6-7
pAF6-24

15.6
22.4
60
77.8
92.2

Predicted
function of
affected gene
No data
available
Ruler protein
Ruler protein
Ruler protein
Ruler protein
Putative TrP

Assembly detected

Extremely low concentration of Afp and
TBC
None
Mature Afp of 35 nm in average length
Mature Afp of 43 nm in average length
Mature Afp of 58 nm in average length
Mature Afp, TBC, elongated mature Afp,
aberrant sheath formations
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The extensive TEM screen of the pAF6-3 variant harbouring truncated afp7 resulted in detection of two TBCs
and one Afp particle. This result was inconclusive as extremely low concentration of the products suggests
possible contamination of the preparation. However, the mutations in afp14 resulted in production of mature
Afp particles of shorter than regular length. The length of the particles corresponded approximately with the
length of the functional afp14 (Figure 3-63). This result suggested that Afp14 is a ruler protein determining the
length of the Afp particle (Section 1.6.1). Induction of E. coli DH10B [pAF6-24; pANANFA1] cells producing an
Afp variant where Afp16 was truncated by 22 C-terminal amino-acid residues revealed an Afp phenotype
intermediate between expression products of cells harbouring pAF1-15 and pAF1-16 constructs. Both Afp and
TBC particles of aberrant lengths were observed. E. coli DH10B [pAF6-24; pANANFA1] cells produced basal
levels of aberrant sheath formations around the tube. Two main types of the aberrant sheath formations were
noticed—the baseplate-associated non-contracted sheath and the partially contracted sheath observed at the
apical end of the tube. In some cases an intermediate phenotype with the tube visible between contracted and
uncontracted fragments of the sheath was also observed. This result confirmed the theory that Afp16 is a TrP
(Section 1.6.1) suggesting that the truncated Afp16 protein is less efficient in binding the tube and stabilising
the sheath.
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3.8 Biological assessment of Afp and its derivatives
Afp causes cessation of feeding activity by C. zealandica larvae (Hurst et al., 2004). In order to test the
biological efficiency of the Afp variations produced in this study, the biological activity toward the C. zealandica
larvae was determined for the Afp and its derivatives. Given the purity and high concentration of the Afp
preparations obtained in this study (Section 3.3.3), it was possible to quantify the purified Afp preparation.
Serial dilution followed by dose response assessment allowed the determination of LD50 for Afp per C.
zealandica larvae.

3.8.1 Effect of Afp and its derivatives on C. zealandica larvae
In order to determine whether the Afp expression variants have biological activity towards the C. zealandica,
bioassays using sonicated filtrates derived from the E. coli strain DH10B [pASANFA1; pAF6-21] and its
derivatives produced in this study (Sections 3.4 and 3.6) were conducted as described in Section 2.11.1. As
expected, based on previous data (Hurst et al., 2004) larvae fed purified sonicated filtrates derived from the
constructs missing Afp18 did not demonstrate any cessation of feeding or any other atypical phenology (Table
3-10). With reference to Figure 3-66 the C. zealandica larvae fed with purified sonicated filtrates of pAF1-15
construct (Figure 3-66A) and the control larvae fed with carrot rolled in TBC buffer (Figure 3-66C) continued
feeding and did not show any sign of disease. In contrast, the larvae fed with purified sonicated filtrates of
pAF6-21 construct stopped feeding (Figure 3-66B). All of the C. zealandica larvae fed with living bacteria
carrying pAF6 construct harbouring transposon-mediated insertions tested in this study (Table 3-7) stopped
feeding, confirming result previously published by Hurst et al. (2004). The SEC (S-400) purified products of
the correspondent constructs, however, induced mixed pathotype. The purified products of the strain carrying
truncated Afp7 (pAF6-3) induced cessation of feeding in 20% of the larvae, correlating with extremely low
amount of Afp particles detected by TEM (Section 3.7.2.1). The purified products of the strains carrying
truncated versions of Afp14 induced levels of antifeeding decreasing with the decreased length of remaining
Afp14. The constructs pAF6-6 and pAF6-25 induced 20% and 0% antifeeding by the C. zealandica larvae—
results probably reflecting extremely low concentration of active Afp particles. On the other end, the Afp
particles assembled by the longer versions of Afp14 (strains pAF6-J34 and pAF6-7) induced cessation of
feeding by 90 and 100% of the larvae, respectively. This result reflects that sufficient numbers of biologically
active mature Afp particles was present in the preparations.
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Table 3-10 Antifeeding effects and particles phenotype of Afp-encoding construct pAF6-21 and its mutated
derivatives.
Construct
pAF6-3
pAF6-6
pAF6-7
pAF6-21
pAF6-24

pAF6-25
pAF6-J34
pAF1-6
pAF11-12
pAF1-12
pAF1-13
pAF1-14
pAF1-1215
pAF1-1315

afp genes expressed
1-18, Afp7 C-terminal is truncated by
106 amino acid residues
1-18, Afp14 C-terminal is truncated by
475 amino acid residues
1-18, Afp14 C-terminal is truncated by
125 amino acid residues
1-18
1-18, Afp16 C-terminal is truncated by
22 amino acid residues
1-18, Afp14 C-terminal is truncated by
437 amino acid residues
1-18, Afp14 C-terminal is truncated by
226 amino acid residues
1-6
11-12
1-12
1-13
1-14
1-12 and 15 in cis
1-13 and 15 in cis

Particles detected (TEM)
not detected

% anti-feeding*
100 (20)

not detected

100 (20)

mature Afp of 47 nm in
average in length
mature Afp
mature Afp, TBC,
elongated mature Afp,
aberrant sheath formations
mature Afp of 38 nm in
average in length
mature Afp of 37.4 nm in
average in length
not detected
not detected
not detected
not detected
not detected
not detected
not detected

100 (100)
100 (100)
100 (100)

100 (0)
100 (90)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

pAF1-16∆(1-4)
pAF1-16∆(2-4)
pAF1-16∆(3-4)
pAF1-16∆(2-3)
pAF1-16∆3
pAF1-15
pAF1-16
pAF1-15 +
pET16 (no IPTG
induction)
pAF1-17

5-16 in cis
1 and 5-16 in cis
1-2 and 5-16 in cis
1 and 4-16 in cis
1-2 and 4-16 in cis
1-15
1-16
1-15 and 16 in trans

not detected
not detected
not detected
not detected
not detected
TBC
mature Afp
mature Afp, TBC,
elongated mature Afp

0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)

1-17

mature Afp

0 (0)

pARAF1-18’

1-17

mature Afp

0 (0)

*

Percentage of larvae treated with living bacteria feeding on fresh carrot for a period of three days post treatment. The
number in brackets denotes biological activity of the SEC (S-400) purified Afp particle preparations.

The pAF6-24 Afp variant carrying Afp16 truncated by 22 C-terminal amino acid residues induced 100% of
antifeeding by the C. zealandica larvae both, when fed as a living bacteria, and when purified Afp particles
were used.
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Figure 3-66 Standard bio assay towards C. zealandica of pAF1-15 and pAF6-21 strains versus control.
Photograph at day three of C. zealandica larvae that had been fed purified sonicated filtrates of pAF1-15 construct
showing healthy phenotype (A), while the larvae fed with purified sonicated filtrates of pAF6-21 construct exhibited
cessation of feeding as demonstrated by an unconsumed carrot cube (denoted by arrow) (B). The C. zealandica larvae
that were fed on a carrot on which surface 5 μL of TBS buffer was previously pipetted onto (negative control) showed no
disease symptoms (C).

3.8.2 Estimation of LD50 for ability of Afp to induce cessation of feeding by C.
zealandica larvae
For the purpose of the study, establishing the medium lethal dose or LD 50 (Section 2.11.2) of the Afp particles
is necessary for greater understanding of the amber disease process and could potentially facilitate clarification
of the Afp binding site in the C. zealandica larvae’s gut. Assessment of purified Afp by TEM showed that it was
relatively devoid of contaminants and that greater than 90% of the population was in the biologically active
uncontracted form (Figure 3-67A). The high quality Afp preparations obtained in this study made it possible to
determine the concentration of the Afp particles in a given sample followed by assessment of the dose
response of defined quantities of purified Afp against C. zealandica larvae. This allowed assessment of LD50
for the ability of Afp to induce cessation of feeding by C. zealandica.
- 145 -

Chapter 3. Results

The concentration of Afp particles in the purified preparation was determined by qNano (Izon Science Ltd, New
Zealand) as described in Section 2.8.6. Figure 3-67B shows the distribution of particle sizes in the Afp
preparation examined. The diameter of the particles plotted on the x-axis is usually estimated by the Izon
Science Ltd under the assumption that particles have a spherical shape. Because Afp has a cylindrical form
of approximately 110 x 10 nm (length x width), the diameter estimation shown in the Figure 3-68B is not
applicable to it. For that reason, only those particles representing the majority of the population with an
estimated diameter ranging between 140-165 nm (designated with blue shadow in The Figure 3-67B) were
included in the calculation. The populations of particles outside of the designated area were considered to be
cellular contaminations and/or contracted Afp particles or products of Afp degradation.
Concentration of the particles in the area designated by blue-shaded area of the pictogram in Figure 3-67B
was calculated to be (12.5 + 7.5 × 3 + 6) × 106 = 4.1 × 107 particles per mL. Dose response analysis of purified
Afp against C. zealandica larvae was performed using 5 μL diluted Afp suspension that was applied to each
carrot cube. The 5 μL undiluted Afp suspension contained an estimated 205.000 particles:
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
× 5𝜇𝐿
𝑚𝐿
= 205.000
𝜇𝐿
1000
𝑚𝐿

4.1 × 107

Figure 3-67 Estimation of Afp particles concentration
(A) Afp sample that was used for bioassay analysis as visualised by TEM of negatively stained specimen. Scale bar =
100 nm; (B) The estimated number of particles in the Afp preparation determined by qNano (Izon Science). The blue
shadow designates particles with the estimated diameter ranging between 140-165 nm included in the calculation of the
Afp dose response.

- 146 -

Chapter 3. Results

3.8.2.1 Dose response of purified Afp against C. zealandica larvae
For dose response analysis of purified Afp against C. zealandica larvae, an initial assessment of a broad range
of dilution series (1:40, 1:80, 1:160, 1:240, 1:320, 1:400, 1:480, 1:640, 1:800 and 1:2400) of Afp in TBS buffer
was undertaken. Statistical analysis was performed to obtain LD50 of purified Afp against C. zealandica larvae
based on groups of six insect larvae, with the larvae in each group being assigned averaged percentage of
carrot cubes consumed by the group. An example of the analysis of the raw data for the dilution 1:480 is shown
in Table 3-11 and the complete set of data can be found in Appendix (Table A2). The amount of Afp ingested
by the larvae at each chosen dilution level was calculated from each group’s average consumption of the
inoculated carrot cube during the 24 hours post-ingestion period (columns 2 and 4 in the Table 3-11). A fresh
carrot cube was subsequently added to each larvae chamber and the percentages of larvae which exhibited
cessation of feeding were calculated. Only larvae with 100% cessation of feeding were included in the
calculation for each chosen dilution level (referred to as “% anti-feeding per group” in Table 3-11).

Table 3-11 Example of data for bioassay titre analysis for the 1:480 dilution of Afp preparation at day 3.
% carrot
consumed
per larva

Group’s
average
consumption

Antifeeding*

% antifeeding
per group

% carrot
consumed
per larva

Group’s
average
consumption

Antifeeding*

% antifeeding
per group

80

78

0

67

100

99

0

17

80

1

95

0

100

0

100

0

100

1

100

0

100

1

100

0

5
100

0
100

0

100
33

100

1
95

100

1

100

1

99

0

100

0

100

0

100

0

100

1

100

0

100
80

0
67

0

70
67

17

0

0

100

92

17

0

80

1

50

1

90

1

100

0

50

1

100

0

0

1

100

0

100
0
100
0
* Denotes anti-feeding 3 days post-indigestion, 0 denotes no anti-feeding, 1 denotes antifeeding. The data from the greenhighlighted row was used in the example calculation mentioned in the text.

Finally, the amount of particles consumed per larvae was calculated using the following formula:
250000 (particles per undiluted 5 μL of Afp preparation)
Dilution factor

×

Group’s average consumption
100

.
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For example, for the first group illustrated in Table 3-11 (highlighted green) corresponding to the dilution factor
1:480, the calculation was:

250000(particles per undiluted 5 μL of Afp preparation) 78
×
480
100
= 331 (𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑙𝑎𝑟𝑣𝑎𝑒)
This calculated amount of particles consumed by the larvae for different Afp dilutions is presented in
Table 3-12, with columns 2 and 6, for the initial and second assessment of dilution series, respectively. The
first four columns in Table 3-12 represent the data for the initial assessment of a broad range of dilution series
(1:40, 1:80, 1:160, 1:240, 1:320, 1:400, 1:480, 1:640, 1:800 and 1:2400) of Afp. The data revealed that the
dilution regimen was between 1:240 and 1:480 with averages of 61% and 36% anti-feeding activity,
respectively, leading to cessation of feeding of approximately 50% of the C. zealandica larvae (Table 3-12,
designated with blue). A second, more defined set of dilution series (1:100, 1:300, 1:400, 1:450, 1:500, and
1:600) was assessed (Table 3-12, last three columns).

Table 3-12 Bioassay titre analysis
First bioassay titre analysis

Second bioassay titre analysis

Dilution

Particles
consumed
larva*

80

1386

67

300

390

33

80

1068

100

300

677

50

80

1002

67

300

478

33

80

1494

100

300

422

50

80

897

100

300

256

50

80

2114

83

300

620

17

160

320

83

400

384

33

160

373

100

400

444

33

160

480

83

400

346

50

160

811

100

400

341

50

160

811

67

400

346

50

160

1067

83

400

213

0

240

612

83

450

330

33

240

804

67

450

372

50

240

676

67

450

402

33

240

541

50

450

452

50

240

719

17

450

418

17

240

698

83

450

418

33

320

470

67

500

328

17

320

603

33

500

342

67

320

545

67

500

390

17

320

561

50

500

321

17

320

630

67

500

376

17

320

529

67

500

314

33

per

%
antifeeding*

Average
feeding
dilution

86

86

61

58

antiper
Dilution

Particles
consumed per
larva*

% antifeeding*
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400

367

83

600

268

17

400

367

50

600

325

0

400

461

50

600

342

17

400

507

50

600

256

17

400

444

67

600

285

0

400

461

33

600

325

0

480

331

67

100

1281

67

480

426

33

100

1128

67

480

285

67

480

424

17

480

406

17

480

392

17

36

640

320

17

17

40

2988

83

83

800

256

0

0

56

2400
85
0
0
* Based on average per six insects, 3 days post-indigestion. The dilution regimen between 1:240 and 1:480 that led to
cessation of feeding of approximately 50% of the C. zealandica larvae is highlighted in blue colour.
The “% anti-feeding” values (columns 3 and 7, Table 3-12) and log10–transformed ingested Afp values
(columns 2 and 6, Table 3-12) were used by Chikako van Koten (AgResearch, Lincoln) to estimate the antifeeding LD50 by probit analysis (Agresti, 1990). The dose response analysis of purified Afp against C.
zealandica larvae defined the LD50 to be 512.7 ± 3.1 (Mean ± standard deviation of the mean) per larva (Figure
3-68).

Figure 3-68 Bioassay titre of purified Afp particles.
Dose and anti-feeding-response of C. zealandica larvae estimated from probit analysis by Chikako van Koten
(AgResearch, Lincoln). The solid circles represent anti-feeding per six larvae (n = 72); continuous lane represents mean
response by probit analysis (P < 0.001); dashed lane denotes the anti-feeding LD50 (512.7 ± 3.1).
- 149 -

Chapter 3. Results

3.8.3 Conclusions
Purified Afp induced cessation of feeding activity when fed to C. zealandica larvae with the LD50 estimated as
512.7 ± 3.1 particles per larvae. However, as expected, purified sonicated filtrates derived from the constructs
that were missing Afp18 did not cause any cessation of feeding in the C. zealandica larvae or result in any
other atypical phenology (Table 3-10). The E. coli cells bearing Afp variants containing transposon insertions
in genes afp7 (pAF6-3), afp14 (pAF6-6, pAF6-25, pAF6-J34 and pAF6-7) and afp16 (pAF6-24) caused 100%
cessation of feeding by the larvae when correspondent bacteria suspensions were applied directly to the carrot
cube. However, the SEC (S-400) purified and ultracentrifuged sonicated filtrates of the cells harbouring
induced pAF6-25 construct did not cause cessation of feeding by the C. zealandica larvae. The purified Afp
particles from the three further constructs carrying truncated versions of Afp14 (pAF6-6, pAF6-J34 and pAF67) induced cessation of feeding by 20, 90 and 100% of the larvae, respectively. The purified products of the
pAF6-6 harbouring a mutation in the afp16 gene induced cessation of feeding activity by approximately 20%
of the larvae (Table 3-10). The purified products of the strain carrying truncated Afp7 (pAF6-3) also induced
cessation of feeding by 20% of the larvae.
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Chapter 4
Discussion
4.1 Overview
Afp is a unique cell-independent protein cargo delivery machine. The assembly and mechanism of Afp action
are not well understood. The main goal of this project was to determine the functions of as many Afp proteins
as possible. Ultimately, the successful elucidation of the functions of Afp proteins will expand the knowledge
of how this tailocin functions and will allow future genetic modifications of the particle. These findings together
with new insights into the regulation of the afp gene cluster form a solid platform for further studies of Afp
assembly and biology.

Polysheath-like structures formed by Afp particles that were subjected to pH 2 and
subsequently purified
The T4 phage sheath purification strategy combined from low pH/protease treatment (To et al., 1969) resulted
in accumulation of contracted sheaths. Surprisingly, similar treatment of Afp resulted in an end-to-end
association of contracted sheath-fragments (Figure 4-1C, Section 3.5.2.2). These assemblies were initially
termed polysheaths because they visually resembled polysheath structures observed by T4 phage, which are
derived from the main tube protein gp19 mutants of T4 phage tail (Moody, 1967). However, the polysheaths
derived from the T4 phage repeatedly showed surface irregularities and contained substances which excluded
negative stain (Figure 4-1A). However, Afp-derived end-to-end association of contracted sheath-fragments
exhibited staining in the cavity, indicating that they were empty (Figure 4-1C). This indicated that Afp-derived
associations of contracted sheaths were of a different nature that T4-derived polysheaths. End-to-end
association of contracted sheath-fragments were also observed for pyocin sheaths that were purified using a
similar method to the one used in this study (Amako and Yasunaka, 1974; Figure 4-1D, upper panel). Amako
and Yasunaka (1974) found that purified pyocin sheaths organise spontaneously in a longitudinal direction.
The authors speculated that this might indicate differences in the surfaces of the proteins at the ends and at
the sides of the sheaths. When the pyocin sheaths were treated with 0.05-0.2% SDS, an even stronger fusion
of the sheaths was observed (Figure 4-1CD, lower panel). It was proposed that SDS molecules bound to the
ends accelerated the aggregation of the sheaths, and strengthened the binding between sheath units (Amako
and Yasunaka, 1974). This indicated that like the pyocin sheaths, Afp sheaths also possess differences in the
surfaces of the proteins at the two ends and at the sides of the sheaths that can be strengthened by treatments
with some chemicals. It is possible that the conformation of the contracted sheath allows only end-to-end
associations by, as yet unknown, interactions at the ends of the contracted sheath. The hypothesised
interactions may open up at the ends of the contracted sheaths under specific circumstances leading to
possible end-to-end associations. The reasons why trypsin treatment triggers end-to-end associations of the
sheaths require further investigations.
Two further assemblies were infrequently detected in TBC preparations by TEM that were visually similar to
the T4-derived polysheaths. These were so-called “spiral structures” (Figure 4-1B, panel 1) and particles of a
condensed and elongated shape (Figure 4-1B, panel 2). The latter were found in all preparations including the
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negative control (E. coli DH10B [pAY2-4] cells), but not in Afp producing cells (E. coli DH10B [pAF6-21;
pASANFA1]). It is possible that the “spiral structures” may be related to the Afp sheath as their appearance
visually resembles the unravelled polysheath assemblies observed in gp19 mutants of the T4 phage tails.
(Figure 4-1A).

A

B

T4 phage
Panel 1

TBC (Afp)
Panel 1
Sp

Panel 2

Panel 2

PS

Panel 3
*

gp19 mutant

C

Afp

Untreated

D

Pyocin

PS

pH2+trypsin treatment Untreated/SDS-treated
Figure 4-1 Comparison of putative sheath-derived assemblies in T4 phage and Afp
(A) Polysheath structures (denoted with PS) observed by T4 phage mutant devoid of tube protein gp19 in different states
of disintegration. Panel 1 denotes the mostly condensed polysheath structure containing substances which exclude
negative stain; Panel 2 shows partially unravelled polysheaths and Panel 3 shows a polysheath structure that has almost
completely unravelled into a single helical strand. The figure was adapted from Moody (1967). (B) Spiral-like structures
(denoted with Sp) and particles of a condensed elongated shape (denoted with asterisk) infrequently observed in TBC
preparations (Section 3.5.2.2). (C) End-to-end associations of the contracted sheath units (initially termed polysheaths)
observed by Afp particles treated with pH2 followed by purification of contracted sheaths using trypsin treatment and
centrifugation steps (Section 3.5.2.2). (D) Associations of contracted sheaths found in purified pyocin sheath preparations
(upper panel) and when treated with 0.1% SDS in saline phosphate buffer. Scale bar = 100 nm
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The origin of the particles of a condensed elongated shape is intriguing. Visually, they strongly resemble the
T4-derived polysheaths in partially unravelled form (Figure 4-1A, panel 3). This is supported by the fact that
these assemblies are absent from the preparations that assemble the complete Afp. Taken together, these
results suggest that the particles of a condensed elongated shape are Afp-derived polysheaths and are
produced by the Afp cassette in the absence of Afp16, in addition to the sheathless TBCs. The spiral-like
assemblies, in this case, might represent the unravelled form of the polysheaths similar to T4 phage derived
assemblies shown in Figure 4-1A (panels 2 and 3). Both assemblies would then most likely consist of predicted
sheath protein Afp4 as this is the only one of the three predicted sheath proteins that was detected in both Afp
and TBC preparations by LC-MS/MS. On the other hand, the presence of these assemblies in the negative
control sample is intriguing. Though unlikely, it cannot be ruled out that there may be carryover between
samples applied to the SEC (S-400) column that carry particles of an irregular form and size. Another possible
explanation is that the particles of a condensed elongated shape are not Afp-derived, but are E. coli
contaminations, however there have been no reports of such assemblies being derived from E. coli to date.
Purification of these assemblies followed by identification of the resultant products by LC-MS/MS will help
define their origin.

Comparative studies of the behaviour of different phage and phage-like particles on
treatments with alkaline pH, GuHCl and MgCl2
Subjecting T4 and λ phages to pH greater than 10 results in complete dissolution of the particles (To et al.,
1969; Bleviss and Easterbrook, 1971). The morphologies of Afp and TBC, on the other hand, were unaffected
by exposure to pH 10 (Table 4-1). This result most likely reflects the need for the Afp to operate in alkaline
conditions (up to pH 11) in the C. zealandica insect gut (Biggs and McGregor, 1996).
At GuHCl concentrations less than or equal to 3.0 M, the T4 phage sheath repeatedly contracts, leaving
baseplates attached to the sheath, and tube protruding from the distal end of the tube (Table 4-1), while the
tail fibres detach from the baseplate (To et al., 1969). In the Afp particle under the same conditions, the tube
protrudes either from the distal or the apical end of the contracted sheath. These observations suggest that
the attachment of the sheath to the apical part of the tube is weaker in the Afp particle than in the T4 phage.
The attachment of the tail fibres to the particle is, however, stronger in the Afp than in the T4 phage. Structural
analysis suggests that the Afp tail fibres have two connection points to the Afp particle, being connected at the
baseplate and the sheath layer number 4 (Heymann et al., in press; Figure 4-2). The tail fibres of the T4 phage,
on the other hand, are attached to the T4 baseplate through the long tail fibre attachment protein gp9.
Consequently, the Afp tail fibres are harder to dissociate through chemical treatments.
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Table 4-1 Comparative studies of behaviour of different phage and phage-like particles on chemical treatments*
T4 phage

T4 TBC (gp15
mutant)
Baseplates partly
dislodging from the
tubeb

λ phage

Pyocin

Afp

No data available

No data available

TBC derived from pAF1-15
construct
Baseplates are partly dissolved
from the tube; tail fibres
attached to the baseplate

GuHCl
<3M

Sheath contracted; baseplates
partly dislodging from the tube;
the tube protrudes from the
distal end of the tail; tail fibres
detached

GuHCl
3M

Sheath contracted, baseplates
separate from tubese

Most of the baseplates
are detached and in star
configurationb

No data available

No data available

GuHCl
>3M

Sheath contracted; baseplates
completely detachede

No data available

No data available

pH 2

Sheath contracted; baseplates
dissolved; tubes partially
dissolvede
Irreversible degradation of the
particlee

Baseplates completely
detached; all baseplates
in star configuration b
No data available

Sheath contracted;
baseplate attached to the
sheath, the tube protrudes
either from the distal or the
apical end of particle; tail
fibres attached to the
baseplate
Dissociation into tubes of
normal length and
contracted empty sheaths;
baseplates dissolved
Empty contracted sheaths

Disassociation
into subunitsa, e

Empty contracted
sheathd

Sheath contracted, tubes
partially dissolved

Low concentrated tubes of
aberrant length

No data available

Tail dissociation
into irresolvable
subunitsa

Mature Afp particles of a
regular length

TBC particles of aberrant
lengths

No data available

No data available

Uncontracted and
contracted particles
and free tubes.
Baseplate attached
to the sheathd
Sheath contraction

Sheath contraction by
approximately 50% of the
particles; sheath partly
degraded

Tubes break at random places,
baseplates intact

pH 10
and
greater

0.5 M
MgCl2

No data available

Tubes of aberrant length;
baseplates dissolved

No particles detected

*Data is sourced from (a) Bleviss and Easterbrook (1971); (b) Duda and Eiserling (1982); (c) Higerd et al. (1969) (d) Ishii et al. (1965); (e) To et al. (1969)
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Figure 4-2 Attachment points of the tail fibres to the Afp particle
3D reconstruction of the Afp and TBC particles showing an attachment of six fibres to a protrusion at the baseplate and
connection to the sheath protrusion of sheath layer 4 (denoted with arrows). The image was adapted from Heymann et al.
(in press).
Treatment of T4 with 3M GuHCl was reported to detach the T4 baseplates from the tubes (Duda and Eiserling,
1982). No baseplates, however, could be visualised in the Afp or TBC samples treated with 3M GuHCl,
indicating that Afp-derived baseplates are less stable than the baseplates of T4 phage under those conditions.
Approximately half Afp and pyocin particles contracted after exposure to 0.5 M MgCl2 (this work and Higerd et
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al., 1969), however the tail tubes of the Afp TBC were found to break at 0.5 M MgCl 2 concentrations. This
indicates that pyocin-derived tubes are more tolerant of high MgCl2 concentrations than Afp-derived tubes.
The data presented allowed insight into the biochemical properties of the Afp particle compared to other
phages. The attempt to purify contracted sheaths was successful. Further optimisation of this purification
strategy may facilitate purification of tubes and fibres as established for other phage systems (To et al., 1969).
The resulting sub-complexes may then be subjected to SDS-PAGE, densitometry and LC-MS/MS, identifying
the proteins involved and the stoichiometry.

4.2 Afp14 is a ruler protein determining the length of the Afp particle
Comparison of Afp-derived ruler protein Afp14 and ruler proteins derived from phage T4 and
λ
The results of the study of Afp variants containing C-terminal truncated Afp14 (Section 3.7.2.2) clearly show
the correspondence between the length of the Afp14 and the length of the Afp particle (Figure 3-63). Similar
results were published for in-frame deletions and/or duplications of gene H of the phage λ (Katsura and
Hendrix, 1984), gene 29 of T4 phage (Abuladze et al., 1994), and orf tmp of temperate lactococcal phage
TP901-1 (Pedersen et al., 2000). Data presented in this thesis strongly suggests that Afp14 is a ruler protein,
determining the length of the Afp particle. The gene responsible for the ruler protein is usually one of the
longest in the genome of the long-tailed phages. In the majority of the phages this gene comprises more than
2000 bp (Veesler and Cambillau, 2011). Its length needs to be sufficient to stretch alongside the whole length
of the tube. With the estimated length of one amino acid residue in the extended polypeptide chain of 0.34 nm
(Schulz and Schirmer, 1979), and the estimated length of the Afp particle of 110 nm (Heymann et al., in press),
the Afp14 of 554 amino acids is large enough to stretch the Afp length of 110 nm (554 amino acid residues ×
0.34 nm = 188.3 nm maximum length). A strong correspondence was observed between the tube length to
the ruler protein length for selected phages and Afp, providing further evidence in support of Afp14 being the
ruler protein (Figure 4-3).
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Figure 4-3 Relationship between tail length and size of the ruler protein
Orange squares represent mycobacteriophages; green squares represent three E. coli phages; blue square denotes Afp.
The line shows the dimensions of an α-helix (1.5 A˚ length per amino acid). This figure was modified from Pedulla et al.
(2003). The data for Afp (this study, depicted as a blue square and underlined), T4 phage (Abuladze et al., 1994) and
temperate lactococcal phage TP901-1 (Pedersen et al. (2000); depicted as a purple square) were added manually to the
data collection of Pedulla et al. (2003). Blue dashed lines point to the size of the afp14 ORF(1662 bp) and the calculated
length of Afp particle (approximately 110 nm, derived from Heymann et al. (in press)).
Two differences between characteristics of the ruler proteins of Afp and T4 phage were detected. Firstly,
several deletions of C-terminal part of gp29 in phage T4 produced phages with abnormally contracted sheaths
(Abuladze et al., 1994). This indicated that the C-terminal part of gp29 is important for successful interaction
of the baseplate with the sheath. None of the mutants containing C-terminal deletions of the Afp14 tested in
this study, however, produced abnormally contracted sheaths. Secondly, T4 phage with altered tail lengths
lacked long tail fibres and were therefore not infectious. Afp with altered lengths, in contrast, were able to
cause cessation of feeding by C. zealandica larvae, and possessed tail fibres (Figure 3-61).
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Increased deviation in particle length distribution may be explained with a production of a
small amount of regular-length Afp by the variants carrying truncated Afp14
The increased deviation (up to ±12.7 nm) in the distribution of particle lengths in particles carrying truncated
Afp14 may be explained by a presence of a small amount of regular-length Afp produced by the Afp14 mutants
(Figure 3-61D). Similar to this result, some regular-length T4 phage tails were produced, in addition to the
short tails by the mutants carrying truncated gp29 (Abuladze et al., 1994). It is possible that, similar to the T4
phage, a very small amount of normal size Afp particles can be produced by Afp variants carrying truncated
Afp14 protein. This occurrence would explain the biological activity of the cells carrying pAF6-6 plasmid against
C. zealandica larvae, although no Afp particles were detected by TEM in the purified preparations. The
predicted presence of the Afp particles of normal length produced in the mutants carrying truncated Afp14 may
in turn be related to a possibility that the TrP Afp16, every now and then, does not bind to the tube after the
tube has outgrown the truncated ruler protein. This is a different mechanism from that proposed for T4 phage,
where the presence of the full-length particles was attributed to the homologous recombination that may have
occurred between phage T4 29am locus and the truncated gene 29 present on the complemented plasmid.

Some regions in ruler proteins in T4 and λ phage and Afp are essential for the assembly of
the structure
In addition to being involved in the determination of the tail length, the ruler protein is thought to have other
roles in phage assembly. For example, gp29 of the T4 phage is believed to be a part of the baseplate complex
(Duda et al., 1986). It plays a structural role in anchoring the sheath to the baseplate, carrying a signal from
the baseplate to the head upon binding to the bacterial cell to initiate the DNA entry (Abuladze et al., 1994). It
was proposed that gp29 mediates a fusion of membranes and facilitates the entry of DNA into the cytoplasm
of target cell (Abuladze et al., 1994). The fact that the shortest Afp14 variant, coded by the plasmid pAF6-6
carrying 15.6% of the full afp14 length, was not able to produce a detectable assembly (Table 3-8) suggests
that the deleted N-terminal region is involved in an early stage of the Afp assembly. It is possible that this
region is involved in the formation of the baseplate as it was shown for the T4 phage (Abuladze et al., 1994)
and phage λ (Katsura, 1990). While a large part of the gpH N-terminal and central regions (up to 65%) are not
essential for the assembly process of λ tails, the C-terminus of the gpH protein was shown to be indispensable
for the baseplate assembly (Katsura, 1990). On the other hand, in the ruler protein gp29 of the T4 phage, the
central region and the N-terminus were both shown to be essential for the baseplate assembly. This thesis
work has demonstrated that, similar to T4 phage gp29, C-terminus of Afp14 seems to be dispensable for the
Afp assembly, while its N-terminal end is probably involved in the baseplate formation.

Speculation on putative Afp ruler protein and toxin localisation in the Afp particle
The ruler protein of the T4 phage is speculated to be located in the cavity running through the length of the T4
tube in its uncontracted form (Leiman et al., 2010). This cavity is filled with a roughly continuous density of an
average diameter of approximately 20 Å. A similar density was found inside the Afp tube, but not in the TBC
tube (Heymann et al., in press). The new knowledge that Afp possesses a ruler protein similar to known phages
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was used to help to strengthen theories on the proposed density in the Afp reconstructions (Heymann et al., in
press). It was proposed that the observed density in the Afp tube may be either the ruler protein (Afp14) and/or
the Afp toxin molecule. The λ phage ruler molecule gpH was shown to be absent from tails that are defective
in its gpU TrP (Katsura, 1990). It is possible that while ruler protein has to be initially present in the particle in
order for the baseplate to assemble, the particles that do not possess TrP may lose the ruler protein in the
later stage of the assembly. Similarly, a TBC devoid of TrP Afp16 may lose the ruler protein after its baseplate
assembly is complete. This would explain the absence of the density in the cavity running through the length
of the TBC particle.

The secretion of the toxin may be mediated through Afp14
It is possible that both Afp14 and the predicted Afp17 and Afp18 toxin molecules fill the cavity in the tube. The
putative Afp17 toxin was undetected in the Afp sample. Its Afp18 counterpart, on the other hand, was observed
in relatively high abundance as viewed by SDS PAGE and validated by LC-MS/MS, indicating that Afp18 may
be present in multiple copies in the Afp particle. The ability of cells harbouring construct pAF1-16 to form a
mature Afp suggests that the putative Afp17 and Afp18 toxins are not required for the formation of Afp structure.
Given the high molecular weight of Afp18 (263.4 kDa) it is possible that it is localised inside the Afp particle in
its unfolded state. Indeed it was demonstrated for the bacterial type 3 secretion system (T3SS) that effector
molecules (toxins) needed to be partially or completely unfolded in order to be secreted through this system
(Macnab, 2003). The folding process begins when molecules exit, pulling the molecule through the needle
structure of the needle complex. A similar model may be proposed for the secretion of the Afp toxin, where
unfolded Afp18 with or without Afp17 are excreted into the target cell switching into its folded state after the
release from the Afp particle. In this context, it was shown that the gp29 of the T4 phage mediates the DNA
injection into the host cell (Abuladze et al., 1994). It is therefore tempting to speculate that Afp14, similar to
gp29 in phage T4, is excreted from the Afp when the particle contracts, facilitating toxin delivery into the target
cell. Future studies will provide insights into the location of the putative Afp17/Afp18 toxins and ruler protein
Afp14 prior and after interaction with the target cells. Location within the Afp particle can be determined by
comparing the density maps of Afp particles purified from pAF1-16, pAF1-17 and pAF6-21 bearing cultures.

4.3 Afp16 is a TrP involved in Afp length termination and stabilisation of
the sheath
TrP proteins of phages and Afp share no sequence similarities
In spite of an obvious functional similarity between the TrP in different phage systems, they share low amino
acid similarity (Pell et al., 2009b), a scenario observed with many phage proteins (Section 1.5.1). In agreement
with that, no significant similarity to TrP proteins was detected using BLASTP or motif searches for Afp16 (
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Table 3-1). Pell et al. (2009) proposed a linkage of growth-terminating factors through the translative or indirect
homology. The authors were able to show a pathway of five sequence comparisons leading from gpU to
STM4215 [Protein Data Bank (PDB) ID: 2GJV], a putative TrP encoded in a prophage element of Salmonella
typhimurium (Edmonds et al., 2007a). The pairwise identities of sequences at each step in this pathway were
at least 24% (Pell et al., 2009b). The authors hypothesised that all long-tailed phages may utilise a conserved
mechanism for tail termination (Pell et al., 2009b). Given the lack of sequence homology between TrP proteins,
structural assessment of putative TrP proteins is an important tool in identifying TrP proteins (Pell et al., 2009b).

Like phage TrPs Afp16 is a hexamer located at the apical end of the particle
Both TrPs gpU and gp3 of phage λ and T4 tails, are respectively proposed to be located at the apical end of
the tail (Katsura, 1976; King, 1968). However, attempts to show its location on the T4 tail through immunogold
electron microscopy failed (Vianelli et al., 2000). At the apical end of Afp, at the extremity of the helical sheath,
there is a distinct protrusion of approximately 9 nm in diameter and 4 nm in height (Section 3.6.6.3; Figure 44). This protrusion or cap was shown to have the shape of a six-fold ring (Heymann et al., in press). It was
proposed that this protrusion might potentially correspond to the Afp16 protein (Heymann et al., in press).
Based on the inconclusive results of the immunogold labelling of the Afp particle with anti-Afp16 antiserum it
can be speculated that the Afp cap consists of an Afp16-ring and another putative capping protein). In support
of this, both Afp5 and Afp1 show significant amino-acid similarity to the T4 phage gp19 tube protein (Sen et
al., 2010). Based on the observation that Afp5 is present in the Afp but not in the TBC preparations, it is
possible that Afp5 interacts with Afp16 similar to gp15 of phage T4 (Figure 4-4C).
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Afp16
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gp15
gp3

T4 phage

Figure 4-4 Comparison of the apical regions of the T4 phage tail and the Afp.
(A) A cut-away view of the lower neck region of the T4 phage with densities putatively assigned to gp3 (orange) and
gp15 (yellow) proteins. The dashed line denotes the position of the T4 phage head. This figure was modified from Leiman
et al., 2010. (B) Afp particle from the Afp reconstruction image and its corresponding clipped view showing cap which
may be assigned to Afp16 and putatively Afp5. This figure is adapted from Heymann et al. (in press). (C) A speculative
model of the Afp cap consisting of a Afp16 double ring complex and Afp5 complex based on observations described in
text.

In contrast to the T4 phage TrP, Afp16 may be organised as a double hexameric ring
consisting of twelve copies of Afp16 protein
The copy number of the Afp16 protein in the Afp16 complex may be estimated from the comparison of the
molecular weight of the Afp16 protein and the weight of the native Afp16 complex. The estimated molecular
weight of the Afp16 complex in its native stage based on its elution time in SEC (both S-300 and S-400) is
approximately 400-500 kDa (Section 3.6.3). With the molecular weight of the Afp16 oligomer of 32 kDa, the
approximate copy number of Afp molecules in the complex can be estimated as 12-16 per Afp16 oligomers
161

Chapter 4. Discussion

complex (

400 𝑘𝐷𝑎
32 𝑘𝐷𝑎

= 12.5;

500 𝑘𝐷𝑎
32 𝑘𝐷𝑎

= 15.6). Based on the six-fold symmetry of the Afp16 complex and the Afp

particle, a double hexameric ring consisting of twelve Afp16 oligomers is the most promising prediction of the
Afp16 complex configuration (Figure 4-4C). This would imply a significant difference to the predicted
configuration of T4 phage gp3 complex which contains only six copies of gp3 protein (Leiman et al., 2010).
The reconstruction of the Afp16 particle was limited exclusively to end-on views due to the particle’s orientation
flat on the grid surface. Future work will include structural analysis of Afp16 using cryo-EM and x- ray
crystallography that will describe the high-resolution three-dimensional structure of the Afp16 complex.

Afp16 shows similar behaviour to phage λ TrP when added in vitro to Afp previously
unravelled by acidic treatment
Several attempts at achieving in vitro complementation of phage-derived TBC with TrP are described in the
literature. For example, the gpU derived from cell lysates obtained from the infections with V (major tail protein)
or H (ruler protein) mutant phage was able to complement in vitro the non-infectious elongated tails formed by
gpU amber mutants. This complementation resulted in infectious phages consisting of the heads connected
to the tails of longer than regular lengths (Katsura and Kühl, 1975). Attempts to carry out a similar experiment
with lysates from pAF1-15 expressing cells and either purified Afp16 or cell lysate of cell lysates expressing
this protein were unsuccessful (Section 3.6.6.1). This indicated that in contrast to the gpU, Afp16 cannot
function on fully assembled TBC particles when added to the already assembled TBC particles in vitro.
The earlier studies of Bleviss and Easterbrook (1971) showed that the lambda phage tails disassembled when
they were treated with a pH of less than 2.8 or greater than 11.8. When pH was readjusted to 7, structures
were produced that resembled the original tail except for their unusual length (in average 1.5 μm). This
observation allowed Katsura and Tsugita (1977) to demonstrate that in the presence of the Trp gpU, the length
of λ phage related tails was shorter upon changing the pH of the λ phage sample from 2 to 7, than those
observed in the absence of gpU (0.3 μm vs. 1.5 μm, respectively). This study confirmed the conclusion made
earlier that gpU is involved in the tail length termination of λ phage. In agreement with this, when pH 2-treated
Afp preparation was readjusted overnight back to neutrality and incubated with purified Afp16, tubes of a
decidedly shorter length were formed compared to those that formed in the absence of Afp16 (0.2 - 0.8 μm vs.
up to 3 μm, respectively). Taken together, these results suggest that, similar to gpU, Afp16 acts to terminate
the otherwise aberrant elongation of Afp tubes during assembly.

Model for Afp length terminations mechanism
While TBC particles derived from the pAF1-15 construct possessed no sheath, the cis expression of afp16
(pAF1-16) restored the sheath to the Afp particle. Afp variants purified from E. coli DH10B [pAF6-24;
pANANFA1] extract expressing an Afp variant where Afp16 was truncated by 22 C-terminal amino-acid
residues revealed an Afp phenotype intermediate between particles produced from cells containing constructs
pAF1-15 and pAF1-16. Both Afp and TBC particles of aberrant lengths were observed. This phenotype was
also similar to the preparations derived from trans expression of Afp16 with pAF1-15. Taken together, these
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results suggest that Afp16 is involved in both termination of the length of Afp particle and stabilisation of the
sheath structure around the tube.
The following model (depicted in Figure 4-5) is proposed based on these findings. Afp16 is a TrP that can be
incorporated onto the tube at any stage of tube polymerisation, provided that the tube terminus is not protected
by the predicted Afp ruler protein Afp14 (Section 4.2). Such a process terminates tube elongation and stabilises
the organisation of the sheath around the tube. Expression of Afp16 in the presence of TBC of varying lengths,
or the direct interaction of truncated Afp16 derived from E. coli DH10B [pAF6-24; pASANFA1] with TBCs in
vivo leads to the formation of mature Afp particles of varying lengths that are similar in size to or larger than
the wild-type Afp (Figure 4-5C). This model is supported by the results of the in vitro pH study of TBC, where
purified Afp16 terminated tube elongation at any stage of the tube re-assembly process. Upon binding of Afp16
to the tube, the stabilisation of the sheath around the tube may occur by maintaining the sheath in its functional
uncontracted form as discussed later in this Section.
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Figure 4-5 Proposed Afp assembly and elongation model.
According to the phage tail elongation model (Marshall, 2004), the ruler protein stretches from the baseplate to the end
of the tube during the polymerisation of the tube, protecting it from the TrP. As soon as the tube becomes longer than the
ruler protein, the latter can no longer protect the tube from the inhibitory action of TrP. A similar scenario is suggested
for Afp, where Afp16 acts as a TrP interacting with a predicted Afp14 ruler protein (Section 4.2). (A) When no Afp16 is
present (particles derived from pAF1-15), the tube continues to elongate resulting in the formation of non-sheathed TBC
particles of aberrant length (200-800 nm in average). This suggests that the sheath proteins either cannot polymerise
around the tube in the absence of Afp16 or any sheath formed is highly unstable and shears off even under the relatively
mild purification process. (B)The expression of Afp16 in trans with pAF1-15, leads to an interaction of Afp16 with a
population of elongated TBC particles when Afp16 is induced at basal levels. This leads to a termination of tube
elongation and stabilisation of the sheath around the tube, leading to the formation of “giant” mature Afp of larger than
regular length. (C) When all of the Afp proteins 1-16 are induced at the same time in pAF1-16-derived cultures, the Afp16
hexamer binds to the apical, unprotected end of the tube after it has reached its requisite length (determined by the
predicted ruler protein Afp14) terminating tube elongation. The sheath is then stabilised by Afp16 leading to the formation
of the mature Afp particle of a regular length. The fact that Afp5 is present in the Afp but not the TBC preparations (refer
to text) leads to speculation that it may be incorporated in the Afp particle after the Afp16 ring-like oligomer has attached.
It is suggested that Afp5 interacts with Afp16 and may possibly be involved in stabilisation of the sheath formation similar
to the role that the gp15 protein performs in T4 phage assembly.
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Afp16 plays a dual role in tail length termination and sheath stabilisation similar to TrPs of
T4 and λ phages
The TrP of T4 phage gp3 was shown to be involved in both tail length termination and sheath stabilisation
(King, 1968; Vianelli et al., 2000). The TrP gpU of phage λ was also demonstrated to have two separate
functions involved in the head and tube binding. The regions of the gpU protein responsible for these two
functions were shown to be located at the top and bottom subunits of the gpU hexamer complex, respectively
(Pell et al., 2009b). In contrast to the Afp variant produced by E. coli DH10B [pAF6-24; pANANFA1] that
expresses C-terminally truncated Afp16, where a partial sheath was detected for a subset of TBC particles,
TBC particles produced by E. coli DH10B [pAF1-15] were completely devoid of sheath. In contrast, baseplateassociated sheaths have been observed in the phage T4 missing its TrP gp3 (Vianelli et al., 2000). This
suggests an alternate role of Afp16 in stabilisation of the Afp sheath compared to that for the phage T4 TrP
gp3.

Roles of individual predicted sheath proteins Afp2-4 in Afp sheath formation based on study
of Afp particles bearing truncated Afp16 and LC-MS/MS data
It seems likely that the aberrant Afp16 complex derived from pAF6-24 binds both the tube and the sheath less
efficiently, leading to the formation of aberrant particles. The particles that lost or did not incorporate truncated
Afp16, subsequently elongate while the defective interaction of Afp16 with the sheath leads to formation of
aberrant sheath. These formations may be related to the presence of three predicted sheath proteins. In
contrast, the R2/F2 region of pyocin from P. aeruginosa PAO1 (PRF17, Nakayama et al., 2000) and T4 phage
(gp18, King, 1968) contain only one sheath protein. Of interest, compared to Afp2 and Afp3, Afp4 possess the
highest amino acid sequence similarity to phage sheath protein gp18 (Heymann et al., in press), indicating its
important role in the Afp sheath formation. LC-MS/MS assessment of SDS-PAGE from TBC and Afp samples
revealed that Afp2 and Afp3 were present in high abundance in the Afp preparation but absent from TBC
samples (Table 3-5), showing that these are involved in the sheath formation. The presence of a 39 kDa band
(Figure 3-31) in the SDS-PAGE of the purified polysheath fraction (Figure 3-31B) which correlates in size with
the molecular weight of Afp2, indicates that Afp2 is the main component of the contracted sheath. The
presence of the predicted sheath protein Afp4 at basal levels in both the Afp and the sheathless TBC (Table
3-5), however, may be explained in a several different ways. First, the stain-excluding protein layer that was
infrequently observed on a subset of TBC population (Figure 3-21B-D) may correspond to the Afp4 which may
decorate the central tube independently of Afp16. The stain-excluding fragments were observed in the extralong tubes of the T4 phages produced under in vitro conditions from the tubes of regular length (Tschopp and
Smith, 1977). However, in that case the stain did not penetrate significantly further down the tube than the
point at which the regular-length tail would terminate. The stain excluding material in T4 tubes produced using
treatment of T4 tubes with GuHCl was estimated to fill approximately 40% of the tube length (or 41 nm) (Duda
and Eiserling, 1982) and corresponded to the ruler protein gp29 (Leiman et al., 2010). In the case of Afp, the
fragments of the tube that excluded stain were in some cases much longer than the regular length of the Afp
particle (Figure 3-21B-D), ruling out the possibility that the density corresponds to the predicted ruler protein
Afp14 (Section 4.2). It was observed by Heymann et al. (in press) that the tube reconstructed from the TBC
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appeared to be wider than that extracted from the Afp particle (compare Figure 4-6C with Figure 4-6D-E). The
TBC tube has a double-shell appearance, as opposed to the single shell appearance in the Afp particle. The
authors speculate that it may be because the TBC swells in negative stain, separating the two shells in the
wall or that it reflects small structural change in the absence of the protein sheath in the TBC (Heymann et
al., in press). However, a possibility that this double-shell appearance may be due to a sheath-like layer
composed of predicted sheath protein Afp4 present in a subset of the TBC population cannot be completely
ruled out. On the other hand, if Afp4 were forming a tube-proximal sheath layer, this would imply the presence
of Afp4 in high copy number, comparable to Afp2 and 3 in the Afp preparations. However, this was not
observed on the SDS-PAGE of Afp preparations. In this context it was noted that in the reconstruction image
of TBC (Figure 4-6C) there is a thickening of the tube where it connects to the baseplate which appears visually
similar to the first sheath layer of the Afp particle. It is tempting to speculate that this thickening may be the
first sheath layer and may be composed of Afp4. Another explanation of the Afp4 presence in TBC preparations
involves the occurrence of “spiral-like” structures in the purified TBC preparations (Figure 3-22A). It is possible
that the low-abundance “spiral-structures” are composed of Afp4 protein and are responsible for a faint Afp4
band detected in TBC preparations as mentioned previously (Section 4.1). The E. coli DH10B [pAF6-24;
pANANFA1] cells assembled particles where the sheath appeared to contain several coats that were layered
on top of each other (Figure 3-65A) or were visually thinner than regular Afp particles, with partly entwined
sheaths (Figure 3-65A), indicating defective function of the truncated Afp16. These multiple sheath phenotypes
invoke a possibility that each of the three putative sheath proteins, Afp2, Afp3 and Afp4, may have a distinct
role in the formation of the Afp sheath as illustrated in Figure 4-7A. Of interest, the deletions of the putative
sheath proteins Afp2-4 in the pAF1-16 construct resulted in no visible assembly. This indicates that Afp2-4 are
required for the formation of TBC, although Afp2 and Afp3 are not present in the TBC particle as detected by
LC-MS/MS of the TBC preparation (Table 3-4). It is not uncommon among phages that one protein plays
several roles in phage assembly. For example, both ruler proteins of the phage T4 (gp29) and phage λ (gpH)
are involved in determining the length of the tube and are required for the baseplate assembly formation
(Cornelis et al., 2006). Similarly, it is possible that predicted sheath proteins Afp2-4 may have additional yet
unknown roles in the Afp assembly.
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Figure 4-6 Comparison of Afp and TBC 3D reconstruction images
Three dimensional reconstruction of the Afp (A and B) and TBC (C) particles. (A) Clipped view of the reconstruction of
the Afp particle with imposed C6 symmetry from cryo-electron micrographs of untilted specimens. (B) The central tube
and needle excised from the Afp map. (C) Reconstruction of the TBC determined from negatively-stained samples. The
red arrow denotes a putative double-shell appearance of a TBC-derived tube; the blue arrow denotes the “thickening” on
the TBC tube where it connects to the baseplate. Scale bar = 100 nm.
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Maturation and contraction of the Afp sheath may be triggered by Afp16 allowing for an Afp
sheath maturation model to be proposed
It was found that in particles derived from the pAF6-24 construct a partially contracted sheath was found only
associated with the apical part of the tube, while the non-contracted sheath was associated with the baseplate
(Figure 4-7B), indicating that Afp16 is involved in sheath contraction. Of interest, only abnormally contracted
sheaths with the baseplate located at the distal end of the tube were observed. This indicated that the Cterminal part of Afp16 is also important for the successful interaction of the baseplate with the sheath. Partially
contracted tails were also found in the phage Mu containing a mutation in its TrP (gene K). However, those
contracted sheaths were baseplate-associated (Grundy and Howe, 1985).
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Partial contraction of the
sheath in apical Afp region
results in separating of the
contracted and uncontracted
sheath subcomponents and
potential loss of one or both of
the subcomponents due to
their instability in the absence
of Afp16 and/or Afp5

Figure 4-7 Speculative model of Afp sheath maturation based on aberrant sheath formations observed by
particles incorporating truncated Afp16.
(A) Afp sheath is speculated to consist of several layers putatively corresponding to the predicted sheath proteins Afp24. The defective interaction of the sheath layers with the tube may occur due to the malfunction of the truncated Afp16 in
sheath stabilizing: the putative sheath layers 1 and 2 are consequently added to the Afp particle (panels 1-3), while
misassembled layers may subsequently dissociate from the particle (panels 4-5). (B) Based on the observation that
partially contracted sheath were found only associated with the apical part of the tube while the uncontracted sheaths were
associated with the baseplate, it is proposed that the mature Afp particle incorporating truncated Afp16 may either lose
Afp16 or that the protein has less affinity for the sheath. This would consequently result in contraction of the sheath in
the apical region and separation of the two sheath subcomponents. Subsequently, either of the two subcomponents may
disassociate from the sheath due to its instability in absence of fully functional Afp16. Afp5, which is homologous to
Afp1, may also be involved in sheath stabilisation by interacting with the Afp16 oligomer.
With reference to Figure 4-7 it is proposed that the stabilisation of the sheath around the tube may occur by
maintaining the sheath in its functional uncontracted form starting at the apical end of the tube. The defective
interaction of the truncated Afp16 with the apical part of the tube or its disassociation from the mature particle
may result in a contraction of an apically located fragment of the sheath as illustrated in Figure 4-7B. It was
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speculated by To et al. (1969) that the uncontracted sheath can be compared to a “suspended spring”, which
is attached on one side to the apical part of the tail (neck) and on the other side to the baseplate. The
contraction is then triggered by releasing the interactions between the baseplate and the tail tube, resulting in
suspension of the spring (sheath contraction) which would carry the baseplate with it. Of interest, treatments
of T4 tails with ultraviolet light (Winkler et al., 1962) or freeze-thawing (To et al., 1969) resulted in some
instances in the sheath being split into two parts, each contracted to one end of the tube, partly similar to Afp
appearance demonstrated in Figure 4-7B (panel 2). According to the proposed model it is possible that Afp
sheath in its uncontracted form can also be compared to the spring that is held by Afp16. This spring is partially
released when Afp16 is defective in its function performing sheath stabilisation. This may result, by an as yet
unknown mechanism, in splitting the sheath in two parts while one of them is contracted and the other remains
in its uncontracted state. Further investigations are required to fully understand how Afp16 is involved in the
sheath stabilising.

4.4 Assembly pathway model in Afp
Comparison of Afp and phage variants missing some essential genes
The expression, purification and assessment of Afp derivatives composed of various sub-components of the
afp1-11, 1-12, 1-13 or 1-14 gene products either in the presence or absence of the predicted Afp chaperone
Afp15 or deletion of putative Afp sheath genes afp2, 3 and 4 in the pAF1-16 construct, demonstrated that none
of the constructs produced Afp-like particles or substructures as assessed by TEM (Table 3-12). The missense
mutation (conservative aspartate to glutamate replacement) introduced in afp12 potentially may have
influenced the ability of mutants made using the construct pAF1-12 to form Afp structures. It was shown,
however, that afp14 has to be expressed in order for the Afp particle to assemble. As none of the mutants
produced using pAF1-12 construct contained afp14, the influence of the missense mutation in afp12 appears
not to be crucial. The ability to purify TBC variants with partially-formed sheaths from the pAF6-24 variant
demonstrated that the purification strategy used for this study was gentle enough to allow the detection of the
aberrant sheath associated with the TBC. It is common among phages that when one assembly component is
missing, the structure cannot assemble (Aksyuk and Rossmann, 2011; Section 1.5.1). This ensures that
monomers are not wasted on incomplete intermediates (Casjens and Hendrix, 1988). The absence of any
visible Afp substructure for the constructs mentioned above is similar to that reported for phage λ (Mount et
al., 1968; Kemp et al., 1968), phage Mu (Grundy and Howe, 1985) and P2 phage (Lengyel et al., 1974). In
these cases, none of the tail gene defective mutants, other than mutations in genes the products of which are
responsible for tail termination or, in some cases, are involved with the head attachment, produced tail-related
assemblies. On the other hand, the inability to form an Afp derivative by expressing any combinations of genes
afp1-13 with or without the predicted Afp15 chaperone can also be explained by the fact that the N-terminus
of Afp14 is essential for baseplate formation (Section 4.2). The absence of visible assembly formation
produced by cells carrying afp1-14 genes while expression of the afp1-15 resulted in TBC structures of
aberrant lengths indicates an essential role of the predicted chaperone Afp15 in the Afp assembly process. It’s
requirement in cis with afp1-14 may indicate a possible translational coupling with afp14 that needs further
inversigations. In contrast, a putative Afp15 orthologue T6SS chaperone ClpV is involved in the disassembly
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of the sheath proteins VipA/VipB. It was shown to be play an important role for the T6SS activity in V. cholerae
with a 90% loss of activity in the T6SS ClpV mutant. Its presence, however, was not essential for the formation
of T6SS (Basler et al., 2012). This suggests that the predicted Afp15 chaperone plays a different role in
structure assembly of Afp than the role played by ClpV in the T6SS. Of interest, Afp15 was not detected in the
SDS-PAGE of either Afp or TBC preparations. This suggests that it may have only a functional role and may
not be involved in Afp structure formation.

A speculative model of Afp assembly pathway based on experimental and bioinformatics
data
The results presented in this study combined with the data from the bioinformatics assessment (Table 4-2)
and those obtained from the biological assessment of the strains bearing transposon generated mutations of
pAF6 construct (Hurst et al., 2004), suggest that Afp proteins Afp1, 2, 3, 4, 5, 7, 8, 9, 11, 13, 14, 15 and 16 are
essential for the assembly of mature Afp particles in concentrations detectable by TEM. No experimental data
is available to date that would allow concluding the respective roles Afp6, 7, 10 and 12 proteins in Afp structure
formation (Table 4-2).
The following speculative model can be proposed for the assembly pathway of Afp based on the results of this
study combined with the knowledge of the assembly pathways of the well-known phages like phage T4
(Section 1.4.2.1). Based on the data of Table 4-2, the formation of the baseplate probably requires the action
of at least four proteins: Afp8, Afp9, Afp11 and the ruler protein Afp14 as outlined in Figure 4-8. The predicted
chaperone Afp15, predicted sheath proteins Afp2-4 and the protein of unknown function Afp7 may also be
required for the baseplate assembly as few or no assembled assemblies were detected by TEM in the absence
of those proteins. The six Afp tail fibres putatively consisting of Afp13 may subsequently attach to the baseplate
at this stage. This is confirmed by the fact that sheathles TBC particles possess tail fibres. On the other hand,
the observation that Afp fibres attach not only to the baseplate but also to the sheath (Heymann et al., in press)
suggests that the tail fibres may attach after the sheath has polymerised around the tube. This contradiction
needs further investigation. The predicted tube protein Afp1 polymerises using the baseplate as an initiator
complex. The ruler protein Afp14 stretches along the tube, filling the cavity inside, while the tube elongates.
When the tube becomes longer than the ruler protein, its end is no longer protected by Afp14 from the Afp16
TrP. Subsequently, the tube assembly is terminated by Afp16. Binding of Afp5 to Afp16 probably follows,
completing the tube assembly. Finally, the predicted sheath proteins Afp2-4 polymerise around the tube.
Assembly of the sheath is stabilised by Afp16, and possibly Afp5, as discussed in Section 4.3.
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Table 4-2 Predicted roles of Afp proteins in the assembly of a mature Afp particle
Protein
Afp1

Predicted function/location
Afp major tube protein

Afp2
Afp3
Afp4
Afp5
Afp6
Afp7

Afp sheath protein
Afp sheath protein
Afp sheath protein
Afp completion protein
Unknown
Unknown

Afp8

Baseplate protein (spike at
the end of the baseplate)
Baseplate protein/ lysozyme
activity

Afp9

Afp10
Afp11

Unknown
Baseplate protein

Afp12
Afp13

Afp15

Unknown
Tail fibre protein (has
similarities to duck
adenovirus 1 fibre protein)
Ruler protein, essential for
the baseplate assembly (this
study)
ATPase

Afp16

TrP (this study)

Afp17
Afp18

Putative toxin
Putative toxin

Afp14

Significance for the Afp assembly
The high abundance of Afp1 relative to the other Afp proteins in the TBC
sample suggests that this protein is the main component of the central tube
in Afp
Afp2-4 deletion mutants in pAF1-16 produced no visible Afp-related
assembly (this study)
It is speculated to be associated with Afp16 capping the Afp particle
No direct experimental data is available
Transposon insertion resulted in a biologically active product with
extremely low yield of particles produced (this study)
No direct experimental data is available
No direct experimental data is available; however its high abundance
relative to the other Afp proteins in the Afp and TBC samples as detected
by SDS-PAGE suggests that Afp9 plays an important role in Afp structure
formation
No direct experimental data is available
Transposon insertion resulted in a biologically inactive product (Hurst et
al., 2004)
No direct experimental data is available
Transposon insertion resulted in a biologically inactive product (Hurst et
al., 2004)
Transposon insertion resulted in a biologically active product with no Afprelated assembly being visualised by TEM; this may reflect extremely low
yields of particles produced
pAF1-14 produces no visible macromolecular complex (this study);
transposon insertions resulted in a biologically inactive product (Hurst et
al., 2004)
Essential for termination of aberrant elongation of the tube and sheath
formation (this study)
pAF1-16 produces mature Afp particles
pAF1-17 produces mature Afp particles

Figure 4-8 A speculative model for the assembly pathway in Afp.
The initiation complex is built from predicted baseplate proteins Afp8, 9 and 11 and the predicted ruler protein Afp14
with speculative assistance of the predicted chaperone Afp15, predicted sheath proteins Afp2-4 and Afp7. The tail fibres
consisting of Afp13 attach to the baseplate at this stage or after the completion of the sheath (see text). The predicted tube
protein Afp1 assembles onto the initiator complex. The ruler protein Afp14 stretches along the polymerised tube
protecting it from the TrP Afp16. Finally, Afp16 terminates the tube elongation when the tube end is no longer protected
by the ruler protein. Binding of Afp5 to Afp16 may follow. Afp16 and possibly Afp5 stabilise the association of the
predicted sheath proteins Afp2-4 around the tube resulting in a mature Afp particle.
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4.5 Afp biology
The Afp dose response analysis showed that Afp is a highly potent toxin delivery apparatus
Based on dose response analysis, approximately 500 Afp particles are needed to cause 50% of the C.
zealandica larvae to stop feeding. The small number of Afp particles required to cause cessation of feeding
activity by the larvae determined in this study is insignificant in comparison to the several million cells that
comprise the insect’s gut. This number is also extremely low when compared to other known insect toxin
systems. For example, approximately 9.56 × 108 molecules of the Yersinia entomophaga insect active toxin
complex Yen-Tc are required to kill 50% of the Plutella xylostella larvae within six days of ingestion (Landsberg
et al., 2011); or in the case of the Bacillus thuringiensis Cry1A (c) protein, LD50 toward Manduca sexta and
Heliothis virescens, is 2.42 × 1010 and 7.30 × 109 molecules, respectively, over five to six days (Höfte et al.;
1988, Höfte and Whiteley; 1989, Landsberg et al., 2011).
Amber disease induced by S. entomophila is chronic. The infected larvae take one to three months to die
(Jackson et al., 1993). On the other hand, higher concentrations of Afp particles derived from the high copy
pAF6-21 plasmid cause the deaths of the larvae within 14 days post-application (Hurst et al., 2007; Section
1.2.6). This information has the several implications. Firstly, only a handful of the bacterial cells are producing
the biologically active Afp particles at any given time during the course of the disease. Secondly, only a subset
of as yet to be defined receptor sites is targeted by the Afp. Combined, this data indicates that the associated
gross pathobiology effected by the putative Afp toxin/s (Afp17/18) may be caused by a cascade effect on
downstream cellular signalling and other yet unknown physiological processes. The extremely low LD50 of Afp
toward S. entomophila may also be an explanation for the unexpected biological activity of the cells carrying
constructs pAF6-6 and pAF6-3 that produced no detectable Afp particles. Afp particles may be produced by
these mutants on rare occasions, resulting in residual biological activity of its preparations. The concentration
of the particles, however, may not be sufficient for detection using TEM.

Factors responsible for regulation of Afp expression in its Serratia host
It is speculated that Afp is responsible for stopping the natural flushing action of the larval gut as opposed to
killing the host within days (Section 1.2.6). In order to ensure a slow development of the amber disease, the
expression of Afp in its natural environment has to be tightly regulated. The regulation of Afp expression may
require production of a limited number of Afp particles per cell. The other way to control the Afp expression
may be tightly regulating the Afp-derived cell lysis. This may be achieved by ensuring that only a limited number
of bacteria in the Serratia population lyse at a certain time in the population. The only regulator of the afp
cluster known to date is the AnfA1 protein (orthologue of the RfaH regulator). AnfA1 is located upstream of the
afp genes (Section 1.2.6). AnfA1 was predicted to enhance the expression of the distal afp genes by denaturing
hairpin structures in the afp RNA (Hurst et al., 2007; Section 1.2.6).
Based on the Table 4-3, it is possible that Afp-related cell lysis is dependent on the presence of three factors:
1) the induction of AnfA1; 2) the induction period of 24 hours indicating that cells reach the stationary phase
and 3) the presence of an additional putative lysis factor gene(s) on the Afp-encoding plasmid. This last
speculation is based on the observation that the cell lysis was only detected in cell cultures that contained the
wild-type pADAP-derived pAF6-21 plasmid. On the other hand, the cells carrying pAY2-4-derived vectors that
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only carry the afp gene cluster, pARAF1-18’ or pAF1-15, showed no signs of cell lysis. This implies that an
extra lysis factor may be present on the pAF6-21 plasmid which is absent from the pAF1-15 and pARAF1-18’.

Table 4-3 Occurrence of the cell lysis by the Afp harbouring constructs
Strain / Induction or incubation period
DH10B [pAf6-21; pASANFA1] / 24 hours
DH10B [pAf6-21; pASANFA1] / 5 hours
DH10B [pAf6-21; pASANFA1] / 24 hours
(uninduced)
DH10B [pAF1-15; pASANFA1] / 24 hours
DH10B [pAF1-15; pASANFA1] / 5 hours
DH10B [pARAF1-18’; pASANFA1] /24
hours

AnfA2 (or other protein outside
of afp gene cluster) present
+
+
+

AnfA1
induced
+
+
-

Stationary
phase
+
+

Lysis
occurs
+
-

-

+

+
+

-

AnfA2 as a predicted holin that may be involved in regulation of Afp-related cell lysis
There are several ORFs located 3’ and 5’ from the afp gene cluster in the pAF6-21 construct that are not
present in pAY2-4 derived vectors. Those ORFs are: orf5, orf6, sea20, sea21, sea1-3, sea22, sea23, anfA1,
anfA2 and sea24-27 (Hurst et al., 2004). The Afp lysis cassette coding for proteins Enp1, Hol1 and Mur1 is
present on all vectors expressing Afp (Table 2-3). According to the Table 3-1, in addition to the Afp lysis
cassette, the predicted product of the anfA2 is the only one related to cell lysis known proteins. AnfA2 belongs
to the phage holin family (lysis protein S). The concentration of holins in the cell determines when cell lysis
happens (Section 1.2.6.3). This allows the cell lysis to occur only when the concentration of the phage within
the cell has reached its maximum. Cells expressing several phage-related holins often undergo an accelerated
onset of cell lysis relative to cells that express a single holin (Wang et al., 2000). For example, it was shown
for phage λ that critical levels of holin’s concentration trigger the lysis “clock” resulting in cell lysis (Gründling
et al., 2001). In agreement with this, both putative holins Hol1 and AnfA2 that are present in the pAF6-21
construct may be involved in the onset of cell lysis and their effects may be cumulative.

The occurrence of the Afp-related cell lysis in the stationary phase may be triggered by
RpoS and/or AnfA1
Another possible explanation for the cell lysis occurring only in the stationary phase (24 hours induction), but
not when cells were induced for five hours is related to the RpoS factor (Section 1.2.6.2). It is possible that one
or both of the lysis factors are regulated by the RpoS stress-gene regulator. It is known that RpoS-dependent
genes are upregulated in the stationary phase and that AnfA1 is upregulated by RpoS (Section 1.2.6.2).
Therefore the RpoS may be responsible not only for induction of Afp expression but also for the stationaryphase effect on the Afp-related cell lysis.
Occurrence of cell lysis only in the arabinose-induced E. coli DH10B [pAF6-21; pASANFA1] cells but not in
the uninduced cells incubated for the same period of time is intriguing. It suggests that AnfA1, which is the
subject for the arabinose induction, is involved in regulation of cell lysis. The induction of AnfA1 by itself,
however, is not sufficient cause for cell lysis to occur (Table 4-3). Were this to be the case, it would contradict
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the fact that E. coli DH10B [pAF6-21; pASANFA1] cells induced for five hours do not lyse. Higher levels of
AnfA1 in combination with the presence of AnfA2 and the later stage of cell growth, on the other hand, are
sufficient to induce cell lysis (Table 4-3). The results presented in this thesis provide a solid background for
future studies that will result in a reliable model of how Afp-related cell lysis is regulated.

4.6 Conclusion
The Afp is a unique protein complex produced by Serratia entomophila that forms a phage-tail like particle and
causes cessation of feeding in the New Zealand grass grub, C. zealandica. Variants of Afp have been recently
identified in an increasing number of bacterial species, where they are speculated to constitute a secretion
system. In the course of this study it was demonstrated that as few as 500 Afp particles are needed to induce
cessation of feeding in 50% of the treated C. zealandica larvae, revealing that the Afp is a potent toxindelivering multi-protein complex.
Through this study an optimisation of Afp expression and purification was achieved. Development of a largescale heterologous production and purification of functional Afp and its variants allowed for critical examination
of the resultant particle morphology by TEM and further biochemical characterisation. Through expression of
several Afp gene cassettes and assessment by TEM of transposon-derived Afp mutants, functions have been
assigned to two Afp proteins involved in the length regulation mechanism in Afp. Afp14 was shown to be a
ruler protein, the length of which determines the length of the particle. Afp16 was determined to be a TrP with
the dual function of terminating the elongation of the tube when it has reached its required length determined
by Afp14, and stabilising the sheath formation around the tube. It was also observed that recombinant Afp16
organised in the form of a hexameric ring similar in size and shape to the TrPs of T4 and λ phage. This new
knowledge combined with further experimental and bioinformatic data available for Afp proteins allowed a
speculative model for the Afp assembly pathway to be proposed. These first insights into the assembly of the
Afp particle provide opportunities for further investigations that may help discover new pathways of tailocin
assembly and provide tools for functional manipulation of this unique toxin delivery vehicle.
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4.7 Future directions
The purification strategy developed and optimised through this study, and the use of the trans based
expression to restore defective physical phenotypes, will facilitate the detection of physiological differences
among Afp mutants that have not been assessed previously (for example, afp10, 12,13). This would allow the
elucidation of the potential function of corresponding Afp proteins.
Beyond the scope of this study are several significant areas of Afp research that need to be pursued in the
future. The Afp is a toxin delivery system with a unique and undefined mode of action. The putative Afp toxin
proteins Afp17 and Afp18 have limited amino acid similarity to proteins in the current data base and their mode
of action has yet to be defined. Bacterial toxins are usually categorised by their site of action in the
host. Exotoxins and type III-VII secretion system cytotoxins modulate intracellular targets, while endotoxin,
membrane-damaging toxins, and superantigens act on the cell surface, and exoenzymes modulate targets in
the extracellular matrix (Schaechter et al., 2012). In contrast, Afp and its orthologues PVCs are thought to
position their associated toxins close to the target cells of their corresponding hosts, via a yet to be defined
mechanism, facilitating endocytosis.
The localisation of the putative Afp toxin in the Afp particle could be indirectly identified through detailed
structural analysis of the Afp particles derived from pAF1-16 and pAF1-17 constructs and comparing their
density maps with the wild-type Afp particles (Heymann et al., in press). These investigations would also help
validate the presence or the absence of the ruler protein inside the tube. For example, if no density in tubes
derived from pAF1-16 and pAF1-17 constructs is detected, this may indicate that the density in the wild-type
Afp tubes is derived from the toxin molecule and not the ruler protein.
The site of Afp localisation in the insect gut has yet to be elucidated. To facilitate this, the Afp and/or predicted
Afp toxin molecules could be labelled using immunolabelling techniques. Alternatively, molecular techniques
could enable the incorporation of fluorescent tags. Furthermore, scanning electron microscopy (SEM) could
be used to determine if the Afp particles are attached to the insect cells, as also possibly whether they are in
the contracted form. Defining the site of localisation would also facilitate mode of action studies such as the
sub-cellular localisation of the Afp-derived toxins and the subsequent assessment of their subcellular affects.
This may then allow the elucidation of the pathways that trigger cessation of feeding by the larvae. Due to the
extremely low LD50 of Afp to C. zealandica larvae, it is probable that a low concentration of Afp particles is
present in the insect’s gut during infection and therefore, a highly sensitive detection system may be required.
However, it has also been noted that large amounts of Afp cause insect death within 7 days (Hurst et al., 2004),
suggesting that the system could be flooded with active particles and the Afp may not be truly target-specific.
This may ease the identification of binding sites within the insect gut.
The determination of Afp length by the Afp14 ruler protein can be further confirmed by restoring Afp production
and Afp particle length in cultures harbouring pAF6-6 construct by the co-expression of the full-length apf14 in
trans. It would also be of interest to define the location of Afp5 by immunolabelling of the purified Afp5 protein.
This would, in part, help validate the proposed sheath maturation protocol outlined in the study. In addition,
studies of protein-protein interactions between Afp1, Afp5 and Afp16 could further define the roles of these
proteins in the Afp structure.
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The stoichiometry of the Afp proteins attempted in this study was inconclusive and needs to be repeated. The
improved stoichiometric determination may include a spectral counting approach (Zybailov et al., 2005), where
the highly purified Afp preparation is subjected to LC-MS/MS analysis and the amounts of each single Afp
protein is determined. This method, however, requires a calibration of the LC-MS/MS instrument using
individual Afp proteins with known determined concentrations. These proteins will have to be expressed and
purified independently.
It would also be of interest to determine and quantitate the expression of the genes encoding the Afp particle
and its associated lysis genes in both the gut of C. zealandica larvae and in vitro in insect cell culture, through
the use of RT-PCR and qPCR. The determination of the afp gene expression levels in S. entomophila using
SEM may help define how many particles are inside the bacterial cell at the time of cell lyses. In addition to
these studies, it would be of interest to quanitifify both the timing and factors involved in cell lysis.
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Appendix A
Supplemental data
Bioassay data
Table A1 Bioassay of the sonicated filtrates of the Afp7, 14 and 16 mutants
before refed

Day 3 after being refed*

pAF6-3
(Afp7)

H0: 90
H100: 10

20% larvae antifeeding
H0:2
H10:6
H20:1
H100:1

pAF6-6
(Afp14)

H0: 90
H100: 10

20% larvae antifeeding
H0:2
H10:2
D20:1
H50:3
H100:2

pAF6-25
(Afp14)

H0: 40
H10:10
H50:20
H80:10
H100:30

0% larvae antifeeding
H50:1
H80:1
H90:1
H100:7

pAF6-J34
(Afp14)

H0: 10

90% larvae antifeeding
H0:9
D10:1

pAF6-7
(Afp14)

H0: 10

100% larvae antifeeding, 50% amber
H0:5
D0:5

pAF6-24
(Afp16)

H0:10

100% larvae antifeeding, 30% amber
H0:7
D0:3

Control (water)

10% larvae antifeeding
H10: 3
H10:1
H100:9
H50:2
1 dead
H80:1
H100:1
D0:1
* Ten larvae in total were assessed in this experiment. “H” denotes healthy, “D” denotes diseased; the following
number (0-100) designates percentage of a carrot cube eaten by the larvae after it has been refed; the number after the
colon specifies how many larvae exhibit a particular pathotype.
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Table A2 Afp dose response
First bioassay titre analysis
%
Group’s
carrot
average
consu- consumpmed
tion
per
No
Dil. larva
1

300

100

2

300

3

57

Antifeeding*

Particles
consumed per
larva

Second bioassay titre analysis
% carrot Group’s
consuaverage
med per
consumplarva
tion
No

Dil.

Particles
consumed per
larva

0

1386

0

390

1

80

100

30

1

390

2

80

50

1

1386

300

50

0

390

3

80

100

0

1386

4

300

5

1

390

4

80

20

1

1386

5

300

100

0

390

5

80

50

1

1386

6

300

100

0

390

6

80

5

1

1386

7

300

100

1

677

7

80

5

1

1068

8

300

95

1

677

8

80

95

1

1068

9

300

100

0

677

9

80

20

1

1068

10

300

100

0

677

10

80

10

1

1068

11

300

100

0

677

11

80

50

1

1068

12

300

100

1

677

12

80

70

1

1068

13

300

5

0

478

13

80

5

1

1002

14

300

95

0

478

14

80

10

1

1002

15

300

50

0

478

15

80

100

1

1002

16

300

100

0

478

16

80

10

0

1002

17

300

70

1

478

17

80

10

1

1002

18

300

50

1

478

18

80

100

0

1002

19

300

95

0

422

19

80

90

1

1494

20

300

95

0

422

20

80

90

1

1494

21

300

50

1

422

21

80

50

1

1494

22

300

50

1

422

22

80

10

1

1494

23

300

30

0

422

23

80

10

1

1494

24

300

30

1

422

24

80

100

1

1494

25

300

50

1

256

25

80

5

1

897

26

300

50

0

256

26

80

0

1

897

27

300

5

1

256

27

80

5

1

897

28

300

0

0

256

28

80

100

1

897

29

300

90

1

256

29

80

50

1

897

30

300

95

0

256

30

80

50

1

897

31

300

100

0

620

31

80

100

0

2114

32

300

50

0

620

32

80

95

1

2114

33

300

100

1

620

33

80

100

1

2114

34

300

100

0

620

34

80

50

1

2114

35

300

100

0

620

35

80

50

1

2114

36

300

50

0

620

36

80

100

1

2114

37

400

100

0

384

37

160

80

1

320

99

70

62

37.5

91

75

54

Antifeeding*

42

39

58

35

82.5

25
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38

400

100

0

384

38

160

10

1

320

39

400

100

0

384

39

160

0

0

320

40

400

50

0

384

40

160

10

1

320

41

400

50

1

384

41

160

0

1

320

42

400

100

1

384

42

160

50

1

320

43

400

50

0

444

43

160

50

1

373

44

400

70

1

444

44

160

5

1

373

45

400

100

0

444

45

160

20

1

373

46

400

100

1

444

46

160

20

1

373

47

400

100

0

444

47

160

20

1

373

48

400

50

0

444

48

160

60

1

373

49

400

100

0

346

49

160

5

1

480

50

400

5

0

346

50

160

10

1

480

51

400

100

1

346

51

160

10

1

480

52

400

100

1

346

52

160

70

1

480

53

400

50

1

346

53

160

30

1

480

54

400

100

0

346

54

160

100

0

480

55

400

100

0

341

55

160

100

1

811

56

400

0

1

341

56

160

70

1

811

57

400

0

1

341

57

160

30

1

811

58

400

100

1

341

58

160

30

1

811

59

400

100

0

341

59

160

100

1

811

60

400

100

0

341

60

160

50

1

811

61

400

100

0

346

61

160

5

1

811

62

400

100

0

346

62

160

100

0

693

63

400

5

1

346

63

160

100

1

693

64

400

50

1

346

64

160

95

1

693

65

400

50

1

346

65

160

30

0

693

66

400

50

0

346

66

160

50

1

693

67

400

50

0

213

67

160

100

0

1067

68

400

70

0

213

68

160

100

1

1067

69

400

5

0

213

69

160

100

1

1067

70

400

5

0

213

70

160

100

1

1067

71

400

70

0

213

71

160

50

1

1067

72

400

80

0

213

72

160

50

1

1067

73

450

100

1

330

73

240

100

1

612

74

450

100

0

330

74

240

100

1

612

75

450

100

0

330

75

240

100

0

612

76

450

5

0

330

76

240

50

1

612

77

450

50

0

330

77

240

50

1

612

78

450

50

1

330

78

240

30

1

612

79

450

70

1

372

79

240

100

1

804

87

67.5

67

67.5

41.7

72.5

82

29

37.5

63

63

83

72

94
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80

450

100

0

372

80

240

100

1

804

81

450

100

1

372

81

240

100

1

804

82

450

70

0

372

82

240

95

0

804

83

450

100

1

372

83

240

100

0

804

84

450

100

0

372

84

240

70

1

804

85

450

80

0

402

85

240

10

1

676

86

450

100

1

402

86

240

95

1

676

87

450

100

1

402

87

240

100

0

676

88

450

50

0

402

88

240

80

1

676

89

450

100

0

402

89

240

90

1

676

90

450

100

0

402

90

240

100

0

676

91

450

100

0

452

91

240

100

1

541

92

450

100

1

452

92

240

70

1

541

93

450

100

1

452

93

240

30

0

541

94

450

95

0

452

94

240

30

0

541

95

450

100

0

452

95

240

100

1

541

96

450

100

1

452

96

240

50

0

541

97

450

50

1

418

97

240

100

0

719

98

450

100

0

418

98

240

100

0

719

99

450

100

0

418

99

240

100

0

719

100

450

100

0

418

100

240

100

1

719

101

450

100

0

418

101

240

100

0

719

102

450

100

0

418

102

240

5

0

719

103

450

30

1

303

103

240

50

1

698

104

450

50

0

303

104

240

95

1

698

105

450

100

0

303

105

240

50

1

698

106

450

50

1

303

106

240

95

1

698

107

450

70

0

303

107

240

100

1

698

108

450

30

0

303

108

240

100

0

698

109

500

50

0

328

109

320

100

1

470

110

500

100

1

328

110

320

50

1

470

111

500

100

0

328

111

320

70

0

470

112

500

100

0

328

112

320

100

0

470

113

500

100

0

328

113

320

90

1

470

114

500

5

0

328

114

320

30

1

470

115

500

100

1

342

115

320

100

1

603

116

500

100

1

342

116

320

100

0

603

117

500

95

0

342

117

320

100

0

603

118

500

100

1

342

118

320

95

0

603

119

500

100

1

342

119

320

100

0

603

120

500

70

0

342

120

320

70

1

603

121

500

100

0

390

121

320

100

0

545

88

99

92

67

80

83

95

79

63

84

82

73

94

85

181

Appendix

122

500

100

1

390

122

320

100

1

545

123

500

100

0

390

123

320

10

1

545

124

500

100

0

390

124

320

100

1

545

125

500

100

0

390

125

320

100

1

545

126

500

100

0

390

126

320

100

0

545

127

500

100

0

321

127

320

30

1

561

128

500

100

0

321

128

320

100

0

561

129

500

50

0

321

129

320

95

1

561

130

500

70

0

321

130

320

100

0

561

131

500

50

0

321

131

320

100

0

561

132

500

50

1

321

132

320

100

1

561

133

500

100

1

376

133

320

100

0

630

134

500

100

0

376

134

320

95

1

630

135

500

100

0

376

135

320

100

1

630

136

500

100

0

376

136

320

100

1

630

137

500

100

0

376

137

320

100

0

630

138

500

100

0

376

138

320

95

1

630

139

500

100

0

314

139

320

90

1

529

140

500

70

1

314

140

320

100

0

529

141

500

70

0

314

141

320

5

1

529

142

500

100

0

314

142

320

100

1

529

143

500

20

1

314

143

320

100

1

529

144

500

20

0

314

144

320

100

0

529

145

600

100

0

268

145

400

90

0

367

146

600

50

1

268

146

400

90

1

367

147

600

100

0

268

147

400

70

1

367

148

600

100

0

268

148

400

100

1

367

149

600

100

0

268

149

400

10

1

367

150

600

100

0

268

150

400

70

1

367

151

600

100

0

325

151

400

20

0

367

152

600

100

0

325

152

400

20

1

367

153

600

70

0

325

153

400

90

1

367

154

600

100

0

325

154

400

100

0

367

155

600

100

0

325

155

400

100

0

367

156

600

100

0

325

156

400

100

1

367

157

600

100

1

342

157

400

100

0

461

158

600

100

0

342

158

400

80

1

461

159

600

100

0

342

159

400

100

1

461

160

600

100

0

342

160

400

80

0

461

161

600

100

0

342

161

400

100

0

461

162

600

100

0

342

162

400

80

1

461

163

600

100

0

256

163

400

100

1

507

164

600

50

0

256

164

400

100

1

507

78

92

77

78

95

100

75

87.5

98

82.5

72

72

90

99
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165

600

50

0

256

165

400

95

1

507

166

600

100

0

256

166

400

100

0

507

167

600

50

1

256

167

400

100

0

507

168

600

80

0

256

168

400

100

0

507

169

600

100

0

285

169

400

95

1

444

170

600

70

0

285

170

400

95

1

444

171

600

100

0

285

171

400

30

1

444

172

600

100

0

285

172

400

100

0

444

173

600

50

0

285

173

400

100

1

444

174

600

100

0

285

174

400

100

0

444

175

600

100

0

325

175

400

100

0

461

176

600

100

0

325

176

400

100

0

461

177

600

100

0

325

177

400

100

0

461

178

600

70

0

325

178

400

95

1

461

179

600

100

0

325

179

400

95

1

461

180

600

100

0

325

180

400

50

0

461

181

100

5

1

1281

181

480

80

0

331

182

100

100

1

1281

182

480

80

1

331

183

100

70

1

1281

183

480

100

0

331

184

100

50

0

1281

184

480

100

1

331

185

100

50

0

1281

185

480

100

1

331

186

100

50

1

1281

186

480

5

0

331

187

100

50

1

1128

187

480

100

0

426

188

100

50

0

1128

188

480

100

1

426

189

100

100

1

1128

189

480

99

0

426

190

100

50

0

1128

190

480

100

0

426

191

100

30

1

1128

191

480

100

1

426

192

100

70

1

1128

192

480

100

0

426

193

480

80

0

285

194

480

80

1

285

195

480

90

1

285

196

480

50

1

285

197

480

0

1

285

198

480

100

0

285

199

480

100

0

424

200

480

95

0

424

201

480

100

0

424

202

480

100

0

424

203

480

100

0

424

204

480

100

1

424

205

480

100

0

406

206

480

100

1

406

83

95

62.5

55

87

90

77.5

100

67

99

95
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207

480

100

0

406

208

480

100

0

406

209

480

100

0

406

210

480

70

0

406

211

480

100

0

392

212

480

50

1

392

213

480

100

0

392

214

480

100

0

392

215

480

100

0

392

216

480

100

0

392

217

640

100

0

320

218

640

100

0

320

219

640

100

0

320

220

640

100

1

320

221

640

100

0

320

222

640

100

0

320

223

40

30

1

2988

224

40

20

1

2988

225

40

90

1

2988

226

40

90

0

2988

227

40

70

1

2988

228

40

50

1

2988

229

800

100

0

256

230

800

100

0

256

231

800

100

0

256

232

800

100

0

256

233

800

100

0

256

234

800

100

0

256

235

2400

100

0

85

236

2400

100

0

85

237

2400

100

0

85

238

2400

100

0

85

239

2400

100

0

85

92

100

58

100

100

240
2400 100
0
85
* Denotes anti-feeding 3 days post-indigestion, 0 denotes no anti-feeding, 1 denotes antifeeding. Particle consumption
per larva was calculated as

2.05×105 ×(𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑔𝑟𝑜𝑢𝑝 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛)
(𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛)×100%

, where 2.05 × 105 is the average number of particles in 5

μL of undiluted Afp preparation (Section 3.8.2).
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LC-MS/MS data
Table A 3 LC-MS/MS raw data for Afp8 derived from the TBC preparation

Protein 3:
Accession:
Database:
Seq. Coverage [%]:

Afp8 [Serratia entomophila]
gi|49206947
nr_plus
33.10%

Modification(s):

Carbamidomethyl, Oxidation

Score:
MW [kDa]:
pI:
No. of Peptides:

623.68
58.00
6.80
10

Table A 4 LC-MS/MS raw data for Afp16 GST-purified from the cells bearing pGEX16 construct

Band 1
Protein 1:
Accession:
Database:
Seq. Coverage [%]:

Afp16 [Serratia entomophila]
gi|49206955
nr_plus
41.00 %

Score:
MW [kDa]:
pI:
No. of Peptides:

1366.38
32.20
4.35
22
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Modification(s):

Carbamidomethyl, Oxidation, Deamidated

Protein 2:
Accession:
Database:
Seq. Coverage [%]:

Chain A, Glutathione S-Transferase Fused With The Nuclear Matrix Targeting Signal Of The Transcription Factor Aml-1
gi|4929901
Score:
141.86
nr_plus
MW [kDa]:
32.10
8.20 %
pI:
6.87
No. of Peptides:
2

Modification(s):

Oxidation

Band 2:
Protein 1:
Accession:
Database:
Seq. Coverage [%]:

Afp16 [Serratia entomophila]
gi|49206955
nr_plus
49.50 %

Score:
MW [kDa]:
pI:
No. of Peptides:

1244.17
32.20
4.35
26
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Modification(s):

Carbamidomethyl, Oxidation, Deamidated

Band 3:
Protein 1:
Accession:
Database:
Seq. Coverage [%]:

Afp16 [Serratia entomophila]
gi|49206955
nr_plus
54.60 %

Modification(s):

Carbamidomethyl, Oxidation, Deamidated

Score:
MW [kDa]:
pI:
No. of Peptides:

913.99
32.20
4.35
16
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Data used for densitometry analysis
Table A 5 The protein abundance index for each Afp protein in the mixed bands
Band number

Protein 1

Protein 2

Protein 3

Protein 4

Band 1

Afp18

Band 2

Afp12 (1.04)

Band 3

Afp12

Band 4

Afp11

Band 5

Afp3 (3.38)

Afp8 (1.11)

Band 6

Afp13 (0.46)

Afp3 (0.34)

Band 7

Afp3 (1.25)

Afp4 (0.48)

Afp13 (0.57)

Band 8

Afp3 (0.81)

Afp18 (0.12)

Afp4 (0.17)

Band 9

Afp3

Band 10

Afp3

Band 11

Afp2

Band 12

Afp2 (0.91)

OmpA, E.coli
(0.62)

Afp16 (0.73)

Band 13

Afp2 (0.91)

Afp7 (0.75)

Afp3 (0.34)

Band 14

Afp2 (0.59)

Afp5 (0.23)

Afp7 (0.15)

Band 15

Afp9 (1.42)

Afp3 (0.16)

Afp18 (0.13)

Afp13 (0.46)

Afp3 (0.16)

Table A 6
Afp

MW

Afp*

TBC*

Band

Abundance

%

Afp1

16.4

+

+

15

1.34

45.9

Afp2

38.8

+

-

11

Afp3

48.7

+

-

5

3.38

68.3

Afp4

45.5

+

+

7

0.48

20.9

Afp5

17

+

-

14

0.23

20.4

Afp6

6.5

-

-

Afp7

25.2

+

-

13

0.75

37.5

Afp8

58

+

+

5

1.11

22.4

Afp9

15.7

+

-

15

1.42

89.9

Afp10

14.5

-

-

0

0.0

Afp11

67.3

+

+

4

Afp12

106.8

+

+

2

1.04

88.9

Afp13

47.53

+

+

5

0.46

9.3

Afp14

62.51

-

-

-

0

0.0

Afp15

78.98

-

-

-

0

0.0

Afp16

32.23

+

-

0.73

44.5

Afp17

40.47

-

-

0

0.0

Afp18

263.4

+

-

100.0

0.0

-

-

12
1

100.0

100.0
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