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A lipase from Geobacillus thermoleovorans was also shown to be successfully displayed
within both the permissive sites within the FIiC protein. Unlike the peptides, the display
of the lipase did not result in the formation of flagella on the cell surface. The FliC::lipase
fusion did result in the successful targeting of the chimera to the cell surface as

determined by whole cell lipase assays.
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Chapter 1

1.1 INTRODUCTION

A number of methods are currently available for the display of heterologous proteins
on bacterial cell surfaces and these have been covered extensively in a number of
current reviews (Chen and Georgiou, 2002, Samuelson ef al., 2002, Wernerus ef al,
2002, Lee et al., 2003, Desvaux ef al., 2006).

Microbial cell surface display is the expression of a heterologous protein or peptide
{(passenger) as a fusion to a cell surface associated protein (carrier). The passenger
protein or peptide can be fused to the carrier protein at either the C-terminal or N-
terminal end, or inserted in the middle of the protein as a sandwich fusion. This area
of research has gained enormous interest over the past twenty years and has potential
in a number of areas including, immunology, applied microbiology and biotechnology

(Fig. 1.1).

Lee et al. (2003) described 4 basic requirements which are essential for the successful
display of heterologous proteins and peptides. These include an efficient signal
peptide for transport through the membrane, a strong anchoring structure,
compatibility with foreign proteins, and being protease resistant. Although many
carrier proteins have been identified, each have unique characteristics and are
therefore suitable for specific functions or applications. The location of the passenger
protein within the carrier protein also determines the successful display of the
heterologous proteir. For example, it is necessary to identify the area of the carrier
protein that is exposed to the external milicu. In some cases sequences and 3D
structures are available and can be used to determine surface exposed sites, in some
instances this may not be the case. In these instances the insertion of small reporter

peptides can be useful to elucidate a suitable insertion site for the passenger protein.






1.1 Gram-negative display systems

Gram-negative bacteria have a complex cell envelope structure and require that the
fusion proteins pass through the cytoplasmic membrane, periplasm and outer
membrane (OM) for successful display. Although this is the norm, Hoischen ef al.
(2002) were able to create recombinant proteins on the cytoplasmic membrane using
L-form cells of Escherichia coli and Proteus mirabilis but will not be discussed in the
following section. Three gene fusion strategies have been employed for the display of
heterologous proteins. These include N-terminal, C-terminal and sandwich fusions to

carrier proteins.

1.1.1  N-terminal {usions

The N-terminal fusion approach is suitable when the carrier protein has a C-terminal

cell surface directed and anchoring motif.

Autotransporters

One such system makes use of the autotransporter secretion pathway.
Autotransporters form part of the type V secretion pathway of Gram-negative
bacteria. The other secretion pathways all make use of a complex combination of
polypeptide machinery for successful secretion (3-20 different polypeptides) (Lee and
Schneewind. 2001). Autotransporters on the other hand, contain all the necessary
information for its successful translocation across the OM (Henderson e af.. 1998).
All autotransporter proteins consist of an amino- terminal leader peptide, the secreted
mature protein and a C-terminal portion that is capable of forming a pore within the
outer membrane (OM) of Gram-negative bacteria. Most autotransporters are virulence
determinants and have been reviewed by Henderson and Natro (2001) and Jose
(2006). The pores that are created by the autotransporters consist of an embedded
closed barrel of B-sheets with a hydrophobic exterior (N-terminal region) and a more

hydrophilic interior (Maurer ef al., 1999, Oomen et al., 2004).









responsible for the formation of the pore in the OM and is required for the
translocation of the protease domain to the bacterial cell surface (Fig. 1.2). The B-
barrel (pore) consists of 14 amphipathic p-sheets within the OM. By attaching
passenger proteins to the C-terminus of the carrier, heterologous proteins can be

translocated to the cell surface (Fig. 1.2) (Pohlner ef af., 1987).

Since IgAl protease was one of the first autotransporters to be classified it is also one
of the best studied proteins for surface display of heterologous proteins and peptides
(Table 1.1). Although one of the disadvantages of autotransporters is the size of the
pore, Veiga et al. (2004) showed that the IgA1 protease pore could tolerate the folding
of two or three immunoglobulins, each with a folded diameter of 2nm. This was in
contrast to previous studies where the cytotoxin B peptide could not be transported to
the cell surface due to disuphide bond formation. This problem was overcome by
creating a dsbA mutant (Jose ef al., 1996). This gene is responsible for the formation
of disulphide bonds but is not critical for the function of the autotransporter. It is
possible to use this system for the display of proteins which have some degree of
folding as long as the diameter of the folded protein does not exceed 2nm. It must be
noted that the IgA1l has an autoproteolytic domain releasing the N-terminal domain
into the external environment (Klauser er a/., 1993). To inhibit release of the

displayed peptide or protein it is critical to remove or alter this site.

The VirG protein (1102 aa) is derived from Shigella, the causative agent for
shigellosis (a bloody diarrhoea in humans) and is responsible for the inter/intracellular
spreading of Shigella cells (Suzuki ef al., 1995). Suzuki and co-workers (1995) used
VirG for successful display of the Malk protein (an E. coli periplasmic protein) and
PhoA (alkaline phosphatase). In both instances folding prior to transport across the
OM resulted in diminished export. These results are consistent with the display of

CtxB using 1gAl protease. Improved export was noted when a dsbA4 mutant was used.

The autocatalytic feature is not present in all autotransporter systems. One such
system is the AIDA-I autotransporter protein. AIDA-I is an E. coli adhesion protein
involved in adherence to Hel.a cells (Benz and Schmidt, 1989). The E. coli AIDA-I

adhesion protein was used as an anchoring motif to display a number of antigenic



epitopes and enzymes (Table 1.1). All the heterologous proteins and peptides were
successfully displayed and the esterase and P-lactamase were active on the cell

surface.
Peptidoglycan associated lipoproteins

Peptidoglycan-associated outer membrane proteins (OMPs) as well as other OMPs
help link the outer membrane to peptidoglycan through covalent and noncovalent
forces (Fortney et al., 2000). Peptidoglycan associated lipoprotein (PAL) is anchored
to the inner face of the outer membrane and strongly binds to the cell wall
polysaccharides with its N-terminal and C-terminal domains respectively (Dhillon er
al., 1999). The PAL protein interacts with a number of components including TolA,
TolB, OmpA., the major lipoprotein and the murein layer. Interaction between the Tol
and PAL proteins were shown to be important for outer membrane integrity (Cascales
and Lloubes, 2004). A deletion of 40 aa at the N-terminal region was shown to have
no deleterious effects on cell growth. The peptidoglycan binding sequence of PAL
from E. coli is located between residues 97-114 (Cascales and Lloubes, 2004) and is
critical for the successful display of peptides and proteins. It is feasible to bind a
heterologous peptide or protein at the N-terminal side of the PAL protein and

successfully display the chimera on the cell surface (Table 1.1).

Single chain recombinant antibodies were directed to the cell surface of E. coli using
the pectate lyase signal sequence and the peptidoglycan associated lipoprotein
component of PAL (Fuchs ef al., 1991, 1996). Although successful display was
achieved using PAL, stability of the cell wall was reduced and resulted in “leaky”
cells. Dhillon er al. {1999) were also able to show the successful display of an anti-
atrazine scFv. Further studies are needed to determine the true potential of the PAL

protein in surface display.


http:ILv,J.vU

1.1.2 (C-terminal fusion

Lipoproteins

In Gram-negative bacteria, the lipoproteins are anchored to either the inner or the
outer membrane mainly via a covalently attached lipid moiety and hence the name
lipoprotein. The Jocation of the lipoprotein is thought to be determined by a single
amino acid in position +2 (Seydel ef al., 1999). Bacterial lipoproteins have a wide
range of functions such as antibiotic resistance, substrate binding, sensory systems
and many more (Li ef al., 2003). Characteristic features of lipoproteins include a
signal sequence in the N-terminal end followed by a cysteine residue. It is this
cysteine residue that is modified by the addition of fatty acids that anchor the protein

in the cell membrane (Wu, 1996).

The ice-nucleation protein (INP) is an outer membrane bound lipoprotein and is
involved in active ice nucleation in plant pathogenic bacteria such as Pseudomonas,
Xanthomonas and Erwinia (Wolber ef al., 1986). INPs are monomeric proteins of
around 1200 aa with a deduced molecular weight of 118 kDa (Green and Warren,
1985). The N-termiral region (191 aa) interacts with the phospholipids moiety in the
outer membrane vie a glycosylphosphatidylinositol (GPI) anchor. This method of
anchoring is unique since this motif is normally a characteristic found in eukaryotic
lipoproteins (Samuelson et al., 2002). The central region consists of a series of
repeated amino acid sequences of 8, 16, and 48 residues which act as templates for ice
crystal formation (Warren and Corrotto, 1989). The C-terminal region (49 aa) is
highly hydrophilic and is exposed to the external milieu. INP also has two inherent
advantages when considering its use for surface display. Firstly. it is stably expressed
in stationary phase, and secondly, it can be expressed and displayed in numerous

Gram-negative bacteria including E. coli (Orser et al., 1985).

The first reported use of INP as a surface display system was by Jung ef al. (1998a).
They were able to successfully display carboxymethylcellulase (CMCase) and
levansucrase (Jung et al., 1998b). The CMCase was displayed on the surface using
both the full length INP and a truncated INP with the central repeating domain

removed. This truncated INP consists of the N-terminal specific domain including the



first two repeating units (221 aa) and the C-terminal region including the last three
repeating units (97 aa). In both instances the CMCase was successfully displayed on
the cell surface with full activity up to and including stationary phase (Jung et al.,
1998a, 1998b). Subsequently, INP has been used extensively for directed evolution of
displayed proteins for improved activity (Table 1.2) (Kim ef al., 2000).

Shimazu et al. (2003) also demonstrated the successful display of INP-OPH
(organophosphorous hydrolase) fusion in Pseudomonas putida KT2440. P. putida is a
soil-borne bacterium known to survive in contaminated environments. The expression
of enzymes on the surface of environmentally isolated bacteria should allow for
successful applications in bioremediation. Similarly, Moraxella sp. a soil organism
able to degrade p-nitrophenol (PNP) was also genetically engineered for the
simultaneous degradation of organophosphorous pesticides and PNP using INP
(Shimazu er al., 2001). The display of eukaryotic enzymes using INP has also been
demonstated (Jeong ef al., 2001). INP has further been used to display antigens, single

chain antibodies, heavy metal binding proteins and biosorbents (Table 1.2).

In all the above examples INP proteins InaK or InaV from Pseudomonas syringae
have been used for surface display. All displayed proteins made use of either full
length sequences or truncated portions containing both the N and C-domains (INP-
NC) with the addition of a number of internal repeating units. Jung et af. (1998b)
demonstrated that the use of the truncated InakK gave better activity of the displayed
CMCase than the full InaK. Since InaK gave better activity with the truncated form
(including both the N and C-terminal domains), Li ef @/. (2003) investigated the use of
the N-terminal domain (184 aa) as the sole anchoring motif for the reporter gene,
green fluorescence protein (GFP). The N-terminal domain was found to display the
GFP fusion protein as efficiently as INP-NC, demonstrating that the N-terminal
region can direct foreign proteins to the cell surface. GFP was also replaced with OPH
and showed similar results confirming the N-terminal regions ability to act as a

display motif.


















other membrane proteins (Lang, 2000). Porin proteins exist as trimers in the outer
membrane and each monomer is generally composed of 250-450 amino acids. The -
strands which form the B-barrel are connected to each other via an extracellular loop
structure and by B-turns in the periplasm (Lang, 2000). It is the flexible extracellular
loops which are the targets for the display of heterologous peptides and proteins. The
main porins of Gram-negative bacteria include OmpC, OmpS, PhoE (phosphate
inducible porin) and LamB (maltoporin) and as such they have been used most

extensively as surface display systems. Other porins used are listed in Table 1.3.

Xu and Lee (1999) were one of the first to make use of the OmpC protein from E. coli
as a surface display system. OmpC is one of the most abundant OMPs in £. coli (1 x
10°/cell) and consists of 16 transmembrane antiparallel B-strands constituting the f3-
barrel structure. Each strand is connected by 7 internal loops and 8§ external loops
(Nikaido, 1996). Since the external loops are not conserved they are thought to be
more amenable to base deletions and insertions. The external loop 7 was chosen as the
site for the insertion of a polyhistidine peptide (with several hexahistidine [6His]
linkers) (Xu and Lee, 1999). By joining different numbers of the 6His linkers the
permissive size of the polypeptide fused to the external loop could also be examined.
In this study Xu and Lee (1999) were able to construct OmpC::His fusions containing
19-240 aa inserts in loop 7. Each fusion was easily detected with PAGE analysis but
OmpC-(6His); (162 aa) could only be detected when induced for an extended period
of time. Best yields from this display system were obtained when 19-84 amino acids
were inserted into OmpC. It is clear that by using the OmpC system, size constraints
must be taken into consideration. Although the chimeric protein yield decreased as
insert size increased the relative amount of adsorbed Cd*" increased and reached 32.0
pumol of Cd** per g (dry weight) of cells. Although cells successfully displayed
(6His)y; the effect on cell membrane integrity needed to be considered. Xu and Lee
(1999) exposed recombinant £. coli cells to EDTA and SDS and found that only cells
carrying 1 or 2 copies of the 6His linker were resistant to treatment. It is thus only

feasible to use a single or double copy of the 6 His linker for bioremediation.









S. typhi OmpC protein was used as a display system to display a viral epitope on the
cell surface (Puente ef al., 1995). The VP4 epitope (18 aa) was inserted into loops 4
and 6. In both instances, the chimeric OmpC was successfully isolated from the outer
membrane and shown to cross react with antibodies specific to the displayed epitope.
However, cross reactivity was reduced in loop 6 compared to loop 4. This variation
could have been a result of secondary structure constraints within that region.
Nonetheless, the display of antigenic epitopes using OmpC was successful and is thus

a useful tool for vaccine development.

The LamB porins are involved in the transport of malto-oligosacharides (maltose and
maltodextrins) across the outer membrane (Samuelson et al., 2002). These porins are
induced when maltose is added to the medium and found across a wide range of
Gram-negative bacteria including £. coli, S. typhimurium, Klebsiella pneumoniae,
Aeromonas salmonicida, Vibrio cholerae, Vibrio. parahaemolyticus, Actinobacillus
and Yersinia enterolitica (Lang, 2000). All these proteins are highly conserved and
have the same basic structure. Charbit es a/. (1986) was one of the first researchers
able to locate permissive sites for the display of heterologous peptides on the surface
of E. coli using LamB. These first successful insertion sites (amino acid positions 153
and 374) were used to display the C3 epitope of the VP coat protein from the type 1
polio virus (11 aa). A further two epitopes from the preS2 region of the hepatitis B
virus (14 and 19 aa respectively) were also successfully displayed using the
permissive LamB insertion sites (Charbit ef al., 1987). One of these epitopes (preS2A)
was shown to stimulate an immunogenic response in mice and the isolated antibodies
cross reacted with the viral particles. Su et al. (1992) noted that stronger promoters
were deleterious to the host cells while moderate to weak promoters resulted in high
cell viability and cell densities. Although the general rule of size limitation within the
LamB display system stands true, Steidler es al. (1993) did manage to display the
staphylococcal protein A (232 aa) within the LamB 153 aa site.

The LamB system has been mainly used as an antigen delivery system (Table 3). The
diversity of applications has also been extended to include enhanced
metalloadsorption for possible bioremediation processes (Sousa ef al., 1996, Sousa ef
al., 1998, Kotbra er al., 1999). Eukaryotes respond to heavy metal pollution by

producing metallothioneins (MTs). These are low molecular weight Cys-rich proteins
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that are able to bind metal ions and subsequently render them inactive (Schmidt and
Hamer, 1986). A class Il MT from Saccharomyces cerevisiae, CUP1 (66 aa), which is
responsible for copper tolerance, was inserted into the LamB 153 and 183 permissive
sites (Sousa et al., 1998). Previous attempts to produce MTs in bacterial cells were
poor or unsuccessful due to the interference of the Cys-rich protein with redox
pathways in the cytosol (Pugsley, 1992). Other examples of metal binding can be seen
in Table 1.3.

OmpS is a maltoporin (43kDa) like LamB and is induced in the presence of maltose
(Lang er al., 2000). This protein has 18 membrane spanning regions and 9 externally
exposed loops. Lang and Korhonen (1997) managed to successfully display the 11 aa
C3 epitope from type 1 polio virus, a 15 aa cholera toxin B subunit epitope and one,
two and three fibronectin binding D-repeats (38 aa) of FnBPA of S aureus. Lang et
al. {2000) were also able to insert 53 and 186 aa of the P-{imbrial adhesion class II
PapG globoside binding protein of E. coli into loop 4 of the OmpS of V. cholerae. E.
coli expressing the OmpS::PapG fusion was able to display the same phenotypic
characters as PapG for £ coli strains carrying the papG gene and could bind to
¢loboside. By displaying the PapG, as well as truncated versions of PapG, Lang e o/

(2000) were able to characterise the binding domain of this protein.

Like LamB, PhoE is an inducible Omp found in E. coli and is expressed under
phosphate deficient conditions. Each subunit has the standard B-strand configuration
with 8 external loops (Mizuno et al., 1983). Agterberg et al. (1987) made use of the
fifth external loop for the display of a synthetic antigenic determinant corresponding
to the C-terminal part of the VPI1 protein from the foot and mouth disease virus.
Multiple insertions of varying regions of the VP1 protein were also inserted into loops
2 or 8 (Agterber ef al., 1990) which results in a total insert size of between 30-50 aa.
Two observed limiting factors included reduced translocation due to the insertion of
hydrophobic residues and charged residues resulting in the accumulation of precursor
proteins in the cytoplasm. Other lesser used examples of OMP as display systems
include FhuA (involved in ferrichrome uptake), BtuB (uptake of vitamin Byy) (Etz et
al., 2001), and FepA (Armstrong and Mclntosh, 1995).






et al. 2000, Lee ef al., 2005) have also been used. OprF (porin) is the major Omp in P.
aeruginosa and also plays a role in the structural integrity of the outer membrane. In a
previous study, insertion mutation analysis was done using a 12 bp linker carrying a
Pstl site (Wong et al., 1993). Ten permissive sites were identified within the OprF
protein. These permissive sites carrying the linker were then used to insert a malarial
epitope into the Pstl sites. The antigenicity of the malarial epitope differed depending
on the site of insertion. Insertion sites at positions aa 188 and 196 were most antigenic
as determined by ELISA and Western blot analysis. Variations in antigenicity were
also detected when using whole cell and purified OM fractions. The extraction

procedure could also play a role in the antigenicity of the displayed epitope.

Fimbriae (Pili)

Fimbriae are organelles which allow bacteria to adhere to target host tissue and in so
doing assist in bacterial colonization. They occur as thread like structures up to 500
copies per cell (Klemm and Schembri, 2000b). Fimbriae are polymeric structures in
which hundreds of subunits are held together by non-covalent interactions. Type 1
fimbriae are found across most Enterobacteriaceae and are generally 7 nm wide and
Ium long (Klemm and Schembri, 2000b). They consist of approximately 1000 copies
of the major subunit. FimA, and occur as a stacked helical cylinder (Brinton, 1965).
The fimbriae also have a minor subunit, FimH, which exists at the tip of the organelle
and is scattered within the FimA. FimH is responsible for receptor binding to
mannose containing structures (Krogfelt ef al., 1990). Both of these subunits have

been used to display foreign peptides.

Fimbriae are good immunogens and have been used extensively as potential vaccines
(Levine ef al., 1994). This, in combination with their high copy number, makes them
favourable targets for use in surface display of foreign epitopes. In addition, fimbriae

are easily detached from the bacteria and allow for rapid and easy purification.

[nitial surface display studies were done by Hedegaard and Klemm (1989) who
inserted heterologous peptides (Hepatitis B surface antigen, foot and mouth disease
virus, and poliovirus) into naturally occurring restriction sites within the fim4 gene.

The results indicated that fusions of foreign epitopes within FimA yielded fully
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functional type 1 fimbriae. Antibodies against the full length antigen could cross react
with FimA hybrid proteins indicating that these epitopes were displayed correctly and
clucidated permissible insertion sites within the FimA protein. The CTB epitope was
also inserted into 4 sites within the Fim A protein (Stentebjerg-Olesen ef al., 1997).
Only three of the four insertion sites were confirmed to display the foreign epitope.
Antibodies isolated from immunized animals injected with the FimA-CTB fusion

were able to react with native antigen.

FimH is a 300 aa protein which, upon processing, exists as a 279 aa mature protein.
As with FimA, FimH was probed by linker insertion mutagenesis to identify
permissive sites for heterologous peptide insertions (Schembri ef al., 1996). Two
potential insert positions at aa 225 and 259 of the FimH protein were identified.
Palleson er al. (1995) made use of these sites to display a 52 aa peptide of the preS
region of the hepatitis B virus surface antigen as well as the CTB epitope. Both
peptides were successfully displayed and the chimeric fimbriae were either fully or

partially capable of binding mannose.

FimH has also been used to display random peptide libraries (Schembri and Klemm,
1998, Kjaergaard et al., 2001) for the selection of metal binding peptides.
Recombinant cells using FimH as a carrier were shown to be heterobifunctional and
bound to both metals and saccharides. This demonstrates the ability of the chimeric
FimH to bind to two ligands independently (Schembri and Klemm, 1998). An
advantage of this binary system would be the ability to immobilize the bacterial cells
using one adhesive domain while allowing for the adsorption of heavy metals in

bioremediation.

Other fimbriae have also been used for the display of foreign peptides (Table 3).
These examples include the insertion of a number of foreign epitopes in the
hypervariable region of the FelA of F11 fimbriae (a type P fimbriae) (van Die er al.,
1988, van Die ef al., 1990). This display system was used to produce the brain peptide
gonadotropin releasing hormone (GnRH) for the development of a contraceptive
vaccine for fertility control in domestic animals (van der Zee et al., 1995). This

peptide was expressed successfully on the cell surface of £ coli and was shown to
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polylinker sites. The deletion of both antigenic sites still allowed for the production of
pilin and confirms that these variable regions are not essential. There was however, a
reduction in the expression levels of pilin when the K88ac epitope was replaced with
the DNA polylinker. The polylinkers were designed to carry three restriction sites
(Kpnl, Xbal and Hindlll) which allowed for easy cloning of foreign peptides within
the K88 pilin (see Table 1.3 for examples).

Flagella

Flagella are the organelles associated with locomotion in bacteria. Motility allows
bacteria to disperse as well as infect their hosts in the case of pathogenic bacteria
(Morgan and Khan, 2001). The flagellar structure has been well characterised and is
highly conserved between bacterial species (Beatson et al., 2006). The flagellum are
composed of up to 20 000 copies of the major flagellin protein (FliC), a pentamer
(FliD) at the tip and FlgL and FlgK which connect the flagellum to the hook structure
(Fig. 1.5) (Wilson and Beveridge, 1993, Morgan and Khan 2001). The function of the
hook is to couple the flagellar motor to the rigid flagellum filament. The hook
structure is also composed of several copies of a single protein (hook protein) which
forms a flexible helical filament. The hook is connected to the basal body which is
composed of a number of components which have been extensively characterised for

enteric bacteria (Fig. 1.5) (Morgan and Khan, 2001).
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Comparison of the FIiC proteins from different bacteria and strains showed a large
amount of sequence similarity at the N and C termini while the central domain is
highly variable in both sequence and length (Samatey e/ al., 2001, Beatson ef al.,
2006).

The antigenic domain (variable domain) can be removed (187 aa) from the E. coli
FIiC without the loss of flagellar polymerization or function (Kuwajima, 1988).
Similarly a 105 bp region of the fliC gene from the Salmonella variable region can be
removed without alteration of tlagellar function (Newton ef al., 1991a). This suggests
that this region migh: be amenable to peptide insertions. Flagellin secretion makes use
of the Type 1l secretory apparatus and thus bypasses the periplasmic space. The
effect of this is a lack of disulphide bond formation and thus restricts the type of
foreign epitopes that can be displayed (Macnab, 1995, Westerlund-Wikstrom, 2000).
One advantage of using flagella for display is the ease with which flagella can be
isolated and purified. Most of the examples that will be discussed are related to the
display of antigenic epitopes, peptide libraries, metal binding peptides and adhesive
peptides. One added advantage of using flagella as a carrier of antigenic determinants
is its inherent ability to induce an immune response (Cuadros ef al., 2004) including

CD4" T cells in vivo (McSorley ef al., 2002).

The first use of the FIiC system for display was carried out by Kuwajima ef al. (1988)
where an eleven amino acid epitope from the egg-white lysozyme was displayed on
the surface of £. coli. Unfortunately, antibodies generated using the egg white epitope
did not result in the production of antibodies capable of recognizing the native protein

or epitope in vilro.

Flagellin from a var ety of Sa/monella spp. was also used in the 1980’s and 1990’s as
carriers for immunogenic epitopes (Newton e/ al., 1989, Wu et al., 1989, Stocker and
Newton, 1994). S. muenchen is a nonvirulent bacterial species ideal for vaccine
development. The Salmonella gene encoding the flagellin protein was found to
contain a 723 bp cen:ral variable region (Beatson ef al., 2006). When a 48 bp EcoRV-
EcoRV fragment within the variable region was removed and replaced with a cholera
toxin epitope (15 aa), the epitope was still immunogenic (Newton ef al., 1989). This

48 bp deletion reduced but did not abolish flagellar function. The added insertion of
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(2000) took the flagellin display one step further by constructing a multihybrid
display system whereby flagellar filaments carried two foreign adhesive peptides.
This would have far fetching biotechnological applications including the production
of multivalent vaccines, construction of targeted effector molecules, and in
histological localization of specific tissue domains for diagnostic purposes
(Tanskanen et al., 2000). Both the 115 aa D (15kDa) repeats of the FnBPA and YadA
(302 aa, 33kDa) were displayed simultaneously on the flagellum filament. Results
showed the co-expression of the hybrid flagellins at equal frequencies within the
flagellum. These results confirm the possible use of this bihybrid display system in

the applications mentioned above.

A multihybrid system was developed by Majander e/ al. (2005), where multiple
foreign peptides were displayed using the FliD (Cap protein) and FIiC (filament)
proteins in E. coli. The cap protein exists as 5 FIiD subunits located at the tip of the
filament and promotes polymerization of FliC to form flagellin filaments. The highly
conserved N-terminal 40 aa and C-terminal 50 aa legs of the FliD are essential for
anchoring the cap to the tip of the filament. The central region that forms part of the
cap plate is important for polymerization of FIiD (Maki-Yonekura er al., 2003).
Sequence alignments of FliD sequences revealed 3 small variable domains which
were examined as possible insertion sites for display by using the FnBPA D repeats of
S. aureus. The variable region corresponding to amino acids 189-221 was able to
tolerate a deletion of 14 aa and insertion of the D3 repeat from FnBPA (Majander et
al., 2005). FiD was also able to accept insertion of up to 150 aa (N-terminal region of
the L. brevis SIpA protein). The addition of the FliD display system in combination
with the previously described dihybrid display system using FliC enabled these
authors to create a tri-hybrid display system. This system consisted of the FliD::D3,
FIiC::SlpA, and FliC::YadA fusion proteins and were all successfully displayed on the

cell surface.

Lu et al. (1995) developed the FLITRX system which encompasses the use of the
FIiC from E. coli and a cytoplasmic thioredoxin protein. Thioredoxin’s active site
sequence —CGPC- forms a tight, disulphide constrained loop on the protein surface
(Katti er al., 1990). This site has also been shown to be highly permissive for the

insertion of foreign peptide sequences (LaVallie e/ al., 1993) without compromising
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Needle Complex

Type three secretion systems (TTSS) are proteinaceous structures found on the
surface of Gram-negative pathogens and are used to inject virulence factors into target
eukaryotic cells (Hueck, 1998). The TTSS channel is an assembly of proteins from 20
gene products and is termed the needle complex (Crepin et al., 2005). The general
structure of the needle complex resembles that found for the flagellum hook and basal
body structure with needle being the equivalent of the hook structure.
Enteropathogenic (EPEC) and enterohaemorrhagic (EHEC) bacteria have a unique
extension to the needle complex called the EspA filament (Knutton ef al., 1998). The
helical packing and symmetry of the EspA 1s similar to that of the flagellum filament
and also has a central channel. Deletion mutation studies of two hypervariable
domains located in the antigenic surface exposed loop were created. Only deletion of
the 6 aa region corresponding to aa 123-129 was permissible and did not affect the
polymerisation into functional EspA filaments. A larger deletion of 12 aa at position
117-129 resulted in deformed EspA filaments. Hydrophobicity and hydrophilicity
studies of the variable domain were used to select a suitable insertion site for foreign
peptides. A site between D117 and 1118 was identified as suitable position for the
display of a hydrophilic flag tag sequence (DYKDDDDK). Although biologically
active filaments were observed they appeared shorter than wild type filaments. These
results do demonstrate the successful display of a heterologous peptide but the

insertion site may not be optimal and requires further investigation.

1.2 Gram-positive Display Systems

Initial studies investigating various display systems all focussed on Gram-negative
bacteria, but more recently numerous strategies for surface display in Gram-positive
bacteria have also been described and reviewed (Hansson er af., 2001, Wernerus et
al., 2002, Desvaux et al., 2006). Structurally, Gram-positive bacteria have a thicker
cell wall which provides a more rigid structure for surface display which makes them
suitable as whole-cell catalysts and whole-cell adsorbents (Lee et «/., 2003). The lack
of an outer membrane should also simplify extracellular secretion of heterologous

proteins to the cell surface. Gram-positive bacteria have the added advantage of
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having GRAS (generally regarded as safe) status and originate in normal gut flora and
are potential hosts for live oral vaccines. Various proteomic studies have identified
known surface proteins for Gram-positive bacteria and it is conceivable that most of
these proteins could possibly be developed as surface display systems (Ton-That es
al., 1997, Calvo et al., 2005, Desvaux ef al., 2006). Many of these proteins have
common features necessary for cell wall anchoring which has led to a diverse array of

proteins as carriers for heterologous polypeptides.

1.2.1 N-terminal Fusions

Cell Wall Anchored Proteins

Pathogenic staphylococci and other Gram-positive bacteria require surface proteins to
interact with specific host molecules or target cells in order to adhere, invade and
evade host cell responses (Marraffini and Schneewind, 2005). Many of the cell wall
anchored proteins have common mechanisms for cell wall attachment. In order for the
cell surface proteins to be directed to the cell surface, the proteins require an N-
terminal signal peptide and a C-terminal cell wall sorting signal (Schneewind et al.,
1992). The C-terminal sorting signal has been well characterised and consists of a
conserved pentapeptide motif (LPXTG), a hydrophobic region of 15-22 aa and a short
charged tail of 6-7 aa (Fischetti et al., 1990, Schneewind er al., 1993). Once the
surface protein has been translocated across the membrane and the signal sequence
has been cleaved, the C-terminal sorting region retains the cell bound protein within
the cytoplasmic membrane (Schneewind ef al., 1992). A membrane anchored sortase
A cleaves the sorting signal between the threonine and glycine residues, and
subsequently results in the linkage of the threonine to a branched peptide, via the
amino group of the pentaglycine crossbridge in the peptidoglycan layer (Schneewind
et al., 1995, Ton-That et ., 1997, Navarre and Schneewind, 1999, Marraffini and
Schneewind, 2005). The use of this anchoring domain as a display system is the one

most frequently used in Gram- positive display system.

Probably the most well characterized Gram-positive cell wall anchoring protein is
protein A from Staphylococcus aureus (SpA) (Fig. 1.6). SpA is a cell surface receptor

of S. aureus and is capable of binding to immunoglobulins (Langone, 1982). SpA
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For successful surface display of peptides involving biotransformation or
bioremediation a mechanism is needed for immobilisation of the recombinant
bacteria. Lehtio e/ al. (2001) made use of a CBD (cellulose binding domain) derived
from Trichoderma reesi cellulase Cel6A, displayed in its native form, on S. carnosus.
The recombinant staphylococci were found to be functional as they bound efficiently
to cotton fibres. The co-display of this CBD together with biologically active enzymes
or metal binding peptides could provide a potential method for the immobilization of
recombinant bacteria to cotton fibres for use in biotransformation and bioremediation

respectively.

The SpA system was also functional in Lactococcus lactis (Steidler et al., 1998). This
is not surprising since the mechanism of sorting in Gram-positive bacteria is highly
conserved (Goward er al., 1993). The fusion protein created for L. lactis differed from
that mentioned for the staphylococci in that it contained the lactococcal USP4S5 signal
sequence, a strepavidin monomer, and the SpA anchor. Strepavidin was used as a tool
for detection but can also be useful for immobilization of the recombinant L. Jactis on
solid surfaces. The alkaline phosphatase conjugated biotin was immobilized on
polystyrene beads and were shown to bind recombinant cells under the light
microscope thus confirming the usefulness of this system for immobilization of

recombinant L. lactis (Steidler er al., 1998).

The fibrillar M6 protein is an a-helical coiled surface protein from Streptococcus
pyogenes, with the typical cell wall anchoring features described for SpA. These
proteins are found in all group A streptococci and are responsible for the anti-
phagocytic properties of the bacteria. The insertion and display of foreign
polypeptides was initially developed by Pozzi er al. (1992). Foreign epitopes were
subsequently inserted into a polylinker MCS (multiple cloning site) within the M6
protein. This M6 derivative had a deletion of 180 aa of the B and C repeats (Fischetti,
1989). Insertions of foreign peptides within the MCS resulted in an N-terminal fusion
with the M6 protein still having its own A repeat region and anchoring domain. This
display system was subsequently modified (Oggioni and Pozzi, 1996) to include the
M6 signal peptide, a polylinker MCS, the full C repeat region and the anchor domain,
but no A repeat region. This resulted in an N-terminal display system similar to that

described for SpA. Since both of these M6 display systems follow similar principles
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only observed for L. lactis. Lactobacillus plantarum produced the hybrid protein but it
was not attached to the cell wall. The M6 anchoring motif was replaced by a L.
plantarum cell wall anchoring protein, which subsequently allowed efficient

anchoring of the E7mm antigen to the cell surface.

The use of probiotic bacteria (eg. Lactobacillus sp.) as delivery systems for
heterologous proteins to specific mucosal sites is of great benefit in vaccine
development. Lactobacillus fermentum is one such example. Turner es al. (2003)
identified two novel proteins carrying the cell wall anchoring motif LPXTG from L.
Jfermentum, namely Rlp and Mlp. The Rip cell sorting domain was used to display a
poly-His epitope and the human cystic fibrosis transmembrane regulator (CFTR, 10
aa) while Mlp was used to secrete large proteins. It is thus possible to use covalently
cell wall anchored proteins for both display and secretory purposes depending on the

application required.

Strauss and Gotz (1996) used the C-terminal sorting sequence of the S awreus
fibronectin binding protein B (FnBPB) to immobilize the S. Avicus lipase to the cell
wall of S. carnosus. The hybrid lipase bound to the cell wall gave 80% activity when
compared to the unmodified form, but subsequent lysostaphin treatment (releasing the
lipase) restored full activity. The importance of the spacer region was also evaluated
and a minimal length of 90 aa is required for maximum enzyme activity and correct
folding. The subsequent replacement of the lipase with an E. coli 3-lactamase yielded
similar results. Immobilization and maintenance of enzyme catalytic activity on
Gram-positive bacterial cell surfaces provides a useful tool for biotransformation
processes in various industrial applications. Nguyen and Schumann (2006) attempted
to develop B. subtiiis cells into cellular chips and made use of the FnBPB of S
aureus.  B. subtilis provides a number of advantages over other Gram-positive
bacteria which include; GRAS status (generally regarded as safe) organism; has an
efficient secretion capacity; large scale fermentation techniques are available and the
genetic tools are well developed. In addition to the FnBP fusion protein, the srt4 gene
from Listeria monocytogenes was also transformed into B. subtilis. This provided the
cleavage machinery needed for cell wall anchoring of the FnBP LPXTG binding

motif. The FnBPB cell wall sorting region was fused to the Bacillus

38



amyloliquefaciens a-amylase and shown to be cell wall associated with a predicted
240 000 molecules of active enzyme on the cell surface (Nguyen and Schuman.,
2006). This equates to a 24 fold increase in the number of cell wall anchored
molecules compared to the previously described display of a lipase in S carnosus.
Optimal spacer length was also shown to be slightly longer for B. subtilus (123 aa) as

opposed to S. carnosus (90 aa).

In order for the successful display of heterologous proteins or peptides on the surface
of Gram-positive bacteria using cell wall anchoring proteins, a number of factors need
to be taken into consideration and in some cases optimised. These include, ensuring
that the relevant sortases are present for cell wall anchoring, selection of the optimal
cell wall anchoring motif and ensuring the optimal spacer length for the display of an

enzymatically active protein.

Cell Membrane Anchored Proteins

Autolysins

Autolysins are cell wall hydrolases and have been used as surface display systems in
both N- and C-terminal fusions. Autolysins are required for cell separation and are
responsible for cell lysis during stationary phase (Buist et af., 1995). N-terminal
fusions have made use mainly of the AcmA autolysin from L. lactis. This autolysin
consists of an N-terminal signal sequence, a central active domain and a C-terminal
membrane anchor. The C-terminal domain consists of three repeats of 44 aa and are
involved in cell wall binding (Buist e al., 1997). However, only a single repeat is

required for cell wall anchoring.

As already mentioned, L. lactis also has GRAS status and is capable of surviving
passage though the intestinal tract (Klijn ef a/., 1995). For this reason, L. lactis could
be used as a safer alternative than attenuated pathogens for the delivery of antigens for
intranasal and oral immunisation. Avall-Jaaskeldinen and colleagues (2003) made use
of the AcmA anchor region to determine the ability of an S-layer protein (SlpA) from

Lactobacillus brevis, to adhere to human intestinal cells and to endow a non-adhesive
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S-layer proteins in general consist of conserved N-terminally associated S-layer
homologous (SLH) motifs and a C-terminal cell associated exo-enzyme. Interaction
between the S-layer proteins and the cell wall is non-covalent, and can account for
15% of total cell protein (Mesnage et al., 1999a). S-layer proteins have three repeat
motifs at the N-terminal end of about 50 amino acids. These repeats are called S-layer
homology (SLH) motifs (Lupas er al., 1994) and it is this region that is responsible for
cell surface anchoring. Bacillus anthracis has two S-layer proteins Eal and Sap
(Mesnage ef al., 1999a). By fusing the N-terminal repeat motifs of these S-layer
proteins to levansucrase, Mesnage and colleagues (1999a) were able to demonstrate
successful and stable display of this enzyme. Subsequently, a tetanus toxin fragment
was also displayed on the cell surface of B. anthracis using this display system
(Mesnage ef al., 1999b). The Bacillus sphaericus SbpA S-layer protein was screened
for the best position for display by inserting an affinity tag, Sirep-tag 1. Once this
position was characterised it was exploited for the successful display of the major

Birch pollen antigen (Bet v1) (Ilk ef a/., 2002) (Table 1.5).

Surface Display on Spores

Spores possess a number of potential advantages which include high stability, good
safety record as many spore producers have GRAS status, and are economical and
simple to produce (lIsticato e/ al, 2001). B. subtilis spores are surrounded by a coat
which is a proteinaceous structure organized into two distinct layers and composed of
at least 25 polypeptides (Driks, 1999) (Fig. 1.9). The outer coat consists of five
polypeptides, CotA (65 kDa), CotB (59 kDa), CotC (11 kDa), CotF (8 kDa) and CotG
(24 kDa) (Ricca and Cutting, 2003).

Isticato e/ al. (2001) were able to confirm the location of CotB to be on the spore

surface and subsequently used CotB to display a 459 amino acid C-terminal fragment

of the tetanus toxin (46 kDa, TTFC) as a C-terminal, N-terminal and sandwich fusion.
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response and protective capabilities in mice immunized via the oral and intranasal
route. Both immunizations elicited an immune response and resulted in mice capable

of surviving inoculation with the tetanus toxin (Duc ef al., 2003).

Bacillus thuringiensis spores have also been used for the successful display of EGFP
(enhanced green fluorescence protein) (Park ef al., 2004, Du et al., 2005) and a single
chain antibody (anti-phOx) (Du et al., 2005) (Table 1.5). In both instances the
heterologous proteins were shown to be functional. The highly efficient display of
heterologous peptides, the simplistic purification procedure and high stability makes
this display system a prime candidate for surface expression of many bioactive

molecules,

1.2.3 Sandwich fusions

The major surface protein antigen gene (spaP) from Streptococcus mutans is a cell
wall bound protein {see section 1.2.1) and has been found on the surface of almost
every oral streptococcal species (Navarre and Schneewind, 1999). These proteins are
large (190 kDa) and contain multiple binding activities and repeat domains (Jenkinson
and Demuth, 1997). These surface antigens have been reported to be able to bind
salivary glycoproteins as well as other oral microbes (Navarre and Schneewind,

1999).

Lee et al. (1999) made use of the SpaP protein to display a recombinant pertussis
toxin S1 subunit in S gordonii. S. gordonii is an oral commensal bacterium and has
the potential to be delivered as a live oral vaccine vehicle (Lee ef al., 1999). Insertion
of the N-terminal 179 aa of the S1 toxin into the centre of the SpaP protein as an in
frame fusion was done and confirmed to be located at the surface. Mice immunized
with heat killed S. gordorii hybrids were found to be resistant to the toxic effects of
the pertussis toxin. The use of cell wall bound proteins as N-terminal and sandwich
fusions indicate the versatility of these proteins for a diverse array of proteins and

peptides.

As our understanding of protein secretion, cell wall structure, and isolation of novel

organisms increase so will the number of display systems. One challenge that does
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omitting the use of selectable antibiotic markers. After construction of the necessary
bacterial strains, a region within the FliC protein had to be identified which permitted
the insertion of heterologous peptides. For characterisation of the permissible
insertion sites a number of peptides and a protein were inserted. These examples
include a metal binding peptide (poly-His linker), HIV antigen, and a lipase. Each of

these examples was found to be biologically active.
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2000). An alternative strategy is to develop a temperature sensitive integration system
(Biswas et al., 1993). Such a system was developed for B. halodurans Alk36 and in
so doing negates the need for high transformation efficiencies needed for

chromosomal integration and gene manipulation.

In this chapter the construction of a temperature sensitive integration vector
(pSEC194) and its subsequent successful use to create a A hag mutant (BhFCO1) will
be discussed. The vector is a shuttle vector allowing genetic manipulation to be
efficiently carried out in E. coli. The vector was also used for the expression of the

hag gene and resultant complementation of the non-motile phenotype.

2.2. MATERIALS AND METHODS

2.2.1. Bacterial strains, plasmids and growth conditions.

A Bacillus species isolated from a soil sample in South Africa (Louw et al., 1993)
was identified as B. halodurans Alk36 using 168 rDNA sequence analysis (Weisburg
et al., 1991). Plasmid pE194 was obtained from the Deutsche Sammlung von
Mikroorganismen urd Zellkulturen (DSMZ). pSKBluescript (pSK) and pBCKS were
obtained from Stratagene. All constructs were transformed into £ coli DHI0B (F
merA A(mrr-hsdRMS-mcrBC) (°80dlacZAM15) AlacX74 endAl recAldeoR Alara-
1ew)7697 araD139 galU galK nupG rpsL 1)), E. coli cultures were grown at 37°C in
Luria-Bertani medium (LB) pH 7. B. halodurans Alk36 was grown in LB medium
pH 8.5 at 42°C unless otherwise indicated. Transformants were selected using 100

ug/ml ampicillin and 10 pg/ml chloramphenicol respectively.

2.2.2. DNA techniques.

Plasmid DNA was isolated using a Plasmid Midi Kit (Qiagen). Restriction enzymes
were used as specified by the manufacturer (Fermentas). All plasmid mini-preps were
done using Pertectprep Plasmid Mini Kit (Eppendorf). All DNA manipulations were
done in £. coli which was transformed using electroporation (Dower ef al., 1988).
Thermus aquaticus DNA polymerase was used for PCR (polymerase chain reaction)

as recommended by the supplier (BIOLINE). Primers used are outlined in Table 2.1.
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Cell wall and intracellular protein fraction: The cell wall protein fraction was obtained
by resuspending the cell debris in 5 ml phosphate buffer and lysed using a Sonoplus
ultrasonic homogeniser at full power for 30 minutes (10 min intervals). Lysed cells
were centrifuged at 12000 X g for 10 minutes. The cell pellet was rinsed with sterile
water and resuspended in 500 pl phosphate buffer (cell wall proteins). The

supernatant was also collected and constituted the intracellular protein fraction.

Protein concentrations were determined according to Bradford (1976). All proteins

were run on a 10% SDS-PAGE as described by Laemmli (1970).

2.2.7. Western blot anaylsis.

Western blot analysis was carried out according to Gallagher ef al. (1997). CAPS
buffer (pH 10) was used for protein transfer to PVDF membrane (Millipore).
Polyclonal rabbit anti-flagellin antibodies were generated using B. halodurans Alk36
flagellin protein excised from a SDS-PAGE containing cell surface extracts. Rabbits
were injected with 50 pg of protein. Alkaline phosphatase conjugated goat anti-rabbit
antibodies (Sigma) were used as the secondary antibody. Colorimetric detection was

done using NBT/BCIP solution (Roche Diagnostics) according to the manufacturer.

2.3. RESULTS

2.3.1 Construction of temperature sensitive shuttle vector pSEC194

Plasmid pE194 was successfully digested with Tagl in order to obtain the pE194
temperature sensitive ori of replication. This temperature sensitive ori was ligated to
pSK Bluescript to obtain pSE194 and confirmed to be correct by restriction digests
(data not shown). The car genc was isolated from pJM103 digested with Pvull and
Bglll and successfully ligated to pSE194 to give pSEC194. This was again confirmed
through restriction digests. This vector carries the selectable markers for both
chloramphenicol (in B. halodurans) and ampicillin (in £. coli). The vector also
contains the temperature sensitive ori of replication allowing for the integration of the
vector into the B. Aalodurans chromosome. A schematic representation of the cloning

process can be seen in Figure 2.2,
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2.3.2 Construction of pSECFIC and pSECFlg-

In order to create the B. halodurans Alk36 non-motile mutant (BhFCO1) plasmid
pSECFlg- was created in a 3-way ligation and confirmed to be correct by PCR
analysis using SigDKpn and FliCRev. Plasmid pSECFlg- was constructed as an out of
frame truncated hag gene mutant containing the 960 bp upstream region and a 840 bp
down stream region flanking the truncated hag gene (Fig 2.3).  This will allow for
efficient cross-over events for the integration of the defective hag gene into the B.

halodurans Alk36 chromosome.

Insertion of the full sag gene and ¢ promoter PCR amplified from the B. halodurans
Alk36 chromosome was inserted into pSEC194 to give pSECFIIC (Fig. 2.3). The
vector was confirmed to be correct by PCR analysis using primers SigDKpn and
FliCRev (data not shown). This vector could then be used to restore the motile

phenotype when trarsformed into the B. halodurans Alk36 non-motile mutant.
2.3.3 Creation of a B. halodurans AIk36 Ahag mutant (BhFCO01).

The defective hag gene constructed in 2.3.2 has 641 bp of the internal region deleted
(Fig. 2.3). Prior to the transformation of plasmid pSECFlg-, the vector pSEC194 was
used to optimise the transformation method of B. halodurans Alk36. Protoplast
transformation yielded 1 X 10" to 1 X 10 transformants/ug DNA. The addition of 1%
PEG 4000 to the DM3 plates led to an overall increase of 2.4 X 10° - 1.24 x 10
transformants/ug DNA. Plasmid pSECFlg- was transformed into B. halodurans Alk36
and clones were confirmed to be correct by performing restriction enzyme digests.
Single crossover frequencies per cell occurred at 4.8 X 10 events at an ODs40 of 1.04
after 7 hours at the non-permissive temperature, 52°C.  Although non-specific
integration of pE194 has been reported (Hofmeister et a/., 1983), PCR analysis using
vector primer UpFor and chromosomal primer DownRev showed that of the 2
colonies screened, both were C-terminal cross-overs (Fig 2.5). A C-terminal cross

over will result in a PCR product corresponding to 1.8 Kb.
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inactivation of B. halodurans Alk36 without the presence of residual vector or
antibiotic markers will be an important tool in optimising this strain further as a
heterologous expression system, specifically through the inactivation of key protease

genes.

The construction of a multicopy vector system in B. subtilis carrying the complete hag
gene and its o promoter resulted in the formation of long filamentous cells and the
accumulation of flagellin intracellularly (LaVallie and Stahl, 1989). However,
complementation studies of the B. halodurans Alk36 BhEFCO1 strain with the plasmid
pSECFIIC (carrying the complete hag gene and o° promoter from B. halodurans
Alk36) did not result in filamentous cells or intracellular flagellin accumulation

indicating a possible difference in the mechanisms of flagellin expression.

These results demonstrated the successful construction of genetic tools, an integration
vector system based on a temperature-sensitive origin of replication and the first
report of its use in developing a gene targeted inactivation system for B. halodurans
Alk36 (BhFCO1). This vector was also used for the expression of genes when used at
a permissive temperature and was used for complementation of the A hag phenotype

when carrying a functional hag gene and corresponding o° promoter.
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(Lu et al., 1995), the development of vaccine delivery systems (Cattozzo et al., 1997,
Levi and Armon 1996, Stocker and Newton, 1994) and determining the structure and

function of adhesive epitopes (Hynonen ef a/., 2002, Majander e/ /., 2005a).

Bacillus halodurans Alk36 is able to continuously over-express a ~ 34 kDa cell
surface protein (FIC). With the creation of a Ahag mutant (BhFCO1), stable
maintenance of the expression vector carrying the hag gene and o° promotor
(pSECFIC), provides the necessary tools for the characterisation of a suitable
insertion site within the putative variable domain of the FIiC protein. The insertion
technique described by Ehrmann er @/, (1990) was used to determine membrane
topology in a precise manner. By inserting a reporter gene they were able to
characterise various periplasmic and cytoplasmic loops within the membrane
spanning protein, MalF. This technology works well when the protein being examined
has no known secondary structure. However, S. &yphimurivm F1iC protein has a well
characterised structure (Beatson er a/., 2006) and the topology is well known. This
allowed allow focussing of the insertional analysis to the variable domain of the B.
halodurans Alk36 FLIC protein. Thus the surface display site within the FLiC protein
was characterised through the insertion of small peptides at different regions within
the variable domain and the subsequent monitoring of the expression and display of

these chimeric flageila.

3.2. MATERIALS AND METHODS

3.2.1 Bacterial strains, plasmids and growth conditions.

The construction of' B. halodurans BhFCO1 (A hag) was described in Chapter 2.
Vector pSEC194 was constructed in our laboratory (Chapter 2). All other bacterial
strains and plasmids were as described in Chapter 2.

3.2.2 DNA technigues.

All DNA techniques were carried out as described in Chapter 2.
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3.2.4. Protein extraction and analysis.

Proteins were extracted and analysed as described in Chapter 2.

3.2.5. Western blot anaylsis.

Western blot analysis was carried out according to (Gallagher et al., 1997) using anti-

flagellin antibodies es described in Chapter 2.

3.3 RESULTS

3.3.1. Bioinformatic analysis of the B. halodurans Alk36 FIliC protein.

The B. halodurans Alk36 flagellin is significantly smaller than that of £. coli O157
(30 kDa versus ~52 kDa) with a correspondingly small variable region (Fig. 3.2). It
must however be mentioned that there is considerable variation in FliC size and the
corresponding variacle domain of different £ coli strains. However, the predicted
conserved N- and C-termini of the B. halodurans Alk36 F1iC shows a high level of
identity to S. typhumurium (45%:), F. coli O157 (40%) and B. subtilis 168 (55%) FLiC
proteins both in length and amino acid sequence (Fig. 3.2). It was therefore important
to determine whether it was possible to disrupt the variable region either by deletion
or insertion of small peptides and still obtain over-expression of functional flagellum.
From these alignments and those described by Sakamoto et @/. (1992) and subsequent
secondary structure analysis (using 3D-PSSM software) the putative variable domain

was defined to incorsorate amino acids 127-200 (Fig. 3.2).

3.3.2 Characterisation of an insertion site for peptide display

In order to identify the ideal site for the insertion of heterologous peptides and
proteins, poly-linkers (5-9 amino acids) were inserted as in-frame fusions in four
different sites within the putative variable region based on sequence alignments
between B. sublilis. Salmonella, E. coli and B. halodurans hag genes. A single

deletion was also created (Fig. 3.1). All constructs were verified with sequencing.

68


















E. coli (187 amino acids) and S. typhimurium flagellin (241 amino acids). This is not
surprising considering that the total size of the flagellin monomers from E. coli (497
amino acids) and S. typhimurium (494 amino acids) are much larger than that from B.

halodurans (272 amino acids) (Kuwajima ef al., 1986, Yonekura ef al., 2003).

A comprehensive analysis of the domain boundaries was subsequently done by
Beatson ef al. (2006). In addition to the conserved N and C-terminal domains,
Beatson et al. (2006) also highlighted structural conservation at the N-terminal end of
the previously defined variable domain of S. typhimurium. These structures were
found to be conserved between 205 aligned flagellin sequences. Re-evaluation of B.
halodurans Alk36, . coli O157, B. subtilis 168 and S. typhimurium F1iC protein
revealed that this was in fact the case. These B-hairpins and B-turns are in fact highly
conserved between S. fyphimurium and B. halodurans Alk36. These areas have thus

not been included as part of the variable domain (Beatson ef al., 2006).

With this new information we were able to redefine the variable domain from B.
halodurans Alk36 FliC protein (between amino acids 159-185). The C-terminal end
of the variable domain was characterised using secondary structural analysis done
previously (Fig. 3.2). This boundary has been well defined for S. fyphimurium and is
characterised by the start of conserved a-helices. Similarly, B. halodurans Alk36 FliC
also has a-helices which start at amino acid position 185 as defined by our analysis
using 3D-PSSM. This site thus forms the domain boundary between the variable

domain and the conserved C-terminal domain.

By correlating the secondary structural analysis with the results from the insertion
studies, the refined variable domain seem to hold true as only pSECNC6 had an
insertion within this domain and gave rise to functional flagella. However, the f3-
hairpin region is also amenable to peptide insertions but results in the formation of
non-functional flagella (pSECNC3). It is clear that this area is not optimal for flagellar
surface display and plays an important role in the functionality of the flagella.
Insertions of a peptide close to the newly defined variable domain boundary at the C-
terminal end resulted in the loss of flagellar production (pSECNC2). The area at the
C-terminal end is more clearly defined and has an exact domain boundary unlike the

N-terminal end which potentially has a surface exposed B-hairpin and B-turn.
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Chapter 4.

Cell Surface Display of Heterologous Peptides and Proteins Using
Bacillus halodurans Alk36 FliC as an Anchoring Motif.

4.1 INTRODUCTION

As described in detail in Chapter 1, microbial cell surface display has potential
applications in bioremediation, directed evolution, screening of peptide libraries, oral
vaccines, antibody production and whole cell biotransformation (Lee et al., 2003).
The focus of this cnapter is on the evaluation of the flagellin display system for

potential applications in bioremediation, immunology and biocatalysis.

Although microorganisms have cell surfaces with a polyanionic nature which results
in non-specific interactions with cations, there may, in some cases, be the need to bind
specific cations (Scusa ef al., 1996). These include the elimination of cationic
inhibitors or the accumulation of precious metals. The display of peptides able to
interact with specific cations would thus enhance the bacteria’s inherent ability to
bind to specific metals ions enabling it to act as a high metal affinity adsorbent. These
peptides can then be used for the removal of toxic metals from wastewater. Surface
displayed metal binding peptides have been investigated extensively for both Gram-
positive and Gram-negative bacteria (Kotbra et al., 1999, Samuelson et al., 2000,

Sousa et al., 1996, Xu and Lee, 1999).

Flagella have been used successfully for the display of random peptide libraries using
the FLITRX™ system which encompasses the use of the FliC from E. coli and a
cytoplasmic thioredexin protein (Lu er al., 1995). Tripp et a/. (2001) made use of this
library to identify peptides with pH or metal ion-sensitive monoclonal antibodies
(mAbs) recognition, known as “switch epitopes”. They were also able to demonstrate
that zinc-sensitive switch epitope peptides recognized by a mAb can be identified
using this system. Similarly, Cu,0- and ZnO-binding peptides were also identified

(Thai et al., 2004). Selected sequences identified to have an affinity for ZnO also had
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moderate to high affinity for CuyO, which suggests that complete discrimination
between the two related compounds may be difficult and may require further panning
experiments. Flagella have not previously been used for the display of a poly-His
peptide, however the display of a metal binding peptide has been shown to enhance
Zn0O binding in E. coli (Thai et al., 2004). This demonstrates the potential use of

chimeric flagella for bioremediation.

Flagella have been used extensively for the display of foreign antigenic determinants
(Table 1.3). Some of these examples include the use of the Salmonella F1iC protein to
insert and display the CTP3 epitope of the B chain of cholera toxin (Newton ef al.,
1989). Mice immunized with the live vaccine made antibodies with affinity for the
CTP3 epitope and the whole cholera toxin. Since this epitope was able to stimulate an
effective immune response Newton et al. (1995) created a synthetic oligonucleotide
encoding residues 725-752 of the HIV-1 11IB env gene and inserted the oligo into the
variable domain of the fliC gene of Salmonelia. This epitope corresponds to the gp41
antigenic region. Mice immunized with the live vaccine had high titres of anti-peptide
and anti gpl60 antibodies but weak neutralising activity on the HIV-1 [IIB isolates.
Sera of mice given two doses of the live vaccine by the oral route had low to no
antibody titres. Oligonucleotides corresponding to the specific V3 loop portions of
two HIV-1 isolates were also expressed in the flagella of Salmonella live vaccine
strain (Cattozzo et al., 1997). Intraperitoneally administered recombinant Salmonella
strains injected into mice resulted in antibodies specific for the heterologous gp 120 of
HIV-1 IIIB. Two of the sera were shown to neutralize the HIV-1 MN strain from
which the peptide was derived. However, unlike the gp41 epitope, oral administration
of the recombinant Sa/monella strain did evoke specific antibodies against the gp120
(Cattozzo ef al., 1997).

The display of larger proteins has been demonstrated for outer membrane proteins
(Omps) (Agterberg et al., 1987, O’Callaghan er al., 1990, Francisco et al., 1992,
Franscisco et al., 1993), peptidoglycan associated lipoproteins (PAL) (Fuchs ef al.,
1996), Lpp-OmpA hybrid system (Francisco ef al., 1992), autotransporters
(Lattemann ef al., 2000, Schultheiss ef af., 2002), and cell wall bound proteins
(Strauss and Gotz, 1996). Flagella have also been exploited for the display of a

number of larger proteins even though the general consensus for surface display of
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peptides using flagella in Gram-negative bacteria is restricted to 60 aa. These
examples include the functional expression of a number of adhesive peptides
(Westerlund-Wikstrom et al., 1997), thioredoxin random peptide library (Lu et al,,
1995), green flourescent protein (GFP), and anti-porphyrin antibody skv (Ezaki ef al.,
1998). Although Ezaki et af. (1998) claimed to have displayed an acid phosphatase,
their results do not ciearly demonstrate the location of the specific activity. The use of
a displayed functional catalytic enzyme with potential applications in
biotransformation has as yet not clearly been demonstrated for flagellin cell surface

display.

Within this chapter. size constraints of the display sites will be investigated by
successfully displaying peptides and proteins of different sizes. As suitable insertion
sites within the variable domain of B. halodurans Alk36 FliC protein have already
been determined (Chapter 3) and small peptides were successfully displayed within
these sites, a poly-His peptide (13-14 aa) and a HIV-1 subtype C gp120 V3 loop (29
aa) consensus sequence (Hewer and Meyer, 2003) were inserted into the flagella
display system. Both of these examples were small (less than 30 aa). In an attempt to
evaluate the ability of the B halodurans Alk36 flagellin display system to
successfully display hydrolytic enzymes, a mature thermostable lipase (LipA, 387 aa)
from Geobacillus  thermoleovorans (Genbank, Acession: AF134840) was
incorporated into the permissive sites (Cho et al., 2000). This lipase is particularly
suited to our display system as it has a temperature optimum of 50°C and a pH
optimum of 8. These conditions suit the optimal growth conditions of B. halodurans
Alk36. It is unlikely that such a large protein will result in functional flagella due to
the restriction in channel diameter through which flagellin is transported to the
growing tip of the flagella, but may allow for the surface cell wall location of the

lipase protein::flageliin sandwich.
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4.2 MATERIALS AND METHODS
4.2.1 Bacterial strains, plasmids and growth conditions.

Plasmids pSEC194, pSECNC3, pSECNC6 and B. halodurans strain BhFC0O1 (Ahag)
were described previously (Chapter 2 and 3). Plasmid pSECSLipA was kindly
provided by Dr E. Berger (Pers. Comm.). This vector contains the Geobacillus
thermoleovorans lipase gene (Withauer, unpublished) under the control of the B.
halodurans Alk36 ¢” promoter cloned into the pSEC194 vector (section 2.2.3). This
enzyme was found to have a temperature optimum of 65°C and a half life of 1 hour at
50°C. All constructs were transformed into E. coli DH10B (F" mcrA A(mrr-hsdRMS-
merBC) (°80dlacZAM15) AlacX74 endAl recAldeoR Alara-lew)7697 araD139 galU
galK nupG rpsL 1). All E. coli cells were grown at 37°C in Luria-Bertani medium
(LB) pH 7. All B. halodurans Alk36 strains were grown in LB medium pH 8.5 at
30°C when containiag the pSEC194 vector otherwise at 42°C. All E. coli and B.
halodurans Alk36 transformants were selected using 100 ug/ml ampicillin and 10

ug/ml chloramphenicol respectively.
4.2.2 DNA techniques.
All DNA techniques were carried out as described in chapter 2 (section 2.2.2).

4.2.3 Construction of hybrid flagella displaying the poly-His peptide and HIV-1
subtype C gpl120 V3 loop peptides.

The synthetic oligonucleotides were derived from the HIV-1 subtype C gp120 V3
loop (Hewer and Meyer, 2003) (Table 4.1). Oligonucleotides were annealed according
to the method described by IDT (Integrated DNA Technologies, www.idtdna.com).
Oligonucleotides were diluted in STE buffer (10 mM Tris pHS8, 50 mM NaCl, 1 mM
EDTA) to a final concentration of 20 uM. A working stock was made (5 pM) and

equal amounts of complementary oligonucleotides were mixed together. Samples
were boiled for S minutes and allowed to cool in a waterbath. The resulting product

was restricted with the appropriate restriction enzymes and ligated to pSECNC6
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4.2.8 Detection and isolation of FliC::LipA fusion protein.

Lipase activity of transformed BhFCO1 containing pSECNLipC3 and pSECNLipC6
was detected using Tributyrin plates (tryptone 1 g, yeast extract 0.5 g, sodium
chloride 1 g, agar 1.5 g, tributyrin [Merck] 1 ml, make up 100ml water) pH 8.5
(Mourey and Kilbertus, 1975). Cell wall and intracellular protein fractions of positive
transformants were isolated using the methods described above but the cell surface
proteins were included as part of the cell wall. This allowed for the isolation of non-
denature proteins. All protein fractions were resuspended in 25 mM Tris-HCI buffer
(pH 7.5). For SDS-PAGE and zymogram analysis protein samples were prepared by
the addition of loading dye and incubated for 30 minutes at 37°C but were not heat
denatured. After electrophoresis, gels were incubated overnight in 25 mM Tris buffer
with 2.5% Triton X-100. PAGE were then submerged in 25 mM Tris buffer (pH 7.5)
and incubated for 30 minutes at room temperature. Gels were stained for lipase
activity using 0.1% o-naphthyl acetate and 0.2% Fast Red TR salt in 25 mM Tris
buffer (Takahashi er af., 1998).

In order to determine lipase activity on the cell surface of recombinant B. halodurans
BhFCO1 a whole ce |l lipase assay was performed. Cells (7.5 ml) were harvested in
triplicate after 8, 24, 48 and 72 hours (6000 X g for 10 minutes). Cells were washed
once in 25 mM Tris (pH 7.5). The cell pellet was resuspended in a final volume of 5

ml 25 mM Tris (pH 7.5). Lipase assays were performed immediately.

4.2.9 Lipase assays.

[Lipase assays were carried out at 50°C. The reaction buffer was made just before use
(0.01% p-nitrophenolpalmitate, 0.45% Na-deoxycholate, 0.11% Arabic acid in 0.1 M
phosphate buffer pH 8). Reaction mixtures consisted of 25 ul diluted sample and 600
ul of the reaction buffer preheated to 50°C. Change in ODy4)o was monitored and
change in OD was recorded every minute. Lipase activity was determined using p-
nitrophenylpalmitate (pNPP) as substrate (Vorderwiilbecke ef @/, 1992). One unit of

lipase activity was defined as the amount of enzyme that liberated 1 mmol p-

nitrophenol from pNPP (p-nitrophenylpalmitate) per min (Vorderwiilbecke e al.,
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1992). The extinction co-efficient of p-nitrophenol at 410 nm (pH 8.0) is 15 (1 x

- - - -l
nmol” x em™ =m! x pmol™ x ecm™)

4.2.10 Metal Binding Analysis of Chimeric Flagellin Proteins.

For whole and denatured chimeric flagella, (cell surface protein fraction) metal
binding quantification of the displayed poly-His peptide was assayed directly using
Ni-NTA alkaline phosphatase (AP) conjugate. Methods were followed according to
manufacturer (QIAGEN). Cell surface proteins (2 ug) were immobilised in each well
of a Maxisorp Nunc-Immuno plate. After incubation of the Ni-NTA AP conjugate
(QIAGEN) 200 ul of substrate solution (50 pl p-nitrophenyl phosphate sodium salt
(250 mg) in reagent grade water, 3 ml Diethanolamine (1 M) and 15 ul MgCl, (0.05
mM), pH 9.8) was added. The reaction was incubated at 37°C for 1 hour and stopped
with 50 ul NaOH (3 M). Colour development was read at ODps.

Denatured hybrid flagella were also isolated using the MagneHis Protein Purification
system provided by Promega (cat # TMO060). The method was carried out as described
by the kit technical manual with the following moditications. 5 m!l of an over night
culture was pelleted at 8000 X g for 10 minutes and resuspended in 5 ml phosphate
buffer (pH 7.5). The sample was then centrifuged at 8000 X g to remove all non-
soluble cell debris. The supernatant containing the flagella fraction was precipitated
using an equal volume of 5% TCA solution for 30 minutes at room temperature. The
crude protein extract was centrifuged at 18000 X g for 30 minutes to collect the
soluble proteins. The pellet was resuspended in 200 pl MagneHis cell lysis reagent
and incubated at room temperature for 10 minutes to ensure complete resuspension of
the protein pellet. Protein isolation and purification was continued as described in the

technical manual and finally eluted in 100 pl elution buffer.
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4.3 RESULTS
4.3.1 Expression and functionality of the chimeric flagellin poly-His peptide.

Whole cell binding assays were initially done as described by Samuelson er al.
(2000). However, excessive wash steps resulted in the shearing of the flagella from
the B. halodurans Alk36 cells resulting in false negative results. For this reason two
separate protein extractions were done using an ultracentrifugation protocol for whole

flagella and the NaGOH extraction method for flagellin subunit isolation.

The NaOH method will allow for analysis of individual chimeric flagellin subunits as
a metal binding substrate. It was demonstrated using both extraction methods that the
whole and flagellin subunits carrying the poly-His peptide were able to bind more
Ni** than did the wild type B. halodurans Alk36 flagella (Fig. 4.1). The site at which
the poly-His peptide is displayed also plays a significant role in metal binding abilities
with the NC6 site being more accessible than the NC3 site to the Ni-NTA conjugate
(Fig. 4.1). The results showed the same trend for both whole flagella and flagellin
subunits. Vector pSECNHisC6 was successfully integrated into the chromosome of B.
halodurans BhFCO% to create a new strain BhFHCO2. This new strain carrying a
single copy of the chimeric flagellin gene was able to produce hybrid flagellin, and

bind equal amounts of Ni-NTA conjugate.

The Magne-His protein purification system selectively purifies proteins carrying an
exposed poly-His oeptide. By using this purification system we were able to
demonstrate the accessibility of the poly-His peptide since hybrid flagella were

purified to a high level using this system (Fig. 4.2).



























4.4 DISCUSSION

B. halodurans Alk36 possesses the unique ability among Bacillus sp. to over produce
flagella for extended culture times (Chapter 2). This, together with the fact that Gram-
positive bacteria have a much thicker cell wall making them more rigid, has made this
organism a prime target for the development of flagella surface display technologies.
In order to demonstrate the robustness and versatility of this system we evaluated the
expression of polypeptides and proteins as flagellin fusions. We also evaluated the

biological functionality of these polypeptide fusions.

The most common application for bacterial flagellin surface display to date has been
the development of live vaccine delivery systems for mucosal immunizations. Flagella
are potent immunogens and numerous reports show that immunization with purified
hybrid flagella or whole Salmonella cells carrying hybrid flagella induces cellular and
humoral immune responses in laboratory animals against the chimeric flagellin
epitope (Cattozzo et al, 1997 and Westerlund-Wikstrom, 2000). We have
successfully demonstrated the potential of this application by inserting a clade C
gpl120 synthetic epitope of 29 amino acids in the variable region of the B. halodurans
Alk36 flagellin protein and shown the production of the flagellin::peptide fusions on
the bacterial cell surface as determined by SDS-PAGE analysis. This was only true
for the pSECNC6 vector whereas the pSECNC3 vector did not result in the surface
display of the chimeric flagellin. A combination of peptide size (40 aa) and location
(just outside the putative variable domain) could have contributed to the failure of

pSECNHivC3 chimeric flagellin gene product to polymerize into functional flagella.

Although successful translocation of the hybrid flagellin to the cell surface was
demonstrated (pSECNHivC6), this does not however, confirm the correct folding and
display of the inserted peptide. For this reason Western blot analysis using the specific
polyclonal antibodies to the HIV peptides was done and this resulted in cross
reactivity with the hybrid flagella. The detection levels were as low as 500 ng of
hybrid flagella indicating cross-reactivity between the antigenic epitope and its
corresponding antibody. As an effective immunogen this epitope is still in an
experimental stage and viral inhibition studies involving animal models would need to

be carried out in order to determine the efficacy of this specific epitope as a potential
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flagella potentially allows for the extrapolation of the results to whole cells. When the
construct containing the chimeric flagellin poly-His peptide fusion was integrated
using a double cross-over event, there was no noticeable decrease in the amount of
chimeric flagellin produced, or metal binding, indicating that the high levels of
flagellin production is not dependent on the gene being present on a multi-copy
vector. This is a significant advantage as such recombinant strains could be used to
sequester metals without the need for antibiotic selection to maintain the vector in the

cells.
This is the first report of the successful display of a range of heterologous

polypeptides and proteins as cell surface fusions using chimeric flagellin from a

Gram-positive bacterium.
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